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Abstract—A new dicationic ionic liquid, 1-methyl-3-(4-(tributylphosphonio)butyl)-1H-imidazol-3-ium
di[bis(trifluoromethanesulfonyl)imide] [ImP][Tf,N],, showing high hydrophobicity (solubility in water is
9.2 x 10~* mol/L) has been synthesized. The extraction of U(VI), Th(IV), and lanthanides(III) from nitric
acid solutions with mixtures of 1,5- N, N'-bis[(diphenylphosphoryl)acetyl(hexyl)amino]pentane (L) contain-
ing two bidentate Ph,P(O)CH,C(O)N(Hex)- fragments connected by pentamethylene spacer through amide
nitrogen atoms and [ImP][Tf,;N], in 1,2-dichloroethane (DCE) has been studied. During the extraction of
metal ions in this system, a significant synergistic effect has been observed. The influence of the composition
of aqueous and organic phases on the efficiency of metal ions extraction into organic phase has been consid-
ered and the stoichiometry of extracted complexes has been determined. The synergistic effect in the
extraction of Ln(III) from 3 M HNOj solutions with a mixture of L and [ImP][Tf;N], in DCE is an order of
magnitude higher than in the L—[Cgmim][Tf,N]-DCE system.
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INTRODUCTION

In recent years, ionic liquids (ILs) obtain are
widely used in different fields of science and technol-
ogy because they have a complex of unique physico-
chemical properties such as excellent solvation proper-
ties, high dielectric constant, low volatility, non-flam-
mability, low solubility in water, etc., which is not
typical for common organic solvents. These properties
make ILs to be extremely necessary in the synthesis of
unique monomeric and polymeric materials [1, 2],
catalytic processes [3], electrochemistry [4], liquid
and gas chromatography [5], in processes of recovery
and separation of organic compounds [6] and metal
ions [7—10], and in reprocessing of spent nuclear fuel
including [11]. It was shown that extraction of U(VI),
Pu(IV) and Th(IV) with carbamoylmethylphosphine
oxides (CMPO) increases by dozens of times as com-
pared with common n-dodecane, when 1-butyl-3-
methylimidazolium hexafluorophosphate was used as
diluent [9], the use of pure IL is unessential because

addition of even small amount of IL in common
organic solvent leads to the same growth of extraction
efficiency. This effect was revealed on the use of differ-
ent extractants such as CMPO [12, 13], diglycoldi-
amides [14], calixarene derivatives [11, 15], etc., it is
explained by the high hydrophobicity of IL anions
which are involved in the formation of extracted com-
plexes as counterions, thus increasing their hydropho-
bicity and facilitating transition into used diluent. At
present, tens of different ILs are synthesized and cer-
tain features of the effect of their structure on metal
ion extraction are established [11, 16, 17]. So, increase
in the hydrophobicity of IL anion and decrease of cat-
ion hydrophobicity result in the growth of extraction
ability of IL [16]. However, decrease of IL cation
hydrophobicity, for example on the shortening of alkyl
substituent at the nitrogen atom in the cationic portion
of  l-alkyl-3-methylimidazolium  bis[(trifluoro-
methyl)sulfonyl]imides [C,mim][Tf,N], although
leads to increase in extraction of Am(III) and Eu(I1I)
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with CMPO solutions [17], however is accompanied
by marked transfer of IL into aqueous phase, which
results in marked loss of IL and causes additional envi-
ronmental problems on their application in extraction
processes [18].

ILs with two cationic centers are considered to be
more safe, their properties are intensely studied at
present time [19—23]. However, there are no data in
the literature on the influence of such ILs on
extraction of metal ions.

In the present work, we studied effect of new IL
with two cationic centers [ImP][Tf,N], on the
extraction of U(VI), Th(IV), and lanthanide(III) cat-

ions from nitric acid solutions using 1,5-N,N'-
bis[(diphenylphosphoryl)acetyl(hexyl)amino]pentane
(L), whose molecule contains two bidentate
Ph,P(O)CH,C(O)N(Hex)-fragments connected to
each other by pentamethylene bridge via amide nitro-
gen atoms. We showed previously that distribution
ratios for Ln(I1Il), U(VI), and Th(IV) on extraction
with solution of this compound in molecular solvents
are considerably higher than on extraction with its
mono analog CMPO Ph,Bu, [24].

Extraction properties of this IL is compared with
behavior of 1-octyl-3-methylimidazolium bis(trifluo-
romethanesulfonyl)imide [Cgmim][Tf,N].
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EXPERIMENTAL

Initial chemicals for the synthesis of extractant L
and ionic liquids were of reagent or analytical grade
(Sigma-Aldrich, USA) and were used as received.

'H, BC, and 3'P NMR spectra were recorded on a
Bruker AV-400 spectrometer (operating at 400.13 MHz
for '"H, 100.61 MHz for 3C, and 161.97 MHz for 3'P)
in CDCl; solution using residual proton and carbon
signals of the deuterated solvent as internal references
('H, BC) and 85% H;PO, (*'P) as an external refer-

ence. BC NMR spectra were registered in JMO-
DECHO mode, signals of carbon atoms with even and
odd number of protons have opposite polarity. IR spectra
were registered on a Nicolet Magna IR750 spectrometer.
Elemental analysis was performed in the Laboratory of
Microanalysis, Nesmeyanov Institute of Organoele-
ment Compounds, Russian Academy of Sciences.

1,5-N,N'-bis[(diphenylphosphoryl)acetyl(hexyl)-
amino|pentane (L) [24], diphenyl(dibutylcarbamoyl-
methyl)phosphine oxide CMPO Ph,Bu, [25], and
ionic liquid 1-octyl-3-methylimidazolium bis(trifluo-
romethanesulfonyl)imide [Cgmim][Tf,N] [26] were
synthesized and purified by previously described pro-
cedures.
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(4-Bromobutyl)(tributyl)phosphonium bromide was
obtained by modified procedure [27]. Tributylphos-
phine (1.0 g, 0.005 mol) was added over 1 h to a solu-
tion of 5.3 g (0.025 mol) of dibromobutane in 5 mL of
absolute EtOH at ambient temperature in argon flow.
The resultant solution was stirred at 50°C for 1 h and
at 80°C for 2 h, the solvent was removed. The residue
was kept at 0.1 mmHg and 70°C until constant weight
and washed with Et,0 (4 X 15 mL). The resultant light
yellow oil was kept at 0.1 mmHg until constant weight.
Yield 1.8 g (87%).

3IP NMR spectrum (8p, ppm) 33.24. 'H NMR
spectrum (O, ppm): 3.50 (t, 2H, CH,Br, 3/, = 6.1 Hz);
2.66—2.57 (m, 2H, PCH,CH,CH,CH,Br); 2.44—2.36
(m, 6H, P(CH,CH,CH,CH;);); 2.07 (quin, 2H,
PCH,CH,CH,CH,Br, 3/, = 6.4 Hz); 1.80—1.72 (m,
2H, PCH,CH,CH,CH,Br); 1.59—1.43 (m, 12H,
P(CH,CH,CH,CH,),); 0.95 (t, 9H,
P(CH,CH,CH,CH,);, *Jyu = 7.0 Hz).

1-Methyl-3- (4-(tributylphosphonio)butyl)- 1 H-imid-
azol-3-ium dibromide was obtained by modified proce-
dure [22]. (4-Bromobutyl)(tributyl)phosphonium
bromide (1.8 g, 0.0043 mol) was added over 30 min to
a solution of 0.4 g (0.0052 mol) of N-methylimidazole
in 2 mL of anhydrous CHCI; at 0°C in argon flow. The
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resultant solution was stirred at 0°C for 3 days and at
40—45°C for 6 days. The solvent was removed, the res-
idue was kept at 0.1 mm Hg and 40°C until constant
weight. The residue was washed with Et,O (4 x 10 mL)
and the resultant light yellow viscous oil was kept at
0.1 mm Hg and 30°C over P,Os until constant weight.

Yield 1.6 g (76%).
Found, %: C, 48.06; H 8.44; N, 5.59; P, 7.02.

For C,,H,Br,N,P anal. calcd., %: C, 48.01; H,
8.26; N, 5.60; P, 6.19.

IR spectrum (v, cm~'): 3429, 3143, 3074, 2961,
2933, 2874, 2189, 1622, 1573, 1465, 1412, 1383, 1283,
1232, 1171, 1099, 969, 923, 821, 730, 641, 624. 3'P
NMR spectrum (8p, ppm) 33.50. '"H NMR spectrum
(8y, ppm): 10.21 (s, 1H, in Meim); 8.16 (s, 1H, in
Meim); 7.31 (s, 1H, in Meim); 4.57 (brt, 2H, NCH,,
3Jgn = 6.0 Hz); 4.02 (s, 3H, NCH,); 2.78—2.59 (m,

2H, NCH,CH,CH,CH,P); 2.41-2.26 (m, 8H,
—CH,P(CH,CH,CH,CH,);); 1.87 (br s, 2H,
NCH,CH,CH,CH,P); 1.64—146 (m, I2H,
P(CH,CH,CH,CH,;)5); 0.94 (t, 9H,

P(CH,CH,CH,CH,);, /gy = 6.4 Hz). "C NMR
spectrum (&¢, ppm): 136.33 (s, NCH=N); 122.92 and
122.75 (both s, NCH=CHN); 48.06 (s, NCH,—);
36.19 (s, NCH3); 30.36 (d, NCH,CH,CH,CH,P,
2Jpc = 16.0 Hz); 23.32 (d, PCH,CH,CH,CHj;, 2/pc =
15.3 Hz); 23.10 (d, PCH,CH,CH,CHj, 3/pc = 4.6 Hz);
18.42 (d, PCH,CH,CH,CH;N, 'Jp- =48.4 Hz); 18.23
(d, PCH,CH,CH,CH;, Jp = 47.0 Hz); 17.88 (s,
NCH,CH,CH,CH,P); 12.94 (s, CH;).

1-Methyl-3- (4-(tributylphosphonio)butyl)- 1 H-imid-
azol-3-ium di[bis(trifluoromethanesulfonyl)imide]
([ImP][Tf,N],). A solution of 2.1 g (7.3 mmol) of lith-
ium bis(trifluoromethanesulfonyl)imide in 10 mL of
water was added to a solution of 1.6 g (3.2 mmol) of
1-methyl-3-(4-(tributylphosphonio)butyl)- 1 H-imidazol-
3-ium dibromide in 15 mL of water and stirred for 2 h at
40°C. Next, 30 mL of 1,2-dichloroethane was added,
stirred, and the organic phase was separated. The
resultant solution was used in extraction experiments.

1,2-Dichloroethane (DCE) of reagent grade (Vek-
ton) without additional purification was used as a sol-
vent in experiments on extraction of metal ions.
Extractant solutions in DCE were prepared using
strictly weighed samples. Aqueous solutions of lantha-
nides(I11I), U(VI), and Th(IV) with concentration of
0.01 mol/L were prepared by dissolution of the appro-
priate nitrates in water. These solutions after dilution
with subsequent addition of HNO; were used for pre-
paring initial aqueous solutions for extraction experi-
ments. Nitric acid concentration in these solutions
varied in the range 0.01—5 mol/L, metal ions concen-
tration was 4 X 10~° mol/L. On extraction of lantha-
nides(I1I), aqueous phase contained all Ln(III) except
for Pm. All experiments on metal ions extraction were
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Table 1. Solubility of ionic liquids in water

Tonic liquid SOluziﬁfollr/le ater, Reference
[C,mim][Tf,N] 48.9+0.3 [29]
[C,mim][Tf,N] 15.7%+0.2 [29]
[Cemim][Tf,N] 7.2+0.2 [29]
[Cgmim][Tf,N] 411£0.2 [29]
[ImP][Tf,N], 0.92 £ 0.05 The present work

conducted in plastic test tubes at ambient temperature
(22 £2°C) and 1 : 1 volume ratio of organic and aque-
ous phases. Phases were contacted in a rotor mixer at a
rate of 60 rpm for 1 h. It was found preliminary, that
this time is sufficient to reach constant values of distri-
bution ratios (D).

Ln(III), U(VI), and Th(IV) concentration in initial
and equilibrium aqueous solutions was determined by
inductively coupled plasma mass spectrometry on a
ThermoScientific XSeries 2 mass spectrometer (USA)
by procedure [28]. Metal concentration in organic
phase was found from the difference between their con-
centration in aqueous phase before and after extraction.
Distribution ratio of metal ions was calculated as the
ratio of metal ion concentrations in equilibrium phases.
Error of D determination was ~10%. Concentrations
[ImP?**] and [Tf,N~] in equilibrium aqueous solutions
were found by determination of phosphorus and sulfur
content by inductively coupled plasma—atomic emis-
sion spectroscopy on a Thermo Jarrel Ash ICAP-61
spectrometer. HNO; concentration in equilibrium
aqueous phase was determined by potentiometric
titration with standard NaOH solution.

RESULTS AND DISCUSSION

Important characteristic of ionic liquids used in
extraction of metal ions is their solubility in aqueous
solutions. The solubility of [ImP][Tf,N], in water is
9.2 x 10~* mol/L. For comparison, Table 1 shows the
values of solubility of imidazolium ILs with Tf,N~
anion. These data indicate that the hydrophobicity of
[ImP][Tf,N], is much higher than that of
[C,mim][Tf,N], which is most frequently used in
extraction. This is a considerable advantage of
[ImP][Tf,N],.

We considered the effect of HNO; concentration in
equilibrium aqueous phase on the extraction of U(VI),
Th(IV), and Ln(III) ions with solutions of compound
L in DCE containing 0.002 M of [ImP][Tf,N],. For
comparison, Fig. 1 displays the data on the extraction
of these ions with solutions of compound L in DCE in
the absence of IL. Increase in HNOj; concentration in
aqueous phase is accompanied by the growth of distri-
bution ratios of Ln(III) on the use of solution of L in
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Fig. 1. Effect of HNOj concentration in aqueous phase on extraction of (7, 4) Th(IV), (2, 5) U(VI), and (3, 6) Eu(11I) with (4—6)
solutions of compound L in dichloroethane and (7/—3) dichloroethane containing 0.003 M of IL [ImP][Tf;N],. Concentration L,

mol/L: 0.0001 (7, 4), 0.0005 (2, 5), 0.002 (3, 6).

DCE without IL. At [HNO;] > 3 mol/L, the growth of
Dy, Dy, and Dg,, is slightly lower (Fig. 1), which is due
to the marked co-extraction of HNO; [24]. Such a
character of log D—log[HNO;] dependence was observed
on extraction of U(VI), Th(1V), and Ln(III) ions with
CMPO solutions in molecular solvents by solvate
mechanism as coordination-solvated nitrates [30].

In the presence of IL in organic phase, the charac-
ter of dependence logD—log| HNO;] sharply changes.
On extraction of U(VI), Th(IV), and Eu(Ill) with
mixtures of L and [ImP][Tf,N], in DCE, D values
decrease when HNOj; concentration in aqueous phase
increases (Fig. 1). Similar dependence of D on aque-
ous phase acidity was observed previously for the
extraction of Ln(IIl) and actinides with solutions of
neutral organophosphorus extractants and diglycol-
amides [12—14] in common organic diluents in the
presence of IL [C,mim][Tf,N]. We assume the char-
acter of D—[HNO;] dependence for all noted
extraction systems can be explained by decrease of free
extractant concentration in organic phase on increase
of aqueous phase acidity die to co-extraction of both
HNO; and HTf,N, which is present in aqueous phase
because of transition of anionic component of IL into
aqueous phase.

As shown by Fig. 1, at the equal concentration of
HNO; in aqueous phase and extractant L, addition of
IL into organic phase leads to the considerable growth
of distribution ratios for U(VI), Th(IV), and Eu(III).
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IL [ImP][Tf,N], itself does not extract U(VI), Th(IV),
and Eu(III) from nitric acid solutions (D < 10~2). This
fact indicates the emergence of considerable synergis-
tic effect in L—[ImP][Tf,N],—DCE system. The most
probable reason of this effect is the participation of
Tf,N~— anions in the formation of extractable com-
plexes as counterions. This leads to increase in the
hydrophobicity of such complexes as compared with
those produced with nitrate ions in the absence of IL
in organic phase. We suppose that Tf,N~ anions show-
ing weak coordination ability [31] occupy outer coor-
dination sphere of extracted complexes. Large Tf,N~
anions are incompatible with strongly hydrogen-
bonded structure of water in aqueous phase, which
makes their transition into organic phase more ener-
getically favorable than the transition of nitrate ions.

The value of synergetic effect on extraction with
mixtures of L and IL can be assessed using synergy
coefficient (SC) calculated as

SC =D . /(D + Dy), (1)

where D;, Dy, and D, are distribution ratios of
metal ion on extraction with L and IL separately and
their mixtures, respectively.

The comparison of dependences D—[HNO;] in L—
DCE and L—[ImP][Tf,N],—DCE systems (Fig. 1)
exhibits that synergistic effect decreases when HNO;
concentration in aqueous phase rises. For example, on
extraction of Eu(IIT), increase in HNO; concentration
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Fig. 2. Distribution ratios of lanthanides(III) on extraction from 3 M HNOj solutions of compounds (7, 2, 5) L and (3, 4, 6)
CMPO Ph,Bu, in (5, 6) dichloroethane and (7, 3) dichloroethane containing 0.025 M of [ImP][Tf,N], and (2, 4)
[Cgmim][Tf,N]. Concentration of compounds L and CMPO Ph,Bu, is 0.01 and 0.02 mol/L, respectively.

from 0.5 to 5 mol/L leads to decrease of SC values
from 1120 to 3.2.

We compared effect of ionic liquids [ImP][Tf,N],
and [Cgmim][Tf,N] on extraction of Ln(IIl) with
compound L and its mono analog (CMPO Ph,Bu,)
from nitric acid solutions. Figure 2 shows that
[ImP][Tf,N], displays much higher synergistic effect
in extraction of Ln(IIl) than [Cgmim][Tf,N],
although the latter exhibits lower hydrophobicity
(Table 1). In the presence of IL in organic phase, the
efficiency of Ln(III) extraction from nitric acid solu-
tions with compound L is considerably higher than
that with its analog, CMPO Ph,Bu,. Consequently,
the effect of preorganization of extractant L molecule
[32] also appears in systems with IL.

At moderate HNO; concentration in equilibrium
aqueous phase, extraction of Ln(III) decreases as
atomic number (Z) of Ln(III) increases (Fig. 2). As a
whole, this order of extractability in the series of lan-
thanides is typical for CMPO [33] and their bis-deriv-
atives [24] in nitric acid media. The noted character of
logD; ,—Z dependence was explained by increase in
the hydration energy of Ln(III) ions as their ionic radii
decreases with increase in Z [33]. One can notice that
the value of separation factor for La and Lu (B, =
D, ,/D,,) in L—[ImP][Tf,N], system is larger than in
L—[Cgmim][Tf,N] system (Fig. 2).
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Stoichiometric metal : L ratio in complexes extracted
in the presence of [ImP][Tf,N], was determined by equi-
librium shift method. The slope of logDp,—log[L]
dependence is close to 2 (Fig. 3), which indicates the
extraction of Th(IV) ions from nitric acid solutions as
disolvates. On extraction of U(VI) and Ln(III) with
compound L, we observed non-integral slope for
log D—log[L] dependence (Fig. 3). This feature may
result from the formation of a mixture of mono- and
disolvates in organic phase.

At constant HNO; concentration (0.3 M), we stud-

ied effect of NO; ions concentration in aqueous phase
on extraction of Ln(III) with mixtures of L and
[ImP][Tf,N], in DCE. The change in NH,NO; con-

centration from 0.5 to 4 mol/L does not lead to

marked variation in Dy, value. Consequently, NOj
ions do not form extractable complexes in L—
[ImP][Tf,N],—DCE system under these conditions. It
should be noted that Ln(IIl) ions are efficiently
extracted with L and [ImP][Tf,N], mixtures in DCE
also from HCI and H;PO, solutions. For example, on
extraction of Eu(III) with mixtures of 0.002 M L and
0.002 M [ImP][Tf,N], in DCE from 1 M HCI and
H;PO, solutions, the values of Dy, were 63 and 35.5,
respectively, although in the absence of IL Ln(III)
ions do not transfer into organic phase (Dg, values are

not higher than 10~2). This fact indicates that on the
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Fig. 3. Effect of concentration of compound L in dichloroethane containing 0.002 M [ImP][Tf,N], on the extraction of Th(IV), U(VI),
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pound L in dichloroethane containing 0.002 M [ImP][Tf,N],.

extraction of Ln(IIl) from HCI and H;PO, solutions,
synergistic effect in the presence of [ImP][Tf,N], in
organic phase appears much larger than on extraction
from HNO; solutions.

Taking into account found stoichiometric coeffi-
cients, extraction of Ln(III) ions into organic phase
containing neutral ligand L and ionic liquid
[ImP][Tf,N], by cation-exchange mechanism can be
described by the following equilibriums:

Ly + Loy + 3/2[IMPI[THN o)

(2)
= LHL(szN)3(org) + 3/2[ImP2+](aQ)’

Lngy + 2Ly + 3/2[ImP] [TEN], )
= LnL, (TE,N), o+ 3/2[ImP* ]y .

These equations indicate that increase in
[ImP][Tf,N], concentration in organic phase should
result in increase in Ln(III) extraction efficiency,
while increase in ImP?" concentration in aqueous
phase should decrease efficiency. Experimental data
confirm this feature: the slope of logD; —
log[ImP(Tf,N),] dependence is close to 1.5 (Fig. 4),
while the slope of log D) ,— log[ImP?*] dependence is
close to —1.5 (Fig. 5). This fact indicates that Ln(I1I)
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ions are extracted with mixtures of ligand L and
[ImP][Tf,N], by cation exchange mechanism.

CONCLUSIONS

The presented data have shown that extraction of
U(VI), Th(V), and lanthanides(III) from aqueous
solutions of nitric acid with mixtures of bis[(diphenyl-
phosphoryl)acetyl(hexyl)amino]pentane (L) and
ionic liquid [ImP][Tf,N], in DCE display consider-
able synergistic effect. This effect is caused by the high
hydrophobicity of IL anions involved in formation of
extracted complexes as counterions. The process of
metal ions extraction occurs via cation exchange
mechanism. The value of synergistic effect on
extraction of Ln(III) from 3 M HNO; solutions with a
mixture of L and [ImP][Tf,N], in DCE was shown to
be an order of magnitude higher than in L—
[Cgmim][Tf,N]—-DCE system.
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