
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Separation of cobalt and nickel with a thermomorphic  
ionic-liquid-based aqueous biphasic system  

Bieke Onghena,a Tomas Opsomera and Koen Binnemansa*

The [P44414][Cl]−NaCl−H2O ionic liquid-based aqueous biphasic 

system shows promising results for the separation of cobalt(II) and 

nickel(II) with homogeneous liquid-liquid extraction. The extracting 

phase exists of a hydrophilic ionic liquid that is salted-out by 

sodium chloride, indicating that there is no need for using 

hydrophobic ionic liquids. 

Recent advances in sustainable hydrometallurgical processing 

of metals focus on the use of hydrophobic ionic liquids (ILs) for 

separations of metal ions by solvent extraction.1-4 Ionic liquids 

are solvents that consist entirely of ions. Because of their low 

flammability and low volatility, ILs are considered to be safer 

and more environmentally friendly than the traditional diluents 

that are currently used in industry, such as kerosene.4-7 The 

main disadvantage of using ILs in solvent extraction is their high 

viscosity, which slows down the mass transfer during extraction 

and complicates the implementation of the IL solvent extraction 

processes on an industrial scale.8 Recently, our group applied 

the concept of homogeneous liquid-liquid extraction (HLLE) to 

ionic liquids as an answer to the slow mass transfer caused by 

the high viscosities of ILs. HLLE makes use of thermomorphic ILs, 

i.e. ILs that show temperature-dependent phase behavior in 

contact with water.9-11 Reversible conversion of the biphasic 

mixture to a homogeneous mixture by changing the 

temperature, causes the extraction equilibrium to be reached 

faster than by strong agitation of a biphasic mixture. Until now, 

mainly fluorine-containing ILs were successfully applied to the 

HLLE of metal ions. 12-14 On the other hand, ILs with fluorine-free 

anions offer several advantages such as a lower price and less 

issues with toxicity and persistency in natural environments.15,16 

Fluorine-free hydrophobic ILs, such as 

trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101), have 

already been used in solvent extraction processes, but these ILs 

generally do not show thermomorphic behavior with water and 

hence cannot be used in HLLE.13, 20-28 Furthermore, they have a 

high viscosity, which makes their application to industrial 

solvent extraction less straightforward. 

In this Communication, the assets of both HLLE and fluorine-

free ILs for the separation of metal ions are combined by using 

thermomorphic ionic liquid-salt aqueous biphasic systems (IL-

ABS) in HLLE. An IL-ABS usually consists of three components: 

(1) water; (2) a hydrophilic IL, preferably with fluorine-free 

cations; and (3) a salting-out agent, usually an inorganic salt. 

The salting-out agent causes the IL to phase separate from the 

mixture and a biphasic system is created.17-19 Phase separation 

is thus a composition-induced process (CIPS, composition-

induced phase separation). At certain mass compositions, many 

of the IL-ABS can also undergo temperature-induced phase 

separation (TIPS), thus they can be considered thermomorphic 

and applicable to HLLE.17,20,21 Despite the advantages, few 

examples of the use of IL-ABS systems for the extraction of 

metal ions have been reported in the literature. Furthermore, 

the thermomorphic behavior has not been exploited yet.18,22-25  

Here, the concept of using IL-ABS-HLLE for the separation of 

metals was applied to the separation of cobalt(II) and nickel(II) 

using the hydrophilic IL tributyl(tetradecyl)phosphonium 

chloride, [P44414][Cl], combined with NaCl as the salting-out 

agent. NaCl was selected for several reasons: (1) NaCl is cheap 

and easily available with a low impact on the environment; (2) 

it is a relatively good salting-out agent; and (3) the addition of 

chloride ions enhances extraction of anionic metal chloro 

complexes to the IL phase.26,27 Extraction with [P44414][Cl] 

behaves similar to Cyphos IL 101 since both ILs are anionic 

extractants, which means that they only extract metal ions in 

their anionic form, such as anionic tetrachloro cobaltate(II).27,28  

To examine the possibility of using [P44414][Cl] in an IL-ABS-HLLE 

system, the phase behavior and phase separation were first 

investigated as a function of the temperature and the NaCl 

concentration. By cloud point titration at room temperature, 

the concentration of NaCl required to induce phase separation 

was determined for different IL concentrations (expressed in 
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wt%) (Figure S1 in ESI). The cloud-point composition, i.e. the 

composition at which the homogeneous mixture becomes 

cloudy, was determined by titrating an aqueous solution of NaCl 

to an aqueous solution of the IL under constant stirring until a 

cloudy solution was detected visually. On the basis of these 

results, it was decided to carry out further experiments with 

mixtures always containing 40 wt% of IL. In this way, the 

required amount of NaCl to obtain phase separation at room 

temperature was still limited (around 5 wt%, Figure S1 in ESI) 

and the mass phase ratio of the biphasic mixture was around 

1:1. A complete overview of the experimental methods and 

materials is given in the supporting information. 

Preliminary heating and cooling tests revealed that 

[P44414][Cl]−NaCl−H2O showed a lower critical solution 

temperature (LCST) phase behavior in water, which implies that 

a biphasic mixture becomes homogeneous by cooling below a 

certain temperature. The temperature at which this phase 

transition occurs can be approximated by the cloud point 

temperature, which is literally the temperature at which a 

homogeneous mixture becomes cloudy at a specific 

composition, thus indicating a phase transition. The cloud point 

temperature of [P44414][Cl]−NaCl−H2O was determined at 

different NaCl concentrations, expressed in wt% (Figure 1). The 

results show that by changing the NaCl concentration the 

system parameters can be tuned very easily to optimize the 

process, which is interesting for the application in HLLE. Note 

that at NaCl concentrations above 11 wt%, the mixture cannot 

become homogeneous by cooling since the cloud point 

temperature is below the melting point of water. This implies 

that HLLE with a mixture containing 40 wt% of [P44414][Cl] in 

total, is only possible at NaCl concentrations lower than 11 wt%. 

 

Figure 1. Influence of the NaCl concentration on the cloud point 

temperature of a 40 wt% solution of [P44414][Cl] in water. 

 

Next, the [P44414][Cl]−NaCl−H2O system was applied to the 

separation of Co(II) and Ni(II) from chloride solution with HLLE. 

The separation of Co(II) and Ni(II) was chosen because it is an 

important, but challenging hydrometallurgical process step in 

the production of cobalt materials.29 Futhermore, they are 

known to be efficiently separated by traditional solvent 

extraction with quaternary phosphonium and ammonium ILs, 

but the high viscosity remains a challenge in these systems.8,27 

The extraction and separation of Co(II) and Ni(II) was tested as 

a function of the NaCl concentration (wt%) in the mixture 

(Figure 2) and expressed using the distribution ratio D and 

separation factor  𝛼𝑁𝑖
𝐶𝑜, defined by equations 1-2: 

 𝐷 =
𝑐𝐼𝐿

𝑐𝑎𝑞
 (1)

 𝛼𝑁𝑖
𝐶𝑜 =

𝐷𝐶𝑜

𝐷𝑁𝑖
 (2) 

where caq and cIL are the metal concentrations after extraction 

in the aqueous and IL-rich phase, respectively. 

 

 

Figure 2. A: HLLE of Ni(II) (■) and Co(II) (●) from chloride 

solution as a function of the NaCl concentration (wt%) in the 

extraction mixture, B: the corresponding separation factors 

𝛼𝑁𝑖
𝐶𝑜. [Co(II)] = 1 g∙kg-1, [Ni(II)] = 1 g∙kg-1, [P44414][Cl] = 40 wt%, all 

calculated over the entire mixture.  

 

The results showed that Ni(II) was only poorly extracted to the 

IL-rich phase (D ~ 0.1) and extraction was not improved by 

increasing the NaCl content in the mixture up to 11 wt%. On the 

other hand, Co(II) was extracted much better, with D values up 

to 100 at 11 wt% NaCl. This difference in extractability of Ni(II) 

and Co(II) at increasing NaCl concentration led to increasing 

separation factors up to 500 at 11 wt% of NaCl. As expected, the 
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selectivity of extraction to the IL-rich phase is in line with the 

results obtained by Wellens et al. on the Cyphos IL 101 system 

and can be explained by the fact that Co(II) easily forms 

extractable anionic chloride complexes, while Ni(II) does not, 

not even at high chloride concentrations.27 However, the 

distribution ratios obtained with the IL-ABS-HLLE system are 

slightly lower than with the Cyphos IL 101 system because of 

the higher water content in the IL-rich phase (Table 1).27,30 

Presence of water in the IL rich phase results in more physical 

resemblance between both phases, thus lower preferential 

distribution to the IL-rich phase. 

 

Table 1. Influence of the wt% of NaCl in the 

[P44414][Cl]−NaCl−H2O ABS mixture on the water content in the 

IL-rich phase determined with Karl Fischer titration and 

comparison with water-saturated Cyphos IL 101. 

 NaCl content in 

mixture 

Water content 

in IL-rich phase 

 (wt%) (wt%) 

[P44414][Cl]−NaCl−H2O 

5.4 24.8 

7.6 19.2 

9.8 15.5 

11.9 14.0 

13.1 12.9 

Cyphos IL 101−H2O 
- 12.8a 

- 7.7b 

a literature value, water-saturated Cyphos IL 10130 
b literature value, Cyphos IL 101 saturated with 8 M HCl27 

 

The extraction of Co(II) and subsequent separation between 

Co(II) and Ni(II) was further improved by increasing the NaCl 

content in the mixture: DCo = 500 and 𝛼𝑁𝑖
𝐶𝑜 = 2500 at 13 wt% 

NaCl. But, these mixtures with a composition of 40 wt% 

[P44414][Cl] and more than 11 wt% NaCl could no longer become 

homogeneous by changing the temperature, as also depicted in 

Figure 1. However, the separation between Co(II) and Ni(II) with 

HLLE could be improved by optimizing the composition of the 

extraction mixture to increase the amount of NaCl that can be 

added. As indicated before, the amount of NaCl needed to 

induce phase separation is higher at lower IL content in the 

mixture (Figure S1 in ESI). This also means that at a lower IL 

content in the mixture, the amount of NaCl that can be added 

to remain within the thermomorphic region is higher and higher 

separation factors 𝛼𝑁𝑖
𝐶𝑜 could be obtained. 

With respect to reusability and losses of the IL during the 

extraction process, it is important to know the IL content in the 

aqueous phase after extraction, since this value must be as low 

as possible to prevent unwanted losses. Quantitative 1H NMR 

measurements were made to determine the IL concentration in 

the aqueous phase of an extraction mixture containing 40 wt% 

[P44414][Cl], 5.4 wt% NaCl, [Co(II)] = 1 g∙kg-1 and [Ni(II)] = 1 g∙kg-

1. Phenol was added as internal standard, since the peak of its 

aromatic protons does not overlap with the resonances of 

water or the ionic liquid.31 The IL concentration was very low 

and close to the detection limit of the 1H NMR measurement. By 

comparison with the peaks of phenol, the IL concentration was 

estimated to be below 0.2 wt%. This is a much lower value than 

for instance for the HLLE system with [Hbet][Tf2N] (14 

wt%).10,11,32 

Finally, the dynamic viscosity η of the IL-rich phase after 

extraction was determined at room temperature (22 °C) as a 

function of the wt% of NaCl in the mixture (Figure 3). It is 

evident that the viscosity of the IL-rich phase increases with 

increasing wt% of NaCl in the mixture. This trend can be 

explained by two factors: (1) the increase in the extracted Co(II) 

concentration in the IL-rich phase causes an increase in viscosity 

due to the formation of a divalent anion, as was described by 

Vander Hoogerstraete et al.,28 and (2) the decrease in water 

content of the IL-rich phase with increasing wt% of NaCl (Table 

1) also results in higher viscosities. The viscosities varied around 

120 mPa∙s at 22 °C. These values are approximately 10 times 

lower than the viscosities reported on the water-saturated 

Cyphos IL 101 system, which is around 830 mPa∙s at room 

temperature.27,28 This clearly indicates that viscosity problems 

in the extraction process, i.e. slow kinetics due to slow mass 

transport and specialized process design, are less an issue here.  

 

Figure 3. Dynamic viscosity at room temperature (22 °C) of the 

IL-rich phase after extraction as a function of the wt% of NaCl in 

the extraction mixture, [Co(II)] = 1.5 g∙kg-1, [Ni(II)] = 1.5 g∙kg-1, 

[P44414][Cl] = 40 wt%, all calculated over the entire mixture. 

 

In conclusion, this Communication demonstrates that the IL-

ABS-HLLE system based on [P44414][Cl] and NaCl shows 

enhanced properties compared to conventional IL solvent 

extraction systems. The IL used in our system is fluorine-free 

and such ionic liquids are generally considered to be cheaper 

and more environmentally friendly than ILs containing 

fluorinated anions. Furthermore, the loss of IL to the aqueous 

phase is limited, which makes the process economically and 

environmentally more interesting. In addition, the most 

important advantage is the potentially faster extraction kinetics 

by application of HLLE, combined with the much lower viscosity 

of the IL-rich phase compared to the Cyphos IL 101 system. The 

low viscosity is also advantageous for process design, because 

high viscosities would require special pumping systems. Finally, 

the NaCl that is added to the system is used more beneficially. 

In quaternary phosphonium chloride extraction systems, 

chloride anions need to be added to the aqueous phase anyway 
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to achieve extraction to the IL phase. So the fact that it also 

induces phase separation of the hydrophilic IL means it is not 

required to work with a highly hydrophobic IL such as Cyphos IL 

101. Nevertheless, the IL-ABS system described in this 

Communication still needs some improvement, including 

optimization of the composition of the mixture to increase the 

separation between Co(II) and Ni(II). Moreover, other 

hydrophilic ILs should be tested and compared to [P44414][Cl] 

and the IL-ABS-HLLE could also be applied to other metal ion 

separations and higher metal loadings. 
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