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ABSTRACT

Europium(IIl) was extracted by bis(2-ethylhexyl)diglycolamic acid (DEHDGA)
dissolved in the non-fluorinated ionic liquid tetraoctylammonium dodecyl sulphate,
[Nssgss][DS]. The extraction behaviour of europium(IIl) was investigated as a function of
various parameters: pH, temperature, extractant concentration, concentration of the
europium(IIl) ion in the aqueous feed and concentration of the salting-out agent. A
comparison was made with extraction of europium(III) by the acidic extractants bis(2-
ethylhexyl)phosphoric acid (D2EHPA) and bis(2,4,4-trimethylpentyl)phosphinic acid
(Cyanex 272) in tetraoctylammonium dodecyl sulphate. DEHDGA was found to be the
best extractant in these experimental conditions. The ionic liquid diluent has been
compared with tetraoctylammonium dodecylbenzene sulphonate and
trihexyl(tetradecyl)phosphonium dodecyl sulphate. The extraction efficiency increased
with increasing pH of the aqueous feed solution up to a maximum at pH 5, followed by a
decrease in efficiency at higher pH values. Europium(III) was found to be extracted by a
proton exchange mechanism. Europium(IIl) could be stripped from the ionic liquid phase

by 1 M nitric acid.
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INTRODUCTION

Ionic liquids (ILs) can be more sustainable alternatives for conventional
molecular diluents in solvent extraction processes.'™ Ionic liquids consist entirely of ions.
As a consequence, they have a negligible vapor pressure and they are non-volatile.”°
Replacement of volatile organic solvents in solvent extractions could lead to inherently
safer processes.” However, most of the studies in the literature on the extraction of metal
ions with molecular extractants dissolved in ionic liquid diluents are making use of
hydrophobic ionic liquids with fluorinated anions, such as the 1-alkyl-3-
methylimidazolium hexafluorophosphates or bis(trifluoromethylsulphonyl)imides.*"”
From an environmental and economical point of view (persistence and high costs), ionic
liquids with fluorinated anions are not ideal for use in solvent extraction processes.
Replacement of the imidazolium cation by quaternary ammonium or phosphonium
cations with long alkyl chains allows obtaining hydrophobic ionic liquids with non-

. . 18-34
fluorinated anions.

It was thought for some time that these ionic liquids are too
viscous to be used in undiluted form, so that they have to be diluted with molecular
diluents.*® However, many of the potential advantages of ionic liquids are lost by
applying them in diluted form. Tsukatani ef al. described the use of new fluorine-free
quaternary ammonium ionic liquids with dodecyl sulphate or dodecylbenzene sulphonate
anions as dilutents for the extraction of transition metal ions with the extractant 2-
thenoyltrifluoroacetone.”® Diglycolamic acids are promising extractants for the
separation of lanthanides and actinides from an acidic medium, due to their easy

37-40

synthesis and high loading capacities. The extractant bis(2-ethylhexyl)diglycolamic

acid (DEHDGA) has been exploited in fluorinated ionic liquid diluents for the separation
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of trivalent metal ions.”” >’ Rout et al. used DEHDGA in the fluorinated ionic liquid 1-
methyl-3-octylimidazolium bis(trifluoromethylsulphonyl)imide [Csmim][NTT;] for the
mutual separation of Eu(III) and Am(III).*” Similarly, Kubota ez al. explored the
extraction of europium and other rare earths by DODGAA (dioctyldiglycolamic acid) in
[Csmim][NT£]. %

In this paper, we show that europium(III) can be efficiently extracted by bis(2-
ethylhexyl)diglycolamic acid dissolved in the fluorine-free ionic liquid diluent
tetraoctylammonium dodecyl sulphate, [ Nggss][DS] (Figure 1). The performance of the
DEHDGA/[Nggss][DS] extraction system was investigated as a function of different
extraction parameters: pH, temperature, extractant concentration, concentration of the
salting-out agent and concentration of europium(III) in the aqueous feed. Different
extractant —diluent combinations have been tested. The stripping of europium(III) from
the ionic liquid phase and re-use of the ionic liquid in a next extraction step were also
investigated. The Eu(IIl) ion was selected as a model system, since Eu(IIl) is
spectroscopically active so that the extracted species could be investigated by

luminescence spectroscopy.

[Insert Figure 1 here]



Page 5 of 36

RSC Advances

EXPERIMENTAL
Materials and reagents

All the chemicals and reagents used in this study were of analytical grade and
they were used as received without further purification. Nitric acid, acetone,
tetraoctylammonium bromide (98%), sodium dodecyl sulphate (> 98%), dodecylbenzene
sulphonate (> 98%), diglycolic anhydride (99%), bis(2-ethylhexyl)amine (99%) and
sodium nitrate (99%) were purchased from Sigma-Aldrich (Diegem, Belgium). Sodium
hydroxide was obtained from Alfa Aesar. Europium(III) nitrate hexahydrate (99.9%) was
purchased from Acros Organics (Geel, Belgium). A 1000 ppm gallium standard was
purchased from Merck (Overijse, Belgium). The synthesis and characterization of bis(2-
ethylhexyl)diglycolamic acid (DEHDGA) is described elsewhere.’’ Tetraoctylammonium
dodecyl sulphate ([Nggss][DS]) was synthesized according to a literature procedure.36 The
process involved the mixture of equimolar quantities of tetraoctylammonium bromide
([Nsgsgs]Br) and sodium dodecyl sulphate (NaDS) in a water—acetone mixture (1:1 v/v).
After evaporation of acetone, the mixture was then transferred to a separating funnel to
remove the aqueous layer. The oily phase was then washed thoroughly with water
followed by drying in vacuo. A similar procedure was used for the synthesis of the ionic
liquids tetraoctylammonium dodecylbenzene sulphonate, [ Nggss][DBS], and
trihexyl(tetradecyl)phosphonium dodecyl sulphate, [Pgs614][DS] (the starting ionic liquid
was [Pegs14][Br] ). Analytical data: [Nggss][DS]: '"H NMR (300 MHz, CDCl3, Me4Si, 6
/ppm): 4.01(t, 2H), 3.27 (t, 8H, -CH,-N-), 1.66—1.24 (m, 68H), 0.88 (t, 15H). *C NMR
(75 MHz, CDCls, 8 /ppm): 67.31 (-SO3-CH;-), 58.92 (-CH;-N), 31.94, 31.67, 29.68,

29.56, 29.05, 26.35, 22.59, 22.13 (various CH; groups), 14.15, 14.06 (various —CH3
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groups). [Nssss][DBS]: "H NMR (300 MHz, CDCls, MesSi, 8 /ppm): 7.86 (d, 2H), 7.07(d,
2H), 3.28 (t, 2H), 1.67—1.26 (m, 70H), 0.88 (t, 15H). *C NMR (75 MHz, CDCl;, &
/ppm): 127.05, 126.06 (aromatic -CH-), 59.04 (-CH,-N), 31.89, 31.66, 29.11, 29.03,
29.05, 26.36, 22.59, 22.18 (various CH, groups), 14.15, 14.07 (various —CHj3 groups).
[Pess14][DS]: "H NMR (300 MHz, CDCls, Me,Si, 8 /ppm): 4.02 (t, 2H), 2.39-2.23 (m,
8H), 1.68-1.25 (m, 68H), 0.91-0.86 (m, 15H). *C NMR (75 MHz, CDCls, & /ppm):
67.46(-S03-CH,-), 31.92, 31.11, 30.56, 30.37, 29.66, 29.37, 25.94, 22.7, 22.36, 21.91,
19.27, 18.65 (various CH, groups), 14.13, 13.95 (various —CHj groups). *'P NMR

(161.92 MHz, CDCls): 6 = 33.5 ppm (85% H3PO, as external standard).

Instrumentation and analysis

The concentrations of europium in the aqueous phase were determined with a
benchtop total reflection X-ray fluorescence (TXRF) spectrometer (Picofox S2, Bruker).
The extraction experiments were performed in small vials in a temperature-controllable
compact benchtop turbo thermo-shaker (model: TMS — 200, Hangzhou Allsheng
Instrument Co. LTD, China). After 1 hour of equilibration, the aqueous phase was
sampled, a gallium internal standard was added and the sample was diluted with MilliQ
water until a total volume of 1 mL was obtained. The quartz glass sample carriers were
first treated with 20 pL of silicone solution in isopropanol (silicone solution SERVA for
siliconizing glass and metal, SERVA Electrophoresis GmbH, Heidelberg, Germany) in
order to bind the sample droplet by its polar sites. Then the sample carriers were dried for

5 minutes in a hot air oven at 60 °C, followed by the addition of 5 uL of the sample and a

Page 6 of 36
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next drying step of 20 minutes at 60 °C. The samples were measured for 200 seconds in
the TXRF spectrometer.

The extraction experiments were performed in small vials in a temperature-
controllable compact benchtop turbo thermo-shaker (model: TMS — 200, Hangzhou
Allsheng Instrument Co. LTD, China). A Heraeus Megafuge 1.0 centrifuge was used for
centrifugation of the samples after extraction. The viscosities of the ionic liquid phase
were measured using an automatic Brookfield plate cone viscometer, Model LVDV-II+P
CP (Brookfield Engineering Laboratories, USA) and pH measurements were performed
with an S220 SevenCompact™ pH/Ion meter (Mettler-Toledo) and a Slimtrode
(Hamilton) electrode. Absorption spectra were measured on a Varian Cary 5000
spectrophotometer. Luminescence spectra were recorded on an Edinburgh Instruments
FS-920P spectrofluorimeter. 'H NMR and '*C NMR spectra of ionic liquids were
recorded on a Bruker Avance 300 spectrometer, operating at 300 MHz for 'H. *'P NMR
spectra were recorded using a Bruker Avance 400 spectrometer, operating at 121.49 MHz
for*'P. A H3PO4 (85%) external standard was used as a reference for 3'p NMR
measurements. CDCl; was used as the solvent for recording the NMR spectra and the

data were analyzed with the SPINWORKS software package.

Equilibration procedure

The extraction experiments with solutions of DEHDGA in [Nggss][DS] were
performed at 40 °C with a temperature-controllable shaking device. A 0.1 M NaNO; was
used as salting-out agent in the aqueous phase throughout this study to decrease the phase

disengagement time. The ionic liquid phase was pre-equilibrated with the desired
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concentration of nitric acid to fix the equilibrium acidity. Extractions were performed by
intensive shaking of the extraction mixture, typically for 1 hour. After the extraction step,
separation of the phases was assisted by centrifugation for 5 minutes at 3000 rpm. The
concentrations of europium distributed between the ionic liquid and the aqueous phases
were measured by TXRF. For all extraction experiments, the volumes of the aqueous
phase V,, and of the ionic liquid phase V', were equal (V,, = V1), i.e. a phase ratio of 1:1
was used. The distribution ratio (D) is the ratio of the concentration of the metal ion
(europium in this paper) in the organic phase (ionic liquid phase) to the concentration of

the metal ion in the aqueous phase, at equilibrium:

_[Eu]y
D =gl M

laq

In practice, the distribution ratio is measured most conveniently by measuring the
concentration of the metal ion in the aqueous phase after extraction and by comparing it

to the initial concentration:

D=—"="L ()

C;and Cyare the concentration of the metal ions in the aqueous phase before (i = initial)
and after extraction (f'= final), respectively. The extraction efficiency (%E) was

determined by using the following equation, by taking into account that V,, = Vi;:

WE = x 100 (3)

Page 8 of 36
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RESULTS AND DISCUSSIONS

Influence of the pH

The extraction of europium(III) as a function of the nitric acid concentration was
studied by equilibrating the ionic liquid phase with the aqueous phase (1:1 phase ratio,
Vg = Vi) containing the europium(III) solution (concentration: 0.7 mM) at the targeted
pH value. The pH of the aqueous solution was varied between 2 and 6 by addition of 1 M
HNO; or 1 M NaOH. It was observed that the distribution ratios for the extraction of
Eu(Ill) by DEHDGA diluted in [Ngggs][DS] increased with increase in pH to a maximum
at pH =5, but decreased at pH > 5 (Figure 2). The initial increase in D values with
decreasing acid concentrations is due to the reduced competition of HNO3 extraction with
Eu(IIl) extraction at these higher pH values and strong coordinating ability of
diglycolamate anion which coordinates through tridentate mode due to the presence of
extra ether linkage. The decrease of the D values at pH > 5 is due to the hydrolysis of
Eu(IIl) at higher pH values, resulting in the formation of oligomeric hydrolysis
products.41 Extraction of Eu(II) by the ionic liquid [Nsggs][DS], without added
DEHDGA, is negligible at all pH values (D <0.1). This can be explained by the lack of

strongly coordinating groups in [Ngsgs][DS].

[Insert Figure 2 here]
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Extraction rates

The extraction rates depend on physical parameters such as the viscosity, the
density and the hydrophobicity of the extracting phase. According to Tsukatani ef al., the
viscosity of [Ngggs][DS] is 1010 cP at 25 °C and for a water content of 2.8 wt%.>® This
high viscosity can be attributed to the presence of long alkyl chains in both the ionic
liquid cation and anion. In our extraction system, the viscosity of the ionic liquid phase
after pre-equilibration with acidified water was 280 cP at 40 °C. The water content of this
ionic pre-equilibrated liquid phase was 4.9 wt%. Although a viscosity of 280 cP is still
quite high, the ionic liquid could conveniently be used for solvent extraction experiments.
It was observed that it took about 40 minutes for the extraction process to reach the
equilibrium state. To ensure that the equilibrium condition would be established, a

shaking time of 1 hour was used for most extraction experiments.

Extraction Mechanism

The distribution ratio increased with an increase in the concentration of
DEHDGA in the ionic liquid (Figure 3). A linear regression analysis of a plot of logD as
a function of log[DEHDGA] resulted in a straight line with a slope of 1.05, suggesting
the involvement of one molecule of DEHDGA during the extraction process. However, in
the case of fluorinated ionic liquid systems such as the 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulphonyl)imides [C,mim][NTf;], the extraction with DEHDGA gives
a slope of 3, indicating the involvement of three DEHDGA molecules for the extraction

37,38

of europium(IIl) and other trivalent lanthanide ions. Furthermore, in molecular

diluents such as n-dodecane, DEHDGA is found to give a straight line with a slope of 2,

10
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indicating the involvement of two molecules of DEHDGA during the extraction of
Eu(1II).*° Several papers on ionic-liquid-based extraction systems describe that the
stoichiometry of extracted metal complexes can be different in ionic liquid diluents and
in molecular diluents like n-dodecane.'***** The variation of logD as a function of pH of
the aqueous phase was plotted and it resulted in a straight line with the slope of 0.95
(Figure 4). This indicates that one Eu(IIT) ion exchanges with the H' ion of one
DEHDGA molecule to form an ion-associated complex. This supports the hypothesis that
one molecule of DEHDGA is involved in the extraction of one Eu(III) ion. The proposed

mechanism for the extraction of Eu(Ill) is given by equations (4) and (5):

Eu™ + 2NO; + DEHDGA < Eu(NO,), DEHG+H" “)

[Eu(NO,), DEHG][H]'

Kex = 3+ -2 (5)
[Eu* ][NO; *[DEHDGA]

The bars indicate the molecules in the ionic liquid phase and K is the extraction
constant. DEHG presents a deprotonated DEHDGA molecule. It is likely that two nitrate
ions are involved, to guarantee electric neutrality After rearrangement of equation (5), a

relation is obtained that correlates Dg, with extractant concentration and feed acidity:

(6)

+

D,, =logK, + 10g[DEHDGA]+log[ 1

It can noticed from equation (6) that extraction of Eu(IIl) involves coordination with one

molecule of DEHDGA at the expense of one H' ion. The effect of the concentration of

11
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DEHDGA in the ionic liquid phase was studied by varying the DEHDGA concentration
between 5 mM and 60 mM. It was observed that the extraction efficiency remained
almost constant to concentrations of more than 10 mM DEHDGA. About 96% of Eu(III)
was extracted using only 10 mM DEHDGA in [Nggss][DS] (Figure 5). Therefore, all the

subsequent studies were carried out with 10 mM DEHDGA in [Ngggs][DS].

[Insert Figures 3—5 here]

To support the proposed extraction mechanism, the emission spectra of
europium(IIl) were measured in the aqueous phase and the ionic liquid phase (Figure 6).
The splitting pattern, shape and relative intensities of the *Dy—F,emission bands can
provide information about the chemical environment surrounding the Eu(IIl) ion. The
transitions in the luminescence spectrum originate from the *Dy level and terminate at the
various 'F; levels (J from 0 to 6). The hypersensitive transition Dy —'F is the most
intense transition in the spectrum of the ionic liquid phase, whereas the magnetic dipole
transition Dy —F; is the most intense transition in the luminescence spectrum of the
aqueous phase. These results show that the local environment of the Eu(IIl) ion is
different in the ionic liquid phase compared to the aqueous phase. The number of water
molecules present in the inner sphere (first coordination sphere) of the extracted Eu(III)-
DEHG complex in the ionic liquid phase was determined by measuring the decay time of
the °D, emitting level (via monitoring the emission intensity of the hypersensitive

transition *Dy—'F, at 614 nm under excitation at 395 nm) by saturating the ionic liquid

12
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phase with H,O and by D,0, respectively, followed by applying the Horrocks-Sudnick

equation:*

q= 1.05( LI L) (7)

THzO TDzO

Here ¢ is the number of water molecules in the first coordination sphere (inner-sphere) of
the Eu®" ion. Th,0 and Tp,o are the luminescence decay times of the °D, excited state,
measured in the ionic liquid phase hydrated with water and deuterated water,
respectively. It was observed that the average lifetime was almost the same in both media
(1.89 ms in D,O-saturated ionic liquid phase versus 1.70 ms in H,O-saturated ionic liquid
phase). After inserting these values in equation (7), a ¢ value of 0.06 was found. This
suggests that there is no water molecule present in the inner-sphere of the Eu-DEHG
complex dissolved in the ionic liquid phase. Notice that we have used the Horrocks-
Sudnick formula and not the modified Supkowski-Horrocks formula because the latter
gave negative g values.*® This is due to the fact that the Supkowski-Horrocks formula
should be used only in aqueous solutions and not in hydrated ionic liquids, since the
modified formula takes in account water molecules in the second coordination sphere of
the Eu(III) ion and the water concentration is lower in hydrated ionic liquids than in bulk
water. Other experiments have indicated that the Eu(IIl) ion is extracted together with
two nitrate ions and one deprotonated DEHDGA molecule (DEHG): Eu(NO3),(DEHG)
(vide supra). This implies a coordination number of only 7 (if DEHG binds as a tridentate
ligand), which is low for rare-earth complexes. Therefore, the hypothesis is that the

coordination sphere of the Eu(IIl) ion in the Eu(NO3),(DEHG) dissolved in the

13
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[Nsgss][DS] ionic liquid phase is saturated by coordination of [DS]" anions to the Eu(III)

ion.

[Insert Figure 6 here]

Loading test

It is possible to load high amounts of europium in the ionic liquid system
[Nsgss][DS] with respect to the concentration of the extractant DEHDGA. With a
DEHDGA concentration as low as 10 mM, it is possible to load up to about 7.5 mM (~ 1
g L' of Eu(1II) upon equilibrating with a an aqueous solution containing 35 mM (~5 g L
" of Eu(III). Figure 7 shows the trend of loading in the ionic liquid phase as a function of
the initial Eu(IIl) loading. At the initial stage, the loading of the ionic liquid phase
increases slowly with an increase in the aqueous feed concentration. After a reaching a
threshold concentration of 1 g L of Eu(Ill) in the initial aqueous phase, a plateau
corresponding to the maximum loading of the organic phase is obtained. This behaviour
indicates saturation of the extracting phase after a certain loading. In the ionic liquid
phase, the concentration of DEHDGA is 10 mM and the plateau is reached at about 7.5
mM of loaded Eu(Ill) in the ionic liquid phase. These data show that nearly all the
extractant molecules are used to form with Eu(Ill) a complex with a 1: 1 metal-to-ligand
ratio. Also in the trace level studies (0.7 mM), it was found that one free DEHDGA

molecule is involved in the complex formation with Eu(III).

14
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[Insert Figure 7 here]

Effect of nitrate concentration

The concentration of NaNOj in the aqueous feed solution (pH 4) was varied to
investigate the influence of the salting-out agent on the distribution ratio of Eu(III),
(Figure 8). It was observed that for extraction of Eu(IIl) with a solution of 10 mM of
DEHDGA in [Nggss][DS], the distribution ratio increased gradually by increasing the
nitrate concentration in the aqueous phase. This observation is in agreement with
equation (4), which proposes that nitrate ions are involved in the extraction process. The
increase in Dg, at high nitrate concentrations in the aqueous feed solution (e.g. 1.0 M
NaNOs) could be due to the involvement of nitrate ion in the extraction process. To check
this hypothesis, the extraction of Eu(IIl) with [Ngsss][DS], without added DEHDGA was
investigated as a function of the nitrate concentration (Figure 8). The distribution ratio
remained almost constant irrespective of the initial concentration of the nitrate ion present
in the aqueous phase (0.01 < D < 0.34). This shows that the ionic liquid [Nggss][DS]
cannot extract Eu(Ill) from a nitrate aqueous solution by an anion exchange mechanism
and that no [DS] anions are transferred to the aqueous phase. Therefore, the increase in
distribution ratio in the presence of the extractant DEHDGA at high nitrate
concentrations in the aqueous feed solution suggests that Eu(IIl) gets extracted as a

nitrato-complex to the ionic liquid phase.

[Insert Figure 8 here]

15
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Other extractants and diluents

The extracting power of DEHDGA was compared with that of the acidic
extractants bis(2-ethylhexyl)phosphoric acid (D2EHPA) or bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex 272), since DEHDGA is a relatively new type
of extractant and only a few comparative studies exist.>’>’ D2EHPA and Cyanex 272 are
well known classical acidic extractants for the separation of rare earths and they have
shown their potential both in molecular and ionic liquid diuluents.*”" Figure 9 compares
extraction of Eu(IIl) by 10 mM of DEHDGA, Cyanex 272 or D2EHPA dissolved in
[Nssss][DS].Surprisingly, the D value are very small for Cyanex 272 or D2EHPA in
[Nssss][DS], compared to the D value for DEHDGA in [Nggsg][DS]. The higher extraction
efficiency of DEHDGA could be due to the extra coordinating ether site which can

participate together with the carboxylate anion in the complex formation.

[Insert Figure 9 here]

The extraction performance of DEHDGA in the ionic liquid [Ngsss][DS] was
compared with that of other ionic liquid diluents with a similar structure. Figure 10 shows
the extraction behaviour of Eu(Ill) by DEHDGA in tetraoctylammonium dodecylbenzene
sulphonate, [Ngsss][DBS], and trihexyl(tetradecyl)phosphonium dodecyl sulphate,
[Psss14][DS], respectively, together with the results from DEHDGA in [Ngggs][DS]. The
cation has a stronger influence on the extraction efficiency than the anion. A change of

the anion from [DS] to [DBS] did not result in any remarkable change in the extraction

16
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efficiency. The distribution ratio for the extraction system DEHDGA/[Pgs614][DS] is very
small and is close to the values observed for [Nggss][DS] without added DEHDGA. The
strong effect of the ionic liquid cation on the extraction behaviour of Eu(Ill) is in line
with the results recently observed by our group for the extraction of Nd(III) by different

dialkylphosphate ionic liquids.”

[Insert Figure 10 here]

Stripping and reusability studies

Since DEHDGA is an acidic extractant, a concentrated acid is the best choice for
a stripping agent. After extraction, the stripping study was carried out by using 1.0 M
nitric acid. After four successive stages, all Eu(Ill) ions were back-extracted from the
pregnant ionic liquid phase. After stripping all Eu(III) ions, the recycled ionic liquid
phase was scrubbed thoroughly with MilliQ water, followed by equilibration with an
aqueous solution at the desired pH, before its use in the next extraction step. No
differences in extraction efficiency was observed for the recycled DEHDGA/[Nggss][DS]
in the second extraction stage compared to the first extraction stage. This shows that the

extraction system is recyclable.

CONCLUSIONS
The fluorine-free ammonium based ionic liquid tetraoctylammonium dodecyl
sulphate [Nsggs][DS] was evaluated as diluent in combination with the extractant bis(2-

ethylhexyl)diglycolamic acid (DEHDGA) for the extraction of europium(IIl) from an

17
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aqueous nitric acid solution. Advantages of the ionic liquid [Nggsg][DS] are its simple
synthesis and stability towards ion-exchange to the aqueous phase. Extraction of Eu(III)
was efficient at pH > 3 and there was a slight decrease in the extraction efficiency at pH
> 5. Under the experimental conditions investigated, > 95% extraction of Eu(Ill) was
possible. The extraction mechanism suggests that one molecule of DEHDGA is involved
in the complex formation with Eu(III). It is possible to load a high concentration of
Eu(Il) in the ionic liquid system DEHDGA/[N8888][DS], without the need of using
salting-out agents or increasing the DEHDGA concentration. There was only a slight
increase in extraction efficiency at very high nitrate concentrations in the aqueous phase.
For the experimental conditions used in this study, DEHDGA was found to be a better
extractant than other acidic extractants (D2EHPA or Cyanex 272). Similarly, changing
the ionic liquid cation led to a drastic decrease in the distribution ratio. A change of the
ionic liquid anion has a negligible influence on the extraction efficiency. It was possible

to strip back the metal content from the ionic liquid by an aqueous 1.0 M nitric acid.
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FIGURE CAPTIONS

Figure 1. Chemical structure of the extractant bis(2-ethylhexyl)diglycolamic acid

(DEHDGA) and the ionic liquid tetraoctylammonium dodecyl sulphate, [Nggss][DS].

Figure 2. Variation of the distribution ratio of Eu(Ill) as a function of the pH of the
aqueous phase. Organic phase: 10 mM DEHDGA/[Ngsss][DS] or [Nssgs][DS] alone;

aqueous phase: pH between 2 and 6, [Eu(Ill)] = 0.7 mM. Temperature = 313 K.

Figure 3. Variation in the plot of logDg, as a function of logl DEHDGA]. Organic phase:
5 mM to 60 mM DEHDGA/[Ngsss][DS]; aqueous phase: pH 4 and [Eu(IIl)] = 0.7 mM.

Temperature: 313 K.

Figure 4. Plot of logDg, as a function of the pH of the aqueous phase. Organic phase: 10
mM DEHDGA/[Nggss][DS]; aqueous phase: pH = 1-4 and [Eu(II)] = 0.7 mM.

Temperature: 313 K.

Figure 5. Variation in the extraction efficiency of Eu(Ill) as a function of the
concentration of DEHDGA in the ionic liquid phase. Organic phase: 5 — 60 mM
DEHDGA/[Ngsss][DS]; aqueous phase: pH 4 and [Eu(II)] = 0.7 mM. Temperature: 313

K.
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Figure 6. Emission spectrum of europium(III) in the aqueous feed phase (lower
spectrum) and the ionic liquid phase [Ngsss][DS] (upper spectrum). The excitation

wavelength A, was 395 nm and the spectra were recorded at room temperature.

Figure 7. Variation in the Eu(III) loading in the ionic liquid phase as a function of the
initial Eu(III) loading in the aqueous feed. Organic phase: 10 mM DEHDGA/
[Nssss][DS]; aqueous phase: pH 4 and varied Eu(I1I) concentration (0.7 to 35 mM).

Temperature: 313 K.

Figure 8. Variation in the distribution ratios of Eu(IIl) as a function of the nitrate ion
concentration in the aqueous phase. Organic phase: 10 mM DEHDGA]/[Nggss][DS] or
[Nsgss][DS] alone; aqueous phase: pH 4, [Eu(II)] = 0.7 mM and varied concentration of

NOj5' ion (in form of NaNQO3). Temperature: 313 K.

Figure 9. Variation of the distribution ratio of Eu(IIl) as a function of the pH of the
aqueous phase for different acidic molecular extractants diluted in [Nggss][DS]. Organic
phase: 10 mM DEHDGA (or Cyanex 272 or D2EHPA) /[Ngsss][DS] or [Nggss][DS] alone;

aqueous phase: pH between 2 and 5, and [Eu(IIl)] = 0.7 mM. Temperature: 313 K.

Figure 10. Variation of the distribution ratio of Eu(Ill) as a function of the pH of the
aqueous phase for the ionic liquids [Nggss][DS], [Nssss][DBS] and [Pgse14][DS]. Organic
phase: 10 mM DEHDGA/[Nsgss][DS] (or [Ngsss][[DBS] or [Peesi4][DS]). Aqueous phase:

pH between 2 and 4, [Eu(Il)] = 0.7 mM. Temperature: 313 K.
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Figure 3
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Figure 10
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Graphical Abstract

DEHDGA D2EHPA (or)
CYANEX 272

Bis(2-ethylhexyl)diglycolamic acid (DEHDGA) dissolved in the fluorine-free ionic liquid

tetraoctylammonium dodecyl sulphate,[Nsggs][DS] is an efficient extractant for europium(III).

Key words: ionic liquids; lanthanides; liquid-liquid extraction; quaternary ammonium salts;

rare earths; solvent extraction.
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