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Abstract: A series of salts based on ethyl ester glycine-betaine derivatives, viz tri(n-pentyl)[2-ethoxy-
2-oxoethyl]ammonium bromide, have been synthesized. These cations generate hydrophobic ionic
liquids (ILs) with bis(trifluoromethylsulfonyl)imide (Tf2N−) or dicyanamide (Dca−) anions. These
new analogues of glycine-betaine-based ionic liquids (AGB-ILs) were characterized using spectro-
scopic methods (IR, 1H, and 13C NMR) and elemental analysis. These AGB-ILs were used for the
selective separation of Ni(II) and Co(II) in saline media using pure ILs phase or ILs diluted in or-
ganic solvent. Interestingly, extraction of Co(II) and Ni(II) in Dca-based AGB-ILs can be enhanced
using salts with chaotropic anions such as NaNO3 (E > 90% for Co(II) and E = 85% for Ni(II)).
Tf2N−-based ionic liquids do not extract Ni(II) or Co(II) even in NaCl 4M. Dca−-based ILs lead to
a quasi-quantitative extraction of Co(II), while extraction of Ni(II) is limited to a few percent (17%)
leading to separation factors higher than 100, ensuring a good separation of both metals. Cobalt could
be back-extracted from the ionic liquid phase with water or with an aqueous solution of Na2SO4,
which limits the release of the AGB cation in aqueous media, thus preserving its integrity. Results
obtained by AGB-ILs diluted in organic solvent were comparable to those obtained with the pure
AGB-ILs phase, indicating that this strategy can be deployed on systems working continuously out
of equilibrium since the extraction mechanisms involve fast equilibria.

Keywords: cobalt; nickel; task specific ionic liquid

1. Introduction

The production of Li-ion batteries has been increasing rapidly in recent years, as key
raw materials for cathode materials of this technology, nickel and cobalt, have now acquired
the status of strategic metals, with a demand for high purity (>99.99%) materials [1–4].
Today, high-purity Ni(II) and Co(II) products are mainly produced by hydrometallurgical
processes from primary resources. However, as lithium-ion batteries have a limited lifetime,
it becomes essential to focus [5] on the recycling of used batteries to recover these two
metals to supplement the market and also avoid environmental pollution [6,7]. One of the
problems encountered in the development of high-purity Ni(II) and Co(II) materials is that
these two metals cannot be separated in a clean and efficient manner due to their similar
ionic radii, oxidation states, and coordination numbers. Solvent extraction is the most
widely used method for separating these metals [8], but it has some limitations. The extrac-
tants commonly used [9–13] do not allow the achievement of separation coefficients greater
than 10, and the conditions for implementing this technology call for high concentrations
of mineral acids, particularly in the stripping stage.

Therefore, the separation of Ni(II) and Co(II) from used batteries cannot be achieved
in a clean, efficient, and low-consumption way. It is therefore essential to develop a
breakthrough methodology to separate these two metals. Hence, it is important to find
new types of extractants and new extraction methodologies that limit the massive use of
mineral acids.
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In recent years, ionic liquids (ILs) have attracted great interest in the field of metal
extraction as an alternative medium to molecular solvents in liquid-liquid extraction
processes or as new extractants [13–15]. Previous reports have highlighted the potential of
room-temperature hydrophobic ionic liquids (RTILs) for the separation of cationic divalent
metal ions and the recovery of precious metals in liquid-liquid extraction processes [16–35].
The modularity of ILs allows their design to be adapted to meet the needs of specific
applications. Thus, several extraction strategies can be implemented, depending on the
nature and coordinating properties of the metals to be extracted.

However, the development of green processes requires particular attention to metal
extraction mechanisms, which must limit as much as possible the release of organic species
into the aqueous effluent by ILs leaching [23,36–39]. In other words, the process should limit
the cation exchange reactions and exclusively favor ion-pair extraction mechanisms [40,41].
To reach this objective, the addition of an alkaline salt in the aqueous effluent may be
interesting since it limits the solubility of IL and modulates the overall extraction process
to achieve the extraction by ion-pairs. The use of saline environments has already been
successfully tested in combination with hydrophilic ionic liquids to generate aqueous
biphasic systems (ABS) for the extraction and separation of 3d strategic metals [42–44].
Saline media can be combined with hydrophobic ionic liquids to enhance metal extraction
and carry out selective metal separation [23,45–47]. The choice of the background salt is
linked to the position of its constitutive anion and cation in the Hofmeister series, which
defines their ability to generate “salting in” or “salting out” effects [21,47,48] in water/ionic
liquid biphasic systems.

In a previous work [48], we reported the ability of dicyanamide-based ionic liquids
to perform selective extraction of Co(II) and Ni(II) in saline media. The interest of the
dicyanamide salt is that this dicyanamide anion has a moderate ability to coordinate metal
ions [48,49] and the extraction yield of this dicyanamide-based ionic liquid can afford
reversible extraction. Indeed, the extraction yield of metal ions in non-saline media is
relatively low, but the extraction can be improved to become quasi-quantitative by the
addition of a salt having a chaotropic anion, such as NaNO3 or NaCl. The metal can be
recovered by a water or an aqueous saline solution with a salt having a kosmotropic anion.
The advantage of using a saline solution is that it limits the loss of ionic liquids during the
back-extraction phase since a kosmotropic salt reduces the solubility of the ionic liquid.
In this work, we tested the applicability of the methodology described in our previous
article [48] and whether it can be applied to continuous flow systems at a semi-pilot stage
to treat higher volumes of effluent. One of the requirements to develop a process on a
semi-pilot scale is working outside equilibrium and, therefore, with shortened contact times
between the effluent and the extracting phase. Therefore, we will work with low-viscosity
phases by dissolving the ionic liquid in an organic solvent to optimize the contact time
between the aqueous effluent and the extracting phase. The choice of solvent will be
oriented towards solvents provided by the bioraffinery, which have more advantageous
ecotoxicological properties than traditional organic solvents and will limit the use of fossil
resources. One of the challenges that will have to be taken into consideration here is to know
under which conditions the extractive performance of ionic liquids will be comparable to
that of pure ionic liquid phases when switching the solvent medium and if the strategy
that we have previously developed with pure ionic liquid phases for the separation and
recovery of Co(II) to Ni(II) will work in continuous mode and in solvent media.

We report here the synthesis and characterization of the bromide (Br−), bis(trifluoromet
hylsulfonyl)imide (Tf2N−), and dicyanamide (Dca−)-based tri(n-pentyl)[2-ethoxy-2-
oxoethyl] and tri(n-hexyl)[2-ethoxy-2-oxoethyl] ammonium ionic liquids (Figure 1) for
the selective extraction and recovery of Co(II) and Ni(II) from saline media solution. The
extraction and back extraction experiments of Co(II) and Ni(II) in dicyanamide-based
AGB-ILs diluted in organic solvent will be described. The influence of several organic
solvents on the extraction yield of metals will be compared, and the impact of the salt
concentration and the extraction mechanism of Co(II) will be investigated. All these



Separations 2023, 10, 305 3 of 18

experiments will be made in static mode (batch), and the results obtained will allow us
to determine the applicability of this methodology to systems that work in continuous
flow and to define the best possible experimental conditions for the transposition of these
results at a semi-pilot scale.
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Figure 1. Chemical structure of the different tri(n-pentyl)[2-ethoxy-2-oxoethyl]ammonium-based
AGB-ILs.

2. Materials and Methods
2.1. Materials

Tri(n-pentyl)amine (98%), ethyl bromoacetate (98%), methylisobutylketone (MBIK)
(99%), butyl acetat (BuOAc) (>99.5%), 2-methyltetrahydrufuran (Me-THF) (>99%), sodium
dicyanamide (99%), and lithium bis(trifluoromethylsulfonyl)imide were obtained from
Sigma-Aldrich. Nickel(II) nitrate (99%), cobalt(II) nitrate (>99%), sodium chloride (99%),
and sodium sulfate (99%) were purchased from Fisher Scientific.

The stock aqueous solutions of metals were prepared by dissolving the corresponding
salt of the respective metal (an analytical grade purchased from Sigma-Aldrich-Fluka
Chemical) in double-distilled and deionized water.

Elemental analyses (C, H, N, and S) were carried out on the elementary CHNS thermo-
electron FLASHEA 1112 series. 1H and 13C NMR spectra were recorded in CDCl3 at
room temperature with a Brüker AC 500 MHz spectrometer. Chemical shifts (in ppm)
for 1H NMR spectra were referenced to residual protic peaks. IR spectra of ionic liquids
were recorded on a PerkinElmer UATR Two. UV-Vis spectra were measured with Spec-
trometer Cary 5000 UV-Vis-NIR. The viscosity was measured with a Brookfield Viscometer
DV-II + Pro. The temperature of the sample was maintained to ±0.1 ◦C by an external
temperature control, CPE 51. Differential Scanning Calorimetry (DSC) was performed on a
DSC Q100 TA Instrument under nitrogen atmosphere. Thermogravimetric analyses were
carried out using a Netzsch TG 209F3 Tarus thermogravimetric analyzer under an argon
atmosphere, ranging from 30 to 600 ◦C with a heating rate of 10 ◦C min−1. The mass of
TGA samples used varied between 10 and 20 mg, and samples were heated from 30 to
600 ◦C. The decomposition temperatures of AGB-ILs were measured at Tonset, with the
temperature corresponding to 10% mass loss.

2.2. Ionic Liquid Synthesis

N,N,N-tri(n-pentyl)[2-ethoxy-2-oxoethyl]ammonium bromide [Pn3NC2OC2][Br]

A solution of tri(n-pentyl)amine (77.33 g, 0.34 mol) in ethyl acetate (300 mL) was added
dropwise, and 2-bromoacetic acid ethyl ester (36.74 g, 0.22 mol) was added in 100 mL of
ethyl acetate. The mixture was then stirred at room temperature for five days. Then,
the solvent was evaporated, and the crude oily product obtained was washed several
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times with diethylether (5 × 150 mL). The solid, yellowish product was drying at ambient
temperature under vacuum.

Yield: (92%). Elemental analysis: calculated for C19H40NO2 Br (MW = 365.32 g.mol−1):
C 57.8%. H 10.22% and N 3.55%. Found: C 57.54%, H 10.14%, and N 3.64%. 1H NMR,
δ/ppm (500 MHz, CDCl3): 0,84 [t, 9 H, 3 CH3(e)]; 1,27 [m, 15 H, 6 CH2(d+c)] + CH3(β)];
1,70 [m, 6 H, 3 CH2(b)]; 3,58 [m, 6 H, 3 CH2(a)]; 4,19 [q, 2 H, [CH2(1)]; 4,57 [s, 2 H,
CH2(α)].13C NMR, δ/ppm (125.7 MHz, CDCl3): 13.76 [3 CH3(e)]; 13.91 [CH3(β)]; 22.06,
22.18 [3 CH2(d+c)]; 28.25 [3 CH2(d)]; 57.62 [CH2(1)]; 60.65 [3 CH2(a)]; 62.80 [CH2(α)]; 164.61
[CO(2)]. IR, ν/cm−1: 2957, 2932, 2873 (νC-H), 1738 (νC=O).

N,N,N-tri(n-pentyl)[2-ethoxy-2-oxoethyl]ammonium-bis(trifluoromethylsulfonyl)imide
[Pn3NC2OC2][Dca]

N,N,N-tri(n-pentyl)[2-ethoxy-2-oxoethyl]ammonium bromide (0.1 mol) was dissolved
in water (100 mL), and a solution of sodium dicyanamide (19.58 g, 0.22 mol) in water
(100 mL) was added. The mixture was stirred for 6 h, and then allowed to settle into two
phases. The lower ionic liquid phase was extracted with ethyl acetate (2 × 50 mL) and
washed with water (3 × 50 mL). The absence of bromide ions was controlled by an AgNO3
test of the aqueous phase. The organic phase was dried over anhydrous MgSO4, which
was filtered, and the solvent was then evaporated under reduced pressure at 50 ◦C to give
a yellowish viscous product that was vacuum dried at 50 ◦C overnight.

Yield: (91%). Elemental analysis: calculated for C21H40N4O2 (MW = 380.57 g.mol−1):
C 66.28%. H is 10.59%, and N is 14.72%. Found: C 65.82%, H 11.03%, and N 14.34%.
%. 1H NMR, δ/ppm (500 MHz, CDCl3): 0.84 [t, 9H, 3 CH3(e)]; 1.27 [m, 15 H, 6 CH2-
CH2(d+c) + CH3(β)]; 1.62 [m, 6 H, 3 CH2(b)]; 3.42 [m, 6 H, 3 CH2(a)]; 4.14 [s, 2 H, CH2(1)];
4.22 [q, 2 H, CH2(α)]. 13C NMR, δ/ppm (125.7 MHz, CDCl3): 13.05 [3 CH3(e)];13.19
[CH3(β)]; 21.10, 21.37 [3 CH2(d+c)]; 27.51 [3 CH2

−(b)]; 56.17 [CH2(1)]; 59.81 [3 CH2(a)];
62.59 [CH2(α)]; 119.32 [CH2(1)]; 163.49 [CO(2)]. IR, ν/cm−1: 2958, 2933, 2872 (νC-H), 2226,
2190, 2127 (νDca), 1744(νC=O).

N,N,N-tri(n-pentyl)[2-ethoxy-2-oxoethyl]ammonium-bis(trifluoromethylsulfonyl)imide
[Pn3NC2OC2][Tf2N]

This product was obtained by the same synthesis method of dicyanamide-based AGB-
ILs described above using lithium bis(trifluoromethysulfonyl)imide (31.58 g, 0.11 mol)
instead of sodium dicyanamide.

Yield: (94%). Elemental analysis: calculated for C21H42N2O7S2F6 (MW = 612.66 g.mol−1):
C 41.17%. H 6.91% N 4.57 and S 10.44%. Found: C 40.84, H 7.22, N 4.66%, and S 10.36%.
%. 1H NMR, δ/ppm (500 MHz, CDCl3): 0.84 [t, 9 H, 3 CH3(e)]; 1.24 [m, 15 H, 3 CH2(d+c)
+ CH3(β)]; 1.58 [m, 6 H, 3CH2(b)]; 3.36 [m, 6 H, 3 CH2(a)]; 3.98 [s, 2 H, CH2(1)]; 4.21
[q, 2 H, CH2(α)].

13C NMR, δ/ppm (125.7 MHz, CDCl3): 13.56 [CH3(β)]; 13.62 [3 CH3(e)]; 21.58, 21.88
(3CH2(d+c)]; 28.00 [3 CH2(b)]; 56.77 [3 CH2(a)], 60.31 [CH2(1)]; 63.07 [CH2(α), 117.68–127.3
[2 CF3], 164.07 [CO(1)]. IR, ν/cm−1: 2962, 2936, 2876 (νC-H), 1747(νC=O), 1136 (νS-O).

2.3. Extraction Experiments

Metal aqueous solutions were prepared by dissolving their nitrate salt in deionized
water. The extractant phase was prepared by dissolving 2.5 g of AGB-IL in 10 mL of the
MBIK solvent, which will be called hereafter the organic phase. Metal ion distribution
ratios were determined by mixing 2 mL of organic and aqueous phases. The mixture was
shaken for 12 h to reach equilibrium and then centrifuged at 2000 rpm for 5 min. The
separated organic and aqueous phases were both clear and transparent. The phases were
then separated for analysis. The metal ion concentration in the IL phase was deduced from
the difference between the initial concentration of metal ions in the aqueous phase and
its concentration before and after extraction. The efficiency of the extraction process was
evaluated by calculating the extraction percentage (% E) using the following equation:
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E = 100 ∗

(
Cin − C f in

)
Cin

where Cin (mol L−1) is the concentration in the initial aqueous solution and Cfin (mol L−1)
is the concentration in the final aqueous solution. The metal analysis was performed
by UV-vis spectroscopy and by ICP-OES. The metal extraction percentages (% E) were
determined at 298 K. The concentration of metal solutions is fixed at 5 × 10−2 mol L−1.
The experiments were made in triplicate to ensure the reproducibility of the assay, and the
mean values of extraction yields were considered for each system studied.

For the liquid-liquid extraction experiments, the distribution coefficient (D) is calcu-
lated using the following formula:

D =

(
Cin − C f in

)
C f in

Vw

VIL

Vw and VIL correspond to the volumes of the water and ionic liquid phases, respectively.
The maximum D value measurable in this study is assumed to be 5 × 102. The relative
uncertainty on D is ± 10%. Experimental results done in duplicate agree within 5%.

In stripping experiments, the IL phase with metal extracted was contacted with 2 cm3

of water or Na2SO4 solution (C = 1.5 mol L−1) during 4 h of stirring. The percentage of
metal back extracted has been determined from the analysis of the aqueous phase.

2.4. Determination of Organic Cation Concentration in the Aqueous Phase

The concentrations of ionic liquid cations in the aqueous phase were determined using
quantitative 1H NMR spectroscopy following this method: 100 µL of an aqueous solution
of DMSO previously prepared at 100 mM is introduced into a conical tube. Then 200 µL
of the sample to analyze, which was obtained after saturation of the aqueous phase with
the ionic liquid, was added. The mixture is dissolved in 700 µL of deuterated water (D2O).
For measurements after metal extraction, we use a D2O solution with 0.1 M NaOH to
precipitate paramagnetic metal residues. The 1H NMR spectrum of the DMSO solution
shows a single peak at δ = 2.68 ppm that corresponds to six protons. The DMSO is an
internal reference, so its signals resonate in an area that is not overlapping with the different
studied ionic liquid signals. From the concentration of the DMSO, the concentration of the
sample can be deduced after integration of the different signals. The uncertainty range for
this method is 1% [41].

2.5. Determination of Water Concentration in the Organic Phase after Extraction and Stripping

To analyze the concentration of water in the organic phase after stripping steps, 200 µL
of organic phase was dissolved in 0.7 mL of CDCl3. A 1H NMR spectrum was performed
in standard conditions. The concentration of water in the sample is determined by the
integration of the water peaks. The integration includes the peaks of the water and the
organic cations, which have a similar chemical shift and are difficult to separate under our
conditions. The water content is deduced by subtracting the six protons of the organic
cation from the overall integration.

3. Results and Discussion
3.1. Synthesis

The preparation of different AGB-ILs was carried out by two main steps: the first is
the preparation of the cationic ester derivate of glycine-betaine bromide [Pn3NC2OC2][Br],
and the second is the anionic metathesis reaction of bromide by dicyanamide (Dca−) or
bis(trifluoromethylsulfonyl)imide (Tf2N−) to generate hydrophobic AGB-ILs. The synthetic
pathway is given in Figure 2.
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Figure 2. Synthetic route of hydrophobic analogues of glycine-betaine ionic liquids (AGB-ILs).

The cationic ester derivative of betaine [Pn3NC2OC2][Br] was successfully synthesized
by the reaction of the corresponding amine and ethyl bromoacetate. The kinetics of the
reaction were followed by 1H NMR spectroscopy (with DMSO-d6 as solvent), showing
the disappearance of the methylene group signals of the reactant. Indeed, the signal of
the methylene groups (Br-CH2CO2CH2CH3) of the ethyl bromoacetate reactant appears
at 4.12 ppm (singlet, Br-CH2-) and 4.14 ppm (quadruplet, CH2CH3), respectively, while
the same methylene groups in the product AGB-Br (Pn3NCH2CO2CH2CH3) appear at
4.40 ppm (singlet, NCH2CO2

−) and 4.24 ppm (quadruplet, CH2CH3), respectively. In all
cases, the association of the obtained bromide salt with Dca− or Tf2N− anions by anionic
metathesis generates hydrophobic AGB-ILs. The aqueous phase pre-equilibrated with ILs
allows the control of the absence of Br− ions in ionic liquids with an AgNO3 test. 1H and
13C NMR spectrometry analyses revealed the absence of organic impurities in the purified
ionic liquids. These fluids are isolated in good yield (>90%). Only bromide-based AGB-ILs
are solid. At room temperature, all AGB-ILs form two liquid phases when contacted with
water. In a biphasic system, water is the top phase and the ionic liquid is the bottom phase.

3.2. Physical Properties
3.2.1. Thermal Properties

The thermal behavior of these hydrophobic AGB-ILs has been studied by differential
scanning calorimetry (DSC). The melting point (Tm) was identified only for the solid
salt [Pn3NC2OC2][Br] (Tm = 65.2 ◦C), but no corresponding glass transition temperature
(Tg) has been detected for all three AGB-ILs. The thermal stability of the AGB-ILs was
studied by thermal thermogravimetric analysis (TGA) over the temperature range of
30–500 ◦C (Figure 3). The thermal degradation temperature (Tdec) of all the salts lies in the
range of 153–330 ◦C; [Pn3NC2OC2][Br], Tdec = 153 ◦C; [Pn3NC2OC2][Dca], Tdec = 221 ◦C;
[Pn3NC2OC2][Tf2N], Tdec = 330 ◦C. The relative anion stabilities can be suggested as
[Br]− < [Dca]− < [Tf2N]−. Thermal analysis also shows that in the absence of fluorinated
anion, the thermal stability of the ionic liquids is significantly reduced. With Tf2N− anion,
the ionic liquids display degradation at 330 ◦C, whereas, AGB-IL with Br− and Dca−

anions decompose at 153 ◦C and 221 ◦C, respectively. Such a difference is explained by the
weaker coordinating properties of Br− and Tf2N− compared to those of Dca−, indeed, it is
generally observed that the weaker the coordinating anion, the higher the thermal stability
of ionic liquids [49].
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Figure 3. Thermal decomposition curves of AGB-ILs.

3.2.2. Solubility of Ionic Liquids in Water and Salt Media

Assuming congruent dissolution of the anion and cation of the ionic liquid in water
or saline media, the solubility of the ionic liquid can be considered equivalent to the
concentration of the organic cation in the aqueous phase (with or without added salt)
in equilibrium with the organic phase. The concentration of the organic cation in the
aqueous phase was determined by 1H NMR following the methodology described in the
experimental section.

The concentration of organic cations in aqueous media is higher when the aqueous
phase is contacted with a pure ionic liquid phase than when dissolved in an organic solvent,
meaning that the dissolution of ionic liquid in solvent will limit its loss during the extraction
and stripping steps. The lowest release has been found with the MIBK solvent. As seen
in Table 1, the use of an aqueous Na2SO4 solution instead of pure water limits the release
of the cation of the ionic liquid due to the “salting-out” effect, thus limiting the loss of
AGB-ILs during stripping steps.

Table 1. Concentration of organic cation [Pn3NC2OC2]+ in water and in aqueous saline media in
mmol·L−1.

Media Water Na2SO4 (1.5M) NaCl 2M NaCl 4M

IL 19 6.9 5 n.m

Il/MIBK 20 2.8 6 n.m

Il/butyl acetate 13.5 2.4 5 n.m

IL/met-THF 14.75 2.75 5.9 n.m
n.m = not measurable.

3.3. Co(II) and Ni(II) Extraction and Stripping in Saline Media
3.3.1. Co(II) Extraction Kinetic

Our objective is to define systems that can operate in a continuous non-equilibrium
environment. For this, it is necessary to ensure that the extraction kinetics will allow high
extraction yields to be achieved with short transit times (a few tens of seconds) in the
extraction phase. The extraction kinetics of Co(II) were followed over a time range of 0
to 3 min. Figure 4 shows the variation of the extraction yield as a function of time for a
pure ionic liquid or an ionic liquid dissolved in MBIK. The experiments were carried out in
NaCl 4M. In order to ensure a better comparison of the results and to estimate the impact of
the solvent on the extraction kinetics, the amount of ionic liquid used is identical for both
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experiments. The time mentioned corresponds to the time during which the two-phase
system is maintained under stirring immediately after contact between the aqueous and
organic phases.
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Figure 4. Kinetics of the extraction of Co(II) by [Pn3NC2OC2][Dca] with pure IL and IL dissolved
in MIBK (dotted lines = extraction yield at equilibrium). Extraction with pure IL phase [blue
lines, Co(II)] = 0.05 mol L−1; Vaq = 2 mL; mIL = 0.5 g. Extraction with IL in MIBK [orange lines,
Co(II)] = 0.05 mol L−1; Vaq = 1 mL; [IL]MIBK = 0.25 g.mL−1; Vorg = 1 mL. The dotted line indicates
the extraction yield at equilibrium.

Figure 4 shows very high kinetics for the extraction of Co(II), with an extraction rate
reaching 42% for the pure AGB-IL phase and 65% in the solvent phase after 20 s of stirring.
It is interesting to note that with the solvent phase, the extraction yield is very close to
the value found at equilibrium after 3 min. For a pure AGB-IL phase, the time to reach
equilibrium is higher than 3 min, which means that the dissolution of the ionic liquid in a
solvent reduces the viscosity of the extractant phase, which improves the contact between
the metal and the extractant. This allows the shortest contact time to reach a high extraction
yield, leading to a positive effect on the extraction rate. This shows the advantage of the
development of continuous operation systems.

3.3.2. Co(II) Extraction in Saline Media

(a) Influence of the solvent and salt concentration

Figure 5 depicts the comparison of the extraction yields of a pure AGB-IL phase with
those obtained by AGB-IL dissolved in a solvent (Me-THF, MBIK, or BuOAc) for different
NaCl concentrations.

It is also known that the addition of an electrolyte with a chaotropic anion in the
aqueous phase increases the extraction yields of metal [23]. Extraction in aqueous salt
media is a credible path for the implementation of an extraction process limiting the release
of ionic liquid species in aqueous solutions, thus showing a real environmental benefit.
This is already experienced with hydrophilic ionic liquids for the selective separation of
3d metals [32] and with hydrophobic ionic liquids for the extraction of Co(II) and the
separation of Co(II) and Ni(II) [38].
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Figure 5. Extraction yields (%E) of Co(II) by [Pn3NC2OC2][Dca] for different NaCl concentra-
tions in the pure IL phase or dissolved in an organic solvent. Extraction with pure IL phase
[Co(II)] = 0.05 mol L−1; Vaq = 2 mL; mIL = 0.5 g. Extraction with IL diluted in organic solvent:
[Co(II)] = 0.05 mol L−1; Vaq = 1 mL; [IL]org= 0.25 g mL−1; Vorg = 1 mL.

The salt effects associated with the extraction mechanism can be described by the
following equilibrium:

x[Pnt3NC2OC2][Dca]IL + Co2+
(aq) + 2Cl−(aq) 
 (x − 2)[Pn3NC2OC2][Cl]IL + [Pn3NC2OC2]2[Co(Dca)x(Cl)(4−x)]IL (1)

Log D = log K + 2 log [Cl−] + x log ([Pn3NC2OC2][Dca]IL) − (x − 2) log [Pn3NC2OC2]2[Cl]IL (2)

This equilibrium clearly describes an extraction by ion-pair mechanism with two major
contributions: (i) the formation of an anionic complex between the metal and the anion
of the ionic liquid, and (ii) the formation of an ion-pair between the cation of the ionic
liquid and the anion of the metal salt. It is to be noted that a chaotropic anion that forms a
stable ion pair with the organic cation of the ionic liquid shifts the equilibrium to the right
towards a higher extraction yield.

The dicyanamide anion forms moderately stable complexes with Co(II) ions in ionic
liquids and in the absence of salt; more precisely, this anion is known as a weak complexing
agent in water but a strong one in ionic liquid media [50]. Dicyanamide-based AGB-ILs are
therefore prime candidates for reversible extraction systems based on the above-mentioned
equilibrium. On the one hand, the extraction process will be exalted in the presence of
a chaotropic electrolyte, and on the other hand, the equilibrium in the stripping process
will be reversed by using an aqueous saline solution with a kosmotrope anion such as
Na2SO4. In previous studies, we have shown that the most efficient system for metal
extraction is to use NaCl as the chaotropic electrolyte for extraction [38]. Chloride, due to
its position in the Hofmeister series, is more of an intermediate than a chaotropic anion,
but its coordinating ability can help the dicyanamide anion form an anion complex and
help improve the process of extraction.

The role of the AGB cation is essential in that it allows the formation of ion pairs both
with the anionic complex and with the chaotropic anion of the electrolyte. It must therefore
be sufficiently hydrophobic to form stable ion pairs with a more important affinity for the
aqueous phase than for the organic phase to limit the effects of salting out.
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The formation of an anionic complex has been evidenced by the UV-vis spectra of the
extraction phase recorded after Co(II) extraction (Figure 6). The spectrum shows a single
band and a shoulder in the visible region, with a maximum absorption located at 605 nm
and a molar absorption coefficient ranging between 600 and 800 mol−1 L cm−1. These
spectral features are characteristic of a Co(II) in a tetrahedral environment and indicate a
change of the coordination sphere of the metal from octahedral [Co(OH2)6

2+] to tetrahedral
[Co(Dca)xCl(4−x)] after extraction, which is in agreement with the coordination of anionic
ligands (Cl− or/and Dca−).
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Figure 6. UV-vis spectra of the organic phase after extraction of Co(II) dissolved in an aqueous NaCl
or NaDca solution.

Since the salt effect has been demonstrated with pure ionic liquid phases [38], it
would be interesting to see if this effect can be applied to an ionic liquid diluted in an
organic solvent.

As seen in Figure 5, the influence of NaCl is still relevant in the solvent medium.
The effect of salt seems to be only slightly dependent on the nature of the solvent since
the extraction rates have similar values regardless of the nature of the solvent and the
concentration of the salt used. The average extraction rate is 35–40% obtained in the
absence of electrolyte, whatever the solvent used. The extraction yield is slightly lower than
that using an undiluted ionic liquid phase. The addition of NaCl increases the extraction
rate, and at 4 mol L−1, it is almost quantitative (above 98%). At this concentration of the salt,
the extraction efficiency of the solvent medium towards Co(II) compares well with those
with a pure ionic liquid phase. The gain in extraction rate obtained by the addition of salt
constitutes the fraction of metal recoverable during the stripping phase. The three solvents
(Me-THF, MBIK, or BuOAc) used show similar performance towards the extraction of
Co(II), especially in NaCl 4M. From a practical point of view, we have chosen to continue
the experiments with MIBK solvent, which presents an interesting price/availability ratio.

(b) Influence of the coordinating anion of the ionic liquid

To check whether the effects of salts can be no longer applied, whatever the ionic
liquid used as extractant, we determined the extraction of aqueous Co(II) ions in NaCl 4M
medium with bromide and bis(trifluorosulfonyl)imide-based AGB-ILs. Both bromide and
bis(trifluorosulfonyl)imide have weaker coordinating abilities compared to dicyanamide;
the bis(trifluorosulfonyl)imide anion can even be considered a non-coordinating anion.

Figure 7 shows the strong influence of the coordinating ability of the anion of the
ionic liquid on the Co(II) extraction. Although the extraction of Co(II) is quantitative with
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[Pn3NC2OC2][Dca], [Pn3NC2OC2][Tf2N] does not extract Co(II) even in aqueous NaCl
4M. The salt effect is moderate with [Pn3NC2OC2][Br] with an extraction yield equal to
45%. In agreement with equilibrium 1, the use of saline media to improve the extractive
capacities of ionic liquid phases is only beneficial to coordinating anion-based AGB-ILs.
With bromide-based AGB-ILs, the weak coordinating ability of the bromide anion cannot
counterbalance the alkaline salt effect, as is the case with dicyanamide-based AGB-ILs,
which have demonstrated their efficiency to extract Cu(II) and Co(II) [38]. The contribution
of a saline medium with bromide- and Tf2N−-based AGB-ILs is limited and nonexistent,
respectively. The formation of stable complexes in ionic liquid medium is a driving force
that allows overcoming the metal dehydration process, which acts as a brake on the
transfer of metal from the aqueous phase to the ionic liquid phase. Further investigation
of the effects of salts on the extraction of 3d metals with predictive data would require
(i) the precise definition of the stoichiometry of the complexes, [Co(Dca)x(Cl)(4−x)]IL (ii) the
determination of their formation constant in the IL phase in the absence of competition
with water, (iii) as well as the association constant between the ammonium cation and the
chloride ions. The determination of the stoichiometry of the extracted complex will be
investigated in the next section. The determination of the formation constant is beyond the
scope of this paper.
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Figure 7. Extraction yields (%E) of Co(II) in NaCl 4M by [Pn3NC2OC2][Dca], [Pn3NC2OC2][Tf2N],
[Pn3NC2OC2][Br]; [Co(II)] = 0.05 mol L−1; Vaq = 1 mL; [IL]org= 0.25 g.mL−1; Vorg = 1 mL.

(c) Extraction mechanism of Co(II) by [Pn3NC2OC2][Dca]

The logD-logC representations will be used to define the equilibrium involved in the
exteraction mechanism and also to determine the stoechiometry of the complex extracted
in the organic phase. According to Equation (2), we will investigate the influence of the
ionic liquid, the sodium chloride, and the dicynamide concentration on the stocheometry
of the extracted complex.

The Figure 8 show a linear dependence of logD on log[Pn3NC2OC2][Dca] with a
correlation coefficient for these two lines greater than 0.99 and a slope close to 1.93 in NaCl
2M and 1.45 in water. This means that in NaCl 2M, the cobalt ions are mainly extracted
in the organic phase as a mixed complex of stoechiometry [Co(Dca)2(Cl)2] corresponding
to equilibrium:

2 [Pn3NC2OC2][Dca]IL + Co2+
(aq) + 2 Cl−(aq) 
 [Pn3NC2OC2]2[Co(Dca)2(Cl)(2)]IL (3)
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Figure 8. LogD = f(logCIL) representation for the extraction of Co(II) by [(Pn3NC2OC2][Dca] dissolved
in MIBK; [Co(II)]aq = 0.05 mol L−1; Vaq = 1 mL; [IL]org= 0.25 g.mL−1; Vorg = 1 mL.

In water, in addition to the formation of the [Pn3NC2OC2][Dca]IL species, the ion-pair
[Pn3NC2OC2][Co(Dca)2(Cl)2]IL can also be formed to some extent. The log-log represen-
tation was also used to study the influence of the concentration of NaCl and NaDCa in
aqueous solution on the stoichiometry of the complex extracted (Figure 9). However, there
is no linear dependence of logD on log[NaCl (or Dca)]. The slope of the log-log represen-
tation increases regularly with the concentration of salt, meaning that the coordination
sphere of the cobalt extracted changes with the concentration of NaCl (or NaDca), due to a
progressive integration of both chloride and dicynamide anions in the coordination sphere
of the complex with the increase of the aqueous concentration of both these alkaline salts.
The slope of logD versus logC (C = concentration of NaCl or NaDca) was determined for
each experiment by calculating the value of the derived curves. As shown in Figure 9, the
value of the slopes increases with the salt concentration.

Separations 2023, 10, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 9. Curves logD versus logCNaCl (and Dca) for the extraction of Co(II) by [Pn3NC2OC2][Dca] 

dissolved in MIBK. The bold numbers indicate the values of the slopes at the experimental point. 

[Co(II)]aq = 0.05 mol L−1; Vaq = 1 mL; [IL]org = 0.25 g.mL−1; Vorg = 1 mL. 

The UV-vis spectrum of Co(II) extracted in the absence of salt evidenced the 

formation of an extracted anionic complex (see Figure 6). The extraction of Co(II) from an 

aqueous Co(II) in NaDca solution is enhanced, but this does not bring about a significant 

change in the spectral features of the organic phase, whereas in an aqueous NaCl solution, 

the spectrum is slightly modified compared to those observed in NaDCa. Nevertheless, 

we observe a shift towards lower energy for the main transition, which is centered at 612 

nm and 618 nm in NaCl 2M and NaCl 4M, respectively. As before, the spectra exhibit a 

shoulder, but it is less marked than that observed in an aqueous NaDca solution or in the 

absence of salt. The change in spectral features as well as the slight red shift are 

characteristic of the coordination of chloride ions subsituting the dicyanamide ligand; 

chloride ions have a weaker crystal field effect than the dicyanamide anion. 

(d) Co(II) stripping 

After extraction, if the organic phase is contacted with water or with an electrolyte 

solution with a kosmotropic anion, such as Na2SO4, the weaker affinity of the kosmotropic 

anion, like sulphate for the organic ammonium cation of the AGB-IL, will shift the 

equilibrium to the left, restoring the situation before the extraction. The advantage of 

using a saline solution is that it limits the loss of ionic liquid by dissolution in the aqueous 

phase during the stripping steps. Indeed, ionic liquids are less soluble in a saline solution 

than in pure water. Stripping was performed in pure water and in an aqueous Na2SO4 

solution. Figure 8 shows the fraction of Co(II) recovered from the organic phase after 

extraction steps. The comparison of the results obtained using water or an aqueous 

solution of Na2SO4 (1.5M) shows in all cases a higher efficiency of sodium sulphate 

solution, with a stripping yield 5–10% higher than those obtained with H2O (Figure 10). 

Figure 9. Curves logD versus logCNaCl (and Dca) for the extraction of Co(II) by [Pn3NC2OC2][Dca]
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[Co(II)]aq = 0.05 mol L−1; Vaq = 1 mL; [IL]org = 0.25 g.mL−1; Vorg = 1 mL.
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The UV-vis spectrum of Co(II) extracted in the absence of salt evidenced the formation
of an extracted anionic complex (see Figure 6). The extraction of Co(II) from an aqueous
Co(II) in NaDca solution is enhanced, but this does not bring about a significant change
in the spectral features of the organic phase, whereas in an aqueous NaCl solution, the
spectrum is slightly modified compared to those observed in NaDCa. Nevertheless, we
observe a shift towards lower energy for the main transition, which is centered at 612 nm
and 618 nm in NaCl 2M and NaCl 4M, respectively. As before, the spectra exhibit a shoulder,
but it is less marked than that observed in an aqueous NaDca solution or in the absence
of salt. The change in spectral features as well as the slight red shift are characteristic of
the coordination of chloride ions subsituting the dicyanamide ligand; chloride ions have a
weaker crystal field effect than the dicyanamide anion.

(d) Co(II) stripping

After extraction, if the organic phase is contacted with water or with an electrolyte
solution with a kosmotropic anion, such as Na2SO4, the weaker affinity of the kosmotropic
anion, like sulphate for the organic ammonium cation of the AGB-IL, will shift the equi-
librium to the left, restoring the situation before the extraction. The advantage of using a
saline solution is that it limits the loss of ionic liquid by dissolution in the aqueous phase
during the stripping steps. Indeed, ionic liquids are less soluble in a saline solution than in
pure water. Stripping was performed in pure water and in an aqueous Na2SO4 solution.
Figure 8 shows the fraction of Co(II) recovered from the organic phase after extraction steps.
The comparison of the results obtained using water or an aqueous solution of Na2SO4
(1.5M) shows in all cases a higher efficiency of sodium sulphate solution, with a stripping
yield 5–10% higher than those obtained with H2O (Figure 10).
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Figure 10. Stripping yields (%E) of Co(II) in H2O and Na2SO4 1.5 M. Previous extractions were
performed from Co(II) solutions in 1.5M or NaCl 2M by [Pn3NC2OC2][Dca] in MIBK. Exp cond:
[Co(II)] = 0.05 mol L−1; Vaq = 1 mL; [IL]org = 0.25 g.mL−1; Vorg = 1 mL.

To understand the greater efficiency of an aqueous Na2SO4 solution in the stripping
of Co(II), we have determined the concentration of water solubilized in the organic phase
after the stripping step by 1H NMR and Karl Fisher titrations. To allow a better comparison,
the measurements were carried out on solutions with the same extraction conditions. In all
cases, the concentration of water in the organic phase after stripping is higher when the
stripping step is performed with H2O than with a Na2SO4 solution. SO4

2− is a kosmotropic
anion, as indicated by its position in the Hofmeister series; consequently, it has a strong
affinity for water molecules and can easily surround itself with water molecules in its first
and second solvation spheres, which results in a decrease of the free solvent volume at
high concentrations of Na2SO4. This phenomenon limits the transfer of water molecules
from the aqueous phase to the organic phase. Indeed, for the extraction in 2M NaCl, the
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content of H2O dissolved in the organic phase and determined with Karl Fisher titrations
is 4.1% and 3.7% with a stripping agent H2O and an aqueous Na2SO4 1.5M solution,
respectively. 1H NMR results also confirm this tendency (Figure 11). Previous work [47,51]
has shown the importance of the role of water solubilized in the organic phase for the
extraction of metal cations. Water can form stable nanodomains in the ionic liquid phase.
These hydrophilic nanodomains create a favorable solvation environment for metals, which
induces their transfer from the aqueous phase to the ionic liquid phase [47,51]. At this
stage of our investigations, it is relevant to state that the structuring of the organic phase in
the presence of ionic liquids may show similarities to those of a pure ionic liquid phase.
Therefore, the lower concentration of water in the organic phase when it is contacted with a
Na2SO4 solution contributes to creating a solvation environment that is less favorable to the
solvation of cobalt in the organic phase. This also favors the phenomenon of the transfer of
this ion to the aqueous phase, which increases the percentage of stripping. Further research
on the structuring of the organic phase in contact with the water or the electrolyte solution
will be useful to have a better knowledge of the environment of the metal in the organic
phase and to better understand the transfer phenomena between the aqueous and organic
phases. However, such work is beyond the scope of this article.
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3.3.3. Ni(II) Extraction in Saline Media

Figure 12 depicts the extraction of Ni(II) and Co(II) with [Pn3NC2OC2][Dca] under the
influence of increasing concentrations of sodium chloride. The extraction yield increases
slightly with the concentration of salt and does not exceed 20% even in NaCl 4 M. It is well
known that the affinity of the dicyanamide anion for Ni(II) is lower than that for Co(II)
but with this system, the salt effect is less efficient with Ni(II) than with Co(II). This result
can be used to perform efficient Ni/Co separation. Indeed, if we refer to the extraction
rates obtained on monometallic solutions of Ni(II) and Co(II), the Co/Ni separation factor
would be equal to 108 and 160 in NaCl 2M and 4M medium, respectively. In this case,
[Pn3NC2OC2][Dca] in MIBK as the organic phase and NaCl 4M as the aqueous phase could
be an excellent medium to efficiently separate both metals. The efficiency of this system
should be tested on a mixture of Co/Ni.
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Figure 12. Extraction yields (%E) of Ni(II) by [Pn3NC2OC2][Dca] diluted in MIBK for different NaCl
concentrations: [Ni(II)] = 0.05 mol L−1; Vaq = 1 mL; [IL]org = 0.25 g.mL−1; Vorg = 1 mL.

3.3.4. Co(II)/Ni(II) Extraction in Saline Media

The efficiency of [Pn3NC2OC2][Dca] diluted in MIBK has been tested for extraction
in an equimolar aqueous solution of Co/Ni and in aqueous NaCl 4M with a total metal
concentration equal to 0.05 mol. L−1. The extraction yields were 97 and 17% for Co(II) and
Ni(II), respectively. These results are very close to those found in individual solutions and
confirm the efficiency of this system to separate Co from Ni. Further work will concern the
implementation of a continuous flow system based on these results that is reliable at the
semi-pilot scale.

4. Conclusions

In this work, we reported the synthesis of three new hydrophobic analogues of glycine-
betaine (AGB)-based ionic liquids (ILs) associated with bromide, bis(trifluoromethyl sul-
fonyl)imide, and dicyanamide anions. Their thermal properties, such as decomposition
temperature and glass transition temperature, have been determined and discussed in
terms of the component ion structure. We observed the dependence of the thermal stability
of these AGB-ILs on the nature of the anion.

We have demonstrated that the addition of a supporting electrolyte improves the
extraction capacities of coordinating anions-based AGB-ILs. The most effective systems
for working with saline media are dicyanamide-based AGB-ILs, which present a moderate
complexing power anion and allow the efficient separation of Cu(II) from Ni(II) and Co(II)
in aqueous effluents. Extraction experiments were made with pure ILs phase as well as
with ionic liquids diluted in organic solvent provided by the biorefinery. In diluted media
under experimental conditions similar to those used in pure ionic liquid phases, the ionic
liquids retain similar extractant and separation properties.

An in-depth study was carried out to explore the extraction mechanism of Co(II) by
analyzing the slopes of log-log diagrams. This method does not allow the identification
of a definite stoichiometry for the extracted complex, the latter being strongly dependent
on the experimental conditions. It was nevertheless possible to identify the formation of a
mixed Co(Dca)xCl(4−x) complex in the ionic liquid phase. Cobalt could be back-extracted
from the ionic liquid phase with water or with an aqueous solution of Na2SO4, the latter
limiting the release of ionic liquid cations in aqueous media. The rapid extraction equilibria
demonstrated in a solvent medium make it possible to envisage an easy transposition of
this methodology into continuous processes working out of equilibrium.
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