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Abstract 

Heavy metal pollution of superficial water and groundwater is considered as one of 

the most alarming environmental problems. Heavy metal can be absorbed by living 

organisms and they can hence enter the food chain. The most common methods in 

wastewater treatment for the elimination of toxic heavy metals include ion-exchange, 

precipitation and flotation. More selective technologies like electrochemical methods 

are often limited by their costs. In 1914, the Latvian chemist Paul Walden discovered 

ethylammonium nitrate – the first described ionic liquid (IL) in literature. Ionic liquids 

are compounds with melting points below 100 °C. Through variation of the cation and 

anion of an ionic liquid, ILs are useable for different applications. These so-called 

task-specific ionic liquids (TSILs) offer many applications, including heavy metal 

extraction from wastewaters. 

 

In this doctoral thesis, novel TSILs based on quaternary ammonium and 

phosphonium salts were synthesized and applied for heavy metal extraction from 

aqueous model solutions. 

 

The first part discusses the synthesis and characterization of maltolate-based ionic 

liquids. These novel substances have been extensively analyzed and characterized. 

Furthermore, their extraction efficacies towards uranium and its daughter progenies 

have been determined whereby uranium, polonium and thorium have been removed 

in very good yields. The second part of this doctoral work was synthesis and 

characterization of thioglycolic acid-based ILs. These eight novel compounds have 

been developed in cooperation with Monash University. Within this project, cadmium 

and copper were successfully extracted from aqueous solution and the ILs were also 

immobilized on polypropylene hollow fibers. In the third part, extractions of cobalt, 

nickel and zinc with the thioglycolate-based ionic liquids were performed where more 

than 90% of the zinc was extracted within one hour. Because of the limited data on 

ionic liquid toxicity, four IL were tested toward three fresh water algae species 

showing acute toxicity, demonstrating that all investigated ILs were acute toxic after 

72 h. Besides, the extraction abilities of N-substituted pyridinones in ILs toward 

copper and zinc were investigated. Time-resolved studies showed a very good 

extraction of copper and zinc from aqueous solutions within 24 hours.  



 

Zusammenfassung 

Verschmutzungen durch Schwermetalle von Oberflächen- und Grundwässern 

werden heute als eines der alarmierendsten Umweltprobleme angesehen. 

Schwermetalle können durch lebende Organismen absorbiert werden und diese 

können dadurch in die Nahrungskette gelangen. Die meisten gängigen Methoden in 

der Abwasserwirtschaft für die Eliminierung von toxischen Schwermetallen 

beinhalten Ionenaustausch, Präzipitation und Flotation. Selektivere Technologien wie 

elektrochemische Methoden sind oft durch hohe Kosten limitiert. Im Jahr 1914 

entdeckte der lettische Chemiker Paul Walden Ethylammoniumnitrat – die erste in 

der Literatur beschriebene ionische Flüssigkeit (IL). Ionische Flüssigkeiten sind 

Verbindungen, die Schmelzpunkte von unter 100 °C aufweisen. Durch gezielte 

Kombinationen von Kation und Anion kann man die Eigenschaften von ionischen 

Flüssigkeiten so variieren, dass man sie für unterschiedliche Anwendungen benutzen 

kann. Diese sogenannten „task-specific ionic liquids“ (TSILs) können unter anderem 

für die Extraktion von Schwermetallen aus Abwässern verwendet werden. 

 

Diese Doktoratsarbeit stellt die Synthese und Anwendung neuer, 

aufgabenspezifischer ionischer Flüssigkeiten, basierend auf quarternären 

Ammonium- und Phosphoniumsalzen, für die Schwermetallextraktion aus wässrigen 

Modelllösungen, vor. 

 

Der erste von vier Teilen dieser Dissertation beschäftigt sich Teil mit 

maltolbasierenden ionischen Flüssigkeiten. Die neuen Substanzen wurden mit 

Standardmethoden analysiert und charakterisiert. Ihr Extraktionsvermögen 

gegenüber Uran und den Tochternukliden bestimmt, wobei Uran, Polonium und 

Thorium sehr gut extrahiert wurden. Der zweite Teil beinhaltet die Synthese und 

Charakterisierung von thioglykolsäurebasierenden ILs. Diese acht neuen 

Verbindungen wurden in einer Kooperation mit Monash University entwickelt. Im 

Zuge dieser Arbeit wurde Cadmium und Kupfer erfolgreich aus wässrigen Lösungen 

entfernt und auch wurden diese ILs auf Polypropylenhohlfasern immobilisiert. Der 

dritte Teil zeigt Extraktionen der thioglykolsäurebasierenden ILs von Kobalt, Nickel 

und Zink, wobei Zink mit über 90% innerhalb einer Stunde extrahiert wurde. Bei allen 

vier getesteten Substanzen wurde eine aktute Toxizität nach 72 Stunden beobachtet. 



Im vierten Teil wurde die Extraktionskraft bezüglich Kupfer und Zink von N-

substituierten Pyridinonen in ionischen Flüssigkeiten untersucht. Dabei wurden 

zeitabhängige Studien durchgeführt, welche zeigten, dass Kupfer und Zink 

erfolgreich innerhalb 24 Stunden extrahiert werden konnten. 



 

Abbreviations 

D distribution ratio 

DNA deoxyribonucleic acid 

EC50 half maximal effective concentration 

ELM emulsion liquid membrane 

ESI-MS electrospray ionisation mass spectrometry 

et al. et alii 

e.g. exempli gratia 

eV electron volt 

FAO Food and Agriculture Organization 

GHS Globally Harmonzised System 

IL ionic liquid 

IR infrared spectroscopy 

LC50 half maximal lethal concentration 

MSA metal stripping agent 

NMR nuclear magnetic resonance 

pH pondus hydrogenii (power of hydrogen) 

pKa logarithmic acid dissociation constant 

PIM polymer inclusion membrane 

QSAR quantitative structure-activity relationship 

ROS reactive oxygen species 

RTIL room-temperature ionic liquid 

SLM supported liquid membrane 

sp species 

TOC total organic carbon 

TSIL task-specific ionic liquid 

WHO World Health Organization 

 

  



Abbreviations – Ionic liquids 

Anions 

[Ac]- acetate 

[ANT]- anthranilate 

[Br]- bromide 

[Cl]- chloride 

[DCA]- dicyanamide 

[H2PO4]
- dihydrogenphosphate 

[PF6]
- hexafluorophosphate 

[HSO4]
- hydrogensulfate 

[Mal]- maltolate 

[MTBA]- 2-(methylthio)benzoate 

[NO3]
- nitrate 

[BF4]
- tetrafluoroborate 

[SCN]- thiocyanate 

[TS]- thiosalicylate 

[NTf2]
- bis(trifluoromethylsulfonyl)imide 

Cations 

[Cxmim]+ n-alkylmethylimidazolium

[P66614]
+ tetradecyltrihexylphosphonium 

[N1888]
+ trioctylmethylammonium 

[EtNH3]
+ ethylammonium 

[Bmim]+ 1-butyl-3-methylimidazolium

[Cndabco]+ 1-alkyl-4-aza-1-

azoniabicyclo[2.2.2]octane 



Used symbols and constants 

symbol signification unit 

g weight gram 

h time hour 

L volume liter 

m length meter 

M concentration mol L-1 

M Madelung constant - 

ε extinction coefficient M-1 cm-1 

ε0 dielectric constant F m-1 

Z ion charges 
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1 Introduction 

1.1 Importance of water – at a glance 

Water constitutes around 70% of the human body weight in the form of plasma, 

intra-, extracellular and interstitial fluid. A substantial amount of water is therefore 

required per day to account for respiration, sweating, loss in feces and for the 

kidney’s needs of a sufficient uptake of freshwater per day [1]. This makes preserving 

clean water a top priority for humankind. First, the transportation of water should be 

clarified. Figure 1 illustrates the global cycle of water; after being heated by the sun, 

which drives the water cycle; water evaporates into the air. This evaporation is the 

driving force of the water cycle. Due to the decrease in temperature caused by 

increased altitude, water vapor condenses and becomes visible as clouds. Clouds 

are transported over the globe by wind and they can regenerate water in the form of 

rain as well as snow, hail and fog. Snow often thaws and melts in spring and can 

then enter rivers and groundwater. This water can be evaporated again and a further 

cycle begins. In fact, much more water is stored in ice and snow for longer times than 

actually moving globally through the water cycle [2]. Although more than 70% of the 

earth’s surface is covered with water, only 2.5% is freshwater, worse still two thirds of 

the worldwide freshwater is locked up as ice or snow cover in mountainous regions 

[3]. Pure water can be contaminated by two sources – natural and anthropogenic. 

Compared with natural pollutants, man-made ones have a much bigger impact 

affecting surface- and groundwater all over the world. Urban and industrial wastes 

are the two main sources of wastewater and may enter the water cycle through 

rivers, lakes and sea [4]. 

What is the connection between water consumption and usage? Concerning 

improper disposal of industrial waste, 70% is dumped untreated into waters polluting 

the formerly usable water [4]. Globally, around 70% of the water is used for irrigation, 

20% in industry while only 10% is for domestic use. Many people, especially people 

in developing countries, still don’t have access to safe water. Climate changes lead 

to droughts and floods, followed by economic problems in developing countries, 

mostly in sub-Saharan Africa. The world’s growing population will require 50% more 
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food by 2030 compared to 1998 whereby water is a key element to food safety and 

poverty reduction [5].  

 

 

Figure 1. Global water cycle [3].  

 

According to the Food and Agriculture Organization (FAO), the daily drinking water 

requirement is 2-4 liters per person, but 2000-5000 liters of water is required to 

produce one person’s daily nutriment [5].  

 

How is the water situation in Austria? With an average precipitation of 1100 mm per 

year, Austria is considered as one of Europe’s water-richest countries [6]. An 

average Austrian citizen uses 135 liters of water per day, excluding industries and 

bulk consumers. The main part with 36 liters is related to bathing, followed by toilet 

flushing whereas only a small amount is used for drinking and cooking purposes. It is 

in the human’s best interest to preserve clean water for next generations.  

 

One question is how contaminants are categorized. To answer this question, a 

classification of water pollutants and their particle size is given in Table 1 [7]. There 

are five classes of particles; we will focus on the group of heavy metals within this 
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doctoral thesis. Metals and heavy metals belong to the group smaller than 0.001 µm 

and 0.001-1.0 µm. The bigger the particle size, the easier the purification of polluted 

water. Reactive pollutants can be either oxidized or reduced to less harmful species 

(e.g. CrO4
2- to Cr3+).

Table 1. Natural and anthropogenic water pollutants [7]. 

Structure 

Particle size [µm] Inorganic Organic Biological 

Soluble <0.001 Dissolved salts (nitrate, 

phosphate,…) 

Sugars, phenols, 

starches,… 

DNA 

Colloidal 0.001-1.0 Metal oxide precipitates Humic acids, proteins Viruses, bacteria 

Filtrable 1-100 Suspended sediments Fibres, emulsified 

grease 

Protozoa, algae 

Settleable 100-1000 Grit Coarse food particles Worms, parasites 

Coarse >1000 Stones, rocks Plastic containers Dead animals 

As shown in Table 1 [7], the sources of contamination of water varies widely, but it is 

mostly polluted by  

 Heavy metals

 Inorganic and organic substances

 Pathogenic microorganisms (bacteria, viruses and protozoans)

 Non-pathogenic bacteria

 Inorganic particles such as sand or grit

Heavy metals will be discussed in ‘1.1.2 Potential toxicity of non-essential heavy 

metals’. 

Inorganic chemical compounds include acids and bases which cause pH changes, 

ammonia from food processes, nitrates and phosphates from agriculture, commercial 

and domestic use [7]. 

Organic contaminants represent a broad category ranging from pesticides, herbicides 

to petroleum hydrocarbons and detergents. The role of drugs and pharmaceuticals 
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as well as their metabolites can also not be ignored in water contamination [8]. 

Halogenated solvents like chloroform and carbon tetrachloride are not miscible with 

water and may sink to the bottom. One dreadful example of organic seawater 

pollution was the Deepwater Horizon oil spill in the Gulf of Mexico in 2010 which is 

considered to be the largest accidental petroleum contamination in world history with 

an estimated discharge of 4.9 million barrels. More than 8000 species including 1270 

fish, 600 polychaetes, 200 birds, 1400 mollusks, 1500 crustaceans and 30 marine 

mammals have been severely affected by the oil spill [9].  

The next group includes non-pathogenic and pathogenic microorganisms, whereby 

the majority of bacteria is either harmless or beneficial to humans. Nevertheless, 

water can be polluted by pathogenic microorganisms such as Escherichia coli, 

Salmonella sp, noroviruses and parasitic worms. Drinking water contaminated by the 

mentioned pathogens, can lead not only to gastroenteritis, fever and other illnesses, 

but also to death [7].  

Furthermore, thermal pollution describes the degradation of water quality depending 

on the temperature. Fish and other aquatic lives can be affected by abrupt changes 

in water temperature. The effect of this can be observed when water is used as a 

coolant by industries or power plants [10].  

1.1.1 Metal pollution in wastewater – a general consideration 

Let us now turn our attention to heavy metal contamination. Four out of the top six 

rated pollutants are heavy metals according to the Blacksmith Institute in 2015 [11]. 

Lead, radionuclides, mercury, hexavalent chromium, pesticides and cadmium 

currently affect more than 95 million people. It is generally agreed today that more 

than 3200 toxic sites have been identified in low and middle income countries. The 

World Health Organization (WHO) list the top ten chemicals and groups of chemicals 

which are a major public health concern as follows: air pollution, arsenic, asbestos, 

benzene, cadmium, dioxin and dioxin-derivatives, inadequate or excess fluoride, 

lead, mercury and highly hazardous pesticides [12]. There are several ways how 

hazardous metals are spread over the globe. Metal particles can be transported by 
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wind and fall onto the land or sea (Figure 1). Contamination of soil can be 

transported by rivers to lakes or sea where heavy metals can be accumulated in the 

food chain. The solubility of heavy metals mainly depends on the oxidation state, pH 

value and the presence of chelating agents as well as the redox environment. 

Through the dynamic process of sedimentation toxic metals may be transported over 

long distances in the water environment [13]. 

Figure 2. The periodic table with highlighted clusters of elements relevant in ecotoxicology [14]. 

Finally, we should have a look on the elements of the human body (Figure 2) where 

essential bulk and trace elements for humans are shown. According to this figure, we 

can distinguish between essential and non-essential elements whereby Cd, Hg, Pb 

and many others are not relevant in the human diet. Essential metals like iron, 

copper or manganese are needed by living organisms for proper body function. The 

impact of tin, arsenic and bromine is not clearly indicated [13].  

1.1.2 Potential toxicity of non-essential heavy metals 

Despite the fact that non-essential heavy metals can be tolerated at low levels, they 

can accumulate in the body and food chain. This alarming concern of toxic heavy 
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metals is manifested in the European water frame directive 2000/60/EC [15]. Two 

examples of highly toxic heavy metals will be presented in more detail because one 

of the main focusses in this work deals with cadmium and uranium pollution. 

Cadmium used in NiCd batteries accounts more than 80% of the global cadmium 

consumption and is slowly being replaced by more expensive Li-ion and Ni-metal 

hydride batteries. In 2013, more than 21800 tons of cadmium were refined and 

reserved worldwide for the application in batteries, pigments and coatings [16]. 

Cadmium poisoning is known as the Itai-itai disease named after the Japanese word 

for pain. Starting in 1912 in the downstream basin of Jinzu river in the Toyama 

prefecture in Japan, mining companies released high amounts of heavy metals due 

to gold mining. In the 1950s, medical tests proved cadmium poisoning; locals 

suffered from kidney failures, soft bones and painful spines due to the chemical 

similarity to calcium. This cadmium release resulted in a total economic damage of 

2.5 billion Yen (about 20 million EUR) and more than 170 affected victims [17]. 

Regulations to reduce cadmium exposure included the banning of cadmium usage in 

jewelry and alloys for brazing in the European Union [18]. Kidneys are the most 

affected organs by cadmium exposure, so the World Health Organization set a 

drinking water level of 3 µg L-1 of cadmium in 2004 [19].  

Secondly, uranium is relatively common (comparable to tin and zinc) and mostly a 

constituent of rocks and also present in the sea [20]. The half-life of 238U is 4.5x109 

years and the daughter nuclide 234U, with a half-life of 2.5x105 years, is in radioactive 

equilibrium. Both nuclides are alpha emitters with a decay energy of about 4.5 MeV 

inducing only local radiological effects. The mutagenicity and genotoxicity of uranium 

are related to high binding affinities to phosphate groups of DNA due to the hard 

character of uranium according to the hard and soft acids and bases concept [21]. 

Furthermore, uranium is highly toxic because of its radioactivity, where kidneys are 

the most affected tissue. Therefore a guideline value of 15 µg L-1, assuming a 

consumption of a 60-kg adult of 2 L of drinking water per day, was set [22]. According 

to the Austrian Federal Ministry of Agriculture, Forestry, Environment and Water 

Management in 2013, an average value of 2.0 µg L-1 uranium was found in surface 

water bodies and 1.7 µg L-1 in deep ground water in Austria [6].  
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Figure 3. Uranium in ground water in Austria in 2013 [6].  

 

Only 1.7% exceeded the threshold value of 15 µg L-1, mostly in the Seewinkel region 

of Burgenland and Waldviertel region in Lower Austria due to geological formations 

(Figure 3). However, the daughter nuclide 222Rn was mainly found in the 

mountainous Tauern region and Bohemian Massif in Lower Austria [6]. Like 234U and 

238U, it emits alpha particles and is therefore highly harmful when incorporated. After 

some decays, dangerous 210Po and 210Pb is formed.  

 

Most of today’s applied methods for heavy metal elimination are cost-saving but not 

selective and strongly depend on matrix parameters. State of the art for the 

elimination and removal of toxic heavy metals is depletion from the aqueous phase 

and further adsorption into sludge or forming insoluble salts by precipitation [23]. Fish 

and other marine organisms can absorb heavy metals through diffusion or through 

ingested food whereas bacteria can uptake them directly from water [24]. Once 

inside the body, heavy metals can be bioaccumulated and biomagnificated in tissues 

or excreted by specific mechanisms. It is important to be clear about the definition of 

biomagnification and bioaccumulation. Biomagnification appears when the 

concentration of a certain substance in organisms exceeds the background level 

resulting from persistence, food chain energetics and low or non-existent rate of 

metabolic degradation [25]. Bioaccumulation occurs by accumulation of substances 

in organisms such as heavy metals or pesticides [26].  
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One alarming example is the incorporation of organotin compounds, especially 

tributyltin, used as antifouling agents for ships or as stabilizers of polyvinyl chloride 

with a global consumption of more than 2000 tons of tin per year. In organic 

chemistry, organotin compounds are widely used in Grignard reactions for carbon-

carbon coupling [27]. The ecotoxicity of the organotin compounds and their 

metabolites relies on the transformation of the genital following by superimposed sex 

[28]. Current research indicates that other organotin substances show in vitro 

antitumor properties in the low micromolar range in human adenocarcinoma cell lines 

[29].  

 

Another frightening example is the accumulation of mercury in aquatic organisms. 

Mercury can be released from natural and anthropogenic sources. Figure 4 illustrates 

how gold is earned from metallic mercury by forming a gold-mercury amalgam into a 

piece of cloth in Ecuador. In this process mercury is hand-squeezed from the 

amalgam alloy, the workers being substantially exposed to highly toxic mercury 

vapors [13].  

 

 

Figure 4. Metallic mercury for gold extraction in Portovelo, Ecuador [13].  

 

Inorganic mercury can be easily oxidized to Hg2+ and then undergo formation of 

methyl mercury (MeHg+) in aqueous phase sediments resulting in a more toxic form. 

This organomercury compound can be easily bioaccumulated and biomagnificated in 

food chains (Figure 5). High mercury levels are mostly found in fatty fish such as 
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tuna, shark, mackerel and swordfish as lipophilic mercury species preferably 

accumulate in fat tissues and can concern human health [30]. Effects of this have 

been described as the Minamata disease in 1956. In Minamata city in Japan more 

than 2000 patients were officially documented as having Minamata disease. While 

inorganic mercury mainly poisons kidney, methylmercury targets the central nervous 

system with sensory disturbance of arms and legs [31].  

 

The Itai-itai and Minamata diseases are listed as two of the four big pollutions 

diseases of Japan. The other two are the Niigata Minamata disease, also caused 

from methylmercury, and Yokkaichi Asthma from sulfur dioxide contamination [32].  

 

 

Figure 5. Accumulation of mercury in the food chain [33].  

 

These are just a few examples that demonstrate the importance of heavy metal 

removal from our water systems. According to these worrying examples of toxicosis, 

there is a need for a selective and efficient method for the elimination of heavy 

metals from water. The focus therefore was on the extraction of natural occurring 

radionuclides, cadmium, cobalt, copper, nickel and zinc from aqueous model 

solutions within this doctoral thesis. 
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1.1.3 Wastewater treatment 

How can water be cleaned from unwanted constituents and released safely into the 

environment? There are different ways of heavy metal removal where the most 

common ones are precipitation processes or binding to non-activated or activated 

biomass or biofilms working effectively in organic pollutant reduction. Nevertheless, 

these treatments are usually unsuccessful, show insufficient selectivity and the by-

product itself becomes contaminated. To get a general view, the applied technologies 

are divided in: 

 

 Solvent extractions 

 Membrane technology 

 Ion-exchange and adsorption processes 

 

Solvent extraction is commonly applied in large-scale decontaminations allowing 

specific compounds to be extracted by biphasic separation [23]. As heavy metals can 

occur either cationic (e.g. Ni2+ and Cu2+) or anionic (e.g. CrO4
2- or AuCl4

-), there are 

differences in the extraction mechanism. Cations bind to chelating or acidic extracts 

into an organic solvent [34]. This is in contrast to anionic metal removal where ion-

pairs are formed with hydrophobic amines in organic diluents [35]. However, the 

aqueous phase can be contaminated with organics causing additional purification 

steps and the process becomes uneconomic when contamination levels are below 

0.5 g L-1.  

 

Membrane technology enables a wide application in wastewater treatment including 

nanofiltration and reverse-osmosis operating by size exclusion through a semi-

permeable barrier [23]. Creation of a very large surface area for mass exchange 

facilitates technical applicability whereas the most common disadvantage is the 

limited selectivity which can partly be circumvented by combined physically selective 

permeability and chemically selective separation. Li and coworkers described 

emulsion liquid membranes (ELMs) forming water/oil/water and oil/water/oil double 

emulsions in solvent extraction in the 1960s [36]. Other membrane technologies will 

be discussed in ‘1.2.4 Immobilization of ionic liquids‘. 
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Having a closer look at ion-exchange and adsorptions, a mass transfer between a 

solid and a liquid phase takes place allowing for low working ranges (down to ppb 

range). The non-polar surface and cost-efficiency of activated carbon lead to 

applications in the adsorption of aromatics and pesticides, but still acts non-

selectively. A greener approach is biosorption e.g. uranium and cadmium was bound 

and successfully recovered by the brown algae Sargassum fluitans [37, 38]. In these 

works it was observed that the adsorption process was based on ion exchange 

where a release of protons induced a pH decrease. 

 

1.2 Ionic liquids – not just simple ions 

Ionic liquids (ILs) represent an interesting group of compounds with melting points 

less than 100 °C. They have been firstly described by Paul Walden as early as 1914 

[39], who reported the physicochemical properties of ethylammonium nitrate 

([EtNH3][NO3]). Decades later in 1961, Lowell A. King studied low temperature 

molten salts as electrolytes in batteries. Two years later in 1963, John Wilkes and 

Lowell King worked on replacements for LiCl-KCl molten salt electrolytes in thermal 

batteries [40].  

 

 

Figure 6. Increasing number of publications from 1990-2015 using SciFinder® exploring the term 

“ionic liquid” [40].  
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Due to the complexity of the investigated chloroaluminium electrolytes, 

alkylpyridinium cations mixed with AlCl3 enabled new ionic liquids for new battery 

concepts. Wilkes et al. reported dialkylimidazolium chloroaluminates starting a new 

chapter in electrochemistry those days [41]. Since 1990, the significant increase in 

the number of publications on ionic liquids (Figure 6) exhibits the rising interest in this 

compound class.  

 

1.2.1 Chemical structures of ionic liquids 

Since the first characterization of ionic liquids by Paul Walden [39], an enormous 

number of ILs can be created; Figure 7 shows the today’s most used cations and 

anions. 

 

 

Figure 7. Examples of widely used cations and anion in ionic liquids. 

 

In general, ILs consist of bulky and nonsymmetrical organic cations, e.g. quaternary 

ammonium and phosphonium or imidazolium salts. Anions in ionic liquids can be 

parted into three groups: acidic, neutral and basic. Dihydrogen phosphate ([H2PO4]
-) 

and hydrogen sulfate ([HSO4]
-) represent amphoteric; acidic anions are able to 
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release protons. Nitrate ([NO3]
-), hexafluorophosphate ([PF6]

-), 

bis(trifluoromethylsulfonyl)imide ([NTf2]
-), thiocyanate ([SCN]-) and tetrafluoroborate 

([BF4]
-) are considered to be neutral anions in the acid/base sense. Results of weak 

electrostatic interactions of these ligands are low melting points and viscosities. 

Acetate ([Ac]-) and dicyanamide ([DCA]-) are the most important representatives of 

the Lewis basic anions possessing advantageous solubility and catalytic properties 

[42]. Simple examples for acidic cations are protic ammonium and alkylated 

imidazolium ions whereas quaternary ammonium and pyrrolidinium salts are within 

the neutral cationic group in the sense of acidity. Advantages of basic cations like 1-

alkyl-4-aza-1-azoniabicyclo[2.2.2]octane ([Cndabco]+) are possible interactions with 

metal salts leading to a solubilization of the metal in the ionic liquid [42].  

 

Furthermore, ILs are well-known for their extraordinary characteristics controlled by 

the chemical structure. Following properties are encountered frequently [40]: 

 

 Extremely low vapor pressure 

 Liquid over a broad temperature range 

 Inflammability 

 Large electrochemical window 

 Tunable miscibilities 

 

Having a closer look on the melting point of ILs because of its importance for the 

application, coulomb interactions are the dominant forces in ILs as they entirely 

consist of ions (Equation 1) [43]:  

 

E =  
MZ+Z−

4πεor
                                   (Equation 1) 

 

where M is the Madelung constant showing the binding energy of the ions, Z+ and Z- 

are the ion charges, r the distance between the ions and ε0 the vacuum permittivity 

dielectric constant. In most ILs, the charge of the ions is +/- 1 and the ions are bulky 

and large, so the obtained Coulomb attractions are low resulting in low melting points 

[43, 44]. A series of alkylimidazolium tetrafluoroborate salts have been analyzed for 
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their melting points. Attractive van der Waals interactions increase with longer alkyl 

chain length where a minimum in the melting point was observed for [C5mim][BF4]. 

From [C10mim][BF4] onward, a stabilization of the hydrophilic ionic head groups and 

hydrophobic alkyl chains leads to a strong increase in the melting point [45].  

 

In recent years, the demand for safe and economically favorable batteries led to 

intense research of ionic liquid-based accumulators. The electrochemical behavior 

was extensively studied over the last 20 years which shows the importance of this 

chemical property toward the application in batteries. The so-called electrochemical 

window, defined as the difference between the anodic and cathodic limits of the IL’s 

stability, is a crucial parameter for the applicability [46]. A study of six different room-

temperature ionic liquids showed that the [NTf2]
- anion revealed to be 

electrochemically less stable than [BF4]
- and [PF6]

- [46]. Similar results were obtained 

by Hayyan and coworkers where [NTf2]
- showed a wider electrochemical window 

than trifluoroacetate and [DCA]-. Investigations on the reduction limits indicated the 

widest range for [P66614]
+ followed by pyridinium-based and ammonium-based cations 

[47]. One example for the importance of electrochemical behavior is the possible 

application in batteries. Current research on reversible electrolytes based on 

magnesium borohydride in alkoxyammonium ILs shows potential candidates for 

rechargeable magnesium batteries [48].  

 

Are there any ILs found in nature? In 2014, a naturally occurring ionic liquid was 

found for chemical warfare by Chen and coworkers. The protic ionic liquid (2R,6S)-2-

methyl-6-undecylpiperidinium formate was found in the venom of the South American 

tawny crazy ant Nylanderia fulva by confrontation with the fire ant Solenopsis invicta 

[49]. ESI-MS data clearly indicate an acid-base protonation of the alkaloid forming a 

highly viscous mixture. 

 

1.2.2 Synthesis of ionic liquids 

How can ILs be prepared in large scales from an environmental and cost-efficient 

point of view? In general, the synthesis of ionic liquids can be considered to be quite 

simple. The most common way of producing ILs is ion exchange where two synthetic 
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steps are required. Firstly, the desired cation is formed, mostly by a quaternization 

reaction, and secondly, an anion exchange leads to the desired product (Figure 8) 

[50]. The resulting side products in the anion exchange reaction like soluble sodium 

halide, insoluble silver halides or hydrogen halides must be removed in a purification 

step [40].  

 

 

Figure 8. Synthetic route with quaternization and anion exchange reaction [50].  

 

First of all, alkylation reactions from cheap, commercially available haloalkanes can 

be used under mild reaction conditions yielding halide salts. Overall, iodoalkanes are 

more reactive than bromo- and chloroalkanes and additionally, the reactivity of 

haloalkanes decreases with increasing chain length [50]. In 1992, the first 

preparation of 1-ethyl-3-methylimidazolium-based ionic liquids by anion metathesis 

reaction was reported where different insoluble silver salts were formed during the 

reaction [51]. Hydrophobic ILs are often prepared from halide salts of the desired 

cation and further conversion to the end product [40]. The major drawback of the 

anion metathesis route might be the presence of halide impurities that have a strong 

impact on the physico-chemical behavior of the ILs. Previous research showed 

chloride impurities up to 6% for hydrophobic tetraalkylammonium ILs prepared by 

anion exchange reaction [52]. A halide contaminated ionic liquid leads to higher 

viscosity, whereas water and other solvents increase the fluidity. Additionally, this 

contamination with chloride, bromide or iodide can result in catalytic reactions, act as 

a stabilizing ligand or nucleophile [53, 54]. Hygroscopicity often explains high water 

contents up to 8%, even in hydrophobic ionic liquids [50].  

 

15

- Introduction -



 

 

 

Figure 9. Reaction example utilizing methyl carbonates [55]. 

State of the art synthetic approaches utilize methyl carbonates which react 

stoichiometrically with an acid (pKa < 9) at room temperature forming only volatile 

compounds like methanol or carbon dioxide as side products [55]. This synthetic 

pathway will be applied in ‘3.2 Task-Specific Thioglycolate Ionic Liquids for Heavy 

Metal Extraction: Synthesis, Extraction Efficacies and Recycling Properties’. 

 

1.2.3 Task-specific ionic liquids 

So far, we have seen that quaternization reactions are a very effective tool for the 

synthesis of ILs. But how can the properties be controlled for the demanded 

application? Thanks to the tunable features of ionic liquids, their structure can 

append preferred features either on the cation or anion. Combining ions with 

desirable properties (e.g. non-miscibility with water) and functional groups, task-

specific ionic liquids (TSILs) can be easily created [50]. Different chemical 

functionalities like thioether, carboxylic groups and amino groups have successfully 

led to application in gas separation, CO2 capture and extraction of toxic heavy metals 

or corrosion inhibition of mild steel [56-58].  

 

One brief example might clarify the concept of task-specific ionic liquids. As earth’s 

most abundant natural organic material is cellulose; nowadays ionic liquids play an 

indispensable role in cellulose processing. Evidence of TSILs was already reported in 

1934, when research on molten N-ethylpyridinium chloride in presence of nitrogen-

containing base attracted attention in cellulose dissolution [59]. As proposed by 

Swatloski and coworkers in 2002, investigations on imidazolium ILs suitable for 

cellulose processing without losing any grade of polymerization have been described. 

There is a clear trend in the ability of dissolving natural cellulose where ionic liquids 

containing anions with low basicity e.g. chloride, formate or acetate can act as strong 
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hydrogen bond acceptors and therefore interact with the cellulose structure for a 

better solubility [60]. Additionally, Abe et al. indicate that the density of an IL has a 

great influence on the cellulose dissolution ability [61].  

 

Despite the fact that about 50% of the drugs are administrated as salts [62], the 

research focus on task-specific ionic liquids also includes bioactive ILs. Ionic liquids 

could offer an improved version of existing drugs for proper dosing. Ampicillin-based 

ILs showed enhanced water solubility as well as adequate membrane affinities and 

permeability compared to conventional drugs [63]. Stoimenovski noticed the 

importance of low ionicity of pharmaceutical ionic liquids due to a relieved membrane 

crossing. Additional hydrogen bonding groups in the tertiary amines supported proton 

transfer although lower ionicity is desired for easier barrier crossing [64].  

 

Over a decade ago, in 2001, Visser and coworkers first designed hydrophobic room-

temperature ionic liquids (RTILs) based on imidazolium cations bearing thioether and 

thiourea moieties usable for mercury and cadmium removal [65]. Creating a 

hydrophobic environment by adding the functional group on the cation, a positive 

effect on the binding behavior may be observed [66]. Hence hydrophobicity of TSILs 

is often provided by fluorinated anions; tetrafluoroborate and hexafluorophosphate 

should be avoided due to possible formation of harmful hydrolysis products like 

hydrogen fluoride [67]. Research on designed hydrophobic task-specific ionic liquids 

bearing thioether, phosphoryl, phosphonium or thiourea moieties showed remarkable 

features as metal extracting agents from aqueous solutions [66, 68, 69]. Since then, 

a lot of interest was focused on hydrophobic TSILs for metal extraction where Figure 

10 shows several task-specific ionic liquids suitable for heavy metal extractions.  
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Figure 10. Task-specific ionic liquids for heavy metal extraction. 

 

In the past decade, our working group has gained experience in the field of ionic 

liquids for heavy metal extraction. For instance, the thiosalicylate-based IL [N1888][TS] 

showed interesting features in cadmium and platinum removal from aqueous 

solutions where no additional extracting agent or organic solvent were used [57, 70]. 

Furthermore, liquid-liquid extraction with the developed hydrophobic TSILs was 

evaluated on the extraction behavior toward uranium in drinking water where 

[N1888][SCN] and [N1888][TS] showed distribution ratios (D) > 1000. The recycling of 

the applied ILs was performed at different concentrations of nitric acid where 2 M 

HNO3 could back-extract more than 80% of U(VI) [71]. In comparison, other 

phosphoryl containing TSILs possess distribution ratios of only 170 for uranyl [68]. 

Recently, back-extraction of uranium from [P66614][Cl] was performed with 1 M NaOH 

solution where after three cycles more than 90 % of uranium was recovered [72].  

 

1.2.4 Immobilization of ionic liquids 

As a matter of fact that high viscosities of TSILs can hinder mass transfer during an 

extraction process and leaching of ionic liquids of the aqueous phase might be a 

severe problem regarding eco-friendliness. Leaching into an aqueous phase can be 

determined by quantitative NMR (commonly proton or phosphorus) or TOC (total 

organic carbon) measurement [73, 74]. To circumvent any IL contamination into the 

aqueous phase, immobilization of ionic liquids on hydrophobic solids is one concept 
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of hindered leaching and a promising alternative in heavy metal extraction. As 

discussed in ‘1.1.3 Wastewater treatment’, there are different solid-liquid separation 

modes. 

 

Supported liquid membranes (SLMs) belong to the group of membrane technology in 

wastewater treatment and represent porous polymeric (organic or inorganic) 

materials where pores are in contact with ILs. Powdered carbon impregnated with 

[Bmim][Cl] seems to be efficient for mercury adsorption from a gas stream where the 

size of the pores plays an important role. However, immobilized [Bmim][Cl] on 

mesoporous silica still showed high leaching values [75]. [N1888][Cl] was successfully 

impregnated in microporous hollow fibers as an ion carrier of Co(II) in hydrochloric 

acid [76]. Figure 11 shows the changes for polypropylene hollow fibers where the 

holes are closed during the impregnation process. 

 

 

Figure 11. Surface structure of polypropylene hollow fibers: bare (left) and impregnated (right) (Photo 

taken by Dr. Franz Jirsa; University of Vienna). 

 

Besides SLMs, polymer inclusion membranes (PIMs) are another type for solid 

support of different ionic liquids. Moreover, the membranes show high stability where 

the IL is built into a polymerized membrane [77]. Research in PIMs containing 

phosphonium ILs indicated that the extraction efficiency depends not only on the 

polymer matrix, but also on the carrier molecules and amount of plasticizer [78]. 

Recently, these polymer inclusion membranes on [N1888][Cl] revealed an interesting 

feature. They built a proton exchange membrane for fuel cells, pointing out an active 
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role of the ionic liquid in proton transportation. The major drawback of conventional 

proton exchange membranes are high costs, so the PIMs on [N1888][Cl] could be a 

cost-saving substituent [79]. One green approach for reduced leakage was the 

immobilization of methyltrioctylammonium 2-(methylthio)benzoate ([N1888][MTBA]) in 

alginate gel beads. The results of the study showed an efficient extraction of highly 

toxic mercury(II) with nearly no leaching [80]. In another example the immobilization 

of alkylphosphonium ILs on alginate supported hydrogen catalysis reactions with 

enhanced efficiency [81]. Within this doctoral thesis, two immobilization approaches 

will be discussed in ‘3.2. Task-Specific Thioglycolate Ionic Liquids for Heavy Metal 

Extraction: Synthesis, Extraction Efficacies and Recycling Properties’ and ‘3.3. 

Thioglycolate-based task-specific ionic liquids: metal extraction abilities vs acute 

algal toxicity’. 

 

1.2.5 Ionic liquids and their toxicity 

The question, whether ILs do have an environmental and toxicological impact, has 

been occupying experts for some time. Ionic liquids are often considered as “green 

solvents” due to frequently observed low vapor pressure and non-flammability [43]. 

Nevertheless, their impact on the environment is not clearly designated yet. 

Therefore, biodegradation experiments showing the interactions of molecules with 

their environment are an important tool for a safe and sustainable evaluation of ionic 

liquids. The ultimate goal is a full life cycle assessment of an industrial application of 

an IL where the toxicity versus benefits must be carefully reviewed [82].  

 

In general, important molecular structures inhibition biodegradation are as follows 

[83]:  

 

 Halides (chloride, bromide, iodide) 

 Quaternary carbon atoms 

 Alkyl chain branching 

 Tertiary nitrogen atoms 

 Heterocycles 

 Aliphatic ethers 
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It is generally agreed today that inhibition assays are an easy and reliable method for 

the evaluation of the toxicity toward algae and aquatic microorganisms by 

quantitative structure-activity relationships (QSARs). For these assays, Vibrio fischeri 

and Daphnia magna are widely used for ecotoxicological testing due to the short 

regeneration time [84-86]. According to the United Nations, the Globally Harmonized 

System of the Classification and Labelling of Chemicals (GHS) categorizes toxic and 

harmful substances to algae or other aquatic plants as follows [87]:  

 

 Category Acute 1: ≤ 1 mg/L 

 Category Acute 2: > 1 but ≤ 10 mg/L 

 Category Acute 3: > 10 but ≤ 100 mg/L 

 

These short-term acute hazards after 72 h exposure time are valid for algae and 

other aquatic plants. Green algae like Scenedesmus sp. or Chlorella sp. are widely 

used as bioindicator species to assess toxic substances in a freshwater environment 

(Figure 12) [88]. Not only an alteration on the cellular morphology in R. subcapitata 

(also known as Selenastrum capricornutum and Pseudokirchneriella subcapitata) 

after 72 h, caused by exposure of [NTf2]-based ILs, was observed, also an increase 

of proteins suggesting an inhibition in cell division was detected [89].  

 

 

 

 

The central question then becomes: how might the chemical structure affect the 

toxicity? Imidazolium ILs are the most reported ionic liquids with regards to toxicity; a 

case study of 25 imidazolium-based ILs showed that the antimicrobial activity toward 

human pathogens mainly depends on the length of the alkyl chain of the cation. 

Within these experiments, alkyl chains around 12 and 14 carbon atoms show 

Figure 12. Green freshwater algae: A. obliquus (left), D. armatus (middle) and  
R. subcapitata (right). 
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increased antimicrobial toxicity whereas chains of C16 and C18 possess low solubility 

and hence a lower grade of bioavailability [90]. Previous research on toxic effects on 

the green seaweed Ulva lactura suggests DNA damage by generation of reactive 

oxygen species (ROS) as a result of 1-alkyl-3-methylimidazolium bromide exposure 

[91]. An optimized structure with ether groups in alkyl chains reduced the toxicity and 

enhanced the biodegradability [92]. As reported by Ghanem et al., amino acid 

residues on the anionic part of the ionic liquid show more eco-friendly behavior than 

their bromide, chloride, dicyanamide and tetrafluoroborate anions [93]. Furthermore, 

halides of tetraalkylphosphonium ILs have been suggested to be bioabsorbed into 

the cell faster than more complex anions (e.g. [NTf2]
- or [PF6]

-) whereby [P66614][NTf2] 

was mainly found in the cell membrane of Escherichia coli. [N1888][Cl] and [P66614][Cl] 

lead to a more rapid bioaccumulation with increased growth inhibition compared to 

[P66614][NTf2] [94].  

 

Not only cytotoxic activity in microorganisms is reported; some ILs show in vitro 

cytotoxic activity in human cancer cell lines. Trihexyltetradecylphosphonium 

combined with [PF6]
- and [NTf2]

- reveal LC50 values in the micromolar range whereas 

[P66614][NTf2] exhibit cytotoxic activity in more than 75% of the investigated cancer 

cell lines. However, [P66614][BF4] was found to be less soluble in water and therefore 

less cell membrane permeable [95]. Furthermore, Frade and coworkers evaluated 

magnetic ionic liquids containing gadolinium, iron, cobalt and manganese toward 

human cell lines. The evidence from these studies suggests a sensitivity for iron and 

gadolinium-based ILs in two cell models (human colorectal adenocarcinoma and 

human normal skin fibroblasts) whereas manganese-based ILs were most toxic [96]. 

Recently, ILs containing (2,4-dichlorophenoxy)acetate anions exhibited herbicidal 

behavior with higher surface activity than the currently used 2,4-

dichlorophenoxyacetic acid [97].  

 

In conclusion, ionic liquids must be treated carefully considering their cytotoxic 

activity. More research on toxicity assays will be required to provide a safe, 

ecological friendly and sustainable application of ionic liquids. 
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2 Aim and motivation of this doctoral thesis 

Today heavy metal pollution is one of the most environmental alarming concerns 

affecting over 95 million people. To develop new purification technologies, our 

experimental approach uses the tunable binding properties of task-specific ionic 

liquids toward heavy metals which are associated with contamination and potential 

toxicity or ecotoxicity. Therefore, this doctoral thesis mainly focuses on the: 

 

 Synthesis and characterization of novel ionic liquids 

 Application of the ionic liquids  

 Evaluation of heavy metal extraction 

 Successful back-extraction and recycling of the ionic liquids 

 Determination of short-term toxicity toward freshwater algae 

 

Based on these challenging aims, a 3-step “green” strategy (Figure 13) is proposed 

which leads to the: 

 

 Development and evaluation of novel ILs for the removal of heavy metals from 

wastewater effluents 

 Establishment of suitable metal stripping agents (MSA) 

 Evaluation of the reusability of ILs 
 

 
Figure 13. 3-step “green” process applied in this doctoral thesis, A) metal-polluted wastewater, B) 

biphasic metal extraction performed by ionic liquids, C) stripping off the metal from the IL into the 

aqueous phase using a suitable metal stripping agent (MSA). 

 

The outcome of the four parts is presented in ‘3. Results and discussion’. 
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3.1 Extraction of natural radionuclides from aqueous 

solutions by novel maltolate-based task-specific ionic 

liquids 

Sonja Platzer,a Orhan Sap,a Raphlin Leyma,a Gabriele Wallner,a Franz Jirsa,a 

Wolfgang Kandioller,a Regina Krachler,a Bernhard K. Kepplera Journal of 

Radioanalytical and Nuclear Chemistry 2015, 303, 2483-2488. 

a Institute of Inorganic Chemistry, Faculty of Chemistry, University of Vienna, 

Waehringer Str. 42, A-1090 Vienna 

Two novel maltolate-based ionic liquids were synthesized and characterized by 

standard analytical methods. Their extraction efficacies toward uranium and its 

daughter progenies have been extensively studied.  

I performed the synthesis and characterization of the novel compounds. As the first 

author, I made a major contribution to all chapters of the manuscript. 

33

- Results and discussion -



Extraction of natural radionuclides from aqueous solutions
by novel maltolate-based task-specific ionic liquids

Sonja Platzer • Orhan Sap • Raphlin Leyma •

Gabriele Wallner • Franz Jirsa • Wolfgang Kandioller
• Regina Krachler • Bernhard K. Keppler

Received: 15 September 2014 / Published online: 27 November 2014

� The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract Two novel maltol-based ionic liquids, namely

[A336][Mal] and [C101][Mal], were synthesized as

potential extracting agents for radionuclides from water.

These two room temperature task-specific ionic liquids

could be easily prepared by anion metathesis starting from

commercially available materials. The isolated compounds

were characterized by standard analytical methods. Their

application as extraction agent for Unat.,
234Th, 210Pb, 210Bi,

210Po and 226Ra was elucidated by liquid–liquid extraction

and scintillation counting. Uranium was totally extracted

by both ionic liquids over a broad pH range (2–8), while

the other radionuclides were removed with differing effi-

cacies depending on the respective pH value.

Keywords Ionic liquids � Natural radionuclides �
Extraction of radionuclides � Maltol

Introduction

In general, ionic liquids are defined as salts with melting

points below 100 �C. They are characterized by a low

vapor pressure, high decomposition temperatures or elec-

trical stability [1]. Their physicochemical properties

including their hydrophobicity can be fine-tuned by spe-

cific modifications of either the cation or anion. Task-

specific ionic liquids (TSILs) allow new possibilities such

as heavy metal extraction by anchoring functional groups.

Heavy metal ions such as Cd2? and Hg2? are known to be

harmful and TSILs are a promising approach for the metal

removal by biphasic separation. Previous liquid–liquid

extraction strategies for uranium revealed high efficacies in

the case of [A336][TS] and [A336][SCN] (Fig. 1) from

natural mineral water. In addition, these ionic liquids were

investigated for a broad range of different metal ions and

promising extraction efficacies were observed for mercury

and platinum [2]. Another interesting feature beside their

metal extraction potential is their high distribution coeffi-

cients [1,000 compared to Ca(II) and Mg(II) [3].

Uranium is prevalent in the environment and bioavail-

able as uranyl ion. By the general public a few lg/day

uranium are taken up by ingestion of foodstuffs and of

drinking water [4]. The target organ in the human body are

the kidneys and nephritis is the primary effect of uranium

intoxication. Epidemiological studies in Canada, Sweden

and Finland saw some minor signs of adverse renal affects

but on the other hand no severe cytotoxic effects were

observed even with relatively high exposures (median

concentration 25 lg/L, interquartile range of 5–148 lg/L,

maximum conc. of 1,500 lg/L) [5]. So the World Health

Organization set a guideline value for uranium of 30 lg/L

drinking water in 2012 [6]. While higher uranium levels

are very rare in public water supplies, concentrations up to

1.2 mg/L of uranium were found in water samples from

private wells in Europe and USA [7], [8], [9].

Aside from radiation protection issues, the recovery of

uranium, thorium and lanthanides from nuclear wastes is

increasingly important [10]. Recently, tricaprylmethylam-

monium phthalate showed promising extraction rates of

U(VI), Th(IV) and Fe(III) up to 99 %. Moreover, uranium

was well separated at pH 0.1 from La(III), Y(III) and
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Nd(III) [11]. Tetradecyltrihexylphosphonium chloride and

tricaprylmethylammonium chloride are hydrophobic ionic

liquids and therefore possess interesting features for metal

removal by liquid–liquid extraction. Tricaprylmethylam-

monium chloride itself showed promising results for the

extraction of 99Mo and 181W [12] while tetra-

decyltrihexylphosphonium chloride has been developed for

the selective extraction of cobalt in the presence of nickel

[13]. Maltol is in extensive research over the last decades,

due to its complexation ability to a broad range of metal

ions. It is used in food industry as flavour enhancer and is

characterized by its preferable toxicity profile and high

bioavailability. Maltol is utilized due to its highly benefi-

cial chemical and biological properties. In addition, it is

commercially available even in large scale and is well

known for its synthetic versatility. Due to environmental

benign character and cost efficacy, ionic liquids based on

this organic scaffold might be a promising alternative to the

recently reported TSIL [A336][TS] and a good starting

point for the development of ionic liquids as extracting

agent for uranium [14]. Previously, 4-hydroxypyrylium-

based ionic liquids showed interesting features as potential

media for the immobilisation of catalysts [15].

Herein we report the synthesis of two new TSILs, trica-

prylmethylammonium maltolate and tetradecyltrihexylpho-

sphonium maltolate (Fig. 2) for the extraction of heavy

metals from waste water. The presented compounds are the

first step in the development of maltolato-based TSILs with

optimized physicochemical parameters for the extraction of

heavy metals. The respective maltolate salts were prepared

by anion metathesis and characterized by standard analytical

methods such as 1H and 13C NMR spectroscopy, IR and UV–

vis spectroscopy. The total chloride content and the total

organic carbon (TOC) values of these ionic liquids were

determined. The extraction efficacies of two ionic liquids

with regard to the naturally occurring radionuclides 238U and
234U, 234Th, 226Ra, 210Pb and its progenies 210Bi and 210Po

were investigated.

Materials and methods

3-Hydroxy-2-methyl-4(1H)-pyrone (maltol, 99 %) and

Cyphos IL 101 (tetradecyltrihexylphosphonium chloride,

95 %) were purchased from Sigma Aldrich. Potassium

hydroxide (85 %, extra pure) and Aliquat 336� (mixture of

quaternary ammonium compounds, tri-(C8-10)-alkylmeth-

yl, chlorides, [75 %) were obtained from Acros. Utilized

solvents were of HPLC grade and used without further

purification. 1H and 13C NMR spectra were recorded on a

Bruker Avance IIITM spectrometer in DMSO-d6 at 298 K

using standard pulse programs at 500.10 (1H) and 125.76

(13C) MHz. UV–Vis spectra were performed on an Agilent

8453 spectrophotometer in the range of 200–1,000 nm in

methanol. ATR-IR spectra were measured with a Bruker

Vertex 70 Fourier transform IR spectrometer. TOC mea-

surements were performed on a TOC-V CHP analyser

(Shimadzu) and density measurements with a calibrated

Fig. 1 Chemical structures of

[A336][TS] and [A336][SCN]

Fig. 2 Synthetic scheme of

ionic liquids [A336][Mal] and

[C101][Mal]

2484 J Radioanal Nucl Chem (2015) 303:2483–2488

123

35

- Results and discussion -



glass pycnometer (Klaus Hofmann). Viscosity measure-

ments were conducted using a Kinexus rheometer (plate/

plate method; temperature range: 298–323 K; test time:

2 min). The water content of [A336][Mal] and

[C101][Mal] was determined utilizing a Mettler Toledo

DL39 Karl Fischer (KF) coulometer; each ionic liquid was

measured in triplicates. In-house standard solutions of

different radionuclides were used for the extraction

experiments. The uranium standard contained 27.7 lg Unat.

in 10 lL diluted HNO3, corresponding to an activity of

682 mBq (238U and 234U), as well as 341 mBq 234Th (half-

life 24.1 days) in radioactive equilibrium with 238U. The
210Pb (half-life 22.3 years) standard solution had an

activity concentration of 580 mBq/10 lL. The progenies
210Bi (half-life 5 day) and 210Po (half-life 138.4 days) are

in radioactive equilibrium with 210Pb, which means that

each of them have an activity concentration of 580 mBq/

10 lL. For radium extraction we used 2 mL of the refer-

ence material IAEA-431 (29.5.2001) containing 50 mBq
226Ra. Ingrown 222Rn left the sample during shaking with

the IL for 226Ra extraction; as the activity measurements

were always done immediately after the extraction step the

in-growth of 222Rn and its short lived progenies was

prevented.

Synthesis of ionic liquids

[A336][Mal]: To a solution of maltol (100 mg, 0.79 mmol)

in methanol (5 mL) potassium hydroxide (49 mg,

0.88 mmol) was added in one portion and the solution was

stirred for 10 min at room temperature. Aliquat 336�

(106 mg, 0.26 mmol) in methanol (5 mL) was added and

the reaction mixture was stirred for further 4 h. After

complete evaporation, the residue was extracted with ethyl

acetate/water (7 mL/4 mL). The separated organic phase

was dried over Na2SO4, evaporated under reduced pressure

and dried in vacuo, yielding an orange viscous oil. Yield:

122 mg (95 %). 1H NMR (500.10 MHz, DMSO-d6):

d = 7.71 (d, 3J = 6 Hz, 1H, H6), 6.04 (d, 3J = 6 Hz, 1H,

H5) 3.15–3.25 (m, 6H, N-CH2), 2.96 (s, 3H, N-CH3), 2.19

(s, 3H, -CH3), 1.56–1.66 (m, 6H, -CH2-), 1.20–1.37 (m,

30H, -CH2-), 0.83–0.91 (m, 9H, -CH3). 13C{1H} NMR

(125.76 MHz, DMSO-d6): d 173.2, 155.0, 149.7, 143.6,

114.0, 61.2, 61.0, 48.0, 31.8, 31.6, 29.4, 29.3, 29.2, 28.9,

28.9, 26.3, 26.2, 22.6, 22.5, 21.8, 14.4. IR (ATR, selected

bands, mmax): 2925, 2857, 1620, 1463, 1377, 1260, 1196,

1073, 916, 848, 661, 628 cm-1. UV–Vis in MeOH, k, nm

(e, M-1 cm-1): 215 (10690), 275 (8161).

[C101][Mal]: To a solution of maltol (100 mg,

0.79 mmol) in methanol (5 mL) potassium hydroxide

(49 mg, 0.88 mmol) was added in one portion and the

solution was stirred for 10 min at room temperature. Tetra-

decyltrihexylphosphonium chloride (135 mg, 0.26 mmol)

in methanol (5 mL) was added and the reaction mixture was

stirred for further 4 h. After complete evaporation, the resi-

due was extracted with ethyl acetate/water (7 mL/4 mL).

The separated organic phase was dried over Na2SO4, evap-

orated under reduced pressure and dried in vacuo, yielding an

orange viscous oil. Yield: 149 mg (94 %). 1H NMR

(500.10 MHz, DMSO-d6): d = 7.91 (d, 3J = 6 Hz, 1H,

H6), 6.21 (d, 3J = 6 Hz, 1H, H5) 2.22 (s, 3H, -CH3),

2.15–2.21(m, 8H, -CH2-), 1.43–1.53 (m, 8H, -CH2-),

1.34–1.43 (m, 9H, -CH2-), 1.21–1.34 (m, 36H, -CH2-),

0.83–0.92 (m, 12H, -CH3). 13C{1H} NMR (125.76 MHz,

DMSO-d6): d 173.0, 155.1, 149.6, 143.4, 116.8, 114.0, 31.8,

30.9, 30.5, 30.4, 30.3, 30.2, 29.5, 29.5, 29.4, 29.2, 29.1, 28.6,

22.6, 22.3, 21.1, 21.0, 18.3, 18.2, 17.9, 17.8, 14.4, 14.3. IR

(ATR, selected bands, mmax): 3251, 3061, 2923, 2854, 1653,

1629, 1458, 1369, 1255, 1223, 1197, 1077, 1022, 919, 848,

688 cm-1. UV–Vis in MeOH, k, nm (e, M-1 cm-1): 215

(16380), 277 (12392).

Liquid–liquid extraction experiments

Extractions were performed by weighting selected amounts

(100–200 mg) of ionic liquids in 15 mL polypropylene

tubes and addition of about 10 mL of aqueous solution

containing a known amount of Unat.,
210Pb, or 226Ra (the

pH values had been adjusted by addition of HNO3 or

NaOH). Samples were shaken overnight at 100 rpm and

subsequently centrifuged for 30 min at 3,500 rpm [the

relative centrifugal force (RCF) is 1646] for phase sepa-

ration. The yield of the various extractions was determined

by measuring the remaining activity concentration of the

respective radionuclides in the aqueous phase by liquid

scintillation counting (LSC). The advantage of this method

is twofold: an aliquot of the aqueous solution can be

measured directly without further sample treatment, and a-

and b-emitters present in the same sample can be measured

simultaneously. The poor energy resolution in the a-spec-

trum is of no relevance, as the 234U/238U ratio is not altered

by the extraction in any way.

All extraction experiments were done at least twofold

with satisfying agreement. The maximum difference of the

extraction yields from an aqueous solution (at a given pH

value) measured for two different batches of the same IL

were 20 %, comprising also the 1r-counting uncertainties

of 5–10 %. These relatively high counting uncertainties are

due to the fact that high extraction yields correspond to low

activities left in the aqueous phase, which is then measured.

By extending the counting time the uncertainties could be

reduced.
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Instrumental setup

For the LSC measurement an aliquot of the aqueous phase

(usually 3 mL) was transferred to a 20 mL vial and mixed

with the scintillation cocktail HiSafe IIITM. After cooling,

the activity concentrations of the respective radionuclides

were measured with a QuantulusTM 1220 low-level liquid

scintillation counter (Wallac Oy, Finland, now Perkin

Elmer). Counting times were 300 min or less, depending

on the activity of the respective samples. As the uranium

solution contains also the b-emitter 234Th (? 234Pa), and
210Pb is in radioactive equilibrium with its progenies 210Bi

(also a b-emitter) and 210Po (a-emitter), pulse shape ana-

lysis was used to differ between a- and b-counts (light

pulses following a-emission have a longer decay time than

pulses following b-emission and can therefore be distin-

guished electronically).

Leaching and chloride content measurements

Leaching of the ionic liquids into the water phase was

tested the following way: 100 mg of IL were shaken with

double distilled water (5 mL) for 24 h. 1.2 mL of the

solution were diluted with 10.8 mL double distilled water.

The samples were acidified to pH 2 with HCl and purged

with carrier gas for 5 min prior to combustion in the TOC

analyser. The purities of the tested ionic liquids were

quantified by their residual chloride ions. The chloride

content was determined by dissolving the sample in 10 mL

ethanol/water (1:1), acidified with HNO3 (half concen-

trated) and potentiometric titrated using AgNO3 as titrant

based on two independent experiments.

Results and discussion

Synthesis and characterization

The two maltol-based ionic liquids were prepared by anion

metathesis, which is a fast and sustainable standard strategy

in literature [16]. Therefore, maltol was deprotonated with

an excess of potassium hydroxide to ensure it reacts

quantitatively and checked by 1H NMR. Afterwards, either

Aliquat 336� (a mixture of quaternary ammonium com-

pounds) or Cyphos IL101 was added and after aqueous

work up the desired products were isolated in high yield

([90 %) and sufficient purity. An excess of maltol was

necessary in both syntheses due to the high solubility of

maltolate in water. The isolated ionic liquids were char-

acterized by standard analytical methods (1H and 13C

NMR, infrared and UV–Vis spectroscopy, density, vis-

cosity, water and chloride content).

Both synthesized compounds were isolated as highly

viscous oils at room temperature and the formation of the

1:1 salts was confirmed by 1H NMR spectroscopy (Figure

S1 and S2). The chloride content of the ionic liquids

[A336][Mal] and [C101][Mal] has been found to be 1.5 and

1.7 %, respectively, by argentometric titration (Table 1).

Physicochemical properties

The physiochemical properties of novel ionic liquids such

as melting point, density, miscibility or viscosity, define

and limit the potential applications. The synthesized mal-

tolate-based ionic liquids were found to be soluble in

common organic solvents such as chloroform and ethanol,

but insoluble in water. The leaching in water was deter-

mined by TOC experiments for the two ionic liquids with

values of dissolved carbon of 3,800 mg/L for [A336][Mal]

and 3,470 mg/L for [C101][Mal] (Table 1), respectively.

This result can be explained by the high solubility of the

maltolate in aqueous systems. The viscosities, determined

by a temperature gradient from 298 to 323 K, are presented

in Fig. 3 where [A336][Mal] shows higher viscosity than

the corresponding phosphonium ionic liquid which is in

good accordance to literature [17]. The different behavior

might be explained by the varying chain lengths of the two

applied cations. The water content of [A336][Mal] and

[C101][Mal] was determined by Karl Fischer coulometry

with values of 1.3 % (w/w), determined by three inde-

pendent experiments. This is an important feature because

water influences the physical behavior of ionic liquids [18].

Room-temperature ionic liquids can be used without fur-

ther dilution for liquid–liquid extraction. It has been

reported that ionic liquids consisting of quaternary

ammonium and phosphonium salts do mostly have densi-

ties less than 1 g/cm3 [19] [20], which is in good agreement

with the determined densities of [A336][Mal] and

[C101][Mal] of 0.98 g/cm3 at 298 K (see Table 1).

Extracting efficiency

Due to the known high affinity of the maltolate to a broad

range of different metal ions, extraction experiments with a

series of radionuclides were performed to investigate potential

applications. It was found that uranium was quantitatively

extracted by [A336][Mal] and [C101][Mal] (Fig. 4) and the

initial pH during the experiments showed no influence on the

extraction rate. This can be explained by the HSAB principle,

because the uranyl cation possesses a high affinity towards the

O,O coordination motif of the maltolate backbone. It should

be kept in mind that U(VI) is present in different species

depending on the pH value of the solution. For example, at

pH [ 2.5 UO2(OH)?, (UO2)2(OH)2
2? and (UO2)3(OH)5

?

species are predominant whereas at pH \ 2.5 UO2
2? is
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prevalent [21]. However, although the solubility of U(VI) is

higher under acidic conditions, it was extracted quantitatively

from all samples [21]. 234Th is a progeny of 238U and in the

case of [C101][Mal] the extraction of thorium decreased at

higher pH which could be explained by lower affinity of
234Th(OH)2

2? and other hydrolysis products to this IL com-

pared to 234Th4? present at lower pH values. In contrast, best

extraction rate for 234Th with [A336][Mal] could be found at

pH 6. 210Pb was removed less than 20 % of either

[A336][Mal] or [C101][Mal] in all experiments and the pH

value had no significant impact on the elimination. Up to 80 %

of 210Po was removed at pH 2–6 with [A336][Mal], whereas

[C101][Mal] was slightly less effective at pH[ 4. Interest-

ingly, at pH values C 6, the extraction rate for 210Po

decreased significantly for both compounds. Similar extrac-

tion data was observed for the 210Bi(III) removal of

[A336][Mal] and [C101][Mal] with a maximum of about

40 % at pH 8. 226Ra was not extracted by both maltol-derived

ionic liquids. At pH values higher than 6, only uranium could

be completely eliminated from the radioactive solution.

Conclusion

Herein, we report the straight-forward and cost-saving syn-

thesis of two new maltol-based ionic liquids with trica-

prylmethylammonium and tetradecyltrihexylphosphonium

as counterions from commercially available precursors by

anion metathesis. The obtained compounds were character-

ized by standard analytical methods and the physicochemi-

cal properties were determined. Although a high leaching of

the maltol-based ionic liquids was observed, the extraction

experiments with different radionuclides were very prom-

ising. The extraction of uranium showed a quantitative

efficiency for [A336][Mal] and [C101][Mal] over the

investigated pH range (2–8), therefore, this method repre-

sents a suitable way for uranium removal. Additionally,
210Po and 234Th were well extracted; whereas no or only low

removal of either 226Ra, 210Bi or 210Pb was observed. Back

extraction experiments with different stripping agents are

ongoing.

Overall, these investigations are the first step for the

development of maltol-based ionic liquids with high heavy

metal extraction rates and further synthetic modifications

as well as stripping experiments towards their potential

applications are ongoing.

Table 1 Physicochemical properties of [A336][Mal] and [C101][Mal]

Leaching

[mg C/L]

Cl- content

(%)

H2O content

(%)

Density

(298 K) [g/cm3]

Solubility

Miscible Immiscible

[A336][Mal] 3,800 1.5 1.3 0.98 Ethyl acetate, methanol, ethanol, acetonitrile,

dichloromethane, chloroform

n-Hexane, water

[C101][Mal] 3,470 1.7 1.3 0.98 Ethyl acetate, methanol, ethanol, acetonitrile,

dichloromethane, chloroform

n-Hexane, water

Fig. 3 Viscosity of [A336][Mal] and [C101][Mal]

Fig. 4 Extraction efficacy of [A336][Mal] (top) and [C101][Mal]

(bottom) for different radionuclides at initial pH

J Radioanal Nucl Chem (2015) 303:2483–2488 2487

123

38

- Results and discussion -



Acknowledgments The authors thank the Microanalytical Labora-

tory, Institute of Physical Chemistry, University of Vienna, for the

chloride content measurements and Gerhard Schleining, University of

Natural Resources and Applied Life Science, Department of Food

Science and Technology, for using the viscometer. The study was

partly funded by the FWF Austrian Science Fund (Project number

P 24676-N19).

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

1. Wasserscheid P (2006) Nature 439:797–797

2. Fischer L, Falta T, Koellensperger G, Stojanovic A, Kogelnig D,

Galanski M, Krachler R, Keppler BK, Hann S (2011) Water Res

45:4601–4614

3. Srncik M, Kogelnig D, Stojanovic A, Koerner W, Krachler R,

Wallner G (2009) Appl Radiat Isot 67:2146–2149

4. Fisenne IM, Perry PM, Decker KM, Keller HW (1987) Health

Phys 53:357–363

5. Kurttio P, Harmoinen A, Saha H, Salonen L, Karpas Z, Komu-

lainen H, Auvinen A (2006) Am J Kidney Dis 47:972–982

6. World Health Organization (2012) WHO/SDE/WSH/03.04/118/

Rev/1

7. Selden AI, Lundholm C, Edlund B, Hogdahl C, Ek BM, Berg-

strom BE, Ohlson CG (2009) Environ Res 109:486–494

8. Orloff KG, Mistry K, Charp P, Metcalf S, Marino R, Shelly T,

Melaro E, Donohoe AM, Jones RL (2004) Environ Res

94:319–326

9. Hakonson-Hayes AC, Fresquez PR, Whicker FW (2002) J

Environ Radioact 59:29–40

10. Raju CSK, Subramanian MS (2007) J Hazard Mater 145:315–322

11. Biswas S, Rupawate VH, Roy SB, Sahu M (2014) J Radioanal

Nucl Chem 300:853–858

12. Yokokita T, Kasamatsu Y, Ooe K, Yoshimura T, Takahashi N,

Komori Y, Shinohara A (2014) J Radioanal Nucl Chem 301:751–756
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Figure S1 
1
H NMR of [A336][Mal] 
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Figure S2 
1
H NMR of [C101][Mal]
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Graphical abstract: 

Eight novel task-specific ionic liquids were designed, synthesized and characterized. 

Their binding abilities toward cadmium and copper were investigated by liquid-liquid 

and solid-liquid extraction studies. As the first author, I designed, prepared and 

characterized the synthesized compounds. Furthermore, I performed all extraction 

experiments, coordinated the collaboration with the coauthors and prepared all 

chapters of the manuscript. 
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Abstract 

Eight novel task-specific ionic liquids (TSILs) based on the thioglycolate anion designed for 

heavy metal extraction have been prepared and characterized by 
1
H and 

13
C NMR, UV-Vis, 

infrared, ESI-MS, conductivity, viscosity, density and thermal properties. Evaluation of their 

time-resolved extraction abilities towards cadmium(II) and copper(II) in aqueous solutions 

have been investigated where distribution ratios up to 1200 were observed. For elucidation of 

the IL extraction mode, crystals were grown where Cd(II) was converted with an excess of S-

butyl thioglycolate. It was found by X-ray diffraction analysis that cadmium is coordinated by 

five oxygen and one sulfur donor atoms provided by two thioglycolate molecules and one 

water molecule. Leaching behavior of the hydrophobic ionic liquids into aqueous systems was 

studied by TOC (total dissolved organic carbon) measurements. Additionally, the 

immobilization on polypropylene was elucidated and revealed slower metal extraction rates 

and similar leaching behavior. Finally, recovery processes for cadmium and copper after 

extraction were performed and recyclability was successfully proven for both metals.  

 

Key words: thioglycolic acid, task-specific ionic liquids, heavy metal extraction, 

immobilization  
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1. Introduction 

Heavy metal pollution is among the world’s most alarming environmental problems whereby 

more than 95 million people are affected. The top six toxicants in 2015 were lead, 

radionuclides, mercury, hexavalent chromium, pesticides and cadmium [1]. The European 

Water Framework Directive lists certain heavy metals (e.g. cadmium, lead, mercury) and their 

compounds as “priority” substances[2], where excess exposure may result in toxicity. 

Therefore, finding selective, cost-efficient and eco-friendly metal extracting compounds is of 

great interest worldwide. Heavy metals can be removed from aqueous solution by chemical 

precipitation, flotation, adsorption, ion exchange and electrochemical deposition. Chemical 

precipitation is the most widely used, yielding insoluble metal hydroxides [3]; however, the 

major drawback of this simple and cost-effective approach is the formation of a toxic sludge. 

Another method for waste water purification is liquid-liquid extraction which can be applied 

in a range of different applications [4-7]. Recently, ionic liquids (ILs) have shown good 

performance as an extractant phase in the separation of heavy metal ions [8-11]. ILs are low 

melting point salts, mostly achieved by use of bulky asymmetric cations and weakly 

coordinating anions [12]. These compounds have attracted much attention from research 

teams due to their characteristic properties: low vapor pressure, high thermal and 

(electro-)chemical stability and in the liquid state over a broad temperature range. Tailoring 

the length and branching of the alkyl chains and the anionic precursor can be used to produce 

“designer solvents” for task-specific applications including metal extraction [13]. 

Nonetheless, metal extracting agents have to be low cost and recyclable. On one hand, metals 

should be stripped off selectively and on the other hand, back-extraction agents (e.g. nitric 

acid) should not destroy the TSILs. Several examples of back-extraction agents are under 

investigation for different heavy metal ions [14-16].  

 

ILs containing thioglycolic acid derivatives have been used for hydrogen peroxide reduction 

[17], for deoxyribonucleic acid biosensors [18] and in preparation of CdTe quantum dots [19]. 

Vijavaraghavan and coworkers have investigated water soluble thioglycolates-based ILs as 

alternatives for sodium sulfide-free leather production [20]. As reported by Wang [21], 

ammonium thioglycolate-functionalized eggshell membrane showed high potential as a 

column packing for waste water purification. Furthermore, mercury(II), lead(II) and silver(I) 

salts have been removed quantitatively by thiol functionalized magnetic mesoporous silica 

from different water matrices [22]. Recognizing that thioglycolates show affinity towards 

binding of soft metal ions, we hypothesized that they could be used as part of hydrophobic, 
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task-specific ILs for metal ion extraction from waste waters. We demonstrate the use of the 

extraction process with cadmium and copper. 

  

Cadmium can be generated from heavy metal mining, industries and metallurgy where nickel-

cadmium batteries are widely used. Since 2011, the European Commission banned the usage 

of cadmium in jewelry, polyvinylchloride and alloys for brazing [23]. Exposure to cadmium 

has shown severe effects on human and animal health including chemical pneumonitis, bone 

deformation and kidney damage [24]. Copper was chosen as a typical 3d metal ion for study 

in this work. It is thought to be genotoxic at high concentrations [25].  

 

Thus, we report here the synthesis of eight TSILs based on thioglycolic acid designed for the 

heavy metal extraction (Figure 1). These TSILs bearing thioether anions are evaluated by 

liquid-liquid and liquid-solid extraction (immobilized ILs on polypropylene hollow fibers) for 

their cadmium and copper extraction efficacy. 

 

2. Experimental 

2.1. Materials 

Benzyl bromide (98%), thioglycolic acid (≥ 98%), 1-iodopentane (98%), 1-iodobutane (99%), 

1-iodohexane (> 98%), NaOH (p.a.), EDTA∙2H2O (disodium salt, 99+%) and standard 

solutions of Cd and Cu (1000 mg L
-1

 in 2% (w/w) HNO3) for atomic absorption spectroscopy 

for the instrument calibration and extraction experiments were purchased from Sigma 

Aldrich. Potassium hydroxide (p.a.) and CdCl2∙2H2O was obtained from Merck. HNO3 (trace 

select, ≥ 69%), HCl (37%), KHCO3 (p.a.) and CaCl2∙2H2O (p.a.) were purchased from Fluka 

and NaOH (50%) from J. T. Baker. Benzyl bromide was distilled under reduced pressure 

before using. Methyltrioctylphosphonium methylcarbonate (99%) ([TOMP][MC]) and 

methyltrioctylammonium methylcarbonate (99%) ([TOMA][MC]) were purchased from 

proionic (Austria). Utilized solvents were of HPLC grade and used without further 

purification. Immobilization studies were conducted using polypropylene Accurel PP S6/2 

capillary hollow fibers membranes with an 1800 µm internal diameter (75% porosity and 

0.2 µm pore size) obtained from Membrana (Germany). 
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2.2. Synthesis 

Eight ionic liquids (Figure 1), namely methyltrioctylammonium butylsulfanyl acetate 

[N1888][C4SAc], methyltrioctylammonium pentylsulfanyl acetate [N1888][C5SAc], 

methyltrioctylammonium hexylsulfanyl acetate [N1888][C6SAc], methyltrioctylammonium 

benzylsulfanyl acetate [N1888][BnSAc], methyltrioctylphosphonium butylsulfanyl acetate 

[P1888][C4SAc], methyltrioctylphosphonium pentylsulfanyl acetate [P1888][C5SAc], 

methyltrioctylphosphonium hexylsulfanyl acetate [P1888][C6SAc] and 

methyltrioctylphosphonium benzylsulfanyl acetate [P1888][BnSAc], were synthesized in two 

steps [26] and detailed protocols and characterization of the obtained products are provided in 

the Supplementary Information.  

 

2.3. Analysis 

1
H and 

13
C NMR spectra were carried out on a Bruker 400 MHz spectrometer. Low resolution 

ESI mass spectra were recorded on a Waters micromass ZQ QMS connected to an Agilent 

1200 series, using methanol as solvent. Density measurements were conducted on an Anton 

Paar DMA 500 density meter using the ‘oscillating U-tube principle’. FT-IR spectra were 

conducted on a Bruker Vertex 70 Fourier transform IR spectrometer. Viscosities were 

measured on an Anton Paar Lovis 2000 M microviscometer by using the falling ball 

technique. Conductivity measurements were performed on a solartron SI 1260 AC 

impedance/gain-phase analyzer from 0.1 Hz to 10 MHz. DSC measurements were carried out 

on a DSC Q 100 instrument with a scan rate of 10 °C min
-1

. All prepared samples for the 

water content measurements were dried at 40 °C under reduced pressure for 24 h and finally 

measured using a Metrohm 831 KF coulometer.  

 

2.4. Experimental extraction studies 

100 mg of the IL (water saturated) was shaken with 5 mL 0.1 M CaCl2 metal-containing 

solution (initial pH 7; 2 ppm Cd or 5 ppm Cu) for 15 min, 30 min, 1 h and 2 h at 300 rpm at 

20 °C. Afterwards, aqueous phases were analyzed by using a Perkin Elmer AAnalyst 200 

flame atomic absorption spectrometer (F-AAS) for Cd and Cu (wavelengths: Cd 228.8 nm, 

Cu 324.8 nm) via external standard calibration in a working range of 0.01 – 5.00 mg L
-1

. The 

F-AAS detection limits were 0.1 mg L
-1

 for Cd and 0.5 mg L
-1

 for Cu, with an uncertainty of 

max. 5%. All extraction experiments were performed at least in triplicates with satisfying 

agreement. For the extraction mechanism, the Cd-loaded IL was analyzed by FT-IR 

measurement. 
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Extraction efficiencies (E) were calculated from Equation 1: 

 

E (%) =  
c0,aq −  c1,aq

c0,aq
∗ 100        (Equation 1) 

 

where c0,aq and c1,aq are the total metal concentrations before and after the extraction in the 

aqueous phase, respectively. 

 

Distribution ratios (D) can be empirically determined from Equation 2 as follows 

 

𝐷 =  
(c0,aq − c1,aq) ∗ mw

c1,aq ∗ mIL
         (Equation 2) 

 

where c0,aq and c1,aq are the total metal concentrations before and after the extraction in the 

aqueous phase with mW and mIL being the mass of water and IL used for the extraction, 

respectively. Maximum observable D values for Cd is 950 and 1200 for Cu, correspondingly. 

 

2.5. Leaching measurements  

Throughout this manuscript, the word “leaching” is used for the loss of the IL into the 

aqueous phase. Leaching of the ILs into the water phase was tested in the following way: 

100 mg of IL was shaken with 0.1 M CaCl2 aqueous solution (5 mL) for 2 h. 3 mL of the 

aqueous solution was diluted with 9 mL double distilled water. The dependence of the 

leaching into the aqueous phase on the ionic strength is well known [27] so all experiments 

were performed with 0.1 M CaCl2 solution. The samples were acidified to pH ≈ 2 with HCl 

and purged with carrier gas for 5 min prior to combustion in the TOC analyzer and the total 

organic carbon in the diluted aqueous phase sample (in mg carbon L
-1

 and leaching 

percentage) was determined by three independent experiments (Table 1). Respective leaching 

percentages (Equation 3) are calculated as follows: 

 

leaching (mg) =
TOC ∗ Vsample

Vtotal
∗ Vsample ∗ CIL     (Equation 3) 

 

TOC is the measured amount of mg carbon L
-1

, Vsample and Vtotal are the volumes taken for the 

leaching measurement and CIL the carbon content per IL in %. 
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2.6. Halide impurities measurements  

The bromide and iodide contents were determined by dissolving the ILs in ethanol/water 

(1:1). The solution was then analyzed using capillary electrophoresis (CRYSTAL 310) with a 

conductivity detector (TraceDec). 

 

2.7. Walden plots 

For determination of the ionicities of the ILs, Walden plots have been designed after the 

Walden rule (Equation 4) where [28]: 

 

k = Λη                      (Equation 4) 

 

𝜦 is the molar conductivity, η represents the viscosity, depending on the temperature 

dependent constant (k). 

 

2.8. Back-extraction experiments 

Two different procedures for back-extraction the metals have been applied in this work. 

Firstly, the IL ([N1888][C6SAc], 100 mg) was shaken with 0.1 M CaCl2 (5 mL) metal-

containing solution for 30 min in the case of Cd (2 ppm) and 1 h for Cu (5 ppm) at 300 rpm. 

After this extraction, the IL was separated and the metal back-extracted into the aqueous 

solution by shaking with either 5 mL of 0.5 M HNO3, 0.5 M ETDA (pH 7) or 0.5 M HCl for 

60 min at 300 rpm. After separation, the aqueous solution was analyzed by F-AAS.  

Secondly, [N1888][C6SAc] (100 mg) was shaken with 0.1 M CaCl2 (5 mL) Cu
2+

 solution 

(5 ppm) for 1 h at 300 rpm. After separation, 1 M HNO3 (5 mL) was added to the IL and 

shaken for 1 h at 300 rpm. The IL was separated and treated with sat. KHCO3 solution (5 mL) 

for 10 min at 300 rpm and both aqueous phases were analyzed by F-AAS. 

For each cycle, fresh metal and stripping solutions were used. These procedures were 

performed five times with three independent experiments. The back-extraction efficacy (S, 

Equation 5) was calculated as  

 

𝑆 (%) =
c0− cIL

c0
∗ 100                                        Equation 5 

 

where c0 is the initial metal concentration in the IL phase before back-extraction and cIL is the 

metal concentration in the IL phase after back-extraction.  
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2.9. Immobilization of ionic liquids in polypropylene hollow fibers and extraction 

Polypropylene hollow fibers were prepared similar to literature methods [29]. About 100 mg 

of the IL was filled in 2.7 cm polypropylene hollow fibers with a syringe. The membrane was 

sealed using hot glue (Rothenberger Industrial GmbH, Germany). The fibers were shaken 

with metal solutions (5 mL, pH 7, 0.1 M CaCl2) for 2 h and 6 h at 300 rpm. After separation, 

1 mL of the aqueous phase was diluted with distilled water (to 10 mL) and leaching was 

determined by TOC measurement as follows (Equation 6) 

 

leaching (mg) =
TOC

Vtotal
∗ CIL                        Equation 6 

 

where TOC is the quantified total carbon/L, Vtotal is the dilution volume and CIL being the 

carbon content/IL.  

 

The remaining metal concentration was determined by F-AAS in triplicate (at least). 

 

3. Results and discussion 

3.1. Synthesis and characterization 

Within this project a series of thioglycolate-based ILs were synthesized. The first step was the 

alkylation of the free thiol group of thioglycolic acid with alkyl halides, which was achieved 

in very good yields (Figure 1). One standard method for the synthesis of ILs is anion-

metathesis; however, side products such as inorganic salts are formed during the reaction and 

therefore purification steps are necessary to isolate the desired products [30], as can be seen in 

the case of [N1888][Cl] and [P66614][Cl], where more than 1 wt% chloride can be detected after 

work up [31]. A straight-forward and “greener” approach to avoid such inorganic impurities 

and facilitate the purification process is the utilization of the respective 

methyltrioctylammonium and methyltrioctylphosphonium methyl carbonates. Due to this 

experimental modification only methanol and carbon dioxide are formed as side products and 

therefore it provides an elegant way to produce large amounts of highly pure ILs in 

quantitative yields. The improved synthetic protocol provides a cheap and efficient method 

for task-specific ILs from commercially available starting materials. Overall, eight novel ILs 

have been isolated in sufficient purity and characterized by standard analytical methods.  
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NMR experiments revealed that proton signals of SCH2COO
-
 were slightly shifted upfield 

from 3.25 to 3.21 ppm compared to the respective carboxylic acids. The cations of the 

aliphatic groups could not be unambiguously assigned due to overlapping of the peaks. The 

pKa values of the investigated anion were reported between 3.708 and 3.758, where inductive 

effects decrease the acid strengths.[26] The presence of halide impurities (iodide in the case 

for all [C4SAc], [C5SAc] and [C6SAc]-based ILs and bromide for all [BnSAc]-based ones) are 

given in Table 1. Highest halide impurities were found for [N1888][C5SAc], [P1888][C5SAc] 

and [P1888][C6SAc] with 0.1 % iodide, respectively (Table 1). Applying this improved 

synthetic strategy, the halide content is significantly lower compared to reported TSILs 

suitable for heavy metal extraction [32].  

 

  

Figure 1. Synthetic pathway of novel TSILs. 
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Table 1. Physicochemical properties of thioglycolate-based ionic liquids. 

ionic liquid physical 

appearance at 

room 

temperature 

density 

[g cm
-3

]
a
 

viscosity 

[P]
a
 

conductivity 

[S cm
-1

]
a
 

leaching  

(%)
b
 

Br
-
 

(%) 

I
-
 (%) H2O 

content 

(neat) (%) 

H2O content 

(water sat.) 

(%) 

[N1888][C4SAc] white solid 0.90 9.41 3.74∙10
-5

 1.1 - < 0.1 - 3.20 

[N1888][C5SAc] beige solid 0.91 10.67 3.06∙10
-5

 0.5 ± 0.1 - < 0.1 - 3.84 

[N1888][C6SAc] slightly 

yellow solid 

0.91 11.90 2.48∙10
-5

 0.3 ± 0.1 - 0.1 - 5.35 

[N1888][BnSAc] orange oil 0.94 - 2.60∙10
-5

 0.8 < 0.1 - 0.48 3.40 

[P1888][C4SAc] slightly pink 

solid 

0.93 4.97 1.21∙10
-4

 1.2 - < 0.1 - 4.24 

[P1888][C5SAc] white solid 0.92 4.47 1.51∙10
-4

 0.8 - 0.1 - 6.30 

[P1888][C6SAc] slightly 

yellow solid 

0.93 4.84 1.43∙10
-4

 0.4 - 0.1 - 6.14 

[P1888][BnSAc] yellow oil 0.96 11.23 1.89∙10
-5

 1.0 < 0.1 - 0.34 1.15 
a
 water-saturated IL measured at 25 °C (± 5%) 

b
 measured after 2 h at 25 °C 
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3.2. Physicochemical properties 

The application of ILs for liquid-liquid extraction is strongly dependent on their 

physicochemical properties and the respective data is summarized in Table 1. All eight ILs 

possess densities less than 1 g cm
-3

 and show deliquescent behavior. Water-saturated ILs (up 

to 6.3 wt % water) yielded higher fluidity compared to pure ILs, which were present as 

extremely viscous to semi-solid substances. The synthesized thioglycolate-based [N1888] and 

[P1888] ILs possess higher fluidities compared to reported ammonium and phosphonium ILs 

designed for metal extraction or [N1888][Cl] [32]. The density data revealed that the S-benzyl 

derived ILs have the highest density among this group of ILs. It is evident that the 

phosphonium-based ILs exhibit slightly higher densities than their ammonium counterparts. 

This is in contrast to the observation of Carvalho et al. where higher densities were found for 

ammonium ILs compared to the respective phosphonium analogs, which was explained by the 

more rigid structure of ammonium ILs [33]. After water–saturation of the thioglycolate ILs an 

increase in density was observed. The synthesized ILs are air stable and soluble in common 

organic solvents, but insoluble in water. Miscibilities were visually determined by adding 

each solvent to small amounts of the ILs and the obtained results are presented in Table S1.  

 

Melting points of the salts tend to decrease with increasing size of cation and anion and were 

found between 22 – 48 °C (Table S2). The highest melting points were found for neat 

pentylsulfanyl acetate. This observation might be explained by more efficient packing of the 

ions in the crystal lattice. By comparing the melting points of the phosphonium-based ILs, the 

water saturated ILs were found to melt at lower temperature than their neat analogs. 

[N1888][BnSAc] and [P1888][BnSAc] were found to be liquid at room temperature and their 

glass transition temperatures, where a transition from solid state to amorphous solid takes 

place, are represented in Table S3. Bigger cations lead to higher steric hindrance and less 

ionic mobility, which results in higher glass transition temperature. For these ILs, the glass 

transition temperature is decreasing with increasing water content which is well reported for 

these mixtures [34].  

 

ILs are ion conductors and their conductivities depend on the size of the ions, the viscosity 

and the temperature. It was found that the determined conductivities (see Table 1) are in the 

same range as [N1888][Cl] (2.6∙10
-5

 S cm
-1

 at 298 K) [35] and [36]. Conductivities of the 

phosphonium ILs were found to be higher compared to the ammonium analogues and the 

highest conductivity of the phosphonium-based ILs is found for the pentyl derivative 
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[P1888][C5SAc] (1.51∙10
-4

 S cm
-1

). The conductivity decreases with increasing chain length for 

the ammonium ILs: [N1888][C4SAc] > [N1888][C5SAc] > [N1888][C6SAc], which could be 

explained by increasing viscosity. As shown in Table 1, the [P1888] ILs are more fluid than the 

methyltrioctylammonium ones. The decrease of the viscosity at higher temperature is much 

higher for the more viscous ILs, e.g. [N1888][BnSAc] and [P1888][BnSAc], which is in 

accordance with the literature (Figure 2) [37]. According to Figure 2, phosphonium IL possess 

smaller activation barriers for diffusion, but there is no clear trend with regard to the chain 

length.  

 

 

Figure 2. Viscosities of the water-saturated ionic liquids as a function of reciprocal temperature.  

 

Although ILs entirely consist of ions, ion association can influence their properties including 

their transport and solvency properties. The temperature-depending correlation between the 

molar conductivity to its viscosity of the synthesized ILs is shown in Figure 3 in the form of a 

Walden plot. The 0.01 M KCl solution line represents an ideal case where the ions are thought 

to move independently. Above this line, ILs are considered to be “super ILs”. The range 

between 0.01 M KCl and the 10% ionization line represents “good IL” with regard to its 

ionicity where the movement of the ions is partly correlated [38]. Neat [P1888][BnSAc] was 

found to sit below the 10% ionization level which indicates only low ionicity. [P1888][C4SAc], 

[P1888][C5SAc] and [P1888][C6SAc] showed similar ionicities between the 0.01 M KCl and the 

10% KCl lines.  
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Figure 3. Walden plot for [P1888]
+
 ILs. 

 

The low ionicity of neat [N1888][BnSAc] in Figure 4 can be explained by its high viscosity and 

hence hindered ion movement suggesting more ion pairs or ion aggregates. Nevertheless, all 

[N1888]
+
 ILs show relatively similar ionicities. In general, low molar conductivities of the 

synthesized ILs might be due to the size of the cation (long alkyl chains) and their low 

fluidity. In the presence of water, the viscosity of the S-benzyl acetate decreases and the ion 

movement is better facilitated. Overall the phosphonium-based ILs show higher ionicity than 

the ammonium analogues. By comparing saturated and neat ILs, the presence of water slightly 

increases ionicity as might be expected due to disruption of ion associations by water 

molecules.  

 

Figure 4. Walden plot for [N1888]
+
 ILs. 

In the Arrhenius plot of conductivity (Figure S1), the temperature dependence of the 

conductivity of [P1888]
+
 ILs is displayed. Overall, the investigated ILs follow Arrhenius 
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behavior with a non-linear correlation between temperature and conductivity which is in good 

accordance to reported phosphonium-based ILs [38]. [P1888][C5SAc] is the most fluid 

representative of the [P1888] ILs with additionally the highest conductivity.  

 

3.3. Leaching experiments 

For successful application of ILs as extracting agents, low aqueous solubility to minimize the 

loss into the aqueous phase is required [39]. This process is known as “leaching”. During a 

liquid-liquid extraction process, the IL can partly dissolve in the aqueous phase and 

contaminate it. For determination of the IL solubility in water, different methods are common 

such as quantitative 
1
H NMR [40] or TOC measurements [41]. The experimental data 

represented in Table 1, less than 1.2% leached after 2 h under the reported conditions 

considering that [CxSAc]
-
 = [N1888]

+
 or [P1888]

+
 in the aqueous phase and the lowest leaching 

values are found for the hexylsulfanyl acetate-based ILs. Overall, there is a good match 

between the chain length of the anion and the leaching into the aqueous phase and the 

ammonium-based ILs showed less leaching than their phosphonium counterparts.  

 

3.4. Extraction studies 

One requirement of an IL as an extracting agent is the efficient removal of metal ions which 

can be manipulated by proper selection of the anion. For this reason, we chose thioglycolates 

as simple and effective anions with well-known binding characteristics for metal ions. Using 

these task-specific ILs, no organic solvent or additional extracting agents are needed. As the 

neat salts exhibit high viscosities lower the mass transfer rate, we worked only with the water-

saturated salts, which rendered them liquid at r.t. in all cases (Figure 7). For the metal 

extractions, we chose a constant ionic strength at 0.1 M CaCl2 in accordance with previous 

experimental setups [42], [43]. As it can be seen in Figure 5 and S2 all eight ILs show high 

affinity towards cadmium and copper. Within 30 min, more than 90% of the cadmium was 

extracted with all ILs from the aqueous phase. As a result of the time-dependent cadmium 

extraction, this study demonstrates no significant difference between [N1888]
+
 and [P1888]

+
 ILs.  
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Figure 5. Time-dependent extraction efficiencies for cadmium (100 mg IL, 5 mL Cd stock solution (2 ppm), 0.1 

M CaCl2, pH 7).  

 

The extraction mechanism of these TSILs was investigated to elucidate the binding mode of 

cadmium with the chelating anions of the IL. Therefore C4SAcH was reacted with Cd(II) 

yielding single crystals suitable for X-ray diffraction analysis; however, the quality of the 

obtained crystal was insufficient for the CCDC database (synthesis, crystal data, data 

collection parameters and structure refinement details are given in the Supplementary 

Information). Nevertheless the potential binding mode of cadmium can be elucidated by the 

measured data; the obtained solid-state structure demonstrated that cadmium is surrounded by 

five oxygen atoms and one sulfur atom provided by two thioglycolates and one water 

molecule (Figure S6 and S7). However, additional FT-IR measurements of loaded IL from 

extraction experiments utilizing CdCl2 revealed that the carbonyl signals from [N1888][C6SAc] 

at 1597 cm
-1

 and [P1888][C6SAc] at 1589 cm
-1

 decreased and shifted to 1639 cm
-1

. The peaks 

at 1359 and 1207 cm
-1

, which can be
 
clearly assigned to the thioglycolate derivative in 

[N1888][C6SAc], behaved similarly upon treatment with cadmium(II). Far infrared (FIR) 

investigations clearly indicated Cd-Cl vibrational bands at 247 cm
-1

 for [N1888][C6SAc] and 

250 cm
-1

 for [P1888][C6SAc] (Figure S5). This is in good accordance to other reported metal-

halogen vibrations [44]. These observed coordination behaviors support a coordination of 

cadmium to the thioglycolate as well as an uptake of chloride into the IL. 

For copper, FIR measurements showed no Cu-Cl band in this range. Therefore we can 

conclude that copper is differently extracted than cadmium.  
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The results of the metal extractions indicated that the physicochemical properties of the ILs 

show only a minor impact on the extraction efficacy. This is in contrast to some reports in the 

literature [32], where ammonium- and phosphonium-based ILs possessed different extraction 

behavior. One explanation could be the high affinity of the thioglycolate anion towards 

cadmium and copper and hence its dominance in this case. Table 2 demonstrates distribution 

ratios for cadmium(II) and copper(II) after 120 min..  

 

Table 2. Distribution ratios D for Cd
2+

 and Cu
2+

 after 120 min at pH 7 (initial) ± 5%, based on 100 mg IL and 

5 mL metal-containing solution. 

 DCd DCu 

[N1888][C4SAc] 950 144 

[N1888][C5SAc] 943 721 

[N1888][C6SAc] 820 1200 

[N1888][BnSAc] 731 849 

[P1888][C4SAc] 950 882 

[P1888][C5SAc] 950 1200 

[P1888][C6SAc] 950 1200 

[P1888][BnSAc] 950 1045 

 

3.5. Back-extraction experiments 

Based on the excellent extraction efficacies for Cd and Cu, the recycling and reusability 

properties were further investigated. The metal-containing IL was treated with an aqueous 

solution to remove the metal. The unloaded IL was then reused for further metal extraction. 

The back-extraction behavior was investigated using different agents, 0.5 M HNO3, 1 M 

HNO3, 0.5 M EDTA (pH 7) and 0.5 M HCl, respectively. These reagents showed good 

performance for [BuGBOEt][Dca] (tri(n-butyl)[2-ethoxy-2-oxoethylammonium dicyanamide) 

for copper removal [10] and cadmium has been successfully back-extracted from 

[C4MIM][PF6] using HCl, HF and HNO3 [45]. In the present case [N1888][C6SAc] was used 

for back-extraction experiments, as this IL showed the lowest leaching and the best extraction 

yields.  

 

In Figure 6, the extraction and back-extraction percentages using 0.5 M HNO3 for Cd(II) are 

shown for five cycles. After each cycle, the metal content in the aqueous phase was 

determined. Experimentally it was found that aqueous HNO3 can successfully strip Cd
2+

 from 

[N1888][C6SAc]. In the first cycle, 72% of the loaded Cd was back-extracted after 1 h from the 

IL. Cd was recovered in excellent yields in the following cycles by aqueous nitric acid 
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indicating no loss in performance of the IL. The IL is regenerated in the back-extraction 

process and these cycles indicate that [N1888][C6SAc] can be productively used for Cd 

extraction where its reusability guarantees a cost-efficient recycling of the IL. 

 

For 0.5 M EDTA and 0.5 M HCl, no sufficient extraction and back-extraction efficacies were 

observed for both cadmium and copper, comparable with previously reported results [9, 43]. 

 

 

Figure 6. Cd
2+

 extraction and back-extraction percentages for [N1888][C6SAc] with 0.5 M HNO3. Percentage of 

back-extraction is referred to the amount of cadmium in the IL. 

 

The best back-extraction efficacy for copper was achieved by using 1 M HNO3 and sat. 

KHCO3 (Figure S3 and S4). Studies with higher concentrations of nitric acid did not increase 

the back-extraction efficiency for Cu(II); however, a two-step separation approach produced 

an improvement in performance. This is in accordance to Yang and coworkers where 

selective recoveries for a broad range of lanthanides and transition metals using nitric and 

sulfuric acid were observed [46]. Firstly the copper-loaded IL was back-extracted with 1 M 

HNO3 followed by a neutralization step with sat. KHCO3. This second step is essential due to 

the protonation of the respective thioglycolate under the applied harsh back-extraction 

conditions. Therefore washing of the depleted IL with KHCO3 deprotonates and activates the 

formed thioglycolic acid. These modifications allow successful removal of copper from the 

applied IL. 
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3.6. Immobilized ionic liquids on polypropylene hollow fibers 

Since high viscosity can hinder the mass transfer during a bulk extraction process, solid 

polymeric carriers for the ILs were also investigated. Therefore the ILs were immobilized in 

polypropylene hollow fibers where the pores of the fibers can be brought into contact with the 

solution to be extracted. This established method is used for pre-concentration of silver from 

aqueous matrices [29]. As shown in Table S4, more than 90% of Cd(II) was extracted by all 

immobilized ILs after 6 h. In comparison to the free IL the extraction efficacy is slower for 

the immobilized ILs, where more than 95% of Cd(II) was extracted after 30 min. For copper, 

the extraction is not completed after 6 h and the [P1888] derivatives showed better extraction 

efficacies than their [N1888] counterparts (Table S5). In the case of [N1888][C4SAc] less than 

50% was removed after 6 h. We can conclude that the solid-liquid extraction is slower with 

both metals than the bulk liquid extraction.  

 

 

Figure 7. Snapshot before (left) and after (right) copper extraction from [N1888][BnSAc].  

 

Leaching results, collected in Table 3, show a degree of extraction of the IL into the aqueous 

phase. The trend of decreasing leaching by higher lipophilicity is confirmed by our 

measurements. Among the immobilized ILs, [C6SAc]-based ILs showed the lowest dissolved 

carbon values, respectively (Table 3). We consider these immobilized ILs to be applicable to 

cadmium and copper extraction useful in a continuous process.  
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Table 3. Leaching percentages (%) for immobilized ionic liquids from 100 mg IL into the aqueous phase. 

 2 h 6 h 

[N1888][C4SAc] 0.1 0.3 

[N1888][C5SAc] 0.1 0.3 

[N1888][C6SAc] 0.1 0.2 

[N1888][BnSAc] 0.1 0.4 

[P1888][C4SAc] 0.1 0.4 

[P1888][C5SAc] 0.1 0.4 

[P1888][C6SAc] 0.1 0.2 

[P1888][BnSAc] 0.1 0.5 

 

4. Conclusions 

This paper presents the synthesis and characterization of eight novel TSILs based on 

thioglycolic acid as well as methyltrioctylammonium and methyltrioctylphosphonium. The 

desired products were obtained via an improved straight-forward two-step synthesis in very 

good yields (> 80% overall) and high purity. The obtained ILs were characterized by standard 

analytical methods and their halide impurities have been quantified. Additionally, 

physicochemical properties and the thermal behavior of the ILs were determined. Walden 

plots of the ILs showed that most of the investigated compounds can be classified as good ILs 

with regard on ionicity. All ILs show deliquescence whereas neat ILs were found to be more 

viscous. We have clearly shown that the extraction process for cadmium is quick and efficient 

where more than 90% of cadmium was extracted after 30 min. Aqueous nitric acid was 

successfully used for repeatable back-extraction for cadmium and copper loaded 

[N1888][C6SAc]. From the outcome of our investigated extractions it is possible to conclude 

that the extraction of copper(II) is slower; nevertheless, more than 90% was removed by 

[P1888][C5SAc], [P1888][C6SAc] and [P1888][BnSAc] after 30 min. Overall, the developed alkyl 

thioglycolate ILs possess great potential for applications as heavy metal extractants.  
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Synthesis of thioglycolate-based ILs 

 

Butylsulfanyl acetic acid (C4SAcH). To a solution of thioglycolic acid (15.0 g, 0.16 mol) in 

ethanol (50 mL), potassium hydroxide (27.4 g, 0.49 mol) in water (20 mL) was added. After 

complete dissolvation, 1-iodobutane (32.7 g, 0.18 mol) was added. The solution was stirred at 

reflux for 3 h. After cooling to room temperature, ethanol was distilled of and the remaining 

aqueous solution was acidified with conc. HCl to pH 1 and extracted with diethyl ether (4 x 

30 mL). The combined organic layers were washed with water (2 x 20 mL), dried over 

MgSO4, filtered off and concentrated to dryness. The obtained product was dried in vacuo 

yielding an orange oil. Yield: 21.6 g (90%). 
1
H NMR (400.20 MHz, CDCl3): δ 3.26 (s, 2H; 

SCH2COOH), 2.67 (t, J = 7 Hz, 2H; SCH2CH2), 1.55–1.65 (m, 2H; -CH2-), 1.37–1.48 (m, 2H; 

-CH2CH3), 0.93 ppm (t, J = 7 Hz, 3H; -CH3). 
13

C NMR (100.63 MHz, CDCl3): δ 175.3, 33.5, 

32.5, 31.0, 21.8, 13.6 ppm.  

 

Pentylsulfanyl acetic acid (C5SAcH). To a solution of thioglycolic acid (15.0 g, 0.16 mol) in 

ethanol (50 mL), potassium hydroxide (27.0 g, 0.48 mol) in water (40 mL) was added. After 

complete dissolvation, 1-iodopentane (35.8 g, 0.19 mol) was added. The solution was stirred 

at reflux for 3 h. After cooling to room temperature, ethanol was distilled of and the 

remaining aqueous solution was acidified with conc. HCl to pH 1 and extracted with diethyl 

ether (4 x 30 mL). The combined organic layers were washed with water (2 x 20 mL), dried 

over MgSO4, filtered off and concentrated to dryness. Excess of thioglycolic acid was distilled 

of under reduced pressure and the obtained product was dried in vacuo giving a red oil. Yield: 

22.8 g (88%). 
1
H NMR (400.20 MHz, CDCl3): δ 10.55 (broad s, 1H; COOH), 3.25 (s, 2H; 

SCH2COOH), 2.66 (t, J = 7 Hz, 2H; SCH2CH2), 1.56–1.67 (m, 2H; -CH2-), 1.27–1.43 (m, 4H; 

-(CH2)2CH3), 0.90 ppm (t, J = 7 Hz, 3H; -CH3). 
13

C NMR (100.64 MHz, CDCl3): δ 176.2, 

33.5, 32.8, 30.9, 28.6, 22.3, 13.9 ppm.  

 

Hexylsulfanyl acetic acid (C6SAcH). To a solution of thioglycolic acid (20.0 g, 0.22 mol) in 

ethanol (50 mL), potassium hydroxide (36.9 g, 0.66 mol) in water (50 mL) was added. After 

complete dissolvation, 1-iodohexane (50.7 g, 0.24 mol) was added. The solution was stirred at 

reflux for 3 h. After cooling to room temperature, ethanol was distilled of and the aqueous 

solution was acidified with conc. HCl to pH 1. This solution was extracted with diethyl ether 

(4 x 30 mL). The combined organic layers were washed with water (2 x 20 mL), dried over 
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MgSO4, filtered off and concentrated to dryness. Excess of thioglycolic acid was distilled of 

under reduced pressure. The obtained product was dried in vacuo giving a red oil. Yield: 

32.0 g (84%). 
1
H NMR (400.20 MHz, CDCl3): δ 3.26 (s, 2H; SCH2COOH), 2.66 (t, J = 7 Hz, 

2H; SCH2CH2), 1.55–1.67 (m, 2H; -CH2-), 1.35–1.45 (m, 2H; -CH2-CH2-), 1.23–1.34 (m, 4H; 

-(CH2)2-CH3), 0.89 ppm(t, J = 7 Hz, 3H; -CH3). 
13

C NMR (100.64 MHz, CDCl3): δ 175.8, 

33.5, 32.9, 31.4, 28.9, 28.4, 22.5, 14.0 ppm.  

 

Benzylsulfanyl acetic acid (BnSAcH). To a solution of thioglycolic acid (10.0 g, 0.11 mol) 

in ethanol (50 mL), potassium hydroxide (18.0 g, 0.32 mol) in water (20 mL) was added. 

After complete dissolvation, benzylbromide (20.0 g, 0.12 mol) was added. The solution was 

stirred at reflux for 3 h. After cooling to room temperature, ethanol was distilled of and the 

aqueous solution was acidified with conc. HCl to pH 1. This solution was extracted with 

diethyl ether (4 x 30 mL). The combined organic layers were washed with water (2 x 20 mL), 

dried over MgSO4, filtered off and concentrated to dryness. Excess of thioglycolic acid was 

distilled of under reduced. The obtained product was dried in vacuo yielding a white solid. 

Yield: 18.0 g (90%). 
1
H NMR (400.20 MHz, CDCl3): δ 7.34–7.40 (m, 4H; Ar-H), 7.29–7.33 

(m, 1H; Ar-H), 3.78 (s, 2H; BnCH2S-), 3.02 ppm (s, 2H; SCH2COOH). 
13

C NMR 

(100.64 MHz, CDCl3): δ 175.8, 136.9, 129.2, 128.6, 127.4, 36.4, 31.9 ppm.  

 

Methyltrioctylammonium butylsulfanyl acetate [N1888][C4SAc]. Butylsulfanyl acetic acid 

(1.5 g, 0.01 mol) in methanol (30 mL) and [N1888][MC] (4.4 g, 0.01 mol) in methanol (20 mL) 

was stirred for 3 h at room temperature. The solvent was distilled off and the product was 

dried in vacuo at 40 °C for 2 days. Yield: 5.1 g (100%). 
1
H NMR (400.20 MHz, CDCl3): δ 

3.32–3.43 (m, 6H, N(CH2)3-), 3.27 (s, 3H; NCH3), 3.22 (s, 2H; SCH2COO
-
), 2.52–2.60 (t, J = 

8 Hz, 2H; SCH2CH2), 1.49–1.69 (m, 8H; -CH2-), 1.16–1.42 (m, 32H; -CH2-CH2-), 0.79–0.91 

ppm (m, 12H; -CH3). 
13

C NMR (100.63 MHz, CDCl3): δ 174.1, 61.2, 48.7, 39.2, 323.4, 31.8, 

31.7, 29.2, 29.1, 26.4, 22.6, 22.45, 14.1, 13.9 ppm. IR (ATR, selected bands, νmax): 2926, 

2858, 1560, 1463, 1554 cm
−1

. UV/Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 208 (1890). ESI-MS 

(pos) m/z: 368.3 [N1888]
+
. ESI-MS (neg) m/z: 147.0 [C4SAc]

−
. 

 

Methyltrioctylammonium pentylsulfanyl acetate [N1888][C5SAc]. Pentylsulfanyl acetic acid 

(10.0 g, 0.06 mol) in methanol (30 mL) and [N1888][MC] (27.4 g, 0.06 mol) in methanol 

(20 mL) was stirred for 3 h at room temperature. The solvent was distilled off and the product 

was dried in vacuo at 40 °C for 2 days. Yield: 32.7 g (100%). 
1
H NMR (400.20 MHz, 
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CDCl3): δ 3.35–3.49 (m, 6H; N(CH2)3-), 3.27 (s, 3H; NCH3), 3.21 (s, 2H; SCH2COO
-
), 2.53–

2.63 (t, J = 7 Hz, 2H; SCH2CH2), 1.52–1.71 (m, 8H; -CH2-), 1.16–1.43 (m, 35H; -CH2-CH2-), 

0.77–0.95 ppm (m, 12H; -CH3). 
13

C NMR (100.64 MHz, CDCl3): δ 174.2, 61.2, 38.9, 32.6, 

31.8, 61.6, 31.3, 29.4, 29.4, 29.3, 29.2, 29.2, 29.0, 26.4, 22.6, 22.4, 14.1, 14.0 ppm. IR (ATR, 

selected bands, νmax): 2924, 2856, 1595, 1464, 1361, 1210, 906, 723 cm
−1

. UV/Vis in MeOH, 

λ, nm (ε, M
–1

 cm
–1

): 203 (1126). ESI-MS (pos) m/z: 368.3 [N1888]
+
. ESI-MS (neg) m/z: 161.0 

[C5SAc]
−
. 

 

Methyltrioctylammonium hexylsulfanyl acetate [N1888][C6SAc]. Hexylsulfanyl acetic acid 

(10.0 g, 0.06 mol) in methanol (30 mL) and [N1888][MC] (25.2 g, 0.06 mol) in methanol 

(20 mL) was stirred for 3 h at room temperature. The solvent was distilled off and the product 

was dried in vacuo at 40 °C for 2 days. Yield: 30.8 g (100%). 
1
H NMR (400.20 MHz, 

CDCl3): δ 3.36–3.48 (m, 6H; N(CH2)3-), 3.31 (s, 3H; NCH3), 3.25 (s, 2H; SCH2COO
-
), 2.51–

2.64 (t, J = 7 Hz, 2H; SCH2CH2), 1.53–1.71 (m, 8H; -CH2-), 1.17–1.44 (m, 36H; -CH2-CH2-), 

0.79–0.96 ppm (m, 12H; -CH3). 
13

C NMR (100.64 MHz, CDCl3): δ 174.2, 61.3, 48.7, 38.9, 

32.9, 32.7, 31.8, 31.6, 31.6, 29.4, 29.2, 29.0, 28.8, 26.4, 22.6, 22.4, 14.0 ppm. IR (ATR, 

selected bands, νmax): 2923, 2855, 1593, 1463, 1362, 1212, 906, 723 cm
−1

. UV/Vis in MeOH, 

λ, nm (ε, M
–1

 cm
–1

): 203 (1661). ESI-MS (pos) m/z: 368.3 [N1888]
+
. ESI-MS (neg) m/z: 175.0 

[C6SAc]
−
. 

 

Methyltrioctylammonium benzylsulfanyl acetate [N1888][BnSAc]. Benzylsulfanyl acetic 

acid (5.0 g, 0.03 mol) in methanol (30 mL) and [N1888][MC] (12.2 g, 0.03 mol) in methanol 

(20 mL) was stirred for 3 h at room temperature. The solvent was distilled off and the product 

was dried in vacuo at 40 °C for 2 days. Yield: 14.9 g (100%). 
1
H NMR (400.20 MHz, 

CDCl3): δ 7.32–7.37 (m, 2H; Ar-H), 7.22–7.28 (m, 2H; Ar-H), 7.14–7.20 (m, 1H; Ar-H), 3.80 

(s, 2H; SCH2Ar), 2.33–2.45 (m, 6H; N(CH2)3-), 3.25 (s, 3H; NCH3), 3.20 (s, 2H; SCH2COO
-
), 

1.56-1.69 (m, 6H; -CH2-), 1.18-1.42 (m, 32H; -CH2-CH2-), 0.82-0.92 ppm (m, 9H; -CH3). 

13
C NMR (100.64 MHz, CDCl3): δ 173.7, 139.5, 129.1, 128.2, 126.4, 61.2, 38.4, 36.7, 31.7, 

31.6, 29.2, 29.00, 26.4, 22.6, 22.4, 14.0 ppm. IR (ATR, selected bands, νmax): 2924, 2855, 

1593, 1466, 1359, 1214, 700 cm
−1

. UV/Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 206 (9479). ESI-

MS (pos) m/z: 368.3 [N1888]
+
. ESI-MS (neg) m/z: 181.0 [BnSAc]

−
. 

 

68

- Results and discussion -



 

Methyltrioctylphosphonium butylsulfanyl acetate [P1888][C4SAc]. Butylsulfanyl acetic 

acid (4.0 g, 0.03 mol) in methanol (30 mL) and [P1888][MC] (12.5 g, 0.03 mol) in methanol 

(20 mL) was stirred for 3 h at room temperature. The solvent was distilled off and the product 

was dried in vacuo at 40 °C for 2 days giving a slightly pink solid. Yield: 14.3 g (100%). 

1
H NMR (400.20 MHz, CDCl3): δ 3.24 (s, 2H; SCH2COOH), 2.28 (t, J = 8 Hz, 2H; 

SCH2CH2), 2.30–2.45 (m, 6H; -PCH2-), 2.06 (d, J = 14 Hz, 3H; -PCH3), 1.53–1.60 (m, 2H; -

CH2-), 1.41–1.52 (m, 12H, -CH2-), 1.34–1.41 (m, 2H; -CH2-CH2-), 1.15–1.34 (m, 26H; -

(CH2)2-CH3), 0.79–0.93 ppm (m, 12H, -CH3). 
13

C NMR (100.63 MHz, CDCl3): δ 173.9, 39.1, 

32.3, 31.7, 30.7, 30.6, 29.7, 29.0, 28.9, 22.6, 22.2, 21.8, 20.2, 19.8, 14.0 ppm. IR (ATR, 

selected bands, νmax): 2926, 2859, 1596, 1461, 1358, 1207, 907, 719 cm
−1

. UV/Vis in MeOH, 

λ, nm (ε, M
–1

 cm
–1

): 203 (1286). ESI-MS (pos) m/z: 385.3 [P1888]
+
. ESI-MS (neg) m/z: 147.0 

[C4SAc]
−
. 

 

Methyltrioctylphosphonium pentylsulfanyl acetate [P1888][C5SAc]. Pentylsulfanyl acetic 

acid (10.0 g, 0.06 mol) in methanol (30 mL) and [P1888][MC] (28.5 g, 0.06 mol) in methanol 

(20 mL) was stirred for 3 h at room temperature. The solvent was distilled off and the product 

was dried in vacuo at 40 °C for 2 days. Yield: 33.7 g (100%). 
1
H NMR (400.20 MHz, 

CDCl3): δ 3.26 (s, 2H; SCH2COOH), 2.55–2.63 (t, J = 8 Hz, 2H; SCH2CH2), 2.30–2.46 (m, 

6H; PCH2-), 2.02–2.12 (d, J = 14 Hz, 3H; PCH3), 1.41–1.65 (m, 14H; -CH2-), 1.18–1.40 (m, 

32H; -CH2-CH2-), 0.79–0.95 ppm (m, 13H; -CH3). 
13

C NMR (100.63 MHz, CDCl3): δ 175.0, 

39.1, 32.6, 31.7, 31.3, 30.7, 30.6, 29.7, 29.3, 29.0, 28.9, 22.6, 22.4, 21.8, 21.7, 20.3, 20.2, 

20.2, 19.9, 19.8, 14.0 ppm. IR (ATR, selected bands, νmax): 2926, 2859, 1596, 1461, 

1360 cm
−1

. UV/Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 203 (1537). ESI-MS (pos) m/z: 385.3 

[P1888]
+
. ESI-MS (neg) m/z: 161.0 [C5SAc]

−
. 

 

Methyltrioctylphosphonium hexylsulfanyl acetate [P1888][C6SAc]. Hexylsulfanyl acetic 

acid (10.0 g, 0.06 mol) in methanol (30 mL) and [P1888][MC] (26.0 g, 0.06 mol) in methanol 

(20 mL) was stirred for 3 h at room temperature. The solvent was distilled off and the product 

was dried in vacuo at 40 °C for 2 days yielding a white solid. Yield: 30.8 g (100%). 
1
H NMR 

(400.20 MHz, CDCl3): δ 3.24 (s, 2H; SCH2COO
-
), 2.52–2.62 (t, J = 8 Hz, 2H; SCH2CH2), 

2.30–2.52 (m, 6H; P(CH2)3-), 2.00–2.12 (d, J = 14 Hz, 3H; PCH3), 1.39–1.65 (m, 14H; -CH2-

), 1.17–1.40 (m, 30H; -CH2-), 0.78–0.95 ppm (m, 12H; -CH3). 
13

C NMR (100.63 MHz, 
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CDCl3): δ 173.9, 39.1, 32.6, 31.6, 31.5, 30.7, 30.6, 29.6, 29.5, 29.0, 28.9, 28.6, 22.6, 22.5, 

21.7, 51.7, 20.2, 20.2, 19.8 ppm. IR (ATR, selected bands, νmax): 2926, 2858, 1595, 1461, 

1362 cm
−1

. UV/Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 203 (1550). ESI-MS (pos) m/z: 385.4 

[P1888]
+
. ESI-MS (neg) m/z: 175.1 [C5SAc]

−
. 

 

Methyltrioctylphosphonium benzylsulfanyl acetate [P1888][BnSAc]. Benzylsulfanyl acetic 

acid (5.0 g, 0.03 mol) in methanol (30 mL) and [P1888][MC] (12.6 g, 0.03 mol) in methanol 

(20 mL) was stirred for 3 h at room temperature. The solvent was distilled off and the product 

was dried in vacuo at 40 °C for 2 days. The product is a yellow oil. Yield: 15.5 g (100%). 

1
H NMR (400.20 MHz, CDCl3): δ 7.31–7.37 (m, 2H; Ar-H), 7.22–7.29 (m, 2H; Ar-H), 7.14–

7.21 (m, 1H; Ar-H), 3.81 (s, 2H; SCH2Ar), 3.20 (s, 2H; SCH2COO
-
), 2.31–2.44 (m, 6H; 

P(CH2)3-), 2.00–2.10 (d, J = 14 Hz, 3H; PCH3), 1.37–1.41 (m, 12H; -CH2-), 1.18–1.37 (m, 

28H; -CH2-), 0.79-0.94 pp, (m, 10H; -CH3). 
13

C NMR (100.63 MHz, CDCl3): δ 173.4, 139.4, 

129.0, 128.1, 126.3, 38.5, 36.7, 31.6, 30.7, 30.6, 29.0, 28.9, 22.5, 21.7, 20.2, 19.8, 14.0 ppm. 

IR (ATR, selected bands, νmax): 2926, 2858, 1598, 1460, 1352, 1352, 1208, 905, 704 cm
−1

. 

UV/Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 207 (5098). ESI-MS (pos) m/z: 385.3 [P1888]
+
. ESI-

MS (neg) m/z: 181.0 [BnSAc]
−
. 

 

[Cd(C4SAc)2(H2O)]. To a solution of butylsulfanyl acetic acid (50 mg, 0.34 mmol) in 

methanol (10 mL), NaOH was added (8 mg, 0.2 mmol). After 5 min, CdCl2*H2O (34 mg, 

0.17 mmol) in methanol (5 mL) was added and allowed to stir for 2 h. Single crystals suitable 

for X-ray diffraction analysis were obtained from slow evaporation. 
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Table S1. Miscibilities of the synthesized task-specific ionic liquids in selected solvents.  

 H2O MeOH EtOH acetone ethyl acetate n-hexane CH2Cl2 CHCl3 

[N1888][C4SAc]         

[N1888][C5SAc]         

[N1888][C6SAc]         

[N1888][BnSAc]         

[P1888][C4SAc]         

[P1888][C5SAc]         

[P1888][C6SAc]         

[P1888][BnSAc]         

 

Table S2. Melting points of several ionic liquids (in °C). 

 [N1888] 

(neat) 

[N1888] 

(water sat.) 

[P1888] 

(neat) 

[P1888] 

(water sat.) 

[C
4
SAc] 22 23 38 37 

[C
5
SAc] 48 32 45 42 

[C
6
SAc] 45 28 38 36 

 

Table S3. Glass transition temperatures of benzylsulfanyl acetic acid-based ionic liquids (in °C).  

 [N1888] 

(neat) 

[N1888] 

(water sat.) 

[P1888] 

(neat) 

[P1888] 

(water sat.) 

[BnSAc] -66 -72 -73 -76 

 

Table S4. Experimental parameter of [Cd(C4SAc)2(H2O)]. 

Sample Machine 
Sour

ce 
Temp. 

Detector 

Distance 

Time/ 

Frame 
#Frames Frame width 

 

Bruker 

 

[K] [mm] [s] 

 

[°] 

[Cd(C4SAc)2(H2O)] X8 Mo 130 40 10 536 0.5 
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Figure S1. Arrhenius plot of conductivity of [P1888]
+
 ILs. 

 

 

Figure S2. Time-dependent copper(II) extraction (100 mg IL, 5 mL 2 ppm Cd stock solution, 0.1 M CaCl2, pH 

7).   
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Figure S3. Extraction and stripping percentage of Cu for [N1888][C6SAc]. 

 

 

Figure S4. Extraction and stripping percentage of copper using 1 M HNO3 and sat. KHCO3. 
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Figure S5. FIR spectrum of Cd-loaded [N1888][C6SAc].  

 

Table S5 Extraction efficiencies for Cd for immobilized ILs (in %). 

 2 h 6 h 

[N1888][C4SAc] 83 ± 14 92 ± 2 

[N1888][C5SAc] 89 ± 3 93 ± 1 

[N1888][C6SAc] 84 ± 7 91 ± 2 

[N1888][BnSAc] 88 ± 2 92 ± 2 

[N1888][C4SAc] 89  94 

[N1888][C5SAc] 88 ± 7 94 

[N1888][C6SAc] 82 ± 5 90 ± 1 

[N1888][BnSAc] 91 ± 1 92 ± 1 

 

 

Table S6 Extraction efficiencies for Cu for immobilized ILs after 2 h and 6 h (in %). 

 2 h 6 h 

[N1888][C4SAc] 17 ± 4 46 ± 1 

[N1888][C5SAc] 50 ± 6 73 ± 3 

[N1888][C6SAc] 66 ± 8 59 ± 2 

[N1888][BnSAc] 52 ± 11 78 ± 1 

[N1888][C4SAc] 23 ± 8 55  

[N1888][C5SAc] 43 ± 17 74 ± 11 

[N1888][C6SAc] 55 ± 25 67 ± 11 

[N1888][BnSAc] 57 ± 8 78 ± 1 
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Single crystal X-ray diffraction analysis of [Cd(C4SAc)2(H2O)] 

Single crystals of [Cd(C4SAc)2(H2O)] suitable for X-ray were obtained by slow diffusion 

from methanol. The X-ray intensity data were measured on a Bruker X8 Venture equipped 

with multilayer monochromators, Mo K/a INCOATEC micro focus sealed tube and Kryoflex 

cooling device. The structures were solved by direct methods and refined by full-matrix least-

squares techniques. Non-hydrogen atoms were refined with anisotropic displacement 

parameters. Hydrogen atoms were inserted at calculated positions and refined with riding 

coordinates. The following software was used: Frame integration, Bruker SAINT software 

package [1] using a narrow-frame algorithm, Absorption correction, SADABS [2], structure 

solution, SHELXS-2013 [3], refinement, SHELXL-2013 [3], OLEX2 [4], SHELXLE [5], 

molecular diagrams, OLEX2 [4]. 

 

The cadmium complex crystallized in the orthorhombic space group P212121 (Table S10). The 

metal-sulfur bond length is significantly longer than those of the metal-oxygen (Cd-S: 

2.699 Å compared to Cd-O: 2.283-2.331 Å). Collected X-ray data confirm extracted cadmium 

ions forming an octahedral complex showing an infinite polymeric structure with an 

octahedral volume of 16.637 Å
3
, a quadratic elongation of 1.031 and an angle variance of 

84.54 °
2
.  
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Figure S6. Crystal structure of [Cd(C4SAc)2(H2O)] where the highlighted atoms represent the asymmetric unit 

and the shaded ones the symmetric equivalents (‘ = -1+x, y, z; ‘’ = 1+x, y, z; ‘’’ = 1-x, ½+y, 3/2+z; ‘’’’ = 1-x, -

1/2+y, 3/2-z). The crystal is three-dimensional linked to an infinite polymeric structure. 

 

 

Figure S7. Two-dimensional infinite structure of [Cd(C4SAc)2(H2O)]. 
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X-ray data for [Cd(C4SAc)2(H2O)]. 

 

Table S7. Collected X-ray data for [Cd(C4SAc)2(H2O)]. 

Chemical formula C12H24CdO5S2 Crystal system orthorhombic 

Formula weight [g/mol] 424.83 Space group P212121 

Temperature [K] 130 Z 4 

Measurement method \Φ and \ω scans Volume [Å3] 1647.8(10) 

Radiation (Wavelength 

[Å]) 
MoKα (λ = 0.71073) 

Unit cell 

dimensions  [Å] 

and [°] 

5.1067(18) 90 

Crystal size / [mm3] 0.13 × 0.1 × 0.03   9.655(4) 90 

Crystal habit clear colourless plate   33.419(12) 90 

Density (calculated) / 

[g/cm3] 
1.712 

Absorption 

coefficient / [mm-1] 
1.592 

Abs. correction Tmin    0.4106 
Abs. correction 

Tmax 
0.7452 

Abs. correction type     multiscan F(000) [e-] 864 

 

Index ranges 
-3 ≤ h ≤ 6, -10 ≤ k ≤ 5, -

34 ≤ l ≤ 23 
Theta range for 

data collection [°] 
4.392 to 52.966 

Reflections number              2172 
Data / restraints / 

parameters 
1304/3/143 

Refinement method Least squares 
Final R indices 

all data R1 = 0.0615, wR2 = 0.0879 

Function minimized Σ w(Fo
2 - Fc

2)2  I>2σ(I) R1 = 0.0523, wR2 = 0.0854 

Goodness-of-fit on F2 1.129 

Weighting scheme 

w=1/[σ2(Fo
2)+(8.8380P)] 

Largest diff. peak and 

hole [e Å-3] 
0.66/-0.93 where P=(Fo

2+2Fc
2)/3 
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Highlights 

 Two thioglycolate-based and two commercially available ionic liquids were tested for 

their toxicity toward three green freshwater algae species. 

 ILs showed very good extraction and back-extraction behavior for zinc. 

 All four ILs revealed ‘acute toxicity 1’ and ‘acute toxicity 2’ toward the green 

freshwater algae. 
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Abstract 

This paper presents the results of studies on the extraction behavior of two thioglycolate-

based task-specific ionic liquids (TSILs), namely methyltrioctylammonium S-hexyl 

thioglycolate [N1888][C6SAc] and methyltrioctylphosphonium S-hexyl thioglycolate 

[P1888][C6SAc], for heavy metals from aqueous solutions. Time-dependent liquid-liquid metal 

removal experiments with aqueous solutions of cobalt(II), nickel(II) and zinc(II) have been 

performed and the highest distribution ratio (RIL/Water) was determined for zinc (RIL/Water = 

2000). Recovery studies for zinc after extraction were performed with different stripping 

agents showing a successful recycling. Additionally, the two ILs under investigation were 

immobilized on active charcoal and eventual changes in their extraction abilities and leaching 

properties have been analyzed, displaying great potential for solid-liquid extraction. 

Regarding the extraction mechanism quantum-mechanical calculations were included and 

they indicate that the metal extraction depends on the stability of the metal-water cluster. 

Furthermore, metal ions seem to prefer oxygen over sulfur for ligand binding to anions. 

Ligands (water as well as ILs) are planar coordinated in nickel complexes but showed a 

tetrahedral configuration for zinc. As a first estimate of the ecotoxicity of the ILs in vivo tests 

toward three green freshwater algae species Acutodesmus obliquus, Desmodesmus armatus 

and Raphidocelis subcapitata were carried out. The EC50 values (72 h) confirm high toxicity 

of all tested ILs toward all algae species, displaying only small differences between the 

species and EC50ies. 

 

Keywords: ionic liquids; metal extraction; DFT calculation; algal toxicity; immobilization 
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1. Introduction

Ionic liquids (ILs) are organic salts with melting points below 100 °C. They typically offer 

remarkable chemical and physical properties such as high thermal and chemical stability, 

wide liquid range and electrochemical stability (Earle and Seddon, 2000). The major class of 

ILs contains the cations ammonium, imidazolium, phosphonium and pyridinium (Rohitkumar 

and Gathergood, 2013). As anions a large number of ILs consist of halides (chloride, bromide, 

iodide), tetrafluoroborate ([BF4]
-
), dicyanamide ([N(CN)2]

-
), hexafluorophosphate ([PF6]

-
),

bis(trifluoromethanesulfonyl)imide ([NTf2]
-
) and acetate ([OAc]

-
) to name a few.

Modifications in cation and/or anion composition allow for a broad range of applications, e.g. 

as so-called task-specific ionic liquids (TSILs). Recently, applications in cellulose processing 

(Clough et al., 2016; Wang et al., 2012), rechargeable batteries (Basile et al., 2016; Kar et al., 

2016) and chemical catalysis (Zhang et al., 2011) have been reported. Furthermore, TSILs 

favoring interactions with metal ions are widely used for heavy metal extraction. Prominent 

functional groups are carboxylic groups, urea, thioethers or amines (Depuydt et al., 2015; 

Melchior et al., 2016; Parmentier et al., 2016). Not only the extraction efficacy is crucial for 

the application of an IL, the recycling and reusability must be guaranteed by suitable stripping 

agents. In general, ILs possess an extremely low vapor pressure and therefore are considered 

‘safe’ regarding evaporation into the environment. Hydrophobic ILs are immiscible with 

water, but great differences in their solubility in water occur. This so-called leaching is 

considered as the partly dissolution of the IL in the water phase and has been described 

regularly from extraction experiments in aqueous solutions (Leyma et al., 2016; Platzer et al., 

2015). The consequences of a release of ILs into the aquatic environment and their potential 

toxicity toward aquatic species remain one important obstacle in regard to a commercial 

application. Similarly to the classification of commonly used organic solvents, a ‘traffic signal 

light’ system about the toxicity and biodegradability of ILs has been recommended by Alfonsi 

(Alfonsi et al., 2008). When designing novel ILs one must bear in mind a potentially 

environmentally friendly and sustainable use. Molecular structures like heterocycles, aliphatic 

ethers, halides or quaternary carbon atoms hinder biological degradation (Boethling et al., 

1994). Furthermore, increasing the length of alkyl chains in ILs was reported by Carson to 

lead to an enhanced incorporation within the biological membrane of nerve cell synapses 

(Carson et al., 2009; Couling et al., 2006). A set of functionalized imidazolium ILs revealed a 

dependency between toxicity and lipophilicity whereby short, polar functionalized side chains 

diminished the toxicity significantly (Couling et al., 2006). Cornmell and coworkers described 
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a higher toxicity of methyltrioctylammonium chloride ([N1888][Cl]) compared to [N1888][NTf2] 

with the explanation that a faster uptake by the cell leads to a more rapid cell death in 

Escherichia coli (Cornmell et al., 2008). A strong inhibition in the acetylcholinesterase 

pathway was observed for common pyridinium and imidazolium ILs but not for phosphonium 

ones. Further, the molecular size of ILs does not seem to play a significant role with regard to 

their toxicity (Stock et al., 2004). A clear trend of commonly used anions for the toxicity 

toward the algae species Raphidocelis subcapitata was reported by Cho as [PF6]
-
 > [BF4]

-
 > 

[Cl]
-
 ≈ [Br]

- 
(Cho et al., 2008). The tested imidazolium-based ILs revealed higher toxicity 

toward R. subcapitata than the corresponding sodium and potassium compounds (Cho et al., 

2008). Algae are strongly associated with plankton and periphyton and because of that, 

special attention is paid to algae as they are primary producers of organic matter, forming the 

base of most food chains (Newman, 2014). Generally speaking, the anion of an IL can partly 

determine the toxicological behavior while deciding the properties for their application. No 

reports on the algal toxicity are available for most of ILs that have been used to evaluate their 

metal extracting capacities from aqueous solutions in the past. Hence, it seemed appropriate 

to investigate the acute toxicity toward algae of two recently published task-specific ionic 

liquids, namely methyltrioctylammonium 2-(hexylthio) acetate ([N1888][C6SAc]) and 

methyltrioctylphosphonium 2-(hexylthio) acetate ([P1888][C6SAc]) (Figure 1) (Platzer et al., 

2016). The green freshwater algae species Acutodesmus obliquus, the chlorococcal algae 

species Desmodesmus armatus and the microalgae species  Raphidocelis subcapitata were 

selected for these tests,  because of their sensitivity to the presence of toxins and their 

ubiquitous presences (Gruber-Brunhumer et al., 2015; Heijerick et al., 2002; Piotrowska-

Niczyporuk et al., 2015). To compare the toxicity of our ILs with commercially available 

ones, additional tests were carried out with Aliquat® 336 and Cyphos® IL 101, for which 

such data are lacking in literature, so far. 

 

The two ILs tested have recently shown a great potential for the extraction of cadmium and 

copper from aqueous solutions (Platzer et al., 2016). We therefore planned to further 

investigate the possible extraction of cobalt, nickel and zinc. Back-extraction experiments of 

zinc from the IL phase were investigated using different stripping agents. These heavy metals 

are of great interest not only for economic reasons, also for their potential toxicity 

(Tchounwou et al., 2012). In addition, the ILs were immobilized on activated charcoal to 

reduce leaching into the aqueous phase and time-dependent solid-liquid extractions with the 

most promising candidate, namely zinc model solutions were performed. The extraction 
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efficacies of the liquid-liquid and solid-liquid extraction were compared by means of the 

distribution ratios (D). To shed light on parts of open questions, density functional theory 

(DFT) calculations were used to investigate differences in the coordination sphere and energy 

barriers of cobalt, nickel and zinc.  

 

 

Figure 1. Structures of the investigated TSILs (Platzer et al., 2016).  

 

 

2. Materials and methods 

 

2.1. Materials 

Methyltrioctylammonium 2-(hexylthio) acetate and methyltrioctylphosphonium 2-(hexylthio) 

acetate were synthesized following the procedure reported in the literature (Platzer et al., 

2016). H2SO4 (trace select, > 95%,), HNO3 (trace select, ≥ 69%), HCl (37%) and CaCl2∙2H2O 

(p.a.) were purchased from Fluka and NaOH (50%) from J. T. Baker. Aliquat® 336 

(methyltrioctylammonium chloride; a mixture of C8 and C10 chains with C8 predominating; 

[N1888][Cl]) and Cyphos® IL 101 (trihexyltetradecylphosphonium chloride; ([P66614][Cl]; 

95%) were obtained from Sigma Aldrich. Granular activated charcoal Norit®, Norit PK 1-3, 

from peat was obtained from Sigma. Atomic absorption spectroscopy standards for cobalt 

(1000 ppm), nickel (1000 ppm) and zinc (1000 ppm) were obtained from Fluka. Utilized 

solvents were of HPLC grade and used without further purification.  

 

2.2. Liquid-liquid extraction studies 

For the non-immobilized, liquid-liquid extraction studies, 100 mg of the water-saturated IL 

were shaken with 0.1 M CaCl2 metal-containing solution (5 mL, initial pH 7) at 300 rpm at 

20 °C. Extraction studies were performed individually for each element and initial 
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concentrations were 5 mg L
-1

 Co, 4 mg L
-1

 Ni and 1 mg L
-1

 Zn in nitric acid, respectively. 

After separation, the metal content in the aqueous phase was determined by means of flame 

atomic absorption spectroscopy (F-AAS; Perkin Elmer AAnalyst 200). 

 

Extraction efficiencies (E) were calculated from Equation 1 

 

E (%) =  
ci −  cf

ci
∗ 100            (Equation 1) 

 

where ci and cf are the total metal concentrations before and after the extraction in the aqueous 

phase, respectively. 

 

Further, distribution ratios (DCo, DNi and DZn) have been determined from Equation 2 as 

follows 

 

𝐷 =  
(ci − cf) ∗ mw

ci ∗ mIL
                 (Equation 2) 

 

where mW and mIL is the mass of water and IL used for the extraction, respectively. 

 

2.3. Back-extraction experiments 

100 mg of the IL were shaken with 0.1 M CaCl2 zinc-containing solution (5 mL, 1 ppm) at 

300 rpm for 2 h at 20 °C. After phase separation, the IL phase was treated with either 5 mL of 

0.5 M HNO3, 0.5 M HCl or 0.5 M H2SO4 at 300 rpm for 1 h. The two phases were separated 

and the IL phase treated with the zinc-containing solution for a further extraction cycle. 

Overall, five extraction and back-extraction cycles were performed and the metal content in 

the aqueous phase was determined after each separation by means of F-AAS. The back-

extraction efficiency was determined as follows (Equation 3): 

 

S (%) =  
c0 − cIL

co
∗ 100            (Equation 3) 

 

where c0 is the initial metal concentration in the IL phase before back-extraction and cIL is the 

metal concentration in the IL phase after back-extraction.  
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2.4. Immobilization of [N1888][C6SAc] and [P1888][C6SAc], leaching and Zn extraction 

Immobilization of the ILs on active charcoal is described in the Supplementary Information. 

Zinc extractions of the immobilized IL on AC have been performed with either 300 mg or 

500 mg IL/AC and 0.1 M CaCl2 aqueous solution (5 mL, 1 ppm zinc) at initial pH 7. After 

30 min, 1 h, 2 h, 4 h and 24 h, the aqueous phase was separated from the IL/AC and the metal 

content was determined by F-AAS. The experiments were carried out in triplicates with 

satisfying agreement. For the determination of the IL leaching, the total organic carbon (TOC) 

was measured as follows: 1.2 mL of the extraction solution was diluted to 12 mL with 

distilled water, acidified to pH 2 with HCl and purged with carrier gas for 5 min prior to 

combustion in the Shimadzu TOC-V analyzer. Results are given as non-purgeable total 

organic carbon (NPDOC).  

 

2.5. Quantum mechanical calculations of the ligand-bound metals 

In order to characterize the ligand bond of the metals to the anions standard DFT calculations 

using a B3LYP functional and a 6-31G** basis set for hydrogen, carbon, oxygen and sulfur as 

well as a LanL2LDZ for nickel, zinc and cobalt were performed in Gaussian09. The long 

alkyl chains of the anions in Figure 1 were shortened to a methyl group to reduce the degrees 

of freedom and enhance the convergence probability of the quantum-mechanical calculations. 

However, we do not expect significant changes for the long chains since the major difference 

between the binding energies arise from the direct binding of the oxygen and sulfur atoms to 

the metal ion. If the dispersion increases with increasing alkyl chain length, it will become 

larger for both (nickel and zinc) complexes in a comparable way leaving the difference 

unchanged.  

 

In contrast to the tetrahedral and planar coordination of zinc and nickel, Co
2+

 prefers 

octahedral coordination of its ligands allowing for a plethora of possible starting 

configurations of four to six binding partners. This makes a systematic comparison to the 

above mentioned zinc and nickel complexes difficult. Furthermore, we encountered 

convergence problems for some of the cobalt complexes. Consequently, we restricted our 

quantum-mechanical analysis to zinc and nickel complexes. During the extraction the metal 

ion moves from the aqueous phase to the IL phase. We tried to mimic this extraction by 

partially removing water ligands from the metal and replacing them with S-methyl thioacetate 
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(C1SAc
-
). The stability E of the respective optimized complex was obtained by the energy

difference of the complex and the single components (Equation 4), for example  

E = ( E(M(H2O)4
2+

) – ( E(M
2+

) + 4 E(H2O) )    (Equation 4) 

as suggested by Gourlaouen et al (Gourlaouen et al., 2007). The basis set superposition error 

(BSSE) and the zero-point energy correction (ZPE) were disregarded. For the final 

M(C1SAc)2-complex tetrahedral and planar starting configurations involving oxygen atoms as 

well as sulfur were generated and optimized.  

2.6. Growth inhibition assays 

For algae toxicity experiments, a known amount of IL (~ 2 g) was shaken with 200 mL 

double distilled water overnight at 20 °C. The two phases were separated and 1.2 mL of the 

aqueous phase was diluted with 10.8 mL double distilled water and the TOC value was 

determined in order to calculate the IL concentration for the algae experiments. Algal growth 

studies were carried out with batch cultures of the green freshwater algae species 

Acutodesmus obliquus (strain SAG 276-1), Desmodesmus armatus (strain ASW05029) and 

Raphidocelis subcapitata (strain ASW05231) obtained from the Culture Collection of Algae 

at University of Göttingen and the Department of Phycology at the University of Vienna, 

respectively. Studies were performed using Bold’s Basal Medium with vitamins (BBM+V) 

(Stein, 1980). All tests were performed in sterilized 200 mL Schott flasks in 0.2 µm filtered 

(Sartorius Sartobran 300) BBM+V medium. The algae stock solution was grown under 

photoautotrophic conditions at 20 °C (± 0.5 °C), controlled by means of a water bath, stirred 

at 300 rpm in a sterilized BBM+V medium. Plant grow-fluorescence lamps were used with a 

24 h light circle with light at mean intensities, directly measured at the flask surface, of 

165 µmol m
-2

 s 
-1

 until a sufficient cell count was obtained to start inhibition experiments.

Algal concentration in test tubes was brought to a concentration of 10
5
 cells mL

-1
 using an

inoculum from the stock algae solution and subsequently exposed to the test substance for 

72 h, where the algae were stirred at 300 rpm throughout the 72 h test period. All substances 

were tested in media containing 0 – 20 mg IL L
-1

 and carried out in triplicates. Cell numbers

were estimated with a Neubauer improved cell counting chamber with a 0.1 mm depth 

observed through a microscope. The data were combined for analysis; growth inhibition was 

calculated as follows (Equation 5): 
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µ =
𝐥𝐧 𝑵𝟕𝟐 − 𝐥𝐧 𝑵𝟎

𝒕
   (Equation 5) 

where N0 is the initial algal concentration, N72 the final algal concentration, t the exposition 

time (72 h) and µ the growth rate. 

The inhibition (in %) was determined by individual toxicant concentrations using Equation 6: 

𝐈 =
µ𝐜 − µ𝐢

µ𝐜
∗ 𝟏𝟎𝟎   (Equation 6) 

where I is the growth inhibition after 72 h, µc the growth rate in control and µi the growth rate 

of concentration i. Fitted dose-response curves were obtained using Origin® 2015 by plotting 

the inhibition and logarithm of the IL concentration. 

3. Results and discussion

3.1. Extraction studies 

Cobalt, nickel and zinc have been extracted from an aqueous calcium chloride solution to the 

thioglycolate-based ionic liquids [N1888][C6SAc] and [P1888][C6SAc]. We chose thioglycolate-

based ionic liquids with well-known binding abilities for a range of transition metals (Platzer 

et al., 2016). The neat ionic liquids are semi-solids at room temperature and therefore not 

suitable for liquid-liquid extraction. However, their deliquescent behavior led to a water 

uptake (up to 6.2%) which was sufficiently liquid for a convenient liquid-liquid extraction at 

room temperature. The undiluted TSILs have been utilized without any additional solvent or 

extracting agent. As the extraction ability strongly depends on the ionic strength (Bayyari et 

al., 2010), the metal solutions were prepared in 0.1 M CaCl2 to guarantee ionic strength. 

Surprisingly, [N1888][C6SAc] and [P1888][C6SAc] extracted these three 3d metal ions 

differently, although they are classified as borderline metals according to the hard and soft 

Lewis acids and bases (Holleman-Wiberg, 2001). This concept can be easily seen by the 

distribution ratios summarized in Table S3, where we observed distribution ratios for cobalt 

between 13 and 16 after 4 h at initial pH 7. Compared to the distribution ratios of nickel, DCo 

is about three orders of magnitude lower after 4 h. It was confirmed that the D values depend 

on the extraction time where the highest DZn was observed after an extraction time of 24 h. 

Having a closer look on the cobalt extraction, only 20% of cobalt(II) was removed from the 
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aqueous phase after 4 h where [N1888][C6SAc] was slightly more efficient than the 

corresponding phosphonium IL (Figure S2). 

Figure 2. Zn extraction of immobilized and non-immobilized ILs at pH 7 (initial). 

Figure 2 shows that more than 95% of the Zn was removed within 1 h by non-immobilized 

[N1888][C6SAc] and [P1888][C6SAc] where an extraction equilibrium was reached after 2 h. 

Taking a closer look on the different ILs, there is no significant difference in the extraction 

efficiency between the ammonium- and phosphonium ILs. Recently, non-immobilized 

thioether containing TSILs showed extraction yields up to 98.7% for cadmium, copper and 

zinc after 24 h (Leyma et al., 2016). Only 93% of zinc was removed within 24 h in the case of 

trihexyltetradecylphosphonium 2-(benzylthio)benzoate ([P66614][BTB]) which could be due to 

high viscosities of the applied TSILs and is therefore less efficient than the results presented 

in our study. According to the Water Framework Directive Annex VIII, a goal for surface 

water of 10.9 µg L
-1

 zinc was set (WFD-UKTAG, 2000). This underlines the importance of

the elimination of aqueous zinc which may be performed by these TSILs. Further back-

extraction and immobilization experiments were just conducted with zinc as its liquid-liquid 

removal was very promising. 

3.2. Back-extraction studies 

Today, the regeneration of ILs is essential for a cost-saving and sustainable application. 

Several publications documented recyclability approaches for the recovery of ILs (Depuydt et 

al., 2015; Leyma et al., 2016; Li et al., 2010). Although the D values in our study were higher 

than 500 and could therefore hinder the stripping efficacy (Table S2), the back-extraction 

89

- Results and discussion -



results of zinc from the IL phase were promising (Figure S3 and S4). Aqueous solutions of 

nitric acid, hydrochloric acid and sulfuric acid were used for the back-extraction from the 

metal-loaded IL phase illustrating the reusability for five cycles of the two ILs after using 2 h 

of extraction time and 1 h of back-extraction time. After stripping of the metal ions, the IL 

phase was reused without any further washing step. Nitric and sulfuric acid stripped zinc from 

aqueous phases prosperously in every of the five cycles after only 1 h, where sulfuric acid 

showed slightly better results than nitric acid. The extraction efficiency of [N1888][C6SAc] and 

[P1888][C6SAc] slowly decreased with every cycle, but still 60% of the aqueous zinc was 

extracted in the fifth cycle for [P1888][C6SAc]. However, hydrochloric acid led to an 

unsatisfactory outcome for the zinc stripping. Overall, the stripping method using 0.5 M 

H2SO4 and 0.5 M HNO3 illustrates an effective and cost-saving application to (re)use the 

investigated ILs for zinc extraction and recovery.  

3.3. Immobilization 

The leaching of the thioglycolate-based ILs was reported recently (Platzer et al., 2016). 

Thioglycolate-based ILs immobilized on polypropylene hollow fibers did not sufficiently 

suppress the leaching into the aqueous phase. We therefore wanted to investigate a new 

method based on activated charcoal (AC). This approach should guarantee a significant lower 

leaching and utilizing a commercially-favorable, sustainable immobilization material and a 

facilitated handling with regard to the phase separation. For the immobilized IL/AC extraction 

(500 mg), distribution ratios of 1837 for [N1888][C6SAc] and 2021 for [P1888][C6SAc] were 

found after 24 h, respectively (Table S3). The leaching of immobilized IL was successfully 

suppressed compared to the non-immobilized IL which was reported recently (Platzer et al., 

2016). The leaching values after 4 h of the immobilized [N1888][C6SAc] and [P1888][C6SAc] 

were 32.9 mg C L
-1

 and 32.1 mg C L
-1

 and comparable to them of the neat AC with

38.7 mg C L
-1

 (Table S3) demonstrating a successful leaching suppressing under the applied

conditions. Further, there is no significant difference in the leaching behavior between the 

ammonium and phosphonium IL. Neat AC was also tested as a control for the zinc extraction. 

It has to be pointed out that IL/AC extracts faster than neat AC although about 80% of Zn was 

extracted by neat AC after 24 h. In general, a strong affinity of the applied ILs [N1888][C6SAc] 

and [P1888][C6SAc] toward zinc is indicated.  
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3.4. DFT calculations 

The higher extraction yield of zinc compared to nickel may be explained by the stability of 

the corresponding water complexes M(H2O)4
2+

 displayed in Figure 3. Differences in the 

extraction efficiencies can be explained by relative stabilities of the corresponding water 

complexes investigated by quantum mechanical calculations. If the metal moves from the 

aqueous phase to the IL phase, it has to get rid of its water ligands in order to have free ligand 

binding sites for the ionic liquid anion.  

 

 

Figure 3. Relative stabilities of the optimized metal complexes. The numbers in gray and black denote the 

energy differences E in kcal mol
-1

 for nickel and zinc complexes, respectively.  
 

It turns out that this step M(H2O)4
2+

 = M(H2O)2
2+

 + 2 H2O has an energy barrier E of 

138 kcal mol
-1

 for Ni(H2O)4
2+

 and 116 kcal mol
-1

 for Zn(H2O)4
2+

. Consequently, zinc is more 

capable to offer a free binding site to the ionic liquid anion and can, therefore, be more easily 

extracted although the intermediate nickel mixed complex M[(H2O)2(C1SAc)]
+
 is by far more 

stable than the corresponding zinc complex. After the initial replacement of the first two 

water molecules the activation barriers and the stability difference for both metals are quite 

similar. Therefore, we conclude that the initial step is responsible for the different extraction 

behavior. 

 

All geometrical configurations involving four binding partners, that are tetrahedral and planar 

geometries were optimized. In case of the anions, ligand binding to the oxygen of the 

carboxylate group and the sulfur were taken into account. However, as visible by the 
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respective stabilities, the ligand binding to oxygens were always preferred over those to 

sulfur. All nickel complexes turned into planar configurations regardless of the starting 

geometry. For zinc, local minima of the planar complexes exist but the tetrahedral geometries 

are more stable (see Figure 4b). The corresponding energies are given in Table S4. 

Figure 4. Planar and tetrahedral configurations of Zn
2+

 and two S-methyl thioacetate anions. Corresponding 

planar configurations for nickel complexes look similar (atomic labelling; blue: zinc; red: oxygen; yellow: 

sulfur; turquoise: carbon; white: hydrogen). 

3.5. Acute toxicity to green algae species 

The toxicity of ILs toward living organisms plays an important role for their potential 

application. Therefore, we performed acute toxicity assays with green freshwater algae A. 

obliquus, D. armatus and R. subcapitata, the estimated EC50 values (mg IL L
-1

) are

summarized in Table 1. The values of EC50 decreased in the order A. obliquus > D. armatus > 

R. subcapitata for the thioglycolate-based substances. Significant differences among EC50
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values are observable toward the three different species as a result of variance in the 

sensitivity of the aquatic organisms.  

Table 1. Influence of the IL on the toxicity (EC50 values ± SD) after 72 h. 

EC50 values [mg IL L
-1

]

Mw [g mol
-1

] A. obliquus D. armatus R. subcapitata

[N1888][C6SAc] 543.98 0.93 ± 0.16 0.25 ± 0.05 0.05 ± 0.005 

[P1888][C6SAc] 560.95 8.96 ± 0.43 0.27 ± 0.09 0.04 ± 0.007 

[N1888][Cl] 404.16 0.30 ± 0.03 1.15 ± 0.03 0.07 ± 0.01 

[P66614][Cl] 519.31 0.39 ± 0.02 0.63 ± 0.06 0.10 ± 0.009 

The obtained EC50 values rise from 0.04 mg IL L
-1

 for R. subcapitata to 8.96 mg IL L
-1

 for A.

obliquus. A. obliquus showed relatively high EC50 values which can be explained by its 

known rigid cell wall consisting mainly of hemicellulose and cellulose. This wall is covered 

with an extremely resistant, undefined biopolymer known as sporopollenin identified as one 

of the most chemically inert biological polymers (Guilford et al., 1988; Hemsley and Poole, 

2004). As clear from Table 1, the toxicity of [N1888][C6SAc] is almost one order of magnitude 

higher than of [P1888][C6SAc] for A. obliquus.  

The two commercially available ILs methyltrioctylammonium chloride ([N1888][Cl]) and 

trihexyltetradecylphosphonium chloride ([P66614][Cl]) have also been tested for acute toxicity 

as reference compounds. Both showed similar toxicity values toward A. obliquus between 

0.30 – 0.39 mg L
-1

, correspondingly. Returning to the anion part, [N1888][Cl] is more than

three times more toxic than [N1888][C6SAc] for A. obliquus although [N1888][Cl] is more 

hydrophilic than its thioglycolate analogue. [N1888]
+
 leads to higher toxicity of the ammonium

ILs although the side chains are shorter compared to the [P66614]
+
 cation. This is in good

agreement with the literature where a comparison of 1-butyl-3-methylimidazolium ([BMIM]) 

ILs investigated the influence of anions toward Chlorella vulgaris. The EC50 value of 

[BMIM][Cl] was between the dicyanamide-based and trifluoromethanesulfonate-based 

[BMIM] ILs which reveals the importance of the cation of an IL for its toxicity (Latala et al., 

2009). The EC50 values of the investigated ILs with respect to its cytotoxicity for R. 

subcapitata ranged from 0.04 – 0.07 mg L
-1

 thus also indicating that a negligible contribution

of the anion. The general high toxicity can be explained by long n-alkyl chains of the cations 

and anion which is well-reported in literature (Pham et al., 2015; Pham et al., 2008; Ventura 
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et al., 2013). Severe modifications in the cell morphology have been observed at higher 

concentrations of a toxicant for all three algae species, e.g. loss of falcate form of R. 

subcapitata, which is in accordance to the literature (Samori et al., 2015). Sena proposed a 

key role of the cation if the alkyl side chains of ILs are the primary cause of the toxicity via 

membrane disruption (Sena et al., 2010). The Globally Harmonized System of the 

Classification and Labelling of Chemicals (GHS) classifies substances as ‘acute toxic 1’ 

(EC50 ≤ 1 mg L
-1

) and as ‘acute toxic 2’ (EC50 > 1 ≤ 10 mg L
-1

) on the basis of 72 h exposure

time (Nations, 2015). According to this classification, [N1888][C6SAc] and Cyphos® IL 101 

are ‘acute toxic 1’ to all tested algae species. [P1888][C6SAc] is ‘acute toxic 2’ to A. obliquus 

and Aliquat® 336 ‘acute toxic 2’ to D. armatus, but both showed ‘acute toxicity 1’ to the 

other tested algae species. The toxicological analysis toward these green freshwater algae 

indicates that a careful usage of the ILs needs to be considered and further studies are required 

to improve their environmental properties. 

4. Conclusions

Herein we present the extraction of potentially toxic heavy metals (cobalt(II), nickel(II) and 

zinc(II)) from aqueous solutions by task-specific ionic liquids [N1888][C6SAc] and 

[P1888][C6SAc]. More specifically, extraction studies showed an over 90% removal of zinc 

within 2 h whereas under these conditions cobalt and nickel were only moderately removed. 

Hydrochloric and sulfuric acid proved to be suitable for stripping off zinc from the IL phase 

within 1 h and, therefore, allowed for further cycles. Our DFT calculations showed that the 

first energy barrier removing two water molecules in order to have a free binding site for the 

anion may be the reason for the different extraction behavior. To overcome the leaching of the 

ILs into an aqueous phase, immobilization studies on active charcoal revealed a successful 

extraction of zinc from aqueous solution models. Solid-liquid extraction performed by the 

IL/AC showed slower extraction rate, but allows facilitated handling. Further, in vivo algal 

toxicity studies with three green freshwater algae namely A. obliquus, R. subcapitata and D. 

armatus have been performed indicating an acute toxicity of all four ILs toward all tested 

algae species after 72 h exposure. The cytotoxicity of [N1888][C6SAc], [P1888][C6SAc], 

[N1888][Cl] and [P66614][Cl] decreases in the following order: A. obliquus > D. armatus > R. 

subcapitata. Substitution of the nitrogen by phosphorus generally increases the toxicity. The 

role of the anion in regard to the in vivo cytotoxicity seems to be negligible whereby chloride-

based ILs modulated the cytotoxic potential in a harmful way in the case of A. obliquus. The 

ammonium and phosphonium salts claimed to be acute toxic for algae according to the 

94

- Results and discussion -



Globally Harmonized System. However, further research should investigate possible toxicity 

toward crustaceans as well as the mode of toxicity for a safe and non-hazardous usage.  

Supporting Information 

Preparation and loading of the immobilized ILs on activated charcoal (Table S1), TOC values 

after extraction (Table S2), Ni and Co liquid-liquid extraction (Figure S1 and S2), recycling 

studies of [N1888][C6SAc] and [P1888][C6SAc] (Figure S3 and S4), distribution ratios of liquid-

liquid and solid-liquid extractions (Table S3) and algal toxicity curves of A. obliquus, D. 

armatus and R. subcapitata after 72 h (Figure S5-S7). Energies and geometry of the metal 

complexes M(C1SAc)2 obtained by DFT calculations (Table S6).  
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Preparation of immobilized IL on activated charcoal. 

About 12 g activated charcoal (AC) was refluxed in 0.5 M HCl (150 mL) for 2 h. After 

cooling to r.t., the AC was filtered off and washed with water until pH 6. The AC was further 

stirred in methanol (100 mL) for 2 h, filtered off and dried at 60 °C until dryness. 10 g of the 

activated AC was then stirred with 2 g of [N1888][C6SAc] or [P1888][C6SAc] in methanol 

(100 mL) at 40 °C for 5 h. The AC was filtered off, washed with water (40 mL) and dried at 

50 °C.  

The amount of loaded was calculated as follows 

% 𝐼𝐿 =  
𝑚2−𝑚1

𝑚2
* 100

where m1 is the mass of the neat AC and m2 the mass of the loaded AC. 

Table S1. Immobilized ILs on active charcoal. 

[N
1888

][C
6
SAc] [P

1888
][C

6
SAc]

immobilized 1.073 g 0.988 g 

non-immobilized 0.927 g 1.012 g 
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Table S2. Total organic carbon (TOC) values after extraction. 

TOC [mg C L
-1

]

300 mg AC 

2 h 31.8 ± 1.3 

4 h 38.7 ± 2.5 

[N1888][C6Sac] 300 mg IL/AC 

30 min 24.9 ± 0.5 

1 h 27.3 ± 0.3 

2 h 31.1 ± 1.4 

4 h 32.9 ± 0.4 

[P1888][C6Sac] 300 mg IL/AC 

30 min 27.7 ± 0.5 

1 h 30.8 ± 0.8 

2 h 32.1 ± 0.7 

4 h 34.5 ± 0.5 

[N1888][C6Sac] 500 mg IL/AC 

30 min 20.9 ± 4.3 

1 h 25.1 ± 3.2 

2 h 20.8 ± 4.4 

4 h 28.4 ± 2.6 

24 h 46.0 ± 9.9 

[P1888][C6Sac] 500 mg IL/AC 

30 min 18.8 ± 3.3 

1 h 22.4 ± 3.0 

2 h 22.3 ± 2.7 

4 h 29.7 ± 2.8 

24 h 47.2 ± 7.9 
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Figure S1. Ni extraction at initial pH 7. 

 

 

 

Figure S2. Co extraction of non-immobilized ILs at pH 7. 
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Figure S3. Recycling of [N1888][C6SAc] after five cycles. 

Figure S4. Recycling of [P1888][C6SAc] after five cycles. 
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Table S3. Distribution ratios. 

Cobalt (pH 7) [N1888][C6SAc] [P1888][C6SAc] 

30 min 12.8 ± 0.6 10.2 ± 0.3 

60 min 12.7 ± 0.6 10.1 ± 0.2 

120 min 14.0 ± 1.9 10.9 ± 0.6 

240 min 15.9 ± 1.4 13.3 ± 1.3 

Nickel (pH 7) 

30 min 28.5 ± 2.2 25.9 ± 3.3 

60 min 30.7 ± 2.0 26.5 ± 2.7 

120 min 29.1 ± 1.3 28.9 ± 2.1 

240 min 27.9 ± 1.3 27.7 ± 0.9 

1440 min 36.4 ± 2.1 28.2 ± 1.8 

Zinc (pH 7) 

30 min 339.3 ± 18.4 315.6 ± 42.5 

60 min 479.9 ± 52.3 458.2 ± 20.1 

120 min 520.7 ± 10.4 510.4 ± 29.6 

240 min 527.7 ± 10.7 533.2 ± 29.7 

1440 min 508.8 ± 12.7 492.7 ± 6.8 

Zinc (immobilized; 300 mg 

AC) 

30 min 93.5 ± 5.9 104.3 ± 18.9 

60 min 125.9 ± 21.4 143.2 ± 15.4 

120 min 240.1 ± 37.3 238.7 ± 3.9 

240 min 486.0 ± 62.4 420.9 ± 43.6 

1440 min 1488.2 ± 105.0 961.6 ± 56.3 

Zinc (immobilized; 500 mg 

AC) 

30 min 90.9 ± 13.6 115.8 ± 12.7 

60 min 173.4 ± 22.1 195.2 ± 10.9 

120 min 247.9 ± 12.9 309.5 ± 28.9 

240 min 475.2 ± 23.8 441.2 ± 61.9 

1440 min 1836.8 ± 422.4 2020.3 ± 65.2 
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Figure S5. Inhibition of A. obliquus after 72 h. 

Figure S6. Inhibition of D. armatus after 72 h. 
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Figure S7. Inhibition of R.subcapitata after 72 h. 

Table S4. Quantum-mechanical energies of the configurations displayed in Figure 4. 

metal coordination E [kcal mol
-1

] dM-O [Å] dM-S [Å] X-M-X [°]

Ni
2+

OO-OO Planar 0.00 1.91 90 

SO-OO Planar +17.8 1.89 2.25 90 

SO-SO Planar +30.2 1.84 2.24 90 

Zn
2+

OO-OO Tetrahedral -4.10 2.07 100 

OO-OO Planar 0.00 2.06 90 

SO-OO Tetrahedral +0.70 2.01 2.65 90 

SO-OO Planar +13.8 2.02 2.54 102 

SO-SO Planar +26.2 1.89 2.60 90 

The energies E in Table S4 are computed with respect to the planar configuration with four 

anionic oxygens (see most left configuration in Figure 4a). The larger distances of the Zn
2+

 to

oxygens and sulfur are partially due to the larger radius of the zinc ion. 
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3.4 Time-dependent copper(II) and zinc(II) extraction of 1-

aryl-3-hydroxy-2-methyl-4-pyridinones in [N1888][Cl] and 

[P66614][Cl] 

Sonja Platzer,a Raphlin Leyma,a Alexander Roller,a Franz Jirsa,a,b Wolfgang 

Kandioller,a Regina Krachler,a Bernhard K. Kepplera 

a Institute of Inorganic Chemistry, Faculty of Chemistry, University of Vienna, 

Waehringer Str. 42, A-1090 Vienna 

b Department of Zoology, University of Johannesburg, PO Box 524, Auckland Park, 

2006, Johannesburg, South Africa 

Graphical abstract: 

Time-resolved extractions of copper(II) and zinc(II) by pyridinones in two different 

hydrophobic ionic liquids have been performed. I synthesized the mixtures, 

characterized them and conducted the F-AAS measurements. Furthermore, I wrote 

major parts of the manuscript. 
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Abstract 

This paper describes the synthesis and characterization of four 1-aryl-pyridinones in 

trioctylmethylammonium chloride and tetradecyltrihexylphosphonium chloride as heavy 

metal extracting agents for copper(II) and zinc(II). The ionic liquids have been characterized 

by 
1
H and 

13
C NMR, UV–Vis and infrared spectroscopy. Furthermore the anion leaching

behaviour into the aqueous phase was studied over 24 h by TOC (total organic carbon) 

measurements. Time-dependent investigations of their suitability as potential heavy metal 

extracting agents for Cu
2+

 and Zn
2+

 in aqueous media were performed. Crystal structures of

[Cu(PTP)2] and [Cu(PNP)2] allow to understand the mechanisms of the extracting process. 

[N1888][Cl]/HPNP showed an extracting efficiency up to 98% after 24 h at pH 7, exclusively.  

Keywords: Ionic liquids, extraction of heavy metals, pyridinones, trioctylmethylammonium 

chloride, tetradecyltrihexylphosphonium chloride 
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1. Introduction

Ionic liquids (ILs) are defined as salts with melting points below 100 °C. Across this broad 

heterogenic group, they show specific physicochemical properties as their non-flammability 

or low vapor pressure. Several publications have appeared in recent years documenting the 

usage as metal carriers of quaternary ammonium and phosphonium salts.
 1-3

 Several methods

for metal removal from aqueous solutions, such as chemical precipitation, flotation or solvent 

extraction are cost-saving, but unselective. More selective technologies (e.g. ion exchange or 

electrochemical strategies) are mostly limited by the extensive costs. Therefore liquid-liquid 

extraction is one efficient way for the separation and removal of metal ions from waste water. 

Using organic solvents for extractions, the volatilization has an enormous impact on the 

environment, human and animal health. There are two approaches of using ionic liquids in 

solvent extraction of metal ions. Firstly, ILs act as an inert diluent for reagent assisted 

extraction and secondly, task-specific ionic liquids are themselves complexing agents due to 

the presence of appropriate functionalities either on the cationic or anionic part. Introduction 

of a chelating moiety towards the anion allows selective metal absorption from aqueous 

solutions. Recently, maltolate-based ionic liquids showed excellent extraction behavior 

towards uranium.
4
 U(VI) was quantitatively extracted from aqueous solutions from pH 2-8,

while lead and radium were removed only poorly. 

Replacing organic solvents by imidazolium-based ionic liquids, where ligands are employed 

as carriers for the extraction of heavy metals e.g. Ag(I)
5
 or Hg(II)

6
, showed interesting

extraction features. Within this work Aliquat® 336 (mainly trioctylmethylammonium 

chloride) was utilized as a cheap, commercially available ionic liquid due to the reported 

suitability for metal extractions.
7-10

 Another phosphonium-based IL is Cyphos® IL 101

(tetradecyltrihexylphosphonium chloride) which has been shown to extract Fe(III) efficiently 

from 6 M HCl in the presence of Ni(II).
11

 Moreover, the usage of Cyphos® IL 101 has gained

importance as an ion carrier for Cr(IV) at different concentrations of hydrochloric acid.
12

 For

the selective zinc(II) separation over iron(III), Cyphos® IL 101 was diluted in toluene for 

lower viscosity and therefore faster extraction time where zinc(II) was removed as ZnCl4
2- 

and

ZnCl3
-
.
13

Cu(II) was extracted via a redox mechanism yielding a Cu(I) complex of [CuL2] while Ni(II) 

and Pb(II) formed complexes of the type ML3 and ML2, respectively. The possible formation 

of hydrofluoric acid may cause severe environmental problems.
14

 Copper can be exposed

from mining processes, domestic waste water, phosphate fertilizers or natural sources (wind, 
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volcanoes, etc.).
15

 The World Health Organization (WHO) set a guideline value of Cu(II) with

max. 2 mg L
-1

 in drinking water in 2003
16

, thereby high exposure to Cu(II) may lead to

nausea, headache, gastrointestinal bleeding etc.
17

 Moreover, there are still some uncertainties

regarding the long-term effects for high Cu(II) consumption on Cu(II) sensitive individuals 

such as carriers of the Wilson disease gene.
16

 For Zn(II), the tolerance threshold for drinking

water is 3 mg/L
18

; high concentrations may lead to lethargy, affect copper homeostasis and be

associated with an increase of serum cholesterol.
19

Bearing in mind the selectivity of metal extracting agents, our focus was to replace the 

chloride of organic ligand with [N1888][Cl] and [P66614][Cl] by pyridonates, known for their 

high affinity for a broad range of different metal ions, for selective metal removal at neutral 

pH. For example, 1-(4-tolyl)-2-methyl-3-hydroxy-4-pyridone showed excellent extraction 

behavior towards uranium(VI) in chloroform.
20

 At pH > 4, uranium(VI) is quantitatively

extracted and can be stripped with hydrochloric or nitric acid (> 0.1 M). Previous studies 

indicated the applicable analysis of iridium(IV) in synthetic mixtures of 3-hydroxy-2-methyl-

1-aryl-4-pyridones.
21

 The major drawback using derived 4-aryl-pyridones in chloroform as

reported previously
22

, is that halogenated solvents are harmful and shouldn’t be used in the

development of “green” extraction processes. Various 4-aryl-pyridones can be easily obtained 

by reaction of maltol, a natural occurring substance, with different aryl amines.  

Herein, we report on the study of extraction of copper(II) and zinc(II) by newly obtained 1-

aryl-3-hydroxy-2-methyl-4-pyridones, namely 3-hydroxy-2-methyl-1-(p-tolyl)-4-pyridone 

(HPTP), 3-hydroxy-1-(p-methoxyphenyl)-2-methyl-4-pyridone (HPAP), 1-(p-fluorphenyl)-3-

hydroxy-2-methyl-4-pyridone and 3-hydroxy-1-(1-naphthyl)-2-methyl-4-pyridone, in 

[N1888][Cl] and [P66614][Cl] (Figure 1). The obtained mixtures were characterized by 
1
H and

13
C NMR, infrared and UV–Vis spectroscopy. We performed time-dependent extraction 

studies of Cu
2+

 and Zn
2+

 in biphasic solutions at pH 7. The leaching behavior into the aqueous

phase was extensively studied by TOC (total dissolved organic carbon) measurements. 

2. Experimental section

2.1. General 

3-Hydroxy-2-methyl-4(1H)-pyrone (maltol, 99%) and Cyphos® IL 101 ([P66614][Cl])

(tetradecyltrihexylphosphonium chloride, 95%), copper and zinc standards for atomic 

absorption spectroscopy and HNO3 (69%, p.a.), HCl (1 M) were obtained from Sigma 
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Aldrich. Potassium hydroxide (85%, extra pure) and Aliquat® 336 ([N1888][Cl]) (mainly 

trioctylmethylammonium chloride) were purchased from Acros. p-Toluidine (99%) and p-

anisidine (99.5%) were obtained from Sigma Aldrich and 1-naphthylamine (>99%) from 

Merck. NaOH (1 M) was obtained from Fluka and 4-fluoroaniline (98%) from Acros-Fisher. 

Microwave reactions were carried out on a CEM Explorer 12 Hybrid apparatus. Utilized 

solvents were of HPLC grade and used without further purification. 
1
H and 

13
C NMR spectra

were conducted on a Bruker Avance IIITM spectrometer in DMSO-d6 and CDCl3 using 

standard pulse programs at 500.10 (
1
H) and 125.76 (

13
C) MHz. UV-vis spectra were recorded

on an Agilent 8453 spectrophotometer in the range of 200 to 1000 nm in methanol. Elemental 

analyses were carried out with a Eurovector EA3000 Elemental Analyzer by the 

Microanalytical Laboratory of the University of Vienna. ATR-IR spectra were measured 

using a Bruker Vertex 70 Fourier transform IR spectrometer. TOC measurements were 

performed on a TOC-V CHP analyser (Shimadzu). The metal detection was performed on a 

Perkin Elmer AAS300 flame atomic absorption spectrometer (Cu: 324.75 nm; Zn: 213.86 nm) 

via external standard calibration in working range of 0.01–5.00 mg/L for Cu(II) and 0.01–

1.00 mg/L for Zn(II). If not other mentioned, all experiments were performed at 298 K.  

2.2. Synthesis 

HPTP, HPNP, HPAP and HPFP were synthesized in a modified way
23

 and described below.

3-Hydroxy-2-methyl-1-(1-naphthyl)-4-pyridinone (HPNP). Maltol (1.5 g, 11.9 mmol) and

1-naphthylamine (3.41 g, 23.8 mmol) in 0.35 M HCl (20 mL) were heated for 30 min at max.

100 W. After cooling to room temperature, the aqueous phase was discarded and diethyl ether 

(100 mL) was added to the oily residue. The formed violet solid was collected by filtration 

and recrystallized from hot ethanol and allowed to cool at + 4 °C overnight. The crystals were 

filtrated, washed with cold ethanol (10 mL) and dried in vacuo. Yield: 1.20 g (40%). 
1
H NMR

(500.10 MHz, DMSO-d6): δ 8.11–8.18 (m, 2H), 7.61–7.70 (m, 5H), 7.24 (d, J = 8 Hz, 1H), 

6.30 (d, J = 7 Hz, 1H), 1.79 (s, 3H). Elemental Anal. Calc for C16H13NO2·0.1H2O: C, 75.93; 

H, 5.26; N, 5.53; O, 13.28; Found: C, 76.09; H, 5.10; N, 5.62; O, 13.21%. Crystals suitable 

for X-ray measurements were obtained from hot ethanol by slow cooling to room 

temperature.  

3-Hydroxy-2-methyl-1-(p-tolyl)-4-pyridinone (HPTP). Maltol (1.80 g, 14.3 mmol) and p-

toluidine (3.10 g, 28.6 mmol) in 0.35 M HCl (20 mL) were heated at 165 °C for 30 min (max. 
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300 W). After cooling to room temperature, the crystals were filtered off and recrystallized 

from hot methanol. The solution was allowed to stand at + 4 °C overnight, the off-white 

crystals were filtered off, washed with cold methanol (10 mL) and dried in vacuo. Yield: 

1.80 g (59%). 
1
H NMR (500.10 MHz, CDCl3): δ 7.30–7.37 (m, 3H), 7.14–7.20 (m, 2H),

6.48–6.53 (d, J = 8 Hz, 1H), 2.47 (s, 3H), 2.13 (s, 3H). Elemental Anal. Calc for 

C13H13NO2·0.05H2O: C, 72.24; H, 6.11; N, 6.48; O, 15.17; Found: C, 72.43; H, 6.37; N, 6.56; 

O, 15.16%. Crystals suitable for X-ray measurements were obtained from hot methanol by 

slow cooling to room temperature. 

3-Hydroxy-2-methyl-1-(p-methoxyphenyl)-4-pyridinone (HPAP). Maltol (1.50 g, 

11.9 mmol) and p-anisidine (2.90 g, 23.8 mmol) in 0.35 M HCl (20 mL) were heated at 

165 °C for 30 min (max. 100 W). After cooling to room temperature, the crystals were filtered 

off and recrystallized from hot methanol. The solution was allowed to stand at + 4 °C 

overnight, the colorless crystals were filtered off, washed with cold methanol (10 mL) and 

dried in vacuo. Yield: 1.50 g (54%). 
1
H NMR (500.10 MHz, CDCl3): δ 7.30–7.33 (d, J = 7

Hz, 1H), 7.14–7.23 (d, J = 7 Hz, 2H), 7.00-7.05 (d, J = 7 Hz, 2H), 6.46-6.50 (d, J = 7 Hz, 

1H), 3.90 (s, 3H), 2.12 (s. 3H). Elemental Anal. Calc for C13H13NO3: C, 67.52; H, 5.67; N, 

6.06; O: 20.76; Found: C, 67.53; H, 5.72; N, 6.13; O: 20.83%. 

3-Hydroxy-1-(p-fluorphenyl)-2-methyl-4-pyridinone (HPFP). Maltol (1.80 g, 14.5 mmol)

and p-fluoraniline (3.30 g, 29.0 mmol) in 0.35 M HCl (20 mL) were heated at 165 °C for 

30 min (max. 100 W). After cooling to room temperature, the crystals were filtered off and 

recrystallized from hot methanol. The solution was allowed to stand at + 4 °C overnight, the 

light brown crystals were filtered off, washed with cold methanol (10 mL) and dried in vacuo. 

Yield: 1.70 g (54%). 
1
H NMR (500.10 MHz, CDCl3): δ 7.27–7.33 (m, 3H), 7.22–7.27 (m,

2H), 6.48 (d, 
3
J = 8 Hz, 1H), 5.69 (broad s, 1H), 2.12 (s, 3H). Elemental Anal. Calc for

C12H10FNO2: C, 65.75; H, 4.60; N, 6.39; Found: C, 65.43; H, 4.22; N, 6.38%. Crystals 

suitable for X-ray measurements were obtained from hot methanol by slow cooling to room 

temperature.  

[N1888][Cl]/HPNP: To a solution of HPNP (200 mg, 0.80 mmol) in chloroform (40 mL) 

trioctylmethylammonium chloride (322 mg, 0.80 mmol) in chloroform (3 mL) was added and 

the solution was stirred for 3 h at room temperature. After complete evaporation, the residue 

was dried in vacuo, yielding a violet semi-solid. Yield: 522 mg (100%). 
1
H NMR 
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(500.10 MHz, CDCl3): δ 8.02 (d, 
3
J = 8 Hz, 1H, H6), 7.97 (d, 

3
J = 8 Hz, 1H), 7.52–7.62 (m,

3H), 7.41–7.45 (m, 3H), 7.32 (d, 
3
J = 6 Hz, 1H), 7.28 (d, 

3
J = 8 Hz, 1H), 6.52 (d, 

3
J = 6 Hz,

1H, H5), 3.15–3.25 (m, 6H, N-CH2), 2.96 (s, 3H, N-CH3), 2.19 (s, 3H, -CH3), 1.56–1.66 (m, 

6H, -CH2-), 1.20–1.37 (m, 30H, -CH2-), 0.83–0.91 (m, 9H, -CH3). 
13

C{
1
H} NMR (125.76

MHz, CDCl3): δ 170.4, 138.0, 134.3, 130.4, 128.6, 128.4, 127.4, 126.3, 125.8, 125.3, 125.0, 

124.8, 121.7. 121.0, 118.7, 111.1, 109.6, 64.7, 61.3, 48.7, 31.8, 31.6, 29.4, 29.3, 29.1, 29.0, 

26.3, 22.6, 22.3, 14.1, 14.0, 12.8. IR (ATR, selected bands, νmax): 2926, 2857, 1569, 1464, 

1392, 1297, 1038, 832, 770, 725, 586 cm
−1

. UV–Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 220

(52925), 292 (11066). 

[P66614][Cl]/HPNP: To a solution of HPNP (200 mg, 0.80 mmol) in chloroform (40 mL) 

tetradecyltrihexylphosphonium chloride (413 mg, 0.93 mmol) in chloroform (3 mL) was 

added and the solution was stirred for 3 h at room temperature. After complete evaporation, 

the residue was dried in vacuo, yielding a violet semi-solid. Yield: 613 mg (100%). 
1
H NMR

(500.10 MHz, CDCl3): δ 8.00-8.04 (d, 
3
J = 8 Hz, 1H, H6), 7.98 (d, 

3
J = 8 Hz, 1H), 7.52–7.62

(m, 3H), 7.41–7.45 (m, 3H), 7.33 (d, 
3
J = 6 Hz, 1H), 7.28 (d, 

3
J = 8 Hz, 1H), 6.53 (d, 

3
J = 6

Hz, 1H, H5), 2.31–2.43 (m, 9H, P-CH2), 1.96 (s, 3H, -CH3), 1.41–1.55 (m, 6H, -CH2-), 1.20–

1.34 (m, 30H, -CH2-), 0.83–0.91 (m, 12H, -CH3). 
13

C{
1
H} NMR (125.76 MHz, CDCl3): δ

170.4, 145.6, 139.0, 137.8, 134.3, 130.3, 129.9, 129.6, 128.6, 128.4, 127.4, 125.3, 125.1, 

121.6, 111.0, 31.9, 31.1, 30.8, 30.7, 30.5, 30.4, 29.6, 29.5, 29.3, 29.0, 22.7, 22.3, 21.9, 19.2, 

18.8, 14.1, 13.9, 12.8. IR (ATR, selected bands, νmax): 2926, 2858, 1573, 1462, 1386, 1209, 

1037, 831, 770, 721, 578 cm
−1

. UV–Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 220 (50307), 292

(6564). 

[N1888][Cl]/HPTP: To a solution of HPTP (200 mg, 0.93 mmol) in chloroform (20 mL) 

trioctylmethylammonium chloride (376 mg, 0.93 mmol) in chloroform (3 mL) was added and 

the solution was stirred for 3 h at room temperature. After complete evaporation, the residue 

was dried in vacuo, yielding a white semi-solid. Yield: 576 mg (100%). 
1
H NMR 

(500.10 MHz, CDCl3): δ 7.27–7.34 (m, 3H), 7.14 (d, 
3
J = 8 Hz, 1H), 6.45 (d, 

3
J = 8 Hz, 1H, ),

3.32–3.40 (m, 6H, N-CH2), 3.35 (s, 3H, N-CH3), 2.45 (s, 3H, -CH3), 2.10 (s, 3H, -CH3), 1.60–

1.70 (m, 6H, -CH2-), 1.19–1.42 (m, 42H, -CH2-), 0.84–0.92 (m, 9H, -CH3). 
13

C{
1
H} NMR

(125.76 MHz, CDCl3): δ 177.4, 170.0, 139.8, 139.3, 137.6, 130.4, 126.4, 110.8, 61.4, 48.8, 

31.8, 31.6, 29.4, 29.4, 29.2, 29.1, 29.0, 26.3, 22.6, 22.6, 22.3. IR (ATR, selected bands, νmax): 
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3163, 2926, 2854, 1573, 1462, 1393, 1301, 1231, 1036, 818, 721, 645, 607 cm
−1

. UV–Vis in 

MeOH, λ, nm (ε, M
–1

 cm
–1

): 203 (15951), 290 (7593). 

 

[P66614][Cl]/HPTP: To a solution of HPTP (200 mg, 0.93 mmol) in chloroform (20 mL) 

tetradecyltrihexylphosphonium chloride (482 mg, 0.93 mmol) in chloroform (3 mL) was 

added and the solution was stirred for 3 h at room temperature. After complete evaporation, 

the residue was dried in vacuo, yielding a white semi-solid. Yield: 576 mg (100%). 
1
H NMR 

(500.10 MHz, CDCl3): δ 7.29–7.35 (m, 3H), 7.15 (d, 
3
J = 8 Hz, 1H), 6.47 (d, 

3
J = 8 Hz, 1H, 

H5), 2.41 (s, 3H, -CH3), 2.38–2.47 (m, 8H, P-CH2), 2.11 (s, 3H, -CH3), 1.44–1.59 (m, 8H, -

CH2-), 1.22–1.37 (m, 30H, -CH2-), 0.86–0.94 (m, 12H, -CH3). 
13

C{
1
H} NMR (125.76 MHz, 

CDCl3): δ 170.0, 139.8, 139.2, 137.6, 130.4, 126.5, 110.7, 31.9, 31.1, 30.8, 30.6, 30.4, 26.7, 

29.6, 29.5, 29.3, 29.0, 22.7, 22.3, 22.0, 21.9, 19.3, 19.0, 14.1, 13.9, 13.6. IR (ATR, selected 

bands, νmax): 2923, 2854, 1624, 1575, 1466, 1377, 1320, 1096, 816, 719 cm
−1

. UV–Vis in 

MeOH, λ, nm (ε, M
–1

 cm
–1

): 202 (12839), 226 (6606), 290 (5245). 

 

[N1888][Cl]/HPAP: To a solution of HPAP (200 mg, 0.86 mmol) in chloroform (40 mL) 

trioctylmethylammonium chloride (350 mg, 0.86 mmol) in chloroform (3 mL) was added and 

the solution was stirred for 3 h at room temperature. After complete evaporation, the residue 

was dried in vacuo, yielding an off-white semi-solid. Yield: 550 mg (100%). 
1
H NMR 

(500.10 MHz, CDCl3): δ 7.28–7.32 (m, 1H, H6), 7.20 (d, 
3
J = 9 Hz, 2H), 7.02 (d, 

3
J = 6 Hz, 

2H), 6.47 (d, 
3
J = 8 Hz, 1H, H5), 3.90 (s, 3H, -OCH3), 3.42–3.49 (m, 6H, N-CH2), 3.33 (s, 

3H, N-CH3), 2.12 (s, 3H, -CH3), 1.62–1.72 (m, 6H, -CH2-), 1.21–1.45 (m, 42H, -CH2-), 0.84–

0.94 (m, 9H, -CH3). 
13

C{
1
H} NMR (125.76 MHz, CDCl3): δ 170.0, 160.0, 137.8, 127.8, 

114.9, 110.7, 61.2, 55.7, 48.7, 31.8, 31.6, 29.4, 29.2, 29.1, 29.0, 26.3, 22.6, 22.4, 14.0, 13.5. 

IR (ATR, selected bands, νmax): 2926, 2856, 1578, 1507, 1378, 1245, 1032, 822, 725, 

609 cm
−1

. UV–Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 202 (21446), 225 (12585), 289 (9954). 

 

[N1888][Cl]/HPAP: To a solution of HPAP (200 mg, 0.86 mmol) in chloroform (45 mL) 

tetradecyltrihexylphosphonium chloride (449 mg, 0.86 mmol) in chloroform (3 mL) was 

added and the solution was stirred for 3 h at room temperature. After complete evaporation, 

the residue was dried in vacuo, yielding an off-white semi-solid. Yield: 645 mg (100%). 
1
H 

NMR (500.10 MHz, CDCl3): δ 7.25 (d, 
3
J = 7 Hz, 1H, H6), 7.15 (d, 

3
J = 9 Hz, 2H), 6.97 (d, 

3
J 

= 9 Hz, 2H), 6.39 (d, 
3
J = 7 Hz, 1H, H5), 3.84 (s, 3H, -OCH3), 2.33–2.46 (m, 8H, P-CH2), 

2.06 (s, 3H, -CH3), 1.39–1.55 (m, 6H, -CH2-), 1.17–1.32 (m, 42H, -CH2-), 0.81–0.90 (m, 9H, 
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-CH3). 
13

C{
1
H} NMR (125.76 MHz, CDCl3): δ 176.8, 169.9, 160.0, 145.4, 137.8, 134.4,

128.8, 127.8, 114.9, 110.6, 55.7, 31.9, 31.1, 30.8, 30.7, 30.5, 30.4, 29.6, 29.5, 29.3, 29.0, 22.6, 

22.3, 21.9, 19.2, 18.9, 14.1, 13.9, 13.5. IR (ATR, selected bands, νmax): 3151, 3041, 2928, 

2857, 1620, 1570, 1505, 1297, 1233, 1166, 1107, 1031, 822, 741 cm
−1

. UV–Vis in MeOH, λ,

nm (ε, M
–1

 cm
–1

): 202 (29148), 225 (18412), 289 (15130).

[P66614][Cl]/HPFP: To a solution of HPFP (200 mg, 0.91 mmol) in chloroform (40 mL) 

trioctylmethylammonium chloride (369 mg, 0.91 mmol) in chloroform (3 mL) was added and 

the solution was stirred for 3 h at room temperature. After complete evaporation, the residue 

was dried in vacuo, yielding a light brown semi-solid. Yield: 569 mg (100%). 
1
H NMR

(500.10 MHz, CDCl3): δ 7.19–7.32 (m, 6H, H6), 6.34 (d, 
3
J = 7 Hz, 1H, H5), 3.31–3.38 (m,

6H, N-CH2), 3.26 (s, 3H, N-CH3), 2.09 (s, 3H, -CH3), 1.60–1.69 (m, 6H, -CH2-), 1.19–1.41 

(m, 40H, -CH2-), 0.83–0.91 (m, 9H, -CH3). 
13

C{
1
H} NMR (125.76 MHz, CDCl3): δ 170.2,

163.7, 161.7, 137.4, 136.1, 128.7, 128.7, 117.0, 116.8, 111.1, 61.4, 48.8, 31.8, 31.6, 29.4, 

29.2, 29.1, 29.0, 26.3, 22.6, 22.4, 14.1, 14.0, 13.6. IR (ATR, selected bands, νmax): 2926, 

2857, 1580, 1506, 1383, 1220, 837, 725 cm
−1

. UV–Vis in MeOH, λ, nm (ε, M
–1

 cm
–1

): 203

(11438), 221(6277), 290 (8958). 

[P66614][Cl]/HPFP: To a solution of HPFP (200 mg, 0.91 mmol) in chloroform (45 mL) 

tetradecyltrihexylphosphonium chloride (473 mg, 0.91 mmol) in chloroform (3 mL) was 

added and the solution was stirred for 3 h at room temperature. After complete evaporation, 

the residue was dried in vacuo, yielding a slightly brown semi-solid. Yield: 671 mg (100%). 

1
H NMR (500.10 MHz, CDCl3): δ 7.21–7.32 (m, 6H), 6.47 (d, 

3
J = 7 Hz, 1H, H5), 2.38–2.47

(m, 8H, P-CH2), 2.11 (s, 3H, -CH3), 1.45–1.60 (m, 8H, -CH2-), 1.22–1.37 (m, 30H, -CH2-), 

0.86–0.95 (m, 12H, -CH3). 
13

C{
1
H} NMR (125.76 MHz, CDCl3): δ 170.2, 163.7, 161.8,

137.6, 128.8, 128.7, 117.0, 116.9, 111.0, 31.9, 31.1, 30.8, 30.7, 30.5, 30.4, 29.7, 29.6, 29.5, 

29.3, 29.0, 22.7, 22.3, 21.9, 19.3, 18.9, 14.1, 13.9, 13.6. IR (ATR, selected bands, νmax): 2926, 

2857, 1578, 1507, 1462, 1382, 1215, 1101, 1008, 982, 834, 722, 646 cm
−1

. UV–Vis in

MeOH, λ, nm (ε, M
–1

 cm
–1

): 202 (13854), 223 (7271), 290 (6406).

[Cu(PTP)2]: To a solution of HPTP (20 mg, 0.09 mmol) in methanol (5 mL) potassium 

hydroxide (5 mg, 0.10 mmol) was added and stirred for 10 minutes. CuCl2∙2H2O (7 mg, 

0.05 mmol) was added and for the reaction mixture was stirred for 30 minutes. Single crystals 

suitable for X-ray diffraction analysis were collected by slow evaporation from methanol. 
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[Cu(PNP)2]: To a solution of HPNP (20 mg, 0.08 mmol) in methanol (5 mL) potassium 

hydroxide (5 mg, 0.09 mmol) was added and stirred for 10 minutes. CuCl2∙2H2O (7 mg, 

0.04 mmol) was added and for the reaction mixture was stirred for 30 minutes. Single crystals 

suitable for X-ray diffraction analysis were collected by slow evaporation from methanol. 

 

2.3. Leaching measurements 

Leaching of the ionic liquids into the water phase was determined as follows: 100 mg of IL 

were shaken with double distilled water (5 mL) for 1 h, 2 h, 4 h and 24 h, respectively. 1.2 mL 

of the solution was diluted with 10.8 mL double distilled water. The samples were acidified 

with HCl to pH ≈ 2 and purged with carrier gas for 5 min prior to combustion in the TOC 

analyzer.  

 

2.4. Metal ion extraction experiments 

100 mg of the organic mixture was shaken with 5 mL metal containing solution for 1 h, 2 h, 

4 h and 24 h to reach equilibrium at 150 rpm. All model solutions contained 0.1 M CaCl2 for 

correct ionic strength of the sample; the pH was adjusted to 7 by adding HNO3 and NaOH. 

The phases were separated and the aqueous phase composition was analysed by flame atomic 

absorption spectroscopy in a working range of 0.01–5.00 mg Cu
2+

/L and 0.01–1 mg Zn
2+

/L, 

respectively. All extraction experiments were done at least threefold and extraction 

efficiencies were calculated by the following equation: 

 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑐𝑖 −  𝑐𝑓 

𝑐𝑖
∗ 100 

 

where ci and cf are the metal concentrations in the aqueous phase before and after extraction, 

respectively.  

 

2.5. Single-crystal X-ray diffraction analysis 

Single crystals of HPNP, HPAP, HPFP, [Cu(PNP)2] and [Cu(PTP)2] suitable for X-ray 

were obtained by slow diffusion from methanol or ethanol. The X-ray intensity data were 

measured on a Bruker D8 Venture equipped with multilayer monochromators, Mo K/a 

INCOATEC micro focus sealed tube and Kryoflex II cooling device. The structures were 

solved by direct methods and refined by full-matrix least-squares techniques. Non-hydrogen 
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atoms were refined with anisotropic displacement parameters. Hydrogen atoms were inserted 

at calculated positions and refined with riding coordinates. The following software was used: 

Frame integration, Bruker SAINT software package
24

 using a narrow-frame algorithm,

Absorption correction, SADABS
25

, structure solution, SHELXS-2013
26

, refinement, SHELXL-

2013
26

, OLEX2
27

, SHELXLE
28

, molecular diagrams, OLEX2
27

. Experimental data can be

found in Table 1. Crystal data, data collection parameters and structure refinement details are 

given in the Supplementary Information. 

Table 1. Experimental parameter of the obtained crystal structures. 

Sample Machine Source Temp. 
Detector 

Distance 

Time/ 

Frame 
#Frames 

Frame 

width 

[K] [mm] [s] [°] 

HPNP Bruker MoKα 90 35 24 2695 0.4 

HPAP Bruker MoKα 100 35 2 1429 0.4 

HPFP Bruker MoKα 90 35 16 811 0.4 

[Cu(PNP)2] Bruker MoKα 100 40 32 1471 0.4 

[Cu(PTP)2] Bruker MoKα 100 35 24 722 0.4 

3. Results and discussion

3.1 Synthesis and characterization of organic compounds 

The structures of the synthesized compounds are shown in Figure 1. The various 4-aryl-

pyridinones were easily obtained in microwave-assisted reactions by heating maltol with 4-

aryl-amines in aqueous hydrochloric solutions.  
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Figure 1. Synthetic pathway. 

Recrystallization from methanol and ethanol afforded the pure 4-aryl-pyridinones in good to 

moderate yields. Further reactions with trioctylmethylammonium chloride and 

tetradecyltrihexylphosphonium chloride led to new organic mixtures suitable for heavy metal 

extraction. These newly synthesized mixtures were characterized by 
1
H and 

13
C NMR, UV–

vis and FTIR measurements. Synthesis of pyridone-based ionic liquids failed; commonly used 

deprotonation-metathesis reaction of 3-hydroxy-pyridones either with [N1888][Cl] or 

[P66614][Cl] did not lead to the desired ionic liquids. During the working-up step as extraction 

of water to remove inorganic salts, the alkoxy group reprotonated and so the preferred ionic 

liquids could not be obtained. Nevertheless, the 3-hydroxy-pyridinones in ionic liquids are 

suitable for heavy metal extraction experiments.  
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3.2 Physicochemical properties 

All eight prepared substances are semi-solids at room temperature and show hygroscopic 

behavior. The leaching values are displayed in Table 2.  

 

Table 2. Physicochemical properties at room temperature. 

Compound Appearance Leaching [mg C L
-1

] 

  1 h 2 h 4 h 24 h 

[N1888][Cl]/HPNP semi-solid 103 136 159 275 

[P66614][Cl]/HPNP semi-solid 136 138 157 277 

[N1888][Cl]/HPTP semi-solid 156 184 299 400 

[P66614][Cl]/HPTP semi-solid 153 181 204 375 

[N1888][Cl]/HPAP semi-solid 254 296 322 512 

[P66614][Cl]/HPAP semi-solid 198 205 322 462 

[N1888][Cl]/HPFP semi-solid 172 182 307 794 

[P66614][Cl]/HPFP semi-solid 198 239 249 766 

 

The leaching behavior into an aqueous phase plays a crucial role in the application of 

extracting agents. Leaching experiments were performed in 0.1 M CaCl2 solutions to compare 

them with the results from the extraction experiments. The highest values of the leaching into 

an aqueous phase were found for [N1888][Cl]/HPFP with 794 mg of dissolved carbon after 

24 h. As follows from Table 2, there is no trend between the leaching behavior between 

ammonium and phosphonium compounds. 

 

3.3 Extraction studies 

Liquid-liquid extraction of Cu
2+

 by [N1888][Cl]/HPNP, [P66614][Cl]/HPNP, [N1888][Cl]/HPNP, 

[P66614][Cl]/HPNP, [N1888][Cl]/HPAP, [P66614][Cl]/HPAP, [N1888][Cl]/HPFP and 

[P66614][Cl]/HPFP are shown in Figure 2 and Figure 3. All new substances extracted > 90% of 

Cu
2+

 after 24 h. Less than 2% of copper remained in the aqueous phase after 24 h. However, 

only 15% copper was removed by [N1888][Cl]/HPTP within 1 h. Regarding the cation, there is 

no significant difference between the ammonium and phosphonium counterparts regarding 

their extraction abilities. Another interesting point is that the different substituents of the 

phenyl ring show no impact on the extraction efficacy.  
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Figure 2. Time-dependent Cu
2+

 extraction at pH 7 (initial). 

Figure 3. Time-dependent Zn
2+

 extraction at pH 7 (initial).

As can be seen in Figure 3, the extraction rates for Zn
2+

 are in general lower than for copper.

The most likely explanation could be low stability of the zinc complexes, so that zinc is bound 

and released during the extraction experiments. The graph indicates that only 

[N1888][Cl]/HPNP and [P66614][Cl]/HPNP were able to extract more than 95% zinc. Less than 

60% of zinc was extracted with [P66614][Cl]/HPAP and [N1888][Cl]/HPFP after 24 h. So far, 

the significance of the chemical behavior of the substituents of the phenyl ring is not clear. 
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3.4 X-ray crystal structures 

Figure 4. X-ray single crystal structure of [Cu(PNP)2]. 

[Cu(PNP)2] crystallized in the triclinic space group P1, while [Cu(PTP)2] in the monoclinic 

space group P21/n. The coordination geometry for copper(II) in [Cu(PNP)2] and [Cu(PTP)2] 

can be described as square-planar (Figure 4 and Figure 5), while in both structures, a neutral 

complex was formed. The existence of these two structures could imply that a neutral 

copper(II) complex is formed during the extraction process. 

One possible extraction mechanism could be: 

Cu
2+

 + HPTP  [Cu(PTP)]
+
 + H

+

[Cu(PTP)]
+
 + HPTP  [Cu(PTP)2] + H

+

Cu
2+

 + HPNP  [Cu(PNP)]
+
 + H

+

[Cu(PNP)]
+
 + HPTP  [Cu(PNP)2] + H

+

Figure 5. X-ray single crystal structure of [Cu(PTP)2]. 
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4. Conclusion

Summing up the results, we report the extraction of copper(II) and zinc(II) from aqueous 

solutions using four different 1-aryl-3-hydroxy-2-methyl-4-pyridinones either in [N1888][Cl] 

or [P66614][Cl]. The reaction parameters for HPNP, HPTP, HPFP, and HPAP have been 

optimized under microwave conditions achieving an easy working-up and a cost-saving 

method for a broad range of 3-hydroxy-2-methyl-1-aryl-4-pyridinones. Mixing these organic 

compounds in [N1888][Cl] and [P66614][Cl] afforded new substances which were characterized 

by 
1
H and 

13
C NMR, infrared and UV-Vis spectroscopy. HPTP in [N1888][Cl] showed very

good extraction behaviour for Cu
2+

 and Zn
2+

 and could be utilized as an extracting agent. X-

ray crystal structures of [Cu(PTP)2] and [Cu(PNP)2] indicate a square-planar coordination 

geometry of copper(II). All eight mixtures extracted more than 90% of Cu(II) after 24 h. The 

best results showed HPNP in [N1888][Cl] with an extraction efficacy of Cu
2+

 of 98%. For

HPAP and HPFP in [N1888][Cl] and [P66614][Cl], only moderate extraction efficiency for Zn
2+

was observed. Further research on the extraction mechanisms to extend our knowledge of 

metal removal is ongoing. In our future research we intend to concentrate on continuing on 

synthetic modifications of pyridinones towards their use as carriers of (naturally occurring) 

radionuclides as well on the reduction of the leaching behaviour.  
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1. X-ray data for [Cu(PNP)2].

Table S1. Sample and crystal data, data collection and structures refinement of [Cu(PNP)2]. 

Chemical formula C32H24CuN2O4 Crystal system triclinic 

Formula weight [g/mol] 564.07 Space group P-1

Temperature [K] 100 Z 2 

Measurement method \Φ and \ω scans Volume [Å3] 1292.67(14) 

Radiation (Wavelength 

[Å]) 
MoKα (λ = 0.71073) 

Unit cell 

dimensions  [Å] 

and [°] 

9.3877(6) 81.421(2) 

Crystal size / [mm3] 0.196 × 0.071 × 0.046 11.3907(7) 85.479(2) 

Crystal habit clear yellow block 12.8039(8) 72.838(2) 

Density (calculated) / 

[g/cm3] 
1.449 

Absorption 

coefficient / [mm-1] 
0.887 

Abs. correction Tmin 0.5886 
Abs. correction 

Tmax 
0.746 

Abs. correction type multiscan F(000) [e-] 582 

Index ranges 
-13 ≤ h ≤ 13, -16 ≤ k ≤

15, -18 ≤ l ≤ 18 
Theta range for 

data collection [°] 
3.776 to 60.208 

Reflections number 28517 
Data / restraints / 

parameters 
7571/0/357 

Refinement method Least squares 

Final R indices 

all data R1 = 0.0666, wR2 = 0.1211 

Function minimized Σ w(Fo
2 - Fc

2)2 I>2σ(I) R1 = 0.0469, wR2 = 0.1137 

Goodness-of-fit on F2 1.077 

Weighting scheme 

w=1/[σ2(Fo
2)+2.6190P]

Largest diff. peak and 

hole [e Å-3] 
0.85/-0.35 where P=(Fo

2+2Fc
2)/3

124

- Results and discussion -



2. X-ray data for [Cu(PTP)2].

Table S2. Sample and crystal data, data collection and structures refinement of [Cu(PTP)2]. 

Chemical formula C27H28CuN2O5 Crystal system monoclinic 

Formula weight [g/mol] 524.05 Space group P21/n 

Temperature [K] 100 Z 4 

Measurement method \Φ and \ω scans Volume [Å3] 2398.4(6) 

Radiation (Wavelength 

[Å]) 
MoKα (λ = 0.71073) 

Unit cell 

dimensions  [Å] 

and [°] 

16.713(2) 90 

Crystal size / [mm3] 0.405 × 0.317 × 0.028 8.9938(11) 114.526(5) 

Crystal habit clear yellow block 17.538(3) 90 

Density (calculated) / 

[g/cm3] 
1.451 

Absorption 

coefficient / [mm-1] 
0.952 

Abs. correction Tmin 0.5886 
Abs. correction 

Tmax 
0.746 

Abs. correction type multiscan F(000) [e-] 1092 

Index ranges 
-20 ≤ h ≤ 20, -10 ≤ k ≤

10, -21 ≤ l ≤ 21 
Theta range for 

data collection [°] 
4.402 to 50.692 

Reflections number 20392 
Data / restraints / 

parameters 
4386/0/322 

Refinement method Least squares 

Final R indices 

all data R1 = 0.0496, wR2 = 0.1263 

Function minimized Σ w(Fo
2 - Fc

2)2 I>2σ(I) R1 = 0.0463, wR2 = 0.1216 

Goodness-of-fit on F2 1.056 

Weighting scheme 

w=1/[σ2(Fo
2)+2.6190P]

Largest diff. peak and 

hole [e Å-3] 
1.47/-1.11 where P=(Fo

2+2Fc
2)/3

125

- Results and discussion -



 

3. X-ray data of HPNP. 

 

Figure S1. Asymmetric unit of HPNP, drawn with 50% displacement ellipsoids.  

 

Table S3. Crystal data and structure refinement for HPNP. 

Chemical formula C16H13NO2 Crystal system monoclinic 

Formula weight [g/mol] 251.27 Space group P21/n 

Temperature [K] 90 Z 4 

Measurement method \Φ and \ω scans Volume [Å3] 1212.70(9) 

Radiation (Wavelength 

[Å]) 
MoKα (λ = 0.71073) 

Unit cell 

dimensions  [Å] 

and [°] 

12.5257(6) 90 

Crystal size / [mm3] 0.102 × 0.088 × 0.049   7.8911(3) 114.8152(17) 

Crystal habit clear yellow block   13.5172(6) 90 

Density (calculated) / 

[g/cm3] 
1.376 

Absorption 

coefficient / [mm-1] 
0.091 

Abs. correction Tmin    0.5886 
Abs. correction 

Tmax 
0.746 

Abs. correction type     multiscan F(000) [e-] 528 

          

Index ranges 
-17 ≤ h ≤ 17, -11 ≤ k ≤ 

11, -19 ≤ l ≤ 19 
Theta range for 

data collection [°] 
5.818 to 60.266 

Reflections number              57892 
Data / restraints / 

parameters 
3575/0/177 

Refinement method Least squares 

Final R indices 

all data R1 = 0.0679, wR2 = 0.1235 

Function minimized Σ w(Fo
2 - Fc

2)2  I>2σ(I) R1 = 0.0466, wR2 = 0.1124 

Goodness-of-fit on F2 1.026 

Weighting scheme 

w=1/[σ2(Fo
2)+2.6190P] 

Largest diff. peak and 

hole [e Å-3] 
0.56/-0.23 where P=(Fo

2+2Fc
2)/3 
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4. X-ray of HPAP.

Figure S2. Asymmetric unit of HPAP, drawn with 50% displacement ellipsoids. 

Table S4. Crystal data and structure refinement for HPAP. 

Chemical formula C13H13NO3 Crystal system monoclinic 

Formula weight [g/mol] 231.24 Space group C2/c 

Temperature [K] 100 Z 8 

Measurement method \Φ and \ω scans Volume [Å3] 2251.18(13) 

Radiation (Wavelength 

[Å]) 
MoKα (λ = 0.71073) 

Unit cell 

dimensions  [Å] 

and [°] 

10.7399(3) 90 

Crystal size / [mm3] 0.676 × 0.629 × 0.33 16.4220(5) 109.3833(11) 

Crystal habit clear yellow block 13.5308(6) 90 

Density (calculated) / 

[g/cm3] 
1.365 

Absorption 

coefficient / [mm-1] 
0.098 

Abs. correction Tmin 0.5886 
Abs. correction 

Tmax 
0.746 

Abs. correction type multiscan F(000) [e-] 976 

Index ranges 
-15 ≤ h ≤ 15, -23 ≤ k ≤

23, -19 ≤ l ≤ 19 
Theta range for 

data collection [°] 
4.724 to 60.152 

Reflections number 29594 
Data / restraints / 

parameters 
3292/0/160 

Refinement method Least squares 

Final R indices 

all data R1 = 0.0479, wR2 = 0.1211 

Function minimized Σ w(Fo
2 - Fc

2)2 I>2σ(I) R1 = 0.0424, wR2 = 0.1164 

Goodness-of-fit on F2 1.049 

Weighting scheme 

w=1/[σ2(Fo
2)+2.6190P]

Largest diff. peak and 

hole [e Å-3] 
0.50/-0.28 where P=(Fo

2+2Fc
2)/3
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5. X-ray data of HPFP.

Figure S3. Asymmetric unit of HPFP, drawn with 50% displacement ellipsoids. 

Table S5. Crystal data and structure refinement for HPFP. 

Chemical formula C12H10FNO2 Crystal system monoclinic 

Formula weight [g/mol] 219.21 Space group C2/c 

Temperature [K] 90 Z 8 

Measurement method \Φ and \ω scans Volume [Å3] 2088.30(16) 

Radiation (Wavelength 

[Å]) 
MoKα (λ = 0.71073) 

Unit cell 

dimensions  [Å] 

and [°] 

19.4306(9) 90 

Crystal size / [mm3] 0.313 × 0.126 × 0.05 8.7380(3) 120.016(2) 

Crystal habit clear yellow block 14.2047(7) 90 

Density (calculated) / 

[g/cm3] 
1.394 

Absorption 

coefficient / [mm-1] 
0.107 

Abs. correction Tmin 0.5886 
Abs. correction 

Tmax 
0.746 

Abs. correction type multiscan F(000) [e-] 912 

Index ranges 
-26 ≤ h ≤ 27, -12 ≤ k ≤

10, -19 ≤ l ≤ 19 
Theta range for 

data collection [°] 
4.842 to 60.202 

Reflections number 15206 
Data / restraints / 

parameters 
3047/0/150 

Refinement method Least squares 

Final R indices 

all data R1 = 0.0489, wR2 = 0.1203 

Function minimized Σ w(Fo
2 - Fc

2)2 I>2σ(I) R1 = 0.0421, wR2 = 0.1144 

Goodness-of-fit on F2 1.039 

Weighting scheme 

w=1/[σ2(Fo
2)+2.6190P]

Largest diff. peak and 

hole [e Å-3] 
0.43/-0.32 where P=(Fo

2+2Fc
2)/3
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4 Conclusion and outlook 

Within this doctoral thesis, different task-specific ionic liquids based on long alkyl 

chain quaternary ammonium and phosphonium cations have been synthesized and 

extensively characterized. Selected anions like maltol and thioglycolate derivatives 

were chosen because of their well-known affinities toward a broad variety of metal 

ions. The novel ionic liquids prepared in this work, namely methyltrioctylammonium 

maltolate ([A336][Mal]), trihexyltetradecylphosphonium maltolate ([C101][Mal]), 

methyltrioctylammonium butylsulfanyl acetate ([N1888][C4SAc]), 

methyltrioctylammonium pentylsulfanyl acetate ([N1888][C5SAc]), 

methyltrioctylammonium hexylsulfanyl acetate ([N1888][C6SAc]), 

methyltrioctylammonium benzylsulfanyl acetate ([N1888][BnSAc]), 

methyltrioctylphosphonium butylsulfanyl acetate ([P1888][C4SAc]), 

methyltrioctylphosphonium pentylsulfanyl acetate ([P1888][C5SAc]), 

methyltrioctylphosphonium hexylsulfanyl acetate ([P1888][C6SAc]) and 

methyltrioctylphosphonium benzylsulfanyl acetate ([P1888][BnSAc]), were 

characterized by 1H NMR, 13C NMR, ESI-MS, UV-Vis, IR and their halide content 

was determined by elemental analysis. Moreover, the physicochemical properties 

(including viscosities, densities, water content and conductivities) were elaborately 

studied.  

In the first part of this work, [A336][Mal] and [C101][Mal] were synthesized after the 

applied anion metathesis route with less than 1.5% chloride. Uranium and its 

daughter progenies were removed from aqueous model solutions by pH-dependent 

liquid-liquid extraction after 22 h. The tested compounds show excellent extraction 

behavior toward uranium, polonium and thorium whereas lead and radium were only 

insufficiently removed. It was found out that the impact of the respective cation is 

negligible. 

In order to facilitate the conventional synthetic route, commercially available 

ammonium and phosphonium methyl carbonates were used for the thioglycolate-

derived ionic liquids. Under the optimized conditions, a set of eight task-specific ionic 

liquids was obtained in a two-step synthesis in very good yields and high purity. Only 

methanol and carbon dioxide are formed in the IL forming reaction simplifying the 
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purification enormously. The residual halide (bromide and iodide) content of the 

prepared TSILs was less than 0.1%. Flame atomic absorption spectroscopy was 

analytically used for the metal quantification in the aqueous phases. As possible 

leaching into the aqueous phase is limiting for the application of an IL, all prepared 

substances have been evaluated on their leaking behavior by measuring the 

dissolved organic carbon content. With a leaching of less than 1%, the thioglycolate-

based ILs are very suitable for heavy metal extraction from cadmium(II), zinc(II) and 

copper(II) polluted wastewaters. However, cobalt(II) and nickel(II) were only poorly 

extracted within 4 h. A possible suppression of the leaching can be performed by 

immobilization of the IL, but the metal removal is slower for the immobilized ILs. 

Within these studies, immobilization on polypropylene hollow fibers and active 

charcoal were investigated for solid-liquid extraction which enabled a facilitated 

phase separation after the extraction process. The reusability of the developed 

compounds is a key element for an industrial application, so the recycling of the 

extracting agents was performed with different stripping agents where sulfuric acid 

and hydrochloric acid performed very promising results.  

Another investigated aspect was the evaluation of the toxicity of [N1888][C6SAc], 

[P1888][C6SAc], [N1888][Cl] and [P66614][Cl], which was performed by acute toxicity 

assays on three green freshwater algae species (Acutodesmus obliquus, 

Desmodesmus armatus and Raphidocelis subcapitata). As all of the ionic liquids 

consist of long alkyl chains, they show acute toxicity after 72 h toward these algae 

species. 

Additionally, the extraction properties of different N-aryl pyridinones in [N1888][Cl] and 

[P66614][Cl] was tested toward copper and zinc containing aqueous solutions. Best 

removals were achieved using HPNP in [N1888][Cl] and [P66614][Cl]. Single X-ray 

crystal structures revealed a square-planar coordination geometry of copper(II) to our 

extracting compound.  

From the outcome of this work, we have shown several possibilities to extract a 

broad range of metals from aqueous model solutions with our compounds. Future 

investigations have to clear the toxic impact of the immobilized and non-immobilized 

TSILs for a safe and sustainable application. 
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