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Abstract 
 

 Since the rise of industrialization, discharging of industrial wastewater 

containing heavy metals, such as from mining, agricultural plants, electronic 

waste, and pharmaceutical industries, has raised serious concerns due to their 

high toxicities to environment and the human body. Further, metal-containing 

wastewater treatments are generally complicated, costly, and energy intensive. 

To combat such issues, ionic liquids have been investigated to simplify the 

wastewater treatment processes. The previous studies have shown potential 

uses of ionic liquids in separation of metal ions from aqueous solutions by 

means of a biphasic system. 

In this project, ionic liquids with quaternary triethylammonium cation 

and bis(trifluoromethylsulfonyl)amide anion were synthesized and compared to 

extract Co(II), Cu(II), Pb(II), and Hg(II) from aqueous phase. Two groups of 

ionic liquids containing alkane or ethylene glycol functional group were 

studied. To further enhance the extraction efficiency, 2-thenoyltrifluoroacetone 

was added to the ionic liquid systems. The outcome of the extractions and 

interaction of water, ionic liquids, and 2-thenoyltrifluoroacetone were analysed 

by ICP-OES, UV-vis spectroscopy, TGA analysis, and ATR-FTIR 

spectroscopy.  
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Abbreviations and Acronyms 

 

A- Anion 

atm Atmospheres 

ATR-FTIR Attenuated Total Reflection-Fourier-
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Ci Initial Concentration of Metal 
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CF3 Trifluoromethane Group 

D Distribution Constant 
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Emission Spectroscopy 
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IL Ionic Liquid 

λ Wavelength 
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M+ Metal Ion 
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NMR Nuclear Magnetic Resonance 
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1. Introduction 

1.1. Water Treatment 

Contamination of water sources by anthropogenic activities is a serious 

concern as the level of contamination of water has raised due to the increase in 

industrialization, population growth, and urbanization.1 The damages to 

environment and human bodies by contaminated water may result in serious 

health defects depending on the type and concentration of the pollutants, as 

well as the level of water quality regulation of the region.2 Of numbers of 

pollutants, heavy metals are especially hazardous to environment because 

many heavy metals are highly toxic and can cause serious direct impact on 

environment and human as the heavy metals can be bioaccumulated in the 

ecosystem because they are not biodegradable.3, 4 The increase in the amount 

of electronic waste in the recent decades is also gaining larger concerns due to 

the presence of hazardous chemicals and precious metals present in the waste.5 

1.1.1. Heavy Metals 

In this study, four heavy metals, copper, cobalt, lead and mercury, were 

subjected to be treated because of their toxicity and abundancy in industry. The 

characteristics and toxicity of the metals are described. 

Copper 

Copper is widely used in copper wire, electroplating, coins, plumbing 

pipes, and metal alloys due to its high thermal and electrical conductivity, 

ability to alloy with other metals, and high tolerance to corrosion.6 It is the 

second highest in the amount present in the e-waste water after iron and steel.5 

Despite the popular use of copper, discharge of copper is an environmental 
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concern, especially when it is exposed to the environment in a high dosage, as 

a high dosage of copper ions can interfere with biological system.7 The excess 

intake of exposure to copper can also disturb plant growth even though copper 

is an essential element to many living organisms.8  

Cobalt 

Cobalt is one of the essential elements for human body as it is part of 

vitamin B12, however, high concentration of cobalt may cause paralysis, 

diarrhoea, low blood pressure, lung irritation, and bone defects.9  In the metal 

industry, cobalt is used to form metal alloy, especially with nickel and iron that 

produce strong magnetic property.10 Cobalt is also used as a catalyst in 

chemical synthesis. Specifically, cobalt plays an important role in catalytic 

reactions such as syngas conversion,11 generation of radical species12, and 

petroleum refining process.13 Such chemical syntheses may also contribute to 

discharge of cobalt to the environment as a form of catalyst waste. 

Lead 

Like many other metals, lead can be exposed to humans and 

environment via industrial activities such as electro-plating, mining, lead 

smelting  and metal finishing processes.14 A long exposer to lead can decrease 

muscle thickness and damage optical nerve and organs.15, 16 Intake of lead by 

ingestion through crops near electronic waste site has shown to induce cancer, 

especially in children.17 Additionally, excessive intake of Pb(II) may result in 

serious damages to the central nervous system and disturb the physical and 

mental development.18 In the North American countries, contamination by lead 

is a large concern because lead-containing water pipelines were install in 

households until 1986 in the United States, of which some parts of the lead 
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containing pipelines were corroded and contaminated water were exposed to 

the community without further treatment.19 

Mercury 

Mercury is the only metal that is liquid in ambient room temperature 

and its property consists of high density, low viscosity, and good electrical 

conductance.20 Because of its unique property, metallic mercury is widely used 

in thermometer, barometer, and even as the dental amalgam in many countries 

to this day.21 Mercury can be exposed to the environment via coal combustion 

and recycling of mercury-containing products such as fluoresce lamps.22-24 In 

the organic form, mercury can be ingested by humans and animals as 

methylmercury by bioaccumulation in aquatic organisms.25 The accumulation 

of mercury in the atmosphere has been a concern for the environmental and 

human health due to its high toxicity and wide range of exposure.26 Mercury 

poisoning causes severe irreversible neurotoxicity as seen in methyl mercury 

poisoning in Japan in the 1960’s, as well as in Iraq in the 1970’s.27 

1.2. Heavy Metal Treatment 

As described, although some heavy metals are essential for living 

organisms, some possess a very high toxicity to many organisms and 

environment, and even the essential heavy metals can be toxic upon a high 

exposer or ingestion. Heavy metals can directly affect the living organisms via 

water, air, and soil contamination from anthropogenic activities and the effects 

of the heavy metals to the bodies and environment have been deeply 

concerned.28  

To minimize the discharge of these toxic heavy metals from the 

industrial and laboratorial wastes, numbers of wastewater treatment processes 
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have been developed. The three major treatment methods are physical, 

chemical, and biological methods. Each major method consists of specific 

processes for different treatment parameters as listed (Table 1.1). Of the three 

water treatment operations, chemical operations can target specific 

contaminants by using suited chemicals and appropriate processes. 

Table 1.1:The list of wastewater treatment processes are categorized into 

physical, chemical, and biological methods. 

Physical unit 

operations 

Chemical unit 

operations 

Biological unit 

operations 

Screening Chemical precipitation Activated sludge 

process 

Comminution Adsorption Aerated lagoon 

Slow equalization Disinfection Trickling filters 

Sedimentation Dechlorination Rotating biological 

contactors 

Flotation Other chemical 

applications 

Pond stabilization 

Granular-medium 

filtration 

 Anaerobic digestion 

  Biological nutrient 

removal 

 

For treatment of heavy metals, the purification processes include: 

chemical precipitation, ion-exchange, adsorption, membrane filtration, 

coagulation and flocculation, flotation, and electrochemical treatment.29 

Although these processes may efficiently separate contaminants from water, 

there are some drawbacks. Chemical precipitation, coagulation, and 

flocculation produces further byproduct wastes in the form of sludge or flocs, 

adsorption may result in low purification efficiency due to limited adsorbing 

surface area, and electrochemical treatments rely on electricity and type of 

cathodes and anodes, which may be costly.30 Further, the treatment of heavy 

metals depends on the initial concentration of the metals in the wastewater, 

flexibility of the treatment, simplicity, reliability, and environmental impact of 
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the performance, as well as economics parameter such as capital investment, 

energy consumption, and maintenance cost.31 To improve the treatment 

processes, these drawbacks must be considered. 

1.3. Ionic Liquids 

1.3.1. Definition 

Ionic liquids (ILs) have been studied widely in industrial applications, 

including separation chemistry. ILs possess unique properties such as 

negligible vapour pressure, low flammability, thermal stability, wide 

electrochemical window, low melting point, as well as tuneable characteristics 

such as polarity, hydrophobicity, density, and viscosity.32 ILs consist of 

organic and/or inorganic cationic and anionic component that make up an 

entirely ionic molecular interaction, whose properties can be modified for 

specific tasks.33 Some of the well-known cations include imidazolium, 

pyrrodinium, solfonium, ammonium, and phosphonium, and anions include 

halides, nitrate, acetate, hexafluorophosphate, and 

bis(trifluoromethylsulfonyl)imide (Figure 1.1).34  

 

 
Figure 1.1: Examples of cations and anions of ILs. From left to 

right: top row: ammonium, phosphonium, sulfonium, 

imidazolium, and pyrrolidium cations; bottom row: 

halide, nitrate, acetate, hexafluorophosphate, and 

bis(trifluoromethylsulfonyl)imide. 
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1.3.2. Properties 

The properties of ILs depend on the molecular structure of anion and 

cation. The viscosity of ILs can be increased by increasing the length of non-

polar alkyl chain of the cation, which enhances van der Waals’ force within the 

ionic system.35  Similarly, the density, polarity and hydrophobicity can be 

tuned by the length and bulkiness of the IL components.  

Low melting point can be achieved by depression of lattice energy 

governed by Born-Landé equation whereby the lattice energy depends on 

geometry, size of the charge, and spacing of ions. For example, a hydrophobic 

anion bis(trifluoromethylsulfonyl)imide  ([NTf2]
-) consists of bulky structure 

caused by partial delocalization of negatively charged central nitrogen atom, as 

well as shielding effect by the oxygen atoms and terminal CF3 group.36 Such a 

structure reduces the overall lattice energy of the system, and due to the 

reduction of negative charge, the increased hydrophobicity is achieved.  

Also, because ILs are composed entirely by ionic interaction, their 

vapour pressure is almost negligible. This property is especially advantageous 

in the practical and industrial applications because release of solvent into the 

atmosphere is a seriously concerning issue as some conventional solvents used 

in the industry can be dangerous to aqueous and atmospheric environment. 

Due to these properties, ILs are considered as “green” solvents for many 

applications such as catalytic reactions, electrochemistry, separation chemistry, 

metal-ligand chemistry and material chemistry.37 

1.4. Application of ILs in Wastewater Treatment 

Because some ILs possess hydrophobic properties, they are one of the 

promising candidates of optimizing heavy metal treatment. To overcome the 
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challenges such as generation of byproduct waste, energy consumption, and 

complexity of water treatment, ILs have been studied for simple biphasic 

liquid-liquid separation. Some of the recent advances are elaborated. 

1.4.1. Previous Studies 

TSILs are especially advantageous in homogeneous byphasic 

extraction processes because they are tuneable and can target specific 

molecules to extract.38, 39 Studies have shown that many TSILs act as 

promising extractants for extracting both organic and inorganic compounds.40 

Of many possible combination of ILs, ammonium-based ionic liquids are more 

ideal for biphasic extraction due to their quaternary structure because the 

hydrophobicity and viscosity can be tuned by varying the maximum of four 

functional groups than can be attached to the core nitrogen atom.36 Some 

examples of ammonium-based TSIL used for liquid-liquid extraction includes 

A336, TOMAS, CTMA, TMA, and [Hbet][Tf2N].  

TOMAS is extensively studied to extract cadmium, mercury other 

heavy metal complexes from aqueous solutions with high extraction 

efficiencies. Fischer et. al. used four A336-based ILs with varying anion and 

effectively extracted Ag, Hg, Pt, and Ni metal(iod)s.39 Kogelnig et. al. also 

synthesized A336-based ILs through “deprotonation-metathesis” methods with 

the use of Brønsted acid to compare the extraction efficiency of Cd. The study 

showed that tricaprylmethylammonium thiosalicylate, [A336][TS] was the best 

extractant with the extraction efficiency above 99%.41 In a study of TOMAS 

by Egorov et. al., an IL synthesized from A336, was used test extractability of 

Fe3+, Cu2+, Ni2+, and Mn2+ and concluded that thiocyate component of the IL, 

whose stability constant directly corresponds to the extraction efficiency, is 
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responsible for extractablity.42 This study showed that the extraction efficiency 

depends on the stability of the system of the ionic liquids and the metal ions. 

Vergara et. al investigated the extraction efficiency of Cd2+, Cu2+, and Pb2+ by 

CTMA and TMA, as well as recycling of ILs by conventional solvents. They 

achieved 76-81% extraction efficiency and recyclability up to 5 times without 

decreasing the extraction efficiency.43 

In contrast to ILs whose hydrophobicity is achieved by the long-chain 

cations, Hbet-based ILs contains short cation chains with hydrophobic anion 

such as [NTf2]
-.  Hoogerstraete et. al. used [Hbet][Tf2N] to extract lanthanides 

by achieving a homogenous system by heating the IL and aqueous phase above 

the IL’s upper critical solution temperature and re-establishing a biphasic 

system by cooling it down. With this system, as well as use of an extractant, 

zwutteruibuc betaine, which forms metal complex with lanthanides, they have 

effectively extracted Sc3+, Ga3+, and In3+, as well as Cu2+.38 The study showed 

a potential application of ammonium ionic liquids with [Tf2N]- anion.  

Further, Lu et. al. used [NTf2]-based imidazolium ionic liquids with a 

ligand prepared from 1,3-diethylimidazolium acetate, 1,3-diethylimidazole-2-

thioneto (C2C2ImT), to extract Hg(II) and concluded that the when the anion is 

hydrophobic, the extractability depends on the hydrophilicity of the cation and 

the hydrophobicity the complex of Hg(II), (C2C2ImT), and [NTf2]
-, as the 

cation leaves to the aqueous phase and the complex remains in the IL phase.44 

Another candidate of hydrophobic anion is hexafluorophosphate ([PF6]
-). 

However, [PF6]
- is less stable than [NTf2]

- as [PF6]
- is more easily degraded 

and less hydrophobic because PF6
- lacks the bulkiness of [NTf2]

-.45 Also use of 
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[PF6]
- is not an ideal anion because it generates HF upon contact with water by 

hydrolysis.46 
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2. Theory and Experimental 

2.1. Biphasic Extraction Theory 

As partially described in Section 1.4.1., biphasic extraction requires 

two phases that are insoluble to one another. Traditionally, extraction of 

solutes in a biphasic system is done by using conventional solvents such as 

hexane and dichloromethane. Factors involved in biphasic separation of metals 

are described. 

2.1.1. Hard and Soft Lewis Acids and Bases 

A factor determining the metal-ligand complexation process is the 

hardness and softness of metal ions and ligands, which is explained by Lewis 

acid base concepts. Generally, soft base atoms are considered to be polarizable 

and hard atoms are nonpolarizable. These properties are due to the individual 

atom’s internuclear distance and the absolute electronegativity. In order for 

two atoms to interact and form a stable metal-ligand complex, atoms most 

interact in a way such that the interaction of the molecules gives the maximum 

overlap between the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbitals (LUMO) of the two molecules. Because 

of these factors influencing the interaction of metal and ligand, the similar 

hardness/softness of electron donor and acceptor of metal ions and ligands are 

preferred to form a stable complex.47, 48 In a treatment of aqueous solution with 

different metal ions present, softness and hardness of the different metals must 

be considered in order to optimize the separation the metals.  

2.1.2. Extraction Mechanism  

In order to improve the efficiency and selectivity of extraction by IL, 

the coordination chemistry of the ionic liquids, metals, and ligand must be 
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understood. The mechanism of metal extraction with ILs is complicated and 

differs with the types of ILs, ligands, and metals in the system. The three of the 

most studied metal extraction mechanisms using ILs are 1) neutral extraction, 

2) the ion exchange extraction, 3) neutral coextraction.49 

The Neutral Extraction Mechanism 

In neutral extraction system, neutral coordination complex forms with 

metal, ligand, and an ion in the aqueous phase, which partition into the IL 

phase as the complex forms: 

𝑀(𝑎𝑞)
+ + 𝐿(𝑎𝑞) + 𝐴(𝑎𝑞)

− →  [𝑀𝐿𝐴](𝑎𝑞) 

[𝑀𝐿𝐴](𝑎𝑞) → [𝑀𝐿𝐴](𝐼𝐿) [1] 

Where M+ is a metal ion, L is a ligand, and A- is an anion in the system.50 The 

rate of partition is depended on the solvation factors of the complex including 

hydrophobicity of the anion.51 For example, if the cationic component of IL is 

weakly hydrophobic, some portion of metal-ligand-anion complex will stay in 

the aqueous phase, rather than going into the IL phase.52 However, the neutral 

extraction mechanism is difficult to be the sole extraction mechanism due to 

the cationic ion exchange that may occur while neutral extraction takes a place. 

In order for neutral extraction to be the only extraction mechanism the ion 

exchange mechanism must be fully suppressed, such as in a case of using 

strongly hydrophobic cation.49 

The Ion Exchange Mechanism  

Ion exchange mechanism is the most studied metal extraction 

mechanism of the three. Generally, ion exchange involving IL is as follows:49 
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𝑀(𝑎𝑞)
+ + 𝐿(𝑎𝑞) → [𝑀𝐿](𝐼𝐿)

+  

𝐶(𝐼𝐿)
+ → 𝐶(𝑎𝑞)

+    [2] 

Where C+ is the cationic component of IL as A- indicates the anionic 

component. The first step of Equation 2 may be energetically less unfavourable 

because some metal cation and ligand are hydrophilic, thus it is difficult for the 

complex to partition into the IL phase. Consequently, the next step is 

energetically favourable if the cation of IL is relatively more hydrophilic.53 An 

example of such a mechanism is illustrated by a study of mercury extraction 

using 1-ethyl-3methylimidazolium bis(trifluoromethane)sulphonamide 

([C2mim][NTf2]) and an thione extractant, 1,3-diethylimidasole-2-thione 

(C2C2ImT):44 

𝐻𝑔(𝑎𝑞)
+ + 2𝐶2𝐶2𝐼𝑚𝑇(𝐼𝐿) + 2[𝐶2𝑚𝑖𝑚](𝐼𝐿)

+ + 2[𝑁𝑇𝑓2](𝐼𝐿) →

𝐻𝑔(𝐶2𝐶2𝐼𝑚𝑇)2(𝑁𝑇𝑓2)2 (𝐼𝐿) + 2𝐶2𝑚𝑖𝑚(𝑎𝑞)
+     [3] 

In this example, as the complex of [MLA] forms, the cationic component of IL 

escapes into the aqueous phase, which leads to a contamination of water by IL. 

This problem can be prevented by the use of “sacrificial ion” that is 

hydrophilic and environmentally benign, which allows the more toxic ion to 

remain in the IL phase and nontoxic ion in the aqueous phase.49 Also, as seen 

in the Equation 3, as the concentration of the partitioned IL component in the 

aqueous phase increases, which is depended on the solvation ability of the IL, 

the reaction proceeds backwards. This results in inhibition of metal extraction 

from the aqueous phase. 
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The Neutral Coextraction Mechanism 

In contrast to neutral extraction, neutral coextraction involves a 

formation of positively charged metal-ligand complex, which then partitions 

into the IL phase with a presence of an anion:49 

𝑀(𝑎𝑞)
+ + 𝐿(𝑎𝑞) → [𝑀𝐿](𝑎𝑞)

+  

[𝑀𝐿](𝑎𝑞)
+ + 𝑋(𝑎𝑞)

− → [𝑀𝐿](𝐼𝐿)
+ + 𝑋(𝐼𝐿)

−    [4] 

 This process is largely depended on the ligation properties of the metal 

and ligand, and the anion is preferably hydrophobic for the complex to form a 

heterogeneous ionic system with the available anion from the aqueous phase. 

The excess of anions added to the aqueous phase also prevents the ILs to 

partition into the aqueous phase. This is an advantage over neutral extraction 

and ion exchange because it prevents the contamination of water by IL. 

However, the if anion is added with a presence of its counter-cation such as use 

of Li[NTf2] in an application of [NTf2]-based ILs, the cationic component - 

lithium in this case - will remain in the aqueous phase or form another ionic 

system, which ultimately leads to contamination of the IL phase.54 

 

Dependence of pH 

Because ligands and metals behave differently in varying pH levels, 

known as amphoteric properties of metals, the role of pH must be considered 

in aqueous metal treatment. Similarly, investigating the pH-depended chelate 

complexation---effect of pH in aqueous solution on metal extraction 

efficiency---allows determining the extraction mechanism. First, the general 

chemical equation of ligation is presented as: 

𝑀𝑛+ + 𝑛𝐻𝐿 ↔ 𝑀𝐿𝑛 + 𝑛𝐻+   [5] 
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Where M is the metal ion in the aqueous phase and L is the ligand. From this 

equation, the extraction constant (Kex) can be expressed as: 

𝐾𝑒𝑥 =
[𝑀𝐿𝑛][𝐻+]𝑛

[𝑀𝑛+][𝐻𝐿]𝑛   [6] 

By neglecting the generation of side products and presence of the competing 

reagent in the aqueous phase, Equation [6] can be simplified to: 

𝐾𝑒𝑥 = 𝐷
[𝐻+]𝑛

[𝐻𝐿]𝑛   [7] 

And 

log(𝐷) = log(𝐾𝑒𝑥) + 𝑛𝑝𝐻 + 𝑛𝑙𝑜𝑔[𝐻𝐿]𝑛   [8] 

Where D is the distribution coefficient,55 which can be determined by 

𝐷 =  
𝐶𝑖−𝐶𝑓

𝐶𝑖
×

𝑉𝑎𝑞

𝑉𝐼𝐿
   [9] 

Where Ci and Cf are the initial and final concentration of metal in the aqueous 

phase before and after the extraction treatment, respectively, and Vaq and VIL 

are the volumes of aqueous phase and IL phase, respectively.56 The volume 

ratio of aqueous phase and IL phase are incorporated to account for the 

difference in the volume of the two phases. Furthermore, by keeping the molar 

concentration and determining the distribution experimentally, a curve of 

distribution coefficient vs pH can be determined, whose linear slope is the 

value of n.57 By knowing the value of n, extraction mechanism using ILs may 

be explained. 

2.2. Metal Extraction Procedure 

The metal extraction procedure was adapted and modified from the 

literature.39 In a 20 mL test tube (Carousel 12 Plus Reaction Station™, 

Radleys), magnetic stirrer was placed and 0.75 mL of ILs was injected using 1 

mL plastic syringe (Injekt®, BRAUN) and needle. To the system, 15 mL of 
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prepared metal salt aqueous solution (50 mg/L) was poured by using 15 mL 

plastic syringe and needle. After all systems were prepared, the mixture of IL 

and aqueous metal salt solution was stirred at 115 rpm at room temperature (23 

to 24 ˚C) for two hours. After the treatment, the stirring was stopped and the 

mixture was settled for 15 minutes to let the two layers to separate. The 

aqueous layer was carefully extracted by using glass pipette and transferred to 

10 mL volumetric flask (TC 20 ˚C borosilicate glass) containing 200 µL of 

nitric acid (Assay 68.5-69.5%, ARISTAR) in order to prepare a solution 

containing 2% nitric acid solution for ICP-OES analysis. The aqueous solution 

was shaken well and transferred into a 15 mL plastic test tube (Sarstedt Tube 

Conical Base 120mm x 17mm). The experiment was repeated three times for 

each IL-metal combination. The extraction efficiencies (E) of ILs were 

calculated: 

𝐸 =  
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100   [10] 

Where Ci and Cf are the concentration of metal in aqueous phase before and 

after the extraction process, respectively. 

2.2.1. Analytical Instrumentation 

2.2.1.1. ICP-OES 

Inductively coupled plasma – optical emission spectrometer (ICP-OES, 

Perkin-Elmer Optima 2000) was used for determination of metal chloride 

solution after the treatment. The calibration curve was obtained by preparing a 

standard solution of 5, 10, 20, 30, 40, and 50 ppm of metal salt containing 2% 

by volume nitric acid. Two recommended wavelengths (λ) were selected in 

order to monitor the consistency of the analysis: 228.616 and 238.892 nm for 
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cobalt, 327.393 and 324.752 nm for copper, 220.353 nm and 217.000 nm for 

lead, and 194.168 and 253.652 nm for mercury analysis. All measurement 

were repeated three times and done by axial detection mode. The washing time 

between each measurement was 30 seconds for CuCl2 and CoCl2 and 60 

seconds for PbCl2 and HgCl2. The results were reported in the unit of mg/L. 

The standard deviation and mean value of the repeated measurement of a 

sample is calculated by the program. The standard deviation, mean value, and 

standard error of the samples of the IL-metal combinations were calculated 

manually.  

2.2.1.2. UV-vis Spectroscopy 

UV-vis-NIR spectrophotometer (Cary WinUV) was used for UV-vis 

spectroscopic measurements. The single-front measurement from 800 nm to 

200 nm was applied and the lamp switches occurred at 350 nm. The scan rate 

was set to be 600 nm/min with the data interval of 1 nm. Prior to the 

measurement, dark background and baseline with acetonitrile in 5 mm quarts 

cuvette were taken. The samples were prepared by dissolving approximately 

100 mg of IL phase in acetonitrile in 10 mL volumetric flask. The spectra were 

normalized to 1 mg of the sample because the density and the weight of IL 

phase changed after saturated by water and metal salts, and a precise molar 

concentration was difficult to determine. The results were reported as arbitrary 

absorbance value and wavelength in nm. 

2.2.1.3.Ion Chromatography 

Ion chromatography was recorded by DIONEX ICS-5000 (Thermo 

SCIENTIFIC) fitted with DIONEX AS-AP and DIONEX ICS-5000+ DP. The 

eluent consisting of water (60%), acetonitrile (25%) and an aqueous 100 mM 
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NaOH solution (15%) was used. The column was kept at 35 °C during 

analysis. The flow rate was 0.25 mL/min and the duration was 35 minutes. The 

aqueous samples from the extraction treatment were used without any further 

dilution. 

2.3. Synthesis of ILs  

2.3.1. Design of ILs 

In this study, ammnonium-[NTf2] based ILs were chosen because many 

literatures used imidazolium as cation and [NTf2]
- as anion, or hydrophobic 

alkylammonium cation and halide anion. To investigate hydrophilic, short-

chain ammonium cation, widely studied [NTf2]
- anion were chosen. Alkyl or 

ethylene glycol functional chains were added to the cationic component to 

study the difference in extraction efficiency in the varying functional groups.    

2.3.2. Material 

ILs synthesized for this project were prepared by modifying literature 

procedures. The chemical precursors were obtained from commercial suppliers 

without further purification unless stated otherwise. Water used in this project 

was Millipore Milli-Q 18 MΩ ultrapure and deionized. All solvents were 

analytical reagent grade. 

2.3.3. Instrumentation 

2.3.3.1. NMR Analysis 

All ILs were dried in vacuum prior to NMR analysis. All NMR 

experiments were recorded by Bruker DPX-300 spectrometer. The frequencies 

of measurements were 400 MHz for 1H, 101 MHz for 13C, and 377 MHz for 

16F. The chemical shifts (δ) are reported in parts per million (ppm). 
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Commercial deuterated solvents, DMSO-d6 (δH 2.50 and δC 39.51 ppm), and 

CDCl3 (δH 7.27 and δC 77.0 ppm), were used as reference. Coupling constants 

(J) are reported in Hz whose multiplicities were labelled as singlet (s), doublet 

(d), triplet (t), quartet (q), double doublet (dd), triple triplet (tt), double quartet 

(dq), and multiplet (m). The chemical shifts are assigned to the structure. 1H-

NMR and 19F-NMR chemical shifts are presented together in the same IL 

compound structure. 13C-NMR chemical shifts are presented separately. 

2.3.3.2. Mass Spectrometry 

Electrospray ionization mass spectrometer (ESI-MS) was recorded on 

Bruker micrOTOF II. Both the molecular mass of anion and cation were 

obtained. All samples were prepared by diluting the sample in analytical 

reagent grade methanol, following the procedure provided by the University of 

Nottingham, School of Chemistry. 

2.3.3.3. CHN Elemental Analysis 

CHN elemental analysis was done by the University of Nottingham, 

School of Chemistry Analytical Service. Each analysis was done at least twice 

and the result closest to the calculated values were reported.  

2.3.3.4.Viscosity and Density Measurements 

Prior to the density and viscosity measurements, IL were dried under 

vacuum at 60 ºC overnight. The densities of ILs are measured by weighing out 

the mass of 1 mL IL using 1 mL syringe. The measurement was carried out 

four times and the average values are reported. The viscosities of ionic liquids 

were measured by automated microviscometer (AMVn, Anton Paar), using 4.0 

mm diameter capillary and 3.0 mm steel ball. The measurements were taken at 
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20 ˚C and at the angle of 70˚. Four measurements were taken per IL and 

standard deviation of the measurement was calculated by the instrument. 

2.3.4. Synthetic Procedure 

The general procedure of ILs are adapted and modified from 

literature.58 A scheme of general synthesis of ILs is illustrated (Figure 2.1) 

Synthesis of [N222EG3C2][MeSO3] and its precursor methane sulfonyl 

tri(ethylene)glycol ether were synthesized by following the literatures by 

Schrekker et. al. (Figure 2.2).59 

 

   

 

Figure 2.1: The synthetic methods of ammonium ILs 

where R is the functional group, X is a halide molecule, 

and A is anion. Reaction I is the alkylation step and 

reaction II is the metathesis step. 

 

 

Figure 2.2: synthesis of methane sulfonyl tri(ethylene glycol) monoethyl ether 

from tri(ethylene glycol) monoethyl ether. 
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2.3.4.1.  Triethylbutylammonium bromide, [N2224]Br 

 

 

Bromobutane (24.2 g, 176 mmol, 1.20 eqv) was placed in a 250 ml 

double-neck round bottom flask equipped with a condenser and magnetic 

stirrer in the presence of acetonitrile (20.0 ml) under inert atmosphere by 

argon, enclosed by suba seal. A corresponding amount of triethylamine (14.9 

g, 147 mmol, 1.00 eqv) was added dropwise at 60 ˚C while stirring. After 72 

hours, yellow transparent mixture was obtained and cooled to room 

temperature. The solvent was evaporated and the product was re-dissolved in a 

minimum amount of acetonitrile. Diethyl ether was added until the formation 

of fine white solid was no longer observed. The solid was recrystallized from 

acetonitrile and diethyl ether one more time. White solids were vacuum dried 

at 70 ˚C overnight and collected (32.1g, 91.8%). 

1H NMR (400 MHz, DMSO-d6): δ ppm 0.83 - 0.91 (m, 3 H) 1.16 (tt, J=7.28, 

1.76 Hz, 9 H) 1.22 - 1.36 (m, 10 H) 1.51 - 1.63 (m, 2 H) 3.07 - 3.14 (m, 2 H) 

3.23 (q, J=7.19 Hz, 6 H).  

13C NMR (101 MHz, DMSO-d6): δ  ppm 7.66 (s, 3 C) 14.44 (s, 1 C) 21.41 (s, 

1 C) 22.53 (s, 1 C) 26.29 (s, 1 C) 28.96 (d, J=2.93 Hz, 2 C) 31.64 (s, 1 C) 

51.73 - 53.00 (m, 3 C) 55.84 - 57.01 (m, 1 C). 
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2.3.4.2.  Triethylbutylammonium bis(trifluoromethylsulfonyl)amide, 

[N2224][NTf2] 

 

[N2224]Br (13.6 g, 57.0 mmol, 1.00 eqv) was dissolved a minimum 

amount of ultrapure water in a 100 ml around bottom flask. A corresponding 

amount of Li[NTf2] (19.6 g, 68.4 mmol, 1.20 eqv) was dissolved in a minimum 

amount of ultrapure water and was added to the aqueous solution of [N2224]Br 

dropwise while stirring by magnet stirrer at room temperature. After 17 hours, 

the lower organic layer was washed with ultrapure water 5 times and vacuum 

dried at 70 ˚C overnight. A yellow transparent oil was obtained (19.6 g, 

78.5%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 0.90 - 0.98 (m, 3 H) 1.17 (tt, J=7.28, 

1.88 Hz, 9 H) 1.33 (dq, J=14.71, 7.39 Hz, 2 H) 1.50 - 1.62 (m, 2 H) 3.06 - 3.15 

(m, 2 H) 3.18 - 3.28 (m, 6 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 7.58 (s, 3 C) 13.96 (s, 1 C) 19.67 (s, 1 

C) 23.38 (s, 1 C) 52.14 - 52.65 (m, 3 C) 55.90 - 56.62 (m, 1 C) 119.9 (q, 

J=321.8 Hz, 1 C) 

19F NMR (377 MHz, DMSO-d6): δ ppm -80.92 - -76.47 (m, 6 F).  

ESI-MS (+ve) [C10H24N1]
+: calculated 158.3085, found 158.1911. 

ESI-MS (-ve) [C2F6N1O4S2]
-: calculated 279.9178, found 279.9181.  
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CHN Analysis: calculated C, 32.87; H, 5.52; N, 6.39, found C, 33.51; H, 4.96; 

N, 5.70. 

2.3.4.3.  Triethyloctylammonium bromide, [N2228]Br 

 

Bromooctane (31.5 g, 163 mmol, 1.20 eqv) was placed in a 250 ml 

double-neck round bottom flask equipped with a condenser and magnetic 

stirrer in the presence of acetonitrile (20.0 ml) under inert atmosphere by 

argon, enclosed by suba seal. A corresponding amount of triethylamine (13.8 

g, 136 mmol, 1.00 eqv) was added dropwise at 65 ˚C while stirring. After 96 

hours, an orange transparent mixture was obtained and cooled to room 

temperature. The solvent was evaporated and the product was re-dissolved in a 

minimum amount of acetonitrile and diethyl ether was added until the 

formation of fine white solid was no longer observed. The solid was 

recrystallized from acetonitrile and diethyl ether. The obtained white solid was 

vacuum dried at 70 ˚C overnight and collected (35.3 g, 88.2%).  

1H NMR (400 MHz, DMSO-d6) δ ppm 0.83 - 0.91 (m, 3 H) 1.16 (tt, J=7.28, 

1.76 Hz, 9 H) 1.22 - 1.36 (m, 10 H) 1.51 - 1.63 (m, 2 H) 3.07 - 3.14 (m, 2 H) 

3.23 (q, J=7.19 Hz, 6 H).  



23 

 

13C NMR (101 MHz, DMSO-d6) δ ppm 7.66 (s, 3 C) 14.44 (s, 1 C) 21.41 (s, 1 

C) 22.53 (s, 1 C) 26.29 (s, 1 C) 28.96 (d, J=2.93 Hz, 2 C) 31.64 (s, 1 C) 51.73 - 

53.00 (m, 3 C) 55.84 - 57.01 (m, 1 C). 

2.3.4.4.  Triethyloctylammonium bis(trifluoromethylsulfonyl)amide, 

[N2228][NTf2] 

 

[N2228]Br (30.0 g, 102 mmol, 1.00 eqv) was dissolved a minimum 

amount of ultrapure water in a 100 ml around bottom flask. A corresponding 

amount of Li[NTf2] (32.2 g, 112 mmol, 1.10 eqv) was dissolved in a minimum 

amount of ultrapure water and added to the aqueous solution of [N2228]Br 

dropwise while stirring by magnet stirrer at room temperature. After 17 hours, 

the lower organic layer was washed with ultrapure water 5 times and vacuum 

dried at 70 ˚C overnight. An orange transparent oil was obtained (38.1 g, 

75.7%).  
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1H NMR (400 MHz, DMSO-d6): δ ppm 0.83 - 0.94 (m, 3 H) 1.16 (m, J=7.28, 

7.28, 1.76, 1.76 Hz, 9 H) 1.23 - 1.37 (m, 10 H) 1.49 - 1.65 (m, 2 H) 3.04 - 3.15 

(m, 2 H) 3.23 (q, J=7.11 Hz, 6 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 7.58 (s, 3 C) 14.41 (s, 1 C) 21.38 (s, 1 

C) 22.52 (s, 1 C) 26.28 (s, 1 C) 28.95 (d, J=2.93 Hz, 2 C) 31.64 (s, 1 C) 51.72 - 

52.90 (m, 3 C) 55.72 - 57.51 (m, 1 C) 119.9 (d, J=321.31 Hz, 1 C).  

19F NMR (377 MHz, DMSO-d6): δ ppm -84.78 - -71.06 (m, 6 F).  

ESI-MS (+ve) [C14H32N1]
+: calculated 214.2529, found 214.2531. 

ESI-MS (-ve) [C2F6N1O4S2]
-: calculated 279.9178, found 279.9187.  

CHN Analysis: calculated C, 38.86; H, 6.51; N, 5.66; found C, 40.12; H, 7.01; 

N, 5.03  

2.3.4.5.  Triethyldodecylammonium bromide, [N222(12)]Br 

 

Bromododecane (25.6 g, 103 mmol, 1.20 eqv) was placed in a 250 ml 

double-neck round bottom flask equipped with a condenser and magnetic 

stirrer in the presence of acetonitrile (20.0 ml) under inert atmosphere by 

argon, enclosed by suba seal. A corresponding amount of triethylamine (8.60 

g, 85.6 mmol, 1.00 eqv) was added dropwise at 65 ˚C while stirring. After 96 

hours, a dark yellow transparent mixture was obtained and cooled to room 
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temperature. The solvent was evaporated and the product was re-dissolved in a 

minimal amount acetonitrile and recrystallized with diethyl ether once. The 

obtained white solids were filtered, vacuum dried at 70 ˚C overnight, and 

collected (23.23 g 77.4%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 0.81 - 0.92 (m, 3 H) 1.16 (tt, J=7.15, 

1.63 Hz, 9 H) 1.21 - 1.36 (m, 18 H) 1.49 - 1.65 (m, 2 H) 3.01 - 3.15 (m, 2 H) 

3.23 (q, J=7.28 Hz, 6 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 7.69 (s, 3 C) 14.44 (s, 1 C) 21.42 (s, 1 

C) 22.57 (s, 1 C) 26.29 (s, 1 C) 29.01 (s, 1 C) 29.18 (s, 1 C) 29.33 (s, 1 C) 

29.41 (s, 1 C) 29.49 (s, 2 C) 31.78 (s, 1 C) 52.03 - 52.72 (m, 3 C) 55.97 - 56.90 

(m, 1 C). 

2.3.4.6.  Triethyldodecylammonium bis(trifluoromethylsulfonyl)amide, 

[N222(12)][NTf2] 

 

[N222(12)]Br (20.0 g, 350 mmol, 1.00 eqv) was dissolved a minimum 

amount of ultrapure water in a 100 ml around bottom flask. A corresponding 

amount of Li[NTf2] (19.7 g, 287 mmol, 1.20 eqv) was dissolved in a minimum 

amount of ultrapure water and was added to the aqueous solution of 
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[N222(12)]Br dropwise while stirring by magnet stirrer at room temperature. 

After 17 hours, the lower organic layer was collected and washed with 

ultrapure water 5 times and vacuum dried at 70 ˚C overnight. A yellow 

transparent, viscous oil was collected (22.9 g, 72.8%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 0.82 - 0.91 (m, 3 H) 1.16 (tt, J=7.15, 

1.76 Hz, 9 H) 1.22 - 1.38 (m, 18 H) 1.56 (d, J=7.03 Hz, 2 H) 3.05 - 3.14 (m, 2 

H) 3.22 (q, J=7.11 Hz, 6 H). 

13C NMR (101 MHz, DMSO-d6): δ ppm 7.61 (s, 3 C) 14.44 (s, 1 C) 21.38 (s, 1 

C) 22.57 (s, 1 C) 26.28 (s, 1 C) 28.99 (s, 1 C) 29.18 (s, 1 C) 29.31 (s, 1 C) 

29.40 (s, 1 C) 29.49 (s, 2 C) 31.78 (s, 1 C) 52.32 - 52.48 (m, 3 C) 56.24 - 56.65 

(m, 1 C) 119.95 (d, J=322.05 Hz, 1 C). 

19F NMR (377 MHz, DMSO-d6): δ ppm -78.71 (s, 6 F).  

ESI-MS (+ve) [C18H40N1]
+: calculated 270.3189, found 270.3160. 

ESI-MS (+ve) [C2F6N1O4S2]
-: calculated 279.9178, found 279.9186. 

CHN Analysis: calculated C, 43.62; H, 7.32; N, 5.09, found C, 44.18; H, 7.30; 

N, 5.10. 

2.3.4.7.  2-Ethoxymethyltriethylammonium bromide, [N222EG1C1]Br 

 

2-bromoehyl methyl ether (25.0 g, 180 mmol, 1.40 eqv) was placed in a 

250 ml double-neck round bottom flask equipped with a condenser and 

magnetic stirrer in the presence of acetonitrile (20.0 ml) under inert 

atmosphere by argon, enclosed by suba seal. A corresponding amount of 
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triethylamine (13.0 g, 129 mmol, 1.00 eqv) was added dropwise at 50 ˚C while 

stirring. After 72 hours, a light-brown, transparent mixture was obtained and 

cooled to room temperature. The product was dissolved in a minimum amount 

of acetonitrile and diethyl ether was added until the formation of fine white 

solid was no longer observed. The solid was recrystallized from acetonitrile 

and diethyl ether two more times. White solids were vacuum dried at 70 ˚C 

overnight and collected (27.4 g, 88.9%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.17 (t, J=7.22 Hz, 9 H) 3.25 - 3.35 

(m, 10 H)* 3.43 (dd, J=5.58, 4.20 Hz, 2 H) 3.63 - 3.75 (m, 2 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 7.75 (s, 3 C) 53.28 (br s, 3 C) 56.09 

(s, 1 C) 58.82 (s, 1 C) 65.51 (s, 1 C). 

*Overlapping of signals observed with HDO (3.30 ppm).60 

2.3.4.8.  2-Ethoxymethyltriethylammonium 

bis(trifluoromethylsulfonyl)amide, [N222EG1C1][NTf2] 

 

[N222EG1C1]Br (9.8 g, 240 mmol, 1.00 eqv) was dissolved a minimum 

amount of ultrapure water in a 100 ml around bottom flask. A corresponding 

amount of Li[NTf2] (14.1 g, 287 mmol, 1.20 eqv) was dissolved in a minimum 

amount of ultrapure water and was added to the aqueous solution of 

[N222EG1C1]Br dropwise while stirring by magnet stirrer at room temperature. 
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After 17 hours, the lower organic layer was dissolved in a minimum amount of 

dichloromethane and washed with ultrapure water 5 times and vacuum dried at 

70 ˚C overnight. A light yellow transparent, viscous oil was collected (16.0 g, 

88.7%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.17 (t, J=7.22 Hz, 9 H)* 3.24 - 3.35 

(m, 9 H) 3.42 (dd, J=5.52, 4.14 Hz, 2 H) 3.66 - 3.73 (m, 2 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 7.68 (s, 3 C) 53.27 (br s, 3 C) 52.62 - 

53.10 (m, 1 C) 55.52 - 56.73 (m, 1 C) 58.18 - 59.64 (m, 1 C) 64.72 - 66.42 (m, 

1 C) 119.95 (q, J=321.56 Hz, 1 C). 

19F NMR (377 MHz, DMSO-d6): δ ppm -78.72 (s, 6 F). 

ESI-MS (+ve) [C9H22N1O1]
+: calculated 160.1696, found160.1702. 

ESI-MS (-ve) [C2F6N1O4S2]
-: calculated 279.9175, found 279.9183. 

CHN Analysis: calculated C, 29.99; H, 5.03; N, 6.36, found C, 31.06; H, 4.25; 

N, 5.96. 

*Overlapping of signals observed with HDO (3.30 ppm).60 

2.3.4.9.  2-Ethoxyethoxyethyltriethylammonium bromide, [N222EG2C2]Br 

 

2-(2-ethoxyethoxy)ethyl bromide (31.7 g, 197 mmol, 1.20 eqv) was 

placed in a 250 ml double-neck round bottom flask equipped with a condenser 
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and magnetic stirrer in the presence of diethyl ether (20.0 ml) under inert 

atmosphere by argon, enclosed by suba seal. A corresponding amount of 

triethylamine (13.6 g, 101 mmol, 1.00 eqv) was added dropwise at 80 ˚C while 

stirring. After 72 hours, a light-brown transparent mixture was obtained and 

cooled to room temperature. The product was dissolved in a minimum amount 

of acetonitrile and diethyl ether was added until the formation of fine white 

solid was no longer observed. The solid was recrystallized from acetonitrile 

and diethyl ether twice. The obtained white solid was vacuum dried at 70 ˚C 

overnight and collected (18.7 g, 46.8%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.07 - 1.12 (m, 3 H) 1.17 (t, J=7.15 

Hz, 9 H) 3.27 - 3.36 (m, 6 H) 3.40 - 3.47 (m, 4 H) 3.47 - 3.59 (m, 4 H) 3.78 (d, 

J=4.27 Hz, 2 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 7.79 (s, 3 C) 15.62 (s, 1 C) 53.28 (s, 3 

C) 56.20 (s, 1 C) 63.97 (s, 1 C) 66.00 (s, 1 C) 69.40 (s, 1 C) 70.16 (s, 1 C). 

2.3.4.10. (2-(2-ethoxyethoxy)triethylethanammonium 

bis(trifluoromethylsulfonyl)amide, [N222EG2C2][NTf2] 
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[N222EG2C2]Br (15.0 g, 298 mmol, 1.00 eqv) was dissolved a minimum 

amount of ultrapure water in a 100 ml around bottom flask. A corresponding 

amount of Li[NTf2] (17.3 g, 287 mmol, 1.20 eqv) was dissolved in a minimum 

amount of ultrapure water and was added to the aqueous solution of 

[N222EG2C2]Br dropwise while stirring by magnet stirrer at room temperature. 

After 17 hours, the lower organic layer was washed with ultrapure water 5 

times and vacuum dried at 70 ˚C overnight. An orange transparent, oil was 

collected (16.7 g, 66.5%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.08 - 1.14 (m, 3 H) 1.18 (t, J=7.15 

Hz, 9 H) 3.27 - 3.35 (m, 6 H) 3.41 - 3.48 (m, 4 H) 3.49 - 3.59 (m, 4 H) 3.78 (d, 

J=4.27 Hz, 2 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 7.72 (s, 3 C) 15.58 (s, 1 C) 53.25 (s, 3 

C) 56.17 (s., 1 C) 63.96 (s, 1 C) 66.00 (s, 1 C) 69.38 (s, 1 C) 70.17 (s, 1 C) 

119.87 (d, J=322.05 Hz, 1 C).  

19F NMR (377 MHz, DMSO-d6): δ ppm -81.50 - -75.89 (m, 6 F).  

ESI-MS (+ve) [C12H28N1O2]
+: calculated 218.2115, found 218.2116.  

ESI-MS (-ve) [C2F6N1O4S2]
-: calculated 279.9178, found 279.9183.  

CHN Analysis: calculated C, 33.36; H, 5.66; N, 5.62, found C, 34.30; H, 5.54; 

N, 4.78. 

2.3.4.11. Methane sulfonyl tri(ethylene glycol) monoethyl ether 

For synthesis of Methane sulfonyl tri(ethylene glycol) monoethyl ether, 

two different purification methods were used, following the same synthetic 

method. 

Method #1 
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In a 500 mL triple-neck round bottom flask connected to a bleach 

system and condenser, tri(ethylene glycol) monoethyl ether (13.3 g, 74.4 

mmol, 1.00 eqv), triethylamine (7.52 g, 74.4 mmol, 1.0 eqv) and 100 mL of 

dichloromethane were stirred with a magnetic stirring bar at 500 rpm under Ar 

atmosphere. The solution temperature was brought down to 0-10 ˚C by means 

of an external ice bath and methansulfonyl chloride (9.37 g, 81.4 mmol, 1.10 

eqv) was slowly added dropwise with a syringe. The reaction temperature was 

maintained between 0 to 10 ˚C for 45 minutes, then brought up to room 

temperature for 2 hours. After reaction was complete, the mixture was washed 

with brine solution and the organic layer was collected and solvent was 

evaporated by rotating evaporator. The concentrated organic layer was 

partitioned with 40 mL of ultrapure water and 40 mL of hexane, and aqueous 

layer was collected. In the aqueous solution, 10.0 g of potassium chloride was 

added, dissolved, and the product was extracted with dichloromethane (3 × 30 

mL). Solvent was evaporated with rotating evaporator and any remaining solid 

was vacuum filtered. A yellow, viscous oil was vacuum dried and collected 

(11.5 g, 60.3%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.10 (t, J=7.03 Hz, 3 H) 3.15 - 3.21 

(m, 3 H) 3.39 - 3.46 (m, 2 H) 3.46 - 3.52 (m, 4 H) 3.52 - 3.59 (m, 4 H) 3.66 - 

3.70 (m, 2 H) 4.29 - 4.33 (m, 2 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 15.58 (s, 1 C) 37.29 (s, 1 C) 66.01 (s, 

1 C) 68.74 (s, 1 C) 69.67 (s, 1 C) 70.12 - 70.23 (m, 3 C) 70.24 - 70.36 (m, 1 

C). 

 

Method #2 
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The synthetic procedure follows the same as above. The amount and 

equivalence of the chemicals used in this method are as follows: tri(ethylene 

glycol) monoethyl ether (20.9 g. 117 mmol, 1.00 eqv), triethylamine (13.6 g, 

135 mmol, 1.15 eqv), and methanesulfonyl chloride (14.1 g, 123 mmol, 1.05 

eqv). After the reaction was complete, white solid in the mixture was vacuum 

filtered. To the collected yellow oil, 0.5 g of activated carbon was added to the 

mixture and mixed for 5 min at room temperature. Then activated carbon and 

remaining white solid was vacuum filtered and the collected liquid was filtered 

with approximately 3 cm of silica column (ultrapure, 60-200 μm, 60 Å) in the 

vacuum filter dichloromethane. Solvent was evaporated by rotational 

evaporator at 50 ˚C and the final product of yellow liquid was collected with 

the yield of (14.4 g, 47.9%).  

1H NMR (400 MHz, DMSO-d6): δ ppm 1.10 (t, J=7.03 Hz, 3 H) 3.14 - 3.22 

(m, 3 H) 3.43 (q, J=7.03 Hz, 2 H) 3.46 - 3.53 (m, 4 H) 3.53 - 3.59 (m, 4 H) 

3.66 - 3.70 (m, 2 H) 4.27 - 4.36 (m, 2 H).  

13C NMR (101 MHz, DMSO-d6): δ ppm 15.59 (s, 1 C) 37.29 (s, 1 C) 66.01 (s, 

1 C) 68.76 (s, 1 C) 69.67 (s, 1 C) 70.12 - 70.28 (m, 3 C) 70.30 (s, 1 C). 
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2.3.4.12. 2-(2-(2-ethoxyexthoxy)ethoxy)triethylethanammonium 

methanesulfonate, [N222EG3C2][MeSO3] 

 

In a 250 mL double-neck flask equipped with a condenser, methane 

sulfonyl tri(ethylene glycol) monoethyl ether (15.8 g, 256 mmol, 1.1 eqv) and 

10 mL of acetonitrile were added under inert atmosphere by argon while 

stirring. Corresponding amount of triethylamine (5.7 g, 56 mmol, 1.00 eqv) 

was added dropwise by a syringe at room temperature and the reaction 

temperature was increased to 50 ˚C. After 72 hours, the solvent was dried by 

rotating evaporator, dissolved in dichloromethane, and the final product was 

extracted by ultrapure water (3 × 10 mL). Water was evaporated and light 

yellow, transparent oil was collected (11.8 g 58.7%).  

1H NMR (400 MHz, CHLOROFORM-d): δ ppm 1.15 - 1.22 (m, 3 H) 1.36 (br 

t, J=6.59 Hz, 9 H) 2.69 - 2.75 (m, 3 H) 3.43 - 3.49 (m, 6 H) 3.50 - 3.56 (m, 4 

H) 3.56 - 3.62 (m, 4 H) 3.62 - 3.67 (m, 2 H) 3.71 (br s, 2 H) 3.92 (br s, 2 H). 

13C NMR (101 MHz, CHLOROFORM-d): δ ppm 7.92 (s, 3 C) 15.21 (s, 1 C) 

39.52 (s, 1 C) 54.06 (s, 3 C) 57.18 (s, 1 C) 64.67 (s, 1 C) 66.61 (s, 1 C) 69.79 

(s, 1 C) 70.23 (s, 1 C) 70.37 (s, 1 C) 70.56 (s, 1 C). 
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2.3.4.13. 2-Tri(ethylene glycol)ethyltriethylammonium 

bis(trifluoromethylsulfonyl)amide, [N222EG3C2][NTf2] 

 

[N222EG3C2][CH3O3S] (7.48 g, 20.9 mmol, 1.00 eqv) was dissolved in 

ultrapure water in a 100 ml around bottom flask until the mixture became 

apparently less viscous. A corresponding amount of Li[NTf2] (7.21 g, 25.1 

mmol, 1.20 eqv) was dissolved in a minimum amount of ultrapure water and 

was added to the aqueous solution of [N222EG3C2] ][CH3O3S]  dropwise while 

stirring by magnet stirrer at room temperature. After 17 hours, the lower 

organic layer was separated, dissolved in dichloromethane, and washed with 

ultrapure water five times. Solvent was evaporated by rotating evaporator and 

the product was vacuum dried at 70 ˚C overnight. An yellow transparent, 

viscous oil was collected (8.79 g, 77.5%).  

1H NMR (400 MHz, CHLOROFORM-d) δ ppm 1.21 (t, J=7.03 Hz, 3 H) 1.33 

(t, J=7.22 Hz, 9 H) 3.39 (q, J=7.19 Hz, 6 H) 3.42 - 3.46 (m, 2 H) 3.52 (q, 

J=7.03 Hz, 2 H) 3.55 - 3.62 (m, 4 H) 3.63 - 3.68 (m, 4 H) 3.87 (br d, J=4.14 

Hz, 2 H). 
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13C NMR (101 MHz, CHLOROFORM-d): δ ppm 7.48 (s, 3 C) 15.15 (s, 1 C) 

53.96 (s, 3 C) 56.75 (br s, 1 C) 64.22 (s, 1 C) 66.56 (s, 1 C) 69.74 (s, 1 C) 

70.23 (s, 1 C) 70.44 (s, 1 C) 70.57 (s, 1 C) 119.88 (d, J=321.31 Hz, 1 C). 

19F NMR (377 MHz, CHLOROFORM-d): δ ppm -78.86 (s, 6 F) 

ESI-MS (+ve) [C14H32N1O3]+: calculated 262.2377, found 262.2383 

ESI-MS (+ve) [C2F6N1O4S2]-: calculated 279.9178, found 279.9179 

CHN Analysis: calculated C, 35.45; H, 5.95; N, 5.17, found: C, 35.27; H, 

5.92; N, 5.52. 

2.3.4.14. Triethyl-2-(methylthio)ethanammonium chloride, [N222EtS1Me]Cl 

In a 250 mL triple-neck flask equipped with a condenser and bleach 

system, 2-chloroethyl methyl sulfide (5.00 g, 45.2 mmol, 1.40 eqv) and of 

acetonitrile (10 mL) were added under inert atmosphere by argon while 

stirring. Corresponding amount of triethylamine (3.27g, 32.3 mmol, 1.00 eqv) 

was added dropwise by a syringe at room temperature and the reaction 

temperature was increased to 85 ˚C. After 72 hours, temperature was brought 

down to the room temperature and diethyl ether was added until the formation 

of crystals was observed. Viscos, brown liquid was also observed as crystals 

precipitated.  The mixture was placed in freezer for overnight. The crystals 

were washed with a cold mixture of acetone and diethyl ether (3:1, 2 × 10 mL) 

and vacuum filtered. The crystals were dissolved in a minimum amount of 

acetonitrile, recrystallized by slowly adding diethyl ether dropwise while 

stirring with a magnetic stirring bar, and placed in freezer for overnight. The 

crystalline was vacuum-filtered and washed with diethyl ether (2 × 10 mL). 

White solids were collected with the yield of (1.14 g, 15.9%).  



36 

 

1H NMR (400 MHz, DMSO-d6): δ ppm 1.18 (t, J=7.15 Hz, 9 H) 2.17 (s, 3 H) 

2.76 - 2.87 (m, 2 H) 3.28 (q, J=7.19 Hz, 6 H) 3.33 - 3.40 (m, 2 H). 

13C NMR (101 MHz, DMSO-d6): δ ppm 7.70 (s, 3 C) 15.17 (s, 1 C) 24.93 - 

25.00 (m, 1 C) 52.49 (s, 3 C) 55.73 (s, 1 C). 

  



37 

 

3. Metal Extraction by ILs 

3.1. Introduction and Hypothesis 

Based on the structure of the ILs designed and previous studies that 

extracted transition heavy metals by ILs,54 ILs with shorter chain of the 

cationic functional groups were expected to undergo cationic exchange. The 

hydrophobic component of [NTf2]
- group was expected to remain in the IL 

phase and the smaller, less hydrophobic cations were expected to favour the 

aqueous phase over the IL phase. Thus, the extraction mechanism would 

consist of cationic exchange where the charged metal ions in the aqueous 

phase would merging into the ILs phase as cationic component would leave the 

IL phase; maintaining the overall electrochemical neutrality. 

Another possible extraction mechanism was developed. The PEGylated 

ILs were thought to have metal extraction ability where the oxygen atoms in 

the cation would interact with the metal ions in the aqueous phase. This 

hypothesis was driven from the studies of metal extraction using crown ether 

ligands where “hard” transition metals are efficiently extracted.61 With this 

logic, ILs with longer chain of ethylene glycol would act as a ligand and have a 

better extractability. In this mechanism, an ionic exchange would not occur, 

thus leaching of ILs would be prevented or minimized as opposed to the 

former hypothesis. 

3.2. Results and Discussion  

3.2.1. Synthesis of ILs 

The percent product yields of ILs under similar synthetic methods are 

reported in Table 3.1. Quaternarization of triethylamine by alkyl chain was 
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simple and only required 10 to 20 mL of solvent to carry out the reaction. 

Recrystallization process was also simple and required acetonitrile and diethyl 

ether or ethyl acetate to obtain pure solid ILs with halide anion. To obtain a 

pure product, recrystallization was repeated one to three times. However, 

synthesis of PEGylated ammonium ILs presented some challenges. The major 

difficulty in the synthesis is the alkylation reaction to triethylamine in which 

the product yields were lower in the reactions of PEGylated ILs. Specifically, 

the product yield of [N222C2EG2]Br was significantly lower than that of the 

analogous [N2228]Br. The lower product yields in PEGylated ILs may be due to 

the increase in the polarity of ILs that made more difficult to purify the final 

product from the alkylation step. 

Table 3.1: Summary of percent product yields. 

Reaction I refers to the alkylation reaction and 

Reaction II refers to the metathesis step. 

Ionic Liquid Product Yield (%) 

 Reaction   

I 

Reaction 

II 

[N2224][NTf2] 91.8 78.5 

[N2228][NTf2] 88.2 75.7 

[N222(12)][NTf2] 77.4 72.8 

[N222EG1C1][NTf2] 88.9 88.7 

[N222EG2C2] [NTf2] 46.8 66.5 

[N222EG3C2][NTf2] 58.7 77.5 

[N222EtS1Me][NTf2] 15.9 ---- 

 

Also after alkylation, coloured liquid byproducts were collected, which 

made the purification process challenging. The byproduct may be due to 

polymerization of amine group, although the exact cause of side reaction is 

unknown. Additionally, the colouring of ILs is due to the solvent used in the 
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reaction and the presence of a low concentration of impurities that is produced 

by the unwanted side reaction.62 Even though the colouring of the ILs were 

apparent, 1H NMR and 13C NMR did not detect, or showed a very small 

amount of, the impurities. Although the presence of a small amount of 

impurity is unlikely to affect the synergic separation process by ILs, obtaining 

a pure IL may be challenging when considering the cost, labour, and time of 

the synthetic process at a larger scale. In such a challenging purification 

procedure, investigation in a simpler way of synthesizing pure ILs is desired. 

Although the product yield of alkylation step differed between alkane-

functionalized and PEG-functionalized ILs, the product yields of following 

metathesis step were within a close range, with the largest difference of 

approximately 30% between [N222EG1C1][NTf2] and [N222EG3C2][NTf2]. The 

purification process of [NTf2] ILs after metathesis includes washing with 

ultrapure water five times and more, some of the product could be lost during 

the process of purification. Especially, as the viscosity of IL increased with the 

increasing alkyl chain length, washing process became more difficult. In such 

cases, water-insoluble solvents such as dichloromethane was used to reduce 

the viscosity. Thus, the purification process of ILs must be optimized to avoid 

the use of additional solvent while avoiding the loss of the final product.  

 For the sulfonation of alcohol chain, a large amount of white solid 

byporduct was produced, which was expected to be triethylammonium 

chloride based on the reaction (Figure 2.2). Because the byproduct is slightly 

insoluble in dichloromethane, separating the byproduct and the final product 

was challenging. To purify the final product, a short vacuum filtration 

chromatography with silica column was applied, which may have caused the 
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loss of the final product in the silica column phase (Method #2) as the product 

yield from the synthesis of [N222EG3C2][MeSO3] is not particularly high. 

Although using a sulfonated chain is halide-free, thus considered as an 

environmentally friendly procedure, use of dichloromethane and lack in 

simplicity in the synthetic method counterbalance the benefit of halide-free 

alkylation. For these factors, synthetic method of [N222EG3C2][NTf2] is desired 

to be improved in the future work in order to apply tri(ethylene glycol)-

containing ILs in a larger scale. 

In the reaction of the sulphur-containing IL, alkylation and purification 

process consisted of two major challenges. The first challenge is the low 

reactivity of 2-chloroethyl methyl sulfide and triethlyamine. Thus, the ratio of 

2-chloroethyl methyl sulfide to triethlyamine was increased to 1.4:1.0, which 

resulted in a higher product yield, though, the final product yield was very low. 

The second challenge was the purification process where the impurity, which 

consisted of viscos, brown liquid, crushed out with the final product as diethyl 

ether was added to the reaction mixture of acetonitrile. Because of the close 

solubility of the both impurity and the final product in the antisolvent, the 

crystallization condition was carefully adjusted. Although crystals of pure final 

product was obtained, synthesis of [N222EtS1Me][NTf2] was no longer 

investigated due to the low final product yield.  

3.2.2. Density and Viscosity Measurements 

The results of the density measurements are reported in Table 3.2. The 

viscosities of ILs follow the trend seen in the literature wherein the viscosity of 

ILs increases with increasing alkyl chain; the electrostatic force within the ILs 

increases with increasing amount of hydrogen bonds.36 The same trend was 
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seen in the PEGylated IL system, though, the difference in the viscosity within 

the PEGylated IL system was not as great as the alkyl chains.63 In comparison, 

[N222EG1C1][NTf2] was less viscous than its analogous [N2224][NTf2] whose 

the viscosities were 91.87 and 212.77 mPa.s, respectively. This comparison 

shows that incorporating an oxygen atom, a more electronegative atom than 

carbon, onto the alkyl chain dramatically reduces the viscosities of ILs. The 

difference in viscosity was greater in the longer chains. From this observation, 

a change in the chemical environment by changing the functional group, even 

only by one atom per molecule, has a large impact on the physical property of 

ILs. Such an ability to tune ILs allows specific applications to be optimized 

and accomplished, depending on the objective of the application. In the 

application of biphasic extraction, reduction in viscosity while maintaining the 

hydrophobicity of ILs is advantageous because such properties eases the 

handling of IL during the treatment and increases the physical dispersion of 

ILs in the aqueous phase, which allows the IL phase to interact with the 

molecules in the aqueous phase more effectively. 

Table 3.2: The measurement of viscosity and density of 

ILs are presented. The viscosity was measured at 20 °C 

and the density was measured at room temperature (23 – 

24 °C). 

Ionic Liquid Viscosity 

(mPa.s) 

Density 

(g/mL) 

[N2224][NTf2] 212.77 1.304 

[N2228][NTf2] 329.00 1.233 

[N222(12)][NTf2] 522.05 1.219 

[N222EG1C1][NTf2] 91.87 1.410 

[N222EG2C2] [NTf2] 98.59 1.342 

[N222EG3C2][NTf2] 117.04 1.341 
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3.2.3. ICP-OES Results 

After the metal extraction experiments were performed, the 

concentration of the metal in the posttreatment aqueous phase was analysed by 

ICP-OES. From the results of ICP-OES analysis, the metal extraction 

efficiencies of ILs were calculated by using Equation 10. The final results of 

metal extraction are summarized in Figure 3.1. For the actual values of the 

metal concentration after the extraction treatment, the extraction efficiencies, 

and the distribution coefficient, see Appendix.  

 

Figure 3.1: The efficiencies of metal extraction is summarized and 

reported (P<0.05). Note that the efficiency is converted from the 

concentration of aqueous phase according to Equation 10. 

 

Extraction of CoCl2 showed a trend with increasing chain of the 

cationic component. The efficiency of CoCl2 extraction decreased with the 

increasing length of the alkyl chain of ILs, where [N222(12)][NTf2] showed no 

ability to extract CoCl2. This observation is likely due to the high non-polarity 

of  the IL component, which consequently resulted in reduction of solubility of 

CoCl2 in the IL. In contrast, when the chain length is increased in the 
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PEGylated IL system, there is an increase in polarity due to the oxygen groups 

present in the chain, which consequently increased the solubility of CoCl2. 

Extraction of CuCl2 showed a slightly different trend as compared to 

extraction of CoCl2. The inefficiency in extraction using [N222(12)][NTf2] 

remained consistent for both metal salts. However, extraction by [N2228][NTf2] 

exceeded the extraction efficiency by [N2224][NTf2] where the average 

extraction efficiencies for [N2228][NTf2] and [N2224][NTf2] are 7.70 % and 5.11 

%, respectively. Although there is no clear explanation to the this trend, the 

data suggest that increase in the length of alkyl chain, does not always 

contribute in decrease of the extraction efficiency. This observation suggests 

that the polarities of ILs are not the only factors influencing the solubility of 

metal salts in ILs. The trend in the CuCl2 extraction efficiency is also 

inconsistent with the trend of the viscosities of ILs. The result showed that 

there are unexpected compatibilities of ILs and metal salt, which must be taken 

consideration when optimizing the extraction parameter.   

 The trend of the extraction of PbCl2 by alkyl ILs followed the same 

trend as when extracting CuCl2. Again, this result supports that there may be a 

preferred length of cationic chain of IL where there is a good balance of 

polarity and viscosity of ILs in order to optimize the solubility of respective 

metal salt. One inconsistency was observed for [N222C2EG2] and showed a 

significantly higher extraction ability than any other experiments. This 

interesting outcome triggers a further investigation of lead extraction by 

PEGylated ILs. 
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 The extraction of HgCl2 by alkyl ILs follows the similar trends as those 

with CoCl2 extraction where the extraction efficiency for both treatment in the 

alkyl ILs  followed the order of [N222(12)][NTf2] > [N2224][NTf2] > 

[N2228][NTf2]. The order of the extraction efficiency in the PEGylated ILs was 

[N222C2EG3] > [N222C1EG1] > [N222C2EG2], which is the same as PbCl2 

treatments. However, the extraction efficiency of [N222C2EG2] in HgCl2 

experiment was less than 1%, which suggest that oxygen atoms negatively 

impacted the extraction because analogous [N2228][NTf2] has the highest 

efficiency with 10.3%.  

The overall result showed that, except for the result from extraction of 

PbCl2 by [N222C2EG2], the ILs used in this study demonstrated no to a very 

small metal extraction ability. 

3.2.4. UV-vis Spectroscopy Results 

The UV-vis spectra of ILs and the spectra of IL phases after the metal 

extraction experiments were measured in acetonitrile. The spectra of ILs 

presented in Figure 3.2 showed some similarities based on the length of the 

alkyl and PEGylated chains of the cation. The pair of [N2224][NTf2] and 

[N222C1EG1] showed a clear band at 275 nm. The analogous pair of 

[N2228][NTf2] and [N222C2EG2] also showed a similar spectral appearance with 

a difference in the peaks at 218 nm and 227 nm, respectively. For the 

comparison of [N222(12)][NTf2] and [N222C2EG3][NTf2], the peak at 282 nm is 

only seen in the [N222(12)][NTf2]. The absorbance peak of the ILs are attributed 

to the cationic component of the ILs because [NTf2] is not UV-active and does 

not appear in the UV-vis spectrum.64 From these observations, it may be 

concluded that the cations with the same chain lengths, hence the similar size 
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of ILs, may attribute to similar UV-vis spectral appearances, thus comparable 

electronic transition of the cationic component of ILs. In this section, only the 

appearance of the spectra are discussed as the investigation in the activities of 

ILs under UV-vis spectral regions would require more detailed experiments.   

 

 An example of the UV-vis spectra of the [N2224][NTf2] phase before 

and after metal extraction are presented in Figure 3.3. The spectra suggest that 

after the metal extraction process, the UV-vis activities of the IL are altered. 

The spectral difference could be due to the interaction of ILs with water and/or 

the respective metal salt. Some ILs after metal extraction did not show any 

absorption activities and some resulted in altered absorption peaks compared to 

the spectra of the ILs. For the rest of the spectra of IL phase after metal 

extraction, see Appendix. 
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Figure 3.2: UV-vis spectra of ILs were measured with acetonitrile. 

Samples were vacuum dried prior to the measurement and the spectra 

were normalized to the concentration of IL in acetonitrile (mg/mL). 
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Figure 3.3: The UV-vis spectra of [N2224][NTf2] were recorded 

by dissolving in acetonitrile. The dotted spectrum is the 

[N2224][NTf2] before the treatment and the rest are the IL phases 

after metal extraction.  

 

3.2.5. Ion Chromatography Analysis 

The results from ion chromatography analysis (see Appendix) of the 

aqueous phase after a treatment without metal salt in the aqueous phase 

showed traces of IL components present. The detection of ILs in the aqueous 

phase is most likely due to leaching effect of ILs into water, even though 

[NTf2]
- is considered to be one of the most hydrophobic IL anions. Leaching of 

IL component into the aqueous phase is must be considered in the application 

of ILs because of their toxicities.  

3.3. Conclusion 

The experiments of extracting metal ions and/or metals chloride salts 

by ILs were performed. Contrary to the initial hypotheses, ILs did not show 

effective extraction abilities, with the maximum extraction performance of 

[N222C2EG3][NTf2] on PbCl2 extraction (17.6%). In the series of alkyl chain, 

the longest alkyl chain, [N222(12)][NTf2] consistently showed the lowest 
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extraction efficiency for all experiments. Generally speaking, the highest 

extraction efficiency was obtained by [N2228][NTf2] and [N2224][NTf2] wherein 

the extraction by their analogous PEGylated ILs did not increase significantly. 

However, extraction by [N222C2EG3][NTf2] as compared to [N222(12)][NTf2] 

increased for all four metal chloride extractions, which may be due to decrease 

in viscosity of the IL that resulted in a better interaction of the IL and metal 

salts within the chosen extraction time.  

To conclude, the set of ammonium ILs, both alkyl- and PEGylated, did 

not demonstrate a great capacity of metal extraction. However, extraction of 

metal salts can be controlled by tuning the cationic component of hydrophobic 

ILs, which ultimately helps to selectively extract metal ions.  
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4. Metal Extraction by ILs and Htta 

4.1. Introduction of 2-Thenoyltrifluoroacetone and Hypothesis  

In the application of chelating ligands to extract metal ions, 

hydrophobic solvents are used as a medium to establish biphasic systems with 

an aqueous phase. In such applications, the use of ILs is advantageous as 

compared traditional solvents because ILs have negligible vapour pressure that 

prevents the release of hazardous compounds into the atmosphere. 

Use of ligands in wastewater treatment is known as “chelation 

technology”. It is considered to be a green water purification process because 

of their simple processes. Chelates possess atom-donating sites where a metal 

ion binds to form a metal-ligand complex whose ability to form the complex 

depends on the thermodynamic relationship of the complexation process:55 

∆𝐺° = −𝑅𝑇𝑙𝑛(𝐾) = ∆𝐻° − 𝑇(∆𝑆°)  [11] 

Where ∆H, enthalpy, relates to the ligand property of repulsion, distortion and 

crystal field stabilization, and ∆S, entropy, is related to the probability factors 

that govern the stability of the complex. The initial stage of metal-ligand 

complexation takes place in the aqueous phase. The water molecules bounded 

to the metal ion is replaced by the donating site of the chelating ligands. In the 

studies of biphasic metal extractions by chelating ligands, the effect of pH has 

been widely investigated due to the properties of ionization of ligands wherein 

the rate of deprotonation increases at a higher pH level.42, 57, 65  

4.1.1. Extraction by Ionizable Ligands  

Ionizable ligands have been investigated widely in separation of metals 

with the use of ILs. The previous studies have shown the mechanism of metal 
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extractions wherein neutral extraction and ion exchange using the ionizable 

ligands are the dominant mechanisms:49 

   Neutral Extraction by Ionzaiable Ligands: 

𝐻𝐿(𝐼𝐿) → 𝐻𝐿(𝑎𝑞) 

𝑀(𝑎𝑞)
+ + 𝐻𝐿(𝑎𝑞) → [𝑀𝐿](𝑎𝑞) + 𝐻(𝑎𝑞)

+  

[𝑀𝐿](𝑎𝑞) → [𝑀𝐿]𝐼𝐿   [12] 

   Ion Exchange by Ionizable Lingands: 

𝐻𝐿(𝐼𝐿) → 𝐻(𝐼𝐿)
+ + 𝐿(𝑎𝑞)

−  

𝑀(𝑎𝑞)
+ + 𝐻(𝐼𝐿)

+ + 𝐿(𝐼𝐿)
− → [𝑀𝐿](𝐼𝐿) + 𝐻(𝑎𝑞)

+    [13] 

 Where HL represents an IL phase that contains an ionizable 

component, either as an external ligand that is added to the IL phase or a ligand 

component within the IL structure. In this case, the sites of protonation and 

deprotonation are facilitated by the chelating ligands. Because the metal 

extraction mechanisms in the use of chelating ligands includes the interaction 

with water, the hydrophobicity of the IL components may play an important 

role. By using a hydrophobic cation that contains a long alkyl chain, cationic 

extraction mechanism is supressed and using hydrophobic anion such as 

[NTf2]
- supresses the anionic exchange.57 

 

4.1.2. 2-Thenoyltrifluoroacetone 

To increase the extractability of the metals, an ionisable ligand, 2-

thenoyltrifluoroacetone (Htta), was chosen to extract the heavy metal ions from 

the aqueous phase. The previous studies using Htta have demonstrated its 

extractability of lanthanides from aqueous phase.66, 67 Also, some researchers 

have also extracted divalent heavy metals with Htta by using imidazolium-
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based ILs.57, 67 The Htta ligand is considered to be hydrophobic, therefore 

metal extraction by Htta and hydrophobic solvent system provides promising 

outcomes. The Htta molecules that failed to react with the metal ions remain in 

the organic solvent phase.  

In the applications of Htta with an aqueous phase, the structure of Htta 

plays an important role (Figure 4.1). Htta contains two ketone sites, thus it is 

categorized as a diketo ligand. At this site, the double-bond closer to the CF3 

group is hydrated to become the enol form of Htta in the presence of water. 

With a further hydration, the Htta molecule tautomerizes to the keto-hydrate 

form where the molecule contains two hydroxyl groups. It has been understood 

that binding of metal occurs when the Htta molecule is in the enol form where 

the site of monoketone and enol creates a conjugated system that allows an 

metal ion to be bounded, though the rate of the transformation differs 

depending on the external conditions such as the pH of the environment and 

the concentration of the water molecules.68 

 

4.1.3. Hypothesis 

As described previously, Htta is known to extract some lanthanides, as 

well as divalent metal ions at the monoketone-enol site. The chelating site of 

Figure 4.1: Tautomerization of 2-thenoyltrifluoroacetone is 

affected by the presence and water molecules and its 

concentration with in the environment. From left to right: Htta in 

dry environment, Htta in enol form after the first hydration, and 

Htta in keto-hydrate form after the second hydration. 



51 

 

Htta contains two oxygen atoms that are considered to be “hard” electron 

donors, which favours to interact with hard metals such as copper and cobalt. 

However, Htta can bound to larger metal ion as in the case of lanthanide 

extractions, the extraction of softer heavy metals such as lead and mercury 

were expected. The presence thiopene ring was also expected to increase the 

affinity to the softer heavy metals.   

4.2. Experimental 

The procedure of the metal extraction experiment and analytical 

methods were the same as the ones described in Section 3. Into the IL phase, 

2.33 mg of Htta per 1.00 mL of IL was dissolved. Solid Htta (99% purity) was 

obtained from Acros Organics and used without any further purification. 2.33 

mg of Htta was completely dissolved in 1 mL of IL. The rest of the extraction 

procedure was the same as the ones described Section 2.2. 

4.3. Results and Discussion  

4.3.1. ICP-OES Results 

After the metal extraction experiments, the metal concentration in the 

aqueous phase was determined by ICP-OES and the extraction efficiencies 

were calculated. The results are presented in Figure 4.2. The results from the 

CoCl2 extraction experiments showed a distinct trend. The increase in the 

length of alkyl chain showed a decreasing trend in the efficiency of CoCl2 

extraction. This trend also is seen in the PEGylated ILs, where the increase in 

the length of PEGylated chain also decreased the extraction efficiency. The 

trend in the PEGylated system was surprisingly reverse as compared to the 

extraction experiment without Htta. This phenomenon may be due to the fact 

that the solubility of Co-tta complex into ILs may differ depending on the 
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physical properties of the ILs. This logic can be explained by comparing the 

results from the viscosity measurement and the extraction efficiency. Although 

the Htta molecules and complexes are hydrophobic, the increase in 

hydrophobicity with the increase in viscosity reduced the extraction efficiency. 

Thus, the solubility of the metal-ligand complex and the physical property of 

ILs can affect the overall extraction efficiency. 

 

Figure 4.2: Result from metal extraction experiments are summarized 

(P <0.05). The concentration of the metal in the aqueous phase was 

measured by ICP-OES with two recommended wavelengths. For 

further information, see Appendix. 

 

The extraction of CuCl2 by IL-Htta systems showed the highest 

efficiencies of all treatments tested in this study. These outcomes may be due 

to a higher stability of the Cu-tta complex as compared its analogous Co-tta 

complex. Although both divalent metals are arbitrarily classified as “hard” or 

“borderline” Lewis acids in the general concept of HSAB theory, the slightly 

different properties of the metals may have a large impact on formation of 

metal-ligand complex, which ultimately affected the extraction efficiency of 

metal by use of chelating ligand. The property of ILs also contributed to the 
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trend of extraction efficiency. As seen in the extraction of CoCl2 by Htta-IL 

system, the increase in alkyl chain decreased the extraction efficiency. Again, 

this may be mainly due to the increase in the viscosity of the IL where the 

probability of the collision of the metal atoms and ligands during the treatment 

may have been decreased. Finally, even though there was not a large difference 

in the result of the extraction within the PEGylated system, comparing the 

extraction efficiencies by [N222(12)][NTf2]- and [N222C2EG3][NTf2]-Htta system 

supports that decrease in viscosity of IL may contribute to the increase in the 

extraction efficiency. 

The trend of the extraction efficiency of PbCl2 by alkyl ILs followed 

the same trend as the result from the CuCl2 extraction experiments. Again, 

these results support the logic that there may be a preferred length of cationic 

chain of IL - tuning the properties of ILs such as viscosity - in order to 

optimize the solubility of the metal salt into the IL phase. However, unlike the 

other metal salt extraction treatments, the treatment of PbCl2 showed a general 

trend where the presence of Htta molecules in the IL phase decreased the 

efficiency as compared to the experiments with ILs alone. This was 

unexpected because even if the PbCl2 and Htta molecules appeared to be 

incompatible to form a metal-ligand complex whilst the thiopene ring was 

expected to attract softer metal ions based on HSAB theory. Therein the results 

may suggest that the presence of one type of ligand molecules, a monoketone 

ligand in this study, can decrease the extractability of metal ions by ILs. 

Although such a phenomenon may seem to be disadvantageous in metal 

extraction, utilization of ligands may enhance the selectivity in metal 

extraction treatments from a solution containing different types of metal ions. 
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The result of HgCl2 extraction showed a surprising outcome. Even 

though the chelating site of Htta consists of a diketone group, which is 

considered as hard Lewis base, Htta showed the ability to extract mercury ions. 

Moreover, extraction efficiency of HgCl2 were higher than it is of CoCl2. 

Based on the HSAB theory, Htta was thought to extract hard metals like cobalt 

more efficiently than soft metals like mercury. Based on these results, the 

thiopene ring of Htta may have a significant impact on interacting with 

mercury, because mercury is known to favourably interact with sulphur. 

Likewise, the presence of the sulphur atom may have interfered with cobalt 

atoms based on the HSAB theory. 

Furthermore, the extraction of HgCl2 by alkyl ILs followed the same 

trend as the one seen in extraction of CuCl2, where the extraction efficiency for 

both treatment followed the order of [N222(12)][NTf2] > [N2224][NTf2] > 

[N2228][NTf2]. The order of the extraction efficiency in the PEGylated ILs 

appeared to be [N222C2EG2] > [N222C1EG1] > [N222C2EG3], which is the same 

trend as the PbCl2 treatments. Lastly, the efficiency of HgCl2 extraction in both 

with and without Htta showed the same trend.This comparison shows that the 

physical properties of ILs contribute to the extraction ability of the ligand.  

To understand the effect of the concentration of Htta in the ILs phase, 

[N2224][NTf2] and CuCl2 were selected to perform the extraction experiments 

whilst differing the Htta concentration, as the pair demonstrated one the 

highest extraction efficiency. Also [N2224][NTf2] is the simplest form of the ILs 

studied in this project. Following the same procedure described in the Section 

4.2, varying amounts of Htta were dissolved in the ILs: 0.01, 0.02, 0.04, 0.06, 

0.08, and 0.1 mmol of Htta. The result is presented in Figure 4.3. The increase 
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of the concentration of Htta in the IL phase increased the extraction efficiency 

up to 71.08 %. This is a very promising result in terms of optimizing the 

extraction efficiency. The extraction efficiency can be also optimized by 

changing other extraction parameters such as contact time and temperature, 

which ultimately increase the rate of collision and helps the ligand and metal 

ions to form a complex.38, 39 

 

Figure 4.3: The results from CuCl2 extraction with varying 

concentration of Htta are presented (P<0.05). For further information, 

see Appendix.  

 

To compare the extraction ability with the traditional solvent, CuCl2 

extraction experiments were performed with some hydrophobic solvents, with 

and without Htta. Dichloromethane, chloroform, toluene, and ethyl acetate, 

were chosen based on literature.69 The results are presented in Table 4.1. The 

experiment with ethyl acetate formed monophasic system with the aqueous 

phase at the end of the treatment. In the resulting monophasic solution of water 

and ethyl acetate, green solids were obtained (Figure 4.4). 

The results from the extraction using traditional solvents without Htta 

suggest that each solvent possesses different levels of the ability to extract the 
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metal chloride salts. Both treatments with and without Htta agree with the 

results from the IL treatments where the addition of Htta dramatically 

increased the extraction efficiency. As compared to chloroform and DCM, 

toluene showed the best compatibility with Htta to extract CuCl2. The high 

extraction efficiency by toluene-Htta system may be due to the structural 

nature of toluene where the π-bond interaction of the conjugated ring favours 

the interaction with the conjugated system of CuCl2-Htta.44 Based on the 

results of using the traditional solvents, the mechanism of the extraction 

process of CuCl2 by ILs is determined to be neutral extraction whereby Htta 

molecules and copper ions form an uncharged complex, which is extracted into 

the solvent phase. The possibility of the ion exchange mechanism is eliminated 

because the solvents used were electrically neutral. 

Table 4.1: Results from CuCl2 extraction by conventional solvent are reported 

with the value of standard deviation (P < 0.05) 

Solvent Extraction Efficiency (%) 

 Without Htta With Htta 

Dichloromathane 12.11 ± 0.61 45.61 ± 0.63 

Chloroform 5.54 ± 0.18 37.39 ± 2.13 

Toluene 2.45 ± 0.66 49.06 ± 4.47 

 

 As mentioned previously, due to the miscibility of ethyl acetate with 

water in a proportionally large amount of water, the solutions formed 

monophasic system, thus the result was not obtained. Instead, at the end of the 

two-hour treatment, green solids were found floating on the surface of the 

solution. From this observation, a hypothesis was developed that by using a 

water-soluble solvent, metal-Htta crystals can be synthesized. Further 

experiments and discussions are detailed in Section 4.4. 
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Figure 4.4: Green solids found after the 

trial of CuCl2 extraction by ethyl acetate 

and Htta. The solids were found floating 

in on the surface of the solution after two 

hours of treatment 

 

4.3.2. UV-vis Spectroscopy  

In order to understand the interaction between ILs and Htta, UV-vis 

spectroscopy of Htta in different environments of ILs were taken. Figure 4.5 

shows the spectra of [N2224][NTf2]-Htta system in a dry and water-saturated 

environment. The wet [N2224][NTf2]-Htta system is prepared by dissolving 

1.05 × 10-2 mol of Htta into 1 mL of IL and equilibrated with 1 mL of ultrapure 

water by stirring overnight. The dry system was prepared by mixing the same 

amount of Htta in dry IL. It is well studied that Htta undergoes enol-keto 

tautomerization in the presence of water.70 The peaks at 268 nm and 295 nm 

indicate the keto-hydrate form of Htta in the wet IL. The spectrum of 

[N2224][NTf2]-Htta in the dry environment shows a peak at 324 nm and 

shoulder bands at 355 nm and 271 nm. These peaks indicate the enol form of 

Htta. Also, it is known that the rate of tautomerization of Htta is depended on 

the solvation kinetics; the amount of water molecule present within the 
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system.70 In the use of Htta as the metal extractant and IL as the solvent 

medium, it is important to note that the extraction efficiency may be impacted 

on the presence of water in the IL phase as the enol form of Htta bounds to a 

metal ion. Thus it is important to note that different ILs possess different levels 

of water content depending on their functional groups.  

 

Figure 4.5: UV-vis spectra of Htta in [N2224][NTf2] in dry and wet 

environment. The samples were prepared in dry acetonitrile 

solution.  

 

The Figure 4.6 shows the UV-vis spectra of IL phase after each metal 

chloride treatment by [N2224][NTf2]/Htta system. Although the spectra are of 

the same IL, some spectra confirmed the presence the metal-ligand complex 

formed after the process. The spectra of the IL phases after the HgCl2 and 

CoCl2 treatment show very similar trends with the peaks at 264 nm and 292 

nm. The broader bands around 333 nm to 336 nm may indicate a low 

concentration of the metal-ligand complexes formed in the IL phase after the 

treatment, which corresponds to the lower extraction efficiencies as compared 

to CuCl2 extraction treatment. The spectrum of the IL phase after PbCl2 

treatment did not show a notable peak as seen in the other spectra. The broad 
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peak at 264 nm may in indicate the presence of the keto-hydrate form of Htta, 

and there is a broad peak seen at 336 nm, which may confirm the formation of 

the metal-ligand complex. Nevertheless, the peak near 264 nm that is seen in 

the other spectra is not notable in the spectrum. To further understand the IL 

phase and the behaviour of Htta after the metal extraction treatments, UV-vis 

spectra of all post-treatment IL phases were taken. 

 

Figure 4.6: Comparative UV-vis spectra of [N2224][NTf2] after each 

metal extraction. The dotted spectrum is Htta in enol form. Note the 

shift in peak after the CuCl2 extraction treatment. 

 

The spectra from CoCl2 treatment with Htta (Figure 4.7) showed a 

trend in the alkane-functionalized ILs. Relatively speaking, the difference in 

the intensity of peak at 331 nm compared to the peak at 265 nm in ratio 

appeared to be smaller in the alkyl ILs than that of the PEGylated ILs, . 

Furthermore, the broad peak at 331 nm is absent in the spectrum of 

[N222C2EG3][NTf2]-Htta phase. The spectra of Htta in the alkyl ILs may be 

assigned to a mixture of the enol form of Htta and the formation of a cobalt-

Htta complex, because the peak of the enol form of Htta appears at 324 nm. 
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The merging of the two peaks is especially notable in the spectrum of 

[N2228][NTf2] system where the peak at 324 nm is more apparent but the 

shoulder band the enol form of Htta around 355 nm is absent in the spectrum. 

Nevertheless, all the spectra of the posttreatment IL-Htta system showed the 

presence of the keto-hydrate form of Htta that failed to form a metal-ligand 

complex with CoCl2.  

 

Figure 4.7: UV-vis Spectra of ILs containing Htta after CoCl2 

extraction treatment. A relatively large amount of Htta molecule 

in keto-hydrate form is present in all ILs. 

 

Unlike the UV-vis spectra of the ILs after CoCl2 extraction treatment 

with Htta (Figure 4.7), the spectra of the treatment of CuCl2 (Figure 4.8) 

showed the formation of complex of copper and Htta. The new peak appears at 

341 nm for all IL-Htta phase, as explained previously. The spectra are 

consistent with the result from ICP-OES, however, it is important to note the 

peak of the keto-hydrate form of Htta in the [N222C2EG3][NTf2] phase, which 

is more intense than the peak assigned to the copper-Htta complex. This 

comparison may indicate that not all Htta molecules in ILs reacted with the 

metal ions. 
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In comparison to the other IL-Htta system, the intensity of the peak at 

266 nm is relatively higher than the newly formed peak of copper-Htta 

complex at 341 nm in the spectra of [N222C2EG3][NTf2]. This relatively more 

intense peak at 266 nm indicates the presence of a high concentration of keto-

hydrate form of Htta, which is not seen in the other IL-Htta system. This may 

be due to the high water absorption capacity of [N222C2EG3][NTf2], which 

ultimately creates the chemical environment of which the Htta molecules 

favour the keto-hydrate form. A similar effect is observed in the 

[N222C2EG2][NTf2]-Htta phase, however, the peak at 341 nm is still more 

intense than the peak at 266 nm, as seen in the spectra of other IL-Htta phases. 

 

Figure 4.8: UV-vis Spectra of ILs containing Htta after CuCl2 

extraction treatment. New peak at 341 nm is assigned to a new 

copper-Htta complex. 

 

The UV-vis spectral measurements of IL phases after PbCl2 treatments 

(Figure 4.9) showed some different results as compared to other posttreatment 

of metal extraction. The spectrum of posttreatment by [N222C2EG3][NTf2] 

showed bands at 313 nm and 414 nm, which were also seen in the spectrum of 

[N222C2EG3][NTf2] after PbCl2 extraction without Htta. Although whether if 
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the peak shift is due to the interaction of the IL, ligand, and/or PbCl2 is unclear, 

these peaks could come from impurities in the IL as [N222C2EG3][NTf2] is 

particularly difficult to purify.71  

Similarly, the spectra of [N2228][NTf2] and [N222(12)][NTf2] showed 

peaks at 318 nm and 337 nm, respectively. Both peaks are as intense as, or 

more intense than the peak of keto-hydrate Htta at 264 nm, which indicates 

that the concentration of what is causing these broad peaks is higher than that 

of the unreacted Htta in the IL phase. Based on the posttreatment spectrum of 

[N2228][NTf2] without Htta (see Appendix), the possibility of IL alone causing 

the appearance of new peak after PbCl2 treatment can be eliminated, because 

the new peak appeared around 325 nm. The same reasoning can be applied to 

the spectra of [N222(12)][NTf2]. Therefore, the new peaks may indicate a new 

activity of Htta, lead, and/or ILs under the UV-vis range. Nevertheless, all 

spectra from IL-Htta system after PbCl2 treatment showed a peak of keto-

hydrate form of Htta at 264 nm, which indicates presence high concentration of 

unreacted Htta molecules. 

 

Figure 4.9: UV-vis Spectra of ILs containing Htta after PbCl2 

extraction treatment. The peak for keto-hydrate form of Htta at 

267 nm is consistently observed. 
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The extraction of HgCl2 by IL-Htta system showed some interesting 

spectral appearances. First, after the treatment without Htta, the spectra of 

[N222C2EG3][NTf2] and [N2228][NTf2] the bands at 312 and 314 nm, 

respectively, which is consistent with the PbCl2 treatments. Therefore, these 

bands most likely come from ILs themselves, rather than because of the 

interaction between the ILs and metal chlorides. 

Secondly, the spectra of [N2228][NTf2] and [N222(12)][NTf2] with Htta 

showed a formation of broader bands around 327 to 330 nm, which may 

indicate the formation of mercury-Htta complex, or tautomerization effect of 

Htta where Htta remained in its enol form, because these two ILs are especially 

hydrophobic as compared to other ILs studied in this study. The spectra of 

PEGylated ILs after HgCl2 treatment with Htta resulted in higher extraction 

efficiency, yet, did not show the new peak of mercury-Htta complex as intense 

as [N2228][NTf2] and [N222(12)][NTf2]. Although the appearances of these peaks 

are very similar to the ones observed in the spectra of post CoCl2 treatment by 

Htta-IL system (Figure 4.8), the high concentration of unreacted Htta is most 

likely caused the appearance of the spectra. 
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Figure 4.10 : UV-vis Spectra of ILs containing Htta after 

HgCl2 extraction treatment. The spectra show a similar trend 

the one seen in the result from CoCl2 in Figure 4.7. 

 

The recycling of IL after CuCl2 extraction treatment was performed 

with aqueous acetic acid solution (0.5 M) according to literature.43 The 

spectrum of the post-recycling [N2224][NTf2] phase shows the absence of Cu-

tta complex in the [N2224][NTf2] phase (Figure 4.11). The IL is washed with 

water after being treated with acid and the spectrum of post-recycling shows 

the keto-hydrate form of Htta due to the presence of high concentration of 

water molecules. The spectrum also confirms that upon recycling of IL, the 

ligand molecules stay in the IL phase, and that only the copper ions are 

separated from the IL phase. The process of recycling consists of protonation 

of the ligand by acidic aqueous solution, which releases the hydrophilic metal 

chloride salts into the acid phase from the IL phase.43 This is advantageous 

because the ligands can be recycled with ILs in one process. The recycling 

process was also successful in by using hydrochloric acid and nitric acid. The 

samples from recycling of [N222(12)][NTf2] using HCl are presented in Figure 

4.12, as the colours of [N222(12)][NTf2] and HCl effectively showed the 
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difference in the appearance of the phases after each step from extraction to 

recycling. 

 

Figure 4.11: Comparative spectra of [N2224][NTf2] after 

CuCl2 extraction and post-recycling are presented. The 

bump in the spectrum of post-recycling IL at 350 nm is 

due to the UV-vis spectrometer changing the lamp during 

the measurement. 

 

 

Figure 4.12: [N222(12)][NTf2] is presented in the figure as it was the 

most transparent, colourless IL. From left to right: IL before metal 

extraction process, IL after extraction process, IL after recycling by 

HCl, and the aqueous HCl phase separated from the IL phase after 

recycling. 

 

4.4. Synthesis of Metal-Htta Complexes and Characterization 

As previously stated, after the CuCl2 extraction treatment by ethyl 

acetate-Htta system that resulted in collection of the green solids, a hypothesis 
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was developed that the crystals obtained were what is present in the ILs phase. 

Thus, synthesis and characterization of the Cu(tta) complex and Co(tta) 

complex were attempted. Synthesis method of metal(tta) complex is illustrated 

as follows: 

 

Figure 4.13: General synthesis of metal(II)-Htta complex. 

Moderate heat was apply in order to catalyse the complex 

formation 

 

Synthesis of Pb(tta) and Hg(tta) complexes were avoided due to their 

high toxicity. Characterization of the complexes was done by CHN analysis, 

UV-vis spectroscopy, thermogravimetric analysis, and differential scanning 

calorimeter. NMR spectral analysis were not successful due to the 

paramagnetic nature of the complexes. The UV-vis spectra of the complexes 

were compared to the spectra from the ILs after the metal extraction 

experiment. 

4.4.1. Instrumentation  

4.4.1.1.Thermogravimetric Analysis 

Discovery TGA (TA Instruments) fitted to Discovery common cabinet 

was used. Platinum HT pan (100 µL) were used for all analysis. The 

instrument was equilibrated at 40.00 °C. The ramp was set to be 20.00 °C/min 

throughout analysis and isothermal was set for 3 min after 100.00 °C. The 

results were reported in the weight of the sample (%) respect to temperature.  
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4.4.1.2.Differential Scanning Calorimeter 

Discovery DSC (TA Instruments) fitted Discovery common cabinet 

was used. The samples were prepared in Tzero pan and lid using Tzero sample 

press kit. The ramp was set to be 5.00 °C/min to 150.00 °C, isothermal for 5 

minutes, and 5.00 °C/min to -80 °C. The cycle was repeated three times. The 

results were reported as normalized heat flow respect to temperature. 

 

4.4.2. Synthesis of copper-di(2-trifluoroacetone) complex, Cu(tta) 

In a 100 mL single-neck round-bottom flask, 2-

thenoyltrifluoroacetone (3.34 g, 17.28 mmol, 2.0 eqv) 

was dissolved in 10 mL of methanol. While stirring with 

a magnetic stirrer, CuCl2 (1.16 g, 8.64 mmol, 1.0 eqv) 

dissolved in minimal amount of ultrapure water was added into the mixture 

drop wise. The temperature was brought up to 40 ºC and the reaction was left 

for 2 hours. After 2 hours, green crystals were vacuum filtered and wasted with 

cold ultrapure water and cold methanol. The green crystals were air-dried 

overnight and collected (3.04 g, 60.8%).  

CHN Analysis: calculated for C16H6CuF6O4S2: C, 37.99; H, 1.59; found: C, 

38.44; H, 1.24.  
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4.4.3. Synthesis of cupper-di(2-trifluoroacetone) complex, Co(tta) 

In a 50 mL single-neck round-bottom flask. 2-

thenoyltrifluoroacetone (4.34 g, 19.53 mmol, 2 eqv) was 

dissolved in 10 mL of methanol. While stirring with a 

magnetic stirrer, CoCl2 (2.32 g, 9.76 mmol, 2 eqv) 

dissolved in minimal amount of ultrapure water was added in to the mixture 

dropwise. The temperature was brought up to 40 ºC and the reaction was left 

for 2 hours. After 2 hours, milky orange solids were vacuum filtered. The 

collected solids were dried and dissolved in diethyl ether, then crushed out 

with hexane. Orange powdery solids were dried in vacuum at 70 °C and 

collected (0.51 g, 10.2 %). 

CHN Analysis: calculated for C16H6CoF6O4S2: C, 38.34; H, 1.61; found: C, 

37.75; H, 1.34 

4.5. Results and Discussion 

Metal-ligand complexes of Co(tta) and Cu(tta) were synthesized. While 

Cu(tta) consisted of fine green crystals, Co(tta) consisted of orange powder, 

which were more difficult to purify in comparison. The UV-vis spectra 

(Figure 4.14 and Figure 4.15) of the complexes and the [N2224][NTf2] phases 

after the corresponding metal extractions showed matching peaks that indicate 

that the complexes formed in the ILs phase are the same as the complexes 

synthesized. This confirmation allows further studies on the metal extraction 

mechanisms and properties of the complexes. The structure of the complex 

helps to understand the chelation process where the release of protons of Htta 

molecules into the aqueous phase may occur. It is also supported by the study 
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of recycling process where the Htta molecules in the complex is re-protonated 

and metal ions are released into the aqueous acid phase. 

 

Figure 4.14: The UV-vis spectrum of [N222][NTf2] after 

CuCl2 treatment is compared with synthesized Cu(tta) 

complex. The absorbance peaks at 342 nm are consistent in 

both spectra. 

 

 

Figure 4.15: The UV-vis spectrum of [N2224][NTf2] phase after 

CoCl2 extraction is compared with synthesized Co(tta) 

complex. The spectrum of Co(tta) complex shows a peak at 339 

nm. The IL phase shows apparent peak of Htta, but lacks the 

broad shoulder band of its enol form at 357 nm. 

 

The results from TGA analysis of Co(tta), Cu(tta), and Htta show 

different decomposition temperatures of the complexes (Figure 4.16). While 
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Co(tta) beings to decompose at 222.6 °C and completely decomposes at 268.4 

°C, Cu(tta) begins to decompose at 240.0 °C and completely decomposes at 

297.6 °C. These differences in the decomposition temperature indicate that the 

Cu(tta) complex is more stable than the Co(tta) complex. These results from 

TGA analysis are consistent with the study by Jaffe, et. al. where the kinetic 

formation constant of monothenoyltrifluroacetone complex of copper was 

much higher than the analogous cobalt complex.72 The result from DSC 

analysis are presented in Appendix. 

 

Figure 4.16: The result from TGA analysis of Htta (red), 

Co(tta), and Cu(tta) are presented. The first 

decomposition peak of Co(tta)is attributed to unreacted 

Htta complex with in the structure. 

 

4.6. Conclusion 

The extraction of the metal chlorides by IL-Htta system were 

performed. The extraction of CuCl2 improved drastically where the extraction 

of CoCl2 and HgCl2 were not as efficient, and the extraction efficiency from 

some of the PbCl2 extraction experiments even decreased as compared to the 

extraction by ILs alone. The UV-vis spectra of ILs after the extraction process 
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showed corresponding appearance of Htta and/or metal(tta) complexes. It was 

also repeatedly observed that Htta is in the keto-hydrate form after being 

saturated by water especially in the PEGylated IL systems. 

The solid complexes of Co(tta) and Cu(tta) were synthesized and 

characterised. Based on the results from CHN analysis, UV-vis spectroscopy, 

and TGA analysis, the extraction mechanism of CuCl2 and CoCl2 were 

determined to be neutral extraction where two ligands bound to one metal ion. 

The Cu(tta) complex was determined to be more stable than the Co(tta) 

complex. The stability of the complexes correspond to the extraction 

efficiencies as CuCl2 were extracted more than CoCl2. This correlation suggest 

that the combination of metal and ligand, as well as the stability of the 

corresponding complex primarily govern the extraction efficiency of the 

system. 
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5. Interaction of ILs, Htta, and Water 

The results from the metal extraction experiments demonstrated that 

the extraction efficiency depends on the combination of ILs, metal ions being 

extracted, and the ligand, as well as their properties. Furthermore, the 

environment and condition of which the extraction process takes place must be 

also considered. The results from UV-vis spectroscopy analysis the IL phases 

after the metal extraction treatment with Htta suggested that water molecules 

play an important role in extraction using Htta and ILs. Thus, relationship 

between water, Htta, and ILs were investigated.  

5.1. Experimentation 

5.1.1. Moisture Measurement of ILs 

Pior to the experiment, 0.6 mL of ionic liquids were dried at 5 × 10-5 

atm at 70 ˚C in 3.5 mL vial (SAMLO) equipped with a larger test tube, 

connected to the shlenkline. After drying, the vial containing ILs were quickly 

capped. Two to three drops of IL was injected into the Karl-Fischer by using 1 

mL syringe and needle. After the initial measurement, the remaining ILs were 

exposed to the atmosphere for 6 hours and the same measurement procedure 

was repeated. Water-saturated ILs were prepared by mixing 0.75 mL of IL and 

15 mL of water were mixed for 2 hours in a 20 mL test tube. The water content 

of ionic liquids were measured by the same procedure as described previously. 

5.1.2.  Study of the Effect of Water in ILs 

The structural effect of water on ILs were investigated by ATR-FTIR 

spectroscopy. Single measurements were obtained by measuring the 

background before the measurement and placing 1 to 2 drops of samples on the 
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surface of diamond. The tests on the effect of water in IL were done by placing 

2 to 3 drops dry IL on the diamond surface of ATR-FTIR and a drop of 

ultrapure water next to the IL, barely in contact with the IL. Continuous 

measurement was taken until saturation of water was confirmed. 

5.1.3. Htta Tautomerization Measurement 

The stock solutions of Htta solution was prepared by making 1 mg/mL 

of Htta in acetonitrile in a 10 mL volumetric flask. The standard solutions of 

Htta-acetonitrile with varying concentrations of waster were prepared by 

mixing 1 to 10 consecutive drops of water by syringe and needle with 200 µL 

of the stock solution in the 10 mL volumetric flasks. The flasks were filled 

with acetonitrile to the line. The concentration of water in each standard 

solution was measured by Karl-Fischer moisturemeter. The UV-vis spectra of 

the standard solutions were taken by UV-vis spectrometer and the spectra are 

normalized by integrating the area under the curve using MatLab 2017a. 

5.2. Instrumentation  

5.2.1. Karl-Fischer Moisture Meter  

CA-200 Moisturmeter (MITSUBISHI CHEMICAL ANALYTECH) 

was used to determine the moisture content of ILs. The instrument was titrated 

prior to measurement. The water content was reported in concentration in ppm 

and in mass per amount of sample injected in µg. 

5.2.2. ATR-FTIR 

VERTEX 70 ATR-FT-IR (Bruker) was used for infrared spectroscopy 

measurements. The spectra of ILs were measured by locating IL on the 

diamond surface using a syringe and needle. All measurements were taken 
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with the resolution of 4 cm-1, sample scan time of 32 scans, and background of 

128 scans. The range of measurement was 6000 to 30 cm-1. Repeated 

measurements were set up to maximum of 240 scans with 1 second delay 

between each measurement. 

5.3. Results and Discussion 

5.3.1. Moisture Content in ILs 

The moisture measurements using Karl-Fischer moisture meter were 

performed to understand the structural effect of the ILs and their varying 

hygroscopicity. The results are presented in Table 5.1. The water contents of 

the ILs containing hydroxyl chain, [N222 C1EG1][NTf2], [N222 C2EG2][NTf2], 

and [N222C2EG3][NTf2], showed a greater water absorption capacity than the 

ILs with alkyl chain, except for [N2224][[NTf2], after being exposed to the 

atmosphere for 6 hours. The increase in hygroscopicity respect to the increase 

of the length of PEG chain is due to increased polarity of the side chain that 

enhances the interaction between the IL and water molecule.73 Similarly, 

hygroscopicity decreases as the alkyl chain length increases because the non-

polar, hydrophobic region of the ILs increases with the increasing alkyl chain 

length; repulsing the interaction of ILs and water molecules.73 This effect can 

be also explained by the three dimensional structure of ILs whereby the 

charged and polar region of ILs are hidden by the swelling of nonpolar chain in 

a given dimension, physically blocking the more polar region of ILs to interact 

with water molecules on the surface of the IL.35  
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Table 5.1: The measurement of water content in ILs 1) soon after drying, 2) 

after six hours of exposure in atmosphere after drying, and 3) after saturated 

by water for 2 hours. 

Ionic Liquid Water Content (ppm) 

 Dry 6 hrs Water-saturated 

[N2224][NTf2] 17 2454.64 9664.1 

[N2228][NTf2] 19.9 1208.33 7195.2 

[N222(12)][NTf2] 20.14 547.06 5210.4 

[N222EG1C1][NTf2] 479.85 19401.41 14720.8 

[N222EG2C2] [NTf2] 547.79 25040.98 26846.4 

[N222EG3C2][NTf2] 564.2 25580.15 50063.5 

 

The water absorption capacities of ILs are more distinctly seen in the 

measurement from the experiment of saturating ILs with water. From these 

results, it can be concluded that although [NTf2]
--based ILs are considered to 

be hydrophobic, the concentration of water molecules present in ILs 

dramatically differ by changing the functional group, even within the same 

cationic core. This factor may play a crucial role in separation chemistry using 

ILs because presence of water in the IL phase could interfere with applications, 

as seen in the extraction experiments using Htta. 

5.3.2. Structural Effect of Water in ILs 

In order to undestand the structural behvior of the ILs with water, 

ATR-FTIR spectra of each dry ILs were first assigned and studied. The spectra 

are presented from 1500 cm-1 to 130 cm-1 (see Apendix) and from 3050 cm-1 to 

2750 cm-1 (Figure 5.1 and Figure 5.2). The rest of the spectra is ommited as 

peaks related to the IL structures were not observed. The peaks of the spectra 

are assigned according to the literetures.74-77 The spectra between 3050 cm-1 

and 2750 cm-1 correspond to the C-H streching in cation, which differ 
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depending on the fucntional group due to the presence of the oxygen atom 

altering the electric environment of the cationic core as in the interaction of N-

C-CH2-O and N-C-CH2-CH2, which is also seen in the 1H NMR analysis 

(Section 2.3.4). 

 

Figure 5.1: The ATR-IR spectra of alkyl ILs in the region of 1500 cm-

1 to 130 cm-1 are overlaid. ILs were dried prior to the measurement 

and the measurement was taken at the room temperature. 

 

 

Figure 5.2: The ATR-FTIR spectra of PEGylated ILs in the 

region of are 1500 cm-1 to 130 cm-1 are overlaid. The 

measurement parameter followed the same as the one for the 

measurement of alkyl ILs.. 
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 The region of 1500 to 130 cm-1 consists of both anionic and cationic 

bonding of the ILs with some differences in the spectra that can be assigned to 

the different cationic chain. First off, all ILs used in this study showed almost 

the same [NTf2]
- spectral appearances between 1473 and 997 cm-1, and 

between 789 and 204 cm-1with minor differences. The peaks between 1473 to 

1460 cm-1 in PEGlyated ILs and 1487 to 1460 cm-1 in alkyl-ILs are attributed 

to bending of C-H bonds in cation.75 The specrtra of PEGylated ILs in the 

region appeared to be consistent with very similar appearance of the peaks and 

their locations. In contrast, alkyl-ILs showed varying sepctral appearances in 

the respective region. Based on these observations of the different C-H 

bending activities between the alkyl and PEGylated IL systems, the solvation 

and physical properties of ILs can be related. The increasing chain length of 

the ILs affects the structural behavior of H-C bonds in the alkyl ILs, but not as 

significant in the PEGylated systems. This obsevation can be related to the 

viscosity studies of dry ILs where the lowest viscosity in the alkyl ILs was 

212.77 mPa.s for [N2224][NTf2] and the highest was 522.05 mPa.s for 

[N222(12)][NTf2], while the lowest viscosity in the PEGylated IL system was 

91.87 mPa.s and the highest was 117.04 mPa.s for [N222 C1EG1][NTf2] [N222 

C2EG3][NTf2], respectively (Table 3.2).  

 Besides the different appearance in C-H bending peaks, there are three 

minor notable differences between the PEGylated ILs and alkyl-ILs. The first 

difference is the peaks at 1105 cm-1 in the PEGylated ILs, which most likely 

indicate the C-O streaching of the ethylene glycol chain. Although the peaks 

come from the cationic chain, the presence of oxygen atoms in cation may 

have an affect on the structural behavior of the anion as the peak at 1134 cm-1 
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in alkyl ILs, which attributes to O-S-O streching in [NTf2]
-,77 has shifted to 

1132 cm-1 in the PEGylated ILs.  

Secondly, the peaks at 788 cm-1 in the alkyl ILs, which is attributed to 

C-S streching of [NTf2]
-,76 have shifted to 786 cm-1 in the PEGylated ILs. 

Again, this is most likely due to the presence of the oxygen atoms in ILs as the 

same spectral effects have been observed for O-S-O stretching peak at 1132 

cm-1.  

Thirdly, the peaks at 204 cm-1, which resulted from rocking of CF3 and 

twisting of SO2 atoms,77, 78 have shifted to 206 cm-1. This shift of the peaks is 

towards the higher wavenumber, which indicated a stronger vibrations of 

corresponding atoms. It is evident that the ethylene glycol chain is causing a 

structrual difference and the responding behavior to [NTf2]
-1 molecules as 

compared to the alkyl IL system. Further, based on all of the peak shifts 

described above, a prediction can be developed that the oxygen atoms of the 

cation interfere with the sulfur atoms of the [NTf2]
- component. These 

intermolecular interactions of ILs alters the physical properties of the ILs that 

ultimately enhances or supresses the effeciency of extraction processes.  

 In the region of 970 to 840 cm-1, the peaks are assigned to be C-N 

interactions of the cations.75 One notable spectral appearance in this region is 

the spectra of [N222C2EG2][NTf2] and [N222C2EG3][NTf2]. The spectra of these 

two followed the same appearance with peaks at 945 and 877 cm-1, however, 

the spectrum of [N222C1EG1][NTf2] consisted of peaks at 900 and 887 cm-1 in 

the same region. This difference may indicate that increasing the ethylene 

glycol chain in the IL system does not play a significant role on changing the 
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property of the ILs after the second ethylene glycol group. This observation 

may be related to the densities of [N222C2EG2][NTf2] and [N222C2EG3][NTf2] 

whose densities were measured to be 1.342 g/mL, as the difference in the 

densities of the ILs were negligible. Nevertheless, in order to confirm this, a 

more precise investigation of [N222C2EG2][NTf2] and [N222C2EG3][NTf2] is 

required. If the two ILs possesses almost identical properties, use of 

[N222C2EG2][NTf2] is preferred over [N222C2EG2][NTf2] in order to improve 

the atom economy of the system, and because of simplicity in synthesis of 

[N222C2EG2][NTf2].  

Because the amount of water present in IL affects the nature of ILs and 

the structural behavior of Htta as discussed previously, continuous ATR-FT-IR 

spectra of ILs respect to saturation by water were monitored and obtained. 

Figure 5.3 shows the representitive spectra of [N2228][NTf2] where saturation 

of water is observed in the region between 3750  cm-1 to 3060 cm-1 and 1720 

cm-1 to 1570 cm-1, which are assigned to be and O-H stretch and O-H bend of 

the water molecule, respectively. The region between 500 cm-1 and 220 cm-1 

also changed the intensity of the absorbance peaks as the concentration of the 

water increased (Figure 5.4). As discussed previously, this region of ILs are 

attributed to anionic component; specifically to the sulphur atoms of [NTf2]
-. 

This change in the spectra indicates that, although [NTf2]
- is considered to be a 

hydrophobic anion, water molecule interacts with [NTf2]
- more than they 

interact with the cationic component of the ILs. The same effect was observed 

in the analogous IL, [N222C2EG2][NTf2], where the same change in the spectra 

was obtained (see Appendix). 
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Figure 5.3: The continuous ATR-FTIR spectra of [N2228][NTf2]by 

water over time. The changes in absorbance are recorded around 

3400 cm-1(O-H stretch), 1600 cm-1 (O-H bend), and 500 to 200 cm-1. 

 

 

Figure 5.4: The focused Spectra of ATR-FTIR Spectra of 

[N2228][NTf2](Figure 5.3) between 500 to 200 cm-1. 

Saturation of water in the IL is observed overtime.  
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Figure 5.5: The focused view of ATR-FTIR spectra 

of all ILs saturated by water overnight. 

 

The hydrophobicity of ILs, which is tuned by changing the cationic 

component, can also be observed in the spectra of the same region of 500 to 

200 cm-1 (Figure 5.5). Each IL was saturated by water overnight prior to the 

measurement. In the anionic region where the effect of water saturation is 

observed, the order of water saturation level in the ILs is recorded as 

[N222C2EG3][NTf2] < [N222C2EG2][NTf2] < [N222C1EG1][NTf2] < [N2224][NTf2] 

< [N2228][NTf2] < [N222(12)][NTf2]. This order is in agreement with the result 

from the Karl-Fishcer measurement where the water content in ILs decreased 

with increasing alkane chain length and the effect was reverse in the 

PEGylated IL system. These observations of cationic effect validate that O-S-

O component of [NTf2]
-1 is responsible for interacting with the water 

molecules, whose hydrophobicity is depended on the overall polarity of the 

cation. It is important to note such effects and behaviour of the ILs if the water 

contents in ILs alter the outcome of IL applications. 
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5.3.3. Htta Tautomerization 

To understand the behaviour of Htta respect to presence of water, UV-

vis spectra of Htta tautomerization were recorded with increasing 

concentration of water in the solution of acetonitrile and Htta (Figure 5.6). The 

collected data were normalized to the area under the curve to obtain the spectra 

respect to the molar concentration of Htta molecule in the solution. From the 

spectra obtained, the isosbestic point of tautomerization of Htta at 305 nm was 

determined, which is in agreement with previous literatures.70, 79 Although 

there are two other isosbestic points at 208 and 227 nm that were not discussed 

in the previous studies, these isosbestic points may indicate other 

conformational change of Htta within the enol and keto-hydrate form,68 whose 

stability may also be affected by the presence of water.  

Additionally, with the spectra of tautomerization, more specific 

assignment of the peaks is possible. According to the literature, the peak at 267 

nm is attributed to the electric transition of thiopene ring, 296 nm is for the 

keto-hydrate carbonyl group and its tautomeric transition, and 327 nm is for 

the electric transition of the delocalization of the ligand.80 With the spectra of 

Htta tautomerization, the activities of Htta molecules with the targeted metal 

ions can be monitored to the amount of water present in ILs.  

Also, based on the spectra obtained, the majority of tautomerization of 

Htta from enol to keto-hydrate form is complete somewhere between 4032 

ppm to 5760 ppm of water is present in the solution. The experiment of the 

moister content in ILs showed that only [N222(12)][NTf2] was able to maintain 

that level of water content after saturation. These results indicate that for the 

purpose of maintaining the enol form of Htta - the form that allows the lingand 
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to react with metal ions to form a complex - [N222(12)][NTf2] has the best 

capacity, despite the lower extraction efficiency due to its high viscosity. 

Although it is difficult to control the exact amount of water present in IL 

during the extraction treatment by Htta-IL system, the water absorption 

capacity of ILs must be considered in order to optimise the extraction 

efficiency. 

 

Figure 5.6: The tautomerization curve of Htta was obtained 

by increasing the water content in the solution of 

acetonitrile and Htta. Its Isosbetic point is at 305 nm. 

 

5.3.4. Conclusion 

The relationships between the structure of the ILs and Htta respect to 

the presence of water were investigated. The ATR-FTIR study revealed that 

the oxygen atoms of the PEGylated ILs effect the structural behaviour of 

[NTf2]
- molecules, specifically at its sulphur atoms. The experiments of 

saturating ILs with water further demonstrated that the water molecules 

interfere with the O-S-O region of [NTf2]
-. The interference by water increases 

with longer ethylene glycol chain and decreases with longer alkyl chain, which 

was also demonstrated in the moisture meter experiment. 
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The study of tautomerization of Htta provided its detailed structural 

behaviour respect to the concentration of water in its surround environment. 

The structural behaviour of Htta is affected by the water content of ILs, which 

was also seen in the UV-vis spectra of IL phase after the extraction processes. 

These combined results suggest that in the application of ionisable ligands with 

ILs, hydrophobicity of ILs must be considered on top of other physical and 

chemical properties of ILs such as viscosity. 

  



85 

 

6. Conclusion and Future Work  

6.1. Overall Conclusion  

In this project, alkyl- and PEGylated triethylammonium ILs on 

extraction of copper, cobalt, lead, and mercury were investigated. The 

extraction efficiency by ILs mainly depend on the physical property of ILs 

such as viscosity, which are altered by the functional group within the same 

cation core and anion pair. However, despite the initial hypotheses based on 

HSAB theory, PEGylated ILs did not show effective extraction property of 

copper and cobalt. Extraction of the selected heavy metals by ILs showed 

small extraction abilities. Therefore, the direction of the project changed to 

biphasic extraction using a chelating ligand, Htta. 

 In the treatment of the heavy metals by Htta, it was demonstrated that 

Htta is most suitable to extract copper of all the selected heavy metal chlorides. 

The high extraction efficiency is due to the stability of the metal-ligand 

complex, which was supported by synthesizing the complexes and measuring 

their thermodynamic stability. However, extraction of lead showed that 

combination of the ligand and metal can also supress the extraction efficiency 

as compared to extraction only by ILs. Such a difference in extraction 

efficiency would allow selective extraction from a solution containing multiple 

metal ions. It was also demonstrated that ILs and Htta molecules can be 

recycled after the metal extraction treatment with aqueous acids.  

 To further understand the behaviour of Htta and ILs within the 

extraction systems, the structural effects of ILs and Htta respect to the presence 

of water were investigated. Because Htta undergoes tautomerization with the 
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presence of water whereby only the enol form of the ligand is able to react with 

metal ions, Htta takes different structural conformation in different ILs. This 

effect is directly affected by the physical properties of the IL wherein the 

ethylene glycol chain enhances the interaction of water and ILs, increasing the 

water content within the IL phase; favouring the keto-hydrate form of Htta. 

Also, the studies by ATR-FTIR demonstrated that within the 

triethylammonium-based [NTf2]
- ILs, the sulphur atoms of the [NTf2]

- 

molecules are mostly responsible for the hygroscopic property of the ILs, 

which is increased or decreased by the cationic functional group. It is 

important to note that while [NTf]- is considered to be one of the most 

hydrophobic ILs, [NTf2]
- itself interact with water and affect the behaviour of 

the solutes in the system. 

 These findings and relationships between the ILs, Htta, and water, 

reviled important factors respect to the outcome of the heavy metal extraction 

experiments. In the applications of utilizing ILs in metal extraction, these 

factors involving metal extractions must be considered in order to develop a 

greener and more efficient treatment process. 

6.2. Future Work 

To improve the overall project procedure and increase the amount of 

results, the scale of the experiment is desired to be reduced. As described in 

Section 2.2, 15 mL of sample aqueous per measurement was needed in order to 

produce 3 repeated measurement during the ICP-OES analysis. For 15 mL of 

aqueous sample, 0.75 mL of IL was used (5% by volume) where 3 trials per 

experiment were required to monitor the consistency of each experiment. 

Ultimately, this scale of the experiment limited a further investigation on other 
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metals as well as optimization of extraction process due to the large amount of 

ILs required overall. The improvement for this solution can be made by 

applying microextraction procedure proposed by Fischer, et. al.,39 where they 

used 0.01 mL of IL per experiment. Such a smaller scale would allow a wider 

comparative studies with different ILs metal ions, ligands, and extraction 

parameters. 

In terms of the designing of the IL, triethylammonium was suited 

cation core because of the simplicity in synthesis. One change that would 

improve the overall atom economy of the system is to change the alkyl chain 

of the cation to trimethyl group. Although this change in the structure may also 

alter the hydrophobicity of the ILs, by keeping the fourth alkyl chain long 

enough - perhaps as long as an octyl chain - the hydrophobicity of ILs can be 

maintained. Additionally, by decreasing the amount of hydrocarbons within 

the system, the overall electrostatic force will also decrease, hence the 

viscosity of the system would be decreased, as lowering the viscosity of ILs 

contributes to improve the extraction efficiency.  Conclusively, butyl and octyl 

sidechain ILs performed the majority of the highest extraction, thus any longer 

lengths of the fourth alkyl chain can be eliminated in the future work.  

For the application of PEGylated ILs, it would be interesting to 

investigate if the PEGylated ILs are capable to interact with smaller metals 

such as alkaline earth metals without using additional ligands. If the PEGylated 

ILs possess an affinity to smaller metals, which was not the case in the larger 

heavy metals extraction experiments, a selective extraction of alkaline earth 

metals from a solution containing multiple kinds of metal ions would be 

achievable. 
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Although the experiments using ILs with thio-based sidechain was not 

possible due to the low product yield, sulphur-containing ILs are still attractive 

in the application of soft heavy metal extraction. An alternative way of 

synthesizing [N222EtS1Me][NTf2] would be to change the reagent to thio-

containing amine group and alkylate the cationic core with ethyl iodide, which 

should result in a higher product yield as iodide molecules are more reactive as 

compared to chloride and bromide molecules. 

As seen in the Section 4, the thermodynamic properties of synthesized 

metal-ligand complexes can be used to predict the extraction efficiency of the 

metals. For this reason, the metal-ligand complexes can be synthesized and 

characterized prior to the extraction experiment in order to select the correct 

pairs of the metal and ligands. This strategy would help to target the metals in 

the future study. For example, Jaffe, et. al. determined the equilibrium constant 

of formation of Fe3+ and monothenoyltrifluoroacetone to be 1.0 × 103, which is 

much higher than the value of its analogous Co2+ complex, 3.2 × 10-1.72 Based 

on these values, extraction efficiency of Fe3+ ions by Htta must be greater than 

the result from CoCl2 extraction. However, to develop a parallel condition as 

the extraction method, external factors such as pH, temperature, and buffers in 

the synthesis must be the same, or at least very similar to, the parameter of 

extraction.    

To complete the cycle of metal extraction process, recycling methods 

must be improved. Although recycling of ILs was achieved by the use of 

aqueous acid, the use of acids are desired to be avoided at a larger scale of 

treatment due to their hazard and toxicity. Instead, recycling of ILs by metal 

deposition by means of electrochemical treatment may be very beneficial. 
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During this project, electrochemical window of [N2224][NTf2] and 

[N2228][NTf2] (see Appendix) were obtained, however, due to the complication 

of establishing the experiment involving electrochemical factors such as 

selection of the electrodes and experimental parameters, the project in the 

electrochemical sector was no longer continued.  

Finally, the leaching effect of ILs into the aqueous phase must be 

emphasized to apply the system in the industrial scale. If the purpose of the 

treatment is only to extract metal ions from an aqueous solution, leaching of IL 

may not be as concerning. But if the ultimate purpose of the treatment is to 

produce clean water at the end, the leaching effect of IL into the aqueous phase 

is seriously concerning, as the toxicity of ILs differ by different functional 

groups. It is, however, possible to distillate water from IL as ILs have 

extremely low vapour pressure, though such an extra step would defeat the 

idea of the simplicity of extraction treatment by ILs.  

To conclude, there are numbers of factors that can improve the metal 

extraction efficiency, the effectiveness of the treatment, and the applicability of 

the established treatment methods to the industrial use. The factors elaborated 

based on the outcome of this project will help to improve the future application 

of ILs.  
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9. Appendix 

Appendix i: Average metal extraction efficiency (%) by ionic liquids.  

IL CoCl2 CuCl2 PbCl2 HgCl2 

[N2224][NTf2] 3.44 ± 0.79 5.11 ± 0.47 8.51 ± 1.14 7.03 ± 1.10 

[N2228][NTf2] 2.64 ± 0.58 7.66 ± 1.26 8.57 ± 0.58 10.27 ± 0.61 

[N222(12)][NTf2] -0.48 ± 

0.90 

-0.97 ± 

0.58 

2.94 ± 1.44 3.87 ± 0.59 

[N222C1EG1][NTf

2] 

1.73 ± 0.70 5.42 ± 0.49 7.37 ± 0.67 6.04 ± 0.43 

[N222C2EG2][NTf

2] 

3.28 ± 0.76 5.65 ± 1.30 5.99 ± 0.25 0.94 ± 1.24 

[N222C2EG3][NTf

2] 

3.51 ± 0.60 3.31 ± 0.90 17.63 ± 0.93 7.11 ± 0.73 

 

Appendix ii: Average metal extraction efficiency (%) by ionic liquids and 

Htta. 

IL/Htta CoCl2 CuCl2 PbCl2 HgCl2 

[N2224][NTf2] 14.35 ± 

1.23 

40.83 ± 0.25 8.03 ± 0.70 15.84 ± 3.14 

[N2228][NTf2] 9.91 ± 1.37 35.97 ± 2.38 7.79 ± 0.70 19.20 ± 0.34 

[N222(12)][NTf2] 5.39 ± 0.68 31.64 ± 2.09 1.52 ± 0.91 8.19 ± 3.42 

[N222C1EG1][NTf

2] 

10.97 ± 

0.59 

40.53 ± 1.39 7.15 ± 0.34 17.29 ± 1.18 

[N222C2EG2][NTf

2] 

10.35 ± 

0.23 

37.18 ± 0.45 7.70 ± 0.34 14.21 ± 3.95 

[N222C2EG3][NTf

2] 

8.83 ± 0.41 39.33 ± 0.56 13.12 ± 2.93 26.50 ± 0.90 

 

Appendix iii: Distribution constant from metal extraction by ionic liquids. 

IL CoCl2 CuCl2 PbCl2 HgCl2 

[N2224][NTf2] 0.69 1.02 1.70 1.41 

[N2228][NTf2] 0.53 1.53 1.71 2.06 

[N222(12)][NTf2] -0.10 -0.20 0.59 0.78 

[N222C1EG1][NTf2] 0.35 1.09 1.47 1.21 

[N222C2EG2][NTf2] 0.66 1.13 1.20 0.19 

[N222C2EG3][NTf2] 0.70 0.66 3.53 1.42 

 

Appendix iv: Distribution constant from metal extraction by ionic liquids and 

Htta. 

IL/Htta CoCl2 CuCl2 PbCl2 HgCl2 

[N2224][NTf2] 2.87 8.17 1.61 3.17 

[N2228][NTf2] 1.98 7.19 1.56 3.84 

[N222(12)][NTf2] 1.08 6.33 0.30 1.64 
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[N222C1EG1][NTf2] 2.19 8.11 1.43 3.46 

[N222C2EG2][NTf2] 2.07 7.44 1.54 2.84 

[N222C2EG3][NTf2] 1.77 7.87 2.62 5.30 
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Appendix v: UV-vis spectra of ILs and aqueous phase. 
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Appendix vi: The results from cation IC analysis of aqueous phase after blank 

treatment 
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Appendix vii: The results from anion IC analysis of aqueous phase after blank 

treatment. 

 

 

 

Appendix viii: The efficiency of [N2224][NTf2] on CuCl2 extraction in varying 

Htta concentrations.  

Concentration 

of Htta (mmol) 

Extraction 

Effeciency (%) 

0.01 32.03 ± 0.14 

0.02 58.49 ± 0.30 

0.04 66.19 ± 0.95 

0.06 64.74 ± 1.02 

0.08 71.08 ± 1.02 

0.1 70.64 ± 0.78 
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Appendix x: ATR-FTIR Spectra of ILs between 3100 and 2750 cm-1. 

 

Appendix ix: DSC results of Htta, Co(tta), and Cu(tta). 
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Appendix xi: A continuous ATR-FTIR spectra of [N222C2EG2][NTf2] 
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Appendix xii: Cyclic Volutametry of [N2224][NTf2](top left), [N2224][NTf2] 

with CuCl2 (top right),and [N2224][NTf2] with Cu(tta) complex (bottom left).  

 

 


