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Fig. 1 Ionic liquids used in this study

[bmim][PFs] : 1-butyl-3-methylimidazolium hexafluorophosphate ; [pmim][PF;] : 1-pentyl-
3-methylimidazolium hexafluorophosphate ; [hmim] [PFs] : 1-hexyl-3-methylimidazolium
hexafluorophosphate ; [omim][PFs] : 1-octyl-3-methylimidazolium hexafluorophosphate ;
[bmim] [TF,N] : 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ;
[hmim][TF,N] : 1-hexyl-3-methylimidazolium bis (trifluoromethanesulfonyl)imide ;
[omim][TF,N] : l-octyl-3-methylimidazolium bis (trifluoromethanesulfonyl) imide
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Fig. 2 Chelate extractants used in this study

Htta : 2-thenoyltrifluoroacetone ; Hbfa : benzoyltrifluoroacetone, Hnta : 2-naphtoyltrifluoro-
acetone ; Htaa : trifluoroacetylacetone ; Hq : 8-hydroxyquinoline ; HClq : 5-chloro-8-hydroxy-
quinoline ; HClyq : 5,7-dichloro-8-hydroxyquinoline ; HNOyq : 8-hydroxy-5-nitroquinoline ;
H(C;Hy7)sq : 8-(p-toluenesulfonamido) quinoline ; H(CHs)sq : 8-(methanesulfonamido) quino-
line ; H(CFs)sq : 8-(trifluoromethanesulfonamido) quinoline
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Fig. 3 Plots of the extracted ratios (%E) for some
divalent metal cations as a function of the aqueous
phase pH in Htta system49)

Initial Htta concentration in extraction phase : 1 X
102 mol dm * ; Extraction phase : (a) [bmim][PF;],
(b) chloroform ; Sample : O Mn**, & Co™", & Ni*”,
Hcy'', @7zn’' [JCd*", @ Pb"

KAGAKU Vol. 57 (2008)

5 BT b rERIBMANCH 2 21MiER SR A 4
YDA F UHAF L — MR Y

5:1 Htta—[bmim][PF;] R (- & 2 E# &

RRFEWN L - 11l 2 EF L — MK TH B 2-7 7 AV MY
JhFu7t by (Hua) ZHW, 2li&EA + > (M7,
M =Mn, Co, Ni, Cu, Zn, Cd, Pb) ® [bmim][PFs]
A T 572, Hua %% 1 X 10 *moldm > & L7z
LEDOKE|A L v OMBERE, oAt v
P& EHITFg 3IIRT. ZuuRVADYE, IO
ST ERMICHBIRZ 572013 Cd®", PP OATH
572D L, [bmim][PFs] TEME L72T_TOEEA
F U ERNICHMBITRETH - 2. T 7,
HNO; & /2l TR A + v O EREILATET
HY, A+ AEFL— MILROFHEO—DOAMER S
iz (KL TRAT MO A4 F 2k L — MR
RTIIBWT, FEDOERYEIATHRETH - 72).

bR % P % 72012, log D % KM O pH L T
Hita DR EOFHOBK LT T a0y 2 ilAhi.
Ni*", Zn* IZOWVTORREEPIE LT Fig. 41733, Nit’
TIEMT ey b BEHEH 2 OEMIMESNT-DIHL,
In " TIIMEEN S OB E RoTWAE. B, Cd*', P’
FNPTE, T4 MY, Cot, Cd¥TiE Zn®T L AR ZEE)
ZRL7Z. ZhEh, N, ool P oI ER
D M(ta), TH Y, Mn®', Co°", Zn*", Cd** D
AL 7 = F Y EORALEIFISEA M(tta); TH B 2 L AT
RENT-.

EIZ, FBAHIC 1 X 10 P moldm > D b V-t 7 F Lk
AT 4 vAFYE (topo) ZIAESIETHIMEIT o712 L
ZhH, BEOERANERLEIIELY, TRTOERA 4
T RO 2K, EMICEHICHET 288 A +
VHBRBEOWRIER SN o E,S, NNk

1 mol dm™*®

15 7
(a) ’
10} o
o °
8') 1
~o05}) ’
oo 1 1 , 1
35 40 45 50
pH

55 3.0 -25 -20

log C(Htta)( e)

-1.5

Fig. 4 Plots of the logarithmic distribution ratios (log D) for some divalent metal cations as
a function of the aqueous phase pH (a) and those of the logarithmic initial concentration of
Htta {log C(Htta) .} (b) in Htta—[bmim][PFs] system™”

Sample : A Ni*", @ Zn®" ; Initial Htta concentration in extraction phase on (a): 1 X 10 *
mol dm° ; Aqueous phase pH on (b): 4.8 for Ni*" and 4.9 for Zn®" ; Slope of line : 2 for
solid line and 3 for broken line (The lines were drawn using least squares fitting).
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Determined log K., and log K.,' values for divalent metal cations in Htta—ionic liquid systems (25C)

Extraction phase

Cation
[bmim][PFe]*  [pmim][PFs]  [hmim][PFs]* [omim][PFs]* [bmim][THN]T [hmim][TEN]T [omim] [THN]
log Ko«
Ni** -3.95%0.11 -4.17%0.04 —4.35%0.06 -4.37%£0.09 ca.—50~—-45"
cu®” —-0.62+0.07 -1.06%0.20 -1.31%0.10 —1.44%0.01 -1.32+0.03 —-1.832+0.04 -1.19%+0.03
Pb** -6.77%0.11 —-6.44%0.10 —4.94%0.15 -6.37%£0.12 — — —
log K.'
Mn®* -9.14+0.08 —8.56+0.04 —7.92+0.05 -7.20%0.27 —8.94+0.10 —8.51+0.04 —-7.95+0.05
Co** -6.95+0.11 —-6.14%+0.06 —-6.00+0.05 —-5.62+0.22 —-7.06+0.06 -6.71+0.05 —-5.87+0.07
Ni** ca.— 6" —5.54%0.14 —4.93+0.09
Zn*" -8.19+0.10 -7.89%0.02 -7.14+0.11 -6.83+0.05 —-8.07+0.04 -7.56+0.03 —-7.03+0.08
cd®™ —10.50%0.08 -9.72+0.08 -9.10+0.06 -886+0.16 —10.29%0.06 —-9.68+0.07 -9.36+0.10
a) Estimated value™ ; b) Not examined
M(tta),(topo), 1d A & Y BARICHETH 5 2 L AVR S N, b, FhWz,
R AR RS AR M (tta) 2 (Ho0), TH 5 Z & DD
bz, Fio, A F VBT TR RO RPN D3 K. = K,[X 1o/[X"]
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log K.« = log D — 2pH — 2log [HL] (6)
log K..' = log D —3pH — 3log [HL] (7)

EERTE, T — 7 h oINS ERMERD B Z L8
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BOTNE MR, 74 CHEOW I TEA I
ENTVBEIEWRENED 0, ZHIZOWTIZERD
HEFHEAIRRLTH 5.

[RI[PF;] RO E M CEM A LB T 5 &, W EFEATH
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WBRDOIR L, T4 MBS S M, Co',
Zn*", Cd*" Tl log K., DA DAL %2> TnB T &
Wb, Fiz, T=F YHIICOWTI [R][TEN] R TH
RO AR IR T WD (P DWW TIZHE S T
fEIRTE TWnipw).,

IS LT F W3 AFNA I FTV) T RO AL F Vi
RTIE, -7 IVFVEOEEIE T I ON TKOBMHEEDS
WAT B EENTWEY. BEIIZ TS, [bmim][PF],
[omim] [PF;] &N ZHA~DKOEREEIE 2.30 wi%™, 1.3
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Table 2 Determined log K., and log K.,' values for divalent metal cations
in B-diketone—[bmim][PF,] systems (25C)
Extractant
Cation - . .
Htta” Hbfa™” Hnta™" Htaa™"
log Ko\
Co*" —4.54%0.05 N. 1Y
Ni** -3.95%0.11 -4.30%0.14 -5.26%0.05 N.D.”
cu*’ -0.62+0.07 —0.66+0.11 -0.64%0.11 -1.81%0.15
Pb2* -6.77%0.11 -6.63%0.10 -6.31%0.05 N. L
log K.'
Mn** -9.14%0.08 -9.07%0.06 -9.01%0.10 N. L
Co™* -6.95%0.11 -7.01%0.24 N. L
Zn*" -8.19+0.10 —7.99+0.10 —7.92+0.05 N. L
cd®” -1050+0.08  —10.50%0.06  —10.25%0.05 N. L
a) Not identified because of its low extractability ; b) Not determined because of its
low recovery
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Fig. 5 Plots of the % E values for some divalent metal
cations as a function of the aqueous phase pH in Hq
system””

Initial Hq concentration in extraction phase : 1 X 10~°
mol dm " * ; Extraction phase : (a) [bmim][PFs], (b)
chloroform ; Sample : A Ni2+, H Cu2+, ® /" ; U
cd*”
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7z, AN X 2O ZEAES, Hnta Z W2 5E50
COoT UM TR O NGzl b, ERREICHEL
THFET A MY 7)vFa XA FVEDRT =4 Y FORELIC
BALPDEGE LTS E W) WREEAIVRIE S .

6 S rFaFI ¥ /) vyFEREMBAIZHNS 2
MEBEEA + > D4+ VEF L — MliHR>

CIHRHRFEM R -1l 2 FEF L — Milii#ITH S Hq &, &
PGB A X ) B 2 S sEOFERE 2T,
2@ A A+ > (M*", M=Ni, Cu, Zn, Cd) ? [bmim][PF]
MO8 & 7. HqiE% 110" mol dm ™’
ELLEDOKEREA 4 v oOMBl#RE, 7ok ag
w736 L &I Fig. 5IRT. BB, Co° I T
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Mol Hq ROBED Hua ROYLED L HIZ, Zunask
VM SN H o 72 Zn® TR Cd*T A% [bmim] [PFs]
M S, F 72 N oMM RIEIC R L7z,

log D % KM@ pH L U Hq O WEE DX OB L §
570y bERAL GO, IOV TORREER &
LT Fig. 67”7, Htta ROPHEIERL Y, Hq AT
FTRTCOEBA T VIOV THER 2 OEHRIE SN
Thbb, MBFEIELYICHED M(q)y TH 5. Zn*"
R Cd OYE, WEOFRIEEEE V2 MR Tl R
£ Hq 4 T CHCOHMEEE M(q)(Hq), & LTHIE S

pH log C(Hq)(e)

-1.0 I ) 1 i
55 60 65 7.0 40 -3.5 -3.0 -25

pH log C(Ha)

Fig. 6 Plots of the log D values for some divalent
metal cations as a function of the aqueous phase pH
(a,b) and those of the logarithmic initial concentration
of Hq (log C(Hq))) (c,d) in Hq—[bmim][PFs] system
Sample : l Cu*’, @ Zn*" ; Initial Hq concentration
in extraction phase on (a) and (b): 1 X 10~* mol
dm™?; Aqueous phase pH on (c) and (d): 3.5 for cu*’
(c) and 6.5 for Zn*" (d); Slope of line : 2 (The lines
were drawn using least squares fitting).
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52 EDRHSNTVSY25, [bmim] [PF,] 5 TIEELA A
A OKFD $5K M(q)o(H0), BREICHH SN B Z &8
RENT FEEE A1 X 107 mol dm ™ @ topo %
LT 24757225, Ha Z W 2E L FH
BOMHA T A Sz,

[bmim][PFs] Z HIAHAERE & L C, Hq RUEOFHEMR
TO2fli®E A 4 > OB ZEH 2B L7z, EHRLALT
TORTHIAE IR SR TH 72, K(6) 2HWTH
5MN7z log K., Pfii% Table 3IZ/RF. S/ Hq i
AR OB Hq < HClq < HClyq < HNOoq DJEIZ 7% -
THEDY, HiHH O IER S 5 M e OB K A%
b7z, LALZO—)T, BUEEOZEITHMEEICHE
ERIZE W EHATRIBEI N

7 8ANKYT INF ) Y FHHARE AN 2
2 i BREIHA A+ > DA F fkF L — MR

ERORERERE A, A F VR L — MIRICBT
BHIHA LSS & i e BB ERETT 5720, 8-A
VARYT I FF Y YFEA (HRsq) ORI MG L7
AWK Y7 I FE (-NH-SO,-) 17 =/ — i -OH %
BEOBIEZAET Y L2Mb5NTEY, HRsq &
Hq EBEREICEM L5 L— Ml#IE 25, L2 d,
N FF— BT 2 2k = MDA L Y, A
MABIRIEERTH - THEEIHEIICIINTE 27,
WIORMER LTV 5.

SHEOFEMRE VT, 2li&EA+ > M ;M=
Co, Cu, Zn, Cd) O [bmim][PFs] -~ %8 %
N7z HHAIEEE 1X10 P moldm P & L7z EDK4:
JBAF v OB E Fig. 7CRT. B, NiTTIIow
TId, HRsq RIZHBT 2 M ICRIFN %5 27720
M2 OB L T2, M 3505 Tlddmb
Nhehoiz.

Jilt 4 71 o> B B D 1T Hd H(CHs)sq < H(CFs)sq O B 4%
WHDHA, P)TNFBAFNVIEZIAFVEI)IEE
. AR NVIEITHEEZ RIT L TR OB AR REE
2Rl &Y. EE SRA L oMbz on Tk
H(CHs)sq > H(CFs)sq DR & e o7z, LA L, BFIREGE
WZ kL, CATIEDWTIZHHEEICRE R BRSO R

Table 3 Determined log K. values for divalent metal cations in Hq
derivative— [bmim] [PF;] systems (25C)
Extractant
Cation
Hgq HClq HClyq HNO.q

Ni** —-3.84%+0.16 -3.22+0.21 -1.79%0.25 —-0.75%0.18
Cu’” -0.23%0.04 1.06 = 0.09 3.06+0.03 >4
Zn*" —-6.77+0.11 —6.09%£0.19 —3.27+0.06 —1.45%£0.10
ca*t —9.15%£0.10 —8.16%=0.03 —490=*0.13 -3.27%£0.10
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Fig. 7 Plots of the % E values for some divalent metal
cations as a function of the aqueous phase pH in 8-sul-
fonamidoquinoline derivative—[bmim | [PF¢] systemsﬂ)

Initial extractant concentration in extraction phase :
1 X 10 * mol dm™?; Extractant : (a) H(C;H;)sq ; (b)
H(CHy)sq ; (c) H(CFy)sq; Sample : <O co’, B cu’,
@ Zn*’, []Ca*”

irol, 22T, MbHEoOPREERAILI A, 12ITT
RTCOYGETHMAM &L FE S 725, H(CFy)sq RITBIT
% Cd*" DARDT =F Y CA[(CFs)sqls TH 5 Z & 2R
ah/. K(6), (7) 2HWTHE LN log K. KT log
K. Ofi% Table 4 2R, CI M Lo £RE A +
YEDBHAANKEL, T oM s EMRE T
% L EOVARBEENMMMITNS L 22720, MY Tk
O XA FIVEDFIIZ L BT =F VHOREILIEIREERL
bDEEZOLNS.

SBRA F Y HMERE L CoRATERESRE S hTw
B4 F ViR, AFF VB IFTV) T aERA L,
BT = VIZT v ERET AT ADOIITIITRES T

HEV)DONBIKRTHL (727201, 7vFEEEEhVA
F 2 WAROFI T RENE 2 RIE S B S b UL S h ™),
CDEIBEAF VHAKTIZ, HFFDALIFTVY AR
LOKRFRFET=A YRED T v TR & OBIKER
EPHREENTUDEZERHONRTVWEYY, Lidis
T, ORI EMHBEFEE LOBRSEUL, 14>
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Table 4 Determined log K., and log K.,' values for
divalent metal cations in 8-sulfonamidoquin-
oline derivative—[bmim][PF;] systems (25C)
Extractant
Cation N .
H(CH;)sq™ H(CH3)sq™ H(CF,)sq™
log K.«
Co™* —7.54%0.18 —5.00%=0.23 —7.56+0.22
cu®’ 0.83%=0.14 0.18+0.13 —0.40*=0.28
Zn*" —4.35%0.12 —4.63%+0.04 —6.19%+0.09
Cd®** —6.84%0.03 —7.74%0.19
log K.
cd* —10.03£0.28

WAk (BBIZIEA I V) T8I F Uik FF+ ) 1
T BEOCBEMEZERSELRIO TRV E BT
&L, AP T v RETFE2EL I AT =4 LR
OIS L 13 E 212 w2s, HRIERT5—20
SEThbrI LI T ELONS.
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D, BEEHTTIE7 =4 VFLn(tta), & LTHIH S
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DX YA X EART SRR T2 I sE 5 2
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MWOMESHERREEZFEHRLL)I LI T VLT PO TIC
B2 i 2 7o TH Y, HTOFHIEREZHETWY
5.

1 X 10 *mol dm ~* Htta B4 T [bmim][TN] A~ Ln®**
(Ln =La, Eu, Lu) %l L-BEoimlit#i % Fig. 8 (a)
12, 1%10 *moldm *Htta & 1 X 10 *mol dm ° 182 5
7 Y-6(18C6) & & IAF S A oMM % Fig. 8 (b)
WRT. THLETH2EC RESGTLTH S Lu’ »718C6
DWBERZILEALEZF TRV L, BALo L
13 18C6 12 & W BHE RMHTEOW AR EZ R Lz, ZOHLRE
R BRI 2 V72 A o vk R RTY S LT
Wb, ORI S HROMETH 575, La’ ik

La®" +2Htta, + 18C6,., + bmim ",

— La(tta)s(18C6) ", +2H " +bmim " (8)
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Fig. 8 Plots of the % E values for trivalent lanthanoid

cations as a function of the aqueous phase pH in Htta—

[bmim][Tf,N] (a) and Htta—18C6—[bmim][Tf,N] sys-
54)

tems

Initial Htta and 18C6 {for (b)} concentration in extrac-
tion phase : 1 X 10 *mol dm °; Sample : O La’", []
Fu'’, @ Lu®*

La®" + Htta, + 18C6, + 2bmim "
— La(tta) (18C6)*" ,, +H " +2bmim " (9)
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An “ionic liquid chelate extraction system”, which is a novel liquid-liquid extraction method
for the extractive separation of metal cations into the ionic liquid extraction phase with a chelate
extractant, was investigated mainly from the point of difference from a normal chelate extraction
system using a volatile organic solvent as the extraction phase. In this system, the extracted met-
als are easily recoverd by using back-extraction into an acidic solution. In the extraction of diva-
lent metal cations (M*") with 2-thenoyltrifluoroacetone (Htta) (or other B-diketone having tri-
fluoromethyl group), some metals were extracted into the 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PFs]) extraction phase as coordination-unsaturated (hydrated)
neutral complexes (M(tta),(H0O),), whereas others were extracted as coordination-saturated
anionic complexes (M(tta); ) with anion-exchange reactions. The extractability of the former
species was reduced by using a more hydrophilic ionic liquid as the extraction phase, whereas
that of the latter was enhanced. On the contrary, the use of 8-hydroxyquinoline (Hq) (or its
derivative) as the extractant resulted in the extraction of M*" into [bmim][PFs] as neutral
M(q):(HyO),. Furthermore, a comparison of the extraction behavior of M*" with 8(trifluoro-
methanesulfonamido)quinoline (H(CF;s)sq) having a trifluoromethyl group with that with
8-(methanesulfonamido)quinoline (H(CHj;)sq) suggested that the existence of a trifluoromethyl
group in an chelate extractant contributes to an enhancement of the extractability for an anionic
complex into the ionic liquid extraction phase. In addition, a fundamental study was per-
formed on an ionic liquid synergistic cation-exchange extraction system with co-using Htta and
18-crown-6 (18C6) as extractants for the selective extraction of trivalent light lanthanoids, such
as lanthanum (La). In this system, La’" was extracted into 1-butyl-3-methylimidazolium bis (tri-
fluoromethanesulfonyl)imide as cationic ternary complexes, such as La(tta),(18C6) " and
La(tta) (18C6)>".

Keywords : ionic liquid chelate extraction system ; ionic liquid ; hydrated neutral complex ;
anionic complex.



