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A B S T R A C T   

Selective extraction of Li+ from high Mg2+/Li+ ratio brines with ionic liquid (IL) based collaborative extractants 
was investigated by experiments, thermodynamic analyses, and quantum chemical (QC) calculations. Effects of 
different IL cationic structures and organophosphorus ligands on extraction performances were studied. The 
results demonstrated that the system 1-(2-hydroxyethyl)-3-methylimidazolium bis(trifluoromethylsulfonyl) 
imide + trioctyl phosphate ([HOEMIM][Tf2N] + TOP) was considered as the best extractant, with the very high 
extraction efficiency of Li+ (83.16 %) and separation selectivity of Li+/Mg2+ (742.11), which is higher than 
values reported in literature. The thermodynamic model ePC-SAFT was first extended to quantitatively predict 
the phase equilibria of the so-called “organic–inorganic complex strong electrolyte system” presented in this 
work. The molecular-level extraction mechanism was explored by QC calculation, indicating that the strong 
multi-site intermolecular interactions between Li+ and [HOEMIM][Tf2N] + TOP break the Li+ hydration. This 
work provides guidance to rationally design novel IL-based extractants for efficient extraction of Li+.   

1. Introduction 

Lithium (Li) as a strategy resource, has been widely applied in the 
various fields of lithium-ion batteries, aerospace, nuclear energy, med
icine and ceramics due to its unique physicochemical properties (Su 
et al., 2022; Tarascon, 2010; Zhou et al., 2021). In response to the fossil 
energy crisis, electric vehicles are being developed more and more 
rapidly around the world, which leads to an unprecedently increase in 
the demand for lithium resources (Weil et al., 2009; Zhang et al., 2018; 
Zhou et al., 2019). Li resources mainly exist in hard rocks and salt lake 
brines, and the latter accounts for over 70 % of Li reserves worldwide 
(Choubey et al., 2016; Kesler et al., 2012). Currently, more than half of 
the Li2CO3 equivalents are obtained from salt lake brines because its cost 
of preparation is lower than that of extracting Li2CO3 from hard rock, as 
the brine is in a liquid state, allowing for a shorter process route (Kuang 
et al., 2018; Shi et al., 2018). The greatest challenge in extracting Li+

from brines lies in the selective separation of Li+/Mg2+ since Mg2+ is 
always accompanied by Li+, often in greater amounts than Li+, and to be 
separated in an efficient and economical manner. Furthermore, the 
Mg2+/Li+ ratio is a crucial factor in determining the feasibility and 

approach to Li+ extraction from brines. Generally, South American 
brines have a relatively lower Mg2+/Li+ ratio, allowing for the relatively 
simple and low-cost precipitation method of Li extraction, despite with 
some inherent drawbacks. Mg2+/Li+ ratios are relatively high in most 
brines in China and in some brines in North America, and thus, it is a 
worldwide challenge to selectively extract Li+ from the high Mg2+/Li+

ratio brines (Zhao et al., 2013). 
Over the past decades, there are several methods for extracting 

lithium from brines, e.g., solvent extraction (Shi et al., 2020; Su et al., 
2020; Zhou et al., 2012), precipitation (Li et al., 2015; Liu et al., 2018), 
adsorption (Gu et al., 2018; Jin et al., 2021), membrane separation (Li 
et al., 2019a; Xu et al., 2021) and electrochemical methods (Zhao et al., 
2019). Among them, solvent extraction is the most promising for in
dustrial applications due to its high extraction efficiency of Li+, high 
separation selectivity of Li+/Mg2+, simple operation, low cost (Keller 
et al., 2021; Shi et al., 2019). In terms of solvent extraction, the 
extractants mainly used are β-diketones, crown ethers and organo
phosphorus. β-Diketones are usually used together with organophos
phorus as a synergist extractant (Li and Binnemans, 2020), and suitable 
for separation Li+/Na+ instead of Li+/Mg2+ (Wang et al., 2019; Zhang 
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et al., 2021). Crown ethers are expensive due to the complex synthesis, 
which are usually used for separation of lithium isotopes (Li6/Li7), but 
not suitable for Li+ extraction from bines (Cui et al., 2021). It is worth 
noting that organophosphorus ligands like tributyl phosphate (TBP), 
trioctylphosphine oxide (TOPO), triisobutyl phosphate (TIBP), and tri
octyl phosphate (TOP), are usually considered as a kind of more suitable 
extractants for Li+ extraction from high Mg2+/Li+ ratio brines (Prama
nik et al., 2020; Yu et al., 2021b; Yu et al., 2019b). Particularly, TBP as 
one of the most representative organophosphorus extractants, is usually 
used in combination with FeCl3 as a co-extractant as well as volatile 
organic solvents such as dichloromethane, dichloroethane, methyl iso
butyl ketone, and kerosene as diluents. However, this inevitably results 
in the loss of volatile solvents and harm to the environment (Shi et al., 
2020; Sun et al., 2023) Furthermore, the addition of FeCl3 leads to the 
easy formation of a third phase in the extraction system (Zhou et al., 
2012) which hinders mass transfer and is not conducive to continuously 
industrial processes. It is urgently required to develop and search a new 
class of co-extractants to replace FeCl3 to form diluent-free extraction 
systems for efficient Li+ extraction from high Mg2+/Li+ ratio brines. 

Ionic liquids (ILs) as a new type of green solvents and materials have 
been widely studied in the fields of material synthesis (Chen et al., 
2020), chemical reaction (Chen et al., 2011), extractive distillation (Lei 
et al., 2014), gas separation and absorption (Yu et al., 2021a; Yu et al., 
2023; Yu et al., 2020; Yu et al., 2019a) liquid–liquid extraction like 
extraction of valuable chemicals (Jiang et al., 2021; Qin et al., 2016), 
aromatics extraction (Navarro et al., 2023; Song et al., 2016), extractive 
desulfurization (Song et al., 2015), and extractive denitrification (Chen 
et al., 2014), and extraction of metal ions (Cai et al., 2021; Li et al., 
2019b; Zheng et al., 2021), owning to their unique characteristics like 
negligible vapor pressure, good hydrolysis and thermal stabilities, 
flammability, and tunable structures. Especially, ILs as extractants can 
be tuned through the design of cations and anions to improve the 
extraction efficiency and the selectivity of metal ions (Dupont and 
Binnemans, 2015; Li et al., 2021; Wang et al., 2017), For example, Rout 
and Binnemans have studied the solvent extraction of neodymium(III) 
from nitric acid medium by neutral extractant Cyanex 923 mixed with 
[Tf2N]− -based ILs. They showed that the extraction efficiency can be 
related to the solubility of the ILs cation in the aqueous phase (Rout and 
Binnemans, 2015), So far, the reports regarding the extraction of Li+

using ILs as co-extractants are relatively rare from high Mg2+/Li+ ratio 
brines especially. The extraction efficiency of Li+ with TBP combing 
with ILs ([PF6]− and [Tf2N]− as anions) as mixed extractants was 
investigated, and it is proved that the extraction mechanism of Li+ fol
lows the cation exchange, and the IL anion replaced FeCl4− in the 
traditional TBP-FeCl3 system to form a complex with Li+ and TBP (Shi 
et al., 2014; Shi et al., 2016; Shi et al., 2017). The researcher synthesized 
[BMIM]3[PW2O40] to achieve a highly selective extraction of Li+ from 
the high Mg2+/Li+ ratio brine, and the single-stage extraction efficiency 
of Li+ reached 69.18 % under the optimal conditions (Wang et al., 
2018). A comparative study on the extraction effect of Li+ with different 
ILs based on C923 as a neutral ligand was achieved (Cui et al., 2019). 
However, the above-mentioned studies focus mainly on the experi
mental performances of the extraction of Li+, and there are relatively 
few studies on extraction mechanisms. Particularly, there is a lack of 
systematic understanding on the effect of the structure of ILs on the 
extraction performance, as well as the thermodynamic behaviors during 
the extraction process. Even there is almost no research on unraveling 
the essential characteristics (intermolecular interactions) for separation 
mechanism of Li+/Mg2+ at the molecular level related to IL-based 
extractants. These are crucial for the development and design of new 
IL-based extractants for highly efficient Li+/Mg2+ separation. Further
more, trial-and-error experimental measurements to obtain Li+/Mg2+

separation performances are very time-consuming. Thus, it is needed to 
resort to molecular thermodynamic models, which can predict ther
modynamic equilibria required for Li+ extraction based on the molec
ular structures of components in mixed systems. This will further 

provide a thermodynamic property method to build the equilibrium 
stage and non-equilibrium stage models in the continuous industrial- 
scale Li+ extraction process simulation and design. To the best our 
knowledge, there are no studies on the thermodynamic modelling of IL- 
related Li+ extraction systems, due to the complexity of this system, and 
we refer to this system as “organic–inorganic complex strong electrolyte 
system”. Thus, the ePC-SAFT equation of state (Cameretti et al., 2005) 
will be employed to describe the thermodynamic phase behavior for Li+

extraction from bines with ILs. 
In this work, we selected an aqueous solution of high Mg2+/Li+

molar ratio of 40:1 formulated with MgCl2 and LiCl as the model brine as 
referred by the previous research (Li and Binnemans, 2021; Shi et al., 
2016; Yu et al., 2019b), four [Tf2N]− -based ILs, and five organophos
phorus ligands (corresponding structures and abbreviations are shown 
in Fig. 1). This work focuses on addressing the following issues: (i) 
identifying structure–property relationships between ILs (i.e., different 
cations) and organophosphorus ligand structures and extraction per
formance of Li+ (extraction efficiency of Li+ and separation selectivity of 
Li+/Mg2+) to determine the best IL-based extractants; (ii) exploring 
coordination mechanisms for Li+ extraction by experimental coupled 
the advanced spectroscopy techniques; (iii) determining whether ePC- 
SAFT can be extended to predict the so-called phase equilibria of 
organic–inorganic complex strong electrolyte systems, and analyzing 
the thermodynamic properties (i.e., Gibbs free energy, enthalpy, and 
entropic changes) of the extraction process; (iv) revealing the molecular- 
level mechanism of Li+/Mg2+ separation with IL-based extractants by 
analyzing binding energies, electrostatic potential (ESP) on molecular 
van der Waals (vdW) surfaces, and independent gradient models (IGM) 
based on quantum chemical (QC) calculations; and (v) investigating the 
washing and stripping performances of Li+-rich organic phase, and 
recycling performance of collaborative extractants. This work provides a 
systematic understanding of IL-based extractants for Li extraction at the 
multiscale perspectives ranging from microscopic molecular mecha
nisms, thermodynamics and to extraction processes, aiming to provide 
theoretical guidance for developing and designing the novel IL-based 
extraction systems for high-efficiency Li+/Mg2+ separation. 

2. Experimental sections 

2.1. Chemicals 

LiCl (>99 wt%), MgCl2 (>99 wt%), NaCl (99 wt%), NaOH and HCl 
were purchased from Beijing Enokai Technology Co., Ltd., China. 
Organophosphorus ligands, Cyanex 923 (C923), dibutyl phosphate 
(DBP), di-(2-ethylhexyl)phosphoric acid (P204), tributyl phosphate 
(TBP) and trioctyl phosphate (TOP) were obtained from Shanghai Bide 
Medical Technology Co., Ltd., China. ILs, 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([EMIM][Tf2N]), 1-butyl-3-methyli
midazolium bis(trifluoromethylsulfonyl)imide ([BMIM][Tf2N]), 1- 
octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([OMIM] 
[Tf2N]), 1-(2-hydroxyethyl)-3-methylimidazolium bis(trifluoromethyl 
sulfonyl)imide ([HOEMIM][Tf2N]) and 1-butylpyridinium bis 
(trifluoromethyl-sulfonyl)imide ([BPy][Tf2N]) were purchased from 
Shanghai Chengjie Chemical Co.,Ltd., China. 

2.2. Extraction experiments 

All extraction experiments were carried out in a centrifuge tube of 
50 mL. First, simulated brine (Li+: 0.766 g/L, Mg2+: 98.984 g/L, the high 
Mg2+/Li+ molar ratio of 40:1) was prepared by ultra-pure water as the 
aqueous phase. Then, a certain amount of IL was added to organo
phosphorus ligands to prepare the organic phase as an extractant sys
tem. The aqueous phase of 5 mL was taken and mixed with the organic 
phase at the given volume ratio. The mixture was shaken and subjected 
to centrifugal extraction at 300 r/min for 30 min to achieve extraction 
equilibrium. Subsequently, it was centrifuged at 8000 r/min for 5 min to 
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attain complete separation of the aqueous and organic phases. The 
concentrations of metal ions in the aqueous phase before and after 
extraction were measured by the inductively coupled plasma emission 
spectrometer (ICP-OES Optima 8000). The extraction efficiency (Ei) of 
metal ions, the distribution coefficient (Di) of metal ions between the 
aqueous and organic phases, as well as the separation selectivity of Li+/ 
Mg2+ (βLi+/Mg2+ ), were determined by the following relation: 

Ei =
C0 − C1

C0
× 100% (1)  

Di =
C0 − C1

C0
× (VA/VO) (2)  

βLi+/Mg2+ =
DLi+

DMg2+
(3)  

Where C0 and C1 represents the concentration of given metal ions in the 
aqueous phase before and after extraction measured experimentally, 
respectively. VA and VO represent the volume of the aqueous and organic 
phases, respectively. 

2.3. Measurements and characterization 

The concentration for cation of ILs in aqueous phase was evaluated 
on the UV–visible spectroscopic (SHIMADZU UV-2600, Japan) to 

measure the number of cations involved in the reaction. The change of 
pH value in the aqueous phase was monitored via a pH meter (type SN 
B27310, Thermo Fisher Scientific Inc.) with an accuracy of 0.01. FTIR 
spectrometer (Spectrum Two™ FTIR Spectrometers, PerkinElmer) and 
1H NMR spectra (Bruker AVANCE HD III) were used to analyze the 
organic phase after and before extraction. 

3. Thermodynamic modeling and theoretical calculations 

3.1. ePC-SAFT model 

The ePC-SAFT framework (Cameretti et al., 2005) used in this work 
calculates the residual Helmholtz energy (ares) by incorporating various 
Helmholtz energy contributions. It extends the classical PC-SAFT model 
developed by Gross and Sadowski (Gross and Sadowski, 2001) which 
considers dispersive perturbations (represented by the contribution 
adisp) and associating perturbations (represented by the contribution 
aassoc) of a hard-chain reference fluid (described by ahc). Additionally, 
ePC-SAFT considers the contribution of electrostatic interactions 
through the Debye-Hückel theory (Bülow et al., 2021a,b), namely the 
Helmholtz energy contribution aDH. 

ares = ahc + adisp + aassoc + aDH(εr(x)) (4) 

Eq. (4) will be further denoted ePC-SAFT in this work. The dielectric 
constant εr(x) of the medium is utilized in the calculation of aDH. The 

Fig. 1. Structures and abbreviations for organophosphorus ligands, cations and anions of ILs used in this work.  

Table 1 
Dielectric constants for all components applied in this work.  

Component Dielectric constant/C Vm− 1 Ref. 

Water − 105.2ln(T[K]) + 677.480 (Ascani and Held, 2021) 
TOP 11 Set to constant number in this work 
[HOEMIM][Tf2N] 11 a) 
Li+ 8 b) 
Mg2+ 8 b) 
Cl− 8 b) 

For the IL [HOEMIM][Tf2N], a relative dielectric constant of 11 was chosen according to a previous work (Bülow et al., 2019). 
All salts were modeled with a similar dielectric constant that is a mean of available experimental data (Andeen et al., 1970). 
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required pure-component values εr,j for the solvents and ions used in the 
calculation are summarized in Table 1 (Andeen et al., 1970; Ascani and 
Held, 2021; Bülow et al., 2019). All ions were assigned the same value of 
εr,ion = 8. The dielectric constant of the medium εr(x) was then calcu
lated from a linear combination in the solvent mass fraction and the ion 
mole fraction: 

εr(x) = (
∑Nsolv

j=1
εr,jwsolv

j )xsolv +
∑Nion

j=1
εr,jwion

j (5)  

In this equation, Nsolv expresses the total number of components in the 
salt-free solvent mixture and Nion the total number of ions. xj and wj 
denote the mole fraction and the mass fraction of component j. wj

solv is 
the mass fraction of solvent j in the salt-free solvent mixture, while xsolv 
is the sum of the mole fraction of all solvents in the overall mixture. 
Associating components such as water are assigned five pure-component 
parameters, namely the segment number mi

seg, segment diameter σi, 
dispersion-energy parameter ui/kb association-energy parameter 
εAiBi/kb, and association-volume parameter κAiBi . For the ions considered 
in this work, two pure-component parameters, mi

seg and σi, are utilized. 
Additionally, the 2B association scheme is used for water, TOP, IL and 
Li+ during calculating associating interactions (Cameretti and Sadowski, 
2008). Table 2 presents the pure-component parameters employed in 
this study (Held et al., 2008; Held et al., 2014). 

The modeling of mixtures necessitates the utilization of the 
Berthelot-Lorentz (Berthelot, 1898; Lorentz, 1881) and Wolbach- 
Sandler (Wolbach and Sandler, 1997) combining rules: 

σij =
1
2
(σi + σj) (6)  

uij =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

uiuj(1 − kij)

√

(7)  

εAiBj =
1
2
(εAiBi + εAjBj )(1 − khb

ij ) (8)  

κAiBj =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κAiBi κAjBj

√
( ̅̅̅̅̅̅̅̅σiσj

√

1/2(σi + σj)

)3

(9)  

In Eq. (8), the binary interaction parameter kij is introduced, allowing for 
the modification of the dispersion energy of the pair ij. Binary interac
tion parameters were required for the following pairs: ion-ion, ion- 
water, ion-TOP and TOP-water. Particularly, the ePC-SAFT model has 
been shown to be predictive for phase equilibria in complex mixtures of 
up to 6 components (Ascani et al., 2022). That is, fit parameters usually 
have not to be adjusted to the multicomponent mixture of interest, but 
only to the subsystems. The parameter for the IL-water pair was fitted to 
the phase equilibrium between IL and water, while the remaining pa
rameters were fitted to one experimental data point. In addition, the 
binary interaction parameter kij

hb for the association parameter of mix
tures for the TOP-Li+ system was adjusted to account for the coordina
tion of Li+ to the P––O group of TOP. The binary interaction parameters 
used in this study are listed in Table 3 (Chapeaux et al., 2007; Held et al., 
2014). For Mg2+ binary interaction parameters were not applied. In this 

study, we found that only one fit parameter was required to match the 
data quantitatively correct (Li+-TOP, see Table 3), while other interac
tion parameters were not used or were used to switch off the dispersion 
interaction (i.e., value equal to one, see Table 3), or fitted to the sub
system (e.g., Li+-Cl− , or water-IL). 

3.2. Quantum chemical (QC) calculations 

The quantum chemical (QC) calculation based on the density func
tion theory (DFT) was performed to identify the molecular-level 
extraction separation mechanism. The initial geometrical configura
tions regarding metal ion hydrates, IL, TOP, and the complex of metal 
ions and IL/TOP were optimized by the Gaussian 09 program (Version 
D.01) (Frisch et al., 2009) at the B3LYP/6–31 + G(d, p) level (M. et al., 
2005), with the DFT-D3(BJ) dispersion correction (Grimme et al., 2011). 
The frequency calculation was carried out to ensure the stability of the 
obtained geometry with the lowest energy. Based on the above config
uration, the binding energies of complexes (ΔEComplex) between clusters 
were calculated by: 

ΔEComplex = EA− B − EA − EB (10)  

Where EA-B, EA and EB represent the electron energy (in kcal/mol) of 
complexes of A-B, cluster A and cluster B, respectively. Moreover, the 
ESP analysis of molecular vdW surfaces and IGM analysis were per
formed by the Multiwfn tool (version 3.8) as developed by Lu and Chen 
(2012) to visually identify the type, strength and location of intermo
lecular interactions formed and to deeply explore extraction mechanism. 

4. Results and discussion 

4.1. Structural effects of ILs and organophosphorus ligands on extraction 
performance 

The extraction performance for the five different structural organo
phosphorus ligands (i.e., C923, DBP, P204, TBP and TOP) containing the 
P––O group were experimentally measured and compared to explore the 
structure–property relationship under the specific IL [BMIM][Tf2N] at 
the given operation conditions (e.g., molar ratio of Mg2+ to Li+ in the 
aqueous phase Mg2+/Li+ = 40:1, the volume ratio for organic to 
aqueous phase O/A = 3:1, pH = 7, and IL concentration in organic phase 
CIL = 0.1 mol/L), and the results are shown in Fig. 2 (see Table S1 in 

Table 2 
The ePC-SAFT pure-component parameters used in this work.  

Component mi
seg σi (Å) ui/kb (K) εAiBi /kb (K) κAiBi Association scheme Refs 

Water 1.2047  a) 353.95 2425.7 0.0451 2B (Held et al., 2008) 
TOP 4.2032  5.4506 280.4777 6393.5 0.0001 2B This work 
[HOEMIM][Tf2N] 4.073  4.6432 434.6120 5000 0.1 2B This work 
Li+ 1  2.8449 360.00 0 100 2B This work 
Mg2+ 1  3.1327 1500 – – – (Held et al., 2014) 
Cl− 1  2.7560 170.00 – – – (Held et al., 2014) 

a) σ = 2.7927+(10.11⋅e− 0.01775T − 1.417⋅e− 0.01146T) with T in K.  

Table 3 
Binary interaction parameters kij used in this work.  

Parameters kij kij
hb 

Water – [HOEMIM][Tf2N] 0.007a) – 
Li+ – TOP 0.3 0.3 
Water – TOP 1 – 
Li+ – [HOEMIM][Tf2N]− 1 1 
Li+ – Water – 1 
Li+ – Cl− 0.669 from reference (Held et al., 2014) – 

a) Fitted to binary data water- [HOEMIM][Tf2N] from the reference (Chapeaux 
et al., 2007). 
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Supplementary material for more details). It can be seen form Fig. 2a 
that the Li+ extraction efficiencies for ligands TBP (72.27 %) and TOP 
(69.81 %) are very close to each other, which are far higher than those 
for any of others. Meanwhile, the similar phenomenon is also presented 
in the distribution coefficients of Li+ (Fig. 2b). Noteworthily, the sepa
ration selectivity of Li+/Mg2+ of TOP is up to the highest 199.63 among 
all the ligands and much higher than that of TBP. This is because that 
TOP has the longer alkyl chains with the branch chains, which leads to 
greater steric hindrance to combine Mg2+ with larger radius. Therefore, 
TOP is a preferred candidate ligand to perform the experiment below in 
this work. 

The structural effect of hydrophobic ILs containing different cations 
under the same anion [Tf2N]− on the extraction performance of Li+ with 
TOP as the ligand at the given operating conditions (Mg2+/Li+ = 40:1; 
O/A = 3:1; pH = 7 and CIL = 0.1 mol/L), and the results are shown in 
Fig. 3 (see Table S2 in Supplementary material for more details). Fig. 3a 
shows that the extraction efficiency of Li+ in different [Tf2N]− -based ILs 
follows the order of [OMIM][Tf2N] (39.51 %) < [BMIM][Tf2N] (69.6 
%) < [EMIM][Tf2N] (73.69 %), which evidently indicates that the IL 
with the longer alkyl chain is unfavorable for extracting Li+ ions. This 
may be attributed to two reasons as follows: the longer alkyl chain to (i) 
increase the IL hydrophobicity resulting in weakening the exchange 
capacity with Li+, and (ii) increase the IL viscosity leading to weaken the 
Li+ mass transfer from aqueous to organic phases. It should be noted that 

the cationic structural effect on the extraction efficiency and distribution 
coefficient of Li+ follows the order of [OMIM][Tf2N] < [BMIM][Tf2N] 
< [BPy][Tf2N] < [EMIM][Tf2N] < [HOEMIM][Tf2N] (Fig. 3a). Gener
ally, it seems to be not obvious for the cationic structural effect on the 
extraction performance of Mg2+. This leads to the result that the cationic 
structural effect on the separation selectivity of Li+/Mg2+ is similar to 
the effects on extraction efficiency and distribution coefficient of Li+

following the same trend (except for the inconsistent phenomenon of 
[BMIM][Tf2N] > [BPy][Tf2N]) (Fig. 3b). Thus, the cation with the 
shorter alkyl chain is preferred. Particularly, the extraction efficiency of 
Li+ can be greatly enhanced from 73.69 % to 80.27 %, and separation 
selectivity of Li+/Mg2+ much increased from 206.88 to 709.92 when a 
hydroxyl group is introduced into the alkyl chain of the cation of 
[EMIM][Tf2N] to become [HOEMIM][Tf2N]. This is resulted from the 
fact that the presence of hydroxyl group can intensify the affinity of 
cations to water, which made it easier to enter the aqueous phase for 
exchange with Li+. Therefore, [HOEMIM][Tf2N] is selected as the IL 
candidate for the subsequent study. Meanwhile, The IL [HOEMIM] 
[Tf2N] exhibits good thermal stability (the onset decomposition tem
perature is about 400 ◦C), and the relatively low viscosity (73 mPa⋅s at 
30 ◦C) (see Fig. S1 in Supplementary material), which can be further 
decrease due to the presence of water during Li+ extraction processes. 

Fig. 2. Effects of different ligands on the extraction efficiency (a) and separation performances (DLi+ and βLi+/Mg2+ ) of Li+/Mg2+ (b) in the presence of [BMIM][Tf2N] 
(molar ratio of Mg2+ to Li+ in the aqueous phase Mg2+/Li+ = 40:1; the volume ratio for organic to aqueous phases O/A = 3:1; pH = 7; and IL concentration in organic 
phase CIL = 0.1 mol/L) at 298.15 K. 

Fig. 3. Effects of different ILs on extraction efficiency (a) and separation performances (DLi+ and βLi+/Mg2+ ) of Li+/Mg2+ (b) with TOP as a neutral ligand (Mg2+/Li+ =

40:1; O/A = 3:1; pH = 7 and CIL = 0.1 mol/L) at 298.15 K. 
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4.2. Optimizing operating conditions for extraction processes 

The operating conditions (i.e., pH values, IL concentration CIL, and 
O/A ratio) for extraction of Li+ were optimized, and the results are 
shown in Fig. 4 (see Tables S3–S5 in Supplementary material for more 
details). As shown in Fig. 4a and b, when the pH value increased from 1 
to 4, the extraction efficiency of Li+ shows a slight upward trend from 
75.82 % to 83.44 %, while there will be no significant change when the 
pH value is higher than 4. The extraction efficiency of Mg2+ has a slight 
decrease trend over the range from 1 to 7. When pH value is greater than 
7, there are white Mg(OH)2 precipitates from the aqueous phase, so the 
pH value has to be controlled to be within 7. The strong acidity envi
ronment is unbeneficial to extraction Li+ process, which is attributed to 
the fact that the competitive effect between H+ and Li+ result in the 
lower separation selectivity of Li+/Mg2+. Particularly, the higher pH 
value is in favor of higher separation selectivity, which is due to grad
ually decreasing distribution coefficient of Mg2+ with increasing the pH 
value. Moreover, separation selectivity of Li+/Mg2+ increases from 
67.85 to 709.01 rapidly as the pH value rises from 4 to 7. Accordingly, 
the optimal pH value for the extraction system is 7. 

The effect of IL concentration on the extraction performance is 
shown in Fig. 4c and d. It is found that using only TOP has almost no 

extraction ability for Li+ and Mg2+. When the [HOEMIM][Tf2N] con
centration increases from 0 to 0.09 mol/L, the extraction efficiency of 
Li+ sharply increases with up to 80 % for the concentration of 0.09 mol/ 
L. For IL concentrations greater than 0.09 mol/L, the extraction effi
ciency of Li+ remains almost a constant. However, the separation 
selectivity of Li+/Mg2+ decreases for IL concentrations greater than 
0.09 mol/L. This is because of the fact that the saturated extraction of 
Li+ will be reached under the IL concentration of 0.09 mol/L, which 
leads to an excess of IL increasing the ability to extract Mg2+ and 
elevating the distribution coefficient of Mg2+. Therefore, the [HOEMIM] 
[Tf2N] concentration of 0.09 mol/L is selected an optimal value. 

The effect of O/A ratios on the extraction performance are shown in 
Fig. 4e and f. It is found from Fig. 4e that when the O/A ratio increases 
from 1:1 to 3:1, the extraction efficiency of Li+ presents an obvious 
upward trend. Subsequently, when the O/A ratio increases from 3:1 to 
6:1, the increase in extraction efficiency of Li+ tends to level off. Fig. 4f 
shows that separation selectivity of Li+/Mg2+ increases significantly 
when the O/A ratio increases from 1:1 to 3:1, with a maximum value of 
742.11, while it will decrease when the O/A ratio is increased to values 
greater than 3:1. This is because the extraction of Li+ by IL + TOP 
reached saturation at this ratio, and continuing to increase the amount 
of IL + TOP enhanced the extraction capacity of Mg2+. Thus, O/A ratio 

Fig. 4. Effects of pH values (a, b; Mg2+/Li+ = 40:1, O/A = 3:1 and CIL = 0.1 mol/L), IL concentrations CIL (c, d; Mg2+/Li+ = 40:1, O/A = 3:1 and pH = 7) and O/A 
ratios (e, f; Mg2+/Li+ = 40:1; and pH = 7 and CIL = 0.09 mol/L) on extraction performances with [HOEMIM][Tf2N] + TOP as extractant system at 298.15 K. 
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of 3:1 is a suitable selection. In addition, a comparison of extraction 
performance with different extractant systems collected from literature 
are shown in Table 4 (Gao et al., 2015; Li and Binnemans, 2021; Shi 
et al., 2014; Shi et al., 2016; Wang et al., 2023; Wang et al., 2018). It is 
found that the [HOEMIM][Tf2N] + TOP extractant system in this work 
has the very highest max one-stage extraction efficiency of Li+ (83.16), 
and separation selectivity of Mg2+/Li+ (742.11) is highest among all 
extractant systems collected from literature. Besides, when compared 
with the extractant systems of [HOEMIM][Tf2N] + TBP, TBP- 
[BMIM]3PW12O40 + TBP and [MMIM]4SiW12O40, + TBP, the extraction 
performance using [HOEMIM][Tf2N] + TOP is significantly improved. 
In summary, the extractant system of [HOEMIM][Tf2N] + TOP proposed 
in this study had great selective extraction ability for Li+. 

The multistage extraction experiment was carried out to validate the 
extraction performance of Li+ with the extractant of IL + TOP in the real 
industrial application at the above-mentioned optimized conditions, and 
the results are shown in Fig. S2 in Supplementary material. It can be seen 
that the extraction efficiency of Li+ reached 99.07 %, and Li+ concen
tration in the aqueous phase decreased from the original 760.6 mg/L to 
7.1 mg/L after five stage extractions. The results show that the IL + TOP 
composition is a promising extractant applied for extraction of Li+ from 
the brine with high Mg2+/Li+ ratio. 

4.3. Analyses of extraction mechanisms via spectroscopy techniques 

4.3.1. Analyses of 1H NMR, UV–visible, and FTIR 
Fig. 5a and b show that the 1H NMR spectra of the organic phase does 

not change significantly before and after extraction. The chemical shift 
corresponding to the hydroxyl peak of [HOEMIM]+ at 3.81 ppm, and the 
peak intensity is weakened after extraction, indicating that [HOEMIM]+

may be exchanged into the aqueous phase, resulting in a decrease in 
[HOEMIM]+ concentration. In addition, the UV–visible spectrum was 
used to analyze the spectrum of raffinate (i.e., the aqueous phase) at 190 
~ 250 nm (see Fig. S3), there is an obvious absorbance peak of 
[HOEMIM]+ presented at 209 nm. It is found that the cation 
[HOEMIM]+ species in the aqueous phase after extraction are deter
mined although when the metal ions are not added into the aqueous 
phase. This is due to the certain solubility of IL in the aqueous solution 
with the [HOEMIM]+ concentration of 0.7135 g/L measured quantita
tively. However, the absorbance strength of the aqueous phase with 
metal ions (the [HOEMIM]+ concentration of 11.7477 g/L measured 
quantitatively) is significantly higher than that without metal ions. This 
completely the presence of metal ions in the aqueous phase can enhance 
the [HOEMIM]+ entered from the oil phase into the aqueous phase, 
which is the significant evidence for occurring the cationic exchange 
mechanism. Fig. 5c showed the FTIR spectra of [HOEMIM][Tf2N], TOP 
and their mixing. It is found that all peaks of [HOEMIM][Tf2N] and TOP 
still existed after mixing, indicating that [HOEMIM] and TOP were 
physically mixed. Fig. 5d and e show the characteristic information of 
FTIR spectra for the organic phase before and after extraction, and the 
wavelengths at 2959 cm− 1 and 2872 cm− 1 corresponded to the asym
metric and symmetric tensile vibration of CH3 group, respectively. 

Moreover, the peaks at 1463 cm− 1 and 1380 cm− 1 are assigned to the 
asymmetric and symmetric bending vibrations of CH3 respectively, 
1014 cm− 1 is attributed to the tensile vibration of P-O-C, and all of these 
peaks are not shifted. However, the peak at 1269 cm− 1 representing 
P––O in TOP is shifted to 1259 cm− 1 after extraction. This is because that 
the P––O vibration frequency changed is resulted by combining TOP 
with Li+, representing the strong interaction is formed between TOP 
with Li+. The peaks at 1352 cm− 1, 1189 cm− 1, and 1051 cm− 1 are 
corresponding to characteristic information of S––O, C-F, S-N-S in 
[Tf2N]− , respectively, and all of them have not obvious shift, indicating 
the anion of IL still stays in the organic phase after extraction instead of 
the aqueous phase. It is found from Fig. S4 in Supplementary material 
that the C––C stretching vibration in imidazolium ring on [HOEMIM]+

at 1572 cm− 1 disappeared after extraction, which is due to the ion ex
change happened between [HOEMIM]+ and Li+ in the aqueous phase, 
resulting in the decrease of [HOEMIM]+ concentration in organic phase. 
The results are in the agreement with those obtained by UV–visible and 
1H NMR spectra. 

4.3.2. Extraction equilibrium parameters 
According to the analyses of FTIR, 1H NMR and UV–visible spectra, 

the extraction process can be treated as the following relation: 

[HOEMIM][Tf2N]org +Li+aq + nTOPorg→[HOEMIM]
+

aq + [Li⋅nTOP]+org

+ [Tf2N]
-

org

(11)  

where subscripts “aq” and “org” represent the aqueous and organic 
phases respectively, and n represents the number of TOP molecules. The 
extraction equilibrium constant (K) can be expressed as: 

K =
DLi+ ⋅[HOEMIM]

+

aq

[HOEMIM]
+

aq[HOEMIM]
n
org
,DLi+ =

[Li⋅nTOP]+org

[Li]+aq
(12)  

Since, it can be further represented by as follows: 

logDLi+ + log[HOEMIM]
+

aq − log[HOEMIM]
+

org= nlog[TOP]org + logK (13)  

The n = 1 was determined by calculating the slop of curve (see Fig. S5 in 
Supplementary material), indicating that one TOP molecule can bind 
with one Li+. 

4.4. Extraction thermodynamic behaviors 

4.4.1. Phase equilibria behavior predicted by the ePC-SAFT model 
In this study, phase equilibria were calculated using the isofugacity 

criterion, which states that at thermodynamic equilibrium, the fugacity 
of each component is equal in all phases. 

f 1
i = f 2

i = ⋯ = f π
i (14)  

For calculation of the fugacities, the so-called “φ − φ” criterion was used. 
The fugacity of each component in both phases was expressed using the 
respective fugacity coefficient as below: 

Table 4 
Comparison of extraction performances of Li+ with different extractant systems at 298.15 K.  

Ligands ILs Mg2+/Li+ molar ratios One-stage Li+ extraction efficiency (%) βLi+/Mg2+ O/A pH Refs. 

TBP [HOEMIM][Tf2N] 40 80 170 1:1 7 (Li and Binnemans, 2021) 
TBP [BMIM][PF6] 12.58 90.93 (92.5) - (–) 2:1(3:1) 7 (Shi et al., 2014) 
TBP [BMIM][Tf2N] 13.05 92.37 (94.61) 403.33 (–) 2:1(3:1) 7 (Shi et al., 2016) 
TBP [BMIM]3PW12O40 78.33 69.18 (72) 283.06 (210) 1:1(3:1) 7 (Wang et al., 2018) 
TIBP [EMIM][Tf2N] 9.54 83.71 (91.66) 71.24 (138.61) 1:1(2.5:1) 7 (Gao et al., 2015) 
TBP [MMIM]4SiW12O40 78.33 60 (65) 35 (125) 1:1(3:1) 7 (Wang et al., 2023) 
TOP [HOEMIM][Tf2N] 40 83.16 742.11 3:1 7 This work 

Note: The O/A in the brackets corresponds to the Li+ extraction efficiency and βLi+/Mg2+ .  
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φL1
i xL1

i = φL2
i xL2

i (15)  

The fugacity coefficients φi can be derived with ePC-SAFT from the re
sidual Helmholtz energy ares via the chemical potential μi as expressed in 
Equation (16) 

ln(φi) =
μres

i

kBT
− ln

⎛

⎜
⎝1 + (

∂(ares

kBT)

∂ρ )

⎞

⎟
⎠ (16)  

Therefore, with the phase equilibrium calculation, the extraction effi
ciency of Li+ and Mg2+ were determined using: 

Ei =
ϕ⋅xi,org,phase

xi,Feed
(17)  

where ϕ accounts for the molar ratio between the organic and aqueous 
phase. 

The three binary parameters between Li+ and TOP and between TOP 
and the IL were optimized to enhance the accuracy of the ELi+ data point 

Fig. 5. 1H NMR of (a, b; b is the partial magnification of a) and FTIR (c-e; e is the partial magnification of d) spectra for organic phase before and after extraction (10 
v% IL + 90 v% TOP, and O/A = 3:1) at 298.15 K. 
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at O/A = 2:1. All the binary interaction parameters to Mg2+ were set to 
zero. Further, dispersion between water and TOP, as well as TOP and IL 
was not accounted for (kij = 1). Fig. 6 illustrates the modelled extraction 
efficiency for Li+ and Mg2+ at various ratios between the organic and 
aqueous phases (see Table S6 in Supplementary material for more de
tails). Not surprisingly, the ePC-SAFT modelling of ELi+ at O/A = 2:1 is 
in the quantitative agreement to the experimental data since this was the 
fitting point. Conversely, the calculations for the other O/A ratios are 
predictive. The results clearly demonstrate that a ratio O/A = 1:1 yields 
a notably lower extraction efficiency, which is captured by ePC-SAFT 
qualitatively. The ePC-SAFT overestimates the extraction efficiency at 
this ratio. Anyway, the prediction at ratios O/A > 1 agrees quantita
tively with the experimental data. As the O/A ratios increase, ELi+ finally 
arrives at a limiting value of approximately 85 %. Additionally, the ePC- 
SAFT correctly predicts that the extraction efficiency of Mg2+ is negli
gible across all ratios. Remarkably, this behavior was obtained without 
the need to adjust additionally binary interaction parameters. Therefore, 
the ePC-SAFT model demonstrates the powerful prediction capacity and 
is first successfully extended to describe the so-called “organ
ic–inorganic complex strong electrolyte system” in Li+/Mg2+ extraction 
separation with ILs. 

4.4.2. Analyses of Gibbs free energy, enthalpy and entropy 
The thermodynamic analyses for Gibbs free energy (ΔG), enthalpy 

(ΔH) and entropy (ΔS) in the extraction process were investigated. As 
shown in Fig. 7a, both the extraction efficiency and distribution coeffi
cient of Li+ decrease with the increase in temperatures. Based on the 
Van’t Hoff relation, the enthalpy change can be calculated by 

logK =
ΔH

2.303RT
+C (18)  

where R is the universal gas constant, and C is the integral constant. 
Fig. 7b shows that the slope of the plot is ΔH/2.303R, so the calculated 
ΔH is − 10.33 kJ/mol, indicating the extraction of Li+ is an exothermic 
process, and low temperature is beneficial to this process. ΔG and the ΔS 
can be also obtained by 

ΔG = − 2.303RT⋅logK = ΔH − T⋅ΔS (19)  

Consequently, the values of ΔG and ΔS are − 0.90 kJ/mol and − 31.65 J/ 
K/mol, respectively, indicating that the extraction reaction is orderly 
spontaneous. 

4.5. Molecular insights into extraction processes 

4.5.1. Analysis of binding energy 
It is very significant to identify the extraction mechanism at the 

molecular level for extraction separation of Li+/Mg2+. The binding en
ergies of between Li+/Mg2+ and H2O, IL, and TOP were calculated by 
QC calculations, and the results are shown in Fig. 8. In the aqueous 
solution, Li+ can be coordinated with four H2O molecules, while Mg2+

can be coordinated with six H2O molecules (Marcus, 1988; Olsher et al., 
1991). By comparing Fig. 8b and e, it can be found that the binding 
energy of Mg2+-6H2O (− 337.41 kcal/mol) is much greater than that of 
Li+-4H2O (− 114.39 kcal/mol), indicating that Mg2+ has stronger hy
dration in the aqueous phase, which makes Mg2+ more difficult to 
extract from the aqueous phase than Li+. As shown in Fig. 8A–C, the 
magnitude of interaction energy is in the order of Li+-[Tf2N]− (− 133.09 
kcal/mol) > Li+-4H2O (− 114.39 kcal/mol) > Li+-TOP (− 67.49 kcal/ 
mol). It can be concluded that Li+ is more inclined to bind to [Tf2N]− in 
the extraction system, and the neutral ligand TOP coordinate with Li+ to 
ensure the stability of the complex. This is consistent with the experi
mental results in Fig. 4, indicating that the IL plays a crucial role in the 
extraction process and only TOP cannot perform the extraction of Li+. In 
addition, the stronger binding energy of Li+-[Tf2N]− than that of Li+- 
4H2O indicates that the IL can effectively extract Li+ from the aqueous 
phase. Fig. 8d–f show that there is the order of Mg2+-6H2O (− 337.41 
kcal/mol) > Mg2+-[Tf2N]− (− 337.27 kcal/mol) > Mg2+-TOP (− 177.46 
kcal/mol) in the magnitude of interaction energies. This indicates that 
the very strong interaction presented between Mg2+ and H2O lead to the 

Fig. 6. Comparison of the calculated (lines) and experimental (points) on the 
effects of the volume ratio for the organic to aqueous phase (O/A) on Li+ and 
Mg2+ extraction efficiency with [HOEMIM][Tf2N] + TOP as extraction system 
(Mg2+/Li+ = 40:1; and pH = 7 and CIL = 0.09 mol/L). ePC-SAFT parameters are 
taken from Tables 1–3, and the parameters were fitted to ELi+ at O/A = 2:1 and 
298.15 K, i.e., all other modeling lines are predictions. 

Fig. 7. Effect of temperature (a) and plot of versus 1000/T (b) for Li+ extraction (O/A = 3:1 and pH = 7) at the normal atmosphere.  
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IL failed to effectively extract Mg2+. This will cause to low extraction 
efficiency of Mg2+ and further increase the separation selectivity of Li+/ 
Mg2+, which is also consistent with the experimental extraction results. 
In addition, it can be seen from by comparing Fig. 8d, f and h that the 
binding energy of [HOEMIM]+-[Tf2N]− (− 81.95 kcal/mol) is the 
weakest, indicating that metal ions (Li+ and Mg2+) bind the anion 
[Tf2N]− more competitively than the cation [HOEMIM]+. Meanwhile, it 
can be found from Fig. 8g, i and j that the binding energy of Li+- 
[HOEMIM]+ and Mg2+-[HOEMIM]+ are positive, indicating that there is 
repulsive interaction presented between them. The negative binding 
energy of H2O-[HOEMIM]+ (− 12.07 kcal/mol) can lead to the cation 
[HOEMIM]+ entering the aqueous phase, while it can weaken the hy
dration of Li+, and further promote transfer of Li+ from the aqueous to 
organic phases. It can be seen from Fig. 8k that the binding energy of 
Li+-TOP-[Tf2N]− (− 183.60 kcal/mol) is significantly stronger than 
those of Li+-TOP (− 67.49 kcal/mol) and Li+-[Tf2N]− (− 133.09 kcal/ 
mol), indicating that the TOP and anion [Tf2N]− have the collaborative 
effect on extraction of Li+. 

4.5.2. Electrostatic potential (ESP) analysis 
ESP is an effective method to determine the location and strength of 

possibly electrostatic interactions between molecules or clusters by 
analyzing the three-dimensional distribution map of ESP extreme points 
on the vdW surface of molecules. It can be seen from the Fig. 9a that the 
global minimum ESP point (− 48.74 kcal/mol) of TOP was distributed 
near the O of P––O group, where will electrostatically interact with other 
molecules with positive ESP values. This is due to the oxygen atom have 
strong electronegativity due to the presence of lone-pair electrons, and 
the P––O group greatly enhanced the concentrated distribution of 
π-electron leading to the concentration of negative ESP points near the 
P––O group. Meanwhile, the dispersion of positive ESP points distributes 
around hydrogen atoms in the alkyl chain. Fig. 9b shows that the global 
minimum point of ESP (− 114.38 kcal/mol) of [Tf2N]− distributes near 
the oxygen atom, and the maximum point (− 50.04 kcal/mol) appears 
above fluorine atoms. Notably, the global ESP minimum of [Tf2N]−

(− 114.38 kcal/mol) is significantly more negative than that of TOP 
(− 48.74 kcal/mol). As a result of the strong electrostatic attraction, Li+

with a positive charge, preferably coordinates with the oxygen atom at 
the S––O group of [Tf2N]− , resulting in the formation of complex Li+- 

Fig. 8. Optimized structures and binding energy for clusters by QC calculations at B3LYP/6–31 + g(d,p) with DFT-D3(BJ) dispersion correction.  
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[Tf2N]− , as shown in Fig. 9d. The maximum ESP value of Li+-[Tf2N]− is 
concentrated near Li+ (+207.18 kcal/mol). Due to the strong electro
negativity of the oxygen atom on TOP, the O of the P––O group in TOP 
coordinates with Li+, thereby forming Li+-TOP complex as shown in 
Fig. 9E. In addition, the global maximum ESP point for Li+-TOP appears 
near Li+ (+274.11 kcal/mol), resulting in a strong electrostatic attrac
tion between Li+ and other molecule with negative ESP values like 
[Tf2N]− . Fig. 9c shows that the global ESP maximum point (+122.39 
kcal/mol) for [HOEMIM]+ is distributed around the acid hydrogen atom 
on the imidazolium ring of cation, which is significantly lower than that 
of Li+-TOP (+274.11 kcal/mol). This interaction promotes cation ex
change between Li+ and [HOEMIM]+, causing the transfer of Li+ from 
the aqueous to organic phase by the strong electrostatic interaction 
between Li+ and TOP/[Tf2N]− . These findings are consistent with the 
experimental, spectroscopic characterization and binding energy 
analyses. 

4.5.3. Independent gradient model (IGM) analysis 
IGM analysis as proposed by Lefebvre et al., can intuitively identify 

the size, type and location of noncovalent interactions between mole
cules, the IGM analyses regarding the molecular-level mechanism for 
extraction of Li+ are shown in Fig. 10. As shown in Fig. 10a, a blue-green 
isosurface and coordination bond (Li+ → O––P) appears between the Li+

and oxygen atom of the P––O group, which is due to the coordination 
interaction between the oxygen atom containing lone pair electrons and 

Li+ providing empty electron orbitals. Fig. 10b shows that there are four 
blue green isosurfaces presented between Li+ and the oxygen atoms of 
the H2O molecules, indicating the strong Li+ hydration formed in the H- 
O⋯Li+ bond similar to HBs. It can be found in Fig. 10c that there are two 
blue green isosurfaces located between Li+ and the nitrogen with the 
oxygen of [Tf2N]− , respectively, indicating the electrostatic attraction 
between Li+ and [Tf2N] in S-N⋯Li+ and S––O⋯Li+ interactions. Fig. 10d 
shows that there are two blue-green areas presented between Mg2+ and 
the oxygen atom on TOP with carbons alkyl chain, respectively. 
Compared with area of isosurface of Li+-TOP, that of Mg2+-TOP is bluer 
and larger, representing a stronger interaction formed in the latter. This 
is consistent with the binding energy and ESP analyses. As shown in 
Fig. 10e, a huge blue-green isosurface occupies almost all of the space 
between the Mg2+ and six H2O molecules, which represents the very 
strong Mg2+ hydration formed in the H-O⋯Mg bonds and the its 
strength is obviously stronger than that of Li+-4H2O due to the larger 
area of isosurfaces in the former when compared with that in the latter 
(see Fig. 10b). Fig. 10f shows that the larger bule green area is resented 
in Mg2+-[Tf2N]− than that in Li+-[Tf2N]− , indicating that the former has 
the stronger interaction than the latter. These findings are in the 
accordance with the binding energy and ESP analyses. Meanwhile, the 
Mg2+-6H2O complex has the larger area of isosurfaces than Mg2+-TOP 
and Mg2+-[Tf2N]− complexes, indicating that the hydration interaction 
between Mg2+ and H2O molecules is stronger than that between Mg2+

and TOP/IL. This validates that it is difficult to extract Mg2+ from the 

Fig. 9. ESP of molecular vdW surfaces of TOP, complex, cations and anions of ILs (The ESP maximum and minimum values are represented by yellow and cyan balls, 
respectively, units in kcal/mol). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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aqueous to organic phases by using the extractant of IL + TOP, which 
further leads to the high separation selectivity for Li+/Mg2+. For 
[HOEMIM][Tf2N], it is found in Fig. 10g that an isosurface is formed 
between oxygen atoms of [Tf2N]− and the hydrogen atom on hydroxyl of 
[HOEMIM]+, representing the formation of HB interaction of O-H⋯O. 
Similarly, hydrogen atoms on alky chain of [HOEMIM]+ and oxygen 
atoms of [Tf2N]− can form the electrostatic interaction of C-H⋯O and 
vdW dispersion. Fig. 10h shows that the electrostatic interaction of 
S––O⋯Li+ can be formed between Li+ and [Tf2N]− except for the co
ordination interaction of Li+ → O––P in the complex Li+-TOP-[Tf2N]− . 
Moreover, C-H⋯O interactions can be also formed between the 
hydrogen atoms on alkyl chains of TOP and oxygen atoms of [Tf2N]− , 
and a thin green isosurface exists between the fluorine atom of [Tf2N]−

and hydrogen atoms of TOP, where the vdW dispersion is formed. 
Therefore, various interactions of Li+ → O––P, S-N⋯Li+, S––O⋯Li+, C- 

H⋯O, and vdW dispersion are simultaneously existed in the complex of 
Li+-TOP-[Tf2N]− to form the so-called multi-site interaction, demon
strating that Li+-TOP-[Tf2N]− has stronger interaction than Li+-TOP and 
Li+-[Tf2N]− . This also confirm that both TOP and IL contribute to the 
extraction of Li+, which is consistent with the experimental results of 
extraction equilibrium, that is, Li+ is extracted from aqueous to organic 
phases by the way of the complex Li+-TOP-[Tf2N]. Fig. 10I shows that 
there is a bule isosurface presented between the hydrogen atom on hy
droxyl of [HOEMIM]+ and the oxygen atom of H2O, representing the 
formation of HB (H-O⋅⋅H) interaction, which can weaken the hydration 
of Li+ in the aqueous phase and promote its exchange transfer into the 
organic phase. These above-mentioned findings are consistent with 
experimental extraction results, spectroscopic characterization, binding 
energy and ESP analyses. In short, Li+ mainly interacts electrostatically 
with the anion [Tf2N]− of IL in the form of S-N⋯Li+ and S––O⋯Li+. The 

Fig. 10. IGM visualization for different complex. (The isovalue of IGM is 0.01, and the color scale is shown in ranging from − 0.05 to 0.05 au).  
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cation mainly undergoes HB interaction with H2O and enters the 
aqueous phase undertaking ion exchange with Li+, so that Li+ in the 
aqueous phase enters the organic phase of IL + TOP through the Li+- 
TOP-[Tf2N]− form of the complex. In this case, the coordinate interaction 
(Li+ → O––P,) can be formed between Li+ and TOP, the electrostatic 
interactions (S-N⋯Li+ and S––O⋯Li+) can be formed Li+-[Tf2N]− , as 
well the C-H⋯O and vdW interactions can be presented between TOP 
and [Tf2N]− . Therefore, the IL can act as a co-extractant as well as a 
stabilizing complex in an electrically neutral form during the Li+

extraction process. 

4.6. Washing and stripping experiment results 

During the extraction Li+ process, despite a high separation selec
tivity of Li+/Mg2+, a small amount of Mg2+ are still extracted into the 
Li+-loaded organic phase. To remove these excess Mg2+ and obtain high- 
pure Li+ organic phase for preparing the product containing Li+, the 
washing experiment was conducted. According to the cation exchange 
theory, the binding order of TOP and metal ions is H+ > Li+ > Na+ >

Mg2+ (Wang et al., 2018). Therefore, NaCl and LiCl selected as de
tergents to remove Mg2+ in the organic phase was investigated experi
mentally. As shown in Fig. 11a (see Tables S7 in Supplementary material 
for more details), the washing efficiencies of both Li+ and Mg2+ rise with 
the increase in the NaCl concentration. When the NaCl concentration is 
0.5 mol/L, the washing efficiency of Mg2+ reaches 99.29 %. In this case, 
the washing efficiency of Li+ can also reach 45.71 %, which leads to the 
severe loss of Li+. To overcome this problem, LiCl was also added to the 
detergent under the 0.5 mol/L NaCl, and the results are shown in the 

Fig. 11b (see Tables S8 in Supplementary material for more details). It is 
found that the washing efficiency of Li+ significantly decreases with the 
increase in the LiCl concentration. Under the LiCl concentration of 0.1 
mol/L, the washing efficiencies of Li+ and Mg2+ in the organic phase 
after extraction are 1.77 % and 99.7 %, respectively, demonstrating the 
effectiveness of LiCl against washing Li+. The Mg2+ concentration in the 
organic phase after washing is almost zero, and then the Li+ and intro
duced Na+ need to be stripped by HCl solution of 0.5 mol/L from the 
organic phase into the aqueous phase to facilitate the production of 
Li2CO3 subsequently. The experimental results are shown in Fig. 11c 
(see Table S9 in Supplementary material more details). When the ratio of 
O/A is 4:1, the Li+ stripping rate is only 49.2 % due to the small amount 
of HCl aqueous solution leading to insufficient mass transfer. The 
stripping efficiency of Li+ significantly increase with the increase in O/A 
ratio ranging from 4:1 to 2:1. When the O/A ratio over 2:1, the stripping 
efficiency of Li+ is almost unchanged with increasing the O/A ratio, so 
the optimal O/A ratio of 1:1 is selected with the stripping efficiency of 
Li+ of 99.90 %. 

4.7. Recycling performance of extractant 

The extractant-loaded organic phase is acidic after stripping exper
iment, so it is not suitable for repeated extraction of Li+. Therefore, 
ammonia solution of 1 mol/L was used to neutralize the H+ in the 
organic phase to regenerate the extractant. It can be seen from the 
Fig. 12a (see Tables S10 in Supplementary material for more details) 
that after 6 extractions with the regenerated extractant of IL + TOP, the 
extraction of Li+ has not obvious decrease keep with around 80 %. 

Fig. 11. Effects of NaCl (O/A = 3:1) (a) and LiCl (O/A = 3:1 and CNaCl = 0.5 mol/L) (b) concentrations on washing efficiency of metal ions, and effects of different O/ 
A ratios on the stripping efficiency of Li+ (c) at 298.15 K. 
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Fig. 12b shows that the FTIR spectra of extractant regenerated once and 
regenerated 6 times are the same, indicating that the collaborative 
extractant of IL + TOP has excellent regenerable and cycling extraction 
performance with the promising potential in the real industrial 
application. 

5. Conclusions 

In this work, we systematically investigated selective extraction of 
Li+ with IL-based collaborative extractant from brines with high Mg2+/ 
Li+ molar ratio. The [HOEMIM][Tf2N] + TOP was selected as the best 
candidate with the extraction efficiency of Li+ up to 83.16 % and sep
aration selectivity of Li+/Mg2+ up to 742.11 at the single-stage extrac
tion, as well as the extraction efficiency of Li+ up to 99.07 % at the five- 
stage extraction. It was found that Li+ can be extracted from the aqueous 
to organic phases in the form of Li+-TOP-[Tf2N]− complex of 1:1:1 in 
molar ratio. The thermodynamic model ePC-SAFT was first extended to 
quantitatively predict the phase equilibria of the so-called “organ
ic–inorganic complex strong electrolyte system” presented in this work, 
without adjusting additionally binary interaction parameters. The 
molecular-level extraction mechanisms were investigated by analyzing 
binding energies, ESP and IGM. The results showed that the Li+ and 
Mg2+ were hydrated by strong interaction of “Metal-O-H”, and the Li+

hydration is weaker than Mg2+ hydration. The Li+ can be extracted from 
the aqueous to organic phases by producing the complex of Li+-TOP- 
[Tf2N]− dominated by the multi-site interaction consisting of Li+ → 
O––P, S-N⋯Li+, S––O⋯Li+ C-H⋯O, and vdW dispersion interactions 
together, which are stronger than Li+ hydration energy. In this case, TOP 
plays an extractant by the coordinate interaction (Li+ → O––P) and the 
IL plays a co-extractant as well as a stabilizing complex in an electrically 
neutral form. The collaborative extractant of [HOEMIM][Tf2N] + TOP 
has the good recycling capacity without significant decrease for the 
extraction performance after six cycles. This work aims to provide 
theoretical guidance for rational design of a novel IL-based extractant 
for the high-efficiency extraction of Li+ from high Mg2+/Li+ ratio brines. 
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