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1 EXECUTIVE SUMMARY
The purpose of this deliverable is to present all the results, until this date, about the possibility
of effectively using ILs for the separation of REEs from other metals in the systems studied
under the ENVIREE project.
The results of this deliverable are strongly connected with WP1 and WP2 results, since they
condition the starting situation for the work described here, and with WP4, since the results
here obtained can be useful for the prosecution of that WP.
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2 INTRODUCTION
A specific issue in the field of hydro extraction of metals is the use of ionic liquids to perform
or enhance that extraction. Ionic liquids are environmentally friendly solvents with favourable
properties such as extremely low vapour pressure, low combustibility, excellent thermal
stability, and a wide temperature range in its liquid state. The low volatility and combustibility
of ionic liquids (ILs) together with the high extractability presented in many cases make this
extraction method a promising separation technology [1].
The use of ILs tends to improve the procedures used and make them more environment friendly
and in a short/medium term they will became an inevitable method to recover REEs. Since
2003, an effort has been done in order to separate REEs using ILs [2]. Many studies have been
performed [3, and references therein]. In more recent years the amount of publications devoted
to the use of ILs to separate REEs has increased exponentially [4-47].
From those some are specifically devoted to the recovery of REEs from printed boards [4, 7, 9,
20, 21, 31, 38, 42-45, 47] but the great majority describe general processes that can be applied
to any kind of secondary source for REEs. Many of them take not in consideration the
importance of using really green ILs, that is ILs that have in their composition only CHON
elements in order to be disposable easily and in an environmentally sustainable way.
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3 SYNTHESIS OF THE USED IONIC LIQUIDS (ILS)
The synthesis and purification of three “CHNO” ionic liquids used until now in the ENVIREE
project (tetraoctilammonium oleate-IL1 [48], 1-butyl-3-methylimidazolium-methyl-oxalate-IL2
[2], and 1-butyl-3-methylimidazolium-di(2-ethylhexyl)-oxamate-IL3 [49]) (Figures 1-3) were
undertaken in the IST-ID team lab.

Figure 1: Tetraoctilamonium oleate - IL1

Figure 2: 1-butyl-3-methylimidazolium-methyl-oxalate – IL2
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Figure 3: 1-butyl-3-methylimidazolium-di(2-ethylhexyl)-oxamate – IL3

Briefly, the syntheses were as follows:
IL1 – Sodium oleate was prepared by reacting equimolar amounts of NaOH and oleic acid in
ethanol overnight at room temperature.
The obtained sodium oleate was then reacted with tetraoctylammonium chloride for 3 h at room
temperature, in toluene/water. The IL1 was isolated from the organic phase as a viscous
yellowish liquid.
IL2 - The syntheses were performed under a nitrogen atmosphere.
First, oxalyl chloride, dissolved in diethyl ether, was slowly added to 2 eq of methanol, also
dissolved in diethyl ether, at 0 °C, and the solution stirred for 2 hours. The crude product was
purified by distillation and the desired stable product, dimethyloxalate, was obtained as a white
solid.
Next, 1 eq of 1-butylimidazole was mixed with 3 eq of dimethyloxalate for 4 days at 90 ° C.
The reaction mixture was washed with n-hexane and the excess volatile reagents removed in
vacuo. IL2 was obtained as a yellowish oil.
IL3 - The syntheses were performed under a nitrogen atmosphere.
First, methanol, dissolved in diethyl ether, was slowly added to 1 eq of oxalyl chloride, also
dissolved in diethyl ether, at 0 °C, and the solution stirred for 2 hours. The crude product was
purified by distillation and the desired moisture-sensitive product, methoxalyl chloride, was
obtained as a white liquid.
Next, 1 eq of di-2-ethylhexyl amine and 2 eq of triethylamine were dissolved at -10 °C in
diethyl ether; 1 eq of methoxalyl chloride, also in diethyl ether, were slowly added dropwise.
The resulting triethylammonium was observed as a colorless solid. The reaction mixture was
stirred for another hour at room temperature and the resulting solution was filtered, washed
with water and the solvent removed in vacuo. The yellow crude was doubly distilled giving
di(2-ethylhexyl)methyl-oxamate as a pale yellow oil.
Next, 1.5 eq of 1-butylimidazole and 1 eq of di(2-ethylhexyl)methyl-oxamate were mixed and
heated for 4 days at 100 °C. Excess reactant was removed by vacuum. IL3 was obtained as a
yellowish oil.
The intermediate products and ILs were characterized by 1H and 13C NMR and by ESI-MS.
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4 LANTHANIDE EXTRACTION BY IONIC LIQUIDS
4.1 First mockup solutions
Since in the beginning of the project there was not a real solution to work with, a first mockup
solution with concentrations of 10-2 M in La, Sm, Ho and Fe (considered as an archetypal metal
to be separated from Ln) was prepared to test the extraction ability of the ionic liquids. Both
sulfuric and nitric media were used to test the influence of the acid used in a previous stage and
allowing versatility in the choice of the process to be used.
Stock solutions of the metals (10-2 M) were prepared by dissolving the appropriate hydrated
Ln(III) and Fe(II) nitrate or sulphate salts in ultrapure water (18.2 MΩ cm; obtained with a
MilliQ® water purification system); anhydrous sulphate was used in the case of La; in the case
of iron, hydrated Fe(II) chloride was used as an alternative to nitrate due to unavailability. The
pH of the mockup solutions containing the 4 metals were ~3 and ~5.5 for the nitric and
sulphuric media, respectively.

4.2 Extraction of the first mockup solutions
For studying the IL’s ability to extract lanthanides from the prepared solutions, 1 mL of each
metal stock solution was combined with 1 mL of solution of IL1 and IL3 in toluene and IL2 in
dichloromethane (due to its insolubility in toluene). The molar ratio IL:metal was 4:1 in all
cases. Ultrapure water was used as reference (blank). 1 replicate of each sample was made for
all extractions. The samples were stirred for 1 h on a vortex mixer and afterwards placed for 10
min in a centrifuge at 4000 rpm.
Lanthanide concentrations in the aqueous phases, before and after extraction, were assessed
with a quadrupole ICP-MS system, ELAN DRC-e from Perkin Elmer Sciex, equipped with a
Peltier impact bead spray chamber, a concentric Meinhard nebuliser, sampler and skimmer
nickel cones and a discrete dynode electron multiplier with a simultaneous pulse and analogue
detector. In each session operating conditions were optimized to reach the performance criteria
recommended by the manufacturer: low levels of oxides CeO+/Ce+ and double charged ions
Ba2+/Ba+ (≤0.03); sensitivity for Mg (≥50,000 count s−1); U (≥200,000 count s−1) and In
(≥250,000 count s−1). Quantitative analysis was conducted using a 10 g mL-1 multi-element
calibration standard solution (STD 2, Perkin Elmer®, 5% nitric acid), and calibration method
used was with external standardisation. Calibration solutions were prepared by adequate
dilution of the STD2 standard solution. The isotopes 139La, 152Sm and 165Ho were used to assess
elemental concentrations and internal standardisation with 103Rh to correct for instrumental
drifts and non-spectral interferences. Samples and standard solutions were prepared with HNO3
65%, purified by sub-boiling distillation (bi-distilled) and ultrapure water (18.2 MΩ cm)
obtained with a MilliQ® water purification system (Millipore). At every six samples, a quality
control solution was measured in order to ensure the accuracy of the determinations. Matrixinduced background interferences were corrected using reagent blank subtraction.
The obtained results (expressed as the extracted percentage from the aqueous solution into the
organic phase) are presented in Table 1 (sulfuric media) and Table 2 (nitric media) and in
Figure 4 as distribution ratio (DM) defined according equation 1.
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(1)
Iron could not be determined by ICP-MS at this point, due to instrumental problems, but a
semi-quantitative determination was achieved using ESI-MS (see below), which indicated that
Fe extraction was similar to the Ln extraction.
Table 1: Percentage of extraction achieved in sulfuric media.
% extraction

La

Sm

Ho

IL1

5.7 ± 1.4

38.1 ± 1.1

39.6 ± 1.6

IL2

93.1 ± 1.4

96.3 ± 1.0

94.6 ± 1.4

IL3

99.6 ± 1.3

99.3 ± 1.0

99.2 ± 1.4

As can be seen, IL2 and IL3 extracted between 93 and 100% of the lanthanides from aqueous
phase being IL2 slightly more efficient in nitric media and IL3 equally efficient in sulfuric and
nitric media. Unfortunately, both ionic liquids also extract iron thus being not adequate to
selectively extract lanthanides. IL1 extracted far less than the other two ILs but showed some
discrimination between lanthanides (%; La, 5.7; Sm, 38.1; Ho, 39.6 in sulfuric media and La,
17.6; Sm, 76.2; Ho, 81.5 in nitric media) which can be advantageous in subsequent steps if
separation of lanthanides among them is required.
Table 2: Percentage of extraction achieved in nitric media.
% extraction

La

Sm

Ho

IL1

17.6 ± 0.7

76.2 ± 0.5

81.5 ± 0.9

IL2

99.6 ± 0.7

100.0 ± 0.5

100.0 ± 0.9

IL3

99.3 ± 0.7

99.1 ± 0.5

99.1 ± 1.0
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Figure 4: Distribution ratio of La, Sm and Ho in the aqueous and organic phases. Values in the y axys are
distribution rates defined according to eq. 1.

A semi-quantitative analysis of the metals in some of the aqueous phases was performed by
ESI-MS, using a Bruker HCT quadrupole ion trap mass spectrometer. Sample solutions approx.
10-4 M in water/methanol were introduced into the ESI source via a syringe pump at a ﬂow rate
of 150 mL min-1. The heated capillary temperature was set to 250°C and the dry gas (N2) to a
ﬂow rate of 4 L min-1. The same acidified solutions used for ICP-MS analyses were spiked with
a known amount of Lu nitrate solution (10-5 M ) for internal reference and the metals (La, Sm,
Ho and Fe) were determined as the tetranitrate anions.
Analyses of the non-aqueous fractions, diluted with methanol, were also made by ESI-MS,
looking for an understanding of the underlying mechanism through the formed species. For IL1
and IL2 is was not possible to identify unequivocally the species present in solution but for IL3
the species involved were identified indicating that the metal ions (Ln and Fe) were extracted
into the organic phase complexed by the IL3 anions, as the detected species corresponded to
M(IL3-anion)4-.
Subsequent work will focus on IL1 and IL3 (as IL2 forced us to use a non-“CHNO” organic
solvent (dichloromethane), mainly to examine the effect of pH on the extraction efficiency and
selectivity.

4.3 Second mockup solutions
The participants in the WP3 of the ENVIREE project established a forum to discuss how to
tackle the problem of not having a real solution coming from lixiviation. After a very
participated discussion it was decided to define a solution that all the partners can use. These
synthetic media were based on data from beneficiated samples (BRGM) and having in account
the REEs available data (WP1) for the tailings of the New Kankberg and Covas mines. The
defined conposition for each one of these mines is presented in Tables 3 and 4. In these tables
the pretended composition is the one that was agreed by the WP3 partners and the real
composition is the determined one in the prepared solutions. In addition to the 4 REEs and
some impurities decided by all the partners, the IST-ID team chose to include 3 additional
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REEs (Gd 3+, Er 3+ and Yb 3+) in order to have a full series coverage (Figure 5). Those
additional REEs were added with the same concentration of the dysprosium metal ion.
Table 3: The Mockup solution for the New Kankberg tailings.
New Kankberg

Element
Ce

REE
ppm

La

Pretended Composition

Real composition

1000

999

500

509

500

509

100

109

3+

3+

Nd

3+

3+

Dy
Impurities
g/L
Additional REE
ppm

3-

PO4
Gd
Er

10

3+

100

93

100

98

100

101

Pretended Composition

Real Composition

50

51.0

25

24.8

25

25.0

5

4.4

10

1.0

1

1.0

0.5

0.5

5

6.1

5

4.9

5

4.9

3+

Yb

3+

Table 4: The Mockup solution for the Covas tailings.
Covas

Element
Ce

REE
ppm

La

3+

3+

Nd

3+

3+

Dy
Impurities
g/L

Additional REE
ppm

Fe

3+
2+

Cu

2-

W (WO4 ?)
Gd
Er

3+

3+

Yb

3+

Figure 5: The lanthanide series with the proposed elements (black circles) and the additional ones (red
circles).
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4.4 Extraction of the second mockup solutions
The solutions defined in the previous point (4.3) had their pH value set to 1 (or a bit bellow
that) and then an extraction was made using IL1 and IL3 (as previously described). In short, 1
mL of each stock solutions was combined with 1 mL of solution of IL1 and IL3 in toluene with
a molar ratio IL:metal of 4:1 in all cases. Ultrapure water was used as reference (blank). One
replicate of each sample was made for all extractions. The samples were stirred for 1 h on a
vortex mixer and afterwards placed for 10 min in a centrifuge at 4000 rpm.
Lanthanide concentrations in the aqueous phases, before and after extraction, were assessed
with the quadrupole ICP-MS system, ELAN DRC-e from Perkin Elmer Sciex, used previously
(see 4.2). Quantitative analysis was conducted using a 10 g mL-1 multi-element calibration
standard solution (STD 2 for the lanthanides and STD 3 for Fe and Cu, Perkin Elmer®, 5%
nitric acid and a standard solution made from WO3 for the W), and calibration method used
was with external standardisation. Calibration solutions were prepared by adequate dilution of
the standards solution. The isotopes 57Fe, 63Cu, 139La, 140Ce, 146Nd, 157Gd, 163Dy, 166Er, 172Yb
and 184W were used to assess elemental concentrations and internal standardisation with 103Rh
to correct for instrumental drifts and non-spectral interferences.
The obtained results (expressed as the extracted percentage from the aqueous solution into the
organic phase) are presented for New Kankberg in Tables 5 and 6 (sulfuric media and nitric
media, respectively) and in Figure 6, and for Covas in Tables 7 and 8 (sulfuric media and nitric
media, respectively) and Figure 7. The distibution ratio used in Figures 6 and 7 is defined
according equation 1.
Table 5: New Kankberg mockup solution extraction in sulfuric media (pH=1).
% extraction

La

Ce

Nd

Gd

Dy

Er

Yb

IL-1

1.9 ± 1.7

2.2 ± 2.0

2.8 ± 2.2

2.2 ± 2.4

2.5 ± 2.3

3.4 ± 2.3

2.4 ± 2.1

IL-3

2.6 ± 1.1

2.8 ± 1.2

3.1 ± 1.4

2.5 ± 1.7

2.5 ± 1.2

3.1 ± 0.7

2.3 ± 0.9

Table 6: New Kankberg mockup solution extraction in nitric media (pH=1).
% extraction

La

Ce

Nd

Gd

Dy

Er

Yb

IL-1

0.3 ± 0.1

0.6 ± 0.1

0.6 ± 0.4

0.8 ± 0.7

0.7 ± 0.2

0.3 ± 0.1

0.6 ± 0.3

IL-3

0.0 ± 0.3

0.0 ± 0.2

0.0 ± 0.2

0.4 ± 0.1

0.2 ± 0.1

0.0 ± 0.3

0.2 ± 0.2
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Figure 6: New Kankberg mockup solution distribution ratio of REE in the aqueous and organic phases.
Values in the y axys are distribution rates defined according to eq. 1.

Table 7: Covas mockup solution extraction in sulfuric media (pH=1).

%
extraction

La

Ce

Nd

Gd

Dy

Er

Yb

Cu

Fe

W

IL-1

0.2 ±
0.5

1.1 ±
0.4

0.8 ±
0.8

1.2 ±
0.2

1.1 ±
0.9

1.2 ±
0.6

1.1 ±
0.6

1.0 ±
0.3

0.4 ±
0.5

36.3 ±
3.2

IL-3

2.4 ±
2.1

3.4 ±
1.8

2.6 ±
2.0

2.9 ±
2.0

3.1 ±
2.3

2.9 ±
1.9

3.2 ±
2.4

3.4 ±
2.4

41.8 ±
0.3

30.2 ±
0.9

Table 8: Covas mockup solution extraction in nitric media (pH=1).

%
extraction

La

Ce

Nd

Gd

Dy

Er

Yb

Cu

Fe

W

IL-1

0.0 ±
0.9

0.0 ±
1.6

0.0 ±
0.5

0.0 ±
0.4

0.0 ±
0.1

0.0 ±
0.4

0.1 ±
0.1

0.0 ±
0.3

0.0 ±
1.2

32.6 ±
4.5

IL-3

2.4 ±
0.5

3.9 ±
3.1

2.5 ±
0.9

2.2 ±
0.5

2.6 ±
0.3

2.5 ±
0.5

2.3 ±
0.5

3.8 ±
2.2

74.3 ±
0.8

32.8 ±
1.0
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Figure 7: Covas mockup solution distribution ratio of REE, Cu, Fe and W in the aqueous and organic
phases Values in the y axys are distribution rates defined accordind to eq. 1.

For studying the effect of the pH in the extraction of the REEs from those solutions, it was
intention of the team to perform similar extractions at higher pH values. However, when the
previous solutions were prepared at pH =3 (higher values were not atempted), it resulted
always in the precipitation of lanthanide phospates (for the Kankberg mockup solution) or
lanthanide tungstates (for the Covas mockup solution). All efforts to change the order of
addition, the initial or final set of the pH or any other parameter were unfruitfull and the final
result was always solutions with a precipitate. Thus, it is not possible to extend this study to
higher pH values.
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5 CONCLUSIONS
The main conclusions that can be taken are:
1- In the first mock-up solution, at pH ≥ 3, IL2 and IL3 extracted between 93 and 100% of the
lanthanides from aqueous phase being IL2 slightly more efficient in nitric media and IL3
equally efficient in sulfuric and nitric media. However, both ionic liquids also extract iron at
this pH range. IL1 extracted far less than the other two ILs but showed some discrimination
between lanthanides.
2- REE percentage of extraction data at pH ≤ 1 in sulfuric media does not seem to show
remarkable differences between New Kankberg and Covas samples and with both IL-1 and IL3 showing a similar behaviour. Higher percentage of extraction is shown for W and Fe, with
IL1 in nitric media showing a great capability to select among Fe and W (it extracts no Fe but
still extracts a lot of W).
3- REE percentage of extraction data at pH ≤ 1 has shown to be slightly higher in nitric media
than in sulfuric media for the same elements (La-Yb) for New Kankberg and Covas samples.
IL-1 and IL-3 show similar behavior in terms of W extraction percentage but IL-3 is a better
extraction agent for Fe in nitric media than in sulfuric media.
As said before mock-up solutions simulating both mines composition are impossible to prepare
at pH values 3 or higher without rapid precipitation of lanthanide salts (tungstate or phosphate).
Other “CHNO” ILs are under scrutiny, to be tested for a selective extraction of the lanthanides
in the presence of iron and other metals.
The observed discrimination among the lanthanides detected in the initial tests with IL1 will
continue to be examined.
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