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Imidazolium ionic liquids (ILs) represent promising potential for industrial and technological applica-
tions - considering ILs as a new class of compounds. Usability of ILs in the mineral processing area 
described in the literature is up to now limited. Their application was indicated for minerals leaching, 
solvent extraction as well as electrochemical processes showing that these compounds may play an 
important role in the recovery and purification of high-value metals from water as well as ores. Imi-
dazolium derivatives may be used as either efficient solvents or active compounds promoting separa-
tion. Environmental impact and recycling possibilities were also described. Nevertheless, their poten-
tial industrial applications in mineral processing require further detailed examination.  
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INTRODUCTION 

Majority of chemical processes are carried out mainly in water as generally avail-
able solvent. Application of alcohols, halogen derivatives and condensed gases (SO2, 
NH3) has also found application to carry out chemical reactions. Volatile organic sol-
vents (VOC), liquid ammonia are still in common use in the laboratory scale as well 
as in the chemical industry. There is tendency to eliminate organic solvents by pro-
jecting new, environmentally friendly technologies. One of the groups of compounds, 
which could replace traditional solvents, are ionic liquids (ILs) - organic salts with 
melting point lower than 100oC. As distinct from organic solvents, ionic liquids are 
entirely composed of ions. Moreover, conventional salts such as sodium chloride con-
sist of small, close packed cation and anion which form a solid with high melting 
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point, that limit their application as a reaction media. On the contrary, ILs are com-
posed of bulky organic cation and small/large anion (Fig. 1). More difficult packing 
and weaker attractions between ions result in a liquid state of matter (Deetlefs et 
al.,2006; Blesic et al.,2007).  
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Fig. 1. Chemical structure of 1-alkyl-3-methylimidazolium ionic liquid 

Their properties (selectivity, negligible volatility, inflammability, thermal stability 
ect.) cause that ILs may play promising role as alternative media in a number of 
industrial applications like catalytical (Welton, 2004; Sheldon, 2001), separation 
(Visser et al., 2002; Huddleston et al., 1998), electrochemical processes as well in 
combined reaction-separation processes. ILs are often called designer solvents or task-
specific ionic liquids (TSILs) because of possibility to being tailored to fulfil techno-
logical demands of the variety applications. IL properties can be significantly adjusted 
e.g. hydrophobic vs. hydrophilic by interchange of the anion type, or a slight modifi-
cation of the number or length of alkyl chains in the cation (Visser and Rogers, 2003). 
Selection of anion may significantly change the miscibility of ILs with water, whereas 
manipulation in alkyl chain length may have only a slight effect. Moreover, solubility 
in water might be increased by addition of e.g. short chain alcohols or chaotropes 
(Welton, 2004; Alfassi et al., 2003; Huddleston et al., 2001).  

In this paper we reviewed the literature on ILs application in mineral processing, 
since ILs may offer potential for development of efficient, environmentally friendly 
metal recovery technologies from ores and wastes. Some own data on ILs surface 
properties are also included. 

MINERALS LEACHING 

The most important step of metallurgical processing is efficient separation of met-
als from ores followed by metals recovery from concentrate. Depletion of resources 
leads to using more lean ores and favours the hydrometallurgical approach.  

ILs were examined as solvents (either as a neat liquid or as aqueous mixtures) for 
the leaching of gold, silver, copper and base metals from sulphidic ores (Whitehead et 
al., 2004; Whitehead et al., 2007). At present, mainly cyanides are used for the com-
mercial hydrometallurgical leaching of gold and silver from ores and concentrates. 
However, due to the highly toxic nature of cyanide and environmental consequences, 
the process is very controversial and provokes examination of new leaching species. 
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C4MIM HSO4 (1-butyl-3-methyl-imidazolium hydrogen sulphate) and similar com-
pounds in the presence of thiourea (or other S-containing compounds) and iron(III) as 
oxidant were used to separate gold and silver from ores.  

The extraction of gold was achieved to be >85% from synthetic oxidic ore as well 
as natural sulphidic ore at 20-50oC using ionic liquid as a solvent. Gold extraction was 
close to results achieved for aqueous system H2SO4/tiourea/Fe2(SO4)3, whereas recov-
ery of silver from the natural sulphidic ore was significantly higher (≥60%) for the 
neat IL compared with an aqueous acid solution (<10%) as presented in Fig. 2. More-
over, high selectivity for the extraction of gold and silver was reported, with minimal 
selectivity of other metals (Cu, Zn, Pb and Fe). 
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Fig. 2. Comparative leaching of gold and silver from ore using aqueous H2SO4 or C4MIM HSO4 in pres-

ence of Fe2(SO4)3 and tiourea 

Extension of n-alkyl chain length in imidazolium cation resulted in decreasing ex-
traction efficiency of gold and silver, that might resulted from the increasing viscosity 
of ILs. The analysis of leaching results obtained for ILs with varied chain length and 
different types of anions showed that C4MIM HSO4 was the most effective medium 
that is important taking into account relatively low price of this compound. 

Table 1. Effect of C4MIM HSO4 concentration on copper extraction  
from chalcopyrite at 70oC (Whitehead et al., 2007) 

C4MIM HSO4 [%w/w] Cu extracted [%] 

10 55.7 
20 58.1 
50 82.2 

100 86.6 
1 M H2SO4 23.2 
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Copper extraction from chalcopyrite showed selective extraction of copper to-
wards iron in the ionic liquid medium at 70 °C. Application of neat IL was more effi-
cient (efficiency 87% of copper) than its solution (55% for 10%w/w) as shown in Ta-
ble 1. Moreover, the  recycling  ability of C4MIM HSO4 by separation of gold  and 
silver on activated charcoal was proposed without decomposition or significant 
change in the structure of IL (Whitehead et al., 2004; Whitehead et al., 2007). 

MINERALS BENEFICIATION 

One of the most important beneficiation processes is froth flotation of minerals, 
which requires hydrophobicity of the mineral particle. Only a few minerals naturally 
posses hydrophobic surface, hence, variety of reagents (collectors) providing hydro-
phobicity of the surface are used (Drzymała, 2001; Fuerstenau et al., 1985). The diffi-
culty in the recovery of oxide-containing minerals causes that search of the new col-
lectors is of utmost importance. So far some research involved application of pyridi-
nuim salts (which are also describes as ionic liquids) in potash ores, phosphate rock, 
sulphide, oxide, silicate ores and coal (Madaan et al., 2008). Similarities in the com-
position of pyridinium and imidazolium salts allow assuming that imidazolium ILs 
may also behave like cationic collectors being suitable for oxide ores. ILs may form 
films at the surface of negatively charged particles by ion-ion interaction or interact 
by free electron pair of the nitrogen atom in cation with the ore surface that might in-
crease hydrophobicity of ore particles. However, there is lack of research including 
application of the imidazolium ILs in flotation.   
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Fig. 3. Comparison of the structures of 1-alkyl-3-methylimidazolium and alkylpyridinium cation 

SOLVENT EXTRACTION OF METAL IONS FROM AQUEOUS 
SOLUTION 

Another consideration is given to application of ionic liquids in separations in or-
der to replace organic solvents used in traditional liquid-liquid extraction of metal 
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ions from aqueous solutions. Some properties which make ILs attractive as alternative 
media in extraction processes are tunability, negligible vapour pressure, good thermal 
stability, and a wide liquid range. Since the partitioning of metal ions from aqueous 
solutions into ionic liquids is inefficient  as a result of the tendency of the metal 
cations to remain hydrated in the aqueous phase, additional extractants, type of crown 
ethers (Dai et al., 1999; Chun et al., 2001), calixarenes (Luo et al., 2004), ditizone 
ditizone (Wei et al., 2003) and others (Visser and Rogers, 2003) were used. These 
species significantly enhance the partitioning of metal ions by forming complexes. 
The variety of tests were curried out in regard to extract heavy metals (Dai et al., 
1999; Wei et al., 2003), alkali metals (Chun et al., 2001), actinides (Visser and 
Rogers, 2003) and lanthanoid ions (Kozonoi et al., 2007). 

Modification of commonly used ILs by including a metal ion-ligating functional 
group in structure of one of the ions provides TSILs which play dual role of both hy-
drophobic solvents and extractants. Visser presented new thiourea, urea and thioether 
derivative of ILs designed to extract heavy metal ions  (e.g. Hg2+ and Cd2+) (Visser et 
al., 2001; Visser et al., 2002). According to the literature, preliminary research indi-
cates that the application of ILs as an alternative solvent to replace traditional organic 
solvents in liquid - liquid extraction of metal ions is very promising.  

ILs may also offer potential for the development of efficient processing of nuclear 
materials. The method for treating or reprocessing spent nuclear fuel using ionic liq-
uids, and in particular to recover uranium and plutonium, was patented (Thied et al., 
1999).  

OTHER APPLICATIONS 

We have also indicated several applications of ILs which not necessarily refer to 
mineral processing, however, are important in neighbouring technological areas such 
as metal electrowinning and waste material recycling. ILs may have potential to re-
duce energy consumption due to their low melting point. 

Preliminary research on ILs in the electrorefining and electrowinning technologies 
pertains mainly aluminium processing (Nogrady, 2006; Kamavaram et al., 2003). The 
possibilities of aluminium refining is limited due to a strong affinity to oxygen, and 
cannot be electrolyzed in an aqueous solution due to its negative reduction potential 
(Zhang et al., 2003). Aluminium production through electrodeposition needs dissolva-
tion of alumina in molten cryolite (Na3AlF6) bath. To keep cryolite liquid the tempera-
ture of 1000°C is needed consuming large amounts of energy. Application of ILs in-
stead of cryolite might diminish energy demand in a significant way. Electrorefining 
of aluminium alloy in acidic C4MIM AlCl4 (1-butyl-3-methylimidazolium tertachloro-
aluminate) was curried out, resulting in obtaining high purity aluminum (99.89%). 
Energy consumption was estimated to be about 3 kWh/kg-Al in comparison to 17-18 
kWh/kg-Al for the existing industrial refining process (Kamavaram et al., 2003). 
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Moreover, aluminium was also recovered from waste aluminium metal matrix 
composite by electrolysis in C4MIM AlCl4 at 103oC. A high purity product (>98%Al) 
was obtained (Kamavaram et al., 2005). What is characteristic for electrolysis in ILs 
is high purity of metal deposits obtained, high current densities possible as well as 
low energy consumption.  

The possibility of application of ILs in processing of copper sulfide ores and base 
metal sulfides supported by preliminary findings in the use of ionic liquids in the elec-
trorefining of chalcopyrite (CuFeS2) was also indicated (McCluscey et al., 2001). 

The possibility of electrolytic purification and electrowinning is a results of the 
immiscibility of selected ionic liquids with water and some organic solvents and 
theirs electrical conductivity. Especially wide electrochemical windows make ILs 
predominant towards conventional aqueous and organic electrochemistry in the elec-
trodeposition of certain metals (Nogrady, 2006). 

POSSIBILITY OF RECYCLING 

Despite a number of advantages successful commercialization of ILs will depend 
on price and possibilities of recycling. Due to chemical stability and negligible vola-
tility, ionic liquids are amenable to multiply recycling which allows decreasing the 
cost of a process. Solubility contributes most likely to the transport in environment 
and resulting spreading of contaminates. However, the loss of ILs into aqueous solu-
tion during e.g. solvent extraction will be important factor in process cost estimation 
(Alfassi et al., 2003). It was shown, that supercritical as well as relatively low-
pressure gaseous CO2 can be used to separate ILs from organic mixtures and water 
(Scurto et al., 2003; Blanchard and Brennecke, 2001). Additionally, the ionic liquid 
can be recycled following separation of metals e.g. gold or silver on activated carbon 
(Whitehead et al., 2004). 

Presently ILs are very expensive, however, when production on a mass scale will 
start the price of ILs is expected to drop significantly. 

ENVIRONMENTAL IMPACT 

The wide range of possible industrial applications requires an evaluation of ionic 
liquids with respect to their (eco)toxicity. The impact should be assessed before they 
enter the environment as a part of sustainable development of chemical production.  

Toxicity of the common class of imidazolium ionic liquids was measured us-
ing the variety of bioassay tests including bacteria, algae, mammalian cell lines 
(Ranke et al., 2005; Zhao et al., 2007) as well as their biodegrability using activated 
sludge (Garcia et al., 2005; Gathergood et al., 2006). Imidazolium derivatives were 
found to be more toxic than selected organic solvents (acetone, acetonitrile, metha-
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nol), poorly biodegradable and relatively resistant to photodegradation (Stepnowski 
and Zalewska, 2004). Increasing toxicity with elongation of alkyl chain length was 
also observed. The high level of biodegrability was achieved by the incorporation of 
an ester in the side chain of the imidazolium cation and combination with octylsulfate 
anion (Gathergood et al., 2006). As an effective disposal method for difficult biode-
gradable ionic liquid cations - the electrochemical wastewater treatment was pro-
posed. The electrolysis results in complete destruction of 1-butyl-3-
methylimidazolium cation to easily biodegradable products (Stolte et al., 2008).  

SURFACE ACTIVITY 

Imidazolizum ionic liquids with long chain are generally seen to behave as amphi-
philic compounds, displaying interface interaction. Likewise surfactants, ionic liquids 
also depend on chain length regarding the interface ordering phenomena (Blesic et al., 
2007; Miskolczy et al., 2004; Vanyur et al., 2007; Jungnickel et al., 2008). Amphi-
philic ILs possess significant promise in miscellaneous industrial applications, where 
high surface areas, modification of the interfacial activity or stability of colloidal sys-
tems are required. However, the state of knowledge of ILs structure and behaviour in 
an aqueous solution is so far limited. The phenomena of ILs self-organization in 
aqueous solutions are currently under investigation by our group as well as other au-
thors (Vanyur et al., 2007; Inoue et al., 2007; Łuczak et al., 2007).  The length of the 
alkyl chain substituents, the degree of substitution, type of counterion as well as tem-
perature were found to have vital effect on the CMC values of ILs. There is lack of 
studies concerning more composed systems including e.g. electrolytes or cosurfac-
tants. 

In our previous research we have determined CMC of 1-alkyl-3-methyl-
imidazolium ionic liquids with alkyl chain lengths 4 -18 and chloride anion (CnMIM 
Cl) by surface tension and electrical conductivity measurements. The results of the 
surface tension measurements for the aqueous solutions as a function of the ILs con-
centration are presented in Fig. 4. 

Discontinuities are observed only for compounds possessing the alkyl chain equal 
or longer than 8 carbon atoms, suggesting that only these imidazolium derivatives 
may be able to form micelles at 298K. The CMCs for [C4MIM] Cl and [C6MIM] Cl 
were not observed, even though the surface tension measurements of high concen-
trated solutions were conducted. The micelle formation in these ILs cannot be posi-
tively confirmed in the current conditions of measurements (298 K) that might result 
from theirs composition - too short alkyl chain in cation or high Krafft point of these 
compounds. The experimental results of the break points indicating CMCs are pre-
sented in Table 2. 
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Fig. 4. Surface tension data versus IL concentration isotherms measured at 298 K for aqueous solutions 

of [C4MIM] Cl (�), [C6MIM] Cl (�), [C8MIM] Cl (▲), [C10MIM] Cl (�), [C14MIM] Cl (+), [C16MIM] 
Cl (�) and C18MIM Cl (∆) 

Table 2. Comparison of CMC results of CnMIM Cl and literature data of CnMIM Br, cationic surfactants 
of the alkyltrimethylammonium chlorides and bromides and sodium alkylsulphates in 298K 

Nr of C atoms CnMIM Cl CnMIM Br CnTAC CnTAB SAS* 

8 220[1] 
234[1] 

150[2]  225[3]  140[4] 

139[5] 
10 59.9[1] 

53.8[1] 
41[7] 94.7[6] 

96[9] 
62[3] 

62.7[11] 
60.2[11] 

33[4] 
33[5] 

12  9.8[7] 
9.5[8] 

22.2[6] 

22[9] 
14.3[3] 

14.8[12]** 
15.7[12]** 

8.6[4] 
8.59[5] 

14 3.38[1] 

3.15[1] 
2.5[7] 

2.6[8] 
5.63[6] 
5.5[9] 

4.08[12]** 
3.94[12]** 

2.2[4] 
2.12[5] 

16 1.26[1] 

1.14[1] 
0.61[7] 
0.65[8] 

1.3[10]** 0.93[12]** 
0.92[12]** 

0.58[4] 
0.58[5] 

18 0.40[1] 

0.45[1] 
   0.23[4] 

0.16[5] 
[1]our previous work (Jungnickel et al.,2008)  
[2] (Goodchild et al., 2007) 
[3] (D’errico et al., 2001)  
[4] (Shaw, 1992)  
[5] (Huibers et al., 1997) 
[6] (Perger and Bester – Rogac, 2007) 
 

[7] (Vanyur et al., 2007)  
[8] (Inoue et al., 2007)  
[9] (Hayami et al., 1998) 
[10] (Blesic et al., 2007) 
[11] (Chakraborty and Moulik, 2007) 
[12] (Basu Ray et al., 2005) 
*313 K, **296 K 
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Described results show that elongation of the carbon chain decreases the CMC 
meaning that increasing the hydrophobic part of the IL cations favours micelle forma-
tion - as has been shown in the literature (Hunter, 1989). For homologous series of 1-
alkyl-methylimidazolium chlorides, linear relationship between the logarithm of CMC 
and the number of carbon atoms in the alkyl chain of the cation has been found to be: 

y = 4.5 − 0.28x (logCMC =A – Bx) 

where A, B are constants for a particular homologous series and temperature, and x is 
number of carbon atoms in the hydrocarbon chain. Constant A varies with the nature 
and number of hydrophilic groups while B is a constant which reflects the effect of 
each additional methylene group on the CMC. This equation is in good agreement 
with the relationship calculated for values published by Belsic (y = 4.7 – 0.29x) (Ble-
sic et al., 2007). 

Comparison of CMC data of imidazolium derivatives with the common surfactants 
let to conclude that we can observe similar CMC vs. number of carbon atoms in chain 
relationships between ILs and surfactants. The CMC values of [CnMIM][Cl] ionic 
liquids were found to locate between those of CnTAC and SAS possessing alkyl moi-
ety with the analogical number of carbon atoms. An analogical relationship was also 
found for [CnMIM][Br],  CnTABr and SAS,  as shown in Fig. 5. The lower CMC val-
ues of ILs in comparison to the alkyltrimethylammonium salts might be attributed to 
the structure of the imidazolium head group which has weaker affinity to the hydro-
gen bond formation with water. On the other hand, IL as salt possessing some ionic 
strength may have tendency to stronger salting-out effect. Moreover, it may be also 
the result of interactions between anion and aromatic ring in imidazolium derivatives 
which did not occur in the case of typical surfactants. The lower values for compound 
with Br- than Cl- anions can be explained by the influence of the anion size. The larger 
ion is, the weaker hydration occurs. The weaker hydrated anions are easily adsorbed 
on the surface of the micelles which decreases electrostatic repulsion and in this way 
facilitates aggregation (Hunter, 1989). 

A linear relationship between the CMC values and carbon atoms number for men-
tioned ILs as well as surfactants is presented in Fig. 5.  

As mentioned before, the CMC determination may strongly depend on the solubil-
ity of surfactant. For ionic surfactants, there is a temperature called the Kraft tempera-
ture (KT), below which the solubility decreases dramatically. It is necessary to meas-
ure the CMC of surfactants above the Krafft temperature since there is no micelle 
formation below the KT. With rising the temperature the solubility slowly increases 
until at the Krafft temperature CMC is reached. The Krafft temperature and CMC of 
the surfactants provide information about the conditions at which the compound acts 
as an amphiphile (Hunter, 1989; Holmberg, 2002). 

Fig. 6 presents an exemplary result of Krafft temperature determination by the 
conductivity method. During temperature transition the electrical conductivity in-
creases with the increasing temperature, due to larger dissolution of the IL until the KT 
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is reached. After KT the conductance increases slowly due to the increase in ionic 
mobility. 
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Fig. 5. CMC dependence on alkyl chain length in 298 K:  

CnMIM Cl (�), CnMIM Br (□), CnTAC (�), CnTAB (∆) and SAS (■) 
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Fig. 6. The Krafft temperature determination of [C16MIM]Cl 

The Krafft temperatures listed in Table 5 show that determination of KT by this 
method was only possible for ILs possessing more than 16 carbon atoms in chain 
length. The KT for the rest of the compounds could not be determined as there was no 
visible turbidity even at a few degrees below 0◦C. In Table 3 we report the Krafft tem-
peratures for 1-alkyl-3-methylimidazolium chlorides, alkyltrimethylammonium 
bromide as well as sodium alkyl sulphates compounds. Results show that the Krafft 

KT 
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temperatures of ILs are lower than those of the CnTAB and much lower than SAS 
homologues, presenting behaviour opposite to CMC dependence, meaning that imida-
zolium derivatives behave like surfactants at lower temperatures. 

Table 3. The Krafft temperatures of imidazolium ILs  
and alkyltrimethylammonium bromides compounds 

Number of 
Carbon atoms 

8 10 12 14 16 18 

CnMIM Cl < 273 < 273 < 273 < 273 279.5 297 

CnTAB < 273[1] < 273[1] < 273[1] ~273[1] 297[2] 308-309[1]  

SAS  281[3] 289[3] 303[3] 318[3] 329[3] 

[1] (Davey et al., 1989)  
[2] (Adam and Pankhurst, 1946)  
[3] (Shaw, 1992) 

CONCLUSIONS 

The application of imidazolium ionic liquids as media for separation (e.g. leach-
ing) is growing promptly mainly because of the adjustable nature of both cation and 
anion. The separation possibilities are very wide including recovery of valuable met-
als from waste waters, ores as well as organic molecules and gases. Moreover, they 
offer potential to projecting and developing processes with reduced energy consump-
tion as a result of their low melting point. 

Ionic liquids are considered as promising compounds mainly thanks to their negli-
gible vapour pressure, hence, there is no loss of ILs through evaporation. However, 
most of ILs described nowadays in literature for catalysis, electrochemical and separa-
tion processes consist of halogen containing anions which might be toxic and corro-
sive. Therefore, it is important to find methods to take advantage of the nonvolatile 
nature of ionic liquids that is untypical for wide used liquid media. 

For the sake of many advantageous properties and successful initial experiments 
considering potential applications projecting of inherently non-toxic, hydrolysis stable 
and biodegradable compounds is crucial. 

ACKNOWLEDGEMENTS 

Financial support was provided by the Polish Ministry of Science and Higher Education in the years 

2007-2010 grant No.: N205 041 32/2340 and Gdańsk University of Technology contract No.: BW 

014694/039.  



234 J. Łuczak, M. Joskowska, J. Hupka 

REFERENCES 

ADAM H.K., PANKHURST K.G.A., 1946. The solubility of some paraffin-chain salts, Trans. Faraday 
Soc., 42, 523. 

ALFASSI Z.B., HUIE R.E., MILMAN B.L., NETA P., 2003. Electrospray ionization mass spectrometry 
of ionic liquids and determination of their solubility in water, Anal. Bioanal. Chem., 377, 159-164. 

BASU RAY G., CHAKRABORTY I., GHOSH S., MOULIK S.P., PALEPU R., 2005. Self Aggregation 
of Alkyltrimethylammonium Bromides (C10-, C12-, C14-, and C16TAB) and Their Binary Mixtures 

in Aqueous Medium: A Critical and Comprehensive Assessment of Interfacial Behavior and Bulk 

Properties with Reference to Two Types of Micelle Formation, Langmuir, 21, 10958-10967. 
BLANCHARD L.A., BRENNECKE J.F., 2001. Recovery of Organic Products from Ionic Liquids Using 

Supercritical Carbon Dioxide, Ind. Eng. Chem. Res., 40, 287-292. 
BLESIC M., MARQUES M.H., PLECHKOVA N.V., SEDDON K.R., REBELO L.P.N., LOPES A., 

2007. Self-aggregation of ionic liquids: micelle formation in aqueous solution, Green Chem., 9, 481–
490. 

CASSOL C.C., UMPIERE A.P., EBELING G., FERRERA B., CHIARO S.S.X., DUPONT J., 2007. On 
the Extraction of Aromatic Compounds from Hydrocarbons by Imidazolium Ionic Liquids, 

Int. J. Mol. Sci., 8, 593-605. 
CHAKRABORTY I., MOULIK S.P., 2007. Self-Aggregation of Ionic C10 Surfactants Having Different 

Headgroups with Special Reference to the Behavior of Decyltrimethylammonium Bromie in Different 

Salt Environments: A Calorimetric Study with Energetic Analysis, J. Phys. Chem. B, 111, 3658-
3664. 

CHUN S., DZYUBA S.V., BARTSCH R.A., 2001. Influence of Structural Variation in Room-
Temperature Ionic Liquids on the Selectivity and Efficiency of Competitive Alkali Metal Salt Extrac-

tion by a Crown Ether, Anal. Chem., 73, 3737-3741. 
DAI S., JU Y.H., BBARNES C. E., 1999. Solvent extraction of strontium nitrate by a crown ether using 

room-temperature ionic liquids, J. Chem. Soc., Dalton Trans., 1201-1202. 
DAVEY T.W., DUCKER W.A., HAYMAN A.R., SIMPSON J., 1998. Krafft Temperature Depression in 

Quaternary Ammonium Bromide Surfactants, Langmuir, 14, 3210-3213. 
DEETLEFS M., SEDDON K.R., SHARA M., 2006. Predicting physical properties of ionic liquids, Phys. 

Chem. Chem. Phys., 8, 1-8. 
D’ERRICO G., ORTONA O., PADUANO L., VITAGLIANO V., 2001. Transport Properties of Aqueous 

Solutions of Alkyltrimethylammonium Bromide Surfactants at 25oC, J. Colloid Interface Sci., 239, 
264-271. 

DONG B., LI N., ZHENG L., YU L., INOUE T., 2007. Surface Adsorption and Micelle Formation 

Of Surface Active Ionic Liquids in Aqueous Solution, Langmuir, 23, 4178-4182. 
DRZYMAŁA J., 2001. Podstawy mineralurgii, Oficyna Wydawnicza Politechniki Wrocławskiej, Wro-

cław, Polska. 
FUERSTENAU M.C., MILLER J.D., KUHN M.C., 1985. Chemistry of flotation, Society of Mining En-

gineers of the American Institute of MIning, Metallurgical and Petroleum Engineers, Inc, New York. 
GARCIA T.M., GATHERGOOD N., SCAMMELS P., 2005. Biodegradable ionic liquids. Part II. Effect 

of the anion and toxicology, Green Chem., 7, 9-14. 
GATHERGOOD N., SCAMELLS P.J., GARCIA M.T., 2006. Biodegradable ionic liquids. Part III. The 

first readily biodegradable ionic liquids, Green Chem., 8, 156-160. 
GOODCHILD I., COLLIER L., MILLAR S.L., PROKEŠ I., LORD J.C.D., BUTTS C.P.B., BOWERS J., 

WEBSTER J.R.P., HEENAN R.K., 2007. Structural studies of the phase, aggregation and surface 
behaviour of 1-alkyl-3-methylimidazolium halide + water mixtures, J. Colloid Interface Sci., 307, 
445-468. 



 Imidazolium ionic liquids in mineral processing 235 

HAYAMI Y., ICHIKAWA H., SOMEYA A., ARATONO M., MOTOMURA K., 1998. Thermodynamic 
study on the adsorption and micelle formation of long chain alkyltrimethylammonium chlorides, Col-
loid Polym. Sci., 276: 595-600. 

HOLMBERG, K., 2002. Handbook of Applied Surface and Colloid Chemistry, Vol. 1-2, John Wiley & 
Sons, U.K. 

HUDDLESTON J.G.,. WILLAUER H.D, SWATLOWSKI R.P., VISSER A., ROBERTS D.W., 1998. 
Room temperature ionic liquids as novel media for ‘clean’ liquid–liquid extraction, Chem. Com-
mun., 1765-1766. 

HUDDLESTON J.G., VISSER A.E., REICHERT W.M., MATTHEW W., WILLAUER H.D., BROKER 
G.A., ROGERS R.D., 2001. Characterization and comparison of hydrophilic and hydrophobic room 
temperature ionic liquids incorporating the imidazolium cation, Green Chem., 3, 156-164.  

HUIBERS P.D.T., LOBANOV V.S., KATRITZKY A.R., SHAH D.O., KARELSON M., 1997. Predic-
tion of Critical Micelle Concentration Using a Quantitative Structure-Property Relationship Ap-

proach: 2. Anionic Surfactants,, J. Colloid Interface Sci., 187, 113-120. 
HUNTER R.J., 1989. Foundations of Colloid Science. Vol. 1, Oxford University Press, New York, USA. 
INOUE T., EBINA H., DONG B., ZHENG L., 2007. Electrical conductivity study on micelle formation 

of long-chain imidazolium ionic liquids in aqueous solution, J. Colloid and Interface Sci., 314, 236-
241. 

JUNGNICKEL C., ŁUCZAK  J., RANKE J., FERNANDEZ J.F., MÜLLER A., THÖMING J., 2008. 
Micelle Formation of Imidazolium Ionic Liquids in Aqueous Solution, Colloids and Surfaces A: 
Physicochem. Eng. Aspects, 316, 278-284. 

KAMAVARAM V., MANTHA D., REDDY R.G., 2003. Electrorefining of aluminium alloy in ionic 
liquids at low temperatures, J. Min. Met., 39, 43 - 58. 

KAMAVARAM V., MANTHA D., REDDY R.G., 2005. Recycling of aluminum metal matrix composite 
using ionic liquids: Effect of process variables on current efficiency and deposit characteristics, 50, 
3286-3295. 

KOZONOI N., IKEDA Y., 2007. Extraction Mechanism of Metal Ion from Aqueous Solution to the Hy-

drophobic Ionic Liquid, 1-Butyl-3-methylimidazolium Nonafluorobutanesulfonate, Monatsh. Chem., 
138, 1145-1151. 

LUO H., DAI S.,  BONNESEN P.V., BUCHANAN A. C., HOLBREY J. D., BRIDGES N., ROGERS R. 
D., 2004. Extraction of Cesium Ions from Aqueous Solutions Using Calix[4]arene-bis(tert-
octylbenzo-crown-6) in Ionic Liquids, Anal. Chem., 76, 3078-3083. 

ŁUCZAK, J., HUPKA, J., THOEMING, J., JUNGNICKEL, C., 2007. Thermodynamics of aggregate 
formation of 1methyl-3-tetradecylimidazolium chloride in aqueous solution, In Proceedings of the In-
ternational Scientific Conference, Surfactants and Dispersed Systems in Theory and Practice, 
PALMA Press, Wrocław, 149-153. 

MADAAN P., TYAGI V.K., 2008. Quaternary pyridinuim salts: a review, J. Oleo Sci. 57, 197-215. 
McCLUSCEY A., LAWRANCE G. A., OWEN M., HAMILTON I.C., 2001. Ionic Liquids: From Green 

Chemistry to Ore Refining. Procidings of the Green (or Greener) Industrial Applications of Ionic 
Liquids, 221st American Chemical Society National Meeting, San Diego, USA. 

MISKOLCZY Z., SEBOK-NAGY K., BICZOK L., GOKTURK S., 2004. Aggregation and micelle for-
mation of ionic liquids in aqueous solution,, Chem. Phys. Lett., 400, 296-300. 

NOGRADY B., 2006. Cutting aluminium energy bills: Designer solvents, Process, 6: 6-7. 
RANKE J., STOCK F., STORMANN R., MOLTER K., HOFFMANN J.,  ONDRUSCHKA B.,  

JASTORFF B., 2005. Preliminary (Eco-)Toxicological Risk Profiles of Ionic Liquids in Multiphase 

Homogeneous Catalysis, ed. B. Cornils Editors, Weinheim: Wiley-VCH. 588-600. 
SCURTO A.M., AKI S.N.V.K., BRENNECKE J. F., 2003. Carbon dioxide induced separation of ionic 

liquids and water, Chem. Commun. 572-573. 
SHAW D.J., 1992,. Colloid & Surface Chemistry, Butterworth Heinemann, Oxford, U.K., 



236 J. Łuczak, M. Joskowska, J. Hupka 

SHELDON, R., 2001. Catalytic reactions in ionic liquids, Chem. Commun., 23, 2399-2407. 
STEPNOWSKI P., ZALESKA A., 2004. Comparison of different advanced oxidation processes for the 

degradation of room temperature ionic liquids, J. Photochem. Photobiol. A,  170, 45-50. 
STOLTE S., ABDULKARIM S., ARNING J., BLOMEYER-NIENSTEDT A.K., BOTTIN-WEBER U., 

MATZKE M., RANKE J., JASTORFF B., THOMING J., 2008. Primary biodegradation of ionic 
liquid cations, identification of degradation products of 1-methyl-3-octylimidazolium chloride and 

electrochemical wastewater treatment of poorly biodegradable compounds, Green Chem., 10, 214–
224. 

THIED R.C., SEDDON K.R., PITNER W.R., ROONEY D.W., 1999. Nuclear fuel reprocessing, Patent 
Nr WO 99/41752.  

VANYUR, R., BICZOK,  L., MISKOLCZY, Z., 2007. Micelle formation of 1-alkyl-3-methylimidazolium 

bromide ionic liquids in aqueous solution, Colloids and Surfaces A: Physicochem. Eng. Aspects, 
299, 256-261. 

VISSER, A., SWATLOWSKI, R.P., REICHERT, R.M., MAYTON, R., SHEFF, S., WIERZBICKI, A., 
DAVIS, J.H., ROGERS, R. D., 2001. Task-specific ionic liquids for the extraction of metal ions from 
aqueous solutions, Chem. Commun., 135-136. 

VISSER, A., SWATLOWSKI, R.P., REICHERT, R.M., MAYTON, R., SHEFF, S., WIERZBICKI, A., 
DAVIS, J.H., ROGERS, R. D., 2002. Task-Specific Ionic Liquids Incorporating Novel Cations for 
the Coordination and Extraction of Hg2+ and Cd2+: Synthesis, Characterization, and Extraction 

Studies, Environ. Sci. Technol., 36, 2523-2529. 
VISSER, A.E., ROGERS, R.D., 2003. Room-temperature ionic liquids: new solvents for f-element sepa-

rations and associated solution chemistry, J. Solid State Chem., 171, 109-113. 
WEI G.T., YANG Z., CHEN C.J., 2003. Room temperature ionic liquid as a novel medium for liq-

uid/liquid extraction of metal ions, Anal. Chim. Acta, 488, 183-192. 
WELTON, T., 2004. Ionic liquids in catalysis, Coord. Chem. Rev., 248, 2459-2477. 
WHITEHEAD J.A., LAWRANCE G.A., McCLUSKEY A., 2004. ‘Green’ leaching: recyclable and se-

lective leaching of gold-bearing ore in an ionic liquid, Green Chem., 6, 313-315. 
WHITEHEAD J.A., ZHANG J., PEREIRA N., McCLUSKEY A., LAWRANCE G.A., 2007. Application 

of 1-alkyl-3-methyl-imidazolium ionic liquids in the oxidative leaching of sulphidic copper, gold and 

silver ores, Hydrometallurgy, 88, 109-120. 
ZHANG M., KAMAVARAM V., REDDY R.G., 2003. New electrolytes for aluminum production: Ionic 

liquids, JOM, 55, 54-57. 
ZHAO D., LIAO Y., ZHANG Z., 2007. Toxicity of Ionic Liquids, Clean, 35, 42 - 48. 

 
 

Łuczak, J., Joskowska, M., Hupka J., Imidazoliowe ciecze jonowe w mineralurgii, Physicochemical 
Problems of Mineral Processing, 42 (2008), 223-236 (w jęz. ang) 

 
Imidazoliowe ciecze jonowe (ILs) stanowią nową klasę związków o szerokich moŜliwościach prze-

mysłowego zastosowania. Z przeglądu dostępnej literatury wynika, Ŝe ILs mogłyby zostać wykorzystane 
do odzysku i oczyszczania metali ze środowiska wodnego oraz rud w procesach ługowania, ekstrakcji 
rozpuszczalnikowej oraz w procesach elektrochemicznych. Pochodne imidazoliowe mogą być wykorzy-
stywane zarówno jako rozpuszczalniki jak i aktywne czynniki separujące. W pracy uwzględniono takŜe 
wpływ na środowisko oraz moŜliwości odzysku ILs. Wykazano, Ŝe potencjalne zastosowanie w minera-
lurgii wymaga dalszych systematycznych badań. 
 

słowa kluczowe: imidazoliowe ciecze jonowe, ługowanie mineralne, ekstrakcja, formowanie miceli  
 


