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erived task specific ionic liquid as
a highly selective extractant of thorium versus
uranium†‡

David Lledó,a Guillermo Grindlay, b H. Q. Nimal Gunaratne, c Abel de Cózar, de

Ana Sirvent f and José M. Sansano *f

A selective extraction system of thorium(IV), formed with a TSIL derived from ciprofloxacin and [BMIM][NTf2]

as a co-solvent, is described. Under acidic conditions, this IL solution was able to complex selectively this

metal versus the rest of the other metals of the periodic table. The synthesis of the TSIL was detailed using

known procedures and it was isolated in good overall yield. The extraction coefficients (K) were determined

by a microextractive survey at 25 °C. Spectroscopic analyses of thorium(IV) and uranium(VI) complexes were

performed in order to demonstrate the strength of the metal–TSIL interaction, which was supported by

DFT-based computational optimization of the formation of the experimentally observed complexes.

Kinetic analysis, loading tests for the extractive protocol, and the optimization for recycling were also

performed to justify the conditions of a laboratory prototype for this selective extraction of thorium(IV) salts.
Introduction

Stimulated by the world's demand for energy, nuclear reactors
are expected to play a key role as a power source in the future
due to the low emission of carbon dioxide or other greenhouse
gases and the abundant fuel reservoirs.1,2 However, regarding
the fuel sources, uranium and thorium (the actinide elements
that are predominantly present in nature) are very dispersed in
ores and require selective extraction methods. Additionally, the
waste that is generated as a result of the use of this energy
source poses a great threat to the environment and human
health. In this regard, one of the most important processes in
-48, entlo. A. San Vicente del Raspeig,

rition and Food Sciences, University of

emistry and Chemical Engineering, The

oad, Belfast, Northern Ireland, BT9 5AG,

imika Organikoa I Saila, Facultad de
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the management of nuclear waste is the intra- and inter-group
separation of lanthanides and actinides.

Thorium is rather diluted in rock thus requiring more
mining, milling and treatment local to where it is recovered
than is the case for uranium.3 Apparently, thorium is much
more abundant than uranium in nature3 and has become one of
the important potential energy sources for the future. In fact,
thorium is occasionally heralded as a ‘safe’ alternative to
uranium and plutonium and it has oen been integrated into
reactor system designs via accelerator-driven systems.4 This is
because a thorium-232 (232Th) nucleus has the ability to
produce a uranium-233 (233U) nucleus by absorbing a neutron.
Thorium itself is known as fertile5 because it is not ssile but
provides a ssile uranium isotope 233U. In the long term,
consumption of thorium could increase substantially if its use
as a nuclear fuel becomes commercialized. Thorium is antici-
pated to produce lower quantities of minor actinides and no
plutonium, considerations oen perceived as key advantages in
terms of long-term radioactive waste management.

In addition, [Th(IV)] and its compounds are highly toxic and
cause severe damage to bone and kidney through very long-term
exposures. Conventional methods of Th(IV) detection are
complicated and costly. However, the daughters of Th-229 (Ac-
225 and Bi-213) and other a-emitting radioisotopes are rapidly
becoming of great interest for short-range and site-specic
therapy of cancers and micrometastatic diseases.6

The separation of thorium(IV) is very important in countries
such as India and China. However, the process is quite chal-
lenging and co-extraction of uranium and thorium is frequently
reported.7–11
J. Mater. Chem. A, 2024, 12, 31557–31569 | 31557
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For this purpose, the most common traditional methods are
liquid–liquid extraction, ion exchange high performance liquid
chromatography12 and the use of hollow ber renewal liquid
membranes (HFRLM, designed for reusing the system).13–16

However, a signicant disadvantage of these processes is the
waste chemicals generated.17

Examples of liquid–liquid extraction for specic and selec-
tive Th(IV) separation have been described in the literature using
as extraction systems, for instance, phosphate buffer solu-
tions,18 hydrophobic deep eutectic solvents using thorin as
a chelating agent,19 or fatty acids.20 Separation processes that
employ extractant systems based on 2-[4-(2,4,4-trimethylpentan-
2-yl)phenoxy] acetic acid (POAA),21 functionalized graphene
oxide with phenanthroline diamide (GO-PDA),22 or 1,5-bis
[p-(dioxyphosphoryl)-p-ethylphenoxy]-3-oxapentane and tri-
octylamine have been also used to selectively recover Th(IV) from
solutions.23,24 Other ligands that have been found to be specic
for the selective extraction of thorium(IV) are N-n-heptylani-
line,25,26 2,3-dihydroxynaphthalene,27 tri-n-butylphosphate
(TBP),28 N,N-di-n-hexyloctanamide (DHOA),29 tri-n-octylphos-
phineoxide (Cyanex 923)30 and bis(2,4,4-trimethyl)pentyl phos-
phinic acid (Cyanex 272)31 were found to be specic Th(IV)
ligands for extractive processes.32,33 Selective extraction of
thorium from uranium and rare earth elements using
a sulfonated covalent organic framework and its membrane
derivate was also reported.34 Metal organic frameworks (MOFs)
have been employed as selective extractants.35

If we focus our attention on the favorable properties of ionic
liquids (ILs) as extractants,36–38 room temperature ionic liquids
(RTILs) are considered as a replacement of molecular diluents
in the extraction of metal ions from an aqueous phase. Thus, for
example, dialkylsulfosuccinate-based ionic-liquids,39 and N,N-
dialkyl-malonamic acid (MA)-based ionic liquid anions were
synthesized and applied for the extraction of thorium ions
using a nitric acid solution. The solid samples were obtained by
simultaneous extraction and solidication of Th(IV) based on
a self-assembly process. Dioctadecyldimethylammonium ([DC
DMA]) was pioneered as the preferred organic cation of the
ionic liquids for the extraction process.40,41 IL based solvent
systems are found to be radio resistant compared to molecular
diluent based solvent systems. They act as a sink for the radi-
ation damage to protect the ligand functionality. Along these
lines, TSILs have been used for selective extraction of uranium
(phosphoramidate-containing ILs)42 and for excellent separa-
tion of thorium(IV) from other metals (including uranium);43

a TSIL formed by CMPO-functionalized ionic liquid 1-[3-
[[(diphenylphosphinyl)acetyl]amino]propyl]-3-tetradecyl-1H-
imidazol-3-ium hexauorophosphate (CMPO-FIL) was used for
general Ln(III), Th(IV) and U(VI) extraction.44 TSILs are frequently
used for the extraction of other actinides.45

In general, stripping procedures are performed employing
inorganic acids at different pHs. In most cases, the recovery of
the TSIL is not considered but only the amount of actinide ion
stripped. Employing ILs together with extractive ligands is very
well documented, for example amines,46 1,3-diketones (strip-
ping with SC-CO2),47 N,N-dialkylamides (stripping with SC-
CO2),48 diglycolamides,49–51 phosphine oxides (stripping with
31558 | J. Mater. Chem. A, 2024, 12, 31557–31569
oxalic acid),52 using phosphane derived ligands (stripping with
acidic solutions),53 methyl imidazoles,54,55 N,N0-dimethyl-N,N0-
dioctyl-4-oxaheptanediamide (DMDOHA),56 carbamoylmethyl-
phosphine oxides (CMPO),57,58 polymeric CMPO,59 N,N,N,N-tet-
raoctyldiglycolamide (TODGA),60 other tridentate and
tetradentate amides,61 and N,N-di(2-ethylhexyl)-diglycolamic
acid.62 In most cases, the ionic liquid based systems stripping
was found to be the most challenging compared to molecular
diluents and required strong aqueous complexing agents.

Concerning the coordination of thorium(IV) and uranium(VI)
(uranyl cation in aqueous solution) the hexacoordination is the
most common feature,63,64 although there are uncommon
environments published in the literature.65,66 In addition, one of
the most promising areas in f-element research in ILs is
computer-aided simulations that aim to elucidate the solvating
power of ILs towards actinides, lanthanides, and even ssion
products, all of which are important components of nuclear
wastes and processing streams.67

According to all these precedents, we envisage that the
design and computational simulation of a TSIL considering the
preferential coordination of Th(IV) would be crucial for efficient
modulation of the selectivity of separation of this metal and for
the implementation of a very easy and environmentally benign
method for the recovery of the metal and the TSIL/IL system.68

Herein, we report a concise synthesis of a TSIL system based on
antibiotic ciprooxacin for highly selective extraction of
thorium(IV).

Results and discussion
Synthesis of the TSIL 4 and preliminary microextractions

1,3-Dicarbonyl compounds are known as excellent ligands for
stabilizing metal complexes,69 specially in the case of highly
coordinative rare earth metals.70 Previous results demonstrated
that an IL tethered to a 1,2-diamide motif exhibited a potent
donor effect extracting all lanthanide series without any selec-
tivity.62 The basic and rapid in silico analysis of the electronic
structure/interactions of the b-dicarbonylic moiety, combining
an aromatic ketone and an amido array (in order to modulate
the affinity by the cationic metals) and including a hydrophobic
area, able to interact with the solvent of the extractive system,
turned our attention to the ciprooxacin structure 1. The inex-
pensive commercially available compound 1 was N-alkylated
with ethyl bromide, in an acetonitrile/water mixture, and cata-
lyzed by potassium iodide. The resulting compound 2 (isolated
in 92% yield) underwent the amidation reaction using N,N-
diethylamine, aer the in situ generation of the chloride of the
corresponding acid with thionyl chloride in dichloromethane,
at 0 °C for 30 min. Amide 3 (obtained in 95% yield) was trans-
formed on its quaternary ammonium salt, in the presence of n-
butyl iodide, followed by ion exchange using lithium bis(tri-
uorosulfonyl)amide in dichloromethane at room temperature
for 8 h. These two steps afforded the nal TSIL molecule 4 in
89% (78% overall yield from ciprooxacin 1) (Scheme 1). It is
remarkable that the association of the bis-triimide anion
(NTf2) would ameliorate the extraction of such metals from an
aqueous phase to a hydrophobic environment.
This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthesis of the TSIL 4.

Table 1 Extraction coefficients K determined in the microextractive
survey at 25 °C

Entry Metal pH/Kmax K at pH = 1

1 Th 1/197 197
2 Nd 4/136 8
3 Sc 2/129 30
4 Sm 6/82 3
5 Eu 6/77 3
6 Tb 6/59 3
7 Gd 6/52 1
8 Pr 6/50 4
9 Dy 6/50 2
10 Ho 6/38 3
11 Ce 6/37 0
12 U 6/34 7
13 Er 6/30 1
14 Tm 6/26 1
15 Y 4/25 2
16 Yb 6/21 1
17 La 6/20 0
18 Lu 6/18 2
19 Li 6/2 0
20 B 6/2 0
21 Al 6/8 0
22 Ti 6/107 3
23 V 6/4 1
24 Cr 6/4 0
25 Mn 6/2 0
26 Fe 6/4 1
27 Co 6/1 0
28 Ni 6/1 0
29 Cu 6/21 0
30 Zn 6/32 0
31 Ga 6/8 1
32 As 6/3 0
33 Se 6/0 0
34 Zr 1/3 3
35 Mo 1/2 2
36 Ru 6/4 0
37 Pd 1/4 4
38 Ag 1/6 6
39 Cd 6/4 0
40 In 1/4 4
41 Sn 6/4 0
42 Sb 6/1 0
43 Te 6/3 0
44 Pt 6/0 0
45 Au 6/0 0
46 Hg 1/23 23
47 Tl 6/0 0
48 Pb 6/3 0
49 Bi 2/28 10
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Next, the micro-extractive multimetallic survey of the
extraction system, composed of a 0.005 M solution of TSIL 4 in
[BMIM][NTf2] (100 mL), was performed (at 25 °C) from a multi-
metal sample (5 mL) (Li, B, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Ga, As, Se, Zr, Mo, Ru, Pd, Ag, Cd, In, Sn, Sb, Te, Pt, Au, Hg, Tl,
Pb and Bi) using ICP-MS as an instrumental analytical tech-
nique (employing rhodium as an internal standard). For all the
elements, the extraction coefficient, dened as the ratio
between the concentration of the metal in the organic phase
and the aqueous phase aer the extraction procedure (eqn (1)),
was calculated at different pHs (1–6).

K = final [M]org/final [M]aq (1)

Table 1 shows the results obtained under optimum experi-
mental conditions for each element (Kmax). Aer analysing the
pH range 1–6, in the third column of Table 1 the pHs in which
the maximum K was obtained using the ICP technique are
depicted. The same conditions were used for the extraction of
all elements of Table 1, where K values registered at pH= 1 were
also included (fourth column of Table 1) in order to compare
the extraction of all metals. With the later value, it was observed
that thorium (Table 1, entry 1) was selectively extracted in
comparison with other different rare earth metals, and with the
rest of the series s, d and p metals (Table 1). Only scandium,
mercury and bismuth exhibited a signicant (but low) extrac-
tion coefficient (K) at the end of the process (Table 1, entries 3,
46 and 49). But the paramount result (and the main goal) of this
work was the large extraction difference observed between
thorium and uranium (Table 1, entries 1 and 12).

The amazing selectivity of the extraction of thorium(IV) versus
uranyl cations or even the rest of rare earth metals controlling
the pH at 1 can be observed in the histogram depicted in Fig. 1.
Thorium exists as a Th4+ cation, whereas uranium remains in
acidic solutions as the UO2

2+ cation, so these cations are
chemically very different and consequently, no parallelism is
established in the next tests. We will lay emphasis in
This journal is © The Royal Society of Chemistry 2024
demonstrating the high selectivity observed during the extrac-
tion process of these two cations.
Spectroscopic analyses of thorium(IV) and uranium(IV)
complexes

The metal-cation complexation to the ionic liquid 4 was studied
by spectroscopic methods (1H NMR, 13C NMR and FTIR) under
analogous conditions. The maximum coordination number of
the TSIL (4) ligands per cation was determined by the signal
J. Mater. Chem. A, 2024, 12, 31557–31569 | 31559
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Fig. 1 Plot of the K values at pH = 1 of the extraction of rare earth
metals by TSIL 4 in [BMIM][NTf2].

Fig. 2 (A) Stack plot of the titration results of uranyl nitrate with 4
monitored by 1H NMR spectroscopy. (B) Comparison of chemical
shifts of 13C NMR for free ligand 4 and the mixture UO2

2+$4. (C) Stack
plot of the titration results of thorium(IV) nitrate with 4monitored by 1H
NMR spectroscopy. (D) Comparison of chemical shifts of 13C NMR for
free ligand 4 and the mixture Th3+$43. All experiments were recorded
using DMSO-d6.
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chemical shiing of the singlet that appeared at 7.95 ppm and
the doublet located at 7.73 ppm. The additional doublet at
7.42 ppm was hardly affected by the ligand–metal cation inter-
action. Thus, uranyl nitrate was combined with different
proportions of ligand 4 in DMSO-d6 at room temperature.
Although the chemical shi variation was not notable, the
sequence of the spectra clearly revealed that the 1 : 1 ratio of
uranyl nitrate : TSIL 4 is the coordination pattern in this system
(stack plot of Fig. 2A). The difference of ppm in 13C NMR was
0.6 ppm for the two carbonyl groups of the ciprooxacin scaf-
fold (Fig. 2B). However, a stronger interaction between the
thorium(IV) cation and TSIL 4 was observed in DMSO. The
increment of the chemical shis was very important and a 1 : 3
ratio of thorium(IV) nitrate was the coordination pattern (stack
plot of Fig. 2C). The separation of the carbonyl group signals
between the free ligand 4 and Th(IV)$43

13C NMR spectra showed
a difference of 2 ppm (Fig. 2D) that justies also a powerful
metal-4 interaction.

The complementary plots depicted in Fig. 3 and 4, showing
the variation of Dd (difference in the chemical shi = d4$M − d4)
against the concentration 4:Mx+ (mmol mL−1), provide the best
visual behavior of the chelating process. So, this quantitative
analysis revealed that, independently of the number of coordi-
nating molecules of DMSO solvating both cations, the prefer-
ence towards three ligands 4 by the thorium(IV) species
contrasted with the affinity of the uranium(VI) units by only one
1,3-dicarbonyl ligand 4. Fig. 3 and 4 illustrate all these results.
The uranyl cation only exhibited a weak interaction with one
ligand 4 due to the low increment of the chemical shi of the
7.95 ppm singlet observed versus the analogous chemical shi
of pure molecule 4 (Dd∼ 0.005 ppm) (Fig. 3). The analysis of the
same effect in the formation of the [Th]$43 indicated a stronger
metal–ligand interaction due to a larger Dd ∼ 0.009 ppm
(Fig. 4A). However, the highest signal displacement (almost
0.011 ppm) was detected for the doublet placed at 7.73 ppm
(Fig. 4B).

An ATR-FTIR study was employed to conrm the strongest
interaction detected between 4 and thorium(IV) rather than the
TSIL 4 with uranium(VI) species. The samples were prepared in
a solution in the smallest amount of DMSO and methanol and,
aer mixing the components and reuxing for 1 h, the solvent
31560 | J. Mater. Chem. A, 2024, 12, 31557–31569
was evaporated under vacuum. The remaining DMSO, the
ciprooxacin ngerprint signals, and the absorption peaks of
the corresponding cations offered a small window of the
infrared region (1450–1790 cm−1) in which band shiing could
be detected. Peaks around 800–1000 and 1000–1100 cm−1,
which correspond to the UO2

2+ cation, could not be observed
due to the presence of an intense and wide absorption band.
Thus, mixtures of pure 4, 3 : 1 [TSIL (4)] : [Th4+] and 1 : 1 [TSIL
(4)]$[U6+] were separately suspended in DMSO/methanol and
then reuxed for 1 h. Aer evaporation of the solvent the sticky
powders were analysed. Fig. 5 reveals a signicant downward
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Plot of the variation of the chemical shift (in ppm) versus
concentration of the TSIL 4 during the titration of uranyl nitrate
monitored by 1H NMR spectroscopy.

Fig. 4 Plot of the variation of the chemical shift (in ppm) versus
concentration of the TSIL 4 during the titration of thorium(IV) nitrate
monitored by 1H NMR spectroscopy. (A) For the singlet located at
7.95 ppm; (B) for the doublet observed at 7.73 ppm.

Fig. 5 Infrared spectra of TSIL (4) (red), [TSIL (4)]3$[Th
4+] (green) and

[TSIL (4)]$[U6+] (blue) focused on the carbonyl stretching region. ATR-
FTIR of the neat sticky powder resulting after evaporatingMeOH of the
corresponding mixtures.
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shi to lower wave numbers for the carbonyl group stretching
frequency from 1736 cm−1 to 1716 cm−1 and from 1681 cm−1 to
1663 cm−1. The metal–O interactions forced a reduction of the
bond order of the 1,3-dicarbonylic moiety. Unfortunately, crys-
talline structures could not be isolated to determine the real
coordination environment of the metal.
Scheme 2 Simplified model for DFT calculations of M–4Y formation.
DFT-based computational optimization of the complexes

The X-ray diffraction analyses of solid samples of the corre-
sponding metal–cyprooxacin aggregates could not be
This journal is © The Royal Society of Chemistry 2024
successfully completed. This fact moved us to analyze the
observed coordinative preferences of both metals with the
ligand 4. Hexacoordination of the uranyl cation is very well
documented71,72 and this strict prole contrasts with the vari-
able coordination of the thorium(IV). The ability of thorium to
coordinate in different geometries and a wide range of coordi-
nation numbers conrm the difficulty to predict its preferred
geometry.73 Within this complex scenario, we decided to
perform DFT calculations trying to shed light on the different
behavior observed for uranyl and thorium(IV) complexes (see the
ESI‡ for computational details).

All the microextractions and other tests, such as loading of
the extractive mixtures, as well as the solution stability studies,
were conducted with the corresponding metal nitrates. The
acidic pH for the selective extraction was achieved using nitric
acid, so we focused our attention on these species whose
internal spheres were surrounded by nitrate anions and water
molecules. In order to simplify the model of calculations the
energies corresponding to the substitution of molecules of
water by ligand 4 units (Scheme 2) in an aqueous environment
were obtained.

We hypothesize that the extraction coefficients are related
with the water–TSIL(4) exchange equilibrium where 4$metal
complexes will be extracted in the IL phase, whereas water
complexes would remain in the aqueous phase. In that sense,
enhanced extraction coefficients would be related to the exer-
gonic character of the exchange reaction. In contrast, low
extraction coefficients would be related to endergonic reactions
J. Mater. Chem. A, 2024, 12, 31557–31569 | 31561
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[note that in the proposed reaction, two molecules of water are
exchanged by one molecule of 4].

Given the plethora of possible coordination patterns and
metal : ligand ratio combinations, especially in the case of
thorium, the coordination number for the uranyl cation was
xed at six and the selected coordination numbers for thor-
ium(IV) were ten and eight because they are the most frequent
coordination numbers reported for this cation.72 In addition, we
took advantage of the spectroscopic results, so compounds with
a 1 : 1 ratio for the uranyl nitrate : TSIL 4 complex and 1 : 3
thorium(IV) nitrate : TSIL 4 complex were considered respec-
tively (vide supra). The obtained results indicated that the water–
ligand exchange is not thermodynamically favored for uranyl
nitrate as shown by the Gibbs reaction energy value of
+1.8 kcal mol−1. As a consequence, only residual extraction of
uranyl nitrate is expected (Fig. 6A).
Fig. 6 Reaction Gibbs free energies associated with the water–4
exchange of (A) uranyl nitrate or (B) thorium(IV) nitrate complexes
(coordination number = 10) and (C) thorium(IV) nitrate complex
(coordination number = 8) computed at the PBE0(PCM)/6-31 G(d)
&SDD level of theory.

31562 | J. Mater. Chem. A, 2024, 12, 31557–31569
The Gibbs free energies of the thorium(IV) complexes with
the different most abundant coordination numbers (eight and
ten)72 were calculated independently (Fig. 6B and C). In this
case, our calculations indicated that the water–ligand exchange
process is strongly favored for thorium(IV) nitrate both consid-
ering 10 and 8 coordinated complexes (Gibbs reaction energy of
−31.8 kcal mol−1 or –99.8 kcal mol−1, respectively). Therefore,
complete extraction of thorium(IV) is theoretically assessed, in
good agreement with the experimental evidence (see the ESI‡
for further information about the equilibrium reaction of other
complexes presumably involved). Moreover, the computed data
revealed that these two possible complexes of thorium bearing
three units of ligand 4 and different number of nitrate anions
(apart from others in equilibrium) can exist in the solution
making it very difficult to obtain a pure monocrystal.

Kinetic analysis and loading tests

The kinetics of the affinity of the TSIL compound 4 towards the
thorium(IV) cation at pH = 1 was next evaluated using ICP as
a detection technique. In this rst experiment, an aqueous 0.1
M solution of thorium(IV) nitrate (5 mL) was extracted with a 0.1
M solution of 4 in [BMIM][Tf2N] (1 mL). Using an excess of
thorium cations in the aqueous solution to be extracted
(Fig. 7a), the amount of the extracted thorium(IV) remained
constant at 10 min. The maximum amount of metal cation
reached 0.033 mmol approximately, which is in agreement with
the already mentioned most stable geometry of ThIV$43.

Under the same conditions, a second experiment was run
using an aqueous 6.7× 10−3 M solution of thorium(IV) nitrate (5
mL), which was extracted with a 0.1 M solution of 4 in [BMIM]
[Tf2N] (1 mL). Here, the nal 1 : 3 metal : TSIL 4 ratio was again
conrmed and the kinetics were very similar to the previous
test, completing the overall extraction in 10–11 min (Fig. 7b).

The kinetics of the extractive system (0.1 M solution of 4 in
[BMIM][Tf2N], 1 mL) versus an original solution (5 mL) con-
taining 0.1 M solution of both thorium(IV) and uranyl nitrates
was assessed (Fig. 8). The extraction prole of the thorium
Fig. 7 (a) Kinetics of the extraction of thorium(IV) by 4/[BMIM][Tf2N]
using an excess of the metal cation in the original solution (blue plot).
(b) Kinetics of the extraction of a more diluted thorium(IV) solution by
4/[BMIM][Tf2N] working with a final 3 : 1 4 : ThIV ratio (orange plot).

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Competitive extraction of 0.1 M of both thorium(IV) and uranyl
nitrate with 0.1 M solution of 4 in [BMIM][Tf2N].

Fig. 10 General procedure for the selective stripping of thorium(IV).
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cation was identical to the plot observed in Fig. 7A. However, the
uranyl cation was slightly extracted at the earlier stages of the
extractive sequence but nally, aer 3 min, the complexation of
ligand 4 with uranium(VI) was extremely low.

The plot fragment between 0 and 3 min in Fig. 8 suggests
that thorium captured the ligand initially bound to the uranyl
cation. Thus, a solution of uranyl nitrate (0.2 M, 1 mL) at pH =

1, and a solution of 4 in [BMIM][Tf2N] (0.1 M, 1 mL) were stirred
vigorously for 1 h at 25 °C. Aer separation of both phases, the
aqueous one was discarded and the IL phase was analyzed by
ICP (aer the digestion and the appropriate preparation of the
sample). The nal amount of the uranium(VI) species revealed
that 0.090mmol of themwere ligated to the IL system. Next, this
organic solution was mixed with a thorium nitrate solution
(0.035 M, 1 mL) at pH = 1 and the liquid was vigorously stirred
for 10 min at 25 °C. The two phases were separated and
analyzed by ICP obtaining dd(VI) in the aqueous portion, whilst
all the thorium(IV) was concentrated in the IL medium (eqn (2)).

3[UO2
2+$4] + Th4+ / Th4+$43 + 3[UO2

2+] (2)

A ternary combination of metals composed of thorium(IV),
scandium(III) and uranyl nitrates was analogously assessed
under the identical experimental pathway showing the same
behavior (see the Experimental section). Therefore, the selective
extraction of thorium(IV) versus other different metal cations can
be extrapolated. However, the main aim of this article is to
Fig. 9 General procedure for the selective extraction of thorium(IV).

This journal is © The Royal Society of Chemistry 2024
highlight the selectivity of the extraction of thorium versus
uranium.

Optimal loading of the extractive solution and recycling
studies

Several protocols were designed to determine the optimum
loading of the extractive mixture and its stability to run several
cycles for an efficient recovery. The extraction of solution A was
performed by stirring the mixed phases (A + B) for 10 min fol-
lowed by the separation of the aqueous phase (A) containing the
uranium and the IL phase (B) with the thorium(IV) cation
(Fig. 9).

The stripping process recovering the IL phase (B) without the
thorium(IV) cation was carried out according to Fig. 10. For this
purpose, a phosphate buffered aqueous solution at pH = 6
(solution C) was added to solution B and the resulting mixture
stirred for 6 min (see below). Thorium(IV) was dissolved in the C
solution whilst the B solution was reused in another extractive
process. The yield of the extraction was 98% (according to ICP
analysis).

Following these two procedures, the optimal concentration
of 4 in [BMIM][Tf2N] was assessed, determining the most
appropriate one ensuring a total recovery of the IL solution B.
Three different concentrations of 4 in [BMIM][Tf2N] were tested,
0.5 M, 0.4 M and 0.3 M. To our surprise, the solution with the
highest concentration seemed unstable once the metal is fully
Fig. 11 Stability of the concentration of 4 in [BMIM][Tf2N] after
extraction of thorium(IV) and its recovery.

J. Mater. Chem. A, 2024, 12, 31557–31569 | 31563

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta06496h


Fig. 12 Kinetics of the stripping process of thorium(IV) at pH = 6.
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coordinated by the ligand (Fig. 11). 0.4 M solution was appro-
priate at the beginning but, aer the 4th extractive cycle, the
yield of the recovery was reduced to 88%. The optimal concen-
tration was 0.3 M, which can be used for more than seven cycles,
maintaining stripping yields higher than 96% (Fig. 11).

Finally, the kinetics of the stripping sequence were studied
following the protocol of Fig. 10 using a 0.3 M solution of 4 in
[BMIM][Tf2N]. In the plot of Fig. 12 the constant amount of the
stripped thorium(IV) was found aer 6 min.
Conclusions

The solution of 4, a TSIL derived from ciprooxacin, in [BMIM]
[Tf2N] (as an IL solvent) was extremely efficient for the extrac-
tion of thorium(IV) cations versus uranium(VI) at pH = 1. The
spectroscopic tests conrmed that three ligands 4 coordinated
strongly to a single thorium(IV) cation whilst only one ligand 4
was very weakly coordinated with the uranyl cation. The
simplied aqueous model, established for DFT calculations,
conrmed the high affinity of 4 with thorium(IV) in several
coordination (8 and 10) modes. The stability of the optimal
solution of 4 in the IL was 0.3 M for the extraction and the
mixing time for extraction was 11 min. The recycling of the
resulting IL mixture was very satisfactory up to the 7th batch
using a stripping process at pH = 6 for 6 min. The designed
kinetic models could be considered as a very important tool for
predicting the appropriate extraction processes. This prototype
is ready to be implemented in mining selective extraction or
even in the separation of metals from the radioactive waste
mixtures in nuclear power plants.

In comparison with the three more representative examples
reported in the literature (to the best of our knowledge) where
excellent extractions of thorium(IV) vs. uranium(VI) were
demonstrated, here we reported the most comprehensive
environmental/sustainable system. The separation by employ-
ing the recyclable sulfonated membrane34 showed excellent
selectivity for the separation of thorium vs. uranium(VI) and two
rare earth elements. Here, the recovery of thorium(IV) is very
high but with lower K than the analogous ones obtained in this
study. Similar conclusions can be deduced comparing the MOF-
LIC-1 system.35 In addition, in the titled method a complete
multimetallic test conrmed its preference for thorium(IV).
31564 | J. Mater. Chem. A, 2024, 12, 31557–31569
Finally, the phosphoramididate-based RTIL method43 showed
comparable extractive results with high efficiency of the
recovery step. However, the procedure involved chloroform as
a co-solvent, which is not desirable in a high scale procedure.

Experimental section
General remarks

Reagents and solvents were purchased from commercial
suppliers and used as received. Low-resolution mass spectra
(EI) were obtained with an Agilent GC/MS5973N spectrometer at
70 eV, with fragment ions in m/z and relative intensities (%) in
parentheses. NMR spectra were recorded at 300 or 400 MHz for
1H NMR, at 75 or 100 MHz for 13C NMR and at 282 or 376 MHz
for 19F NMR with a Bruker AV300 Oxford or a Bruker AV400
spectrometer, respectively, using CDCl3 as solvent, and TMS as
an internal standard (0.00 ppm). The data are reported as: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet or
unresolved, br s = broad signal, coupling constant(s) in Hz,
integration. 13C NMR spectra were recorded with 1H-decoupling
at 100 MHz and referenced to CDCl3 at 77.16 ppm. 19F NMR
spectra were recorded with 1H-decoupling and referenced to
CF3CO2H at−76.6 ppm. ICP andmicroanalyses were performed
using a PerkinElmer Optima 7300 DV and a LECO Micro
TruSpec, respectively.

Synthesis of 1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-uoro-
4-oxo-1,4-dihydroquinoline-3-carboxylic acid (2). To a solution
of ciprooxacin hydrochloride (3.1 g, 8.0 mmol) and DIPEA (6.7
equiv., 9.3 mL, 6.9 g, 54 mmol) in MeCN : H2O (1 : 1, 30 mL
mmol−1, 240 mL), bromoethane (5.0 equiv., 3.0 mL, 4.4 g, 40
mmol) was added dropwise at 0 °C. Potassium iodide (10 mol%,
132 mg, 0.8 mmol) was then added at the same temperature.
The mixture was stirred at 0 °C for 1 h and then it was heated to
40 °C and it was stirred at this temperature for 16 h. The solvent
was removed under reduced pressure and the residue was dis-
solved in DCM (40 mL), washed with a phosphate buffer solu-
tion at pH= 6.5 (30 mL) and dried with MgSO4. The solvent was
removed under reduced pressure and pure compound 2 was
obtained without further purication (2.6 g, 7.4 mmol, 92%) as
a white solid; 1H NMR (300 MHz, CDCl3) d 8.75 (s, 1H), 7.99 (d, J
= 13.1 Hz, 1H), 7.36 (d, J = 7.1 Hz, 1H), 3.58–3.52 (m, 1H), 3.39–
3.34 (m, 4H), 2.73–2.65 (m, 4H), 2.52 (q, J = 7.2 Hz, 2H), 1.42–
1.32 (m, 2H), 1.22–1.18 (m, 2H), 1.15 (t, J = 7.2 Hz, 3H), *Proton
from the carboxylic acid was not observed; 13C NMR (101 MHz,
CDCl3) d 177.2, 167.8, 153.8 (d, J= 252.5 Hz), 147.5, 146.1 (d, J=
10.1 Hz), 139.2, 119.8 (d, J = 8.1 Hz), 112.4 (d, J = 24.2 Hz),
108.2, 104.9, 52.5 (2C), 52.4, 49.9 (2C), 35.4, 12.0, 8.3 (2C); 19F
NMR (282 MHz, CDCl3) d −120.6 (s, 1F); IR (neat) nmax 3420–
3395, 1707–1675 cm−1; LRMS (EI) m/z 360 (M+ + 1, 16%), 359
(M+, 69%), 344 (24), 316 (21), 315 (100), 287 (13), 257 (13), 230
(12), 150 (10), 84 (24), 70 (12), 57 (32), 56 (11), 44 (27), 42 (19).
Elemental analysis calcd for C19H22FN3O3: C, 63.50; H, 6.17; F,
5.29; N, 11.69; O, 13.35. Found: C, 63.3; H, 6.5; N, 11.5.

Synthesis of 1-cyclopropyl-N,N-diethyl-7-(4-ethylpiperazin-1-
yl)-6-uoro-4-oxo-1,4-dihydroquinoline-3-carboxamide (3). To
a solution of 2 (546 mg, 1.50 mmol) and Et3N (3.00 equiv., 0.64
mL, 0.45 g, 4.50 mmol) in DCM (3 mL), diethylamine (3.00
This journal is © The Royal Society of Chemistry 2024
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equiv., 0.47 mL, 329 mg, 4.50 mmol) and thionyl chloride (1.10
equiv., 0.12 mL, 196 mg, 1.65 mmol) were added dropwise at 0 °
C and the mixture was stirred at this temperature for 30 min.
The solvent and the volatile compounds were removed under
reduced pressure. The residue was dissolved in CHCl3 (30 mL),
washed with a saturated aqueous solution of sodium bicar-
bonate (3 × 15 mL), then washed again with a saturated
aqueous solution of potassium carbonate (3× 10 mL) and dried
with MgSO4. The solvent was removed under reduced pressure
and the residue was puried by recrystallization with Et2O to
yield pure compound 3 (590 mg, 1.42 mmol, 95%) as a yellowish
solid; 1H NMR (400 MHz, CDCl3) d 7.93 (d, J= 13.2 Hz, 1H), 7.91
(s, 1H), 7.26 (d, J= 7.1 Hz, 1H), 3.55 (q, J= 7.1 Hz, 2H), 3.45–3.25
(m, 7H), 2.81 (br s, 4H), 2.64 (d, J = 7.4 Hz, 2H), 1.30–1.20 (m,
8H), 1.14–1.09 (m, 5H); 13C NMR (101 MHz, CDCl3) d 172.6,
166.7, 153.8 (d, J= 248.0 Hz), 144.3 (d, J= 11.3 Hz), 142.9, 138.6,
121.8 (d, J = 7.0 Hz), 119.4, 112.7 (d, J = 22.7 Hz), 104.8, 52.4,
49.6 (2C), 43.3 (2C), 39.6 (2C), 34.2, 14.6, 13.1 (2C), 8.3 (2C); 19F
NMR (282 MHz, CDCl3) d −123.7 (s, 1F); LRMS (EI) m/z 414 (M+,
18%), 342 (12), 316 (21), 315 (100). Elemental analysis calcd for
C23H31FN4O2: C, 66.64; H, 7.54; F, 4.58; N, 13.52; O, 7.72. Found:
C, 68.06; H, 7.84; N, 13.86.

Synthesis of 7-(4-butyl-4-ethyl-4-((1,1,1-triuoro-N-((tri-
uoromethyl)sulfonyl)methyl)sulfonamido)-4l5-piperazin-1-yl)-
1-cyclopropyl-N,N-diethyl-6-uoro-4-oxo-1,4-dihydroquinoline-
3-carboxamide (4). A solution of 3 (207 mg, 0.50 mmol) and
iodobutane (2.00 equiv., 0.11 mL, 184 mg, 1.00 mmol) in MeCN
(8 mL) was stirred at 80 °C for 48 h. The solvent was removed
under reduced pressure. The residue was dissolved in CHCl3 (10
mL), an aqueous solution of lithium bistriimide (1.30 equiv.,
0.65 mmol, 0.5 M, 1.3 mL) was added and the mixture was
stirred at 25 °C for 15 h. Then, the aqueous phase was extracted
with CHCl3 (15 mL) and the combined organic fractions were
washed with H2O (2 × 10 mL) and dried with MgSO4. The
solvent was removed under reduced pressure and the residue
was puried by recrystallization with EtOAc to yield pure
compound 4 (330 mg, 0.44 mmol, 89%) as a white solid; 1H
NMR (400 MHz, CDCl3) d 8.03 (s, 1H), 7.91 (d, J = 14.3 Hz, 1H),
7.59 (d, J = 7.2 Hz, 1H), 3.91–3.56 (m, 11H), 3.53–3.33 (m, 5H),
2.89–2.57 (m, 2H), 1.79–1.60 (m, 2H), 1.53–1.45 (m, 4H), 1.41–
1.34 (m, 3H), 1.26–1.16 (m, 7H), 1.04 (t, J= 7.3 Hz, 3H); 13C NMR
(101 MHz, CDCl3) d 172.6, 167.1, 152.0 (d, J = 247.5 Hz), 141.9
(d, J = 11.0 Hz), 140.9, 138.8, 121.7 (d, J = 6.6 Hz), 120.2 (q, J =
259.0 Hz, 2C), 118.3, 111.6 (d, J= 21.9 Hz), 106.7, 58.4, 57.8 (2C),
52.4, 43.2 (2C), 34.7 (2C), 29.1, 23.4, 19.7, 14.5, 13.6 (2C), 8.2, 7.2
(2C); 19F NMR (282 MHz, CDCl3) d −77.8 (s, 6F); −125.2 (s, 1F);
LRMS (EI) m/z 471 (M+, 21%), 315 (100), 236 (33). Elemental
analysis calcd for C29H40F7N5O6S2: C, 46.33; H, 5.36; F, 17.69; N,
9.32; O, 12.77; S, 8.53. Found: C, 46.8; H, 5.5; N, 9.4; S 8.5.
General procedure for the selective extraction of thorium
versus uranium

To extract the analytes (thorium and uranium) from an aqueous
sample A (5 mL of both 0.1 M thorium nitrate and 0.1 M uranyl
nitrate), the pH of this sample was adjusted to 1.0 with 1 M
aqueous solution of HNO3. Then, the extractant [5 mL of a 0.3 M
This journal is © The Royal Society of Chemistry 2024
solution of compound 4 in [BMIM][NTf2] (5)] was added and the
solution was stirred for 11 minutes using a vortex mixer. The
mixture was then allowed to rest and the two phases were
separated. Thorium was extracted in solution B (IL), while
uranium remains in the aqueous sample A. Fig. 9 shows
a detailed scheme of the selective extraction process of thorium
versus uranium.

Yield of extracted thorium(IV) >99.5% (from ICP-MS data
analysis). Uranium(VI) content in solution A >99.5% (from ICP-
MS).

General procedure (stripping) for the liberation of the
extracted metal and recuperation of the extraction system (4
in 5)

To remove the thorium from solution B and recover the
extraction system (4 in 5), a dihydrogen–monohydrogen phos-
phate buffer solution at pH = 6.0 (solution C, 5 mL) was added
to solution B (4 in 5 saturated in thorium, 5 mL). The mixture
was stirred in a vortex mixer for 7 min. The mixture was then
allowed to rest and the two phases were separated. Thoriumwas
extracted in aqueous phase C, and the extraction system 4 + 5
was recovered (B). Fig. 10 shows a detailed scheme of the
recovery of the extraction system. The thorium recovery was
higher than 98% (from ICP-MS data analysis) and the recovered
extraction system could be used in subsequent extraction cycles.

Data availability

NMR spectra of all new compounds, kinetics of a ternary
component extraction survey and DFT models with their
Cartesian coordinates are included in the ESI.‡ “This material is
available free of charge via the Internet at https://pubs.acs.org”.
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