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ABSTRACT

Trivalent rare-earth ions were extracted from nitric acid medium by the neutral
phosphine oxide extractant Cyanex 923 into ionic liquid phases containing the
bis(trifluoromethylsulfonyl)imide anion. Five different cations were considered: 1-butyl-
3-methylimidazolium, 1-decyl-3-methylimidazolium, methyltributylammonium,
methyltrioctylammonium and trihexyl(tetradecyl)phosphonium. The extraction behavior
of neodymium(IIl) was investigated as a function of various parameters: pH, extractant
concentration, concentration of the neodymium(IIl) ion in the aqueous feed and
concentration of the salting-out agent. The loading capacity of the ionic liquid phase was
studied. The extraction efficiency increased with increasing pH of the aqueous feed
solution. The extraction occurred for all ionic liquids via an ion-exchange mechanism and
the extraction efficiency could be related to the solubility of the ionic liquid cation in the
aqueous phase: high distribution ratios for hydrophilic cations and low ones for
hydrophobic cations. Addition of nitrate ions to the aqueous phase resulted in an increase
in extraction efficiency for ionic liquids with hydrophobic cations due to extraction of
neutral complexes. Neodymium(III) could be stripped from the ionic liquid phase by 0.5—
1.0 M nitric acid solutions and the extracting phase could be reused. The extractability of

other rare earths present in the mixture was compared for the five ionic liquids.

Key words: ionic liquids; lanthanides; liquid-liquid extraction; neodymium; rare earths;

solvent extraction



Page 3 of 36

Dalton Transactions

INTRODUCTION

Ionic liquids (ILs) are alternatives for conventional diluents in solvent extraction
processes.” Since ionic liquids consist entirely of ions, they have a negligible vapor
pressure and they are non-volatile.>” Replacement of volatile organic solvents in solvent
extraction systems could lead to inherently safer extraction processes for metal ions.
Many solvent extraction studies using ionic liquids as diluents and extractants have been

1929 Tonic liquids that act as extractants can be

carried out during the last 15 years.
considered as task-specific or functionalized ionic liquids. Most ionic liquids used as
diluents contain either bis(trifluoromethylsulfonyl)imide or hexafluorophosphate anions.
The bis(trifluoromethylsulfonyl)imide anion, [Tf,N], is the preferred anion due to its
better resistance to hydrolysis.>° The extraction mechanism for transfer of a metal from
the aqueous to the organic phase can be different for ionic liquids compared to molecular
solvents. Metal ions are typically extracted together with their counter anions by neutral
extractants dissolved in a molecular diluents (= ion-pair mechanism or neutral
mechanism), whereas in some ionic liquids extraction can also occur via an ion-exchange
mechanism. This ion-exchange mechanism implies that ionic liquid cations are
transferred from the organic phase to the aqueous phase during extraction of the metal
ions. This ion-exchange mechanism for extraction of metal ions to an ionic liquid phase
by neutral extractants has been well documented for extraction of alkali and alkaline

earths metals by crown ethers.*®>'~¢

The extraction mechanism largely depends on the
hydrophobic character of the ionic liquid: hydrophilic cations promote ion exchange,

whereas hydrophobic cations suppress ion exchange. The hydrophobicity of the anion has

an opposite effect: hydrophobic anions result in a greater tendency for cation
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exchange.”’® The anion in the aqueous phase and its concentration have an effect on the
mechanism, as evidenced by the extraction of Na*, Sr*" and Ba®" by crown ethers from
HNO; and HCI solution.> A neutral crown ether nitrate complex is extracted from HNO;
solution, whereas chloride-based systems have a stronger tendency towards ion exchange.
For extraction of anionic metal complexes by ionic liquids, there is also a competition
between ion exchange and extraction of neutral complexes. Knowledge of the mechanism
of a solvent extraction process based on ionic liquids is of importance, because it allows
tuning processes to such an extent that no ionic liquid cations or anions are lost to the
aqueous phase upon transfer of the metal ion to the ionic liquid phase.****

Examples on extraction studies in ionic liquids using neutral extractants other
than crown ethers are those on tributyl phosphate (TBP) and octyl(phenyl)-N, N-
diisobutylcarbamoylmethyl phosphine oxide CMPO.""* Another example is Cyanex
923, which is an often used neutral extractant (solvating extractant) for solvent extraction

of metal ions.>' %2

The commercial Cyanex 923 extractant is a mixture of four
trialkylphosphine oxides: R;P=0, R,R'P=0, RR',P=0 and R'sP=0, where R = n-octyl
and R'= n-hexyl, and with an average molecular weight of 348 g mol™.** Sun et al.
described extraction with an imidazolium ionic liquid in combination with Cyanex 923
for the separation of yttrium from heavy rare earths in the presence of an aqueous
complexant.** Zhu et al. investigated the extraction of Sc(III) by Cyanex
923/[Csmim][PFs] impregnated in a resin.®> Cyanex 925, which has a composition similar

to that of Cyanex 923 and consists mainly of bis(2,4,4-trimethylpentyl) octylphosphine

oxide, was used in an ionic liquid for the separation of scandium from other rare earths.*®

Page 4 of 36
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In this paper, we describe the liquid-liquid extraction of neodymium(III) and other
trivalent rare-earth ions with Cyanex 923 in five ionic liquid diluents: 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [C4mim][Tf,N], 1-decyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [C;omim][Tf,N],
methyltributylammonium bis(trifluoromethylsulfonyl)imide [N;444][ Tf2N],
methyltrioctylammonium bis(trifluoromethylsulfonyl)imide [N;gss][ Tf,N] and
trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide [Pggs14][Tf2N]. The
aim of this systematic study was to investigate how the extraction mechanism depends on

the type of ionic liquid cation and especially on the hydrophobicity of the cation.

EXPERIMENTAL

Materials and reagents

All chemicals and reagents used in this study were of analytical grade, and they were
used as received without further purification. The ionic liquids: 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (> 98%),
methyltributylammonium bis(trifluoromethylsulfonyl)imide (> 98%) and
trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide (> 98%) were
purchased from IoLiTec (Heilbronn, Germany). 1-Decyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide and methyltrioctylammonium
bis(trifluoromethylsulfonyl)imide were synthesized following literature procedures.”®’
Sodium nitrate (99%) and nitric acid were purchased from Sigma-Aldrich (Diegem,

Belgium). Sodium hydroxide (98%) was obtained from Alfa Aesar (Karlsruhe,
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Germany). Neodymium(III) nitrate hexahydrate and other rare-earth nitrate hydrates
(purity > 99%) were purchased from Acros Organics (Geel, Belgium). A 1000 ppm
gallium standard was purchased from Merck (Overijse, Belgium). Cyanex 923 was

kindly supplied by Cytec Industries, Canada.

Instrumentation

The concentrations of rare earths in the aqueous phase were determined with a bench top
total reflection X-ray fluorescence (TXRF) spectrometer (S2 Picofox, Bruker). 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).
pH measurements were performed with an S220 SevenCompact™ pH/Ion meter
(Mettler-Toledo) and a Slimtrode (Hamilton) electrode. Luminescence spectra were

recorded on an Edinburgh Instruments FS-920P spectrofluorimeter.

Equilibration procedure

The extraction experiments were performed at 30 °C with a temperature-controlled
thermo-shaker (model: TMS — 200, Hangzhou Allsheng Instrument Co. LTD, China).
The ionic liquid phases were pre-equilibrated with the desired concentration of nitric acid
to fix the pH. Extractions were performed by intensive shaking (2000 rpm) of the
extraction mixture for 1.5 h (except for experiments on the time dependence of the
extraction). After the extraction, separation of the phases was assisted by centrifugation

for 5 min at 3000 rpm. The concentrations of neodymium distributed between the ionic
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liquid and the aqueous phases were measured by TXRF. The distribution ratio (D) was

determined using the following equation:

p Ndly
[Nd],,
(1)
— C1 _Cf XQ
¢V

Cjand Cy are the concentration of Nd(III) in the aqueous phase before and after
extraction, respectively. Unless otherwise specified, C; was 7x 10* M Nd(III). Vg and Vg
are the volumes of the aqueous and ionic liquid phase, respectively. A volume ratio of 1:1
was used for all the extraction experiments (V,, = V). The extraction efficiency (%E)

was determined using the following equation for (V,, = Vi):

%E = x 100 (2)

D+1

The separation factor (a mim2 ) Was calculated as follows:

Dy
Apim2 = D_M: (3)

Dy and Dy, are the distribution ratios of the metal ions M, and M, respectively. The

percentage stripping (%S) is defined by the equation:

M (4)
055 =M ha 100

IL
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RESULTS AND DISCUSSION

Variation of equilibration time and pH

Neodymium(III) was extracted from a nitric acid solution by Cyanex 923 dissolved in the
ionic liquids [Csmim][TH,N], [N}444][ TE2N] and [Peee14][ TH2N], with variation of different
extraction parameters. For these experiments, a Nd(IIT) concentration of 7x10™* M and a
Cyanex 923 concentration of 0.1 M was used. The volume ratio of the organic to the
aqueous phase was 1:1. The temperature was 30 °C. The first parameter that was varied
was the equilibration time, in order to determine the time required to reach the
equilibrium condition (Figure 1). Extraction was fastest for [C4smim][Tf,N] and

[N1444][ TE2N]: equilibrium was achieved within 30 to 40 min. In case of [Pgee14][ THN], it
took nearly 75 min to reach the equilibrium state. Thus in order to ensure reaching
equilibrium conditions, the equilibration time of 1.5 h was used for all further extraction
studies.

The distribution ratios D increased with increasing pH for the extraction of
Nd(IIT) by 0.1M Cyanex 923 diluted in ionic liquid diluents (Figure 2). An analogous
trend had been observed by Sun et al. for the extraction of Y(III) from heavy rare-earth
ions using Cyanex 923 in the ionic liquid [Cgmim][PFs].** The pH dependence can be
explained by the competition between the extraction of protons (or acid molecules) and
the extraction of metal ions (or metal salts): neutral extractants are able to extract acids at

low pH values. The distribution ratios depend on the type of ionic liquid: at all pH values,
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the distribution ratios for [Csmim][Tf,N] and [N444][ Tf,N] are much higher than those
for [Pese14][ T2N]. Figure 3 shows the variation of the distribution ratio as a function of
pH for the ionic liquids [C;omim][Tf,N] and [Nsgs][Tf,N]. When comparing these results
with those presented in Figure 2, it can be observed that the D values decrease with
increase in the alkyl chain length. It should be noted that the D values for [N;gss][ Tf2N]

are higher than those for [Pegs14][ TfN] at all pH values.

600

500} —o— [C,mim][Tf N]
400} —— I[N, J[TFN]
300}
200}
100}
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Figure 1. Variation of distribution ratio of Nd(III) as a function of the equilibration time,

for extraction with Cyanex 923 in [Csmim][Tf;N], [N}444][ TE;N] or [Pese14][ TH2N].
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Figure 2. Variation of the distribution ratio of Nd(III) as a function of the pH of the

aqueous phase.

To exclude that the difference in extraction mechanism is due to the type of cation rather
than the length of the alkyl chains (hydrophobic), analogues of [Csmim][Tf,N] and
[N1444][ Tf,N] with longer alkyl chains were considered as diluents for extraction of

Nd(IH) with Cyanex 923: [C]ol’l’lll’n] [ngN] and [N]ggg] [ngN]

10
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Figure 3. Variation of the distribution ratio of Nd(III) as a function of the equilibrium pH

of the aqueous phase.

Extraction mechanism

The two possible mechanisms for extraction of a Nd(III) ion from the aqueous phase to
the ionic liquid phase are the ion exchange mechanism and the neutral mechanism (also
called the solvation mechanism) In case of an ion exchange mechanism, the Nd** ion or a
positively charged Nd(III) complex are extracted to the ionic liquid phase by cation
exchange, while simultaneously ionic liquid cations are transferred to the water phase for
the reasons of charge balance. Also solvating Cyanex 923 molecules are involved in the
extraction process. The ion exchange mechanism can be represented by the following

equations, depending on the type of positively charged Nd(III) complex that is formed.

Nd3* + nL + 3 Q[Tf,N] & NdL,(Tf,N); + 3Q* (5)

11
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[NA(NO)]?* + nL + 2 Q[TE,N] S NdL,(NO3)(TEN), + 2 Q* (6)

[Nd(NO3),]* + nL + Q[Tf,N] 5 NdL,(NO3),(Tf,N) + Q* (7)

The bar indicates molecules in the ionic liquid phase. L stands for a Cyanex 923 molecule
and Q" is the ionic liquid cation. In that the Nd(NO3); complex is formed, Nd(III) is

extracted as a neutral complex (neutral mechanism):

Nd3* + 3NO3 + nL S Nd(NO3);L, (8)

Here the bar represents again molecules in the ionic liquid phase and L stands for a
Cyanex 923 molecule. The main difference with the ion exchange mechanism shown in
equations (5)-(7), is that in the case of a neutral mechanism no ionic liquid cations are
transferred to the aqueous phase. The extracted metal complexes can contain a different
number of Cyanex 923 molecules. Moreover, there is a possibility that water molecules
coordinate to Nd(III) in order to saturate the coordination sphere. The expected
coordination number for this type of complexes is between 8 and 10. To find out what
was the extraction mechanism in the ionic liquids at given conditions, different types of

extraction experiments have been done.

The number of coordinated Cyanex 923 molecules was determined by variation of

the concentration of Cyanex 923 in the ionic liquid phases. The distribution ratio D

12
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increased with an increase in the concentration of Cyanex 923 in the ionic liquid (Figure
4). A linear regression analysis of logD versus log[Cyanex923] of the extraction data
gave a straight line with slope values of 2.80 for [Csmim][Tf,N] and 3.11 for

[N1444][ Tf,N], whereas a slope value of 1.83 was obtained in case of [Pges14][ TT2N]. This
suggests that three molecules of Cyanex 923 are involved during extraction to the ionic
liquids [Csmim][Tf,N] and [N;444][ T£:N] and two molecules are involved in case of the

1onic 11qu1d [P66614] [szN]

4
o [Cmim]TEN]
5L ° [N, J[TFN]
v [P66614][Tf2N]
2_
St
8
O_
1L
_2 1 1 1 1 1 1 1 1
22 20 18 16 -14 12 -10 -08 -06

log[Cyanex 923]/ M

Figure 4. Variation in the plot of logD as a function of log[Cyanex 923] for the

extraction of Nd(III).

To find evidence for an ion-exchange mechanism, the extraction of Nd(III) by
0.1M Cyanex 923 in [Csmim][Tf;N] or [N}444][ Tf;N] was carried out from an aqueous

phase (pH 3) containing various concentrations of [C4smim][Cl] and [N444][Cl],

13
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respectively. Chloride rather than nitrate salts were used to avoid simultaneous change in
the nitrate ion concentration while the ionic liquid cation concentration was varied. The
use of a chloride salt is justified, because chloride ions do not form inner sphere
complexes with rare-earth ions at chloride concentrations of lower than 5 M. The
distribution ratios decrease gradually with increase in the concentration of the ionic liquid
cation in the aqueous phase (Figure 5). These observations are an indication that Nd(III)
gets extracted to the ionic liquid phase at the expense of [Csmim]” or [N444]  cations,
which are transferred to the aqueous phase. This decrease in distribution ratios is due to
the common-ion effect in the aqueous phase. The concentration of [N444] " cations in the
aqueous phase has a larger effect on the distribution ratios than the concentration of
[C4mim]Jr cations. A difference between the two cations is that [N1444]+ has a strongly
localized positive charge, whereas [C4qmim]" has a delocalized positive charge. This leads
to a stronger cation-anion interaction between cation and anion in the ionic liquid phase
for [N1444]+ than for [C4mim]+, and thus to a stronger drive for the backward reaction in
equation (5). In the case of [C;omim][Tf,N] with addition of [C;omim]Cl to the aqueous,
the distribution ratios remained within the experimental errors constant as a function of
the [Clomim]Jraq concentration but the distribution ratios are very small. A similar
experiment with [Pegs14][C1] was not possible, due to the very low solubility of

[Pss614][C1] in the aqueous phase.

14
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Figure 5. Variation of the distribution ratio D of Nd(III) as a function of the

concentration of [C4mim][Cl] or [N;444][Cl] concentration in the aqueous phase.

Experiments were carried out under similar experimental conditions (0.1 M
Cyanex923 dissolved in the ionic liquid), but with varying nitrate concentrations in the
aqueous phase at pH 3 (Figure 6). The distribution ratios remain almost constant as a
function of the nitrate concentration in the case of [Csmim][Tf,N] and [Nj444][ Tf;N]. This
suggests that nitrate ions are not involved in the extraction mechanism and that these
ionic liquids do not promote the uptake of Nd(NOs)s, [Nd(NO3),]" or [Nd(NO;3)]*'; but
that Nd** is extracted by the cation exchange mechanism shown in equation (5). On the
other hand, the distribution ratios increase sharply with an increase in the nitrate
concentration in the aqueous phase in the case of 0.1M Cyanex 923 in [Pges14][ TH2N].
This indicates that the metal ion is extracted in the form of a Nd(III) nitrate complex, as

represented by equations (6), (7) or (8). For [Niggs][ Tf2N] and [Ciomim][Tf;N], the D

15
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values also increase with increase in nitrate ion concentration and show that nitrate ions
are involved in the extraction process (Figure 7). The cation in [N;ggs][Tf,N] is a major
component of Aliquat 336, which has been used in its chloride or nitrate form for solvent
extraction studies.?""**%° Since the [nggg]+ cation is more hydrophobic than the [N1444]+
cation, the ion-exchange mechanism is suppressed, similarly to what was observed for
[Psss14][TE2N]. The low D values for the ionic liquids [Cjomim][Tf;N], [N;gss][Tf2N] and
[Psss14][TE2N] in the absence of extra added nitrate ions in the aqueous solutions, indicate
that these ionic liquids also extract via an ion exchange mechanism under these
circumstances and that the low D values are due to the limited solubility of the ionic
liquid cation in the aqueous phase. This also explains why the D values are smaller for
[Pess14][ TE2N] than for [Nyggs][T2N]: the [P66614]+ cation has a lower solubility in the
aqueous phase than the [nggg]+.23 The increase in D values upon addition of nitrate ions
are an indication for a gradual shift from an ion exchange to a neutral mechanism, i.e.
extraction via the mechanism shown in equations (5), (6), (7) to finally extraction via the

mechanism shown in equation (8).

16
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Figure 6. Variation of the distribution ratio of Nd(III) for extraction with Cyanex 923 as

a function of the nitrate concentration in the aqueous phase.
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Figure 7. Variation of the distribution ratio of Nd(III) for extraction with Cyanex 923 a

function of nitrate concentration in the aqueous phase.
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To probe the local environment of the rare-earth ion, luminescence spectra of
Eu(Ill) in the aqueous phase and of the extracted Eu(IIl) complexes in the ionic liquid
phases were recorded (Figure 8). Eu(Ill) was selected instead of Nd(III), because Eu(III)
is a well-known spectroscopic probe and emits in the visible range (red spectral region).
Nd(III) is an near-infrared emitter and Nd(III) luminescence is totally quenched by
coordinated water molecules. The splitting pattern, shape and relative intensities of the
*Do—F,emission bands can provide information on the chemical environment of the
Eu(III) ion. The transitions in the luminescence spectrum originate from the °Dy level and
terminate at the various 'F, levels (J from 0 to 6; only J =0 — 4 observed in the
operational wavelength range of the detector). The hypersensitive transition >Dy =F; is
the most intense transition in the spectrum of the ionic liquid phases, but the magnetic
dipole transition Do —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 phases compared to the aqueous phase due to the complex
formation of Eu(Ill) in the ionic liquid phase. The relative intensities of the different
transitions of the Eu(IIl) spectra in the three ionic liquids [Csmim][Tf,N], [N}444][ TE2N]
and [Pgse14][TH2N] are very comparable. Also the fine structure is quite similar, although
some small differences are observed for [Csmim][Tf,N] compared to the other two ionic
liquids. This indicates similarities in the structure of the extracted complexes. This is an
indication for similar extraction mechanisms, as indicated by equation (5). It also
suggests that although three molecules of Cyanex 923 are involved in the extraction

process in the ionic liquid [N;444][ Tf,N] only two of these molecules are in the first

18
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coordination sphere of Eu(IIl). The number of water molecules present in the inner-
sphere (first coordination sphere) of the Eu(Ill) complex in different ionic liquids was
determined by measuring the decay time of the “Dy emitting level (via monitoring the
emission intensity of the hypersensitive transition Do—F, at 615 nm under excitation at

464 nm) and by applying the Horrocks-Sudnick equation:”

q= 1.05( LI L) (9)

THzO TDzO

Here ¢ is the number of water molecules in the first coordination sphere (inner-sphere) of
the Eu®" ion. Th,o and Tp, o are the luminescence decay times measured in water and
heavy water, respectively. The average life times were 1.63 ms in D,0 versus 0.56 ms in
H,0 for [Cymim][Tf;N], 1.91 ms in D,O versus 1.52 ms in H,O for [Nj444][ Tf2N] and
1.92 ms in D,O versus 1.77 ms in H,O for [Pgee14][ TE2N], respectively. After filling in
these values in equation (9), a ¢ value of 1.2 is obtained for [Csmim][Tf,N], a value of
0.14 for [N1444][TfoN] and a value of 0.04 for [Peee14][Tf2N]. These values indicate that
there is no water molecule present in the inner coordination sphere of the Eu(III)
complexes in [Nj444][ TH2N] or [Pege14][ Tf2N] and that one molecule of water is present in
[Csmim][T£,N]. It should be noticed that we have used the Horrocks-Sudnick formula
and not the modified Supkowski-Horrocks formula because the latter gave negative ¢

172 This is due to the fact that the Supkowski-Horrocks formula should be used

values.
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.”

19
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Figure 8. Emission spectra of Eu(IIl) in the aqueous feed solution and of Eu(III)
complexes extracted by Cyanex 923 to ionic liquid phases. (Aexe = 395 nm, room
temperature): (a) aqueous feed solution; (b) [Pees14][ Tf2N]; () [N1444][ TEN]; (d)

[Csmim][THN].

Loading of ionic liquid phase

The effect of metal concentration in the feed was investigated by using 0.1M
Cyanex 923 dissolved in all the [Csmim][Tf,N], [N1444][ Tf;N] and [Pggs14][ TE2N] (Figure
9). It was observed that the ionic liquid phase loading was in the order of [C4mim][Tf,;N]
> [N1444][ TH2N] > [Pess14][TF2N]: 16 mmol L! Nd(III) could be loaded in
[Csmim][T£HN], 12 mmol L'in [N1444][TE:N] and 5 mmol L'in [Pess14][THN]. The
highest loadings are thus observed for ionic liquids with hydrophilic cations. However,

the loading in the ionic liquid [Pges14][ TT2N] could be increases by increasing the nitrate

20
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concentration in the aqueous phase, as shown by adding 0.8 M NOj" to the aqueous

phase: the loading increased from 5 mmol L™ to 17 mmol L' (Figure 10)

20
—o—0.1 M Cyanex 923 in [C,mim][Tf,N]
—o—0.1 M Cyanex 923 in [N, I[Tf,N]

—4—0.1 M Cyanex 923 in [P I[Tf,N]

15

(mmol L™

eq,IL

[Nd]

0 1 1 1 1
0 10 20 30 40 50

[Nd].._ (mmol L™

b

Figure 9. Variation of [Nd]q i as a function of [Nd]ini aq- Aqueous phase: pH 3.
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Figure 10. Variation of [Nd]cqi as a function of [Nd]in; aq for extraction with Cyanex 923
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Extraction of different rare-earth ions

The performance of Cyanex 923 for extraction of different rare-earth ions was
investigated in the ionic liquids [Csmim][TfoN], [N}444][T2N] and [Pese14][ T2N], using a
mixture of different rare-earth nitrate salts in one aqueous feed solution (Figure 11). As it
can be noticed, the distribution ratios of all the rare earths increase across the lanthanide
series and the extracting capacity of Cyanex 923 with respect to the type of ionic liquid
follows the order [Cymim][Tf,N] > [Ny444][ TfoN] > [Peeo14] [ Tf2N]. This order reflects the
solubility of the ionic liquid cation in the aqueous phase. It was observed that the
distribution ratios decreased when Nd(III) was mixed with other rare-earth ions,
compared to extraction of Nd(III) from a solution in which only Nd(III) was present. This
is due to competition of all the different metal ions for complex formation with the
extractant. From the distribution ratios, the separation factors were calculated using
equation (4). In Table 1, the separation factors for pairs of different rare-earth ions are
shown. The separation factors depend on the type of ionic liquids. The separation factors
for Cyanex 923 in [C4mim][Tf,N] are smaller than those for the other ionic liquids. From
Table 1 and Figure 11, it is evident that La(IIl) and to a lesser extent Ce(I1I) and Pr(III)
are much less efficiently extracted than the other lanthanide ions. This suggests that these
ionic liquids can be used to separate these elements from the heavier lanthanides.
However, the separations factors between neighboring lanthanide ions are too small to be
of practical use for separation of mixtures of heavy lanthanides. The position of Y(III) is

between Ho(IIT) and Yb(III), irrespective of the type of ionic liquid.
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Figure 11. Variation of the distribution ratios as a function of the rare-earth ion. Aqueous

phase: pH 3 and rare-earth ion Ln(III) (7x10™* M each).
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Table 1. Separation factors () of rare-earth ions of a mixture of different metal ions at a

concentration of 7x10™ M each.

0.1 M Cyanex 923 in[Cymim][Tf,N]

Ce Pr Nd Sm Eu Dy Ho Y Yb
La 3 4.2 6.3 11 1.6 76 107 142 185
Ce 1.4 2 4 5.5 25 36 47 62
Pr 1.5 3.0 4.0 18 25 34 44
Nd 1.8 2.6 12 17 22 29
Sm 1.5 7.0 10 12.7 17
Eu 4.5 6.4 8.5 11
Dy 1.4 1.8 2.4
Ho 1.3 1.7
Y 1.3

0.1 M Cyanex 923 in [N444][Tf,N]
La 40 92 200 300 500 1200 1500 2400 8200
Ce 2.3 5 7.5 12.5 30 38 60 206
Pr 2.2 3.2 4.0 13 16 26 89
Nd 1.5 2.5 6.0 7.5 12 41
Sm 1.5 6.7 9.6 12.7 16.6
Eu 4.5 6.4 8.5 11
Dy 1.4 1.8 2.4
Ho 1.3 1.7
Y 3.0
0.1 M Cyanex 923 in [Pgg614] [TEN]

La 1.2 5 50 91 131 241 355 443 5200
Ce 4 40 73 105 193 284 355 4200
Pr 10 18 26 47 70 86 1000
Nd 1.8 2.6 5.0 7.0 9.0 105
Sm 1.4 2.6 4.0 5.0 58
Eu 1.8 2.7 3.4 40
Dy 1.4 2.0 22
Ho 1.2 15
Y 12
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Stripping studies

Since the combination of Cyanex 923 with the different ionic liquid diluents is able to
extract Nd(III) even from solutions with a low pH value, it is likely that all the loaded
metal ions have to be stripped from the ionic liquid phase by strongly acidic solutions. It
was observed that 60% and 65% of Nd(III) was stripped back from [Csmim][Tf,N] and
[N1444][Tf,N] phase with a 0.5 M HNOj; solution. It was observed that the stripping
percentage increased gradually by increasing the acidity of the stripping phase and 100%
of metal ion could be stripped back by using 1 M nitric acid (Table 2). On the contrary,
due to the lower loading of the [Pees14][ TE2N] phase (lower D value), complete stripping
of Nd(III) from this ionic liquid was possible with 0.7 M HNO3. The mechanism of the
stripping reaction is exchange of Nd** ions by H" ions in the ionic liquid phase. As
mentioned earlier in the text, neutral extractants are able to extract acids. By working at
high acid concentrations, the extraction of acids is favored over the extraction of metal
ions and the extracted metal ions are released from the ionic liquid phase to the aqueous
phase. However, HTf,N formed in the ionic liquid phase during stripping of Nd** from
the aqueous phase will be, at least partially, lost to the aqueous phase due to the high
solubility of HTf,N in water. This indicates that ionic liquid cations are lost to the
aqueous phase to the extraction step and ionic liquid anions are lost to the aqueous phase
during the stripping step. However, if the ionic liquid cations that are lost during the
extraction step were recovered (for instance by reverse osmosis), they could be be added
as a solution with nitrate counter ions to the stripping solution and the ionic liquid cations
would recombine with the Tf,N™ anions in the aqueous phase to form new ionic liquid

molecules that phase-separate of the aqueous phase and dissolve in the ionic liquid phase.
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In this way it is possible to recover the ionic liquid molecules lost to the aqueuous phases.

It should be noticed that the losses of Tf,N™ anions to the aqueous phase occur only if the
extraction was done via an ion exchange mechanism. In the case of extraction via a
neutral mechanism, Ln(NO;); will be transferred from the ionic liquid to the aqueous

phase upon stripping and no Tf,N™ anions are lost to the aqueous phase.

Table 2: Stripping percentage of Nd(III) from the ionic liquid phase with different

concentrations of HNOs.

[HNOs; /M Stripping percentage (%.5S)

[N1444][TEN] [Camim][TEN]  [Peee14][THN]

0.5 65 62 85

0.7 67 99 97

0.8 82 85 -

1.0 100 98 99.8
CONCLUSIONS

This systematic experimental study of the extraction of Nd(III) by the neutral extractant
Cyanex 923 in five different ionic liquids with the bis(trifluoromethylsulfonyl)imide
anion shows that the extraction efficiency depends on the type of ionic liquid cation.
Ionic liquids with a small hydrophilic cation, such as [Camim][Tf,N] and [Ny444][ TEN],

extract Nd(III) efficiently via an ion-exchange mechanism from an aqueous nitrate
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solution with transfer of ionic liquid cations to the aqueous phase. lonic liquids with a
hydrophobic cation, such as [Pegs14][ TEN], [Ciomim][Tf,N] or [N;gss][Tf2N], extract
Nd(IIT) much less efficiently because the ion-exchange is suppressed by the low
solubility of the ionic liquid cation in the ionic liquid phase. The extraction efficiency by
these ionic liquids increases by addition of nitrate ions to the aqueous phase. At high
nitrate concentrations, neutral neodymium(IIl) complexes are extracted to the ionic liquid
phase, without losses of the ionic liquid components to the aqueous phase. These findings
are of importance for the development of solvent extraction processes for the separation
of rare earths. For solvent extraction on an industrial scale with a neutral extractant in an
ionic liquid diluent, a cation-exchange mechanism with loss of ionic liquid components
to the aqueous phase has to be avoided because recovery of the ionic liquid cations from
the aqueous waste streams adds costs. The ionic liquid diluent has to be chosen so that
the rare-earth ions can be extracted via a neutral mechanism at high nitrate
concentrations. Extraction studies on rare-earth ions other than Nd(III) show that the
Cyanex 923 system in the bis(trifluoromethylsulfonyl)imide ionic liquids show potential
for the separation of the lightest lanthanides La(III), Ce(III) and Pr(III) from the heavier
one; however, the separation factors are too small for separation of mixtures of heavy
lanthanides. The stripping of the rare-earth ions from the loaded ionic liquid phase has
been investigated. The mechanism of the stripping reaction is exchange of rare-earth ions
by protons in the ionic liquid phase. The HT;N that is formed in the ionic liquid during
the stripping step can be lost to the aqueous phase due to the high solubility of the acid
HTHN in water. Losses of Tf,N™ anions to the aqueous phase occur only if the extraction

was done via an ion exchange mechanism. In the case of extraction via a neutral
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mechanism, Ln(NO3); will be transferred from the ionic liquid to the aqueous phase upon

stripping and no Tf,N" anions are lost to the aqueous phase.
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The mechanism for extraction of rare-earth ions by a solvating extractant to a

bis(trifluoromethylsulfonyl)imide ionic liquid depends on the hydrophilicity of the ionic

liquid cation.
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