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� ʡʔʧ5HKЛƫ8śĶ5Ъ%Kϲǁ8ëL*Ůŉ2#0
z�gUVgm�ŻƎ8 J. 

Fraser StoddartI9
α-e]�±[gt

��(α-CD)fO˰�K�21ʚˇʸ¨

8 KAuBr4 OЎȊ̀5ʡʔ!'śĶ1

�K�2OΨĀ#*(Figure 1-3) [5]�

�8Ůŉ19 KAuCl4 OÓ˰#*ůŁ

F
β-CDA*9 γ-CDOÓ˰#*ůŁ

59ʡʔ9̓ο!L4�-*�A*


K2PdBr4 F K2PtBr4
K2PdCl4
K2PtCl4

438À8ǀхŚДÌŨ8ϑЛƫ8Х

Ï�÷Ƌ#0�0E KAuBr4 8B�Ў

Ȋ̀5ʡʔ#*�Stoddart I9φȻ¨

1
ƗјƘg_��18̻Ù�.ˬų

ϏΊ8ƥ!�
Л8āо��igOȡ

ɴ#0�K� 

 

  

                                                   
f ȸāƈ8 D-glucose�͑Ł#ˬˡɾϽO2-*ˬˡX�b̓8�̧�1891ǁ5 A. Villiers5HJ˼Ψ!L

1903ǁ5 F. Schardinger5H-0ˬˡX�b̓1�K�2�ɊI�24-*�āƈοϊιΖ2#0E̍IL0
�J
�m[c�438Ϝāƈ8ŁǺF̬̏5Ǆ�˰�ILK� 

 

Figure 1-3. α-CD ƫìƈƖśƞP>. 
[Reprinted by permission from Macmillan Publishers 
Ltd: Nat. Commun., 4, 1855 (2013) copyright 2013.] 

J. Fraser Stoddart
No Precipitation
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1-3-2.� ��-4r�ÌL��Í 
� TX�ºȢ29Š̊2ʸ̊Щ1ļϷ̀5TX�8ºȢ�ϛ�K˨ώ1�J
1840ǁÂǛ

Ĥ8T\�g1ɔą5˼Ψ!L*2!LKg�TX�ºȢʧѣň̌ʧѤ9
TX�ºȢʅͳ

hѣň̌ċѤOЛƫˇʸ5Ȟί!'
ЛƫOň̌!'0āо�śĶ%Kɀʧ1�K�āо!

L*Лƫ9
TX�ºȢʅͳ�I͵̌!'0ʚ̊¨=śĶ
A*9
ʅͳO˕Ĭ#0śĶ

!LK�Ɨ��ig19TX�ºȢʅͳOîŲ#*Y��5Лƫˇʸ�H;ˇоċOы5

ʮ#
ΫŎǪ�Í�ЛƫOï5ʮĀ!'0āоOΚ� [3]�TX�ºȢʧ9ˮ˯ϼǉ�Í

�438ʈː��K�ɀ
źǺāāо�Ɯɋ�.ŀì͊Oћ”ǉ5͂Σ1�K*D
ˇƇ

ȋĀʧ2͏BŁN'0ÓNLK�2�ź�� 

 

� ň̌ċ2#09ŁǺћāƈÄŹ5E
[tc�438ż˔ћāƈF
Ǡˮ˟438ˮ˟

˲ɢɟȽ�ň̌ċ2#0ɹβ!L0�K [6,7]�A*
ϲǁ
źƉǪɖʇЛƫХÏ (MOF: 

Metal Organic Framework)iOЛƫ8ň̌ċ2#0˰�*̬̏�̅P5ΚNL0�K [8–13]�

gTgϾАƷ̠ŻƎ8 Wendy L. 

QueenI9
Fe(III)2 1,3,5-benzenetri- 

carboxylate 1ɾǺ!LK MOF 2

poly(p-phenylenediamine)8ΤŁÏO

˰�
ǋсƈʇŘ8ʶĀʸ�I

Au(III)OЎȊ̀5ň̌%KɟȽOШ

˼#*(Figure 1-4) [13]�Au(III)Oň

̌#*Ǜ
poly(p-phenylenediamine)

8–NH2 2=NH 28Щ1ЕĜЏì�

ϛ�J
Au(III)� Au0=2Џì!L

K�ЏìǛ5ΤŁÏO˕��21ɖ

ʇ˟Oвİ#
ˎűЕ1 Fe(III)Oв

��21
23.9 K8ћ”ǉ4Л̿ƈ

�śĶ!L*ѣ”Л9 24 KѤ� 

                                                   
g 1840ǁÂǛĤ
T\�g8 H.S. Thompson2 J.T. Way9Ć�5
ţŵ5HKͮȽѣNH4

+, K+, Mg2+, Na+Ѥ8

ňĶ5.�08̬̏OΚ-*[14,15]��L�TX�ºȢ8�̬̏�8ƅAJ1�K2��8�ƕς1�K��
ɀ
ͅìĊ 1500 ǁ5��i�΄�ʚ5ɪLɚOòL
ђDKʚ5Ÿ�*2��Ʌ“ͫɒ¨8γϴO�TX�
ºȢ8ƅAJ�2%K̬̏ͩE�K [16]� 
 
h ʅͳ29ŠÏ8ŁǺћāƈ8�21�J
TX�ºȢʅͳ(ion-exchange resin)29TX�OºȢ1�KʇͲ
Oȑ-*ŠÏ8ћāƈ8�2OȒ%� 
 
i ЛƫTX�2(LIOϾ͑%KɫʆǪ8ɖʇДÌƈO͏BŁN'K�25H-0ÑΣ!LK
ŊəǪ8ћ�
̭Щ�̭жOȑ.͑ɐǪ8ћāƈɾϽ�ДÌћāƈ9
��eR����43ĺ��I̍IL
�LOɾǺ%

KЛƫFДÌƈ8ˠǪ5ʪ̈#*̬̏9ǜɢ�I4!L0�*�
1990 ǁÂ54J
(LIO ʉì̀5͏
B¡�*ɾϽ8úВ̭Щ5̌̈#
źƉǪɟȽ2#0ʪ̈!LKH�54-*�źƉǪДÌћāƈ (PCP: 
Porous Coordination Polymer)2EŌ:LK� 

 

Figure 1-4. MOF/ǐǙǑǠĨE�ƫìƈƖśƞP>. 
[Reprinted with permission from J. Am. Chem. Soc., 
140, 16697–16703 (2018). Copyright 2018 American 
Chemical Society.] 

Wendy L. Queen

N
H

H2N

NH2

H
N

N
H

H
N

H
N

NH2n

N

HN

NH

N

N

H
NN

NH2n

Au3+

Au0
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1-3-3.� �¨� 
� ͶO˰�*āо9ʡʔʧFň̌ʧ59˒�ˠǢOɖ#0�J
ĺ��Ȉ̬�ЀDIL

0�K�ʸͶʧ9Ǜϴ8ˇƇȋĀʧOǦ˰#*āоʧ1
Ö͒̊2śĶ̊8ЩO(LI2

¶�5ʺ$JŁN4�Ͷˡ8̊
%4N,ʸͶ̊1¿ĂJ
Ö͒̊�IʸͶ̊=8̈̀˟

Ϙ8 ʌȋĀ�2
y Ͷ̊�IśĶ̊=8 ϷȋĀ�2OŃɌ5Κ�Ͷāоʧ1�K [17]�

ˮÏͶ5ΨILKͲĘϭ϶�K�9ÛЀϭ϶˨ώO¼Ʒ̀5ʃá#0
Íˎǉ8˟ϘOћ

ЎȊ̀5āоˎ͟%K�2OļͲ5#0�K [18]�1960ǁ5 P.F. Scholander5H-0ΚN

L*��^���O[��R2%KЕ͊8ÛЀϭ϶5Ъ%K̬̏ [19]�ƅAJ2!L
(

8Ǜ
1968ǁ8 N.N. Li5HK°ĜʸͶ8˼Ψ [20]
1971ǁ8 E.L. Cussler5HK Na+8

ͲĘϭ϶5Ъ%K̬̏ [21]43
�Ͼ8̬̏5H-0
ʸͶ8Ʒɺ̀ć˰=8Ъǣ�ћA

-*�ˇƇȋĀ1āо1�K˟Ϙ9ŭɝ̀5ʸͶʧ1Eāо1�K*D
āоơώ9Лƫ

TX� [22]
ɖʇЕ [23]
R�zЕ [24]
m�}]Ϙ [25]43źƭ5N*K�H�̍I

L0�KʸͶ2#0
|�]ʸͶ(BLM: Bulk Liquid Membrane)
°ĜʸͶ(ELM: Emulsion 

Liquid Membrane)
ȰȑʸͶ(SLM: Supported Liquid Membrane)��K��LI8ʸͶʧ8ɼ

ǧşO Figure 1-55̘%� 

 

 

Figure 1-5. DĀÔĚÒƞÂ�Q. 

 

� ¡ϴ8ʸͶʧ9(L)L
ĵǦėˤ8Ǯ!
ȮÑ8˗н!
Ͷ8ƐƕǪ2�-*σюO

ɖ#0�K��ɀ
1990 ǁÂǛĤ�I˨ť5��09
SLM 5ǓǴ�H;ʇɾ8Ë*ȿ

*4mT�8ʸͶ1�K
ћāƈěȞͶ(PIM: Polymer Inclusion Membrane)8̬̏�̅P2

4-0�K [26–29]�PIM5.�09̲ 4̰1μ#�ϴ>K� 

 

  

Feed Receiving

Membrane
phase

BLM
(Bulk liquid membrane)

� Low mass transfer rates

Feed	phase

Receiving	phaseMembrane	phase

ELM
(Emulsion liquid membrane)

� Emulsion breakage required

Feed Receiving
Membrane

phase

SLM
(Supported liquid membrane)

� Poor stability
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1-3-4.� �Vo;� 
� ˇƇȋĀ9
ˇϘ�¶�5ʺ$J�N4� 2.8ʸ̊Ŕ5āД%K˨ώOć˰#*˟Ϙ

āо8*D8ȮÑ1�Kj�ź�8ůŁ
1 ̊�ʚˇʸ
À̊�ɖʇˇƇ8ˇʸ1�K�(

#0
ȋĀ1ʚ̊5ˇƋ#0�KĜ

Ǝ̧Oɖʇ˟28ХǓǺ43ÐI�

8ɀʧ1ɖʇ̊5̤%�2��ͼ̀

1�K [30]�ʚ̊¨8Лƫ8ȋĀO

̈̀2%KůŁ
ɖʇ̊5ˠƕ8Л

ƫ5ơ#0ћ�ΫŎǪOɖ%KȋĀ

ċOɖʇˇƇ5ΔD*E8�Ó˰!

LK�Figure 1-65ˇƇȋĀʧ8ɼ
ǧşO̘%� 

 

� ˇƇȋĀ8ЧȀ2#0ћȋĀƜК1ˎ͟ȮÑ�ļͲ
ƾˁ18ȮÑ�ļͲ1�Jδæ8

*D8ɟϘЎƕ�Ɯɋ
]��huegr�Ĝ�ļͲ
Ͼ͖Єϧ�ļͲ
ȮɺΩʃ5ơ#

0ɭϦ5ơǦļͲ2�-*ː�ȓ�ILK��ͼ̀5Ʒɺ̀āо59Ņʮźʑ�[c�i

t��ɀǌ(Figure 1-7)�Ȝ˰!L0�K��8āоʧ9|poɀǌ29˺4J
Ͼ͖̀�

.ћˎǉ8ˇʸOÿ˪%K�2�ļͲ1�K*Dagt�Í�
ŻКÿ˪5Ќ#0�K� 

 
Figure 1-7. ǒƳƷǠƼǂǘǠĦĖƞÂ�Q. 

                                                   
j ˟Ϙ8ȋĀȮÑ9
ɖʇĜŁ˟8āоÖ̀2#0ĺ��I˰�IL0�*��ɀ
˒ʇĜŁ˟8ȋĀ9

1841ǁ
E.M. Peligot �W�r�5H-0U���̑Еˇʸ�IȋĀ!LK�2O˼Ψ#*8�ƅAJ1�K 
[31]�ȋĀ(Extraction)2��ΰΎ9 1870 ǁÂÄЯ�IÓNLĀ#*2ΰNL0�K� [32]
ʸʸāД8į˪
5ŭ/�ȋĀ8ɼǧ�̯̓#*89
1890 ǁÂ5 Nernst 5H-0ƕͦ!L*āДƕȸ8Ƥò5HK2�M�
Ż���1900 ǁ59 P. Cazeneuve5H-0ɖʇДÌƈ5HKЛƫ8ȋĀ�Ƥò!L [33]
ХǓǺĵǦOÉ�
ȋĀ8ɼǧ�̯̓#*�ÄǛ
ź�8̬̏ͩ5H-0ЛƫХÏ8ƕКāɧFȋĀǀΝ˪φ�̬̏!L
Ï̈́Á

�IL0�*�A*
ȋĀ�āоȮÑ2#0Ʒɺ̀5Ǆ�˰�ILKH�54-*89
1930 ǁÂ8̎ʤ͂
Σ�H; 1940ǁÂ8��{pm�α˴5HKU�����twU�͂Σ=8ȋĀ8ć˰�I1�K� 

aq.

org.
Mixer

Settler

Extractant
solution

Metal
solution

Loaded
extractant
Aqueous
raffinate

P
O R

R
R

org. aq.

H2O
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P
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R
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O
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R
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O

O
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H

H
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HH

H
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R
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P O

R
R
R
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Heavy phase Light phase
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Top view

 
Figure 1-6. Úg�'ÒƞÂ�Q. 

Organic phase

Aqueous phase

Extractant

Stripping agentMetal ions

Extraction Stripping

Shaking Shaking
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1-4.� o;>Ä���H	`��o;> 
 

� 20¥ͅ8Ʒɺ˼ƪOȰ�0�*ˇƇȋĀ5HKЛƫ8āоśĶʧ9
21¥ͅ5��0E

Ż�4ǕďOɩ*#0�K�̈ ̀ЛƫOћ”ǉ�.ћėˤ5āоśĶ1�KˇƇȋĀʧ9


ÍŏÌП̎�I8Лƫ8śĶF
ГƺПƬ�I8�cT]�2�-*Ŕю5ơ#0
ƿǄ

�ơǦ1�K�I1�K� 

 

� ȋĀOȰД%KΦŜ9��.E�K�
ˠ5
П˟8ʶĀʸ438ź̧8ЛƫTX��

ŇALK̈́�Iˠƕ8ЛƫTX�OЎȊ̀5ȋĀ%KůŁ9
ȋĀċ8ЎȊ�ɔEИΦ1

�J
āо��ig8Ǻņ5A1ЪNK [34]�ƼƦЛƫ8ГƺПƬ�I8�cT]�5Ъ

#09
ǜɢHJEΤн4͏Ǻ
Ô�:ȸ̧8£”˟Лƫ� 99%OĪD4�I
1%̦ǉ8

̈̀Лƫ#�ŇAL0�4�͏Ǻ¨�I8āоOǰƕ%KǤΦ��J
HJЎȊ̀4ȋĀ

ċ8āƈδα�H;Ш˼�ʜDIL0�K� 

 

� ĺ��I
ȋĀċ8Ш˼9ȸź�ΚNL0�*� [18,30,34]
ƷɺǦ˰ļͲ4ȋĀċ9

Ä¢5̘%H�4ź�8ΦÆO˄*%ǤΦ��K [35,36]� 

 

l pĿśvƝpƒƩŸƈœ�� 
l Ŏƈ�'Ŏ� 
l �'=�ƌAŋóƚƇƨƄŋ�'ƌn°ƜƏƛ 
l �'-ƊƦƠśvŠ�ƞ´ÇÚ-ơƞŸƈÚĭ�(Ÿƈ�'nŚ) 
l 4jóƝklƚƇƨƄŢµťƞŐđ�ìƌAęƚƇƩƏƛ 
l �'-ƞǜƺƫsƜƍƒƩƖƥƝƄÎƝŮÚ�ƚƇƩƏƛ 
l ưǑǚƸǗǞƫ��ƔƓƝ(õ�ƌĝfƜƏƛ 
l Ë�ƌƜƍƄk�ƜƏƛ 
l ¤ñ�ƌrƐƍƄ�ÞƑƝƍƈƏƛ 

 

� �LIó0O˄*%�Ͳ4ȋĀċ9Ƌť#4��
Ʀ#1E�LI8ΦʜO˄ϟ%KE

8�Ɨ˰5ͪ��KȋĀċ2ΰ�K�Ä¢
ǜɢ8Ʒɺ˰ȋĀċ5.�0̻Ĩ5͍¾#0

��� 
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1-4-1.� ���(¢o;> 
� ˇƇȋĀʧ8ŻΩʃ4Ʒɺ̀ć˰9
1960ǁÂ�IƅAKС(Cu)8˃ǌΣФ5��0Ɨ

η!L*�ǜɢ
įƈđƷɺāЙ8B5ć˰!L0�*ˇƇȋĀʧ�С͂Ф5ć˰!LK

H�54J
ź�8[��ẗ́ȋĀċ�Ш˼!L* [37]�(8*D
 ̈̀Лƫ5ơ#0

ëL*ȋĀǪͲOɖ%KȿΩȋĀċ8Ш˼�8ʎĽ9˃ǌСΣФ8āЙ5ΨK�2�1�

K�CuȋĀ8*D5Ш˼!L*Ʒɺ˰ȋĀċ�
ЕǪ[��tȋĀċ8ÂΟɳ1�KX[

e�̈́ȋĀċ1�K�Ш˼!L*ȿ#�ȋĀċ5H-0
HJ̻Ù�ϱϼ�.ћėˤ5С

ΣФ�ΚNLKH�54-* (Figure 1-8)� 

 

 

Figure 1-8. Ø�ŝħşƚìƈƧƪƩ�'-ƞaŒ. 

 

 

1-4-2.� �+$-À¢o;> 
� Y���Ё́8Ʒɺ˰ȋĀċ8ÂΟÔ2#0�zY���Е1�K Versatic 10 

(2-ethyl-2-methylheptanoic acid)�ȓ�ILK�Versatic 109 Fe(III)
Hg(II)
Tl(III)̴=8ћ

�ЎȊǪ�Ůŉ!L0�K� [38]
pKa�ǐЕǪ�I¨Ǫьū1�J
ЛƫȋĀ5ћ� pH

OΦ%K*D
Лƫ8ȋĀͲ�Í�2��ʈː��K�(8*Dϲǁ19À8ȋĀċ2Ħ

Ń1˰�K�21ȋĀͲOŅ¡!'K
 ĦŃȋĀ�5Ъ%K̬̏�ΚNL0�K� 

� J.S. PrestonI9 Versatic 102Ǜϴ8¨Ǫ��̈́ȋĀ

ċ1�K trialkylphosphine sulfide 8ĦŃėɩ5HJ


Cd(II)
Zn(II)
Ni(II)8ћėˤ4āоOŮŉ#* [39,40]�

A*
X�gt��RϾА̠Ǝ˯ɺ̬̏ʇɾ8 C.Y. 

ChengI9 Versatic 102X[e�̈́ȋĀċ8ĦŃėɩ

5HJ Ni(II)O Co(II)�Iћėˤ5āо#0�K [41]� 

 

Date
1982

Extractant
Acorga CLX-50

3rd generation

ü Need not pH control
ü Strong extraction power
ü Fast extraction rate
ü Stripping with water

N

O O

OO
RR

Acorga CLX-50
(R = C10H21)

R

OH N
OH

Ketoximes

HO
R

N
OH

R

Date
1963
1964
1968
1970

|
1972

Extractant
LIX63
LIX64

LIX64N
LIX70
LIX71
LIX73

1st generation

LIX63
Ketoximes

R

H

OH N
OH

Aldoximes

Date
1975
1982

Extractant
Acorga P-5000

LIX860
LIX864
LIX865

2nd generation

ü Fast extraction rate

Aldoximes

 
Figure 1-9. ƲǚǏǞŗĈ�'-. 

2-ethyl-2-methylheptanonic acid
Versatic10

OH

O
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1-4-3.� *-À¢o;> 
� 1940ǁÂ8��{pm�α˴5HKU�����twU�͂Σ5ЪϾ#0
ź�8ȋĀ

ċ�Ш˼!L*�ћ”ǉ8U��Oˮ˯%K*D5
ź�8ЛƫTX�OŇCʚˇʸ�I

U��+�OЎȊ̀5ȋĀ%KȋĀċ2#0
1944ǁ5Ǜϴ8 tributyl phosphate (TBP)�

Ш˼!L*�(8Ǜ
1958ǁ59̒ЕƇÏ�IU��OȋĀ%K*D5��ЕWgr�1

�K D2EHPA (di(2-ethylhexyl)phosphoric acid)�Ш˼!L*� 

 

� ��Ё́ȋĀċ9
Y���Ё́8ȋĀċ2ʗϪ#0 pKa�Í�
Ʒɺ̀5Eфƾ5H

�˰�IL0�KȋĀċͥ1�K�¡ϴ8 D2EHPA8À5E
ŻôĜƎƷɺ�Ш˼#*Ʉ

ɝ˼8Ʒɺ˰ȋĀċ1�K�g��ЕWgr�8 PC-88A (2-ethylhexylphosphonic acid 

mono-2-ethylhexyl ester)F
American Cyanamid ̚k�Ш˼#*�g�S�Е8 Cyanex 272 

(bis(2,4,4-trimethylpentyl)phosphinic acid)�Ǆ�˰�IL0�K�Wgr�8ȸ5HJ
(L

)L pKa�˺4-0�J
D2EHPA (pKa 2.16)
PC-88A (pKa 3.36)
Cyanex 272 (pKa 5.32)8

ы1 pKa�Í�4-0�K [42]�ЛƫЎȊǪ5Ż�4Љ�94��
�8 pKa8Љ�5H

J
ȋĀ pH�˺4K*DȋĀͲ�˺4-0�K [42,43]�2013ǁ59 Cytec Industries Inc.

�I
�g��Е2�g�S�Е8ʺŁ˟1�KȿΩȋĀċ Cyanex 572����g!L*� 

� A*
ϦI��űŭ1�K̒џįƈ(S)Oɖ%K
oX��Ё́8 Cyanex 301 (pKa 3.86)

F�zoX��Ё́8 Cyanex 302 (pKa 4.32)E Co(II)2 Ni(II)8āоF˾ЛɂЛƫ8ȋĀ5

H�˰�ILK [34]���Ё́ȋĀċ8āƈɾϽO Figure 1-105̘%� 

 

 
Figure 1-10. ǙǞŗĈ�'-. 

 

� ϲǁ8ͺŋʹ�Ůŉ2#0
ʼΌŻƎ8 Shengming XuI9 12̧ѐ8˺4KR�[�Ц

Oɖ%KȿΩ�g�S�Е(Figure 1-11(a))OŁǺ#
ИƼţѐ8ȋĀȓĘOʗϪ#0�K 

[44]�ǖI9 2,3-dimethylbutylŭO 2.ɖ%K di-(2,3-dimethylbutyl)phosphinic acid (HYY-2)

�ͽƃ4ȋĀȓĘO̘#
Lu/Yb
Yb/Tm�H; Lu/Tm8āоÚȸ�ƺϐ8�g�S�Е

1�K Cyanex 272HJëL0�K�2OŮŉ#*� 

                                                   
k R��Y8ìŻȁĜƎ�ġΖŏÈ̚�ĜƎ´ɺ9 1993ǁ5 Cytec Industries Inc.2#0āо� 

R1 = R2 = –O-2-ethylhexyl                            D2EHPA
R1 = –O-2-ethylhexyl, R2 = –2-ethylhexyl     PC-88A
R1 = R2 = –2,4,4-trimethylpentyl                   Cyanex 272

P
SH

S

R1

R2

P
OH

S

R1

R2

P
OH

O

R1

R2

R1 = R2 = –O-2-ethylhexyl                            DEHTPA
R1 = R2 = –2,4,4-trimethylpentyl                   Cyanex 301

R1 = R2 = –O-2-ethylhexyl                            MSP-8
R1 = R2 = –2,4,4-trimethylpentyl                   Cyanex 302
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� A* PSL̬̏ŻƎ8 Alexandre ChagnesI9
űЕˇʸ�I8 Co(II), Ni(II), Mn(II)8ȋĀ

5.�0��Ё́ȋĀċ8āƈɾϽ�ȋĀȓĘѣpH×ƋǪѤ5¤�KǔшOɹβ#* [45]�

˺4KāƭɾϽ8R�[�Ц5Е͊įƈOƤò#(Figure 1-11(b))
̯Ïиƚ
˻ʚǪ�H
; pKaOŸĜ!'K�21ȋĀͲOĉǞ1�K�2�̘!L*� 

 

 
Figure 1-11. ŤñƐƪƖƬǚƳǚšƞðƜƩ¬ĪǙǞŗĈ�'-. 

(a) [Reprinted from Hydrometallurgy, 137, J. Wang, S. Xu, L. Li, J. Li, 108–114, Copyright (2013), 
with permission from Elsevier.], (b) [Reproduced from RSC. Advances, 7, 5660–5668 (2017) with 
permission from The Royal Society of Chemistry.] 

 

 

1-4-4.� β-���-¢o;> 
� β-f_t�̈́ȋĀċ9āɧιΖ2#0ĺ��Ȉ̬!L0�J
(8¨1EɔEǄ�̏

̬!L0�K8� Figure 1-125̘% HTTA (2-thenoyltrifluoroacetone)1�K [34]�A*


�oU�(Li)FgY�fU�(Sc)̴8Лƫ8ˇƇȋĀ

5��09
β-f_t�̈́ȋĀċ2Ǜϴ8¨Ǫ��̈́

ȋĀċ28ʺŁȋĀċ5HKĦŃėɩ�H�̍IL0

�J [42]
˨ ť1E̅P5̬̏!L0�K�HTTA9


¡ϴ8ϺJāɧιΖ2#0Ш˼!L**D
Ʒɺ̀4

ΣФ��ig1˰�ILK�29̥1�K� 

 

  

(a) (b)

 

Figure 1-12. β-ƹƶǂǞĈ�'-. 

OO
F

F F
S

2-thenoyltrifluoroacetone
HTTA
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1-4-5.� �'-¢o;> 
� R��̈́ȋĀċ9
Ʒɺ̀5EϑЛƫ8ȋĀF Co(II)2 Ni(II)8āо435Ǆ�˰�IL

0�K�R��̈́ȋĀċ9¨�ћ pH ьū19¨ǪДÌƈ2#0ɿ�4Лƫ=ДÌͲO̘

#
Í pH ьū19��t�Ĝ#
ˇʸ¨8RwX�̧2TX�ơOǓǺ%K*D
Ǆ̹

Ş8ЛƫTX�OȋĀ%K�2�ļͲ1�K [6]�ˠ5
R���ХÏOÑJF%�Лƫ

9R��̈́ȋĀċ5ȋĀ!LF%��A*
Aliquat 336̴8Ś͉R��wU�ű9¨ǪД

Ìƈ2#08ǪϘ9̘!4��
RwX�̧8ȋĀ5��09��t�Ĝ8ǤΦ�4�*

D
ȋĀǪͲ�Ɛƕ#0�J
ȋĀˤEћ� [6]�(8À
̮͊įƈ(N)OДÌŭ2%Kȋ

Āċ2#09
��f�FT�nl��ŭOɖ%KE8�̬̏!L0�J
ϑЛƫ435

ơ#0�w�]4ȋĀȓĘ�Ůŉ!L0�K [18]�ʚˇʸ¨19 sp2̮͊įƈ9 sp3̮͊į

ƈHJE��t�ΫŎǪ�Í��
HJǑ�ДÌƈůF π͑ŁǪOɖ#0�K*D
��

f�8H�4�r�ˬ8̮͊įƈ9ѓŎR��ѐ8̮͊įƈ2˺4J
HJ ϦI���

ǪϘO̘%�254J
ϑЛƫ438 ϦI��Лƫ�2ћ�ΫŎǪO̘% [18]� 

 

 

Figure 1-13. ƬǒǞĈ�'-. 

 

 

1-4-6.� 2i*-¢o;> 
� ¨Ǫ��ЕWgr�FЕĜ�g�S�438¨Ǫ��̈́ȋĀċ9įƈđ˯ɺO¨ǣ5ź

�8āЙ1˰�IL0�K�̈ Ǫ��ЕWgr�2#09 TBP (tributyl phosphate)�фƾ5

ɖń1�J
1940ǁÂ�IU��8ȋĀ5˰�IL0�K [30]��ɀ
ЕĜ�g�S�2

#09 Cyanex 921, 923, 925�
̒ Ĝ�g�S�2#09 Cyanex 471� Cytec Industries Inc.

�Iƺϐ!L0�J
ƼţѐЛƫF
T�fU�̴8�R�m�
ϑЛƫ43ɿ�4Лƫ

8ȋĀ5˰�IL0�K [34]� 

� R�b�xš̯̬̏Ȁ1Ш˼!L* n-octyl(phenyl)-N,N-diisobutylcarbamoyl phosphine 

oxide (CMPO)9µǊДÌƈŨ8¨Ǫ��̈́ȋĀċ1�J
TRUEX (Trans Uranium 

Extraction)ʧ5��K©đȋĀċ1�K [46]�ˠ5 CMPO2 TBP8ʺŁˇƇ9 5 mol dm–3

8ћ̑Еˇʸ�I1!�E�Tv�R]ozTu5ơ%KāДʗ�ћ�
ǋʸ8ƼЖF͵

Еτȹ%K�24��LIOśĶ%K�2�ĀɢK� 

 

R1
N

R2 R3

R1 = R2 = –H, R3 = –C16–22H34–46     Primene JM-T
R1 = –H, R2 = R3 = –C8H17               Adogen 283
R1 = R2 = R3 = –n-C8H17                   TOA

R1 = –H, R2 = –C8–10H17–21              Aliquat 336N

R1

R2
R2

R2
Cl
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Figure 1-14. ŗ4ǎƺǉƭǞĈ�'-. 

 

 

1-4-7.� ��5�o;>Ì¶Á_o;>Í 
� (8À8ИΦ4Ʒɺ˰ȋĀċ2#0
Figure 1-15 5̘%ϑЛƫȋĀċ�ȓ�ILK�
Е͊(O)OДÌįƈ2%K dibutylcarbitol (DBC)2 methyl-iso-butylketone (MIBK)9Л(Au)8

ȋĀċ2#0фƾ5ɖń1�J
ĺ��Ȉ̬!L0�K�
(8ëL*ǪͲ�I˨ť1

EƷɺ̀5H�˰�IL0�K�A*
̒џ(S)OДÌįƈ2%K di-alkylsulfide (DAS)9}

�fU�(Pd)8Ʒɺ˰ȋĀċ2#0Ǆ�˰�ILK�šŹ19 Pt(IV)2 Pd(II)8āо5

di-octylsulfide (DOS)�H�˰�IL0�J
Ʉɝ19 di-hexylsulfide (DHS)�ć˰!L0�

K [18,37]� 

 

 
Figure 1-15. Łśv�'-. 

 

  

P

n-octyl(phenyl)-N,N-diisobutyl
carbamoylmethyl phosphine oxide

CMPO

O O

N
P

O

R
R R

P

S

R
R R

R = –O-n-butyl        TBP
R = –n-octyl            Cyanex 921 (TOPO)
R = –C6–8H13–17     Cyanex 923
R = –iso-octyl         Cyanex 925

R = –iso-butyl         Cyanex 471

S

di-n-hexylsulfide
DHS

O
methyl-iso-butylketone

MIBK

O
O

O

dibutylcarbitol
DBC
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1-5.� w¬o;>�Ä�	¸b��Vo;�^Ä 
 

� Ċ̸1͍¾#*H�5
ż˔П̎�I8ЛƫΣФ8*D5
�LA15ź�8ëL*Ʒ

ɺ˰ȋĀċ�Ш˼!L
Ɨ˰Ĝ!L0�*�#�#4�I
˨ť5��0Eпāӧ́8Л

ƫ8͏BŁN'9ȸź�Ƌť#0�J
ȿΩȋĀċ8Ш˼�̅P5ΚNL0�K�ɝ̸1

9
ȿΩȋĀċ8Ш˼2ϲǁ8ˇƇȋĀ8ƪШ5.�0ϴ>K� 

 

1-5-1.� <W²µ±©ÌU��#��BJ�Í 
� āƈ8¥˵5��0E¶�5̊Ǫ8H�E82Ǯ�E8�Ƌť#
�8H�4āƈŃŶ

8ЎJƃB˨ώO āƈοϊ(molecular recognition)�2ΰ��1987ǁ5 Donald J. Cram


Jean-Marie Lehn
Charles J. Pedersen8 ¼�z���ĜƎϖOĸϖ(Figure 1-16)#0�I

āƈοϊl2��ΰΎ9�ϣ¥˵¨8ʪ̈Oʴ;*�˨ťE
āƈοϊOΚ�͂ƞ4�gt

āƈO¼Ʒ̀5Ɨ˨%K*D5
]�U�W�r�mFY�p]gR���432�-*


�NGKϜāƈɾϽOɖ%KāƈοϊιΖ�̪ɻ̀5δα�ŁǺ!L0�K� 

 

 
Figure 1-16. 1987�ǇǠǌǚ4jńǡÃŏäðóƜœ��ƫ´ƒƩ(hƞŤñƝŦƒƩÁĕǢ. 

 

                                                   
l  āƈοϊĜƎ�9 Cram5HJȡŒ!L* �gt-`gtĜƎ(host-guest chemistry)�8ɼǧOŭ̆2#0
˼ƪ#
(8Ǜ Lehn5H-0 ϜāƈĜƎ(supramolecular chemistry)�=2˼ƪ#0�-*� 
 
m ]�U�W�r�(crown ether)9 1967 ǁ5 DuPont ̚8 Pedersen 5H-0Ůŉ!L* [47]
�ͼɾϽǌ 
(-CH2-CH2-O-)n 1Ο!LKŻˬˡ��W�r�ĜŁ˟1�J
ɔEɖń4ěȞĜŁ˟8 1 .1�J
�gt-
`gtĜƎFϜāƈĜƎ8ŭ̗̀4ĜŁ˟1�K�˦ý(crown)5Ë*āƈɾϽ�Iōń!L*� 

Charles J. PedersenDonald J. Cram Jean-Marie Lehn

The Nobel Prize in Chemistry 1987

Crown ether complexCarcerand complex Cryptand complex
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� ��19Y�p]gR���n5.�0ϴ>K�1981ǁ
C.D. GutscheI5HJ 1 step1

8ŻКŁǺ�Ůŉ [48]!L0Äɢ
Y�p]gR���5HKāƈοϊ8̬̏9Ǆ�ΚN

L
ЛƫTX�8ȋĀ8āЙ1E̅P5̬̏�4!L0�* [49,50]�Y�p]gR���

O˰�*ЛƫTX�8ˇƇȋĀ9
1983ǁ5 Reed McNeil IzattI5H-0ąD0ΚNL* 

[51]�(8Ǜ
����͸˲ŻƎ8 Rainer LudwigF®ƶŻƎ8 Seiji ShinkaiIź�8̬̏

ͩ5H-0
Y��[eŭF��ЕŭOƤò#*Y�p]gR���πƤÏ8Ш˼�ΚN

L0�-*(Figure 1-17) [52–60]�ϲǁ19 2008ǁ5˼Ψ!L*ɮˡ8ȿΩˬˡāƈ1�

K���R���o [61]O˰�*ЛƫTX�8āо5Ъ%KŮŉ�Ŵ�0�J [62]
ü;

ŻˬˡěȞĜŁ˟5HKāƈοϊ�ʪ̈!L0�K� 

 

 
Figure 1-17. ƲǙƿƴƺƬǛǠǞƞ)µƞÉB. 

                                                   
n Y�p]gR���(calixarene)29ΤȸÞ8�Vz��8�mÌO�o��Ц1͑Ł#*ˬˡX�b��
1�J
(8˼Ψ9 1940ǁÂ5A1ЋK�X�gt�R8 A. ZinkeI9
�Vz��-���R�±~uʅͳ
ѣ��]�TtѤˮ Ǻ8з5ǝILKћΙː8˟ϘO�8ˬˡŚКÏ(calix[4]arene)2ͨ�
(8ɾϽOȡɴ#
*�1970ǁÂǛĤ�I 1980ǁÂĊĤ59 C.D. GutscheI5HJ�ʑеŁǺʧ�Ůŉ!L
ˬˡŚКÏ
öК
Ï
ôКÏ8ŻКŁǺ�ļͲ54K�Y�p]gR���2��ńĊ9
(8āƈɾϽ�\�e�Σ8ͫɣ

(calix crater)5Ë*΁ѕˬ8ŻˬˡÏ(arene)1�K�25˲ɢ%K� 
 
o ���R���(pillararene)29ΤȸÞ8 1,4-dialkoxybenzene8 2,5ÌO�o��Ц1
͑Ł#*ˬˡX�b��1�J
2008ǁ5ЛʢŻƎ8ˮϝĳʅĩŶѣ˨ »ГŻƎȵșѤ
I5H-0ąD0Ůŉ!L* [61]�Y�p]gR���2ʗϪ#0̻Ù�.ƐØ5Ł
Ǻ%K�2�1�K�˨ť82�M
·έɮ8 pillar[5]arene 2öέɮ8 pillar[6]arene
�Ɛƕ�.ћĶˤ1ǝILK�2013ǁ5ŚƵŻƎ8 Lihua YuanI5H-0ąD0Лƫ
TX�8āо5˰�IL* [62]�2014ǁ59ɤ»ĜǺƷɺɱǌÈ̚�I
ιΖ2#0
ϐŷ�Шƅ!L*����R���2��ńĊ9
(8āƈɾϽ�ɮ(pillar)5Ë*΁ѕ
ˬ8ŻˬˡÏ(arene)1�K�25˲ɢ%K� 

 

 

The early history of “calixarene”

1944... 1978... 1981... 1983... 1994...

Calix crater
J. Am. Chem. Soc., 105, 1782 (1983).

OHOH OH
OH

OH OH

Cs

Chem. Lett., 23, 1115 (1994).

K = 105.3

O O
O O

O O

Na+/K+

Na

OHOH HOOH

Calix[4]arene

Ber. Dtsch. Chem. Ges., 
77, 264 (1944).

C.D. Gutsche

l Identification & Naming
l One-step synthesis

R.M. Izatt S. Shinkai

l Molecular recognition
l Extraction of metal ion

l First synthesis

A. Zinke E. Ziegler

OH

HO

CH2

n

pillar[n]arene
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1-5-2.� ·<WÃ7�=���Á_��-²µ 
� ¡ϴ8H�4Żˬˡ�gtĜŁ˟9
(8ˬ8Ż�!OŸĜ!'K�21ˬcTh5Ќ

#*ЛƫTX�OcThοϊ%K�
�8H�4āƈοϊ9ˬˡĜŁ˟+�5аI4��

ϜāƈХÏOć˰%K�21
ˠƕ8ЛƫTX�5ơ#0ћ�ЎȊǪO̘%ȋĀċEŮŉ

!L0�K� 

 

� ¨š̠Ǝб8 Qing-Fu SunI9
3.8 pyridine-2,6-dicarboxamideOt��Vw���j

�1Ͼ͑#*ДÌƈ(L1)�µØ�H;

 Ø8ЛƫTX�2ǓǺ%KϜāƈХ

Ï5̌̈#
 ʹˡ8®ǊДÌƈŨȋ

ĀċOШ˼#*(Figure 1-18) [63]�Sun

I9A&
L1�TX�Ĥǘ8ƥ!��

�mzTuTX�(Ln(III))2ëï̀5

ХǓǺ#
Ln(III)8Ĥǘƹ�Ż��?

3̊¶āоͲ�ћ��2OΨĀ#*�

(#0
L18ДÌ�o��8ï̱5Ч

ЦR�[�ŭO 2 ɝƤò#*ДÌƈ

(L6)O]�����5ˇή!'
��

mzTuȋĀιΖ2#0˰�
ћėˤ

4��mzTu8̊¶āо5ǺĒ#*� 

 

 

� Ä¡8H�5
āƈcThOοϊ%KY�p]gR���F���R���ѣ�H;(

LI8πƤÏѤF
ϜāƈХÏOć˰%KιB9ЛƫTX�8ȋĀ2��āЙ5��0E


Ż�4ǕďOȌ��K�#�#4�I
�LI8H�4ĜŁ˟9Ʒɺ˰ȋĀċ5ʗ>0ā

ƈɾϽ�Τн1�J
ŁǺagt�Ƀϴ8Ʒɺ˰ȋĀċ8ȸ˿ß��-0#A�*D
ż

˔П̎FГƺПƬ�I8ЛƫTX�8śĶÖ̀2#*ůŁ
Ȝ̶�ķL4��A*
�

LIĜŁ˟9Ɨз8��ig1ƼЖċ2#0ÓNL0�KH�4̲ 3̎ʤѐ=8ˇήǪ5

¬#�
Ɨ˰Ĝ¡8Ż�4σю24-0�K�!I5
͢Jϳ#8Ó˰OļͲ5%K*D

59
įȽ8ʚ̊5ˇĀ'&
ћ�˻ʚǪOɖ%K�2�Φʜ!LK� 

 

� (8*D
HJe���4āƈɾϽ�H; 2grp�Ä¢1ŁǺ1�
̧�8ɖʇˇƇ

=8ëL*ˇήǪ2˻ʚǪ
�H;ћ�āоǪͲOɖ%KȋĀċ8Ш˼�ǤΦ1�K� 

 

  

 
Figure 1-18. ņ(h 4 ¾Š�ƞ��ƛÚg�'ƝƦ

ƩǘǞƾǇƮǃƮƱǞƞõ	(ŭ. 
[Reprinted by permission from Macmillan Publishers 
Ltd: Nat. Commun., 9, 547 (2018) copyright 2018.] 

Qing-Fu Sun
+ Lanthanide(III)

Ln4L64
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1-5-3.� �'!À.�'!*-À�Dv���¿6R	��o;>Ä� 
� ¡ϴ8ȋĀċ5ʜDILKɡÆO%>0˄*%H�4ȋĀċ8ŁǺ9Ɯɋ194�
Ʒ

ɺ˰ȋĀċ2Y�p]gR���̴8āƈοϊιΖ5HKȋĀOʗϪ%L:ā�KH�5


ˠ5 āоǪͲ�2 ŁǺ8Ɯɋ!�Où7æ�*ȿΩȋĀċ8Ш˼9Ɯɋ194��e

���4ĜƎɾϽ8¨1
��5ˠ˺̀4ЛƫЎȊǪO˼˨%K��ИΦ1�K� 

 

� ��19
R�zЕFR�z��ЕOįȽA*9ДÌŭ2#*ȋĀċШ˼5.�0͍¾

%K�R�zЕ9Лƫ=8Ɛƕǉƕȸ�ћ�
A*πϛėɩ5HJY��[eŭ8 pKa�

Í�*D
�ͼ̀4Y���Е2ʗ>0
Í pH ьū1EЛƫ=ДÌ%K�2�ĀɢK�

!I5R�zЕOДÌŭ2%KȋĀċ9̈̀ЛƫFȋĀ̈́5H-0
YoX�ȋĀċ2#

0ERwX�ȋĀċ2#0EÓ˰1�Kː43
�w�]4ˠǢOȑ.�R�zЕOДÌ

ŭ2%KȋĀċ2#09ĺ��I^�e�ɾϽOɖ%KȋĀċ�Ůŉ!L0�K�ħR�

�Y8 Lonrho Refinery̚8ϑЛƫTX�8͂Σ��ig5��09
Pd(II)2 Pt(IV)�^�

e�πƤÏO˰�0͂Σ!L0�J
ǜɢ�I˰�IL0�*R��̈́8Ʒɺ˰ȋĀċ�

űЕˇʸ�IȋĀ#* Pd(II)2 Pt(IV)8ϷȋĀėˤ�Ǯ�85ơ#
̂ �e�πƤÏ19ű

Е5HKϷȋĀ�Ɯɋ1�K2Ůŉ!L0�K [64]� 

 

� A*
ƙƲŻƎ8 Yoshinari BabaI9 Figure 1-195̘%H�4
R�zЕFR�z�
�ЕOįȽA*9ДÌŭ2#*ȋĀċOШ˼#0�J
�R�m�8 Co(II)F In(III)8ȋ

ĀāоOɹβ#0�K [65–71]�Y��[eŭF��Еŭ8ϲå5R�zŭOƤò%K�

21
Y��[eŭF��Еŭ8BOДÌŭ2%KƷɺ˰ȋĀċѣVersatic 10 �H;

D2EHPAѤ2ʗϪ#0
In(III), Ga(III), Zn(II)8̊¶āоͲ�Ņ¡%K�2�Ůŉ!L0�

K [66–71]�R�z��Ё́ȋĀċ DABPM5Ъ#0
BabaI9R�zŭOƤò%K�2

1ȋĀċ�ɖʇˇƇ¨1ĨКÏ2#0Ƌť#0�J
Zn(II)=8ȋĀЎȊǪ�Í¢%K�2

OɊI�5#*�A*
����OįȽ2#*ȋĀċ DPCA5Ъ#09Ŏð”ΖƷɺ�I

ϑЛƫ��R�m�˰ȋĀċ2#0ƺϐ!L0�Kѣœŏńѧ]�Rgm�VM-ExѤ� 

 

 
Figure 1-19. ƬǒǇŗǟƬǒǇǙǞŗƫ:«ƢƖƟŖ�ZƛƑƙŤñƐƪƖ¬Ī�'-. 

Yoshinari Baba

NH2
H
N

O

N

NHHis-EH

NH2
H
N

O

Ala-EH

N O

OH

DPCA

N

O

N

HO O

D2EHCEP

N O

OH

DEHAA

N
H

O

OH

NPCA

N P O

OH

DEAPP

N P O
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O
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H

P O
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O
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1-5-4.� 2i0e¿6WQo;> 
� ŁǺ8Ɯɋ!2ëL*āоǪͲO

ù7æ�*ȋĀċ2#0
1990ǁÂ

HJ
 ǊДÌƈŨ8ȋĀċ
ˠ5

f^�a��R�u(DGA)ŨȋĀċ

=8Ъǣ�ћA-0�K�DGAŨȋ

Āċ9 2.8R�uЕ͊2¨ſ8W

�r�Е͊8
α 3.8ДÌŭ8͏

BŁN'5HJ
ˠ˺̀4ЛƫЎȊ

ǪO˼˨#0�K�A*
�8 DGA

¨8̭Щ9cThοϊͲOɖ%K2EΰNL0�K�1991ǁ5uTq8 Holger Stephan2

Karsten GloeI8^���5HJ
ɜ̱5ЧЦR�[�ŭOɖ%K DGAĜŁ˟O˰�0


gt��oU�(Sr(II))FƼţѐЛƫ8ȋĀ�Ůŉ!L* [72,73]�(8Ǜ DGAĜŁ˟8̏

̬9̅P24J
���nƶ̯ŻƎ8 Gregory R. ChoppinpFɄɝįƈđ̬̏ʇɾ8 Yuji 

Sasaki I5HJ
R�[�ЦЧ8Ÿɑ5HJɖʇˇƇ=8ˇήǪFȋĀϼǉ5ëL*

TODGA (N,N,N’,N’-tetraoctyl diglycolamide) [74–77]F
̈ ſ8W�r�Е͊O̮͊(N)įƈ5

Ÿ�K�21
Іr]yoU�ЕTX�(TcO4
–)FІ�wU�ЕTX�(ReO4

–)438X[k

RwX�Oћėˤ5ȋĀļͲ4MIDOA (methylimino-bis-(N,N-dioctylacetamide)) [78,79]̴8

Ш˼�ΚNL*�A*˯ɺȄΛ͙Ł̬̏Ȁ8 Kazuhiro Narita2 Mikiya TanakaI8^���

9¨ſ8W�r�Е͊O̒џ (S)įƈ5Ÿ�* N,N,N',N'-tetraoctyl-3-thiadiglycolamide 

(TOTDGA)q� Pd(II)8ȋĀāо5фƾ5ɖ˰1�K�2OΨĀ#* [80,81]� 

 

1-5-5.� Ài0e¿6WQo;> 
� ЕǪ8 ǊДÌƈŨȋĀċ2#0


2006 ǁ5Ʉɝįƈđ̬̏ʇɾ8 Kojiro 

ShimojoI9
DGAњɳ8�ВOY��

[eŭ2#*ɾϽOɖ%K ǊДÌƈŨ

ЕǪȋĀċ N,N-dioctyldiglycol amic acid 

(DODGAA) O Ш ˼ # *  [83–88] �

DODGAA9�ʑе1ŁǺ�ļͲ1�J
 

Y���Ё́ȋĀċ1�K*D
pHOŸ

Ĝ!'K�21ʌȋĀ2ϷȋĀ8a�t

����Ɯɋ5ļͲ1�K�A*
Y���Ё́ȋĀċ1�K5EЪNI&
pH 2Áϲ1

                                                   
p R��Y8ɲĜƎͩ1��±��U�(Md)8˼Ψͩ8�¼ [82]� 
 
q Ŏð”ΖƷɺѣ˨ ƟŶ�S��Ŏð”ΖѤ�I Pd˰ȋĀċѣ]�Rgm�Pd-ExѤ2#0ƺϐ!L0�K� 

 
Figure 1-20. ����Ŗ�hY�'-ƞŤñ. 

 

Figure 1-21. DODGAA ƝƦƩǘǞƾǇƮǃƞ�'. 
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��mzTuOƕК̀5ȋĀļͲ1�J
��Ё́5ğȺ%KȋĀͲOɖ#0�K 

[84,87,88]�ˠ5ⅡƼţѐ5Ъ#09ǜɢ8ȋĀċHJEëL*̊¶āоͲO̘#*

(Figure 1-21) [84]�(8À
Pb(II)TX�8ЎȊ̀4ȋĀ [86]43EŮŉ!L0�K� 

 

� �ɀ
ϲǁ
®ƶŻƎ8 Masahiro Goto
Fukiko Kubota
Yuzo Baba I8^���9


DODGAA 8āƈњɳOE25
¨ſ8ДÌįƈOЕ͊�I̮͊5Ÿɑ#*ȿΩR�uЕ

ŨȋĀċ8Ш˼OΚ-* [89]�Ш˼!L*ȿΩR�uЕŨȋĀċ8āƈδαȒМO Figure 
1-225̘%� 

 
Figure 1-22. ŉ�ŤñƐƪƖ¬ĪƬǒǃŗY�'-ƞ(hĲİÂ�. 

 

� ȿΩR�uЕŨȋĀċ9R�zЕOįȽ2#0µʑе1ŁǺ�ļͲ1�K�A*
Ʒɺ

̀5ƃA#� n-dodecane ̴8ѓŎͳͯɂ̈́ˇƇF
̲ 3 ̎ʤѐ=8ˇήǪ5ëL0�K�

Goto I9ɔEĨ”4ɾϽ8R�zЕ1�K^�e�OįȽ2%KȿΩȋĀċ D2EHAG 

(N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine)O˰�0ɿ�4ϑЛƫ��R�m�8

ȋĀȓĘOŮŉ#0�K [89–93]�D2EHAG 5HKŀ̧ЛƫTX�8ȋĀȓĘO Figure 
1-235̘%�D2EHAG9ƐØ4Mn(II)2ʗϪ#0�R�m�8 Co(II)5ơ#0ћ�ȋĀͲ

Oɖ#0�J
Ni(II)–Co(II)Щ8āоEͽƃ1�K [89]�A*
D2EHAG 9ƼţѐЛƫ8
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D2EHAGO˰�* In(III)–Ga(III)–Zn(II)8̊¶āо [91]F
˾ЛɂЛƫ8ȋ

Ā [92]
ȧƽсκʶĀʸ�I8 Au(III)8ȋĀāо [93]EŮŉ!L0�K� 
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1-5-6.� ��-�7 
� ϲǁˬų=8ǔшFƐóǪ�ИΦΪ!LKH�54J
Ȥ˼Ǫ8ɖƚ4ɖʇˇƇOÓ�

�28ź�ˇƇȋĀ�āоȄΛ2#0!I5Ѐƪ%K*D59
ˬų5ДǷ#*ȿ#��

�igOШ˼%K�2�ИΦ4σю24-0�K��8H�4¨1
^���4ˇƇ2#

0 TX�ʸÏ��ʪ̈OмD0�J
2000ǁÂ�I̅P5̬̏�ΚNL0�K� 

� TX�ʸÏ29
ƾˁ�ƾŤ1ʸÏ8ű(�P)1�K2ƕͦ!LK�ɖʇYoX�2R

wX��IɾǺ!L0�J
Ϻƾ9 100°CÄ¢8ΙːO̘%ʸÏˡǴ8űOȒ% [94]�ű

Ĝvt�U�(NaCl)5ÂΟ!LKH�5
ź�8ű9YoX�2RwX�8Щ8Ǒ�TX

�͑Ł�Ƌť%K�21
Ιː�фƾ5ћ�
Ϻƾ9ƾˁ1ʸÏ594I4��#�#4

�I
Figure 1-24 5̘%H�4Ƴћ�āƈɾϽOȑ.ű9�8TX�͑Ł�ǐ�
ƾˁ
1ʸÏr24KE8�Ƌť%K�TX�ʸÏ9£Ȥ˼Ǫ8ˇΙű1�K*D
ˬųτŎŨˇ

Ƈ2#08ќđEù7æ�0�J
āƈǪˇƇ29˺4Kɿ�4ˠǢ�I
ɖʇˇƇ5Â

NKȿ*4āоƇÏ2#0ϲǁ̅P5̬̏�ΚNL0�K� 

 

Figure 1-24. $YóƜƮƱǞÔ�ƞ(hÃŏƊƦƠ´ÇÚgǡǋƳƷǞǢƄÎǡöĞǢƄƮƱǞÔ�
ǡ1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imideǢƌ�õƝ(ŭƒ
ƩÄh. 

 

� TX�ʸÏ9 1999 ǁ5 S. Dai I5H-0ąD0ЛƫTX�8ȋĀ5Ǧ˰!L
ɖʇˇ

ƇHJEëL*ȋĀǪͲ�̘!L* [95]��LÄǛ
TX�ʸÏ9ћǪͲ4āоegr�

ɾ̺8*D8ƇÏ2#0əǙ�Ɲ'IL0�K�TX�ʸÏO˰�*ȋĀ̈́9Ż�� 3.

5āѐ1�K�%4N,
	TX�ʸÏOȋĀċ8ƼЖċ2#0˰�K̈́

TX�ʸÏ

OѣɖʇˇƇ1ƼЖ#0ѤȋĀċ2#0˰�K̈́
�TX�ʸÏ8BOȋĀ̊2#0˰�

K̈́ѣ˒ƼЖѤ
1�K�
�8̬̏Ô5.�09̲ 2̰1͍¾#
��19	8�TX�

                                                   
r ĺ��IЛƫЕĜ˟43�I4KћˁˡǴ18ˇΙű9̍IL0�*�
ɖʇĜŁ˟1ɾǺ!L
̭ʙFʚ
5ơ#0Ɛƕ1
�.ƾˁ1ʸÏ24K˨Ầ4TX�ʸÏ9
1992ǁ8 J.S. Wilkes2M.J. Zaworotko5H
KT�nl��YoX�O˰�*̬̏ÔĂJ5Ż��˼ƪ#* [96]�WilkesI9ŁǺ#*ʸÏ8űO”ionic 
liquid”2ńÁ�*�Ʉɝ19
ǒą
�TX�ǪʸÏ��ƾˁˇΙű�438εE�-*�
̠̏ϒˠƕьū̏
̬ѣTX�ʸÏ8̠ƎѤ�ƗɁ!LƅD*ǀǺ 17ǁǉÄЯ9�TX�ʸÏ��ƕ̌#* [97]� 
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ʸÏOȋĀċ8ƼЖċ2#0˰�K̈́�5.�0ëL*̬̏ÔO͍¾%K� 

 

� 2003 ǁ5®ƶŻƎ8 Goto, Kubota, 

Nakashima I9
ƼţѐЛƫ8ȋĀāо5

TX�ʸÏOąD0ć˰#* [98]�ǖI9

T � n l � U � ̈́ 8 T X � ʸ Ï

[Bmim][PF6] (1-butyl-3-methylimidazolium 

hexafluorophosphate)5 CMPOOˇ�#
�

�mzTuTX�8ȋĀOΚ4-*

(Figure 1-25) [99]�TX�ʸÏ=8ȋĀ9

n-dodecane =8ȋĀ5ʗ>
ȋĀėˤ�ɳ

ʑ5¡�K8B4I&
фƾ5āо8п#

�
��mzTuì͊Щ8ЎȊǪEɻD0

Ż��4-*�A*
ǖI9TX�ʸÏ5

ȋĀ!L*ЛƫTX�8ϷȋĀE¥˵1ą

D0Ůŉ#0�K� 

 

� ǜɢ8ȋĀ19
ћ�́ǪOȑ. IL̊2ʚ̊8ėɩ̀4Ȭȍ�ŝп1�K�2�Ŕю5

4K�2�ź��IL2ʚ�H;ɖʇˇƇ8ʺŁˇʸ9
¡Вͷ˵ˇήˁǉ(UCST)A*9¢

Вͷ˵ˇήˁǉ(LCST)Oȑ.�µ̊5āо#*ʺŁˇʸ1E
UCST Ä¡A*9 LCST Ä

¢19ŧ�̊24J
ü;̊āо%Kз9ąəˁǉ5Ǿ%�25HJļͲ54K� 

 

� ���V��Yt�p]ŻƎ8 Koen 

Binnemans I9�8ǪϘOć˰#
ЛƫTX

�8 ŧ�ʸʸȋĀ�O¥˵1ąD0Ůŉ#

* (Figure 1-26) [100]��8φȻ19ˇƇ2

#0 betainium bis(trifluoromethylsulfonyl)imide 

([Hbet][Tf2N])
ȋĀċ2#0 betaine�˰�I

L0�K�ɝȁʧ9ŧ�̈́8ĵǦ24K*D

ĵǦϼǉ�Ŵē#
ˌ#�ȬȍOǤΦ2'&

ȋĀ1�K2��ćː��K�A*


Binnemans I9¶�5ʺ$JŁN4�TX�

ʸÏOШ˼#
TX�ʸÏѦʚѦTX�ʸÏ

8 3 ̊�I4KȋĀ̈́Oɾ̺#* [101]�(

8͑ɩ
Sn(II)
Y(III)
Sc(III)8 3 ЛƫO 1

ʑе1āо%K�25ǺĒ#0�K�  

 

Figure 1-25. [Bmim][PF6]ƊƦƠ n-dodecane Ɲ
ÚĭƑƖ CMPO ƝƦƩǘǞƾǇƮǃƮ
ƱǞƞ�'�2. 

[Reprinted with permission from Ind. Eng. Chem. 
Res., 44, 4368–4372 (2005). Copyright 2005 
American Chemical Society.] 

 

Figure 1-26. UCST ƫ�ƘƮƱǞÔ�ƫìƈƖ
śvƮƱǞƞX�ÔÔ�'. 

[Reprinted with permission from J. Phys. 
Chem. Lett., 4, 1659–1663 (2013). Copyright 
2013 American Chemical Society.] 
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1-6.� {����� �
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� ɝ̬̏19
Ɛƕ#*Лƫϔ˅8Ö͒ÖȒ#
ˇƇȋĀʧ5HKÍŏÌП̎Fǋɸ˟

�I8ƼƦЛƫ8śĶÖ̀2#0�K�(8*Dǜɢ8Ʒɺ˰ȋĀċ5ʗ>
ћ�Лƫ

āоͲOɖ%K+�14�e���4ɾϽOɖ%KȋĀċ8ȿΩШ˼OΚ��̈̀8Лƫ

5ћЎȊ̀4ȿΩȋĀċOāƈδα%K�2�1�L:
фƾ5Τн4͏Ǻ8¨�Iơώ

2%K̈̀ЛƫTX�8āоśĶ�ļͲ24K2ͨ�ILK�A*
ˇƇȋĀʧ8ˬųτ

ŎŨ��ig=8ϧȢÖ̀2#0
Ш˼#*ȿΩȋĀċOћāƈěȞͶ(PIM)8[��R

2#0˰�
ƼƦЛƫ8ȿΩͶāоʧOШ˼%K� 

 

� ɝφȻ8ɾǺ9Ä¢82�J1�K� 

 

� ̲ 1̰9ǆφ1�J
ɝ̬̏8m�`pt1�KƼƦЛƫ5Ъ%K͍¾
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� ̲ 2̰19
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� ̲ 3̰19
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Ш˼!L*ȿΩR�uЕŨȋĀċ D2EHAG8āƈδαOıͨ5#
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ƼţѐЛƫ8�̧1�KgY�fU�(Sc)8ȋĀ2ÀЛƫ�I8āо5.�0

ɹβ#
ȋĀǪͲOǜɢ8Ʒɺ˰ȋĀċ2ʗϪ#*�!I5ȋĀʇɾ8ήɧOΚ-*� 

 

� ̲ 4 ̰19
̲ 3 ̰1ëL* Sc ȋĀͲO̘#*ȿΩR�uЕŨȋĀċ D2EHAG 2
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2-1-2.� �ÁxÁ_�<Æ¡« 
� PGMs 9ʚˇʸ=8ˇήǪ�Í�
(8ˇή59˦ʚ̴8ǑЕ�Ó˰!LK�
Ʒɺ˰

��ig19ű͊ZgѦűЕˇʸ50ˇή!LK�2�ź� [1]�ʗϪ̀ћˎǉ8űĜ˟

TX�OŇCʚˇʸ¨1
%>08 PGMs�űĜ˟RwX�ХÏ2#0Ƌť%K�2�I


�LIRwX�8ȋĀȓĘ8ȅȣ�HJëL*ȋĀ̈́Ш˼5ʜDILK�ÂῸ4 PGMs

ΣФ��ig2#0
Vale ̚(Acton)8��ig�ȓ�ILK(Figure 2-2)��8��ig

9
ÄĊ9 INCO ʧ2Ō:L*��ig1�J
šú1E�LO��g5#* PGMsāо

͂Σ��ig9ź�� 

 

 
Figure 2-2. ValeǡActonǢǊǜƼƺƝƦƩŁśvƞ(ŭćħ. 

 

� űЕˇʸ¨5��0 Pd2 Pt9
(L)L 2 Ø�H; 4Ø8TX��ȋĀơώ24K�

2�ʏ31�K�A*
PGMs űĜ˟ХÏ8©Φ4RwX�̧9 MCl42 MCl68 2 ̧ѐ1

�K�
Ċͩ9ǀхŚέǓ
Ǜͩ9ʌôхÏɾϽ1�K��LI8űĜ˟ХÏ9
Cl–ˎǉ

8Í¢5HJ(L)L[MCl4–x(H2O)x], 

[MCl6–x(H2O)x]2�-*ДÌʚOŇC

űĜ˟ХÏ=2ŸĜ%K�ЛƫRwX

�8ØȸEŸĜ%K*D
ˠ5RwX

�ºȢŨȋĀ19ȋĀˤ5Ż��ǔш

%K�Rh(III)5Ъ#09
ʗϪ̀ћˎ

ǉ(> 1 mol dm–3)8űЕˇʸ¨5��0

E[RhCl4(H2O)2]–, [RhCl5(H2O)]2–�H;

[RhCl6]3–�÷Ƌ%K(Figure 2-3)�2

� RhȋĀOHJΤн5#0�K [1,3]� 

 

L N D pH SXSXSXSX OXRed

AgCl Ru, Os Au Pd Pt Ir

Rh

TBPTBPDASDBCHClHCl/Cl2
NaOH/
NaBrO3 SO2

DBC : Dibutylcarbitol
DAS : Dialkylsulfide
TBP : Tri-n-butyl phosphate

L : Leaching
N : Neutralization
D : Distillation
pH : pH adjustment

SX : Solvent extraction
Red : Reduction
OX : Oxidation

 
Figure 2-3. ^ŗÚÔ�ƚƞRh4jĀƞiV(ç. 
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� A*
ДÌƈºȢϼǉ8Ż�!8ǆĄ9 Pd(II) > Pt(II) > Ru(III) >> Rh(III) > Ir(III) > Os(III) 

>> Ir(IV), Pt(IV)1�J
Rh(III)ÄЯ9ДÌƈºȢ£ʭǪ2B4!LK [1]��ɀ
PGMsű

Ĝ˟ХÏ8RwX�ºȢĵǦ5��KTX�ơХÏ8ˮǺ#ɋ!9
[MCl6]2– > [MCl4]2– >> 

[MCl6]3– > [MCln–x(H2O)x]m–8ы1�K [1]��LI8ˠǪ�I
ДÌƈºȢĵǦ2TX�ơ

ХÏ8ˮǺĵǦ�÷5ϛ�J5�� Rh(III)9ȋĀŝп1�K�2�ȟƠ!LK�Ɨз


Figure 2-2 5̘#*H�5
?2P38ΣФ��ig5��0
Rh(III)OįȽʚ̊¨5ʐ

˷!'K�21À8ϑЛƫ�Iāо#0�K�Figure 2-45 PGMs8тΦ2ŀЛƫ8ȋĀ

5Ъ%K͙φȻȸO̘%�
Pd(II)F Pt(IV)2ʗ>0тΦ�Ʀ4��25ē�0
ȋĀ8ŝ

п!�I
Rh(III)8ȋĀ5Ъ%K̬̏9Ʀ4�
½ɄA1
Ʒɺ̀5ɖė4 Rh(III)ȋĀċ

9Ш˼!L0�4� [1,3]�#�#
¡ϴ8ϺJ Rh(III)9ɔEћØ4ϑЛƫ1�K*D


À8 PGMs HJëï̀5śĶ!LK�2�͐ʾ̀5ƃA#�
Rh(III)Oћėˤ5śĶ1�

KȋĀ̈́8Ш˼�ɘAL0�K�ʉъÄЯ9
Rh(III)ȋĀ5Ъ%KИΦ4ïΚ̬̏5.�

0͍¾%K� 

 
Figure 2-4. PGMs ƞŰĩƛDśvƞ�'ƝŦƒƩĒļª©s. 
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2-1-3.� TBÂ(SnCl2)��?
��,��(�Ë@�o; 
� űЕˇʸ�I8 Rh(III)8ƕК̀4ȋĀɀʧ2#0
űĜУ(SnCl2)8ʻē�ȡɴ!L0�

K [4–6]��8ɀʧ9�\�ŻƎ8 George P. Demopoulos2 Elyse Benguerel5H-0Ш˼

!L
1993ǁ5T\�g8��]1Шç!L*̲ 13ś šзˇƇȋĀÈϋ(ISEC’93)1Ůŉ

!L* [4]�űЕˎǉ 1 mol dm–38ˇʸ¨19 SnCl28ʻē5HJ
Rh(III)� Rh(I)5Џì

!LѣSn(II)9 Sn(IV)5ЕĜѤ
Sn(II)2ΤɲХÏOǓǺ#* Rh �ƕК̀5ȋĀ!LK

(Figure 2-5)�#�#4�I
źК8 SnCl2OÓ˰%K�2F
ϷȋĀ�ŝп54K�2̴

8Ŕю�ȓ�IL0�K� 

 

 
Figure 2-5. ^4ŞƞÖ/ƝƦƩ Rh(III)ƞlŚó�'. 

 

  

George P. Demopoulos

> 99%

[RhIIICl6]3–
+ 

6[SnIICl3]–
⇄

[RhI(SnIICl3)5]4–
+ 

3Cl– + [SnIVCl6]2–

org. phase

aq. phase

N
OH

7-(4-ethyl-1-methyloctyl)-8-quinolinol
Kelex 100

N
OH
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2-1-4.� �'�R
��� �-o;�fB 
� ¡ϴ8ДÌƈºȢ£ʭǪ8ǪϘ�I
[PtCl6]2–F

[RhCl6]3–8H�5ДÌƈºȢϼǉ�ƥ!�ĜƎ̧5

Ъ#09
úŢДÌŨ8ȋĀ9ŝп1�K�(8*

D
YoX�ǪȋĀċO˰�*RwX�ȋĀ�ɖė

1�K2ͨ�ILK�
tri-n-octylamine (TOA)8H�

4
ǜɢŨ8e���4ɾϽ8ȋĀċ19 Rh(III)8

ћėˤ4ȋĀ9ЈǺ!L4� [1,3]��ɀ
RwX�

ХÏ8ŹŢ5��KȋĀċ28̊¶Ñ˰ (Figure 
2-6)Oć˰#0
ȋĀˤFЎȊǪOŅ¡!'K̬̏

�Ůŉ!L0�K� 

 

� W±S�|�ŻƎ8 Peter A. Tasker

2zprS�Z�ŻƎ8 Martin 

Schröder I 8 ^ � � � 9 


tris-(2-aminoethyl)amine (tren)5R�u

ŭA*9Ʃ͊ŭOƤò#* ͉R��

ŨȋĀċ�
R�zŭÄŹ5uv�į

ƈOȑ*4� TOA5ʗ>0
[PtCl6]2–

Oфƾ5ћėˤ5ȋĀ%K�2OΨĀ

#*(Figure 2-7) [7–13]�ȋĀĵǦ9

TOA 2ŸNI4��
[PtCl6]2–8ʌô

хÏɾϽ8х2ϯ5ɔŻ8сƈƞǉ�

āƻ#0�K2��Ůŉ5ŭ/�0


(LI[PtCl6]2–8ŹŢ5�Kћсƈƞ

ǉ8�T�t2 tren8 NHŭ8Ìͣ�

ЌŁ%K�25HJȋĀˤ�Ņ¡#*

2ȟ˂#0�K�A*
Ĩ͑ɐ X ͛

ɾϽήɧ�H; NMR g�]t�ήɧ8͑ɩ�I
µ͉R�uA*9Ʃ͊ŭ8 NH ВÌ2

[PtCl6]2–8 Cl 28Щ8ʚ͊͑Ł8ǓǺ�̓ο!L*�Tasker I9RwX�8ŹŢ5��K

Τȸ8ʚ͊͑Ł8ǓǺ� TOA28ȋĀͲđƹ8ΦŜ1�K2͑φ/�0�K� 

 

 

Figure 2-6. %TŖ�ƛbTŖ�. 

 

Figure 2-7. Ƭǒǃ<ƠtċZƝƦƩ�'ęƞ�4. 
[From Angew. Chem. Int. Ed., 47, 1745–1748 (2008). 
Copyright © 2008 by John Wiley Sons, Inc. 
Reprinted by permission of John Wiley & Sons, Inc.] 

M

Metal anion Ligand

Outer-sphere
coordination

Inner-sphere
coordination

Peter A. Tasker

Martin Schröder
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� A*
˯ɺȄΛ͙Ł̬̏Ȁ8

Hirokazu NaritaI9
űЕˇʸ¨8

Rh(III)5ơ#0ћ�ȋĀ�ϷȋĀˠ

ǪO̘%�Ͼ8R�uŇɖ ͉R�

� (ACTA)OШ˼#0�K (Figure 
2-8) [14–16]���1
R�zŭ5͑

Ł#0�K N,N-µͣȢR�u8ȸ

�Ŵ�K5ǜ�Rh(III)8ȋĀˤEŴ

ē%K�ʌȋĀ19 Pd(II)2 Pt(IV)

8ȋĀˤ59Ĳ:4�E88
�&

L8ȋĀċE Rh(III)8ȋĀˤ� 70–

90%1�J
TOAHJE�4Jћ�

ȋĀˤO̘#*��LI8ȋĀǪͲ

8Ņ¡5.�0
Narita I9R�u

ŭ28ʚ͊͑Ł5HKR��8��ty�e��8ƐƕĜF
RwX�ЛƫХÏ2R�u

ŭ8ŹŢ̊¶Ñ˰
R�uŭ5HKȋĀċ8˵хʭǪ8ǑĜ
[RhCl5(H2O)]2–8ДÌʚ2R

�uŭ8ʚ͊͑Ł43�Ɲ¤#0�K2ςɊ#0�K�(8À
Narita I9 ACTA O˰�

* Pt(IV)2 Fe(III)8ћėˤāо [17]F
g��SǘȋĀċ2R��̈́ȋĀċ8ĦŃėɩ

Oć˰#*űЕˇʸ�I8 Rh(III)8ћėˤȋĀ [18]5.�0EŮŉ#0�K� 

 

  

 
Figure 2-8. ƬǒǃJ´�ĊƬǒǞƝƦƩ Rh(III)ƞ�'. 
[Reprinted with permission from Inorg. Chem., 58, 
8720–8734 (2019). Copyright 2019 American Chemical 
Society.] 

Hirokazu Narita

N N
OO

N
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2-1-5.� #�# �(Q��-�7�=� 
� ϲǁ
Τȸ8̬̏^���5HJTX�ʸÏO˰�* Rh(III)8ȋĀ�Ůŉ!L0�K 

[19–33]�TX�ʸÏO˰�*ȋĀ̈́9Ż�� 3.5āѐ1�K�%4N,
	TX�ʸÏ

OȋĀċ8ƼЖċ2#0˰�K̈́

TX�ʸÏOѣɖʇˇƇ1ƼЖ#0ѤȋĀċ2#0

˰�K̈́
�TX�ʸÏ8BOȋĀ̊2#0˰�K̈́ѣ˒ƼЖѤ
1�K�Rh(III)8ˇƇȋ

Ā5.�09
2��ź�Ůŉ!L0�K� 

� 2016ǁ5^�z����R��Ż

Ǝ8 Nicolas Papaiconomou
Isabelle 

Billard I9ƺϐ t8�g�wU�Ũ

T X � ʸ Ï 1 � K [P66614][Cl]


[P66614][Br]
[P66614][DCA]O˒ƼЖ1

˰�
űЕˇʸ�I8 Rh(III)ȋĀ5

.�0Ůŉ#* [25,33]�A*ϲǁ


®ƶŻƎ8 Goto
 Kubota I9

[P66614][Cl]2˺4KR�[�ЦЧO

ɖ%K�g�wU�ŨTX�ʸÏ

[P88812][Cl]O˰�
PGMs8ȋĀ5Ǧ

˰#* [29,32]�Figure 2-99�LI8Ȼˣ¨8ȸâHJÑǺ#*
ŀ�g�wU�ŨTX
�ʸÏ5HKűЕˇʸ�I8 Rh(III)ȋĀȓĘ1�K�BillardI8Ůŉ5HK2
[P66614][Br]

O˰�*ůŁ5 Rh(III)8ȋĀˤ�ɔEћ�
1 mol dm–38űЕˇʸ�I 98.7%8 Rh(III)�

ȋĀ!L* [25]�A*
GotoI8Ůŉ5HK2
[P88812][Cl]9ƺϐŏ8[P66614][Cl]2ʗϪ#

0 PGMs8ȋĀϼǉ�ϼ�
ʚ̊=8ˋĀEƦ4� [29]�!I5
űĜ˟TX�(Cl–)OY

U�m�RwX�2#0�K*D
ϷȋĀɌ5űЕˇʸ2Ȟί!'K�21TX�ʸÏ8

üˮ�Ɯɋ5Κ�K*D
͢Jϳ#Ó˰#0EƐƕ#*ȋĀǪͲO̘% [29]� 

� #�#4�I
�LI8Ůŉ19˒ƼЖ8TX�ʸÏO˰�0�K*DȋĀ̊8́ǉ�

800 mPa•sÄ¡2фƾ5ћ� [29]
n-dodecane8H�4�ͼ̀4ƼЖċ8́ǉ� 10 mPa•s

Ä¢1�K�2OͨǷ%K2
Ɨз8ΣФ��ig1˰�ILK�[c�it��Π̴ͣ

=8Ќ˰�ŝп1�K2ͨ�ILK��ɀ
́ǉOÍ¢!'K*D5
�LI8�g�w

U�ŨTX�ʸÏOƼЖ#0˰�*ůŁ
Rh(III)8ȋĀˤ9Ż��Í¢#0#A� 

[19,22,24,26,28,31]�(8*D
Rh(III)8ȋĀǪͲO͗ȑ#..
HJÍ�́ǉ8TX�ʸ

Ï8Ш˼F
ɖʇˇƇ1ƼЖ#0E4�ћ�ȋĀˤO̘%ȿΩȋĀċ8Ш˼�ʜDILK�

TX�ʸÏO˰�*űЕ�H;̑Еˇʸ�I8�fU�8ȋĀ5Ъ%KïΚ̬̏O Table 
2-15A2D*�A*
Figure 2-105˰�IL*TX�ʸÏ8āƈɾϽ2˸̣O̘%� 

  
                                                   
t Cytec Industries Inc.�I CYPHOS® ILe��h2Ō:LK
ɿ�4RwX�ВÌOȑ.�Ͼ8�g�wU�
ŨTX�ʸÏ�ϐŷ!L0�K� 

 
Figure 2-9. à~ŘƞǎƺǎǅƯǓYƮƱǞÔ�ƝƦƩ^

ŗÚÔƋƧƞ Rh(III)�'�2. 
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Table 2-1 ƮƱǞÔ�ƫìƈƖ^ŗƊƦƠùŗÚÔƋƧƞǜƹƯǓƞ�'ƝŦƒƩ!ģøĂ. 

Year Authors Ionic liquid(s) Diluent Media E* [%] D** [–] Ref. 

2011 
A. Cieszynska and 

M. Wisniewski 

[P66614][Cl] 

[P66614][PO2] 
Toluene 0.1 M HCl 8.7 Ɓ [19] 

2011 S. Katsuta et al. [TOAH][NO3] [TOAH][Tf2N] 0.1 M HCl 4.6 0.1 [20] 

2014 K. Sasaki et al. [Hbet[]Tf2N] – 0.3 M HNO3 68 2.12 [21] 

2016 M. Rzelewska et al. [P66614][Br] Toluene 0.1 M HCl 46.6 Ɓ [22] 

2016 S. Ikeda et al. [Hbet[]Tf2N] – 0.3 M HNO3 91.5 21.6 [23] 

2016 V.T. Nguyen et al. [P66614][Cl] Xylene 0.1–4 M HCl < 1 Ɓ [24] 

2016 L. Svecova et al. 

[P66614][Cl] 

[P66614][Br] 

[P66614][DCA] 

Ɓ 1 M HCl 

95.1 

98.7 

81.3 

73.9 

258 

12.9 

[25] 

2017 M. Rzelewska et al. 

[P66614][Cl] 

[P44414][Cl] 

[P66614][PO2] 

Toluene 2.5 M HCl 

< 30 

< 55 

< 40 

< 0.35 

< 0.35 

< 0.35 

[26] 

2017 S. Ma et al. [C8][Tf2N] Ɓ 3 M HCl < 75 Ɓ [27] 

2018 M. Rzelewska et al. 
[P66614][Cl] 

[P66614][PO2] 
Toluene 0.1 M HCl 

< 60 

< 60 

< 1.25 

< 1.25 
[28] 

2018 M.L. Firmansyah et al. [P88812][Cl] – 0.5 M HCl 88 Ɓ [29] 

2018 S. Kono et al. [Hbet[]Tf2N] – 0.3 M HNO3 96.5 Ɓ [30] 

2019 

M. Rzelewska-Piekut 

and 

M. Regel-Rosocka 

[P66614][Cl] 

[P66614][Br] 

[P66614][PO2] 

Toluene 
HCl+NaCl 

[Cl] = 2.5 M 

4.6 

10.7 

5.3 

Ɓ 

Ɓ 

Ɓ 

[31] 

2019 M.L. Firmansyah et al. [P88812][Cl] – 1 M HCl 80 Ɓ [32] 

2019 L. Svecova et al. [P66614][Cl] – 0.75 M HCl 94.9 61.8 [33] 

*Degree of extraction, **Distribution ratio 

 
Figure 2-10. ^ŗƊƦƠùŗÚÔƋƧƞǜƹƯǓƞ�'ƝìƈƧƪƖƮƱǞÔ�ƞ(hÃŏ. 
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2-1-6.� Rh(III)�¾n���
��<Æ 
� ˇƇȋĀÄŹ8āоʧ5.�09
̟ ˱ŻƎ8 Kazuya MatsumotoI� Rh(III)8ЎȊ̀ʡ

ʔ5HKāоśĶ5.�0˴ə̀4ŮŉOΚ-0�K�MatsumotoI9 4-hexylanilineOʡ

ʔċ2#0˰�K�21
ћˎǉűЕˇʸ¨5

÷Ƌ%K Pt(IV), Pd(II), Rh(III)�IRh(III)8BO

ʡʔ!'K�25ǺĒ#*(Figure 2-11) [34]�

ʡʔ8͏Ǻ
Ĩ͑ɐ X͛śȈ
̾ɜ X͛śȈ


˚ИК˂ƕ(TG)
X͛ðсƈāðāɧ(XPS)
ì

͊āɧ
UV-visg�]t�438āɧǯŮ�I


͑ɐǺā8Кφʗ�[RhCl6]3–ѧanilinium YoX

�ѧűĜ˟TX� = 1ѧ6ѧ31�K�2OɊI

�5#
͑ɐɾϽOʠƕ%K�21āо8�Y

wh�5.�0ΰĲ#0�K�͖Ů19

p-phenylene diamine dihydrochloride [35] F

m-phenylene diamine [36]O˰�0
Ńɿ8ћЎ

Ȋ̀4 Rh(III)8ʡʔ5.�0Ůŉ#0�K� 

 

� A*
 �ɔϲ
˯ɺȄΛ͙Ł̬̏Ȁ8 Tomoya SuzukiI9 3,3'-diaminobenzidine (DAB)

O˰�0
ˎűЕˇʸ¨8 Pd(II), Pt(IV), 

Rh(III)�I8 Rh(III)8ћЎȊ̀4Š̊ȋĀ

āо5.�0Ůŉ#0�K(Figure 2-12) 

[37]�Suzuki I9 X ͛ňĶǠ•ɾϽ˂ƕ

(XAFS)̴8͑ɩHJ
ˎűЕˇʸ¨8 Rh

2 DAB 9
	DAB 8R�zŭ���t�

Ĝ!L
DAB 8 űЕű8ʡʔ�ϛ�J



�8 DAB  űЕű8 Cl–2[RhCl6]3–8R

wX�ºȢ8 2ʑе1ĵǦ%K�2OɊI

�5#*�7–10 mol dm–3 űЕˇʸ¨8

[PtCl6]2–2[PdCl4]2–5ơ%K DAB  űЕű

8ΫŎǪ�
[RhCl6]3–2ʗϪ#0Í�*D

ėɩ̀5āо1�*2͑φ/�0�K� 

 

  

 
Figure 2-11. 4-Hexylaniline ƫ ì ƈ Ɩ

Rh(III)ƞœ�óÐÊ(ŭ. 
[Reprinted with permission from ACS 
Omega., 4, 1868–1873 (2019). Copyright 
2019 American Chemical Society.] 

 

Figure 2-12. 3,3'-Diaminobenzidine ƫìƈƖ
Rh(III)ƞœ�óRõ�'(ŭ. 

H2N

in 8 M HCl
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2-1-7.� {����� �
k� 
� ɝ̬̏19¡ϴ8ïΚ̬̏HJǝIL*̍ΨOŭ5
R�uŭ�H;űĜ˟TX�(Cl–)

OŇɖ%K�Ͼ8ȿΩ�g�wU�ŨTX�ʸÏOŁǺ#
PGMs 8¨1Eˠ5ŝп4

Rh(III)8ȋĀ5Ǧ˰#*�ȿΩTX�ʸÏ9Ʒɺ̀4˃ǌΣФ��ig1˰�ILK̲ 3

̎ʤѐ=8ˇήǪOͨǷ#0
R�u8äЦO 2-ethylhexyl ŭ2#*��ɀ
YU�m�

RwX�9ϷȋĀɌ8TX�ʸÏ8üˮOļƜɋ5%K*DűĜ˟TX�2#*�ŁǺ#

*ȿΩTX�ʸÏ5HKűЕˇʸ�I8 Rh(III)ȋĀˠǪO
ƺϐ8TX�ʸÏ1�K

trihexyltetradecylphosphonium chloride ([P66614][Cl])2ʗϪ#
R�uŭ8ėɩOɹβ#*�A

*
	�g�wU�5͑Ł#0�KR�[�Ц8Ч!

R�uŭ2�g�wU�8��

Y�Ч
�R�uŭ8͉ȸ� Rh(III)8ȋĀ5¤�Kǔш5.�0ɹβ#*�ɝ̬̏1ŁǺ

#*TX�ʸÏ8āƈδαO Figure 2-135̘%� 

 

 

Figure 2-13. ¶øĂƚE�ƑƖƮƱǞÔ�ƞ(hĲİ. 
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2-2.� ZÊs8	D� 
 

2-2-1.� ±© 
� ŁǺ˰ιΖ 

l 2-ethylhexylamine (98.0%, Wako Pure Chemical Industries, Ltd.) 

l di(2-ethylhexyl)amine (98.0%, Tokyo Chemical Industry Co., Ltd.) 

l chloroacetyl chloride (97%, Wako Pure Chemical Industries, Ltd.) 

l 3-chloropropionyl chloride (98.0%, Tokyo Chemical Industry Co., Ltd.) 

l 4-chlorobutyryl chloride (98.0%, Tokyo Chemical Industry Co., Ltd.) 

l triethylamine (99%, Wako Pure Chemical Industries, Ltd.) 

l dichloromethane (99.5%, Wako Pure Chemical Industries, Ltd.) 

l tributylphosphine (>95.0%, Tokyo Chemical Industry Co., Ltd.) 

l trihexylphosphine (>90.0%, Tokyo Chemical Industry Co., Ltd.) 

l trioctylphosphine (97%, Sigma-Aldrich Co. LLC.) 

l 2-propanol (99.7%, Wako Pure Chemical Industries, Ltd.) 

l sodium sulfate, anhydrous (99.5%, Tokyo Chemical Industry Co., Ltd.) 

l chloroform-d, containing TMS (99.7%, Wako Pure Chemical Industries, Ltd.) 

 

� TX�ʸÏ 

l [P66614][Cl] (≥95.0%, Sigma-Aldrich Co. LLC.) 

l [2°C1P444][Cl] ([2-((2-ethylhexyl)amino)-2-oxoethyl]tributylphosphonium chloride) ŁǺ˟ 

l [2°C2P444][Cl] ([3-((2-ethylhexyl)amino)-3-oxopropyl]tributylphosphonium chloride) ŁǺ˟ 

l [3°C1P444][Cl] ([2-(di(2-ethylhexyl)amino)-2-oxoethyl]tributylphosphonium chloride) ŁǺ˟ 

l [3°C1P666][Cl] ([2-(di(2-ethylhexyl)amino)-2-oxoethyl]trihexylphosphonium chloride) ŁǺ˟ 

l [3°C1P888][Cl] ([2-(di(2-ethylhexyl)amino)-2-oxoethyl]trioctylphosphonium chloride) ŁǺ˟ 

l [3°C2P444][Cl] ([3-(di(2-ethylhexyl)amino)-3-oxopropyl]tributylphosphonium chloride) ŁǺ˟ 

l [3°C3P444][Cl] ([4-(di(2-ethylhexyl)amino)-4-oxobutyl]tributylphosphonium chloride) ŁǺ˟ 

 

� ƼЖċ 

l acetone (99.7%, Wako Pure Chemical Industries, Ltd.) 

l tetrahydrofuran (99.5%, Kishida Chemical Co., Ltd.) 

l methanol (99.7%, Wako Pure Chemical Industries, Ltd.) 

l 1-octanol (98%, Kishida Chemical Co., Ltd.) 

l n-hexane (96%, Wako Pure Chemical Industries, Ltd.) 

l iso-octane (2,2,4-trimethylpentane) (99.8%, Kishida Chemical Co., Ltd.) 
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l n-dodecane (98%, Kishida Chemical Co., Ltd.) 

l toluene (99.5%, Kishida Chemical Co., Ltd.) 

l chloroform (99%, Kishida Chemical Co., Ltd.) 

 

� ЛƫˇʸτΣ˰ 

l 1000 mg/L rhodium standard solution (Kanto Chemical Co., Inc.) 

l RhCl3Ѩ3H2O (99.5%, Wako Pure Chemical Industries) 

l 10 mol/L hydrochloric acid (Kishida Chemical Co., Ltd.) 

 

� ó08ʚˇʸ8τΣ59 Merck Millipore8Milli-Q Integral 3O˰�0͂Σ#*͵TX�

ʚOÓ˰#*� 

 

 

2-2-2.� w¬��-�7�Jj 
� ȿΩTX�ʸÏ9ѐËĜŁ˟8ŁǺʧ [38–40]Oıͨ5#0µʑе8ĵǦ1ŁǺ#*

(Scheme 2-1)�ŀgrp�8ˮǺ˟9 1H NMR (400 MHz)
31P NMR (162 MHz) (ECZ400S, 

JEOL)�H;CHNì͊āɧ (Yanaco CHN CORDER MT-5, ɯɝΣÑȀ)5HJŃƕOΚ-*� 

 

 
Scheme 2-1. ƬǒǃJ´ǎƺǎǅƯǓYƮƱǞÔ�ƞE�. 

 

 

O

Cl
Cln

O

Cln
N

R2

R1

O

Pn
N

R2

R1

R3
R3

R3
Cl

H
N

R2R1

TEA, CH2Cl2

r.t., 3 h, > 85%
+

P(R3)3, 2-PrOH

80°C, 24 h, > 85%

O

Cl
Cln

O

Cln
N

R2

R1

O

Pn
N

R2

R1

R3
R3

R3
Cl

H
N

R2R1

TEA, CH2Cl2

r.t., 3 h, > 85%
+

P(R3)3, 2-PrOH

80°C, 24 h, > 85%

1 : R1 = H, R2 = 2-ethylhexyl, n = 1

2 : R1 = H, R2 = 2-ethylhexyl, n = 2

3 : R1 = R2 = 2-ethylhexyl, n = 1

4 : R1 = R2 = 2-ethylhexyl, n = 2

5 : R1 = R2 = 2-ethylhexyl, n = 3

[2�C1P444][Cl] : R1 = H, R2 = 2-ethylhexyl, R3 = butyl, n = 1

[2�C2P444][Cl] : R1 = H, R2 = 2-ethylhexyl, R3 = butyl, n = 2

[3�C1P444][Cl] : R1 = R2 = 2-ethylhexyl, R3 = butyl, n = 1

[3�C1P666][Cl] : R1 = R2 = 2-ethylhexyl, R3 = hexyl, n = 1

[3�C1P888][Cl] : R1 = R2 = 2-ethylhexyl, R3 = octyl, n = 1

[3�C2P444][Cl] : R1 = R2 = 2-ethylhexyl, R3 = butyl, n = 2

[3�C3P444][Cl] : R1 = R2 = 2-ethylhexyl, R3 = butyl, n = 3
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2-2-2-1.� 3£�'��Jj 
� 2-ethylhexylamine
triethylamine O dichloromethane 5ˇή!'
ʛʴ¢1Ȭȍ#4�I

acylchloride (1.0 eq)Oˊ¢#*�ˊ¢͎²Ǜ
Ƙˁ1 3ɌЩȬȍ#*�Ȭȍ͎²Ǜ
āʸˋ

ȼ5HJ 0.1 mol dm–3 űЕ1 2 ś
(8Ǜ Milli-Q ʚ1 5 śʬʯ#ѣŀ 200 cm3Ѥ


dichloromethane̊Oāķ#*�Sodium sulfate, anhydrousOЌКē�
͵ʚ#*Ǜ
ʿŤM

І#
ˇƇOʿŤвİ#ʸÏ8ĜŁ˟ 1
2Oǝ*� 

 

2-chloro-N-(2-ethylhexyl)acetamide 1 (Yield: 95%, M.W. 205.73); 1H NMR (400 MHz, CDCl3): 

δ 4.05 (s, 2H, C(=O)CH2Cl), 3.24 (t, 2H, NCH2CHR1R2), 1.51 (t, 1H, NCH2CHR1R2), 1.38�1.29 

(m, 8H, RCH2R), 0.90 (t, 6H, CH3); elemental analysis (CHN) calcd. for C10H20Cl1N1O1: C, 58.38; 

H, 9.80; N, 6.81; found: C, 58.38; H, 9.83; N, 6.85. 

 

3-chloro-N-(2-ethylhexyl)propanamide 2 (Yield: 85%, M.W. 219.75); 1H NMR (400 MHz, 

CDCl3): δ 3.79 (t, 2H, C(=O)CH2CH2Cl), 3.2 (m, 2H, NCH2CHR1R2), 2.71 (t, 2H, 

C(=O)CH2CH2Cl), 1.49 (t, 1H, NCH2CHR1R2), 1.37�1.28 (m, 8H, RCH2R), 0.88 (t, 6H, CH3); 

elemental analysis (CHN) calcd. for C11H22Cl1N1O1: C, 60.12; H, 10.09; N, 6.37; found: C, 61.18; 

H, 10.18; N, 6.48. 

 

2-2-2-2.� 0£�'��Jj 
� di(2-ethylhexyl)amine
triethylamine O dichloromethane 5ˇή!'
ʛʴ¢1Ȭȍ#4�

I acylchloride (1.1 eq)Oˊ¢#*�ˊ¢͎²Ǜ
Ƙˁ1 3ɌЩȬȍ#*�Ȭȍ͎²Ǜ
ā

ʸˋȼ5HJ 0.1 M HCl1 2ś
(8ǛMilli-Qʚ1 5śʬʯ#ѣŀ 200 cm3Ѥ
dichloromethane

̊Oāķ#*�Sodium sulfate, anhydrousOЌКē�
͵ʚ#*Ǜ
ʿŤMІ#
ˇƇOʿ

Ťвİ#ʸÏ8ĜŁ˟ 3
4
5Oǝ*� 

 

2-chloro-N,N-di(2-ethylhexyl)acetamide 3 (Yield: 94%, M.W. 317.94); 1H NMR (400 MHz, 

CDCl3): δ 4.08 (s, 2H, C(=O)CH2Cl), 3.47 � 3.11 (m, 4H, NCH2CHR1R2), 1.65 (m, 2H, 

NCH2CHR1R2), 1.27 (m, 16H, RCH2R), 0.89 (q, 12H, CH3); elemental analysis (CHN) calcd. for 

C18H36Cl1N1O1: C, 68.00; H, 11.41; N, 4.41; found: C, 67.29; H, 11.31; N, 4.34. 

 

3-chloro-N,N-di(2-ethylhexyl)propanamide 4 (Yield: 96%, M.W. 331.97); 1H NMR (400 MHz, 

CDCl3): δ 3.84 (t, 2H, C(=O)CH2CH2Cl), 3.35�3.14 (m, 4H, NCH2CHR1R2), 2.80 (t, 2H, 

C(=O)CH2CH2Cl), 1.71�1.57 (m, 2H, NCH2CHR1R2), 1.34�1.23 (m, 16H, RCH2R), 0.89 (q, 12H, 

CH3); elemental analysis (CHN) calcd. for C19H38Cl1N1O1: C, 68.74; H, 11.54; N, 4.22; found: C, 

69.33; H, 11.62; N, 4.30. 
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4-chloro-N,N-di(2-ethylhexyl)butanamide 5 (Yield: 97%, M.W. 346.00); 1H NMR (400 MHz, 

CDCl3): δ 3.64 (t, 2H, C(=O)CH2CH2CH2Cl), 3.30�3.16 (m, 4H, NCH2CHR1R2), 2.51 (t, 2H, 

C(=O)CH2CH2CH2Cl), 2.13 (quin, 2H, C(=O)CH2CH2CH2Cl), 1.70�1.57 (m, 2H, NCH2CHR1R2), 

1.36 � 1.23 (m, 16H, RCH2R), 0.89 (q, 12H, CH3); elemental analysis (CHN) calcd. for 

C20H40Cl1N1O1: C, 69.43; H, 11.65; N, 4.05; found: C, 69.33; H, 11.76; N, 4.17. 

 

2-2-2-3.� M£#�# �(�Jj 
� ơǦ%KR�uĜŁ˟O 2 Ĺ��ga¨1 2-propanol 5ˇή#
N2ZgO 10 āЩ}�

f#*��8ˇʸOȬȍ#4�I
̴��К8 trialkylphosphine OG-�J2ˊ¢#*�

ˊ¢͎²Ǜ
̮͊рŞʙ¢1�8ˇʸOē˚Ȭȍ(80°C, 300 rpm)#
TLC1ĵǦOϵϡ#

*�(8Ǜ
ĵǦʸ¨8ˇƇOʿŤ˷İ#
ʐ˷˟O dichloromethane5ˇή!'*��8

ˇʸOMilli-Qʚ1 5śʬʯ#ѣŀ 200 cm3Ѥ
dichloromethane̊Oāķ#*�Sodium sulfate, 

anhydrousOē�
MІ#*Ǜ
ˇƇOʿŤ˷İ#
́Ǫ8ˮǺ˟Oǝ*� 

 

[2-((2-ethylhexyl)amino)-2-oxoethyl]tributylphosphonium chloride [2°C1P444][Cl] (Yield: 93%, 

M.W. 408.05); 1H NMR (400 MHz, CDCl3): δ 4.02–3.99 (d, 2H, NC(=O)CH2P), 3.23–3.12 (m, 2H, 

NCH2CHR1R2), 2.32 (t, 6H, PCH2(CH2)2CH3), 1.67−1.50 (m, 13H, PCH2(CH2)2CH3 and 

NCH2CHR1R2), 1.45–1.28 (m, 8H, RCH2R), 0.98 (t, 9H, PCH2(CH2)2CH3), 0.88 (t, 6H, CH3); 31P 

NMR (162 MHz, CDCl3): δ 32.91; elemental analysis (CHN) calcd. for C22H47Cl1N1O1P1: C, 

64.76; H, 11.61; N, 3.43; found: C, 64.16; H, 11.51; N, 3.34. 

 

[3-((2-ethylhexyl)amino)-3-oxopropyl]tributylphosphonium chloride [2°C2P444][Cl] (Yield: 

85%, M.W. 422.07); 1H NMR (400 MHz, CDCl3): δ 3.18–3.09 (m, 2H, NCH2CHR1R2), 3.07–2.98 

(m, 2H, NC(=O)CH2CH2P), 2.65 (quin, 2H, NC(=O)CH2CH2P), 2.39 (t, 6H, PCH2(CH2)2CH3), 

1.57−1.51 (m, 13H, PCH2(CH2)2CH3 and NCH2CHR1R2), 1.41–1.28 (m, 8H, RCH2R), 0.97 (t, 9H, 

PCH2(CH2)2CH3), 0.87 (t, 6H, CH3); 31P NMR (162 MHz, CDCl3): δ 35.43; elemental analysis 

(CHN) calcd. for C23H49Cl1N1O1P1: C, 65.45; H, 11.70; N, 3.32; found: C, 65.17; H, 11.68; N, 3.36. 

 

[2-(di(2-ethylhexyl)amino)-2-oxoethyl]tributylphosphonium chloride [3°C1P444][Cl] (Yield: 

93%, M.W. 520.26); 1H NMR (400 MHz, CDCl3): δ 4.47–4.27 (m, 2H, NC(=O)CH2P), 3.51–3.19 

(m, 4H, NCH2CHR1R2), 2.49 (t, 6H, PCH2(CH2)2CH3), 1.67−1.50 (m, 14H, PCH2(CH2)2CH3 and 

NCH2CHR1R2), 1.38–1.29 (m, 16H, RCH2R), 0.98–0.85 (m, 21H, CH3); 31P NMR (162 MHz, 

CDCl3): δ 34.01; elemental analysis (CHN) calcd. for C30H63Cl1N1O1P1: C, 69.26; H, 12.21; N, 

2.69; found: C, 68.62; H, 12.23; N, 2.66. 
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[2-(di(2-ethylhexyl)amino)-2-oxoethyl]trihexylphosphonium chloride [3°C1P666][Cl] (Yield: 

95%, M.W. 604.43); 1H NMR (400 MHz, CDCl3): δ 4.45–4.35 (m, 2H, NC(=O)CH2P), 3.47–3.24 

(m, 4H, NCH2CHR1R2), 2.48 (t, 6H, PCH2(CH2)2CH3), 1.67−1.46 (m, 14H, PCH2(CH2)2CH3 and 

NCH2CHR1R2), 1.35–1.21 (m, 28H, PCH2(CH2)2CH3 and RCH2R), 0.94–0.84 (m, 21H, CH3); 31P 

NMR (162 MHz, CDCl3): δ 33.89; elemental analysis (CHN) calcd. for C36H75Cl1N1O1P1: C, 

71.54; H, 12.51; N, 2.32; found: C, 71.62; H, 12.49; N, 2.15. 

 

[2-(di(2-ethylhexyl)amino)-2-oxoethyl]trioctylphosphonium chloride [3°C1P888][Cl] (Yield: 

93%, M.W. 688.59); 1H NMR (400 MHz, CDCl3): δ 4.30–4.22 (m, 2H, NC(=O)CH2P), 3.37–3.12 

(m, 4H, NCH2CHR1R2), 2.38 (t, 6H, PCH2(CH2)2CH3), 1.48−1.38 (m, 14H, PCH2(CH2)2CH3 and 

NCH2CHR1R2), 1.19 (m, 40H, PCH2(CH2)2CH3 and RCH2R), 0.87–0.79 (m, 21H, CH3); 31P NMR 

(162 MHz, CDCl3): δ 33.78; elemental analysis (CHN) calcd. for C42H87Cl1N1O1P1: C, 73.26; H, 

12.74; N, 2.03; found: C, 73.32; H, 12.80; N, 1.98. 

 

[3-(di(2-ethylhexyl)amino)-3-oxopropyl]tributylphosphonium chloride [3°C2P444][Cl] (Yield: 

96%, M.W. 534.29); 1H NMR (400 MHz, CDCl3): δ 3.33–3.19 (m, 4H, NCH2CHR1R2), 3.07–3.03 

(m, 2H, NC(=O)CH2CH2P), 2.69 (t, 2H, NC(=O)CH2CH2P), 2.45 (t, 6H, PCH2(CH2)2CH3), 

1.59−1.47 (m, 14H, PCH2(CH2)2CH3 and NCH2CHR1R2), 1.31–1.22 (m, 16H, RCH2R), 0.97 (t, 9H, 

PCH2(CH2)2CH3), 0.92–0.85 (m, 12H, CH3); 31P NMR (162 MHz, CDCl3): δ 34.49; elemental 

analysis (CHN) calcd. for C31H65Cl1N1O1P1: C, 69.69; H, 12.26; N, 2.62; found: C, 69.26; H, 

12.11; N, 2.60. 

 

[4-(di(2-ethylhexyl)amino)-4-oxobutyl]tributylphosphonium chloride [3°C3P444][Cl] (Yield: 

94%, M.W. 548.32); 1H NMR (400 MHz, CDCl3): δ 3.35–3.13 (m, 4H, NCH2CHR1R2), 2.86–2.85 

(m, 2H, NC(=O)CH2CH2CH2P), 2.58 (t, 2H, NC(=O)CH2CH2CH2P), 2.43 (t, 6H, PCH2(CH2)2CH3), 

1.96–1.80 (m, 2H, NC(=O)CH2CH2CH2P), 1.68−1.50 (m, 14H, PCH2(CH2)2CH3 and 

NCH2CHR1R2), 1.31–1.25 (m, 16H, RCH2R), 0.97 (t, 9H, PCH2(CH2)2CH3), 0.92–0.85 (m, 12H, 

CH3); 31P NMR (162 MHz, CDCl3): δ 33.90; elemental analysis (CHN) calcd. for 

C32H67Cl1N1O1P1: C, 70.10; H, 12.32; N, 2.55; found: C, 69.95; H, 12.30; N, 2.82. 
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2-2-3.� ��-�7�I��V���­i±Ê 
� ŁǺ#*ȿΩTX�ʸÏ2ƺϐ8[P66614][Cl]O˰�0ŀ̧ˇƇ=8ˇήǪιјOΚ-*�

ˇƇ2#0 acetone
tetrahydrofuran
methanol
1-octanol
n-hexane
iso-octane
n-dodecane


toluene
dichloromethane
chloroformO˰�*�TX�ʸÏO 10 mM24KH�5ŀˇƇ

=ē�
1ɌЩϜчʩ˖ƣǛ
ǫˁʚʀO˰�0ʸˁO 25°C5#
ˇήǪÖΪ1̓ο#

*� 

 

 

2-2-4.� o;ZÊlÈ 
� ŁǺ#*ȿΩTX�ʸÏ2ƺϐ8[P66614][Cl]O˰�0|poʧ5HKȋĀƗјOΚ-*�

ɖʇ̊9ŀTX�ʸÏOȀƕˎǉ1 toluene5ˇή!'0˰�*�ʚ̊9ϙò#* 1000 mg 

L–18�fU�ʂˆʸOȀƕˎǉ8űЕ5ˇή!'0τΣ#
�ɄÄú5ȋĀƗјOΚ4-

*�Z�gΣ8Њǣāоʡʔ̷5¦̊O 2.5 mL&.ē�
30̡Щ vortex mixer1ǑȬȍǛ


ǫˁȕ̇ʚʀ(NTS-4000BH, EYELA)O˰�0 25°C, 160 rpm1ȀƕɌЩȕ̇#*�ȕ2�Ǜ


ǫˁʀ¨1уͣ#
Ƒó5̊āо#*Ǜ
͊Ɇ�ʚ̊OȜķ#*�Ȝķ#*ʚ̊¨8 Rh

�H; PˎǉO ICP˼ðāɧΠͣ(ICP-AES, Optima 8300, Perkin-Elmer)1˂ƕ#*�ȋĀˤ

E�H;āДʗ D9
Ä¢8 Eqs 2-1, 2-2HJ̶Ā#*� 

 

! =
#M,&',()(*−#M,&',,'	

#M,&',()(*
× 100   (Eq. 2-1) 

1 =
#M,&',()(*−#M,&',,'	

#M,&',,'
   (Eq. 2-2) 

 

  



Ą 2ă 
 
 
 

 
 
 
 50 

2-3.� ¤}	§[ 
 

2-3-1.� I��V���­i 
� ŁǺ#*TX�ʸÏ2[P66614][Cl]O˰�0ŀ̧ˇƇ=8ˇήǪιјOΚ-*�͑ɩO

Table 2-25̘%�acetone
tetrahydrofuran
methanol
1-octanol
toluene
dichloromethane


chloroform59ó08TX�ʸÏ�ˇή#*��ɀ
n-hexane
iso-octane
n-dodecane=8

ˇήǪ9ŀTX�ʸÏ1˺4-*�ƺϐ8[P66614][Cl]2ŁǺ#*[2°C1P444][Cl]
[2°C2P444][Cl]


[3°C2P444][Cl]
[3°C3P444][Cl]9Ʒɺ̀4ΣФ��ig5��0ƃA#�ɖʇˇƇ8�.1�

K n-dodecane5пˇ1�-*�
[3°C1P444][Cl]
[3°C1P666][Cl]
[3°C1P888][Cl]9 n-dodecane

5ơ#0EëL*ˇήǪO̘#*�ȋĀƗј19ó08TX�ʸÏ�ˇή#
[P66614][Cl]

8̬̏5Ǆ�˰�IL0�K tolueneOƼЖċ2#0˰�*� 

 
Table 2-2 ¶øĂƚìƈƖƮƱǞÔ�ƞDĀÚgơƞÚĭ� (10 mM) (25°C).* 

 
[P

66614 ][C
l] 

[2°C
1 P

444 ][C
l] 

[2°C
2 P

444 ][C
l] 

[3°C
1 P

444 ][C
l] 

[3°C
1 P

666 ][C
l] 

[3°C
1 P

888 ][C
l] 

[3°C
2 P

444 ][C
l]  

[3°C
3 P

444 ][C
l]  

acetone + + + + + + + + 
tetrahydrofuran + + + + + + + + 

methanol + + + + + + + + 
1-octanol + + + + + + + + 
n-hexane + Ɓ Ɓ + + + Ɓ + 
iso-octane + Ɓ Ɓ + + + Ɓ Ɓ 

n-dodecane Ɓ Ɓ Ɓ + + + Ɓ Ɓ 
toluene + + + + + + + + 

dichloromethane + + + + + + + + 
chloroform + + + + + + + + 

* Soluble (+) or insoluble (–). 

 

2-3-2.� o;»dÌq®yÅ�gÇÍ 
� űЕˇʸ�I8 Rh(III)8ȋĀ5��KƗјɡÆOʠƕ%K*D5
ȞίɌЩ8ǔшOɹ

β#*�͑ɩO Figure 2-145̘%�ŀTX�ʸÏ5HK Rh(III)8ȋĀϼǉ9Ђ�
ǀΝ

ĈЈ59 5Ʉ�I 3ϿЩǤΦ1�-*�A*
ȿΩTX�+�14�R�uŭOɖ!4�

ƺϐ8[P66614][Cl]EŃɿ5ȋĀϼǉ�Ђ�-*�[2°C2P444][Cl]ÄŹ8TX�ʸÏ5Ъ#09

24 ɌЩ̦ǉ1ȋĀ�ǀΝ5ĈЈ#*H�4ȓĘO̘#*�
!I5ЧɌЩȞί!'K2


Rh(III)8ȋĀˤ�Ŵē#*�[2°C2P444][Cl]5Ъ#09ȋĀąə�I 4 ɄǛA1ȋĀˤ�Ŵ

ē#͖�
7Ʉ1ǀΝ5ĈЈ#*�[3°C2P444][Cl]2[3°C3P444][Cl]9ǀΝĈЈ5 3ϿЩ��K

�
ǀΝǛ8 Rh(III)8ȋĀˤ9ɔEћ�-*��8H�4űЕˇʸ�I8 Rh(III)8Ђ�ȋ
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Āϼǉ9Ůŉ�Ʀ4��TX�ʸÏ�ɖ%KűĜ˟TX�2űЕˇʸ¨8 Rh(III)8RwX

�]��ХÏ28
e���4RwX�ºȢĵǦ+�14�
úŢ=8ДÌ̴�ϛ�0�

KļͲǪ��K�ÄЯ8Ɨј19
ȕ2�ɌЩO 3ϿЩ2#0ƗјOΚ-*� 

 

 
Figure 2-14. DƮƱǞÔ�ƞ tolueneÚÔƫìƈƖ Rh(III)�'ƝƊƎƩ Į±ťƞ�Ų. 

 

� ŀTX�ʸÏ5HKǀΝǛ8 Rh(III)8ȋĀˤ E2āДʗ DO Table 2-35A2D*�R
�uŭOƤò#*ȿΩ�g�wU�ŨTX�ʸÏ9
[3°C1P888][Cl]2[3°C1P444][Cl]Oв�0


R�uŭOɖ!4�[P66614][Cl]HJEћ�ȋĀˤO̘#*��g�wU�2R�uŭ8��

Y�Ч5̌̈%K2
��Y�Ч� C18TX�ʸÏHJE C2E#�9 C38TX�ʸÏ�

HJћ�ȋĀˤO̘#*���Y�ЧOÊ:%�21 Rh(III)8RwX�ХÏ5ơ#0�g

�wU�2R�uŭ�HJЌ#*Дͣ54-*2ͨ�ILK�ȿΩTX�ʸÏ8�g�w

U�ŊJ8R�[�ЦЧ5̌̈%K2
R�[�Ц�Ч�
˻ʚǪ�ћ��2�³ǰ!L

K[3°C1P888][Cl]O˰�*ůŁ5ɔE Rh(III)8ȋĀˤ�Í�-*��ɀ
R�uŭ8͉ȸ9

Rh(III)8ȋĀϼǉ5ǔшO¤�*�
ȋĀˤ=8Ɲ¤9Ʀ4�-*� 

 

Table 2-3 DƮƱǞÔ�ƞ tolueneÚÔƫìƈƖ Rh(III)ƞ�'ç E ƛ(ŖÌ D.* 

Ionic Liquid E [%] D [Ɓ] 

[3°C2P444][Cl] 81 4.4 
[3°C3P444][Cl] 79 3.8 
[2°C2P444][Cl] 79 3.8 
[3°C1P666][Cl] 59 1.5 
[2°C1P444][Cl] 59 1.5 
[3°C1P444][Cl] 54 1.2 

[P66614][Cl] 54 1.2 
[3°C1P888][Cl] 40 0.7 

* [IL]org = 0.1 mol dm–3, [HCl]aq = 1.0 mol dm–3, [Rh]init = 0.1 mmol dm–3, Temperature: 25°C, O/A = 1. 
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2-3-3.� TÀ�d�gÇ 
� Ċъ5��0
ɔEћ� Rh(III)8ȋĀˤO̘#*[3°C2P444][Cl]2ɔEÍ�ȋĀˤO̘#

*[3°C1P888][Cl]
�H;ƺϐ8[P66614][Cl]O˰�0ʚ̊8űЕˎǉ� Rh(III)8ȋĀ5¤�K

ǔшOɹβ#*���1TX�ʸÏˎǉ9 0.5 mol dm–32#*�͑ ɩOFigure 2-155̘%�
�&L8TX�ʸÏO˰�*ůŁ5��0E
ʚ̊¨8űЕˎǉ8Ŵē22E5 Rh(III)8

ȋĀˤ9ʿƦ%KèŅ5�-*��L9űЕˇʸ�I8ϑЛƫTX�8ȋĀ5��KøŨ

̀4ȓĘ1�K�űЕˎǉ�ћ�4K5.L0ʚ̊¨8űĜ˟TX�(Cl–)ˎǉ�Ŵē#


�8 Cl–�ëï̀5ȋĀ!LK*D
ʚ̊¨8 Rh(III)8űĜ˟RwX�ХÏ8ȋĀ�Юƚ

!L*2ͨ�ILK�A*¡ϴ8ϺJ
Rh(III)9�8H�4űЕˎǉьū5��0


[RhCl4(H2O)2]–
[RhCl5(H2O)]2–
[RhCl6]3–̴8ĜƎ̧�÷Ƌ#0�K*D
ȋĀˤ8Í¢9

Rh(III)8űĜ˟ХÏ8ǓǴ8ŸĜ5ϛŜ%KļͲǪE�K�͑ɩHJ
0.2�3.0 mol dm–3

8űЕˎǉьū18ȋĀǆĄ9
[3°C2P444][Cl] > [P66614][Cl] > [3°C1P888][Cl]8ы1�-*�

[3°C2P444][Cl]O˰�*ůŁ
1.0 mol dm–3űЕ¨�I8ȋĀˤ�ɔEћ�
Rh(III)8ȋĀˤ

9 98%
āДʗ9 441�-*��L9ƼЖċO˰�*ȋĀ̈́5HKűЕˇʸ�I8 Rh(III)

ȋĀ2#09
˨ť
¥˵ɔћ8â1�Ku�A*
ʚ̊¨8űЕˎǉ8Ŵē22E5ȋĀ

ˤ�ʿƦ#**D
ћˎǉ8űЕˇʸ2Ȟί!'K�21ȋĀ#* Rh(III)8ϷȋĀ�ļͲ

1�K2ͨ�ILK� 

 

 
Figure 2-15. DƮƱǞÔ�ƞ tolueneÚÔƫìƈƖ Rh(III)�'ƝƊƎƩÎõƞ^ŗÝ�ƞ�Ų. 

 

  

                                                   
u űĜУ(SnCl2)8ʻē5HK RhȋĀOв�� 
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2-3-4.� ��-�7�d�gÇ 
� ȿΩTX�ʸÏ[3°C2P444][Cl]2ƺϐ8[P66614][Cl]O˰�
ɖʇ̊¨8TX�ʸÏˎǉ�

Rh(III)8ȋĀ5¤�KǔшOɹβ#*���1ʚ̊¨8űЕˎǉ9 1.0 mol dm–32#*�͑

ɩO Figure 2-16(a)5̘%�3,I8TX�ʸÏO˰�*ůŁ5��0E
ɖʇ̊¨8T
X�ʸÏˎǉ8Ŵē22E5 Rh(III)8ȋĀˤ�Ŵē#*�ɹβ#* 0.01�0.5 mol dm–38

ˎǉьū5��0
R�uŭOƤò#*ȿΩ�g�wU�ŨTX�ʸÏ[3°C2P444][Cl]9


ƺϐ8[P66614][Cl]HJEћ� Rh(III)ȋĀˤO̘#*�[3°C2P444][Cl]O˰�*ůŁ
0.2 mol 

dm–31E Rh(III)8ȋĀˤ9 90%OϜ�0�*� 

� ǝIL*āДʗ8ơȸâ(log D)O͞Ϩ5
TX�ʸÏˎǉ8ơȸâ(log [IL])OʄϨ52

-*^��O Figure 2-16(b)5̘%�͑ ɩHJ
log D – log [IL]8��pt8̉͛8è�9


(L)L 1.51 ([3°C2P444][Cl])2 1.43 ([P66614][Cl])1�-*��L9 Rh(III)28ХǓǺ5TX

�ʸÏ 1.5 āƈ�Ъ¤#0�K�2O̘#0�K�.AJ
Rh(III)2ŀTX�ʸÏ8ĜƎ

Кφʗ� 1ѧ1 8ХÏ2 1ѧ2 8ХÏ�Ƌť#0�K2ͨ�IL
[3°C2P444][Cl]�H;

[P66614][Cl]O˰�* Rh(III)8ȋĀǀΝǌ9 Eq 2-32 Eq 2-48 2ǌ1�K2ȟƕ1�K�

��1¡͛9ɖʇ̊¨8ĜƎ̧O̘%�Rh(III)8űĜ˟ХÏ¨8ʚāƈ9̋˸#*� 

RhCl6
7 + PCl:::: ⇌ PRhCl6::::::::: + Cl7   (Eq 2-3) 

RhCl<
=7 + 2PCl:::: ⇌ P=RhCl<:::::::::: + 2Cl7  (Eq 2-4) 

 

Figure 2-16. DƮƱǞÔ�ƞ tolueneÚÔƫìƈƖ Rh(III)�'ƝƊƎƩƮƱǞÔ�Ý�ƞ�Ų. 

 

� �ɀ
�e�t�ƶ̯ŻƎ8 Aurora E. ClarkI9
DFTα̶8͑ɩ�I 1.0 mol dm–3Ä

¡8űЕˇʸ¨5ΤɲХÏ8[Rh2Cl9]3–�Ƌť%K2³˂#0�J [41]
A*
Tg�W�

Ʒ̠ŻƎ8 Galit Levitin2 Gabriella Schmuckler9
3͉R��̈́ȋĀċO toluene1ƼЖ#
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0˰�*ůŁ
[RhCl5(H2O)]2–�ȋĀ!L
(8ǛG-�J2[Rh2Cl9]3–5ŸȢ!LK�2O

̘#* [42]�!I5
�eR̠ƎRY±��8 N.G. Afzaletdinova I9
R�uŇɖR�

�πƤÏO˰�0űЕˇʸ�I Rh(III)ȋĀOΚ4-*ůŁ
ì͊āɧ
IR�H; NMR˂

ƕ8͑ɩ�I
[Rh2Cl9]3–�ȋĀ!LK2͑φ/�0�K [43]�(8*D
ɝ̬̏1˰�*

[3°C2P444][Cl]�H;[P66614][Cl]5.�0E[Rh2Cl9]3–OȋĀ#0�KļͲǪOͨǷ%KǤΦ

��K���1
Rh(III)2ŀTX�ʸÏāƈ� 2ѧ38ȋĀХÏOǓǺ#*ůŁ5��0E

log D – log [IL]8��pt8̉͛8è�9 1.554K2ͨ�IL
ɝ̬̏8͑ɩ2�͹%K�

(8ůŁ8ȋĀǀΝǌ9 Eq 2-51Ο!LK� 

Rh=Cl?
@7 + 3PCl:::: ⇌ P@Rh=Cl?:::::::::::: + 3Cl7  (Eq 2-5) 

 

� #�#4�I
TX�ʸÏˎǉ×ƋǪ8͑ɩ8B1ȋĀʇɾOɊI�5%K�29п#

�
ȡɴ!L*ȋĀǀΝǌ8ʌǒǪO̓ο%K*D59
ʚ̊¨8 H+F Cl–ˎǉ�H;

Rh(III)8ąəˎǉ8ǔш5.�08ɹβ5ē�
UV-vis F FT-IR
NMR
MS
EXAFS ̴

O˰�*μ•4ήɧ�ǤΦ1�K� 
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2-4.� \p 
 

� Ä¢5ɝ̰8Φ“Oϴ>K� 

 

� ɝ̰19
�LA1Ш˼!L0�*R�uŇɖȋĀċ
�H;�g�wU�ŨTX�ʸ

Ï8āƈδαOıͨ5#
R�uŭ�H;űĜ˟TX�OŇɖ%K�Ͼ8ȿΩ�g�wU

�ŨTX�ʸÏOŁǺ#
фƾ5ŝп4 Rh(III)8ȋĀ5Ǧ˰#*�ŁǺ#*ȿΩTX�ʸ

Ï5HKűЕˇʸ�I8 Rh(III)ȋĀˠǪO
ƺϐ8TX�ʸÏ1�K [P66614][Cl]2ʗϪ#


R�uŭ8ėɩOɹβ#*�R�uŭOƤò#*ȿΩ�g�wU�ŨTX�ʸÏ9


[3°C1P888][Cl]2[3°C1P444][Cl]Oв�0
R�uŭOɖ!4�[P66614][Cl]HJEћ�ȋĀˤO

̘#*�ˠ5�g�wU�2 3 ͉R�uOWo��ŭ1͡�1�K[3°C2P444][Cl]�ɔEћ

�ȋĀˤO̘#*�1.0 mol dm–3 űЕˇʸ�I8 Rh(III)8ȋĀˤ9
0.2 mol dm–3 8

[3°C2P444][Cl]O˰�*ůŁ
90%Ä¡1�K�A*
0.5 mol dm–38[3°C2P444][Cl]O˰�K

�21
?@ƕК̀4 Rh(III)8ȋĀ5ǺĒ#*ѣȋĀˤ 98%
āДʗ 44Ѥ�[3°C2P444][Cl]

5HK Rh(III)8ȋĀˤ9ʚ̊¨8űЕˎǉ8Ŵē22E5ʿƦ%KèŅ5�J
ћˎǉ8

űЕˇʸ2Ȟί!'K�21ȋĀ#* Rh(III)8ϷȋĀ�ļͲ1�K2ͨ�ILK�A*


g���ήɧ8͑ɩ
TX�ʸÏˎǉ×ƋǪ8��pt8̉͛8è�9“ 1.5 1�J


Rh(III) 1āƈ�*J8ȋĀ5 1.5āƈ8[3°C2P444][Cl]�Ъ¤#0�K�2�̘ő!L*� 
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Figure 3-3. 1955��ŧƞƂscandiumƃƛƂextractionƃƝŦŐƑƖļª©ƞ¡ÿz. 
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Table 3-1 ¬Ī�'-ƊƦƠ7G�'ĈƫìƈƖƺƲǞƹƯǓƞ�'(ŭƝŦƒƩ!ģøĂ. 

Year Authors Extractant(s) Metal(s) Ref. 

2011 A.N. Turanov et al. 

 

Sc, Y, 14 lanthanides [17] 

2012 Y.A. Abbasi et al. 

 

Sc, Mg, Ba, Al, Cr, Mn, 

Fe, Co, Ni, Cu, Zn, Sb, 

Hg, Pb, Y, Nd, Eu, Lu 

[18] 

2013 K. Fujinaga et al. 

 

Sc, Zr, Ti, Y, Fe, Al, [19] 

2013 W. Wang et al. 

 

Sc, Fe, Ti, Zr, Ga,  

Al, Ca, V, Cr 
[20] 

2014 Z. Zhao et al. 

 

Sc, Y, La, Nd, Eu, Dy [21] 

2014 Y. Baba et al. 

 

Sc, Y, La, Nd, Eu, Dy [22] 

2015 C. Isogawa et al. 

 

Sc, Zr, Ti [23] 

2015 
B. Onghena and  

K. Binnemans 
 

Sc, Y, La, Ce, Nd, Dy,  

Al, Fe, Ca, Ti, Na 
[24] 

2015 D. Depuydt et al. 

 

Sc [25] 

(continued on next page) 
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Table 3-1  (continued) 
Year Authors Extractant(s) Metal(s) Ref. 

2016 Z. Zhao et al. 

 

Sc, Fe, Co, Ni,  

Zn, Al, Mn 
[26] 

2017 B. Onghena et al. 

 

Sc, Y, La, Ce, Nd, Dy,  

Al, Fe, Ca, Ti, Na 
[27] 

2017 Y. Chen et al. 

 

Sc, Y, La, Sm, Lu [28] 

2018 M. Sharaf et al. 

 

Sc, Y, La, Nd, Eu, Dy [29] 

2018 K. Fujinaga et al. 

 

Sc, Zr, Fe, Al,  

Ti, Y, Yb 
[30] 

2018 W. Le et al. 

 

Sc, Al, Ti, Cu,  

Fe, Mg, REO 
[31] 

2019 J. Moon et al. 

 

Sc, Y [32] 

2019 K. Ohto et al. 

 

Sc, Y, 11 lanthanides [33] 

2019 L. Gao et al. 

 

Sc, Ti, Fe, Al [34] 

  

OO
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O O

O
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F

[(CH2)nCOOHmim][Tf2N]   (n = 3, 5, 7)

N N OH

O

n

P
OH

O

O

PC-88A

OH

O
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O
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O
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H
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OH
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       tripodal pseudcalix[3]arene
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O
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� 2013ǁ5ЛʢƷɺŻƎ8 K. Fujinaga
Y. Komatsu
�����ŻƎ8 G.W. StevensI9


oX��Ё́ȋĀċ8Phoslex DT-8 (di(2-ethylhexyl)dithiophoshate)8oX��ŭOЕĜ%K

�21ȿΩȋĀċ BOHTP (O,O-bis(2-ethylhexyl)hydrogenthiophoshate)OŁǺ#
Sc(III)O

ZrO2+�Iāо1�K�2O̘#* [19]� 

 

� A*
2014ǁ5®ƶŻƎ8 M. Goto
F. Kubota
Y. BabaI9
R�u2^�e�OДÌ

ŭ2%KȿΩR �uЕŨȋ Āċ N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine 

(D2EHAG)Oȿ*5Ш˼#
Sc(III)8ȋĀ5Ǧ˰#* [22]�Goto I8Ůŉ5HK2


D2EHAGO˰�K�21
̑ Еˇʸ¨8Ƽţ

ѐЛƫ�I Sc(III)8BOЎȊ̀�.ћėˤ5

ȋĀāо%K�2�ļͲ1�K(Figure 3-4)�

A*
D2EHAG9Í pHьū1 Sc(III)OȋĀ

%K�2�ļͲ1�J
ȋĀ!L* Sc(III)8

ϷȋĀEƜɋ1�K43
ǜɢ8Ʒɺ˰ȋĀ

ċO˰�*ůŁ59ŝп1�-*σюOήʠ

1�KŻŸ˴ə̀4ȋĀċ1�K�ιΖ��

Y�5HK kg g_��18ŻКŁǺE%1

5ΚNL0�J
1970ǁÂ5ŻôĜƎƷɺ5

H-0Ш˼!L* PC-88A ÄЯ
?2P3˒

�-*Ʉɝ˼8Ʒɺ˰ȋĀċ8Ɨ˰Ĝ5Ņ�

*̬̏�
̌Ɨ5˼ƪ#0�0�K� 

 

 

3-1-4.� {����� �
k� 
� ɝ̬̏9
ƗП̎�I8 Sc8śĶOǰƕ#
À8Ѝ̤ЛƫFR�Y�ţѐЛƫѣFe(III), 

Ni(II), Al(III), Co(II), Mn(II), Cr(III), Ca(II), Mg(II)ѤOŇC̒Еˇʸ�I8 Sc(III)8ЎȊ̀ȋ

Āāо�H;śĶÖ̀2%K� 

� ��19 D2EHAG8āƈњɳOŭ5
HJÍ pHьū18 Sc(III)8ȋĀF
̯Ïиƚ5

HKˠ˺̀4ЎȊǪ8˼˨OəǙ#0
�Vw�R�w�OƤò#*ȿΩȋĀċ

N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]phenylalanine (D2EHAF)OШ˼#*�D2EHAF9

Y��[eŭ8ϲå5сƈʜǍǪ8�Vw�ŭOɖ%K*D
πϛėɩ5HJ D2EHAG2

ʗϪ#0Еήоƕȸ pKa�Í¢#
Í pH ьū18 Sc(III)8ȋĀǪͲ�Ņ¡%K2ͨ�I

LK�ɝ̬̏19
ǜɢ8Ʒɺ˰ȋĀċ2̧�8R�uЕŨȋĀċ5HK Sc(III)ȋĀǪͲ

OʗϪ#
Sc(III)8Ʒɺ˰ȋĀċ2#08R�uЕŨȋĀċ8ļͲǪOɹβ#*� 

 

  

 
Figure 3-4. D2EHAGƝƦƩ~UŶƞ�'. 
[Reproduced from RSC. Advances, 4, 
50726–50730 (2014) with permission from 
The Royal Society of Chemistry.] 
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3-2.� ZÊs8	D� 
 

3-2-1.� ±© 
� ŁǺ˰ιΖ 

l di(2-ethylhexyl)amine (98.0%, Tokyo Chemical Industry Co., Ltd.) 

l chloroacetyl chloride (97%, Wako Pure Chemical Industries, Ltd.) 

l triethylamine (99%, Wako Pure Chemical Industries, Ltd.) 

l dichloromethane (99.5%, Wako Pure Chemical Industries, Ltd.) 

l L(-)-phenylalanine (99.0%, Wako Pure Chemical Industries, Ltd.) 

l sodium hydroxide, granular (98%, Wako Pure Chemical Industries, Ltd.) 

l methanol (99.7%, Wako Pure Chemical Industries, Ltd.) 

l sodium sulfate, anhydrous (99.5%, Tokyo Chemical Industry Co., Ltd.) 

l chloroform-d, containing TMS (99.7%, Wako Pure Chemical Industries, Ltd.) 

 

� ˊƕ˰ιΖ 

l ethanol (99.5%, Wako Pure Chemical Industries, Ltd.) 

l 1.0 mol/L lithium chloride, ethanol solution (Kyoto Electronics Manufacturing Co., Ltd.) 

l 1.0 mol/L hydrochloric acid for volumetric analysis (Wako Pure Chemical Industries, Ltd.) 

l 1.0 mol/L sodium hydroxide for volumetric analysis (Wako Pure Chemical Industries, Ltd.) 

l sodium chloride (99.5%, Kishida Chemical Co., Ltd.) 

 

� ƼЖċ 

l n-dodecane (98%, Kishida Chemical Co., Ltd.) 

 

� ȋĀċ 

l D2EHPA (>95.0%, Tokyo Chemical Industry Co., Ltd.) 

l Versatic 10 (Japan Epoxy Resin (currently Mitsubishi Chemical Corporation)) 

l TOPO (>92.0%, Kanto Chemical Co., Inc.) 

l D2EHAG (>95%, Tokyo Chemical Industry Co., Ltd.) 

l D2EHAS (N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]sarcosine) ŁǺ˟ 

l D2EHAF (N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]phenylalanine) ŁǺ˟ 

 

� ˰�*ŀȋĀċ8ɾϽǌO Figure 3-55̘%� 
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Figure 3-5. ìƈƖ�'-ƞÃŏ�. (a) D2EHAG, (b) D2EHAS, (c) D2EHAF, (d) D2EHPA, 

(e) Versatic 10, (f) TOPO. 
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 

 

� pHτȹ˰ιΖ 

l 5 mol/L sulfuric acid (Kishida Chemical Co., Ltd.) 

l ammonium sulfate (99.5%, Kishida Chemical Co., Ltd.) 

l pH 4.01 standard solution (Kishida Chemical Co., Ltd.) 

l pH 6.86 standard solution (Kishida Chemical Co., Ltd.) 

l pH 9.18 standard solution (Kishida Chemical Co., Ltd.) 

 

� Лƫű 

l Sc2(SO4)3Ѩ5H2O (99.9%, Mitsuwa Chemicals Co., Ltd.) 

l Fe2(SO4)3ѨnH2O (99.5%, Wako Pure Chemical Industries) 

l NiSO4Ѩ6H2O (99.0%, Kishida Chemical Co., Ltd.) 

l Al2(SO4)3 (>85%, Wako Pure Chemical Industries) 

l CoSO4Ѩ7H2O (99.0%, Kishida Chemical Co., Ltd.) 

l MnSO4Ѩ5H2O (99.0%, Kishida Chemical Co., Ltd.) 

l Cr(NH4)(SO4)2�12H2O (98.0%, Kishida Chemical Co., Ltd.) 

l CaSO4 (99%, Wako Pure Chemical Industries, Ltd.) 

l MgSO4 (98.0%, Wako Pure Chemical Industries, Ltd.) 

 

(a)

N N
H

O

OHO

(c)

N N
H

O

OHO

OH

O

(e)

P
OH

O

O

O

(d)

(b)

N N O

OHO

P O

(f)
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� Лƫʂˆʸ 

l 1000 mg/L scandium standard solution (Kanto Chemical Co., Inc.) 

l 1000 mg/L iron standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L nickel standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L aluminium standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L cobalt standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L manganese standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L chromium(III) standard solution (Kanto Chemical Co., Inc.) 

l 1000 mg/L calcium standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L magnesium standard solution (Wako Pure Chemical Industries) 

 

� ó08ʚˇʸ8τΣ59 Merck Millipore8Milli-Q Integral 3O˰�0͂Σ#*͵TX�

ʚOÓ˰#*� 

 

3-2-2.� w¬�'�ÀQo;>�Jj 
� R�uЕŨȋĀċ9µʑе8ĵǦ1ŁǺ!LK(Scheme 3-1)�ŀgrp�8ˮǺ˟9 1H 

NMR (300 MHz), 13C NMR (75.5 MHz) (AVANCE II 300, Bruker)�H; CHN ì͊āɧ 

(Yanaco CHN CORDER MT-5, ɯɝΣÑȀ)5HJŃƕOΚ-*� 

 

 

Scheme 3-1. ƬǒǃŗY�'-ƞE�. 

 

3-2-2-1.� 0£�'��Jj 
� di-2-ethylhexyl amine 0.2 mol (48.81 g)
triethylamine 0.2 mol (20.38 g)O dichloromethane5

ˇή!'
ʛʴ¢1Ȭȍ#4�I
chloroacetyl chloride 0.22 mol (24.88 g)OG-�J2(2, 3

̡5 1ˊ8��g1)
ˊ¢#*�ˊ¢͎²Ǜ
Ƙˁ1 3ɌЩȬȍ#*�Ȭȍ͎²Ǜ
āʸ

ˋȼ5HJ 0.1 M HCl1 2ś
(8ǛMilli-Qʚ1 5śʬʯ#ѣŀ 200 cm3Ѥ
dichloromethane

Cl N

O

++H
N Cl Cl

O
HCl

TEA, CH2Cl2

r.t., 3 h, > 90%

NaOH, MeOH

60°C, 15 h, > 80% N N O

OHO

Cl N

O
H
N

OH

O

HCl++
R2

R2

D2EHAG : R1 = H, R2 = H
D2EHAS : R1 = CH3, R2 = H
D2EHAF : R1 = H, R2 = benzyl

R1

R1
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̊Oāķ#*�Sodium sulfate, anhydrousOЌКē�
͵ʚ#*Ǜ
ʿŤMІ#
ˇƇOʿ

Ťвİ#Ѡ;ʸÏ8ĜŁ˟ 3Oǝ*ѣĶК 60.15 gѤ� 

 

2-chloro-N,N-di(2-ethylhexyl)acetamide 3 (Yield: 94%, M.W. 317.94); 1H NMR (400 MHz, 

CDCl3): δ 4.08 (s, 2H, C(=O)CH2Cl), 3.47 � 3.11 (m, 4H, NCH2CHR1R2), 1.65 (m, 2H, 

NCH2CHR1R2), 1.27 (m, 16H, RCH2R), 0.89 (q, 12H, CH3); elemental analysis (CHN) calcd. for 

C18H36Cl1N1O1: C, 68.00; H, 11.41; N, 4.41; found: C, 67.29; H, 11.31; N, 4.34. 

 

3-2-2-2.� �'�À�Jj 
� D2EHAG 5.�09ǒ̬̏Ƙ1̯̓!L*ŁǺʧOì5
ɤ»ĜǺƷɺѣɱѤ5 kg g

_��1ŻКŁǺ#0щ�*E8OÓ˰#*�D2EHAS5.�09ǒ̬̏Ƙ1іůк ʘ
bb�ŁǺ#*E8 [36]OȡÖ#0щ�*�ȿΩȋĀċ D2EHAF9Ä¢8ȁы1̳ͩ�ŁǺ

#*� 

� Sodium hydroxide 0.15 mol (6.0 g)Ovg��ga¨1 methanol5ˇήǛ
phenylalanine 

0.15 mol (24.8 g)Oē�ˇή!'*��8ˇʸOƘˁ1Ȭȍ#4�IŁǺ#*ĜŁ˟ 3 0.05 

mol (15.9 g)OG-�J2ˊ¢#*�ˊ¢͎²Ǜ
�8ˇʸOē˚Ȭȍ(60°C, 300 rpm)#


TLC1ĵǦOϵϡ#*�15ɌЩǛ
ĵǦʸ¨8ˇƇOʿŤвİ#
ʐ˷˟O dichloromethane

5ˇή!'*��8ˇʸO 1.0 mol dm−3 H2SO41ʬʯ#ЕǪ5#*Ǜ
Milli-Qʚ1 5śʬ

ʯ#ѣŀ 200 cm3Ѥ
dichloromethane̊Oāķ#*�Sodium sulfate, anhydrousOē�
MІ

#*Ǜ
ˇƇOвİ#
Έ;́ǪÏ8 D2EHAFOǝ*ѣĶК 21.4 gѤ� 

 

N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine D2EHAG (Yield: 87%, M.W. 356.55);  
1H NMR (300 MHz, CDCl3): δ 8.83 (br, 1H, COOH), 4.04 (s, 2H, NHCH2COOH), 3.74−2.80 (m, 

6H, NCH2CHR1R2 and NC(=O)CH2NH), 1.60 (m, 2H, NCH2CHR1R2), 1.25 (m, 16H, RCH2R), 

0.88 (m, 12H, CH3); 13C NMR (75.5 MHz, CDCl3): δ 170.4, 165.9, 50.1, 48.2, 47.6, 37.7, 36.6, 

30.5, 28.8, 23.8, 23.4, 14.1, 11.0, 10.9; elemental analysis (CHN) calcd. for C20H40N2O3·0.2H2O: C, 

66.70; H, 11.31; N, 7.78; found: C, 66.71; H, 11.30; N, 7.49. 

 

N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]phenylalanine D2EHAS (Yield: 83%, M.W. 

370.58); 1H NMR (300 MHz, CDCl3): δ 9.53 (br, 1H, COOH), 4.03 (s, 2H, CH3NCH2COOH), 3.70 

(d, 2H, NC(=O)CH2NCH3), 3.46−3.01 (m, 4H, NCH2CHR1R2), 2.84 (d, 3H, CH2N(CH3)-CH2), 

1.59 (m, 2H, NCH2CHR1R2), 1.25 (m, 16H, RCH2R), 0.87 (m, 12H, CH3); 13C NMR (75.5 MHz, 

CDCl3): δ 170.5, 167.4, 58.6, 56.9, 50.5, 48.4, 42.3, 37.9, 36.7, 30.5, 28.8, 23.8, 23.0, 14.1, 11.0, 

10.6; elemental analysis (CHN) calcd. for C21H42N2O3·0.2H2O: C, 67.41; H, 11.42; N, 7.49; found: 

                                                   
bb ǒɌ
ŻƎбˮ�2015ǁ 3ɕƎÌķǝ�2017ǁ 2ɕϻİ 
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C, 67.71; H, 11.37; N, 7.31. 

 

N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]phenylalanine D2EHAF (Yield: 96%, M.W. 

446.68); 1H NMR (300 MHz, CDCl3): δ 7.95 (br, 1H, COOH), 7.43−7.18 (m, 5H, Ph�H), 4.15 (t, 

1H, NHCHCOOH), 3.76−2.70 (m, 8H, NCH2CHR1R2, NC(=O)CH2NH and PhCH2), 1.58 (m, 2H, 

NCH2CHR1R2), 1.25 (m, 16H, RCH2R), 0.88 (m, 12H, CH3); 13C NMR (75.5 MHz, CDCl3): δ 

172.1, 166.6, 137.7, 129.3, 128.6, 126.7, 64.3, 60.0, 50.1, 48.7, 47.3, 37.7, 36.6, 30.3, 28.7, 23.4, 

22.9, 14.0, 10.7; elemental analysis (CHN) calcd. for C27H46N2O3: C, 72.60; H, 10.38; N, 6.27; 

found: C, 72.53; H, 10.57; N, 6.04. 

 

3-2-3.� À­ÆYt pKa��Y 
� ȿΩȋĀċ8 D2EHAG2 D2EHAF8Еήоƕȸ pKa9 G. VölgyiI
R.J. WarrI�H;

Y. Sasaki I8ɀʧOıͨ5#
сÌƹˊƕʧ5HJʠƕ#* [37–39]�ȿΩȋĀċ9ʚ5

пˇ8*D
Wmz��2ʚ8ʺŁˇʸ(90:10, 80:20, 70:30; v/v)18÷ˇƇήоƕȸ psKa

O˂ƕ#
ʚ 100 vol%18Ψ��8 pKaOŹȖ5HJʜD*�ɝƗј1˰�*ΐ˷ʚ�H

;Wmz��9
̮͊|���^#*Ǜ
͵ʙÿ˪OΚ�Ó˰#*�%>08˂ƕ9̮͊

рŞʙ¢cc1 25°C8ǫˁʚʀ(NTT-2200, EYELA)O˰�0Κ-*�сɻ59фʚˊƕ˰Τ

ŁZ�gсɻ(C-173, Kyoto Electronics Manufacturing)OÓ˰#
сɻ8úВʸ59 1 mol L–

1 LiClWmz��ˇʸO˰�*�́ ƕċ2#0 0.02 M NaOH – 0.08 M NaClˇʸOτΣ#*�

0.01 M8 D2EHAGE#�9 D2EHAF8 0.05 M HCl – 0.05 M NaClˇʸ 10 cm3OȰȑсή

Ϙˇ ѣy0.1 M NaClˇʸѤ45 cm35ˇή#
͸ĘсÌƹˊƕΠͣ(AT-710S, Kyoto Electronics 

Manufacturing)O˰�0ˊƕOΚ-*�ŀιȽ8 psKaO 3ś˂ƕ#
ǀŧâO̶Ā#*� 

 

3-2-4.� 1H-NMR
��o;>��¼­| 
� 1H-NMR O˰�0ȿΩȋĀċ8 D2EHAG 2 D2EHAF 8ɖʇˇƇ¨18ɾϽήɧOΚ-

*�ȋĀċˎǉ 25, 50, 100 mM8 CDCl3ˇʸOτΣ#
ɖʇ̊2#*�0.1 mol dm–3̒Е


�H; 0.1 mol dm–3̒ЕR��wU�OʺŁ#
pHO 3.365τȹ#*ˇʸOʚ̊2#*�

Z�gΣ8c���̷5¦̊O 5 cm3&.ē�
30̡Щ vortex mixer1ǑȬȍǛ
ǫˁȕ

̇ʚʀ(NTS-4000BH, EYELA)O˰�0 25°C, 160 rpm1ȀƕɌЩȕ̇#*�̊ āоǛ
ɖʇ

̊OȜķ#
1H NMR (400 MHz, ECZ400S, JEOL)1ŀc���O˂ƕ#*� 

 

  

                                                   
cc ï̱5 5 mL˰8op�OķJÁ�*̮͊Ö͒zh�OιȽˇʸ¨5ƹ#ϰB
̮ ͊|���^OΚ�4�

I˂ƕOΚ4-*� 
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3-2-5.� o;ZÊlÈ 
� |poʧ5HKȋĀƗјOΚ-*�ɖʇ̊9ŀȋĀċOȀƕˎǉ1 n-dodecane5ˇή!

'0˰�*�ʚ̊9ŀЛƫ8̒ЕűO 0.1 mol dm–3̒Е
�H; 0.1 mol dm–3̒ЕR��w

U�ˇʸ5ˇή!'K�25HJτΣ#*��LI 2.8ЛƫˇʸOʺŁ%K�25HJ

pHτȹOΚ-*�Í pHьū8ʚ̊5Ъ#09 5 M̒ЕOɻƦКʻē%K�25HJτΣ

#*�A*
ȋĀʇɾ8ήɧOΚ�*D
ŀ̧g���ήɧѣpH×ƋǪ
ȋĀċˎǉ×Ƌ

Ǫ
̒ЕTX�ˎǉ×ƋǪѤ
��±S�^ιј�H;Ͼ͖ŸĜʧ(Job’s plot)dd [40,41]5H

KήɧOΚ-*�̒ ЕTX�ˎǉ×ƋǪ8ůŁ
Sc(III)8̒ЕűO 0.1 mol dm–3̒Е�H;

0.1 mol dm–3Іű͊Е5ˇή!'
�LI 2.8ЛƫˇʸOʺŁ%K�25HJ̒ЕTX�

ˎǉOτȹ#*���±S�^ιј19 10 mmol dm–38 D2EHAGE#�9 D2EHAFOŇ

Cɖʇ̊2
Sc(III)ˎǉOŸĜ!'* pH�ƕ8ʚ̊O˰�*�Ͼ͖ŸĜʧ(Job’s plot)19

Sc(III)2 D2EHAGE#�9 D2EHAF8Łαˎǉ� 50 mmol dm–354KH�5ˇʸOτΣ

#
Sc(III)2ȋĀċ8��ʗOŸĜ!'0ȋĀǀΝO˂ƕ#*�Z�gΣ8Њʡ̷5ɖʇ

̊2ʚ̊O̴Ï̪&.ē�
30̡Щ vortex mixer1ǑȬȍǛ
ǫˁȕ̇ʚʀ(NTS-4000BH, 

EYELA)O˰�0 25°C, 160 rpm1 3ɌЩȕ̇#*�ȕ2�Ǜ
Њǣāо(25°C, 3000 rpm)#


Ƒó5̊āо#*Ǜ
͊Ɇ�¦̊OȜķ#*�Лƫ�ȋĀ!L*ɖʇ̊2Ȁƕˎǉ8̒Е

ʚˇʸOZ�gΣ8Њʡ̷5̴Ï̪&.ē�
ʌȋĀ2Ńɿ8ȁы1ϷȋĀƗјOΚ-*�

Ȝķ#*ʚ̊8 pHO pH��m�(HM-30R, DKK-TOA)1˂ƕ#
ʚ̊¨8ЛƫTX�ˎ

ǉO ICP˼ðāɧΠͣ(ICP-AES, Optima 8300, Perkin-Elmer)1˂ƕ#*�ȋĀ8ήɧ5˰�

KȋĀˤ E
āДʗ D
āоÚȸ β
ϷȋĀˤ S9
Ä¢8 Eqs 3-1 ~ 3-3 HJ̶Ā#*� 
 

! =
#M,&',()(*−#M,&',,'	

#M,&',()(*
× 100     (Eq. 3-1) 

1 =
#M,BCD,,'
#M,&',,'

=
#M,&',()(*−#M,&',,'	

#M,&',,'
     (Eq. 3-2) 

E =
#M,&',F*C(G

#M,&',()(*−#M,&',,'	
× 100     (Eq. 3-3) 

 

��1 CM9ŀˡǴ18ЛƫTX�ˎǉ[mol m–3]O
¢Á�ȻƊ org, aq, init, eq, strip9(

L)Lɖʇ̊
ʚ̊
ąəˡǴ
ǀΝˡǴ
ϷȋĀ̊OΟ%�  
                                                   
 
dd Ͼ͖ŸĜʧѣJob’s plotѤ9
2.8ĵǦǺā8ŎOƾ5�ƕ5Ü,..ŸĜ!'*ů
Ł
ˮǺ#*ĜŁ˟8ˎǉ�ɔŻ54-*Ɍ8ąˎǉ8ʗ�ХÏ8ʗ5̴#�4K2#

0ȋĀ̧8ȟƕOΚ�ȁʧ1�K�MCV (method of continuous variations)2EŌ:LK� 
 

� 1928ǁ5 Paul Job9[Tl(NO3) + NH3 ⇄ H3N–Tl(NO3)]8ĵǦ5��0
Tl(NO3) / NH3ʺ

Ł˟¨8 Tl(NO3)8��āˤ XAO UVňĶ5ơ#0��pt%K2
XA = 0.51ɔŻâ
O̘%��pt�ǝIL
ÈŁʗ� 1ѧ11�K�2O̘#* [40]� 

 
 

1:1 1:2 1:4
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P

XA



Ą 3ă 
 
 
 

 
 
 
 74 

3-3.� ¤}	§[ 
 

3-3-1.� D2EHAG �
 D2EHAF�À­ÆYt pKa��Y 
� R�uЕŨȋĀċ D2EHAG �H; D2EHAF OŇɖ%KWmz��2ʚ8ʺŁ˟8Ï̪

ʗ5ơ%K÷ˇƇήоƕȸ psKa8âO Figure 3-65̘%�ȋĀċ8Y��[eŭ�H;R
�zŭ8 pKaO(L)L pKa1�H; pKa22ƕͦ#*�ʚˇʸ¨8Ψ��8 pKaâ9
ơǦ

%KϲË̉͛8Ă˞�Iʠƕ#*�D2EHAG2 D2EHAF8 pKa19(L)L 2.89�H; 2.74

1�-*�D2EHAF9Y��[eŭ8ϲå5сƈʜǍǪ8�Vw�ŭOɖ%K*D
πϛ

ėɩ5HJ D2EHAG 2ʗϪ#0Еήоƕȸ pKa�Í¢#*2ͨ�ILK�A* D2EHAG

2 D2EHAF8 pKa29(L)L 8.25�H; 7.861�-*�#*�-0
�LI8R�uЕ

ŨȋĀċ9 pH 2.8 – 8Áϲ8ʚˇʸ¨1ĴǪTX�2#0Ƌť#0�K2ͨ�ILK� 

 

Figure 3-6. D2EHAG ƛ D2EHAF ƞ#Úgĭŭl©(psKa)ƝpƒƩưƾǇǠǚ/Îƞ�āÌƞ�Ų. 
��'-ƝpƑƙ 3PƓƘ×lƑƖ�X�ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

 

3-3-2.� 1H-NMR
�� D2EHAG �
 D2EHAF��¼­| 
� Versatic 108H�4�zY���ЕŨȋĀċ9
˒ɻǪˇƇ

¨5��0āƈЩʚ͊͑ŁOǓǺ#
µКÏ2#0Ƌť%K�

2�̍IL0�K [42,43]�#�#
ɝ̬̏1˰�KR�uЕŨ

ȋĀċ9āƈú5R�zŭFR�uŭOɖ#0�K*D
Y�

�[eŭ�āƈú1ʚ͊͑Ł#0�KļͲǪEͨ�ILK�(

8*D
D2EHAG 2 D2EHAF 8ɖʇˇƇ¨18ǓǴ5Ъ%K

ǯŮOǝK*D
1H-NMR5HKɾϽήɧOΚ-*� 

� �ͼ̀5
β-diketone 8ɿ4āƈúʚ͊͑ŁOǓǺ%KƓͲ
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y = – 5.467 × 10–3 x + 8.245
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ŭ˲ɢ8��t�8 1H-NMRg�]t�9ˎǉ5H-0ŸĜ#4���ɀ
Y���ЕF

��Е�āƈЩ1ʚ͊͑ŁOǓǺ#0µКÏOǓǺ%K2
(LI8ˎǉ8Ŵē22E5


1H-NMR g�]t�¨8Y���ЕF��Е˲ɢ8��t�8��]9Í̔ůä5e�t

%K [44]�R�uЕŨȋĀċ D2EHAG�H; D2EHAF8ŀȋĀċˎǉ5��K 1H-NMR

g�]t�O Figure 3-75̘%�͑ ɩHJ
3,I8ȋĀċ5��0EY��[eŭ8-OH

˲ɢ8��]9
ȋĀċˎǉ8Ŵē22E5Í̔ůä5e�t#
˒ɻǪˇƇ¨1āƈЩ

ʚ͊͑Ł5HJµКÏOǓǺ%K�2�̘ő!L*� 

 

 
Figure 3-7. 1H-NMR ƺǍƴǂǚƝ�ƉƩ�'-Ý�ƞ�ŲǡÚgǣCDCl3Ǣ. 
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3-3-3.� �'�ÀQo;>	`��o;>
�� Sc(III)�o;	¹o; 
� 3.8R�uЕŨȋĀċ (D2EHAG, D2EHAS, DE2HAF)
��ЕŨȋĀċ (D2EHPA)
Y

���ЕŨȋĀċ (Versatic 10)
ˇƇŎŨȋĀċ (TOPO)O˰�0
Sc(III)8ȋĀƗјOΚ

4-*�Sc(III)8ȋĀ5ơ%Kʚ̊8 pH 8ǔшO Figure 3-8 5̘%�D2EHAG 5HK

Sc(III)8ȋĀ9 pH8¡Ɉ5HJÛЀ!L
pH 2Áϲ1ƕК̀5ȋĀ#*���1 D2EHAG

5HK Sc(III)8ȋĀ9
ïΚ̬̏5��K̑Е–̑ЕR��wU�ˇʸ�I8ȋĀ [22]2

ʗϪ#0
ћ pH 5e�t#0�K��8H�4˨ώѣ̒Еűˇʸ�I8Í�ȋĀėˤѤ

9ɿ�4Лƫ2ȋĀċFň̌ċ8͏BŁN'1EŮŉ!L0�K� [1]
ˇʸ¨8RwX

�̧2ЛƫTX�8ȋĀˤ8ЪÚ9 Hofmeister̈́Ąee5ǜ�
SO4
2– << Cl– < NO3

– < ClO4
–

24K�2�ź���Vw�ŭOƤò#* D2EHAF O˰�*ůŁ
D2EHAG 2Ńɿ8ȋ

ĀȓĘ�άƠ!L*�
D2EHAGHJE Sc(III)8ȋĀˤ�Ņ¡#0�J
HJÍ pHä1

ȋĀ!L0�K�¡ϴ8Еήоƕȸ pKa8˂ƕ͑ɩHJ
D2EHAG2 D2EHAF8Y��[

e�ŭ8 pKa9(L)L 2.892 2.741�K��Vw�ŭ8сƈʜǍǪ5HJ
Y��[e

ŭ8 pKa�Í¢#
͑ɩ2#0 Sc(III)8ȋĀͲ�Ņ¡#*2ͨ�ILK� 

 

� �ɀ
D2EHASO˰�*ůŁ
pH 3Ä¢19 Sc(III)8ƕК̀ȋĀ9ЈǺ!L4�-*�

D2EHAG 2ʗϪ#0 D2EHAS O˰�*ůŁ8ȋĀˤ�Í¢%KŃɿ8˨ώ9
In(III)2

Ga(III)8ȋĀ5��0EάƠ!L0�K [43]��LI8͑ɩHJ
ɝ̬̏1˰�*R�u

ЕŨȋĀċ�ɖ%KR�zŭ9ЛƫTX�8ȋĀ5Ъ¤#0�J
D2EHAG 2 D2EHAF

8ɖ%Kµ͉R��9
D2EHAS8ɖ%K ͉R��HJE Sc(III)=8ĵǦǪ�ћ��2

�̘ő!L*��ɀ
D2EHPA9 pH 0.5Ä¢8фƾ5ћ�ЕǪɡÆ¢1E Sc(III)OƕК̀

5ȋĀ#0�J
Sc(III)8ϷȋĀ�ŝп1�K2³ǰ!LK�A*
Versatic 10�H; TOPO

9 pH 3Ä¢19ȋĀͲ�Í�
ȋĀˤ9 6�23%1�-*� 

 

� ʉ5 0.5−5 mol dm–3 8̒ЕˇʸO˰�0 D2EHAG
D2EHAF
D2EHPA 5ȋĀ!L*

Sc(III)8ϷȋĀOΚ4-*�Figure 3-95 Sc(III)8ϷȋĀ5��K̒Еˎǉ8ǔшO̘%�

͑ɩHJ
D2EHAG2 D2EHAFOŇCɖʇ̊¨5ȋĀ!L* Sc(III)9 0.5 mol dm–3̒ЕO

˰�K�21 90%Ä¡�ϷȋĀ!L*��ɀ
D2EHPA5ȋĀ!L* Sc(III)8ϷȋĀ9


0.5−5 mol dm–38̒Еˇʸ19ŝп1�-*�Ä¡8͑ɩHJ
D2EHAG�H; D2EHAF

9
ǜɢ8Ʒɺ˰ȋĀċHJE Sc(III)8śĶ5Ќ#0�K2͑φÁ�K�2�ĀɢK� 

 

                                                   
ee Hofmeister ̈́Ą9ʚˇʸ�Iĭ˾Θ˾ϘOʡʔ!'KͲđ5H-0ǃ.�8űOǆĄĜ#*E81
1888
ǁ5uTq8 Franz Hofmeister5H-0ąD0ήɊ!L* [45]�Hofmeister̈́Ą8¿͏B9Ƒó59ɊI�5
4-0�I&
Лƫ8ȋĀ5��0E Hofmeister̈́Ą2ʌĵơ8ȓĘO̘%E8(anti-Hofmeister)F
Hofmeister
̈́Ą5ó�ǒ09AI4��2(non-Hofmeister)E�K� 
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Figure 3-8. D�'-ƝƦƩ Sc(III)ƞ�'ƝpƒƩÎõƞ pHƞ�Ų. 100 mmol dm–3 Versatic 10
ƊƦƠ 50 mmol dm–3 D2EHPA, D2EHAG, D2EHAS, D2EHAF, TOPO ƞ

n-dodecaneÚÔƫ�ì.  
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 

 

 
Figure 3-9. Sc(III)ƞŋ�'ƝƊƎƩúŗÝ�ƞ�Ų. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 
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3-3-4.� D2EHAG �
 D2EHAF
�� Sc(III)�o;���­| 
� R�uЕŨȋĀċ D2EHAG �H; D2EHAF 5HK Sc(III)8ȋĀʇɾOɊI�5%K*

D
ŀ̧g���ήɧѣpH×ƋǪ
ȋĀċˎǉ×ƋǪ
̒ ЕTX�ˎǉ×ƋǪѤOΚ-*�

Figure 3-10(a)9 10 mmol dm–38D2EHAGA*9D2EHAFO˰�*ůŁ8 Sc(III)8āДʗ

5ơ%KǀΝ pH8ǔшO̘%�͑ɩHJ
log D – pH8��pt8̉͛8è�9
(L)

L 0.98 (D2EHAG)2 1.04 (D2EHAF)1�J
Sc(III)2ȋĀċ8ХǓǺ�H;ɖʇ̊=8āД

¨5
1.8��t��ʚ̊5ȳĀ!L*�2O̘%�Figure 3-10(b)9 pH 2.1518 Sc(III)

8āДʗ5ơ%KȋĀċˎǉ8ǔшO̘%���1
3-3-2.1ϴ>*H�5
D2EHAG �

H; D2EHAF9˒ɻǪˇƇ¨1µКÏOǓǺ#0�K2ͨ�ILK*D
̂ ��8ʄϨ5

9µКÏˎǉ[(HR)2]8ơȸâO2-0�K�͑ɩHJ
log D – log [(HR)2]8��pt8̉

͛8è�9
(L)L 1.36 (D2EHAG)2 1.39 (D2EHAF)1�J
Sc(III)2ȋĀċ8ХǓǺ5

µКÏ� 1.5āƈѣ.AJȋĀċ 3āƈѤ�Ъ¤#0�K�2O̘%� 

 

� Figure 3-10(c)9 Sc(III)8āДʗ5ơ%K̒ЕTX�ˎǉ8ǔшO̘%�͑ɩHJ


[SO4
2–] > 0.1 mol dm–3 8Ɍ
 log D – log [SO4

2–]8��pt8̉͛8è�2#0–0.91 

(D2EHAG)2–1.03 (D2EHAF)�ǝIL*�ɃŮ8Ɛƕǉƕȸ [46]O˰�0α̶#*
̒Е

űʚˇʸ¨8 Sc(III)–SO4ХTX�8Ƌťāˤ (Figure 3-10(d))5HK2
[SO4
2-] > 0.1 mol 

dm–3 8Ɍ
Sc(III)9©5RwX�8̒ЕűХÏ [Sc(SO4)2]–OǓǺ#0�K�H-0


[Sc(SO4)2]–2ȋĀċ8ХǓǺ�H;ɖʇ̊=8āД¨5
1.8̒ЕRwX��ʚ̊5ȳĀ

!LKǤΦ��K� 

 

� A*
ȋĀǀΝ5��K Sc(III)2ȋĀċ8ĜƎКφʗO̓ο%K*D
��±S�^ι

ј�H;Ͼ͖ŸĜʧѣJob’s plotѤ5HKήɧOΚ4-*�Figure 3-10(e)9��±S�^ι
ј8͑ɩ1�J
Sc(III)8ąəˎǉ5ơ%KȋĀċ8ąəˎǉ2ɖʇ̊¨5ȋĀ!L*

Sc(III)ˎǉ8ʗO��pt#0�K�3,I8ȋĀċO˰�*ůŁE
Sc(III)8ąəˎǉ�

Ŵē%K5.L0��pt9ʿƦ#
�H( 31�ƕâO̘#*��8͑ɩ9
1.8 Sc(III)

�ȋĀċ 3 āƈѣµКÏ 1.5 āƈѤ2ХÏOǓǺ#
ɖʇ̊¨5ȋĀ!LK2��¡ϴ8

ÅςOȰȑ%K�A*
Figure 3-10(f)5̘% Job’s plot8͑ɩHJ
ȋĀ!L* Sc(III)ˎ

ǉ9
Sc(III)2ȋĀċ8Łαˎǉ5ơ%KȋĀċˎǉ8��ʗ�“ 0.75 82�5ɔŻ5Ј

#0�J
Sc(III)2 D2EHAGA*9 D2EHAF8ĜƎКφʗ� 1ѧ31�K�2�̓ο!L

*� 
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Figure 3-10. ƬǒǃŗY�'-ƝƦƩ Sc(III)ƞ�'ÇÃƞĭº. (a) pH�i�ǡ[HR]init = 10 mmol 
dm–3, [SO42–]init = 0.1 mol dm–3Ǣ. (b) �'-Ý��i�ǡpHeq = 2.15, [SO42–]init 
= 0.1 mol dm–3Ǣ. (c) úŗƮƱǞÝ��i�ǡpHeq = 2.15, [HR]init = 10 mmol dm–

3Ǣ. (d) úŗ^ÚÔ�ƞ Sc(III)ƁSO4ŠƮƱǞƞiV(ç. (e) Sc(III)ƞǜǠǁƭǞƵĴ
ŷǡ[HR]init = 10 mmol dm–3Ǣ. (f) Őđa4Ò(Job’s plot)ƝƦƩ4jŚļÌƞÏl. 

[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 

 

� ¡γ8͑ɩHJ
[SO4
2-] > 0.1 mol dm–38Ɍ
D2EHAG�H; D2EHAFO˰�* Sc(III)

8ȋĀǀΝǌ9 Eq 3-48H�54K2ȟƕ!L*���1¡͛9ɖʇ̊¨8ĜƎ̧O̘%� 

Sc(SO6)=7 + 1.5(HR)=:::::::: ⇌ Sc(SO6)R(HR)=:::::::::::::::::::: + HQ + SO6=7   (Eq 3-4) 

� ȟƕ#*ȋĀǀΝǌ8ȹŁǪOɹβ%K*D5
ȋĀǀΝƕȸ Kex O̶Ā#
ɔƥµ­

ʧ5HKϲËOΚ-*���1
ȋĀċ8ʚ̊=8ˇή9˒Ϊ1�KE82#*�ȋĀǀ

Νƕȸ Kex9 Eq 3-51Ο!LK� 

RST =
UScVSO4XRVHRX2YZH

+
[\SO4

2–
^

\ScVSO4X2
–
^UVHRX2Y

1.5      (Eq. 3-5) 

A* Sc(III)8āДʗ D9 Eq 3-61Ο!LK� 
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1 =
UScVSO4XRVHRX2Y

_Sc(III)a =
UScVSO4XRVHRX2Y

\ScVSO4X2
–
^

× b=    (Eq. 3-6) 

Eq 3-6¨8 α29 Sc(SO4)2
–8Ƌťāˤ1�J
Eq 3-71̘!LK� 

b= =
c2\SO4

2–
^
2

1+∑ c(\SO4
2–
^
(

2
(=1

 (i = 1–2)     (Eq. 3-7) 

��1
Sc(III)2 SO4
2–8ХÏ8Ɛƕǉƕȸ β9(L)L β1 = 104.04 (mol dm–3)–1, β2 = 105.70 

(mol dm–3)–2O˰�* [46]�A*ɝƗјɡÆ¢19
Sc(III)5ơ#0 HSO4
–
SO4

2–�H;ȋ

Āċ�ŻІĎ5Ƌť%K81
ȋĀċ2̒ЕTX�8˟ϘĶȰ9Ä¢8ɿ5ϲË1�K� 

_(HR)=ae = _(HR)=a +
3
2 USc(SO6)R(HR)=Y ≈ _(HR)=a   (Eq. 3-8) 

[SO6=7]e = [SO6=7] + [HSO67] + [Sc(SO6)Q] + 2[Sc(SO6)=7] + USc(SO6)R(HR)=Y (Eq. 3-9) 

[SO6=7] ≈
Ra\SO4

2–
^
0

(Ra+ZH+[)
      (Eq. 3-10) 

��1
Ka = [H+][SO4
2–]/[HSO4

–] = 1.02 × 10–2 [mol dm–3]1�J [47]
¢Á�ȻƊ 09ąə

ˎǉOΟ%� 

� Eqs 3-5 ~ 3-10HJ
Eq 3-11�ǝILK� 

log 1 = log l
UVHRX2Y0

1.5
b2(Ra+ZH+[)

RaZH+[\SO4
2–
^
0

m+ log RST    (Eq. 3-11) 

 

� Figure 3-115 Eq 3-115ŭ/�*Ɨјâ8��pt2˪φ͛O̘%���pt8ϲË̉
͛8è�9(L)L 0.95 (D2EHAG)2 1.02 (D2EHAF)1�J
�L9¦ȋĀċ5HK Sc(III)

8ȋĀǀΝ� Eq 3-115H-0ςɊ1�K�2O̘#0�K�A*
��pt8ϲË̉͛
8Ă˞�I D2EHAG�H; D2EHAF8 Sc(III)8ȋĀǀΝƕȸ KexOʠƕ#
(L)L 4.87 

[(mol dm–3)0.5]
9.99 [(mol dm–3)0.5]1�-*��LI8âO˰�0˪φ͛OǍ�2Ɨјâ2

ͽƃ4�͹O̘#*� 
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Figure 3-11. D2EHAG Ɗ Ʀ Ơ D2EHAF ƫ ì ƈ Ɩ \ E ƞ log([(HR)2]01.5α2(Ka+[H+])/ 

Ka[H+][SO42−]0)ƝpƒƩ Sc(III)ƞ(ŖÌƞp©Ǌǜƿǂ. Q�ƞmĔƟèļĔƫûƒ.  
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 

 

3-3-5.� D2EHAG �
 D2EHAF� Sc(III)	5Á_��-��o;¾ni 
� D2EHAG2 D2EHAFO˰�0 Sc(III)2ÀЛƫTX�8āоǪͲ5.�0θØ#*�ɹβ

#*ÀЛƫTX�9 Fe(III)
Ni(II)
Al(III)
Co(II)
Mn(II)
Cr(III)
Ca(II)
Mg(II)8 8̧

ѐ1�J
�LI9wp_�ЕĜП̎8ɿ4 Sc(III)OʗϪ̀ź�ŇCП˟¨5÷Ƌ#0�

K*D Sc(III)28āо�ʜDIL0�K�Figure 3-129 50 mmol dm–38 D2EHAGA*9

D2EHAF8 n-dodecaneˇʸO˰�*
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ʚ̊Oʞɬ#0#A�2��пː��J
A*
āо͂Σ��ig8agtOHJћØ5

%K [51]� 

 
Figure 3-12. 50 mmol dm–3 (a) D2EHAGƊƦƠ(b) D2EHAFƞn-dodecaneÚÔƫìƈƖSc(III), 

Fe(III), Ni(II), Al(III), Co(II), Mn(II), Cr(III), Ca(II), Mg(II)ƞ�'�2ƛ pH ƞ�Ų.  
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 
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4-0�4��
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Sc(III)2 Fe(III)8ʚˇʸ¨18ДÌƈºȢĵǦϼǉ8Љ�5EϛŜ%

K2ͨ�ILK�ДÌʚ8ºȢOÔ5ȓ�K2
Fe(III)8ʚºȢĵǦϼǉ kex� 1.6 × 102 s–

11�K85ơ#
Sc(III)9 5.0 × 107 s–11�J
Sc(III)8ɀ� 30�ßϼ�ѣ3,IE 25 °C

8Ɍ8âѤ[52]�Ɨз
�LA15Τȸ8̬̏ͩ� Fe(III)8Ђ�ȋĀϼǉ5.�0Ůŉ#

0�J [53,54]
ȋĀϼǉƹOć˰#*Tpt�U�(Y(III))2 Fe(III)8āо5.�0Eɹβ
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PIM)O˰�*U��(UO2
2+)2 Fe(III)8ͶϸІϼǉƹāоEŮŉ!L0�K [56]��LI8

ïΚ̬̏HJ
D2EHAFOЛƫ[��R2%K PIMO˰�K�21
Sc(III)2 Fe(III)Oϼ

ǉƹāо1�K2̌ǰ#*�ʉ̰19 PIMO˰�* Sc(III)8ЎȊ̀āо5.�0ɹβ%K� 

 

 
Figure 3-13. 50 mmol dm–3 (a,c) D2EHAG ƊƦƠ(b,d) D2EHAF ƞ n-dodecaneÚÔƫìƈƖ

Sc(III)ƛ Fe(III)ƞ(a,b)�'ǡpHeq = 1.5ǢƊƦƠƄ(c,d)ŋ�'ǡ0.5 mol dm–3 H2SO4

�ìǢƞ±ť�i�. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 
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W. Yoshida, Y. Baba, F. Kubota, N. Kamiya, M. Goto, Extraction and stripping behavior of 
platinum group metals using an amic-acid-type extractant, Journal of Chemical Engineering of 
Japan, 50, 521–526 (2017).  

W. Yoshida, F. Kubota, Y. Baba, S.D. Kolev, M. Goto, Separation and recovery of scandium from 
sulfate media by solvent extraction and polymer inclusion membrane with amic acid 
extractant/carrier, ACS Omega, 4, 21122–21130 (2019). 

 
� Ä¢5ɝ̰8Φ“Oϴ>K� 
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ŭ5
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Figure 4-1. 1996��ŧƞƂPolymer Inclusion Membrane(s)ƃƝŦŐƑƖļª©ƞ¡ÿii. 
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Figure 4-2. PIM ƞbī. 



Ą 4ă 
 
 
 

 
 
 
 92 

 

� (8À8����5.�09?2P3̬̏!L0�4���L9
ͶOʇɷ̀5Ȱȑ#


Ͷ8ƐƕǪOŴǑ#
ŃɌ5
̈̀8ЛƫTX�8ϭ϶OÛЀ#
ÀЛƫTX�8ϭ϶O

Ȇ�K2��
��g����8Ǖď5Ъ%KǯŮ�ʈƄ#0�K*D1�K2ǨNLK� 

 

4-1-2-2. GS> 
� ļŰċ8ʻē9����8͑ɐǪOÍ¢!'
A*
[��R2����8̊ˇǪOŅ

¡!'K�ɑ5
(8Ƴћ�āƈɾϽ�I����Щ8Щж5òJϰB
����8āƈ

Щ8ϠоOǄ�
āƈЩđOǐ�%K�21
[��RF˟Ϙ8̤Ę8͸˲ǉOŅ¡!'

Kėɩ��K(Figure 4-4)�(8*D
ź�8ůŁ
ļŰċ8ʻē5HJ˟Ϙ8ȋĀFϭ϶

ϼǉ9Ņ¡%K [1–4,9,10]��LA15 2-nitrophenyl octyl ether (2NPOE)F dioctylphthalate 

(DOP)43� PIM 8ļŰċ2#0˰�IL0�*�PIM 5��KЛƫTX�8ϸІϼǉO

ȰД%KИΦ4}���m2#0ļŰċ8́ǉ2πсˤ�ȓ�ILK�
́ǉ�Í�
π

сˤ8ћ� 2NPOE 9
À8ļŰċ2ʗϪ#0ëL*ϸІʮɠO¤�K*D
PIM 8̬̏

5Ǆ�˰�ILK [1]� 

    

Figure 4-4. A]-ƞÖ/ƝƦƩǐǙǑǠƞ(hťŪƞ�ƌƨƛƦƍìƈƧƪƩA]-ƞ(hÃŏ. 

 

4-1-2-3. �)*� 
� ϲǁ
̅P5̬̏!L0�K PIM1�K�
�LA18̬̏5��0
��g����

2ļŰċ9?@Ń$ιΖ�Ó˰!L0�K��ɀ1
[��R5Ъ#09̈̀Лƫ8̧ѐ

5Ǧ$0
ɿ�4˟Ϙ�ɹβ!L0�K�PIM=8ǺāȋĀ9
[��R5HKTX�º

ȢĵǦFХǓǺĵǦ5ŭ/�*D
ˇƇȋĀ5��KȋĀċ8ǪͲ2Ńɿ5
˰�K[�

�R8ǪͲ� PIM5HKЛƫ8āоėˤ5Ż��ǔш%K�A*
PIMO˰�*ЛƫTX

�8ȋĀFϭ϶
āо�śĶ5Ъ#0
�LA15 400ÆÄ¡8Ůŉ�4!L0�K�


�R�m�
ˠ5ϑЛƫ2ƼţѐЛƫ8āо5Ъ%KŮŉÔ9(L?3ź�4��ʉ��

fÄЯ5 PIMO˰�*ϑЛƫ8āо5Ъ%KŮŉ(Table 4-1)2
ƼţѐЛƫ8āо5Ъ%

KŮŉ(Table 4-2)OA2D*� 

 

Carrier

Plasticizer

Polymer

Without plasticizer With plasticizer

O C8H17

O C8H17

O

O

2NPOE
O C8H17

NO2

DOP



Ą 4ă 
 
 
 

 
 
 
 93 

Table 4-1 PIM ƫìƈƖŁśvƞ(ŭƝŦƒƩøĂ. 

Year Authors Target Carrier Base polymer / 
Plasticizer Ref. 

1992 L. Bromberg et al. Ag(I) 

 

PVC / 2NPOE [11] 

1997 S.D. Kolev et al. Au(III) 

 

PVC / None [12] 

1998 G. Argiropoulos et al. Au(III) Aliquat 336 PVC / None [13] 

1998 J.D. Lamb et al. Ag(I) 

 

CTA / 2NPOE [14] 

2000 S.D. Kolev et al. Pd(II) Aliquat 336 PVC / None [15] 

2001 J.S. Kim et al. Ag(I) 

 

CTA /  

2NPOE, TBEP 
[16] 

2001 J.S. Kim et al. Ag(I) 

 

CTA /  

2NPOE, TBEP 
[17] 

2001 Y. Baba et al. Pd(II) 

 

PVC / DOP [18] 

2002 J. Kim et al. Ag(I) 

 

CTA /  

2NPOE, TBEP 
[19] 

(continued on next page) 
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Table 4-1  (continued) 

Year Authors Target Carrier Base polymer / 
Plasticizer Ref. 

2004 A. Gherrou et al. Ag(I) 

 

CTA / 2NPOE [20] 

2004 O. Arous et al. Ag(I) 

 

CTA / 2NPOE [21] 

2005 C. Fontàs et al. Pt(IV) Aliquat 336 CTA / 2NPOE [22] 

2006 M.E. Núñez et al. Au(III) 

 

CTA / 2NPOE [23] 

2007 
E. Rodríguez de  

San Miguel et al. 
Au(III) 

 

CTA / 2NPOE [24] 

2007 C. Fontàs et al. Pd(II) 

 

CTA / 2NPOE [25] 

2007 C. Fontàs et al. Pt(IV) Aliquat 336 CTA / 2NPOE [26] 

2008 
A. Nezhadali and  

M. Akbarpour 
Ag(I) 

 

CTA / 2NPOE [27] 

2010 
S.K.A. Kumar and  

S. Manjusha 
Ag(I) 

 

CTA / 2NPOE [28] 

2010 Y.Y.N. Bonggotgetsakul et al. Au(III)  Aliquat 336 

PVC /  

1° alcohols 

(C6–C14) 

[29] 

2010 O. Arous et al. Ag(I) 

 

CTA / 2NPOE [30] 

(continued on next page) 
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Table 4-1  (continued) 

Year Authors Target Carrier Base polymer / 
Plasticizer Ref. 

2012 B. Pośpiech Ag(I) 

 

CTA / 2NPOE, 

2NPPE 
[31] 

2012 A. Nowik-Zajac et al. Ag(I) 

 

CTA / 2NPOE [32] 

2014 M. Kolodziejska et al. Ag(I) 

 

CTA / 2NPOE [33] 

2014 M.E.N. Gaytán et al. Au(III) 

 

CTA / 2NPOE [34] 

2015 B. Pośpiech Pd(II) 

 

CTA / 2NPOE [35] 

2015 M. Regel-Rosocka et al. Pd(II) 

 

CTA / 2NPOE [36] 

2015 Y.Y.N. Bonggotgetsakul et al. Au(III) 

 

PVC /  

1-dodecanol 
[37] 

2016 I.I. Nasser et al. Ag(I) Aliquat 336 
CTA / 2NPOE, 

DOP, BEHS 
[38] 

2016 Y.Y.N. Bonggotgetsakul et al. Au(III) Cyphos 104 
PVDF-HFP /  

None 
[39] 

(continued on next page) 
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Table 4-1  (continued) 

Year Authors Target Carrier Base polymer / 
Plasticizer Ref. 

2016 I. Zawierucha et al. Au(III) 

 

CTA / 2NPOE [40] 

2017 M. Kolodziejska et al. Ag(I) 

 

CTA / 2NPOE [41] 

2017 L. Mora-Tamez et al. Au(III) 

 

CTA / 2NPOE [42] 

2018 B. Pośpiech Pd(II) 

 

CTA / 2NPOE [43] 

2018 C. Kozlowski et al. Au(III) 

 

CTA / 2NPOE [44] 

2019 F. Kubota et al. Au(III) 

 

PVC / 2NPOE [45] 

2019 Z. Wang et al. Au(I) 

 

PVDF /  

2NPOE 
[46] 

2019 A. Nowik-Zajac et al. Ag(I) 

 

CTA / 2NPPE [47] 

2019 A.T.N. Fajar et al. Pd(II) 

 

PVDF-HFP /  

2NPOE 
[48] 
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Table 4-2 PIM ƫìƈƖ~UŶśvƞ(ŭƝŦƒƩøĂ. 

Year Authors Target Carrier Base polymer / 
Plasticizer Ref. 

1989 M. Sugiura et al. 

Sc, Y, La,  

Pr, Sm, Tb, 

Er, Lu 
 

CTA /  

2NPOE, TBEP 
[49] 

1990 M. Sugiura 14 lanthanides 

 

CTA /  

2NPOE, TBEP 
[50] 

1992 M. Sugiura 14 lanthanides 

 

CTA /  

2NPOE, POEs 
[51] 

1993 M. Sugiura 14 lanthanides 

 

CTA /  

2NPOE, QABr 
[52] 

1993 
M. Sugiura and  

H. Hirata 
14 lanthanides 

 

CTA /  

2NPOE and  

phospholipids 

[53] 

2004 
S.P. Kusumocahyo 

� � � � � � et al. 
Ce 

 

CTA / 2NPOE [54] 

2005 K. Hiratani et al. Ce 

 

CTA / 2NPOE [55] 

2006 
S.P. Kusumocahyo 

� � � � � � et al. 
Ce 

 

CTA / 2NPOE 
[56] 

[57] 

2010 S.A. Ansari et al. La, Eu, Lu 

 

CTA / 2NPOE [58] 

(continued on next page) 
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Table 4-2  (continued) 

Year Authors Target Carrier Base polymer / 
Plasticizer Ref. 

2011 
A. Bhattacharyya 

� � � � � � et al. 
Eu 

 

CTA /  

2NPOE, TBP 
[59] 

2016 
L. Chen and  

J. Chen 
Yb, Lu 

 

PVDF / None [60] 

2017 
P. Zaheri and  

H. Ghassabzadeh 
Eu 

 

PVC / POE [61] 

2018 C.F. Croft et al. La, Gd, Yb 

 

PVC / None [62] 

2018 M. Sharaf et al. 
Sc, Y, La,  

Nd, Eu, Dy 
 

CTA /  

2NPOE, DOP 
[63] 

2018 L. Chen et al. 
Y, Ho, Er,  

Tm, Yb, Lu 

 

PVDF / None [64] 

2019 
A. Makowka and  

B. Pospiech 
La, Ce 

 

CTA / 2NPOE [65] 

2019 
A. Makowka and  

B. Pospiech 
La, Ce 

 

CTA / 2NPOE [66] 

2020 S. Huang et al. Lu 

 

PVDF / None [67] 
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ƈđāЙ1H�˰�ILKfR�ǘ8 ǊДÌƈŨȋĀċ
�H;(LIOɾǺǺā2

%K˻ʚǪTX�ʸÏ�Ќ˰!L0�K� 

 

4-1-3.� PIM������-��(�<Æ 
� �8H�5ϲǁ
̅P5̬̏!L0�

K PIM 1�K�
Sc 5ơ%KЌĂ4[

��R�4�*D
PIM O˰�* Sc 8

ͶϸІ�H;ÀЛƫ28āо5Ъ%K̏

̬Ô9фƾ5Ʀ4� [49,63]�1989 ǁ5

ƷɺȄΛбĜƎȄΛ̬̏Ȁѣ˨ ˯ɺȄΛ

͙Ł̬̏ȀѤ8Masaaki SugiuraI9
[

��R2#0�Ͼ8 β-diketone O͏Bϰ

P+ PIM O˰�
Sc(III)8ȋĀ2ͶϸІ

O¥˵1ąD0Ůŉ#* (Figure 4-5) 

[49]�#�#4�I
Sc(III)2��mzT

uTX�28āоėˤ9Í�-*� 

 

� ɔϲ
®ƶŻƎ8 Masahiro Goto I9 PC-88A2 Versatic 10 8ʺŁ˟O[��R2#*

PIM O˰�
Sc(III)OÀ8ƼţѐЛƫ�IЎȊ̀5āо1�K�2OŮŉ#* [63]��8

͑ɩ9фƾ5ɖɘ1�K�
PIM��g8āо��igOˇƇȋĀ8Âɓʧ2%K*D5

9
Sc(III)8ʮɠ2ͶƐƕǪO!I5ȱŖ%KǤΦ��K�A*
͍¾#* 2 .8̬̏9

�&LE Sc(III)2À8ƼţѐЛƫ28āо5˓ːOǒ00�J
Н(Fe)Fwp_�(Ni)43

8À8Ѝ̤Лƫ28āо5Ъ%KŮŉ9ɛ+˒��ɝ̰19
Ċ̰1 Sc5ơ#0ˠ˺̀4

ȋĀȓĘO̘#*ȿΩȋĀċ8 D2EHAG 2 D2EHAF O˰�0 PIM OτΣ#
Sc(III)2À

8ƼţѐЛƫ
R�Y�ţѐЛƫ
�H;Ѝ̤Лƫ28ћėˤͶāоegr�8ɾ̺Oι

B*�  

 

Figure 4-5. PIMƝƦƩ Sc(III)ƛ La(III)ƞĚŇŊ. 
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4-1-4.� PIM�XYi.:=�i�K1 
� ¡ϴ8ϺJ
PIM 9 SLM 438À8ʸͶ2ʗϪ#0ћ�ƐƕǪOɖ#0�K�
PIM

8ǪͲ9Ϻƾȸș́ǉ8͢Jϳ#Ó˰5HJ
ͶϸІǪ���I�Í¢%K�2�Ȓȩ!

L0�K�ϲǁ
Duo WangI9
FT-IR�H; GC-MSāɧ5HJ
ͶǪͲ8ĔĜ�[�

�R2Лƫ8ХÏ�H;ļŰċѣA*9ȱϘċѤ8ʚ̊=8ʶĀ5ϛŜ%K�2OɊ̓5

̘#* [10]� 

� PIM 8ƐƕǪŅ¡5.�0ɔEïї̀4̬̏OΚ4-0�K8�
�����ŻƎ8

Spas D. Kolev̬̏Ƙ1�K�2011ǁ5 Kolev2 Robert W. CattrallI9 PVC��g8 PIM

5ʻē!L*ȱϘċѣЧЦR�a��Ѥ8ėɩȌ̬#
ʚˇǪ8Í�ȱϘċ�HJћ�

ͶƐƕǪOȡÖ%K�2O̘#* [68]�A*
2012 ǁ5 Kolev 2ƟƬŻƎ8 Shigehiro 

KagayaI9
Aliquat 336O[��R2#* poly(vinyl chloride) (PVC)��g8 PIM8Ɛƕ

Ǫ�
ʚ̊5˰�K͝Μʸ
ˠ5÷ϺRwX�8̧ѐ2ˎǉ5Ż��ǔш!LK�2OɊ

I�5#* [69]��8Ůŉ5HK2
[��R2ļŰċѣA*9ȱϘċѤ8ˋĀ9ʚ̊¨

8гTX�8ˎǉO¡�K�21ɔƥа5Ȇ�K�2�1�K�2016ǁ59 Cyphos IL 104

O[��R2#* PVDF-HFP��g8 PIM�˦ʚ¨1!�Eћ�ƐƕǪO̘#
͢ Jϳ#

ć˰1�K�2�Ůŉ!L* [39]�!I5ɔϲ Kolev I9
PVDF-HFP 2 poly(ethylene- 

glycol)dimethacrylate (PEG-DMA)8ɫʆ����ypt��]OŇCȿ#�mT�8 PIM

OШ˼#*(Figure 4-6) [70]�Ш˼!L* PIM9ëL*ͶƐƕǪO̘#
thiocyanate8ϭ

϶ƗјO 5ś͢Jϳ#0E
ϭ϶ǪͲ�?2P3ŸĜ#4��2�̘!L*� 

 

 

Figure 4-6. PVDF-HFP ƛ PEG-DMAƞ¼ÆǐǙǑǠǆƿǂǝǠƴƫJƤ¬ƑƈƾƮǊƞ PIM. 
[Reprinted from Journal of Membrane Science, 572, Y. O’Bryan, Y.B. Truong, R.W. Cattrall, I.L. 
Kyratzis, S.D. Kolev, 55–62, Copyright (2017), with permission from Elsevier.] 

(photoinitiator)
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� �ɀ
�LI8̬̏9©5
PIM2Ȟί%Kʚˇʸ8͏ǺF
��g����
ļŰċ


ȱϘċ8ˠǪ5˓ːOǒ00�J
[��R8āƈɾϽ� PIM8ƐƕǪ5¤�KǔшOɹ

β#*Ůŉ9?2P3˒�� 

 

4-1-5.� {����� �
k� 
� ɝ̬̏19
Ċ̰1ëL* ScȋĀͲO̘#*ȿΩR�uЕŨȋĀċ D2EHAG�H;�

���Ц2ΫŎǪ8�K˻ʚǪ8�Vw�ŭOƤò#*ȿΩR�uЕŨȋĀċ D2EHAF

O[��R2#0͏BϰP+ PIM OτΣ#
Sc(III)8Ͷāо5.�0ɹβ#*�A*
R

�uЕŨȋĀċ8[��R2#08ǪͲO
Sc(III)8 PIMȋĀ8ïΚ̬̏ [49,63]1Ó˰!

L*[��R1�K HTTA�H; PC-88A2ʗϪ#*�A*
D2EHAG2 D2EHAFO[�

�R2%K PIM5.�0ͶƐƕǪOθØ#
�Vw�ŭ�ͶƐƕǪ5¤�KǔшOɹβ#

*�ɝ̬̏8ɼǧşO Figure 4-75̘%� 

 

 

Figure 4-7. ¶øĂƞÂ�Q. 
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4-2.� ZÊs8	D� 
 

4-2-1.� ±© 
� PIMτΣ˰ιΖ 

l dichloromethane (99.5%, Wako Pure Chemical Industries, Ltd.) 

l cellulose triacetate, selectophore(R) (Sigma-Aldrich Co. LLC.) 

l dioctylphthalate (99.5%, Sigma-Aldrich Co. LLC.) 

l 2-nitrophenyloctyl ether (99.0%, Dojindo Laboratories) 

l HTTA (Japan Epoxy Resin (currently Mitsubishi Chemical Corporation)) 

l PC-88A (Daihachi Chemical Industries, Co., Ltd.) 

l Versatic 10 (Japan Epoxy Resin (currently Mitsubishi Chemical Corporation)) 

l D2EHAG (>95%, Tokyo Chemical Industry Co., Ltd.) 

l D2EHAF (N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]phenylalanine) ŁǺ˟ѣ̲ 3̰Ѥ 

 

� [��R2#0˰�*ŀȋĀċ8ɾϽǌO Figure 4-85̘%� 

 

 

Figure 4-8. ¶øĂƚìƈƖƳǖǙƬƞ4jÃŏ. (a) HTTA, (b) PC-88A, (c) D2EHAG, and (d) 
D2EHAF  

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

 

� pHτȹ˰ιΖ 

l 5 mol/L sulfuric acid (Kishida Chemical Co., Ltd.) 

l ammonium sulfate (99.5%, Kishida Chemical Co., Ltd.) 

l pH 4.01 standard solution (Kishida Chemical Co., Ltd.) 

l pH 6.86 standard solution (Kishida Chemical Co., Ltd.) 

l pH 9.18 standard solution (Kishida Chemical Co., Ltd.) 

OO
F

F F
S

(a)
P
O

O

OH

(b)

N N
H

O

OHO

(c)

N N
H

O

OHO

(d)
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� Лƫű 

l Sc2(SO4)3Ѩ5H2O (99.9%, Mitsuwa Chemicals Co., Ltd.) 

l Y(NO3)3Ѩ6H2O (99.9%, Kishida Chemical Co., Ltd.) 

l La(NO3)3Ѩ6H2O (99.9%, Kishida Chemical Co., Ltd.) 

l Nd(NO3)3Ѩ6H2O (99.9%, Kishida Chemical Co., Ltd.) 

l Dy(NO3)3Ѩ5H2O (99.9%, Kishida Chemical Co., Ltd.) 

l Fe2(SO4)3ѨnH2O (99.5%, Wako Pure Chemical Industries) 

l NiSO4Ѩ6H2O (99.0%, Kishida Chemical Co., Ltd.) 

l Al2(SO4)3 (>85%, Wako Pure Chemical Industries) 

l CoSO4Ѩ7H2O (99.0%, Kishida Chemical Co., Ltd.) 

l MnSO4Ѩ5H2O (99.0%, Kishida Chemical Co., Ltd.) 

l Cr(NH4)(SO4)2�12H2O (98.0%, Kishida Chemical Co., Ltd.) 

l CaSO4 (99%, Wako Pure Chemical Industries, Ltd.) 

l MgSO4 (98.0%, Wako Pure Chemical Industries, Ltd.) 

 

� Лƫʂˆʸ 

l 1000 mg/L scandium standard solution (Kanto Chemical Co., Inc.) 

l 1000 mg/L yttrium standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L lanthanum standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L neodymium standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L dysprosium standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L iron standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L nickel standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L aluminium standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L cobalt standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L manganese standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L chromium(III) standard solution (Kanto Chemical Co., Inc.) 

l 1000 mg/L calcium standard solution (Wako Pure Chemical Industries) 

l 1000 mg/L magnesium standard solution (Wako Pure Chemical Industries) 

 

� ó08ʚˇʸ8τΣ59 Merck Millipore8Milli-Q Integral 3O˰�0͂Σ#*͵TX�

ʚOÓ˰#*� 
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4-2-2.� PIM�³«	�i°9 
� ɝ̬̏1˰�* PIM 9
ˇƇ[�gtʧ5HJτΣ#*�PIM 8τΣʧO Figure 4-9
5̘%�4-2-1 5̘%��g����
ȋĀċ
ļŰċOÇǱ8ďŁ1ʺŁ#
͙ИКO
200, 300, 400 mg2#*��LI8įȽO 10 cm38 dichloromethane5Ƒó5ˇή!'
�

8ˇʸOǀI4Z�g���t¡5ͣ�L*̉ǘ 7.5 cm8Z�g��^5ʪ�
ˏ ͈2Ɍ

α̃1Χ-*�Ƙˁ1 24 ɌЩÄ¡G-�J±˜!'
ˇƇOƑó5ΐ˼!'*�

dichloromethane8ΐ˼Ǜ
PIMOZ�g���t�IǵИ5Č�#ķ-*�ǝIL* PIM

9ðƎ̀5ϸɊ1
ɭϦ�.ʇɷ̀5Ǒ�
ˈI�4ΟхOɖ#0�*�τΣ#* PIM8

ÇǱ8 10 ː8Į!O±fm��T]���m�(MDC-25MX, Mitutoyo)1˂ƕ#
(8ǀ

ŧâOͶĮ2#*�ǝIL* PIM8ͶĮ9 23 ± 5�78 ± 5 µm1�-*�τΣ#* PIM8

Ȟίέjj9 θ/2ʧkk [9]5HJ˂ƕ#*���pt��(Nichipet EX�, Nichiryo)O˰�0
τ

Σ#* PIM 8Οх5͵TX�ʚ 3 µL Oˊ¢#
ʸˊ2#*�Ƙˁ¢1
Ȟίέα(Smart 

Contact Mobile Entry 2, Excimer)O˰�0 PIM8 5.8˺4KÌͣ8ȞίέO˂ƕ#
(8

ǀŧâO̶Ā#*� 

 
Figure 4-9. Ÿ(h3 Ě(PIM)ƞĻħƺƳǠǓ. 

 

  

                                                   
jj Ȟίέ9ŠÏΟх8ʚˊ8Ȟ͛2ŠÏ
Οх�ÑKέǉ1Ο!L
ΫʚǪ8Οх?

3 0°5ϲ�4J
180°5ϲ�?3˻ʚǪ8
Οх24K�ʚ8Ȟίέ9̻Ù5˂ƕ1�

K*D
PIMΟх8Ϋʚ�˻ʚǪF̀!O
̘%Ȓʂ2#0H�˰�ILK�  
 
kk θ/2 ʧ9�ͼ̀5˰�ILKȞίέ8˂ƕʧ1�K�ʸˊ8Ĥǘ r 2ћ!
hOʜD
¢ǌ5Âò#0ȞίέO̶Ā%K� 

θ = 2 tan–1(h/r) 

� θ/2ʧ9ʸˊ8Ƹḻ̌ː2щːO͑<̉͛8ŠÏΟх5ơ%KέǉOʜD

�LO 2 ß%K�21EȞίέOʜDILK�θ/2 ʧ9ʸˊ�˩8�В1�
K�2OĊȡ2#0�K*D
Иđ8ǔшO˒Ϊ1�KʸˊК1˂ƕ%K�  
 

1. Carrier (Extractant)
2. Base polymer
3. Plasticizer
4. Solvent Evaporation
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4-2-3.� O�o; �
¹o;ZÊ 
� Ͷ8ǪͲθØ�H;ͶϸІƗј8Ċɹβ2#0
τΣ#* PIMO˰�0
|poʧ5H

K Sc(III)8Š̊ȋĀƗјOΚ-*�τΣ#* PIMOYpm�1ĂJķJ
0.1 ± 0.01 g8Ă

˞2#*�ʚ̊9 Sc(III)8̒ЕűO 0.1 mol L−1 ̒Е�H; 0.1 mol L−1 ̒ЕR��wU�ˇ

ʸ5ˇή!'0 0.1 mmol L−18 Sc(III)ˇʸOτΣ#
�LI 2 .8ˇʸOʺŁ%K�21

pHτȹOΚ-*�Z�g˭5 PIMĂ˞2ʚ̊O 50 cm3ē�
ǫˁȕ̇ʚʀ(NTS-4000BH, 

EYELA)O˰�0 25 ± 0.5oC, 60 rpm1ȕ̇#*�ȀƕɌЩʕ5ʚ̊8 pHO pH��m�

(HM-30R, DKK-TOA)1˂ƕ#
ʚ̊O 1 cm3Ȝķ#
̴К8ąəˇʸOē�*�Ȝķ#*

ʚ̊¨8ЛƫTX�ˎǉOπƤ͑Ł��h�˼ðāɧΠͣ (ICP-AES, Optima 8300, 

Perkin-Elmer)1˂ƕ#*� 

 

� PIM5HKЛƫTX�ȋĀ8ήɧ9
Ä¢8̪āǓ�ʉϼǉǌ(Eq. 4-1)5HJΚ-*� 

n) o
pq,r
s

	

pq,rtu
s v = −wxy*    (Eq. 4-1) 

��1
t9ɌЩ(h)
#z,{|e
}  2 #z,{

}
9 t = 0�H; t > 05��KÖ͒̊8ЛƫTX�ˎǉ(mol 

m–3)
kex 9ȋĀϼǉƕȸ(h–1)O(L)LΟ%�A*
ȋĀϼǉƕȸ kex 9ɌЩ t 5ơ%K

ln(#z,{
} /#z,{|e

} )8è�2#0ʠƕ#*� 

 

� ʉ�1
Sc(III)8ϷȋĀƗјOΚ-*�Z�g˭5Š̊ȋĀƗјǛ8±˜!'* PIM Ă

˞2
ϷȋĀ̊2#0 0.5 mol dm–3̒ЕO 50 cm3ē�*�ǫˁȕ̇ʚʀO˰�0 25�0.5oC, 

60 rpm1 24ɌЩȕ̇#*�ȀƕɌЩʕ5ʚ̊O 1 cm3Ȝķ#
̴К8ąəˇʸOē�*� 

Ȝķ#*ʚ̊¨8ЛƫTX�ˎǉO ICP-AES1˂ƕ#*� 

 

� ЛƫTX�8ϷȋĀˤ S (%)�H;ϷȋĀϼǉƕȸ kb-ex (h–1)9
Eqs 4-2, 4-35HJα̶
#*� 

E = pq,r
~

pq,�Äq
× 100    (Eq. 4-2) 

n) Å1 − pq,r
~

pq,�Äq
Ç = −wÉ7xy*   (Eq. 4-3) 

��1
#z,{Ñ  9 t > 05��KϷȋĀ̊8ЛƫTX�ˎǉ(mol m–3)
#z,ÖÜz9Š̊ȋĀƗј

5��0Ö͒̊�I PIMú5ȋĀ!L*ЛƫTX�ˎǉ(mol m–3)OΟ%� 

 

� PIM 8ƐƕǪιј5��09
ȋĀ�H;ϷȋĀƗјǛ8 PIM Ă˞OƘˁ1 24 ɌЩÄ

¡±˜!'0�I̢К#
ʉ8Ɨј5˰�*�PIM 8ИК9сƈż̢(CPA224S, Sartorius)

O˰�0˂ƕ#
PIM8ИКŸĜOϵϡ#*� 
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4-2-4.� ¨º½ZÊ 
� ЛƫTX�8ͶϸІƗј9
ķJĀ#ļͲ4µ.8f�_ptÁ�Z�gi�1ɾǺ!

LKͶϸІƗјΠͣ(PERMCELL KH-55P, Vidrex)O˰�0Κ-*(Figure 4-10)�τΣ#*

PIMOYpm�1̉ǘ 45 mm8ûǓ5ĂJķJ
2.8Z�gi�8Щ5ȔB]�p�1

Šƕ#*���1Ö͒̊2śĶ̊8Ɯ̪9ŀ 50 cm3
̌ ʸ5Ȟ%K PIM8̉ǘ9 25.0 mm


ɖėΟх̪9 4.9×10–4 m21�K�Ö͒̊9 Sc(III), Y(III), La(III), Nd(III), Dy(III), Fe(III), 

Ni(II), Al(III), Co(II), Mn(II), Cr(III), Ca(II), Mg(II)8ЛƫűO 0.1 mol L−1 ̒Е�H; 0.1 

mol L−1̒ЕR��wU�ˇʸ5ˇή!'0
ŀЛƫTX�ˎǉ� 0.1 mmol L−18ˇʸOτ

Σ#
�LI 2.8ˇʸOʺŁ#0ąə pHO 3.05τȹ#*�śĶ̊59 0.5 mol L−1̒Е

O˰�*��^yop]gm���(RO 15, IKA)2Ȭȍƈ(n��]�g�puŨ, ̉ǘ 10 

mm, ћ! 8 mm, AS ONE)O˰�0ŀ̊O 1200 rpm1Ȭȍ#*�Ɨј¨
¦̊8ˇʸ8ˁ

ǉ9Íˁǫˁʚʀ(NCB-1200, EYELA)O˰�0 25.0 ± 0.5�5τȹ#*�ȀƕɌЩʕ5Ö͒

̊2śĶ̊O 1 cm3Ȝķ#
̴К8ąəˇʸOē�*�Ȝķ#*Ö͒̊8 pHO pH��m

�1˂ƕ#
ЛƫTX�ˎǉO ICP-AES1˂ƕ#*� 

 

 

Figure 4-10. ĚŌőmŷĦĖƞÂïQ. 
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 

 

� PIM 5HKŀЛƫTX�ϭ϶8ήɧ9
Š̊ȋĀƗј2Ńɿ5̪āǓ�ʉϼǉǌ(Eq. 
4-1)5HJΚ-*�ͶϸІÚȸ P (m h–1)
ąəʮɠ J0 (mol m–2 s–1)
ϸІ#*ЛƫTX�8

śĶˤ RF (%)9Ä¢8 Eqs 4-4 ~ 4-6O˰�0α̶#*� 

á = àâ
ä
ã w     (Eq. 4-4) 

åe = á#z,{|e
}     (Eq. 4-5) 

Polymer inclusion membrane

Feed
solution

Receiving
solution

Stirring magnets

Water
circulating

jacket
Sampling

port

Cell fixtureMagnetic stirrer



Ą 4ă 
 
 
 

 
 
 
 107 

çé = pq,r
~

pq,rtu
s × 100    (Eq. 4-6) 

��1 V (m3)9Ö͒̊8Ï̪
A (m2)9ɖėͶх̪1�K� 

 

� PIM¨8Лƫ–[��RХÏ8ɖėȏȶÚȸ Deff (m2 s–1)9mT��^ʧ [56,71]OȜ˰#


Eq. 4-75HJ̶Ā#*� 

1xèè =
êë

í{ìîï
    (Eq. 4-7) 

��1 L9 PIM8ͶĮ
tlag9ϸІ˂ƕ5��KȏȶЂLɌЩ1�K� 
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4-3.� ¤}	§[ 
 

4-3-1.� ³«�� PIM���� Sc(III)�O�o; �
¹o;ZÊ 
� τΣ#* CTA ��g8 PIM O˰�0 Sc(III)8Š̊ȋĀƗјOΚ�
PIM 8ǪͲOθØ

#*�ɝ̬̏1 PIM8[��R2#0˰�* HTTA
PC-88A
D2EHAG
D2EHAF8 pKa

âO Table 4-35̘%� 

 
Table 4-3 ¶øĂƚìƈƖƳǖǙƬƞ pKa�. 
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

Carrier pKa1 pKa2 Ref. 

HTTA 6.23 – [72] 

PC-88A 3.36 – [73] 

D2EHAG 2.89 ± 0.01 8.25 ± 0.05 ¶ļª Ą 3ă 

D2EHAF 2.74 ± 0.02 7.86 ± 0.04 ¶ļª Ą 3ă 

 

� Š̊ȋĀƗј59
40 wt% 8 HTTA
D2EHAG
D2EHAF
A*9 30 wt% 8 PC-88A

OŇC PIMO˰�*ѣμ•4 PIM͏Ǻ9 Table 4-45γϫѤ�PC-88AO 40 wt%Ňɖ%K

PIM9̊āоOϛ�#
Οх�˾ˍ#0�**DÄЯ8Ɨј19˰�4�-*�D2EHAG

��g8 PIM͏Ǻ9
BabaI8 Co(II)8āо5Ъ%KÄĊ8̬̏1ɔЌĜ!L* [74]� 

 

� ŀ PIM5HK Sc(III)8ȋĀȓĘ2Ö͒̊8 pH8ǔшO Figure 4-115
pH 3.018Ö

͒̊¨8 Sc(III)ˎǉ8ŸĜO Figure 4-12(a)5̘%���1
Sc(III)8ʚЕĜ˟ХÏ8ǓǺ

5HKʡʔ�ǹǧ!LK*D
pH 3.0 Ä¡18Ɨј9ΚN4�-*�D2EHAG �H;

D2EHAFOƤò#* PIM9 Sc(III)8ȋĀȓĘ�Ö͒̊8 pH5Ż��×Ƌ#*�pH8Ŵē

5É�
ȋĀˤ�H;ȋĀϼǉ8Ŵē�ΨIL
pH 3.0 8ůŁ
24 ɌЩǛ5Ö͒̊¨8

Sc(III)8 80%Ä¡� PIM¨5ȋĀ!L*��ɀ
[��R2#0 HTTAOƤò#* PIM9

Sc(III)O?2P3ȋĀ#4�-*��L9ЕǪƓͲŭ8 pKa â�ћ�*D1�K2ͨ�I

LK�A* PC-88AOƤò#* PIM9 pH 1.0 – 3.08ьū1 Sc(III)Oϱϼ�.ƕК̀5ȋĀ

#*�ŀ PIM5HK Sc(III)ȋĀ8 Kinetic plots (Figure 4-12(b))8̉͛8è�HJ
ǝIL
*ϼǉƕȸ kexO Table 4-45A2D*� 
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Figure 4-11. (a) HTTA, (b) PC-88A, (c) D2EHAG, (d) D2EHAF ƫ3 ƒƩ PIM ƝƦƩ Sc(III)ƞ
�'ƝpƒƩ�Đõƞ pH ƞ�Ų. mŷ¸�ǣPIM ƞč� – (a) 40 wt% HTTA: 30 
wt% CTA: 30 wt% DOP, (b) 30 wt% PC-88A: 40 wt% CTA: 30 wt% DOP, (c) 40 
wt% D2EHAG: 30 wt% CTA: 30 wt% 2NPOE, (b) 40 wt% D2EHAF: 30 wt% 
CTA: 30 wt% 2NPOE; PIM ƞŅŚ – 0.10 ± 0.01 g; )µ Sc(III)Ý� – 0.1 mmol 
L–1; �Đõƞ�ā – 50 mL. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 
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Figure 4-12. (a) D PIM ƫìƈƖRõ�'mŷťƞ Sc(III)Ý�ƞĎ±a4. (b) D PIM ƝƦƩ
Sc(III)�'ƞ Kinetic plots. mŷ¸�ǣPIM ƞč� – 40 wt% HTTA: 30 wt% CTA: 
30 wt% DOP, 30 wt% PC-88A: 40 wt% CTA: 30 wt% DOP, 40 wt% D2EHAG: 
30 wt% CTA: 30 wt% 2NPOE, 40 wt% D2EHAF: 30 wt% CTA: 30 wt% 2NPOE; 
PIM ƞŅŚ – 0.10 ± 0.01 g; )µ Sc(III)Ý� – 0.1 mmol L–1; �Đõƞ�āƛ)
µ pH – 50 mL, 3.0. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 
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Table 4-4 ðƜƩč�ƞ PIM ƫìƈƖ Sc(III)�'ƞ�ÈŎ�l©. 
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

PIM composition L [μm] kex [h–1] 

HTTA 40wt%: CTA 30 wt%: DOP 30 wt% 47 ± 7 0.005 

PC-88A 30wt%: CTA 40 wt%: DOP 30 wt% 78 ± 5 1.27 

D2EHAG 40wt%: CTA 30 wt%: DOP 30 wt% 63 ± 6 – 

D2EHAG 40wt%: CTA 30 wt%: 2NPOE 30 wt% 55 ± 5 0.37 

D2EHAF 40wt%: CTA 30 wt%: DOP 30 wt% 62 ± 8 – 

D2EHAF 40wt%: CTA 30 wt%: 2NPOE 30 wt% 54 ± 4 0.42 

 

� Š̊ȋĀƗјǛ8 PIM O˰�0 Sc(III)8ϷȋĀƗјOΚ-*�ϷȋĀ̊2#0 0.5 

mol L−1̒ЕO˰�*��8ˎǉ9 Sc(III)8ƕК̀śĶ5Ģā4ˎǉ1�K2ŃɌ5
CTA

8ēʚāήOǍ�ϛ�%?359ћ%�4�2ͨ�ILK�͑ɩO Figure 4-135̘%�
0.5 mol L−1̒ЕO˰�K�21 D2EHAG�H; D2EHAFOŇC PIM5ȋĀ!L* Sc(III)

8ƕК̀4ϷȋĀ�ļͲ1�-*��ɀ
PC-88A OƤò#* PIM 9 Sc(III)=8ΫŎǪ�

фƾ5ћ�
0.5 mol L−1̒ЕO˰�0EϷȋĀ�ŝп1�-*�PIMO˰�0˟ϘOϭ϶

%K*D59
̈̀˟ϘOƜɋ5Ö͒̊�I PIM¨5ȋĀ1�K+�14�
ЌĂ4śĶ

̊5Ɯɋ5ϷȋĀ1�KǤΦ��K�(8*D
¨̦ǉ8ЕǪɡÆ¢1 Sc(III)8ȋĀ2Ϸ

ȋĀOћėˤ5ЈǺ1�K D2EHAG 2 D2EHAF 9
Sc(III)5ơ%K PIM 8[��R2#

0ЌĂ1�K2ΰ�K� 

 
Figure 4-13. PIM Ɲ�'ƐƪƖ Sc(III)ƞŋ�'. mŷ¸�ǣŋ�'Ôƞ�āƛč� – 50 mL, 0.5 

mol L–1 H2SO4; PIM ƞŅŚ – 0.10 ± 0.01 g. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ.  
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 
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4-3-2.� PIM�XYi±Ê 
� āɧȮÑ
�H;Ʒɺ��ig5��K PIM 8ЌŁǪOʠƕ%KИΦ4Φ͊8 1 .9


Ͷ8ƐƕǪ
%4N,üć˰Ǫ1�K [3,39]�Ċϴ8H�5
PIM 8ƐƕǪOȱŖ%K*

D5ɿ�4ɹβ�4!L0�*�
[��R8āƈɾϽ� PIM8ƐƕǪ5¤�KǔшOτ

>*Ůŉ9˒��(�1ɝ̬̏19
[��R8āƈɾϽú8�Vw�ŭ8ɖ˒�Ͷ8Ɛ

ƕǪ�üć˰Ǫ5¤�KǔшOɹβ%K*D
D2EHAG �H; D2EHAF OƤò#* PIM

8ƐƕǪOθØ#*�Ͷ8ƐƕǪιј5.�0
Y.Y.N. BonggotgetsakulI9ͶǪͲ8Í¢

�£ƐƕǪ8Ȓʂ1�K2Åƕ#
ȋĀ / ϷȋĀ8ȮÑO 5ś͢Jϳ#
(8ǪͲOϵϡ

%K�21ƗɁ#* [39]�ɝ̬̏1EŃɿ8R���oOȜ˰#*� 

 

� D2EHAG�H; D2EHAFOƤò#* PIM O˰�*ƐƕǪιј8͑ɩO Figure 4-14 5
̘%�Figure 4-14(a)HJ
D2EHAGOƤò#* PIMO˰�*ůŁ
ȋĀȮÑO͢Jϳ%

5.L0ȋĀǪͲ8Ώ#�ĔĜ�̓ο!L*��ɀ
D2EHAFOƤò#* PIMO˰�*ů

Ł
5 ś8ȋĀcT]�5��0ǪͲ8ŸĜ9?2P34�
óÏ̀5Ɛƕ#*ȋĀǪͲ

O̘#*(Figure 4-14(b))�Ńɿ5
Figure 4-14(c)HJ
ϷȋĀcT]�5.�0E
D2EHAGOƤò#* PIMO˰�*ůŁ
2cT]�̈ÄЯ5ϷȋĀėˤ�Żƿ5Í¢#*

�
D2EHAFOƤò#* PIMO˰�*ůŁ
ϷȋĀėˤ�N&�5Í¢%KE88óÏ̀

5Ɛƕ#*͑ɩ�ǝIL
ћ�üć˰ǪO̘#*(Figure 4-14(d))�͑ɩ2#0
�Vw�
ŭOɖ%K D2EHAFOŇC PIM9
�Vw�ŭOŇA4� D2EHAGO͏BϰP+ PIM2

ʗϪ#0
9K�5ћ�ƐƕǪO̘#*�Table 4-5 5�gt!L0�K�ʉȋĀϼǉƕ
ȸ kex�H; 1 ʉϷȋĀϼǉƕȸ kb-ex8â9
ln(#z,{

} /#z,{|e
} )�H; ln(1–#z,{Ñ /#z,ÖÜz)OɌЩ

5ơ#0��pt#0ǝ*� 
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Figure 4-14. D2EHAG (a,c)ƢƖƟ D2EHAF (b,d)ƫƳǖǙƬƛƑƖ PIM ƝƦƩ Sc(III)ƞ�'-ŋ�'

ƷƮƴǚ. mŷ¸�ǣ�Đõƞ�āƛ)µ pH – 50 mL, 3.0; �Đõƞč� – 0.1 
mmol L–1 Sc(III)ƞ 0.1 mol L−1 úŗ/úŗƬǞǕǅƯǓÚÔ; ŋ�'ÚÔƞ�āƛč
� – 50 mL, 0.5 mol L–1 H2SO4; PIM ƞŅŚ – 0.10 ± 0.01 g; PIM ƞč� – 40 
wt% D2EHAG: 30 wt% CTA: 30 wt% 2NPOE, 40 wt% D2EHAF: 30 wt% CTA: 
30 wt% 2NPOE. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 
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Table 4-5 D2EHAG ƢƖƟ D2EHAF ƫƳǖǙƬƛƑƖ PIM ƝƦƩ Sc(III)ƞ�'-ŋ�'ƷƮƴǚƝƊƎ
Ʃ�'ƊƦƠŋ�'ƞ�ÈŎ�l©. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

Carrier Run kex [h–1] kb-ex [h–1] 

D2EHAG 

1st 0.37 0.82 

2nd 0.22 0.87 

3rd 0.13 0.23 

4th 0.07 0.12 

5th 0.05 0.15 

D2EHAF 

1st 0.42 0.34 

2nd 0.41 0.36 

3rd 0.40 0.34 

4th 0.37 0.32 

5th 0.32 0.34 

 

� ŀȋĀ�H;ϷȋĀƗјǛ8 PIM8ИКŸĜO Figure 4-155̘%���1̊ơϘК9

ŀƗјȮÑǛ8 PIM8ИК(m)2 PIM8ąəИК(m0)8ʗ2#0ƕͦ#*�Figure 4-155
9ïΚ̬̏ [63]1Ш˼!L
Sc(III)8ėˤ̀4ͶϸІ�H;À8ƼţѐЛƫ28Ͷāоȓ

ĘO̘#*
4 wt% PC-88A
36 wt% Versatic 10
20 wt% CTA
40 wt% DOP�IɾǺ!L

K PIM8ИКŸĜE̘%�͑ɩHJ
D2EHAG�H; PC-88A2 Versatic 108ʺŁ̈́O˰

�*ůŁ
1 ś̈8ȋĀȮÑǛ�I PIM 8ИКʗ8Żƿ4ʿƦ�̓ο!L*�PC-88A 2

Versatic 10OŇC PIM9
D2EHAG8 PIM2Ńɿ5
2ś̈8cT]�Ǜ5ȋĀǪͲ8Í

¢O̘#*(Figure 4-16)��LI8ϘКȦƀ9����ЦЩ�Iʚ̊=8[��R�H;

ļŰċ8ˋĀ5HKE82ͨ�ILK [10,39]��ɀ
D2EHAFO˰�*ůŁ
Ńɿ5ИК

8ʿƦ�̓ο!L*E88
(8ИКŸĜ9 D2EHAGA*9 PC-88A2 Versatic 108ʺŁ

̈́OŇC PIM 2ʗϪ#0фƾ5ƥ!�
5 ś̈8ϷȋĀȮÑǛ1E PIM 8ИКʗ9 90 %

Ä¡O͗ȑ#0�*�͑ɩHJ
[��R8āƈɾϽ¨5Ƥò#*�Vw�ŭ8˻ʚǪ2

̯Ïėɩ5HJ
��g����FļŰċ28ΫŎǪF̊ˇǪ�Ŵ#
[��R8ˋĀ�

Ȇĉ!L
ͶƐƕǪ�Ż��Ņ¡#*2ͨ�ILK� 
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Figure 4-15. D2EHAG, D2EHAF, PC-88A ƛ Versatic 10 ƞÕEĈƫƳǖǙƬƛƑƖ PIM ƝƦƩ

Sc(III)ƞ�'-ŋ�'ƷƮƴǚƝƊƎƩD PIM ƞřŚa4. mǣ�'ƢƖƟŋ�'�ƞ
PIM ƞřŚ; m0ǣPIM ƞ)µřŚ. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

 
Figure 4-16. PC-88A ƛ Versatic 10 ƫƳǖǙƬƛƑƖ PIM ƝƦƩ Sc(III)ƞ�'-ŋ�'ƷƮƴǚ. mŷ

¸�ǣ�Đõƞ�āƛ)µ pH – 50 mL, 3.0; �Đõƞč� – 0.1 mmol L–1 Sc(III)
ƞ 0.1 mol L−1 úŗ/úŗƬǞǕǅƯǓÚÔ; ŋ�'ÚÔƞ�āƛč� – 50 mL, 0.5 
mol L–1 H2SO4; PIM ƞŅŚ – 0.10 ± 0.01 g; PIM ƞč� – 4 wt% PC-88A: 36 
wt% Versatic 10: 20 wt% CTA: 40 wt% DOP. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 
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� ɝ̬̏1Ó˰#* PIM Οх8˻ʚǪOτ>K*D5
����8B8 PIM (CTA 100 

wt%)
����2ļŰċ8 PIM (CTA 70 wt%: 2NPOE 30 wt%)
[��ROŇC PIM 

(D2EHAGA*9 D2EHAF 40 wt%: CTA 30 wt%: 2NPOE 30 wt%)O˰�0
ŀ PIMΟх8Ȟ

ίέO˂ƕ#*(Figure 4-17)�Ȟίέ9(L)L 59.5°
65.7°
32.6°
50.2°1�J
[�

�R8ʻē9 PIM 8˻ʚǪOÍ¢!'*�͑ɩHJ
D2EHAF OŇC PIM 9
D2EHAG

OŇC PIM HJE˻ʚǪ�ћ�
˻ʚǪ8Ŵē� PIM 8ƐƕǪOȱŖ#*�Ŝ1�K2

ͨ�ILK [75]� 

 

 
Figure 4-17. D PIMƞ ĮĬƛp�ƒƩÔÛ�. D PIMƝpƑƙðƜƩ�Ėƚ 5PƓƘ×lƑƙ�

X�ƫ�Ɩ. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 
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Figure 4-18. D2EHAG ƢƖƟ D2EHAF ƫƳǖǙƬƛƑƖ PIM ƝƦƩ~UŶśvƮƱǞƞĚŌő�2. 
mŷ¸�ǣ�Đõƞ�āƛ)µ pH – 50 mL, 3.0; �Đõƞč� – D 0.1 mmol L–

1 Sc(III), Y(III), La(III), Nd(III), Dy(III)ƞ 0.1 mol L−1 úŗ/úŗƬǞǕǅƯǓÚÔ; P
>õƞ�āƛč� – 50 mL, 0.5 mol L–1 H2SO4; PIM ƞč� – (a) 40 wt% 
D2EHAG: 30 wt% CTA: 30 wt% 2NPOE, (b) 40 wt% D2EHAF: 30 wt% CTA: 30 
wt% 2NPOE. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 
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�ǝIL*�͑ɩHJ
D2EHAFO[��R2#0Ƥò#* PIM�
À8ƼţѐЛƫTX
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Figure 4-19. D2EHAGƢƖƟD2EHAFƫƳǖǙƬƛƑƖPIMƝƦƩSc(III)ƛLa(III)ƞĚŌőƞKinetic 
plots. mŷ¸�Ɵ Figure 4-18 Ɲûƒōƨ. ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

 
Table 4-6 D PIM ƫŌőƒƩ Sc(III)ƛ La(III)ƞ)µÓ·ƞ�ƛƕƞÌç. 
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

Carrier Metal feed solution pH J0 [mol m–2 s–1] J0,Sc/J0,La Ref. 

HBTA * 
Sc(III) 0.1 M 

sodium acetate buffer 
6.1 

6.9 × 10–7 
1.0 [49] 

La(III) 6.9 × 10–7 

HTTA * 
Sc(III) 0.1 M 

sodium acetate buffer 
6.1 

6.1 × 10–7 
1.7 [49] 

La(III) 3.6 × 10–7 

HFTA * 
Sc(III) 0.1 M 

sodium acetate buffer 
6.1 

5.6 × 10–7 
4.0 [49] 

La(III) 1.4 × 10–7 

PC-88A & 

Versatic 10 ** 

Sc(III) 0.1 M 

HNO3/NH4NO3 
4.0 

1.9 × 10–7 
41.3 [63] 

La(III) 4.6 × 10–9 

D2EHAG 
Sc(III) 0.1 M 

H2SO4/(NH4)2SO4 
3.0 

3.8 × 10–7 
15.4 this study 

La(III) 2.5 × 10–8 

D2EHAF 
Sc(III) 0.1 M 

H2SO4/(NH4)2SO4 
3.0 

1.8 × 10–7 
92.7 this study 

La(III) 2.0 × 10–9 
* PIM ƞč�ǣβ-diketone (HBTA – benzoyltrifluoroacetone, HTTA – 2-thenoyltrifluoroacetone, HFTA – 
2-furoyltrifluoroacetone) 1.5 wt%; CTA 22.9 wt%; 2NPOE 57.2 wt%: tris(2-butoxyethyl) phosphate 18.4 wt% 
** PIM ƞč�ǣPC-88A 4 wt%; Versatic 10 36 wt%; CTA 20 wt%: DOP 40 wt% 
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� !I5
Ö͒̊�IśĶ̊=8 Sc(III)8ϸІ5��KȏȶЂLɌЩ tlagO Figure 4-208
̉͛8 xĂ˞�IʜD
Eq. 7OÓ˰#0 Sc(III)–D2EHAG�H; Sc(III)–D2EHAFХÏ8

ͶúȏȶÚȸ DeffO̶Ā#*�͑ɩO Table 4-7 5̘%�Sc(III)–D2EHAG ХÏ8 Deff9

Sc(III)–D2EHAFХÏ8(LHJEћ�
�8Љ�9Wilke-Changɀ̦ǌ [74]HJ
[��

R8āƈК8Љ�5ϛŜ#0�K2ͨ�ILK� 

 

 
Figure 4-20. D2EHAG ƢƖƟ D2EHAF ƫƳǖǙƬƛƑƖ PIMƝƦƩ Sc(III)ƞĚŌőƝƊƎƩP>õƞ

Sc(III)Ý�ƛ±ťƞǊǜƿǂ. mŷ¸�Ɵ Figure 4-18 Ɲûƒōƨ.  
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

 
Table 4-7 D2EHAG ƢƖƟ D2EHAF ƫƳǖǙƬƛƑƖ PIM ƝƦƩ Sc(III)ƞĚŌőƝƊƎƩǘƵƾƮǓƛ

D PIM�ƝƊƎƩƳǖǙƬƛ Sc(III)ƞŠ�ƞ´1�¨�©. 
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

Carrier tlag [h] Deff [m2 s–1] 

D2EHAG 1.62 8.67 × 10–14 

D2EHAF 5.74 2.35 × 10–14 

 

  

y = 0.3933x - 0.6353

y = 0.0788x - 0.4525
0

0.5

1

1.5

0 5 10 15 20 25

C
r Sc

,t
[m

g 
L–1

]

Time [h]

D2EHAG

D2EHAF

D2EHAG
y = 0.393 x – 0.635

D2EHAF
y = 0.0788 x – 0.453



Ą 4ă 
 
 
 

 
 
 
 120 

4-3-4.� D2EHAF��)*�	�� PIM
�� Sc(III)	5Á_��-�¨º½ 
� ̲ 3 ̰5��KȋĀЎȊǪ8͑ɩHJ
ɝ̬̏1˰�*R�uЕŨȋĀċO˰�0

Sc(III)2 Fe(III)O˚đƎ̀5āо%K�29ŝп1�K�#�#4�I
D2EHAF OÓ˰

#* Sc(III)2 Fe(III)8ȋĀ�H;ϷȋĀ8ϼǉ9Ż��˺4-0�*(Figure 3-12)�Τȸ

8̬̏ͩ�
Fe(III)8Ђ�ȋĀϼǉ [77,78]2
ȋĀϼǉ8ƹ5ŭ/� Fe(III)2 Y(III)ѣSc(III)

2ѐË8ǪϘOȑ.Ѥ8āо5.�0Ůŉ#0�K [79]�A*
PIMO˰�
UO2
2+2 Fe(III)

8ͶϸІϼǉ8ƹOć˰#*āо5.�0EŮŉ!L0�K [80]�(8*D
D2EHAFO

ŇC PIM O˰�K�21 Fe(III)2 Sc(III)Oϼǉƹāо1�KļͲǪ��K���19

D2EHAFOŇC PIMO˰�0 Sc(III)2À8ЛƫTX�ѣFe(III), Ni(II), Al(III), Co(II), Mn(II), 

Cr(III), Ca(II), Mg(II)Ѥ8Ͷϭ϶ƗјOΚ-*� 

 

� Figure 4-21(a)9
40 wt% D2EHAF
30 wt% CTA
30 wt% 2NPOE1ɾǺ!LK PIMO

˰�0¡γ8ЛƫTX�8ͶϸІƗј8͑ɩO̘%�͑ɩHJ
Sc(III)9�LI8Лƫ8

¨1ɔEЎȊ̀�.ƕК̀5ϭ϶!L*�Sc(III)2Ńɿ8ȋĀȓĘO̘#* Fe(III)9ϸІ

ϼǉ�фƾ5Ђ�
ϼǉƹOć˰#*āо�ļͲ1�-*�A*
Sc(III)2 Fe(III)ÄŹ8

ЛƫTX�9?2P3ͶϸІ#4�-*�ƗјШƅ�I 96ɌЩǛ8 Sc(III)2 Fe(III)8śĶ

ˤ9(L)L 94%�H; 32%1�-*�ŀЛƫ8ϸІϼǉƕȸ k9Ö͒̊8 ln(#z,{
} /#z,{|e

} )

5ơ%KɌЩ8��pt8̉͛8è�HJǝ*(Figure 4-21(b))�D2EHAG�H; D2EHAF

OƤò#* PIM O˰�* Sc(III)8ϸІ8ϼǉƕȸ k
ąəʮɠ J0�H;
Sc(III)2À8Л

ƫTX�8ąəʮɠ J08ʗ
�H;śĶˤO Table 4-8 5A2D*�͑ɩHJ
D2EHAF

O[��R2#0Ƥò#* PIM �
À8Ѝ̤ЛƫFR�Y�ţѐЛƫOŇCʚˇʸ�I

Sc(III)OЎȊ̀5āо%K85Ќ#0�K�2O̘%� 
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Figure 4-21. D2EHAF ƫƳǖǙƬƛƑƖ PIM ƝƦƩ Sc(III), Fe(III), Ni(II), Al(III), Co(II), Mn(II), 

Cr(III), Ca(II), Mg(II)ƞĚŌő�2. (a) �ĐõƛP>õ�ƞDśvƮƱǞÝ�ƞa
4. (b) DśvƮƱǞƞĚŌőƞ Kinetic plots. mŷ¸�ǣ�Đõƞ�āƛ)µ pH – 
50 mL, 3.0; �Đõƞč� – D 0.1 mmol L–1 Sc(III), Fe(III), Ni(II), Al(III), Co(II), 
Mn(II), Cr(III), Ca(II), Mg(II)ƞ 0.1 mol L−1 úŗ/úŗƬǞǕǅƯǓÚÔ; P>õƞ�
āƛč� – 50 mL, 0.5 mol L–1 H2SO4; PIM ƞč� – 40 wt% D2EHAF: 30 wt% 
CTA: 30 wt% 2NPOE; PIM ƞĚ9 – 54 ± 4 μm. ưǘǠǈǠƟÅÙ�|(±SD)ƫû
ƒ. 

[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 
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Table 4-8 D2EHAF ƫƳǖǙƬƛƒƩ PIM ƫŌőƒƩ Sc(III)ƛ
ƞśvƮƱǞƞŎ�l©Ƅ)µÓ·
ƞ�ƛƕƞÌçƄƊƦƠ 96±ť�ƞP>ç.  

[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 

Metal k [h–1] J0 [mol m–2 s–1] J0,Sc/J0,M RF * [%] 

Sc(III) 6.67 × 10–2 1.9 × 10–7 – 94 

Fe(III) 3.27 × 10–2 9.3 × 10–8 2.04 32 

Ni(II) 1.70 × 10–3 4.8 × 10–9 39.3 < 0.1 

Al(III) 9.01 × 10–4 2.6 × 10–9 74.1 < 0.1 

Co(II) 4.15 × 10–3 1.2 × 10–8 16.1 < 0.1 

Mn(II) 2.90 × 10–3 8.2 × 10–9 23.0 < 0.1 

Cr(III) 5.98 × 10–3 1.7 × 10–8 11.2 < 0.1 

Ca(II) 2.00 × 10–3 5.7 × 10–9 33.3 < 0.1 

Mg(II) 1.30 × 10–3 3.7 × 10–9 51.2 < 0.1 

* Recovery factors after 96 h of transport. 

 

� Τȸ8 PIM 8̬̏5��0
Ń$ȋĀċO PIM 8[��R2#0˰�*ůŁ
ˇƇȋ

Ā5��KȋĀʇɾ2 PIM5��Kϭ϶�Ywh��ѐË%K2Ůŉ!L0�K [54,81]�

̲ 3̰50ʠƕ#*ȋĀǀΝǌ�
ơǦ%K PIM / ˇʸ˵х18 Sc(III)8ȋĀ2ϷȋĀO

Ģā5ςɊ1�K2Åƕ%K2
D2EHAFO[��R2#0ŇC PIM5HK Sc(III)8ϭ϶

ʇɾ9 Figure 4-228H�5̘!LK� 

 

 

Figure 4-22. D2EHAF ƫJƤ PIM ƫ�ƑƖ Sc(III)ƞŇŊƞ¢ÀƐƪƖĚŌőǔƲǅƻǓ. 
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 
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4-3-5.� ¨C�gÇ 
� D2EHAFOƤò#* PIM (D2EHAF 40 wt%: CTA 30 wt%: 2NPOE 30 wt%)O˰�* Sc(III)

8ͶϸІ5��KͶĮ8ǔшOɹβ#*�ɝ̬̏19 PIMτΣɌ8įȽ8¿ϰBКO 200


300
400 mg2ŸĜ!'K�21
ͶĮ 23 ± 5
38 ± 6
54 ± 4 µm8 PIMOǝ*�Figure 
4-23(a)5ͶĮ8˺4K PIMO˰�* Sc(III)ϸІ8 Kinetic plotsO̘%�Kinetic plots8̉

͛8è�HJǝIL*ϼǉƕȸ k
ͶϸІÚȸ P
�H;ąəʮɠ J0,ScO Table 4-95A2
D*�ͶĮ2ąəʮϼ J0,Sc8Ϸȸ8ЪÚO Figure 4-23(b)5̘%�ͶĮ5ơ%K Sc(III)8

ąəʮϼ J0,Sc8Ϸȸ8��pt9
įːOϺK̉͛2ͽƃ4�͹O̘#*��L9
�ͼ

̀4 SLM5H�ΨILK˨ώ1�J [54]
D2EHAFOƤò#* PIM5HK Sc(III)8Ͷϸ

І8ǚϼʑе9
Ö͒̊ä˵х18 D2EHAF2 Sc(III)8ХǓǺĵǦFśĶ̊ä˵х18͵

оĵǦ194�
PIMú18 Sc(III)ХÏ8ȏȶ1�K�2O̘ő#0�K� 

 

 
Figure 4-23. D2EHAF ƫƳǖǙƬƛƑƖ PIM ƝƦƩ Sc(III)ƞĚŌőƝƊƎƩĚ9ƞ�Ų. (a) Kinetic 

plots. (b) Ě9ƛ)µÓ· J0,Scƞŋ©ƞŦ�. mŷ¸�Ɵ Figure 4-18 Ɲûƒōƨ. 
ưǘǠǈǠƟÅÙ�|(±SD)ƫûƒ. 

[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

 
Table 4-9 D2EHAF ƫJƤðƜƩĚ9ƞ PIM ƝƦƩ Sc(III)ƞĚŌőƞ�ÈŎ�l© k, ĚŌő�

© P, )µÓ· J0,Sc. 
[Reprinted from Journal of Membrane Science, 572, W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, 
M. Goto, 291–299, Copyright (2019), with permission from Elsevier.] 

L [μm] k [h–1] P [mh–1] J0,Sc [mol m–2 s–1] 

54 ± 4 0.065 6.6 × 10–3 1.8 × 10–7 

38 ± 6 0.088 9.0 × 10–3 2.5 × 10–7 

23 ± 5 0.113 11.5 × 10–3 3.2 × 10–7 

  

k = 0.065 h–1

k = 0.088 h–1

k = 0.113 h–1
-0.8

-0.6

-0.4

-0.2

0

0 1 2 3 4 5

ln
 (C

f Sc
,t

/ C
f Sc

,t=
0) 

[–
]

Time [h]

D2EHAF

54 ± 4 μm

38 ± 6 μm

23 ± 5 μm

-0.8

-0.6

-0.4

-0.2

0

0 1 2 3 4 5

ln
 (C

Sc
,t

/ C
Sc

,t=
0) 

[–
]

Time [h]

D2EHAF

23 ± 5 μm
38 ± 6 μm
54 ± 4 μm

(a)

0

2

4

6

8

10

0 20 40 60 80

1 
/ J

0,
Sc

[1
06

m
2

s 
m

ol
–1

]

Membrane thickness [μm]

D2EHAF
(b)



Ą 4ă 
 
 
 

 
 
 
 124 

4-4.� \p 
ɝ̰8ŻВ9
Ä¢8 2.8φȻ5Ƞϫ!L0�K� 

W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, M. Goto, Selective membrane transport of 
scandium(III) across and improving stability of polymer inclusion membranes containing an amic 
acid-extractant carrier with improved stability, Journal of Membrane Science, 572, 291–299 
(2019). 

W. Yoshida, F. Kubota, Y. Baba, S.D. Kolev, M. Goto, Separation and recovery of scandium from 
sulfate media by solvent extraction and polymer inclusion membrane with amic acid 
extractant/carrier, ACS Omega, 4, 21122–21130 (2019). 

 
� Ä¢5ɝ̰8Φ“Oϴ>K� 
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D2EHAF8 PIM 8ëL*ƐƕǪ9
[��R

8āƈɾϽ�Ͷ8ƐƕǪ5Ǒ�ǔшO¤�
˻ʚǪ8�Vw�ŭO[��Rāƈ5Ƥò%

K2ƐƕǪ�Żƿ5Ņ¡%K�2O̘%�!I5
40% D2EHAF
30% CTA
30% 2NPOE

1ɾǺ!LK PIMO˰�0 Sc(III)2ÀЛƫѣY(III), La(III), Nd(III), Dy(III), Fe(III), Ni(II), 

Al(III), Co(II), Mn(II), Cr(III), Ca(II), Mg(II)Ѥ8ͶϸІƗјOΚ-*�(8͑ɩ
pH 38Ö

͒̊�I 0.5 mol dm–3̒ЕOŇCśĶ̊= Sc(III)OƕК̀�.ЎȊ̀5ϭ϶1�*�Sc(III)

2Ńɿ8ȋĀȓĘO̘#* Fe(III)9ϸІϼǉ�фƾ5Ђ�
ϼǉƹOć˰#*āо�ļͲ

1�-*���1
Sc(III)8ąəʮɠ(J0,Sc = 1.9 × 10–7 mol m–2 s–1)9 Fe(III)8ąəʮɠ(J0,Fe = 

9.3 × 10–8 mol m–2 s–1)HJ“ 2ßŻ��-*�!I5
ͶϸІ5��Kǚϼʑе9Ͷ¨ȏȶ

1�K2̘ő!L*� 
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�ȋĀˤO̘#*�1.0 mol dm–3 űЕˇʸ�I8 Rh(III)8ȋĀˤ9
0.2 mol dm–3 8

[3°C2P444][Cl]O˰�*ůŁ
90%Ä¡1�K�A*
0.5 mol dm–38[3°C2P444][Cl]O˰�K

�21
?@ƕК̀4 Rh(III)8ȋĀ5ǺĒ#*ѣȋĀˤ 98%
āДʗ 44Ѥ�[3°C2P444][Cl]

5HK Rh(III)8ȋĀˤ9ʚ̊¨8űЕˎǉ8Ŵē22E5ʿƦ%KèŅ5�J
ћˎǉ8

űЕˇʸ2Ȟί!'K�21ȋĀ#* Rh(III)8ϷȋĀ�ļͲ1�K2ͨ�ILK�A*


g���ήɧ8͑ɩ
TX�ʸÏˎǉ×ƋǪ8��pt8̉͛8è�9“ 1.5 1�J


Rh(III) 1āƈ�*J8ȋĀ5 1.5āƈ8[3°C2P444][Cl]�Ъ¤#0�K�2�̘ő!L*� 

 

� ̲ 3̰19
ϲǁëL*ȋĀˠǪ�Ůŉ!L*R�uЕŨȋĀċ D2EHAG8āƈњɳO

ŭ5
�Vw�ŭOƤò#*ȿΩR�uЕŨȋĀċ D2EHAF 8ŁǺOΚ-*�Ш˼#*

D2EHAF9Y��[eŭ8ϲå5сƈʜǍǪ8�Vw�ŭOɖ%K*D
D2EHAG2ʗϪ

#0Еήоƕȸ pKa�Í¢#*�A* D2EHAG 2 D2EHAF �˒ɻǪˇƇ¨1µКÏOǓ

Ǻ%K�2O
1H-NMR˂ƕ5HJɊI�5#*�Ш˼#* D2EHAF2ǜɢ8R�uЕŨ

ȋĀċ D2EHAG
D2EHAS8 Sc(III)5ơ%KȋĀ�ϷȋĀǪͲOƷɺ˰ȋĀċ8 D2EHPA


Versatic 10
TOPO2ʗϪ#*�Sc(III)9 D2EHAGA*9 D2EHAF8 n-dodecaneˇʸOÓ

˰#0 0.1 mol dm–3̒Еűˇʸ(pH > 2)�IƕК̀5ȋĀ!L
0.5 mol dm–3̒ЕˇʸOÓ

˰#0ȋĀ̊�IƜɋ5ϷȋĀ!L*�A*
D2EHAG�H; D2EHAF5HK Sc(III)8ȋ
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ĀʇɾOɊI�5%K*D
ŀ̧g���ήɧ
��±S�^ιј�H; Job’s ʧ5HK

ήɧOΚ-*�͑ɩHJ
3,I8ȋĀċO˰�*ůŁE
Sc(III)2ȋĀċ(HR)�Ä¢5

̘%ȋĀǀΝǌ1 1ѧ38ȋĀХÏOǓǺ#0�K�2OɊI�5#*�A*
ƗП̎�I

8 Sc 8śĶOǰƕ#
À8Ѝ̤ЛƫFR�Y�ţѐЛƫѣFe(III), Ni(II), Al(III), Co(II), 

Mn(II), Cr(III), Ca(II), Mg(II)ѤOŇC̒Еˇʸ�I8 Sc(III)8ЎȊ̀ȋĀāоOɹβ#*�

D2EHAG�H;D2EHAF9ћЕǪɡÆ¢(0 < pH ≤ 3)1 Ni(II)
Al(III)
Co(II)
Mn(II)
Cr(III)


Ca(II)
Mg(II)2ʗϪ#0 Sc(III)Oëï̀5ȋĀ#
ėˤ̀5 Sc(III)OāоļͲ1�-*�

A*
3,I8ȋĀċO˰�*ůŁE Sc(III)2 Fe(III)8ȋĀȓĘ�Ńɿ1�J
(LI8

ȋĀāо9ŝп1�-*�
D2EHAF O˰�*ůŁ
Fe(III)8ȋĀ�H;ϷȋĀϼǉ�

Sc(III)2ʗϪ#0Ђ�
�LI8Лƫ8ϼǉƹ5HKāо8ļͲǪ�̘ő!L*� 

 

� ̲ 4̰19
Sc(III)OÀЛƫTX��IЎȊ̀5āо%K*D8ћāƈěȞͶ(PIM)OШ

˼#*�̒ Е/̒ЕR��wU�͝Μʸ�I Sc(III)OȋĀ%K PIM8[��R2#0HTTA


PC-88A
D2EHAG
D2EHAFO˰�
CTA��g8 PIM8ǪͲOʗϪ#*�D2EHAG�

H; D2EHAFO[��R2#* PIM9
HTTAA*9 PC-88AOŇC PIM2ʗϪ#0
ë

L* Sc(III)8ȋĀ-ϷȋĀȓĘO̘#*�D2EHAF OŇC PIM 9
Sc(III)8 5 ś8ȋĀ-Ϸ

ȋĀcT]�1Ó˰#*ůŁ
ëL*ƐƕǪO̘#*�ŀcT]�Ǜ5N&�4ͶϘКȦ

ƀ8B�άƠ!L*�D2EHAGOŇC PIM 2ʗϪ#0
D2EHAF8 PIM 8ëL*ƐƕǪ

9
[��R8āƈɾϽ�Ͷ8ƐƕǪ5Ǒ�ǔшO¤�
˻ʚǪ8�Vw�ŭO[��R

āƈ5Ƥò%K2ƐƕǪ�Żƿ5Ņ¡%K�2O̘%�!I5
40% D2EHAF
30% CTA


30% 2NPOE 1ɾǺ!LK PIM O˰�0 Sc(III)2ÀЛƫѣY(III), La(III), Nd(III), Dy(III), 

Fe(III), Ni(II), Al(III), Co(II), Mn(II), Cr(III), Ca(II), Mg(II)Ѥ8ͶϸІƗјOΚ-*�(8͑ɩ


pH 38Ö͒̊�I 0.5 mol dm–3̒ЕOŇCśĶ̊= Sc(III)OƕК̀�.ЎȊ̀5ϭ϶1�

*�Sc(III)2Ńɿ8ȋĀȓĘO̘#* Fe(III)9ϸІϼǉ�фƾ5Ђ�
ϼǉƹOć˰#*

āо�ļͲ1�-*���1
Sc(III)8ąəʮɠ(J0,Sc = 1.9 × 10–7 mol m–2 s–1)9 Fe(III)8ą

əʮɠ(J0,Fe = 9.3 × 10–8 mol m–2 s–1)HJ“ 2ßŻ��-*�!I5
ͶϸІ5��Kǚϼʑ

е9Ͷ¨ȏȶ1�K2̘ő!L*� 

 

� Лƫ8āо5Ъ%K̬̏8āЙ9ʎĽ�ĺ�29��
�LA1ŝп2!Lï϶J5!

L0�*σюFɛήɊ8̠Ǝ�ɅǴ×˔2#0ź�ʐ-0�K�½Ǜ8¥˵¼Ĺ9 100ê

¼OϜ�K2E³˂!L0�J
�8H�4¼Ĺ˝˼EϢA�K2
Лƫ8āоȄΛ�И

Φ1�J͖�K�29ЩЉ�4��Чǁ̍Ψ�ʹAJ
Α̪!L*ˇƇȋĀ8̬̏2(L

IOʭ�#0Κ-*ɝ̬̏F
˨ť¥˵¨1Κ4NL0�K̬̏�
ϔ˅ˬųŔю�Ļ:

LK˨Â�H;ʉ¥Â5��0
Ŕю8ήʠ8�̱OȌ��2Oя-0
ɝφȻ8͑;2

%K�



Ź

Ź

Ź
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Biotechnology, 91, 2779–2784 (2016). 

3. F. Kubota, E. Shigyo, W. Yoshida, M. Goto, Extraction and separation of Pt and Pd by an imidazolium-based 
ionic liquid combined with phosphonium chloride, Solvent Extraction Research and Development, Japan, 24, 97–
104 (2017). 

4. W. Yoshida, Y. Baba, F. Kubota, N. Kamiya, M. Goto, Extraction and stripping behavior of platinum group 
metals using an amic-acid-type extractant, Journal of Chemical Engineering of Japan, 50, 521–526 (2017). 

5. M. Sharaf, W. Yoshida, F. Kubota, S.D. Kolev, M. Goto, A polymer inclusion membrane composed of the binary 
carrier PC-88A and Versatic 10 for the selective separation and recovery of Sc, RSC Advances, 8, 8631–8637 
(2018). 

6. M. Sharaf, W. Yoshida, F. Kubota, M. Goto, Selective extraction of scandium by a long alkyl chain carboxylic 
acid/organophosphonic ester binary extractant, Solvent Extraction and Ion Exchange, 36, 647–657 (2018). 

7. F. Kubota, R. Kono, W. Yoshida, M. Sharaf, S.D. Kolev, M. Goto, Recovery of gold ions from discarded mobile 
phone leachate by solvent extraction and polymer inclusion membrane (PIM) based separation using an amic acid 
extractant, Separation and Purification Technology, 214, 156–161 (2019). 

8. M. Sharaf, W. Yoshida, F. Kubota, M. Goto, A novel binary-extractant-impregnated resin for selective recovery 
of scandium, Journal of Chemical Engineering of Japan, 52, 49–55 (2019). 

9. W. Yoshida, F. Kubota, R. Kono, M. Goto, Selective separation and recovery of Pt(IV) from Pd(II) through a 
imidazolium-ionic-liquid-based supported liquid membrane, Analytical Sciences, 35, 343–346 (2019). 

10. W. Yoshida, Y. Baba, F. Kubota, S.D. Kolev, M. Goto, Selective transport of scandium(III) across polymer 
inclusion membranes with improved stability which contain an amic acid carrier, Journal of Membrane Science, 
572, 291–299 (2019). 

11. M.L. Firmansyah, F. Kubota, W. Yoshida, M. Goto, Application of a novel 
phosphonium-based ionic liquid to the separation of platinum group metals from 
automobile catalyst leach liquor, Industrial & Engineering Chemistry Research, 
58, 3845–3852 (2019). 

12. W. Yoshida, F. Kubota, Y. Baba, S.D. Kolev, M. Goto, Separation and recovery 
of scandium from sulfate media by solvent extraction and polymer inclusion 
membranes with amic acid extractants, ACS Omega, 4, 21122–21130 (2019).Ź
źżžƀŽſ �ìŹ źCQŻŻ 

 

ǤjĤŬĵĆƢƖƟOÁĵƝƊƎƩĭĸƄĒĸǥŹ

1. ǛΗлƒ, FíĜ, «Ü˱Ɵˮƈ, ʵǇϔ˅�I8�R�m�śĶ8*D8ȿΩȋĀċ8Ш˼, Ʉɝʵʚ
ƎÈξ, 70, 358–363 (2016). 

2. ǛΗлƒ, FíĜ, �R�m�8ћǉāоȄΛ, ĜƎƷɺ, 68, 346–351 (2017). 



ÁĕǙƺǂŹ
 
 
 

 
 
 
 137 

3. ǛΗлƒ, FíĜ, �R�m��cT]�8*D8ɔȿˇƇȋĀȄΛ8Ш˼�RY±�R8̯ů�I�, 
ĜƎƷƎ, 82, 424–427 (2018). 

4. FíĜ, ΀˱дȻ, ǛΗлƒ, ћāƈěŇͶ(PIM)O˰�*ϑЛƫ8ћėˤāоȄΛ8Ш˼, āоȄΛ, 49, 
154–162 (2019). 

5. M.L. Firmansyah, W. Yoshida, T. Hanada, M. Goto, Application of ionic liquids in solvent extraction of 
platinum group metals, Solvent Extraction Research and Development, Japan, in press. 

 

ǤSūj�ñĥĆǡąŴÜĘƞƣǢǥŹ

1. W. Yoshida, Y. Baba, F. Kubota, N. Kamiya, M. Goto, Extraction of precious metals using novel amic acid-type 
extractant, 3rd International Symposium on Host Compounds for Separation and Functionality in Saga, P-07, 
Saga, Japan, July 2015, poster presentation. (Poster Award) 

2. W. Yoshida, Y. Baba, F. Kubota, N. Kamiya, M. Goto, Extraction performance of novel amino acid derivative 
extractant for precious metal ions, 2015 Taiwan/Korea/Japan Joint Meeting on Chemical Engineering, P1-030, 
Kaohsiung, Taiwan, November 2015, poster presentation. 

3. W. Yoshida, Y. Baba, F. Kubota, N. Kamiya, M. Goto, Development of new extractant applicable to industrial 
solvent extraction for the recovery of precious metals, The 28th International Symposium on Chemical 
Engineering, OF-03, Jeju, Korea, December 2015, oral presentation. 

4. W. Yoshida, Y. Baba, F. Kubota, N. Kamiya, M. Goto, Development of polymer inclusion membranes containing 
an amid acid-type carrier for platinum group metal separation, The 29th International Symposium on Chemical 
Engineering, PF17, Miyazaki, Japan, December 2016, poster presentation. 
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