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1.  │∂╘⌐ 

─ ⌐╟╡ ∆╢ ꜠ⱬꜟ HLLW│ ╛

⅛╠ ╢ 3 ─ⱴ▬♫כ▪◒♅♬♪ MA(й) Am⁸Cm ╩ ╪≢⅔╡⁸ ⌐╟╢ ꜞ☻

◒─ ╛●ꜝ☻ ─ ─ ≤⌂╢⁹ ─ ה ─ ⅛╠⁸

↓─╟℮⌂ MA(й)╩ HLLW ╟╡ ⇔⁸ ╛ ╩ ⇔≡╟╡ ─ ⌐

∆╢↓≤│⁸ ⌂ ─ 1≈≤⌂╢⁹HLLW ⅛╠─MA(й)─ │⁸ ─ ⇔≡™

╢ 3 ─ꜝfi♃♬♪ Ln(й) ≤─ ╩│∂╘⁸ ₁⌂ ╩ ╪≢⅔╡⁸ ╩

ⱬ⁸√⇔≥☻כMA(й)⌐ ╩ ∆╢ 2,6- Bis(5,6 - dialkyl - 1,2,4 - triazine - 3- yl ) - pyridine

R- BTP ╛ ☺▪Ⱶ♪ ≤∕╣╩ ™√ⱪ꜡☿☻─ ⅜ ⁸ ╩│∂╘≤⇔≡

≢ ╦╣≡™╢⁹ ⌐⅔™≡╙⁸ ╩ ≤⇔≡⁸

N, N, N', N'- tetraoctyl diglycolamide TODGA╛ tetrakis(alkyl pyridylmethyl) ethylenediamine

TRPEN ≤™∫√ ─ ╛⁸↓╣╠╩ ⇔√ ┘ ◒꜡ⱴ♩◓ꜝⱨ▫

╩ ™√MA(й) ─ ⅜ ⇔≡™╢⁹⇔⅛⇔⌂⅜╠⁸↓╣╠─ ⌐≈™≡│

◖☻♩⅜ ™↓≤╛ ╩ ╘≡ √⌂ ╛ ⅜ ≢№╢↓≤⁸╕√↓╣╠

╩ ™√ ╛ ◒꜡ⱴ♩◓ꜝⱨ▫⌐ ⇔≡│⁸∕╣∙╣ ⅜ ∆╢↓≤╛

≢─ ⅜ ≢№╢↓≤≤™∫√ ╩ ⇔≡⅔╡⁸ ∞ ⌂ⱪ꜡☿☻⅜ ↕╣

╢⌐│ ∫≡™⌂™⁹ 

≢│⁸ ┘ ◒꜡ⱴ♩◓ꜝⱨ▫ ─ ╩ ⌐ ⇔≈≈⁸

╩ ™ ℮ ─Ɫ▬Ⱪꜞ♇♪ ⱪ꜡☿☻─ ╩ ∆ 1- 1 ⁹↓╣╕≢ ה ↕

╣≡™╢╒≤╪≥─ MA(й) ⱪ꜡☿☻│⁸HLLLW ╟╡ MA(й) ┘ ─ ⇔√

Ln(й)╩ ⌐ ∆╢ MA(й) Ln(й) ≤↓╣╠╩ ⌐ ∆╢ MA(й) /Ln(й)

─ 2 ⅛╠ ╡⁸ ≤╙⌐ ╩ ∆╢⁹↓╣⌐ ⇔⁸ ≢│⁸ ─MA(й)

Ln(й) ⌐│⁸ ⌐ ╣√ ╩ ⇔√ ─ ╩ ⌐⁸

╙ ╘ ╡ ™⅜ ↕╣≡™╢ ⌂ tributyl phosphate TBP ╩ ≢ ∆╢↓

≤⌐╟╡ ⌐ ∆╢ ╩ ╘╢≤≤╙⌐⁸ ╩ ™√ ⌐ ≤⌂╢ ╛

─ ╩ ╢⁹╕√⁸ ─MA(й) /Ln(й) ≢│⁸╟╡◖fiⱤ◒♩⌂◦☻

♥ⱶ⌐╟∫≡ ™ ╩ ∆╢√╘⁸ ◒꜡ⱴ♩◓ꜝⱨ▫╩ ⇔⁸ ─ ≢№

╢ ╩ ⅎ╢≤≤╙⌐ ╛⅛⌂ ─ ╩ ∫√ ה ╩ ∆╢♬♩ꜞ꜡♩

ꜞ▪☿♩▪Ⱶ♪ NTA▪Ⱶ♪ ╩ ∆╢↓≤⌐╟╡⁸ ─ ╛ ─

╩ ╢⁹ ╩ ╘╢↓≤≢⁸ ─ ╕√│ ◒꜡ⱴ♩◓ꜝⱨ▫─╖⅛╠ ╢ⱪ꜡☿

☻≤ ⇔≡⁸ ╛ ╩ ∆╢ ⌂ⱪ꜡☿☻╩ ∆╢↓≤╩ ≤∆╢⁹ 

╩ ⇔√ 30 ⅛╠ 3 ╕≢─ 4 ⌐⅔™≡⁸ ⌐ ⇔≡│⁸

₁─ TBP ╩ ∆╢ TBP n-♪♦◌fi ⌐╟╢ ⅛╠─ Ln(й)⁸Pd(и)⁸Zr(к)⁸

Mo(м)⁸Ru(й)⁸Am(й)⁸Cm(й)─ ╩ ⇔⁸ ╠╣√ ⌐≈™≡⁸ⱨꜞכTBP

≤ ▬○fi ≤─ ╩ ⇔√⁹™∏╣─ ⌐⅔™≡╙ │ ≢№∫√⁹

╕√⁸ ⌐⅔↑╢ Ln(й) ─ ╩ ⇔⁸Zr( к) ─ ─ ╩ ⅝⁸™∏

╣─ ⌐⅔™≡╙ ╛⅛⌐ ⌐ ∆╢↓≤╛ ─ ╩

╠⅛⌐⇔√⁹ ⌐ ⇔≡│⁸╟╡ ™ ≢─ ⅜ ≤⌂╢╟℮

─ ⇔╩ ╡⁸ ∆╢MA(й) Ln(й) ⱨ꜡כ◦כ♩ ⌐⅔™≡
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⁸ ⌐ ⌂™↓≤╩ ∆╢≤≤╙⌐⁸╒╓ 100 %─ ⅜ ╠╣╢↓≤╩

⇔√⁹ ─ ╩╙≤⌐ MA(й) ┘ FP─ ה ╩ ∆╢√╘─ ♪כ◖

╩ ∆╢≤≤╙⌐⁸ ╡╟⌐♪כ◖ ⇔√MA(й) Ln(й) ⱨ꜡כ◦כ♩ ⌐⅔

™≡ ╩ ♪ꜟכ◖√™ ╩ ⇔⁸ ─ ┘ ⅜ ╠╣╢↓≤╩

⇔√⁹ 

◒꜡ⱴ♩◓ꜝⱨ▫⌐ ⇔≡│⁸ ≤ ╩ ╖ ╦∑√ ⌐≈™≡⁸

☻ⱡכ♥♇◒☻ ╛ ─ ╩ ╘⁸ ⌐ ╘╢☻ⱡכ♥♇◒☻─

╩ ↄ∆╢↓≤ ⌐╟╡⁸ ™ ⅜ ╠╣╢╟℮ ⅝⌂ ╩ ⇔⁸⅛≈◌ꜝ

ⱶ ─ ⅜ ╘≡ ↕™ ◦ꜞ◌ ─ ╩ ⇔√⁹ ╠╣√ ⅛╠

⇔√ ╩ ⇔√◌ꜝⱶ─ │ ↕ↄ⁸╕√ ─ ╩ ⇔√ⱳꜞⱴכ

╩ ℮↓≤≢⁸ ⌐╟╠∏ ⅜ ↕╣╢↓≤╩ ⇔√⁹╕√⁸NTA

▪Ⱶ♪ ─ 1≈≢№╢HONTA ⌐≈™≡⁸ ≡─ ╩ n-○◒♅ꜟ ⅛╠ 2-◄♅ꜟⱫ◐

◦ꜟ ┼ ⇔√ hexa 2- ethylhexyl nitrilotriacetamide H2EHNTA ┘ ─ ╩ n-○◒

♅ꜟ ⅛╠ 2- ◄♅ꜟⱫ◐◦ꜟ ┼ ⇔√ N N N' N' N" N" - tetraoctyl di 2 -

ethylhexylnitrilotriacetamide TOD2EHNTA╩ ∆╢ ⌐≈™≡ ╩ ℮≤≤╙⌐⁸

⇔√ⱨ꜡כ⌐╟╡ ─ ╩ ∆╢ ─ ⅜ ≢№╢↓≤╩ ⇔√⁹↓╣╠─

╩ ─ ◦ꜞ◌ ⌐ ↕∑√ ╩ ⌐⁸ ≢─ɘ ╩

⇔⁸ɘ ⌐╟╡ ─ │ ⇔⁸ ╩ ℮ ≢

⌐ ⅜⌂™↓≤⁸ ┘ ⌐ ™ ⅜ ∆╢ ╩ ⇔√⁹↓╣╠─ ⅛╠⁸

Ln(й) MA(й) ⱪ꜡☿☻⅛╠ ╠╣╢ ╩ ⇔√ ─ ⅜ 1 MGy ⌐

╩ ∆╢ ⅜№╢↓≤╩ ╠⅛⌐∆╢≤≤╙⌐⁸ ⌂ ≢№╣┌⁸

≢ ⌂ ●☻─ ⌐ ╕╢√╘⁸ ⌂ │ ⌂™↓≤╩ ⇔√⁹↕╠

⌐⁸↓╣╠─ ╩ ⌐ ₁─ FP ╩ ╗ ⌐⅔↑╢ ─ ╩◖

♪ꜟכ ⌐╟╡ ⇔√⁹™∏╣─ ⌐⅔™≡╙⁸Zr(к)╛ Pd(и)⅜ ™ ⌐

⅔™≡ ™ ╩ ∆ ⁸Ln(й)│ ─ ⌐ ™ ⅜ ∆╢↓≤⅜

↕╣√⁹ ─ ⌐ ™ │ ∆╢╙──⁸ⱳꜞⱴכ ╩ ∆╢↓≤⌐

╟╡ ⌐ ∆╢╕≢─ │ ⌐ ⇔√⁹ ⅛╠─ ─ │™∏╣╙

≢│⌂™↓≤╩ ⇔√⁹↓─ ╩ ╕ⅎ⁸ FP ≤≤╙⌐ MA(й)╩ ╗ ╩

™√RI ⌐╟╡ ─ ╩ ⇔⁸MA(й)≤ ≤─ ─ ⅜ ╙ ⅝ↄ

⌂╢ ╩ ⇔√⁹ ∑≡⁸ ─Ln(й)╩ ↕∑√ ╩ ⌐IBIL ┘EXAFS

╩ ⇔√⁹IBIL ⌐⅔™≡│⁸ ☻Ɑ◒♩ꜟ ─ │⌂⅛∫√╙──⁸

⅜ ↕╣√⁹↓╣│ ─ ⁸ ▬○fi─ ─ ™⌐ ⇔≡

™╢≤ ⅎ╠╣√⁹EXAFS ⌐⅔™≡│⁸ ≤╙⌐ Ln(й)│ ─ ╩ ⇔√

╙──⁸ ⅜ ≢ ↕╣√ ≤ ∆╢≤⁸ ─ Ln(й) ─ ⌐╟╡⁸

⌐⅔™≡ ─ ⅜ ╠╣╢ ⅜ ⇔√⁹ ─ ⅛╣ ⌐≈™≡│⁸

⅛╣ ⌐╟╡ ─ │╒╓⌂ↄ⌂╢ ⅜ ↕╣√⁹ ─

╩╙≤⌐⁸ ─ ⌐≈™≡ ─ ─ ⅛╠ ╩ ™⁸ ⇔ ↕╛∕─

⌐╟╢ ╩ ∆╢↓≤≢⁸ ⅜ⱪ꜡☿☻ ⌐ ≢⅝╢ ╩ ⇔√⁹↕╠

⌐⁸ ╩ ⌐⁸ ₁─ ⌐⅔↑╢ FP ─ ה ╛ ╩
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⇔⁸ ─ ⌐╟╡ ─ ה ⅜ ∆╢╙──⁸ⱳꜞⱴכ ╩

∆╢↓≤⌐╟╡ ╛⅛⌐ ⌐ ∆╢↓≤╩ ⇔√⁹╕√⁸ ⅜

┘ ▬○fi ╛ ─ ™⌐ ↕╣╢↓≤╩ ╠⅛⌐⇔√⁹ ─ ╩╙≤⌐

MA(й) ┘ FP─ ה ╩ ∆╢√╘─ ╩♪כ◖ ∆╢≤≤╙⌐⁸ ◖

╡╟⌐♪כ ⇔√ MA(й) / Ln(й) ⱨ꜡כ◦כ♩ ⌐⅔™≡ ╩ ♪ꜟכ◖√™

╩ ⇔⁸ ─ ┘ ⅜ ╠╣╢ ╖≢№╢↓≤╩ ⇔√⁹ 

│⁸ ─ 3 ⌐ ╠╣√ ─ ≤≤╙⌐⁸ ─ ≢№╢ 3

⌐ ⇔√ ╩╕≤╘≡ ∆╢╙─≢№╢⁹ 

 

 

1- 1 ≤ ⅜ ╩ ∆ⱪ꜡☿☻─  

 

2.   

2.1   

2.1.1  ┘  

╩ ™√MA(й) Ln(й) ⱪ꜡☿☻─  

ה ⁸  

HLLW╛ Am⁸Cm╩♩꜠כ◘כ ╪∞ ╩ ≤⇔≡⁸TBP ⁸ ╩Ɽ

ꜝⱷכ♃≤⇔√Ᵽ♇♅ ⁸ ⌐╟╡⁸MA(й)⁸Ln(й)╛∕─ ─ FP─ ⌐≈™≡

∆╢⁹↓↓≢ ╠╣√ ╩ (2) (4) ⌐ ♪ꜟכ◖⁹╢∑↕ ╩ ⌐

≡⁸RI ╩ ⌐≡ ∆╢⁹ 
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ה ⁸  

╩Ɽꜝⱷכ♃≤⇔√Ᵽ♇♅ ╛⁸ ╩ ™√ ⌐╟╢

─ ⌐╟╡⁸ ה ╩ ∆╢≤≤╙⌐ ≤⌂╢ ╩ ∆╢⁹↓╣╠─

╩╙≤⌐⁸ ⌐⅔↑╢ ─ ⌂ ╢ ™╩ ⇔⁸ ─ ⌐╟

╢ ─ ⌐ ↕∑╢⁹Ᵽ♇♅ ╩ ⌐≡⁸ ─ ╩

⌐≡ ∆╢⁹ 

 

 

(1) (2) ─ ╩╙≤⌐ ─ ╩ ™⁸ ≢ ⇔≡™╢ ╩

ⱬ⁸≡⇔≥☻כ ⅜ ⌂ ╩ √⇔⁸◄fi♩꜠▬fiⱷfi♩╛○כⱣכⱨ꜡כ╩

≤⌂╢╟℮ ─ ╩ ℮⁹╕√⁸ ╩ ↕∑√ ⌐⅔™≡ ╩

≢⅝╢╟℮⁸ ─ O/A ⁸ ⌐╟╢ HLLW╩ ™√ ╩

⇔⁸ ╡ ™ ⌐≈™≡ ∆╢⁹ 

 

ⱨ꜡כ◦כ♩ ה  

(1) ₩(3) ⌐≡ ⇔√ ⁸ ╩╙≤⌐⁸ ╩ ™√ ╩

∆╢√╘─ⱨ꜡כ◦כ♩╩ ∆╢⁹ HLLW╩ ≤⇔√ ⌐╟╡⁸Ln(й)─

╩ ∆╢≤≤╙⌐⁸ ⌐ ∂≡ⱨ꜡כꜙ♅─♩כ◦כ♬fi◓╩ ℮⁹↓─ ╩╙≤⌐ Am⁸

Cm╩ ™√ ⌐╟╡ MA(й)─ ╢ ™╩ ⇔≡⁸ ⌐╟╢ MA(й)

Ln(й) ⱪ꜡☿☻─ ╩ ℮⁹↕╠⌐ ─ ⱪ꜡☿☻⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ

꜡☿☻≤─ ╩ ∆╢⁹ 

 

◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢MA(й)/Ln( й) ⱪ꜡☿☻─  

 

╩Ɽꜝⱷכ♃≤⇔√ ╩ ™⁸ ⁸ ╩ ∆╢◦ꜞ◌ ╩ ╢√

╘─ ╩ ∆╢⁹ ╠╣√ ⌐ⱳꜞⱴכ╩ ⇔√ ╩ ⇔≡⁸◌ꜝⱶ ─

╩ ∆╢⁹◌ꜝⱶ┼─ ╩ ≢ ℮↓≤╩ ≤⇔≡⁸ ⌂ ╩

∆╢⁹↓↓≢ ↕│⁸ ה ┘ ─ ─ ⅛╠⁸MA(й)/Ln( й)

⌐ ≤⌂╢ ↕╩ ∆╢↓≤≤∆╢⁹ 

 

◔Ⱶ◒꜠▪⁸  

◦ꜞ◌⌐ ∆╢☻♅꜠fi☺ⱦ♬ꜟⱬfi♀fi ≢⁸ ╩ ≢⅝╢

╟℮⁸NTA▪Ⱶ♪ ─ ╩Ɽꜝⱷכ♃≤⇔≡ ╩ ⇔⁸ ≤⇔≡ ⇔√

─ ╩ ∆╢⁹ ─ ╩◔Ⱶ◒꜠▪⌐≡⁸ ─ ┘ ╩

⌐≡ ∆╢⁹ 

 

 

╩ ┘ ─ ⌐≡ ⌐╦√∫≡ ∆╢↓≤╩ ⇔⁸ ⌐ɘ

⁸╕√│ ┌ↄ ⇔⁸ ╩ ∆╢≤≤╙⌐⁸∕╣╠─ ╢ ™⁸ ⌐
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≈™≡ ╩ ℮⁹↓╣╠─ ╩╙≤⌐⁸ ╩ ⌐ ∆╢√╘─ ⌂ ⁸

╩ ∆╢⁹ 

 

ה ⁸  

HLLW╛ Am⁸Cm╩♩꜠כ◘כ ╪∞ ╩ ≤⇔≡⁸Ᵽ♇♅ ה ⌐╟╡⁸

MA(й)⁸Ln(й)─ ⌐≈™≡ ∆╢⁹↓↓≢ ╠╣√ ╩ ─ ⌐ ↕∑╢⁹◖

♪ꜟכ ╩ ⌐≡⁸RI ╩ ⌐≡ ∆╢⁹ 

 

⁸  

EXAFS╛ IBIL ╩ ⇔√ ⌐╟╡⁸Ln(й)▬○fi≤HONTA ≤─ ⌐

≈™≡⁸ ╩Ɽꜝⱷכ♃≤⇔≡ ⇔⁸ ≤─ ╩ ™⁸ ה ⱷ◌♬☼ⱶ

─ ╩ ℮⁹↓╣╠─ ╩⁸ ה ─ ⌐ ↕∑╢⁹EXAFS╩ ⌐≡⁸

IBIL ╩ ⌐≡ ∆╢⁹ 

 

ה ⁸  

╩Ɽꜝⱷכ♃≤⇔√Ᵽ♇♅ ╛⁸ ╩ ™√ ⌐╟╢

─ ⌐╟╡⁸ ה ╩ ∆╢≤≤╙⌐ ≤⌂╢ ╩ ∆╢⁹↓╣╠─

╩╙≤⌐⁸◌ꜝⱶ ⌐⅔↑╢ Ln(й) ─ ⌂ ╢ ™╩ ⇔⁸ ─ ⌐

↕∑╢⁹Ᵽ♇♅ ╩ ⌐≡⁸ ─ ╩ ⌐≡ ∆╢⁹ 

 

ⱨ꜡כ◦כ♩ ה  

(1) - (6) ⌐≡ ⇔√ ⁸ ╩╙≤⌐⁸◌ꜝⱶ ╩ ∆╢√╘─ⱨ꜡

╩♩כ◦כ ∆╢⁹ MA(й) Ln(й) ╩ ≤⇔√ ⌐╟╡⁸Ln(й)─

╩ ∆╢≤≤╙⌐⁸ ⌐ ∂≡ⱨ꜡כꜙ♅─♩כ◦כ♬fi◓╩ ℮⁹↓─ ╩╙≤⌐ Am⁸

Cm╩ ™√ ⌐╟╡ MA(й)─ ╢ ™╩ ⇔≡⁸ ◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢

MA(й)/Ln( й) ⱪ꜡☿☻─ ╩ ℮⁹↕╠⌐⁸ ─ ⱪ꜡☿☻≤ ◒꜡ⱴ♩◓ꜝ

ⱨ▫ⱪ꜡☿☻≤─ ╩ ∆╢⁹ 

 

 

⌂ ╩ ⇔ ─ ╩ ╢≤≤╙⌐⁸ 2.1.1.1 ┘ 2.1.1.2 ╟

╡ ╠╣√ ╩ ╡╕≤╘⁸ ─ ⌂ ⌐ ∆╢⁹ 

 

2.1.2  ┘  

⌐ ╢ ╩ 2.1.2 - 1⌐⁸ ╩ 2.1.2 - 2⌐∕╣∙╣ ∆⁹ 

 



6 

 

 

2.1.2 - 1  
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2.1.2 - 2  

 

2.2 3  

2.2.1  ┘  

╩ ™√MA(й) Ln(й) ⱪ꜡☿☻─  

ה ⁸  

TBP ─ ⌂╢ ⌐⅔↑╢ ╛ ╩ ♪ꜟכ◖─╘√╢∆ ┘RI

╩ ∆╢⁹ FP ┘ MA(й)╩ ╪∞ ╩ ⌐ TBP ╛

▬○fi ╩Ɽꜝⱷכ♃≤⇔√RI ♪ꜟכ◖┘ ╩ ─ ≢ ⇔⁸

╛ ⌐ ╩♃כ♦╢∆ ∆╢↓≤≢ⱨ꜡כ◦כ♩─ ה ⌐ ∆╢⁹ 

RIה MA(й)╩ ™√  

♪ꜟכ◖ה FP╩ ™√  

 

ה ⁸  

TBP ─ ⌂╢ ⌐⅔↑╢ ה ┘ ─ ╩

⁷⁷

(1) ╩ ™√
   MA(III)+Ln(III) ⱪ꜡☿☻─
⁷ᵑ ה
RIה   

♪ꜟכ◖ה   

  ᵒ ה
♅♇Ᵽה ⁷

ה   

  ᵓ

  ᵔⱨ꜡כ◦כ♩ ⁸

(2) ◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢
   MA(III)/Ln(III) ⱪ꜡☿☻─
⁷ᵑ

  ᵒ
   ᵒ-1 ◔Ⱶ◒꜠▪)

   ᵒ-2 ה
    

⁷ᵓ

  ᵔ ה
RIה   

♪ꜟכ◖ה   

  ᵕ
IBILה ⁷

EXAFSה   

  ᵖ ה
♅♇Ᵽה   

ה   
   

  ᵗⱨ꜡כ◦כ♩ ⁸

(3)



8 

 

∆╢√╘─Ᵽ♇♅ ┘ ╩ ∆╢⁹ FP ╩ ╪∞

╩ ⌐ TBP ╛ ▬○fi ⅜ ⌂╢ ⌐⅔™≡Ᵽ♇♅ ┘ ╩

─ ≢ ⇔⁸ ה ╛ ╩ ∆╢↓≤≢ⱨ꜡כ◦כ♩─ ה

⌐ ∆╢⁹ 

♅♇Ᵽה ה  

ה ─  

 

 

╩ ⇔⁸2.2.1.1 ( 4)⌐≡ ↕╣√ⱨ꜡כ◦כ♩⅜ ∆╢↓≤╩

∆╢⁹ 

 

ⱨ꜡כ◦כ♩ ⁸  

2 ─ ╩ ╕ⅎ≡ⱨ꜡כ◦כ♩─ ╩ ⇔⁸MA(й)╩ ╗ ╩ ≤⇔√

⌐╟╡ ─ ╩ ℮⁹↕╠⌐ ─ ⱪ꜡☿☻⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ꜡☿☻≤─

╩ ∆╢⁹ 

 

◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢MA(й)/Ln( й) ⱪ꜡☿☻─  

⁸◔Ⱶ◒꜠▪  

↓╣╕≢⌐ ⇔√ NTA▪Ⱶ♪ ⌐≈™≡⁸ ≤⇔√ ─ MA(й)/Ln( й)

─ ┘ ─ ≤◖☻♩─ ╟╡⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ꜡☿☻⌐ ⌂

╩ ∆╢⁹╕√⁸ ⇔√ ─◖☻♩♄►fi─ ⌐≈™≡ ╩ ℮⁹↓╣╠─

│⁸ ─ ≢ ∆╢⁹ 

ה ◖☻♩♄►fi ◔Ⱶ◒꜠▪ 

ה ה  

 

ה ⁸  

┼─ ╛ ─ ╩ ♪ꜟכ◖─╘√╢∆ ┘ RI ╩

∆╢⁹ FP ┘MA(й)╩ ╪∞ ╩ ⌐⁸2.2.1.2 ( 1)≢

≤⌂╢ ╩ ↕∑√ ╩ ™≡ ╩Ɽꜝⱷכ♃≤⇔√ RI ♪ꜟכ◖┘

╩ ─ ≢ ⇔⁸ ╛ ─ ╩ ∆╢↓≤≢ⱨ꜡כ◦כ♩─

ה ⌐ ∆╢⁹ 

RIה MA(й)╩ ™√  

♪ꜟכ◖ה FP╩ ™√  

 

⁸  

2.2.1.2 ( 1)≢ ≤⌂╢ ╩ ↕∑√ ╩ ⌐⁸MA(й) Ln(й) ⱪ꜡☿

☻╟╡ ╠╣╢ ─ ╩ ⇔≡ ╩ ™⁸ ─ ╩ ≤⇔√ IBIL ┘

EXAFS ⌐╟╡ Ln(й) ╡ ─ ╩ ∆╢⁹╕√⁸↓─ ╩╙≤⌐ⱪ꜡☿☻ ⌐⅔

↑╢ ⌐≈™≡ ╩ ℮↓≤≢ⱨ꜡כ◦כ♩─ ה ⌐ ∆╢⁹ 
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↓╣╠─ │⁸ ─ ≢ ∆╢⁹ 

IBILה  

EXAFSה  

 

ה ⁸  

ה ┘ ⌐⅔↑╢ ╩ ∆╢√╘─Ᵽ♇♅ ┘

╩ ∆╢⁹ FP ╩ ╪∞ ╩ ⌐⁸2.2.1.2 ( 1)≢

≤⌂╢ ╩ ↕∑√ ╩ ⌐ ⅜ ⌂╢ ⌐⅔™≡Ᵽ♇♅ ┘

╩ ─ ≢ ⇔⁸ ה ╛ ╩ ∆╢↓≤≢ⱨ꜡

─♩כ◦כ ה ⌐ ∆╢⁹ 

♅♇Ᵽה ה  

ה ⌐⅔↑╢  

 

ⱨ꜡כ◦כ♩ ⁸  

2 ─ ╩ ╕ⅎ≡ⱨ꜡כ◦כ♩─ ╩ ⇔⁸MA(й)╩ ╗ ╩ ≤⇔√

⌐╟╡ ─ ╩ ℮⁹↕╠⌐ ─ ⱪ꜡☿☻⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ꜡☿☻≤─

╩ ∆╢⁹ 

 

 

⌂ ╩ ⇔ ─ ╩ ╢≤≤╙⌐⁸ 2.2.1.1 ┘ 2.2.1.2 ╟

╡ ╠╣√ ╩ ╡╕≤╘⁸ ─ ⌂ ⌐ ∆╢⁹ 

 

2.2.2  ┘  

2.1.2 - 1 ⌐ ⇔√ ⌐╟╡⁸ 3 ⌐⅔↑╢ ╩ ∆╢⁹ 3

⌐⅔↑╢ ╩ 2.2.2 - 1⌐ ∆⁹ 
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2.2.2 - 1 3  

 

3.  30 2 ─ ┘  

3.1 ╩ ™√MA(й) Ln(й) ⱪ꜡☿☻─  

↕╣≡™╢ ≢│ TBP╩ ™√ ⌐╟╢ U ┘ Pu─ ⅜ ╦

╣≡⅔╡⁸ /TBP ⌐⅔™≡↓╣╕≢⌐ ↄ─ ⅜♃כ♦─ ↕╣≡™╢(1) - ( 6)⁹ 

⁸HLLW⌐≥╙╩♃כ♦─╠╣↓ │ 3- 1 ╩ ⁹ /TBP ≢─ 16

╩ ⇔√ ─ ₁─ TBP ┘ O/A ⌐⅔↑╢ ─ ⌐≈™

≡⁸ ⌐ ∆ ⌐⅔↑╢ ─ ╩╙≤⌐ ⇔√⁹∕─ ╩

3.1- 2⌐ ∆⁹ 

Ὠὅ

Ὠὸ
ὯϽ
φ

Ὀ
ὅ

Ȣ
ὅ ὯϽ

φ

Ὀ
ὈϽὅ

Ȣ
ὅ  3.1- 1  

↓↓≢⁸CO│ ─ ⁸CA
eq.⁸ CO

eq.│⁸ ─ ⁸ ⁸k│

─ ⁸Dp│ ─ ⁸D│ ─ ╩∕╣∙╣ ⇔≡™╢⁹ ≢

│⁸ ─ ⌐≈™≡│ ( 7)╩ ⌐100 µm≢ ≤⇔√⁹ ─

⌐≈™≡│ ( 8)╩ ⌐ ⌐ ≡2.0×10- 5 m/s≤ ⇔⁸ ⌐≈™≡│⁸ ≢

↕╣≡™╢ ─ ⌐╟╡⁸∕╣∙╣ ⇔√⁹ 

 

Ὀ ὑ ϽὝ  ὑ ϽὝ   3.1- 2  

(1) ╩ ™√
   MA(III)+Ln(III) ⱪ꜡☿☻─
⁷ᵑ ה
RIה   

♪ꜟכ◖ה   

  ᵒ ה
♅♇Ᵽה ⁷

ה⁷ 

  ᵓ

  ᵔⱨ꜡כ◦כ♩ ⁸

(2) ◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢
   MA(III)/Ln(III) ⱪ꜡☿☻─
  ᵑ
   ᵑ-1 ◖☻♩♄►fi
    ◔Ⱶ◒꜠▪
   ᵑ-2 ה
       )

  ᵒ ה
RIה   

♪ꜟכ◖ה   

  ᵓ
IBILה ⁷

EXAFSה   

  ᵔ ה
♅♇Ᵽה   

ה   

⁷ᵕⱨ꜡כ◦כ♩ ⁸

(3)

10 11 12

XAFS XAFS XAFS

IBIL

RI
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ὑ πȢρσυϽὢ Ȣ  πȢππυςϽὢ Ȣ ρ πȢυτϽÅØÐ ρυϽὊ   3.1- 3  

ὑ ὑ  3.1- 4  

Ὀ ὑ ϽὝ  3.1- 5  

ὑ σȢχϽὢ Ȣ  ρȢτϽὢ Ȣ πȢπρρϽὢ Ȣ τϽὊ Ȣ σ 3.1- 6  

Ὀ ὑ ϽὝ  3.1- 7  

ὑ ὑ πȢσςςρρτπȢππχτϽὢ Ȣ  3.1- 8  

Ὀ π 3.1- 9  

Ὀ ὑϽὢ ϽὝ  3.1- 10  

ὑ ÅØÐ ρρȢρυφςψȢτςτϽὍ ρχȢφυυϽὍ τȢτψσϽὍ πȢτσσϽὍ  3.1- 11  

Ὅ ὢ σϽὢ  3.1- 12  

Ὕ
Ὕ

ρ πȢρψωϽὢ Ͻὢ τȢπυρπϽὢ Ͻὢ
 3.1- 13  

Ὀ ÅØÐ ὑ ϽὝ  3.1- 14  

ὑ ρȢπςςφϽὢ ωȢπυς
ςȢσσπσ

ὢ

ρȢςφυω

ὢ Ȣ  3.1- 15  

Ὀ ÅØÐ πȢσσρτϽὢ χȢρφπψ
πȢτττ

ὢ
ϽὝ  3.1- 16  

Ὀ ÅØÐ ρȢσχχρϽὢ τȢστρρ
πȢτρσρτ

ὢ
ϽὝ  3.1- 17  

Ὀ ÅØÐ ςȢσπσϽÅØÐὑ ὑ  3.1- 18  

ὑ ὑ ÅØÐ ὑ ÅØÐ ὑ  3.1- 19  

ὑ ρȢς πȢςσψϽὣ  3.1- 20  

ὑ
ὢ

υτȢχρὣ πȢρφψρ
Ȣ

ςρ
 

ὑ ὢ  

3.1- 21  

 

3.1- 22  

ὑ τ ςȢσψϽὣ  3.1- 23  

Ὀ πȢπρχτϽὢ Ȣ ϽὝ       ὢ ςȢπ ὓ     3.1- 24  

       πȢππρυρϽὢ Ȣ ϽὝ      ςȢπ ὓ  ὢ φȢπ ὓ  3.1- 25  

Ὀ πȢπρρυϽὢ Ȣ ϽὝ       ὢ ςȢπ ὓ     3.1- 26  

       πȢπππφρχϽὢ Ȣ ϽὝ      ςȢπ ὓ  ὢ φȢς ὓ  3.1- 27  

 

↓↓≢ὑ│ k ─ ⅛↑─ ╩⁸ὢ ┘ὣ│ k ─ ┘ ╩⁸F│

TBP ╩∕╣∙╣ ⇔≡™╢⁹ὢ │ ─ ▬○fi ⁸Ὕ│ⱨꜞכTBP ≢№╡⁸

∕╣∙╣ ─ ⅛╠ ⇔√⁹ 

 

ὢ ὢ ὢ ὢ ςὢ ὢ σὢ ὢ

ὢ ὢ τὢ ὢ   
3.1- 28  
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Ὕ Ὕ ὑ ὢὝ Ὀ ὢ ςὑ ὢ ὑ ὢ ὑ ὢ

ϽὝ ςὈ ὢ Ὀ ὢ

σὈ ὢ Ὀ ὢ Ὀ ὢ

Ὀ ὢ  

3.1- 29  

Ὕ σȢφυσψ& 3.1- 30  

3.1- 2╟╡⁸TBP ⅜ 50 vol% ⁸ ⅜ 10 ─ ⌐⅔™≡⁸99 %

─MA(й)─ ≤Ln(й)╩ ↄFP≤─ ─ ⅜№╢↓≤╩ ≢⅝╢⁹ ─╟℮⌐⁸

│ TBP ⅜ 30 vol %─ ╩ ≤⇔√ ─ ╛ ╩╙≤⌐ ⇔√

⌐≡ ⇔√╙─≢№╡⁸ TBP ⌐⅔↑╢ⱨ꜡כ◦כ♩─ ה ╩ ╘╢

≢│⁸ ⅜♃כ♦ ⌂ FP╛ ╩ ⌐ ╛ ╩ ה ⇔≡™ↄ

⅜№╢⁹ 

╩ ℮ⱪ꜡☿☻≢│ ─ ⌐ ═≡ ™ TBP ⅜ ↕╣╢√╘⁸

─ ⅜ ↕ↄ⌂╡⁸ ─ ⅜ ∆╢↓≤⅜ ↕╣╢⁹↓─ ╩

∆╢√╘⁸ ⱪ꜡☿☻≢│⁸ ─ ≢╙ ⌐ ╣≡⅔╡⁸ ⅜

╩ ∫≡⅝√ ─ ╩ ∆╢⁹TBP 30 vol %─ ╩ ⌐ ⅜ ╘╠╣≡⅝

√ ⌐≈™≡⁸╟╡ ™ TBP ⌐⅔↑╢ ╩ ═╢≤≤╙⌐⁸ ─

⅜ ⌂ ┘ ╩ ⌐╟╡ ∆╢⁹↓╣╠╩╙≤⌐⁸ ⁸ ≤

─ ─ ⅛╠⁸ ─ ╩ ℮⁹ 

30 ⅛╠ 2 ╕≢⌐⁸ ─ ┼─ ה ⇔╩ ⌐⁸ FP

┘MA(й)╩ ╪∞ ⁸ ╩ ⌐ TBP ╛ ╩Ɽꜝⱷכ

♃≤⇔√ ╩ ⇔⁸ ╛ ⁸ ה ╩ ⇔√⁹↕╠⌐⁸

╩ ⇔√ ╩ⱬכ☻⌐ ⇔√ MA(й)╡╟⌐♪כ◖ Ln(й) ⱨ꜡כ◦כ♩ ╩

⇔⁸ ╩ ♪ꜟכ◖√™ ⌐╟╡ⱨ꜡כ◦כ♩ ╛ ∆╢ ─

╩ ⇔√⁹ ─ ⌐⅔™≡ ╩ ∆╢⁹ 

 

 

 (1)  I. Svantesson, I. Hagstrom, G. Persson, J. O. Liljenzin,ΓDistribution Ratios 

  and Empirical Equations for the Extraction of Elements in Purex High Level 

  Waste Solution I:TBP,ΔJ. Inorg. Nucl. Chem., vol. 41, pp. 383- 389 (1979).  

 (2)  T. Ishimori, K. Watana be,ΓInorganic Extraction Studies on the System of Tri-

  n- butyl Phosphate -Nitrate Acid,ΔBull. Chem. Soc. Jpn., Vol. 33,  No.10, pp.  

  1443- 1448 (1960).  

 ( 3)  ⁸ ⁸ ⁸ ⁸₈ -MIXSET ;♪כ◖ X A Computer 

  code for simulating the PUREX solvent extraction process₉⁸JNC- TN8400 99- 005

  1999 .  

 ( 4) ⁸ ⁸ ⁸₈ ◦Ⱶꜙ꜠כ◦ꜛfi◖כ♪ PARC─

  ₉⁸JAEA- Data/Code 2008- 010 2008 .  

 ( 5) ⁸ ⁸₈Data of inorganic solvent extraction, 1 ₉⁸JAERI- 1047

  1963 .  
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 ( 6) ⱪ꜡☿☻ה Ɫfi♪Ⱪ♇◒ ⁸₈ ⱪ꜡☿☻ה Ɫfi♪Ⱪ♇◒ 

  ₉⁸JAEA- Review 2015- 002 (2015).  

 (7)  Y. Sano, A. Sakamoto, H. Ogino, H. Hirano, K. Todoroki, R. Misumi, K. Nishi 

  and M. Kaminoyama, "Fluidic Analysis in an Annular Centrifugal Contactor for 

  Fuel Reprocessing , " Proc. International Conference on Fast Reactors and  

  Related Fuel Cycles: Safe Technologies and Sustainable Scenarios, IAEA - CN- 199-

  251 (2013).  

 ( 8)  ⁸ ⁸₈Ɽꜟ☻◌ꜝⱶ⌐⅔↑╢ Purexⱪ꜡☿☻ ♪כ◖ PULCO₉⁸PNC-

  TN841- 82- 19 1982 .  

 

3- 1 ⇔√ HLLW  

 3 M 

 

U 4.2×10- 1 g/L 

Pu 1.9×10- 1 g/L 

Am 8.5 g/L 

Cm 2.1 g/L 

Cs 17.5 g/L 

Sr 2.0 g/L 

Zr 12.6 g/L  

Mo 15.2 g/L 

Ru 10.7 g/L  

Ru 10.7 g/L  

Pd 11.9 g/L  

Tc 3.5 g/L  

Y 1.2 g/L 

La 5.5 g/L 

Ce 10.1g /L  

Pr 5.0 g/L 

Nd 16.9 g/L 

Pm 2.0×10- 1 g/L 

Sm 5.1 g/L 

Eu 5.3×10- 1 g/L 

Gd 7.0×10- 1 g/L 

Tb 3.4×10- 2 g/L 

Dy 4.2×10- 2 g/L 

NO3
-  5.4 M 
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3.1- ╡╟⌐♪כ◖ 2 ⇔√ ⌐⅔↑╢ ─  

TBP ⁸O/A  
 / % 

U Pu Zr Sr Cs Ce*1 Gd Am Cm 

60 vol%, O/A = 10 100 100 66.6 1.7 1.0 99.9 98.3 100 100 

60 vol%, O/A = 5 100 100 31.6 0.9 0.5 88.6 64.7 99.2 100 

60 vol%, O/A = 2 100 100 6.4 0.3 0.2 27.4 33.1 32.9 46.3 

50 vol%, O/A = 10 100 100 56.7 1.4 0.9 96.5 97.0 100 100 

50 vol%, O/A = 5 100 100 21.9 0.7 0.4 66.4 64.4 87.4 98.2 

40 vol%, O/A = 10 100 100 46.9 1.0 0.7 81.3 93.2 96.1 98.8 

40 vol%, O/A = 10*2 100 100 57.8 1.2 0.8 92.1 87.9 99.7 100 

*1 ⱨ▫כ♪ ⌐ ╕╣╢Gd ─ꜝfi♃♬♪ ╩Ce≤⇔≡  

*2 ⱨ▫כ♪ ─Hydroxyl Amine  Nitrate HAN ╩ 0.5 mol/L ≤⇔≡  

 

3.1.1 ה   

TBP ─ ⌂╢ ⌐⅔↑╢ ╛ ╩ ♪ꜟכ◖─╘√╢∆ ┘RI

╩ ⇔√⁹ FP ┘MA(й)╩ ╪∞ ⁸ ╩ ⌐ TBP

╛ ╩Ɽꜝⱷכ♃≤⇔√RI ♪ꜟכ◖┘ ╩ ⇔⁸ ╛ ⌐

╩♃כ♦╢∆ ⇔√⁹TBP 30 100 vol% n-♪♦◌fi─ ⌐╟╢ 0.5

10 M─ ⅛╠─ FP Ln(й)⁸Pd(и)⁸Zr(к)⁸Ru(й)⁸Cs(з)⁸Sr(и)─

♪ꜟכ◖ ⁸ ┘↓╣⌐ MA(й)╩ ⅎ√ RI ╩∕╣∙╣ ⇔⁸ ╠╣√

⌐≈™≡⁸ⱨꜞכTBP ≤ ▬○fi ≤─ ╩ ⇔√ 3.1.1 - 1 ┘

3.1.1 - 2 ⁹™∏╣─ ⌐⅔™≡╙ │ ≢№╡⁸ ─ │ ┘

≤╙⌐ ─ ╩ ⇔√⁹ 

 

 

3.1.1 - 1 RI ⌐╟╢ Am(й)─ ≤ⱨꜞכTBP ┘ ▬○fi ─  

 

R  
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3.1.1 - ♪ꜟכ◖ 2 ⌐╟╢Pd(и) ≤ⱨꜞכTBP ┘ ▬○fi ─  

 

3.1.2 ה   

TBP ─ ⌂╢ ⌐⅔↑╢ ה ┘ ─ ╩

∆╢√╘─Ᵽ♇♅ ┘ ╩ ⇔√⁹ FP ╩ ╪∞ ⁸

╩ ⌐ TBP ╛ ⅜ ⌂╢ ⌐⅔™≡Ᵽ♇♅ ┘ ╩

⇔⁸ ה ╛ ╩ ⇔√⁹Ᵽ♇♅ ≢│⁸ ₁─ TBP ╩ ∆

╢ TBP n-♪♦◌fi ┘ 0.5 10 M─ ╩ ™≡ Ln(й) ─

╩ ⇔⁸Zr( к) ─ ─ ╩ ⅝⁸™∏╣─ ⌐⅔™≡╙ ╛⅛⌐

⌐ ∆╢↓≤╩ ⇔√ 3.1.2 - 1 ⁹ ≢│⁸Eu(й)╩ ≤⇔√ ╩

™⁸TBP ─ │ ≢№∫√╙──⁸ ┘ ▬○fi │⁸ ⌐

╩ ╓∆↓≤⅜ ╠⅛⌐⌂∫√ 3.1.2 - 2 ⁹╕√⁸ ─ Eu(й) ⅜ ⁸

⇔⁸ ⌐ ≢ Eu(й) ╩ ⁸ ─ ▬○fi⌐ ↕╣╢ ⅜ ↕╣√⁹ 

 

3.1.2 - 1 70 vol%TBP⌐╟╢ Nd(й)─  

 

R  
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3.1.2 - 2 100 vol%TBP⌐╟╢ Eu(й) ─ ─ ▬○fi  

 

3.1.3   

╩ ⇔⁸╟╡ ™ ≢─ ⅜ ≤⌂╢╟℮ ─

⇔╩ ╡⁸ ∆╢MA(й) Ln(й) ⱨ꜡כ◦כ♩ ⌐⅔™≡ ⁸

⌐ ⌂™↓≤╩ 3.1.3 - 1 ∆╢≤≤╙⌐⁸╒╓ 100 %─ ⅜ ╠╣╢↓

≤╩ ⇔√⁹ 

 

3.1.3 - 1 ≢ ⇔√  

 

3.1.4  ⱨ꜡כ◦כ♩ ⁸  

3.1.1 ┘ 3.1.2 ─ ╩ ╕ⅎ⁸HLLW ─ ╛ TBP┼─ ╩ ⇔≡ ⇔√ 7

─ FP Cs(з)⁸Sr(и)⁸Pd(и)⁸Ce(й)⁸Eu(й)⁸Ru(й)⁸Zr(к) ┘ 2 ─ MAAm(й)⁸

Cm(й) ╩ ⌐⁸ ה ⌐⅔↑╢ ה ╩ ∆╢ ╩♪כ◖

⇔⁸ ─ ╩Ɽꜝⱷכ♃≤⇔√ ⌐╟╡MA(й) Ln(й) ⱨ꜡כ◦כ♩ ╩

⇔√⁹ ⱨ꜡כ◦כ♩ ⌐⅔™≡⁸ ╩ ♪ꜟכ◖√™ ╩ ⇔⁸ ─

┘ ⅜ ╠╣╢↓≤╩ ⇔√ 3.1.4 - 1 ⁹ 

 

 

( ) - 	/ / / %% 6 3 2 = B I N O

( - 	/ / / %% 6 3 2 	 h ) % 5 . 01( P H = B T

N E N O

% n S I l u T

v

- o P E ( 641 - I

E I I T I E T

% ) b E E S

P E I I B E % 641 - I

I E I T

- T % 641 m I o

E % 641 - I 5	, , , I 2	, , , 0	, , , v

D
k 1
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3.1.4 - 1 ⇔√ⱨ꜡כ◦כ♩ ⌐⅔↑╢ ┘  

Rΐ DF   

Rΐ(GdAm )  99 % 100 % 

Rΐ(Ce)  89 % 100 % 

DF Pd  20 14 

DF Ru  34 1 

DF Zr  16 14 

DF Cs  103 103 

DF Sr  103 103 

 

3.2 ◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢MA(й)/Ln( й) ⱪ꜡☿☻─  

─MA(й) ─√╘─ ◒꜡ⱴ♩◓ꜝⱨ▫≢│⁸ 50 µm⁸ 50 

nm─ ◦ꜞ◌ ╩ ≤⇔√ ╩ ⇔≡⅝√⁹↓─ ╩ ∆╢↓≤≢⁸

⌂◒꜡ⱴ♩ ╩ ≤∆╢⅜⁸ ≢ ┼─ │ ⌐╟╠⌂↑╣┌⌂╠∏⁸ ⌂

╩ ≤⇔√⁹ ≢│⁸ ⌐╟╢◒꜡ⱴ♩ ╩ ∆═ↄ⁸ ─╙─╟╡

╙ ⅝™ ⁸ ╩ ∆╢ ╩ ⇔⁸∕╣⌐ ↕∑√ⱪ꜡☿☻─ ╩ ∆⁹ 

30 ⅛╠ 2 ╕≢⌐⁸ ≤∆╢ ◦ꜞ◌ ─ ─ ⌐ ↑⁸

⁸ ⁸ ╩Ɽꜝⱷכ♃≤⇔√ ⌐╟╢ ╩ ⇔⁸

™ ⅜ ╠╣╢╟℮ ⅝⌂ ╩ ⇔⁸⅛≈◌ꜝⱶ ─ ⅜ ╘≡

↕™ ◦ꜞ◌ ─ ╩ ⇔√⁹╕√⁸ ≤⇔≡ ∆╢√╘─ NTA▪Ⱶ♪

⌐≈™≡⁸HONTA ─ ╩ⱬ⁸≡⇔≥☻כ ─ ╩ ↕∑√ ─

NTA▪Ⱶ♪╩ ∆╢ ⌐≈™≡ ⁸ ╩ ∫√⁹↕╠⌐⁸ ⇔√NTA▪Ⱶ♪╩ ◦

ꜞ◌ ⌐ ↕∑√ ╩ ⌐⁸ ╛ɘ ⌐┌ↄ ⇔⁸ ─ ╛ ─

╩ ℮≤≤╙⌐⁸ ╠╣√ ⅛╠ ─ ┘ ╩ ⇔√⁹ ∑≡⁸ FP

┘MA(й)╩ ╪∞ ⁸ ╩ ⌐ NTA▪Ⱶ♪

╩ ™≡ ╩Ɽꜝⱷכ♃≤⇔√ ₁─ ╩ ⇔⁸ ╛ ─ ⁸

ה ╩ ⇔√⁹Ln(й)╩ ↕∑√NTA▪Ⱶ♪ ⌐≈™≡│ IBIL ┘ EXAFS

⌐╟╡ Ln(й) ╡─ ─ ╛ Ln(й) ╡─ Ɽꜝⱷכ♃╩ ∆╢≤≤╙

⌐⁸Ln(й)─ ⱷ◌♬☼ⱶ╛ NTA▪Ⱶ♪─ ⌐≈™≡ ⌐ ⇔√⁹ ─ ╩

╙≤⌐ MA(й) ┘ FP─ ה ╩ ∆╢√╘─ ╩♪כ◖ ∆╢≤≤╙⌐⁸

╡╟⌐♪כ◖ ⇔√ MA(й) / Ln(й) ⱨ꜡כ◦כ♩ ⌐⅔↑╢ ─ ╩

⇔√⁹ ─ ⌐⅔™≡ ╩ ∆╢⁹ 

 

3.2.1   

≤ ╩ ╖ ╦∑√ ⌐≈™≡⁸ ╩ ∆╢ Ᵽ☻╩

∆╢↓≤⌐╟╡⁸ ─ ─ ⌐ ⇔⁸ ╩ ∆╢↓≤≢⁸ ™

⌐ ∆╢ ⅝⌂ ╩ ⇔≈≈⁸ ╛ ─ ⌐ ∆╢ ™

╩ ≈ ◦ꜞ◌ ─ ╩ ⇔√⁹╕√⁸ ⇔√ ◦ꜞ
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◌ ⌐≈™≡⁸◌ꜝⱶ ─ ⅜◌ꜝⱶ⌐ ╩ ⇔⌂™ ≤ ≢⁸

50 µm─ ≤ ═≡ ╘≡ ↕™↓≤╩ ⇔√ 3.2.1 - 1 ⁹ 

 

 

3.2.1 - 1 ≤ ─ 50 µm─ ≤─  

 

3.2.2   

NTA▪Ⱶ♪ ─ 1≈≢№╢HONTA ⌐≈™≡⁸ ≡─ ╩ n-○◒♅ꜟ ⅛╠ 2-◄♅

ꜟⱫ◐◦ꜟ ┼ ⇔√ H2EHNTA┘ ─ ╩ n-○◒♅ꜟ ⅛╠ 2-◄♅ꜟⱫ◐◦ꜟ ┼

⇔√ TOD2EHNTA╩ ∆╢ ⌐≈™≡ ╩ ℮≤≤╙⌐⁸ ⇔√ⱨ꜡כ⌐╟╡ ─

╩ ∆╢ ─ ⅜ ≢№╢↓≤╩ ⇔√ 3.2.2 - 1 ┘ 3.2.2 - 2 ⁹ 

 

 

3.2.2 - 1 ╩ ה ⇔√NTA▪Ⱶ♪ 

 

 

3.2.2 - 2 HONTA─  ⱶכ◐☻

 

3.2.3   

NTA▪Ⱶ♪ ╩ ◦ꜞ◌ ⌐ ↕∑√ ╩ ⌐⁸ ≢─

ɘ ╩ ⇔√⁹ ─ ⌐ ╦╠∏⁸ɘ ⌐╟╡ ─

N
N

N

N

O O

O

Oct

Oct

Oct Oct

Oct

Oct N
N

N

N

O O

O

(2-EH)

(2-EH)

(2-EH) (2-EH)

(2-EH)

(2-EH) N
N

N

N

O O

O

(2-EH)

(2-EH)

Oct Oct

Oct

Oct

HONTA H2EHNTA TOD2EHNTA
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│ ⇔ 3.2.3 - 1 ⁸ ╩ ℮ ≢ ⌐ ⅜⌂™↓≤╩ ∆

╢ ⁸ ⌐ ™⁸ ⅜ ∆╢ ⅜ ╘╠╣√⁹↓╣╠─ ⅛╠⁸Ln(й) MA(й)

ⱪ꜡☿☻⅛╠ ╠╣╢ ╩ ⇔√ ─ ⅜ 1 MGy ⌐ ╩ ∆

╢ ⅜№╢↓≤╩ ╠⅛⌐⇔√⁹╕√⁸ ⌂ ≢№╣┌⁸ ≢ ⌂

●☻─ ⌐ ╕╢√╘⁸ ⌂ │ ⌂™↓≤╩ ⇔√⁹ 

 

 

3.2.3 - 1 ɘ 2.09 MGy ⇔√HONTA ─  

 

3.2.4 ה   

NTA▪Ⱶ♪ ╩ ◦ꜞ◌ ⌐ ↕∑√ ╩ ⌐ ₁─ FP

╩ ╗ ⌐⅔↑╢ ─ ♪ꜟכ◖╩ ⌐╟╡ ⇔√⁹™∏╣─

⌐⅔™≡╙⁸Zr(к)╛ Pd(и)⅜ ™ ⌐⅔™≡ ™ ╩ ∆ ⁸Ln(й)│

─ ⌐ ™ ⅜ ∆╢↓≤⅜ ↕╣√⁹ ─ ⌐ ™ │

∆╢╙──⁸ⱳꜞⱴכ ╩ ∆╢↓≤⌐╟╡ ⌐ ∆╢╕≢─ │ ⌐

⇔√⁹ ⅛╠─ ─ │™∏╣╙ ≢│⌂™↓≤╩ ⇔√⁹↓─ ╩ ╕

ⅎ⁸ FP ≤≤╙⌐MA(й)╩ ╗ ╩ ™√RI ⌐╟╡ ─ ╩

⇔ 3.2.4 - 1 ⁸MA(й)≤ ≤─ ─ ⅜ ╙ ⅝ↄ⌂╢ ╩ ⇔√⁹ 

 

 

3.2.4 - 1 ─ ≤ ≤─  
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3.2.5   

Ln(й)╩ ↕∑√ ╩ ⌐ IBIL ┘ EXAFS ╩ ⇔√⁹IBIL ⌐⅔

™≡│⁸ ☻Ɑ◒♩ꜟ ─ │⌂⅛∫√ 3.2.5 - 1 ╙──⁸

⅜ ↕╣√⁹↓╣│ ─ ⁸ ▬○fi─ ─ ™⌐ ⇔≡™╢≤ ⅎ

╠╣√⁹EXAFS ⌐⅔™≡│⁸ ≤╙⌐ Ln(й)│ ─ ╩ ⇔√╙──⁸

⅜ ≢ ↕╣√ ≤ ∆╢≤⁸ ─ Ln(й) ─ ⌐╟╡⁸ ⌐⅔™≡

─ ⅜ ╠╣╢ ⅜ ⇔√⁹ ─ ⅛╣ ⌐≈™≡│⁸ ⅛╣

⌐╟╡ ─ │╒╓⌂ↄ⌂╢ ⅜ ↕╣√⁹ ─ ╩╙≤

⌐⁸ ─ ⌐≈™≡ ─ ─ ⅛╠ ╩ ™⁸ ⇔ ↕╛∕─ ⌐╟╢

╩ ∆╢↓≤≢⁸ ⅜ⱪ꜡☿☻ ⌐ ≢⅝╢ ╩ ⇔√⁹ 

 

3.2.5 - 1 Eu(й) - HONTA ─ IBIL ┼─ ─  

 

3.2.6 ה   

NTA▪Ⱶ♪ ╩ ◦ꜞ◌ ⌐ ↕∑√ ╩ ⌐⁸ ₁─

⌐⅔↑╢ FP ─ ה ╛ ╩ ⇔⁸ ─ ⌐╟╡

─ ה ⅜ ∆╢╙──⁸ⱳꜞⱴכ ╩ ∆╢↓≤⌐╟╡ ╛⅛⌐

⌐ ∆╢↓≤╩ ⇔√ 3.2.6 - 1 ⁹╕√⁸ ⅜ ┘ ▬○fi

╛ ─ ™⌐ ↕╣╢↓≤╩ ╠⅛⌐⇔√⁹ 

 

3.2.6 - 1 HONTA ⌐ ∆╢Nd(й)─ ─  

600 700
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3.2.7  ⱨ꜡כ◦כ♩ ⁸  

3.2.4 ┘ 3.2.6 ─ ╩ ╕ⅎ√ ╡╟⌐♪כ◖ MA(й)/Ln( й) ⱨ꜡כ◦כ♩ ╩

∆╢≤≤≤╙⌐⁸ ╩ ♪ꜟכ◖√™ ⌐╟╡ ╩ ה ⇔⁸ⱨ꜡כ

♩כ◦ ╩ ⇔√⁹MA(й) ┘ Ln(й)╩ ⌐⁸ ⸗♦ꜟ⌐╟╢ ─

╩Ɽꜝⱷכ♃≤⇔√ ⌐╟╡MA(й) /Ln( й) ─ⱨ꜡כ◦כ♩ ╩ ⇔√ 3.2.7 - 1

⁹ ⱨ꜡כ◦כ♩ ⌐⅔™≡⁸ ╩ ♪ꜟכ◖√™ ╩ ∆╢↓≤⌐╟╡

─♪כ◖ ╩ ⇔⁸ ╢╟⌐♪כ◖ ⅛╠ ─ ┘ ⅜ ╠╣╢

╖≢№╢↓≤╩ ⇔√⁹ 

 

 

3.2.7 - 1 ⸗♦ꜟ╩ ™√◒꜡ⱴ♩◓ꜝⱶ ─ 0. 5 M  

 

4.  3 ─ ┘  

4.1 ╩ ™√MA(й) Ln(й) ⱪ꜡☿☻─  

3 │⁸ FP ┘ MA(й)╩ ╪∞ ╩ ⌐ TBP ╛

╩Ɽꜝⱷכ♃≤⇔√ ╩ ⇔⁸ ╛ ⁸ ה ⌐ ∆

─♃כ♦╢ ╩ ∫√⁹╕√⁸ ╩╙≤⌐ 2 ⌐ ⇔√ ─♪כ◖ ╩ ℮

≤≤╙⌐⁸ ╛♪כ◖ ╩ ♪ꜟכ◖√™ ⌐╟╡MA(й)Ln(й)

ⱨ꜡כ◦כ♩ ─ ⇔╩ ∫√⁹↕╠⌐⁸ ⱨ꜡כ◦כ♩ ⌐⅔™≡MA(й)╩ ╗

╩ ™√ ה ╩ ⇔⁸ ─ ╩ ⇔√⁹ 

 

4.1.1 ה   

RI  

RI ⌐ ≤⌂╢ ╩ ⇔⁸Sr(и)⁸Mo(м)⁸Zr(к)⁸Ru(й)⁸Pd(и)⁸Cs(з)⁸

Re(н)⁸Ce(й)⁸Nd(й) ┘ Eu(й)╩∕╣∙╣ 10 mM⁸RI ≤⇔≡ Am(й)⁸Cm(й) ┘ Eu(й)╩∕

כ◘כ꜠♩╣∙╣ ╪∞ ╩ ≤⇔≡⁸TBP ⁸ ┘ ♫♩ꜞ►ⱶ ╩Ɽꜝ

ⱷכ♃≤⇔√Ᵽ♇♅ ⌐╟╢ RI ╩ ∫√⁹ ╠╣√ ⅛╠ ─ ╩ ⇔⁸

ⱨꜞכTBP ≤ ▬○fi ─ ╩ ⇔√⁹ 

 

0

0.1

0.2

0.3

0.4

0.5

0 5 10 15 20

C
/C

0
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ᵑ

ᵒ ᵓ
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TBP│⁸ ⱨ▬ꜟⱶ ─  > 98 % ╩ ™√⁹ ─

≤⇔≡⁸n-♪♦◌fi ⱨ▬ꜟⱶ ⁸ ╩ ⇔√⁹RI ≤⇔≡ ™

╢ Am(й)⁸Cm(й) ┘ Eu(й)│⁸ ⱪכ♩♁▬▪ ╟╡ ⇔√ Am- 241⁸Cm- 244 ┘ Eu-

152─ ╩ ™√ Sr(и)⁸Mo(м)⁸Zr(к)⁸Ru(й)⁸Pd(и)⁸Cs(з)⁸Re(н)⁸Ce(й)⁸

Nd(й) ┘ Eu(й)│⁸ 4.1.1.1 - 1⌐ ∆ ╩ ⌐ ⇔≡ ™√⁹Pd(и)─☻♩♇◒

│ Pd ⁸> 99.9 % ╩ ⌐ ⇔⁸ ↕∑≡

╩ ™ ⇔√─∟⁸ ≢ ⇔≡ ⇔√⁹ ⁸

─ ⌐│⁸○ꜟ●ⱡ ≢ ⇔√ ╩ ™√⁹ 

 

4.1.1.1 - 1 ⇔√  

 ♪כ꜠◓  
Sr(NO3) 2 Wako  

( NH4) 6Mo7O24 4H2O Wako  
ZrO(NO3) 2 2H2O Wako 1  
Ru(NO)(NO3) 3 AlfaAesar  Ru 31.3 % 

CsNO3 Wako 99.9 % 
NH4ReO4 Stream Chemicals 99+ % 

Ce(NO3) 3 6H2O Wako  
Nd(NO3) 3 6H2O Wako 99.5 % 
Eu(NO3) 3 6H2O AlfaAesar  99.9 % 

 

─ ┘  

│ ─╟℮⌐ ⇔√⁹ ⱨꜝ☻◖⌐ TBP╩ ─ 30 100 %≤⌂╢╟℮⌐ ⇔⁸

n-♪♦◌fi⌐≡ ≤⇔√⁹ ⇔√ │⁸ ⌐ ∆╢ ⌐▪ꜟ◌ꜞ- ╩

⇔√⁹ ⌐│⁸TBP/n-♪♦◌fi ╩●ꜝ☻ ⌐Ⱪכꜙ♅כꜙꜞ◒☻ ⇔⁸(1)0.1 M HNO3

╩ ⁸O/A ≤ ℮⁹ ⅜ 1 ≤⌂╢╟℮⌐ ⇔⁸ ≤℮ TAITEC  

VortexShaker VR- 36 ≢ 5 ⁸ KUBOTA  Model4000 ≢ ╩

⁸(2)1 M Na2CO3╩O/A ⅜ 2≤⌂╢╟℮⌐ ⇔⁸15 ⁸ ╩ ⁸(3)1 

M NaOH╩ O/A ⅜ 2≤⌂╢╟℮⌐ ⇔⁸15 ⁸ ╩ ⁸(4)0.01 M HNO3

╩O/A ⅜ 1≤⌂╢╟℮⌐ ⇔⁸15 ⁸ ╩ ⁸(5) ╩ O/A ⅜ 1≤

⌂╢╟℮⌐ ⇔⁸15 ⁸ ╩ ⇔√⁹↓↓≢⁸M│⸗ꜟ mol/L ≢

№╢⁹ 

 

 

RI │⁸Ᵽ♇♅ ╩ ™≡ ─╟℮⌐ ⇔√⁹ ≤⇔≡ 10 mM─ Sr(и)⁸Mo(м)⁸

Zr( к)⁸Ru(й)⁸Pd(и)⁸Cs(з)⁸Re(н)⁸Ce(й)⁸Nd(й) ┘ Eu(й)≤ 5.2 kBq/mL─ Am- 241⁸

Cm- 244 ┘Eu- 152╩ ╗⁸ 4.1.1.1 - 2⌐ ∆ ╖ ╦∑─ - ♫♩ꜞ►ⱶ ╩ ⇔⁸

6 mL─●ꜝ☻ Ⱪכꜙ♅כꜙꜞ◒☻ ⌐ ≤ ╩ 2 mL∏≈ ╣⁸298 K⌐⅔™≡⁸ ≤

℮ ꜘꜜ▬  YS- 8D ╩ ◒כ꜡♩☻⁸240™ ≢ 20 ╡ ≤℮⌐╟╡

⇔⁸ ⌐ ⇔√─∟⁸ ▪☼꞉fi  Model CN- 1050 ╩ ™≡ 3000
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≢ 5 ⇔√⁹ ⁸ ≤ ╩∕╣∙╣ ⇔⁸ ─ Am- 241 59 

keV ⁸Eu- 152 121 keV ─ɘ ╩ɘ EG&Gכ◖▬☿  BSIGCD- 20180X ≢

⇔⁸ ─ ╟╡ D╩ ⇔√⁹ 

 

Ὀ
ὅȟ

ὅȟ
  4.1.1.1 - 1  

 

↓↓≢⁸Cm,org│ m─ ╩⁸Cm,aq│ m─ ╩∕╣∙╣ ∆⁹ 

╕√⁸ ⌐ ⇔√ RI ╩ ╕⌂™ ╩ ™√ ╩⁸ ─ RI ⌐ ∂

≡ ∫√⁹ ┘ ─ ╩ ⇔⁸ ╩ ⱪꜝ☼ⱴ

Inductively Coupled Plasma Mass Spectrometry ICP- MS ▪☺꜠fi♩ ♥◒ⱡ꜡☺כ

 Agilent 7500 ╕√│ ⱪꜝ☼ⱴ Inductively Coupled Plasma Optical 

Emission Spectrometry ICP- OES  ICPS- 7510 ⌐≡ ⇔⁸ ┘

⅛╠⁸ ─ ╟╡ D╩ ⇔√⁹ 

 

Ὀ
ὅȟ ȟ ὅȟ

ὅȟ
  4.1.1.1 - 2  

 

↓↓≢⁸ ⅝─ i │ ╩ ∆⁹ ─ ╩ ⇔⁸  COM-

300A ╩ ™√ ╕√│ pHⱷכ♃כ  pH METER F- 52 ╩ ™√ pH ⌐╟╡

╩ ⇔√⁹ ─ ┘ ─ ╩ ⇔⁸ ⌐≡ ╩ ⇔⁸

╩ ⇔√⁹ 

4.1.1.1 - 2  

HNO3( M) 0.5  1.2  2 3 4 6 10 

NaNO3(M) 0 2 4 6 0 2 4 6 0 2 4 0 2 4 0 2 0 2 0 

TBP  

(%) 

30 ₃ Ừ ₃ ₃ Ừ ₃ Ừ ₃ ₃ ₃ ₃ ₃ Ừ ₃ Ừ ₃ ₃ ₃ Ừ 

50 Ừ ₃ ₃ ₃ ₃ Ừ ₃ Ừ ₃ Ừ ₃ ₃ Ừ ₃ ₃ ₃ ₃ Ừ ₃ 

70 ₃ ₃ Ừ ₃ Ừ ₃ ₃ ₃ Ừ ₃ ₃ ₃ ₃ ₃ ₃ Ừ Ừ ₃ Ừ 

100 Ừ ₃ ₃ Ừ ₃ ₃ ₃ Ừ ₃ ₃ Ừ Ừ ₃ Ừ ₃ ₃ ₃ ₃ ₃ 

β₃│ ─╖⁸Ừ│ ┘RI ─ ╩ ∆ 

 

≤  

 4.1.1.1 - 1⌐ Ce(й)⁸Nd(й)⁸Eu(й) ┘ Am(й)─ ≤ⱨꜞכTBP ┘ ▬○fi

─ ╩ ♫♩ꜞ►ⱶ ⌐ ⇔√ ╩ ∆⁹ ♫♩ꜞ►ⱶ─ ⌐╟╡⁸ɖ

─ ⌐ ⅜ ⇔ ⌂ ⅜ ╣⌂™√╘Cm- 244─ │ ⇔⌂⅛∫√⁹

▬○fi ┘ⱨꜞכTBP │ 4.1.4.1 - 9 ┘ 4.1.4.1 - 10 ╩ ™≡ ⇔√⁹╕

√⁸4.1.4.1 ≢ ↕╣≡™╢ ⌐♪כ◖ ≠⅝ ≤ⱨꜞכTBP ┘ ▬○fi ─

⌐≈™≡─ ╩ ≢ ⇔√⁹ 
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Ln(й) ┘ MA(й)─ │⁸ ♫♩ꜞ►ⱶ─ ⌐ ⇔⌂⅛∫√⁹╕√⁸ ─

│Eu(й)֕Am(й) >Nd(й)>Ce(й)≢№∫√⁹ ─ │ ─ ─ ⌐ ⇔√⁹

™∏╣─ ⌐⅔™≡╙⁸ ≤℮⁸ ─ ┘ ⌐ ╡╛ ─ │

↕╣∏⁸ ⌂ ╩ ∆↓≤⅜ ↕╣√⁹ 

 

  

  

 4.1.1.1 - 1 Am(й) ┘ Ln(й)─ ≤ⱨꜞכTBP ┘ ▬○fi ─  

 

4.1.1.1 - 2⌐ⱨꜞכTBP ─ n╩ 0 3≤⇔√ ─Mo(м)─ ≤ⱨꜞכTBP

┘ ▬○fi ─ ╩ ∆⁹Mo(м)─ ה ⌐⅔↑╢ TBP ≢│⁸ ─

─ ⅜ ╠╣≡™╢↓≤⅛╠( 9)⁸TBP⅜ 2 3 ∆╢↓≤╩ ⇔⁸l og(D/Tf n)

─ ⅝╩ ⇔√⁹ ─ ⌐ ™ l og(D/Tf n)│ ╩ ⇔⁸n 2─ ⌐ ⱪ꜡♇♩⅜╟

™ ╩ ⇔√↓≤⅛╠ ⌐⅔™≡│ ─╟℮⌂ ⅜ ↕╣╢⁹ 

 

-Ï/ ς./ ς4"0ᵶ-Ï/./ Ͻς4"0 4.1.1.1 - 3  

 

╕√⁸ 4.1.1.1 - 3⌐ⱨꜞכTBP ─ ╩ 2≤⇔√ ─Mo(м)─ ≤ⱨꜞכTBP

┘ ▬○fi ╩ ∆⁹Mo(м)─ │ ♫♩ꜞ►ⱶ ⌐ ⇔⌂™↓≤╩

⇔√⁹ 
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4.1.1.1 - 2 Mo(м)─ ≤ⱨꜞכTBP ┘ ▬○fi ─  

(ⱨꜞכTBP ─ ╩ n 0 3≢ )  

 

 

4.1.1.1 - 3 Mo(м)─ ≤ⱨꜞכTBP ┘ ▬○fi ─  

(ⱨꜞכTBP ─ ╩ n 2≢ )  

 

4.1.1.1 - 4⌐Re(н)─ ≤ⱨꜞכTBP ⁸ ┘ ▬○fi ─ ╩ ∆⁹

Re(н)≤Tc(н)│MO4- ─○◐♁▪♬○fi≤⇔≡ ⌐ ∆╢≤ ⅎ╠╣⁸TBP⌐╟╢Tc(н)

─ │⁸ ─ 4.1.1.1 - 4 ┘ 4.1.1.1 - 5 ⅜ ↕╣≡™╢(6)⁹ 

 

( 4Ã/ σ4"0ᵶ(4Ã/Ͻσ4"0 4.1.1.1 - 4  

:Ò 4Ã/ σ./ ς4"0ᵶ:Ò./ 4Ã/ Ͻς4"0 4.1.1.1 - 5  

 

Re(н)─ ⌐╟╢ Zr(к)─ ┼─ │ Re(н)─ ▬○fi ⅜ 10 mM ⌐⅔™≡
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│ ↕™≤ ⅎ╠╣⁸ 4.1.1.1 - 5 │ ≢⅝╢⁹Re(н)─ │⁸Tc(н)≤ ≢№╢

≤ ⇔⁸ 4.1.1.1 - 6 ╩ ∆( 10)⁹ 

 

( 2Å/ σ4"0ᵶ(2Å/ Ͻσ4"0 4.1.1.1 - 6  

  

╕√ (3)╟╡⁸Tc(н) ⌐⅔↑╢ │⁸ 4.1.1.1 - 7 ⅜ ↕╣≡⅔╡⁸

4.1.1.1 - 5 ⌐ ┘ⱨꜞכTBP ─ ╩ 4.1.1.1 - 7 ⌐ ≠⅝ ⇔√ ╩ ∆⁹ 

 

$ ÅØÐ ςπȢρσ
φπρσ

4
πȢψρυÌÏÇ8 ςȢωρÌÏÇ4  4.1.1.1 - 7  

 

l og(D/Tf 3/XH)≤ l og(D/Tf 2.91/XH
0.815)─ⱪ꜡♇♩╩ ∆╢≤⁸∕─ │ ≢ 0.23 ≢№╡

ⱪ꜡♇♩ ≢│ ⅝⌂ │ ╠╣⌂⅛∫√⁹ T 293 ⌐⅔™≡│

l og(D/Tf 2.91/XH
0.815)─ │ 0.39 ≤ ↕╣⁸ ▬○fi ⅜ 4 M ─ ≢│ⱪ꜡♇♩⅜↓

─ ╩ ╡⁸Re(н)─ │ Tc(н)─ ⌐ ═≡ ⅛⌐ ↕™ ⅜ ╠╣√⁹╕√⁸

Re(н)─ │⁸ ♫♩ꜞ►ⱶ ⌐ ⇔⌂™↓≤╩ ⇔√⁹ 

 

 

4.1.1.1 - 4 Re(н)─ ≤ⱨꜞכTBP ⁸ ┘ ▬○fi ─  

 

 

4.1.1.1 - 5 Re(н)─ ≤ⱨꜞכTBP ⁸ ┘ ▬○fi ─  

(ⱨꜞכTBP ┘ ─ ╩ 4.1.1.1 - 7 ⌐ ≠⅝ )  
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4.1.1.1 - 6⌐ Sr(и)⁸Zr(к)⁸Ru(й)⁸Pd(и) ┘ Cs(з)─ ≤ⱨꜞכTBP ┘

▬○fi─ ╩ ∆⁹Zr(к)⁸Ru(й) ┘ Pd(и)─ │⁸ 2 ⌐ ⇔√ ≤

∑∏⁸ ─ ╩ ⇔√⁹╕√⁸ 2 ⌐ ⇔√ ─ ≤

3 ─ │╒╓ ∂≢№╡⁸ ▬○fi ⅜ 10 mM─ ≢│Mo(м) ┘ Re(н)│

─ ─ ⌐ ╩ ⅎ⌂™↓≤╩ ⇔√⁹Sr(и)⁸Cs(з)─ │ 0.4 ≢№

╡⁸ ─ ≢№╢↓≤╩ ⇔√⁹ 

 

  

  

 

 

4.1.1.1 - 6 Sr(и)⁸Zr( IV)⁸Ru(й)⁸Pd(и)⁸Cs(з)─ ≤ⱨꜞכTBP ┘ 

         ▬○fi ─  
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♪ꜟכ◖  

♪ꜟכ◖ ⌐ ≤⌂╢ ╩ ⇔⁸Ln(й)⁸Pd(й)⁸Ru(й)⁸Zr(к)⁸Cs(з)⁸

Sr(и)⁸Mo(м)⁸Re(н)╩ ╗ ╩ ≤⇔≡⁸TBP ⁸ ╩Ɽꜝⱷכ♃≤⇔√

Ᵽ♇♅ ⌐╟╢ ╩ ∫√⁹ ╠╣√ ⅛╠ ─ ╩ ⇔⁸ⱨꜞכTBP ≤

▬○fi ─ ╩ ⇔√⁹ 

 

 

ה  

♪ꜟכ◖ ≢│⁸ 2 ≤ ─ ≢ ─ ┘◖fi♦▫◦ꜛ♬fi◓╩ ∫√⁹

│⁸Ln(й)≤⇔≡ Ce(й)⁸Nd(й)⁸Eu(й)⁸ ≤⇔≡Pd(и)⁸Ru(й)⁸∕─

FP ≤⇔≡ Zr( к)⁸Mo(м)⁸Re(н)⁸Cs(з)⁸Sr(и)╩ ⇔√⁹ ≢ ™√ ─

╩ 4.1.1.2 - 1⌐╕≤╘≡ ∆⁹ │⁸ ─ ╩ 0.5 10 M─

⌐ 10 mM⁸ ♫♩ꜞ►ⱶ 0 6 M≤⌂╢╟℮⌐ ⇔≡ ⇔√⁹╕√⁸500 

mM─⸗ꜞⱩ♦fi ╩ ⇔⁸ ⌐ 50 mM─ ≤⸗ꜞⱩ♦fi ─

⅜ 10 1≤⌂╢╟℮⌐ ╩ ⇔√⁹↓─ ╩ 0.5 10 M─ ┘ 0 6 M ♫

♩ꜞ►ⱶ ⌐ ⅜ 10 mM≤⌂╢╟℮ ⇔ ⇔√⁹ 

 

4.1.1.2 - ♪ꜟכ◖ 1 ≢ ™√ ─  

 ♪כ꜠◓  

Sr(NO3) 2 ⱨ▬ꜟⱶ   

ZrO(NO3) 2 2H2O   

(NH4) 6Mo7O244הH2O ⱨ▬ꜟⱶ  99.0 % 

Ru(NO)(NO3) 3 Strem Chemicals Ru 1.5 % 

Pd(NO3) 2 xH2O Sigma Aldrich  -  

CsNO3 ⱨ▬ꜟⱶ  99.9 % 

NH4ReO4 Sigma Aldrich  99 % 

Ce(NO3) 3 6H2O ⱨ▬ꜟⱶ   

Nd(NO3) 3 6H2O ⱨ▬ꜟⱶ  99.5 % 

Eu(NO3) 3 6H2O  99.95 % 

 

TBP/n-♪♦◌fi ⌐╟╢ ─ │⁸Ᵽ♇♅ ≢ ∫√⁹ 4.1.1.2 - 2

⌐Ᵽ♇♅ ╩ ∆⁹Ᵽ♇♅ │⁸TBP/n-♪♦◌fi ≤ ╩

1 1≤⌂╢╟℮⌐ 10 mL─☻◒ꜞꜙכ ⌐ ⇔⁸∕╣╩ 298 K⌐ ⇔√ ≤℮

⌐ ⇔√⁹ 
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4.1.1.2 - ♪ꜟכ◖ 2 ⌐⅔↑╢Ᵽ♇♅  

 
Sr(и)⁸Zr( к)⁸Mo(м)⁸Ru(й)⁸Pd(и) ,  

Cs(з)⁸Re(н)⁸Ce(й)⁸Nd(й)⁸Eu(й)  

 [mM] 10 

≤℮  [s]  300 

 [ K]  298 

♫♩ꜞ►ⱶ  [M] 0 2 4 6 

 [M] 
0.5⁸1.2⁸2 

3⁸4⁸6⁸10 

0.5⁸1.2⁸2 

3⁸4⁸6 
0.5⁸1.2⁸ 2⁸3 0.5⁸1.2 

TBP  [%] 30⁸50⁸70⁸100 

 

2 ≤ ─ ≢ ╩ ™⁸ ─ ╩ ⇔√ 4.1.1.2 - 3

⁹╕√⁸Ru(й) ┘ Cs(з)⁸Sr(и)│⁸ ─ ─ ⅛╠ ↕╣√

╩ ⇔√⁹╕√⁸ ─ ─ │⁸ ╩ ™√ ⌐╟

╡ ⇔√⁹ ╠╣√ ⅛╠⁸ ─ ▬○fi ┘ⱨꜞכTBP ╩ ╘ ⌐

≤─ ╩ ⇔√⁹ 

 

4.1.1.2 - 3 ⌐ ↕╣√ ─ ─√╘─  

 Ln(й)⁸Zr( к)  Pd(и)  

 [M] 0.01 M HNO3 0.05 M TEtDGA 0.5 M EDA 

 [M] 0.5⁸2⁸4 6⁸10 0.5 10 

≤℮  [min]  20 60 

 [K]  298 298 

 

≤  

♪ꜟכ◖ ⌐╟╢ Ln(й)─  

4.1.1.2 - 1 ⌐⁸Ln(й)─ ╩ⱨꜞכTBP ≤ ▬○fi ─ ≢ ⇔√ ╩

∆⁹ ⌐│⁸4.1.4.1  ⌐ ↕╣≡™╢ ⌐♪כ◖ ↕╣≡™╢ ⁸ⱨꜞכTBP

┘ ─ ⌐ ≠⅝ ⇔√ ╩ ┘ ⌐≡ ⇔≡™╢ ─ ─◓ꜝ

ⱨ⌐≈™≡╙ ⁹⁹ ♫♩ꜞ►ⱶ─ │ ⌐ ⇔≡ ─ ─ ╩ ⅎ

⌂™↓≤⅜ ↕╣√⁹╕√⁸™∏╣─ Ln(й)╙ NO3
- ─ ⌐ ™⁸ⱪ꜡♇♩─ ⅝⅜ ⅝

ↄ⌂╢↓≤⅜ ↕╣√⁹↕╠⌐⁸ ≢ ™√™∏╣─ Ln(й)⌐⅔™≡╙ log (D/T f
3) ≤

log [NO3
- ] ─ │ ─ ╩ ⇔√↓≤⅛╠⁸Ce(й)⁸Nd(й) ┘ Eu(й)─ │ ≢

№╢↓≤⅜ ↕╣√⁹╕√⁸↓╣╠─ │⁸ ┘ 2 ⌐ ⇔√ ≤

─ ≢№∫√⁹↓─↓≤⅛╠⁸ ⌐⅔™≡ Ln(й)─ │⁸ ≢ ™√

─ ⌐╟╢ ╩ ↑⌂™↓≤⅜ ↕╣√⁹⌂⅔⁸ ⌐⅔↑╢ ≤℮⁸ ─

┘ ⌐ ╡╛ │ ↕╣∏⁸ ⌂ ╩ ∆↓≤⅜ ↕╣√⁹ 
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Ce(й) Nd(й) Eu(й) 

4.1.1.2 - ♪ꜟכ◖ 1 ⌐╟╢ Ln(й) ≤ⱨꜞכTBP ┘ ▬○fi ─  

 

♪ꜟכ◖ ⌐╟╢ Zr(к)─  

4.1.1.2 - 2 ⌐⁸Zr( к)─ ╩ⱨꜞכTBP ≤ ▬○fi ─ ≢ ⇔√ ╩

∆⁹Zr( к)─ │ ▬○fi ⌐ ∆╢╙──⁸ ≢│ⱪ꜡♇♩─ ⅝⅜

↕ↄ⁸∕─ ⅜ ╕╢ ⅜ ↕╣√⁹↓╣╠─ │⁸ ┘ 2 ⌐ ⇔√

≤ ─ ≢№∫√⁹↓─↓≤⅛╠⁸ ⌐⅔™≡ Zr(к)─ │⁸ ─

─ ⌐╟╢ ╩ ↑⌂™↓≤⅜ ↕╣√⁹ 

 

  

4.1.1.2 - ♪ꜟכ◖ 2 ⌐╟╢ Zr(к) ≤ⱨꜞכTBP ┘ ▬○fi ─  

 

♪ꜟכ◖ ⌐╟╢Pd(и)─  

4.1.1.2 - 3 ⌐⁸Pd(и)─ ╩ⱨꜞכTBP ≤ ▬○fi ─ ≢ ⇔√ ╩

∆⁹ ▬○fi 4M ≢ ⌂ ⅜ ╠╣√⁹╕√⁸Pd(и)─ │⁸

┘ 2 ⌐ ⇔√ ≤ ─ ≢№∫√↓≤⅛╠⁸ ⌐⅔™≡ Pd(и)─

│⁸ ─ ─ ⌐╟╢ ╩ ↑⌂™↓≤⅜ ↕╣√⁹ 



31 

 

 

4.1.1.2 - ♪ꜟכ◖ 3 ⌐╟╢ Pd(и) ≤ⱨꜞכTBP ┘ ▬○fi ─  

 

♪ꜟכ◖ ⌐╟╢∕─ ─ FP ─  

4.1.1.2 - 4⌐⁸Mo(м)⁸Re(н)⁸Sr (и)⁸Ru(й)─ ╩ⱨꜞכTBP ≤ ▬○fi

─ ≢ ⇔√ ╩ ∆⁹Mo(м)⁸Re(н)│ 4 M ─ ▬○fi ⌐⅔™≡ ⅝⅜

⌐ ⇔≡™╢↓≤⅛╠⁸ ▬○fi ⌐╟╡ ⌂╢ ⅜ ∆╢╙─≤ ↕╣√⁹

Sr( и)│⁸™∏╣─ TBP ⁸ ▬○fi ⌐⅔™≡ ╘≡ ™ ≢№∫√⁹╕√⁸

≤ ⌂ ⅜ ╠╣√⁹Ru(й)│⁸ ▬○fi ─ ⌐ ™ ⅝⅜ ∆╢ ⅜ ╠╣

√⁹Cs(з)│⁸™∏╣─ TBP ⁸ ▬○fi ⌐⅔™≡╙ ≢№╢↓≤⅜ ↕╣√⁹

╕√ ⌐⅔™≡Mo(м)⁸Re(н)⁸Sr (и)⁸Ru(й)─ │⁸ ─ ─ ⌐╟╢

╩ ↑⌂™↓≤⅜ ↕╣√⁹ 

 
Mo(м) 

 
Re(н) 

 
Sr(и) 

 
Ru(й) 

4.1.1.2 - ♪ꜟכ◖ 4 ⌐╟╢Mo(м)⁸Re(н)⁸Sr (и)⁸Ru(й)─ ≤ 

          ⱨꜞכTBP ┘ ▬○fi ─  
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╕≤╘ 

TBP ─ ⌂╢ ⌐⅔↑╢ ╛ ╩ ♪ꜟכ◖─╘√╢∆ ┘RI

╩ ⇔√⁹ FP ┘ MA(й)╩ ╪∞ ╩ ⌐ TBP ╛

╩Ɽꜝⱷכ♃≤⇔√RI ♪ꜟכ◖┘ ╩ ⇔⁸ ╛ ⌐ ∆╢♦

╩♃כ ∆╢↓≤≢ⱨ꜡כ◦כ♩─ ה ⌐ ⇔√⁹ 

TBP 30 100 vol% n-♪♦◌fi─ ⌐╟╢ 0.5 10 M─ ⅛╠─

FP Ln(й)⁸Pd(и)⁸Zr( к)⁸Ru(й)⁸Cs(з)⁸Sr(и)⁸Mo(м)⁸Re(н) Tc(н)─

─ ♪ꜟכ◖ ⁸ ┘↓╣⌐MA(й)╩ ⅎ√ RI ╩∕╣∙╣ ⇔⁸

╠╣√ ⌐≈™≡⁸ⱨꜞכTBP ≤ ▬○fi ≤─ ╩ ⇔√⁹™∏╣─

⌐⅔™≡╙ │ ≢№╡⁸ ─ │ ≢ ╠╣√ ≤ ─ ╩

⇔√⁹ 

 

 

 ( 9)  T. Sato, H. Watanabe, H. Suzuki,ΓLiquid - liquid  extraction of molybdenum(VI) from 

  aqueous acid solutions by TBP and TOPO , Hydrometall urgy, vol.23, pp. 297 - 308 

  (1990).  

( 10)  D.J.Pruett , D.R.McTaggart,  J inorg, nucl.  Chem., ΓThe solvent extraction 

  behavior of  rheniumΉI: The nitric acid - tributyl phosphate system Δ, vol.43, 

  pp.2109- 2112 (1981).  

 

 

4.1.2 ה   

Ᵽ♇♅  

≢│⁸TBP ⅜ ⌂╢ ╩ ≤⇔√ Ln(й)⁸Pd(и)⁸Zr( к)⁸Ru(й)⁸Cs(з)⁸

Sr(и)─ ┘ ╩ ™⁸ ⌐ ∆╢ ╩ ⇔√⁹ 

 

 

4.1.1.2  ≤ ─ ≢⁸ ╩ ⌐ TBP⌐╟╢ ─ ה ─

╩ ∫√⁹⌂⅔⁸4.1.1.2  ─ ≤ ⌂╢ ╩⁸ 4.1.2.1 - 1⌐

⁸ 4.1.2.1 - 2⌐ ╩ ∆⁹ 

 

4.1.2.1 - 1  

 
Sr(и)⁸Zr( к)⁸Mo(м)⁸Ru(й)⁸Pd(и)  

Cs(з)⁸Re(н)⁸Ce(й)⁸Nd(й)⁸Eu(й)  

 [ mM]  10 

 [M]  0.5⁸6 

≤℮  [s]  5 00 

 [K]  298 

TBP  [vol%]  30⁸100 
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4.1.2.1 - 2  

 
Zr( к)⁸Mo(м)⁸Ru(й)⁸Pd(и)  

Re(н)⁸Ce(й)⁸Nd(й)⁸Eu(й)  

 [mM] 10 

 [M] 2 

 0.01M HNO3⁸6M HNO3 

≤℮  [s]  5 1200 

 [K]  298 

TBP  [vol%]  30⁸100 

 

┘  

 

4.1.2.1 - 1 4.1.2.1 - 10 ⌐⁸TBP/n-♪♦◌fi⌐⅔↑╢ ─ ─ ╩ ∆⁹

≢│⁸30 vol%- TBP/n-♪♦◌fi ┘ 100 vol%- TBP/n-♪♦◌fi╩ ™√⁹Zr( к)╩ ↄ™

∏╣─ ⌐≈™≡╙ TBP/n-♪♦◌fi┼─ │ ↄ⁸ ⌐ ⌐ ∆╢↓≤⅜

↕╣√⁹MA(й) Ln(й) ⱪ꜡☿☻≢│⁸ ╩ ™√ ─ ╩ ∆╢√

╘⁸ ⌐ ╩ ∆╢ Zr( к)─ MA(й) Ln(й) ┼─ │ ↕╣╢≤ ⅎ╠╣╢⁹╕√⁸

⌐⅔™≡⁸TBP ┘ │⁸™∏╣─ ─ ⌐╙╒≤╪≥ ╩

╓↕⌂™↓≤⅜ ╠⅛≤⌂∫√⁹↕╠⌐⁸™∏╣─ ─ ╙⁸ ⁸2 ⌐

⇔√ ≤ ≢№∫√↓≤⅛╠⁸ ─ ⌐╟╢ │ ↕™↓≤⅜ ↕╣√⁹ 

4.1.2.1 - 1 Sr (и)⌐ ∆╢  

 

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 
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4.1.2.1 - 2 Zr(к)⌐ ∆╢  

 

4.1.2.1 - 3 Mo(м)⌐ ∆╢  

4.1.2.1 - 4 Ru(й)⌐ ∆╢  

 

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 
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4.1.2.1 - 5 Pd(и)⌐ ∆╢  

 

4.1.2.1 - 6 Cs(з)⌐ ∆╢  

  
30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 

4.1.2 .1 - 7 Ce(й)⌐ ∆╢  

 

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 
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30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 

4.1.2.1 - 8 Nd(й)⌐ ∆╢  

 

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 

4.1.2.1 - 9 Eu(й)⌐ ∆╢  

  

30 vol% TBP 100 vol% TBP 

ừ 0.5 M HNO3  Ẽ 6 M HNO3 

4.1.2.1 - 10 Re(н)⌐ ∆╢  
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4.1.2.1 - 11 4.1.2.1 - 18 ⌐ ─ ─ ╩ ∆⁹ ≢│⁸

╩ ⇔√ 30 vol%- TBP/n-♪♦◌fi ┘ 100 vol%- TBP/n-♪♦◌fi╩ ™√⁹⌂⅔⁸ ≢№

╢Sr(и)┘Cs(з)⌐≈™≡│ ─ ≤⇔√⁹™∏╣─ ╙ ╛⅛⌐

⌐ ∆╢↓≤⅜ ↕╣√⁹╕√⁸ ≤ ⌐⁸TBP ┘ │

⌐ ╩ ╓↕⌂™↓≤⅜ ╠⅛≤⌂∫√⁹ 

 

4.1.2.1 - 11 Zr(к)⌐ ∆╢  

 

4.1.2.1 - 12 Mo(м)⌐ ∆╢  

 

  

30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3  

  

30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3  
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4.1.2.1 - 13 Ru(й)⌐ ∆╢  

 

4.1.2.1 - 14 Pd(и)⌐ ∆╢  

  
30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3 

4.1.2.1 - 15 Ce(й)⌐ ∆╢  

 

  

30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3 

  

30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3 
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30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3  ἑ 0.01 M HNO3(R1 data) 

4.1.2.1 - 16 Nd(й)⌐ ∆╢  

 

  

30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3 

4.1.2.1 - 17 Eu(й)⌐ ∆╢  

 

4.1.2.1 - 18 Re(н)⌐ ∆╢  

  

30 vol% TBP 100 vol% TBP 

ừ 0.01 M HNO3  Ẽ 6 M HNO3 



40 

 

 

≢│⁸ │ Eu(й) ╩ ╗ ⌐ TBP/n-♪♦◌fi

╩▬fi☺▼◒◦ꜛfi⇔⁸ ↕╣√ ─Eu(й) ─ ⅛╠ ⇔√⁹

│⁸Eu(й) ╩ ╗ TBP/n-♪♦◌fi ╩ ⌐▬fi☺▼◒◦

ꜛfi⇔⁸ ─ Eu(й) ⅛╠ ⇔√⁹ 3 │⁸TBP ─ ⌂╢ ⌐⅔↑

╢ ─ ╩ ∆╢√╘─ ╩ ⇔√⁹ FP ╩ ╪

∞ ╩ ⌐ TBP ╛ ▬○fi ⅜ ⌂╢ ⌐⅔™≡

╩ ⇔⁸ ╩ ⇔√⁹ 

 

 

™√ ≤ TBP─ ⁸ │⁸ ⌐ ⇔√ ╡≢№╢⁹ ─ │⁸

♫♩ꜞ►ⱶ╕√│ ◌ꜞ►ⱶ╩ ╗ 10 mM ꜚ►꜡Ⱨ►ⱶ─ 0.4₩10 M)

≢ ╩ ™√⁹ ⌐⅔™≡│⁸ ꜚ►꜡Ⱨ►ⱶ≤≤╙⌐⁸∕╣∙╣ 10 mM─

Ⱡ○☺ⱶ⁸ ☺ꜟ◖♬►ⱶ⁸ ◘ⱴꜞ►ⱶ⁸♬♩꜡◦ꜟ ꜟ♥♬►ⱶ⁸ ☿ꜞ►ⱶ⁸

☿◦►ⱶ⁸ Ɽꜝ☺►ⱶ╩ ⅎ√⁹ ≤⇔≡⁸ ≢ ™√ FP ╩ ╕

⌂™⁹ ≢ ⇔√ TBP/n-♪♦◌fi╩ ™√⁹ ─ │⁸ ⅜ ⇔√ ⁸ │

─ ≢ ⌐ ⇔√ Eu(й) ╩ ╗⁹ ╩ ™√⁹ ⁸ ⌐ ♫♩ꜞ►

ⱶ╩ ⅎ√ ╩ ♫♩ꜞ►ⱶ ⁸ ─╖╩ ⅎ√ ╩ ≤ ⇔√⁹ 

 

─  

2 ╕≢─ ╟╡⁸ ה ─ │ / ≢─ ≢№╢

↓≤⅜ ⅛∫≡⅔╡⁸ √╡─ │ V ⌐ ∆╢ / S

─ S/V⌐ ⇔ ≢│S/V = 1/ h ⁸ ─ Co │ ≢ ⅎ╠╣╢⁹ 

Ὠὅ

Ὠὸ

ρ

Ὤ
Ὧ ὅ ὯȤ-4ὅ  4.1.2.2 - 1  

kMT ┘ k- MT│⁸ ⅛╠ ┼─ ┘ ⅛╠ ┼─ ≢№

╢( 11)⁹ 

kMT⌐≈™≡⁸ ▬○fi ⁸TBP ─ ⱪ꜡♇♩⇔√╙─⅜ 4.1.2.2 - 1 4.1.2.2 - 4

≢№╢⁹↓↓≢⁸Eu⌐ ≢ ▬○fi⅜ n ⁸TBP⅜m ∆╢≤ ∆╢≤⁸kMT│

k╩ ™≡ ≢ ∆↓≤⅜≢⅝╢⁹ 

 

Ὧ Ὧ./ 4"0 4.1.2.2 - 2  

 

≢│⁸n = 1⁸m = 0 ≤⌂╡⁸Eu⅜ ⌐⅔™≡⁸ ▬○fi ≈─╖╩ ∫≡ ↕╣

╢↓≤╩ ⇔≡™╢⁹╕√⁸ ♫♩ꜞ►ⱶ g│ Bromley ⅛╠ ╘√ ≢│⁸n = 

2⁸m = 1 ≤⌂╡⁸Eu⅜ ⌐⅔™≡⁸ ▬○fi 2≈⁸TBP 1≈╩ ∫≡ ↕╣╢↓≤⅜

╠⅛≤⌂∫√( 12)⁹ 
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4.1.2.2 - 1 100 vol% TBP ⁸h = 50 µm/HNO3─ ⌐⅔↑╢ 

        Eu(й)─ kMT─  

 

4.1.2.2 - 2 60 100 vol% TBP ⁸h = 50 µm/ 1 M HNO3─ ⌐⅔↑╢ 

        Eu(й)─ kMT─ TBP  

 

4.1.2.2 - 3 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- NaNO3─ ⌐ 

         ⅔↑╢ Eu(й)─ kMT─ ▬○fi ♫♩ꜞ►ⱶ  

 

 1. 1. 1. 1- 7 100 vol % TBP ⁸h = 50 µm / Eu(й) - HNO3─ ⌐

⅔↑╢ kMT─  

 

 1. 1. 1. 1- 8 100 vol % TBP ⁸h = 50 µm / Eu(й) - HNO3- NaNO3─

⌐⅔↑╢ kMT─ ▬○fi ♫♩ꜞ►ⱶ  

 

 1. 1. 1. 1- 6 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й) - 1 M HNO3─

⌐⅔↑╢ kMT─ TBP  

 

 1. 1. 1. 1- 7 60- 100 vol % TBP ⁸h = 50 µm / Eu(й) - 0. 1 M HNO3- 0. 9 M 

NaNO3─ ⌐⅔↑╢ kMT─ TBP ♫♩ꜞ►ⱶ  

 

 1. 1. 1. 1- 7 100 vol % TBP ⁸h = 50 µm / Eu(й) - HNO3─ ⌐

⅔↑╢ kMT─  

 

 1. 1. 1. 1- 8 100 vol % TBP ⁸h = 50 µm / Eu(й) - HNO3- NaNO3─

⌐⅔↑╢ kMT─ ▬○fi ♫♩ꜞ►ⱶ  
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4.1.2.2 - 4 60 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M NaNO3─ 

         ⌐⅔↑╢ Eu(й)─ kMT─ TBP ♫♩ꜞ►ⱶ  

 

⌐⁸ ⌐⅔↑╢ k- MT─ ▬○fi⁸TBP ⌐≈™≡ ⅎ╢⁹ 4.1.2.2 - 5

4.1.2.2 - 8 ─ ─ⱪ꜡♇♩│⁸ ─ ⅛╠ ╘√ k- MT≢№╢⁹Ὧ │ ▬○fi⁸

TBP ⌐ ∑∏⁸Ὧ =(3.2 - 3.3) ×10- 6 m s- 1 ≤⌂∫√⁹ ⌐ ♫♩ꜞ►ⱶ ─ ─

Ὧ │ ▬○fi⁸TBP ⌐ ∑∏⁸Ὧ  = (3.0 3.6) ×10- 6 m s- 1 ≤⌂∫√⁹ ─

⌐ ™ ⅛╠ ⌐ ∆╢√╘⁸↓─ ─ │ ▬○fi⁸TBP ⌐ ⇔⌂™

╙─≤ ⅎ╠╣╢⁹ ⁸ ─ ⅛╠ ╘√ kMT╩ ™≡⁸D = kMT/ k- MT─ ⅛╠

kMT╩ ╘√ ╩ ─ⱪ꜡♇♩≤⇔≡ ∆⁹k- MT─ ▬○fi⁸TBP ≤╙⌐⁸

┘ ⅛╠ ╘√ │ ≢╒╓ ⇔≡™╢↓≤⅜ ≢⅝╢⁹↓─ │⁸

─ ⅜ ≢─ Eu(й)≤ ▬○fi№╢™│ TBP≤─ ≢№╢↓≤╩ ⇔≡™╢

( 12)⁹ 

 

 

4.1.2.2 - 5 100 vol% TBP ⁸h = 50 µm/HNO3─ ⌐⅔↑╢ 

        Eu(й)─ k- MT─ ▬○fi  

 

 1. 1. 1. 1- 6 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й) - 1 M HNO3─

⌐⅔↑╢ kMT─ TBP  

 

 1. 1. 1. 1- 7 60- 100 vol % TBP ⁸h = 50 µm / Eu(й) - 0. 1 M HNO3- 0. 9 M 

NaNO3─ ⌐⅔↑╢ kMT─ TBP ♫♩ꜞ►ⱶ  

 

 1. 1. 1. 1- 8 Eu(й) - 100 vol % TBP ⁸h = 50 µm / HNO3─

⌐⅔↑╢ k- MT─ ▬○fi  

 

 1. 1. 1. 1- 9 Eu(й) - 100 vol % TBP ⁸h = 50 µm / HNO3- NaNO3─

⌐⅔↑╢ k- MT─ ▬○fi ♫♩ꜞ►ⱶ  
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4.1.2.2 - 6 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- NaNO3─ ⌐ 

       ⅔↑╢ Eu(й)─ k- MT─ ▬○fi ♫♩ꜞ►ⱶ  

 

4.1.2.2 - 7 60 100 vol% TBP ⁸h = 50 µm/ 1 M HNO3─ ⌐ 

        ⅔↑╢ Eu(й)─ k- MT─ TBP  

 

4.1.2.2 - 8 60 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M NaNO3─ 

        ⌐⅔↑╢ Eu(й)─ k- MT─ TBP ♫♩ꜞ►ⱶ  

 

 1. 1. 1. 1- 8 Eu(й) - 100 vol % TBP ⁸h = 50 µm / HNO3─

⌐⅔↑╢ k- MT─ ▬○fi  

 

 1. 1. 1. 1- 9 Eu(й) - 100 vol % TBP ⁸h = 50 µm / HNO3- NaNO3─

⌐⅔↑╢ k- MT─ ▬○fi ♫♩ꜞ►ⱶ  

 

 1. 1. 1. 1- 10 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й) - 1 M HNO3─

⌐⅔↑╢ k- MT─ TBP  

 

 1. 1. 1. 1- 11 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й) -  0. 1 M HNO3- 0. 9 

M NaNO3─ ⌐⅔↑╢ k- MT─ TBP ♫♩ꜞ►

ⱶ  

 

( 3)♬ ─  

4. 1. 2. 2- 12 ⌐ ≢─ ─ Eu ─ ╩ ∆⁹ 4. 1. 2. 2- 13

⌐ ≢─ ─ ╩ ∆⁹ ≢│⁸ꜚ ►꜡Ⱨ►ⱶ ⅜ ⅜∫≡™⅝⁸

₁⌐ ⇔≡™ↄ≤™℮ ⌂ ⅜ ╠╣√⁹↓╣│⁸ ≤ ─ ⌐ ™ ⅜№

╢≤ ⇔⁸ ─ ≢│⁸↓─ ⅜ ⌐ ⇔≡⇔╕∫≡™╢↓≤

 

 1. 1. 1. 1- 10 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й) - 1 M HNO3─

⌐⅔↑╢ k- MT─ TBP  

 

 1. 1. 1. 1- 11 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й) -  0. 1 M HNO3- 0. 9 

M NaNO3─ ⌐⅔↑╢ k- MT─ TBP ♫♩ꜞ►

ⱶ  

 

( 3)♬ ─  

4. 1. 2. 2- 12 ⌐ ≢─ ─ Eu ─ ╩ ∆⁹ 4. 1. 2. 2- 13

⌐ ≢─ ─ ╩ ∆⁹ ≢│⁸ꜚ ►꜡Ⱨ►ⱶ ⅜ ⅜∫≡™⅝⁸

₁⌐ ⇔≡™ↄ≤™℮ ⌂ ⅜ ╠╣√⁹↓╣│⁸ ≤ ─ ⌐ ™ ⅜№

╢≤ ⇔⁸ ─ ≢│⁸↓─ ⅜ ⌐ ⇔≡⇔╕∫≡™╢↓≤
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─  

─ │ ≢№╢─≢⁸╕∏ Eu≤ Zr ─ ≢ ╩ ∫√⁹ ≢

│⁸ ─ │╒≤╪≥ ⇔⌂™√╘⁸Ᵽ♇♅ ≢─ ─ ─ ≢ ╩

∫√ Eu⁸Zr 10 mM─ ≤ ╩ 1:1 ≢ ⇔⁸ ⌐⇔√ ╩ ╡ ⇔≡ ™

√⁹⁹ 4.1.2.2 - 9⁸ 4.1.2.2 - 10 ⌐ ≢─ ─ Eu ─ ╩ ∆⁹

4.1.2.2 - 11⁸ 4.1.2.2 - 12⌐ ≢─ ─ ╩ ∆⁹ ≢│⁸Eu

⅜ ⅜∫≡™⅝⁸ ₁⌐ ⇔≡™ↄ≤™℮ ⌂ ⅜ ╠╣√⁹↓╣│⁸ ⌐

⅔™≡ ⌐ ≢ Eu ╩ ∆╢⅜⁸ ╣≡ Zr ╩ ℮√╘⁸ ≢ Zr ≤ Eu

⅜ ↕╣╢√╘≤ ⅎ╠╣╢⁹⇔⅛⇔⌂⅜╠⁸TBP │ ⌂ ⅜ ⌐ ∆╢↓≤⅛

╠⁸ ─⸗♦ꜟ╩ ⅎ⁸ ⇔√⁹ ≤ ─ ⌐ ⁸╕√│ ™ ╖─

⅜ ⇔⁸ ≢─ TBP ⅜ ╟╡╙ ⇔≡™╢√╘⁸ ─

≢│⁸ ≢ ─ ⅜ ⌐ ∆╢↓≤⅜ ≤ ⅎ╠╣╢⁹∕↓≢⁸

─╟℮⌂ ╩ ∫√⁹ 

 

 

4.1.2.2 - 3  

 

- ─ Eu─ ╩ k1ΐ≤ k- 1ΐ⁸Zr ─ ╩ k2ΐ≤ k- 2ΐ⁸ - ─

Eu ─ ╩ k1≤ k- 1⁸Zr ─ ╩ k2≤ k- 2≤⇔⁸ ─ Eu ≤ Zr [ Eu]o⁸

[ Zr] o ⁸ ─ Eu≤ Zr ─ 4.1.2.2 - 4 ⁸ 4.1.2.2 - 5 ⁸ 4.1.2.2 - 6 ⁸

4.1.2.2 - 7)╩ ⌐ ↄ↓≤≢⁸ 4.1.2.2 - 9⁸ 4.1.2.2 - 10─╟℮⌐ⱨ▫♇♥▫fi◓╩

∫√⁹ ⌐ Zr ⅜ ⇔≡╙⁸ ≤⇔≡│ Eu ≤ ≢ ╦╠⌂™≤ ⅎ╠╣╢

─≢⁸k1⌐│ ≢ ╘√ kMT 4.1.2.2 - 1 4.1.2.2 - 4 ⌐S/V = 1/ h ╩⅛↑√

─ │ ∂≤ ╩ ⇔√⁹↓↓≢⁸ %Õ │ ≢─ Eu ⁸

:Ò │ ≢─ Zr ⁸ - │ ─ ╩ ∆⁹ 

 

 
Ὠ%Õ

Ὠὸ
Ὧ %Õ Ὧ - %Õ

:Ò %Õ 

4.1.2.2 - 4  

Ὠ:Ò

Ὠὸ
Ὧ :Ò

Ὧ - %Õ :Ò :Ò 

 

4.1.2.2 - 5  

Ὠ%Õ

Ὠὸ
Ὧᴂ- %Õ :Ò %Õ

Ὧ - %Õ :Ò %Õ 

Ὧ Ὧ %Õ  

 

 

4.1.2.2 - 6  
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Ὠ:Ò

Ὠὸ
Ὧᴂ- %Õ :Ò :Ò

Ὧ - %Õ :Ò :Ò 

Ὧ Ὧ  :Ò  

 

 

4.1.2.2 - 7  

 

 

4.1.2.2 - 9 100 vol% TBP ⁸h = 50 µm/HNO3- NaNO3 [NO3
- ] = (a)0. 5 M⁸ 

        (b)4 M ─ ⌐⅔↑╢ Eu  

 

4.1.2.2 - 10 ( a)60 vol%⁸( b)100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M 

        NaNO3─ ⌐⅔↑╢ Eu  

 

⁸ │ ≤ ─ ─ ⅜ ╠╣√⁹ ≤ ─ ╩

™⁸k- MT╩ ⇔√⁹∕─ ╩ 4.1.2.2 - 11₩ 4.1.2.2 - 14⌐ ∆⁹ ╙ ▬○fi⁸

TBP ⅜ ╠╣∏⁸ ≤ ∂ k- MT = 3.1 3.4 ×10- 6 m s- 1⅜ ╠╣√⁹ 

   

4.1.2.2 - 11 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- NaNO3 [NO3
- ] =  

         (a)0.5 M ⁸(b)2 M ─ ⌐⅔↑╢ Eu(й)  

 

 

 1. 1. 1. 1- 13 ( a) 60 vol %⁸( b) 70 vol %⁸( c) 80 vol %⁸( d) 90 vol %⁸( e) 100 vol % TBP

⁸h = 50 µm /  Eu(й)הZr (к) -  0. 1 M HNO3- 0. 9 M NaNO3

─ ⌐⅔↑╢ Eu  

 

 

 

(c) (d) 

(e)  

(a)  
(b)  

(c)  

 

 

 1. 1. 1. 1- 13 ( a) 60 vol %⁸( b) 70 vol %⁸( c) 80 vol %⁸( d) 90 vol %⁸( e) 100 vol % TBP

⁸h = 50 µm /  Eu(й)הZr (к) -  0. 1 M HNO3- 0. 9 M NaNO3

─ ⌐⅔↑╢ Eu  

 

 

 

(c) (d) 

(e) 

(a) 
(b)  

(c) 

(a)  (b)  

(a)  (b)  
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4.1.2.2 - 12 ( a)60 vol%⁸( b)100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M 

        NaNO3─ ⌐⅔↑╢ Eu  

 

 

4.1.2.2 - 13 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- NaNO3─  

        ⌐⅔↑╢ k- MT─ ▬○fi  

 

4.1.2.2 - 14 60- 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M NaNO3─ 

         ⌐⅔↑╢ k- MT─ TBP  

 

⌐ ≢ ╩ ∫√⁹Ᵽ♇♅ ≢─ ─ ─ ≢ ╩ ∫

√ Eu⁸Nd⁸Zr⁸Ce⁸Sr⁸Cs⁸Ru⁸Pd 10 mM─ ≤ ╩ 1:1 ≢ ⇔⁸ ⌐⇔

√ ╩ ╡ ⇔≡ ™√⁹⁹ 4.1.2.2 - 15⁸ 4.1.2.2 - 16⌐ ≢─ ─ Eu

 

 1. 1. 1. 1- 14  Eu(й)הZr (к) - 100 vol % TBP ⁸h = 50 µm / HNO3- NaNO3

─ ⌐⅔↑╢ k- MT─ ▬○fi  

 

 1. 1. 1. 1- 15 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й)הZr (к) -  0. 1 M 

HNO3- 0. 9 M NaNO3─ ⌐⅔↑╢ k- MT─ TBP  

 

 

( 4) ─  

4. 1. 2. 2- 16⌐ ≢─ ─ Eu ─ ╩ ∆⁹ ╙

≤ ─ ╩ ™⁸ 4. 1. 2. 2- 16─╟℮⌐ⱨ▫♇♥▫fi◓∆╢↓≤⅜≢⅝√⁹ ⁸

│ ≤ ─ ─ ⅜ ╠╣√⁹↓∟╠│ ≤ ─

╩ ™⁸k- MT╩ ⇔√⁹∕─ ╩  1. 1. 1. 1- 21,   1. 1. 1. 1- 22⌐ ∆⁹

╙ ⁸ ≤ ⌐⁸ ▬○fi ⁸TBP ⅜ ╠╣⌂⅛∫√√╘⁸

⅝ 0─ ╩ ⅝⁸k- MT=( 3. 4- 3. 5)×10- 6 m s- 1⅜ ↕╣√⁹ 

 

lo
g
 k
²
M

T
lo

g
 k
²
M

T

 

 1. 1. 1. 1- 14  Eu(й)הZr (к) - 100 vol % TBP ⁸h = 50 µm / HNO3- NaNO3

─ ⌐⅔↑╢ k- MT─ ▬○fi  

 

 1. 1. 1. 1- 15 60- 100 vol % TBP ⁸h = 50 µm /  Eu(й)הZr (к) -  0. 1 M 

HNO3- 0. 9 M NaNO3─ ⌐⅔↑╢ k- MT─ TBP  

 

 

( 4) ─  

4. 1. 2. 2- 16⌐ ≢─ ─ Eu ─ ╩ ∆⁹ ╙

≤ ─ ╩ ™⁸ 4. 1. 2. 2- 16─╟℮⌐ⱨ▫♇♥▫fi◓∆╢↓≤⅜≢⅝√⁹ ⁸

│ ≤ ─ ─ ⅜ ╠╣√⁹↓∟╠│ ≤ ─

╩ ™⁸k- MT╩ ⇔√⁹∕─ ╩  1. 1. 1. 1- 21,   1. 1. 1. 1- 22⌐ ∆⁹

╙ ⁸ ≤ ⌐⁸ ▬○fi ⁸TBP ⅜ ╠╣⌂⅛∫√√╘⁸

⅝ 0─ ╩ ⅝⁸k- MT=( 3. 4- 3. 5)×10- 6 m s- 1⅜ ↕╣√⁹ 

 

lo
g
 k
²
M

T
lo

g
 k
²
M

T

(b)  (a)  
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─ ╩ ∆⁹Eu ─ ≡⌐≈™≡⁸ ≤⇔≡ - ╩ k2ΐ≤ 

k- 2ΐ⁸ - ─ ╩ k2≤ k- 2≤⇔⁸ ≤ ─ k1│Eu ≢ ╘

√kMT 4.1.2.2 - 1 4.1.2.2 - 4 ⌐S/V = 1/ h ╩⅛↑√ ╩ ™⁸ 4.1.2.2 - 15⁸ 4.1.2.2 - 16

─╟℮⌐ⱨ▫♇♥▫fi◓∆╢↓≤⅜≢⅝√⁹ 

 

 

4.1.2.2 - 15 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- NaNO3 [NO3
- ] =  

          (a)0. 5 M⁸(b)4 M ─ ⌐⅔↑╢ Eu  

 

 

4.1.2.2 - 16 ( a)60 vol%⁸ ( b)100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M 

         NaNO3─ ⌐⅔↑╢ Eu  

 

⁸ ⅛╠ k- MT╩ ⇔ 4.1.2.2 - 17 4.1.2.2 - 18 ⁸∕─ ╩ 4.1.2.2 - 19

₩ 4.1.2.2 - 20⌐ ∆⁹ ╙ ⁸ ≤ ⌐⁸ ▬○fi ⁸TBP

⅜ ╠╣∏⁸ ∂ k- MT = 3. 4 3. 5 ×10- 6 m s- 1⅜ ╠╣√⁹ 

⁸ ≢ ╩ ™⁸ ≢ ╠╣√ ─Eu─ │ ≢№

∫√⅜⁸ ⅛╠ ╘√ kMT ┘ k- MT│⁸ ⌐⅔™≡╙ ∂ ≢ ≢⅝╢↓≤⅜

⅛∫√⁹ 

(a)  ( b)  

(a)  ( b)  
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4.1.2.2 - 17 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- NaNO3 [NO3
- ] =  

          (a)0.5 M ⁸(b) 4 M ─ ⌐⅔↑╢ Eu(й)  

 

 

4.1.2.2 - 18 ( a)60 vol%⁸ ( b)100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M 

        NaNO3─ ⌐⅔↑╢Eu(й)  

 

 

4.1.2.2 - 19 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- NaNO3─ 

           ⌐⅔↑╢ k- MT─ ▬○fi  

 

(a)  

(a)  

( b)  

( b)  
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4.1.2.2 - 20 60 100 vol% TBP ⁸h = 50 µm/ 0.1 M HNO3- 0.9 M NaNO3─ 

         ⌐⅔↑╢ k- MT─ TBP  

 

╕≤╘ 

TBP ─ ⌂╢ ⌐⅔↑╢ ה ┘ ─ ╩

∆╢√╘─Ᵽ♇♅ ┘ ╩ ⇔√⁹ FP ╩ ╪∞

╩ ⌐ TBP ╛ ▬○fi ⅜ ⌂╢ ⌐⅔™≡Ᵽ♇♅ ┘ ╩

⇔⁸ ה ╛ ╩ ∆╢↓≤≢ⱨ꜡כ◦כ♩─ ה ⌐ ⇔√⁹ 

Ᵽ♇♅ ≢│⁸ ₁─ TBP ╩ ∆╢ TBP n-♪♦◌fi ┘ 0.5 10 M

─ ╩ ™≡Mo(м) ─ ╩ ⇔⁸™∏╣─ ⌐⅔™≡╙ ╛⅛⌐

⌐ ∆╢↓≤╩ ⇔√⁹ ≢│⁸Eu(й)╩ ≤⇔√ ╩ ™⁸

─ ┘ ▬○fi ⅛╠⁸ │⁸ ≢│⁸Eu(й)⅜

⌐⅔™≡⁸ ▬○fi ≈─╖╩ ∫≡ ⅛╠ TBP ⌐ ∆╢ ⁸ ♫♩ꜞ►ⱶ ≢│⁸

⌐⅔™≡⁸ ▬○fi 2 ≈⁸TBP 1 ≈╩ ∫≡ ∆╢ ⅜ ≢№╢↓≤╩

╠⅛⌐⇔√⁹ ≢│⁸Eu(NO3) ─3TBPה3 ▬○fi⁸TBP⅜ ≤ ∆╢ ⅜ ≢№

╢↓≤╩ ╠⅛⌐⇔√⁹ 

 

 

 ( 11)  2    ◦☻♥ⱶ

  Γ ⌂MA ─ ⌐ ↑√ ◒꜡ⱴ♩◓ꜝⱨ▫╩ ╖

  ╦∑√Ɫ▬Ⱪꜞ♇♪ ⱪ꜡☿☻─ Δ ⁸ 3

  3 2021  

 (12)  Akihisa Miyagawa,  Yuka Kusano, Ryogo Nakagawa, Shigenori Nagatomo, Yuichi Sano, 

  and Kiyoharu Nakatani , ΓKinetically Revealed Transfer Mechanism of Europiu m 

  (III) in Tributyl Phosphate Microdroplet/NaNO 3 Aqueous Solution System by  

  Fluorescence MicrospectroscopyΔ J. Mol. Liq., Vol. 352, 118757 (2022). 
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4.1.3   

 

ⱨ꜡כ◦כ♩ ⌐ ↑√  

4.1.4 ⱨ꜡כ◦כ♩ ⁸ ⌐ ↑√ ♃כ꜡⁸≡⇔≥ ɫ25 mm─ 16

4.1.3.1 - 1 ╩ 2 ™≡⁸ 2 ╕≢⌐ ⇔≡⅝√ⱨ꜡(11)♩כ◦כ╩ⱬכ☻⌐

4.1.3.1 - 2⌐ ∆ ♪ꜟכ◖≡™⅔⌐ ╩ ⇔√⁹ⱨ▫כ♪ ⌐│⁸Ɫ▬Ⱪꜞ♇♪ ⱪ꜡☿

☻⌐⅔™≡ ⇔≡™╢ HLLW ─ ▬○fi ╩ⱬ⁸⌐☻כ ╛ RI ╩ ↄ

4.1.3.1 - 1⌐ ∆ ╩ ⇔√⁹⌂⅔⁸Tc─ ≤⇔≡Re╩ ⇔√⁹ ─

┘ ▬○fi ⌐≈™≡│ 4.1.3.1 - 2⌐ ∆ ╡≢№╢⁹ 

4.1.3.1 - 1 ⌐ ™√  

 

 

4.1.3.1 - 2 ⌐⅔↑╢ⱨ꜡כ◦כ♩  

  

50 vol%TBP/n-ЖДϸрТϰ˔Жׁ 0.5M ▒ 50 vol%TBP/n-ЖДϸр5M ▒

(HNO3=0.35M) 0.15 L/h 0.05 L/h 0.8 L/h 0.0001M ▒2 L/h

2 L/h ̞ 0.4 L/h

1 10 16 17   18 28 29 32

ׁ MA-Ln Pd,Ru ׁ

ˢжТϰК˔Еˣ ˢФкЍϼЕˣ

̞ ♯ᾓρẄ τνΜοψ τם☼χθϛʺʹ Τϣχ Ṑ ψ

ʹНАТϮЌрϼτοԁ ΰʺẄ ♯ᾓτο► ʻ

Ẅ

 

  

(a)  16 2  
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4.1.3.1 - 1 ⌐ ™√ HLLW ─  

  ⇔√  ⱷכ◌כ  

Cs(з)  16.2 g/L CsNO3  

Rb(з)  1.8  g/L RbNO3 ⱨ▬ꜟⱶ  

Ba(и)  3.6 g/L  Ba(NO3) 2 ⱨ▬ꜟⱶ  

Sr (и)  1.9 g/L  Sr(NO3) 2 ⱨ▬ꜟⱶ  

Zr( к)  15.3 g/L ZrO(NO3)   % 2H2O, 99ה2

Ru(й)  7.4 g/L  Ru(NO)(NO3) 3  

Y(й)  1.2 g/L  Y(NO3) 6H2O ⱨ▬ꜟⱶה3  

La(й)  5.0 g/L  La(NO3) 6H2O  ⱨ▬ꜟⱶה3  

Ce(й)  9.9  g/L Ce(NO3)   % 6H2O, 98ה3

Pr(й)  6.0 g/L  Pr(NO3) ,6H2Oה3  99.9 % ⱨ▬ꜟⱶ  

Nd(й)  16.4 g/L  Nd(NO3)   6H2Oה3

Sm(й)  5.3 g/L  Sm(NO3) 6H2O  ⱨ▬ꜟⱶה3  

Eu(й)  0.51 g/L  Eu(NO3)    6H2Oה3

Gd(й)  0. 68 g/L Gd(NO3)   % 6H2O, 99.9ה3

Tb(й)  0.10 g/L  Tb(NO3) ,6H2Oה3  99.5% ⱨ▬ꜟⱶ  

Dy(й)  0.069 g/L  Dy(NO3) 6H2O  ⱨ▬ꜟⱶה3  

Se(к)  0.16 g/L  Na2SeO3  ⱨ▬ꜟⱶ  

Te(к)  1.8 g/L  Na2TeO3 ⱨ▬ꜟⱶ  

Cd(и)  0.77 g/L  Cd(NO3) 4H2O SigmaAldrichה2  

Mo(м)  13.7 g/L  Na2MoO42הH2O ⱨ▬ꜟⱶ  

Re 2.6 g/L  Re ⱨ▬ꜟⱶ  

Rh(й)  1.0 g/L  Rh(NO3)   2H2Oה3

Pd(и)  11.2 g/L Pd(NO3) 2  

Ag(з)  0.53 g/L  AgNO3 ⱨ▬ꜟⱶ  

Sb(й)  0.091 g/L  Sb2O3, 99.9 %  ⱨ▬ꜟⱶ  

Sn(к)  0.38 g/L  Na2SnO33הH2O  ⱨ▬ꜟⱶ  

In( й)  0.079 g/L  In(NO3) 3H2O ⱨ▬ꜟⱶה3  

H+ 2.97 M HNO3 ⱨ▬ꜟⱶ  

NO3-  6.07 M NaNO3, 99  % ⱨ▬ꜟⱶ  

 

4.1.3.1 - 2 ≤ ▬○fi  

  mol/L  ▬○fi mol/L  

 
ⱨ▫כ♪  2.97 6.07 

 0.5   
50 vol%TBP/n-♪♦◌fi 0.352   

 
0.0001 M  < 0.01   

5 M  4.99  
50 vol%TBP/n-♪♦◌fi < 0.01  

 

─ │  COM- 1600 ┘  AT- 510 ⌐╟╡⁸

▬○fi │▬○fi◒꜡ⱴ♩◓ꜝⱨ Metrohm  883Basic IC plus ⌐╟╡⁸ │

ICP- AES◄☻▪▬▪▬ה♫ⱡ♥◒ⱡ꜡☺כ  SPS3520UV ┘ I CP- MSPerkinElmer NexION 

300X ⌐╟╡ ⇔√⁹ 



52 

 

╩╙≤⌐⁸ ─ 4.1.3.1 - 1 ╩ ™≡ R ╩⁸ 4.1.3.1 - 2 ╩ ™≡

Ln(й)⌐ ∆╢ Metal ─ DF ╩∕╣∙╣ ⇔⁸4.1.4.1  ⌐ ⇔√

╟╡ ╠╣╢ ≤─ ╩ ∫√⁹ 

 

2
-! ,Î ─,Î

─,Î
 

4.1.3.1 - 1  

$&
ⱨ▫כ♪ -ÅÔÁÌȾⱨ▫כ♪ ,Î

-! ,Î -ÅÔÁÌȾ-! ,Î ,Î
 4.1.3.1 - 2  

 

↕╣√ⱨ꜡כ◦כ♩─  

4.1.4  ┘ 4.2.5  ─ ╩ ↑⁸MA(й) Ln(й) ─ FP ─ DF ╩ ⇔≡

↕╣√ⱨ꜡⁸⌐≥╙╩♩כ◦כ 4.1.3.1 - 3 ⌐ ∆ ♪ꜟכ◖≡™⅔⌐ ╩ ⇔

╩ ⇔√⁹ ⌐⅔™≡│⁸꜡ ♃כ ɫ25 mm─ 16 2 4.1.3.1 - 1(a)

⌐ ⅎ≡⁸ 2 ⌐ ♃כ꜡√⇔ ɫ25 mm─ 4 4.1.3.1 - 4 ╩

⇔√⁹ 

ⱨ▫כ♪ ⌐│⁸Ln ≤⇔≡│ ⌂╙─≤⇔≡Nd(й)⁸Eu(й)⁸Gd(й)╩⁸FP ≤⇔

≡│ TBP⌐ ⇔≡ ╩ ∆ Zr⁸Mo⁸Ru⁸Rh⁸Pd╩ ⇔√⁹ⱨ▫כ♪ ─ ▬○fi

⁸ ┘⌐ ─ ┘ ▬○fi ⌐≈™≡│∕╣∙╣ 4.1.3.1 - 3⁸

4.1.3.1 - 4⌐ ∆ ╡≢№╢⁹ 

 

 
4.1.3.1 - 3 ↕╣√ⱨ꜡כ◦כ♩⌐ ≠ↄⱨ꜡כ◦כ♩  

 

4.1.3.1 - 4 ᵒ⌐ ⇔√ 4  

♃כ⸗ ◑▪Ⱳ♇◒☻ ▪◒ꜞꜟⱢ►☺fi◓⁸ ♃כ꜡  

50vol%TBP/n-ЖДϸрТϰ˔Жׁ 0.5M ▒50vol%TBP/n-ЖДϸр0.0001M ▒ 6M ▒

ˢH+=0.31˙0.35 M) 0.15 L/h 0.81 L/h 0.35 L/h 1.0 L/h

1.3 L/h 0.05 L/h

1 10 16 17 26 32 33 36

ׁ MA+Ln Pd,Ru ׁ

ˢжТϰК˔Еˣ ˢФкЍϼЕˣ

Ẅ Ẅ
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4.1.3.1 - 3 ⌐ ™√ HLLW ─  

  ⇔√  ⱷכ◌כ  

Zr( к)  10.9 g/L ZrO(NO3)   % 2H2O, 99ה2

Ru(й)  6.0  g/L Ru(NO)(NO3) 3  

Nd(й)  15.3 g/L Nd(NO3)   6H2Oה3

Eu(й)  0. 48 g/L Eu(NO3)    6H2Oה3

Gd(й)  0. 62 g/L Gd(NO3)   % 6H2O, 99.9ה3

Mo(м)  14.1 g/L Na2MoO42הH2O ⱨ▬ꜟⱶ  

Rh(й)  0.91 g/L Rh(NO3)   2H2Oה3

Pd(и)  10.6 g/L Pd(NO3) 2  

H+ 2.85 M HNO3 ⱨ▬ꜟⱶ  

NO3-  5.76 M NaNO3, 99  % ⱨ▬ꜟⱶ  

 

4.1.3.1 - 4 ≤ ▬○fi  

  M  ▬○fi M  

 
ⱨ▫כ♪  2.85 5.76 

 0.52   
50 vol%TBP/n-♪♦◌fi 0.31 0.36   

ᵑ 
0.0001 M  <0.01   

50 vol%TBP/n-♪♦◌fi <0.01  
ᵒ 6 M  6.16  

 

─ ⁸ ▬○fi ⁸ ─ ⌐│( 1)≤ ∂ ╩ ⇔√⁹

╕√⁸( 1)≤ ⌐⁸ ╩╙≤⌐ ┘DF╩ ╘√⁹ 

 

≤  

ⱨ꜡כ◦כ♩ ⌐ ↑√  

⁸ ─ ⱪ꜡ⱨ□▬ꜟ ┘ ⁸ ▬○fi ⱪ꜡ⱨ□▬ꜟ⌐≈™≡⁸

╢╟⌐♪כ◖ ≤ ╦∑√╙─╩ 4.1.3.2 - 1 ┘ 4.1.3.2 - 2⌐ ∆⁹ 

 

4.1.3.2 - 1 ⌐⅔↑╢ ⱪ꜡ⱨ□▬ꜟ 

⁸ ה  
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ᵑ ⁸ ה  

 

 ᵒ ⁸ ה  

4.1.3.2 - 2 ⌐⅔↑╢ ┘ ▬○fi ⱪ꜡ⱨ□▬ꜟ ᵑ ⁸ᵒ

 

 

ⱪ꜡ⱨ□▬ꜟ⁸ ┘ ▬○fi ⱪ꜡ⱨ□▬ꜟ≤╙ ╢╟⌐♪כ◖

─ⱪ꜡ⱨ□▬ꜟ≤ ─ ╩ ⇔⁸Ln ⅜ ↕╣⁸Cs ─ FP ⅜ ↕╣╢

╩ ⇔√⁹╕√⁸FP ─℮∟ TBP⌐ ╩ ∆ Zr ╛ Pd, Ru ⌐≈™≡╙

↕╣╢ ╩ ⇔√⁹ 

─ ⅛╠ ╘√ Ln ─ ┘ Eu⌐ ∆╢ FP ─ DF⌐≈™≡⁸ כ◖

♪⌐╟╡ ⇔√ ≤ ╦∑≡∕╣∙╣ 4.1. 3.2- 1 ┘ 4.1.3.2 - 2⌐ ∆⁹ 

 

4.1. 3.2- 1 Ln ─ MA+Ln ┼─  

R %  %  

R( La)   98.0 -  

R( Ce)   97.6 100 

R( Pr)   99.4 -  

R( Nd)   99.4 -  

R( Sm)   99.4 -  

R( Eu)   99.5 99.6 

R( Gd)   99.9 -  

R( Tb)   100 -  

R( Dy)   100 -  

0.0

1.0

2.0

3.0

4.0

5.0

6.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

˗
m

o
l/
L

▒

▒ ˢὓ▄ ˣ

▒ϱϷр

▒ϱϷр ˢὓ▄ ˣ

0.0

1.0

2.0

3.0

4.0

5.0

6.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

˗
m

o
l/
L

▒

▒ ˢὓ▄ ˣ

▒ϱϷр

▒ϱϷр ˢὓ▄ ˣ

0.0

1.0

2.0

3.0

4.0

5.0

6.0

17 18 19 20 21 22 23 24 25 26 27 28

▒
ˢ

m
o
l/
L
ˣ

29 30 31 32

▒ ˢםᾓ ˣ

▒ ˢὓ▄ ˣ
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4.1.3.2 - 2 Eu⌐ ∆╢ FP ─ DF 

DF   

DF Cs/Eu  >103 >103 

DF Rb/Eu  >103 -  

DF Ba/Eu  37 -  

DF Sr/Eu  584 >103 

DF Zr/Eu  4.9  260 

DF Ru/Eu  61 1.2  

DF Se/Eu  >103 -  

DF Te/Eu  31 -  

DF Cd/Eu  >103 -  

DF Mo/Eu  24 14 

DF Re/Eu  16 50 

DF Rh/Eu  29 -  

DF Pd/Eu  6.4  15 

DF Sn/Eu  >103 -  

 

⌐⅔™≡ Ln ─ │⁸╒≤╪≥─ Ln ⌐⅔™≡ 99% ╩ ⇔√⁹ 

▪ꜟ◌ꜞ ⁸▪ꜟ◌ꜞ ⁸Pd╩ ↄ ⁸Tc─ ≤⇔≡ ⇔√ Re

│ 2 ─ DF⅜ ↕╣√ ⁸ ─ ◒꜡ⱴ♩◓ꜝⱨ▫⌐⅔™≡ ⇔⁸ ┼─

⅜ ↕╣╢ Zr⁸Mo⁸Pd─℮∟ Zr ┘ Pd⌐≈™≡│ 1 ≢№∫√⁹Zr ⌐≈™≡│⁸

≢ ⇔√ HLLW ─ ▬○fi ⅜ ╟╡╙ ⅛∫√↓≤⅜ ⇔≡™╢≤ ⅎ

╠╣⁸ ⌂ ▬○fi ⌐ ∆╢↓≤≢ ─ ⅜ ╠╣╢╙─≤ ↕╣╢⁹╕√⁸

Pd⌐≈™≡│⁸ ⌐⅔↑╢ ─ ⌐╟╡ ╩ ≤ ⅎ╠╣╢⁹ 

4.1.4.2 ≢│⁸ ╩ ╕ⅎ≡ ⇔√ⱨ꜡כ◦כ♩⌐╟╡MA(й)╩ ™√ ╩ ⇔√⁹ 

 

↕╣√ⱨ꜡כ◦כ♩─  

⁸ ─ ⱪ꜡ⱨ□▬ꜟ ┘ ⁸ ▬○fi ⱪ꜡ⱨ□▬ꜟ⌐≈™≡⁸

╢╟⌐♪כ◖ ≤ ╦∑√╙─╩ 4.1.3.2 - 3 ┘ 4.1.3.2 - 4⌐ ∆⁹ 

 

 

4.1.3.2 - 3 ⌐⅔↑╢ ⱪ꜡ⱨ□▬ꜟ 

⁸ ה  

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1 2 3 4 5 6 7 8 9 10111213141516

Ỳ
˗

g
/L

Zr

Zr(ὓ▄ )

Nd

Eu

Eu(ὓ▄ )

Ru

Ru(ὓ▄ )

Pd

Pd(ὓ▄ )

Mo

Mo(ὓ▄ )1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

17181920212223242526272829303132

Ќ
ϱ
Е
и

Zr

Zr(ὓ▄ )

Nd

Eu

Eu(ὓ▄ )

Ru

Ru(ὓ▄ )

Pd

Pd(ὓ▄ )

Mo

Mo(ὓ▄ )

33 34 35 36

Zr

Zr(ὓ▄ )

Nd

Eu

Eu(ὓ▄ )

Ru

Ru(ὓ▄ )

Pd

Pd(ὓ▄ )

Mo

Mo(ὓ▄ )
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ᵑ ⁸ ה  

 

ᵒ ⁸ ה  

4.1.3.2 - 4 ⌐⅔↑╢ ┘ ▬○fi ⱪ꜡ⱨ□▬ꜟ ᵑ ⁸ᵒ

 

 

─ ⅛╠ ╘√ Ln ─ R ┘ Eu⌐ ∆╢ FP ─ DF⌐≈™≡⁸ ◖

╡╟⌐♪כ ⇔√ ≤ ╦∑≡∕╣∙╣ 4.1.3.2 - 3 ┘ 4.1.3.2 - 4⌐ ∆⁹ 

 

4.1.3.2 - 3 Ln ─ MA Ln ┼─  

R %  %  

R( Nd)   99.8 -  

R( Eu)   100 96.8 

R( Gd)   100 -  

 

4.1.3.2 - 4 Eu⌐ ∆╢ FP ─ DF 

DF   

DF Zr/Eu  20 1.1  

DF Ru/Eu  9.5 1.4  

DF Mo/Eu  38 >103 

DF Rh/Eu  >103 -  

DF Pd/Eu  >103 >103 

 

↕╣√ⱨ꜡כ◦כ♩╩ⱬ⁸≡™⅔⌐☻כLn ⅜╒╓ 100 %─ ╩ ∆↓≤⅜

≢⅝√⁹╕√⁸FP ─ DF⌐ ⇔≡⁸ ─ ◒꜡ⱴ♩◓ꜝⱨ▫┼─ ⅜ ↕╣╢ Zr⁸
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Mo⁸Pd⌐≈™≡│™∏╣╙ 2 ─ ⅜ ╠╣√⁹ 

─↓≤⅛╠⁸ ─ TBP⌐╟╡MA(й) Ln(й)╩ ≢⅝⁸FP ⌐ ∆╢ ─

╩ ∆ ↕╣√ⱨ꜡כ◦כ♩⅜ ∆╢ ⇔╩ √⁹ 

 

╕≤╘ 

MA(й) Ln(й) ⱨ꜡כ◦כ♩─ ╩ ⇔≡ ⇔√ ╩ ™≡⁸ⱱ♇♩

4.1.4.2  ─ ⌐ ↑√ ╩ ℮≤≤╙⌐⁸4.1.4  ┘ 4.2.5  ⌐≡ ↕╣√ⱨ꜡כ

√⇔⌐≥╙╩♩כ◦ ⌐╟╡⁸MA(й)─ ┼─ ╩ ⅎ≈≈ ─ MA(й)/Ln( й)

⌐⅔™≡ ╩ ╓∆FP ≤─ ⅜ ⌂ⱪ꜡☿☻⅜ ∆╢↓≤╩ ⇔√⁹ 

 

4.1.4  ⱨ꜡כ◦כ♩ ⁸  

╢╟⌐♪כ◖  

2 ⌐ ⇔√⁸ 4.1.4.1 - 1 ⌐ ☺כ♥☻⌂℮╟∆ ─ ⌐ ℮

⌐ ⅎ⁸ ─ ⁸ ┘ ─ ≤ ╟╡

☺כ♥☻ ─ ─ ╩ ∆╢ ╩♪כ◖ ™≡⁸

ה ─MA(й) ┘ FP ─ ╩ ⇔√⁹⌂⅔⁸ FP ≤⇔≡

2 ⌐ ⇔√ Ln(й) Ce(й) ┘ Eu(й)╩ ≤⇔≡ ⁸Pd(и)⁸Ru(й)⁸

Zr( к)⁸Cs(з)⁸Sr(и) ⌐ ⅎ≡⁸ ⌐╟╡TBP⌐ ⇔≡ ™ ╩ ∆Mo(м)

┘ Re(н) Tc(н)─ ╩ ⇔√⁹ ⌐ ⇔⁸Mo(м) ┘ Re(н)─ │ 4.1.1  ≢

╠╣√ ╩╙≤⌐ ─ ⌐╟╡∕╣∙╣ ⇔√⁹ 

 

 

4.1.4.1 - 1 ⌐⅔↑╢ ─  

 

n M

n M

n M

n M

n

n

n

n

k:
Dp: 
D:n

(3.1.4.1-1)

(3.1.4.1-2)

(3.1.4.1-4)

(3.1.4.1-3)

4.1.4.1 - 1  

4.1.4.1 - 2  

4.1.4.1 - 3  

4.1.4.1 - 4  

 



58 

 

Ὀ ρȢωωρρπϽὢ Ȣ ϽὝ       ὢ ς ὓ     4.1.4.1 - 5  

      ςȢψχρρπϽὢ Ȣ ϽὝ      ς ὓ  ὢ  4.1.4.1 - 6  

Ὀ ρȢςρυϽὢ Ȣ Ͻὢ ϽὝ       ὢ ς ὓ     4.1.4.1 - 7  

         ςȢωπωρπϽὢ Ȣ Ͻὢ ϽὝ      ς ὓ  ὢ  4.1.4.1 - 8  

 

↓↓≢ὢ│ k ─ ≢№╢⁹ὢ │ ─ ▬○fi ⁸Ὕ│ⱨꜞכTBP ≢

№╡⁸∕╣∙╣ ─ ⅛╠ ⇔√⁹ 

 

ὢ ὢ ὢ ὢ ςὢ ὢ ὢ σὢ

ὢ ὢ ὢ τὢ ὢ   
4.1.4.1 - 9  

Ὕ Ὕ ὑ ὢὝ Ὀ ὢ ςϽὑ ὢ ϽὝ

ςὈ ὢ Ὀ ὢ Ὀ ὢ

Ὀ ὢ Ὀ ὢ

σὈ ὢ Ὀ ὢ

Ὀ ὢ Ὀ ὢ Ὀ ὢ

Ὀ ὢ  

4.1.4.1 - 10  

Ὕ σȢφυσψ& 4.1.4.1 - 11  

 

↓↓≢ὑ│ k─ ⅛↑─ ╩⁸F│ TBP ╩∕╣∙╣ ⇔≡™╢⁹ 

 

─ Dp⌐≈™≡│꜡כ♃ ╛ ┘ ⌐╟╡ ∆╢↓≤

⅜ ↕╣≡™╢(7)⅜⁸ ≢│ ⌐100 µm≢ ≤⇔√⁹ k│⁸

⌐╟╡ ⌂╡⁸╕√ 4.1.2.2  ⌐⅔™≡ ↕╣≡™╢╟℮⌐ ╛ ▬○fi ⌐╟

╡ ∆╢⅜⁸ ≢│ ⌐ 2.0×10- 6 m/s≢ ≤⇔√⁹ 

2 ⌐ ⇔√ 4.1.4.1 - 2 ⌐ ∆ⱨ꜡⁸♩כ◦כ ┘ ─ ╛

Ru⁸Pd⁸Tc ─ DF ─ ─ ⅛╠ ╩ ∫√ 4.1.4.1 - 3 ⌐ ∆ⱨ꜡כ◦כ

♩╩ ⌐⁸ 4.1.4.1 - 1 ⌐ ∆ⱨ▫כ♪ ╩ ⇔√ ─ ─ ╩ ⇔√⁹

╟╡ ╠╣√ ─ ┼─ ╩ 4.1.4.1 - 2 ┘ 4.1.4.1 - 3⌐ ∆⁹ ∑≡⁸

ⱨ꜡כ◦כ♩╩ ⌐⁸∕╣∙╣ ⱨ▫כ♪ ╩ ♪ꜟכ◖√⇔ ┘MA(й)╩ ╗

ⱨ▫כ♪ ╩ ⇔√ⱱ♇♩ ⌐╟╡ ─ ╩ ♪ꜟכ◖⁹√⇔ ─ │

4.1.3  ⌐⁸ⱱ♇♩ ─ │ 4.1.4.2  ⌐∕╣∙╣ ╩ ∆⁹ 
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4.1.4.1 - 1 ⇔√ⱨ▫כ♪  

 3 M 

 

Am 8.5 g/L  

Cm 2.1 g/L  

Cs 17.5 g/L  

Sr 2.0 g/L  

Zr 12.6 g/L  

Mo 15.2 g/L 

Ru 10.7 g/L 

Pd 11.9 g/L  

Tc 3.5 g/L  

Ce* 21.8 g/L 

Eu* 23.5 g/L 

NO3
-  5.4 M 

*  3- 1⌐ ∆ HLLW ─ Y⁸La⁸Ce⁸Pr ╩ Ce≤⇔≡⁸Nd⁸Pm⁸Sm⁸Eu⁸Gd⁸Tb⁸Dy╩ Eu≤⇔

≡  

 

  

4.1.4.1 - 2 2 ⌐ ⇔√ⱨ꜡כ◦כ♩ 

 

1 16

Тϰ˔Жׁ
50 vol% TBP/n-ЖДϸр
([HNO3] = 0.3 M)

ׁ

0.15 L/h2L/h

0.5 M HNO3

0.05 L/h

10

1 16MA(й)˴Ln(й)

5 M HNO3

2 L/h

1x10-4 M HNO3

0.4 L/h

50 vol% TBP/
n-ЖДϸр

0.8 L/h

122 13

Pd̋ Ru ׁ
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4.1.4.1 - 3 ⇔√ⱨ꜡כ◦כ♩ 

 

4.1.4.1 - 2 2 ⌐ ⇔√ⱨ꜡כ◦כ♩⌐⅔↑╢ ─  

 
 (%) 

 
MA(й) Ln(й)  

 
Pd, Ru   

Am < 1 > 99 < 1 < 1 
Cm < 1 > 99 < 1 < 1 
Cs > 99 < 1 < 1 < 1 
Sr > 99 < 1 < 1 < 1 
Zr > 99 < 1 < 1 < 1 
Mo 98 2 < 1 < 1 
Ru < 1 86 14 < 1 
Pd < 1 6 94 < 1 
Tc < 1 2 98 < 1 
Ce < 1 > 99 < 1 < 1 
Eu < 1 > 99 < 1 < 1 

 

 

4.1.4.1 - 3 ⇔√ⱨ꜡כ◦כ♩⌐⅔↑╢ ─  

 
 (%) 

 
MA(й) Ln(й)  

 
Pd, Ru   

Am < 1 > 99 < 1 < 1 
Cm < 1 > 99 < 1 < 1 
Cs > 99 < 1 < 1 < 1 
Sr > 99 < 1 < 1 < 1 
Zr 97 3 < 1 < 1 
Mo > 99 < 1 < 1 < 1 
Ru < 1 83 17 < 1 
Pd < 1 3 97 < 1 
Tc < 1 < 1 > 99 < 1 
Ce < 1 > 99 < 1 < 1 
Eu < 1 > 99 < 1 < 1 

 

1 16

Тϰ˔Жׁ
50 vol%TBP/n-ЖДϸр
([HNO3] = 0.3 M)

ׁ

0.15 L/h1.8L/h

0.5 M HNO3

0.05 L/h

10

1 16MA(й)˴Ln(й)

5 M HNO3

2 L/h

1x10-4 M HNO3

0.4 L/h

50 vol% TBP/
n-ЖДϸр

0.8 L/h

123 13

Pd̋ Ru ׁ
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MA(й)╩ ╗ ╩ ™√ⱱ♇♩ ⌐╟╢ⱨ꜡כ◦כ♩  

4.1.4.1  ─ ╩╙≤⌐ MA(й)╩ ╗ ╩ ™√ⱱ♇♩ ⌐╟╢ⱨ꜡כ◦כ♩

╩ ∫√⁹ 

ⱨ▫כ♪ │⁸ MOX ⅛╠ ⌐╟╡ U⁸Pu╩ ⇔√№≤─ꜝⱨ▫Ⱡ

♪ꜟכ◖╩♩כ ⌐ ⇔≡ ⇔√⁹ FP ─ │⁸ 3- 1⌐ ⇔≡™╢ HLLW─

╩╙≤⌐ ♪ꜟכ◖⁹√⇔ │⁸CsNO3⁸RbNO3⁸Ba(NO3) 2⁸Sr(NO3) 2⁸ZrO(NO3) 2·2H2O⁸Ru(NO)(NO3) 3⁸

Y(NO3) 3·6H2O⁸La(NO3) 3·6H2O⁸Ce(NO3) 3·6H2O⁸Pr(NO3) 3·6H2O⁸Nd(NO3) 3·6H2O⁸Sm(NO3) 3·6H2O⁸

Eu(NO3) 3·6H2O⁸Gd(NO3) 3·6H2O⁸Tb(NO3) 3·6H2O⁸Dy(NO3) 3·6H2O⁸SeO2⁸Na2MoO4·2H2O⁸Pd(NO3) 2·2H2O⁸

AgNO3⁸Na2SnO3·3H2O╩ ⇔⁸ ▬○fi │NaNO3⌐╟╡ ⇔√⁹ ─ ⌐⁸

⅛╠ U, Pu ╩ ⌐╟╡ ⇔√ ⌐ ⇔√ꜝⱨ▫Ⱡכ♩╩ Am- 241⅜

⌂ ≤⌂╢╟℮⌐ ⇔√⁹ 

♪ꜟכ◖⁸│ ≢ ⇔√╙─≤ ∂♃▬ⱪ─╙─╩ⱱ♇♩☿ꜟ⌐ ⇔√⁹

4.1.4.2 - 1⌐ⱱ♇♩☿ꜟ⌐ ⇔√ ─ ╩ ∆⁹ ⇔√ │1 ≢№╡⁸

╩ ⇔√─∟⌐ ─ ╩ ™⁸∕─ ⁸ ╩ ⇔√⁹ 

ⱱ♇♩ │ 4.1.4.1 - 3 ⌐ ⇔√ⱨ꜡כ◦כ♩╩ ™≡ ⇔√⁹ ⌐⅔™≡ ╠╣√◘

fiⱪꜟ╩ ⌐⁸H+ ╩ ⁸COM- 2500 ⁸ ╩ ICP- AES

⁸ICPS- 7510 ⁸ ╩ɘ ☻Ɑ◒♩ꜟ CANNBERA⁸GC2020 ┘ɖ

☻Ɑ◒♩ꜟ ORTEC⁸CU- 017- 450- 100 ⌐╟╡∕╣∙╣ ⇔√⁹ 

⌐⅔↑╢ ╩ 4.1.4.2 - 1⌐ ∆⁹Cs- 137│ ↕╣∏⌐ ⌐╒╓ ⅜

⇔√⁹Eu- 154⁸Am- 241 ┘ Cm- 242│ ─ ╩ ⇔⁸ ⌡ MA(й) Ln(й) ⌐ ∆╢

↓≤⅜≢⅝√╙──⁸ ⅜ Pd⁸Ru ⌐ ⇔√⁹4.1.3  ≢ ⇔√ ≢│⁸Ln(й)

│╒≤╪≥MA(й) Ln(й) ⌐ ↕╣√⅜⁸ ≢│⁸Pd─ ╩ ∆╢√╘⌐ 3

⅛╠ ╩ ⇔√√╘⁸ ─ ⅜ ⇔√↓≤⅜ ⇔√≤ ╦╣╢⁹4.1.3  ≢

⇔√ ↕╣ⱨ꜡כ◦כ♩ ≢─ ⅜ ∆╟℮⌐⁸MA(й) Ln(й)─ ─

╩ ∆╢↓≤⌐╟╡⁸MA(й)╩ ∆╢↓≤⅜≢⅝╢≤ ╦╣╢⁹ 

Am- 241⌐ ∆╢ ┘ ─DF╩ 4.1.4.2 - 2⌐ ∆⁹ ─√╘⌐ 4.1.3  ≢ ⇔

√ ⌐⅔™≡ ╠╣√DF╩ ∑≡ ∆⁹⌂⅔⁸ ≢│Eu⌐ ∆╢DF≢ ╩ ∫

≡™╢⁹╕√⁸Cs- 137│ ─ Cs≤ ⇔√⁹Cs- 137│⁸ ≤ ⌐ 103 ─ ™

DF╩ ⇔√⁹Eu- 154 ┘ Cm- 242│⁸Am- 241≤ ─ ╩ ⇔≡⅔╡⁸DF│∕╣∙╣ 1.4 ┘

0.98 ≢№∫√⁹ ⌐ ═⁸Zr ─ DF│ ∆╢ ⁸Mo─ DF│ ⇔√⁹↓╣╠─ ─

DF─ ⌐│, 4.1. 3 ≢ ⇔√ⱨ꜡כ◦כ♩─ ⅜ ≢№╢≤ ⅎ╠╣╢⁹Pd│⁸

⌐ ═≡ ™ ╩ ⇔√⁹Pd ─ ╩ ∆╢╟℮⌐ Pd ╩ ⇔√ ⌐╟╢╙

─≢№╡⁸4.1.3  ≢ ⇔√ⱨ꜡כ◦כ♩─ ⌐╟╡↕╠⌂╢ ⅜ ╕╣╢⁹ 

≢│⁸ⱱ♇♩☿ꜟ⌐⅔™≡MA(й)╩ ╪∞ ╩ ™≡ⱨ꜡כ◦כ♩─ ╩

⇔√⁹ ⅛⌂Am- 241⁸Cm- 242 ┘ Eu- 154⅜ Pd⁸Ru ⌐ ⇔√╙──⁸ ─

─ⱨ꜡כ◦כ♩─ ⌐╟╡ MA(й) ┘ Ln(й)╩ MA(й) Ln(й) ⌐ ∆╢↓≤⅜≢⅝╢

≤ ⅎ╠╣╢⁹ 
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4.1.4.2 - 1 ⱱ♇♩☿ꜟ⌐ ⇔√ ─  

 

 4.1.4.2 - 1 ⌐⅔↑╢ ─  

 FP  (%) MA(й)+Ln(й)  (%) Pd/Ru  (%)  (%) 

Am- 241 -  96 4 -  

Cm- 242 -  98 2 -  

Eu- 154 -  84 16 -  

Cs- 137 100 -  -  -  

 

4.1.4.2 - 2 Am- 241⌐ ∆╢ ┘ ─DF 

 ⱱ♇♩  4.1.3.2 - 2╟╡  

Am- 241 -  -  

Cm- 242 0.98 -  

Cs- 137 > 103 > 103 

Eu- 154 1.4  -  

Zr  12 4.9 

Mo 14 24 

Ru 17 16 

Pd 36 6.4 

 

ⱪ꜡☿☻≤─  

─ ⱪ꜡☿☻⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ꜡☿☻≤─ │⁸MA(й) / Ln(й)

≤ ∑⁸4.2.5.3  ⌐⅔™≡ ∫√⁹ 

 

╕≤╘ 

2 ─ ╩ ╕ⅎ≡ⱨ꜡כ◦כ♩─ ╩ ⇔⁸MA(й)╩ ╗ ╩ ≤⇔√

⌐╟╡ ─ ╩ ∫√⁹↕╠⌐ ─ ⱪ꜡☿☻⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ꜡☿☻≤

─ ╩ ⇔√⁹ 

4.1.1 ┘ 4.1.2 ─ ╩╙≤⌐⁸HLLW ─ ╛ TBP┼─ ╩ ⇔≡ ⇔√ 9
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─ FP Cs(з)⁸Sr(и)⁸Pd(и)⁸Ce(й)⁸Eu(й)⁸Ru(й)⁸Zr(к)⁸Mo(м)⁸Re(н) Tc(н)

─ ┘ 2 ─MA Am(й)⁸Cm(й) ╩ ⌐⁸ ה ⌐⅔↑╢ ה

╩ ∆╢ ╩♪כ◖ ⇔⁸MA(й) Ln(й) ⱨ꜡כ◦כ♩ ╩ ⇔√⁹

ⱨ꜡כ◦כ♩ ⌐⅔™≡⁸ ╩ ♪ꜟכ◖√™ ┘MA(й)╩ ╗ⱨ▫כ♪ ╩

⇔√ⱱ♇♩ ╩ ⇔⁸MA(й)─ ┼─ ╩ ⅎ≈≈ ─ MA(й)/Ln(й)

⌐⅔™≡ ╩ ╓∆ FP ≤─ ⅜ ≢№╢↓≤╩ ⇔√⁹ 

 

4.2 ◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢MA(й)/Ln( й) ⱪ꜡☿☻─  

3 │⁸↓╣╕≢⌐ ⇔√ NTA▪Ⱶ♪ ⌐≈™≡⁸ ≤⇔√ ─

MA(й)/Ln(й)─ ┘ ─ ≤◖☻♩─ ╟╡⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ꜡

☿☻⌐ ⌂ ╩ ∆╢≤≤╙⌐⁸ ⇔√ ─◖☻♩♄►fi─ ⌐≈™≡ ╩

∫√⁹╕√⁸ FP ┘MA(й)╩ ╪∞ ╩ ⌐ ≢

≤⌂╢ ╩ ™≡ ╩Ɽꜝⱷכ♃≤⇔√ ₁─ ╩ ⇔⁸ ╛ ─

⁸ ה ╩ ⇔√⁹ ∑≡⁸MA(й) Ln(й) ⱪ꜡☿☻╟╡ ╠╣╢

─ ╩ ⇔≡ ╩ ™⁸ ─ ╩ ≤⇔√ IBIL ┘ EXAFS ⌐╟╡

Ln(й) ╡─ ─ ╛ Ln(й) ╡─ Ɽꜝⱷכ♃╩ ∆╢≤≤╙⌐⁸↓╣╠─

╩╙≤⌐MA(й) Ln(й) ⱷ◌♬☼ⱶ⌐≈™≡ ⇔√⁹ ─ ╩╙≤⌐ ⇔√

╡╟⌐♪כ◖ MA(й) / Ln(й) ⱨ꜡כ◦כ♩ ╩ ⇔⁸MA(й)╩ ╗ ╩ ™√◌

ꜝⱶ ⌐╟╡ ─ ╩ ⇔√⁹↕╠⌐⁸4.1 ─ ╩ ╕ⅎ≡⁸TBP╩ ⇔√MA(й)

Ln(й) ⱨ꜡כ◦כ♩ ┘ ⅜ ⌂ ◦ꜞ◌ ╩ ⇔√ HONTA

⌐╟╢ ─ MA(й) / Ln(й) ⱨ꜡כ◦כ♩╩ ⇔⁸↓╣╕≢⌐ ↕

╣≡™╢ ╕√│ ◒꜡ⱴ♩◓ꜝⱨ▫ ─╖⅛╠ ╢ⱪ꜡☿☻≤─ ╩ ∫√⁹ 

 

4.2.1   

◖☻♩♄►fi ◔Ⱶ◒꜠▪  

4.2.1.2  ⌐⅔™≡ ⇔√HONTA─◖☻♩♄►fi─ ⌐≈™≡ ╩ ∫√⁹ 4.2.1.1 - 1

⌐ 30 ⌐ ⇔√ ╟╡ ⇔√HONTA─ ╩ⱶכ◐☻ ∆⁹ 

 

 

4.2.1.1 - 1 HONTA─  ⱶכ◐☻

 

30 ⌐ ⇔√ ─ ≢⁸ 1 ─ CA- A ≢ ∆╢ ≤⇔≡

♄כ♁ NaOH⅛╠ ♫♩ꜞ►ⱶ Na2CO3 ⌐ ⇔⁸ ─ ╩ ⅎ√⁹╕√

⌐ 2 ─ HONTA ≢▪fi⸗♬▪─ ╩ ⇔⁸ ╩ →∏⁸ ∆╢▪fi⸗♬▪

╩ ⇔√⁹ 

│ ─ ⁸ ⌐ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ╩ ה ⇔⁸1 √╡─

─ ╩ ∆╢≤ ⌐ 1Ᵽ♇♅ √╡─ ╩ ╛∆ ╩ ⇔√⁹ 
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1 CA- A ─  

≢ ∆╢ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ╩ ╠∆≤ ⁸ ─ ⌐╟╡ ⅜ ⅜╢

╣⅜№∫√√╘⁸ ≢ ∆╢ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ⌐ ╩ ≡≡ ⇔√⁹

∕─ ⁸ ⌐ ∆╢ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ╩ ⌐ ╠∑╢↓≤╩ ⇔√⁹

↕╠⌐╤ ─ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ ╩ ⇔≡╙ ⁸ ⌐│ ⌂™↓≤

╩ ⇔√⁹ ≤⇔≡ ∆╢ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ╩ 28 % ₃₃ ml⅛╠₃₃ ml

┼ ∆╢↓≤⌐ ⇔√ 4.2.1.1 - 2 ⁹ 

 

 

4.2.1.1 - 2 ─ CA- A  

 

2 HONTA ─  

1 ≤ ∂ↄ ≢ ∆╢ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ─ ╩ ⇔√

⅜⁸ ≢ ∆╢ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ │ ╠∆↓≤⅜≢⅝⌂⅛∫√⁹ ⁸╤

─t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ ╩ ⇔≡╙ ⁸ ⌐│ ⌂™↓≤╩ ⇔√⁹

≤⇔≡ ∆╢ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ╩ 17 % ₃₃ ml⅛╠₃₃ ml┼ ∆╢

DOA 241.46 g 1.00 mol DOA 241.46 g 1.00 mol
200.00 g 1.25 mol 200.00 g 1.25 mol

200 mL 200 mL
500 mL 500 mL

124.23 g 1.10 mol 124.23 g 1.10 mol

300 mL 150 mL

150 mL 150 mL

150 mL 150 mL

MgSO4 10 g MgSO4 10 g

100 mL

317.14g
99.7%

95.19%

CA-A

─√╘⁸ ≤⇔╕∆⁹ 
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↓≤⌐ ⇔√ 4.2.1.1 - 3 ⁹ 

─╟℮⌐ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ╩ 1 ⌐⅔™≡ 28 % ⁸ 2 ⌐⅔™

≡ 17 % ∆╢↓≤⅜ ≤⌂╡⁸↓╣⌐╟╡ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ─ ╩ 40 %

≢⅝√⁹╕√ ╩ ⇔√↓≤⌐╟╡ ∂ ≢ 1 ─ ⌐ ∆╢ ─ ╩ ╛∑

╢√╘⁸1 ─ ≢ ╠╣╢ ─ ─ ≤↓╣⌐ ℮ 25 %─ ⅜ ≤⌂∫

√⁹ 

 

4.2.1.1 - 3 ─ HONTA  

 

ה  

30 ⅛╠ 2 ⌐⅔™≡ ה ╩ ⇔√HONTA⁸H2EHNTA┘ TOD2EHNTA

CA-A 171.69 g 0.54 mol CA-A 171.69 g 0.54 mol
28%NH3 46.21 g 28%NH3 46.21 g

NH3 12.94 g 0.76 mol NH3 12.94 g 0.76 mol

100 mL 100 mL
t- 500 mL t- 500 mL

10% 100 mL 10% 100 mL

100 mL 100 mL

100 mL 100 mL

100 mL 100 mL

MgSO4 5.0 g MgSO4 5.0 g

t- 100 mL

152.19g
98.1%

96.61%

151.38g
97.6%

96.96%

HONTA

HONTA

500mL

─√╘⁸ ≤⇔╕∆⁹ 
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4.2.1.2 - 1 ╩ ⌐ ┘ ─ ─♩☻◖ה ⅛╠ ╩ ∫√⁹ 

 

4.2.1.2 - 1 ╩ ℮  

 

4.2.2.1  ─ 4.2.2.1 - 1⁸↕╠⌐│ ┘ 2 ─ ⌐ ∆╟℮⌐⁸HONTA╩

↕∑√ │⁸H2EHNTA№╢™│ TOD2EHNTA╩ ↕∑√ ≤ ═⁸MA(й)⌐ ⇔≡

™ ╩ ⇔≡⅔╡⁸ ─ ⅛╠ ╣≡™╢⁹↕╠⌐⁸HONTA╩ ↕∑√

│⁸4.2.2.1  ─ 4.2.2.1 - 4 ⌐ ∆╟℮⌐⁸ ≤⌂╢ MA(й) Ln(й) ⱪ꜡☿☻⅛

╠─ ─ 0.1 0. 5 M ⌐⅔™≡⁸MA(й) / Ln(й) ─ ⅜⁸ ─

⌐ ⇔≡ ™ ╩ ⇔≡™╢⁹⌂⅔⁸4.2.4.1  ─ 4.2.4.1 - 1 4.2.4.1 - 4⁸↕╠⌐│

┘ 2 ─ ⌐ ∆╟℮⌐⁸↓╣╠─ ╩ ↕∑√ │™∏╣╙ 3

─ ▬○fi⌐ ⇔≡ ⌂ ה ─ ⅜ ≢№╢⁹ 

⁸ ─ ⅛╠│⁸ 30 ⅛╠ 2 ─ ⌐ ∆╟℮⌐⁸HONTA┘ H2EHNTA

⌐≈™≡│ 2 CA- A ┘ HONTA/ H2EHNTA ⁸TOD2EHNTA⌐≈™≡│ 4

CA- ODA ⁸DAMIA- Oct- N(Bzl) ⁸DAMIA- Oct- NH ┘ TOD2EHNTA ⅜

≤⌂╢√╘⁸HONTA┘ H2EHNTA⅜ ♩☻◖ה ≢ ≤⌂╢⁹ 

─ ╩ ⇔√╙─╩ 4.2.1.2 - 1 ⌐ ∆⁹ ≢ ≤⇔√ ⌐≈™≡⁸

┘ ─♩☻◖ה ⅛╠│HONTA⅜ ╙ ⇔√ ≢№╢≤ ⅎ╠╣╢⁹ 

 

4.2.1.2 - 1 ─  

 HONTA H2EHNTA TOD2EHNTA 

ה  

ủ 

3.2.4.2 - 8 (R1)  

 4.2.2.2 - 3 (R3) 

ỏ 

3.2.4.2 - 9 (R1)  

ủ 

 4.2.2.2 - 3 (R3)  

ה  

ủ 

3.2.6.1 - 1 (R1)  

3.2.6.1 - 3₩4 (R2)  

4.2.4.1 - 3₩4 (R3)  

ủ 

3.2.6.1 - 2 (R1)  

ủ 

3.2.6.1 - 1₩2 (R2)  

4.2.4.1 - 1₩2 (R3)  

 

ủ 

3.2.4.2 - 11 (R1)  

 4.2.2.2 - 4 (R3)  

 4.2.2.2 - 6 (R3)  

ỏ 

3.2.4.2 - 12 (R1)  

ỏ 

 4.2.2.2 - 4 (R3)  

 4.2.2.2 - 6 (R3)  

 
ủ 

4.2.1.1 - 3 (R3)  

ỏ 

3.2.2.1 - 2₩3 (R1)  

× 

3.2.2.1 - 2₩5 (R2)  

◖☻♩ ủ ỏ × 

N
N

N

N

O O

O

Oct

Oct

Oct Oct

Oct

Oct N
N

N

N

O O

O

(2-EH)

(2-EH)

(2-EH) (2-EH)

(2-EH)

(2-EH) N
N

N

N

O O

O

(2-EH)

(2-EH)

Oct Oct

Oct

Oct

HONTA H2EHNTA TOD2EHNTA



67 

 

╕≤╘ 

↓╣╕≢⌐ ⇔√ NTA▪Ⱶ♪ ⌐≈™≡⁸ ≤⇔√ ─ MA(й) / Ln(й)

─ ┘ ─ ≤◖☻♩─ ╟╡⁸ ◒꜡ⱴ♩◓ꜝⱨ▫ⱪ꜡☿☻⌐ ⌂

─ ⁸ ⇔√ ─◖☻♩♄►fi─ ⌐≈™≡ ╩ ∫√⁹ 

≤⌂╢MA(й) Ln(й) ⱪ꜡☿☻⅛╠─ ─ 0.1 0.5 M ⌐⅔™

≡ ⌂ ╩ ∆≤≤╙⌐⁸ ─♩☻◖ה ≢╙ ╣╢ HONTA╩ ⌂ ≤⇔

≡ ⇔√⁹HONTA─ ⌐ ⇔≡│⁸ t -Ⱪ♅ꜟⱷ♅ꜟ◄כ♥ꜟ ─ ⌐╟╡ 1

√╡─ ≤↓╣⌐ ℮ 25 %─◖☻♩ ⅜ ⌂ ╖╩ √⁹ 

 

4.2.2 ה   

RI  

 

 

⌐│ 4.2.2.2  ≢ ⇔√HONTA ┘ TOD2EHNTA ╩ ™√⁹Nd(й)

│ Nd(NO3) 3 6H2O ⁸99.5 % ╩ ⌐ ⇔≡ ™√⁹∕─ ─ │⁸4.1.1.1   (1) 

ᵑ ⌐ ⇔√╙─≤ ≢№╢⁹ 

 

 

RI │⁸Ᵽ♇♅ ╩ ™≡ ─╟℮⌐ ⇔√⁹ 9 mL─●ꜝ☻ ♅כꜙꜞ◒☻

─Ⱪ⌐⁸(a)0.01 mMכꜙ Pd(и)⁸Zr( к)⁸Mo(м)⁸Ru(й)⁸Re(н)⁸Ce(й)⁸Nd(й)⁸Sm(й)

┘ Eu(й)≤ 5.2 kBq/ mL─ Am- 241⁸Cm- 244 ┘ Eu- 152╩ ╗ 0.01 0.5 M ─ ╕√│

(b) 4.1.3  ─ ╩ ╕ⅎ≡ ⇔√ MA(й) Ln(й) Zr 0.11 ⁸Pd 8.4⁸La 28⁸

Ce 50⁸Pr 25⁸Nd 82⁸Sm 24⁸Eu 2.4⁸Gd 4.9⁸H+ 750 mM ╩ ≢ 10 1000 ⌐ ⇔√

⌐ 5.2 kBq/ mL─ Am- 241⁸Cm- 244 ┘ Eu- 152╩ ⅎ√ 2 mL≤ HONTA ╕√│

TOD2EHNTA 0. 2 g╩ ⇔√⁹298 K⌐⅔™≡⁸ ≤℮ ⁸NA- 201N ╩

◒כ꜡♩☻⁸100™ ≢ 2 ╡ ≤℮⌐╟╡ ⇔⁸ ⌐ ⇔√─∟⁸ ─

╖ ╩ ⇔√⁹ ╖ ╩ 0.45 µm─◦ꜞfi☺ⱨ▫ꜟ♃כ≢╤ ⇔⁸ ─ Am- 241 59 

keV ⁸Eu- 152 121 keV ─ɘ ╩ɘ EG&Gכ◖▬☿ ⁸BSIGCD- 20180X ≢⁸Am-

241 5.49 MeV ┘ Cm- 244 5.80 MeV ─ ɖ ╩ɖ EG&Gכ◖▬☿ ⁸Alpha 

Ensemble ≢ ⇔⁸ ─ ⌐╟╡ Kd╩ ⇔√⁹ 

 

ὑ
ὅ ὅ

ὅ

ὠ

ὡ
 4.2.2.1 - 1  

 

↓↓≢ C│ ─ ▬○fi ⁸V│ ─ ⁸W│ ─ ≢№╡⁸

⅝─ ctrl │ ╩ ∆╢⁹ SF │ Am(й)≤ Cm(й)─ Kd, Am⁸Kd,Cm

≤Eu(й)─ Kd, Eu ≤─ ≢ ╘√ SFAm/Eu = Kd, Am/ Kd, Eu⁸SFCm/Eu = Kd, Cm/ Kd, Eu ⁹ 

╕√⁸ ⌐ ⇔√ RI ╩ ╕⌂™ ╩ ™√ ╩⁸ ─ RI ⌐ ∂

≡ ∫√⁹ ─ ┘ ╖ ─╤ ╩ ⇔⁸ ⁸
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COM- 300A ╩ ™√ ⁸╕√│ pHⱷכ♃כ ⁸pH METER F- 52 ╩ ™√ pH

⌐╟╡ ╩ ⇔√⁹ ─ ┘ ╖ ─╤ ╩ ⇔⁸ ╩ ICP-

MS ▪☺꜠fi♩ ♥◒ⱡ꜡☺כ ⁸Agilent 7500 ╕√│ ICP- OES ⁸ICPS-

7510 ⌐≡ ⇔⁸ 4.2.2.1 - 1 ⌐╟╡ Kd╩ ⇔√⁹ 

 

≤  

─ ╩ ⌐ ∆╢√╘⁸ ─ ╩ ≢⅝╢ 0.01 mM─

⌐≡ ╩ ∫√⁹ 4.2.2.1 - 1 ⌐ ─ ─ ╩ ∆⁹HONTA

┘ TOD2EHNTA ⌐ ⇔≡⁸Zr(к)⁸Mo(м)⁸Pd(и)│ ™ ≢

™ ╩ ∟⁸Re(н)⁸Ln(й) ┘ MA(й)│ ─ ⌐ ™ │ ⇔√⁹

Ru(й)│⁸ ™ ≢ ╩ ↄ ∟⁸ ╩ ⇔√⁹╕√⁸Zr(к)⁸Mo(м)⁸

Pd(и) ┘ Ru(й)│⁸ ↕╣≡™╢ ⌐╟╠∏ ⌂ ─ ╛ ╩ ⇔√⁹

⇔≡⁸Re(н)⁸Ln(й) ┘ MA(й)│⁸HONTA ─ ⅜ TOD2EHNTA ⌐ ═≡

™ ╩ ∫√⁹ 4.2.2.1 - 2⌐ Am(й)⁸Cm(й) ┘ Eu(й)─ ⅛╠ ⇔√

─ ╩ ∆⁹l og SFAm/Eu│ HONTA ┘ TOD2EHNTA ⌐⅔™≡

0.05 M≢ ╩ ⇔⁸∕─ ─ ⌐ ™ ⇔√⁹l og SFCm/Eu│HONTA

⌐⅔™≡ 0.02 M ≢ ╩ ⇔⁸TOD2EHNTA ≢│ 0.05 M≢

╩ ⇔⁸∕─ l og SFAm/Eu≤ ⌐ ─ ⌐ ™ ⇔√⁹ 

MA(й) Ln(й) ⱪ꜡☿☻⅛╠ ╠╣╢MA(й) Ln(й) ╩ ⇔⁸MA(й)≤ Ln(й)

─ ─ ╩ ∫√⁹ 4.2.2.1 - 3 ⌐ ≤ ─ ╩ ∆⁹ ─

⌐ ™⁸ ≤ ⅜ ∆╢√╘⁸Ln(й) ┘ MA(й)─ ⅜ ⇔√⁹↓╣│⁸

0.01 M ≢─ ≤ ∆╢⁹ 4.2.2.1 - 4⌐ ≤ ≤─ ╩

∆⁹l og SFAm/Eu│⁸™∏╣─ ≢ ⅜ 100 ≢№╢ ⌐ ╩ ⇔√⁹l og 

SFCm/Eu│⁸ ─ ≢ ╩ √∏⁸ ─ ⌐ ™ ⇔√⁹ ─ ╟

╡⁸MA(й) Ln(й) ⱪ꜡☿☻⌐⅔™≡⁸MA(й) Ln(й) ─ ┘ ╩

∆╢↓≤≢⁸ ◒꜡ⱴ♩◓ꜝⱨ▫⌐╟╢MA(й)≤ Ln(й)─ ⅜ ≢№╢↓≤⅜

↕╣√⁹ 
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4.2.2.1 - 1 ≤ ≤─  

 

  

4.2.2.1 - 2 ≤ ≤─  

 

  

4.2.2.1 - 3 ≤ ≤─  
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4.2.2.1 - 4 ≤ ≤─  

 

♪ꜟכ◖  

≢│⁸ 2 ⌐ ╩ ⇔√ SiO2 ⌐⁸TOD2EHNTA┘ HONTA╩

↕∑√ ╩ ≤⇔√ ה ╩ ™⁸ ╠╣√ ⅛╠ ה ─

╩ ∫√⁹ 

 

 

TOD2EHNTA┘ HONTA ─  

TOD2EHNTA┘ HONTA ─ ⌐│⁸ SiO2 ≢ ⇔√

SiO2 ─ ⌐ Styrene- Divinylbenzene Sty / DVB ╩ ⇔√ -

SiO2-P ╩ ™√⁹ 4.2.2.2 - 1⌐ ™√ SiO2 ─ ╩ ∆⁹SiO2-P│⁸

─ SiO2 ╩♫☻ⱨꜝ☻◖⌐ ⇔√─∟⁸꜡ ⌐♃כ꜠Ᵽⱳ◄כꜞ♃כ ⇔≡ ⇔√⁹

™≢⁸Styrene monomer ⱨ▬ꜟⱶ ⁸ 99 %⁸Diviniy benzene ⁸ ⱨ▬

ꜟⱶ ⁸ 93 %⁸2,2ΐ- Azobis(isobutyronitrile) AIBN⁸ ⁸ ⱨ▬ꜟⱶ

⁸1,1ΐ- Azobis(cyclohexane- 1- carbonitrile) V- 40⁸ ⁸ ⱨ▬ꜟⱶ ╩∕

╣∙╣ ⇔√─∟⁸ ∆╢↓≤≢⸗ⱡⱴכ ╩ ⇔√⁹∕─ ⁸⸗ⱡⱴכ ╩

ⱨꜝ☻◖ ⌐ ⇔ ⇔√⁹ ⌐ ⇔√⸗ⱡⱴכ ╩ ∆╢√╘ Di- n- octyl 

phthalate ⁸ ≤Methyl benzoate ⁸ ⱨ▬ꜟⱶ ─

╩ ⇔√⁹⸗ⱡⱴכ ╩ SiO2 ⌐ ⌐ ↕∑√─∟⁸○▬ꜟⱣ☻╩ ™

≡ ⌐ ⇔ 363 K⌐≡ 13 ⇔√⁹ ╠╣√ ╩ ╡ ⇔Acetone⌐

↕∑√─∟⁸●ꜝ☻ⱨ▫ꜟ♃כ ≢Acetone ┘ 363 K⌐ ⇔√ ≢ ⌐ ⇔√⁹

⁸333 K⌐ ⇔√ ≢ ↕∑╢↓≤≢ SiO2- P╩ √⁹SiO2- P┼ ↕∑╢

│⁸ ─ TOD2EHNTA┘ HONTA╩ ™√⁹♫☻ⱨꜝ☻◖ ⌐ ─SiO2- P╩ ⇔√─

∟⁸꜡ ⌐♃כ꜠Ᵽⱳ◄כꜞ♃כ ⇔ ⱳfiⱪ╩ ™≡♫☻ⱨꜝ☻◖ ╩ ⇔√⁹ ™≢⁸

SiO2- P⌐ ⇔ ─ ⅜ 5 wt%⌐⌂╢╟℮ ⇔⁸acetone≢ ⇔√ ⁸♫☻ⱨꜝ☻◖

⌐ ⇔√⁹∕─ ≢♃כ꜠Ᵽⱳ◄כꜞ♃כ꜡⁸ ⇔≈≈ ╩ SiO2- P ⌐ ╕∑⁸

333 K⌐ ⇔√○▬ꜟⱣ☻╩ ™≡ acetone╩ ⇔√⁹acetone╩ ⌐ ⇔√─∟⁸

333 K⌐ ⇔√ ≢ ↕∑╢↓≤≢ ╩ √⁹ 4.2.2.2 - 1 ⌐ ╠╣√
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HONTA ┘ TOD2EHNTA ─ SEM ╩∕╣∙╣ ∆⁹ 

 

4.2.2.2 - 1 SiO2 ─  

 HONTA TOD2EHNTA 

 2020 

 [ µm]  1030 

 [ µm]  0.78 

 [mL/g]  2.08 

 [m2/g]  10.69 

 [ g/mL]  0.25 

 [ mN]  2950 

 

  

HONTA  TOD2EHNTA  

4.2.2.2 - 1 ⌐ ™√ HONTA ┘ TOD2EHNTA ─ SEM  

 

TOD2EHNTA┘ HONTA ─ ─  

TOD2EHNTA┘ HONTA ╩ ⌐Ᵽ♇♅ ╩ ∫√⁹Ᵽ♇♅ │⁸

13.5 mL─●ꜝ☻☻◒ꜞꜙכ ⌐ ⅜ 1: 10 ⌐⌂╢╟℮⌐ ┘ ╩ ╪∞

╩ ⇔⁸ ⌐ ⇔√ ≤℮ ╩ ™≡ ≤℮∆╢↓≤≢ ∫√⁹

⁸ ≤ ╩ ⇔√─∟⁸ ─ ▬○fi ╩ ⇔√⁹⌂⅔⁸

─ ▬○fi ─ ⌐│ ICP- OES╩ ™√⁹ 4.2.2.2 - 2 ⌐ ╩╕≤╘≡

∆⁹ 

 

4.2.2.2 - 2  

 TOD2EHNTA HONTA 

 
Zr( к)⁸Mo(м)⁸Ru(й)⁸Pd(и)⁸Re(н)⁸Ce(й)⁸Nd(й)⁸

Sm(й)⁸Eu(й)  
 [ mM]  0.1 

 [ M]  0.01 0.5 

 [ wt %]  5 

 1 10 

≤℮  [min ]  180 

 [ K]  298 
≤℮  160 r / min⁸ 40 mm 
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─◌ꜝⱶ ה  

≢│⁸TOD2EHNTA ┘ HONTA ─ ─ ה

╩ ∆╢√╘ ◌ꜝⱶ ╩ ∫√⁹◌ꜝⱶ │ɫ 10 mm×h 150 mm─Ɽ▬꜠

♇◒☻●ꜝ☻◌ꜝⱶ⌐ ⅜ 124.8 mm≤⌂╢╟℮⌐ ⇔√⁹ ™≢⁸ⱪꜝfi☺ꜗ

╩ⱳfiⱪכ ™≡◌ꜝⱶ ╟╡ 1.2 mL⁸ 228 mL⁸ 91 mL ─

≢ ⌐ ⇔√⁹ ⌐⅔↑╢ │⁸Ce(й)⁸Nd(й)⁸Sm(й)⁸Eu(й)⁸Ru(й)

╩ 0. 1 mM ╗ 0.02⁸0. 2 M- HNO3╩⁸ │ 0.02⁸0.2 M- HNO3╩⁸ │ 1 M- HNO3╩ ™√⁹

◌ꜝⱶ ⅛╠─ ╩ⱨꜝ◒◦ꜛfi◖꜠◒♃כ⌐╟╡ 3.2 mL ⌐ ⇔⁸ ⱨꜝ◒◦ꜛ

fi─ ╩ ∆╢↓≤≢⁸ ◒꜡ⱴ♩◓ꜝⱶ╩ √⁹⌂⅔⁸ ─ ⌐│ ICP- OES

╩ ™√⁹ 4.2.2.2 - 3⌐ ⌐ ∆╢ ╩ ∆⁹ 

 

4.2.2.2 - 3 TOD2EHNTA ┘ HNOTA ⌐╟╢◌ꜝⱶ  

◌ꜝⱶ  [ mm] f 10×h 150 

 TOD2EHNTA⁸HONTA 

 [mm] 124.8 

 [ mL]  9.8  

 Ce(й)⁸Nd(й)⁸Sm(й)⁸Eu(й)⁸Ru(й)  

1  [ Metal]  = 0.1 mM⁸[HNO3]  = 0.02 M 

2  [HNO3] = 0.02 M  

3  [HNO3] = 1 M  

 [min]  640⁸1280 

 [ mL]  3.2  

 [ mL/min]  0.25⁸0.5  

 0. 32⁸0.64 

 [K]  298 

 

╕√⁸HONTA ╩ כ꜡ⱨכⱣכ○√⇔ ◌ꜝⱶ ╩ ™≡ ⌂

─ ─ ╩ ⇔⁸ ─ⱳfiⱪ ⌐╟╢ ≤ ∆╢↓

≤⌐╟╡ ◒꜡ⱴ♩◓ꜝⱨ▫─ ⌐≈™≡ ╩ כ꜡ⱨכⱣכ○⁹√∫

◌ꜝⱶ │⁸ɫ 10×h 400 mm─○כⱪfi◌ꜝⱶ╩ ™ⱳfiⱪ ─◌ꜝⱶ ≤ ≢

HONTA ╩ ⇔⁸◌ꜝⱶ ⅛╠0. 25 mL/min─ ≤⌂╢╟℮⌐ ╩

⇔√⁹⌂⅔⁸ ⌐│Ce(й)⁸Nd(й)⁸Sm(й)⁸Eu(й)⁸Ru(й)╩ ╗0.02 M─HNO3⁸

⌐│0.02 M HNO3⁸ ⌐│1 M HNO3╩ ™√⁹ 4.2.2.2 - כ꜡ⱨכⱣכ○⌐2 ◌ꜝⱶ

─ ⁸ 4.2.2.2 - 4⌐◌ꜝⱶ ─ ╩ ∆⁹ 
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4.2.2.2 - כ꜡ⱨכⱣכ○ 2 ◌ꜝⱶ ─  

 

4.2.2.2 - כ꜡ⱨכⱣכ○ 4 ◌ꜝⱶ─  

◌ꜝⱶ  [ mm] f 10×h 400 
 [mm] 124.8 

 [ mL]  9.8  

 Ce(й)⁸Nd(й)⁸Sm(й)⁸Eu(й)⁸Ru(й)  

1  [ Metal]  = 0.1 mM⁸[HNO3]  = 0.02 M 

2  [HNO3] = 0.02 M  

3  [HNO3] = 1 M  

 [min]  1280 

 [ mL]  3.2  

 [ mL/min]  0.25 

 0. 32 

 [K]  298 

 

≤  

TOD2EHNTA┘ HONTA ─ ─  

4.2.2.2 - 3⌐ TOD2EHNTA ┘ HONTA ╩ ≤⇔√ ─

─ ╩ ∆⁹TOD2EHNTA ┘HONTA ≤╙⌐Ln(й) ┘Re(н)

⌐⅔™≡ ─ ⌐ ™ ⅜ ∆╢↓≤⅜ ↕╣√⁹╕√⁸Zr( к)⁸Mo(м)

┘ Pd(и)─ │⁸ ⌐╟╠∏™∏╣─ ⌐⅔™≡╙ ─ ™

╩ ∆↓≤⅜ ↕╣√⁹Ru(й)│ Ln(й)≤ ─ ╩ ∆⅜⁸Ln(й)╟╡ ™

╩ ∆↓≤⅜ ↕╣√⁹╕√⁸TOD2EHNTA ≤ HONTA ╩ ∆╢≤⁸

HONTA ─ ⅜ Ln(й)⌐ ⇔≡ ™ ╩ ∆↓≤⅜ ╠⅛≤⌂∫√⁹↓╣⌐

╟╡⁸HONTA ╩ ™╢↓≤≢ Ru(й) ─ ─ FP≤ Ln(й)╩ ⌐ ≢⅝╢

↓≤⅜ ↕╣√⁹ 
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(a)  TOD2EHNTA (b) HONTA 

4.2.2.2 - 3 ⌐ ∆╢ ─  

 

─◌ꜝⱶ ה  

4.2.2 .2 - 4⌐ ─ ╩ 0.02 M ┘ 0.2 M ≤⇔√ ─ HONTA ─◌ꜝ

ⱶ ╩∕╣∙╣ ∆⁹╕√⁸ 4.2.2.2 - 5 ⌐∕╣∙╣─ ─ ▬○fi─

╩ ∆⁹ ⌐ 0.2 M ╩ ™√◌ꜝⱶ ≢│⁸™∏╣─ ▬○fi╙

⌐ ⌂ Ⱨכ◒⅜ ↕╣√⁹ ⁸0.02 M ╩ ™√ │⁸Ru(й)│ 0.2 M 

≤ ⌐ ⌂ Ⱨכ◒⅜ ↕╣√⅜⁸Ln(й)│Ⱪ꜡כ♪⌂ Ⱨכ◒⌐ ⇔√⁹↓╣

│⁸ 4.2.2.2 - 3(b) ╟╡⁸HONTA │ ─ ⌐ ™ ─ ⅜

≢№╢√╘⁸0.2 M ≢│ Ln(й)│╒≤╪≥ ∑∏⌐ ↕╣√≤ ⅎ╠╣╢⁹↓─↓≤⅛

╠⁸Ln(й)╟╡╙ ™ ╩ ∆MA(й)≤│ ⌐ ≢№╢≤ ↕╣╢⁹╕√⁸

4.2.2.2 - 5 ╟╡⁸™∏╣─ ⌐⅔™≡╙⁸ ≡─ ▬○fi╩ ≢⅝╢↓≤⅜

↕╣√⁹↕╠⌐⁸0.2 M ⌐⅔™≡╙ ─ SiO2 ≢ ⇔√ TOD2EHNTA

┘ HONTA ⅛╠─ ─ │⁸ ≢ ™√ TOC ─

<30 ppm ≢№╡⁸ ⇔√ ─ 0.8 % ≢№╢↓≤⅜ ↕╣√⁹↓─↓≤⅛╠⁸ ╣

─ ╙ ⌐ ↕╣≡™╢↓≤⅜ ↕╣√⁹ 

 

  

0.02 M- HNO3 0.25 mL/min 0.2  M- HNO3 0.25 mL/min 

A ,  B ,  C ,  D  

4.2.2 .2 - 4 ⌐⅔↑╢HONTA ╩ ™√◌ꜝⱶ  
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4.2.2.2 - 5 ◌ꜝⱶ ⌐⅔↑╢ ─  

HNO3 [M] Ce(й) [%]  Nd(й) [%]  Sm(й) [%]  Eu(й) [%]  Ru(й) [%]  

0.02 105.5 105.1 101.2 103.7 86.9 

0. 2 108.9 106.6 105.3 107.5 113.4 

 

4.2.2.2 - 5 ⌐ ╩ ↕∑√ ─ HONTA ─◌ꜝⱶ ╩∕╣∙╣

∆⁹╕√⁸ 4.2.2.2 - 6 ⌐ ─ ▬○fi─ ╩ ∆⁹ ╩ ↕∑╢

↓≤≢Ru(й)≤ Ln(й)─ Ⱨכ◒─ ⌂╡⅜ ↕╣√⁹╕√⁸Ln(й)─ Ⱨכ◒⌐⅔™≡

⅜ 0.25 mL/min ─ ⅜ ⅛⌐Ⱨכ◒ ↕╣≡™╢↓≤⅜ ↕╣√⁹ ─◌ꜝⱶ

≢│⁸ ⅜ ⌂ 0.25 mL/min≢ ╩ ∫√⁹╕√⁸ 4.2.2.2 - 6╟╡⁸™

∏╣─ ⌐⅔™≡╙⁸ ≡─ ▬○fi╩ ≢⅝╢↓≤⅜ ╠⅛≤⌂∫√⁹ 

  

0.02 M- HNO3 0.25 mL/min 0. 02 M- HNO3 0.5 mL/min 

A ,  B ,  C ,  D  

4.2.2.2 - 5 ⌐⅔↑╢HONTA ╩ ™√◌ꜝⱶ  

 

4.2.2.2 - 6 ◌ꜝⱶ ⌐⅔↑╢ ─  

 [ mL/min]  Ce(й)  [%] Nd(й)  [%] Sm(й)  [%] Eu(й)  [%] Ru(й) [%]  

0. 25 105.5 105.1 101.2 103.7 86.9 

0. 5 116.0 114.7 106.5 111.7 109.0 

 

4.2.2.2 - 6⌐ HONTA ┘ TOD2EHNTA ╩ ™√◌ꜝⱶ ╩∕

╣∙╣ ∆⁹╕√⁸ 4.2.2.2 - 7⌐ ─ ▬○fi─ ╩ ∆⁹TOD2EHNTA

│⁸ ⌐⅔™≡ ─ ⌐ ≡─ ▬○fi─ Ⱨכ◒⅜ ↕╣

√⁹╕√⁸Ln(й)─ Ⱨכ♥│◒כꜞfi◓⅜ ↕╣⁸Nd(й) >Sm(й) >Ce(й)  = Eu(й)─ ≢

№∫√⁹↓╣│ 4.2.2.2 - 3⌐ ⇔√Ᵽ♇♅ ≤ ⌂ ╩ ⇔√⁹ ⁸HONTA

│⁸ ⌐⅔™≡ ─ ⌐Ru(й)─ ⌂ Ⱨכ◒⅜ ↕╣⁸

─ ≤≤╙⌐ Ln(й)─Ⱪ꜡כ♪⌂ Ⱨכ◒⅜ ↕╣√⁹↓╣│ 4.2.2.2 - 3⌐ ⇔√╟

℮⌐⁸ ⌐⅔™≡ Ln(й)│ HONTA ⌐ ⇔≡ ™ ╩ ∆√╘⁸

─ ⌐╟╡ ₁⌐ Ᵽfi♪⅜ ↕╣ ⌐ ∫√≤ ⅎ╠╣╢⁹╕√⁸ ⌐ ⇔√

╟℮⌐⁸NTA ⌐ ∆╢MA(й)─ │ Ln(й)╟╡╙ ™⅜⁸MA(й)Ln(й)

ⱪ꜡☿☻⅛╠─ ─ 0.1 0.5 M ≢ ∆╢≤ ─ ™
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TOD2EHNTA ╩ ™╢≤ Ln(й)≤ MA(й)⅜ ⌐ ↕╣⁸ ⅜ ⌐⌂╢≤ ↕

╣╢⁹╕√⁸ 4.2.2.2 - 7 ╟╡⁸HONTA │ Ru(й)╩ ↄ ▬○fi╩ ≢⅝⁸

TOD2EHNTA │ ≡─ ▬○fi╩ ≢⅝╢↓≤⅜ ╠⅛≤⌂∫√⁹ 

 

  

0.02 M- HNO3 0.25 mL/min_HONTA 0. 02 M- HNO3 0.25 mL/min_TOD2EHNTA 

A ,  B ,  C ,  D  

4.2.2.2 - 6 HONTA ┘ TOD2EHNTA ╩ ™√◌ꜝⱶ  

 

4.2.2.2 - 7 ◌ꜝⱶ ⌐⅔↑╢ ─  

 Ce(й) [%]  Nd(й) [%]  Sm(й) [%]  Eu(й) [%]  Ru(й) [%]  

HONTA 105.5 105.1 101.2 103.7 86.9 

TOD2EHNTA 104.9 110.6 104.8 100.8 102.9 

 

4.2.2.2 - 7 ⌐ⱳfiⱪ ┘ ⌐╟╢◌ꜝⱶ ╩∕╣∙╣ ∆⁹╕√⁸

4.2.2.2 - 8 ⌐ ⌐╟╢ ▬○fi─ ╩ ∆⁹ⱳfiⱪ ≤ ─ ⱪ꜡ⱨ□

▬ꜟ│╒╓ ≤⌂╢↓≤⅜ ↕╣√⁹↕╠⌐⁸ ▬○fi─ ╙ ≢№╡⁸

≢ ⇔√ HONTA ╩ ™╢↓≤≢ ⌐╟∫≡╙ ╩ ≢⅝╢↓≤⅜ ↕╣

√⁹╕√⁸ 4.2.2.2 - 8 ╟╡⁸ ⌐╟╢◌ꜝⱶ ⌐╟∫≡╙⁸ ▬○fi─

│ⱳfiⱪ ≤ ⌐ ≢⅝╢↓≤⅜ ╠⅛≤⌂∫√⁹ ⅛╠⁸ ≢ ⇔√

HONTA ╩ ™╢↓≤≢⁸ ◒꜡ⱴ♩◓ꜝⱨ▫─ ─ ⅜ ↕╣√⁹ 

  

ⱳfiⱪ  0.02 M- HNO3 0.25 mL/min  0.02 M- HNO3 0.25 mL/min 

A ,  B ,  C ,  D  

4.2.2.2 - 7 ⱳfiⱪ ┘ ⌐╟╢HONTA ╩ ™√◌ꜝⱶ  
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4.2.2.2 - 8 ◌ꜝⱶ ⱳfiⱪ ┘ ⌐⅔↑╢ ─  

 Ce(й) [%]  Nd(й) [%]  Sm(й) [%]  Eu(й) [%]  Ru(й) [%] 

ⱳfiⱪ  105.5 105.1 101.2 103.7 86.9 

 109.2 114.1 111.5 109.9 91.4 

 

╕≤╘ 

┼─ ╛ ─ ╩ ♪ꜟכ◖─╘√╢∆ ┘ RI ╩

⇔√⁹ FP ┘MA(й)╩ ╪∞ ╩ ⌐⁸4.2.1  ≢ ≤

⌂╢ HONTA ┘ TOD2EHNTA╩ ↕∑√ ╩ ™≡ ╩Ɽꜝⱷכ♃≤⇔√ RI

♪ꜟכ◖┘ ╩ ⇔⁸ ╛ ─ ╩ ∆╢↓≤≢ⱨ꜡כ◦כ♩─ ה

⌐ ⇔√⁹ 

─ │ TOD2EHNTA ⌐ ═≡ HONTA ─ ⅜╟╡ ⅝ↄ⁸™∏

╣─ ⌐⅔™≡╙⁸Mo(м)│ ™ ⌐⅔™≡ ™ ╩ ∆ ⁸

Re(н)│ Ln(й)≤ ⌐ ─ ⌐ ™ ⅜ ∆╢↓≤╩ ⇔√⁹ ⅛

╠─ ─ │™∏╣╙ ≢│⌂™↓≤╩ ⇔√⁹↓─ ╩ ╕ⅎ⁸ FP ≤≤

╙⌐ MA(й)╩ ╗ ╩ ™√ RI ⌐╟╡ ─ ╩ ⇔⁸MA(й)≤

≤─ ─ ⅜ ╙ ⅝ↄ⌂╢ ╩ ∆≤≤╙⌐⁸HONTA ╩ ™√ ≢

─◌ꜝⱶ ⌐╟╡ ◒꜡ⱴ♩◓ꜝⱨ▫─ ╩ ⇔√⁹ 

 

4.2.3   

┘ ⅜ ⌐ ⅎ╢ ╩ ∆╢√╘⁸ ⱷ◌♬☼ⱶ⌐≈

™≡ ─ ⅛╠ ∆╢↓≤╩ ≤⇔⁸IBIL ┘ EXAFS╩ ™√ ╩

⇔√⁹ 3 │⁸TOD2EHNTA┘ HONTA ╩ ↕∑√ ⌐⁸MA(й) Ln(й)

ⱪ꜡☿☻╟╡ ╠╣╢ ╩ ⇔⁸Ln(й)≤ ─ FP ╩ ⇔≡ ↕∑√ ╩ ⌐⁸

IBIL ┘ EXAFS ╩ ⇔√⁹ 2 ⌐ ⅝ ⅝⁸↓╣╕≢⌐ ╠╣≡™╢ ╩ ╕ⅎ⁸

Eu(й) - NTA▪Ⱶ♪ ⌐≈™≡ ╩ ™⁸ ─ ─ ⅛╠ ה ⱷ◌♬

☼ⱶ⌐≈™≡ ╩ ∫√⁹ ─ ≢№╢♂ꜟ◕ꜟ ⌐╟∫≡ ⇔√◦ꜞ◌ ⱬ

─☻כ ⌐ ⅎ⁸ 3 ⌐ ⇔√ ╩ ™√ ⌐≈™≡╙ ∑≡ ╩

∫√⁹ 

 

IBIL  

IBIL │↓╣╕≢─ ⌐╟╡⁸3 MeV⌐ ⇔√H+ ≢│Eu(й)─ ─╖⅜ ⌐

╠╣╢↓≤⅜ ⅛∫≡™╢⁹ ≢│⁸Eu(й) ╩ ↕∑√╙─⁸ ┘ Zr(к)⁸Mo(м)⁸

Pd(и)⁸Re(н)╩ ⌐≡ ↕∑√╙─⌐≈™≡⁸H+ⱦכⱶ ⌐╟∫≡ ∆╢ ─

╩ ∫√⁹╕√ ─√╘⁸∕╣∙╣─ ⅜ ≢ ⇔≡™╢ ─ ╙♃כ♦

⇔√⁹ 

 

 

♂ꜟ◕ꜟ ╩ ™≡ ⇔√ ─ ⌐ HONTA╩ ⇔√ ⁸ 2 ⌐
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╩ ⇔√ SiO2 ╩ⱬכ☻≤⇔√ ─HONTA ⌐≈™≡⁸ ─ ≢

⇔√ ⅛╠ ▬○fi╩ ↕∑√⁹↓╣╠─ ─ IBIL ╩ ∆╢↓≤≢⁸

⅜ IBIL ☻Ɑ◒♩ꜟ⌐ ╓∆ ╩ ⇔√⁹╕√⁸ ─ TOD2EHNTA ⌐≈™

≡╙ ▬○fi╩ ↕∑≡ ╩ ℮↓≤≢⁸ ⅜ ☻Ɑ◒♩ꜟ⌐ ⅎ╢ ╩

⇔√⁹ ⇔√ ─ ╩ 4.2.3.1 - 1⌐ ∆⁹ 

IBIL │⁸ ─ TAKASAKI ION ACCELERATORS for 

ADVANCED RADIATION APPLICATION (TIARA)─◦fi◓ꜟ◄fi♪ ⌐ ↕╣√ⱴ▬◒꜡ⱦכⱶ

ꜝ▬fi─ Ion Luminescence Microscopic Imaging and Spectroscopy (ILUMIS) ╩ ™≡ ⇔

√⁹ ─ ╩ 4.2.3.1 - 1⌐ ∆⁹3 MeV⌐ ⇔√H+╩ 1  µm⌐ ↕∑≡

⌐ ⇔√ ⌐ ⇔⁸ ☻Ɑ◒♩ꜟ╩ⱨ◊♩fi◌►fi♥▫fi◓Ⱬ♇♪╩ ⇔√UV- Vis

⌐╟∫≡ ⇔√⁹ │◌ⱪ♩fi ⌐ ∆╢ ⅜№╡⁸ ⌐≈™≡│

⌐ ≢ ⇔√╙─╩ ≤⇔√⁹ 3 ⌐ ⇔√ ⌐≈™≡│⁸1 ╩Ⱳfi♪

≢ ⌐ ⇔⁸ ╩ ∫√⁹ 

 

4.2.3.1 - 1 IBIL ╩ ⇔√ ─  

    

HONTA  : Pd ( и) ⁸Mo(м) ⁸Zr( к) ⁸
Re(н)⁸Eu(й)  

0.1 M 

Zr( к ) - Eu( й ) ⁸Mo( м ) -
Eu(й)⁸Pd(и) - Eu(й)  

0.1⁸0.5⁸1 M 

Re(н) - Eu(й)  0.1 M 

Zr( к ) - Sm( й ) ⁸Mo( к ) -
Sm(й)⁸Pd(и) - Sm(й)  

0.1⁸0.5⁸1 M 

 Zr(к) - Eu(й)⁸Mo(м) - Eu(й)  0.1 M 

TOD2EHNTA  Eu(й)  0.1 M 

Mo( м ) - Eu( й ) ⁸Zr( к ) -
Eu(й)⁸Pd(и) - Eu(й)  

0.1 M 
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4.2.3.1 - 1 ILUMIS─  

┘  

─  

⌐HONTA╩ ⇔√ ⌐ Eu(й)⁸Zr (к)⁸Mo(м)⁸Pd(и)⁸Re(н)╩

⌐≡ ↕∑√ ⌐≈™≡ ╠╣√ IBIL ☻Ɑ◒♩ꜟ╩ 4.2.3.1 - 2⌐ ∆⁹↓↓≢⁸

│ Eu(й)─ 620 nm─ ™ ─ ≢ ⇔√⁹Eu(й) ─ ─ │ ↕╣⌂⅛∫

√⁹⇔√⅜∫≡ ⌐⅔™≡☻Ɑ◒♩ꜟ─ ⅜ ⇔√ ⁸ ─ ⌐╟∫≡

Eu(й)─ ⅜ ⇔√↓≤⌐ ∆╢≤ ⅎ╠╣╢⁹ ↕╣√ │ Eu(й)─ 4f 6

⌐ ∆╢ ≢№╡⁸ ≤◄Ⱡꜟ◑כ ─ │ 4.2.3.1 - 3 ⌐ ∆ ╡≢№╢⁹

─ │ ⌐ ∆ ╡≢№╢( 13)⁹ 

5D0ќ7F1 ≤│╒╓  

5D0ќ7F2 ⌐ ⁸Eu⅜ ⌐™╢ ⌐ ⇔⌂™ 

5D0ќ7F3 ─ ≢  

5D0ќ7F4 ™ↄ≈⅛─ Cn, D n ╩ ≈ ⌐  

5D0ќ 7F5 , 
7F6 ⅜ ↄ⁸ ⌂ │ ╠╣ ™ 

4.2.3.1 - 2≢ ⌐ ≢ ↕╣√ 590⁸617⁸700 nm ─ │∕╣∙╣ 5D0ќ7F1⁸

5D0ќ7F2⁸5D0ќ7F4 ⌐ ∆╢≤ ↕╣√⁹700 nm ─Ᵽfi♪ ─ ⅜ ≤─ ⅜

№╢↓≤⅛╠⁸ ≢│ ─ ⌐ ⇔≡ ╩ ╘╢⁹ 

─ ≢│⁸ ─ ≤≤╙⌐ ⅜ ⇔⁸Eu(й)─ ⅜ ⇔≡™

╢↓≤⅜ ≢⅝√⁹ ─ HONTA ⌐⅔↑╢⁸ ─ ─ ☻Ɑ◒♩ꜟ╩

4.2.3.1 - 4⌐ ∆⁹↓↓≢ ╙ ─ ⅝™⁸ 0.1 M ─╙──╖ ⇔√⁹5D0ќ7F4

─☻Ɑ◒♩ꜟ⌐≈™≡⁸Eu ─╙─│ 690≤ 700 nm⌐ 2≈─Ⱨ⁸700╡№⅜◒כ nm─

─ ⅜ ™≤ ⅎ╢⁹ ≢⁸Mo(м)╕√│ Zr (к)⅜ ⇔√ ⌐≈™≡│⁸690 nm─Ⱨכ◒

─ ⅜ ⌐ ↄ⌂╡⁸Pd ≢│ 690≤ 700 nm─Ⱨכ◒─ ⅜╒╓ ⇔ↄ⌂∫√⁹Re(н)

│ ≤╒╓ ∂ ─☻Ɑ◒♩ꜟ⅜ ╠╣√⁹ ─ ™⌐╟∫≡⁸☻Ɑ◒♩ꜟ
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⌐ ⌂ ⅜ ╠╣⁸Eu(й) ╡─ ─ ⅜ ⇔≡™╢↓≤⅜ ↕╣╢⁹

─ ≤⇔≡│⁸Eu(й)≤ ⇔≡™╢ ≤≢ NTA▪Ⱶ♪╛ ▬○fi╩ ∆╢↓≤

≢⁸Eu(й) ⅛╠ ⅜ ⇔≡™╢ ⅜ ⅎ╠╣╢⁹ 

 

4.2.3.1 - 2 HONTA ⌐⅔↑╢ ─  

 

4.2.3.1 - 3 Eu(й)  (4f 6)─◄Ⱡꜟ◑כ  
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4.2.3.1 - 4 HONTA ⌐⅔↑╢ ─  

 

─  

┘ ─ HONTA ⌐≈™≡ ╠╣√⁸Zr (к) - Eu(й) ┘

Mo(м) - Eu(й) ─ IBIL ☻Ɑ◒♩ꜟ╩  4.2.3.1 - 5⌐ ∆⁹ ─Mo(м) - Eu(й)

≢│⁸ ⌐ ⅜ ↄ⌂╡⁸Eu(й) ─ ─ 5D0ќ7F1 ┘ 5D0ќ7F4 ─ │

≤⌂∫√⁹↓╣│ Mo(м) ⌐⅔↑╢ Eu(й) ⅜ ↕™↓≤⅜ ≢№╢≤ ⅎ╠╣

╢⁹ Zr (к) - Eu(й) ≢│ ⌐≈™≡╙ ─ ™☻Ɑ◒♩ꜟ⅜ ╠╣⁸ ≢

☻Ɑ◒♩ꜟ ⌐ ⌂ ⅜⌂™↓≤⅜ ≢⅝√⁹Zr (к) ─☻Ɑ◒♩ꜟ╩ ╢ ╡⁸

I BIL ☻Ɑ◒♩ꜟ┼─ ─ │ ⅝ↄ⌂™≤ ⅎ╠╣╢⁹ 

 

   

 4.2.3.1 - 5 HONTA ⌐≈™≡ ╠╣√ PIXE☻Ɑ◒♩ꜟ 

 

─  

─ ⌐HONTA╕√│TOD2EHNTA╩ ⇔√ ⌐⅔↑╢⁸Mo(м) - Eu(й) ┘Zr (к) -

600 700
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Eu(й) ─ IBIL ☻Ɑ◒♩ꜟ╩ 4.2.3.1 - 6⌐ ∆⁹Mo(м) - Eu(й) ⁸Zr (к) - Eu(й) ≤╙

⌐⁸ ─ ™│№╢╙──⁸ ─ IBIL ☻Ɑ◒♩ꜟ ┼─ │ ↕╣⌂⅛

∫√⁹ ⇔√ ⌐⅔™≡⁸NTA▪Ⱶ♪ ─ │ ⌐ ╩ ⅎ⌂™≤

ⅎ╠╣╢⁹ 

 

   

4.2.3.1 - 6 ≢ ╠╣√Mo(м) - Eu(й) ┘ Zr (к) - Eu(й) ─ 

IBIL ☻Ɑ◒♩ꜟ 

 

EXAFS  

 

≤⇔≡⁸ ⌐ HONTA╩ ↕∑√ ⁸ HONTA ≤

⁹⁸ ┘ ⌐ HONTA№╢™│ TOD2EHNTA╩ ↕∑√ ⁸∕╣∙╣

HONTA ┘ TOD2EHNTA ≤ ⁹ ╩ ™√⁹Ln(й) ≤⇔≡⁸

Nd(й)⁸Sm(й)⁸Eu(й) ┘ Y(й)╩∕╣∙╣⁸№╢™│ Zr(к)⁸Mo(м)⁸Pd(и)⁸Re(н)≤╩

↕∑√ ╩ ⇔√⁹ ▬○fi╩ 20 mM ∆╢ 0.1⁸0.5⁸1 M ⌐≈

™≡⁸ 1:10 ≢ 3 ≤℮⇔√╙─╩⁸ ⌐⅛↑⁸ ╩ ⇔√╙─╩

⇔√⁹ ─ ╩ 4.2.3.2 - 1⌐ ∆⁹ 

Ln(й) ┘ Re(н)─ L3 ⁸ ┘⌐Zr(к)⁸Mo(м)⁸Pd(и)─ K ╩ ™√ ⌐⅔™

≡│⁸ ╕√│ ≢⁸ⱳꜞ ⌐∕─╕╕ ╩ ╣≡ ⇔√⁹ │ ◄Ⱡꜟ

כ◑ ─ BL27Bⱦכⱶꜝ▬fi⁸ ┘ AichiSR ─ BL11S2ⱦכⱶꜝ▬fi⌐≡ ⇔√⁹

Ln(й)─ K ╩ ™√ ≢│⁸Ln(й)≤ Zr(к)⁸Mo(м)⁸Pd(и)╩ ↕∑√ ╩ⱳꜞ

◄♅꜠fi ─ ☿ꜟ№╢™│ 9 mL ╡─ⱳꜞ ⌐ ╣√╕╕⁸ ⌐≡ ⇔√⁹ │

SPring - 8 ─ BL22XUⱦכⱶꜝ▬fi⌐≡ ⇔√⁹ ⌐│ FEFF8.0◖כ♪ ⌐╟╡ ◦ⱨ♩

≤ ╩ ⇔√ ╩ ⇔≡⁸WinXASver3.0 ⌐╟╡ Ɽꜝⱷכ♃╩ ™√⁹ 

 

≤  

Zr(к)⁸Mo(м)⁸Pd(и)⁸Re(н)╩ ╘√ ─  

4.2.3.2 - 1⌐⁸ HONTA ─ 0.1 M ⌐≡ ╩ ≢ ↕

∑√ ─ ╩ ∆⁹Ln(й)⌐ ⇔≡│⁸Ln(й) - O ─ ╩ ∆Ⱨכ◒⅜

Nd(й)⁸Sm(й)⁸Eu(й)⁸Y(й)≤⌂╢⌐ ™ ⌐◦ⱨ♩⇔≡⅔╡⁸ ⌂ꜝfi♃ⱡ▬♪
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─ ⅜ ╘╠╣╢⁹Ln(й) ─ │⁸∕╣╠─≥╣╙⅜ ΊO─ ≤─

╩ ∆Ⱨכ◒⅜ ─ Y(й)─ ╟╡╙↕╠⌐ ↄ⌂╡⁸Pd(и)⁸Zr(к)⁸Re(н)⁸

Mo(м)─ ≢ ↄ⌂∫≡™╢↓≤⅜ ⅛╢⁹ 

4.2.3.2 - 2 ⌐ⱨ▫♇♥▫fi◓⌐╟∫≡ ╠╣√ ─ ─ Ɽꜝⱷכ♃╩╕≤╘

≡ ∆⁹Ln(й) - O─ ⁸ ┘⌐⁸ - O─ ─ ─ │ ⌐╟╢

≤ ≢№╡⁸∕╣╠│∕╣∙╣─ ▬○fi─ ⅝↕─ ≤│Mo(м)╩ ™≡

≢№∫√√╘⁸Mo(м) │ ≤ ─ ╩ ∫≡ ⇔≡™╢╙─≤ ↕╣╢⁹

Ln(й)─ ╡─O─ │Nd(й)⁸Sm(й)⁸Eu(й)⁸Y(й)≤ ⅜ ↄ⌂╢⌐ ™ ╙

↕ↄ⌂╡⁸↕╠⌐ ⌐ ∆╢ Zr(к)⁸Re(н)⁸Pd(и)─ │↕╠⌐ ↕ↄ⌂∫≡™

╢⁹Mo(м)⌐ ⇔≡│⁸EXAFS ⅜ ↕ↄ⁸ⱨ▫♇♥▫fi◓─ ⅜ ⅜╠⌂⅛∫√√╘⁸Mo(м)

╡─ Ɽꜝⱷכ♃⌐ ∆╢ ⌂ ⅛╠│ ∆╢↓≤≤⇔√⁹ ─ Ɽꜝⱷכ

♃─ ⌐≈™≡│⁸ ⌐≈™≡│ ⅜ ∆╢≤ ⅜ ⌐№

╡⁸↓╣│ ─ ≤ ⅜ꜞfi◒⇔≡™╢⁹ ⁸Zr(к)⁸Mo(м)⁸Pd(и)│ ─

⅜ ↕ↄ⁸ ─ ╙ ↕⅛∫√⁹ 

 

⌐╟╢  

4.2.3.2 - 2 ⌐ 0.1 M ─ ≢ ≤℮⇔√ HONTA ⌐ ↕╣√

Ln(й) Nd(й)⁸Sm(й)⁸Eu(й) ─ ╩ ∆⁹ 4.2.3.2 - 3 ⌐⁸Ln(й) ─

⌐ ⇔√ ─ ╩ ∆⁹Ln(й)⅜ ↄ ↕╣╢ ≢№╢ 0.1 M ♃כ♦─

⌐ ⇔≡ⱨ▫♇♥▫fi◓ ╩ ⇔√⁹ 4.2.3.2 - 3⌐⁸ ╠╣√ Ɽꜝⱷכ♃╩ ∆⁹ 

≤ ─ Ɽꜝⱷכ♃─ ─√╘⁸ 4.2.3.2 - 4 ⌐⁸ ≤ ≤─

─ ╩ ∆⁹Ln(й) - O─ │ Zr(к)⁸Pd(и)⅜ ⇔≡╙∕╣╒≥ ⅜⌂™⅜⁸Mo(м)

⅜ ∆╢ │ ⇔≡™╢ ⅜ ⅎ╢⁹↓╣⌐╟╡⸗ꜞⱩ♦fi ▬○fi⅜ Ln(й)≤

≤─ ─ ╩ ↕∑╢ ⅜№╢↓≤⅜ ⅛╢⁹ ⁸Zr(к)⁸Pd(и)─ Ln(й)╩

↕∑≡╙ ⌐╒≤╪≥ ⅜⌂™⁹↓╣⌐╟╡⁸▬○fi ─ ↕™ Zr(к)╛ Pd(и)│⁸╟╡

HONTA⌐ ™ ⌐ ⇔⁸Ln(й)─ ╩ ⇔≡™╢↓≤⅜ ⅎ╠╣╢⁹ 

4.2.3.2 - 5 ⌐⁸ ─ ─ ╩ ∆⁹Ln(й) ─ │ ⌐

═≡ ─┌╠≈⅝⅜ ⅝ↄ⌂∫≡⅔╡⁸ ∆╢↓≤│ ≢№╢⁹Eu(й)─ │ L3≢

╙ ─ ⅜≢⅝⁸ ⌐ ⅜⌂™↓≤⅜ ╦╣╢⁹ Zr(к)⁸Pd(и)─ │

⌐╟╡⁸ ─ ⅜ ╘╠╣╢⁹ 

╟╡⁸Ln(й) ─ │⁸Zr(к)⁸Mo(м)⁸Pd(и) ⌐╟╡⁸ ⁸ ⌐↕╒≥

╩ ↑⌂™⅜⁸Zr(к)⁸Pd(и) ─ │ Ln(й) ⌐╟╡⁸ ⅜ ∆╢ ⌐№╢⁹

↓╣│⁸↓╣╠ ▬○fi ≢ ▬○fi╩ ⇔⁸⅛≈▬○fi≤⇔≡─ ─ ↕™ Zr(к)⁸

Pd(и)⌐ ⇔≡⁸ ─ ⅝™ Ln(й) ⌐ ▬○fi⅜ ⅝ ↑╠╣╢↓≤≢ Zr(к)⁸Pd(и)─

⅜ ⇔√╙─≤ ↕╣╢⁹ 

4.2.3.2 - 6│ ─ ⌐≡ ╩ ↕∑√ ╩ 0.1 M ⌐≡ ⇔√

─ ╩⁸ 4.2.3.2 - 4 ⌐⁸∕╣╠─ ╟╡ √ Ɽꜝⱷכ♃╩∕╣∙╣ ∆⁹Zr

─ │⁸Eu(й)⅜ ↕╣√√╘ Zr(к)─ ╡─ │ ⇔⁸Zr(к) ─

─ Ɽꜝⱷכ♃⌐ ≠ↄ ⁸Re(н)─ │⁸Eu(й)⅜ ↕╣∏⌐ ∫√√╘Re(н)
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─ ─ │ ↕⅛∫√⁹↓─╟℮⌐ Zr(к)─╟℮⌂ ⅜ ∆╢≤⁸ Ln(й)⅜ ∆

╢√╘─◘▬♩╩ ←↓≤≤⌂╡⁸ ⇔⌂™╕╕ ─ ╩ ℮≤ ⅜ ⇔≡⇔╕℮

↓≤⅜ ↕╣╢⁹⇔√⅜∫≡⁸◌ꜝⱶ─ ─ ⅛╠│⁸1 ◘▬◒ꜟ─ ≢ ⇔√ Zr

╩ ∆╢√╘─ ─ ⅜ ≢№╢↓≤⅜ ↕╣╢⁹ 

 

⌐╟╢ ┘ ≤─  

4.2.3.2 - 7⌐ ─√╘Re(н)╩ ⇔√ ╩ ∆⁹ ⅜ ∆╢↓≤

≢ ─ ⅜ ∆╢√╘⁸ ╠╣√ ╙ ⌂╙─≤⌂╡⁸Ⱪ꜡כ♪⌐⌂∫≡™

╢⁹⅛╤℮∂≡ 0.1 M─ │Ⱨכ◒⅜ 1≈⌐⌂∫≡™╢⅜⁸Ⱪ꜡⁸≡™≡∫⌂⌐♪כ↓╣│

⅜ ↕ↄⱨ▫♇♥▫fi◓⌐⅔↑╢ ⌐⅔↑╢ ╠⅞─ ⅝↕⌐≈⌂⅜∫≡™╢⁹ 

4.2.3.2 - 8 ⌐⁸ TOD2EHNTA ⌐ ↕∑√ ─ ╩ ∆⁹

╛ ⌐ ⇔≡ ⅜ ⇔≡⅔╡ ⌂ ⅜ ≢№╢⅜⁸ 2 ⁸

─ ┼─ │ ≢│⌂™≤ ⅎ╠╣╢⁹ ≢⁸ ─ ⌐≈™≡│⁸

4.2.2.2 - 3⌐ ∆╟℮⌐ ─ ™⅜ ≢№╡⁸ ⌐ ⅜ ╠╣√⁹ 

♪♦◌fi ⌐ ⇔√HONTA ≢ 0.1 M─ ⅛╠ ⇔√ ─ Ɽꜝⱷכ♃

╩ 4.2.3.2 - 5 ⌐ ∆⁹ ≤ ∆╢≤⁸ ─ │ ⅜ ⌐⌂╢≤ ⇔⁸

Pd╛ Zr │ ≢│╗⇔╤ ⇔≡™╢⁹2≈─ ≢ ≤ Zr ─ ≢ ─ ⅜

⇔≡™╢↓≤╩ ⇔≡™╢⁹ 
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4.2.3.2 - 1 NTA▪Ⱶ♪ ─ ≤℮  

 HONTA  
HONTA  

 

TOD2EHNTA  

 

/        

 

Nd(й)  

Sm(й)  

Eu(й)  

Y(й)  

Zr(к)  

Mo(м)  

Pd(и)  

Re(н)  

Zr(к) -

Nd(й)  

Zr(к) -

Sm(й)  

Zr(к) -

Eu(й)  

Mo(м) -

Nd(й)  

Mo(VI) -

Sm(й)  

Mo(м) -

Eu(й)  

Zr(к) -

Eu(й)  

Mo(м) -

Eu(й)  

Zr(к) -

Nd(й)  

Zr(к) -

Sm(й)  

Mo(м) -

Nd(й)  

Mo(VI) -

Sm(й)  

Pd(и) -

Nd(й)  

Pd(и) -

Sm(й)  

Pd(и) -

Eu(й)  

Re(н) -

Nd(й)  

Re(н) -

Sm(й)  

Re(н) -

Eu(й)  

Re(Vи)  

Zr(к) -

Nd(й)  

Zr(к) -

Sm(й)  

Zr(к) -

Eu(й)  

Mo(м) -

Nd(й)  

Mo(м) -

Sm(й)  

Mo(м) -

Eu(й)  

Nd(й)  

Sm(й)  

Eu(й)  

Zr(к)  

Mo(м)  

Pd(и)  

Zr(к) -

Nd(й)  

Zr(к) -

Sm(й)  

Zr(к) -

Eu(й)  

Mo(м) -

Nd(й)  

Mo(м) -

Sm(й)  

Mo(м) -

Eu(й)  

Pd(и) -

Nd(й)  

Pd(и) -

Sm(й)  

Pd(и) -

Eu(й)  

( mM)  
20 10- 10 

5- 15⁸ 

15- 5 

5- 15⁸ 

15- 5 
10- 10 20 10- 10 20 10- 10 

 1:10 

( h)  
3 

( M)  
1⁸0.5⁸0.1 0.1 

Ɫ♇♅fi◓│  

 

 

4.2.3.2 - 1 ⌐╟╡ ≤℮⇔√ ─  

             HONTA  
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4.2.3.2 - 2 HONTA ─ ⌐⅔↑╢ Ɽꜝⱷכ♃ 

   
(М)  

Residual sigma^2 E0 shift  
 

Zr(к)  

0.1 4.89 2.21 3.943 0.007 1.726  

0.5 4.36 2.21 0.388 0.003 - 2.152  

1 4.05 2.21 2.526 0.003 - 2.063  

Mo(м)  

0.1 1.44 1.85 6.102 0.017 5.622  

0.5 2.36 1.99 10.913 0.030 22.267  

1 5.97 1.99 12.755 0.048 22.842  

Mo(м) * 

0.1 4.19 1.90 5.082 0.001 - 74.994  

0.5 3.82 1.87 5.099 0.001 - 82.593  

1 4.12 1.94 5.314 0.001 - 61.185  

Re(н)  

0.1 6.07 1.92 12.794 - 0.003 - 17.937  

0.5 6.14 1.87 12.647 - 0.008 - 24.899  

1 6.23 1.87 16.315 - 0.005 - 26.399  

Pd(и)  

0.1 1.47 1.66 5.595 0.016 40.493  

0.5 3.57 1.99 4.848 0.008 1.669  

1 3.58 1.99 6.705 0.010 0.584  

Sm(й)  

0.1 8.76 2.48 2.567 0.013 3.576  

0.5 7.21 2.47 2.346 0.014 2.653  

1 6.13 2.46 5.046 0.007 1.869  

Nd(й)  

0.1 9.81 2.52 4.480 0.014 4.322  

0.5 6.17 2.50 6.765 0.008 3.533  

1 6.08 2.56 5.526 0.012 6.042  

Eu(й)  

0.1 8.37 2.43 1.764 0.011 4.226  

0.5 6.37 2.37 19.036 0.005 - 0.963  

1 6.05 2.45 2.103 0.011 4. 219  

Y(й)  

0.1 5.96 2.38 3.641 0.008 - 0.158  

0.5 5.99 2.36 2.411 0.007 - 2.919  

1 5.97 2.36 6.035 - 2.335 - 2.335  

Mo(м)│⸗ꜞⱩ♦fi ▪fi⸗♬►ⱶ⁸Mo(м) *│⸗ꜞⱩ♦fi ♫♩ꜞ►ⱶ╩ ≤⇔≡ ≤℮⇔√
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4.2.3.2 - 2 Nd(й)⁸Sm(й)⁸Eu(й) ⌐ ⇔√ ─  

 

 
 

4.2.3.2 - 3 Zr(к)⁸Mo(м)⁸Pd(и) ⌐ ⇔√ ─  
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4.2.3.2 - 3 HONTA ─ ⌐⅔↑╢ Ɽꜝⱷכ♃ 

 

    
(М)  

Residual sigma^2 E0 shift  
 

Zr(к) -

Nd(й)  

Zr(к)  0.1 3.76 2.21 2.111 0.002 1.442  

Nd(й)  0.1 13.33 2.56 9.561 0.040 4.257  

Zr(к) -

Sm(й)  

Zr(к)  0.1 4.23 2.20 1.456 0.004 0.812  

Sm(й)  0.1 2.79 2.44 14.570 0.017 - 0.539  

Zr(к) -

Eu(й)  

Zr(к)  0.1 4.36 2.20 0.525 0.004 0.378  

Eu(й)  0.1 6.36 2.46 2.379 0.008 6.147  

Mo(м) -

Nd(й)  

Mo(м)  0.1 1.70 1.98 6.554 0.016 15.193  

Nd(й)  0.1 4.08 2.40 4.665 0.004 - 0.462  

Mo(м) -

Sm(й)  

Mo(м)  0.1 2.39 2.09 13.551 0.094 19.893  

Sm(й)  0.1 3.96 2.40 5.109 0.003 - 0.155  

Mo(м) -

Eu(й)  

Mo(м)  0.1 1.51 1.75 7.770 0.001 - 12.566  

Eu(й)  0.1 9.95 2.43 2.222 0.017 3.257  

Mo(м) -

Nd(й)  

Mo(м)  0.1 3.45 1.91 4.24 0.001 - 72.28  

Nd(й)  0.1 6.09 2.48 9.77 0.001 3.80  

Mo(м) -

Sm(й)  

Mo(м)  0.1 3.47 1.88 6.66 0.001 - 81.69  

Sm(й)  0.1 5.22 2.46 9.87 0.001 2.71  

Mo(м) -

Eu(й)  

Mo(м)  0.1 4.05 1.88 4.46 0.001 - 81.14  

Eu(й)  0.1 4.67 2.43 9.79 0.001 4.09  

Pd(и) -

Nd(й)  

Pd(и)  0.1 3.33 1.97 6.045 0.010 - 0.565  

Nd(й)  0.1 9.20 2.50 4.264 0.017 3.204  

Pd(и) -

Sm(й)  

Pd(и)  0.1 3.26 1.97 5.731 0.009 - 2.224  

Sm(й)  0.1 5.29 2.51 1.619 0.011 5.676  

Pd(и) -

Eu(й)  

Pd(и)  0.1 3.73 1.99 4.632 0.008 - 1.544  

Eu(й)  0.1 9.13 2.44 3.266 0.017 4.048  
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4.2.3.2 - 4 Ln(й) - O ⁸Zr(к)⁸Mo(м)⁸Pd(и) - O ─ ─  

 

 

4.2.3.2 - 5 Ln(й) ⁸Zr(к)⁸Mo(м)⁸Pd(и) ─ ─ ─  
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4.2.3.2 - 6 ─ Zr⁸ Re  

 

4.2.3.2 - 4 ─ ╟╡ ╠╣√ Ɽꜝⱷכ♃ 

    sigma^2 
E0 

shift  
Residual 

Zr(к)  
 4.36  2.20  

0.004 
0.38  0.52  

 4.84  2. 18  - 0.78  16.45  

Re(н)  
 6.21  2.09  

0.008 
39.87  41.89  

 5.89  2.15  49.98  35.45  

 

 

4.2.3.2 - 7 HONTA ┘ HONTA ⌐ ↕∑√Re─ 
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4.2.3.2 - 8 TOD2EHNTA ⌐ ↕∑√ ─  

 

4.2.3.2 - 5 ♪♦◌fi ─HONTA ─ Ɽꜝⱷכ♃ 

   sigma^2 E0 shift  

Eu(й)  7.57  2.31  0.001 15.62  

Nd(й)  6.25  2.38  0.006 - 2.14  

Pd(и)  5.60  2.02  0.006 - 0.53  

Y(й)  6.19  2.37  0.003 - 9.03  

Zr(к)  5.91  2.21  0.004 2.04  

 

IBIL ┘ EXAFS─ ╩ ╕ⅎ√  

IBIL ─ ≢│ ─ ⌐╟∫≡ ⌐⅔↑╢ Eu(й) ╡─ ⅜ ∆╢↓≤⅜

↕╣≡⅔╡⁸EXAFS─ ≢│ ₁─ ─ ⌐╟∫≡ Ln(й)─ ⌐ ⅜

╠╣╢↓≤⅜ ⅛∫√⁹↓╣╠─ ╩ ⌐ ⇔⁸ ⸗♦ꜟ╩ ∆╢√╘⁸

⌐╟╢ ┘ IBIL ◦Ⱶꜙ꜠כ◦ꜛfi╩ ⇔√⁹ 

 

 

≢│ ─√╘⁸NTA▪Ⱶ♪ ─ ╩ⱷ♅ꜟ ⌐⇔√╙─╩ ™⁸Eu(й)▬○fi 1

─ ⌐NTA▪Ⱶ♪ 2 ⁸ ▬○fi 3 ⅜ ⇔√ ╩ ⇔√⁹↓↓≢⁸NTA▪Ⱶ♪ 2

│⁸ ⱪכ꜡☻─ ⌐╟╢≤⁸ ⅜ ™ ≢─ ⌐ ∆╢⁹

2 │⁸NTA▪Ⱶ♪╩ 1 ≤⇔√ ⅜ ™ ≢─ ╩ ⇔√⁹ 3 ⌐

∆╢ ≤─ ⌐╟╡⁸ ┘ ⌐ ™ ≢─ ─ ⅜≢⅝╢↓≤

≤⌂╢⁹ 

╕∏ ─ ◖☻♩╩ ∆╢√╘⁸ ♁ⱨ♩≢№╢ CONFLEX╩ ™≡

╩ ⇔√⁹↓↓≢ ╠╣√ ╩ ≤⇔≡⁸Gaussian⌐╟╢ ╩

™√ ╩ ⇔⁸ ╠╣√ ⌐ ⇔≡ ─ ╩ ⇔√⁹

≤ ⌐≈™≡ ╩ ™⁸ ☻Ɑ◒♩ꜟ╩ ╘√⁹↓↓≢⁸ ≤⇔≡ Eu(й)
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⌐│ SDD╩⁸∕─ ─ ⌐│ 6- 31G(d)╩ ™⁸ ⌐ɮB97XD╩ ™√DFT ╩ ⇔√⁹ 

 

┘  

⌐ ™√⸗ⱡ▪Ⱶ♪ ┘ ─ ╩ 4.2.3.3 - 1 ⌐ ∆⁹ ╩ⱷ

♅ꜟ ≤⇔√ NTA▪Ⱶ♪ 2 ╩⁸Eu(й) ╡⌐ 3 ≢ ↕∑√╙─╩ ≤⇔√⁹

─ ⌐⁸3≈─ ▬○fi╩ ⇔≡ ╩ ⇔√⁹ 

 
4.2.3.3 - 1 ⌐ ™√⸗ⱡ▪Ⱶ♪ ┘ ─  

( )⸗ⱡ▪Ⱶ♪⁸ ( ) ─  

─ │⁸ : Eu⁸ :O⁸ : N⁸ : C⌐ ⇔≡⅔╡⁸ │ ⇔≡™╢⁹ 

 

⌐╟∫≡ ⇔√ ╩ 4.2.3.3 - 2 ⌐ ∆⁹ ▬○fi─ ╛ ─ ⌂

╢ 3 ─ ≢◄Ⱡꜟ◑כ⅜ ≤⌂∫√√╘⁸↓╣╠⅜ ⌂╙─≤⇔≡ ⅎ╠╣√⁹

↓╣╠│⁸Eu(й)─ ≤⇔≡ ∆╢ ▬○fi─ ⅜ ⇔≡⅔╡⁸2 ─ NTA▪Ⱶ♪

│ 3 ≢ ⇔√ │ ╦╠∏⁸Eu(й) ╡─ ─ │ ⅛╠ 7⁸8⁸9 ≢№

∫√⁹ ─ ™ ≢ ╕╣√ ⅜Eu(й)─ ⌐ ∆╢ ▬○fi≢№╡⁸ ™ ≢

╕╣√ │Eu(й)⅛╠ ╣√ ⌐ ∆╢ ▬○fi≢№╢⁹ ╙◄Ⱡꜟ◑כ⅜ ™─│

⌐ ⇔√ 7 ─╙─≢№╡⁸3≈─ ▬○fi─℮∟ 1≈∞↑⅜ Eu(й)─ ⌐

⇔≡™╢⁹Eu ─ ▬○fi ⅜ ⅎ╢ ⌐◄Ⱡꜟ◑כ⅜ ⇔⁸ ─ 8 ─╙─

│ 0.44 kcal/mol ∞↑ 7 ─╙─╟╡╙◄Ⱡꜟ◑כ⅜ ↄ⁸ ─ 9 ─╙─│

4.8 kcal/mol ↕╠⌐◄Ⱡꜟ◑כ⅜ ↄ⌂∫√⁹ ⌐ ⇔≡ ╩ ⇔⁸I BIL ☻Ɑ

◒♩ꜟ╩ ⇔√⁹ 

 

4.2.3.3 - 2 Gaussian⌐╟╡ ⇔√  

( )7 ⁸ 8 ⁸ 9  
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⌐≈™≡ ╘√ ⅛╠│⁸I BIL ≢ ↕╣√ ⌐ ☻Ɑ◒♩ꜟ│

↕╣⌂⅛∫√⁹↓╣│ ≤ ≤─◄Ⱡꜟ◑כ ⅜ ↕™↓≤⌐╟╢≤ ⅎ╠╣⁸

⇔√ ⅛╠─ │ ≢⅝⌂™≤ ⅎ╢⁹ 2 ⌐ NTA▪Ⱶ♪ 1 ─ ≢

☻Ɑ◒♩ꜟ⅜ ↕╣≡™√↓≤╩ ∆╢≤⁸I BIL ⌐╟∫≡ ↕╣≡™√☻Ɑ◒♩ꜟ│⁸

NTA▪Ⱶ♪ 2 ⅜ ⇔√╙─≢│⌂ↄ⁸NTA▪Ⱶ♪ 1 ⅜ ⇔√╙─⌐ ∆╢≤ ⅎ╠

╣╢⁹↓╣│ ⌐⅔™≡⁸ ™ ⌐⅔™≡ ↕╣≡™╢ ≤ ∂

≤ ⅎ╠╣⁸ ⌐ ™↓≤⅛╠⁸ ⇔╛∆™ ⌐№╢≤ ⅎ╠╣╢⁹↓╣│⁸

⌐⅔↑╢ NTA▪Ⱶ♪─ ⅜ ↕ↄ⁸2 ⅜ ⇔ ™↓≤⌐ ⇔≡™╢≤ ↕╣

╢⁹↓╣╠─ ╟╡⁸NTA▪Ⱶ♪ ╩ ™√ ≢│⁸ ─ ⌐╟∫≡

⅜ ∆╢╙─≢│⌂™≤ ⅎ╢⁹⇔√⅜∫≡⁸◌ꜝⱶ ⌐⅔™≡│⁸ ─ ⌐╟╢

⌂ │ ⇔ↄ⁸ ≢─╦∏⅛⌂ ─ ╩ ⇔√◒꜡ⱴ♩ ⌐╟╢

⅜ ≤⌂╢↓≤⅜ ↕╣╢⁹ 

2 ⌐ ⌐╟∫≡ ╠╣√⁸NTA▪Ⱶ♪ 1 ─ ┘ ☻Ɑ◒♩ꜟ╩

4.2.3.3 - 3 ┘ 4.2.3.3 - 4⌐ ∆⁹NTA▪Ⱶ♪ 1 ⅜ 3 ≢ Eu(й)⌐ ⇔⁸3≈─ ▬○

fi⅜ 2 ≢ ⇔≡™╢╙─⅜ 9 ⁸∕─℮∟ 1≈─ ▬○fi⅜ 1 ≤⌂∫≡™╢╙─⅜ 8

≢№╢⁹ ≢ ⇔≡™╢ 700 nm─ ☻Ɑ◒♩ꜟ│⁸8 ⅛╠ 9 ≤⌂╢↓≤≢

⌐◦ⱨ♩⇔≡™╢⁹ ⌐⅔™≡ NTA▪Ⱶ♪─ ⅜ ↄ⁸╕√ ─ ╩

╡ ╣≡™⌂™√╘⁸ ─ │ ≤│ ⌂╢⅜⁸ ≢ ↕╣√ Eu─ I BIL ☻Ɑ◒

♩ꜟ─ │⁸8 ≤ 9 ─Ᵽꜝfi☻─ ≢№╢≤ ⅎ╠╣╢⁹Ln(й)≤ ─ FP ≤─

≢│⁸ ╛▬○fi◘▬☼─ ⌂╢▬○fi⅜ ▬○fi╩ ⇔⌂⅜╠ NTA▪Ⱶ♪≤

∆╢↓≤≢⁸EXAFS≢ ╠╣√ ─ ⅜ ╣╢≤ ⅎ╠╣╢⁹ ▬○fi─ ⌐╟∫

≡⁸Eu(й) ╡─ ▬○fi─ ⅜ ╦╡⁸IBIL ─ ⌐ ⅜∫≡™╢≤ ↕╣╢⁹Mo

≢│ ⌐ ─Ⱨכ◒ ⅜ ⇔≡⅔╡⁸9 ⅜ ⅎ≡™╢↓≤⅜ ↕╣╢⁹

Mo ⌐⅔↑╢ Eu ─ EXAFS≢│⁸ ≤ ⇔≡ Eu ╡─ ⅜ ⌐ ⇔≡⅔

╡⁸ ─ I BIL ─ ≤ ∆╢≤ ⅎ╢⁹Zr⁸Pd ⌐≈™≡│⁸Eu ╡─ ⅜ 6

╕≢ ⇔≡⅔╡⁸ ⇔√╙─≤│ ⌂╢ ⌐ ⇔√ ≢№╢ ⅜№╢⁹

⅛╠ ∆╢≤⁸Eu ╡─ NTA▪Ⱶ♪⅛╠─ ─ ⅜ 3≢№╢√╘⁸3≈─

▬○fi⅛╠─ ─ ⅜∕╣∙╣ 1 ≈≤⌂∫√ ╩ ∫≡™╢╙─≤ ⅎ╠╣╢⁹↓

─ │ ≤⇔≡ ↕╣√╙─⌐│ ╕╣≡™⌂™√╘⁸ ≤⇔≡─◄Ⱡꜟ◑כ⅜

ↄ⁸ ≤⇔≡│ ≢№╢⅜ Zr ╛ Pd⅜ ∆╢↓≤≢ ≤⌂∫≡™╢ ⅜ ⅎ╠╣

╢⁹ 

─ ⁸IBIL ≤ XAFS ┘ ╩ ╖ ╦∑√ ⌐╟╡⁸Eu ╡─ ─

⸗♦ꜟ ╩ ™⁸ ⅜ Eu ╡─ ⌐ ⅎ╢ ╩ ∆╢↓≤⅜≢⅝√≤ ⅎ╠╣

╢⁹Eu(й) - NTA▪Ⱶ♪ ─ ⅛╠⁸NTA▪Ⱶ♪⌐ ╩ ∆ 3 ─ │⁸

─ ⌐╟╢ ╟╡│╗⇔╤ ∂ ─ ╩ ∆╢↓≤⌐╟╢ ⌐╟╢

⅜ ≢№╢≤ ⅎ╢⁹╕√⁸ ⅜ ∆╢↓≤≢⁸Eu ╡─ ▬○fi─ ⅜ ⇔⁸

─◄Ⱡꜟ◑כ⅜ ∆╢⅜⁸ ─ ╟╡⁸ⱪ꜡☿☻⌐ ⅝⌂ ╩ ⅎ╢╙─

≢│⌂™≤ ⅎ╠╣╢⁹ 
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4.2.3.3 - 3 NTA▪Ⱶ♪ 1 ─ ≢ ╠╣√  

( )8 ⁸( )9  

 

 

4.2.3.3 - 4 NTA▪Ⱶ♪ 1 ─ ≢ ⇔√ IBIL ☻Ɑ◒♩ꜟ 

 

╕≤╘ 

3.2.2 ≢ ה ⇔√ ╩ ↕∑√ ╩ ╗ NTA▪Ⱶ♪ ⌐⁸Ln(III)

╩ ╗ ⅛╠ Ln(III) ╩ ↕∑√ ╩ ⌐⁸IBIL ┘ EXAFS ╩

⇔⁸ ≤ ╖ ╦∑╢↓≤≢ Ln(III) ╡─ ─ ⌐ ∆╢ ╩ ∫

√⁹IBIL ⌐⅔™≡│ ─ ⌐╟╡ 5D0ќ7F4 ─ ⌐ ╩ ⅎ╢↓≤⅜ ⅛∫

√⁹EXAFS ⌐⅔™≡│⁸ ⅜ ⌐ ⅎ╢ ╩ ∆╢≤≤╙⌐⁸Mo╛ Zr ─

─ ╩ ⇔√⁹ ≢│⁸I BIL ─☻Ɑ◒♩ꜟ─ ≤EXAFS⌐╟╢

─ ╩╙≤⌐⁸Eu ╡─ ─ ─⸗♦ꜟ╩ ∆↓≤⅜≢⅝√⁹NTA▪Ⱶ♪

╩ ™√ 3 ─ │⁸◌ꜝⱶ⌐╟╢ ⅜ ≢№╢↓≤╩ ∆╢≤≤╙⌐⁸

─ │ ≢│⌂™⅜⁸◌ꜝⱶ─ ╡ ⇔ ⌐╟╢ Zr ─ ⌐╟∫≡ 3 ─ ╩

∆╢ ╣─№╢↓≤⅜ ⅛∫√⁹↓╣╠─ ⅛╠⁸MA ⱨ꜡כ◦כ♩│ 4.2.5  ─ ╟

╡⁸ⱨ▫כ♪ ┘ ─ ⌂ ╩ ∆╢↓≤≢ ≢№╢⅜⁸1 ◘▬◒ꜟ─◌
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ꜝⱶ ⌐◌ꜝⱶ ╩ ∆╢ ⅜№╢≤ ⅎ╢⁹ 

 

 

 (13)  K. Binnemans, C. G -Walrand,ΓA simple model for crystal field splittings of the 

  7F1 and 5D1 energy levels of Eu3+Δ, Chem. Phys. Lett., Vol.245, pp.75- 78 (1995).  

 

4.2.4 ה   

Ᵽ♇♅  

 

ה ⌐│⁸4.2.2.2  ≢ ⇔√ TOD2EHNTA ┘ HONTA ╩

™√⁹ ─ ┘ ⇔√ │ 4.2.2.2  ≤ ≢№╢⁹╕√⁸ 4.2.2.2 - 3

─ ╟╡⁸ ╙ ™ ╩ ⇔√ ⌐⅔™≡ ╩

⌐ ⇔√⁹ ╩ 4.2.4.1 - 1⌐ ∆⁹ 

─ ╩ ⌐ ∆⁹╕∏⁸ ≤ ─ ≢ ⌐

╩ ⇔√⁹ ≤℮ │ 24 ≤⇔√⁹ │ ╩ ™≡ ⇔⁸ ⌐≡

↕∑√⁹∕─ ⁸ 13.5 mL─●ꜝ☻☻◒ꜞꜙכ ⌐ ╩ ⇔√ ≤ 0.01 M

┘ 0.05 M⌐ ⇔√ ╩ 1 24 ≤℮⇔√⁹ ≤℮ ⁸ ≤ ╩

⇔⁸ ─ ╩ ⇔√⁹ ─ ─ ⅛╠ ╩ ⇔⁸TOD2EHNTA

─ ≤⇔√⁹ 4.2.4.1 - 1 ⌐ ⁸ 4.2.4.1 - 2 ⌐ ─

╩ ∆⁹ ╩ 4.2.4.1 - 2⌐ ∆⁹ 

 [%] = 
C0-Cs
C0
×100 4.2.4.1 - 1  

 [%] = 
CE
C0-Cs

×100 4.2.4.1 - 2  

C│ ▬○fi[mM]⁸ ─ 0│ ⁸s│ ⁸E│ ╩∕╣∙╣ ∆╢⁹⌂⅔⁸

─ ─ │⁸4.2.2.2  ≤ ⌐ ∫√⁹ 

 

4.2.4.1 - 1  

 TOD2EHNTA HONTA 

 
Zr( к)⁸Mo(м)⁸Ru(й)⁸Pd(и)⁸Re(н)⁸Ce(й)⁸Nd(й)⁸

Sm(й)⁸Eu(й)  
 [ mM]  0.1 

 [ M]  0.01⁸0.5 

 [ wt %]  5 

 1 10 

≤℮  [min ]  60 1480 

 [ K]  298 
≤℮  160 r / min⁸ 40 mm 
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4.2.4.1 - 2  

 TOD2EHNTA HONTA 

 
Zr( к)⁸Mo(м)⁸Ru(й)⁸Pd(и)⁸Re(н)⁸Ce(й)⁸Nd(й)⁸

Sm(й)⁸Eu(й)  

 [ mM]  0.1 

 [ M]  0.01⁸0.5 

 [ M]  0.05⁸0.5 

 [ wt %]  5 

 1 10 

≤℮  [ ]  60 1480 

 [ K]  298 
≤℮  160 r / min⁸ 40 mm 

 

≤  

4.2.4.1 - 1 ┘ 4.2.4.1 - 2 ⌐⁸TOD2EHNTA ⌐ ∆╢ ▬○fi─ ≤

─ ╩∕╣∙╣ ∆⁹ 4.2.4.1 - 1 ─ ╟╡⁸TOD2EHNTA │™

∏╣─ ⁸ ▬○fi⌐⅔™≡╙ 1 ⌐ ⌐ ⇔⁸ ╛⅛⌐ ↕╣╢↓≤

⅜ ↕╣√⁹╕√⁸24 ⌐⅔™≡╙ ⇔√ ▬○fi─ ╛ ─ ⌐ ℮

─ │ ↕╣⌂⅛∫√⁹ 

4.2.4.1 - 2─ ╟╡⁸TOD2EHNTA ⌐ ⇔√ Ln(й)│⁸0.05 M ┘ 0.5 

M ⌐╟╡ ╛⅛⌐ ↕╣√⁹↓─ ─ │⁸ 70 80 %≢№∫√⁹Ru(й)│ 0.05 

M ┘ 0.5 M ⌐╟╡ ╛⅛⌐ ↕╣⁸ │ 50 %≢№∫√⁹Re(н)│ 0.05 M

≢│ ↕╣∏⁸0.5 M ⌐⅔™≡ ⌐ ⇔⁸ 40 %─ ╩ ⇔√⁹╕√⁸Zr( к)⁸

Mo(м)⁸Pd(и)│⁸0.05 M ┘ 0.5 M ≢│ ↕╣⌂⅛∫√⁹ 

 

  

0.01 M 0.5 M 

4.2.4.1 - 1 TOD2EHNTA ─ ⌐ ∆╢ ─  
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0.05 M 0.5 M 

4.2.4.1 - 2 TOD2EHNTA ─ ⌐ ∆╢ ─  

 

4.2.4.1 - 3 ┘ 4.2.4.1 - 4 ⌐ HONTA ⌐ ∆╢ ▬○fi─ ≤ ─

╩∕╣∙╣ ∆⁹ 4.2.4.1 - 3 ─ ╟╡⁸HONTA │™∏╣─

⁸ ▬○fi⌐⅔™≡╙ 1 ⌐ ⌐ ⇔⁸ ╛⅛⌐ ↕╣╢↓≤⅜ ↕╣

√⁹╕√⁸24 ⌐⅔™≡╙ ⇔√ ▬○fi─ ╛ ─ ⌐ ℮

─ │ ↕╣⌂⅛∫√⁹ 

4.2.4.1 - 4─ ╟╡⁸HONTA ⌐ ⇔√ Ln(й)│⁸0.05 M ┘ 0.5 M

⌐╟╡ ╛⅛⌐ ↕╣⁸0.05 M ≢│ 70 90 %⁸0.5 M ≢│ 90 100 % ↕

╣√⁹Re(н)│ 0.05 M ≢│ ↕╣∏⁸0.5 M ⌐⅔™≡ ⌐ ⇔⁸ 60 %─

╩ ⇔√⁹╕√⁸Zr( к)⁸Mo(м)⁸Ru(й)⁸Pd(и)│⁸0.05 M ┘ 0.5 M ≢│ ↕╣

⌂⅛∫√⁹ 

↓╣╠─ ╟╡⁸ ↕╣√ ▬○fi─ ⌐⅔™≡│⁸HONTA ─ ⅜ ╣

≡™╢↓≤⅜ ↕╣√⁹↕╠⌐⁸ ≢ ⇔√ ─SiO2- P ╩ ™√ TOD2EHNTA

⁸HONTA ≤╙⌐ ה ⌐ ╣╢↓≤⅜ ╠⅛≤⌂∫√⁹ 

 

  

0.01 M 0.5 M 

4.2.4.1 - 3 HONTA ─ ⌐ ∆╢ ─  


















































