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Abstract Ionic liquids can form biphasic solvent systems with many organic sol-
vents and water, and these solvent systems can be used in liquid-liquid separations
and countercurrent chromatography. The wide range of ionic liquids that can by
synthesised, with specifically tailored properties, represents a new philosophy for
the separation of organic, inorganic and bio-based materials. A customised coun-
tercurrent chromatograph has been designed and constructed specifically to allow
the more viscous character of ionic liquid-based solvent systems to be used in a
wide variety of separations (including transition metal salts, arenes, alkenes, alka-
nes, bio-oils and sugars).
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Abbreviations

ABS Aqueous biphasic solvents

CCC Countercurrent chromatography

CPC Centrifugal partition chromatography

[C,mim] 1-Alkyl-3-methylimidazolium, where n = alkyl chain length
[C..py] 1-Alkylpyridinium, where n = alkyl chain length

[N;;1(C,OH)]" Cholinium or 2-(hydroxyethyl)trimethylammonium
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DRy Distribution ratio (of component X)

DMSO Dimethyl sulfoxide

DPS Dense phase stationary (in biphasic solvent systems)
GC Gas chromatography

HEMWat Hexane, Ethyl ethanoate, Methanol, Water

HPCCC High-performance countercurrent chromatography
HPLC High performance liquid chromatography

HPLLC High performance liquid-liquid chromatography
HSCCC High-speed countercurrent chromatography

IL Ionic liquid

ILLC ITonic liquid-liquid chromatography

LLC Liquid-liquid chromatography

LPS Light phase stationary (in biphasic solvent systems)
MP Mobile phase

NTf, Bis{(trifluoromethyl)sulfonyl }amide or [N(SO,CF3),]™
OTf Trifluoromethanesulfonate or [SO;CF3]™

PEG Polyethylene glycol

SP Stationary phase

St Stationary phase retention factor

[Ps 66 14l Trihexyltetradecylphosphonium cation

VOCs Volatile organic compounds

1 Introduction

Over the last two decades, there have been considerable advances in the science of
liquid-liquid chromatography (LLC) [1, 2] and its variant, countercurrent
chromatography (CCC), with the latter considered to be a continuous, automated
form of liquid-liquid separation [3]. These techniques are based on the ability of
solutes to distribute themselves between two mutually immiscible phases: a mobile
liquid phase (MP) and a stationary liquid phase (SP) [4]. LLC sits at the interface of
three areas of research: chemical engineering [5], solvent engineering [6, 7] and
chromatographic science [1]. In this chapter, we use the term solvent engineering in
the sense of design, production and use of a solvent (or solvent system) to give
enhanced control, performance, yield and/or selectivity in physical, chemical or
biochemical reactions, processes and separations. The evolution of CCC instru-
mentation, in large part carried out by Ito [8], has allowed higher stationary phase
retention, which in turn generates better resolution, faster separations and
continuous processes with industrial applicability [9].

The use of large amounts of mixed organic solvents in LLC is usually associated
with difficulties in the recycling of solvents [10] and the release of volatile organic
compounds (VOCs) [11]. The option of solvent recycling [12] allows the reuse of
the column effluent, but the full separation of effluents into single solvent
components is a cumbersome and expensive process due to the similarity in boiling
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points of individual components (with potential azeotrope formation in some cases)
[13, 14]. However, in spite of these limitations, industrial processes based on LLC
have been described [9, 15, 16]. In order to expand the range of stationary and
mobile phases available in CCC and related technologies and to make use of the
unique and greater dissolution capabilities of ionic liquids [17], ionic liquids have
been examined as new and alternative solvents in CCC.

Ionic liquids have been described as “designer solvents”, as they can be
engineered to solve specific problems, such as the dissolution of a large range of
materials, replace toxic and volatile solvents, produce multiphasic solvent systems
to enhance separation efficiency or allow simplified separations [19]. Their use in
chromatographic separations has greatly increased since their first use in 1999 [20],
and the growth in the number of publications is shown in Fig. 1.

In this chapter, we demonstrate that a combination of solvent engineering and
chromatographic and analytical techniques can be used to enable a diverse range of
separations, including inorganic, organic, biochemical and petrochemical applica-
tions [21].

2 Introduction to Countercurrent Chromatography

Since 1970 [22], several variants of CCC have been developed [1]. These include
high-performance countercurrent chromatography (HPCCC) [23], high-speed
countercurrent chromatography (HSCCC), and centrifugal partition chromatogra-
phy (CPC). Among the different types of CCC centrifuge systems developed
[24, 25], Tto’s J-type centrifuge (Fig. 2) [26] has gained a prominent position due to
its suitability for scale-up [27]. In the J-type centrifuge, the coils are connected to
the chassis by means of non-rotating flying leads. This is achieved through planetary
motion of a coiled pipe, as shown in Fig. 2 [8, 25]. The result is that the head and
tail connections of the flying leads flex, but do not exhibit any overall rotation. In
the related technique of CPC, a series of linked chambers is rotated around a sun-
type axis, and the fluids are pumped through the system of chambers through a pair

400

350 .
300 *

250

200

150 * 0

100 *

Number of Publications

*
50 R

* ¢
[ = .
1995 2000 2005 2010 2015

Year

Fig. 1 The number of journal articles based on a Web of Science [18] search of the terms “ionic liquid”
and “chromatography” for the time period 1995-2016
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Fig. 2 Schematic of the J-type synchronous planetary motion centrifuge used in countercurrent
chromatography [8]. Granted with the permission from Wiley
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Fig. 3 A schematic of a centrifugal partition chromatography (CPC) rotor (top) containing a mobile
phase (yellow) and stationary phase (blue) in ascending mode, showing the flow of the light phase
(ascending) through the dense phase; a section of a CPC rotor plate showing the chambers (lower left) and
the chambers in a CPC rotor during operation with a biphasic solvent system (lower right)

of rotating seals, as shown in Fig. 3. In general, CPC systems are preferred for
larger scale separations (>100 g), and the J-type centrifuge HPCCC systems are
used for smaller scale separations (<100 g), although it must be noted that both
instrument designs are capable of successfully operating outside these regions.

In HPCCC, also known as hydrodynamic CCC, the stationary phase is retained
within a helical coil wound around a drum, while the mobile phase is pumped into
one end of the coil. A combination of hydrostatic and hydrodynamic forces is
produced as the drum rotates in both planetary and solar motion around a central
shaft (Fig. 2). The phases are forced towards opposite ends of the coil [28]; the
mobile phase is pumped into the end of the coil, whereas the stationary phase
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accumulates. The design of the J-type centrifuge [29] produces zones of ballistic
mixing and zones of settling as the mobile phase passes through the stationary
phase. Compounds carried in the mobile phase elute in order of their distribution
ratio (DR) of the compound between the mobile phase and stationary phase. The DR
of a compound can be defined as:

DR = [SP]/[MP] (1)

where [MP] and [SP] are the concentrations of the solute in the MP and SP,
respectively [1].

The volumes of the stationary phases used in CCC (and related technologies) enable
separations on a much larger scale than is feasible in gas chromatography (GC) or
high-performance liquid chromatography (HPLC). Also, in CCC, less solvent is
required for a given separation than is required for a similar scale preparative HPLC
separation. The performance of the separations in CCC is therefore determined largely
by the difference in the partition coefficients of the solutes dissolved in the two liquid
phases. It is by careful design of the solvent system that the desired distribution ratios
of the solutes can be achieved (see Section 3).

The conventional biphasic solvent systems used in CCC are based on molecular
solvents. The most commonly used solvents are mixtures of water, methanol, ethyl
ethanoate and hexane [4], and combinations of these are sometimes referred to as the
Arizona liquid system [30], or more recently as the “HEMWat” system [31]. Other
solvents include butanol, butanenitrile, N,N-dimethylformamide, dimethyl sulfoxide
(DMSO), dichloromethane, ethanenitrile, toluene and trichloromethane, which are
known to be both toxic and volatile [32-35]. In addition, it can be difficult to completely
remove dipolar aprotic solvents from the isolated product of a CCC separation. The
process of solvent selection involves testing the DRs of the solutes being separated,
between a large number of solvent systems, and selecting the best overall solvent system.
This process can be greatly simplified by the use of automation [6].

3 Ionic Liquids in Chromatography

Some of the conventional problems encountered with specialised chromatographic
techniques, such as CCC and CPC, originate as a result of the restricted set of
solvents which can be utilised as mobile phases. The recent developments in the
field of ionic liquids offer opportunities to vastly expand the range of available
solvents and provide the ability to tune the solvent properties [21]. In this section,
we consider specifically the implications that arise when the application of ionic
liquids to chromatography is taken into account.

3.1 Introduction to Ionic Liquids
ITonic liquids were originally defined as salts that are liquid at or below 100 °C [19],

composed entirely of ions. More recently, a simpler and more fundamental
definition is being used, “an ionic liquid is a liquid containing only ions, derived
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from a solid which melts before its decomposition temperature”. This removes the
artificial imposition of a melting point upon the definition [36].

Ionic liquids have unique properties that can help overcome some of the
problems associated with the use of conventional organic solvents (see Section 2).
For example, many ionic liquids have no measurable vapour pressure at ambient
temperatures and pressures [37], resulting in their non-flammability. In addition,
they are usually thermally and chemically stable, which can make them inherently
safe and environmentally friendly [19]. By simply varying the anion and cation
combination, >10° possible simple ionic liquids, >10"? binary mixtures and >10"
ternary mixtures can be produced [38, 39]. Ionic liquids can be excellent solvents,
being capable of dissolving many inorganic, organic, biochemical and petrochem-
ical materials, sometimes with a remarkably high capacity, thus opening new
potential routes for the separation and purification of such compounds, which are
difficult to separate by classical methodologies.

The properties of ionic liquids can be adjusted by the choice of the appropriate
anion and cation, allowing them to be optimised for specific applications. For
example, ionic liquids can be contacted with a second immiscible phase, which
could be a molecular solvent, or an aqueous salt solution, or even a second ionic
liquid [40]. This gives rise to a huge number of potential biphasic solvent systems
that can be optimised for any given separation, generating a wide range of
distribution ratios of solutes; the latter in turn can improve separation performance
[41, 42]. We term here the use of ionic liquid-based solvent systems, and their use in
CCC, as ionic liquid-liquid chromatography (ILLC).

3.2 The Use of Ionic Liquids in Chromatography

The use ionic liquids in chromatography has been growing steadily since 1999, with
a total of 2647 publications by the end of 2016, based on a Web of Science search of
the terms “ionic liquid” and “chromatography” [18]. As can be seen in Fig. 1, ionic
liquids have been found to provide new avenues of investigation in chromatographic
science.

In 1999, Anderson and co-workers reported the first use of ionic liquids in GC,
utilising their negligible vapour pressure at ambient pressures [37]. These authors
used [C4ymim][PFg] or [C4mim]Cl as stationary phases coated on the surface of
fused silica capillaries. This design allowed the separation of a wide range of
organic molecules (alkanes, chloroalkanes, alcohols, amines, aromatics and
carboxylic acids) according to their polarity and proton-donor or -acceptor
characteristics [20]. Only 7 years later, a full review of applications of ionic
liquids in analytical chemistry was published [43].

In 2002, the first use of ionic liquids in capillary electrophoresis was reported to
separate Sildenafil and its metabolite UK-103,320 [44]. In the same year, using a
stacked disk CPC instrument, a number of salts (referred to as chiral selectors, but
could also be described as chiral ionic liquids) were utilised for the enantiomeric
separation of N-substituted amino acids [45]. More general information on chiral
separations using CCC, including those involving ionic chiral selectors, has been
reviewed by Ito et al. [46]. It is interesting to note that many of the chiral separations
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using CCC were carried out on model compounds, which are usually racemic
dinitrobenzyl derivatives of amino acids. Very little research exists on the chiral
separation of other racemates using ionic liquid-containing solvent systems [47].

In the field of liquid chromatography, the determination of ionic liquid cations by
reversed-phase HPLC [48] was reported in 2003, and the first use of ionic liquids as
additives to the mobile phase in HPLC was reported in 2004 [49]. The use of ionic
liquids as stationary phases in LLC or CCC was detailed by Berthod et al. [16] who
measured the partitioning of 38 aromatic compounds in the biphasic ionic liquid
solvent system: [Cymim][PF¢]/water. These authors found that “the viscosity of
pure RTILs [room-temperature ionic liquids] is too high for direct use as a liquid
phase in countercurrent chromatography (CCC)”. A measure of progress in the use
of ionic liquids in chromatography is that, for example, Supelco now sells a wide
range of capillary GC columns which employ ionic liquids as the stationary phase
[50].

Recently, over 40 reviews have been published describing the use of ionic liquids
in analytical and chromatographic science, as summarised in Table 1.

3.3 The Use of Ionic Liquids in Countercurrent Chromatography

The aim of the research into ILLC is to develop a technology that is capable of
separating mixtures of most soluble organic compounds [97], with a similar goal for
inorganic compounds [98], using the methodologies based on the principles of CCC
[21]. Due to the very large number of ionic liquids that can be used as stationary
phases and mobile phases [99], a wide range of separations should be achievable.
With more than one million possible ionic liquids [19, 38], the number of possible
phases that can be generated is immense. In conventional LLC or CCC, only about a
dozen different molecular solvents are commonly used, and these are usually based
on mixtures of three to five (or more) solvents in order to generate useable biphasic
solvent systems [100].

Berthod et al. carried out the initial testing of diluted ionic liquids in CCC
instruments between 2003 and 2009 [16, 24, 101, 102]. This research group noted
and reported that the use of ionic liquids in CCC had a number of drawbacks, such
as “UV absorbance limiting the use of the convenient UV detector”, “non-volatility
precluding the use of the evaporative light-scattering detector for continuous
detection” and “high viscosity producing pressure build-up” [101]. Berthod et al.
went on to conclude that CCC was unsuitable at that time, as the instrumentation
available “was not able to cope with the high back-pressures generated by the large
viscosities of many ionic liquids” [101].

The UV-Vis absorbance of ionic liquids can be problematic and interfere with
detection of the analyte. The absorbance depends on the structure of the ionic liquid
being used, and the absorbance of both the anion and cation must be separately
taken into account. For example, imidazolium cation ionic liquids absorb light
strongly at wavelengths below 260 nm. However, ammonium and phosphonium
cation ionic liquids can be used over the whole 200- to 800-nm range of modern
UV-Vis spectrophotometers. Anions (such as chloride) can also be used over the

Reprinted from the journal 91 @ Springer



Top Curr Chem (Z) (2017) 375:74

Table 1 A list of selected reviews published on use of ionic liquids in analytical and chromatographic
science

Chromatographic area of research Year References
General reviews on the use of ionic liquids in chromatography 2005 [51]
2005 [52]
2006 [53]
2007 [54]
2007 [55]
2007 [56]
2008 [24]
2008 [57]
2009 [58]
2010 [59]
2011 [60]
2012 [61]
2014 [62]
2016 [63]
The use of ionic liquids in capillary electrophoresis and related technology 2004 [64]
2006 [65]
2008 [66]
2009 [67]
2013 [68]
2014 [69]
2016 [63]
The use of chiral ionic liquids in chromatography 2005 [70]
2008 [71]
2008 [72]
2012 [73]
2014 [74]
The use of ionic liquids in CCC 2008 [24]
2013 [75]
The use of ionic liquids in GC 2009 [76]
2009 [77]
2011 [78]
2014 [79]
2014 [80]
2016 [81]
2016 [82]
The use of ionic liquids in HPLC 2006 [83]
2009 [84]
2011 [85]
2012 [86]
2012 [87]
2015 [88]
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Table 1 continued

Chromatographic area of research Year References
Chromatographic measurement of ionic liquid properties 2004 [89]
The use of ionic liquids in liquid chromatography 2007 [90]
2014 [91]
2015 [92]
2015 [93]
The use of ionic liquids in micellar chromatography 2012 [94]
The use of ionic liquids in supercritical fluid chromatography 2009 [95]
The use of ionic liquids in hydrophilic interaction chromatography 2016 [96]

full 200- to 800-nm range, but anions such as triflate or bis{(trifluoromethyl)sul-
fonyl}amide absorb light at wavelengths below 250 nm. Coloured impurities in the
ionic liquid can also affect the performance of the UV—Vis detector, but these can be
removed by filtering the ionic liquid through charcoal [103]. A second problem with
UV-Vis detectors is that small bubbles of stationary phase can be present in the
mobile phase as it elutes from the coil, and these bubbles produce spikes in the
chromatogram. Careful orientation or design of the UV-Vis flow cell can help
minimise this problem.

The non-volatility of ionic liquids can be problematic for the use of evaporative
light scattering detectors (ELSDs) [101]. Provided that the mobile phase contains
very low concentrations of ionic liquids, as is the case with many solvent systems,
this detector may be used, but factors such as unintended bleeding of the stationary
phase into the mobile phase eluting from the coil make the use of ESLDs unviable.
Alternatively, two types of detectors that could be used are refractive index and
conductivity detectors, although none has been tested at the time of writing.

To overcome the greater viscosity of ionic liquid solvent systems, the CCC
instrumentation requires careful design and construction of the fluid flow paths to
prevent excessive pressure build-up, particularly at high flow rates. For ILLC, the
machine, based on a J-type centrifuge, must withstand high working pressures (at
least 50 bar) for extended periods of time. This requires that the coils be made from
either stainless steel or, in the case of highly corrosive materials, titanium. The
centrifuge must also be capable of running at elevated temperatures (up to 50 °C),
which, through a reduction of viscosity, can dramatically improve the ILLC
separation performance [21, 97, 98, 104]. Based on these requirements, AECS-
QuikPrep Ltd. (London, UK) produce CCC instruments suitable for use with ionic
liquid solvent systems [104].

It is not usually possible to use a neat ionic liquid in CCC because the addition of
a second immiscible solvent often dilutes the ionic liquid as a result of mutual
solubility effects described in Section 3.4 [105]. Berthod et al. [101] explicitly state:
“Mutual solubility with other solvents is a critical issue, because the viscosity of
[room-temperature ionic liquids] is too high to be of practical use in CCC”. For
example, the ionic liquid [C4ymim][PF¢] has a viscosity of 312 cP [16, 106] when
pure, which is far too high to be reliably pumped by an HPLC pump. Berthod et al.
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found that the phase [Cymim][PFg]/water (1.8% v/v water) had a viscosity of
approximately 30—40 cP at 20 °C, but this was “too viscous, for easy CCC use”
[16, 106]. The addition of ethanenitrile (20-40% w/w) to the [Cymim][PF¢]/water
solvent system was required to obtain successful operation of the CCC instrument
[101]. Unfortunately, also in 2003, Rogers and coworkers [107] found that the ionic
liquid [C4mim][PF¢] can undergo hydrolysis. Thus, the [PFg] ™ anion can hydrolyse
to give a mixture of aqueous phosphate (or phosphoric acid) and hydrofluoric acid,
which is highly toxic and corrosive [107]. This problem is solved by using the
bis{ (trifluoromethyl)sulfonyl }amide [NTf,]” anion as a direct replacement for the
[PF¢]™ anion. Not only is the [NTf,]™ anion hydrolytically stable, but ionic liquids
derived from it tend to have low viscosities [108].

For the separation of polar and/or strongly hydrogen bonding molecules, such as
saccharides or proteins, aqueous biphasic solvents (ABS) [109] have been
successfully used in CCC [110, 111]. These are usually based on concentrated
aqueous inorganic salt solutions, combined with a second aqueous phase, saturated
with an organic solvent [such as ethanol or polyethylene glycol (PEG)] [112, 113],
which employ the mismatch between kosmotropic and chaotropic interactions
(increasing or decreasing, respectively, the structuring of water) to produce biphasic
solvent systems [114, 115]. For example, they have been used in the CPC separation
of saccharides using the ethanol/DMSO/aqueous ammonium sulfate (300 g 17"
(0.8:0.1:1.8, v/v/v) solvent system [116]. Berthod et al. found that chaotropic
chloride ionic liquids (such as [C;mim]Cl) are immiscible with many kosmotropic
concentrated salt solutions and that these solvent systems can be used in a CCC
machine [117]. The ABS system [Cymim]Cl/aqueous 2.5 M K,[HPO,], first
described by Berthod et al., has been used for the purification of the anti-cancer drug
lentinan [42]. Here, the ionic liquid-based ABS solvent system [Cymim]Cl/aqueous
2.5 M K,[HPO,4] has a much greater solute capacity (approx. tenfold greater) than
the previously used PEG-based ABS solvent system (PEG 1000/K,[HPO,4)/
K[H,PO,)/water (0.5:1.25:1.25:7.0, mol/mol/mol)) [113]. The ionic liquid ABS
solvent system allows for much larger amount of lentinan to be separated by
boosting the space—time yield of the chromatographic apparatus. Finally, a related
approach for separating polar compounds in CCC involves the use of deep eutectic
solvent systems (such as mixtures of choline chloride/glucose) [118].

Since the initial work of Berthod et al. in ILLC, there have been a number of
papers describing the use of ionic liquids in CCC. These include the analysis of
mycotoxins [119] and chlorophenols in red wines [120], the potential use of aqueous
biphasic solvent systems containing ionic liquids in the separation of caffeine from
xanthine and nicotine [121] and in the separation of neomangiferin and mangiferin
from Rhizoma anemarrhenae, all using the hydrolytically unstable [Cymim][PF]
[107] as an additive to aqueous ethyl ethanoate [122].

3.4 Phase Behaviour of Ionic Liquids
Two immiscible liquids are present when there is a visible barrier between two

phases. However, immiscibility is not the same as insolubility, as shown in Fig. 4.
For the purpose of CCC separations, the phases chosen (either ionic liquid—organic
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Liquid A
R x Mutual solubility
Liquid B

Miscible Liquids Immiscible Liquids

Fig. 4 The effect of mixing two immiscible liquids. Each liquid phase is partially soluble in the opposite
immiscible liquid phase

solvent, ionic liquid—water, or mixtures of ionic liquids) should be immiscible, but
they will possess a degree of solubility in each other.

ITonic liquid-molecular solvent biphasic systems are very useful in chromatog-
raphy, as they allow for easy analyte isolation and solvent recovery. There is usually
very little ionic liquid contained in the molecular solvent phase, and so the
molecular solvent usually is employed as the mobile phase. Solvent recovery
usually involves distillation of the volatile solvent from the ionic liquid phase and
the analyte-containing mobile phase, which can then be directly reused [123]. Also,
ionic liquid solvent systems usually contain just two or three components rather that
four or five, as is the case with molecular solvents. This makes solvent recovery
much more straightforward [6] due to the lower number of volatile components that
need separating. Solutes that remain dissolved in an ionic liquid phase after the
volatile solvent recovery step can be removed by a number of techniques, such as
solvent extraction, precipitation with an antisolvent or filtration of a solution of the
ionic liquid through silica or charcoal, or a combination of these methods [103].

3.4.1 Ionic Liquid-Organic Solvent

The miscibility of ionic liquid—organic solvent mixtures is an important property in
chromatography and influences the analyte distribution ratios. Many solvents can
form biphasic mixtures with ionic liquids, where the solvent is soluble in the ionic
liquid phase, whereas the ionic liquid is poorly soluble in the solvent phase. Eight
examples of the mutual solubilities of ionic liquids with an organic solvent (hexane)
are shown in Table 2. The eight ionic liquids tested were [cholinium][NTf;],
[C,py]lINTS;] (n = 2, py = pyridinium), [C,mim][NTf,] (n = 2, 4, 6, 10, or 12)
and [Pg ¢ 6 14][NTf;]. The ionic liquid phases contain significant amounts of
hexane, but the organic phase (hexane) does not contain the ionic liquid [124, 125].

The effect of dissolving a molecular solvent in an ionic liquid dramatically
reduces the ionic phase’s viscosity [105, 126] to the point that it can effectively be
pumped with an HPLC pump. This has enabled viscous hydrophobic ionic liquids,
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Table 2 Composition of the biphasic ionic liquid/hexane solvent systems, showing the solubility of
hexane in the ionic phase [124, 125] at 25 °C

Tonic liquid® Ionic phase composition (mol%) Organic phase
composition/mol%
Tonic liquid Hexane Hexane
[cholinium][NTf;] 98.5 1.5 >99.9
[C,pylINTL,] 95 5 >99.9
[Comim][NTHf,] 96 4 >99.9
[C4mim][NTf;] 91 9 >99.9
[Csmim][NTH;] 70 30 >99.9
[Ciomim][NTf,] 58 42 >99.9
[Ciomim][NTf,] 44 (79, 87)° 56 (21, 13)° >99.9
[Ps 6 6 14][NTH,] 9 (30, 37)° 91 (70, 63)° >99.0

% See Abbreviation List for details

® Jonic phase composition is given in mol%, followed in parenthesis by vol% and wt%, respectively

such as [Pg ¢ ¢ 14]Cl (viscosity = 2729.1 cP at 25 °C), to be used in separations of
metal salts, as discussed later in this chapter [127].

An important factor to be considered in the selection of ionic liquids used in CCC
is the rate of exchange of solutes between the two liquid phases, which depends in
part on the viscosity of the phases used in CCC. This experimental observation is
valid irrespective of the nature of the two phases employed. The higher viscosities
of ionic liquid phases can reduce the equilibration rate of the solutes between the
two liquid phases and can result in the problem of band-spreading [128]. This can be
partially offset by running the separation at higher temperatures or by diluting the
ionic liquid phase. However, the viscosities of ionic liquids are highly dependent on
the nature of both the anion and the cation. One approach to reducing the viscosity
of the ionic phase is to use fluorinated anions, such as [OTf]™ (trifluoromethane-
sulfonate) or [SO;CF3] or [NTf,]”. Also, using cations containing asymmetrical,
delocalised charge centres can lower the viscosity.

The chemical structure and spatial charge distribution of ionic liquids can be
varied in order to alter their phase behaviour in biphasic solvent systems. An
example is the solubility and distribution ratio of benzene in the hexane-
[C,mim][NTf,] (n = 2, 4, 6, 10 or 12) biphasic solvent systems [124] (Fig. 5).
The solubility of benzene increases from 23 mol% in the [Comim][NTf;] phase to
complete miscibility with [C;,mim][NTf,]. The three-phase diagrams clearly show
the dramatic effect of how changes in the cation give rise to very large variations in
the phase behaviour. Also, the ionic liquids used are not measurably soluble in the
hexane phase. This property can be used to completely separate benzene from
hexane, using a hexane mobile phase in liquid-liquid extractions [124, 125].

The type of the cation used in four [NTf,]” anion ionic liquids has also been
shown to affect the distribution ratio of benzene [125] and, more generally, aromatic
compounds [129]. In Fig. 6, the biphasic hexane/[cation][NTf,] solvent systems
(where cation = [Comim]", [C,py]", (2-hydroxyethyl)trimethylammonium, or
[Ps 6 6 14]7) show a remarkable difference in their phase behaviour, with the
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Fig. 5 The effect of the variation in the length of the alkyl chain of I-alkyl-3-methylimidazolium
bis{(trifluoromethyl)sulfonyl }amide [C,mim][NTf,], where n = 2, 4, 8, 10 or 12, on the phase equilibria
of benzene dissolved in a hexane/[C,mim][NTf;] ionic liquid solvent system [124]

solute distribution ratios of benzene in the solvent systems at 40 °C being 1.20,
1.24, 0.69, and 0.94, respectively [125]. This information is useful in ionic liquid—
liquid chromatography and demonstrates how the design of an ionic liquid affects
the distribution ratios of solutes. A number of reviews [115, 130-133] and further
information on the liquid-liquid equilibria of ionic liquids have been published
elsewhere.

3.4.2 Ionic Liquid—Water Systems

Mixtures composed of an organic polymer, such as PEG, and an inorganic salt, such
as sodium or potassium hydrogen phosphate (K,[HPO,]), are able to separate into
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Fig. 6 The effect of the cation on the phase equilibria of benzene dissolved in a hexane/[cation][NTf;] ionic
liquid solvent system [125]. Cation: a 1-ethyl-3-methylimidazolium ([Comim]™), b 1-ethylpyridinium
([C2py]™), € (2-hydroxyethyl)trimethylammonium, d trihexyltetradecylphosphonium

two layers, as first described by Albertson [134]. Such mixtures are known as
aqueous biphasic systems, as both layers are aqueous solutions of different
compositions: the upper layer contains most of the PEG, whereas the lower layer
contains most of the inorganic salt. Aqueous biphasic systems have proven to be
useful in CCC for the purification of biological materials [121, 135-137].

Using ternary mass or molar phase diagrams, Berthod and coworkers studied the
putative formation of ionic liquid-based aqueous biphasic systems by mixing
[C4mim]Cl with aqueous solutions of inorganic salts (K,[HPO4], K3[PO,], Na,[-
HPO,], Na[H,PO,], Na,[CO3] or bases (NaOH and KOH) [21, 22, 24]. In addition,
these researchers found out that the [C4mim]CI/K,;[HPO,]/water system was much
easier to retain in the CCC columns than the similar aqueous biphasic system
containing PEG 1000. However, the significant polarity difference between PEG 1000
and [C,;mim]Cl aqueous biphasic systems is responsible for the different behaviour of
the two selected systems towards protein separation using CCC variants.

There have been a number of other studies on the phase behavior of ionic liquids
in aqueous biphasic solvent systems. These include the study on [C4py]Br/H,0O/
Na,SO,4 at various temperatures by Li and coworkers [138] and that on choline-
amino acid ionic liquids/K,CO3/H,O by Li and coworkers [139], as well as the
analysis on an extensive range of these ionic liquid-based aqueous biphasic solvent
systems by Sen and Chakraborty [140].
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As hydrophobic ionic liquids can easily form biphasic systems with water, they
are possible alternatives in CCC to the existing [C4mim]Cl/inorganic salt aqueous
biphasic systems. Most hydrophobic ionic liquids are very poorly soluble in water
phases, but water has appreciable solubility in the ionic liquid phase. Thus, if the
mobile phase in CCC is water, then product isolation is simply a matter of
evaporating the water phase [40, 124, 125, 129, 141-144].

3.4.3 Ionic Liquid-Ionic Liquid

The first examples of ionic liquids which were shown to be mutually immiscible
with each other were published in 2006 [40]. Similarly, tetraphasic solvent
systems can be constructed, as shown in Fig. 7 [40]. Mutually immiscible ionic
liquid systems can be produced by mixing very hydrophilic ionic liquids with
very hydrophobic ones, such as with [Pg ¢ ¢ 14]Cl and [Comim]Cl (Fig. 7 right
image).

The mutual miscibility of two ionic liquids, namely [Comim][NTf,] and
[Ps 6 6 14][NTf,], at different temperatures is shown in Fig. 8 [40]. This biphasic
solvent system becomes completely miscible as the temperature rises. In
contrast, in the cases of [C,mim]|Cl (n = 1 or 2)/[Pg ¢ ¢ 14]Cl, the mutual
solubility decreases with increasing temperature (see Fig. 9) [40]. It is also
possible to construct a ternary phase diagram for three ionic liquids, as shown in
Fig. 10.

Fig. 7 A picture of a four-phase solvent system (left and centre) composed of (top to bottom) hexane,
trihexyltetradecylphosphonium  bis{(trifluoromethyl)sulfonyl }amide ([P¢ ¢ ¢ 14][NTf;]), water and
1-ethyl-3-methylimidazium bis{(trifluoromethyl)sulfonyl }amide ([C,mim][NTf,]), using eosin Y as a
luminescent dye which is soluble in the two ionic liquid-containing phases. The central photograph is of a
system illuminated with 254-nm UV light. Also shown is a two-phase solvent system (right) of
[Pg 6 ¢ 14]Cl (upper phase) and [Comim] Cl (lower phase) with cobalt(Il) Cl as the blue chromophore. In
the two blue phases, the complex is tetracobaltate(Il) [40]
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Fig. 9 The solubility of [C;ymim]Cl (red line) and [Comim]Cl (blue line) in the immiscible [Pg ¢ ¢ 14]C1
phase at various temperatures [40]

3.5 Solvent Engineering and Ionic Liquid-Liquid Chromatography

The inherent tunability of ionic liquids imparts control over their physicochemical
properties, such as viscosity, hydrophobicity, hydrophilicity, density, surface and
interfacial tensions and corrosivity. Moreover, and of vital importance, the
distribution ratios of a solute between an ionic liquid phase and a second phase
(which may be either water, an organic solvent or another ionic liquid) can be
controlled by the design of the ionic liquid. For example, if a solute in a biphasic
hexane—ionic liquid solvent system is not soluble enough in the ionic liquid phase,
then the solvent engineering approach is to redesign the ionic liquid cation to have
longer alkyl chains. Alternatively, the anion can be redesigned and replaced with a

@ Springer 100 Reprinted from the journal



Top Curr Chem (Z) (2017) 375:74

[C,mim][NTF,]
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Fig. 10 The ternary phase diagram of a mixture of three ionic liquids: [Comim][NTf5], [C4mim][NTf,],
and [Pg ¢ ¢ 14][NTT,] at 25 °C (solid circle) and 40 °C (open circle) [141]

larger (usually with longer alkyl chains) and/or the use of a more charge delocalised
anion. As will be demonstrated later, this versatility allows a general purpose
methodology for a very large number of separations to be developed, including
separations that were previously thought to be too difficult to implement.

4 Ionic Liquid Solvent Systems and Instrumentation in Countercurrent
Chromatography

4.1 Introduction

In order to carry out CCC with ionic liquids, the instrument must be designed to
cope with much higher backpressures than those that are encountered with many
molecular solvents. In addition, the viscosity of ionic liquids in a CCC machine has
received little attention in the literature. In this section, the instrument design, the
solvent systems and their viscosities are described.

4.2 Instrument Design

The Quattro IL-Prep™ ILLC instrument AECS-QuikPrep Ltd, London, UK
contains two pairs of stainless steel tubing coils mounted on each of the two weight-
and dynamically matched bobbins. The coils are held in place by aircraft-quality
adhesive. Stainless steel is used for the coil tubing rather than the more conventional
PTFE tubing [145, 146]. This change was implemented in order to allow the
instrument to operate at up to 70 bar backpressure.

The coils (see Fig. 11) are connected to the pumps and detector using
poly(1,1,2,2-tetrafluoroethylene) (PTFE) flying leads with an internal diameter
(ID) of 0.8 mm (coils 1 and 2) and 0.5 mm (coils 3 and 4) and an external diameter
(ED) of 1.6 mm (all coils). It was found that the 0.5-mm ID tubing had a greater
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Fig. 11 The internal view of the four coils in the planetary centrifuge of the Quattro IL-Prep™ ILLC
instrument. /LLC Ionic liquid-liquid chromatography

service lifetime. The sample injection loops range in size from 0.5 to 10 cm? and are
made from 0.8-mm ID stainless steel or 1.6-mm ID PTFE tubing. Further details and
dimensions of the four coils are given in Table 3.

The J-type multilayer coil planet centrifuge (where the coils are rotated in
planetary motion around a central axis) [145] has a revolution radius of 13 cm and
produces a synchronous planetary motion of the coil holder. The f-value (the ratio
of the planetary radius to the ratio of sun radius) of the pipes in the coil varies from
0.60 at the internal layer to 0.90 at the external layer [25]. The IL-Prep system is
equipped with two HPLC pumps (0-40 cm® min~"), a UV-Vis detector with four
simultaneous channels (190-800 nm), a data station and a fraction collector. The
rotation speed of the IL-Prep™ instrument can be varied between 0 and 865 rpm,
and the temperature of the coils can be controlled between 20 and 50 °C. The
instrument, pumps and tubing can be operated at up to 70 bar pressure, and it has
been tested by running for 48 h continuously at the maximum operating pressure,
temperature and rotor speed [104].

The ILPrep™ instrument can be operated in two modes. In dense phase as the
stationary phase (DPS) mode, the mobile phase is pumped from the tail to the head
of the coil; in light phase as the stationary phase (LPS) mode, the mobile phase is
pumped from the head to the tail of the coil. The configuration is represented
schematically in Fig. 12. The two immiscible phases are held in a large measuring
cylinder, the two phases being pumped separately into the coils. When the solvent
phases are not being collected, they are returned to the measuring cylinder via a
return or recirculation pipe. This arrangement allows the contents of the coil to be
calculated from the variation in the levels of the two phases in the measuring
cylinder. Also, to assist in the calculation of the phase contents of the coil, the dead
volume of the piping must be known (in the present case 4.0).
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Table 3 Details of the J-type centrifuge coils installed within the IL-Prep ILLC instrument

Coil number Bore ID (mm) Length  Number of turns  Capacity L/ID ratio Flow velocity

(L) (m) (Vefem?) (mm s~ H?
1 1.0 13.35 26 12 13,350 12.73
2 2.1 36.02 76 133 17,152 2.887
3 1.0 39.89 78 34 39,890 12.73
4 3.7 23.83 52 236 6441 0.930

ID, internal diameter

? The flow velocity is defined as the speed of movement of a single phase of fluid along the length of the
coil at an applied fluid flow rate of 1.0 cm® min~"

Recirculation Pipe

IL-Prep J-Type
Centrifuge

Fraction
% Collector
MP 3000000
SP
Sample SP = Stationary Phase
Injection Loop MP = Mobile Phase
(0.5 to 10 cm?)

Fig. 12 The configuration of the IL-Prep™ instrument

4.3 Solvent Selection

There is a huge number of possible ionic liquid phases, and their selection must be
made by considering their reactivity (or, perhaps, their lack of it), cost, viscosity,
density, solvent behaviour and interfacial tension, among others. This requires both
experience and a database of ionic liquid properties [147—149]. For the separations
discussed here (Table 4), the biphasic combinations of ionic liquids and molecular
solvents were chosen based on previous research into ionic liquid phase behaviour and
solvent extraction studies (also see Section 3.4) [40, 42, 124, 125, 129, 141-143, 149].
One of the simple ways to find and select biphasic system consisting of ionic liquids
and other solvents is demonstrated in Fig. 13. Here, a qualitative water and organic
solvent miscibility guide for commonly used ionic liquid forming anions and cations is
shown. In general, ionic liquids made from anions and cations on the left are
hydrophilic and more soluble in polar solvents. Ionic liquids made from anions and
cations on the right of the chart shown in Fig. 13 are generally hydrophobic and
soluble in most organic solvents, except some alkanes; ionic liquids made from ions on
the left of the chart are immiscible with most organic solvents less polar than butanol.
Another way of looking at this (in the lower part of Fig. 13) is that hydrocarbons are
immiscible with most ionic liquids, but solvents like butanol are only immiscible with
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Table 4 Phase combinations used for ionic liquid-liquid chromatography separations

Stationary phase® Mobile phase Separations Mode
[Ciomim][NTf5] (A) Hexane Alkene/oxygenated sesquiterpenes DPS
[Ciomim][OTf] (B) Hexane Alkane/aromatics DPS
[C4mim]CI (C) 3.0 M K,[HPOy,] Glucose/sucrose LPS
[Ps 6 6 14]Cl/ethyl ethanoate (D) Water Co(II), Ni(II), Cu(II) dichlorides LPS
3.0 M K,[HPO,4] (E) [C4mim]Cl Lentinan DPS

DPS, Dense phase stationary (in biphasic solvent systems); LPS, light phase stationary (in biphasic
solvent systems)

4 Uppercase letters A-E in parenthesis are also used in Table 5, to refer to the solvent system compo-
sition. See Abbreviation List for details

ionic liquids on the far left of the chart [150]. The hydrophobicity, or hydrophilicity, of
ionic liquids can also be calculated using COSMO-RS software [149].

It is a requirement that the combination of ionic liquids and molecular solvents
used in ILLC forms a biphasic mixture and that there is a significant density
difference between these two immiscible phases (preferably >0.10 g cm ™). For
example, [Comim][OTf] cannot be used effectively in combination with water
because the two phases (water and water saturated ionic liquid) have similar
densities and do not separate from each other easily. However, [Cgmim][OTf] and
[Cgmim][OTf] can be used in combination with water because the ionic liquids are
significantly more dense than water. A second factor to consider in ILLC solvent
selection is viscosity. An extensive list of ionic liquid viscosities can be found in the
literature [41], but these data can only be used as a rough guide to determine which
ionic liquids are suitable. As mentioned earlier in this chapter, the viscosity of the
ionic phase in a biphasic mixture of a molecular liquid with an ionic liquid is
dramatically reduced [105]. This reduction in viscosity of the ionic phase can be
estimated using Eyring’s absolute rate theory [151].

ITonic liquid selection involves finding or synthesising an ionic liquid that does
not irreversibly react with the solutes being separated, but does have a high enough
solubility for those solutes. Generally, an ionic liquid with coordinating anions, such
as halides, short chain carboxylates or short chain sulfonates, are selected for polar
or strongly hydrogen-bonding solutes. Ionic liquids with weakly coordinating
anions, such as [OTf]™ or [NTf,] ", are selected for solutes of low or no polarity.
Next, an ionic liquid-immiscible solvent (usually water for polar solutes or a
hydrocarbon for non-polar solutes), which also exhibits high solute solubility, is
selected. The distribution ratios of the solutes between the two immiscible phases
must then be measured (e.g. by electronic absorption or nuclear magnetic resonance
spectroscopy). Finally, the ionic liquid is either redesigned, or a co-solvent is added
to both phases, to adjust the distribution ratios so that they lie in the range of
0.25-4.0. It should be noted that addition of a co-solvent (or second molecular
solvent) to an ionic liquid—-molecular solvent biphasic mixture will significantly
affect the distribution ratios of the solutes, as well as significantly reduce the
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Fig. 13 Qualitative water and hydrocarbon miscibility of commonly used ionic liquid-forming anions
and cations. Ionic liquids made from ions on the left (on both the upper and lower rows) are hydrophilic
and more soluble in polar solvents, and ionic liquids made from ions on the right are more hydrophobic
and hydrocarbon soluble. In order to form two-phase solvent systems for use in ionic liquid-liquid
chromatography (ILLC), solvents in the lower right part of this figure are more likely to form biphasic
mixtures

viscosity of the mixture [101]. This is a very effective way of fine-tuning the solute
distribution ratios. Finally, a choice is made about which phase is to be used as the
mobile phase and stationary phase. Generally, the mobile phase that is chosen is that
from which it is easiest to remove the solute. Normally this means that the ionic
liquid should be used as the stationary phase, as in Table 4 (Stationary phase label
A-D). One exception to this is found in Table 4 (Stationary phase label E), where an
ionic liquid was chosen as the mobile phase, since the solute (lentinan) can be
precipitated from the ionic phase simply by adding ethanol.

Finally, some ionic liquid—molecular solvent combinations should be avoided
due to the formation of unbreakable emulsions. Ionic liquids can in some cases be
used to break (demulsify) emulsions [152], but surface active ionic liquids like
[C1,mim]ClI [153], especially when combined with halogenated solvents (CH,Cl, or
CHCI;), can produce emulsions which do not separate on the timescales
encountered in CCC.
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4.4 Stationary Phase Retention Curves with Ionic Liquids

Obtaining a stationary phase retention curve is a prerequisite in all ILLC
separations. This is used to find the optimal flow rate for a given separation and
to determine the optimal rotation speed that is required. This is carried out in the
apparatus illustrated in Fig. 12, with recirculation of the fluids. The stationary phase
retention curves are a plot of the fraction of stationary phase that remains in a coil
with increasing flow rates of the mobile phase. The amount of stationary phase
remaining in the coil is calculated by measuring changes in the position of the
mobile phase—stationary phase boundary in a graduated measuring cylinder
(Fig. 12). The level of the interface between the two phases in the solvent reservoir
is used to calculate the percentage stationary phase retention (% S) using Eq. (1) for
the DPS mode and Eq. (2) for the LPS mode.

% S¢ = 100 x (1 — [V—=V,—DV]/V,) (1)
for DPS
%Sr = 100 x (1 —[Vo—V +DV]/V) (2)

for LPS, where V = the observed volume (in cm?) of the dense phase up to the
interface between mobile and stationary phases in the measuring cylinder; V,
= observed volume (in cm®) of the dense phase up to the interface between the
mobile and stationary phases in the measuring cylinder at the start of the experi-
ment;V, = volume of coil under test (in cm®) (see Table 3 for details). DV is
the dead volume, which is the volume of the pipework, connectors, UV-Vis
detector cell, connectors and valves (experimentally measured to be 4.0 cm?).

After setting the coil rotation rate (typically 300-865 rpm) and temperature (in
the range 20-50 °C), the mobile phase is pumped in a stepwise manner (between 0.5
and 32 cm® min "), into the rotating coil at increasing flow rates completely flushed
from the coil, or the measured coil inlet pressure exceeds 70 bar. The graph of flow
rate versus % Sy is then plotted to give the stationary phase retention curve. This was
carried out for the solvent systems in Tables 4 and 5.

For solvent system D (Tables 4, 5), the phase retention curves for all of the four
coils (Table 5) were measured and calculated using Eq. (2), at 865 rpm and 35 °C.
The flow rate versus stationary phase retention curves were determined and are
shown in Fig. 14. In addition, the coil inlet pressure was measured at each flow rate
with an analogue pressure gauge (0—140 bar) (shown in Fig. 15). With the solvent
system (D), it can be seen that much of the backpressure comes from the flying leads
and that the 0.5-mm-bore tubing generates much higher backpressures. Measure-
ments show that the pressure drop over the lengths of coil 2 and coil 4 is <1 bar at a
32 cm® min~' flow rate, so that the dashed lines in Fig. 15 show the pressure drop in
the piping and flying leads of the IL-Prep™ CCC system.

In Fig. 14, it can be seen that there are considerable differences between the
behaviour of the two liquid phases in the four coils (for solvent system D). The rate
of loss of the ionic liquid stationary phase is dependent on both the coil diameter
and length. For example, coils 1 and 3 have the same ID, but have completely
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Table 5 Solvent systems used in the generation of the stationary phase retention curves for the sepa-
rations described in Table 4

Label Stationary phase Mobile phase Solvent system Ratio of solvent system
(mol%) (mol%) components (v/v)
A [C1omim][NTf,] >99% hexane [C1omim][NTf,]/ 1
(44%)/hexane (56%) hexane 3
B [C1omim][OTf]/ >99% hexane [C1omim][OTf]/ 1
hexane hexane 3
C [C4mim]Cl (16%)/ 5.0 M K,[HPO4)(aqy  [C4mim]Cl/3.0 M 1
H,0 (84%) K,[HPO,] 1
D [P6 6 6 14]C1/Cthy1 92.5% water, 7.5% [P6 6 6 14]Cl/ethyl 1
ethanoate ethyl ethanoate ethanoate/water 1
4
E 5.0 M K,[HPOy4] (aq) [C4mim]Cl (16%)/ [C4mim]CV/3.0 M 1
H,0 (84%) K,[HPO,] 1
100
90 s C Ol 1
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Fig. 14 The stationary phase retention curves within the four coils (see Table 3) for solvent system D
(see Tables 4, 5), at 35 °C and 865 rpm

different phase retention curves. This implies that the stationary phase is not evenly
distributed in the coil during operation and is concentrated at the head of the coil.
This observation would have to be accounted for in any computer modelling of the
ionic liquid solvent systems used in this study. For good separations, the instrument
should be operated at rotation speeds and flow rates that maximise the value of S.
Ideally, S; values should be in the range of 60-95%. The best S; values for D occur
in the plateau region shown in the Fig. 14 inset. For coils 1 and 3, both of 1-mm
bore (but different coil lengths), the best operating flow rates are at or below
0.5 cm® min~". However, these S; values of 12% for coil 1 and 38% for coil 3 are
too low to give a reasonable separation. For coil 2 of 2.1-mm bore, the best
operating region is at 0.5-2.0 cm® min~" and for coil 4, 0.5-3.0 cm® min~". For the
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Fig. 15 The mobile phase operating pressures encountered during the experiment to determine the phase
retention curves in Fig. 14, for the water/[Pg ¢ ¢ 14]Cl/ethyl ethanoate (4:1:1 v/v/v) solvent system with
water as the mobile phase at 35 °C. Error = £1.4 bar. 0.8 mm FL, 0.5 mm FL Inner diameter of the
polytetrafluoroethylene flying leads, respectively
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Fig. 16 The stationary phase retention for various polyethylene glycol (PEG) molecular weights plotted
against the square root of the mobile phase flow rate using column volumes of 92.3 cm® (closed symbols)
and 167.2 cm® (open symbols). Rotational speed: 600 rpm; mobile phase: K,[HPO,] (18% w/w);
stationary phase: PEG (18% w/w); direction: HEAD to TAIL. Solid lines: best fit linear regression [154]

solvent system in coil 4, the separations can be run at very high flow rates, since the
value of S; drops to 60% at 32 cm’® min~!, which is a useable value.

For the water/ethanol/ethyl ethanoate/hexane solvent systems, a straight line in
the graph of S; versus V/FR occurs as the flow rate is increased, and therefore the
relationship Sf VvFR holds [146]. This relationship can also be seen in PEG-
aqueous phosphate system shown in Fig. 16 [154]. The plot of the stationary phase
retention versus the square root of flow rate for the water/[Pg ¢ ¢ 14]Cl/ethyl
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Fig. 17 The stationary phase retention within the four coils (Table 3) plotted against the square root of
flow rate (FR)'? for solvent system D, at 35 °C and 865 rpm. Arrows mark the points where the flow
changes from laminar flow to emulsion flow of the two phases

ethanoate (4:1:1 v/v/v) solvent system (Table 4) is shown in Fig. 17. For this ionic

liquid solvent system (Fig. 17), clearly the S¢ oc v/FR relationship does not describe
the stationary phase retention curve.

Inflection point is defined as a point at which a change in the direction of
curvature occurs. For all coils in Fig. 17, there is a common inflection point at
0.75 cm® min~'. Additionally, there are inflection points at 3 cm® min ™" (for coil
3), 5cm’® min~! (for coil 2) and 7 cm® min~! (for coil 4). Careful visual
observation of the fluid exiting the coils at these flow rates reveals that there is a
change from laminar flow to emulsion formation, which is most noticeable when
the flow rate is increased [146].

The S¢ of biphasic systems in the J-type centrifuge has been modelled by Wood
et al. [25, 145, 155] and discussed by Berthod [156]. Generally high Sy values
favour better separations. Unlike in conventional chromatography, in CCC any
changes in the composition of one phase affects the composition and behaviour of
the other phase [156]. In the metal(Il) chloride separations that use water/
[Ps 6 6 14]Cl solvent systems, this can result in problems with the separation. For
example, a solvent system in which the mobile phase is the least dense phase
(normal phase CCC) will give good separations for small sample sizes (<0.5 g).
However, for higher sample loadings of dense metal salts, the density of the
mobile phase plus sample injected into the coil can exceed the density of the
stationary phase (termed: phase inversion), resulting in the stationary phase being
lost out of the end of the coil (termed: column bleed). To solve this problem, the
separation is run in LPS mode with the mobile phase as the denser phase. The
density of [Pg ¢ ¢ 14]Cl is 0.882 g cm > [127], so any co-solvent used when
combined with the ionic liquid must have a density of significantly less than the
mobile phase density at the temperature of the separation (0.98 g cm™> for water
at 50 °C).
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5 Ionic Liquid-Liquid Separations

A range of separations using ionic liquid-containing solvent systems, where the
ionic liquid is a major component of one of the phases, has been carried out. These
separations illustrate the versatility of the methodology, allowing many compounds
to be separated by a single technique, where the main variable is the structure and
composition of the solvent system rather than the apparatus. Provided that a
suitable two-phase solvent system can be designed and implemented, the number of
possible separations that can be achieved with this technique is enormous. Here we
show, as an illustration of the technique’s versatility, that ILLC can separate sugars,
inorganic transition metal salts and low polarity organic molecules.

5.1 Separation of Organic Compounds

For the separation of organic compounds, there are two types of solvent systems
which could be used: (1) ionic liquid/non-polar solvent or (2) ionic liquid/polar
solvent (commonly water). We present here examples of the separations of sugars,
aromatics from simulated petroleum feedstock and natural oils.

5.1.1 Separation of Saccharides

The separation of simple sugars has been studied by various chromatographic
techniques [157], but these are not widely used on an industrial scale [158]. There
are however many HPLC methodologies that can be used for the separation of
glucose and fructose from sucrose and other saccharides on an analytical scale
[159], with refractive index detection [160] or UV-Vis detection [161]. Preparative
HPLC separations of sugars are also possible [162], such as with the use of a PL-Hi-
Plex Ca 300 x 25 mm preparative HPLC column with water as the eluent [163],
but these suffer from the problem of small sample sizes (injection volume 30 pl)
[163]. Sugar separations using CCC has been achieved using aqueous biphasic
solvent systems, such as aqueous salt/ethanol systems, or the ethanenitrile/aqueous
1.0 M sodium chloride (5:4) system [164], but the systems were only tested on 2-mg
sample sizes.

The use of aqueous biphasic solvent systems based on chloride ionic liquids
[109] has been tested in CCC by Berthod [117]. Here, it was possible to use the
[C4mim]Cl/aqueous K,[HPO,] biphasic solvent systems in hydrostatic high-
performance centrifugal partition chromatography (HPCPC) and hydrodynamic
HPCCC instruments. However, with the J-type centrifuge with a volume of 53 cm?,
containing a 26-m Teflon® coil with an ID of 1.6 mm, operating at 500 or 900 rpm,
only low stationary phase retention values were obtained [117]. These were typically
<20%, and, in some cases, 0% at low flow rates [117]. The same biphasic system
used in the IL-Prep machine (at 865 rpm and 30, 40 and 45 °C) gave very
acceptable phase retention values of approximately 85% with a 2 cm® min™" flow
rate (Fig. 18). This is thought to be due to the use of a longer (36 m) and wider bore
(ID 2.1 mm) coil than the one described by Berthod [117] (see coil 2 in Table 3). As
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Fig. 18 The variation of percentage stationary phase retention with respect to flow rate for the
[C4mim]Cl/(K,[HPO,4]-H,0; 3.0 M; 1:1) two-phase solvent system at 30 °C (blue line), 40 °C (red line)
and 45 °C (green line), on coil 2 (see Table 3 for details)

can be seen, the variation of temperature has little effect on the phase retention at a
flow rate of <15 cm® min~"'. However, higher temperatures allow higher stationary
phase retentions at faster flow rates, without exceeding the maximum operating
pressure of the stainless steel coils and flying leads. The maximum rated operating
pressure (70 bar) was exceeded at 30 and 40 °C, with a flow rate of 25 cm® min~'.
At 45 °C, the pressure limit is reached at 30 cm® min~! flow rate.

The DRy of sucrose, fructose and glucose in the [C,mim]Cl/(3.0 M aqueous
K5[HPOy4]; 1:1 v/v) two—phase solvent system was found to be 0.90, 0.22 and 0.26,
respectively by 'H nuclear magnetic resonance (NMR) analysis. From the DRy
values, the separation of glucose from fructose would not be possible because they
are too close to anticipate a reasonable separation; however, the separation of
glucose or fructose from sucrose would be achievable. Since all three sugars are
optically active, polarimetry can be used to quantitatively measure the concentration
of sugars in fractions collected in the ILLC separation. The separation of glucose
(0.5 g) from sucrose (0.5 g) (red line) and fructose (0.5 g) from sucrose (0.5 g)
(dark blue line) is shown in Fig. 19.

It can be clearly seen that complete separation of the two monosaccharides from
the disaccharide (sucrose) was achieved working at a preparative scale (1.0 g). This
separation is a proof-of-principle demonstration of the large increase of scale (from
2 to 1000 mg) that can be achieved with an ILLC system over previous CCC
separations of sugars with aqueous biphasic solvent systems [164]. In practice, the
separation of fructose or glucose from sucrose is achieved on an industrial scale
using crystallisation techniques, and chromatographic techniques are not econom-
ical [165]. From a more application-orientated viewpoint, this same ILLC solvent
system has been used successfully on high value saccharides, oligosaccharides and
polysaccharides, the details of which are available elsewhere [42].

5.1.2 Aromatic/Alkane Separations
The extraction of aromatics from petroleum was modelled by using a simulant

comprising of a solution of cumene (isopropylbenzene; 4 mol%) in hexane. A two-
phase system was produced consisting of [C;omim][OTf], mixed with hexane, with
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Fig. 19 The separation of glucose (red) and fructose (blue) (fractions 7-12) from sucrose (fractions
13-20) by ILLC using the [C4mim]Cl/(K,[HPO4]-H,0; 3.0 M; 1:1 v/v) two-phase solvent system at
45 °C, on coil 2. Percentage normalised optical rotation = 100 x measured optical rotation/specific
rotation for each sugar x normalising factor
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Fig. 20 Extraction of cumene from hexane on coil 4 using the ionic liquid [C;omim][OTf]. The part of
the graph from 0 to 11 cm® corresponds to hexane (initially contained within the coil) being pumped out
of the coil, and the region of 11-110 cm® shows hexane which has been completely stripped of cumene

the ionic liquid phase used as the stationary phase and the hexane used as the mobile
phase. Coil 4 was filled with the stationary phase, followed by the mobile phase
(hexane) at 2 cm® min "', with the coils rotating at 865 rpm, resulting in stationary
phase retention of 95%. The analyte was pumped into the coil, and aliquots (5 cm?)
were collected in the fraction collector. Offline analysis by 'H NMR spectroscopy of
the concentration of cumene in the collected fractions is shown in Fig. 20. As can be
seen, the aromatics were completely captured by the stationary ionic phase, until the
ionic liquid in the coil became saturated, and breakthrough of the cumene occurred
at 110 cm®. The stationary phase containing cumene was then back-flushed from the
coil with fresh stationary phase, resulting in a transfer of cumene from hexane to the
ionic phase. The cumene was then recovered by distillation from the ionic liquid,
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effecting a separation of cumene from hexane. This process has the potential to be
automated using simulated moving bed (SMB) technology [166, 167] and provides
a means for the complete separation of aromatics from alkanes.

5.1.3 Separation of Vetiver Oil

Vetiver oil is extracted from the roots of Chrysopogon zizanioides [168, 169] by steam
distillation [170], with a worldwide production of about two hundred and fifty tons per
year [171]. The oil is widely used in the fragrance industry and is comprised of over
three hundred compounds [172]. Constituents of interest to the fragrance industry
include polycyclic alkenes (such as a-cadinene and -vetivenene, as in Fig. 21) and
polycyclic alcohols, such as khusimol [173]. Although separation into each individual
component is not practical, or even desired, a rough separation into two main classes of
15 carbon sesquiterpenes can be achieved using only one run of ILLC.

The separation was carried out using a solvent system based on the
[Ciomim][NTf,]/hexane [124]. The ionic liquid is insoluble in the hexane phase
(Iess than 0.1 mol% and could not be detected by "H NMR spectroscopy), however
hexane is soluble in the [C;,mim][NTf,] phase (56 mol%, or 21 vol% or 13 wt%, as
determined by "H NMR spectroscopy). The stationary phase retention curves of the
[Ci,mim][NTf,]/hexane solvent system (Table 4), using the ionic liquid phase as
the stationary phase and hexane as the mobile phase (using the DPS operating mode
as described in Table 4), were determined at a range of different rotation speeds,
and are shown in Fig. 22. For the best separations, the instrument should be
operated with high stationary phase retentions in the lightest green region or plateau
region (where Sy = 85-95%) on the graph. The lower rotation speeds reduce wear
on the instrument and reduce power consumption, while in this case giving rise to
good phase retention values at speeds as low as 300 rpm and flow rates at or below a

Literature predicted alkenes in vetiver oil

oo o o

o-Cadinene Humulene o-Selinene B-Vetivenene Vetivazulene

GCMS identified alkenes in vetiver oil

AHAH&C@Y

Y-Muurolene  0-Cadinene Humulene B-Vetivenene 8-Selinene

Fig. 21 Five literature examples of alkenes present in vetiver oil and five compounds found in tubes
6-29 in the ILLC separation of vetiver oil, identified by GC-MS software [173]

Reprinted from the journal 113 @ Springer



Top Curr Chem (Z) (2017) 375:74

1480-100 w60-80

M40-60 W20-40 wmO0-20

~865
710

% lonic Phase Retention

498

400
300 Rotation

Rate / mint

Flow Rate / cm? min‘ 30 4o

Fig. 22 The variation of % stationary phase retention with respect to coil rotation rate and flow rate for
the hexane (mobile phase)/[C;,mim][NTf,] (stationary phase) (3:1) biphasic solvent system at 30 °C on
coil 4 (Table 5)

2 cm® min~". These are very high stationary phase retention values, and hence there
exists the potential to carry out very fast separations at high flow rates.

It is noticeable that the stationary phase retention curves of this solvent system
are more complex than those encountered by He and Zhao [146]. The relationship
%Sy = 100 + kv/FR (where k = —2.20 + 0.13, R* = 0.98) holds only for the
plateau region of the graph, and it was found that the S¢ value was independent of
the rotation rate in rpm.

The vetiver oil (1.0 g) dissolved in mobile phase (4 cm’) was injected at
2 cm® min~ ! into Coil 2 (S = 95%) and 106 fractions (5.0 cm®) were collected. A
representative set of fractions were collected and analysed by GC-MS, and four of the
GC traces are shown in Fig. 23. The GC analysis of the fractions revealed that the
vetiver oil sample was composed of sesquiterpenes, which were separated into two
main classes [174, 175]. The fractions in the T6-T25 range contained sesquiterpene
alkenes with the formula C;sH,4 or C;sH,¢ [175]. Examples include a-muurolene, f3-
cadinene, humulene, B-vetivenene and &-selinene (Fig. 21). From fraction T26
onwards, the compounds isolated were mostly oxygenated hydrocarbons such as
ethers, epoxides and alcohols, eluting in order of increasing distribution ratio. The
chemical formula of these oxygenated products were C;5sH,40 and C;5Hc0 by GC-
MS analysis. This isocratic ILLC process can therefore be used to carry out a
sesquiterpene alkene from oxygenated sesquiterpene separation.

5.2 Separation of Transition Metal Salts
5.2.1 Previous Research

Aqueous copper(Il), nickel(I) and cobalt(Il) chloride can be separated from each
other using a diverse range of techniques. On the preparative scale, examples
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Fig. 23 The gas chromatography (GC) response for selected fractions (79, T19, 729 and 739, where T is
tube number) in the separation of vetiver oil with a hexane/[C;,mim][NTf;] biphasic solvent system using
hexane as the mobile phase. Tube numbers 6 to 25 contain C;s hydrocarbon terpenes (alkenes) and tube
numbers >26 contain predominately oxygenated C,s terpenes. FID Flame ionisation detector

include a complex nine-stage process [176] involving a combination of solvent
extraction and electro-refining. Nickel(I) and cobalt(Il) chloride have been
separated by a five-stage continuous process using the ionic liquid [Pg ¢ ¢ 14]Cl
[177]. The chromatographic separation of these metal(Il) salts has been carried out
using a number of techniques, including anion-exchange chromatography [178],
adsorption thin layer chromatography (TLC) of metal(Il) chelates [179], TLC [180],
HPLC of diaminostilbene complexes [181], chromatographic separation of amino
acid chelates [182], micellar electrokinetic chromatography [183], a guar-based
chelating ion exchange resin chromatography [184], and a dibenzyl sulfoxide
solution supported on silica as a stationary phase [185].

The direct single-step preparative chromatographic separation of these metal(Il)
salts, with high sample loadings, without losing any metal(Il) salts and without
using metal(Il) chelates or corrosive acids, would represent a significant improve-
ment on these many processes. Hence, based on knowledge of the speciation of
Ni(II), Co(Il), and Cu(Il) chloride ionic liquids and with the use of a hydrophobic
chloride ionic liquid, a biphasic solvent system based on water and [Pg ¢ ¢ 14]Cl (a
hydrophobic ionic liquid) was tested and found to be suitable for ILLC separation.

5.2.2 Transition Metal Behaviour in the Water/[Pgs s ¢ 14]Cl/Ethyl Ethanoate
Solvent System

When nickel(II), cobalt(IT) or copper(Il) chloride are dissolved in water, they form
the well known hydrated [M(H,0)¢]Cl, salts (where M = Co, Ni or Cu) [186]. If
this solution is mixed with a water-immiscible chloride salt such as the ionic liquid
[Ps 6 6 14]Cl, a biphasic solution is formed (shown in Fig. 24) [40]. In the chloride
ionic liquid phase, the metals are presumed to exist as the tetrahedral [MC14]2_
complexes (see Fig. 25) [187-189]. The three metals distribute themselves between
both phases, with the nickel(Il) and cobalt(Il) salts both preferring to dissolve
mostly in the aqueous phase, and the copper(Il) salt preferring the ionic liquid
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Fig. 24 Solutions of nickel(IT) (Ni#*) chloride (NiCl,, left), cobalt(IT) (Co**) chloride (CoCly, centre)
and copper(Il) (Cu**) chloride (CuCl,, right) dissolved in a biphasic mixture of water/[Pg ¢ ¢ 14]Cl/ethyl
ethanoate in the ratio of 4:1:1 v/v/v. The upper phase is the ionic liquid [Pg ¢ ¢ 14]CI and ethyl ethanoate
and the lower phase is water, saturated with ethyl ethanoate. In the aqueous phase, the metals exist as
octahedral [M(H20)6]2Jr [186] (Fig. 25), and in the chloride ionic liquid phase, the tetrahedral [MCl,1*~
complex is formed (Fig. 25)
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Fig. 25 The equilibria between metal(II) chloride complexes (Co, Ni, or Cu) in the aqueous phase and in
the chloride ionic liquid phase

phase. The distribution ratios of the metals between the water and the [Pg ¢ ¢ 14]Cl/
ethyl ethanoate phases can be estimated from the graph of the metal(II) chloride
separation in Fig. 26, or can be derived by UV-Vis spectrophotometry of the
metal(IT) chlorides dissolved in each of the two phases. These DRy are shown in
Table 6. The values calculated from the peak maximum heights differ slightly from
the values obtained from single metal(Il) chloride salts obtained by UV-Vis
spectroscopy.

The mobile aqueous phase is composed of water saturated with ethyl ethanoate
(7.6 wt% at 30 °C and 7.2 wt% at 40 °C) [190]. The recovery of the metal halide
salts from this phase involves simply evaporation of the mobile phase. The ionic
liquid used in the stationary phase is [P¢ ¢ ¢ 14]Cl, which is a viscous, hydrophobic
ionic liquid. The viscosity of 98% pure [Pg ¢ ¢ 14]C1 (with 115 ppm water content)
is 2161 cP at 298.15 K [191], which is too high to be pumped using standard HPLC
pumps. Hence, the [Pg ¢ ¢ 14]Cl ionic liquid had to be diluted with a water
immiscible co-solvent, such as ethyl ethanoate. Other co-solvents tested include
dichloromethane, hexane, propanone, butan-1-ol, butanone and pentan-2-one, all of
which were also found to be effective co-solvents, with pentan-2-one giving the best
separations. Typically, the scale of the separations was 0.5-6.0 g (at approx.
0.6-7.0 M concentration dissolved in the mobile phase) on coil 2 and 1-10 g on coil
4 (see Table 3 for coil details).
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Fig. 26 The concentration of aqueous cobalt(I) (red line), nickel(Il) (green line) and copper(Il) (blue
line) at 30 °C (dotted lines) and 40 °C (solid lines) on coil 2, showing the normalised absorption of the
metal halide salts where aqueous NiCl, = 100 (equal areas under each curve). Error = + 2% in UV
absorption readings

Table 6 The distribution ratios calculated from the elution time of the metal(II) complexes described in
Section 5.2.3 and from UV-Vis spectrophotometry

Metal Temperature  Peak Distribution ratio from Distribution ratio from UV-Vis
complexes (°C) maximum/ ILLC separation spectrophotometry
min®

Ni 30 23.5 0.31 0.2

Co 30 29.5 0.62 0.6

Cu 30 56.8 222 22

Ni 40 20.8 0.16 0.2

Co 40 29.8 0.66 0.6

Cu 40 55.3 2.07 2.1

# Solvent front elution time occurred at 18 min

5.2.3 Transition Metal Separation

To achieve an effective separation of the aqueous metal(I) chloride salts
[M(H;0)¢]Cl, (where M = Co, Ni or Cu), a biphasic solvent system (degassed)
consisting of [Pg ¢ ¢ 14]Cl (250 cm’® ), ethyl ethanoate (250 cm3) and deionised
water (1000 cm®) was prepared. The ionic phase was found to contain the majority
of the ethyl ethanoate, and forms the upper liquid layer. The aqueous phase of water
(92.4-92.8 wt%) and ethyl ethanoate (7.2-7.6 wt%) was analysed by '"H NMR and
found not to contain the ionic liquid [Pg ¢ ¢ 14]Cl (the concentration of [Pg ¢ ¢ 14]Cl
in the mobile water phase was not detectable and estimated to be < 0.5 mol%
concentration by this technique) [144].
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The separation of the copper(Il), nickel(Il) and cobalt(Il) aqueous complexes
dissolved in water was analysed by means of a UV-Vis detector situated before the
fraction collector. A mixture of metal halides (approx. 2.9 M of MCl, in the
aqueous mobile phase, where M = Ni, Co or Cu) was prepared from NiCl,, CoCl,
and CuCl, (a mixture of 0.50 g of each metal salt, dissolved in 5.0 cm® of mobile
phase). The separation was performed on coil 2 at 30 and 40 °C, with a mobile
phase flow rate of 2.0 cm® min~"'. The raw data obtained from the UV-Vis detector
were somewhat noisy and contained a number of spurious peaks due to tiny bubbles
of stationary phase passing through the detector. The data were processed by
computer subtraction of the baseline signal (at 590 nm, where the three metal salts
do not absorb light) from the Ni(II) (390 nm), Co(II) (505 nm) and Cu(II) (790 nm)
signals. This had the effect of eliminating baseline drift, removing the artifacts due
to stationary phase bubbles passing through the detector cell and increasing the
signal-to-noise ratio. Next, the data were smoothed with a moving average filter
(taking the average over 42 s of data), the start of each metal peak was set to zero
and a linear baseline adjustment was made to each peak to adjust the end of the peak
to zero. The peak areas were normalised and equalised for each metal,
compensating for the different molar absorption coefficients, to give the curves
shown in Fig. 26. The separation of these three metal salts is visually demonstrated
in Fig. 27, where the three separated metal salts are clearly distinguishable in the
fraction collector.

At 30 °C, a partial separation was achieved with some of the cobalt(II) chloride
ending up mixed with the copper(Il) and nickel(Il) chloride eluents. At 40 °C the
separation performance improved (see Table 7; Fig. 26), and the separation time
was reduced from 68 to 61 min. In Table 7, the area of overlap of the peaks and the
percentage of pure unmixed metal chloride salt that can be obtained are shown.
These figures have been obtained on a non-optimised system and are illustrative of
the potential of this technique. The peak shape of the copper(Il) complex in Fig. 26
is unusual and is showing anti-Langmuirian behaviour [192]. This is largely due to
the presence of nickel(II) and cobalt(Il) complexes affecting the phase equilibria of
the copper(Il) complexes, leading to the observed triangular peak shape.

Fig. 27 The separation of aqueous CoCl, (pink/red), NiCl, (dark green) and CuCl, (light blue) by ILLC
as viewed in the fraction collector, showing tubes 13 (right) through to 24 (left) in sequence
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Table 7 Percentage area of overlap of nickel(II)/cobalt(Il) peaks and cobalt(II)/copper(Il) peaks at 30
and 40 °C and the percentage integration of pure nickel(I), cobalt(II), and copper(Il) chlorides eluted
(area of each peak that does not overlap)

Temperature % Area overlap % Area overlap % Pure % Pure % Pure
(°C) nickel(IT)/cobalt(Il) cobalt(IT)/copper(Il) nickel(I)  cobalt(Il)  copper(II)
30 14.7 3.98 36 57 88

40 10.7 1.26 48 73 98

6 Conclusions

The use of ionic liquids in ILLC was originally thought to be too difficult to be of
use in conventional CCC equipment. With the focussed design of the equipment by
AECS-QuikPrep Ltd., this problem has now been solved. Currently there is very
little literature precedent for the use of ionic liquids in CCC or LLC, and so much of
this technology has had to be developed from first principles. This has required the
designing of ionic liquids and solvent systems which give acceptable distribution
ratios for the solutes being separated. The testing of these new solvent systems has
been carried out in a specially designed ILLC instrument which can handle higher
viscosity solvent systems than are usually found in CCC and LLC. Despite this,
ILLC has been shown to be a very versatile technology which allows a diverse range
of separations, including the direct separation of both organic and inorganic
systems. The instrumentation for ILLC separations is closely related to conventional
HPCCC/HSCCC equipment, but uses coils that are made from stainless steel (rather
than PTFE), and the bottlenecks in the solvent flow pathways have been removed.

Tonic liquids can be designed to suit a particular separation by modifying their
structure and therefore their properties. Factors such as viscosity, density, density
difference, interfacial tension and relative solubility of solutes can all be adjusted.
Thus, this technique allows the separation of practically any soluble mixture,
provided a suitable two-phase solvent system can be designed or found. One way of
regarding ILLC is as a method of using “designer solvents for designer
separations”. Whilst still in its infancy, ILLC research should have significant
impact on separations which are currently either too difficult or too expensive to

Table 8 The comparison of ionic liquid-liquid chromatography, high-performance liquid-liquid chro-
matography, high-performance liquid chromatography and gas chromatography systems

Characteristic ILLC HPLC GC

Rapid separations
Small scale (<0.1 g)
Preparative scale (>1 g)
Large scale (>1 kg)
Low solubility analytes
Inorganic compounds

Corrosive compounds
Column lifetime

jan)
2]
|
oy
@]

Colour codes: red poor, yellow intermediate, and green good

=]
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perform at scale. Compounds thought to be too insoluble or too immiscible with
biphasic solvent systems comprised of molecular solvents can now be separated by
ILLC. One such example is the separation of lentinan [42], where the scale of
separation was boosted by a factor of 100, from the tens of milligrams to the gram
scale, on a similar sized apparatus, by replacement of a water/PEG biphasic solvent
system with an ionic liquid/aqueous phosphate solvent system. With larger capacity
ILLC instruments and through the use of CPC instrument designs, much larger scale
separations could be achieved. In Table 8, the versatility and relative advantages of
ILLC (in comparison with conventional HPCCC, HPLC and GC) methodologies are
shown, and it is clear that ILLC offers major benefits.

Acknowledgements We would like to express our gratitude to the EPSRC (grant number EP/M026671/
1) for funding the metal separation research, Invest NI for the Collaborative Grants for R&D: RD0210506
and RD1111867, and the QUILL Research Centre for funding this work. We would also like to thank
Professor Paul Davey and Givaudan for useful discussions.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, dis-
tribution, and reproduction in any medium, provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.

References

—_

. Cazes J (2009) Encyclopedia of chromatography, 3rd edn. Taylor & Francis, Boca Raton
2. Snyder LR, Kirkland JJ (1979) Introduction to modern liquid chromatography. Wiley, New York
3. Menet J, Menet M, Thiébaut D, Rosset R (1995) Modern countercurrent chromatography. ACS
Symposium Series, no. 593). American Chemical Society, Washington DC
4. Oka F, Oka H, Ito Y (1991) J Chromatogr 538:99-108. doi:10.1016/s0021-9673(01)91626-7
5. Werner S, Haumann M, Wasserscheid P (2010) Annu Rev Chem Biomol Eng 1:203-230. doi:10.
1146/ANNUREV-CHEMBIOENG-073009-100915
6. Garrard 1J (2005) J Liq Chromatogr Relat Technol 28:1923-1935. doi:10.1081/j1c-200063571
7. Friesen JB, Pauli GF (2005) J Liq Chromatogr Relat Technol 28:2777-2806. doi:10.1080/
10826070500225234
8. Ito Y (1996) In: Ito Y, Conway WD (eds) High-speed countercurrent chromatography. Wiley, New
York, pp 3-44
9. Sutherland I, Ignatova S, Hewitson P, Janaway L, Wood P, Edwards N, Harris G, Guzlek H, Keay
D, Freebairn K, Johns D, Douillet N, Thickitt C, Vilminot E, Mathews B (2011) J Chromatogr A
1218:6114-6121. doi:10.1016/j.chroma.2011.01.016
10. Kostanyan AE (2015) J Chromatogr A 1406:156-164. doi:10.1016/j.chroma.2015.06.010
11. Rafson HJ (1998) Odor and VOC control handbook. McGraw-Hill, New York
12. Du QZ, Ke CQ, Ito Y (1998) J Liq Chromatogr Relat Technol 21:157-162. doi:10.1080/
10826079808001944
13. Drueckhammer DG, Gao SQ, Liang XF, Liao JZ (2013) ACS Sustain Chem Eng 1:87-90. doi:10.
1021/5¢300044c
14. Welton T (2015) Proc R Soc A 471. doi:10.1098/rspa.2015.0502
15. Sutherland TA (2010) In: Cazes J (ed) Industrial applications of CCC, 3rd edn. Taylor & Francis,
Boca Raton, pp 2116-2119
16. Berthod A, Carda-Broch S (2003) J Liq Chromatogr Relat Technol 26:1493-1508. doi:10.1081/jlc-
120021262
17. Brennecke JF, Maginn EJ (2001) AIChE J 47:2384-2389. doi:10.1002/AIC.690471102
18. Web of Science™ Core Collection (2017) Clarivate Analytics, Manchester

@ Springer 120 Reprinted from the journal


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/s0021-9673(01)91626-7
http://dx.doi.org/10.1146/ANNUREV-CHEMBIOENG-073009-100915
http://dx.doi.org/10.1146/ANNUREV-CHEMBIOENG-073009-100915
http://dx.doi.org/10.1081/jlc-200063571
http://dx.doi.org/10.1080/10826070500225234
http://dx.doi.org/10.1080/10826070500225234
http://dx.doi.org/10.1016/j.chroma.2011.01.016
http://dx.doi.org/10.1016/j.chroma.2015.06.010
http://dx.doi.org/10.1080/10826079808001944
http://dx.doi.org/10.1080/10826079808001944
http://dx.doi.org/10.1021/sc300044c
http://dx.doi.org/10.1021/sc300044c
http://dx.doi.org/10.1098/rspa.2015.0502
http://dx.doi.org/10.1081/jlc-120021262
http://dx.doi.org/10.1081/jlc-120021262
http://dx.doi.org/10.1002/AIC.690471102

Top Curr Chem (Z) (2017) 375:74

19.
20.
21.

22.
23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35

36.

37.

38.

39.

40.

41.
42.

43.
44.
45.

46.
47.

48.

49.

50.

S1.

52.

Freemantle M (2010) An introduction to ionic liquids. Royal Society of Chemistry, Cambridge
Armstrong DW, He L, Liu YS (1999) Anal Chem 71:3873-3876

Brown L, Earle MJ, Gilea MA, Plechkova NV, Seddon KR (2017) Aust J Chem 70:923-932.
doi:10.1071/CH17004

Ito Y (1986) CRC Crit Rev Anal Chem 17:65-143. doi:10.1080/10408348608542792

Guzlek H, Wood PL, Janaway L (2009) J Chromatogr A 1216:4181-4186. doi:10.1016/j.chroma.
2009.02.091

Berthod A, Ruiz-Angel M, Carda-Broch S (2008) J Chromatogr A 1184:6-18. doi:10.1016/j.
chroma.2007.11.109

Wood PL (2010) J Chromatogr A 1217:1283-1292. doi:10.1016/j.chroma.2009.12.038

Ito Y (1984) Adv Chromatogr 24:181-226

Sutherland IA, Brown L, Forbes S, Games G, Hawes D, Hostettmann K, McKerrell EH, Marston A,
Wheatley D, Wood P (1998) J Liq Chromatogr Relat Technol 21:279-298. doi:10.1080/
10826079808000491

Ignatova S, Hawes D, van den Heuvel R, Hewitson P, Sutherland IA (2010) J Chromatogr A
1217:34-39. doi:10.1016/j.chroma.2009.10.055

Sutherland IA, Heywoodwaddington D, Ito Y (1987) J Chromatogr 384:197-207. doi:10.1016/
$0021-9673(01)94671-0

Berthod A, Hassoun M, Ruiz-Angel MJ (2005) Anal Bioanal Chem 383:327-340. doi:10.1007/
500216-005-0016-7

Chadwick LR, Fong HHS, Farnsworth NR, Pauli GF (2005) J Liq Chromatogr Relat Technol
28:1959-1969. doi:10.1081/j1c-200063634

Du QZ, Shu AM, Ito Y (1996) J Liq Chromatogr Relat Technol 19:1451-1457. doi:10.1080/
10826079608007194

Qiu F, Friesen JB, McAlpine JB, Pauli GF (2012) J Chromatogr A 1242:26-34. doi:10.1016/j.
chroma.2012.03.081

Gallistl C, Vetter W (2016) J Chromatogr A 1442:62—72. doi:10.1016/j.chroma.2016.03.015

. Caldwell DJ, Armstrong TW, Barone NJ, Suder JA, Evans MJ (2000) AIHAJ 61:881-894. doi:10.

1202/0002-8894(2000)061<0881:hsedca>2.0.co;2

Angell CA (2010) In: Gaune-Escard M, Seddon KR (eds) Molten Salts and Ionic Liquids: Never the
Twain? Wiley, Hoboken, pp 1-24

Earle MJ, Esperanca J, Gilea MA, Lopes JNC, Rebelo LPN, Magee JW, Seddon KR, Widegren JA
(2006) Nature 439:831-834. doi:10.1038/NATURE04451

Plechkova NV, Seddon KR (2008) Chem Soc Rev 37:123-150. doi:10.1039/b006677j

Seddon KR (1999) In: Boghosian S, Dracopoulos V, Kontoyannis CG, Voyiatzis GA (eds) The
International George Papatheodorou Symposium: Proceedings Institute of Chemical Engineering
and High Temperature Chemical Processes, Patras, pp 131-135

Arce A, Earle MJ, Katdare SP, Rodriguez H, Seddon KR (2006) Chem Commun 2548-2550.
doi:10.1039/b604595b

Wasserscheid P, Welton T (eds) (2008) In ionic liquids in synthesis, 2nd edn. Wiley, Weinheim
Earle MJ, Gilea MA (2013) Lentinan extraction process from mushrooms using ionic liquid. World
patent WO2013140185A1

Anderson JL, Armstrong DW, Wei GT (2006) Anal Chem 78:2892-2902. doi:10.1021/AC0693940
Qin W, Li SFY (2002) Electrophoresis 23:4110-4116

Franco P, Blanc J, Oberleitner WR, Maier NM, Lindner W, Minguillon C (2002) Anal Chem
74:4175-4183. doi:10.1021/ac020209q

MaY, Ito Y (2014) Curr Chromatogr 1:69-80. doi:10.2174/22132406113099990001

Wang SS, Han C, Wang SS, Bai LJ, Li SS, Luo JG, Kong LY (2016) J Chromatogr A
1471:155-163. doi:10.1016/j.chroma.2016.10.036

Stepnowski P, Muller A, Behrend P, Ranke J, Hoffmann J, Jastorff B (2003) J Chromatogr A
993:173-178

Zhang WZ, He LJ, Liu X, Jiang SX (2004) Chin J Chem 22:549-552

Sigma-Aldrich Co. LLC. Supelco Ionic Liquid GC column literature and applications. http://www.
sigmaaldrich.com/analytical-chromatography/gas-chromatography/columns/ionic-liquid-literature.
html. Accessed 15 Feb 2017

Liu JF, Jonsson JA, Jiang GB (2005) Trac Trends Anal Chem 24:20-27. doi:10.1016/j.trac.2004.09.
005

Xiao XH, Liu SJ, Liu X, Jiang SX (2005) Chin J Anal Chem 33:569-574

Reprinted from the journal 121 @ Springer


http://dx.doi.org/10.1071/CH17004
http://dx.doi.org/10.1080/10408348608542792
http://dx.doi.org/10.1016/j.chroma.2009.02.091
http://dx.doi.org/10.1016/j.chroma.2009.02.091
http://dx.doi.org/10.1016/j.chroma.2007.11.109
http://dx.doi.org/10.1016/j.chroma.2007.11.109
http://dx.doi.org/10.1016/j.chroma.2009.12.038
http://dx.doi.org/10.1080/10826079808000491
http://dx.doi.org/10.1080/10826079808000491
http://dx.doi.org/10.1016/j.chroma.2009.10.055
http://dx.doi.org/10.1016/s0021-9673(01)94671-0
http://dx.doi.org/10.1016/s0021-9673(01)94671-0
http://dx.doi.org/10.1007/s00216-005-0016-7
http://dx.doi.org/10.1007/s00216-005-0016-7
http://dx.doi.org/10.1081/jlc-200063634
http://dx.doi.org/10.1080/10826079608007194
http://dx.doi.org/10.1080/10826079608007194
http://dx.doi.org/10.1016/j.chroma.2012.03.081
http://dx.doi.org/10.1016/j.chroma.2012.03.081
http://dx.doi.org/10.1016/j.chroma.2016.03.015
http://dx.doi.org/10.1202/0002-8894(2000)061%3c0881:hsedca%3e2.0.co;2
http://dx.doi.org/10.1202/0002-8894(2000)061%3c0881:hsedca%3e2.0.co;2
http://dx.doi.org/10.1038/NATURE04451
http://dx.doi.org/10.1039/b006677j
http://dx.doi.org/10.1039/b604595b
http://dx.doi.org/10.1021/AC069394O
http://dx.doi.org/10.1021/ac020209q
http://dx.doi.org/10.2174/22132406113099990001
http://dx.doi.org/10.1016/j.chroma.2016.10.036
http://www.sigmaaldrich.com/analytical-chromatography/gas-chromatography/columns/ionic-liquid-literature.html
http://www.sigmaaldrich.com/analytical-chromatography/gas-chromatography/columns/ionic-liquid-literature.html
http://www.sigmaaldrich.com/analytical-chromatography/gas-chromatography/columns/ionic-liquid-literature.html
http://dx.doi.org/10.1016/j.trac.2004.09.005
http://dx.doi.org/10.1016/j.trac.2004.09.005

Top Curr Chem (Z) (2017) 375:74

53.
54.
55.
56.
57.
58.

59.
60.
61.
62.
63.
64.

65.
66.

67

70.
71.
72.
73.
. Kapnissi-Christodoulou CP, Stavrou 1J, Mavroudi MC (2014) J Chromatogr A 1363:2-10. doi:10.

75.
76.

77.

78

82.
83.
84.
85.
86.

87.
. Garcia-Alvarez-Coque MC, Ruiz-Angel MJ, Berthod A, Carda-Broch S (2015) Anal Chim Acta

88

89.
90.

91.

92.
93.

Pandey S (2006) Anal Chim Acta 556:38-45. doi:10.1016/j.aca.2005.06.038

Li ZJ, Chang J, Shan HX, Pan JM (2007) Rev Anal Chem 26:109-153

Shamsi SA, Danielson ND (2007) J Sep Sci 30:1729-1750. doi:10.1002/jssc.200700136

Sun W, Gao RF, Jiao K (2007) Chin J Anal Chem 35:1813-1819

Buszewski B, Studzinska S (2008) Chromatographia 68:1-10. doi:10.1365/s10337-008-0662-y
Soukup-Hein RJ, Warnke MM, Armstrong DW (2009) In ionic liquids in analytical chemistry.
Annu Rev 2:145-168

Sun P, Armstrong DW (2010) Anal Chim Acta 661:1-16. doi:10.1016/j.aca.2009.12.007

Zhang JJ, Shen XH, Chen QD (2011) Curr Org Chem 15:74-85. doi:10.2174/138527211793797765
Joshi MD, Anderson JL (2012) RSC Adv 2:5470-5484. doi:10.1039/c2ra20142a

Ho TD, Zhang C, Hantao LW, Anderson JL (2014) Anal Chem 86:262-285. doi:10.1021/
ac4035554

Soares B, Passos H, Freire CSR, Coutinho JAP, Silvestre AJD, Freire MG (2016) Green Chem
18:4582-4604. doi:10.1039/c6gc01778a

Stalcup AM, Cabovska B (2004) J Liq Chromatogr Relat Technol 27:1443-1459. doi:10.1081/jlc-
120030611

Stepnowski P (2006) Int J Mol Sci 7:497-509. doi:10.3390/i7110497

Lopez-Pastor M, Simonet BM, Lendl B, Valcarcel M (2008) Electrophoresis 29:94—-107. doi:10.
1002/elps.200700645

. Xu YH, Wang EK (2009) J Chromatogr A 1216:4817-4823. doi:10.1016/j.chroma.2009.04.024
. Huang Y, Yao S, Song H (2013) J Chromatogr Sci 51:739-752. doi:10.1093/chromsci/bmt076
69.

Tang S, Liu SJ, Guo Y, Liu X, Jiang SX (2014) J Chromatogr A 1357:147-157. doi:10.1016/j.
chroma.2014.04.037

Ding J, Armstrong DW (2005) Chirality 17:281-292. doi:10.1002/chir.20153

Bica K, Gaertner P (2008) Eur J Org Chem 3235-3250. doi:10.1002/ejoc.200701107

Sun HH, Gao Y, Zhai YA, Zhang Q, Liu FQ, Gao G (2008) Prog Chem 20:698-712

Payagala T, Armstrong DW (2012) Chirality 24:17-53. doi:10.1002/chir.21975

1016/j.chroma.2014.05.059

Poole CF, Karunasekara T, Ariyasena TC (2013) J Sep Sci 36:96—-109. doi:10.1002/jssc.201200709
Han D, Tian M, Park DW, Choi DK, Row KH (2009) Korean J Chem Eng 26:1353-1358. doi:10.
2478/s11814-009-0209-4

Yao C, Anderson JL (2009) J Chromatogr A 1216:1658-1712. doi:10.1016/j.chroma.2008.12.001

. Poole CF, Poole SK (2011) J Sep Sci 34:888-900. doi:10.1002/jssc.201000724

. Poole CF, Lenca N (2014) J Chromatogr A 1357:87-109. doi:10.1016/j.chroma.2014.03.029
80.
81.

Sun XJ, Xing J, Zhai YX, Li ZX (2014) Prog Chem 26:647-656. doi:10.7536/pc130847
Calabuig-Hernandez S, Garcia-Alvarez-Coque MC, Ruiz-Angel MJ (2016) J Chromatogr A
1465:98-106. doi:10.1016/j.chroma.2016.08.048

Hantao LW, Toledo BR, Augusto F (2016) Quim Nova 39:81-93. doi:10.5935/0100-4042.
20150177

Polyakova Y, Koo YM, Row KH (2006) Biotechnol Bioprocess Eng 11:1-6. doi:10.1007/
bf02931860

Wang Y, Tian ML, Bi WT, Row KH (2009) Int J Mol Sci 10:2591-2610. doi:10.3390/
ijms10062591

Paszkiewicz M, Stepnowski P (2011) Curr Org Chem 15:1873-1887

Bi WT, Zhou J, Row KH (2012) Sep Sci Technol 47:360-369. doi:10.1080/01496395.2011.608402
Pino V, Afonso AM (2012) Anal Chim Acta 714:20-37. doi:10.1016/j.aca.2011.11.045

883:1-21. doi:10.1016/j.aca.2015.03.042

Poole CF (2004) J Chromatogr A 1037:49-82. doi:10.1016/j.chroma.2003.10.127

Marszall MP, Kaliszan R (2007) Crit Rev Anal Chem 37:127-140. doi:10.1080/
10408340601107847

Padron MET, Afonso-Olivares C, Sosa-Ferrera Z, Santana-Rodriguez JJ (2014) Molecules
19:10320-10349. doi:10.3390/molecules190710320

Shi XZ, Qiao LZ, Xu GW (2015) J Chromatogr A 1420:1-15. doi:10.1016/j.chroma.2015.09.090
Zhang ML, Mallik AK, Takafuji M, Thara H, Qiu HD (2015) Anal Chim Acta 887:1-16. doi:10.
1016/j.aca.2015.04.022

@ Springer 122 Reprinted from the journal


http://dx.doi.org/10.1016/j.aca.2005.06.038
http://dx.doi.org/10.1002/jssc.200700136
http://dx.doi.org/10.1365/s10337-008-0662-y
http://dx.doi.org/10.1016/j.aca.2009.12.007
http://dx.doi.org/10.2174/138527211793797765
http://dx.doi.org/10.1039/c2ra20142a
http://dx.doi.org/10.1021/ac4035554
http://dx.doi.org/10.1021/ac4035554
http://dx.doi.org/10.1039/c6gc01778a
http://dx.doi.org/10.1081/jlc-120030611
http://dx.doi.org/10.1081/jlc-120030611
http://dx.doi.org/10.3390/i7110497
http://dx.doi.org/10.1002/elps.200700645
http://dx.doi.org/10.1002/elps.200700645
http://dx.doi.org/10.1016/j.chroma.2009.04.024
http://dx.doi.org/10.1093/chromsci/bmt076
http://dx.doi.org/10.1016/j.chroma.2014.04.037
http://dx.doi.org/10.1016/j.chroma.2014.04.037
http://dx.doi.org/10.1002/chir.20153
http://dx.doi.org/10.1002/ejoc.200701107
http://dx.doi.org/10.1002/chir.21975
http://dx.doi.org/10.1016/j.chroma.2014.05.059
http://dx.doi.org/10.1016/j.chroma.2014.05.059
http://dx.doi.org/10.1002/jssc.201200709
http://dx.doi.org/10.2478/s11814-009-0209-4
http://dx.doi.org/10.2478/s11814-009-0209-4
http://dx.doi.org/10.1016/j.chroma.2008.12.001
http://dx.doi.org/10.1002/jssc.201000724
http://dx.doi.org/10.1016/j.chroma.2014.03.029
http://dx.doi.org/10.7536/pc130847
http://dx.doi.org/10.1016/j.chroma.2016.08.048
http://dx.doi.org/10.5935/0100-4042.20150177
http://dx.doi.org/10.5935/0100-4042.20150177
http://dx.doi.org/10.1007/bf02931860
http://dx.doi.org/10.1007/bf02931860
http://dx.doi.org/10.3390/ijms10062591
http://dx.doi.org/10.3390/ijms10062591
http://dx.doi.org/10.1080/01496395.2011.608402
http://dx.doi.org/10.1016/j.aca.2011.11.045
http://dx.doi.org/10.1016/j.aca.2015.03.042
http://dx.doi.org/10.1016/j.chroma.2003.10.127
http://dx.doi.org/10.1080/10408340601107847
http://dx.doi.org/10.1080/10408340601107847
http://dx.doi.org/10.3390/molecules190710320
http://dx.doi.org/10.1016/j.chroma.2015.09.090
http://dx.doi.org/10.1016/j.aca.2015.04.022
http://dx.doi.org/10.1016/j.aca.2015.04.022

Top Curr Chem (Z) (2017) 375:74

94.
9s.
96.
97.
98.
99.

100.
101.

102.

103.

104.

105.

106.

107.
108.

109.
110.
111.
112.

113.
114.

115

116.

117.

118.

119.

120.
121.

122.

123
124

125.

126.

127.

128.

Pino V, German-Hernandez M, Martin-Perez A, Anderson JL (2012) Sep Sci Technol 47:264-276.
doi:10.1080/01496395.2011.620589

Roth M (2009) J Chromatogr A 1216:1861-1880. doi:10.1016/j.chroma.2008.10.032

Qiao LZ, Shi XZ, Xu GW (2016) Trac Trends Anal Chem 81:23-33. doi:10.1016/j.trac.2016.03.021
Earle MJ, Seddon KR (2013) Ionic liquid separations. Patent WO2013121219A1

Earle MJ, Seddon KR (2013) Ionic liquid separations. World patent WO2013121220A1

Berthod A, Maryutina T, Spivakov B, Shpigun O, Sutherland IA (2009) Pure Appl Chem
81:355-387. doi:10.1351/pac-rep-08-06-05

Friesen JB, Pauli GF (2007) J Chromatogr A 1151:51-59. doi:10.1016/J.CHROMA.2007.01.126
Berthod A, Carda-Broch S (2004) Anal Bioanal Chem 380:168-177. doi:10.1007/s00216-004-
2717-8
Berthod A, Ruiz-Angel M-J, Carda-Broch S (2009) In: Koel M (ed) Ionic Liquids in Chemical
Analysis. CRC Press, Boca Raton, pp 211-227
Earle MJ, Gordon CM, Plechkova NV, Seddon KR, Welton T (2007) Anal Chem 79:758-764.
doi:10.1021/ac061481t
Earle MJ, Seddon KR, Self R, Brown L (2013) Ionic liquid separations. World patent
WO2013121218A1
Seddon KR, Stark A, Torres MJ (2000) Pure Appl Chem 72:2275-2287. doi:10.1351/
pac200072122275
Carda-Broch S, Berthod A, Armstrong DW (2003) Anal Bioanal Chem 375:191-199. doi:10.1007/
$00216-002-1684-1
Swatloski RP, Holbrey JD, Rogers RD (2003) Green Chem 5:361-363. doi:10.1039/b304400a
Tariq M, Carvalho PJ, Coutinho JAP, Marrucho IM, Lopes JNC, Rebelo LPN (2011) Fluid Phase
Equilib 301:22-32. doi:10.1016/j.fluid.2010.10.018
Gutowski KE, Broker GA, Willauer HD, Huddleston JG, Swatloski RP, Holbrey JD, Rogers RD
(2003) J Am Chem Soc 125:6632-6633. doi:10.1021/JA0351802
Zeng Y, Liu G, Ma Y, Chen XY, Ito Y (2013) J Liq Chromatogr Relat Technol 36:504-512. doi:10.
1080/10826076.2012.660725
Igbal M, Tao YF, Xie SY, Zhu YF, Chen DM, Wang X, Huang LL, Peng DP, Sattar A, Shabbir MA,
Hussain HI, Ahmed S, Yuan ZH (2016) Biol Proced Online 18:18. doi:10.1186/s12575-016-0048-8
Mekaoui N, Faure K, Berthod A (2012) Bioanalysis 4:833-844. doi:10.4155/bio.12.27
Jiang ZG, Du QZ, Sheng LY (2009) Chin J Anal Chem 37:412-416
Bridges NJ, Gutowski KE, Rogers RD (2007) Green Chem 9:177-183. doi:10.1039/b611628k
. Freire MG, Claudio AFM, Araujo JMM, Coutinho JAP, Marrucho IM, Lopes JNC, Rebelo LPN
(2012) Chem Soc Rev 41:4966—4995. doi:10.1039/c2cs35151]
Ward DP, Cardenas-Fernandez M, Hewitson P, Ignatova S, Lye GJ (2015) J Chromatogr A
1411:84-91. doi:10.1016/j.chroma.2015.08.006
Ruiz-Angel MJ, Pino V, Carda-Broch S, Berthod A (2007) J Chromatogr A 1151:65-73. doi:10.
1016/j.chroma.2006.11.072
Liu Y, Garzon J, Friesen JB, Zhang Y, McAlpine JB, Lankin DC, Chen SN, Pauli GF (2016)
Fitoterapia 112:30-37. doi:10.1016/j.fitote.2016.04.019
Fan C, Cao XL, Liu M, Wang W (2016) J Chromatogr A 1436:133-140. doi:10.1016/j.chroma.
2016.01.069
Fan C, Li N, Cao XL (2015) J Sep Sci 38:2109-2116. doi:10.1002/jssc.201500172
Pereira JFB, Ventura SPM, Silva FAE, Shahriari S, Freire MG, Coutinho JAP (2013) Sep Purif
Technol 113:83-89. doi:10.1016/j.seppur.2013.04.004
Xu LL, Li AF, Sun AL, Liu RM (2010) J Sep Sci 33:31-36. doi:10.1002/jss¢.200900528
. Mai NL, Ahn K, Koo YM (2014) Process Biochem 49:872-881. doi:10.1016/j.procbio.2014.01.016
. Arce A, Earle MJ, Rodriguez H, Seddon KR (2007) J Phys Chem B 111:4732-4736. doi:10.1021/
jp066377u
Arce A, Earle MJ, Rodriguez H, Seddon KR, Soto A (2009) Green Chem 11:365-372. doi:10.1039/
b814189d
Andanson JM, Meng X, Traikia M, Husson P (2016) J Chem Thermodyn 94:169-176. doi:10.1016/

j.jct.2015.11.008

Neves C, Carvalho PJ, Freire MG, Coutinho JAP (2011) J Chem Thermodyn 43:948-957. doi:10.
1016/j.jct.2011.01.016

Berthod A, Hassoun M, Harris G (2005) J Liq Chromatogr Relat Technol 28:1851-1866. doi:10.
1081/j1c/200063489

Reprinted from the journal 123 @ Springer


http://dx.doi.org/10.1080/01496395.2011.620589
http://dx.doi.org/10.1016/j.chroma.2008.10.032
http://dx.doi.org/10.1016/j.trac.2016.03.021
http://dx.doi.org/10.1351/pac-rep-08-06-05
http://dx.doi.org/10.1016/J.CHROMA.2007.01.126
http://dx.doi.org/10.1007/s00216-004-2717-8
http://dx.doi.org/10.1007/s00216-004-2717-8
http://dx.doi.org/10.1021/ac061481t
http://dx.doi.org/10.1351/pac200072122275
http://dx.doi.org/10.1351/pac200072122275
http://dx.doi.org/10.1007/s00216-002-1684-1
http://dx.doi.org/10.1007/s00216-002-1684-1
http://dx.doi.org/10.1039/b304400a
http://dx.doi.org/10.1016/j.fluid.2010.10.018
http://dx.doi.org/10.1021/JA0351802
http://dx.doi.org/10.1080/10826076.2012.660725
http://dx.doi.org/10.1080/10826076.2012.660725
http://dx.doi.org/10.1186/s12575-016-0048-8
http://dx.doi.org/10.4155/bio.12.27
http://dx.doi.org/10.1039/b611628k
http://dx.doi.org/10.1039/c2cs35151j
http://dx.doi.org/10.1016/j.chroma.2015.08.006
http://dx.doi.org/10.1016/j.chroma.2006.11.072
http://dx.doi.org/10.1016/j.chroma.2006.11.072
http://dx.doi.org/10.1016/j.fitote.2016.04.019
http://dx.doi.org/10.1016/j.chroma.2016.01.069
http://dx.doi.org/10.1016/j.chroma.2016.01.069
http://dx.doi.org/10.1002/jssc.201500172
http://dx.doi.org/10.1016/j.seppur.2013.04.004
http://dx.doi.org/10.1002/jssc.200900528
http://dx.doi.org/10.1016/j.procbio.2014.01.016
http://dx.doi.org/10.1021/jp066377u
http://dx.doi.org/10.1021/jp066377u
http://dx.doi.org/10.1039/b814189d
http://dx.doi.org/10.1039/b814189d
http://dx.doi.org/10.1016/j.jct.2015.11.008
http://dx.doi.org/10.1016/j.jct.2015.11.008
http://dx.doi.org/10.1016/j.jct.2011.01.016
http://dx.doi.org/10.1016/j.jct.2011.01.016
http://dx.doi.org/10.1081/jlc/200063489
http://dx.doi.org/10.1081/jlc/200063489

Top Curr Chem (Z) (2017) 375:74

129.
130.
131.

132.
. Dominguez I, Gonzalez EJ, Dominguez A (2014) Fuel Process Technol 125:207-216. doi:10.1016/

133

134.
135.

136.
137.

138.

139.

140.

141

142.
143.

144.
145.

146.
147.

148.
149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Arce A, Earle MJ, Rodriguez H, Seddon KR, Soto A (2008) Green Chem 10:1294-1300. doi:10.
1039/b807222a

Dimitrijevic A, Zec N, Zdolsek N, Dozic S, Tot A, Gadzuric S, Vranes M, Trtic-Petrovic T (2016) J
Ind Eng Chem 40:152-160. doi:10.1016/j.jiec.2016.06.017

Canales RI, Brennecke JF (2016) J Chem Eng Data 61:1685-1699. doi:10.1021/acs.jced.6b00077
Robles PA, Cisternas LA (2015) J Chem Thermodyn 90:1-7. doi:10.1016/j.jct.2015.06.013

j-fuproc.2014.04.001

Albertson PA (1960) Partition of cell particles and macromolecules. Wiley, New York

Sun HL, He BF, Xu JX, Wu B, Ouyang PK (2011) Green Chem 13:1680-1685. doi:10.1039/
clgel5042a

Kurnia KA, Freire MG, Coutinho JAP (2014) J Phys Chem B 118:297-308. doi:10.1021/jp411933a
Zhou XY, Zhang J, Xu RP, Ma X, Zhang ZQ (2014) J Chromatogr A 1362:129-134. doi:10.1016/j.
chroma.2014.08.034

Li YL, Huang R, Zhu Q, Yu YH, Hu J (2017) J Chem Eng Data 62:796-803. doi:10.1021/acs.jced.
6b00844

Wang RP, Chang YN, Tan ZJ, Li FF (2016) J Mol Liq 222:836-844. doi:10.1016/j.molliq.2016.07.
079

Chakraborty A, Sen K (2016) J Chromatogr A 1433:41-55. doi:10.1016/j.chroma.2016.01.016

. Arce A, Earle MJ, Katdare SP, Rodriguez H, Seddon KR (2007) Fluid Phase Equilib 261:427-433.

doi:10.1016/j.fluid.2007.06.017

Arce A, Earle MJ, Rodriguez H, Seddon KR (2007) Green Chem 9:70-74. doi:10.1039/b610207g
Arce A, Earle MJ, Katdare SP, Rodriguez H, Seddon KR (2008) Phys Chem Chem Phys
10:2538-2542. doi:10.1039/b803094b

Anderson K, Rodriguez H, Seddon KR (2009) Green Chem 11:780-784. doi:10.1039/b821925¢g
Wood PL, Hawes D, Janaway L, Sutherland IA (2003) J Liq Chromatogr Relat Technol
26:1373-1396. doi:10.1081/jlc-120021256

He CH, Zhao CX (2007) AIChE J 53:1460-1471. doi:10.1002/aic.11185

Zhang SJ, Sun N, He XZ, Lu XM, Zhang XP (2006) J Phys Chem Ref Data 35:1475-1517. doi:10.
1063/1.2204959

Liu W, Cheng L, Zhang Y, Wang H, Yu M (2008) J Mol Liq 140:68-72

Zhou T, Chen L, Ye Y, Chen L, Qi Z, Freund H, Sundmacher K (2012) Ind Eng Chem Res
51:6256-6264. doi:10.1021/ie202719z

Klahn M, Stuber C, Seduraman A, Wu P (2010) J Phys Chem B 114:2856-2868. doi:10.1021/
jp1000557

Atashrouz S, Zarghampour M, Abdolrahimi S, Pazuki G, Nasernejad B (2014) J Chem Eng Data
59:3691-3704. doi:10.1021/je500572t

Abullah MMS, Al-Lohedan HA, Attah AM (2016) J Mol Liq 219:54-62. doi:10.1016/j.molliq.
2016.03.011

Hezave AZ, Dorostkar S, Ayatollahi S, Nabipour M, Hemmateenejad B (2013) Colloids Surf A
Physicochem Eng Asp 421:63-71. doi:10.1016/j.colsurfa.2012.12.008

Al-Marzougqi I, Levy MS, Lye GJ (2005) J Liq Chromatogr Relat Technol 28:1311-1332. doi:10.
1081/j1c-200054806

Sutherland 1A, Du Q, Wood P (2001) J Liq Chromatogr Relat Technol 24:1669—1683. doi:10.1081/
jlc-100104370

Berthod A (2009) In: Grinberg N, Grushka E (eds) Advances in Chromatography. CRC Press/
Taylor & Francis, Boca Raton, 47:352

Verzele M, Simoens G, Vandamme F (1987) Chromatographia 23:292-300. doi:10.1007/
BF02311783

Nitsch E (1974) Method of producing fructose and glucose from sucrose. World patent 3812010
Shaw PE, Wilson CW (1983) J Sci Food Agric 34:109-112. doi:10.1002/JSFA.2740340116

Filip M, Vlassa M, Coman V, Halmagyi A (2016) Food Chem 199:653-659. doi:10.1016/j.
foodchem.2015.12.060

Schmid T, Baumann B, Himmelsbach M, Klampfl CW, Buchberger W (2016) Anal Bioanal Chem
408:1871-1878. doi:10.1007/s00216-015-9290-1

Gonzalez J, Remaud G, Jamin E, Naulet N, Martin GG (1999) J Agric Food Chem 47:2316-2321.
doi:10.1021/JF981093V

Veronese T, Bouchu A, Perlot P (1999) Biotechnol Tech 13:43-48. doi:10.1023/a:1008857613103

@ Springer 124 Reprinted from the journal


http://dx.doi.org/10.1039/b807222a
http://dx.doi.org/10.1039/b807222a
http://dx.doi.org/10.1016/j.jiec.2016.06.017
http://dx.doi.org/10.1021/acs.jced.6b00077
http://dx.doi.org/10.1016/j.jct.2015.06.013
http://dx.doi.org/10.1016/j.fuproc.2014.04.001
http://dx.doi.org/10.1016/j.fuproc.2014.04.001
http://dx.doi.org/10.1039/c1gc15042a
http://dx.doi.org/10.1039/c1gc15042a
http://dx.doi.org/10.1021/jp411933a
http://dx.doi.org/10.1016/j.chroma.2014.08.034
http://dx.doi.org/10.1016/j.chroma.2014.08.034
http://dx.doi.org/10.1021/acs.jced.6b00844
http://dx.doi.org/10.1021/acs.jced.6b00844
http://dx.doi.org/10.1016/j.molliq.2016.07.079
http://dx.doi.org/10.1016/j.molliq.2016.07.079
http://dx.doi.org/10.1016/j.chroma.2016.01.016
http://dx.doi.org/10.1016/j.fluid.2007.06.017
http://dx.doi.org/10.1039/b610207g
http://dx.doi.org/10.1039/b803094b
http://dx.doi.org/10.1039/b821925g
http://dx.doi.org/10.1081/jlc-120021256
http://dx.doi.org/10.1002/aic.11185
http://dx.doi.org/10.1063/1.2204959
http://dx.doi.org/10.1063/1.2204959
http://dx.doi.org/10.1021/ie202719z
http://dx.doi.org/10.1021/jp1000557
http://dx.doi.org/10.1021/jp1000557
http://dx.doi.org/10.1021/je500572t
http://dx.doi.org/10.1016/j.molliq.2016.03.011
http://dx.doi.org/10.1016/j.molliq.2016.03.011
http://dx.doi.org/10.1016/j.colsurfa.2012.12.008
http://dx.doi.org/10.1081/jlc-200054806
http://dx.doi.org/10.1081/jlc-200054806
http://dx.doi.org/10.1081/jlc-100104370
http://dx.doi.org/10.1081/jlc-100104370
http://dx.doi.org/10.1007/BF02311783
http://dx.doi.org/10.1007/BF02311783
http://dx.doi.org/10.1002/JSFA.2740340116
http://dx.doi.org/10.1016/j.foodchem.2015.12.060
http://dx.doi.org/10.1016/j.foodchem.2015.12.060
http://dx.doi.org/10.1007/s00216-015-9290-1
http://dx.doi.org/10.1021/JF981093V
http://dx.doi.org/10.1023/a:1008857613103

Top Curr Chem (Z) (2017) 375:74

164.
165.
166.
167.
168.
169.
170.
171.

172.

173.

174.

175

177.

178.
179.

180.

181.
182.

183.
184.
185.
186.
187.
188.
189.
190.
191.

192.

Shinomiya K, Ito Y (2006) J Liq Chromatogr Relat Technol 29:733-750. doi:10.1080/
10826070500509298

Doremus RH (1985) J Colloid Interface Sci 104:114-120. doi:10.1016/0021-9797(85)90015-3
Deckert P, Arlt W (1994) Chem Ing Tec 66:1334-1340. doi:10.1002/cite.330661004

Rodrigues RCR, Silva RJS, Mota JPB (2010) J Chromatogr A 1217:3382-3391. doi:10.1016/j.
chroma.2010.03.009

Adams RP, Zhong M, Turuspekov Y, Dafforn MR, Veldkamp JF (1998) Mol Ecol 7:813-818.
doi:10.1046/J.1365-294X.1998.00394.X

Guenther E (1950) In: Guenther E (ed) Individual essential oils of the plant families Gramineae,
Lauraceae, Burseraceae, Myrtaceae, Umbelliferae and Geraniaceae. Van Nostrand Company, New
York, pp 156-180

Guenther E (1948) In: Guenther E (ed) The essential oils. Van Nostrand Company, New York
Massardo DR, Senatore F, Alifano P, Del Giudice L, Pontieri P (2006) Biochem Syst Ecol
34:376-382. doi:10.1016/J.BSE.2005.10.016

Kim HJ, Chen F, Wang X, Chung HY, Jin ZY (2005) J Agric Food Chem 53:7691-7695. doi:10.
1021/JF050833E

Fahlbusch KG, Hammerschmidt FJ, Panten J, Pickenhagen W, Schatkowski D, Bauer K, Garbe D,
Surburg H (2003) Flavors and Fragrances: Ullmann’s Encyclopedia of Industrial Chemistry, Wiley-
VCH, Weinheim, Germany. doi:10.1002/14356007.a11_141

Chahal KK, Bhardwaj U, Kaushal S, Sandhu AK (2015) Indian J Nat Prod Resour 6:251-260

. Mallavarapu GR, Syamasundar KV, Ramesh S, Rao BRR (2012) Nat Prod Commun 7:223-225
176.

Zhu Z, Zhang W, Pranolo Y, Cheng CY (2012) Hydrometallurgy 127:1-7. doi:10.1016/j.hydromet.
2012.07.001

Wellens S, Goovaerts R, Moeller C, Luyten J, Thijs B, Binnemans K (2013) Green Chem
15:3160-3164. doi:10.1039/c3gc41519h

Kauffman GB, Adams ML (1989) J Chem Educ 66:166—-167

Bhave NS, Dhudey SR, Kharat RB (1978) Sep Sci Technol 13:193-199. doi:10.1080/
01496397808057101

Mohammad A, Iraqi E, Sirwal YH (2003) Sep Sci Technol 38:2255-2278. doi:10.1081/ss-
120021623

Khuhawar MY, Soomro AI (1992) J Chem Soc Pak 14:206-212

Toyota E, Itoh K, Sekizaki H, Tanizawa K (1996) Bioorg Chem 24:150-158. doi:10.1006/bioo.
1996.0013

Mirza MA, Khuhawar MY, Arain R, Choudhary MA, Kandhro AJ, Jahangir TM (2013) Asian J
Chem 25:3719-3724

Loonker S, Sethia JK (2009) Bul Chem Commun 41:19-22

Vlacil F, Khanh HD (1980) Fresenius Z Anal Chem 302:36-39. doi:10.1007/bf00469760

Barrera NM, McCarty JL, Dragojlovic V (2002) Chem Educ 7:142-145. doi:10.1007/
$00897020559a

Winter A, Thiel K, Zabel A, Klamroth T, Poppl A, Kelling A, Schilde U, Taubert A, Strauch P
(2014) New J Chem 38:1019-1030. doi:10.1039/c3nj01039b

Ruhlandt-Senge K, Miiller U (1990) Z Naturforsch B 45:995-999

Piecha-Bisiorek A, Bienko A, Jakubas R, Boca R, Weselski M, Kinzhybalo V, Pietraszko A,
Wojciechowska M, Medycki W, Kruk D (2016) J Phys Chem A 120:2014-2021. doi:10.1021/acs.
jpca.5b11924

Altshuller AP, Everso HE (1953) J Am Chem Soc 75:1727

Cholico-Gonzalez D, Avila-Rodriguez M, Reyes-Aguilera JA, Cote G, Chagnes A (2012) J Mol Liq
169:27-32. doi:10.1016/j.molliq.2012.03.002

Williamson Y, Davis JM (2005) Electrophoresis 26:4026-4042. doi:10.1002/elps.200500245

Reprinted from the journal 125 @ Springer


http://dx.doi.org/10.1080/10826070500509298
http://dx.doi.org/10.1080/10826070500509298
http://dx.doi.org/10.1016/0021-9797(85)90015-3
http://dx.doi.org/10.1002/cite.330661004
http://dx.doi.org/10.1016/j.chroma.2010.03.009
http://dx.doi.org/10.1016/j.chroma.2010.03.009
http://dx.doi.org/10.1046/J.1365-294X.1998.00394.X
http://dx.doi.org/10.1016/J.BSE.2005.10.016
http://dx.doi.org/10.1021/JF050833E
http://dx.doi.org/10.1021/JF050833E
http://dx.doi.org/10.1002/14356007.a11_141
http://dx.doi.org/10.1016/j.hydromet.2012.07.001
http://dx.doi.org/10.1016/j.hydromet.2012.07.001
http://dx.doi.org/10.1039/c3gc41519h
http://dx.doi.org/10.1080/01496397808057101
http://dx.doi.org/10.1080/01496397808057101
http://dx.doi.org/10.1081/ss-120021623
http://dx.doi.org/10.1081/ss-120021623
http://dx.doi.org/10.1006/bioo.1996.0013
http://dx.doi.org/10.1006/bioo.1996.0013
http://dx.doi.org/10.1007/bf00469760
http://dx.doi.org/10.1007/s00897020559a
http://dx.doi.org/10.1007/s00897020559a
http://dx.doi.org/10.1039/c3nj01039b
http://dx.doi.org/10.1021/acs.jpca.5b11924
http://dx.doi.org/10.1021/acs.jpca.5b11924
http://dx.doi.org/10.1016/j.molliq.2012.03.002
http://dx.doi.org/10.1002/elps.200500245

	Ionic Liquid--Liquid Chromatography: A New General Purpose Separation Methodology
	Abstract
	Introduction
	Introduction to Countercurrent Chromatography
	Ionic Liquids in Chromatography
	Introduction to Ionic Liquids
	The Use of Ionic Liquids in Chromatography
	The Use of Ionic Liquids in Countercurrent Chromatography
	Phase Behaviour of Ionic Liquids
	Ionic Liquid-Organic Solvent
	Ionic Liquid--Water Systems
	Ionic Liquid--Ionic Liquid

	Solvent Engineering and Ionic Liquid--Liquid Chromatography

	Ionic Liquid Solvent Systems and Instrumentation in Countercurrent Chromatography
	Introduction
	Instrument Design
	Solvent Selection
	Stationary Phase Retention Curves with Ionic Liquids

	Ionic Liquid--Liquid Separations
	Separation of Organic Compounds
	Separation of Saccharides
	Aromatic/Alkane Separations
	Separation of Vetiver Oil

	Separation of Transition Metal Salts
	Transition Metal Behaviour in the Water/[P6 6 6 14]Cl/Ethyl Ethanoate Solvent System
	Transition Metal Separation


	Conclusions
	Acknowledgements
	References




