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Abstract

Possible use of room temperature ionic liquids (RTILS) as chelate extraction solvent was evaluated by using 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][EJ, 1-hexyl-3-methylimidazolium hexafluorophosphate ([hmim}jrRand 1-octyl-3-methylimidazolium
hexafluorophosphate ([omim][BF. These RTILs showed high extraction performance for divalent metal cations with 4,4,4-trifluoro-1-
(2-thienyl)-1,3-butanedione (Htta). The extracted metals were back-extracted into 1 nfohdrit acid quantitatively. Furthermore, the
extracted species were estimated as neutral hydrated complexesMg@), (n= 1 or 2) for M = Ni, Cu and Pb and anionic complexes
M(tta);~ for M = Mn, Co, Zn and Cd.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction assessed as valuable solvents because they have relative
air and water stability and favorable viscosity and density
Liquid—liquid extraction1-7]is a very effective analyti-  as solvents. Furthermore, some of them such as 1-butyl-3-

cal separation method for the metal species in solution. How- methylimidazolium hexafluorophosphate ([omim]§pFrare
ever, several popular extraction solvents (organic solvents)immiscible with water and, therefore, have possibility to be
such as benzene, toluene, chloroform and nitrobenzene araised as solvents for liquid—liquid extraction, provided that it
toxic, flammable and volatile, and it has been recommendedhas been reported that [omim][fJshows hydrolysis nature
that their use as solvent should be avoided. slightly [14]. In addition, many RTILs have unique physical
Recently, room temperature ionic liquids (RTILs) have and chemical properties as solvents, such as high polarity
been noted as ‘green’ solvents (at the viewpoint of their non- [15-20] and are expected not only as ‘alternative’ solvents
volatile nature, at least) mainly in organic chemistry and cat- but also as ‘novel’ ones.
alytic chemistry{8—13]. Especially, a series of RTILs made Since 1999, several researchers have reported concerning
from 1-alkyl-3-methylimidazolium cations (Rmit) and performance of the imidazolium-type RTILs on liquid—liquid
bulky anions such as hexafluorophosphates(RFtetraflu- extraction of metal catior{f21—32]. These reports can be cat-
oroborate and bis(trifluoromethylsulfonyl)amide have been egorized into the following three groups: (a) extraction sys-
tems using neutral ligand21-27], (b) those using neutral
- _ ligand modified RTILg28-30], and (c) those using anionic
* Corre_spondlng a_uthor. Tel.: +81 4_14 264 5692; fax: +81 44 264 5742. Iigands[Sl 32]. Groups (a) and (b) seem to be based on com-
E-mail addresshirayama@cacheibm.s.kanazawa-u.ac.jp i
(N. Hirayama). monplace idea that RTILs have much amount of hydropho-

0039-9140/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2004.06.015



256 N. Hirayama et al. / Talanta 65 (2005) 255-260

HsC . _(CH,),CHs concentration of a metal in aqueous solution. A Horiba model
N N~ " PFg” F-12 pH meter equipped with a Horiba 9510-10D combined
N/ glass electrode was used to determine the pH values.
n = 3: [omim][PFg]
n=5: [hmim][PFg] o
n =7 [omim][PFq] 2.2. Distribution of the metals

In a centrifuge tube, an aliquot of an RTIL, nitrobenzene,
chloroform or toluene (1 cA) containing 1x 10~2 mol dm3

bic ani hto b 4 terions for | _of Httaand 5 cri of an aqueous phase containing 10-°—1
ic anions enough to be used as counterions for ion-pair . 'y o-4\104m-3 of M2+ (M = Mn. Co, Ni, Cu, Zn, Cd

extraction of cationic metal complexes. However, the idea
may be inconsistent with the fact distribution of neutral aro-
matic carboxylic acids and aniline into RTIL phase is superior
to that of respective charged specj83] and that there are
hydrogen bonds between the imidazolium cations and the
hydrophobic anions in imidazolium-type RTI[34,35]. In
addition, these systems have essential difficulties of back-
extraction (stripping) of the extracted metals, which was suc-
ceeded only in the limited systerf5,27]. From these facts,
use of anionic ligands (group (c)) to form neutral or low-
charged metal complexes seems to be preferred in the ex-
traction using RTILs, although the previous studi@$,35]

are insufficient at the viewpoint of extraction mechanism re-
search.

In this fundamental study, we researched chelate extra-
ction behavior of divalent transition metal cations using
several water-immiscible imidazolium-type RTILs, such
as [bmim][PF], 1-hexyl-3-methylimidazolium hexafluoro-
phosphate ([hmim][P§]) and 1-octyl-3-methylimidazolium
hexafluorophosphate ([omim][BF (Fig. 1), as extraction
solvent and 4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedione
(thenoyltrifluoroacetone, Htta), a popul@rdiketone-type
anionic ligand, as extractant. All of the [Rmim][Eilsystems

Fig. 1. Chemical structure of [bmim][RE [hmim][PFs] and [omim][PFg].

or Pb), 1x 10~1moldm 3 of potassium nitrate and ¥
10-2moldm3 of buffer [chloroacetic acid, acetic acid or
2-(N-morpholino)ethanesulfonic acid] were shaken att25

1°C for 30 min. After the two phases were separated by cen-
trifugation, the pH and the metal concentration in the aque-
ous phase were determined and the measured pH was used as
equilibrated pH. The metal concentration in the extract phase
was determined after back-extraction into 10-fold volume of

1 mol dnt 2 nitric acid.

3. Results and discussion

3.1. Extraction behavior of & in [Rmim][PFg]
systems

The extracted ratios (%E) of # into extract phase
([omim][PFg], [hmim][PFg], [omim][PFg], nitrobenzene,
chloroform and toluene) with Htta were plotted as a function
of the agueous phase pHHig. 2. The %EBvalues, calculated
from each metal concentration in back-extracted solution,

100

showed higher extractability than conventional nitrobenzene, @ - u 2 @ - o
chloroform and toluene systems and these RTILs were able Le g i (‘5
to used as chelate extraction solvent. The metals extractedy sct - N : of - " Rt
in [Rmim][PFs] phase were able to be back-extracted into " Oooﬁ o R ®on
1 mol dnt3 nitric acid quantitatively. Furthermore, the ex- om .' N ‘Q s - _ Mg%‘;
tracted species were estimated as neutral hydrated complexe: 100 P >
M(tta)2(H20), (n= 1 or 2) for M = Ni, Cu and Pb and anionic ® - N EE © o
complexes M(ttay~ for M = Mn, Co, Zn and Cd. W osol OA’O’ i . .
® .' Cs ] .
] (78
| | A O n *
2. Experimental 108 e : . eﬁ'ﬁ
© @ & | o a LT
2.1. Reagents and apparatus W ool m °8 D'jo i -. .
. . . > -. ¢ o0e u *
The RTILs [bmim][Pk], [hmim][PFs] and [omim][PF] - ? o° u .
were synthesized from respective 1-haloalkane, 1- ol—m L gearn 1 L ol o5 arwouorod—!
e : : . 1 3 5 7 1 3 5 7
methylimidazole and hexafluorophosphoric acid according pH pH

to the method of Huddleston et B3] Other chemicals
and all solvents were reagent-grade materials and were usedig. 2. Plots of the extracted ratios (%E) for some divalent metals as a func-
without further purification. Distilled deionized water was tion of t_h_e aqueous phase pH gquilibrat_ed with extraction phase in Htta sys-
d throughout tem. Initial Htta concentration in extraction phase was 10~2 mol dm 3.
used throughout. _ _ Extraction phase: (a) [bmim][RE (b) [hmim][PFs]; (c) [omim][PFs]; (d)
A Hitachimodel Z-6100 polarized Zeeman atomic absorp- pitrobenzene; (e) chloroform; (f) toluene. Sample: (O),2n(0), CR*:
tion spectrophotometer was used for the determination of the(a), Ni2+; (), Ci2*; (@), zn2t; (O), CE*; (), P,
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were compatible with the metal concentration remained in 15

the equilibrated aqueous phase. (The sum of back-extracted @ }" ,0" © A«" b4

metal amount and that remained in aqueous phase was usu-_1.0p A ‘/ L £ ‘;’

ally more than 95% of its initial amount.) Namely, it was o A i X §

confirmed that the back-extraction using 1 mofdimitric K J S P

acid is effective not only in conventional organic solvent sys- A * “' "'

tems but also in [Rmim][P§] systems. 0.0 £ : ——! e
As blank test, extraction experiment using Htta-free RTILs 1.5

was performed at several aqueous phase pH condition. It was b) @

found that all of M+ was not extracted in the absence of ~ 10T -

Htta in [Rmim][PFs] systems. (Obtained %&as <2% (ob- o

viously less than experimental error) andMamount re- T 05¢ r

mained in aqueous phase was >97% in all experimental con-

dition.) From this result, it was found that Rrr_m”n:gtions 0 4o 45 50 55 60 30 25 20 a5

and Pk~ anion do not act as strong extractant in this system. pH log [Hta],,

All of the RTILs showed much higher extraction ability
than nitrobenzene, chloroform and toluene, except for M = Fig. 3. Plots of the logarithmic distribution ratios (1BJ for some divalent

Cu and Pb. Namely, it was found that the [Rmim]§RE/pe metals as a function of the aqueous phase pH (a and b) and those as that
hydrophobic RTILs can be used as chelate extraction sol- of logarithmic cpncgntration_of Htta in extractign phasei(c and d). Initial
Htta concentration in extraction phase was 1.0~2 mol dni~3 on (a) and
vents. . o _ (b), and pH was 4.3 (Ni) and 5.6 (PB+) on (c) and 4.5 (C¥") and 4.9
Obtained extraction selectivity order was SuNi > (Zn?*) on (d). The broken line and solid line, of which the slope is 2 and 3,
Co> Zn > Mn > Pb~ Cd for [omim][PF], Cu> Co > respectively, were obtained by the least squares fitting. Sample: (&'); Ni
Pba Ni ~ Zn > Mn > Cd for [hmim][PF] and Cux> (4), PEY; (0), CPY; (@), ZnPt.
Co> Ni~ Zn > Mn > Cd > Pb for [omim][PF]. It is re- slopes of these plots shawandn values, respectivel¥tig. 3
markable that the selectivity order Co>Zn>Mn > Cdis kept shows typical examples of these plots. In all of [omimKERF
in all RTIL systems. [hmim][PFs] and [omim][PF] systemsm=n= 2 for M =
Ni, Cu and Pb (extig. 3(aand c)) anth=n= 3 for M = Mn,
3.2. Determination of the extracted species Co, Zn and Cd (exFig. 3(b and d)) were obtained. Namely,

extraction equilibrium and extraction constang{Kfor M =
Since RTIL phase has large amounts of exchangeable ionicNi, Cu and Pb can be expressed as follows:

species, MT can be extracted into the RTIL phase notonly as M2+ 4 2Httgey = M(tta)ye) + oHT (4)
neutral complex but also as cationic or anionic species. When
M2+ forms complex withm Htta molecules and is extracted [M(tta),] (e)[HJF]2
with release of protons, the following extraction equilibria ex = IMZHHttal 2 (5)
_ : [M<T][Htta] e
can be considered:
) o ] and those for M = Mn, Co, Zn and Cd can be expressed as
(i) cationic species (K 2): follows:
M2t mHttage) + (2 — n)Rmimgey ™ M2" + 3Httae) + PFse) = M(tta)ze)” + 3HT + PR~
= M(tta), (Htta)?_1'% + nH* + (2 — n)Rmim* (6)
— 3 —
@) _ M(tta)s™] (H 17 [PFs ] @
ex —
(ii) neutral species (r 2): M 2+][H'ftr’:l]f’e)[PFe_](e)
M2+ 4 mHttae) = M(tta)n(Htta)m_,,(e)+nH+ (2 In the latter case, the [BF]) and [PR~] values can be
o ) obviously regarded as constant ones (the agqueous phase is
(iii) anionic species (r» 2): saturated with [Rmim][P§] salt), and the following value:
MZ* 4 mHttae) + (n — 2)PFs(e)” s _ KolPRs Tl _ M(tta);] @HT° -
ex = — =
= M(tta), (Htta)'—2 + nH* + (1 — 2)PRs~ (3) [PFs"] [M#][Htta]f,)
where subscript (€) shows extraction phase. can be regarded as constant. Therefore, th&lQgalues for

_ . _ M = Ni, Cu and Pb and the loK¢y' values for M = Mn, Co,
To determinem andn values, relationship between log-  znand Cd can be calculated using extraction data as follows:
arithmic distribution ratio of each metal (I&@) and equili- _
brated pH at a fixed Htta concentration and that betweeb log l0g Kex = log D — 2pH — 2 log[Htta]e,
versus Htta concentration at a fixed pH were studied. The (M = Ni, CuandPb) (9)
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Table 1
Determined lodex and logKex' values for divalent metal cations in
[Rmim][PFe] systems (25t 1°C)

Cation Extraction phase
[bmim][PFs] [hmim][PFg] [omim][PFe]

IOQ Kex

Ni2+ —3.954+0.11 —4.35+ 0.06 —4.37+0.09

Cu2t —0.62+0.07 —1.31+£0.10 —1.44+0.11

PR+ —6.77+0.11 —4.24+0.15 —6.37+£0.12
log Kex

Mn2+ —9.14+0.08 —7.924+0.05 —7.20+0.27

Co?t —6.95+0.11 —6.00+ 0.05 —5.62+0.22

Zn?* —8.19+0.10 —7.14+0.11 —6.83+0.05

Cd?t —10.50+0.08 —9.10+ 0.06 —8.86+ 0.16
log Kex' = log D — 3pH — 3 log[Htta])

(M = Mn, Co, Znand Cd) (10)

The obtained lo¢lex and logKey values were shown in
Table 1.
In addition, it was confirmed that all of extracted species
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Fig. 4. Plots of the %Hor some divalent metals as a function of the aqueous
phase pH in Htta-TOPO ((1D) and Htta alone (H®) systems. Initial
concentration of Htta and TOPO (if co-existed) in extraction phase was
1 x 10~2mol dm3. Extraction phase: (a) [bmim][RE (b) nitrobenzene.
Sample: (O W, C/*; (O @), Zn?t.

[Rmim][PFg] systems. (Unfortunately, we have no informa-
tion to interpret the extraordinary result for M = Pb).
In conventional chelate extraction using an organic sol-

in nitrobenzene, chloroform and toluene systems were neu-vent as extraction phase, further hydration to formed chelate

tral M(tta), as usual chelate extraction manner using HTTA
[1,36—42]. Table 2shows the obtained ld€ex values with
those reported previous|y,36—42].

3.3. Extraction mechanism

As shown inTable 1, it is very interesting that the or-
der of logKex value for M = Ni and Cu is [bmim][Pg] >
[hmim][PFg] > [omim][PFg], whereas that of logey for
M = Mn, Co, Zn and Cd is [bmim][P§ < [hmim][PFg]
< [omim][PFg]. In other words, M(tta) species seems to
favor hydrophilic nature, whereas M(tta) seems to fa-

often causes its low extractability. As shownHkig. 2, in
actual, divalent metal cations except for Zuand PB*
were hardly extracted into chloroform or toluene. To evalu-
ate the effect of hydration in the [Rmim][BFHtta extraction
systems, synergistic extraction of the divalent metals using
Htta and tri-n-octylphosphine oxide (TOPO) was performed.
TOPO is neutral monodentate ligand having strong coordina-
tion ability and hydrophobicity and, therefore, is exchange-
able with hydrated water and, sometimes, other coordinating
ligand in extracted compleX¥ig. 4 shows typical examples

of comparison between extraction behavior in Htta-TOPO
system and that in Htta alone system. In [RmimK{Psys-

vor hydrophobic one. These results provide us with very tems, co-existence of TOPO resulted inlowering in extraction

important information to suggest extraction mechanism in

Table 2

performance on the contrary in conventional systems. In the

Determined and reported l&Gy values for divalent metal cations in nitrobenzene, chloroform, toluene, benzene and carbon tetrachloride systedfi€)25

Cation Extraction phase
Nitrobenzene Chloroform Toluene Benzene Carbon tetrachlorode

MnZ+ —7.604 0.07 N.D.2 N.D. —10.07[36] —11.34[36]
—10.83[36]

Co?t —6.30+ 0.05 N.D. N.D. —6.70[1] —8.96[41]
—8.63[37] —8.62[37]

Ni2* —-5.60+0.11 N.D. N.D. —6.6[40]

Cut —0.734+0.06 —1.474+0.06 —0.844+ 0.05 —1.32[1] —1.08[38]
—1.25([38]

Zn?t —6.66+0.11 N.D. N.D. —7.9[39] —8.04[38]
—8.13[38] —8.0[39]

Cd*+ —7.95+ 0.05 N.D. N.D.

PR+ —6.114+ 0.05 —7.134+0.07 —5.364+ 0.05 —5.24[1] —10.60[42]

2 Not determined because of low extractability.
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