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The extraction of Th(IV) from aqueous phase into the ionic liquids (ILs) 1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imides (CnmimNTf2, n = 2, 4, 6, 8) by the b-diketone extractant 2-thenoyltri-
fluoroacetone (HTTA), and the stripping of Th(IV) from the IL phase using supercritical carbon dioxide
(sc-CO2) were studied. Th(IV) was extracted efficiently by HTTA-CnmimNTf2 systems. A neutral complex
extraction mechanism was proposed via log–log plot analysis method and ion chromatograph (IC)
method. The formed neutral complex partitioning in all four IL systems was Th(TTA)4, and the structure
was further confirmed by Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS). Supercritical
CO2 with ethanol showed good stripping of Th(IV) from the IL phase. The pressure and temperature of
CO2, the volume and polarity of modifiers, and the dynamic extraction time influencing on the stripping
efficiency were examined.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the nuclear industry, thorium is treated as an important
substituted nuclear fuel in nuclear reactors [1]. Meanwhile, in
the thorium–uranium fuel cycle, a large amount of spent nuclear
fuel containing uranium, thorium and various fission products will
be generated. Separation and recovery of thorium, uranium, and
other valuable metal elements are of great importance due to their
limited resources and also for the purpose of reducing their dis-
posal quantum as radioactive wastes [2]. In a conventional solvent
extraction process, Th and U are extracted by volatile organic sol-
vents (VOCs) from the aqueous solution employing tri-n-butyl-
phosphate (TBP) or 2-thenoyltrifluoroacetone (HTTA) as typical
extractants [3,4]. However, a large amount of secondary wastes
will be produced, and the organic solvents will be degraded by
hydrolysis and radiolysis. Therefore, there is incentive to explore
alternative solvents to overcome these drawbacks.

Room temperature ionic liquids (ILs) have been considered as
alternative reaction media to replace VOCs in a variety of synthetic,
catalytic, electrochemical and separated applications [5–7]. The
unique properties of ILs such as nonflammability, high thermal sta-
bility, low vapor pressure, wide liquid range, and good radiation
stability are important advantages over VOCs used in liquid–liquid
extraction [7–9]. Especially, they have been considered as next
generation diluents as the replacement of VOCs in the reprocessing
of spent nuclear fuel [10–12]. Because of the ionic compositions
and the corresponding physicochemical properties and character-
istics of ILs, the extraction of metal ions is more efficient in IL sys-
tems than in conventional solvent systems, especially for Sr2+, Cs+,
UO2þ

2 , and lanthanide ions [13–16]. There are some reports about
the extraction of Th(IV) using ILs. Zou et al. utilized the primary
amine N1923 as extractant in C8mimPF6 to extract Th4+ efficiently
with additional Na2SO4 in aqueous phase. A reversed micellar sol-
ubilization extraction mechanism was suggested for this system.
Therefore, the addition of salt-out agent could promote the extrac-
tion efficiency greatly via prompting the solubilization of Th4+ into
the reversed micelles formed in the IL phase [17]. Shen et al. stud-
ied the extraction of Th4+ from aqueous phase by diglycolamide in
CnmimPF6, and obtained the extraction efficiency over 90%. The
extraction mechanism in the C4mimPF6 and C6mimPF6 systems is
a cation-exchange mechanism, whereas in the C8mimPF6 system,
it is changed to a neutral complex one [18]. The extraction mech-
anism in an IL based system may differ from that in traditional sol-
vent extraction. Cation exchange, anion exchange, or neutral
complex mechanisms have been revealed by several investigations
[19–21]. The application of ILs in practical extraction of metal ions
may be challenged by multiple extraction mechanisms [22].

On the other hand, the above researches on the extraction of
Th(IV) are mainly focused on the extraction process, but the strip-
ping process is paid less attention. From the view point of the
application, the stripping process is as important as the extraction
process. ILs exhibit many advantages towards the extraction of
metal ions, whereas the stripping still remains a challenge [7].
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The traditional liquid–liquid stripping has been tried to recover
metal ions from the ILs phase [23,24]. However, the cross contam-
ination between two phases and the loss of ILs are the major obsta-
cles. Electrodeposition is another method to recover metal ions
from the IL phase [25,26]. But this method is only suitable for
highly electropositive elements, and requires the electrochemical
window of IL matching with the reduction potential of metal ion.
Fortunately, green solvent supercritical fluid (SCF) is discovered
to be an efficient medium to overcome the above problems and
limitations.

Sc-CO2 is the most widely used SCF due to its unique properties
of moderate critical constants (Pc = 7.37 MPa and Tc = 304.4 K),
chemical inertness, non-flammability and low cost. The application
of sc-CO2 for metal ions extraction from solid or liquid samples can
be accomplished by using proper chelating agents as extractants.
For example, actinides, lanthanides, and transition metals are eas-
ily extracted by highly soluble fluorinated b-diketones or organo-
phosphorus reagent in sc-CO2 [27–29]. As environmentally
benign solvents, sc-CO2 and IL have been utilized together in sev-
eral applications. The volatile and nonpolar sc-CO2 with nonvola-
tile and polar IL forms a different two-phase system. The
principle of product recovery by this biphasic system is based on
the solubility of sc-CO2 in the IL, and the insolubility of the IL in
sc-CO2 [30–32]. This provides a feasible method to back extract
metal ions from the IL phase by sc-CO2. Mekki et al. first demon-
strated that the stripping of metal complexes of Cu2+ and lantha-
nides (La3+ and Eu3+) coordinated with b-diketone extractants
from C4mimNTf2 could be effectively achieved by sc-CO2 [33,34].
Wai et al. found that UO2þ

2 could be stripped into sc-CO2 from
TBP-C4mimNTf2, and formed UO2(NO3)2(TBP)2 complex in sc-CO2

phase [35]. These reports provide a possible way employing sc-
CO2 to strip metal species from the IL phase, and avoiding the loss
and the cross contamination of IL during the stripping process.

To the best of our knowledge, there are few reports in litera-
tures that describe the complete cycle of thorium ions including
extraction and back extraction processes with both ILs and sc-
CO2. In the present paper, we are interested in studying on the abil-
ities of HTTA in CnmimNTf2 (n = 2, 4, 6, 8) for the extraction of
Th(IV) from aqueous phase. Meanwhile, the stripping of Th(IV)
from the IL phase by sc-CO2 is investigated.
2. Experimental

2.1. Materials

CnmimNTf2 (n = 2, 4, 6, 8, see Scheme 1) were synthesized via
metathetical reaction according to the published method [36].
CnmimBr and LiNTf2 were purchased from Lanzhou Institute of
Chemical Physics, Chinese Academy of Sciences. HTTA was pur-
chased from J&K Chemical Technology and used as received. Stock
solution of Th(IV) was prepared by dissolving Th(NO3)4�6H2O into
deionized water. Carbon dioxide (99.95%, Reijiye, Beijing) was used
in all the stripping experiments. All other chemicals were of ana-
lytical reagent grade.
Scheme 1. Chemical structures of Cnmim+ (n = 2, 4, 6, 8), NTf�2 .
2.2. Methods

The extraction experiments were carried out at room tempera-
ture. 0.5 mL of CnmimNTf2 (n = 2, 4, 6, 8) containing various con-
centrations of HTTA and 0.5 mL of aqueous solution containing
2.5 mmol L�1 of Th4+ were added into a plastic centrifuge tube, fol-
lowed by vigorous shaking for 24 h. Then the mixture was centri-
fuged (8000 r, 2 min) and the two phases were separated. The
concentration of Th4+ remained in the aqueous phase was deter-
mined by Inductively Coupled Plasma-Atomic Emission Spectrom-
eter (ICP-AES, Leeman, USA). The extraction efficiency of Th4+ was
calculated from the concentration of Th4+ in the aqueous phase be-
fore and after extraction, respectively. The relative error in our
experiments was less than 5%.

The determination of the concentration of NO�3 in an aqueous
solution was performed on a Dionex model ICS-900 ion chromato-
graph (IC) with Chromeleon 7.0 software (Dionex Corporation,
USA) at room temperature. For the analysis of NO�3 , an IonPacAS19
analytical column (250 � 4 mm) and an IonPacAG19 guard column
(50 � 4 mm) were used. The analytes were eluted by isocratic elu-
tion with an aqueous solution of 30 mmol L�1 of KOH at a flow rate
of 1 mL min�1. The suppressor ASRS-300 was installed for 75 mA
electric suppression. The peak of NO�3 emerged at about 8 min,
and the peak area of NO�3 in the chromatogram linearly depends
on the concentration. All experiments were reproducible and the
results agreed within 5%.

Samples for Extended X-ray Absorption Fine Structure (EXAFS)
measurements were contained in 1 cm path length plexi glass cuv-
ettes. The preparation of the sample was based on 200 mmol L�1 of
HTTA in CnmimNTf2 (n = 2, 4, 6, 8) contacting with the aqueous
solution of Th(NO3)4 (50 mmol L�1) in the absence of HNO3. XAFS
experiments were carried out in the transmission mode at the
XAFS station of Shanghai Synchrotron Radiation Facility (SSRF),
China. Data reduction and analysis were conducted according to
standard procedures with pre-edge background removal, edge nor-
malization to a unit step height, conversion to momentum space,
and extraction of the EXAFS with a spline function. The data anal-
ysis was carried out using the Athena and Artemisinter faces to the
IFEFFIT program package [37].

All stripping experiments were performed with a lab supercrit-
ical fluid extraction apparatus (100 mL, SEPAREX, France). The
apparatus includes the following devices: a liquid-CO2 tank, a
high-pressure piston pump (P200), a modifier syringe pump, a
high-pressure extraction vessel, an automatic back pressure regu-
lator, and a collection vessel. The SFE apparatus is illustrated in
Scheme 2. All experiments were performed with a stainless-steel
high-pressure extraction vessel with electrical heating jacket. The
Scheme 2. Apparatus for the stripping of Th(IV) from the IL phase to sc-CO2.
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temperature inside of the high-pressure vessel was controlled by
an adjusting thermocouple (±1 K). In the high-pressure extraction
vessel, 0.5 mL of CnmimNTf2 containing 2.5 mmol L�1 of Th(IV) in
a 10 mL glass-basket placed under stirring. All stripping experi-
ments were carried out using dynamic extraction step, in which
the sc-CO2 and modifier solution passed continuously through
the extraction chamber. The flow rate of CO2 was fixed at
0.2 mL min�1. The stripping efficiency was calculated on the basis
of the content of Th(IV) in the initial IL phase and the residue IL
phase, which was analyzed by ICP-AES after microwave digestion.
The relative error in our experiments was less than 5%.
0 5 10 15 20 25
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Fig. 2. Dependence of the extraction efficiency of Th4+ by HTTA-CnmimNTf2 on the
initial HNO3 concentration in the aqueous phase (10 mmol L�1 of HTTA and
2.5 mmol L�1 of Th4+).
3. Results and discussion

3.1. Extraction behavior of Th(IV) in RTILs

Fig. 1 shows the dependence of the extraction efficiency (E) of
Th4+ on the initial concentration of HTTA in CnmimNTf2. The
extraction efficiency increases with an increase in the concentra-
tion of HTTA, and reaches nearly 97% when the concentration of
HTTA is higher than 12 mmol L�1. The length of the alkyl chain in
the imidazolium cation of ILs does not influence greatly the extrac-
tion efficiency of Th4+.

To assess the partitioning behavior of Th4+ in CnmimNTf2 sys-
tems, the extraction efficiency of Th4+ was measured as a function
of the concentration of HNO3 in the aqueous phase. As seen in
Fig. 2, HTTA shows high extraction ability of Th4+ only at a very
low concentration of HNO3 in the aqueous phase. The extraction
efficiency of Th4+ is reduced by an increase in the concentration
of HNO3. As is well known, HTTA is an acidic extractant, thus the
existence of H+ in the aqueous phase can restrain its dissociation
to reduce the extraction efficiency of Th4+. In addition, the effect
of the acid on the extraction efficiency of Th4+ varies as the alkyl
chain of the ILs lengthens. The influence of HNO3 on the extraction
of Th4+ by HTTA is greater in the short alkyl chain ILs systems than
that in the long alkyl chain ILs systems. When the initial concentra-
tion of HNO3 in the aqueous phase is 25 mmol L�1, the extraction
efficiency of Th4+ is only 6% in the C2mimNTf2 system, while it is
about 30% in the C8mimNTf2 system.

Generally, cation exchange, anion exchange and neutral com-
plex extraction mechanisms are proposed in the IL extraction sys-
tem. When the extraction mechanism is the ion-exchange
mechanism, the extraction of metal ions is more efficient in the
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Fig. 1. Dependence of the extraction efficiency of Th4+ on the initial concentration
of HTTA in CnmimNTf2. The initial concentration of Th4+ in the aqueous phase is
2.5 mmol L�1.
system of a shorter alkyl chain IL [16,24]. However, the result
seems opposite in this work. HTTA shows better extraction ability
towards Th4+ in the C8mimNTf2 system than in the C2mimNTf2 sys-
tem. This is very possibly caused by a different extraction mecha-
nism, which will be discussed in the following section.

To determine the fundamental stoichiometry of the Th4+–TTA�

complex, slope analysis is conducted as a function of the equilib-
rium concentration of HTTA in the IL phase. A slope close to 4 is ob-
tained in the plot of logD vs. log [HTTA] in CnmimNTf2 systems,
where [HTTA] is approximately the initial concentration of HTTA
in the IL phase (Fig. 3). This suggests that four HTTA molecules
are required to extract one Th4+, indicating that a 4:1 complex is
formed. The stoichiometry of the Th4+–TTA� complex is considered
all the same in HTTA-CnmimNTf2 systems and almost independent
on the alkyl chain on the imidazolium ion.

To ascertain whether NO�3 participates in the extraction process
or not, the dependence of the concentration of NO�3 in the aqueous
phase on the concentration of the extracted Th4+ in the IL phase is
investigated. The initial concentration of Th(NO3)4 in the aqueous
phase is 2.5 mmol L�1, and the concentration of HTTA in Cnmim-
NTf2 various from 0 to 20 mmol L�1. The concentration of NO�3 in
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Fig. 3. Plots of logD as a function of log [HTTA] in CnmimNTf2 at constant acidity
(100 mmol L�1 of HNO3 and 2.5 mmol L�1 of Th4+).
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Fig. 4. The L3-edge EXAFS (line) and best fit (dots) of Th4+ extracted by HTTA in
CnmimNTf2. Fourier transform are not phase shift corrected.

Table 1
Results of coordination number (CN) and Th–O bond length (R) by fitting two shells of
the k3 weighted Th L3 edge EXAFS.

IL CN R (Å) r2 (10�3 Å2) DE (eV)

C2mimNTf2 8.9 ± 1.5 2.42 ± 0.02 8.3 ± 2.0 �0.43 ± 1.65
C4mimNTf2 8.9 ± 1.5 2.41 ± 0.01 8.3 ± 2.0 �1.59 ± 1.70
C6mimNTf2 8.8 ± 1.5 2.41 ± 0.01 8.2 ± 2.0 �2.25 ± 1.74
C8mimNTf2 9.0 ± 1.6 2.41 ± 0.01 8.9 ± 2.0 �1.22 ± 1.68
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the aqueous phase almost keeps constant at around
10.5 ± 0.1 mmol L�1 with increasing the extraction efficiency of
Th4+ from 0% to 98%. Comparing these four extraction systems,
one can see that the concentration of NO�3 has no difference as
the alkyl chain in the imidazolium cation lengthens from C2 to
C8. This proves that NO�3 does not participate in the extraction pro-
cess in all four IL extraction systems. According to the above re-
sults, there should be a complex of Th(TTA)4 in all four
CnmimNTf2 phases after Th4+ is extracted by HTTA from the aque-
ous phase. The extraction may follow a neutral complex mecha-
nism depicted as:

Th4þ þ 4HTTAðILÞ � ThðTTAÞ4ðILÞ þ 4Hþ ð1Þ

And the chemical structure of Th(TTA)4 is illustrated in
Scheme 3. Based on the neutral complex extraction mechanism,
we can infer that ILs mainly play a role of solvent in HTTA-Cnmim-
NTf2 extraction systems for Th4+. The cation or anion of ILs does not
participate in the extraction process directly. Comparing with the
ion-exchange mechanism, the neutral complex mechanism is suf-
ficient to eliminate the possibility of ion exchange of IL. The extrac-
tion of Th4+ from aqueous phase by HTTA in CnmimNTf2 is not only
efficient, but also can eliminate the loss of IL during the extraction
process.

To further confirm the structure of Th4+ with TTA� existing in
HTTA-CnmimNTf systems, we employed EXAFS method to deter-
mine the coordination environment of the inner phase of Th4+

when it was extracted by HTTA into CnmimNTf2. The Fourier trans-
form magnitudes of the EXAFS are shown in Fig. 4. The results of
fitting the EXAFS data to the single scattering theoretical phase
and amplitude functions are summarized in Table 1. The Th EXAFS
signals are dominated by a shell of 8.9 ± 1.5 oxygen atoms directly
coordinated to the Th ion at approximately 2.41 ± 0.01 Å, and there
is no obvious difference in all four IL systems. Contributions from
other shells of coordinated atoms are not apparent in each sample.
The EXAFS measurement shows that the coordination of Th4+ is
insignificantly different in four different IL systems. Consequently,
it is further proved that the complex is Th(TTA)4 in HTTA-Cnmim-
NTf2 systems.

It should be pointed out that, due to the formation of a neutral
complex Th(TTA)4 in the extraction process, losses of IL compo-
nents to the aqueous phase can be avoided.

3.2. Stripping of Th(IV) by sc-CO2

To find out the optimum stripping condition, we took the C2-

mimNTf2 system as an example. In HTTA-C2mimNTf2 system, sc-
CO2 itself cannot strip Th(IV) from the IL phase due to the low
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Scheme 3. Chemical structure of Th(TTA)4.
polarity of CO2. Nevertheless, this limitation could be overcome
by adding a small amount of polar solvent as modifier to increase
the polarity and solvation power of CO2. We have selected four
conventional organic solvents, i.e., methanol, ethanol, tetrahydro-
furan and ethyl acetate, to investigate their effects on the stripping
of Th(IV) from C2mimNTf2. The stripping efficiency (SE) of Th(IV) is
92% by methanol, 94% by ethanol, 90% by tetrahydrofuran and 88%
by ethyl acetate at 20 MPa, 313 K, 0.5 mL min�1 of modifier, 30 min
of dynamic extraction time. All these modifiers can improve the
stripping ability of sc-CO2 towards Th(IV) at the same stripping
condition. In the following study, we chose ethanol as the repre-
sentative to systematically investigate the influence of various
parameters, i.e., pressure (p), temperature (T), dynamic extraction
time (t), and the flow rate of modifier (F) on the stripping
efficiency.

The influence of both pressure and temperature on the stripping
efficiency of Th(IV) is reported in Table 2. The stripping efficiency
of Th(IV) is improved with an increase in pressure at 313 K,
15 min dynamic extraction time, and 0.5 mL min�1 of ethanol. As
the pressure increases, the density of CO2 is increased, and thus
the solvability of sc-CO2 becomes stronger at higher pressure
[38]. Therefore, the increasing of the stripping efficiency of Th(IV)
Table 2
The effect of the pressure and temperature on the stripping efficiency of Th(IV) in
C2mimNTf2 (0.5 mL min�1 of ethanol).

p (MPa) T (K) t (min) SE (%)

10 313 15 34
20 313 15 71
30 313 15 92

20 313 30 94
20 323 30 86
20 333 30 66
20 343 30 58
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could be attributed to an increase in the solubility of Th(TTA)4 with
raising the pressure.

The solubility of an analyte in sc-CO2 is also controlled by tem-
perature directly. At higher temperature, an analyte becomes more
volatile and the density of sc-CO2 decreases, which must result in a
maximum value of extraction efficiency. As shown in Table 2, the
stripping efficiency of Th(IV) decreases with increasing tempera-
ture at 20 MPa, 30 min of dynamic extraction time, and
0.5 mL min�1 of ethanol. This indicates that low temperature is
suitable for Th(TTA)4 complex to dissolve into sc-CO2. Besides,
HTTA is photosensitive and thermosensitive, and decomposes eas-
ily at high temperature. Therefore, the stripping of Th(TTA)4 is
more efficient at low temperature than at high temperature.

The effect of the dynamic extraction time on the extraction effi-
ciency is also investigated at five different cases (5 min, 15 min,
30 min, 45 min, and 60 min). The pressure, temperature, and the
flow rate of ethanol are maintained at the constant values
(20 MPa, 313 K and 0.5 mL min�1 of ethanol). Fig. 5 shows that
the stripping efficiency of Th(IV) is increased steeply with increas-
ing time. After 30 min, the extraction efficiency changes little.
Another main factor on SFE is the amount of modifier in sc-CO2,
which significantly influences the stripping efficiency. The effect of
the flow rate of modifier on the stripping efficiency is studied at
20 MPa, 313 K, and 30 min. As shown in Fig. 5, the stripping effi-
ciency is increased remarkably at first and then reaches a plateau
at 0.5 mL min�1 of the flow rate of ethanol. According to above
studies about the effects of pressure, temperature, dynamic extrac-
tion time, and flow rate of modifier on the stripping efficiency of
Th(IV), we conclude that 20 MPa, 313 K, 30 min of dynamic extrac-
tion time, and 0.5 mL min�1 of ethanol are suitable and economic
conditions for stripping Th(IV) from the IL phase, and 94% of Th(IV)
can be stripped out.

The stripping efficiency of Th(IV) from all four IL systems at the
stripping conditions of 20 MPa, 313 K, 30 min of dynamic extrac-
tion, and 0.5 mL min�1 of ethanol are shown in Fig. 6. In C2mim-
NTf2 and C4mimNTf2 systems, more than 90% of Th(IV) can be
stripped by sc-CO2, while in C6mimNTf2 and C8mimNTf2 systems,
the stripping efficiency is only 80%. This means that the stripping
efficiency of Th(IV) decreases with increasing the alkyl chain
length in the imidazolium cation. According to the results in the
extraction section, Th(TTA)4 is relatively stable in C6mimNTf2 and
C8mimNTf2 systems. Therefore, the stripping process using sc-
CO2 is more difficult in C6mimNTf2 and C8mimNTf2 systems than
in other two short alkyl chain IL systems.

According to the above experiments, the procedure of the
extraction and stripping for Th(IV) is proposed in Scheme 4. In this
procedure, both the extraction based on ILs and the stripping by sc-
CO2 for metal elements can reach high efficiency. Meanwhile,
losses of IL during both the extraction and the stripping processes
can be avoided.
4. Conclusion

The combination of IL and sc-CO2 to extract and strip Th(IV) is
established in this paper. Th4+ can be efficiently extracted from
the aqueous phase with HTTA in CnmimNTf2 (n = 2, 4, 6, 8). The
neutral complex mechanism is proposed for the extraction of
Th4+ by HTTA-CnmimNTf2, that is, Th4+ forms a neutral complex
with TTA� (Th(TTA)4). The stripping step is the transfer of Th(IV)
from the IL phase to the sc-CO2 phase. Under the specific stripping
conditions, Th(IV) can be successfully stripped out from the IL
phase. Therefore, in the procedure of extraction and stripping of
Th(IV), not only the efficiency reaches high, but also the losses of
IL can be avoided.
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