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a b s t r a c t

Extraction chromatographic (EXC) resins incorporating an appropriate crown ether in an oxygenated
organic solvent such as 1-octanol are well established as sorbents for the analytical-scale separation and
preconcentration of radiostrontium from a variety of sample types. Recent solvent extraction studies
employing crown ethers in various 1-alkyl-3-methylimidazolium-based (CnC1imþ) room-temperature
ionic liquids (RTILs) indicate that under certain conditions, distribution ratios (DSr) for strontium far in
excess of those observed with conventional organic solvents are observed. To determine if this increase
in liquid–liquid extraction efficiency will lead to improved strontium sorbents, several EXC resins
and sol-gel glasses incorporating di-tert-butylcyclohexano-18-crown-6 (DtBuCH18C6) in either 1-decyl-
3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide (C10C1imTf2N) or the related hydroxyalkyl-
functionalized IL 1-(12-hydroxydodecyl)-3-butylimidazolium bis[(trifluoromethyl)sulfonyl]imide (C12OH
C4im Tf2N) were prepared and characterized. Unexpectedly the performance of these materials was not
uniformly better than that of a conventional EXC resin, an apparent result of the greater viscosity of the
ionic liquids and the lower solubility of the crown ether in ILs versus conventional organic solvents.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Extraction chromatography, a type of liquid chromatography in
which the stationary phase comprises a metal ion extractant or a
solution of the extractant in an appropriate diluent sorbed on an
inert (often, polymeric) support, has proven to be of extraordinary
utility in the development of methodology for the determination
of a variety of radionuclides in environmental (e.g., soil) and
biological (e.g., bioassay) samples [1–3]. Despite its many advan-
tages, however, extraction chromatography suffers from several
significant limitations [2–4]. First, because the extractant is sorbed
rather than covalently bonded to the support, the physical stability
of extraction chromatographic (EXC) resins can be inadequate for
many applications. In addition, the capacity of typical EXC sorbents
is rather limited, often to only a few mg/mL of bed volume. As a
result, inconveniently large columns may be required if extractant
saturation (i.e., column overload) is to be avoided. Finally, the

retention of metal ions on certain EXC materials is often insuffi-
cient, even in the absence of competing ions that might be
expected to consume a significant fraction of the sorption sites
on the material. For example, although an EXC resin selective for
radiostrontium [5–7] has long been commercially available (i.e.,
Sr resin, EiChroM Technologies), its modest strontium retention
makes it poorly suited for large-volume samples and complicates
efforts to miniaturize chromatographic separations employing it.

Prior work has shown that metal ion extraction by crown
ethers such as that on which the commercial strontium resin is
based (di-tert-butylcyclohexano-18-crown-6, hereafter abbre-
viated as DtBuCH18C6) is strongly influenced by the organic
solvent in which the extractant is dissolved [8,9]. For example,
strontium extraction into a solution of dicyclohexano-18-crown-6
(DCH18C6) and by analogy, its retention on a crown ether-based
EXC resin [5,10], has been found to increase as the molecular
weight of the solvent is decreased within a given diluent family,
the apparent result of the greater solubility of water in lower
molecular weight solvents and the accompanying increase in the
ease of solvating the co-extracted anion [8]. As a compromise
between the need to maximize strontium retention and to mini-
mize the loss of the crown ether/diluent mixture comprising the
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stationary phase to solubilization in the mobile phase during a
separation, 1-octanol is employed as the stationary phase solvent
in the commercial resin [5,6]. Recent work suggests that better
results, in particular far stronger retention of strontium, might be
achieved by employing ionic liquids (ILs), a novel class of solvents
typically comprising a bulky, asymmetric organic cation in combi-
nation with any of a wide variety of organic or inorganic anions
[11] as the basis of the stationary phase. Specifically, various
studies have shown that under certain conditions, metal ion
extraction efficiencies far exceeding those seen with conventional,
molecular solvents can be obtained in liquid–liquid systems
employing solutions of an appropriate extractant in any of a
variety of ILs [12–14]. For example, using solutions of DCH18C6
in N,N0-dialkylimidazolium-based ILs, Dai et al. [12] have demon-
strated that strontium distribution ratios (DSr, defined as the ratio
of the total concentration of strontium in the organic phase to that
in the aqueous phase at equilibrium, [Sr]org,eq/[Sr]aq,eq) 104 times
larger than those observed in 1-octanol can be obtained. This
suggests that an EXC resin employing an appropriate IL as a
component of the stationary phase may provide strontium ion
retention significantly greater than that obtained with conven-
tional EXC resins.

In the past decade, a number of metal ion sorbents have been
described that comprise an ionic liquid dispersed in/on a solid
support [15–25]. Much less common are those in which an ionic
liquid is employed as the diluent for a supported metal ion
extractant [26–30]. In this report, we describe the preparation
and preliminary characterization of several strontium sorbents
incorporating a mixture of a crown ether and various N,N0-
dialkylimidazolium-based ILs, supported in either a porous poly-
mer matrix, as is often done in extraction chromatography, or a
sol-gel glass. Unexpectedly the results obtained indicate that the
performance, in particular the strontium retention, of these new
materials is not necessarily superior to that of the conventional
commercial EXC resin.

2. Materials and methods

2.1. Materials

2.1.1. Reagents
Dicyclohexano-18-crown-6 (DCH18C6) was obtained as a mix-

ture of the cis-syn-cis (A) and cis-anti-cis (B) isomers from Parish
Chemical Company (Orem, UT). The 4,40(50)-di-(tert-butylcyclohex-
ano)-18-crown-6 (DtBuCH18C6) was obtained from EichroM Tech-
nologies, Inc. (Darian, IL) and unless otherwise noted, used without
further purification. For liquid-liquid extraction studies, where
interpretation of the results was facilitated by the use of a single
isomeric form of the crown ether, a 0.5 M solution in hexane was
contacted with twice its volume of 1 M perchloric acid to pre-
cipitate out the 4z,50z cis-syn-cis form. Amberchrom™ CG-71m was
purchased from Rohm and Haas (Philadelphia, PA) and pretreated
as previously described [31]. The tetramethyl orthosilicate (TMOS)
and 1-octanol were obtained from Alfa Aesar (Heysham, UK), while
the formic acid (98%) was obtained from Sigma-Aldrich (St. Louis,
MO). All were used as received. Optima™ grade nitric acid and
HPLC grade methanol were obtained from Fisher Scientific Com-
pany (Waltham, MA). The Sr-85 and Na-22 radiotracers were
purchased from Perkin Elmer Corporation (Shelton, CT) as the
respective chlorides and converted to the nitrate form by repeated
evaporation to dryness in the presence of nitric acid. All water was
obtained from a Milli-Q2 system and had a specific resistance
of at least 18 MΩ-cm. The ionic liquids employed in this work,
1-decyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
(C10C1imTf2N) and 1-(12-hydroxydodecyl)-3-butylimidazolium bis

[(trifluoromethyl)sulfonyl]imide (C12OHC4imTf2N), were prepared
by reaction of the corresponding bromides with LiTf2N and purified
using methods described previously [11,32,33]. Sample purity was
verified by 1H- and 13C NMR (DMSO), as detailed in previous reports
[11,32,33]. The NMR spectra were acquired on a Bruker DPX300
NMR spectrometer operating at 300.13 MHz for proton and
75.47 MHz for carbon-13, and equipped with a z-gradient broad-
band (BBO) probe. Spectra were obtained using solutions in
dimethylsulfoxide-d6 (Aldrich, 99.96 atom% D), and all chemical
shifts were reported relative to tetramethylsilane.

2.2. Methods

2.2.1. Liquid-liquid extraction studies
The distribution of the radiotracer between aqueous and organic

phases of interest was determined by equilibrating equal volumes of
a tracer-spiked nitric acid solution and either 1-octanol or an ionic
liquid. Prior to the distribution measurement, the organic phase
was pre-equilibrated via two contacts with twice its volume of
an appropriate acid solution. From the measured activity of the
aqueous and organic phases after equilibration, determined via
gamma spectroscopy according to standard procedures on a Perkin-
Elmer 2480 Automatic Gamma Counter, the distribution ratio of
strontium (or sodium) was calculated from the equation:

DM ¼ M½ �org; eq= M½ �aq; eq

2.2.2. Polymer-supported IL-crown ether mixtures
The EXC resins comprising polymer-supported IL-crown ether

mixtures were prepared in a manner analogous to that described
previously for mixtures of crown ethers and conventional organic
solvents [5,6].

2.2.3. Sol-gel-encapsulated IL-crown ether mixtures
To synthesize the silica-based EXC materials, an acid-catalyzed

sol-gel procedure was employed [34]. In a typical preparation,
DtBuCH18C6 (50 mg) was dispersed into a mixture of TMOS (1 mL)
and formic acid (2 mL). This route yielded a “solvent-less” (i.e., no
diluent added) sorbent. To determine the impact of the presence
of a solvent, the same route for preparation was followed, but neat
DtBuCH18C6 was replaced with a 1 M solution of the crown ether
in either the IL or 1-octanol. For all preparations, the quantity of
DtBuCH18C6 used was maintained at 50 mg. After a week of
standing, during which time gelation and the volatilization of
the CH3OH and HCOOCH3 hydrolysis products occurred, a mono-
lithic glass composite consisting of DtBuCH18C6 or its solution
in the IL or 1-octanol entrapped in the silica network [35]
was obtained. The composite glass material was crushed and
sieved to collect material of the desired size range (�50–100 μm
diameter) for subsequent metal ion uptake experiments. Following
sieving, the ground material was examined by scanning electron
microscopy using a Hitachi Model S-4800 field emission SEM.

2.2.4. Sorbent characterization: equilibrium metal ion uptake
Solid–liquid (weight) distribution ratios (Dw) for strontium and

sodium were determined radiometrically using 85Sr and 22Na
radiotracers. Specifically, the sorption of the tracer from nitric
acid solutions by the resins was measured by contacting a known
volume (typically 1.0 mL) of tracer-spiked acid solution of appro-
priate concentration with a known mass of resin. The ratio of the
aqueous phase volume (mL) to the weight (g) of the chromato-
graphic material ranged from 40–50. (This ratio is determined
primarily by the need to produce an easily measured decrease in
the aqueous activity by contact with the resin.) Contact times of
two and four hours (with occasional swirling) were employed for
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the polymeric and silica-based EXC materials, respectively. After
equilibration, an aliquot of the aqueous phase was withdrawn
from each culture tube and filtered through a 0.22 μm poly
(vinylidene fluoride) (PVDF) filter to ensure that no dispersed
resin was present. On the basis of the initial and final activity of a
measured aliquot of this aqueous phase, the weight distribution
ratio of strontium or sodium was calculated from the following
equation:

Dw ¼ A0–Afð Þ=Af
� �

V=w
� �

where A0 and Af represent the aqueous phase activity (cpm) before
and after equilibration respectively, w is the mass of the resin
taken (g), and V is the volume of the aqueous phase (mL).

2.2.5. Sorbent characterization: metal ion uptake kinetics
Into a series of screw-cap test tubes, each containing the same

amount (2072 mg) of EXC resin, was introduced a known volume
(typically 1 mL) of an appropriate nitric acid solution containing a
Sr-85 radiotracer. At various time intervals following the introduc-
tion of the tracer solution, during which the samples were
periodically mixed to ensure equilibration, the aqueous phase
was withdrawn from one of the test tubes and filtered through a
0.22 μm PVDF filter. From the initial and final activity of the
aqueous phases, Dw values were determined as described above
and a plot of the time dependence of Dw was prepared.

3. Results and discussion

3.1. Liquid–liquid extraction studies

In an earlier report, Horwitz et al.[36] examined the relation-
ship between the efficiency with which a given metal ion is
extracted in a liquid–liquid (l–l) system, as reflected in the metal
ion distribution ratio (DM), and its retention on an extraction
chromatographic sorbent based on this l–l system, as reflected in
the weight distribution ratio for the ion. For lanthanide (Ln)
extraction by several organophosphorus acids, it was found that
despite some differences between measured values of the capacity
factor, k0, for the Ln ions and those expected on the basis of DM

measurements (given by DM �Vs/Vm, where Vs and Vm are the
stationary and mobile phase volumes, respectively), the overall
trend of decreasing metal ion affinity for the organic phase with
rising acidity was generally the same in both l–l and EXC systems.
On the basis of this and similar observations by a number of other
investigators on a variety of extraction systems [37–44], it is now
well established that the extraction behavior of a metal ion is often
a useful predictor of its retention behavior on the corresponding
EXC resin. For this reason, our efforts to develop an ionic liquid-
based EXC material for strontium began with a consideration of
the extraction behavior of strontium into a series of ILs incorpor-
ating DCH18C6 or its di-tert-butyl- analog, compounds known to
exhibit substantial affinity for Sr2þ in conventional solvent sys-
tems [45–47].

Fig. 1 shows the nitric acid dependency of the extraction of
strontium ion by DCH18C6 into two ionic liquids, one alkyl-
substituted (C10C1imTf2N) and the other hydroxyl-functionalized
(C12OHC4imTf2N). Also shown for purposes of comparison are the
results obtained under the same conditions using a conventional
molecular diluent, 1-octanol, as the organic solvent. In addition,
the corresponding results for Naþ extraction into both 1-octanol
and C10C1imTf2N are provided. As can be seen, extraction into the
molecular diluent follows the expected trend [48] of generally
increasing extraction efficiency (DM) with rising aqueous nitrate
concentration. Note that at sufficiently high acidities, competition
for the extractant between the acid present and the metal ion [49]

eventually leads to a downturn in the acid dependency for sodium
ion. The net result is an increase in the strontium/sodium separa-
tion factor, αSr/Na, with acidity. For the ionic liquids also, strontium
extraction generally rises with increasing aqueous acidity, indicat-
ing as noted in prior studies [14] that ion-pair extraction/extrac-
tion of a neutral strontium-crown ether-nitrato complex is the
predominant mode of extraction under the experimental condi-
tions. In contrast, the extraction of sodium ion into C10C1imTf2N
declines over the entire range of acidities examined, behavior
consistent with the predominance of ion-exchange in the overall
extraction process [14,50]. In this extraction system too then αSr/Na

varies with acidity, in this case peaking at ca. 3 M HNO3, the
acidity most commonly employed for sample loading in proce-
dures incorporating commercial resins for strontium sorption, at a
value ca. 64, approximately three times that obtained in 1-octanol
[51]. These results, together with the higher values of DSr observed
in the 1–3 M HNO3 range, suggest that it should be possible to
significantly improve the performance of established commercial
strontium sorbents simply by replacing the diluent employed
(1-octanol) with an appropriate ionic liquid.

Because the not insignificant water solubility of DCH18C6 [52]
would be expected to make an EXC material prepared from it
unstable, its more hydrophobic di-tert-butyl-substituted analog,
DtBuCH18C6, was next evaluated. As has been noted previously
[53], this compound can exist in numerous isomeric forms. To
facilitate the interpretation of the extraction data, we have
employed a single form, designated as the 4z,50z-cis-syn-cis isomer
(Fig. 2), believed to be one of the major constituents of commercial
preparations of this crown ether [54]. Fig. 3 depicts the nitric acid
dependency of DSr for this compound, again in 1-octanol,
C10C1imTf2N, and C12OHC4imTf2N, along with analogous results
for sodium ion in 1-octanol and C10C1imTf2N. In the conventional
molecular diluent (i.e., 1-octanol), the dependency for both Sr and
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Fig. 1. Effect of nitric acid concentration on the extraction of Sr2+ into 1-octanol (●),
C10C1imTf2N (’), or C12OHbimTf2N (♦) and Na+ into 1-octanol (J) or C10C1imTf2N
(n) by DCH18C6 (0.1 M). (The smooth curves are intended only as a guide to the
eye.)
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Na extraction generally exhibits the increase with rising acidity
expected for neutral complex extraction, and the Sr/Na separation
factor (αSr/Na) approaches 100 at the highest acidities (ca. 6 M). For
the ionic liquids, DSr again generally increases with aqueous
acidity, although some flattening or downturn in the depend-
ency is observed above ca. 2 M HNO3. At acidities greater than
ca. 0.25 M, the value of DSr is typically a factor of 5–10 greater than
that obtained with DCH18C6, as would be expected from the
greater hydrophobicity of the di-t-butyl-substituted compound.
Equally important is that strontium-sodium separation factors of
50–100 are observed in C10C1imTf2N for 1–6 M HNO3. Overall
then, the use of the more hydrophobic crown ether yields
strontium extraction efficiencies significantly higher than those
seen with DCH18C6, while preserving its excellent strontium
extraction selectivity. In addition, when combined with an IL,
DtBuCH18C6 provides DSr values much greater than those seen
with 1-octanol. Taken together, these results further reinforce the
notion that a substantial improvement in the performance of an
EXC material for strontium might be effected by use of an ionic
liquid diluent.

3.2. Polymer-supported crown ether-Ionic liquid mixtures. Metal ion
uptake studies

To investigate this possibility, extraction chromatographic resins
incorporating 40% (w/w) of a 1.0 M solution of DtBuCH18C6 in

1-octanol, C10C1imTf2N or C12OHC4imTf2N were prepared and eval-
uated for strontium uptake. Fig. 4 shows the nitric acid dependence
of strontium uptake (as reflected in the weight distribution ratio,
Dw) by the three resins. It is immediately apparent that contrary to
expectations, the IL-based resins actually provide poorer retention of
Sr2þ than does the conventional (i.e., commercial) octanol-based
material in the acidity range of interest (ca. 1–6 M). In addition, and
again contrary to results observed in the l–l extraction studies, there
is little difference between strontium retention by materials based
on the dialkyl- and hydroxyalkyl-ILs. Thus in contrast to the
conventional solvent system (i.e., 1-octanol), for which it has been
shown that solvent extraction and extraction chromatographic
behavior are reasonably well correlated [5,6,48], l–l extraction data
for the ionic liquids considered here are seemingly of little value in
predicting the behavior of the EXC resins prepared from them.

3.3. Effects of stationary phase viscosity

In principle, if the partitioning mechanism for a metal ion in a
liquid–liquid extraction system and the corresponding extraction
chromatographic resin are the same, then the adaptation of the
solvent extraction system to a solid support should be straightfor-
ward [55]. There are, however, several additional issues that must
be considered when attempting to understand the relationship
between the behavior of the two systems for the ILs, among them
is the effect of solvent viscosity. According to the Stokes-Einstein
Equation, the diffusion coefficient of a solute in a medium is
inversely proportional to the viscosity of the medium:

D¼ kBT=6π η r

where D is the diffusion coefficient of a spherical particle, kB is
Boltzmann's constant, T is the absolute temperature, η is the
viscosity, and r is the radius of the particle [56]. As applied to
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Fig. 3. Effect of nitric acid concentration on the extraction of Sr2+ into 1-octanol
(●), C10C1imTf2N (’), or C12OHbimTf2N (♦) and Na+ into 1-octanol (J) or
C10C1imTf2N (n) by 4z,50z-csc-DtBuCH18C6 (0.1 M). (The smooth curves are
intended only as a guide to the eye.)
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Fig. 4. Effect of nitric acid concentration on the uptake of strontium ion by
extraction chromatographic resins comprising a solution of DtBuCH18C6 (1 M) in
1-octanol (○), C10C1imTf2N (&), or C12OHbimTf2N (♦) on Amberlite XAD-7. (The
smooth curves are intended only as a guide to the eye.)

Fig. 2. The structure of the 4z, 50z-cis-syn-cis stereoisomer of di-(tert-butylcyclo-
hexano)-18-crown-6 (DtBuCH18C6).
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extraction chromatography, this equation indicates that the rate of
diffusion of a solute (e.g., strontium ion) into the pores of the EXC
resin beads will be reduced as the viscosity of the solution with
which the resin has been impregnated increases. In addition, it
suggests that the accessibility of extractant molecules within the
pores of a support may be limited when the viscosity of the
stationary phase is high. That is, for a solute to interact with an
extractant, a path for solute/extractant transport must be pro-
vided. If providing such a path requires that relatively large IL
molecules rotate or translate, however, the high viscosity of the
medium could render this difficult, thus restricting the availability
of the extractant to the solute. For 1-octanol, a viscosity of 7.2 cP
has been reported at standard temperature and pressure [57],
while for typical ionic liquids, viscosities of 300–1000 cP are
observed under the same conditions [58]. Clearly then the differ-
ences in viscosity of the two solvents are substantial, and thus may
at least partially account for the observations.

3.4. Extractant concentration effects

The effect of extractant concentration must also be considered.
That is, while the solvent extraction experiments described here
were carried out using a 0.1 M solution of DtBuCH18C6, the
stationary phase of the EXC resin comprises a 1 M solution of
the same extractant, a factor of ten more concentrated. Table 1
summarizes the results of l–l extraction experiments in which the
dependence of the distribution ratio of strontium on the concen-
tration of DtBuCH18C6 in either C10C1imTf2N or 1-octanol was
determined. As can be seen, in the conventional solvent, an
increase in extractant concentration is accompanied by a (roughly)
proportional increase in the value of DSr. A log–log plot of DSr vs.
[DtBuCH18C6], in fact, yields a line of near-unit slope (0.78). As
also shown in the table, this increase in extractant concentration is
obviously accompanied also by a decrease in the mole ratio of
solvent to extractant. Even at the highest DtBuCH18C6 concentra-
tion, however, a significant excess of the solvent remains. For
the ionic liquid, however, neither of these observations applies.
That is, as the extractant concentration is increased, DSr initially
increases, but then declines. Moreover, in the most concentrated
DtBuCH18C6 solutions, the very high molar mass of the ionic
liquid means that the solvent-to-extractant mole ratio is quite low,

falling to only 1.2 at 1 M extractant. Thus, in these solutions, the
system is rapidly approaching one in which the ionic liquid is no
longer the majority component. This dearth of solvent apparently
has a destabilizing effect, as upon standing in contact with an
acidic aqueous phase, the crown ether precipitates from the most
concentrated solutions, thus limiting the solubility of DtBuCH18C6
to ca. 0.6 M. This strongly suggests that precipitation of the
extractant in the pores of the support may be at least partly
responsible for the unexpectedly poor performance of the IL-based
EXC resins.

It is both interesting and somewhat unexpected to note that
precipitation of the extractant from the hydroxyl-functionalized IL
C12OHC4imTf2N, which by design, bears resemblance to an alipha-
tic alcohol, occurs to essentially the same extent observed for
C10C1imTf2N (albeit more slowly) when the solution is allowed to
stand in contact with an acidic aqueous phase (e.g., 1 M HNO3).
That acid contact induces precipitation in this system as well
indicates that formation of an insoluble crown ether-hydronium
ion adduct is likely responsible. Such precipitation is not without
precedent; in fact, the precipitation of a DtBuCH18C6-H3Oþ

adduct from n-hexane, induced by perchloric acid contact, has
been employed as a means of purifying DtBuCH18C6 [53]. More-
over, although seemingly vastly different than hexane, ionic
liquids bearing long alkyl chains (as is the case for both ILs
considered here) have been found to form nanostructured
domains in which the polar head groups and hydrophobic side
chains are arranged in such a way as to provide regions differing
greatly in polarity [59–61]. Here the hydrophobic domains would
likely resemble a long-chain alkane, not unlike hexane.

It is also worth noting here that over a short time frame (i.e.,
minutes to hours), solutions of DtBuCH18C6 in C10C1imTf2N more
concentrated than its apparent equilibrium solubility can be
prepared and studied. As shown in Table 1, for example, strontium
distribution ratios can be measured for even a 0.75 M solution of
DtBuCH18C6 with no sign of precipitation over the time span of
the measurement. Curiously, however, DSr values at these higher
concentrations are lower than those observed at lesser crown
ether concentrations. In fact, the extraction of strontium by a
0.75 M solution of the crown ether is essentially identical to that
seen at 0.40 M extractant. In an effort to understand the source of
this anomaly, the extraction of strontium by DCH18C6, which is
not plagued by such solubility limitations, into the same IL was
revisited. Fig. 5A shows the dependence of DSr and DNa on the
concentration of DCH18C6 in C10C1imTf2N at a fixed aqueous
acidity (3.00 M HNO3). For purposes of comparison, the corre-
sponding results for 1-octanol are provided in Fig. 5B. As can be
seen, in the conventional solvent, DM for the monovalent cation
(i.e., Naþ) increases linearly with rising extractant concentration, an
observation consistent with extraction of a neutral sodium nitrato-
crown ether complex, a process depicted in Eq. 1 (with n¼1):

Mnþ
aq þDCH18C6orgþn �NO3

�
aq2M(NO3)n �DCH18C6org (1)

For the divalent cation (i.e., Sr2þ), in contrast, significant flattening
of the dependency is observed, although DSr values do continue to
increase with [DCH18C6], a consequence (as has been described in
detail previously [49]) of appreciable aqueous phase complex
formation in the strontium-DCH18C6 system.

For the extraction of sodium into the IL, increasing DCH18C6
concentration again yields a proportional increase in DM. In this
instance, however, extraction is believed to proceed predomi-
nantly via two types of ion-exchange processes (Fig. 6), one in
which the sodium-crown ether complex initially formed is
exchanged for the cationic component of the IL, and the other a
two-step process involving the initial formation of a 1:1 hydro-
nium ion-DCH18C6 complex and the subsequent exchange of the

Table 1
Effect of DtBuCH18C6 concentration in 1-octanol or C10C1imTf2N on the extraction
of strontium ion from 1.0 M nitric acid solution.

1-octanol

[DtBuCH18C6], M mole ratio (1-OAlc:crown) DSr

0.25 22 8.7
0.50 9.4 15.1
0.75 5.4 19.4
1.00 3.1 26.5

C10C1imTf2N

[DtBuCH18C6], M mole ratio (IL:crown) DSr

0.25 8.0 25.1
0.40 34.5
0.50 3.5 43.2
0.60 47.9
0.75 33.1
1.00 1.2 –a

a Precipitation of the crown ether is observed.
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complexed H3Oþ for Naþ [50], as depicted in Eqs. (2) and (3):

H3Oþ
aqþDCH18C6IL2DCH18C6 �H3Oþ

IL (2)

Naþ
aqþDCH18C6 �H3Oþ

IL2DCH18C6 �NaþIL þH3Oþ
aq (3)

Here, increasing the DCH18C6 concentration promotes formation
of additional hydronium ion-crown ether complex, which can then
undergo ion exchange (IX) with the sodium ion present.

For strontium extraction into the IL, the values of DM eventually
begin to decline (albeit slightly) as the extractant concentration
rises. This decline becomes even more evident as the aqueous
acidity is decreased (Fig. 7). These observations can be explained
by recognizing that under the experimental conditions, a not
insignificant contribution to the overall extraction of strontium is
made by so-called “crown ether-mediated ion exchange” [50,51],

analogous to the process shown for sodium ion extraction
above. In this instance, however, the initial formation of the 1:1
hydronium ion-crown ether complex is followed by a process in

Fig. 6. The three-path model for alkali and alkaline earth cation partitioning
between nitric acid solutions and CnC1imTf2N ionic liquids in the presence of
DCH18C6.
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0.001 0.01 0.1 1

D
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[DCH18C6], M

Fig. 7. Effect of DCH18C6 concentration on the extraction of Sr2+ from 0.050 M
HNO3 (♦) 1.0 M HNO3 (J) and 3.0 M HNO3 (’) into C10C1imTf2N. (The smooth
curves are intended only as a guide to the eye.)
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Fig. 5. Effect of DCH18C6 concentration on the extraction of strontium (●) and sodium (J) ions from 3.0 M nitric acid into C10C1imTf2N (panel A) or 1-octanol (panel B).
(Lines represent least-squares fits to the data.)

C.A. Hawkins et al. / Talanta 135 (2015) 115–123120



which two molecules of this adduct react with the metal ion, as
necessitated by the electroneutrality requirement:

Sr42þaq þ2 DCH18C6 �H3Oþ
IL2DCH18C6 � Sr2þIL þ2H3Oþ

aq

þDCH18C6IL (4)

Clearly a process such as this, which results in the production of
free DCH18C6 molecules, would not be expected to be favored
by increasing concentrations of extractant in the IL phase. Thus,
as the initial concentration of the free crown ether in the IL phase
is increased, the propensity to extract a divalent cation by crown
ether-mediated IX is likely to diminish. The result, apparently,
can be a decline in DM with increasing extractant concentra-
tion. Such an observation is, to the best of our knowledge, without
precedent.

3.5. Sorption capacity studies

An obvious solution to the problem of extractant precipitation
is to reduce its concentration in the IL. Such a reduction, however,
would also lower the strontium sorption capacity relative to that
of the commercial resin. If, for example, the concentration of
DtBuCH18C6 in the IL was reduced to its solubility limit (ca. 0.6 M),
a 21% decline in the capacity vs. that of a 1-octanol-based sorbent
(from 4.74 to 3.74 mg/mL of bed) would be expected. Capacity
determinations on the C10C1imTf2N-based and conventional sor-
bents, however, yield an even greater difference between the
actual capacities of the two materials. That is, while the measured
capacity of the commercial resin is (in agreement with a prior
report [6]) 74% of the theoretical value (3.51 mg/mL), that of the IL-
based resin is only 1.78 mg/mL, 57% of its theoretical value. Given
that precipitation of the crown ether is not expected at this
concentration, lower accessibility of the pore volume of the
sorbent due to the high stationary phase viscosity is a likely
contributor to the lower than anticipated capacity.

3.6. Sol-gel encapsulated crown ether-ionic liquid mixtures

That the properties of the support can exert an influence on the
behavior of an extraction chromatographic material is by now well
established [62]. In 1977, for example, Parrish [62] showed that the
rate of copper (II) uptake by the extractant Kelex 100 supported on
any of a variety of macroporous polymers (e.g., XAD-series resins)
was affected by the water regain (i.e., hydrophobicity) of the
support, with more hydrophilic materials yielding faster copper
ion uptake under a given set of conditions. Subsequent work by
other investigators [42,63–67] has confirmed the often significant
influence of support characteristics on the chromatographic per-
formance of EXC resins. Such results suggest that it may be
possible to at least partly overcome the apparent limitations of
the polymer-supported crown ether-IL system by appropriate
choice of support. Recent work by Makote at al. [34] concerning
the properties of ionic liquid-crown ether mixtures encapsulated
in sol-gel glasses lends additional credence to this notion. In
particular, these investigators demonstrated that while a
DCH18C6-impregnated sol-gel glass exhibited only limited uptake
of strontium (Dw¼0.5) from a pH 4 aqueous phase when undi-
luted crown ether was employed, addition of the ionic liquid
1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
(C2C1imTf2N) resulted in a dramatic (i.e., thousand-fold) increase
in strontium retention under the same conditions. This suggests
that a sol-gel glass matrix may be especially well suited as the
basis for metal ion sorbents employing crown ether-ionic liquid
mixtures.

With this in mind, sol-gel glasses (Fig. 8) incorporating either
undiluted DtBuCH18C6 or its solution (1 M) in C10C1imTf2N were
prepared and characterized. For purposes of comparison, a third
material incorporating a 1 M solution of the crown ether in
1-octanol was also examined. Fig. 9 depicts the nitric acid
dependence of the weight distribution ratio, Dw, for strontium
by these sorbents. As shown, in contrast to the results obtained by
Makote et al. [34] for DCH18C6, the sorbent incorporating only
DtBuCH18C6 displays significant retention of radiostrontium,

Fig. 8. Physical appearance of silica sol-gel-based and polymer-based extraction chromatographic materials.
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yielding a Dw of nearly 80 at the highest acidities examined.
Similar strontium ion retention behavior is seen for the sorbent
incorporating a solution of DtBuCH18C6 in 1-octanol, although a
decline in the acid dependency is seen at sufficiently high aqueous
acidities. This observation is consistent with previous results for
polymer-based EXC resins, for which little effect on strontium ion
retention by a crown ether-loaded support was noted upon
introduction of 1-octanol [4]. Again in contrast to the results of
Makote et al. [34], however, much the same strontium ion uptake
is observed for the sorbent incorporating a solution of the crown
ether in the ionic liquid. Apparently then (for reasons which
remain unclear at present), the effect of the presence of an ionic
liquid on the metal ion sorption behavior of a crown ether-loaded
sol-gel glass is dependent upon the crown compound. A compar-
ison of these data to those shown in Fig. 4, in which the sorbents
consist of solutions of the same extractant in 1-octanol or
C10C1imTf2N supported on Amberlite XAD-7, unexpectedly indi-
cate that better results (as reflected in the magnitude of Dw for
strontium ion at a given acidity) are generally obtained for the
polymer-based materials.

A further indication of the superiority of XAD-based sorbents
is seen in measurements of the kinetics of strontium ion uptake.
Fig. 10 shows the results of these measurements for a sol-gel
glass incorporating either undiluted DtBuCH18C6 or its solution
(1 M) in 1-octanol or C10C1imTf2N. For the sol-gel-based materi-
als, equilibration times exceeding two hours are observed, con-
sistent with prior reports for sol-gel glasses incorporating a
tetracarboxylic acid-functionalized aza-crown ether [70] or a
thiacrown ether [71], for which equilibration times of up to
24 h have been found. For the XAD-based sorbents, however,
published reports indicate that strontium uptake for both the
“solvent-less” [4] and conventional [5,6] resin is typically com-
plete in 40 min or less, with the former exhibiting slightly slower

uptake, a result consistent with the higher viscosity of the
undiluted extractant.

4. Conclusions

The results presented here, while preliminary, do indicate that the
transfer to a solid-supported (i.e., extraction chromatographic) con-
figuration of metal ion separations methodology developed using
ionic liquid-based liquid–liquid extraction systems may not be
straightforward. Most notably, the significant stationary phase visc-
osities arising from the high extractant concentrations required to
maximize the uptake of the ions of interest and the inherently high
viscosity of typical ILs reduce the efficiency of IL-based EXC materials.
Along these same lines, given the microheterogeneous nature of ILs
incorporating long alkyl chains [59–61], in particular, the existence
therein of alkane-like regions, and the need for such hydrophobic ILs
to suppress undesirable extraction pathways (i.e., ion-exchange
processes [14]), along with the modest solubility of various extrac-
tants (and/or extracted complexes) in unmodified alkanes [68,69],
inadequate extractant solubility in the IL phase represents another
significant potential problem area.

This is not to say that ILs cannot provide the basis of EXC
materials. Indeed, as already noted, a number of sorbents have
already been described in which an IL alone is employed as both
the diluent and the extractant. Much work remains to be done,
however, before sorbents incorporating extractant-IL combina-
tions can achieve their full potential. Among the variety of
unresolved issues, the optimum level of extractant-diluent loading
on the support, the preferred support hydrophobicity and porosity,
and the characteristics of the extractant and the IL yielding the
most satisfactory stationary phase behavior are especially impor-
tant. Work to address these issues is now underway in our
laboratories.
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Fig. 10. Kinetics of the uptake of strontium ion by silica sol-gel-based EXC materials
from 6.2 M HNO3 using neat DtBuCH18C6 (’) or its solution (1 M) in 1-octanol (J)
or C10C1imTf2N (m) as the stationary phase.
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Fig. 9. Effect of nitric acid concentration on the uptake of strontium ion by silica
sol-gel glass-encapsulated DtBuCH18C6, incorporated as either the neat extractant
(●) or a 1 M solution in C10mimTf2N (J) or 1-octanol (♦). (The smooth curves are
intended only as a guide to the eye.)
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