Task-specific ionic liquids for the extraction of metal ions from aqueous
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Imidazolium cations, such as those commonly used in
preparing ionic liquids (ILs) can easily be derivatized to
include task-specific functionality, such as metal ligating
groups that when used as part of the solvent or doped into
less expensive ILs, dramatically enhance the partitioning of
targeted metal ions into the IL phase from water; the
strategy of preparing task-specific ILs is applicable to a wide
range of designer solvent needs.

Owing to their unique chemical and physical properties, ionic
liquids (ILs) have received recent attention for applications as
solvent aternatives, 14 where, for example, ILs can be used in
place of organic solvents in synthesis, catalysis, electro-
chemistry and liquid/liquid extractions. The formulations
commonly reported for ILs have relied on pyridinium or
imidazolium cations bearing simple alkyl appendages as the
cation. Changes in IL physical properties have been accom-
plished by altering the length of the alkyl groups on the rings*-6
allowing for fine-tuning their viscosity, hydrophobicity and
melting points.6.7 More recently, ionic liquid formulations have
been expanded in scope to include other heterocyclic aromatic
molecules as well as ions with structurally and functionally
complex side chains.8-10

It has been demonstrated that organic solutes (e.g. aromatic
molecules such as simple benzene derivatives)t24 can be
partitioned to specific ILs based on the hydrophobicity of the
solute and IL. In contrast, the partitioning of metal ionsinto an
IL extracting phase in liquid/liquid systems is negligible owing
to the tendency of the metal cations to remain hydrated and in
the aqueous phase, thus necessitating the use of an extractant
molecule that forms complexes directly with metal ions to
increase their hydrophobicity.1*-15 The drawbacks associated
with this approach lie in finding extractant molecules that
remain exclusively in the IL under al process conditions and
also in understanding the increased complexity of the system
upon the addition of solutes. Here, we report the first use of
task-specific ILs, i.e. those with targeted functionality designed
into the IL solvent. In the present example, new compounds
which have been designed specifically to both be ionic liquids
and to extract heavy metal ions (eg. Hg?* and Cd2*) are
reported.

Mercury(i1) and cadmium(i) were targeted in this study as
part of our ongoing efforts to find alternative separations
strategies for removing these toxic, easily transported metal
ions from the environment.16 The bases for the modified ILs
were 1-akyl-3-methylimidazolium, C,mim* (n = 4, 6, 8) salts
of PFe— which form two-phase systemswhen contacted in equal
volume with water.2 ILs that incorporated thiourea, thioether
and urea into derivatized imidazolium cations were thus
prepared, T that when combined with the PFg— anion, functioned
as both the hydrophobic solvent and metal ion extractant in
liquid/liquid separations. The new ILs (Fig. 1) may either be
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used directly as the bulk solvent or may be dopedf as an
extractant into less expensive ILs, such as [Cymim][PFg].

Thedistribution ratios§ of Hg2+ and Cd2* between our chosen
standard for this study, [Csmim][PFe], and an agueous phase at
pH = 7 were 0.84 (Hg?*) and 0.03 (Cd2*), indicating a
preference for these metal ions to be retained in the agueous
phase. The thioether-appended IL 1, as either the extracting
phase or in 50: 50 mixtures with [Cymim][PFg] at pH = 1 or 7,
iseffectivein partitioning both metal ionsto the IL phase (Table
1). The thiourea derivative 2 extracts Hg?+ from water
comparably to 1, however distribution ratios are much lower
when 2isdiluted with [Csmim][PFg]. IL 2 ismuch less effective
at extraction of Cd2* (D values of 20 and 23 at pH of 1 and 7,
respectively) and when diluted with [Csmim][PFg], IL 2 does
not extract Cd2* at all.

IL 3 (another thiourea derivative), and 4-6 (urea derivatives)
were prepared and their behavior as extractants for Hg2* and
Cd2+ when mixed in equal mass ratios with [C;mim][PFg]
measured as afunction of aqueous phase pH (Fig. 2). Theresults
are similar, in that each of these ILs {as 1:1 (mass) mixtures
with [Cymim][PFe]} efficiently extract Cd2* and Hg2*, as
shown in Fig. 2. In general, the distribution ratios of Cd are
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Fig. 1 Structures of the cations combined with PFs— to makethe ILs utilized
in these studies.
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Table 1 Distribution ratios for Hg2+ and Cd2* in systems incorporating ILs
land 2

Distribution
IL M2+ pH (ag) ratio System
1 Hg2+ 1 200 1 only
Cd2+ 1 330 1 only
1 Hg2* 1 170 1+ [Cymim][PFg] (1:1)
Cd2+ 1 310 1+ [Cymim][PFg] (1:1)
1 Hg2+ 7 210 1 only
Ca2+ 7 380 1lonly
1 Hg2* 7 210 1+ [Cymim][PFg] (1:1)
Cd2+ 7 360 1+ [Cymim][PFg] (1:1)
2 Hg2+ 1 350 2 only
Cdz+ 1 20 2 only
2 Hg2* 1 74 2+ [Cymim][PF¢] (1:1)
Ca2+ 1 0.0086 2 + [Cymim][PFg] (1:1)
2 Hg?+ 7 340 2 only
Cdz+ 7 23 2 only
2 Hg2+ 7 100 2+ [Cymim][PF¢] (1:1)
Cd2+ 7 0.0074 2+ [Cymim][PF¢] (1:1)
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Fig. 2 Distribution ratiosfor Hg2* (filled symbols) and Cd2*+ (open symbols)
withILs3-6 utilizedinal: 1 weight ratio with [C,mim][PFe] and contacted
with agueous phases of variable pH.

lower than observed for Hg, and in the case of ILs 4 and 6, the
differences are over an order of magnitude. ILs 3 and 5 give the
highest distribution ratios for each metal ion, and the extraction
using IL 6 isthe most affected by lowering the pH (although all
four ILsexhibit lower distribution rations at the lowest values of
pH studied). In comparing these results with thosein Table 1, it
isto be noted that distribution ratios as high as 710 (Hg2+, IL 3)
were observed in this latter study, even though the ILs were
utilized as 1: 1 mixtures with [Csmim][PFg].

Both the appended functional group and the alkyl group
appear to affect the extraction. The extended alkyl ‘tail’ near the
thiourea group in 3 results in a significant increase in D values
for both metals. For the various functional groups, the D values
for Hg2+ are the highest with urea > thiourea with the ‘tail’ >
thioether > thiourea, while those for Cd2* decrease from
thiourea with the ‘tail’ > thioether > urea > thiourea

We are currently investigating additional series of task-
specific ILswith each functional group to elucidate thetrendsin
both structure and function of the IL and to control the physical
properties of these new extracting solvents. Additional studies
are aso required to determine if the metal ions can be
effectively stripped from these solvents, athough they are
currently also being investigated for their ability to retain
metallic catalystsin the IL for synthetic applications.
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Notes and references

T All chemicals were obtained as reagent grade from Aldrich and used
without further purification. 1-(3’-aminopropyl)imidazole (20.0 g, 0.160
mol) was mixed with 100 mL of acetonitrile under an atmosphere of dry
nitrogen. To the stirred solution was added in a dropwise fashion 15.5 g
(0.156 mol) of n-butyl isocyanate dissolved in 25 mL of acetonitrile. The
combined solution was stirred overnight followed by removing the solvent
in vacuo. The residue was then dried overnight in vacuo. Proton NMR
spectroscopy confirmed the structure of the product as being the desired
urea-appended imidazole, and the crude material was used in the next step
without further purification.

Under a nitrogen atmosphere, the reaction residue was redissolved in

acetonitrile (100 mL) and 28.0 g (0.164 mol) of propyl iodide was added.
The mixture was then heated gently without refluxing. After stirring with
heating overnight, the acetonitrile was removed in vacuo, leaving a sticky
residue. The residue was washed in water and the aqueous layer washed
twice with 100 mL of diethyl ether. To the agueous solution was added a
solution of 36.0 g (0.194 mol) KPFg in 100 mL of water. The mixture was
stirred overnight at 40 °C, during which time a biphasic system formed
comprised of an upper agueous phase and a lower product phase. (Anion
exchange for each of the ureas can aso be accomplished using AgPFs in
acetone.) The aqueous phase was decanted and the product was washed four
times (2 h contacts) with 100 mL water to remove any remaining KPFe.
After the last water wash, the ionic liquid was dissolved in acetonitrile and
toluene was added to aid in the azeotropic remova of water. Any solids
were removed by filtration and the solution was then rotary evaporated. The
isolated product was dried in vacuo for 24 h while being heated to 60 °C.
Unoptimized yield: 45.2 g (68%). The general procedurefor the preparation
of the ureafunctionalized ionic liquids 5 and 6 and the thiourea-
functionalized ionic liquids 2 and 3 is analogous, each being formed in
similar yield.
$ When preparing the 1.: 1 mixtures of the solid sampleswith [C,mim][PFg],
solutions of 5 and 6 were prepared as a 1:1 ratio of the cations and added
to [C4mim][PFe] followed by sonication and gentle heating for 30 min to
form the solution. Solutions of 1-4 were prepared as 1:1 weight ratios in
[Csmim][PFg] followed by thorough mixing.
§ Metal ion distribution ratios were determined by mixing equal volumes of
the IL and aqueous phases followed by vortexing (2 min) and centrifuging
(2000 g, 2 min) to equilibrate the phases. Addition of either 203HgCl, or
109CdCl,, (ca. 0.005 uCi, 5 uL) was followed by two intervals of vortexing
(2 min) and centrifuging (2000 g, 2 min) to ensure that the phaseswerefully
separated. The phases were separated and dispensed into shell vials from
which 100 uL of each phase was removed for radiometric analysis. The
results are reported as distribution ratios and are calculated as the
radioactivity in the lower phase divided by the radioactivity in the upper
phase. Each experiment was done in duplicate and the results agreed to
within 5%.
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