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A short-chain symmetrical dihexyl imidazolium nitrate ionic
liquid for conventional solvent extraction of metals was developed.
Rare earths were found to be preferentially extracted over 1st row
transition metals leading to the application of the ionic liquid
system for separation of the Sm(III)/Co(II) and La(III)/Ni(II) pairs, which
are relevant for the recycling of SmCo magnets and NiMH batteries.

Solvent extraction systems require solvents of limited miscibility
with water, such as toluene, kerosene or dodecane.1 Most of the
solvents used in traditional solvent extraction processes are
listed as Volatile Organic Compounds (VOCs). Not only are their
volatility and flammability an issue, but these VOCs also have a
negative impact on human health if their vapors are emitted into
the air. Ionic liquids (ILs) are solvents that consist entirely of
ions.2–4 Their negligible volatility and low flammability, together
with the ability to design an IL towards a specific application
make them suitable and safer candidates for replacing VOCs.
In many ILs, water immiscibility is reached by using a hydrophobic fluorinated anion like hexafluorophosphate ([PF6] ), which
generate toxic HF due to their hydrolysis in water5,6 or bis(trifluoromethylsulfonyl)imide (bistriflimide, [Tf2N] ), which renders
ionic liquid synthesis expensive. Alternatives are found in the
commercially available ionic liquids tricaprylmethyl ammonium
chloride (Aliquats 336) and trihexyltetradecyl phosphonium
chloride (Cyphoss IL 101), where the hydrophobicity is reached
by large, bulky cations.7 However, the long alkyl chains significantly increase the ionic liquid’s viscosity. This high viscosity can
cause diﬃculties in solvent extraction applications, because
intensive mixing and heating are required to increase mass
transfer and speed up the kinetics.8 The high molar volume
of these hydrophobic phosphonium and ammonium ionic
liquids is another disadvantage, since it results in a low molar
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concentration of the ionic liquid. In other words, the anion –
which in general plays an important role in the extraction
mechanism – is strongly diluted. Changing the cation to the
popular imidazolium heterocycles in combination with nonfluorinated anions generally leads to hydrophilic ionic liquids.9
Imidazolium ILs with non-fluorinated anions are only waterimmiscible if the alkyl chain on the 1-position is sufficiently
long, but this leads to unwanted surfactant behavior and
formation of emulsions during solvent extraction.10 Phase equilibria
and mutual miscibility of imidazolium ionic liquids with water
are a well-studied domain in the literature.11–16 Some ionic
liquids homogenize in water upon heating, this type of phase
behavior is known as upper critical solution temperature
(UCST) behavior.17–19 In lower critical solution temperature
(LCST) phase behavior, a homogeneous IL solution phase
separates upon heating.20–22 Ionic liquids with both UCST and LCST
have been used for the extraction of metal ions via homogeneous
liquid–liquid extraction.8,23–26
In this communication, the phase behavior of binary
mixtures of the symmetrical dialkyl imidazolium ionic liquid
1,3-dihexylimidazolium nitrate [HHIM][NO3] (Fig. 1) with water
was investigated. Additionally, solvent extraction experiments
were performed on rare earths and 1st row transition metals.
Finally, the 1,3-dihexylimidazolium nitrate–water system was
used for the separation of Sm(III)/Co(II) and La(III)/Ni(II) pairs.
The most popular imidazolium ionic liquids are the 1-alkyl3-methylimidazolium salts due to the easy alkylation of commercially available N-methylimidazoles.27–33 In order to obtain
hydrophobic cations, a long alkyl chain on the 1-position of the
imidazolium has to be incorporated, with unwanted surfactant
behavior as a consequence. In order to avoid such surfactant

Fig. 1

Structure of the ionic liquid 1,3-dihexylimidazolium nitrate, [HHIM][NO3].
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Table 1 Properties of ionic liquid [HHIM][NO3]:water content of IL, solubility in aqueous phase, density r, dynamic viscosity Z and phase behavior
with water

w

H2O content
ILa (wt%)

Solubility IL in H2O
(1 : 1 w/w)a (wt%)

ra (g cm 3)

Za (mPa s)

Phase behavior
with water

Dry
H2O-saturated
6 M NaNO3-saturated

n.d.
24
11

6
6
o0.5

1.0233
1.0153
1.0304

1798
19
47

UCST
UCST
2 phases
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a

Measured at 25 1C. n.d.: not determined.

behavior, a symmetrical dialkyl imidazolium ionic liquid was
made.34 The synthesis consisted of two straightforward steps,
preparing the acetate form of the 1,3-dihexylimidazolium ionic
liquid from readily available starting materials (n-hexylamine,
formaldehyde, glyoxal and acetic acid) and the addition of nitric
acid to obtain the nitrate ionic liquid (Scheme S1, ESI†). The
benefit of using this method over the conventional quaternization of imidazole with a haloalkane is twofold: (1) this procedure
is completely halogen-free, avoiding potentially toxic chloride
imidazolium precursors,35 and (2) higher yields can be reached
in shorter reaction times and at lower temperatures.
Properties of the dry ionic liquid, the water-saturated ionic
liquid and the ionic liquid saturated with a 6 M NaNO3 solution
can be found in Table 1. The mutual solubility of [HHIM][NO3]
and water was determined to calculate the losses of IL and
water to the aqueous phase and the IL phase, respectively.
After presaturation, the water content of a sample of the watersaturated ionic liquid was determined by volumetric Karl
Fischer titration and was found to be 24 wt% at 25 1C. Quantitative 1H NMR measurements showed that 6 wt% of the ionic
liquid dissolved in the aqueous layer. However, most extraction
experiments were performed with an aqueous phase containing
6 M NaNO3, wherein the solubility of the ionic liquid is much
lower (o0.5 wt%). The high salt concentration also lowers the
water solubility in the ionic liquid (11 wt% instead of 24 wt%).
As observed in Table 1, there is a large diﬀerence in viscosity
between the dry and presaturated ionic liquids at room temperature. In Fig. S1 (ESI†), full temperature scans (from 25 to
75 1C) of the viscosities of the dry, the water-saturated and the
6 M NaNO3-saturated [HHIM][NO3] ionic liquid are shown. Dry
[HHIM][NO3] is highly viscous (1798 mPa s at 25 1C) although
there is a significant drop in viscosity to approximately 200 mPa
s when the ionic liquid is heated to 60 1C. Water-saturated
[HHIM][NO3] has a viscosity as low as 20 mPa s at 25 1C,
showing the strong eﬀect of the water content on the viscosity.
The ionic liquid which was presaturated with a 6 M NaNO3
solution has a slightly higher viscosity than the water-saturated
sample, but the viscosity is still lower than 50 mPa s at room
temperature. In comparison, the viscosity of water-saturated
trihexyltetradecylphosphonium nitrate is 265 mPa s.36
[HHIM][NO3] shows a UCST phase behavior with water (Table 1).
This thermomorphic behavior occurs upon heating the biphasic
mixture to nearly 90 1C, where a clear and transparent solution is
observed (Fig. 2). To the best of our knowledge, no nitrate ionic
liquid has ever been reported to exhibit temperature-dependent
miscibility with water. The exact temperature at which the
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Fig. 2 Liquid–liquid equilibrium phase diagram of the [HHIM][NO3]–H2O
binary mixtures. Inset: Visual representation of temperature-dependent
miscibility of the ionic liquid [HHIM][NO3] with water.

[HHIM][NO3]–water 1 : 1 (w/w) mixture showed a transition
between a cloudy, biphasic system and a clear, homogeneous
solution was determined to be 84.1 1C. This cloud point
temperature was also measured for several different combinations between [HHIM][NO3] and water, ranging from 6 up to
76 wt% of IL. The liquid–liquid equilibrium phase diagram of
the [HHIM][NO3]–water mixture is shown in Fig. 2. At 90 1C, a
homogeneous solution is found for all compositions.
As discussed before, the total amount of water dissolved in
the [HHIM][NO3] phase at 25 1C was 24 wt% and the amount of
IL dissolved in the water phase was calculated to be 6 wt% of
the total water fraction. Both these values are also encountered
in the phase diagram of [HHIM][NO3] and water (Fig. 2). There
is complete miscibility of ionic liquid–water mixtures containing less than 6 wt% or more than 76 wt% [HHIM][NO3] in water
at any given temperature. A thermogravimetric analysis (TGA)
of the water-saturated ionic liquid confirmed the Karl Fischer
results as a mass loss of 24% was found when the sample was
heated to 120 1C to remove all water. The ionic liquid started
decomposing around 280 1C (Fig. S2, ESI†), although it must be
remarked the decomposition temperature is probably lower
since a heating rate of 10 1C min 1 was used in this experiment.
Addition of salts to the ionic liquid–water system led to the
disappearance of any thermomorphic behavior due to the
salting-out effect. Therefore, the application of the ionic liquid
[HHIM][NO3] for homogeneous liquid–liquid extraction was
not successful. However, for conventional solvent extraction,
the use of a non-fluorinated short-chain ionic liquid with a low
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Fig. 3 D (eqn (S1), ESI† – left axis) and %E (eqn (S2), ESI† – right axis)
values for a selection of REEs nitrate solutions of 5 g L 1 and 1st row
transition metal nitrate solutions of 35 g L 1 (mono-element solutions in
6 M NaNO3, 25 1C, 30 min, 2000 rpm).

carbon content is scarce.37 The commercially available Aliquats
336 and Cyphoss IL 101 have approximately 30 carbon atoms
whilst [HHIM][NO3] has only half the number of carbon atoms.
Still, the [HHIM][NO3]–water system is a biphasic system, with
an ionic liquid solubility of o0.5 wt% in the aqueous phase if
the IL was contacted with 6 M NaNO3. The ionic liquid
[HHIM][NO3] was tested for extraction of metal ions. First
row transition metals are far less efficiently extracted than
the rare earths (Fig. 3). Among the tested transition metals, no
clear trend could be observed: all percentage extractions are
around 30%. For the rare earths, as the charge density increases
(La3+ o Nd3+ o Sm3+ o Sc3+), the %E decreases. Larsson et al. also
found preferential extraction of light rare earths over the heavy rare
earths with Aliquats nitrate.38 The similarity of the ionic radius of
Y3+ to that of the heavier lanthanides is shown here as well, as Y3+ is
the least extracted of the investigated rare earths.
Separations of the Sm(III)/Co(II) and La(III)/Ni(II) pairs were
investigated. For the Sm(III)/Co(II) pair, the ratio of the metals
was chosen to mimic that of a SmCo5 magnet. Varying NaNO3
concentrations were added in the aqueous metal feed solution
which were then contacted with water-saturated ionic liquid
(Fig. S3, ESI†). The higher the molar concentration of NaNO3,
the more Sm(III) was extracted, until at 6 M NaNO3 nearly 100%
of the Sm(III) was extracted. However, there was also a significant co-extraction of Co(II), of about 30%. With NaNO3, the
maximum nitrate concentration that can be obtained before
reaching the solubility limit is about 6 M, also considering the
metal nitrate salts present in the aqueous feed. A higher nitrate
concentration could be obtained by changing the salting-out
agent from NaNO3 to NH4NO3 (Fig. S4, ESI†). The solubility of
NH4NO3 in water is remarkably higher and a maximum nitrate
concentration of 10 M above the nitrate concentration resulting
from the metal nitrates could be reached. However, higher
nitrate concentrations did not result in a more eﬃcient extraction. In general, higher nitrate concentrations are expected to
give higher extraction eﬃciencies, because in those cases the
inner salting-out eﬀect facilitates the extraction. The small,
but significant diﬀerence in extraction between NaNO3 and
NH4NO3 can be explained by their respective salting-out eﬀect,
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Fig. 4 %S (eqn (S3), ESI†) of Sm(III) and Co(II) as a function of varying
NaNO3 concentration in aqueous feed solution (1 : 1 w/w, IL loaded with
13.2 g L 1 Sm(III) and 5.8 g L 1 Co(II) as nitrate salts, 25 1C, 30 min).

or their ability to exclude water from the organic phase. Because
Na+ is a stronger salting-out ion than NH4+ according to the
Hofmeister series,39 the lower concentration of 6 M NaNO3 resulted
in a better %E than 10 M of NH4NO3. Therefore, in all following
experiments, 6 M NaNO3 was used as optimal condition for the
extraction. The low viscosity of water-saturated [HHIM][NO3] was
beneficial for the extraction kinetics. No remarkable changes in
percentage extraction of Sm(III) and Co(II) were observed for longer
shaking times. Yet, to ensure equilibrium was reached, 30 minutes
was selected as the extraction time for further experiments (Fig. S5,
ESI†). Next, the pH of the feed solution was varied. Since no
apparent changes were visible, the extraction mechanism does
not involve proton exchange (Fig. S6, ESI†).
As discussed before, the complete separation of Sm(III) and
Co(II) was not feasible in one extraction step as a high amount
of Co(II) was co-extracted with Sm(III). Therefore, a scrubbing
step was necessary to remove the Co(II) (Fig. 4). Essential in the
scrubbing step is to keep the concentration of Sm(III), that is
back-extracted to the aqueous phase, as low as possible. The
loaded ionic liquid was contacted with diﬀerent solutions of
NaNO3 having various concentrations. Scrubbing the ionic
liquid with 6 M NaNO3 removed 65% of Co(II) with a small
back-extraction of 5% Sm(III). Repetition of this scrubbing and
finalizing by contacting the scrubbed ionic liquid with pure
water gave full stripping of Sm(III).
Of the REEs, La(III) has the highest distribution ratio, and
was thus extracted most eﬃciently (Fig. 3). Thus, [HHIM][NO3]
was capable to separate the La(III)/Ni(II) pair, which is another
relevant separation for recycling end-of-life products, more
specifically, nickel metal hydride batteries. A synthetic solution
of 9.6 g L 1 La(III) and 35.4 g L 1 Ni(II) was prepared so that the
concentration ratio of the La(III)/Ni(II) pair mimics the concentration ratio of the total rare-earth content to transition metal
content in a recycling scheme by Larsson et al.40 In the
extraction, La(III) was fully extracted and only 15% of Ni(II)
was co-extracted into the ionic liquid phase. In order to remove
the Ni(II), the loaded ionic liquid phase was contacted with a
fresh solution of 6 M NaNO3, leaving the La(III) in the ionic
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liquid and removing 76% of the remaining Ni(II). Since the
amount of La(III) that was back-extracted to the aqueous phase
was low (0.5%), it was no problem to repeatedly contact the
scrubbed ionic liquid with 6 M NaNO3 in order to further
decrease the amount of Ni(II) in the ionic liquid. Consequently,
full separation could be reached with minimal loss of La(III).
Final stripping of the La(III) could be achieved by contacting the
scrubbed IL with pure water.36
In conclusion, the ionic liquid 1,3-dihexylimidazolium nitrate–
water system introduced in this communication contains a relatively
small cation whilst maintaining a biphasic system with a nonfluorinated imidazolium ionic liquid. 1,3-Dihexylimidazolium
nitrate is immiscible with water at room temperature, yet becomes
fully miscible in all compositions with heating to 90 1C, a feature
called upper critical solution temperature (UCST) phase behavior.
As the addition of salts to the ionic liquid–water system led to the
disappearance of any temperature-dependent miscibility behavior, a
fully hydrophobic system was formed at all temperatures. Therefore,
the short-chain ionic liquid was tested in conventional metal
extraction. The preferential extraction of rare earths over 1st
row transition metals was observed. This was exploited in the
separation of Sm(III)/Co(II) and La(III)/Ni(II) pairs.
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