This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471
AND TECHNU LUG\]‘ LIQUID/LIQUID EXTRACTION OF METAL IONS IN ROOM

... ... .. |TEMPERATURE IONIC LIQUIDS

Ann E. Visser?; Richard P. Swatloski?; Scott T. Griffin% Deborah H. Hartman? Robin D. Rogers®
* Department of Chemistry and Center for Green Manufacturing, The University of Alabama,
Tuscaloosa, Alabama, U.S.A.

Online publication date: 30 June 2001

To cite this Article Visser, Ann E. , Swatloski, Richard P. , Griffin, Scott T. , Hartman, Deborah H. and Rogers, Robin
D.(2001) 'LIQUID/LIQUID EXTRACTION OF METAL IONS IN ROOM TEMPERATURE IONIC LIQUIDS', Separation
Science and Technology, 36: 5, 785 — 804

To link to this Article: DOI: 10.1081/55-100103620
URL: http://dx.doi.org/10.1081/SS-100103620

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conmplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1081/SS-100103620
http://www.informaworld.com/terms-and-conditions-of-access.pdf

10: 48 25 January 2011

Downl oaded At:

SEPARATION SCIENCE AND TECHNOLOGY, 36(5&6), 785-804 (2001)

LIQUID/LIQUID EXTRACTION OF METAL
IONS IN ROOM TEMPERATURE IONIC
LIQUIDS

Ann E. Visser, Richard P. Swatloski, Scott T. Griffin,
Deborah H. Hartman, and Robin D. Rogers”

Department of Chemistry and Center for Green
Manufacturing The University of Alabama Tuscaloosa,
Alabama 35487

ABSTRACT

The search for more environmentally-friendly reaction media has
prompted the development of a wide array of alternative systems
that will sustain biphasic separations with aqueous solutions
without the use of volatile organic compounds (VOCs). We have
begun to employ Room Temperature Jonic Liquids (RTIL),
specifically 1-alkyl-3-methylimidazolium hexafluorophosphate
([Cymim][PF¢]), as VOC replacements in liquid/liquid separa-
tions of metal ions from aqueous solutions. Here we show that
the partitioning of metal ions in these novel biphasic systems is
consistent with traditional liquid/liquid separations: the metal ion
affinity for the hydrophobic phase necessitates the presence of an
extractant. In this report we explore the application of well-
known organic (1-(pyridylazo)-2-napthol, PAN, and (1-thiazoly-
lazo)-2-napthol, TAN) and inorganic (CN, OCN", SCN-, and
halides) extractants for partitioning a variety of metal cations be-
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786 VISSER ET AL.

tween [Cymim][PFg] or [Cemim][PF¢] and an aqueous phase.
PAN and TAN show pH dependent extraction of Cd*", Co?",
Ni?*, and Fe** where their partitioning to the RTIL increases at
least 2 orders of magnitude from pH 1 to 13. The effect of the
halides on the partitioning of Hg®" complexes increases F* < CI’
< Br” < I'. Pseudohalides, especially SCN", had the greatest ef-
fect on enhancing the partitioning of Hg?" to the RTIL, whereas
CN" and OCN" provided little benefit for the extraction of any of
the metal ions examined.

INTRODUCTION

In many manufacturing processes, syntheses, and nuclear waste processing
there is common ground; a separation must take place to partition a specific prod-
uct from the mixture. To accommodate the requirements for each unique process,
conditions for separation are tailored to make them as efficient as possible. Com-
plicated mixtures often require several stages and employ various chemicals to
fine-tune each step. A widely recognized method for separations is liquid/liquid
extraction that is traditionally accepted as the partitioning of solutes between an
aqueous phase and an organic solvent (1). These systems can effect the removal
of organic molecules from aqueous streams due to the hydrophobic nature of the
organic solvent selected, or, with the addition of a metal ion extractant that re-
mains in the hydrophobic phase, metal ion separations can be induced.

Finding sustainable alternatives to the volatile organic compounds (VOCs)
used in traditional solvent extraction is a direct result of inherent problems with
commonly used solvents, many of which are known laboratory and workplace
hazards. New technologies to reduce the polluting nature of traditional separations
have led to solvent alternatives that intend to maintain the mechanics of liquid/lig-
uid separations while imparting more environmentally-friendly characteristics to
the components involved (2,3). Although other separation methods have been
proven (2,4) liquid/liquid two-phase systems continue to be favored for the de-
velopment of many separation processes (1,5).

The hydrated nature of most metal ions lowers their affinity for the hy-
drophobic phase, thus, it is necessary to change the hydration environment of the
metal ion by either using organic ligands which provide a more hydrophobic re-
gion around the metal, or with inorganic anions that form softer more extractable
anionic complexes with the metal (6-12). Ideally, in a biphasic system, the ex-
tractant would remain in the hydrophobic phase to ensure the complete removal
of the metal ions from the aqueous phase. Thus, the challenges in adapting new
classes of solvents to traditional separations include finding extractants which are
quantitatively partitioned to the solvent phase and can still readily complex target
metal ions; or finding conditions under which specific metal ion species can be se-
lectively extracted from aqueous streams containing inorganic complexing ions.

Copyright © Marcel Dekker, Inc. All rights reserved.
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Alternative Separations Media

Room Temperature Jonic Liquids (RTIL) represent a novel medium that is
composed entirely of ions and, in certain ways, are akin to molten metallic ionic
melts such as NaCl at 800 °C. In contrast to high temperature melts, certain
RTIL exhibit characteristics (e.g., water immiscibility, moisture stability, minis-
cule volatility, and non-flammability (13-17)) which warrant their consideration
as the receiving phase in biphasic liquid/liquid extraction. As solvents they are
highly solvating and non-coordinating which makes them suitable media for
catalysis and synthesis (18-21). The most widely studied RTIL cations include
1-alkyl-3-methylimidazolium ([C,mim]") and N-alkylpyridinium ([C,py]*), as
shown in Fig. 1, where the alkyl group is typically an alkane and its length or
branching allows for moderate adjustment of the resulting properties such as hy-
drophobicity, melting point, or viscosity (22,23). Anions such as PFg, BF;, and
a series of fluorinated anions have been used to produce hydrophobic RTIL
(17,24).

The study of metal ion complexes in RTIL has also been rewarding since
their role as ionic solvents limits dissociation, disproportionation, and degradation
reactions, typical of anionic metal complexes in aqueous solutions, thus increas-
ing the stability of otherwise transient species (18-20,25). The electronic spectra
of [CrClg]* and [VClg]*" have been obtained in basic [C4py]Cl-AlCl; ionic lig-
uids, whereas traditional organic solvents left the species prone to solvation and
solvolysis (20). In addition, other work has shown that the use of catalysts in
biphasic systems with certain RTIL may promote facilitated product separation
simply via decanting the organic phase (21).

For the current study, we have chosen to use alkyl derivatives of the 1-
methylimidazolium cation with the hexafluorophosphate anion since these RTIL
form a stable two phase system when contacted with water and are not too viscous,
thus allowing facilitated handling in the experiments. Here, we report our prelim-
inary assessment of the performance of both organic extractants (1-(2-pyridy-
lazo)-2-napthol, PAN and 1-(2-thiazolylazo)-2-napthol, TAN), and inorganic an-
ionic extractants (halides and pseudohalides) for the transfer of Hg2+, Ccd?t,
Co?", Ni**, and Fe** from aqueous to RTIL phases.

EXPERIMENTAL METHODS

All chemicals except for HPF¢ were obtained from Aldrich (Milwaukee,
WI) and were of reagent grade and used without further purification. HPFs was
supplied by Ozark-Mahoning Co. (Tulsa, OK) and was used as received. 2**HgCl,
was obtained from Isotope Products Laboratories (Burbank, CA) and %CoCl, was
purchased from New England Nuclear (Boston, MA). The remaining tracers
(*°FeCls, 2EuCls, ®3NiCl,, and '°°CdCl,) were obtained from Amersham Life
Sciences (Arlington Heights, IL).

MaRcEL DEKKER, INC.
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Liquid scintillation analyses were performed for analysis of ®*Ni using Ul-
tima Gold scintillation cocktail (Packard Instrument, Downers Grove, IL) and a
Packard Tri-Carb 1900 TR Liquid Scintillation Analyzer (Packard Instrument
Company, Downers Grove, IL). Gamma ray emission analyses were used to study
the remaining isotopes and carried out on a Packard Cobra II Auto-Gamma Spec-
trometer (Packard Instrument Company, Downers Grove, IL).

All aqueous solutions were prepared with deionized water that was puri-
fied with a Barnsted deionization system (Dubuque, IA) and polished to 18.3
MQ(cm. Salt solutions of KSCN, NaOCN, NaCN, and NaX (where X =
halide) were prepared as molar concentrations by weighing out a known amount
of salt and adding it to a volumetric flask and diluting to the specified volume
with water (or 2 M H,SO, from a stock solution, where appropriate). After con-
tact with the RTIL phase, the pH of the aqueous solutions was 5.1. All pH mea-
surement were made with a Corning pH meter 220 (Corning Incorporated Sci-
ence Products Division, Corning, NY). PAN and TAN were prepared in molar
concentrations by weighing out a known amount of material and transferring it
to a volumetric flask and diluting to the specific volume with the appropriate
ionic liquid.

The ionic liquids were synthesized using the methods described in previ-
ously published material (26,27) and stored in contact with DI water to equilibrate
the water content of that phase. However, before NMR analysis, the majority of
water was removed from the RTIL by heating to 70°C while on a vacuum line.
NMR (H at 360.13 MHz and '°F at 470.56 MHz) spectroscopy was used to deter-
mine the purity of each ionic liquid and ensure complete reaction. Each H-NMR
spectrum contained peaks corresponding to 1-alkyl-3-methylimidazolium cation
and indicated no residual reactants.

The chemical shifts (ppm, d-acetone) for the H-NMR of [C4mim][PF¢] were
assigned as follows (Fig. 1): 0.72 (triplet, Hp), 1.15 (sextet, Hg), 1.68 (quintet,
Hc), 2.25 (singlet, broad, water), 3.73 (singlet, Hg), 4.05 (triplet, Hp), 7.22 (sin-
glet, Hg), 7.30 (singlet, Hy), and 8.26 (singlet, Hg). The 1F.-NMR spectra consists
of two peaks, one at —74 ppm and the other at —72.5 ppm, corresponding to the
splitting of "F(I = 1/2) by *'P(I = 1//2). The H-NMR analyses were performed
on a Bruker AM 360 instrument (Houston, TX) while '’F-NMR analyses used a
Bruker AM 500 instrument.

Metal ion distribution ratios were determined by mixing 1 mL of RTIL and
1 mL of aqueous phase followed by vortexing (2 min) and centrifuging (2000 g,
2 min) to equilibrate the phases. Addition of the metal ion tracer (0.005 nCi, ~ 5
L in water) was followed by two intervals of vortexing (2 min) and centrifuging
(2000 g, 2 min) to ensure that the phases were fully separated. The phases were
separated and dispensed into shell vials from which 100 L of each phase was re-
moved for radiometric analysis. Since equal volumes of both phases were re-
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Figure 1. Typical cations for RTIL; 1-alkyl-3-methylimidazolium ([C4mim]™) and 1-
alkylpyridinium ([C,py] ") and labels for H-NMR peak assignments.

moved for analysis, the distribution ratio for the metal ions was calculated as in
Eq. 1.

_Activity (cpm) in the RTIL lower phase
"~ Activity (cpm) in the aqueous upper phase

(D

Each experiment was done in duplicate and the results agreed to within 5%.
Distribution ratios of 0.1 mM PAN and TAN were determined for
[C4mim][PF¢] and [Cemim][PFg] systems in contact with an aqueous phase at pH
1.9,3.8,7.9,9.2, and 12 using 1 M H,SO,4 or 1 M NaOH to adjust pH of the aque-
ous stock solutions where appropriate. The partitioning was monitored with a
Cary 3C UV-visible Spectrophotometer (Varian Optical Spectroscopy, Mulgrave,
Victoria, Australia) at 468 nm for PAN and 485 nm for TAN. Once the Beer’s
Law plots for PAN and TAN were determined in each of the RTIL used in this
study, the quantitative partitioning of the solutes was determined by the following
example with [Cymim][PF¢]. A 2 mL aliquot of 0.1 mM PAN in [Cymim][PFg]
was contacted with 2 mL of a pH-adjusted aqueous phase. Each system was vor-
texed (2 min) and centrifuged (2000 g, 2 min) twice to fully separate the phases.
One mL aliquots were removed from each phase and placed into 1 mL quartz cells
for UV/VIS analysis. The concentration of the molecules in each phase was de-

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 48 25 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

790 VISSER ET AL.

termined from the Beer’s Law plot and expressed as distribution ratios according
to Eq. 2.

_ Concentration in the RTIL lower phase
~ Concentration in the acqueous upper phase

@

Mass balance in each system was maintained.

RESULTS AND DISCUSSION

We have previously demonstrated that [C4mim][PFg] in contact with an
aqueous phase forms a biphasic system and promotes the partitioning of simple,
substituted benzene derivatives to the RTIL phase in correlation with the solutes’
1-octanol/water partition coefficients (log P) (26). When the aromatic solutes con-
tained ionizable groups, a change in the aqueous phase pH revealed the distribu-
tion ratio for the uncharged form to be higher than for the charged form.

Two other reports of the utility of RTIL for separations have appeared.
Brennecke, et al. have exploited the non-volatile aspect of RTIL to show how su-
percritical CO, can be used to strip non-volatile organics from that phase (13). Re-
cently, Dai, et al. used dicyclohexyl-18-crown-6 to produce “unprecedentedly
large” distribution ratios for Sr?* from dilute nitrate media in both
[Comim][bis(triflyl)amide] and [C3mim][bis(triflyl)amide] RTIL (11). As a neu-
tral extractant, this crown ether has higher affinity for the RTIL compared to the
aqueous phase.

The hydrated nature of many hard metal cations suggests they would remain
in the aqueous phase and require the addition of an extractant to enhance their
affinity for the extracting phase. Table 1, summarizing the partitioning of several
metal cations in [C4mim][PF¢] and [Cgmim][PFg]/aqueous systems over a wide
pH range, bears this out. We have recently demonstrated that the sulfonated aro-
matic, azo dye thymol blue preferred [C,,mim][PF¢] (n = 4, 6, 8) phases over H,O
in the red zwitterionic and yellow mono-anionic form, but was quantitatively par-
titioned to the aqueous phase in the blue di-anionic form at high pH (27). This
work suggested that with careful choice and control of pH, metal ion extractants
could be utilized in RTIL.

In traditional liquid/liquid separations, common methods used to increase
the partitioning of metal ions to the hydrophobic phase include organic molecules
with metal ion chelating groups (10,28-30) and, separately, complexing anions
that form anionic complexes with the metal ions (8,9,31). The azo functionality in
combination with an ortho aromatic hydroxyl group are a common metal ion
chelating group, particularly with cations of both heavy and transition metals (10).
We have chosen to study PAN and TAN (Fig. 2) as they are noted metal ion ex-
tractants with limited water solubility, but can be extracted into organic solvents

Copyright © Marcel Dekker, Inc. All rights reserved.
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Table 1. Distribution Ratios for Metal Ions Between Aqueous and [Cymim][PFe] or
[Cemim][PF¢] Phases

Metal AGyyq (kJ/mol)? Aqueous pH D ([C4mim][PFg)) D ([C¢mim][PFg])

Na* -385 1 0.025 0.013
7 0.023 0.011
13 0.023 0.013
Hg?* -1495 1 0.85 0.72
0.81 0.51
13 0.73 0.61
cat -1575 1 0.027 0.018
0.031 0.023
13 0.076 0.022
Co?* -1880 1 0.013 0.017
0.011 0.018
13 0.017 0.025
Ni2* -2005 1 0.0034 0.0016
0.0018 0.0030
13 0.011 0.0017
Fe’* -4580 1 0.067 0.067
0.073 0.085
13 0.049 0.050
Cr -270 1 0.076 0.044
7 0.058 0.037
13 0.061 0.051
I -220 1 0.16 0.36
0.17 0.47
13 0.23 0.76
“Reference (50).

8 e
N
Ol oS

HO

1-(Pyridylazo)-2-napthol (PAN) 1-(Thiazolylazo)-2-napthol (TAN)

Figure 2. Extractants PAN and TAN.
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(32,33). We also have some experience with these extractants having demon-
strated their utility in such non-traditional biphasic systems as polyethylene gly-
col-based aqueous biphasic systems (34). Despite ionization of both molecules
(PAN pKa = 1.9 and 12.2; TAN pKa = 2.3 and 8.5) (10), we have spectrophoto-
metrically determined that both PAN and TAN quantitatively partition to
[C4mim][PFg] and [Cgmim][PF¢] RTIL from aqueous phases of pH 1 to 12.

Without extractants (Table 1) the distribution ratios between
[C,mim][PFg]/aqueous phases at pH 1 to 13 of Na™, Ni®>*, Co**, Cd*>*, Hg?",
and Fe>" are all relatively low, indicating retention in the aqueous phase. The dis-
tribution ratios for Hg>* are approximately an order of magnitude higher than the
others, reflecting the softer nature of this large ion.

In the presence of 0.1 mM PAN in the RTIL phase at pH 1 (Fig. 3), distribu-
tion ratios are relatively low increasing in the order Ni>* (D = 0.0017), Cd** (D
= 0.0054), Co*>* (D = 0.014), Fe** (D = 0.036). All four ions exhibit a large in-
crease in distribution (D> = 4.2) to the RTIL phase as the pH is increased to 13,
consistent with deprotonation and complexation of PAN to the ions. In the same
system at pH 13, there is a change in the extraction such that Co®™ has higher dis-
tribution ratios than Fe>*. The use of 0.1 mM TAN (Fig. 4) gives similar results.

The partitioning data for PAN and TAN, and for metal ions in the presence
of PAN and TAN, suggest a pH reversible extraction; at high pH the metal ions

[y
<

)

+

_
=
[=)
&l
(]
w
¥

Distribution Ratios (25 0C)
=)

103 4 .

0 2 4 o6 8 10 12 14
Aqueous Phase pH

Figure 3. Metal ion partitioning with 0.1 mM PAN in [C¢mim][PFg] as a function of
aqueous phase pH.

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 48 25 January 2011

Downl oaded At:

ORDER L REPRINTS
LIQUID EXTRACTION OF METAL IONS 793
10! 5
Co*
| /7 3+
1 00 Fe
C d2+

\Ni2+

Distribution Ratios (25 °C)
=

107 4+

0 2 4 6 8 10 12 14
Aqueous Phase pH

Figure 4. Metal ion partitioning with 0.1 mM TAN in [Cemim][PF¢] as a function of
aqueous phase pH.

would be loaded to the RTIL phase and could be stripped upon contact with an
acidic aqueous phase. Both PAN or TAN would remain in the ionic liquid.

Extraction stoichiometries for the RTIL/aqueous systems were determined
for both PAN and TAN at pH 12 and are shown in Fig. 5 and 6, respectively. In
previously reported metal ion extraction with these ligands, the most common
metal:ligand ratios are 1:1 and 1:2 (10) where the extracted species have been pro-
posed to be M(PAN)(X), where X is an anion, and M(PAN),, respectively (10,35).
Similar results were obtained for the extraction stoichiometry involving TAN. All
of the metal ions studied here were extracted as a 1:2 complex with both the PAN
and TAN ligands, suggesting concomitant extraction of OH" to form a neutral
complex only in the case of Fe**. Previous work has focussed on the metal ion ex-
traction with the ligands at lower pH ranges (32,35-40) although the high D val-
ues observed here may indicate the heightened stability of the metal-PAN and
metal-TAN complexes at alkaline pH in the RTIL/aqueous systems.

In addition to the use of organic extracts, we are interested in extraction of
complex metal anions. Our previous work utilizing halides and pseudohalides as
anionic extractants in alternative extraction systems (ABS (9,41)), prompted the
investigation of their use in RTIL-based liquid/liquid separations. Due to the wa-
ter solubility of the anions and the ionic nature of the extracting solvent, inorganic
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Figure 5. Metal ion distribution ratios as a function of PAN concentration in
[Cemim][PF¢] at an aqueous phase pH of 12.
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Figure 6. Metal ion distribution ratios as a function of TAN concentration in
[Cemim][PF¢] at an aqueous phase pH of 12.
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extractants were studied in the aqueous phase. These anions would act as extrac-
tants by forming an anionic complex with the metal ion, subsequently increasing
the hydrophobicity of the metal-anion complex and increasing its affinity for the
RTIL phase. An example of the utility of such an approach is the extraction of
metal anionic complexes from salt solutions in mining and hydrometallurgical
processes (42,43).

In general, halides and pseudohalides are known extractants and complex
with soft metals to form a variety of species (44). As the size of the complex an-
ions increases, they become less hydrated and their extraction to a hydrophobic
phase increases. Alternatively, certain platinum group metals (e.g., Au, Pd, and
Pt) can be removed from sulfide matte residue by forming stable anionic chloro
species that can be separated from other metals (e.g., Ir and Rh) as they form
chloro-complexes that partition differently. In another example, an intermediate
step in gold refinement is the formation and subsequent liquid/liquid purification
of gold from hydrochloric acid solutions (42). In addition to the use of halides as
extractants, the pseudohalides (e.g., CN°, OCN", and SCN") may promote the com-
plexation of metal ions due to the presence of N and S atoms, both of which
strongly coordinate Hg" ions and could prove beneficial for the complexation of
such soft metal ions (45-47).

In the absence of extractant, the distribution ratio for Hg2+ in a
[C4mim][PF¢]/H,0 system at pH = 7 is 0.81. For the series of NaX salts (X = F
, CI', Br, I), the iodide anion has the smallest magnitude of AGpyq and the high-
est formation constant with Hg (49,50). The values of AGyyq (50) become in-
creasingly more negative I > Br™ > CI" > F~, which follows both the trends in
formation constants and the partitioning of Hg>" halide complexes to a RTIL
phase in the presence of these anions (Fig. 7). Fluoride and chloride apparently de-
press DHg2+ at low halide concentrations. Only at the higher halide concentrations
studied do the distribution ratios of Hg>" return to ca. 1. The presence of the
softer, more hydrophobic anions Br™ and I results in a marked increase in the D
values for their Hg complexes, increasing to 96 with 0.5 M Br™ and 524 for 0.5 M
I.

Some applications of mercury separations are based in hydrometallurgy and
involve the removal of Hg?* from sulfuric acid solutions. For example, in the
CENIM-LNETI process there is the production of sulfates which may interfere
with the leaching step (51). From the results in Fig. 7, the presence of 2 M H,SO,
in the NaX solutions has little effect on the distribution ratios for Hg?*, thus ex-
tending the application of these liquid/liquid separation conditions. When similar
studies are carried out in polyethylene glycol-based aqueous biphasic systems (9),
the partitioning of Hg?* halide species increases in the presence of H,SO, due to
the possible enhancement of the formation constants in the acidic environment.

Elucidating the metal ion speciation in the presence of these inorganic ex-
tractants is a key factor towards understanding the results. As shown in Table 2,
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Figure 7. Distribution ratios for Hg2+ to [Csmim][PF¢] from increasing concentrations
of aqueous NaX. Open symbols indicate that the aqueous phases are 2 M in H,SO,.

the HgX 3™ species is predicted to be dominant with Cl°, Br", and I" in accordance
with their formation constants, whereas the values indicate HgF* is the only com-
plex that forms with the fluoride anion (9). The iodide ion has the smallest AGyyq
(50) and, thus, the largest formation constant with Hg?*, although I itself prefers
the aqueous phase (D7 = 0.2, [C4ymim][PF¢]; Table 1). The remaining halides
have increasingly negative AGyyq values, indicating their increasing hydropho-
bicities. As a result, Hg>" complexes with I" would be the most chaotropic for all
complexes with the halides (9). The formation constants are determined for aque-
ous systems and, in light of the novel environment of RTIL, may not be a true rep-
resentation of the actual speciation that is present in that phase. Hence, the pres-
ence of other species can not be ruled out and is currently a topic of further
research in our laboratories.

We have also measured the distribution ratios for Hg>*, Co**, Cd*>", Ni**,
and Fe*" ions in [Cymim] [PFg]/aqueous systems in the presence of the pseudo-
halides SCN~, OCN", and CN". Table 3 summarizes the complexation constants
and associated speciation for the metal ions with each anion in water. The results
for thiocyanate are shown in Fig. 8. When 0.001 M SCN" is present, the D values
for Hg>™ rise sharply, indicating the stability and hydrophobicity of those com-
plexes. The largest formation constants for these metals with SCN™ decrease in the
order Hg?>* > Fe3* > Ni?" > Cd>" > Co?" (49), and represent the most stable
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form of each metal with SCN" (i.e., Hg(SCN)7", Fe(SCN);, Ni(SCN)3, Cd(SCN)3,
and Co(SCN), (49)). In the presence of SCN-, the affinity of smaller, harder
cations for the RTIL phase also increases, but more slowly, illustrating how a
combination of speciation and the resulting hydration of the metal ion complex
can affect the partitioning. In the RTIL phase, the speciation is rather complex and
several forms of the metal complex may be present since radiometrically deter-
mined distribution ratios are a simple measurement of the total amount of metal
ion in each phase, not a specific moiety.

The cyanate ion at higher concentrations can result in the extraction of
Hg?" ions by increasing Dy, an order of magnitude (Fig. 9). The remaining
metal ions studied show some increases in Dy; at 0.2 M and 0.5 M NaOCN,
however, in general the distribution ratios remain low. The trend in formation
constants with OCN" for these metals is Hg>* > Fe** > Ni** > Co** > Cd**
(49).

Table 2. Distribution Ratios for Hg>' in the Presence of Halides in 0.5 M
NaX/[C4ymim][PF¢] Systems and log K in Aqueous Media

D Hg** Log K*
Anion Complex AGyyq (kJ/mol)? (0.5 M NaX) (n=20.5)
None Hg(II) -1495 0.81
F -345 0.74
HgF* 1.03
Cr -270 1.2
HgCl™" 6.74
HgCl, 13.2
HgCly 14.2
HgCl,> 152
Br -250 96
HgBr™ 9.07
HgBr, 17.3
HgBrs 19.7
HgBry* 21.2
I -220 520
Hgl* 12.9
Hgl, 23.8
Hgly 27.6
Hgl,> 29.8
“Reference (50).
PReference (49).
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Table 3. Distribution Ratios for Metal Ions in the Presence of Pseudohalides in 0.5 M

X(aq)/[C4mim][PF¢] Systems and log K in Aqueous Media

AGyq D Value log K
Metal Pseudohalide Complex (kJ/mol)* (0.5 M anion) (L =0.1)°
Fe3+
CN- -260 0.52
Fe(CN)g> 43.6
OCN- -240 0.077
SCN- -220 0.89
FeSCN2* 24
Fe(SCN),* 3.6
Fe(SCN); 3.9
Fe(SCN), 6.4
Ni2+
CN -260 0.76
Ni(CN),> 30.5
OCN- -240 0.021
NiOCN™ 1.97
Ni(OCN), 1.56
Ni(OCN)5” 1.37
Ni(OCN),> 1.3
SCN- -220 0.26
NiSCN* 1.3
Ni(SCN), 22
Ni(SCN)z 3.5
CO2+
CN -260 0.015
Co(CN);5° 13.7
Co(CN)s™> 23.0
OCN- -240 0.094
Co(OCN),> 2.7
SCN- -220 49
CoSCN™ 1.4
Co(SCN), 2.0
Cd2+
CN- -260 0.19
CdCN* 6.01
Cd(CN), 11.60
Cd(CN)5 16.37
Cd(CN),> 18.89
OCN- -240 0.014
Cd(OCN),>
SCN- -220 5.4
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Table 3. Continued

AGyyq D Value log K
Metal Pseudohalide Complex (kJ/mol)* (0.5 M anion) (w=0.1)°
CdSCN™* 1.64
Cd(SCN), 242
Cd(SCN); 2.08
Cd(SCN)T 2.3
He?
CN- -260 0.90
HgCN™" 17.97
Hg(CN), 3471
Hg(CN);3 38.54
Hg(CN)F 41.52
OCN- -240 6.8
Hg(OCN)7
SCN- -220 140
HgSCN™* 9.08
Hg(SCN), 16.43
Hg(SCN);3 19.1
Hg(SCN)7 21.2
“Reference (50).
PReferences (10,49).
103

Figure 8. Distribution ratios to [C4mim][PF¢] from increasing concentrations of aqueous

KSCN.
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Figure 9. Distribution ratios to [C4mim][PF¢] from increasing concentrations of aqueous
NaOCN.

The cyanide ion results in increases in Dy for Ni2* and Fe** to near 1 at 0.5
M concentration (Fig. 10). Partitioning of Co** is not affected by the presence of
CN- although Hg?" and Cd*" show a slight increase in partitioning as the concen-
tration of CN™ increases. The trend in formation constants with CN~ for these met-
als is Hg>* > Fe* > Ni?" > Co?" > Cd** (49). Successful application of this
anion as a metal ion extractant in RTIL systems is limited since the resulting metal-
anion complexes are not sufficiently hydrophobic to partition to the RTIL phase.

The complex results presented here are a product of several competing fac-
tors, including speciation, hydration of metal ions, the hydrophobicity of the re-
sulting metal ion complexes, and the chemistry of the ionic systems. Review of
the formation constants for each metal ion with the anions studied (Tables 2 and
3), reveals that higher log K values do not guarantee higher D values. For exam-
ple, Hg(CN)3  and Hg(SCN)3™ have log K values of 41.5 and 21.2, respectively,
despite the thiocyanate distribution ratio being two orders of magnitude larger
than for the corresponding distribution ratio with cyanide ion. It is likely that due
to the anionic nature of the extracting solvents, the charge on the metal-anion com-
plex is a contributing factor to the partitioning, as well as any counter-ions neces-
sary to balance charge in partitioning.

Of particular concern when interpreting the results presented here is the pos-
sibility that the RTIL may be participating in a liquid ion exchange process in
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Figure 10. Distribution ratios to [C4mim][PF¢] from increasing concentrations of aque-
ous NaCN.

which PFg is replaced by a more hydrophobic metal-anion complex formed in the
aqueous phase. This would result in irreversible loss of the extracting solvent to
the aqueous phase and preclude 100% solvent recycle. Additional loss of either
the [C,mim]™ or PFg ions via leaching to the aqueous phase would also deter use
of RTIL as solvents in liquid/liquid extraction. We are currently investigating both
potential liquid ion exchange properties and solvent leaching. Since the AGyyq
values vary with the inverse of the ionic radius (31), the partitioning is likely to
occur via an anion exchange mechanism including the loss of PF¢ from the RTIL
when the radius of the anions in the aqueous phase is larger than that of PFg. A to-
tal understanding of RTIL-based liquid/liquid systems at the molecular level and
associated behavior of inorganic solutes could uncover a parameter to correlate
the behavior of these types of solutes and help to unravel the complexity of parti-
tioning metal ion complexes in these systems.

CONCLUSIONS

While the majority of organic-based metal ion complexants are designed for
use in traditional liquid/liquid systems which use VOC diluents, the concepts re-
main the same when a RTIL such as [Cymim][PFg] is used as the hydrophobic
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phase; the metal ion extractant should quantitatively partition to the extracting
phase to optimize the separation over a variety of conditions. We have demon-
strated partitioning of metal ions from aqueous to RTIL phases using both organic
and inorganic extractants, with particular observation as to how the hydrophobic-
ity of the latter group may affect the interactions with water and complexing abil-
ity of the anions. When halides are used as extractants for soft metals such as
Hg?*, the partitioning decreases from I" to F~ in a predictable fashion because
size, stability, and hydration of the complexes are all changed in the same direc-
tion. Corresponding trends are currently more difficult to predict when using hard
metal ions. Further work using the anionic extractants may focus on heavier tran-
sition metals to enhance the complexation between large anions and large cations
and continuing to explore other anionic extractants.

In addition, it will be necessary to elucidate the nature of each extracted
species and determine if a partitioning ion exchange mechanism is operating. Fur-
ther detailed investigation of the solvent and physical properties of RTIL are also
clearly needed before any serious effort can be warranted to deploy these neoteric
solvents in an industrial separations technology.

ACKNOWLEDGMENTS

This work is supported by the Division of Chemical Sciences, Office of Ba-
sic Energy Sciences, Office of Energy Research, U. S. Department of Energy,
(Grant No. DE-FG02-96ER14673).

REFERENCES

1. P. A. Schweitzer, Handbook of Separation Techniques for Chemical Engi-
neers, 3" Edition, McGraw-Hill, New York, 1998.

2. T. Oshima, T. Kakoi, F. Kubota, K. Ohto, M. Goto, and F. Nakashio Sep.
Sci. Technol. 33, 1905 (1998).

3. A.E. Visser, S. T. Griffin, J. G. Huddleston, C. A. Ingenito, D. H. Hartman,
and R. D. Rogers, in Metal lon Separation Technologies Beyond 2000: In-
tegrating Novel Chemistry with Processing, K. C. Liddell and D. J. Chaiko,
Eds., The Minerals, Metals, and Materials Society, Warrendale, PA, 1999,
pp 119-130.

4. R. M. Izatt, J. D. Lamb, R. T. Hawkins, P. R. Brown, S. R. Izatt, and J. J.
Christensen, J. Am. Chem. Soc. 105, 1782 (1983).

5. K. L. Nash, Solv. Extr. Ion Exch. 11,729 (1993).

6. 1. Yoshida, N. Yamamoto, F. Sagara, K. Ueno, D. Ishii, and S. Shinkai
Chem. Lett. 2105 (1991).

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



10: 48 25 January 2011

Downl oaded At:

oroeR | = [l RepRINTS
LIQUID EXTRACTION OF METAL IONS 803
7. R.D.Rogers, J. Zhang, and S. T. Griffin, Sep. Sci. Technol. 32, 699 (1997).
8. K. L. Nash, in Metal-lon Separation and Preconcentration, Progress and
Opportunities, ACS Symposium Series 716, A. H. Bond, M. L. Dietz, and R.
D. Rogers, Eds., American Chemical Society, Washington DC, 1999, pp 52-
78.
9. R.D.Rogers and S. T. Griffin, J. Chromatogr. B 711, 277 (1998).

10. R. G. Anderson and G. Nickless, The Analyst 92, 207 (1967).

11. S.Dai, Y.H. Ju, and C. E. Barnes, J. Chem. Soc. Dalton Trans. 1201 (1999).

12. J.D.Lamb and M. D. Christensen, J. Incl. Phenom. Molec. Recognit. Chem.
32, 107 (1998).

13. L. A.Blanchard, D. Hancu, E. J. Beckman, and J. F. Brennecke, Nature 399,
28 (1999).

14. M. Freemantle, Chem. & Eng. News 76, (3-30-1998) 32.

15. M. Freemantle, Chem. & Eng. News 76, (8-24-1998) 12.

16. K. R. Seddon, J. Chem. Tech. Biotechnol. 68, 351 (1997).

17. P.A.Z.Suarez, S. Einloft, J. E. L. Dullius, R. F. de Souza, and J. Dupont, J.
Chim. Phys. 95, 1626 (1998).

18. R.T. Carlin and J. S. Wilkes, in Chemistry of Nonaqueous Solutions, Cur-
rent Progress, G. Mamantov and A. Popov, Eds., VCH-Wiley, New York,
1994, pp 277-306.

19. C. L. Hussey, Pure Appl. Chem. 60, 1763 (1988).

20. K.R.Seddon, in Molten Salt Chemistry, G. Mamantov and R. Marassi, Eds.,
D. Reidel Co., New York, 1987, pp 365-381.

21. T. Welton, Chem. Rev. 99, 2071 (1999).

22. C. M. Gordon, J. D. Holbrey, A. R. Kennedy, and K. R. Seddon, J. Mater.
Chem. 8, 2627 (1998).

23. J. D. Holbrey and K. R. Seddon, J. Chem. Soc. Dalton Trans. 2133 (1999).

24. P. Bonhdte, A.-P. Dias, N. Papageorgiou, K. Kalyanasundaram, and M.
Gritzel, Inorg. Chem. 35, 1168 (1996).

25. C.J. Anderson, M. R. Deakin, G. R. Choppin, W. D’Olieslager, L. Heerman,
and D. J. Pruett, Inorg. Chem. 30, 4013 (1991).

26. J. G. Huddleston, H. D. Willauer, R. P. Swatloski, A. E. Visser, and R. D.
Rogers, Chem. Commun. 1765 (1998).

27. A. E. Visser, R. P. Swatloski, and R. D. Rogers, Green Chemistry, 2, 1
(2000).

28. H.S.Du, D.J. Wood, S. Elshani, and C. M. Wai, Talanta 40, 173 (1993).

29. R.D. Rogers, C. B. Bauer, and A. H. Bond, J. Alloys Comps. 213/214, 305
(1994).

30. R.D. Rogers and C. B. Bauer, J. Radioanal. Nucl. Chem. 208, 153 (1996).

31. B. A. Moyer and P. V. Bonnesen, in Supramolecular Chemistry of Anions,

A. Bianchi, K. Bowman-James, and E. Garcia-Espaia, Eds., Wiley-VCH,
New York, 1997, pp 1-44.

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



10: 48 25 January 2011

Downl oaded At:

804

32.
33.
34.

35.
36.
37.

38.
39.
40.
41.

42.

43.
44.

45.
46.
47.
48.
49.

50.
51.

ORDER | _=*_[Il REPRINTS

VISSER ET AL.

J. Gao, G. Hu, J. Kang, and G. Bai, Talanta 40, 195 (1993).

C. Sarzanini, V. Porta, and E. Mentasti, New J. Chem. 13, 463 (1989).
A.E. Visser, S. T. Griffin, D. H. Hartman, and R. D. Rogers, J. Chromatogr.
B, In Press (2000).

J. Gao, B. Peng, H. Fan, J. Kang, and X. Wang, Talanta 44, 837 (1997).

K. Bessho, K. Saitoh, and N. Teramae, Chem. Lett. 577 (1995).

L. Cornejo-Ponce, P. Peralta-Zamora, and M. I. M. S. Bueno, Talanta 46,
1371 (1998).

I. Facchin and C. Pasquini, Anal. Chim. Acta 308, 231 (1995).

D. Nonova and B. Evtimova, J. Inorg. Nucl. Chem. 35, 3581 (1973).

H. Wada and G. Nakagawa, Anal. Lett. 1, 687 (1968).

R. D. Rogers and J. Zhang, in lon Exchange and Solvent Extraction, Vol. 13,
J. A. Marinsky and Y. Marcus, Eds., Marcel Dekker, New York, 1997, pp
141-193.

A. Feather, K. C. Sole, and L. J. Bryson, J. S. Afr. Inst. Min. Metall. 97, 169
(1997).

J. Zhao, Z. Wu, and J. Chen, Hydromet. 48, 133 (1998).

Yu. A. Zolotov, in Coordination Chemistry: A Century of Progress, ACS
Symposium Series 565, G. B. Kauffman, Ed., American Chemical Society,
Washington, DC, 1994, pp 395-403.

G. Zuo and M. Muhammed, React. Funct. Polymers 27, 187 (1995).

G. Zuo and M. Muhammed, Solv. Extr. Ion Exch. 13, 855 (1995).

G. Zuo and M. Muhammed, Solv. Extr. Ion Exch. 13, 879 (1995).

M. D. Adams, J. S. Afr. Inst. Min. Metall. 90, 67 (1990).

NIST Database 46: Critically Selected Stability Constants of Metal Com-
plexes Database, 1998, 5.0, Gaithersburg, MD, U.S. Department of Com-
merce.

Y. Marcus, J. Chem. Soc. Faraday Trans. 1 87,2995 (1991).

J. L. Limpo, J. M. Figueiredo, S. Amer, and A. Luis, Hydromet. 28, 149
(1992).

Copyright © Marcel Dekker, Inc. All rights reserved.

MaRcEL DEKKER, INC. ﬂ
270 Madison Avenue, New York, New York 10016 o



Downl oaded At: 10:48 25 January 2011

Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request
Permission/Reprints Here" link below and follow the instructions. Visit the
U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materialsis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, alter or enhance the Materials. Please refer to our Website

User Agreement for more details.

Order now!

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081S55100103620


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SS&title=LIQUID%2FLIQUID+EXTRACTION+OF+METAL+IONS+IN+ROOM+TEMPERATURE+IONIC+LIQUIDS&offerIDValue=18&volumeNum=36&startPage=785&isn=0149-6395&chapterNum=&publicationDate=06%2F30%2F2001&endPage=804&contentID=10.1081%2FSS-100103620&issueNum=5%266&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A42%3A01&publisherName=dekker&orderBeanReset=true&author=Ann+E.+Visser%2C+Richard+P.+Swatloski%2C+Scott+T.+Griffin%2C+Deborah+H.+Hartman%2C+Robin+D.+Rogers&mac=FGvipXjqThqwR45C3M4vCA--

