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Removal of Alkali and Transition Metal Ions from Water with 
Hydrophobic Deep Eutectic Solvents  
Dannie J.G.P. van Oscha,*, Dries Parmentierb,c, Carin H.J.T. Dietzd, Adriaan van den Bruinhorstb,            
Remco Tuiniera, Maaike C. Kroonb,e,*

Hydrophobic deep eutectic solvents were used for the first time 
for the removal of metal ions from water. It was shown that the 
extraction occurs via an ion exchange mechanism in which all 
transition metal ions could be extracted with high distribution 
coefficients, even for high Co2+ concentrations and low mass 
fractions of DES. Maximum extraction efficiency could be reached 
within 5 s and regeneration was possible.  

   Contamination of water with high metal salt concentrations 
makes water undrinkable and for some metals (e.g. Cd, Pb, As) 
even traces are highly toxic.1,2 To avoid this environmental and 
health issue, the removal of metal salts from water is of major 
importance. Moreover, their extraction from water can be of 
interest from an economical perspective, since certain metal 
salts are getting scarce (e.g. Pd, Au, Ag), making them 
expensive. For these reasons, it is of importance to remove 
metal salts from an aquatic environment. 
   A generally accepted and often applied technique for the 
removal of metal salts from water is liquid-liquid extraction 
with hydrophobic solvents.3 Extraction offers advantages over 
other methods such as the possibility of conducting the 
removal in a continuous mode, the use of rather easy to 
operate equipment, simple reactor design and the need of 
only small amounts of extractant.4 
   Most investigations into the extraction of metal salts from an 
aquatic environment focused on the use of conventional 
organic water-immiscible solvents such as dodecane, toluene 
and kerosene. The main disadvantages of these solvents are 
their toxicity, volatility and flammability.5 

   More recently, ionic liquids (ILs) were used for the removal 
of metal salts from water.6 ILs are salts composed of a cation 
and an anion interacting with each other via electrostatic 
forces with a melting temperature lower than 100 °C, typically 
liquid at room temperature.7,8 ILs are designer solvents 
offering advantages over conventional solvents, such as low 
vapour pressures. However, a major disadvantage of ILs is 
their extended synthesis and purification. This makes the 
production of ILs expensive.  
   Newly developed designer solvents are the so-called deep 

eutectic solvents (DESs). DESs are constituted of two 
constituents associated with each other via hydrogen bonds 
and presumably Van der Waals interactions.9 These attractive 
interactions between the different molecules stabilize liquid 
configurations and hence lower the melting temperature of 
the mixture, with respect to the melting temperature of the 
pure substances.9 The first DESs reported were composed of 
choline chloride and amides.10 The physicochemical properties 
of DESs can be tuned via selection of the DES’ constituents in 
terms of chemical ratio and nature, molecular structure and 
water content. A major advantage of DESs over ILs is their 
straightforward preparation.  
    Following the publication of a wide range of hydrophilic 
DESs, hydrophobic DESs have been developed very recently, 
which could replace expensive hydrophobic ILs.11,12 These 
hydrophobic DESs were tested for the extraction of volatile 
fatty acids (VFAs) and biomolecules from an aquatic 
environment.11,12 Here, the focus is on the use of hydrophobic 
DESs for the removal of metal salts from an aquatic 
environment. Studies into the extraction mechanism of 
hydrophobic ILs indicated that the metal part of the metal salt 
forms complexes with deprotonated acid groups, while    
negatively charged chloride interacts with the positively 
charged ammonium of the IL.13 Hence, a DES was chosen that 
consists of decanoic acid and lidocaine since it was recently 
shown that approximately 25% of the decanoic acid/lidocaine 
 DES in a 2:1 molar ratio was ionized.14,15  
   A hydrophobic DES that could enable the removal of metal 
salts or metal ions from water is of interest for many 
industries. For example, in the pulp and paper industry this 
could involve the removal of transition metals, such as Mn and 
Fe, from fibre suspensions prior to peroxide bleaching, which 
could replace the use of ethylenediaminetetraacetic acid 
(EDTA), diethylenetriaminepentaacetic acid (DTPA) and acidic 
environments.16,17 Moreover, the newly developed DESs could 
be used for controlling the final metal contents of dissolving 
pulp and for the removal of metal ions from wood raw 
material.16,17 Furthermore, it could be of interest to investigate 
if silica and calcium ions could be removed from water and/or 
from equipment. This to avoid precipitations inside the 
equipment. Finally, it could be interesting whether these DESs 
could be used in ion exchangers.  
   In this communication, the extraction of different metal 
chloride salts from water using hydrophobic DESs is 
investigated for the first time. The pH of the water phases was 
not changed to improve extraction efficiency as published 
recently for metal salts in acid solutions.REF Thus, only metal 
salt and water were present in the aqueous phase, which has 
not been investigated before to the best of our knowledge. 
The investigated hydrophobic DESs consist of decanoic acid 
(DecA) and lidocaine (Lid) in a 2:1, 3:1 and 4:1 molar ratio. The 
measured distribution coefficient (D) for the ions of the metal 
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salts cobalt chloride (CoCl2), nickel chloride (NiCl2), iron 
chloride (FeCl2), manganese chloride (MnCl2), zinc chloride 
(ZnCl2), copper chloride (CuCl2), sodium chloride (NaCl), 
potassium chloride (KCl) and lithium chloride (LiCl) is reported. 
Furthermore, different concentrations and mass fractions 
(φDES) are tested for the metal salt CoCl2. Finally, the 
regeneration of the DESs is investigated.  
   Various physicochemical properties (water contents, density, 
viscosity before and after mixing) NMR, FTIR, and TGA spectra 
were measured. More information regarding these properties 
and the preparation of the DESs, the mixing of DES with water 
and the extractions can be found in ESI 1-7. The water content 
of the DESs shows an increment after mixing with water. The 
densities also increased after mixing with water, while the 
viscosities dropped. The degradation temperatures varied 
between 182.5 and 192.4 °C, which show that these DESs are 
rather thermal stabile. The concentration of organic substance 
(DES) in the water phase after mixing with water was 7.9-16.1 
mg per g of water. NMR analysis of the pure DESs showed that 
no chemical reaction occurred between the constituents of the 
DES and FTIR analysis demonstrates that the DESs are partially 
deprotonated.  
   The distribution coefficients of the metal ions over the water 
and hydrophobic DES phases were determined using five 
separate experiments, and are presented in Table 1. For all 
experiments reported in Table 1 an initial concentration of 1.0 
g/L metal ion was used. The measured D values were 
calculated based on analysis of the water phase using the 
equation: 
 

 

 

 

satisfying, 0 ≤ D ≤ 1. In 
this formula ,0

aq
ionC  and ,1

aq
ionC are the ion concentrations 

before (0) extraction and after (1) extraction, while 0
aqV  and 

1
aqV are the volumes of the aqueous phase before and after 

extraction. This volume correction was needed because 
some of the water was transferred to the DES phase during 
contact. 
  
Table 1 Distribution coefficients (D) of metal cations and chloride anions over 

the hydrophobic DESs and water phases. For D→0, the ion remains in the 

aqueous phase, while the ion is completely extracted into the DES when D→1. 

For the explanation of the different experiments also see ESI 1. The pH of the 

aqueous phase before and after extraction can be found in Tables S5 and S6 of 

the ESI. 

 

 
 

 
 

DecA:Lid 
(2:1) 

DecA:Lid 
(3:1) 

DecA:Lid 
(4:1) 

Exp. 
1 

Co >0.9962 ± 0.0002 >0.9960 ± 0.0003 0.9829 ± 0.0021 
Cl 0.1132 ± 0.0023 0.0781 ± 0.0076 0.1006 ± 0.0586 

Exp. 
2 

Fe >0.9922 ± 0.0001 >0.9909 ± 0.0002 >0.9912 ± 0.0002 
Cl 0.1966 ± 0.0030 0.0800 ± 0.0001 0.1128 ± 0.0073  

Exp. 
3 

Mn >0.9924 ± 0.0003 >0.9914 ± 0.0003 0.9831 ± 0.0042 
Cl 0.0863 ± 0.0018 0.0814 ± 0.0266 0.0648 ± 0.0105 

Exp. 
4 

K 0.4569 ± 0.0004 0.3965 ± 0.0106 0.4569 ± 0.0001 
Cl 0.1414 ± 0.0009  0.0782 ± 0.0308 0.0722 ± 0.0005 

Exp. 
5 

Co 0.9900 ± 0.0001 0.9456 ± 0.0115 0.7768 ± 0.0078 
Ni >0.9959 ± 0.0001 0.9831 ± 0.0003 0.8800 ± 0.0043 
Zn >0.9952 ± 0.0001 >0.9948 ± 0.0001 >0.9947 ± 0.0002 
Cu >0.9962 ± 0.0001 >0.9959 ± 0.0001 >0.9958 ± 0.0001 
Na  0.1953 ± 0.0006 0.1395 ± 0.0093 0.1272 ± 0.0402 
K 0.2113 ± 0.0275 0.1614 ± 0.0182 0.1335 ± 0.0050 

Li 0.2660 ± 0.0153 0.1655 ± 0.0006 0.1278 ± 0.0363 

 
Figure 1 Distribution coefficient (D) over an increasing initial concentration of Co2+. ■ = 
DecA:Lid (2:1), ● = DecA:Lid (3:1) and ▲ = DecA:Lid (4:1). The lines are added for 
clarification purposes. 

As shown in Table 1, most metal cations are extracted with 
high efficiencies (D→1). The experiments with only single 
metal salts in the water phase all show high D for the cationic 

metals ions, except for K+, which can be explained by the 
preference of fatty acids to bind with transition metals and not 
with alkali metals.18 Two observations should be mentioned.  
 

 Figure 2 TOC values over an increasing initial concentration of Co2+. ■ = DecA:Lid 

(2:1), ● = DecA:Lid (3:1) and ▲ = DecA:Lid (4:1). The lines are added for 

clarification purposes. 

 

   Some small precipitations were observed in the water phase 
after extraction of Fe2+, which can be explained by the fact that 



it precipitates at higher pH.13 After extraction of Mn2+ the DES 
phase formed a gel/solid like phase, which is most likely 
caused by the interaction of the manganese cation with one of 
the constituents of the DES. For K+ the reported hydrophobic 
DESs show a decrease in D over an increase of the decanoic 
acid to lidocaine ratio. This might be caused by the increase of 
hydrophobicity over an increase of decanoic acid in the DES. 
The experiment in which a combination of metal ions is 
extracted, experiment 5, shows high D for all transition metal 
ions, despite the fact that the D of Ni and Co drop over an 
increase of decanoic acid to lidocaine ratio. Furthermore, it 
can be observed that the extraction of the alkali metal ions in 
such a mixture of metal ions is rather low. This was already 
expected from literature on the extraction of metal salts with 
ILs.13,18 Figure 1 shows that with an increasing concentration of 
the metal ion Co2+, D decreases. The higher the decanoic acid 
to lidocaine ratio, the higher the decrease in D.  
   For the chloride ions it was found that the D is small, which 
was not expected from previous research into the extraction 
mechanism of the metal salts with the similar fatty acid based 
ILs.6,13 The low distribution coefficient of the DESs for the 
extraction of chloride ions may be explained by the interaction 
of the protonated lidocaine has with chloride anions. Most 
likely, lidocaine hydrochloride is formed, which has a higher 
water solubility in comparison to lidocaine itself (50 mg/mL for 
lidocaine chloride vs 0.41 mg/mL for lidocaine). Thus, upon 
extraction of the metal ion to the DES phase, protonated 
lidocaine is transferred simultaneously to the water phase 
(forming lidocaine chloride), which is an ion exchange process: 
 
 
 
 

 
Figure 3 Distribution coefficient (D) over varying the mass fraction of Co2+. ■ = 

DecA:Lid (2:1), ● = DecA:Lid (3:1) and ▲ = DecA:Lid (4:1). The lines are added for 

clarification purposes. 

 
   This hypothesis was tested by varying the initial 
concentration of the metal ion to investigate if the 
concentration of the total organic carbon (TOC) in the water 
phase increased with an increasing amount of Co2+. The 
change in TOC values over initial Co2+ concentration as shown 
in Figure 2 supports that most likely Co2+ is exchanged with the 
positively charged lidocaine. To strengthen this assumption 
NMR analysis was performed on the water phases after ex- 
traction (see ESI 8 for the NMR spectra). Table S5 of ESI 8 
clearly shows that with an increase of extracted metal ions the 
amount of lidocaine relative to the amount decanoic acid in 
the aqueous phase becomes higher, indicating that indeed an 
ion exchange mechanism occurs. A small amount of decanoic 
acid will always dissolve in the water phase due to its limited 
water solubility (an amount that does not increase with an 
increasing amount of metal ion that is extracted), which 
explains the relatively high amount of decanoic acid compared 
to lidocaine for the extraction of 0.5 g/L Co2+.  
    φDES, which is defined as the mass fraction of DES, is varied in 
order to examine its influence on the D of Co2+ in water + DES  

 (Figure 3). The results show that even for low φDES (φDES <0.1), 
D of 0.796 and higher can be achieved. Moreover, it was found 
that high D for Co2+ as reported here could be achieved within 
5 s for all the 3 DES ratios (ESI 8).  
 
Table 2 Distribution coefficient (D) for the extraction and regeneration of Co2+ for the 
DESs 

 
 

 
 

DecA:Lid 
(2:1) 

DecA:Lid 
(3:1) 

DecA:Lid 
(4:1) 

Extraction Co2+ >0.996 >0.996 0.983 
Regeneration Co2+ 0.848 0.867 0.899 

Extraction 
after 

regeneration 
Co2+ 0.706 0.994 0.995 

 
 
   Finally, it was investigated whether regeneration of the DES 
could be achieved. For the regeneration of the DES sodium 
oxalate (0.1 M Na2C2O4) was used, since previous research into 
ILs showed this was an efficient stripping solution.19,20 This 
solution was shaken with an equal weight of DES for 1 h. 
Analysis of the water phase shows that D becomes 
approximately 0.85-0.90 for the regeneration of Co2+ to the 
water phase. After regeneration of the DESs, it was verified 
whether Co2+ extraction for the water phase was still feasible, 
even though the DES cannot be reused infinitely due to 
leakage to the water phase. The results show that for the 3:1 
and 4:1 ratio of decanoic acid to lidocaine extraction was still 
possible with high D. It is noted that the water phase now 
became turbid after extraction, even after centrifugation. The 
most plausible explanation for this is a slight increase in the 
density of the DES. For the 2:1 ratio of decanoic acid to 
lidocaine the D was only 0.706 after regeneration and it is 
noted that the volume of the DES phase dropped for the 
extraction after regeneration. 
   The ability of the hydrophobic DESs to extract metal ions is 
compared with another class of innovative designer solvents, 
i.e. ILs, based on fatty acids and quaternary ammonium 
salts.6,13 Experiments without pH control of the water phase 
showed metal ion extraction lower than in our case, while it 
extracted more chloride ions.6 This can be explained due to 
the difference in extraction mechanism, which is full metal salt 
extraction in the case of the ILs.21 When for ILs the pH of the 
water phase is adjusted, similar metal ion removal could be 
achieved as with the DESs.13  
   To conclude, it is shown for the first time that metal ion 
extraction from an aquatic environment is possible with 
hydrophobic DESs. An ion exchange process occurs, in which 
the positively charged metal ion is most likely exchanged with 
the partially positively charged lidocaine ion. This claim is 
supported by an increase of the TOC value upon increasing the 
metal salt concentration and NMR spectra, which show only a 
minor amount of decanoic acid present in the water phase 
after extraction. All transition metal ions could be removed 
with high values for the distribution coefficient, as well in a 
pure metal salt solution as in a mixed metal salt solution. Even 
at low φDES, D for Co2+ were close to unity. A time experiment 
shows that within 5 s shaking time equal D can be achieved as 

2 2
2,2 2

org org org org

org aq aq org

DecAH Lid DecA LidH

LidH M Cl LidH Cl M

− +

+ + − + − +

+ ↔ +

+ ↔ +
 

 



shaking for 1 h. Finally, it was proven that regeneration with 
Na2C2O4 is possible. However, efficient reuse is only possible 
for the DES with a higher decanoic to lidocaine ratio (3:1 and 
4:1).  
Overall, this communication shows the potential of the use of 
hydrophobic DESs for the removal of metal ions from an 
aquatic environment. Further research can be directed into 
two routes. One route can aim at finding other cheaper and 
greener constituents that can act as ion exchange 
constituents. Probably, the most preferable route is finding a 
constituent that is able to protonate without becoming 
hydrophilic when taking up a chloride anion and so conduct a 
complete metal salt extraction. 
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