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The kinetics of metal transfer in the system Eu®*/HNO5//TODGA/[C,C4im][Tf,N], where TODGA is
N,N,N’',N'-tetraoctyl diglycolamide, is shown to depend on the chemical conditions (nitric acid and TODGA
concentrations) and the time needed to reach equilibrium which may vary from less than 10 min to more
than 4 h. At [HNOs] = 4 M, a detailed kinetic study is performed for two different concentrations of
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TODGA. It is shown that the time required for water and acid solubilisation in the IL phase is very short, as

is the time for IL solubilisation in the aqueous phase. By contrast, the extraction of Eu(ii) takes more than
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1. Introduction

Solvent extraction is presently one of the most developed
separation techniques. The versatility of solvent composition
and extraction conditions together with easy implementation
at an industrial scale as a continuous process make it one of
the main separation techniques even in such a demanding
field as nuclear waste recycling. However, commonly used
molecular solvents are usually highly volatile with significantly
low flash-points. Moreover, in the nuclear field, their radiolysis
products often cause undesirable changes in the extraction
properties or selectivity of the system.

A possible solution to those problems could be the use of
ionic liquids (ILs) which have recently gained much attention

as a new class of solvents.!™

However, despite many very
interesting properties, such as non-volatility,* non-flammabil-
ity," radiolysis resistance,” and incredibly high extraction
efficiencies in many cases,®® ILs may also present disadvan-
tages that should be carefully addressed. Various authors have
highlighted the difference in extraction mechanisms between

6911 that leads to undesirable

ILs and molecular solvents
pollution of the aqueous phase by the costly ILs’ anions and/or
cations. Surprisingly enough, few papers pinpoint the possible
problems arising from the rather high viscosity of ILs">"
putting the emphasis on technical considerations in connec-
tion with ILs use at an industrial scale. A few authors
evidenced slow kinetics of metal transfer by use of ILs (ca.
120 min to reach equilibrium for Ln(m) extraction in Yoon

et al.,"* or for Am(m) extraction in Sengupta et al.'’) but they
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100 min to be completed and depends on the TODGA concentration. On the basis of these experimental
facts, a simple kinetic model is proposed which is able to account for the data.

hardly mention it as a possible problem and to the best of our
knowledge, only a single publication touches on the subject."®

Therefore, in this paper, we investigate some aspects of
metal transfer kinetics in an extraction biphasic system where
the traditional molecular solvent has been replaced by an ionic
liquid, namely 1-methyl-3-butyl-imidazolium bis(trifluoro-
methanesulfonyl)imide (hereafter noted as [C;C,im][Tf,N],
where Tf,N~ stands for the (CF;SO,),N~ anion). As the
extracting agent, we chose N,N,N',N'-tetraoctyl diglycolamide
(TODGA, see Scheme 1), first synthesized with five other
diglycolamides in 2001 by Sasaki et al.,'” and which proved to
have a very high extraction affinity towards trivalent lantha-
nide and actinide ions from highly concentrated nitric acid
solutions towards dodecane. As this promising extractant was
recently employed by French researchers in the so-called
Innovative SANEX process (Separation of Actinides by
Extraction) in which An(i) was co-extracted with Ln(m)'® we
chose europium as the extracted metallic entity in this study.

We studied the extraction kinetics of Eu(in) towards
[C1C4im][Tf,N] using TODGA for various nitric acid concentra-
tions of the aqueous phase. The time needed to reach
equilibrium appears to be highly dependent on the chemical
conditions. We propose a general chemical model based on
simple kinetic considerations which we show to quantitatively
recover the experimental variations.

CgHy7 CH
™~
N—C\< 0”CH2\ P
C—N
CgHyy o O/ \
CgHy7

Scheme 1 Chemical structure of TODGA.
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2. Experimental

2.1. Chemicals

1-Butyl-3-imidazolium bis(trifluoromethanesulfonyl)imide
([C1C4im][Tf,N]) was purchased from Solvionic, Verniolle,
France (purity: 99.5%) and dried in vacuum at a raised
temperature of 60 + 1 °C prior to use, according to a
previously published procedure.’® Europium nitrate hexahy-
drate was obtained from Riedel-de Haen and HNO; was from
Merck (conc. 65%). N,N,N',N'-Tetra(octyl)diglycolamide
(TODGA, see Scheme 1) of purity >97% was obtained from
Betulinines, Czech Republic, and used without further
purification. Comparative extraction experiments with purified
TODGA (>99.9% purity) synthesized at and provided by
Forschungszentrum Jiilich, Germany>>*' showed no differ-
ence between the two providers. All samples were prepared
with ultra-pure water (Millipore).

2.2. Extraction procedures and measurements

The organic phase consisted of 1 mM or 2 mM of TODGA
(weighted amount) dissolved in [C;C,im][Tf,N] and dried in
vacuum at 60 + 1 °C prior to use. 0.5 mL of the organic phase
was brought into contact with 0.5 mL of an aqueous phase of
variable nitric acid concentration containing Eu®' in a
concentration of 10 pM. Both phases were brought into
contact in a mechanical shaker at room temperature (20 + 1
°C) for variable length of time followed by 2 min centrifuga-
tion. The “mixing time” hereafter used in the text corresponds
to the time during which the samples were shaken, from 5 min
to 25 h, without taking into account the contact time during
preparation of the sample series, during transport from the
shaker to the centrifuge, during centrifugation or before
complete separation of the two phases. These additional
contact times were reduced to the minimum possible but
could not be reduced to less than 6 min (including the
centrifugation time). Therefore, as in usual extraction proce-
dures, note we did not perform any pre-equilibration of the
aqueous and IL phases.

The aqueous phase was sampled (100 pL) and diluted prior
to Eu concentration determination using ICP-MS (Agilent
7500i). The data are first expressed as the remaining total
europium concentration in the aqueous phase, as obtained by
the ICP-MS measurements, but the extraction of Eu is also
expressed by the distribution ratio, Dg,, calculated according
to:

 [Eu]

Eu]
D Eu =

aq,ini [

[Eu] aq,(1) (1)

aq,(1)

The proton concentration in the aqueous phase was
determined by titration using a titration set up from Schott
(Ttitrinorm, Titroline Easy, uncertainty on values within 5%).
Water content in the organic phase was determined using the
Karl-Fischer technique (Mettler-Toledo, 10% uncertainty).

The concentration of C;C4im’ in the aqueous phase was
measured using 'H NMR (Bruker, 300MHz) by mixing an
appropriate volume of the sample with 100 pL of an internal
standard consisting of 50 mM CH3;COONa in D,O. The
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concentration of C,C,im" was obtained from the area ratio
of the "H NMR signal of C;C4im" to the ~-CH; peak of sodium
acetate (0y = 2.08 ppm; D,0, 1.7% uncertainty).

2.3. Fitting procedures

The obtained experimental ICP-MS data on the total Eu®*
aqueous concentration as a function of the mixing time were
fitted to a model (least square adjustment) by use of dedicated
Fortran routines with the help of the CERN libraries. In the
minimization procedure, all data points were given the same
weight.

3. Experimental results

3.1. Kinetics of H,0, H;0" and C,C,im"*

The kinetics of H,O solubilisation in the IL phase in the
presence of Eu*" was determined as a function of the mixing
time, for various chemical conditions:

i) [HNO;] = 1 M, [TODGA] = 0 M.

ii) [HNO;] = 1 M, [TODGA] = 1 mM.

iii) [HNO;] = 4 M, [TODGA] = 1 mM.

iv) [HNO;] = 7 M, [TODGA] = 1 mM.

The results are displayed in Fig. 1. Note that values obtained
for case iii) at ¢ = 1500 min (not plotted on the graph) are
perfectly in line with the average value plotted in Fig. 1.

In a second step, the concentration of H;O" in the aqueous
phase was measured under the following chemical conditions
as a function of the mixing time:

i) [HNO;] = 1 M, [TODGA] = 1 mM.

ii) [HNO;] = 4 M, [TODGA] = 1 mM.

iii) [HNO;] = 4 M, [TODGA] = 2 mM.

iv) [HNO;] = 7 M, [TODGA] = 1 mM.

The results are presented in Fig. 2. Again, values obtained
for case ii) at ¢ = 1500 min and iii) at ¢ = 1508 min are perfectly
in line with the average values plotted in Fig. 2.

In addition, for a fixed mixing time of 180 min, the H'
concentration was measured as a function of the initial acid
concentration. The data are reported in Fig. 3, together with
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Fig. 1 Solubility of water in the IL phase as a function of the mixing time for 1, 4
and 7 M HNOs. Solid lines represent the average values. Org. phase: 1T mM
TODGA in [CG4im][TfoN]. Ag. phase: 10 uM Eu(NOs)s, 1, 4 or 7 M HNOs.
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Fig. 2 Concentration of H30" in the aqueous phase as a function of the mixing
time for 1,4 and 7 M HNOs. Solid lines represent the average values. Org. phase:
1 or 2 mM TODGA in [C;C4im][Tf,N]. Ag. phase: 10 uM Eu(NOs)s, 1, 4 or 7 M
HNOs.

the average value obtained from the data in Fig. 2. For
comparison, the H' solubility in [C,C,im][Tf,N] without
TODGA, reported by Bonnaffe-Moity et al.,>* is shown in the
Fig. 3.

Finally, the kinetics of C;C,im" solubility in the aqueous
phase was determined as a function of the mixing time for the
following conditions:

i) [HNO;] = 1 M, [TODGA] = 1 mM.

ii) [HNO;] = 7 M, [TODGA] = 1 mM.

The results are presented in Fig. 4.

[H'leq (M)
S

@ kinetic aver.

At=180 min

0O t=180 min, no TODGA

[HNO:Jiniaq (M)

Fig. 3 [H*]eq as a function of [HNOs]iniaq. Closed triangles: fixed mixing time ¢
=180 min. Closed circles: average from the kinetics study (see Fig. 2). Open
squares: fixed mixing time t = 180 min but without TODGA. Solid line: linear fit
of the data (only for experiments with TODGA). Org. phase: 1 mM TODGA in
[C41C4im][Tf3N]. Ag. phase: 10 uM Eu(NOs)s, variable initial HNOs.
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Fig. 4 Concentration of C;C4im* in the aqueous phase as a function of the
mixing time for 1 and 7 M HNOs. Solid lines represent the average values. Org.
phase: 1 mM TODGA in [CC4im][Tf,N]. Ag. phase: 10 uM Eu(NOs)s, 1 or 7 M
HNOs.

3.2. Extraction kinetics of Eu from variable concentration of
HNO,

Preliminary experiments in the absence of TODGA, for 1 M
nitric acid concentration, showed no europium extraction, in
the time mixing range 15-360 min. This is in line with other
studies, showing no significant Eu extraction without TODGA
in [C,C,im][Tf,N],° or no Am(i) extraction without TODGA in
[CLC,im][Tf,N] (n = 4, 6, 8)."° Therefore, the extraction data
presented below are solely due to the presence of TODGA in
the IL phase.

The europium distribution ratio has been measured as a
function of mixing time (up to 6 h) for various initial values of
the nitric acid concentration, with TODGA concentration equal
to 1 mM. The results are shown in Fig. 5. In addition, the
extraction of the metal from 10 mM HNO; was performed but
already after 5 min, precise determination of Dg, was not
possible due to the metal concentration in the aqueous phase
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Fig. 5 Extraction of europium as a function of mixing time for variable
concentrations of nitric acid. Solid lines are guides for the eye only. Org. phase: 1
mM TODGA in [C1C4im][Tf,N]. Ag. phase: 10 uM Eu(NOs)s, variable HNOs
concentration.
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Fig. 6 Distribution ratio and aqueous phase concentration of europium as a
function of mixing time. Lines are guides for the eye only. Org. phase: 1 or 2 mM
TODGA in [C1C4im][TF,N]. Aq. phase: 10 uM Eu(NOs)s, 4 M HNOs.

being below the ICP-MS detection limit. This fact indicates
that Dg, is above 500 even at the lowest mixing time available
for [HNO;] = 10 mM.

3.3. Extraction kinetics of Eu from 4 M HNO; for two different
TODGA concentrations

As can been seen in Fig. 5, [HNO;] = 4 M is a good compromise
between easiness of sampling and time needed to reach
equilibrium. Therefore, further kinetics experiments were
performed at this acidity for two different TODGA concentra-
tions with extended mixing time (up to 25 h) to assure the
equilibration of metal extraction. The results of this experi-
ment are shown in Fig. 6.

3.4. Discussion of the experimental results

Data displayed in Fig. 1 show that the presence or absence of
TODGA does not modify the water solubilization in the IL at
[HNO;] = 1 M, which is consistent with the rather low TODGA
concentration used in this work. At low acidity (1 M) about
0.95 M (~12 000 ppm) of water is present in the equilibrated
IL, while 2.72 M (~33 000 ppm) is present in the highly acidic
sample (7 M). These results are in agreement with previous
work.?*?* Whatever the nitric acid concentration, the time
needed to reach equilibrium of water extraction is very short.
In particular, equilibrium is reached below ¢ = 5 min for 4 M
HNO,,.

Similarly, data plotted in Fig. 2 and 3 show that the low
TODGA concentrations of this work do not affect the H'
solubilization in the IL phase. On average, 90% of the initial
H' amount remains in the aqueous phase, a percentage in line
with previous published data.**?* It is important to note that
for an initial nitric acid concentration equal to 4 M, the
amount of H' transferred to the IL phase is in large excess as
compared to the initial europium value in the aqueous phase.

Similarly, the results in Fig. 4 show that the equilibrium is
reached within 10 min at maximum for the C;C,m"
solubilization. Additional experiments performed at 0.01 M
acid give a C,C4im" concentration equal to 17 mM, in line with
the value for pure water published by Shimijo et al.® and Toh
et al.*® (16 mM) or Kakiuchi®® (17 mmol kg™ '). At 1 M HNO,

This journal is © The Royal Society of Chemistry 2013

about 33 mM of C,C,im" solubilized in the aqueous phase,
whereas a concentration of 114 mM was determined in the
aqueous phase consisting of 7 M HNO;. These results indicate
a strong dependency of the C,C4im" solubilization in the
aqueous phase on the nitric acid concentration. This trend is
in a good agreement with data published by Gaillard et al.>*
despite the different acids used (HClO, and HCI). No other
references are known on that subject.

By contrast to the data obtained for H,0, H' and C,C,im"
(Fig. 1 to 4), for which the equilibrium value is reached at very
short times whatever the chemical conditions, the Eu kinetic
profile displays rather complicated features (Fig. 5). Our data
show that Dg, equilibrium is reached rapidly only for the two
limiting acidities of this work, namely 0.01 and 7 M HNO;.
Below [HNO;] = 4 M, Dy, values are high or very high but could
not be determined precisely, either because the kinetics is very
slow (i.e. [HNOz] = 1 M and 2 M) or because the extraction
process is very efficient and fast (i.e. [HNO;] = 10 mM).

Although comparison is somehow difficult, because the
chemical conditions are different, our results differ markedly
from what is known in several classical solvents in which the
extraction kinetics of europium with [TODGA] = 50 mM,
measured for [HNO;] = 1 M (dodecane) or [HNO;z] = 3 M
(chloroform, toluene, 1,2-dichloroethane) is relatively fast.
Under these chemical conditions, having both phases in
contact for 10 min is sufficient to attain the equilibration
state®” while for 1-octanol ([HNO;] = 3 M) the metal extraction
is slower, as 30 min is necessary to reach the extraction
plateau. This was attributed, in part, to the high viscosity of
1-octanol (7 = 8.93 cP) as compared to values in the range of
1.4 cP (dodecane) to 0.55 cP (toluene) for the other solvents.*”
As the viscosity of [C,C,im][Tf,N] is in the range of tenths of a
cP,”® even when water-saturated, the very fast kinetics
observed for [HNO;] = 10 mM demonstrates that viscosity is
not the only parameter influencing the extraction kinetics in
our case.

Comparison is easier with the work of Shimojo et al.® These
authors studied Eu (and other lanthanide ions) extraction
from nitric aqueous phases toward [C;C,im][Tf,N] ILs (n = 2, 4,
6), with the help of [TODGA] = 0.2 mM. No clear indication of a
preliminary kinetic study can be found in this paper and the
experimental procedure they used consisted of shaking on a
vortex mixer for 15 min, which was assumed to be enough for
reaching equilibrium under all chemical conditions and, in
particular, from [HNO;z] = 1 mM to [HNO;] = 1 M. Actually, this
value of the mixing time is in perfect agreement with our data
at [HNO;z] = 10 mM, although the TODGA concentration is
different in the two studies. Furthermore, obviously, the very
high Ln(m) extraction ratios obtained by Shimojo et al
indicate that equilibrium is reached before ¢ = 15 min below
[HNO;] = 0.1 M. However, our data show that 15 min is not
enough at higher nitric acid concentrations, which thus would
explain why Shimojo et al. observed no significant extraction
above [HNO;] = 1 M using their protocol. In view of our results,
the very low distribution ratios they obtained are thus not due
to the inefficiency of the extraction process but to its slowness
instead.

Long equilibration times, in the range of 3 h, are also found
for Am(11) extracted by TODGA in [C,C,im][PFs] (7 = 4, 6, 8) at

RSC Adv., 2013, 3, 10736-10744 | 10739



[HNO;] =3 M” and for Am(ui) extraction at [HNO;] = 0.5 M with
1 mM of T-DGA, a tripodal diglycolamide in [C;C,im][Tf,N] (n
=4,6, 8).15 In this experiment, equilibrium was attained in the
range 60 min (n = 4) to 120 min (n = 8) and this was ascribed to
the high viscosities of the ILs used. As compared to our work,
the ligand and/or the metal ion differ so again, comparison
should be made with caution but these results show that slow
kinetics are not rare in IL systems, with other indications to be
found in Yoon et al.'* for Ce(m) extraction by some phosphoric
acid derivatives in [C;C4im][PF¢], at [HNO;] = 0.1 M. Note also
that long equilibration times are not restricted to Ln and An
elements, as similar results are found for Ni(1), Cu(i) and
Pb(u) extraction by a thiophenol ligand dissolved in
[C1C4im][PFe]*° or for Rh(in) extracted by CMPO.'® However,
we would like to point out that kinetics are not always slow in
ILs, as other works, dealing with U(vi) extraction by TBP,
clearly indicate that less than 1 min is needed to reach
equilibrium.?® Other data show that U(vi) extraction using
malonamides in [C;C,im][Tf,N], at two different acidities
requires less than 1 h to reach equilibrium.*?

As a conclusion to this experimental part, we would like to
insist on the need to check extraction kinetics of metal ions
using ionic liquids, for several very different acidities of the
aqueous phase, and in particular at “medium” acidities, in
order to assess the reliability of the distribution ratios.

4. Modelling the extraction kinetics

4.1. Chemical equations and mathematical treatment

We now turn to a first attempt to describe, on a chemical and
mathematical basis, our kinetic results as displayed in Fig. 6
([HNO;] = 4 M, [TODGA] = 1 mM or 2 mM), hoping that the
approach proposed here could be of some general application.
Although the viscosity of the solvent certainly plays a role in
the kinetics of ion transfer, we will not consider this point in
detail and will focus on the chemical aspects only. As a matter
of fact, at least part of the kinetics we observe is driven by
chemical aspects, because the data we obtained at [TODGA] = 1
mM differ from those at [TODGA] = 2 mM, which cannot be
ascribed to changes in the viscosity of the IL phase, owing to
the very low TODGA concentrations in these two experiments.

The metallic cation extraction mechanism in ILs has been
investigated in detail in several publications and this point has
been reviewed recently.’"*> All publications agree that the
extraction mechanism in ILs is quite different from that in
molecular solvents and proceeds through ion exchange.
Cationic exchange is proposed to account for data at low
acidities, involving either the cation of the IL or H' present in
the IL phase (see Fig. 2 and 3) or a mixture of both species to
counterbalance the charge of the metallic species.*" At high
acidities, anionic exchange is proposed, involving exchange of
either one®?° or two anions® of the IL to counterbalance the
anionic metallic species. The turnover acidic concentration at
which the anionic exchange becomes dominant as compared
to the cationic exchange has been shown to depend strongly
on the nature of the IL.'® As a matter of fact, our data do not
allow the determination of whether a cationic or anionic
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exchange (or a mixture of both) takes place at [HNO;z] = 4 M
and the exact determination of the mechanism is out of the
scope of this study. Nevertheless, our data are liable to some
chemical and mathematical modelling concerning the kinetic
aspects, as described in the following.

Let’s first assume that the extraction proceeds through
cationic exchange. The most general chemical expression is:**

Ew* +iNOy +kC Cqim™ +/HT +

(2)

— _k .
pTODGA 2 (Eu(NO3),TODGA,)® "+ 4+ kC,C4im* +/H*
k>

Where i < 3 and (k + ) = (m — i) and where k; and k, are the
kinetic constants. Bars over the species indicate that they are
dissolved in the IL phase.

Assuming i = 0 and [ = 0 in eqn (2) above leads to the
chemical equation proposed by Shimojo et al.® in their work
devoted to Ln() extraction by TODGA in C;C,imTf,N (n = 4, 6,
8), where they considered one metal ion extracted into the
ionic liquid by three molecules of TODGA with exchange of
three cationic constituents of the ionic liquid.

The mathematical system derived from eqn (2) is:

7‘1“5;:” = —ki[Ew**][NO; '[C, C4im* [ [H ) [TODGAJ’ + 6)
ko [X][C1 Cqim | [H*)

%T} = +ky[Eu’*)[NO; ['[C,Cyim ¥ |“[H | [TODGA’ — @

ko [X][C1 Cqim *JF[H*)

where X is the europium complex in the IL phase.

For the fixed condition of [HNO;] =4 M, and considering the
low europium concentration of this work, it is safe to consider
that the nitrate, IL cation and H' concentrations in the
aqueous phase, together with the IL cation and H' concentra-
tions in the IL phase are constant as a function of time (see
section 3). Therefore all these terms can be included in a
conditional constant. The TODGA concentration is also a
constant for a given experiment but, as we performed one
series with [TODGA] = 1 mM and another one with [TODGA] =
2 mM, we keep this factor separated from the conditional
constant. The system can thus be written as:

% = — ki [Ew** |[TODGAY +K, [X] )
X k) B0 TODGAY — k2 X ©

Where k' and k,’ are conditional kinetic constants.
Let us now consider the anionic exchange hypothesis. The
most general chemical expression is:

This journal is © The Royal Society of Chemistry 2013



Eu’™ +(3+i)NO; +iTH N~ +

[ s - 7
pTODGA = (Eu(NO3) 5, , TODGA,) ~ +iTf,N~ @

ks

Which leads to the following mathematical system:

d[E(;l;ﬂ — — ky[EC][NO; ) [TODGAY 4 k> [X][Tf2N ] (8)
%%1:kl[Eu3+][NO3’]"+3)[m}"—kz[Y][TfZN—]i ©)

Owing to the constant values of the nitrate and TODGA
concentrations and assuming a constant Tf,N~ concentration,
in line with the behavior of its counter cation C,C4im" (Fig. 4),
this system is formally identical to that derived above for the
cationic exchange hypothesis and leads to the unified
mathematical system of eqn (5) and (6), which we will consider
in the rest of this work.

Since nitrate ions complex europium in water, two com-
plexation equilibria are also included in the model:

K
Eu’* +NO;~ Z————EuNO;** (10)

Ky
EuNO;** +NO3 - ————=Eu(NO3),* (11)

Where K; and K, are the conditional equilibrium constants
at [HNO;] = 4 M.

Let us now turn to a mathematical approach to this
chemical system. Eqn (2) (or eqn (7)), which describes an
extraction process, is supposed to be the superposition of two
(possibly slow) kinetic equations, with the corresponding k'
and k," reaction rate constants. By contrast, we assume the
other two chemical equilibria (eqn (10) and (11), with the
corresponding K; and K, equilibrium constants) to be very fast
as compared to the extraction and back transfer processes.
Therefore, the Eu concentration in the aqueous phase is
constantly decreasing due to its extraction into the IL phase
and, as a consequence, the speciation of the remaining Eu in
the aqueous phase is also time dependent. Mathematically
speaking, the chemical system above is a mixture of
differential equations and of non-linear relationships. This is
not an unusual situation, as the same type of mathematical
systems is encountered in the case of excited state dynamics
coupled with complexation in the ground state.*”

Solving eqn (5) and (6) we obtain:

[Eu**]=Aexp[— (k| [TODGAY —ko )]+ B (12)

[X] = Cexp|—(k; [TODGAY +k; )]+ D (13)
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Where A, B, C and D are constant values depending on the
boundary conditions.
At any time, the following equations apply:

[Eu’"]+[Eu(NO3)* ]+ [Eu(NO3), " |+ [X]=[Euly,,  (14)
_ [Eu(NO3)**]

K= [Eu3+][N303*] (15)

[EU(NO3)2+] (16)

7 [Eu(NO3 " ][NO; |

Where [Eulin;c is the initial europium concentration intro-
duced in the aqueous phase at time zero.

The expression of A, B, C and D and, thereafter, the
expressions for [Eu(NO3;)*'] and [Eu(NO;),"] can be easily
calculated from eqn (15) and (16) and the boundary condi-
tions:

At t=0:

X]=C+D=0 (17)

[Eu*'] + [Eu(NO3)**] + [Eu(NO;),"] = Etjpi =

(A + B)(1 + K5[NO; | + KzK4[NO; %) (18)
At t =t
X] _ k [TODGAF D
BT kB 1
[Eu’" ]+ [Eu(NO3)* "] 4 [Eu(NO3), | + [X]
(20)

= Eujni = B(1 + K3[NO;3 |+ K3 K4 [NO3 > + &, /k3)

Finally, the data to be fitted (see Fig. 6) correspond to the
total europium concentration in the aqueous phase, [Eulo,
thus including the contributions of [Eu(NO;)**] and
[Eu(NO;),"], as:

[Eu],, = (4 exp (— (k,[TODGA) +k,)t] + B) x

tot
(1+K3[NO3 |+ K3 K4 [NO3 %)
— [Eu}init
14 K3[NO3 |+ K3 K4 [NO; |
[Eul;pi
1+ K3[NO3 |+ K3 Ka[NO3 | +K, /K,
B— [Euini
14+ K3[NO3 |+ K3 K4 [NO3 >+ k, /Ky

(21)

4.2. Data fitting

In eqn (21), the only unknown parameters are k,’, k,’ and p.
We fixed K; = 1.86 and K, = 0.23 based on a publication in
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Table 1 The parameters used in the fitting of the experimental results to the model

Strategy k' (mM~ % min™ 1) k' (min™") D e

1 mM alone 1.2 x 1072 (+ 0.1 x 107?) 5x 1077 (£ 1 x 1077) 1 7.45
2 mM alone 1.3 x 1072 (+ 0.1 x 107?) 4x107°(+£1 x 1077 1 11.8
1 mM and 2 mM together 1.1 x 107% (4 0.1 x 1077 5x 1077 (£ 2 x 1077 1.3 (£ 0.2) 19.3

¢ fixed value.

which the two successive nitrate/europium complexation
constants have been determined at a total ionic strength of 5
M.?® This ionic strength value slightly differs from our own
chemical conditions but the other literature values collected by
the authors show that in the range ca. 2-5 M the equilibrium
constants do not change much. The partial dissociation of the
nitric acid in the aqueous phase at [HNO;z] = 4 M was taken
into account, based on the results obtained by Ruas et al.>”

The experimental values corresponding to the two TODGA
concentrations were fitted following different strategies for
which the relevant parameters are listed in Table 1. The ;>
values are also displayed and the uncertainties on the
parameters are calculated for a change of 5% of the y* values.
The results are shown in Fig. 7 as solid lines. We deliberately
used a log-log scale in Fig. 7 to highlight the trends at short
and long mixing times and for this log-log plot, we artificially
set the experimental [Eu®'],, value at time ¢ = 1 min for
graphical facility.

5. Discussion

We first fitted the two series at [TODGA] = 1 mM and 2 mM
independently, fixing p = 1 in eqn (21) in each case (see Table 1
and Fig. 7). Despite the assumptions made for the calcula-
tions, the fit is in very good agreement with the data for
[TODGA] = 1 mM, while the plateau value is not perfectly
recovered for [TODGA] = 2 mM. Although the additional
contact time (see section 2.2) was not taken into account, the

10000 ¢

1000 +

100 E o exp,1mM

o exp,2mM

[Eu™Tot) (MglL)

— — fit1 mM alone

fit 2mM alone

— — fit together, 1 mM

fit together, 2 mM

1 t t t
1 10 100 1000

10000

Mixing time (min)

Fig. 7 Fitting of the experimental results to the model as a function of mixing
time. Org. phase: T mM TODGA (open squares) or 2 mM (open diamonds) in
[C1C4im][Tf,N]. Ag. phase: 10 uM Eu(NOs)3, 4 M HNOs.
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agreement between calculated and experimental [Eu®'
values at short time is very good for the two series. The fact
that the two k;’ values are identical (within uncertainties) is a
strong indication that p is actually close to 1. The two k'
values are identical, within uncertainties, which is in support
of our model. We also performed a fit of the two series
together, letting p be a free parameter (see Table 1 and Fig. 7).
As deduced from the examination of the previous fits, a value
close to 1 is found for p. The fit is not able to perfectly recover
the experimental values at long mixing times for [TODGA] = 2
mM, as could be inferred from the two independent fits.
Although the quality of the fit is rather satisfying as a whole,
we think one cannot safely rely on the fitted value of p = 1.3 +
0.2. In order to get a reliable fitted value, several additional
experiments would be needed, involving a much larger range
of TODGA concentrations. As a matter of fact, a value of ca.
one TODGA per Eu’* ion appears somewhat low as compared
to literature data in molecular solvents. The number of TODGA
molecules involved in the extraction reaction in classical
solvents depends on the polarity of the solvent. Extracted
species with poor lipophilicity containing just two molecules
of TODGA can be stable in polar diluents (1-octanol and 1,2-
dichloroethane), whereas the highly lipophilic ones require 3
or 4 TODGA molecules to remain stable in non-polar diluents
(e.g. chloroform, toluene and 1-dodecane).*® It is nevertheless
risky to base a discussion devoted to TODGA stoichiometry in
ILs on such an empirical rule, because defining a polarity scale
in ILs is rather difficult if not meaningless (see for instance the
conclusion in ref. 39), and so is the estimation of a dielectric
constant in such conducting media. However, some methods
indicate that the dielectric constant of [C;C,im][Tf,N] is rather
low, in the range of 15, which would be somewhat in line
with a low TODGA stoichiometry. There is not much data
available on metal extraction with TODGA in ILs. Turanov
et al.*" reported a stoichiometry equal to 1 : 3 for the metal
(Ca, Sr and Ba)-TODGA complex in [C,C,im]|[Tf,N] and
Shimojo et al.® found the same stoichiometry for La, Eu and
Lu extraction into TODGA/[C;C,im][Tf,N] but another recent
work evidences a 1:2 stoichiometry for Am : TODGA in
various [C,C,im][PF,] ILs.” Actually, one TODGA per Eu unit
is not impossible per se: the europium solvation sphere could
be completed by NO; and/or H,O moieties that are present in
large amounts in the IL phase. Furthermore, a low TODGA
stoichiometry in the extracted species would be one explana-
tion to the very high extraction distribution ratio observed as
compared to molecular solvents. Finally, there is one possible
experimental artefact in the determination of the TODGA
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stoichiometry through the classical slope analysis method. In
the case of insufficient time to reach equilibrium, the
measured distribution ratio would be largely underestimated
at low TODGA concentrations while it would be better
estimated at the highest TODGA concentrations, because
increasing TODGA concentration speeds up the kinetics. In
this way, an overestimated TODGA stoichiometry would be
obtained. This remark most probably applies to the work of
Shimojo® (TODGA stoichiometry: 3), as explained above, may
apply to the work of Turanov*' (TODGA stoichiometry: 3),
while the 1 :2 metal-TODGA stoichiometry obtained in the
work of Sengupta’ has been obtained under safe kinetic
conditions (TODGA stoichiometry: 2). Clearly, additional data
are needed to solve this question.

Furthermore, our results, combined with those of Shimojo
and co-workers,® show that the europium extraction kinetics is
very fast from aqueous solutions of low acidity (10> M in this
work and from 10™° M to 10~' M in Shimojo’s publication),
then slow in the medium acidity range (from ca. 1 M to 4 M,
this work) then somewhat fast again at very high acidity (7 M,
this work). This is an indication that metal extraction by
TODGA in IL possibly involves more than just one extraction
mechanism, all of them being liable to chemical effects, as
already pinpointed in section 4.1. This would explain the
relatively fast extraction kinetics at low and high nitric acid
concentrations. This is in contrast to classical solvents where
just one solvation mechanism describes Ln(11) extraction by
TODGA."*” Actually, multiple extraction mechanisms in IL
are not a new phenomenon and have been already reported
and studied in details.”'® Our first investigation into the
question of kinetics shows that, under some assumptions,
kinetics studies may also bring some insights into the
understanding of the extraction mechanism.

6. Conclusion

The experimental data of this work evidence a strong influence
on the kinetics of europium extraction in one given ionic
liquid of the ligand and acid concentrations, thus demonstrat-
ing that beside the physical phenomenon related to viscosity
of the IL phase, a chemical phenomenon is involved in the
kinetics regulation. A simple chemical model has been
proposed and fitted to the data. In order to refine this model,
additional experiments are required, possibly involving a
larger range of chemical conditions.

On a more general aspect, questions that are currently
under study in our laboratory deal with comparison of Am/Eu
kinetics in the TODGA/C;C,imT{,N system, because previous
limited experiments already showed that in some cases, strong
differences are to be found between the reactivity and the
kinetics of Am, Eu and Cm in IL solvents.*>** This may also
help to understand why some extraction systems in ILs display
slow kinetics, while others are very fast.

This journal is © The Royal Society of Chemistry 2013
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