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1-2.  
 

(Fe)

(Al) (Mg) (Ti) Ⅱ (Au) (Ag)

(PGMs)a (precious metal) (Na)

(Ca) (Cu) (Pb) (Zn)

(base metal) (rare metal)b c

(rare earth metal)

[4]

Figure 1-1  

 

 
Figure 1-1. śvƞ(Ŷƞ��. 

 

 

 

                                                   
a PGMs (Platinum Group Metals) (Pt) (Pd) (Rh) (Ru)
(Ir) (Os) 6 PGMs Pt Pd

PGMs
 

 
b  rare metal  miner 
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1-3.  
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(Figure 1-2) [3]

 

 

 

Figure 1-2. dáŜãƊƦƠŕ}ŜwƋƧƞśvƞ(ŭP>ǡØ�ħşǢ. 
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1-3-1.  

1

”

 [3]  

 

J. 

Fraser Stoddart α- ±

(α-CD)f

KAuBr4

(Figure 1-3) [5]

KAuCl4

β-CD γ-CD

K2PdBr4 K2PtBr4 K2PdCl4 K2PtCl4

KAuBr4

Stoddart

 

 

  

                                                   
f D-glucose 1891 A. Villiers
1903 F. Schardinger

 

 

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.  
1840

g

h

 [3]

”

 

 

 [6,7]  (MOF: 

Metal Organic Framework)i  [8–13]

Wendy L. 

Queen Fe(III) 1,3,5-benzenetri- 

carboxylate MOF

poly(p-phenylenediamine)

Au(III)

(Figure 1-4) [13] Au(III)

poly(p-phenylenediamine)

–NH2 =NH

Au(III) Au0

Fe(III)

23.9 K ”

” 24 K  

                                                   
g 1840 H.S. Thompson J.T. Way NH4

+, K+, Mg2+, Na+

[14,15]
1500 “

 [16]  
 
h (ion-exchange resin)

 
 
i 

1990 
 (PCP: 

Porous Coordination Polymer)  

 

Figure 1-4. MOF/ǐǙǑǠĨE�ƫìƈƖśƞP>. 
[Reprinted with permission from J. Am. Chem. Soc., 
140, 16697–16703 (2018). Copyright 2018 American 
Chemical Society.] 
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1-3-3.  

   [17]

 [18] 1960 P.F. Scholander

 [19]

1968 N.N. Li  [20] 1971 E.L. Cussler Na+

 [21]

 [22]  [23]  [24]  [25]

(BLM: Bulk Liquid Membrane) (ELM: Emulsion 

Liquid Membrane) (SLM: Supported Liquid Membrane)

Figure 1-5  

 

 

Figure 1-5. DĀÔĚÒƞÂ�Q. 

 

1990 SLM

(PIM: Polymer Inclusion Membrane)

 [26–29] PIM 4  
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� Low mass transfer rates
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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.  
2

j 1

 [30]

Figure 1-6
 

 

(Figure 1-7)

 

 
Figure 1-7. ǒƳƷǠƼǂǘǠĦĖƞÂ�Q. 
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Figure 1-6. Úg�'ÒƞÂ�Q. 
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1-4.  
 

20 21

”

 

 

 [34]

” 99% 1%

 

 

 [18,30,34]

 [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 
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1-4-1.  
1960 (Cu)

 [37]  

Cu

 (Figure 1-8)  

 

 

Figure 1-8. Ø�ŝħşƚìƈƧƪƩ�'-ƞaŒ. 

 

 

1-4-2.  
Versatic 10 

(2-ethyl-2-methylheptanoic acid) Versatic 10 Fe(III) Hg(II) Tl(III)

 [38] pKa pH

  

J.S. Preston Versatic 10

trialkylphosphine sulfide

Cd(II) Zn(II) Ni(II)  [39,40]

C.Y. 

Cheng Versatic 10

Ni(II) Co(II)  [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.  
1940

”

1944 tributyl phosphate (TBP)

1958

D2EHPA (di(2-ethylhexyl)phosphoric acid)  

 

pKa

D2EHPA

PC-88A (2-ethylhexylphosphonic acid 

mono-2-ethylhexyl ester) American Cyanamid k Cyanex 272 

(bis(2,4,4-trimethylpentyl)phosphinic acid)

pKa D2EHPA (pKa 2.16) PC-88A (pKa 3.36) Cyanex 272 (pKa 5.32)

pKa  [42] pKa

pH  [42,43] 2013 Cytec Industries Inc.

Cyanex 572  

(S) Cyanex 301 (pKa 3.86)

Cyanex 302 (pKa 4.32) Co(II) Ni(II)

 [34] Figure 1-10  

 

 
Figure 1-10. ǙǞŗĈ�'-. 

 

Shengming Xu 12

(Figure 1-11(a))  

[44] 2,3-dimethylbutyl 2 di-(2,3-dimethylbutyl)phosphinic acid (HYY-2)

Lu/Yb Yb/Tm Lu/Tm

Cyanex 272  

                                                   
k 1993 Cytec Industries Inc.  

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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PSL Alexandre Chagnes Co(II), Ni(II), Mn(II)

pH  [45]

(Figure 1-11(b))
pKa  

 

 
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-  
β-

Figure 1-12 HTTA (2-thenoyltrifluoroacetone)  [34]

(Li) (Sc)

β-

 [42] HTTA

 

 

  

(a) (b)

 

Figure 1-12. β-ƹƶǂǞĈ�'-. 

OO
F

F F
S

2-thenoyltrifluoroacetone
HTTA
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1-4-5.  
Co(II) Ni(II)

pH

pH

 [6]

Aliquat 336

 [6] (N)

 [18] sp2 sp3

π

 

  [18]  

 

 

Figure 1-13. ƬǒǞĈ�'-. 

 

 

1-4-6.  

TBP (tributyl phosphate)

1940  [30]

Cyanex 921, 923, 925 Cyanex 471 Cytec Industries Inc.

 [34]  

n-octyl(phenyl)-N,N-diisobutylcarbamoyl phosphine 

oxide (CMPO) TRUEX (Trans Uranium 

Extraction)  [46] CMPO TBP 5 mol dm–3

 

 

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.  
Figure 1-15

(O) dibutylcarbitol (DBC) methyl-iso-butylketone (MIBK) (Au)

(S) di-alkylsulfide (DAS)

(Pd) Pt(IV) Pd(II)

di-octylsulfide (DOS) di-hexylsulfide (DHS)

 [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.  
 

 

 

1-5-1.  

 (molecular recognition) 1987 Donald J. Cram

Jean-Marie Lehn Charles J. Pedersen (Figure 1-16)
l

m

 

 

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

 

                                                   
l  Cram  - (host-guest chemistry)

Lehn  (supramolecular chemistry)  
 
m (crown ether) 1967 DuPont Pedersen  [47]  
(-CH2-CH2-O-)n 1 -

(crown)  

Charles J. PedersenDonald J. Cram Jean-Marie Lehn

The Nobel Prize in Chemistry 1987

Crown ether complexCarcerand complex Cryptand complex
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n 1981 C.D. Gutsche 1 step

 [48]

 [49,50]

1983 Reed McNeil Izatt  

[51] Rainer Ludwig Seiji Shinkai

(Figure 1-17) [52–60] 2008
o [61]  [62]

 

 

 
Figure 1-17. ƲǙƿƴƺƬǛǠǞƞ)µƞÉB. 

                                                   
n (calixarene)

1940 A. Zinke - ±

(calix[4]arene)
1970 1980 C.D. Gutsche

(calix crater) (arene)  
 
o (pillararene) 1,4-dialkoxybenzene 2,5

2008  
 [61]

pillar[5]arene pillar[6]arene
2013 Lihua Yuan

 [62] 2014
(pillar)

(arene)  
 

 

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



Ą 1ă 
 
 

 
 
 
 18 

1-5-2.  

 

 

Qing-Fu Sun 3 pyridine-2,6-dicarboxamide

(L1)

(Figure 1-18) [63] Sun
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(Ln(III))

Ln(III)

L1

2

(L6)

 

 

 

3

 

 

2

 

 

  

 
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



Ą 1ă 
 
 

 
 
 
 19 

1-5-3.  
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Zn(II)

DPCA ”

VM-Ex  

 

 
Figure 1-19. ƬǒǇŗǟƬǒǇǙǞŗƫ:«ƢƖƟŖ�ZƛƑƙŤñƐƪƖ¬Ī�'-. 
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1-5-4.  
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q ”  ” Pd Pd-Ex  

 
Figure 1-20. ����Ŗ�hY�'-ƞŤñ. 
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[84,87,88] Ⅱ

(Figure 1-21) [84] Pb(II)  [86]  

 

Masahiro Goto Fukiko Kubota Yuzo Baba

DODGAA

 [89] Figure 
1-22  

 
Figure 1-22. ŉ�ŤñƐƪƖ¬ĪƬǒǃŗY�'-ƞ(hĲİÂ�. 
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1-5-6.  

 2000  

( )

100°C  [94]

(NaCl)

Figure 1-24
r

 

 

Figure 1-24. $YóƜƮƱǞÔ�ƞ(hÃŏƊƦƠ´ÇÚgǡǋƳƷǞǢƄÎǡöĞǢƄƮƱǞÔ�
ǡ1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imideǢƌ�õƝ(ŭƒ
ƩÄh. 
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2003 Goto, Kubota, 

Nakashima

 [98]

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

hexafluorophosphate) CMPO

(Figure 1-25) [99]

n-dodecane

 

 

IL

IL (UCST)

(LCST) UCST LCST

 

 

Koen 

Binnemans

 

 (Figure 1-26) [100]

betainium bis(trifluoromethylsulfonyl)imide 

([Hbet][Tf2N]) betaine

Binnemans

3  [101]

Sn(II) Y(III) Sc(III) 3 1

  

 

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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2-1-2.  
PGMs

 [1]

PGMs

PGMs

Vale (Acton) (Figure 2-2)

 INCO PGMs

 

 

 
Figure 2-2. ValeǡActonǢǊǜƼƺƝƦƩŁśvƞ(ŭćħ. 
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Pd(II) > Pt(II) > Ru(III) >> Rh(III) > Ir(III) > Os(III) 

>> Ir(IV), Pt(IV) Rh(III)  [1] PGMs
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[MCl6]3– > [MCln–x(H2O)x]m–  [1]

Rh(III)
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Figure 2-4 PGMs
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Figure 2-4. PGMs ƞŰĩƛDśvƞ�'ƝŦƒƩĒļª©s. 
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2-1-3. (SnCl2)  
Rh(III) (SnCl2)

 [4–6] George P. Demopoulos Elyse Benguerel

1993 13  (ISEC’93)

 [4] 1 mol dm–3 SnCl2 Rh(III) Rh(I)

Sn(II) Sn(IV) Sn(II) Rh

(Figure 2-5) SnCl2

 

 

 
Figure 2-5. ^4ŞƞÖ/ƝƦƩ Rh(III)ƞlŚó�'. 
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2-1-4.  
[PtCl6]2–

[RhCl6]3–

tri-n-octylamine (TOA)

Rh(III)

 [1,3]

(Figure 
2-6)
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(Figure 2-7) [7–13]
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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.] 
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Hirokazu Narita

Rh(III)

(ACTA) (Figure 
2-8) [14–16]

N,N-

Rh(III)

Pd(II) Pt(IV)

Rh(III) 70–

90% TOA

Narita

[RhCl5(H2O)]2–

Narita ACTA

Pt(IV) Fe(III)  [17]

Rh(III)  [18]  

 

  

 
Figure 2-8. ƬǒǃJ´�ĊƬǒǞƝƦƩ Rh(III)ƞ�'. 
[Reprinted with permission from Inorg. Chem., 58, 
8720–8734 (2019). Copyright 2019 American Chemical 
Society.] 
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2-1-5.  
Rh(III)  

[19–33] 3

Rh(III)

 

2016

Nicolas Papaiconomou Isabelle 

Billard t

[P66614][Cl]

[P66614][Br] [P66614][DCA]

Rh(III)

 [25,33]

Goto Kubota

[P66614][Cl]

[P88812][Cl] PGMs

 [29,32] Figure 2-9
Rh(III) Billard [P66614][Br]

Rh(III) 1 mol dm–3 98.7% Rh(III)

 [25] Goto [P88812][Cl] [P66614][Cl]

PGMs  [29] (Cl–)

 [29]  

800 mPa•s  [29] n-dodecane 10 mPa•s

Rh(III)  

[19,22,24,26,28,31] Rh(III)

Table 
2-1 Figure 2-10  

  
                                                   
t Cytec Industries Inc. CYPHOS® IL

 

 
Figure 2-9. à~ŘƞǎƺǎǅƯǓYƮƱǞÔ�ƝƦƩ^
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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)  
Kazuya Matsumoto Rh(III)

Matsumoto 4-hexylaniline

Pt(IV), Pd(II), Rh(III) Rh(III)

(Figure 2-11) [34]

X X

(TG) X (XPS)

UV-vis

[RhCl6]3– anilinium

 = 1 6 3

p-phenylene diamine dihydrochloride [35]

m-phenylene diamine [36]

Rh(III)  

 

Tomoya Suzuki 3,3'-diaminobenzidine (DAB)

Pd(II), Pt(IV), 

Rh(III) Rh(III)

(Figure 2-12) 

[37] Suzuki X •

(XAFS) Rh

DAB DAB

DAB

DAB Cl– [RhCl6]3–

2

7–10 mol dm–3

[PtCl6]2– [PdCl4]2– DAB

[RhCl6]3–

 

 

  

 
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. 
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2-1-7.   
(Cl–)

PGMs

Rh(III) 3

2-ethylhexyl

Rh(III)

trihexyltetradecylphosphonium chloride ([P66614][Cl])

Rh(III)

Figure 2-13  

 

 

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

2-2-1.  
 

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.) 

 

 

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

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

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

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

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

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

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

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

 

 

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.) 

 

 

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

l RhCl3 3H2O (99.5%, Wako Pure Chemical Industries) 

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

 

Merck Millipore Milli-Q Integral 3

 

 

 

2-2-2.  
 [38–40]

(Scheme 2-1) 1H NMR (400 MHz) 31P NMR (162 MHz) (ECZ400S, 

JEOL) CHN  (Yanaco CHN CORDER MT-5, )  

 

 
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.  
2-ethylhexylamine triethylamine dichloromethane

acylchloride (1.0 eq) 3

0.1 mol dm–3 2 Milli-Q 5 200 cm3

dichloromethane Sodium sulfate, anhydrous

1 2  

 

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.  
di(2-ethylhexyl)amine triethylamine dichloromethane

acylchloride (1.1 eq) 3

0.1 M HCl 2 Milli-Q 5 200 cm3 dichloromethane

Sodium sulfate, anhydrous

3 4 5  

 

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.  
2 2-propanol N2 10

trialkylphosphine

(80°C, 300 rpm) TLC

dichloromethane

Milli-Q 5 200 cm3 dichloromethane Sodium sulfate, 

anhydrous  

 

[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.  
[P66614][Cl]

acetone tetrahydrofuran methanol 1-octanol n-hexane iso-octane n-dodecane

toluene dichloromethane chloroform 10 mM

1 25°C

 

 

 

2-2-4.  
[P66614][Cl]

toluene 1000 mg 

L–1

2.5 mL 30 vortex mixer

(NTS-4000BH, EYELA) 25°C, 160 rpm

Rh

P ICP (ICP-AES, Optima 8300, Perkin-Elmer)

E D Eqs 2-1, 2-2  

 

! =
#M,&',()(*−#M,&',,'	

#M,&',()(*
× 100   (Eq. 2-1) 

1 =
#M,&',()(*−#M,&',,'	

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

2-3-1.  
[P66614][Cl]

Table 2-2 acetone tetrahydrofuran methanol 1-octanol toluene dichloromethane

chloroform n-hexane iso-octane n-dodecane

[P66614][Cl] [2°C1P444][Cl] [2°C2P444][Cl]

[3°C2P444][Cl] [3°C3P444][Cl]

n-dodecane [3°C1P444][Cl] [3°C1P666][Cl] [3°C1P888][Cl] n-dodecane

[P66614][Cl]

toluene  

 
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.  
Rh(III)

Figure 2-14 Rh(III)

5 3

[P66614][Cl] [2°C2P444][Cl]

24

Rh(III) [2°C2P444][Cl] 4

7 [3°C2P444][Cl] [3°C3P444][Cl] 3

Rh(III) Rh(III)
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Rh(III)

3  

 

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

 

Rh(III) E D Table 2-3
[3°C1P888][Cl] [3°C1P444][Cl]

[P66614][Cl]

C1 C2 C3

Rh(III)

[3°C1P888][Cl] Rh(III)

Rh(III)  

 

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. 

0

20

40

60

80

100

0 8 16 24

E
[%

]

Time [h]

[3°C1P444][Cl]
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[3°C1P444][Cl]

[P66614][Cl]

[3°C2P444][Cl]

[2°C1P444][Cl]
[2°C2P444][Cl]

[3°C3P444][Cl]

[IL]org = 0.1 mol dm–3

[HCl]aq = 1.0 mol dm–3

[Rh]init = 0.1 mmol dm–3
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2-3-3.  
Rh(III) [3°C2P444][Cl]

[3°C1P888][Cl] [P66614][Cl] Rh(III)

0.5 mol dm–3 Figure 2-15
Rh(III)

(Cl–)

Cl– Rh(III)

Rh(III)

[RhCl4(H2O)2]– [RhCl5(H2O)]2– [RhCl6]3–

Rh(III) 0.2 3.0 mol dm–3

[3°C2P444][Cl] > [P66614][Cl] > [3°C1P888][Cl]

[3°C2P444][Cl] 1.0 mol dm–3 Rh(III)

98% 44 Rh(III)
u

Rh(III)

 

 

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

 

  

                                                   
u (SnCl2) Rh  

0

20

40

60

80

100

0.1 1 10

E
[%

]

[HCl] [mol dm–3]

[3°C2P444][Cl]

[P66614][Cl]

[3°C1P888][Cl][3°C1P888][Cl]

[P66614][Cl]

[3°C2P444][Cl]

0.3  0.5 2   3    5

Time: 3 weeks
[IL]org = 0.5 mol dm–3

[Rh]init = 0.1 mmol dm–3



Ą 2ă 
 
 
 

 
 
 
 53 

2-3-4.  
[3°C2P444][Cl] [P66614][Cl]

Rh(III) 1.0 mol dm–3

Figure 2-16(a)
Rh(III) 0.01 0.5 mol dm–3

[3°C2P444][Cl]

[P66614][Cl] Rh(III) [3°C2P444][Cl] 0.2 mol 

dm–3 Rh(III) 90%  

(log D) (log [IL])

Figure 2-16(b) log D – log [IL]

1.51 ([3°C2P444][Cl]) 1.43 ([P66614][Cl]) Rh(III)

1.5 Rh(III)

1 1 1 2 [3°C2P444][Cl]

[P66614][Cl] Rh(III) Eq 2-3 Eq 2-4 2

Rh(III)  

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. 

 

Aurora E. Clark DFT 1.0 mol dm–3

[Rh2Cl9]3–  [41]

Galit Levitin Gabriella Schmuckler 3 toluene
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y = 1.51 x + 2.09 
-4

-2

0

2

4

-5 -3 -1 1 3

lo
g 
D

[–
]

log [IL] [–]
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(b)

[3°C2P444][Cl]
[P66614][Cl]

Time: 3 weeks
[HCl]aq = 1.0 mol dm–3

1.5
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[RhCl5(H2O)]2– [Rh2Cl9]3–

 [42] ± N.G. Afzaletdinova

Rh(III) IR NMR

[Rh2Cl9]3–  [43]

[3°C2P444][Cl] [P66614][Cl] [Rh2Cl9]3–

Rh(III) 2 3

log D – log [IL] 1.5

Eq 2-5  

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

 

H+ Cl–

Rh(III) UV-vis FT-IR NMR MS EXAFS

•  
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2-4.  
 

“  

 

Rh(III)

Rh(III)  [P66614][Cl]

[3°C1P888][Cl] [3°C1P444][Cl] [P66614][Cl]

3 [3°C2P444][Cl]

1.0 mol dm–3 Rh(III) 0.2 mol dm–3

[3°C2P444][Cl] 90% 0.5 mol dm–3 [3°C2P444][Cl]

Rh(III) 98% 44 [3°C2P444][Cl]

Rh(III)

Rh(III)

“ 1.5

Rh(III) 1 1.5 [3°C2P444][Cl]  
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Sc

 [2–4] Sc

Ⅱ

 Al-Sc
w [5]

 

[6,7] Sc

 

 

                                                   
v Sc 1869 Dmitrii I. Mendeleev Mendeleev

“ 44 eka
1 1

Mendeleev 10 1879 Lars 
Fredrik Nilson Sc Scandinavia Scandium  [3]  
 
w (Al) 0.1–0.5% Sc Ⅱ

800°C Al
Sc

Sc
Al-Sc

 [3]  

 
Figure 3-1. ~UŶśvƞƮƱǞ6�ƛůÍũ��. 
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3-1-2.  
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Figure 3-3 1955  scandium  extraction
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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] 
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2013 K. Fujinaga Y. Komatsu G.W. Stevens

Phoslex DT-8 (di(2-ethylhexyl)dithiophoshate)

BOHTP (O,O-bis(2-ethylhexyl)hydrogenthiophoshate) Sc(III)

ZrO2+  [19]  

 

2014 M. Goto F. Kubota Y. Baba

N-[N,N-di(2-ethylhexyl)aminocarbonylmethyl]glycine 

(D2EHAG) Sc(III)  [22] Goto

D2EHAG

Sc(III)

(Figure 3-4)

D2EHAG pH Sc(III)

Sc(III)

kg

1970

PC-88A

 

 

 

3-1-4.   
Sc Fe(III), 

Ni(II), Al(III), Co(II), Mn(II), Cr(III), Ca(II), Mg(II) Sc(III)

 

D2EHAG pH Sc(III)

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

D2EHAG

pKa pH Sc(III)

Sc(III)

Sc(III)  

 

  

 
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.  
 

3-2-1.  
 

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.) 

 

 

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.) 

 

 

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

 

 

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)  

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

 

Figure 3-5  
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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.] 

 

pH  

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.) 

 

 

l Sc2(SO4)3 5H2O (99.9%, Mitsuwa Chemicals Co., Ltd.) 

l Fe2(SO4)3 nH2O (99.5%, Wako Pure Chemical Industries) 

l NiSO4 6H2O (99.0%, Kishida Chemical Co., Ltd.) 

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

l CoSO4 7H2O (99.0%, Kishida Chemical Co., Ltd.) 

l MnSO4 5H2O (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.) 
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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) 

 

Merck Millipore Milli-Q Integral 3

 

 

3-2-2.  
(Scheme 3-1) 1H 

NMR (300 MHz), 13C NMR (75.5 MHz) (AVANCE II 300, Bruker) CHN  

(Yanaco CHN CORDER MT-5, )  

 

 

Scheme 3-1. ƬǒǃŗY�'-ƞE�. 

 

3-2-2-1.  
di-2-ethylhexyl amine 0.2 mol (48.81 g) triethylamine 0.2 mol (20.38 g) dichloromethane

chloroacetyl chloride 0.22 mol (24.88 g) (2, 3

1 ) 3

0.1 M HCl 2 Milli-Q 5 200 cm3 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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Sodium sulfate, anhydrous

3  60.15 g  

 

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.  
D2EHAG kg

D2EHAS
bb  [36] D2EHAF

 

Sodium hydroxide 0.15 mol (6.0 g) methanol phenylalanine 

0.15 mol (24.8 g) 3 0.05 

mol (15.9 g) (60°C, 300 rpm)

TLC 15 dichloromethane

1.0 mol dm−3 H2SO4 Milli-Q 5

200 cm3 dichloromethane Sodium sulfate, anhydrous

D2EHAF  21.4 g  

 

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 2015 3 2017 2  
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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. pKa  
D2EHAG D2EHAF pKa G. Völgyi R.J. Warr

Y. Sasaki  [37–39]

(90:10, 80:20, 70:30; v/v) psKa

100 vol% pKa

cc 25°C (NTT-2200, EYELA)

(C-173, Kyoto Electronics Manufacturing) 1 mol L–

1 LiCl 0.02 M NaOH – 0.08 M NaCl

0.01 M D2EHAG D2EHAF 0.05 M HCl – 0.05 M NaCl  10 cm3

0.1 M NaCl 45 cm3 (AT-710S, Kyoto Electronics 

Manufacturing) psKa 3  

 

3-2-4. 1H-NMR  
1H-NMR D2EHAG D2EHAF

25, 50, 100 mM CDCl3 0.1 mol dm–3

0.1 mol dm–3 pH 3.36

5 cm3 30 vortex mixer

(NTS-4000BH, EYELA) 25°C, 160 rpm
1H NMR (400 MHz, ECZ400S, JEOL)  

 

  

                                                   
cc 5 mL
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3-2-5.  
n-dodecane

0.1 mol dm–3 0.1 mol dm–3

2

pH pH 5 M

pH

± (Job’s plot)dd [40,41]

Sc(III) 0.1 mol dm–3

0.1 mol dm–3 2

± 10 mmol dm–3 D2EHAG D2EHAF

Sc(III) pH (Job’s plot)

Sc(III) D2EHAG D2EHAF 50 mmol dm–3

Sc(III)

30 vortex mixer (NTS-4000BH, 

EYELA) 25°C, 160 rpm 3 (25°C, 3000 rpm)

pH pH (HM-30R, DKK-TOA)

ICP (ICP-AES, Optima 8300, Perkin-Elmer)

E D β S Eqs 3-1 ~ 3-3  

 

! =
#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) 

 

CM [mol m–3] org, aq, init, eq, strip

  
                                                   
 
dd Job’s plot 2

MCV (method of continuous variations)  
 

1928 Paul Job [Tl(NO3) + NH3 ⇄ H3N–Tl(NO3)] Tl(NO3) / NH3

Tl(NO3) XA UV XA = 0.5
1 1  [40]  

 
 

1:1 1:2 1:4

0 0.25 0.5 0.75 1

P

XA
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3-3.  
 

3-3-1. D2EHAG D2EHAF pKa  
D2EHAG D2EHAF

psKa Figure 3-6
pKa pKa1 pKa2 pKa

D2EHAG D2EHAF pKa1 2.89 2.74

D2EHAF

D2EHAG pKa D2EHAG

D2EHAF pKa2 8.25 7.86

pH 2.8 – 8  

 

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  
Versatic 10

 [42,43]

D2EHAG D2EHAF
1H-NMR  

β-diketone

0

2

4

6

8

10

0 20 40 60 80 100

p s
K

a

EtOH [vol%]

pKa1 (D2EHAG)

pKa2 (D2EHAG)

pKa1 (D2EHAF)

pKa2 (D2EHAF)

pKa1 (D2EHAG)

pKa2 (D2EHAG)

pKa1 (D2EHAF)

pKa2 (D2EHAF)

y = – 5.467 × 10–3 x + 8.245

y = – 6.767 × 10–3 x + 7.855

y = 1.100 × 10–3 x + 2.885

y = 2.033 × 10–3 x + 2.739

R
O

O H
R

O

OH

R
NR N O

OO H

H

Intermolecular dimerization

Intramolecular H-bonding
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1H-NMR

1H-NMR

 [44] D2EHAG D2EHAF 1H-NMR

Figure 3-7 -OH

 

 

 
Figure 3-7. 1H-NMR ƺǍƴǂǚƝ�ƉƩ�'-Ý�ƞ�ŲǡÚgǣCDCl3Ǣ. 

R
N

R

NH

O

O

O

H

R
N
R

HN

O

O

O

H

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Chemical Shift [ppm]

(a)

25 mM

50 mM

100 mM

R
N

R

NH

O

O

O

H

R
N
R

HN

O

O

O

H

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Chemical Shift [ppm]

(b)

25 mM

50 mM
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3-3-3. Sc(III)  
3  (D2EHAG, D2EHAS, DE2HAF)  (D2EHPA)

 (Versatic 10)  (TOPO) Sc(III)

Sc(III) pH Figure 3-8 D2EHAG

Sc(III) pH pH 2 D2EHAG

Sc(III) –  [22]

pH

 [1]

Hofmeister ee SO4
2– << Cl– < NO3

– < ClO4
–

D2EHAF D2EHAG

D2EHAG Sc(III) pH

pKa D2EHAG D2EHAF

pKa 2.89 2.74

pKa Sc(III)  

 

D2EHAS pH 3 Sc(III)

D2EHAG D2EHAS In(III)

Ga(III)  [43]

D2EHAG D2EHAF

D2EHAS Sc(III)

D2EHPA pH 0.5 Sc(III)

Sc(III) Versatic 10 TOPO

pH 3 6 23%  

 

0.5−5 mol dm–3 D2EHAG D2EHAF D2EHPA

Sc(III) Figure 3-9 Sc(III)

D2EHAG D2EHAF Sc(III) 0.5 mol dm–3

90% D2EHPA Sc(III)

0.5−5 mol dm–3 D2EHAG D2EHAF

Sc(III)  

 

                                                   
ee Hofmeister 1888

Franz Hofmeister  [45] Hofmeister
Hofmeister (anti-Hofmeister) Hofmeister

(non-Hofmeister)  
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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)  
D2EHAG D2EHAF Sc(III)

pH

Figure 3-10(a) 10 mmol dm–3 D2EHAG D2EHAF Sc(III)

pH log D – pH

0.98 (D2EHAG) 1.04 (D2EHAF) Sc(III)

1 Figure 3-10(b) pH 2.15 Sc(III)

3-3-2. D2EHAG

D2EHAF

[(HR)2] log D – log [(HR)2]

1.36 (D2EHAG) 1.39 (D2EHAF) Sc(III)

1.5 3  

 

Figure 3-10(c) Sc(III)

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

2–] –0.91 

(D2EHAG) –1.03 (D2EHAF)  [46]

Sc(III)–SO4  (Figure 3-10(d)) [SO4
2-] > 0.1 mol 

dm–3 Sc(III) [Sc(SO4)2]–

[Sc(SO4)2]– 1

 

 

Sc(III) ±

Job’s plot Figure 3-10(e) ±

Sc(III)

Sc(III) Sc(III)

3 1 Sc(III)

3 1.5

Figure 3-10(f) Job’s plot Sc(III)

Sc(III) “ 0.75

Sc(III) D2EHAG D2EHAF 1 3
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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.] 

 

[SO4
2-] > 0.1 mol dm–3 D2EHAG D2EHAF Sc(III)

Eq 3-4  

Sc(SO6)=7 + 1.5(HR)=:::::::: ⇌ Sc(SO6)R(HR)=:::::::::::::::::::: + HQ + SO6=7   (Eq 3-4) 

Kex

Kex Eq 3-5  

RST =
UScVSO4XRVHRX2YZH

+
[\SO4

2–
^

\ScVSO4X2
–
^UVHRX2Y

1.5      (Eq. 3-5) 

Sc(III) D Eq 3-6  

0
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]
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1 =
UScVSO4XRVHRX2Y

_Sc(III)a =
UScVSO4XRVHRX2Y

\ScVSO4X2
–
^

× b=    (Eq. 3-6) 

Eq 3-6 α2 Sc(SO4)2
– Eq 3-7  

b= =
c2\SO4

2–
^
2

1+∑ c(\SO4
2–
^
(

2
(=1

 (i = 1–2)     (Eq. 3-7) 

Sc(III) SO4
2– β β1 = 104.04 (mol dm–3)–1, β2 = 105.70 

(mol dm–3)–2  [46] Sc(III) HSO4
– SO4

2–

 

_(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) 

Ka = [H+][SO4
2–]/[HSO4

–] = 1.02 × 10–2 [mol dm–3]  [47] 0

 

Eqs 3-5 ~ 3-10 Eq 3-11  

log 1 = log l
UVHRX2Y0

1.5
b2(Ra+ZH+[)

RaZH+[\SO4
2–
^
0

m+ log RST    (Eq. 3-11) 

 

Figure 3-11 Eq 3-11
0.95 (D2EHAG) 1.02 (D2EHAF) Sc(III)

Eq 3-11
D2EHAG D2EHAF Sc(III) Kex 4.87 

[(mol dm–3)0.5] 9.99 [(mol dm–3)0.5]
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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)  
D2EHAG D2EHAF Sc(III)

Fe(III) Ni(II) Al(III) Co(II) Mn(II) Cr(III) Ca(II) Mg(II) 8

Sc(III)

Sc(III) Figure 3-12 50 mmol dm–3 D2EHAG

D2EHAF n-dodecane 0.1 mol dm–3 H2SO4/(NH4)2SO4

pH D2EHAG Sc(III) ≈ Fe(III) > 

Ni(II) > Cr(III) > Co(II) > Al(III) >> Mn(II) ≈ Ca(II) ≈ Mg(II) D2EHAF

Sc(III) ≈ Fe(III) > Ni(II) > Co(II) > Al(III) >> Cr(III) ≈ Mn(II) ≈ Ca(II) ≈ Mg(II)

pH = 2 Sc(III) Al(III)

Co(II) Mn(II) Cr(III) Ca(II) Mg(II) 10% pH = 1.5

Sc(III) 80% Ni(II) 10%

Sc(III)

Fe(III) Sc(III) Sc(III)

Fe(III) Sc(III) Fe(III)

ΔH0
hyd,Sc(III) = –3897 kJ mol–1; ΔH0

hyd,Fe(III) = –4430 kJ mol–1 [48,49] Sc(III)

Fe(III)  [13,24,27,31,49]

Fe(III)  [50] Fe(II)

 [13,27] Fe(II) Fe(III)

Sc(III)  [13,27]

-4

-2

0

2

4

-4 -2 0 2 4

lo
g 
D

log ([(HR)2]01.5 α2(Ka+[H+]) / Ka[H+][SO42–]0) 
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1
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 [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.] 

 

3-3-6. D2EHAG D2EHAF Sc(III) Fe(III)  
D2EHAG D2EHAF Sc(III) Fe(III)

D2EHAG D2EHAF Sc(III)

Fe(III) D2EHAF

Fe(III) Sc(III)

(Figure 3-13) D2EHAF
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Fe(III)

Sc(III) Fe(III)

Fe(III) kex 1.6 × 102 s–

1 Sc(III) 5.0 × 107 s–1 Sc(III) 30 25 °C

[52] Fe(III)

 [53,54] (Y(III)) Fe(III)

 [55] (polymer inclusion membrane: 

PIM) (UO2
2+) Fe(III)  [56]

D2EHAF PIM Sc(III) Fe(III)

PIM Sc(III)  

 

 
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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Figure 4-1. 1996��ŧƞƂPolymer Inclusion Membrane(s)ƃƝŦŐƑƖļª©ƞ¡ÿii. 
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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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(R = 2-ethylhexyl)

N
H

O
P
O

R
NR O

N

OO
R

R

(R = n-octyl)
TODGA

R
NR O

N

OO
R

R

(R = n-octyl)
TODGA



Ą 4ă 
 
 
 

 
 
 
 98 

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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O
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R
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(S, N )

3 -

PIM

(O

) β-diketone

 

 

4-1-3. PIM  

PIM Sc

PIM Sc

 [49,63] 1989

 

Masaaki Sugiura

β-diketone

PIM Sc(III)

(Figure 4-5) 

[49] Sc(III)

 

 

Masahiro Goto PC-88A Versatic 10

PIM Sc(III)  [63]

PIM

Sc(III) 2

Sc(III) (Fe) (Ni)

Sc

D2EHAG D2EHAF PIM Sc(III)

  

 

Figure 4-5. PIMƝƦƩ Sc(III)ƛ La(III)ƞĚŇŊ. 
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4-1-4. PIM  
PIM SLM PIM

Duo Wang FT-IR GC-MS

 [10]  

PIM

Spas D. Kolev 2011 Kolev Robert W. Cattrall PVC PIM

 [68] 2012 Kolev Shigehiro 

Kagaya Aliquat 336 poly(vinyl chloride) (PVC) PIM

 [69]

2016 Cyphos IL 104

PVDF-HFP PIM

 [39] Kolev PVDF-HFP poly(ethylene- 

glycol)dimethacrylate (PEG-DMA) PIM

(Figure 4-6) [70] PIM thiocyanate

5  

 

 

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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O O
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(b) UV 

Crosslinking reaction of PEG-DMA Robert W. Cattrall
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PIM

PIM

 

 

4-1-5.   
Sc D2EHAG

D2EHAF

PIM Sc(III)

Sc(III) PIM  [49,63]

HTTA PC-88A D2EHAG D2EHAF

PIM

Figure 4-7  

 

 

Figure 4-7. ¶øĂƞÂ�Q. 
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4-2.  
 

4-2-1.  
PIM  

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) 3  

 

Figure 4-8  

 

 

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.] 

 

pH  

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
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F F
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N N
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OHO
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l Sc2(SO4)3 5H2O (99.9%, Mitsuwa Chemicals Co., Ltd.) 

l Y(NO3)3 6H2O (99.9%, Kishida Chemical Co., Ltd.) 

l La(NO3)3 6H2O (99.9%, Kishida Chemical Co., Ltd.) 

l Nd(NO3)3 6H2O (99.9%, Kishida Chemical Co., Ltd.) 

l Dy(NO3)3 5H2O (99.9%, Kishida Chemical Co., Ltd.) 

l Fe2(SO4)3 nH2O (99.5%, Wako Pure Chemical Industries) 

l NiSO4 6H2O (99.0%, Kishida Chemical Co., Ltd.) 

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

l CoSO4 7H2O (99.0%, Kishida Chemical Co., Ltd.) 

l MnSO4 5H2O (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.) 

 

 

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) 

 

Merck Millipore Milli-Q Integral 3
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4-2-2. PIM  
PIM PIM Figure 4-9

4-2-1
200, 300, 400 mg 10 cm3 dichloromethane

7.5 cm

24 

dichloromethane PIM PIM

PIM

10 ± (MDC-25MX, Mitutoyo)

PIM 23 ± 5 78 ± 5 µm PIM
jj θ/2 kk [9] (Nichipet EX , Nichiryo)

PIM 3 µL (Smart 

Contact Mobile Entry 2, Excimer) PIM 5

 

 
Figure 4-9. Ÿ(h3 Ě(PIM)ƞĻħƺƳǠǓ. 
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4-2-3.   
PIM

Sc(III) PIM 0.1 ± 0.01 g

Sc(III) 0.1 mol L−1 0.1 mol L−1 

0.1 mmol L−1 Sc(III) 2

pH PIM 50 cm3 (NTS-4000BH, 

EYELA) 25 ± 0.5oC, 60 rpm pH pH

(HM-30R, DKK-TOA) 1 cm3

(ICP-AES, Optima 8300, 

Perkin-Elmer)  

 

PIM (Eq. 4-1)  

n) o
pq,r
s

	

pq,rtu
s v = −wxy*    (Eq. 4-1) 

t (h) #z,{|e
}   #z,{

} t = 0 t > 0 (mol 

m–3) kex (h–1) kex t

ln(#z,{
} /#z,{|e

} )  

 

Sc(III) PIM

0.5 mol dm–3 50 cm3 25 0.5oC, 

60 rpm 24 1 cm3  

ICP-AES  

 

S (%) kb-ex (h–1) Eqs 4-2, 4-3
 

E = pq,r
~

pq,�Äq
× 100    (Eq. 4-2) 

n) Å1 − pq,r
~

pq,�Äq
Ç = −wÉ7xy*   (Eq. 4-3) 

#z,{Ñ  t > 0 (mol m–3) #z,ÖÜz
PIM (mol m–3)  

 

PIM PIM 24

PIM (CPA224S, Sartorius)

PIM  
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4-2-4.  

(PERMCELL KH-55P, Vidrex) (Figure 4-10)

PIM 45 mm 2

50 cm3 PIM 25.0 mm

4.9×10–4 m2 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) 0.1 mol L−1 0.1 

mol L−1 0.1 mmol L−1

2 pH 3.0 0.5 mol L−1

(RO 15, IKA) ( , 10 

mm, 8 mm, AS ONE) 1200 rpm

(NCB-1200, EYELA) 25.0 ± 0.5

1 cm3 pH pH

ICP-AES  

 

 

Figure 4-10. ĚŌőmŷĦĖƞÂïQ. 
[Reprinted with permission from ACS Omega, 4, 21122–21130 (2019). Copyright 2019 American 
Chemical Society.] 

 

PIM (Eq. 
4-1) P (m h–1) J0 (mol m–2 s–1)

RF (%) Eqs 4-4 ~ 4-6  

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
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çé = pq,r
~

pq,rtu
s × 100    (Eq. 4-6) 

V (m3) A (m2)  

 

PIM – Deff (m2 s–1)  [56,71]

Eq. 4-7  

1xèè =
êë

í{ìîï
    (Eq. 4-7) 

L PIM tlag  
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4-3.  
 

4-3-1. PIM Sc(III)   
CTA PIM Sc(III) PIM

PIM HTTA PC-88A D2EHAG D2EHAF pKa

Table 4-3  

 
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 

 

40 wt% HTTA D2EHAG D2EHAF 30 wt% PC-88A

PIM • PIM Table 4-4 PC-88A 40 wt%

PIM D2EHAG

PIM Baba Co(II)  [74]  

 

PIM Sc(III) pH Figure 4-11 pH 3.0

Sc(III) Figure 4-12(a) Sc(III)

pH 3.0 D2EHAG

D2EHAF PIM Sc(III) pH pH

pH 3.0 24

Sc(III) 80% PIM HTTA PIM

Sc(III) pKa

PC-88A PIM pH 1.0 – 3.0 Sc(III)

PIM Sc(III) Kinetic plots (Figure 4-12(b))
kex Table 4-4  
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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 

 

PIM Sc(III) 0.5 

mol L−1 Sc(III) CTA

Figure 4-13
0.5 mol L−1 D2EHAG D2EHAF PIM Sc(III)

PC-88A PIM Sc(III)

0.5 mol L−1 PIM

PIM

Sc(III)

D2EHAG D2EHAF Sc(III) PIM

 

 
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  
PIM 1

 [3,39] PIM

PIM

D2EHAG D2EHAF PIM

Y.Y.N. Bonggotgetsakul

 / 5

 [39]  

 

D2EHAG D2EHAF PIM Figure 4-14
Figure 4-14(a) D2EHAG PIM

D2EHAF PIM

5

(Figure 4-14(b)) Figure 4-14(c)
D2EHAG PIM 2

D2EHAF PIM

(Figure 4-14(d))
D2EHAF PIM D2EHAG PIM

Table 4-5
kex 1 kb-ex ln(#z,{

} /#z,{|e
} ) ln(1–#z,{Ñ /#z,ÖÜz)
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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 

 

PIM Figure 4-15
PIM (m) PIM (m0) Figure 4-15

 [63] Sc(III)

4 wt% PC-88A 36 wt% Versatic 10 20 wt% CTA 40 wt% DOP

PIM D2EHAG PC-88A Versatic 10

1 PIM PC-88A

Versatic 10 PIM D2EHAG PIM 2

(Figure 4-16)

 [10,39] D2EHAF

D2EHAG PC-88A Versatic 10

PIM 5 PIM 90 %
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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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PIM PIM (CTA 100 

wt%) PIM (CTA 70 wt%: 2NPOE 30 wt%) PIM 

(D2EHAG D2EHAF 40 wt%: CTA 30 wt%: 2NPOE 30 wt%) PIM

(Figure 4-17) 59.5° 65.7° 32.6° 50.2°

PIM D2EHAF PIM D2EHAG

PIM PIM

 [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.] 

 

4-3-3. Sc(III)   
D2EHAG D2EHAF PIM Sc(III) Y(III) La(III) Nd(III) Dy(III)

Figure 4-18 PIM

Sc(III) D2EHAG 1.6

(Figure 4-18(a)) D2EHAF 5.7 (Figure 4-18(b)) Sc(III)
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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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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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Sc(III) tlag Figure 4-20
x Eq. 7 Sc(III)–D2EHAG Sc(III)–D2EHAF

Deff Table 4-7 Sc(III)–D2EHAG Deff

Sc(III)–D2EHAF Wilke-Chang  [74]

 

 

 
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 
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4-3-4. D2EHAF PIM Sc(III)  
3

Sc(III) Fe(III) D2EHAF

Sc(III) Fe(III) (Figure 3-12)

Fe(III)  [77,78] Fe(III) Y(III) Sc(III)

 [79] PIM UO2
2+ Fe(III)

 [80] D2EHAF

PIM Fe(III) Sc(III)

D2EHAF PIM Sc(III) Fe(III), Ni(II), Al(III), Co(II), Mn(II), 

Cr(III), Ca(II), Mg(II)  

 

Figure 4-21(a) 40 wt% D2EHAF 30 wt% CTA 30 wt% 2NPOE PIM

Sc(III)

Sc(III) Fe(III)

Sc(III) Fe(III)

96 Sc(III) Fe(III)

94% 32% k ln(#z,{
} /#z,{|e

} )

(Figure 4-21(b)) D2EHAG D2EHAF

PIM Sc(III) k J0 Sc(III)

J0 Table 4-8 D2EHAF

PIM

Sc(III)  
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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)ƛƞśvƮƱǞƞŎ�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. 

 

PIM PIM

PIM  [54,81]

3 PIM / Sc(III)

D2EHAF PIM Sc(III)

Figure 4-22  

 

 

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.  
D2EHAF PIM (D2EHAF 40 wt%: CTA 30 wt%: 2NPOE 30 wt%) Sc(III)

PIM 200

300 400 mg 23 ± 5 38 ± 6 54 ± 4 µm PIM Figure 
4-23(a) PIM Sc(III) Kinetic plots Kinetic plots

k P J0,Sc Table 4-9
J0,Sc Figure 4-23(b) Sc(III)

J0,Sc

SLM  [54] D2EHAF PIM Sc(III)

D2EHAF Sc(III)

PIM Sc(III)  

 

 
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 
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4-4.  
2  

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 
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