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The efficient extraction recovery of scandium (Sc(in)) is crucial for its application in high-end technology.

Two novel hydrophobic carboxylic acid ionic liquids (ILs), namely, [lauryl betaine]
[bis(trifluoromethanesulphonyl)imide] ([Laur][Tf,N]) and [cocamidopropyl betaine]
[bis(trifluoromethanesulphonyl)imide] ([Cocal[Tf,N]), were synthesized using two inexpensive

amphoteric surfactants as cation sources. [Laur][Tf,N] (257 °C) and [Cocal[Tf,N] (251 °C) exhibited
good thermal stability and strong hydrophobicity. The viscosity of [Cocal[TfoN] (4.29 x 10° mP s) was
higher than that of [Laur][Tf,N] (2.55 x 10% mPa s) at 25 °C. The optimal extraction conditions were an
extraction equilibrium time of 40 min, an initial Sc(i) concentration of 0.001 mol L™%, a sodium nitrate
concentration of 0.5 mol L™, and a pH of 3. The extraction efficiency of [Laurl[Tf,N] and [Coca][Tf,N]
could even exceed 98.7% and 96.0%, respectively. The cation exchange extraction mechanism was
studied by slope analysis, IR spectroscopy and *C NMR spectroscopy. Scli) extracted using [Laur]
[Tf,N] and [CocallTfoN] could be completely stripped with 0.1 mol L™ and 0.2 mol L™ HNOz once,
respectively. The structure of the ILs was not broken after stripping, and the extraction efficiency of the
ILs remained almost unchanged after five cycles. In addition, the extraction differences at different pH
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Introduction

Scandium (Sc) metal and its compounds have excellent chem-
ical and mechanical properties and are widely used in energy
storage, aerospace, electronic devices, medicines, materials,
chemical industries etc."* Sc was listed as a mining strategic
asset by China in 2016 and was subsequently listed as a critical
mineral by the European Union and the United States.>*®
Because Sc is associated with other minerals, its recovery
process is complex, inefficient, and expensive, which hampers
its further development in high-end technology. Based on the
above-mentioned reasons, the development of a green and
efficient recovery system for Sc(m) (stable oxidation state in
aqueous solution) is crucial.”?

Compared with the other methods for recovering Sc(ur) from
its acid leachate,’ ™ liquid-liquid extraction is one of the most
simple and effective recovery methods."*® The commonly used
traditional extractants are acidic or neutral organic phosphorus,
carboxylic acids, and basic amines in organic diluents.”'®
Nevertheless, the use of volatile organic solvents (sulfonated
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kerosene, n-heptane, chloroform, etc.) in liquid-liquid extrac-
tion is harmful to the environment.” To avoid danger, ionic
liquids (ILs, typically containing organic cations, and inorganic
or organic anions) with low vapor pressure and good thermal
stability have been developed in the liquid-liquid extraction
process.”>** Efforts have been made to explore the extraction of
Sc(m) and other rare earth elements using ILs. Nakashima et al.
demonstrated that imidazole-based IL solvents and the extrac-
tant CMPO exhibited better extraction ability and selectivity for
lanthanide ions than the conventional organic solvents.”” Sun
et al. found that the separation factor and distribution ratio of
Sc(m) in the Cyanex925-[A336][NO;] system were higher than
that in the Cyanex925-[Cgmim][PFs] system.* A series of
bifunctional ILs based on A336 and a phosphate/carboxylic acid
extractant were synthesized, and [A336][P204] had a higher
extraction efficiency than that of A336 and P204 due to the
internal synergistic effects.>*

In general, besides their use as diluents, ILs are used as
extractants. Organic diluents are always used in the IL extrac-
tant systems due to the viscosity limitation, which goes against
the original intention of ILs being “green”.”® Feasible strategies
have been discussed in previous studies, for example, designing
and synthesizing ILs with shorter alkyl chains. Zhang et al.
synthesized two carboxylic acid-functionalized ILs, N-carbox-
ymethylpyridinium bis(trifluoromethylsulfonyl)imide ([HbetPy]
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[Tf,N]) and N-carboxymethyl-N-methylmorpholinium bis(tri-
fluoromethylsulfonyl)imide ([HbetMor]|[Tf,N]), towards homo-
geneous liquid-liquid extraction and separation of Sc(ur).>”
Depuydt et al. reported a carboxyl-functionalized phosphonium
IL [P,44C,COOH]CI for Sc(ur) extraction in an aqueous biphasic
system.”® Onghena et al used betainium bis(tri-
fluoromethylsulfonyl)imide ([Hbet][Tf,N]) for the extraction of
Sc(m) from sulfation-roasted leachate.” The results of the
above-mentioned studies indicate that these carboxylic acid
functional ILs without long alkyl chains have a higher mass
transfer speed and less extraction equilibrium time, but the
dissolution loss of ILs in the aqueous phase is quite high. For
example, the solubility of [Hbet][Tf,N] reaches 14 wt% in the
aqueous phase at room temperature, which is unfavourable for
the environment and IL circulation.'® ILs with long alkyl chains
have also been used in direct liquid-liquid extraction without
diluents, which requires a simple operation, ie., elevating
extraction temperatures or presaturating ILs with water to
reduce the viscosity.>*3*%"

Lithium bis(trifluoromethanesulphonyl)imide has often
been used as an anion source for ILs due to its hydrophobicity
and low viscosity. However, anion exchange during the extrac-
tion process could cause loss, thereby disrupting the recycla-
bility of ILs, which is environmentally unfriendly and
uneconomical.**** For avoiding/reducing the loss, two new and
efficient IL extraction systems were developed, and the systems
were used to recycle Sc(i) in this work. Cocamidopropyl betaine
and lauryl betaine are amphoteric surfactants, which are
important raw materials for daily chemical products such as
shampoo, shower gel, and hand sanitizer.>»*® Herein, two novel
hydrophobic ILs, namely, [cocamidopropyl betaine][bis(tri-
fluoromethanesulphonyl)imide] ([Coca][Tf,N]) and [lauryl
betaine][bis(trifluoromethanesulphonyl)imide] ([Laur][Tf,N]),
were synthesized using the two betaine-based substances as
cation sources and lithium bis(trifluoromethanesulphonyl)
imide as an anion source by a simple method in an aqueous
solution, and their extraction performance towards Sc(i)
without adding organic diluents was explored. The loss of
[Tf,N]™ during the extraction process was investigated by
mechanism research. The factors that influence extraction,
selectivity, and recovery efficiency were explored. The effects of
amide groups and alkyl chain length on the performance of ILs
are discussed.

Experimental
Materials and reagents

Cocamidopropyl betaine (35% w/w water solution), lauryl
betaine  (30% w/w in  water), lithium  bis(tri-
fluoromethanesulphonyl)imide (=98%), and scandium(m)
nitrate hydrate (99.99%) were purchased from Adamas Reagent
Co., Ltd, China. Sodium hydroxide (=96%) was obtained from
Zhengzhou Pine Chemical Reagent Factory. Sodium nitrate
(98%) was obtained from Tianjin Damao Chemical Reagent
Factory. Nitric acid (65-68%) was purchased from Luoyang
Chemical Reagent Factory. An ethylenediaminetetraacetic acid
disodium salt (EDTA) standard solution (0.05 mol L") was
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purchased from Shanghai Titan Technology Co., Ltd. Xylenol
orange was obtained from Tixi Ai (Shanghai) Huacheng Indus-
trial Development Co., Ltd. All chemicals were used as received
without further purification. Individual RE (La and Lu) stock
solutions were prepared by dissolving the corresponding oxides
(99.99%, purchased from Adamas Reagent Co., Ltd, China.)
with nitric acid and then diluting them with deionized water.

Instrumentation and analysis methods

Viscosities of the ILs were determined using a touch intelligent
viscometer NTV-79P (Shanghai Nirun Intelligent Technology
Co., Ltd.). Thermogravimetric analysis (TGA) was carried out
using a TGA/DSC simultaneous thermal analyzer Q600 (TA
Instruments, USA.) at a heating rate of 10 °C min . The
concentrations of multiple or trace amounts of metal ions in the
aqueous phase were determined using an inductively coupled
plasma optical emission spectrometer (ICP-OES, Agilent, Inc.).
The concentration of metal ions in other aqueous phases was
determined by EDTA titration. "H and "*C nuclear magnetic
resonance (NMR) spectra of ILs were recorded in
dimethylsulfoxide-d6 (DMSO-d6, C,D¢OS) using an AV III HD-
400 Bruker (Germany) spectrometer. IR spectra were recorded
using a Tensor 37 Fourier transform infrared spectrometer
(Bruker, Germany). The pH was measured using a PHS-25
digital pH meter (Shanghai Rex Instruments Factory).

Synthesis of ILs

ILs were prepared by mixing a 35% w/w cocamidopropyl betaine
water solution (17.8191 2)/30% w/w lauryl betaine water solution
(18.4197 g with a 15% w/w lithium  bis(tri-
fluoromethanesulphonyl)imide (19.1393 g) water solution in
a 100 mL round-bottom flask. After stirring at room temperature
for 1 h, 1 mol L™* of HCI solution was added dropwise to the
above-mentioned mixed solution until the pH of the solution no
longer changed. Stirring was continued for another 1 h to make
the reaction more sufficient. The solution was allowed to stand at
room temperature until the ionic liquid completely separated
from the aqueous phase. The aqueous phase was discarded and
the ionic liquid was washed several times with distilled water until
there was no Cl~ (a AgNO; solution was used as the detection
reagent). The product was dried at 75 °C under vacuum for 12 h to
obtain the target ILs. The structures of the two ILs are shown in
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Fig. 1 Structures of the ILs: (a) [Laur][Tf,N] and (b) [Cocal[TfNI.
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Fig. 1, and the "H NMR and ">C NMR characterization data are as
follows (the corresponding spectra are shown in Fig. S1-S47):

[Coca][Tf,N]: A light yellow viscous liquid with a yield of
96.31%. *H NMR (400 MHz, DMSO0-d6) 6 0.86 (t, 3H, CH;), 1.26-
3.08 (m, 24H, 12CH,), 3.16 (s, 6H, 2N"CH3), 3.45 (m, 2H, NCH,),
4.22 (s, 2H, 0=CCH,), 7.93 (t, 1H, NH). **C NMR (400 MHz,
DMSO-d6) ¢ 14.35, 22.55-42.71, 51.25, 61.42, 62.74, 115.15-
124.74, 166.72, 172.84.

[Laur][Tf,N]: A colourless, transparent and viscous liquid
with a yield of 98.57%. "H NMR (400 MHz, DMSO-d6) 6 0.86 (t,
3H, CH3;), 1.25-1.63 (m, 20H, 10CH,), 3.15 (s, 6H, 2N'CHj), 3.42
(m, 2H, N'CH,), 4.13 (s, 2H, O=CCH,). *C NMR (400 MHz,
DMSO-d6) ¢ 14.39, 22.22-42.52, 51.04, 61.81, 64.37, 118.35-
121.55, 166.7.

Extraction and stripping procedures for Sc(m)

The extraction process involved placing the water-saturated ILs
(organic phase) and aqueous phase in a 15 mL centrifuge tube
and shaking them in an oscillator at 25 °C for a certain time. The
centrifuge was used for phase separation at 5000 rpm for 5 min.
The stripping experiments were carried out by mixing the loaded
ionic liquid with different concentrations of the stripping agent
(5 mL)in an oscillator at 25 °C for 40 min. The organic phase and
aqueous phase after stripping experiments were separated
during the extraction process. Extraction efficiency (E%), distri-
bution ratio (D), separation factor (), and stripping percentage
(8%) were used as indicators of the efficiency of extraction and
stripping, which can be calculated as follows (eqn (1)-(4)):

E% = C‘%q % 100% (1)
p=" Caqcaq S
B 6)
= _CSCaq (4)

where the volume of the aqueous phase is expected to remain
unchanged after extraction and stripping. The calculation of D
and g ignores the difference between the volume of ILs and the
volume of aqueous phases. ¢, and ¢,q (mol L") represent the
initial (the total) and final concentrations of metal ions in the
aqueous solution, respectively. cg is the final concentration of
metal ions after the stripping process. Dy; and Dy, are the
distribution ratios of metal 1 and metal 2, respectively.

Results and discussion
Thermal stability and viscosity of ILs

Thermal stability is crucial to the extraction of metals using ILs.
The thermal stability of the ILs was analysed by the TGA
decomposition inflection point. The thermal-degradation of
[Laur][Tf,N] and [Coca][Tf,N] begins at temperatures of 257 °C
and 251 °C (Fig. 2), which can work well for their extraction and

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

ot

=3

=
1

-]
=]
)

— [Laur][TEN]
[Coca][Tf,N]

(=2
=
|

Simple mass(%)
S
S
1

[
=
1

T T T
200 300 400

Temperature(°C)

T T
0 100

Fig. 2 TGA curves of water-saturated [Laur][Tf,N] and [Coca][Tf,N].

stripping processes. The water content of the water-saturated
ILs can be measured by holding at 120 °C for 1 h during the
thermal analysis process.* The water content of [Laur][Tf,N]
and [Coca][Tf,N] was 1.80% and 4.09%, respectively (Fig. 2),
indicating that the presence of amide groups could increase the
water content of ILs even if the length of the alkyl chain
increases.

Viscosity is a significant factor that has impacts on IL
extraction for metals.*” Fig. 3 shows that the viscosities of water-
saturated [Laur][Tf,N] and [Coca][Tf,N] gradually decrease with
the increase in temperature. All absolute values of Pearson's r
were greater than 0.8, indicating a highly negative correlation
between viscosity and temperature within the tested tempera-
ture range. The slope values indicate that the temperature has
a greater impact on the viscosity of [Coca][Tf,N] than on the
viscosity of [Laur][Tf,N], and the influence is more significant
when the temperature is below 35 °C for both the ILs. At the
selected extraction temperature (25 °C), the viscosity of [Laur]
[Tf,N] is 2.55 x 10° mPa s, while the viscosity of [Coca][Tf,N] is
4.29 x 10> mP s due to the increase in alkyl chain length. The
higher viscosity of [Coca][Tf,N] will be detrimental to the
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Fig. 3 Viscosity changes and correlation of water-saturated [Laur]
[TfoN] and [Cocal[Tf,N] with the increase in temperature.
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Fig. 4 Effects of (a) time, (b) initial metal concentration, (c) salting-out concentration, and (d) acidity on Sc(i) extraction. Aqueous phase: V,q =5
mL, equilibration time = 40 min, csc = 0.005 mol L™, cnano, = 0.5 mol L™, pH = 3. Organic phase: myiauirre,n = 0.0816 9, Micocayrn =
0.0921 g. (a) Equilibration time = 5-80 min, (b) csc = 0.001-0.015 mol L™ (c) Cnano, = 0.1-1.5 mol L% and (d) pH = 2-4.5.

extraction of Sc(m), which has been proved in the section
“Effects of extraction conditions on Sc(m) recovery”.

Effects of the extraction conditions on Sc(m) recovery

To optimize the recovery strategy, the extraction conditions
(time, initial metal ion concentration, salting-out agent, and
acidity) were explored. The extraction equilibrium time of both
ILs is 40 min, and the Sc(m) extraction efficiency of [Laur]|[Tf,N]
is higher than that of [Coca][Tf,N] at low 20 min (Fig. 4(a)). To
explore the optimal dosage ratio of two ILs to Sc(ui), the
concentration of Sc(m) was varied from 0.001 mol L' to
0.015 mol L~ '. The optimal operating concentration was
0.001 mol L', and the extraction efficiency reached 98.7%
([Laur][Tf,N]) and 96.0% ([Coca][Tf,N]) (Fig. 4(b)), respectively.
It is worth mentioning that the extraction efficiency of two ILs
could reach 100% with the increase in the ratio of ILs to Sc(iu),
as proved by the ratio of ILs to Sc(m) in the section “Extraction
mechanism”. Herein, 0.005 mol L™' Sc(m) was chosen for
subsequent research to minimize the error in the titration
process. Fig. 4(c) shows the effect of the initial salting out agent
(NaNOs3) concentration on Sc(m) extraction. A minor impact of
NaNOj; concentration on the Sc(ur) extraction efficiency of [Laur]
[Tf,N] was found, and there was a certain degree of improve-
ment in the Sc(m) extraction efficiency of [Coca][Tf,N] at 0.1-
0.5 mol L. Due to the competition between protons and metal

4856 | RSC Adv, 2024, 14, 4853-4860

ions for interaction with extractants, the pH has a remarkable
influence on the extraction efficiency. As shown in Fig. 4(d), the
Sc(m) extraction efficiency increases significantly between the
pH values of 2 and 3, and the increasing trend becomes gentle
after pH 3. For the recovery system of Sc(m) from its acid
leachate, the economic benefits obtained from a slight increase
in the extraction efficiency in a high pH environment need to be
further measured compared with the amount of alkali

® [Laur][Tf,N] Slope=3.12 R*=0.997
[Coca][TEN] Slope=2.05 R*<0.999

14

"2 T T T T T
0.8 1.0 1.2 14 1.6
pH

Fig. 5 Plot of logD as a function of pH. Aqueous phase: V,q = 5 mL,
equilibration time = 40 min, csc = 0.0008 mol L% CNaNO, =
0.5mol L™ and pH = 0.82-1.63. Organic phase: Vo =5mlL, MiLaunTe,N]
= 0.1996 g, and m[Coca][szN] =0.1768 g.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) IR and (B) 3C NMR spectra characterization of ILs before and after loading with Sc(i).

consumed to increase the pH. A pH of 3 was used in subsequent
research based on the above-mentioned analysis. To sum up,
the preferred extraction conditions are an extraction equilib-
rium time of 40 minutes, an initial Sc(m) concentration of
0.001 mol L™, a NaNO, concentration of 0.5 mol L * and a pH
of 3.

Extraction mechanism

Ion exchange, salvation, ion association, etc. are possible
mechanisms for ionic liquid extraction.®® The slope analysis
method was used to explore how many protons need to be
released to extract one equivalent of Sc(m). Organic diluents
(Vsulfonated kerosene : Voctanol = 3.5 : 1.5) were used to ensure that
the logD value met the definition. To reduce the effects of
extraction reactions on the concentration of organic-phase
extractants, the concentration of metal ions in the aqueous
phase should be much lower than that of organic-phase
extractants.

As can be seen in Fig. 5, the linear relationship between logD
and pH is well fitted at pH = 0.57 to 1.63 for [Laur]|[Tf,N] and
[Coca][Tf,N]. The slope of [Laur][Tf,N] is 3.12, which is similar
to the previously reported coefficient for carboxylic acid
extractants (the ratio is 3).**° In the [Coca][Tf,N] system, the
slope is 2.05, which is different from that of simple carboxylic
acid extractants. This difference may be due to the presence of
amide groups, as proved by IR and "*C NMR spectra (Fig. 6).

As shown in Fig. 6(A)(a) and (b), the peaks at 1745 cm ™" and
1743 cm ™! can be attributed to the stretching vibration of C=0
in the carboxyl group, and the movement before and after
extraction indicates that the carboxyl group plays a significant
role in the [Laur][Tf,N] extraction process. The peaks at
1633 cm ' and 1657 cm ' are assigned to the stretching
vibrations of S=O in [Tf,N], introducing that [Tf,N]~ has not
been lost and still participates in the extraction process.
Compared with Fig. 6(A)(c) and (d), 1741 cm ' and 1739 cm ™"
can also be attributed to the stretching vibration of C=0 in the
carboxyl group, and the slight movement indicates that the
carboxyl group also participates in the [Coca][Tf,N] extraction
process. The peaks at 1636 cm™ ' and 1646 cm ™" are the overlap
of the stretching vibrations of the C=0 group in amide and

© 2024 The Author(s). Published by the Royal Society of Chemistry

S=O0 in [Tf,N] . The difference is not only due to the involve-
ment of [Tf,N]™ in the extraction process but also due to the
interaction between amide C=O and Sc(m). The peaks at
1547 cm ™" and 1545 cm™ " are attributed to the bending vibra-
tions of N-H, and the slight movement further confirms the
involvement of the amide group in the extraction. As can be
seen in Fig. 6(B), the quadruple absorption peak (within the red
wireframe) is caused by the coupling splitting of fluorine atoms
on trifluoromethyl with carbon. By comparing the positions of
the two peaks in Fig. 6(B)(a) and (b), as well as Fig. 6(B)(c) and
(d), we can observe that both trifluoromethyl carbon peaks exist
before and after extraction, indicating that the highly soluble
[Tf,N]™ anion in the two ILs [Laur][Tf,N] and [Coca][Tf,N] has
not been exchanged into the aqueous phase. Accordingly, the
extraction mechanism equation of Sc(ur) with [Laur][Tf,N] and
[Coca][Tf,N] can be proposed by eqn (5) and (6) combining the
charge balance.

Sciq + 3[Laur][TE:N]ore < {Sc([Laur][THNDs}ore + 3Hag  (5)

120

100 -

—&— [Laur][TfN]
[Coca][Tf,N]

0 T T T T T T T T T
0.0 0.1 0.2 0.3 0.4
(mol/L)

0.5

cHN03

Fig.7 Stripping efficiency (5%) with different concentrations of HNOs.
Extraction process: aqgueous phase: V,q = 5 mL, equilibration time =
40 min, ¢sc = 0.005 mol L™, cnano, = 0.5mol L™, and pH = 3. Organic
phase: My aunrreng = 0.0816 g and Micocayre,ng = 0.0921 g. Stripping
process: aqueous phase: Vaq = 5 mL and chno, = 0.02-0.4 mol Lt
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Scis + 2[Cocal[Tf,N],,
{Sc([Laur][Tf2N]),NOs }  +2H;,  (6)

+ NO3;q A

Stripping and recycling of Sc(u)

The acidity of the aqueous phase affects the extraction efficiency
of ILs for Sc(m), as well as the IL stripping performance.
Different concentrations of HNO; from 0.02 mol L' to
0.6 mol L™ were used as stripping agents. The Sc(u) stripping
efficiency gradually increases for [Laur|[Tf,N] and [Coca][Tf,N],
as shown in Fig. 7. The 100% Sc(m) stripping efficiency for
[Laur|[Tf,N] and [Coca][Tf,N] can be achieved at 0.1 and
0.2 mol L™" HNOj, respectively. Based on eqn (5) and (6), the
high acidity condition is beneficial for the reverse reaction,
resulting in Sc(m) entering the aqueous phase.

Therefore, IR was used to analyse the changes in ILs before
and after stripping, and the results are shown in Fig. 8. In
Fig. 8(a) and (b), the characteristic absorption peaks at
1745 cm™ ' (stretching vibration of C=0 in the carboxyl group)
and 1633 cm™* (stretching vibrations of S=O in [Tf,N] ") are not
changed. The peak at 1741 cm™ " ascribed to the stretching
vibration of C=0 in the carboxyl group, the peak at 1636 cm "
ascribed to the overlap of the stretching vibrations of the C=0
group in amide and S=O in [Tf,N], and the peak at 1547 cm "
ascribed to the bending vibrations of N-H were also not
changed (Fig. 8(c) and (d)). The above-mentioned phenomenon
indicates that ILs are regenerated during the acid stripping
process. The recycling performance of the regenerated ILs is
explored in Fig. 9. The Sc(i) extraction efficiency of [Laur|[Tf,N]
and [Coca][Tf,N] remains almost unchanged after 5 cycles of
extraction-stripping-extraction, which indicates that the two ILs
have excellent recycling characteristics.

Selective separation of Sc(ur) from La(m) and Lu(m)

Due to their similar physical and chemical properties, Sc usually
coexists with other rare earth metals, so the separation of Sc
from other rare earth metals is of great significance. Light rare

(d) [Coca]

(c) [Coca] [TfZN]

(b) [Laur][Tf,N] a

Transmittance(%)

(a) [Laur] [szN]

T

T T T
3500 2500 2000 . 1500 1000

Wavenumber(cm ™)

T
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Fig. 8 IR spectra of ILs and ILs after stripping with HNOs.
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Fig. 9 Sc(in) extraction efficiency (E%) with regenerated ILs. Extraction
process: aqueous phase: V,q =5 mL, equilibration time = 40 min, csc =
0.005mol L™, cnano, = 0.5 mol L™, and pH = 3. Organic phase: Myiaun
meng = 0.0816 g and Micocayre,ng = 0.0921 g. Stripping process:
aqueous phase: Vaq = 5 mL, equilibration time = 40 min, and cyno, =
0.1 mol L2 for [Laur][Tf,N] and 0.2 mol L™ for [Cocal[Tf,N].

100
807 —=— [Laur][Tf N]-Sc
—®— [Coca][Tf,N]-Sc
=97 —A— [Laur][T£N]-La
% —¥— [Coca][T£,N]-La
401 —&— [Laur][TfN]-Lu
—<4— [Coca][Tf,N]-Lu

20 - 4
0 -

Fig. 10 Extraction efficiency (E%) of metal ions by ILs at different pH
values of the aqueous phase. Aqueous phase: V,q = 5 mL, equilibration
time = 40 min, csc = €, = ¢y = 0.005 mol L™, cnano, = 0.5 mol L,
and pH = 3. Organic phase: M{LaunTEN] = 0.0816 g and MicocallTe,N] =
0.0921 g.

earth La(m) and heavy rare earth Lu(m) were chosen as examples
to investigate the separation effect of the two ILs on Sc(m) and
other trivalent rare earth elements. Fig. 10 shows the extraction
efficiency of different metals as a function of the aqueous phase
pH (from 2 to 4.5) value. The Sc(ir) extraction efficiency of [Laur]
[Tf,N] and [Coca][Tf,N] are 89.3% and 91.8%, respectively, at
pH = 4.5. However, the extraction efficiency of [Laur]|[Tf,N] and
[Coca][Tf,N] for both Lu(m) and La(im) are lower than 20%, and
no concentration changes of La(ui) are detected in the aqueous
phase before and after the extraction at pH 2 with [Laur|[Tf,N].
Table 1 provides the separation factor (8) between metals with
[Laur|[Tf,N] and [Coca][Tf,N]. The metal separation factor with
[Laur|[Tf,N] is higher at low pH, fscru reaches a maximum
value (238), whereas Bs./a is too high to be measured. The metal
separation coefficient of [Coca][Tf,N] reaches its maximum

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Separation factor (8) between metals with [Laur][Tf,N] and
[Cocall[Tf,N]

8 pH 2.0 2.5 3.0 3.5 4.0 4.5

[Laur][TE,N]  Bsora —° 126 67.0 653 52.0 47.1
Bseru 238 64.5 48.0 46.7 44.4 43.8

[Cocal[TH,N]  Bsera  41.4 523 554 584 613  60.7
Bsea  30.5 40.7 463  49.5 57.9  52.6

“ No concentration of La(m) changes were detected in the aqueous
phase before and after extraction.

value at pH 4, where Bs¢ra is 61.25 and Bgscy iS 57.86. These
values are much higher than those reported in the latest work of
Kaim-Sevalneva et al. Bscy is 17 for [N444 MeOAc|[Tf,N] at pH
4.5, while close to those reported in the related studies by Sun
et al. Bse/a reaches 172.79 at pH 3 in the Cyanex925-{A336]|[NO;]
system.> The pretty selectivity towards Sc(m) in these systems is
mainly due to its smaller ion radius and larger charge density
than those of La(ur) and Lu(wm), which allows it to form more
stable complexes via interaction with ILs at lower pH of the
aqueous phase.*' The above-mentioned results indicate that
Sc(ur) can be well extracted from La(ur) and Lu(m) within the
tested pH range.

Conclusions

Two novel hydrophobic carboxylic acid ILs, ([Laur][Tf,N] and
[Coca][Tf,N]), were successfully synthesized using a simple
method in an aqueous solution. The Sc(m) extraction efficiency of
[Laur][Tf,N] and [Coca][Tf,N] could even exceed 98.7% and 96.0%,
respectively under the optimal extraction conditions (40 min,
0.001 mol L™" Sc(m), 0.5 mol L™" NaNO;, and pH 3). The mecha-
nism of extracting Sc(m) using the two ILs was cation exchange
based on the results of slope analysis, IR spectroscopy, and **C
NMR spectroscopy. In the [Coca][Tf,N]-based extraction system,
the carboxyl and amide groups participated in coordination. Only
the carboxyl group participated in the coordination in the [Laur]
[Tf,N]-based extraction system. The Sc(m) stripping efficiency
could reach 100% using nitric acid (0.1 mol L™* for [Laur][Tf,N]
and 0.2 mol L " for [Coca][Tf,N]), and the structure of the two ILs
remained unchanged before extraction and after stripping. After
five cycles, the two ILs maintained a constant extraction efficiency.
[Tf,N]™ was not transferred into the aqueous phase during the
extraction process, demonstrating its environmental friendliness.
The presence of an amide group and a longer alkyl chain length in
[Coca][Tf,N] reduced both Bscra and Bseru. Interestingly, Bse/ra
and s, of [Laur]|[Tf,N] could reach 126 and 238, respectively, or
even higher, which provides potential possibilities for the extrac-
tion separation of Sc(u) from other rare earth metals. We believe
that this investigation could provide a valuable reference for the
design and synthesis of efficient and green IL extractants in the
future.
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