
 

 

 

 

 

 

 

 

 

  

RECOVERY OF VALUE FROM WASTE ELECTRICAL AND 

ELECTRONIC EQUIPMENT USING IONIC LIQUIDS 

 

A thesis submitted in fulfilment of the requirements for the degree of 

Doctor of Philosophy 

 

 

NICOLAS SCHAEFFER 

 

January 2017 

 

 

 

 

Faculty of Engineering 

Department of Civil and Environmental Engineering



i 

 

I, Nicolas Schaeffer, declare that this thesis, submitted for the degree of Doctor of Philosophy of 

Imperial College London, is the result of my own work and all information derived from other 

researchers has been specifically acknowledged. No part of the work has previously been presented for 

another qualification elsewhere. 

 

Nicolas Schaeffer 

Date: 04/01/2017 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supervisors: 

Professor Chris Cheeseman 

Professor Sue Grimes 

Department of Civil and Environmental Engineering 

Imperial College London 

South Kensington Campus 

SW7 2AZ 



ii 

 

COPYRIGHT DECLARATION 

The copyright of this thesis rests with the author and is made available under a Creative Commons 

Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or 

transmit the thesis on the condition that they attribute it, that they do not use it for commercial purposes 

and that they do not alter, transform or build upon it. For any reuse or redistribution, researchers must 

make clear to others the licence terms of this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

ABSTRACT 

The primary tenet of the circular economy is the concept of value recovery: all waste possesses 

an inherent value, which if properly managed can be extracted. In this new context of global 

environmental remediation, sustainable, effective and affordable waste management is an issue of 

critical importance. The aim of this research was to develop novel treatment methodologies for the 

recovery of value from the metallic fraction of small waste electrical and electronic equipment (WEEE) 

using ionic liquids (ILs). Two different types of electrical and electronic wastes were considered based 

on their high critical metal concentration and ease of procurement: (i) thin film wastes from spent 

fluorescent tube phosphors and from indium tin oxide (ITO) screens and (ii) printed circuit boards 

(PCBs) from discarded computers. Recovery of indium and tin from ITO screens, of five rare earth 

elements (REEs) from thin films and of copper and tin from PCBs has been achieved via 

hydrometallurgical processes using ionic liquids (ILs). The methodologies developed involve a 

combination of a pre-treatment step to reduce the waste particle size and/or remove impurities, 

optimisation of the leaching parameters to selectively solubilise the elements of interest and separation 

and purification of the desired elements using methods such as solvent extraction, chromatography and 

electrodeposition. 

Three IL systems were investigated for the recovery of metal value from simulated and actual 

WEEE. 

The solubility of RE oxides in the task-specific ionic liquid protonated betaine 

bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) is high, and based on the steady variation in the 

reaction rate along the RE elemental series, selective separation of light and heavy RE elements is 

achieved. The metals are recovered from the ionic liquid solution at 5 oC by extracting them into dilute 

hydrochloric acid solution. The best conditions for a one-step separation of light from heavy REOs in 

[Hbet][Tf2N]:H2O mixtures is achieved with 1:1 [Hbet][Tf2N]:H2O at 57 oC using short contact 

oxide:solvent times (maximum 5 min). Separations of light from heavy REOs, in waste phosphor 

samples, containing La2O3, CeO2, Eu2O3, Gd2O3, Tb3O4 and Y2O3, are also achieved even in the 

presence of high concentrations of heavy REOs using short contact times. The use of [Hbet][Tf2N]:H2O 

as a means of separating light and heavy REOs is aided by the ease of recycling the solvent which can 

be recycled and reused at least five times with little loss of solvent quality or efficiency. 

A resin impregnated with an equal mass mixture of N,N-dioctyldiglycolamic acid (DODGAA) 

extractant and the IL 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N]) 

was used to investigate the potential for extraction chromatography in the recovery and separation of 

REEs, and of indium and tin from dilute solutions that model those obtained from treatment of thin 

films containing these critical elements. The recovery and separation of adsorbed metal species on the 

DODGAA-[C4mim][Tf2N] SIR resin from solutions containing the glass matrix ions, Ca2+ and Al3+, 
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along with In3+ and Sn4+ or lanthanide ions is achieved by elution with HNO3. Ca2+ and Al3+ are 

completely eluted with 0.1 M HNO3 retaining the target critical metal species on the resin. Separation 

of In from Sn is achieved by elution of In3+ with 2.5 M HNO3 and Sn4+ with 5 M acid. La is separated 

from the other lanthanides by elution of La3+ with 2.5 M HNO3 and the remaining lanthanides with 5 

M acid. The SIR resins can be reused over a series of at least five cycles of loading, stripping, 

andnrinsing to reduce reagent costs and achieve critical metal recovery by extraction chromatography. 

The interactions between the REEs in nitrate solution and the DODGAA-IL extraction system 

was investigated using computational chemistry which showed that substitution of a conventional 

organic diluent for the IL, [C4mim][Tf2N], alters the coordination of the extracted complex. 

The recovery of yttrium europium oxide (YOX) from waste fluorescent tube phosphor using 

the IL 1-methyl imidazolium hydrogen sulfate ([Hmim][HSO4]) produced a ≥ 90 wt.% recovery of Y 

and Eu with an overall process efficiency of 88.0 wt.% and 94.2 wt.% for their leaching and recovery 

respectively. Calcium is the main impurity present in the final oxide product but luminescence analysis 

of the recovered yttrium europium oxide (Y0.95Eu0.05)2O3 indicates its potential for direct reuse as YOX 

phosphor. For all reported extraction systems, regeneration and reuse of the IL is achieved with little to 

no loss of performance over multiple cycles. 

Recovery of high purity copper from waste PCBs has been achieved using a simple efficient 

‘one pot’ ionic liquid process by leaching metal from the PCBs with aqueous solutions of 

[Hmim][HSO4] and recovering by electrowinning. In addition, the biphasic IL system composed of 

[Hmim][HSO4] and trihexyl(tetradecyl)phosphonium chloride (Cyphos 101) was investigated for the 

extraction and mutual separation of Cu2+ and Sn4+ from PCB leach solution containing Fe3+, Al3+, Mn2+, 

Zn2+, Ca2+ and Ni2+. Cyphos 101 shows a high affinity for Cu2+, Zn2+, Pb2+ and Sn4+ even at acidic pH 

values. However, the poor separation of Cu2+ and Sn4+ from Zn2+ limits in conjunction with the decrease 

in extraction performance over multiple cycles limits the applicability of the [Hmim][HSO4]:Cyphos 

101 IL system. Experimental results indicate that 3 to 4 Cyphos 101 molecules are involved in the 

extraction of one Cu2+ cation and that Cu2+ is extracted into Cyphos 101 through an ion-exchange 

reaction as hydrated copper sulphate with the release of chloride anion to the aqueous phase. 

The value of ionic liquids in the recovery of metals from WEEE using a variety of 

methodologies is demonstrated and further research in this field should be encouraged. 
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Chapter 1: Introduction 

1.1 Research Aim, Objectives and Thesis Structure 

1.1.1 Research Aim 

As organisations are looking for ways to mitigate the effects of human activity on the 

environment, recent global trends point towards a shift from the historically prevailing linear economic 

model, whereby goods are manufactured, consumed and disposed, to a circular economic model 

promoting reuse and recycling. The primary tenet of the circular economy is the concept of value 

recovery: all waste possesses an inherent value, which if properly managed can be extracted. In this 

new context of global environmental remediation, sustainable, effective and affordable waste 

management is an issue of critical importance.  

Waste electrical and electronic equipment (WEEE) is the fastest growing waste stream globally 

and represents an important waste management challenge due to its inherent value, heterogeneity and 

toxicity (Ye et al., 2009; Ogondo et al., 2011). Although processes currently exist to recover value from 

WEEE, their success is mitigated by complex process flowcharts, high water and energy consumption 

and/or the production of large quantities of toxic effluent (Cui & Zhang, 2008, Tuncuk et al., 2012). 

Ionic liquids (IL) constitute a class of solvent composed entirely of ions with properties intermediate 

between those of molten salts and organic solvents. Ionic liquids are attracting significant academic 

interest due to their versatility and potential environmental benefits compared to conventional solvents 

(Earle & Seddon, 2000; Rogers & Seddon, 2003). 

In alignment with the current legislative economic landscape that shapes future trends in the 

European WEEE recycling industry, this thesis aims to develop a closed-loop process for the recovery 

of metallic value from two WEEE waste streams: fluorescent lamp phosphor and printed circuit boards. 

These two waste streams were selected due to their high critical metal concentration and their 

segregation at source due to their categorization as hazardous waste. 

 

1.1.2 Research objectives 

The research aim was achieved by meeting the following objectives and using the research 

approach detailed in Figure 1.1: 

 Characterisation of as-received WEEE used in this work – waste fluorescent lamp phosphor and 

printed circuit board; 
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 Development of a hydrometallurgical IL based process for the recovery of rare earth elements 

(REEs) from fluorescent lamp phosphor and copper and tin from waste printed circuit board; 

 Optimisation of a selective leaching procedure with regards to temperature, time, solid to liquid 

ratio and leachant concentration; 

 Optimisation of the metal recovery procedure using solvent extraction and/or electrodeposition 

procedures; 

 Characterisation of the IL-metal complex through a combination of experimental and computational 

analysis; 

 Determination of the process efficiency and IL recyclability over multiple process cycles; 

 Evaluation of the recovered product’s physical and chemical properties for potential industrial use. 

 

 

Figure 1.1. Diagram of the approach used in this research for the development of processes for the 

recovery of metals from WEEE 

 

1.1.3 Layout of thesis 

The layout of the thesis is in twelve chapters. Following this introductory chapter setting out 

the aims and objectives of the research along with a brief overview of WEEE, ionic liquids, and their 

function in the processing of WEEE, Chapter 3 describes the analytical tools and techniques used in the 

synthesis of ILs used, their characterisation, and the characterisation of as-received phosphor and PCB 

materials along with details of any pre-treatment steps followed. Three ILs systems were investigated 

for the leaching and separation of REEs from simulated and actual WEEE. The solubility of RE oxides 

in the task-specific ionic liquid protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) is 

discussed in Chapter 4. In Chapter 5, a resin impregnated with an equal mass mixture of N,N-

dioctyldiglycolamic acid (DODGAA) extractant and the IL 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N]) is used to assess the potential of extraction 

chromatography in the recovery and separation of  REEs, and of indium and tin from dilute solutions 

that model those obtained from treatment of thin films containing these critical  elements. This 

optimised DODGAA-IL system in conjunction with [Hbet][Tf2N] was subsequently used to separate 
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REEs from other impurities in waste phosphor leach solution in Chapter 6. In Chapter 7, the interactions 

between the REEs in nitrate solution and the DODGAA-IL extraction system was investigated using 

computational chemistry. In Chapter 8, a process for the recovery of yttrium europium oxide (YOX) 

from waste fluorescent tube phosphor using the IL 1-methyl imidazolium hydrogen sulfate 

([Hmim][HSO4]) is presented. In Chapter 9, recovery of high purity copper from waste PCBs, using a 

simple and efficient ‘one pot’ [Hmim][HSO4] leaching and electrodeposition process is discussed. In 

Chapter 10, the biphasic IL system composed of [Hmim][HSO4] and trihexyl(tetradecyl)phosphonium 

chloride (Cyphos 101) was investigated for the extraction and mutual separation of Cu2+and Sn4+ from 

PCB leach solution containing Fe3+, Al3+, Mn2+, Zn2+, Ca2+ and Ni2+. In Chapter 11 and 12, primary 

findings are discussed, conclusions are drawn from the key findings from the research and 

recommendations for future research made. A schematic diagram of the thesis structure and the 

interconnection between the various chapters is presented in Figure 1.2. 

 

  

Figure 1.2. Schematic diagram of the thesis structure and the interconnection between the various 

chapters 

 

Work from Chapter 4 and 5 have been published in the following peer reviewed journal: 

Schaeffer, S., Grimes, S.M., Cheeseman, C.R., 2016. Interactions between trivalent rare earth oxides 

and mixed [Hbet][Tf2N]:H2O systems in the development of a one-step process for the separation of 

light from heavy rare earth elements. Inorganica Chemica Acta, 439(1), 55-60 

Schaeffer, S., Grimes, S.M., Cheeseman, C.R., 2016. Use of Extraction Chromatography in the 

Recycling of Critical Metals from Thin Film Leach Solutions. Inorganica Chemica Acta, 457(1), 53–

58
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Chapter 2: Literature Review 

2.1 Waste Electrical and Electronic Equipment (WEEE) 

The discussion of current literature relevant to this research is divided into two broad sections. 

In the first section, an overview of WEEE is provided along with a discussion, from a European 

perspective, of the financial, legal and environmental drivers for WEEE recycling. In the second section, 

ionic liquids are introduced and their application to electronic waste recycling presented. Due to the 

scope of this thesis, this review will focus on the recovery of metals from WEEE rather than the plastic 

or glass components. 

An important distinction must be made between WEEE and e-waste. Although many authors 

use the terms interchangeably, Robinson (2009) describes WEEE as “discarded appliances that use 

electricity” including traditionally non-electronic goods such as refrigerators and ovens whilst e-waste 

is a sub-fraction of WEEE that encompasses “waste electronic goods, such as computers, televisions 

and cell phones”. In this thesis, WEEE designates any wastes that fall under the jurisdiction of the 

European WEEE Directive (2002/96/EC). The European WEEE Directive classifies WEEE in ten 

categories presented in Table 2.1.  

 

Table 2.1. Classification of WEEE into ten categories according to the European WEEE Directive 

(2002/96/EC) 

No. Category Example 

1 Large household appliances Refrigerator, oven, washing 

machine 2 Small household appliance Toaster, microwave, vacuum 

cleaner 3 IT and telecommunications 

equipment 

Mobile phone, computer, 

computer screen 4 Consumer equipment Television, radio, speaker 

5 Lighting Equipment LED, gas discharge lamps 

6 Electrical and electronic tools Power drill, electric screw driver 

7 Toys, leisure and sports 

equipment 

Treadmill, game console 

8 Medical devices MRI, dialysis 

9 Monitoring and control 

instruments 

Thermocouple, smoke detector 

10 Automatic dispenser Vending machine, cash 

distributor  
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2.1.1 Current WEEE generation and trends 

a) An estimate of current WEEE generation 

Although accurate numbers are difficult to come by due to the unregulated and sometimes 

informal waste management of many countries, global yearly WEEE generation is estimated at 20 – 50 

million tonnes and increasing at a rate of 3 – 5 wt.% per annum (Ogondo et al., 2011). In 2005, WEEE 

already accounted for approximately 8 wt.% of municipal waste (Widmer et al., 2005). At this rate, the 

global quantity of WEEE generated is forecasted to increase by a third in eight years, from 33.8 million 

tons (Mt) in 2010 to 49.8 Mt in 2018 (Baldé et al., 2015). Over the previous decade, annual WEEE 

production of the European Union (EU) almost doubled from 6.5 Mt in 2004 to 12 Mt in 2015 (Goosey, 

2004, Baldé et al., 2015). The UK alone discarded 93 million items of electronical and electronic 

equipment in 2003, amounting to approximately 0.94 Mt of domestic WEEE (ICER, 2005; Ogondo et 

al., 2011).  

Global annual WEEE generation and generation rate values hide wide regional disparities. Asia 

has surpassed Europe and North America as the primary producer of WEEE with 16.0 million tonnes 

(Mt) in 2014. When looking at tonnage alone during that same year, China and the USA account for 

nearly one-third of the global WEEE generation. However, Organization for Economic Cooperation 

and Development (OECD) countries remain well ahead of their African and Asian counterparts when 

generation on a per capita basis is considered. Whilst China is estimated to produce 2 to 5 kg of WEEE 

per capita in 2014, the USA discards over 20 kg of WEEE per capita per year (Baldé et al., 2015). 

Global estimation of WEEE generation per category, continent and per capita in 2014 are summarised 

in Table 2.2. 

 

Table 2.2. WEEE generation per category, continent and per capita for 2014 (Baldé et al., 2015) 

Region 

kg WEEE 

/ capita in 

2014 

WEEE generation by categories (million tonnes per annum) 

Lamps 
Small 

IT 
Screens T.E.E.ǂ 

Small 

equipm. 

Large 

equipm. 
Total 

Africa 1.7 0.1 0.1 0.3 0.3 0.5 0.6 1.9 

Americas† 12.2 0.2 0.8 1.7 2 3.3 3.6 11.7 

Asia 3.7 0.5 1.1 2.5 2.7 4.1 5.1 16.0 

Europe 15.6 0.2 0.9 1.7 1.9 3.6 3.3 11.6 

Oceania 15.2 0.01 0.05 0.1 0.08 0.14 0.19 0.6 

ǂ Temperature Exchange Equipment (cooling and freezing equipment); † Includes North, Central and 

South American countries 
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b) Trends in WEEE generation 

The global amount of WEEE produced is exponentially increasing due to multiple factors 

including (1) population growth, (2) economic growth and the resulting improvement in living 

standards, (3) decrease in product lifespan and (4) the increase in everyday commodities containing 

microprocessors. 

 In recent years, rates of waste generation have increased, particularly in developing countries 

experiencing increasing affluence (UN-Habitat, 2011). Countries experiencing economic growth show 

an increase in the consumption of goods and services, and by extension, the rate of WEEE generation. 

Robinson (2009) found that a linear correlation exists between a country’s gross domestic product 

(GDP) and the number of personal computer in that same country. This link between increased 

purchasing power and WEEE generation is further illustrated in Figure 2.1. 

 

 

Figure 2.1. Number of televisions (TV), Air-conditioning units, refrigerators and personal computers 

(PC) purchased and end-of life PC generated in China (He et al., 2006) as a function of yearly Gross 

National Income (GNI) per capita from 1990 to 2010 (World Bank, 2016) 

 

 Figure 2.1 shows the yearly Chinese consumption of certain large household appliances 

(refrigerators, air conditioning unit), IT and telecommunications equipment (computers) and consumer 

equipment (televisions) as a function of yearly Gross National Income (GNI) per capita from 1990 to 

2010 (He et al., 2006; World Bank, 2016). The obtained linear correlations between various categories 

of electronic goods consumption and GNI indicate that a large part of future demand for EEE will 
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originate from developing countries compared to OECD countries where markets are already saturated 

with electronic goods. For example, India experienced a 604 % increase in PC ownership per capita 

between 1993 and 2000 compared to the global average of 181% during the same period (Sinha-

Ketriwal et al., 2005). These newly purchased good will in time be discarded and become WEEE as 

indicated by the results for end-of-life PC generation vs. GNI per capita in Figure 2.1.  

Although the fastest rate of WEEE generation stems from developing countries, growth of 

WEEE in the EU15 is forecasted to rise by 2.5–2.7% annually until 2020 (Huisman et al., 2007) due to 

short innovation cycles and increased consumer demand in conjunction with the high obsolescence rate 

of EEE. According to ‘Moore’s Law’, computing hardware containing an integrated circuit becomes 

technologically obsolete every two years. In the USA, the rate of PC obsolescence currently exceeds 

the rate of PC consumption (Kang & Schoenung, 2005). Furthermore, as a result of technology 

development, the lower price of consumer electronics, aesthetics and development in peripheral 

technologies (e.g. switching from tapes to DVD), the average lifespan of WEEE, particularly IT and 

consumer electronic, is rapidly decreasing (Kalmykova et al., 2015). Listed in Table 2.3 are the average 

lifetime and weight of various large and small household appliances as well as IT and consumer 

equipment. The average lifespan of a PC in the USA decreased from 4.5 years in 1992 to 2-3 years in 

2005 (Kang & Schoenung, 2005), with an estimated one billion PC globally retired between 2008 and 

2013 (Ladou & Lovegrove, 2008). In Sweden, the transition from older cathode ray tube (CRT) models 

to newer LCD and LED ones lowered the average lifespan of TVs from 15 years to 6 years (Kalmykova 

et al., 2015).  

 

Table 2.3. Average lifetime and weight of various large and small household appliances as well as IT 

and consumer equipment. 

Item Lifetime (weight [kg]) Item Lifetime (weight [kg]) 

Computer a 2-3 (15 c) Air conditioning unit c 12 (55) 

CRT television b 15 (31.5) Refrigerator (small) c 10 (35) 

LCD television b 6 (9.5)  Microwave c 7 (15) 

Mobile phone c 2 (0.1) Electric kettle c 3 (1) 

a (Kang & Schoenung, 2005), b (Kalmykova et al., 2015), c (Robinson, 2009) 

 

Accompanying the shortening lifetime of EEE are the trends in decreasing electronic size as 

well as “pervasive computing”, i.e. the increase in everyday commodities containing microprocessors 

(Kohler & Erdmann, 2004). The consequences of this are an increase in the number of EEE on the 

market as well as blurring the traditional borders between classical electrical equipment (such as 



Nicolas Schaeffer PhD Thesis  Chapter 2 

8 

 

refrigerators) and electronic equipment. Over 98% of all programmable microprocessors are embedded 

in commodities that are usually not associated with computers (Hilty, 2005). This is problematic in the 

long term given returns of appliances lighter than 1 kg are very low for all WEEE categories.  

 

2.1.2 Economic and environmental drivers for WEEE recycling 

a) Mineral scarcity and criticality 

Increased global consumption of EEE engenders a corresponding increase in anthropogenic 

material flows. However, metals are finite commodities with a limited availability for human use. 

Mining rates of most metals are at a historical maximum whilst the average ore grade has decreased 

over the last hundred years for both base and precious metals (Mudd, 2010). The reduced availability 

of minable deposits and the concentration of these deposits in a limited number of countries results in 

an imbalance between supply and demand, making the current practice unsustainable in the long term.  

Similarly to the concept of ‘peak oil’, mining rates for many metals used in EEE are expected 

to peak within the next century and decrease thereafter as easily accessible ores become depleted and 

production shifts to remote and expensive deposits (Northey et al., 2014). The availability of selected 

metals found in EEE based on currently exploited reserve base and production in 2014 is presented in 

Table 2.4. The predicted availability is clearly an underestimate as it does not take into account 

recycling rates and is based on the part of the reserve base which could be economically extracted or 

produced at the time of determination. As current mines become depleted and lower grade ores are 

exploited, the reserve base is expected to increase. For example, currently discovered copper resources 

are estimated at 2.1 billion tons, significantly greater than the currently exploited reserve base (USGS, 

2015). Nevertheless, results from Table 2.4 indicate that production of antimony, indium, lead, tin and 

zinc from currently exploited deposits is expiring within the next 20 years, with bismuth, copper and 

lithium forecasted to end by 2075. These estimates are based on 2014 demand and may increase as 

demand for many of these metals is on the rise. Furthermore, EEE production has an important impact 

on the global demands of these metals and is an important driver of metal scarcity. In 2007, demand for 

indium, antimony, tin, copper, silver, cobalt and selenium for use in EEE accounted for an estimated 

79.2%, 50%, 32.7%, 30%, 30%, 19% and 17.1% of total yearly mine production for each metal 

respectively (Hagelüken & Buchert, 2008).    

Essential constituent of many EEE are metal with reserves often concentrated in a handful of 

non-European countries (Table 2.4), some of which are politically unstable, creating a potential supply 

risk. Despite recent price stabilisation, this is exemplified by the substantial increase of most of REOs 

prices in 2011 due to the implementation during the previous year in China of a REOs export quota 

policy (Tan et al., 2015). Imbalances between metal supply and demand in conjunction with the 
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importance of a metal for continued economic growth has inspired the concept of metal criticality 

(Graedel et al., 2015). Multiple methodologies have attempted to assess the criticality of materials with 

widely varying results (Erdmann & Graedel, 2011, Bujis et al., 2012). 

 

Table 2.4. Availability of selected metals found in EEE based on exploited reserve base and production 

in 2014 (based on USGS (2015) data) 

 
Reserve base 

(Mt) 

Production 

(Mt) 

Country of major reserves 

(>10% of world reserves) 

Predicted 

availability (years) 

Antimony 1800 160 China 11 

Bauxite ǂ 28000000 234000 China, Australia, USA > 100 

Bismuth 320 8.5 China 38 

Cobalt 7200 112 Congo, Zambia, Australia 64 

Copper 700000 18700 Chile 37 

Gallium NA 0.44 China, Germany, Japan NA 

Indium 16 0.82 Canada, China, USA 20 

Lead 87000 5460 China, Australia, USA 16 

Lithium 1350 36 Bolivia, Chile 38 

PGM ‡ 66 0.351 South Africa > 100 

REO * 130000 110 China, Brazil > 1000 

Tantalum > 100 1.2 Congo, Brazil > 85 

Tin 4800 296 China, Brazil, Malaysia 16 

Zinc 230000 13300 China, USA, Australia 17 

ǂ primary aluminium ore, ‡ platinum group metals, * rare earth oxide 

 

A selection of previous studies assessing raw material criticality is presented in Table 2.5. These 

studies primarily focus on the criticality of materials from a European or U.S. perspective. It is important 

to remark that criticality varies geographically and certain materials labelled as critical in EU are likely 

to change if other countries such as China are considered. The most comprehensive studies are those 

originating from the European Commission (2014) and from Graedel et al. (2012, 2015). These reports 

include a temporal dimension (assessment of current and future criticality) and estimate material 

criticality based on multiple factors including (but not limited too) economic importance, supply risk, 

vulnerability to supply restriction, substitutability and environmental impact. Although material 

criticality is a fluid concept with temporal and geographical variations, certain metal groups appear in 

most of the presented studies, namely indium, antimony, rare earth elements (REE), platinum group 

metals (PGM), magnesium, manganese and nobium. Recovery of these element is of major importance 
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for the continued growth of the EEE industry and green industry as many of these elements are present 

in environmentally friendly technologies. 

 

Table 2.5. Selection of previous studies assessing raw material criticality 

Study Critical Material 

NRC (2008) In, Mn, Nb, PGMs, REE 

Morley & Eatherley (2008) Au, Rh, Pt, Sr, Ag, Sb, Sn 

Oko-Institut (2009) Te, In, Ga, REE, PGM., Ta, Li, Ge, Co  

U.S. DoE (2010) REE (Dy, Nd, Tb, Eu, Y), In 

Erdmann & Graedel (2011) REE, PGM, In, W 

Graedel et al. (2012) 
Results grouped by mineral family. Eg. for 'copper 

family': As = Gd >Ag > Se ≈ Cu > Te 

European Commission (2014) 
Sb, Be, Co, fluorspar, Ga, Ge, graphite, In, Mg, Nb, 

PGMs, REE, Ta, W  

Graedel et al. (2015) In, As, Tl, Sb, Ag, Se, Au, PGM, Mg, Cr, Mn, Rh, REE 

 

b) WEEE as potential urban minerals  

A central concept of the circular economy is that all waste possesses an inherent value, which 

if properly managed can be extracted. WEEE is a complex and heterogeneous waste stream containing 

over 1000 different reported substances (Ye et al., 2009). Due to the heterogeneous nature of WEEE, 

finding reliable average composition value for the entire waste stream is difficult. A generalised material 

composition for WEEE is summarised in Table 2.6.  

Materials in WEEE can be broadly classified into five categories: ferrous metals, non-ferrous 

metals, glass, plastics and “other”. Ferrous metals account for close to half of the total weight of WEEE 

with 47.9 %, followed by plastics and non-ferrous metal, including precious metals, representing 

approximately 21 % and 12.7 % of WEEE respectively. Copper constitutes over half of the non-ferrous 

metals fraction with 7.0 % (Widmer et al., 2005). Similar weight fractions for the various components 

of WEEE were reported by Oguchi et al. (2012) and Morf et al. (2007). Although the amount of precious 

metals and hazardous substances in WEEE is decreasing due to health and manufacturing cost concerns 

(Cui & Zhang, 2008; Johnson et al., 2008), the metal content of WEEE remains the dominant fraction 

over time (Widmer et al., 2005). As the composition listed in Table 2.6 is weight based, the general 

composition is skewed towards those of bulkier appliances such as refrigerators and hides wide 

compositional disparities. Small WEEE, which includes EEE from almost all WEEE Directive Annex 

except for “large household appliances” and “automatic dispensers”, is primarily made up of plastics 
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(34.6 wt.%), electronic components (23.5 wt.%) and ferrous metals (15.6 wt.%) (Dimitrakakis et al., 

2009a).  

 

Table 2.6. Material fractions (wt.%) in WEEE and small WEEE  

Component 
Material fraction (wt.%) 

WEEE a WEEE b WEEE c Small WEEE d 

Ferrous metals 47.9 45.0 38.0 15.63 

Non-Ferrous metals 12.7 10.0 28.0 3.81 

- Copper 7.0 4.0 - - 

- Aluminum 4.7 2.0 - - 

- Other  1.0 4.0 - - 

Plastics 20.6 24.0 19.0 34.64 

- Non-flame retarded 15.3 - - - 

- 

 
- Flame retarded 5.3 - - - 

- 

 
Glass 5.4 - 4.0 - 

 
Electric components - - - 23.47 

 

 
‘Bonded’ material - - - 8.02 

Cables - 2.0 - 5.43 

Printed circuit boards 3.1 3.0 - 2.89 

Wood & plywood 2.6 4.0 1.0 - 

- 

 
Concrete and ceramics 2.0 - - - 

 
Batteries - - - 1.56 

Rubber 0.9 1.0 - 0.54 

LCDs - - - 0.14 

Other 4.8 12.0 10.0 3.89 

a (Widmer et al., 2005), b (Oguchi et al., 2012), c (Khaliq et al., 2014), d (Dimitrakakis et al., 2009a) 

 

Essential constituents of many EEE products, in particular IT and communication equipment, 

are base metals (Fe, Cu, Al, etc.) as well as important concentrations of precious metals (Au, Ag, Pd) 

and specialty metals (In, Sb, Te, Ta, REE, etc.) all highly interlinked in a complex composition 

(Hagulken, 2006). Many WEEE streams or components of WEEE contain higher concentrations of 

valuable metals than their primary ore. It is estimated that the annual replacement value of the materials 

found in WEEE that is disposed in the UK is around £1.3bn, with £400m either hoarded or landfilled 

(Haig et al., 2012). The quantity of precious metal in WEEE generated solely in the UK is estimated at 

about 50 tonnes per year. For example, printed circuit boards, a ubiquitous component of EEE, have 

reported concentrations of valuable metals more than 10 times higher than the corresponding minerals 

from which they are mined (Li et al., 2007). In another example, phosphor powders used in fluorescent 
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lamps contain elevated concentration of valuable rare earth elements (REE) including europium. 

Binnemans et al. (2013) estimate that waste fluorescent lamp will contain up to 25,000 tonnes of REEs 

by 2020 making waste phosphor a intersting secondary source of REEs. Table 2.7 lists the average 

metal content for different types of WEEE and compares their concentration to the average metal 

composition of total WEEE and the primary ores from which the elements are mined. 

 

Table 2.7. Weight composition of metals in WEEE scrap samples and their primary ores 

WEEE 
Concentration (wt.%) Concentration (ppm) 

Fe Cu Al Pb Ni Ag Au Pd 

TV PCB scrap a 28 10 10 1.0 0.3 280 20 10 

PC PCB scrap a 7.0 20 5.0 1.5 1.0 1000 250 110 

PC PCB scrap b 3.6 19 7.0 1.0 5.3 100 7.0 - 

Cell phone scrap a 5.0 13 1.0 0.3 0.1 1380 350 210 

Portable audio scrap a 23 21 1.0 0.14 0.03 150 10 4.0 

Calculator scrap a  4.0 3.0 5.0 0.1 0.5 260 50 5.0 

DVD player scrap a 62 5.0 2.0 0.3 0.05 115 15 4.0 

Average WEEE scrap  36.0 c 4.1 c 4.9 c 0.29 c 1.0 c 21.4 d 6.45 d 2.14 d† 

Mineral ore e ±  ~64.0 ~0.86 ~35.0* ~6.45 ~1.2 ~234 ~1.06 ~1-3 f† 

a (Hagelüken, 2006), b (Yoo et al., 2009), c (Morf et al., 2007), d (Haig et al., 2012), e (Mudd, 2010), f 

(Mudd, 2012); † platinum group metals, ± average 2007 Australian ore grade, * Al2O3 

 

The high metal content of the WEEE listed in Table 2.7 highlights the importance of recovering 

both base and precious metals from electronics. Although the precious metals content in individual 

WEEE is negligible, the enormous amount of unit sold leads to significant total concentrations. 

Approximately 1.2 billion cell phones were sold in 2008 alone (Want, 2009), amounting to an estimated 

total consumption of 1.5 Mt of Cu, 165 t of Ag, 42 t of Au and 25 t of Pd based on the values listed in 

Tables 2.3 and 2.7.  

Moreover, the mining of metal is associated with significant emissions of greenhouse gases and 

intensive energy, water and land consumption (Ayres 1997). In addition, the environmental burden 

associated with mining worsens as the mined ores grade decreases (Mudd, 2010). For example, gold in 

mobile phone accounts for over 50 wt% of material flows involved in its production despite representing 

less than 0.1 wt.% (Chancerel et al., 2009). Recovery of metals from secondary sources such as WEEE 
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results drastic environmental benefits compared to their mining from ores. Using scrap iron or steel 

leads to a 90% saving in virgin material used, 86% reduction in air pollution, 97% reduction in mining 

waste and a 40% and 76% reduction in water use and pollution respectively (Cui and Forssberg, 2003). 

The reduction in the energy requirement and carbon footprint to produce seven base metals from 

primary and secondary sources is presented in below in Figure 2.2 (Grimes et al., 2008). Moderate to 

high decrease in energy consumption is recorded for all metals when these recovered from WEEE 

versus mined from ores. 

 

 

Figure 2.2. Consumption and carbon footprint for the production of seven base metals from primary 

and secondary sources, with the associated reduction written above (adapted from Grimes et al., 2008). 

 

c) Current metal recycling from WEEE and challenges 

One of the principal limitations of the EU WEEE directive is that it estimates recycling solely 

on a weight basis, thereby making the recovery of 1 kg of Fe as important as the recovery of 1 kg of 

Au. As a result, many metals found in lower concentrations are not recycled as the financial, legal and 

environmental incentives are absent. The three primary factors influencing the recyclability of a 

particular metal from a WEEE waste stream are (1) the volume of the waste stream, (2) the price of the 

metal and (3) the purity of the element in the waste and ease of recovery.  

First introduced by T.K. Sherwood in 1959, a ‘Sherwood Plot’ shows the relationship between 

the concentration (or dilution) of a material in a feed stream and the market value of the material 

(Dahmus & Gutowski, 2007). A similar relationship between concentration and price was confirmed 

for the recycling potential of metals from WEEE (Johnson et al., 2007). An example Sherwood Plot for 

metals found in waste printed circuit boards (PCB) is displayed in Figure 2.3. 
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Figure 2.3. Metals concentrations in relation to price for a printed circuit board (PCB composition and 

metal prices from 2004-2005) (Johnson et al., 2007) 

 

A Sherwood plot allows for facile determination of the economic feasibility for the potential 

extraction and recovery of metals from WEEE. The central logarithmic line in Figure 2.3 through the 

metals has an approximate value of 0.085x0.70 and the highlighted metals are those currently recycled. 

The equation for the line is derived based on the relationship between metals dilution in ores and the 

2004 price for the refined metal (Johnson et al., 2007). Metals present above the Sherwood line are 

found at higher concentrations in waste PCBs than in their primary ores, making their recycling from 

this enriched WEEE stream more economically viable than recovery from the original ore. Another 

important factor determining the ease of recycling of a particular WEEE stream, is the extent of 

component mixing, i.e. the number of individual materials used in the design of a particular EEE. This 

has important repercussion when it comes to WEEE disassembly and potential component reuse 

(Dahmus & Gutowski, 2007). 

In addition to the growing number of EEE entering the market, for many electrical products 

innovation goes hand in hand with diversity of materials. A telling example is the evolution in the 

number of elements contained in an Intel® printed circuit boards, which only contained 11 elements in 

the 1980s compared to approximately 60 elements in the 2000s (Johnson et al., 2007). These new 

elements are present in small concentrations and play an important and specific role in precise 

technological operations. This includes the addition of lanthanide elements in YOX phosphor or high-

strength permanent magnets (Binnemans et al., 2013) or the formation of new alloys with enhanced 

physical or chemical characteristics (Graedel, 2011). Because of their dilute concentrations, recovery 

of these specialty metals from WEEE is seldom attempted due to the technological and economical 

challenges involved (Reck & Graedel, 2012). A consequence of the rising number of elements in WEEE 

is that individual metal recycling rates can be divided into three categories, with recent global estimates 

of end-of-life recycling rates for 60 metals and metalloid (UNEP, 2011) presented in Figure 2.4. 
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Figure 2.4. Global estimates of end-of-life recycling rates for 60 metals and metalloid in 2008 (adapted 

from UNEP, 2011) 

 

The first category of metals is those commonly referred to as ‘base metals’ (iron, copper, tin, 

nickel, zinc, aluminium and lead), with end-of-life recycling rates (EOL-RRs) of just above 50 wt.%. 

These are the principal metals in WEEE and are often found in their (relatively pure) elemental form. 

They also benefit from inexpensive and mature recycling infrastructure thereby shifting the emphasis 

on improving waste collection if recycling rates are to increase (Khaliq et al., 2014). The second 

category are those containing ‘precious metals’ with EOL-RRs in the range 50-60 wt.% for some 

platinum group metals, gold and silver despite their low concentrations due to their high economic value 

(UNEP, 2011; LME, 2016). However, these high EOL-RRs are positively skewed due to the high 

recycling rates of industrial catalyst and jewellery and mask significantly lower EOL-RR for WEEE in 

the EU. Platinum group metal recycling rates from WEEE, such as palladium from PCBs, is currently 

only 5-10 wt.% in 2011. EOL-RRs for these elements from WEEE is restricted by low collection values 

due to the international export of WEEE to countries with primitive treatment technologies or disposal 

of WEEE in municipal waste (Hagelüken, 2012). A substance flow analysis in a full-scale preprocessing 

facility shows that 60 wt.% of the copper reach output fractions from which they may potentially be 

recovered. However, this recovery number decreases to only 11.5 wt.% for silver and 25.6 wt.% for 

gold and palladium (Chancerel et al., 2009). The final category consists of ‘specialty metals’ and are 
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characterised by low recycling rate (< 1 wt.%) for most of these elements (UNEP, 2011). Many of the 

metals labelled as critical (Table 2.5) are part of this category. These elements are used in dilute 

concentrations and extensively mixed making their separation often economically unfavourable (Du & 

Graedel, 2011; Reck & Graedel, 2012). Recovery of these metals requires an ‘high-tech’ approach that 

is currently absent from waste management. Recovery of these metals represents the next challenge in 

circular waste management due to their growing use in EEE and their current loss to landfill. 

 

d) Embodied risk of WEEE treatment 

WEEE constitutes a highly heterogeneous waste stream containing a large list of toxic and 

hazardous ingredients, making their disposal by means of a safe recycling process a priority. However, 

it is estimated that the final disposal destination of nearly 70 wt.% of WEEE is either unreported or 

unknown (Ongondo et al., 2011b). Conservative estimates suggest that approximately 5 Mt of WEEE 

may have been exported legally or illegally from OECD countries to developing countries, primarily 

China, India, Nigeria, Ghana, Cote d’Ivore, Benin, and Liberia due to the less stringent health and 

environmental regulations for recycling or reprocessing (Puckett and Smith, 2002; Bridgen et al., 2008; 

Breivik et al., 2014). This represents ∼23% (17%–34%) of the amounts of e-waste generated 

domestically within the OECD (Breivik et al., 2014). Only ∼25% of WEEE produced in the EU is 

collected and recycled in certified processing facilities, with the remaining 75% contributing to the 

global hidden flow of untraced WEEE (Perkins et al., 2014). This in turns contributes to the export of 

the social and environmental burden of recycling away from EEE consuming countries to poorer ones 

(Breivik et al., 2016). 

WEEE is regarded as a complex hazardous waste, containing over 1000 different substances 

identified, many of which are toxic (Ye et al., 2009). It must also be kept in mind that due to the delay 

between the manufacturing of a new EEE and it becoming WEEE, some of the WEEE being received 

was initially manufactured prior to the RoHS directive and is therefore liable to contain higher quantities 

of hazardous materials. Examples of this difference in composition between current EEE and arising 

WEEE include CRT screens being replaced by flat panel displays and NiCd and chlorofluorocarbons 

phased out of battery packs and fridges respectively.  

Table A1 in Appendix A shows the major pollutants present in WEEE and their associated 

harmful effects. Table A1 is in no way an exhaustive compilation but serves to illustrate the many types 

of potential pollutants present in WEEE and thereby the inherent humanitarian and environmental risk 

WEEE poses if improperly managed and disposed. The toxic substances can be classified as inorganic, 

such as the heavy metals mercury, cadmium, lead, hexavalent chromium, etc., or organic like polyvinyl 

chloride (PVC) or polychlorinated biphenyls (PCBhs), brominated flame retardants (BFRs) (e.g., 

polybrominated biphenyls (PBBs), polybrominated diphenyl ethers (PBDEs), tetrabromobisphenol-A 
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(TBBPA), hexabromocyclododecane (HBCDD)) and other compounds (Tsydenova & Bengtsson, 

2011).  Some of the pollutants such as the heavy metals mercury, chromium(VI) or lead are inherently 

toxic to bio organisms and can easily leach from abandoned WEEE. For example, 70 % and 40% of the 

cadmium and mercury, and lead respectively in US landfills originate from electronic waste (Puckett & 

Smith, 2002). However, other pollutants such as plastics and BFRs are relatively innocuous if left 

unattended and only become hazardous when improperly combusted. It must be emphasized that under 

controlled combustion conditions at high temperatures (700 cC or above) that prevail in modern waste 

incinerators, formation of PAHs and dibenzo-p-dioxins and furans is negligible (Weber & Kuch, 2003). 

No matter if performed in a controlled industrial setting or manually by informal sector workers, 

current recycling of WEEE can be broadly divided into three major stages: (1) disassembly, (2) 

upgrading and (3) refining. Each stage of WEEE recycling is liable to produce its own potentially 

hazardous emissions and waste streams, which are described in Table A2 of Appendix A. WEEE 

pollutants reach humans through two principal mechanisms, either through infiltration of the food chain 

or via direct contact (inhalation, skin contact) of workers in WEEE processing facility (Sepúlveda et al., 

2010; Kiddee et al., 2013). The mobility of pollutants released and therefore their potential impact is 

greatly influenced by environmental conditions such as pH, temperature, wind speed, adsorption-

desorption processes, complexations, uptake by biota and degradation processes. Major health and 

environmental concerns associated with hazardous substances found in WEEE include disruption of 

reproductive, immune and neurobehavioral development, liver damage, kidney damage, carcinogen, 

acute neurotoxicity, high bioaccumulation potential and persistent environmental pollutants (Table A1). 

By careful management of environmental conditions and implementation of good industrial  

and legislative practices, most of the potential risks of WEEE processing can be minimised or 

eliminated entirely. However, unregulated recycling activities in developping countries such as China, 

India, Pakistan or Ghana pose the greatest concern with respect to the release of environmental 

pollution. The informal WEEE recycling centers use rudimentary recycling techniques with little care 

for themselves, the surrounding communities or the environment. Worryingly, most of the world’s 

WEEE is formaly or informaly treated in such countries. Puckett et al. (2002) estimated that 50 to 80% 

of the WEEE collected by the United States’ recycling industry is exported to Asia, with 90% of it 

going to China.  

The general population exposure to e-waste derived chemicals is best illustrated in Guiyu, 

China, where the population seem to be affected by the vast loosely-regulated recycling activities. 

Guiyu, located in the Guangdong province of China, is one of the major global centres for informal 

WEEE recycling (Wong et al., 2007). Many publications report the concentration of contaminants, both 

inorganic and organic, in soil, water and air in Guiyu. Samples of surface dust collected from roads 

adjacent to WEEE recycling workshops contained elevated concentrations of lead, copper, zinc and 

nickel with mean values of 22,600, 6170, 2370, and 304 ppm respectively. Lead and copper 
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concentration in these road dusts are 371 and 155 times higher, respectively, than in non-e-waste areas 

located 8 km or more away (Leung et al., 2008). Elevated concentrations of metals, PAHs, PBDEs and 

PCDD/Fs were also observed in ambient air in Guiyu. Deng and co-workers (2006) measured 

chromium, copper and zinc concentrations in airborne particulate matter that were 4–33 times higher 

than in major Asiatic cities such as Tokyo, Shanghai, Ho Chi Minh, Taichung and Seoul. The same 

study also analysed air samples 16 US EPA priority PAHs and recorded elevated concentrations of the 

carcinogen benzo(a)pyrene which were on average 2–6 times higher than in other Asian cities. Monthly 

concentrations of the sum of 22-PBDE congeners in airborne particulate matter and total suspended 

particles in Guiyu were 21.5 and 16.6 ng.m3 (Deng et al., 2007). PDBE concentrations in Guiyu are 

amongst the highest in urban environments, with concentrations to 58 to 691 times higher than the levels 

of found in North America or Europe and more than 100 times higher than concentrations reported in 

other Asian cities (Tsydenova & Bengtsson, 2011).  

 

e) Current WEEE situation in Europe 

Within the European Union, legislation is a key driver for all activities related to the 

management (i.e., manufacturing, collection, handling and disposal) of both EEE and WEEE streams. 

Waste legislation in the UK is governed by EU waste directives. EU legislation addresses the general 

topic of waste in three ways: 

1) through horizontal legislation which provides definitions, frameworks and requirements for all 

waste management operations; 

2) through vertical legislation specifying specific treatment options and quality standards of waste 

treatment operations; 

3) through vertical legislation specific to particular waste streams such as packaging, WEEE, End 

of Life Vehicles, Batteries and Animal By-Products. 

The relevant EU directives as well as UK-ratified international conventions pertaining to 

WEEE treatment and disposal are presented in Table 2.8. The drafting and implementation of these 

legislations stem from the EU recognizing the environmental significance of WEEE regarding both its 

content of hazardous substances and its high content of valuable and critical materials. 

The information presented in the rest of this section draws exclusively on data collected within 

the framework of the WEEE Directive 2002/96/EC on waste electrical and electronic equipment 

(WEEE) and is publicly accessible via the Eurostat database under the heading env_waselee (Eurostat, 

2015). The Eurostat database includes some estimates for missing data and the time difference between 

when an EEE enters the European market and it becoming WEEE is not taken into account. 
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Table 2.8. Relevant European legislation for the disposal of WEEE 

Legislation Impacts 

EU Waste Framework 

Directive 

(2008/98/EC) 

 Establishes a legal framework for the treatment of waste within the 

European Community (waste hierarchy); 

 Sets out the ‘polluters play principle’; 

 Defines the terms waste, recovery, end of waste status; 

 Sets out the fifteen physical, chemical and biological properties that 

render waste hazardous (Annex III) and their greater regulatory control. 

EU Landfill Directive 

(1999/31/EC) 

 Classification of landfills based on waste hazardousness; 

 Includes provisions for the gradual increase in landfill gate fees. 

WEEE Directive 

(2012/19/EU) 

 Seeks to reduce the disposal of WEEE to landfill and increase WEEE 

recycling and/or reuse; 

 Shifts the physical and financial responsibility of WEEE treatment to the 

initial EEE producer by forcing them to join a Producer Compliance 

Scheme.  

 All new EEE must be labelled (category 1-10); 

 Revised and raised existing collection target to 85% of WEEE generated 

from 2019 (increasing the minimum collected WEEE from around 4kg to 

20kg per capita). 

RoHS Directive 

(2011/65/EU) 
 Restricts and/or ban the use of hazardous substances from new EEE so as 

to substitute these compounds for less harmful ones. 

 

Figure 2.5 shows the average composition (wt.%) of total EEE arising from 2010-2013 by EU 

WEEE Directive (2002/96/EC) category in thirty European countries. The total EEE arising was 

averaged over four years due to fluctuations year upon year most likely as a result of the economic 

recession. In 2010, 9.6 Mt of EEE entered the European market compared to 9.1 Mt in 2012, 

representing approximately 18 kg/capita. Large household appliances (category 1) followed by IT and 

telecommunication equipment (category 3), consumer equipment (category 4) and small household 

appliances (category 2) are the dominant product category across the sampled European countries. 

These four categories account for 83.4 wt.% of all EEE purchased. Lighting equipment (category 5) 

and electrical and electronic tools (category 6) represent on average 5.9 wt.% and 6.2 wt.% of EEE 

entering the European market. The remaining four categories 7 through 10 make up the remaining 4.5 

wt.% of EEE purchased. Figure 2.5 is based on the over whole mass of arising EEE and not on the 

number of units sold. Although categories 3 to 5 only represent 29.5 wt.% of EEE arising compared to 

59.8 wt.% for categories 1 and 2, the lesser mass of units in the former (see Table 2.3) indicates that 

items in these categories are the most purchased when unit numbers are considered.  

 



Nicolas Schaeffer PhD Thesis  Chapter 2 

20 

 

 

Figure 2.5. Average composition (wt.%) of total EEE arising from 2010-2013 by EU WEEE Directive 

(2002/96/EC) category (defined in Table 2.1) and country 

 

Table 2.9 shows the estimated WEEE collected and recycled in 2013 as a weight percentage of 

EEE arising in the EU from 2010-2013 with their associated WEEE Directive category numbers for 

thirty European countries. This is particularly relevant as the latest version of the WEEE Directive 

(2012/19/EU) raises the collection target for all EU countries from 4 kg/capita of WEEE from 

households to 65 wt.% of EEE put on the market in the three preceding years in 2019. Households were 

the main source of WEEE in all EU member states except for Italy. Significant amounts of WEEE from 

commercial sources were reported by only a few countries, including Norway, Italy, Ireland and 

Sweden. The highest collection and recycling percentages based from average EEE arising are for 

WEEE categories 4 and 3. In 2013, less than 40% of WEEE belonging to the other eight categories 

were collected and treated. The collection of toys, leisure and sports equipment, lighting equipment and 

electrical and electronic tools fares particularly badly, most likely due to the low collection rate of small 

WEEE. Large household appliances (category 1) are the most collected WEEE by weight followed by 

IT and telecommunication equipment (category 3) and consumer equipment (category 4). This is in 

keeping with the average composition (wt.%) of total EEE arising (Figure 2.5). 
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Table 2.9. Average EEE arising from 2010-2013 and percentage of WEEE collected and treated for 30 

European countries in 2013 

Category 

Average EEE 

arising from 

2010-2013 

(kg/capita) 

% collected per 

category from 

average EEE 

arising † 

wt.% of total 

collected 

WEEE † 

% recycled or 

reused per 

category from 

average EEE 

arising ǂ 

wt.% of total 

recycled of 

reused WEEE ǂ 

1 8.7 38.9 47.0 33.9 48.4 

2 1.6 31.6 7.2 25.9 6.9 

3 2.6 50.4 18.4 39.2 16.9 

4 1.8 72.9 18.0 63.7 18.5 

5 1.2 19.7 3.3 17.5 3.4 

6 1.2 21.1 3.6 16.8 3.4 

7 0.3 14.4 0.7 10.8 0.6 

8 0.2 22.8 0.6 18.8 0.6 

9 0.3 20.4 0.8 16.2 0.8 

10 0.1 38.4 0.5 31.9 0.5 

Total 18.03 - 100.0 - 100.0 

† does not include data for Romania and Italy; ǂ does not include data for Greece, Romania, Italy and 

the UK 

 

The recycling and reuse rate for WEEE for EU28 countries in 2013 is presented in Figure 2.6. 

In 2013, the average collection rate amongst the sampled European countries was of 7.3 kg/capita. 

However, collection rates vary greatly across Europe, from highs of 20.7 and 18.4 kg/capita in Norway 

and Sweden respectively down to 2.40 kg/capita in Latvia. The same holds true for recycling and reuse 

rates, with Scandinavian countries performing well above the European average of 5.2 kg/capita 

(Norway = 16.7 kg/capita, Sweden = 15.4 kg/capita, Finland = 9.4 kg/capita). These variations reflect 

both the difference in EEE consumption amongst countries as well as the rigorousness of a country’s 

waste collection service. Table 2.9 and Figure 2.6 highlight the need for substantial improvement if all 

countries are to meet the new EU collection and recycling targets. This is particularly concerning as the 

EU has one of the most aggressive WEEE legislature of any governing body along with a generally 

knowledgeable and concerned population, implying that these collection and treatment percentages are 

likely much lower in most other parts of the world. 
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Figure 2.6. WEEE recycling percentage from average EEE arising for 2013 per country 

 

2.2 Room temperature ionic liquids (ILs) as reaction medium 

Room temperature ionic liquids (ILs) are a class of solvents consisting of organic cations and 

organic or inorganic anions with melting points below 100 oC (Earle & Seddon, 2000). Due to their 

physical and chemical properties, ILs have generated considerable scientific interest particularly over 

the last 20 years. In this section, solvation interactions within ionic liquids will be briefly discussed 

prior to a more detailed assessment of their use in the recovery of metals from WEEE with special 

emphasis on hydrometallurgical processes. The discussion will limit itself to second and third 

generation ionic liquids and will not cover ILs based on chloroaluminate anions.  

The large majority of chemical reactions occur in solution, with the solvent properties 

influencing its suitability as a reaction medium (Welton, 1999). As the name implies, ILs are solvents 

composed exclusively of ions and as such their solvation behaviour differs from that of neutral 

molecular solvents (hexane, acetone, DMSO, etc) and aqueous, or partially ionized, solvents. ILs 

generally consist of large asymmetrical cations and simple coordinating anions. The low degree of 

packing efficiency, induced by the size and lack of symmetry of the cation, in conjunction with a lower 

cationic (and occasionally anionic) charge density, caused by delocalization of the partial charge over 

the whole ion, drastically reduces the lattice energy of the salt resulting in lower melting points (Seddon, 

1997). This low melting point distinguished ILs from conventional molten salts like molten sodium 

chloride (Tm ≥ 801 oC), which are characterised by a high charge density and packing efficiency.  
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2.2.1 Macroscopic physicochemical properties of ILs 

Many solvent macroscopic properties are important to its performance and applicability as a 

reaction medium (Hallet & Welton, 2011). In ILs, these ‘bulk properties’ are altered by either varying 

the anion or the cation and has led ILs to be labelled as ‘designer solvents’ (Freemantle, 1998; 

Huddleston et al., 2001). Many of these properties have been reviewed elsewhere (Ohno, 2005; Koel et 

al., 2007; Endres et al., 2008, Freemantle, 2009) and will only be briefly introduced here. Ionic liquids 

are characterised by their negligible vapor pressure, wide liquidus range, excellent thermal, chemical 

and electrochemical stability (Freemantle, 2009). In addition, their high solvation capacity for a variety 

of inorganic and organic compounds in conjunction with their recycleability make them attractive 

alternatives to conventional volatile organic compounds (VOCs). Although ILs as a solvent class 

possess these general properties, there remains large differences in physicochemical properties between 

individual ILs that can refrain or promote their applicability. Selected IL properties relevant to this 

research will be discussed with respect to the anion and cation contributions, although these are general 

trends and exceptions may exist. The special case of eutectic ILs and task-specific ILs are discussed in 

another section. Commonly used cations and anions for ionic liquids and their abbreviations are 

provided in Figure 2.7. 

 

 

Figure 2.7. Schematic of some commonly used cations and anions for ionic liquids and their 

abbreviations: (a) 1-alkylpyridimium, (b) 1-alkyl-methylpyrrolidinium, (c) 1-alkyl-3-

methylimidazolium, (d) tetraalkylammonium, (e) tetraalkylphosphonium, (f) trialkylsulfonium, (g) 

dicyanamide, (h) acetate, (i) alkylsulfate, (j) trifluoromethanesulfonate, (k) tetrafluoroborate, (l) 

hexafluorophosphate and (m) bis(trifluoromethanesulfonyl)imide 
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a) Water miscibility 

IL anions can be broadly grouped into four categories: (i) ILs based on organic salts such as 

[Cnmim][Cl], (ii) ILs based on [PF6]– and [BF4]– anions, (iii) ILs based on [OTf]–, [Tf2N]– or similar 

anions and (iv) ILs based on [CnSO4]– and alkyl sulfonate [R-SO3-R’]– anions (Chiappe & Pieraccini, 

2005). Anion selection plays an important role in determining the hydrophilic/hydrophobic behaviour 

of an IL with a secondary influence from the cation. The hydrophobicity of an IL is of particular 

relevance for its application as an extraction and separation media. It is important to state that all ILs 

are hygroscopic, irregardless of their hydrophibicity and may make up a significant molar percentage 

of an IL. 

The ability of the anion to form hydrogen bonds influences the hydrophobicity of an IL; the 

incorporation of perfluorinated anions with negligible hydrogen bonding ability results in hydrophobic 

ILs (Hunt et al., 2015). In addition, the hydrophobicity of an ILs varies with the anion’s charge density 

(Dupont et al., 2015). ILs containing halide anions or those circled in blue in Figure 2.7 are hydrophilic 

whilst those incorporating the [PF6]– and [Tf2N]– anions are hydrophobic (circled in yellow). 

Hydrophobicity can also be increased by extending the cationic alkyl chain thereby increasing Van der 

Waals force contribution, with the presence of long alkyl chains producing non-polar regions 

(Huddleston et al., 2001). The hydrophilicity of [BF4]– and [OTf]– based ionic liquids imidazolium IL 

varies with cationic alkyl chain length, with IL containing short alkyl chains (n≤4) being hydrophlic 

(Holbrey & Seddon, 1999). In contrast, the long alkyl chains of the [P6,6,6,14]+ cation of [P6,6,6,14][Cl] 

(Cyphos 101) produces a hydrophobic IL despite halide anions usually imparting hydrophilicity to an 

IL (Blundell & Licence, 2014). Certain ILs such as protonated betanium 

bis(trifluoromethane)sulfonimide ([HBet][Tf2N]) exhibit temperature- and pH-dependent phase 

behaviour. [HBet][Tf2N] is hydrophilic under alkaline conditions and temperatures above 56 oC but 

hydrophobic otherwise (Nockemann et al., 2006). 

 

b) Polarity 

The polarity of an IL is a crucial macroscopic property for characterizing the solute-solvent 

interactions in chemical reactions, with the accepted qualitative principle that ‘like dissolves like’ 

(Chiappe et al., 2009). Polarity represents the sum of all solute-solvent intermolecular interactions 

except those that result in chemical changes, and includes ‘Coulombic interactions, the various dipole 

interactions, hydrogen-bonding interactions, and electron pair acceptor−electron pair donor acid−base 

interactions’ (Hallet & Welton, 2011). Some of these interactions and their locus are illustrated in Figure 

2.8 for imidazolium based ionic liquids. 
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Figure 2.8. Schematic representation of the different type of interactions present in imidazolium-based 

ILs (Olivier-Bourbigou et al., 2010) 

 

There have been numerous studies examining IL interactions, with the dielectric constant (εr), 

being the most widely reported empirical polarity scale. Dielectric constant for the majority of pure ILs 

range from 9 to 15, making them moderately polar liquids comparable to short chain alcohols and 

significantly less polar than water. As for hydrophobicity, εr depends on the extent of an IL’s ability to 

enter into hydrogen bond networks and decreases with decreasing basicity of the ions ([HCO2]− > 

[C2OSO4]− ≫ [OTf]− > [BF4]− > [NTf2]−). Similarly to molecular solvents, εr was reported to decrease 

with increases in the cationic alkyl chain length for imidazolium ILs (Hallet & Welton, 2011). However, 

due to the multitude of factors making up the polarity, the single parameter dielectric constant has often 

failed in correlating solvents effects. 

Multi-parameter scales such as the Kamlet-Taft model and Abraham model are more complete 

solvent descriptor models. The Kamlet-Taft model separates the solvent interactions into three 

component parts: the hydrogen bond acidity (), hydrogen bond basicity () and 

dipolarity/polarizability effects (*) (Taft & Kamlet, 1976(a-b), Kamlet et al., 1977). Determination of 

Kamlet-Taft parameters for a range of ILs found that  values are moderate and largely determined by 

the cation,  values are dominated by the anions and high * values that vary little between ILs and are 

greater than in most organic solvents, indicating strong coulombic interactions (Crowhurst et al., 2003). 

Gas chromatography characterisation of ILs by the Abraham model show that dipole-dipole, 

hydrogen bond basicity and dispersion forces are the prominent interactions contributing to the 

polarity (Anderson et al., 2002; Han & Armstrong, 2007). All the tested ILs had parameter values 

consistent with polar aprotic solvents, with most showing negligible contribution from hydrogen bond 

acidity, contradicting Kamlet-Taft experimental results. All but a few of the studied ILs are hydrogen 

bond bases, with the extent of the basicity being anion dependent: polyatomic fluorinated anions based 
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ILs have low basicities whilst halide anions have high basicities. The dipole values were found to be 

large and primarily anion dependent whilst values for a solvation parameter usually associated with 

nonpolar solvents were also found to be high (Poole, 2004). HPLC investigations of [Cnmim][BF4] by 

Studzinska et al. (2007) also revealed dominant π-π interactions and van der Waals dispersive forces. 

The large number of important factors contributing to IL polarity may partially explain why ILs are 

excellent solvent for polar and nonpolar solutes (Hallet & Welton, 2011).  

 

c) Viscosity, conductivity and thermal stability 

The viscosity, thermal stability and conductivity of an IL determines its applicability in an 

industrial context, with ILs of average conductivity (≥ 5 mS.cm-1) and low viscosity (≤ 100 cP) suitable 

for a wide range of electrochmical and solvent extraction applications. Most IL cations, such as the ones 

presented in Figure 2.7, are large organic structures of low symmetry. An increase in the size, 

asymmetry, flexibility, and shielding of the charge bearing atoms of the cation or anion lowers the 

Coulombic attraction of the ion-pair and disrupts the degree of packing efficiency thereby reducing the 

lattice energy (Fraser et al., 2007; Wassercheid & Welton, 2008). Increasing the length of the alkyl 

chain leads to a reduction in melting points, density and an increase in viscosity due to stronger van der 

Waals forces between cations (Bonhôte et al., 1996; Endres & El Abedin, 2006; Blesic et al., 2009). 

The viscosity of an IL is also determined by the extent of hydrogen bonding, with increase H-bonding 

resulting in a higher IL viscosity. For example, the reduction in H-bonding and anion symmetry by 

incorporating a fluorinated anion leads to a decrease in the melting point and viscosity of the IL (Forsyth 

et al., 2004). The higher viscosity of ILs compared to aqueous and molecular solvent remains a 

challenge for many applications. 

Despite ILs being composed exclusively of ions, ILs have conductiviy values similar to  those 

obtained in organic solvents/electrolyte systems (up to ~10 mS.cm-1) and lower than those of 

concentrated aqueous systems (Ohno, 2005; Endres & El Abedin, 2006). The conductivity of an IL is 

inversely related to its viscosity as conductivity depends on the ion mobility (Abbott et al., 2011). Some 

exceptions exists, such as the lower than expected conductivity of Cyphos 101 compared to its viscosity. 

ILs comprised of the tetradecyltrihexyl phosphonium cation with chloride or sulfonyl amide anions 

exhibit very strong ion pairing due to the small radii of the anion, allowing the later to reside close to 

the positively charged phosphonium centre and create ion-pairs (Fraser et al., 2007). In contrast, the 

greater diffuse charge and increased steric hindrance of [Tf2N]– anion results in IL that are less viscous 

and more conductive. Raising the temperature lowers the viscosity and increases conductivity for all 

ILs. 

Many ILs are thermally stable up to temperature  ≥ 300 oC. The thermal decomposition 

temperature for an IL is determined by the strength of their heteroatom–carbon and their heteroatom–
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hydrogen bonds, respectively (Endres & El Abedin, 2006; Maton et al., 2013). The thermal stability is 

primarily influenced by the anion structure as well as the length of the alkyl chain length on 

imidazolium-based IL. Fluorinated anions confer increased thermal stability compared to halide-based 

ILs (Ngo et al., 2000). However, ILs exposed to temperatures as low as 200 °C in an oxygen containing 

atmosphere for an extended period showed a slow, but significant mass loss. In addition, an increase in 

the alkyl chain for [Cnmim][PF6] induced a systematic decrease in the thermal stability in air (Kosmulski 

et al., 2004). 

 

2.2.2 Metal solvation interaction in ILs 

a) Solvation in ionic liquids 

At a molecular scale, the solvation process can be imagined as occurring in three stages: (1) a 

cavity of adequate size is created in the solvent to accommodate the solute, (2) the solute is placed in 

the cavity and the solvent molecules reorganise around the latter through short-range solute-solvent 

interactions to form the solvated solute, and (3) long-range solute-solvent interactions occur by re-

orienting solvent molecules, by the formation or disruption of hydrogen bonds, etc. (solvent 

polarization) (Rydberg et al., 2004). A generalized equation for the free Gibbs energy (ΔG0
Solv) of 

solvation of a solute B in a solvent A is given by Equation 2.1 (Rydberg et al., 2004). 

∆𝐺𝑠𝑜𝑙𝑣
0 (𝐵) = 𝐴0 + 𝐴𝜋𝜋∗ + 𝐴𝛼𝛼 + 𝐴𝛽𝛽 + 𝐴𝛿𝛿2                - (2.1) 

Where AX are solvent specific constants, π*,  and are Kamlet–Taft solvatochromic 

parameters and δ is the solubility parameter. The first two terms on the right-hand side of Eq. 2.1 express 

the disperstion force contribution, the next two terms the hydrogen-bonding interactions contribution 

and the final term accounts for the energy required to form the cavity. For an IL solvent to solvate a 

metallic solute, the solvation energy must be greater than the energy required to re-orientate the solvent 

and displace (or incorporate) the existing ligands around the metal cation. 

The strong Coulombic and extended hydrogen bond interactions in imidazolium ILs leads to 

the formation of highly ordered three-dimensional ‘supramolecular’ fluids (Dupont & Suarez, 2006; 

Hunt et al., 2015) with additional contributions from π–π stacking of the imidazolium ring and other 

dispersive forces such as van der Waals interactions. The strength and high degree of ordering of cation-

anion interactions may limit the ability of IL to directly solubilise metal species (Bini et al., 2007). As 

a measure of the strength of the different IL interactions, H-bond energies are known to cover two 

orders of magnitude from 1–170 kJ.mol-1 (Hunt et al., 2015) whereas Coulombic interactions can be as 

high as 600 kJ.mol-1 (Olivier-Bourbigou et al., 2010). Although individually weaker than Coulombic 

and H-bond energies, the additive nature of van der Waals forces can also make them dominant forces, 

particularly in ILs with long alkyl chains.  
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b) Molecular scale solvation mechanisms 

Similarly to partially ionized solvents such as water and in contrast to conventional molecular 

solvents, ILs are composed entirely of ions and as such are able to stabilise solutes of high charge 

through molecular reorganisation of the solvent. In addition, molecular dynamic simulations revealed 

the existence of microphase segregation between polar and nonpolar domains in ILs with alkyl chains 

of intermediate length. IL with cationic alkyl chains with n ≥4 form nanostructures because of alkyl 

chains segregation suggesting that regions of multiple polarity exist (Canongia et al., 2006; Alessandro 

et al., 2007). For protic ILs, cation alkyl chains as small as n=2 can produce nanostructures akin to L3-

sponge phases (Hayes et al., 2014a). Thus, IL exhibit amphiphilic behavior and can easily accommodate 

small solute concentrations in either the polar or apolar regions depending on the solute’s size and 

polarity (Hayes et al., 2014b; Hayes et al., 2015). The ability of IL to solvate individual ions and to 

effectively screen their charge allows the IL to preserve its charge neutrality. 

 At high inorganic salt concentrations, a ‘contraction’ of the IL network is observed due to 

competing interactions between the IL and inorganic salt ions. The high charge density and small radius 

of metal cations disrupts the intra-IL Coulombic anion-cation interactions forcing it to find a new 

orientation (Monteiro et al., 2008; Pereiro et al., 2012a; Martins et al., 2013). Solvation of ethyl-4-

(methoxycarbonyl)pyridinium iodide salt in multiple aprotic ILs did not result in the formation of 

dissolved ion-pairs but in ideal solutions where the inorganic salt anion and cation are completely 

dissociated (Lui et al., 2011). Endres et al. (2012) investigated the IL / electrode interfacial layer as a 

function of dissolved ions concentration and found that these nano-scaled layers are non-uniform, 

highly complex and that solute addition strongly alters their interfacial structure. Molecular dynamic 

simulations of alkaline cations solvation in hydrophobic imidazolium-based IL containing fluorinated 

anions showed that the metallic cations are encapsulated by a 1st solvation sphere of IL anions (with 

which they are strongly coordinated), followed by a 2nd shell of metal ions and a 3rd layer of imidazolium 

cations, resembling a pseudo-lattice structure (Méndez-Morales et al., 2013). This solvation behaviour 

characterised by solute dissociation and solvent re-organisation contrasts with metal ion solvation in 

molecular solvents which proceeds by contact ion-pairs, solvent separated ion-pairs or solvated free 

ions (Stange et al., 2013; Hayes et al., 2014b; Hayes et al., 2015). 

Metal salts dissolved in the protic IL ethylammonium nitrate exhibit a different solvation 

behaviour to those reported in aprotic ILs in the previous paragraph, with minimal disruption of the 

initial IL network. Ethylammonium nitrate was experimentally found to solubilise ZnCl2 without 

dissociation of the metal salt and with almost no re-organisation of the IL network (D'Angelo et al., 

2011). Furthermore, molecular dynamic simulations of lithium nitrate dissolution showed negligible 

reorganization of the pre-existing IL structure. Solvation of Li+ in this amphiphilic environment was 

limited to the polar nano-regions of the IL formed by the anions, with the latter coordinating the metal 

cation to form a pseudo-lattice structure. In these polar nano-domains, the metal cation is effectively 
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‘caged’ by the neighbouring IL anions (Méndez-Morales et al., 2014). It was found that in such systems, 

Li+ migrates to the charged region of the IL where a further level of self-segregation occurs that differs 

from traditional molten salt and lays the crystalline foundation for LiNO3 precipitation upon saturation 

(Russina et al., 2015). Simulation of Li, Mg, Ca and Al nitrate salt in ethylammonium nitrate also 

indicate that solvation of these metal ions occurs within the polar domains of the nanostructure (Hayes 

et al., 2014).  

The two possible IL solvation mechanisms discussed in this section are schematically illustrated 

in Figure 2.9. The inconsistencies in the present result highlight the lack of predictability of metal 

solvation in ionic liquid and the need for further research. For most ILs, increasing the IL metal content 

can induce significant differences in the bulk solvent regardless of the exact nano-solvation 

mechanisms. For example, increasing the inorganic salt concentration results in the increasing viscosity 

and decreasing conductivity of IL-metal salt mixtures (Monteiro et al., 2008). 

 

 

Figure 2.9. Schematic of the potential nano-scaled solvation mechanisms in ionic liquids 

 

c) Macroscopic solvation mechanisms 

The overall solvation property of a system results is the sum of the possible solute-solvent 

interactions and depends on the cation and anion of the IL, as well as the solute. For the most part, the 

IL anion dictates the chemistry of the system since it interacts with the generally more Lewis acidic 

metal solute (Abbott et al., 2011). Anion selection determines the Lewis acidity and coordination ability 

of an IL, with metal salts being poorly soluble in ILs with strongly Lewis acidic / practically non-

coordinating anions. Chloride, nitrate and sulphate, are strongly Lewis basic/strongly coordinating 

anions whilst the fluorinated anions [BF4]−, [PF6]− and [NTf2]− are acidic and only weakly coordinating 

(Wasserscheid & Keim, 2000). ILs incorporating strongly coordinating anions exhibit significantly 

greater metal dissolution potentials than those with acidic anions (Abbott et al., 2005; Pereiro et al., 

2012b). Complexation of the metal with the IL anion controls the metal speciation’s and therefore its 

reactivity, solubility, redox potential, colour and so on (Abbott et al., 2011). Charged complexes can be 

highly soluble in ILs, allowing for a wider range of metal speciation compared to molecular solvent in 

which generally only neutral complexes are soluble. The most conclusive method for the determination 
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of metallic species in IL is single-crystal XRD analysis (Nockemann et al., 2010). However, due to the 

low vapour pressure and melting point of ILs, acquisition of suitable crystal structure is often impossible 

and in-situ techniques are required. These are reviewed by Abbott et al. (2008) and will only be listed 

here. The most widely used technique to probe metallic complexes in ILs is extended X-ray absorption 

fine structure (EXAFS), with certain studies also making use of Raman, UV-vis and FAB-MS 

spectroscopic techniques. 

The waster miscibility of the IL also plays an important role on its solvation properties. 

Molecular dynamic analysis by Vayssière and co-workers (2005; Figure 2.10) of Sr2+, K+ and Cs+ 

extraction by 18-crown-6 (18C6) neutral extractant to [C4mim][PF6] displays a marked change in the 

composition of the metal cation’s 1st coordination shell. In the dry IL, the complexed K+ and Sr2+ cations 

are locked at the centre of the crown by one or more [PF6]− anions in facial positions, whilst Cs+ cation 

is placed over the crown, solvated by 3 [PF6]− anions. In the ‘wet’ IL, the coordination of K+ does not 

change but Sr2+ is asymmetrically coordinated to a minimum of 3 H2O molecules. When Cl− or [NO3]− 

counter anions are also taken into consideration, Sr2+ becomes effectively shielded from the dry IL and 

coordinates with 3 additional H2O molecules in the humid IL. Solvation of the metal cations only by 

the IL in the absence of additional ligands also changes drastically with the IL water content. In the dry 

IL, K+ and Sr2+ possess a purely anionic 1st solvation shell comprised of 4 and 5 [PF6]− anions 

respectively. However in the humid IL, the 1st solvation shell of Sr2+ is entirely composed of water 

molecules whilst only 2 [PF6]− anions and 3-5 H2O molecules are present for K+ (Figure 2.10). Energy 

component analysis of the IL-18C6 system indicates that the cations and their complexes are better 

solvated by the humid rather than dry IL.  

 

 

Figure 2.10. Uncomplexed Sr2+, K+, Cs+ and Cl− ions in the dry versus humid IL at 300 K. Left: 

Snapshot of the first solvation shells, with the contribution of the [PF6]− (dry IL) and H2O (humid IL) 
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molecules shown separately. Right hand side: Solvent radial distribution functions around the ions in 

the dry versus humid IL at 300 K (Vayssière et al., 2005). 

 

Functionalized ILs, also known as task specific ILs (TSILs), are ILs with an added functional 

group covalently bonded to either the cation or anion which confer certain desired properties (Fagnant 

et al, 2013). Derivatization of the IL cation to incorporate task-specific functionalities such as metal 

ligating groups provide an efficient way to maximise metal solvation (Visser et al., 2001). For example, 

substitution of the cationic alkyl chain in [Cnmim][PF6] with either urea-, thiourea-, and thioether- alkyl 

groups results in an increase in the extraction of Hg2+ and Cd2+ from aqueous solution by several orders 

of magnitude (Visser et al., 2002). 

The metal anion also plays an important role in determining its solubility in an IL. The 

Hofmeister series (or the lyotropic series) provides a general indication of an anion’s hydrophobicity. 

In ascending order, it reads: [SO4]−2
 ≤ Cl− ≤ Br− ≤ [NO3]− ≤ I− ≤ [ClO4]− ≤ [SCN]− ≤ [NTf2]− and reflects 

the charge density and hydration numbers of the different anions (Kunz et al., 2004; Dupont et al., 2015). 

Metal salts containing hydrophilic anions of high charge density are unlikely to dissolve in poorly 

coordinating hydrophobic ILs such as [C4mim][NTf2]. The solubility of inorganic salts in ILs with a 

common anion is greatly improved, both for hydrophilic and hydrophobic anions (Pereiro et al., 2012b). 

Due to the poorly coordinating nature of many ILs, addition of a ligand to the IL phase is required to 

increase metal solubility.  

In this research, the strength of metal-ligand interactions was primarily evaluated by the 

qualitative Pearson’s Hard–Soft Acid–Base (HSAB) theory. HSAB categorizes reacting Lewis acids 

and bases as hard, soft or borderline based on their polarizability, charge density and oxidation state. 

The HSAB principle predicts that ‘like attracts like’: hard acids prefer interacting with hard bases and 

vice versa. HSAB theory classifies cations of high charge such as lanthanides as hard acids whilst many 

oxygen bearing functional groups including phosphates, carbonates, nitrates or carboxylates are 

classified as hard bases (Ionova et al., 2001). Although some exceptions exist, HSAB theory has been 

successfully employed to predict the selectivity of metal ions for certain ligating groups (Chopin & 

Morgenstern, 2000). The categorization criteria for ‘hard’ and ‘soft’ Lewis acid and bases are listed in 

Table 2.10 and common hard and soft metal cations and functional groups are presented in Table 2.11 

(Chopin & Morgenstern, 2000; Lemire et al., 2013). 
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Table 2.10. The categorization criteria for ‘hard’ and ‘soft’ Lewis acid and bases (HOMO - highest 

occupied molecular orbital; LUMO – lowest unoccupied molecular orbital) (Chopin & Morgenstern, 

2000; Lemire et al., 2013) 

 Acid / Base 

Hard Soft 

Polarizability Low High 

Radii Small Large 

Ease of oxidation (bases) Difficult Easy 

Electronegativity (bases) High Low 

Energy of HOMO (bases) Low High 

Energy of LUMO (acids) High Low 

Bonding type Mostly ionic Mostly covalent 

 

Table 2.11. List of common hard and soft acids and bases (R – undefined functional group; REE – rare 

earth elements) (Chopin & Morgenstern, 2000; Lemire et al., 2013)  

 Hard Borderline Soft 

Acid 

Ti4+, Zr4+, Hf4+, An4+, REE3+, 

Fe3+, Cr3+, Ga3+, In3+, Al3+, 

alkaline earth metals (II), 

Mn2+, Co2+, alkali metals (I)   

Sb3+, Bi3+, Rh3+, Ir3+, Ru3+, 

Os3+, Cu2+, Zn2+, Pb2+, Ni2+, 

Co2+, Fe2+, Sn2+ 

Cd2+, Pt2+, Pd2+, Hg2+, Cu+, 

Au+, Ag+, Hg+, elemental 

metals (0) 

Bases 

[PO4]3−, [CO3]2−, [SO4]2−, 

[R(CO2)2]2−, O2−, [NO3]−, 

[OH]−, [RO]−, [ClO4]−, F−, 

Cl−, H2O, ROH, R2O, R3PO, 

(RO)3PO, RNH2, NH3, N2H4 

[SO3]2−, [NO2]−, [N3]−, Br−, 

imidazole, pyridine,  

[S2O3]2−, [CN]−, [SCN]−, 

[RS]−, I−, H−, C6H6, C2H4, 

R3P, (RO)3P, R2S, CO 

 

2.3 Use of ionic liquids in WEEE processing  

WEEE recycling occurs in three major stages: (1) disassembly, (2) upgrading using mechanical 

and/or metallurgical processing to increase the desirable materials content of the waste, and (3) refining 

by purification of the upgraded material by metallurgical processing (Cui & Forssberg, 2003). A 

schematic flow-diagram of the major stages in WEEE processing is given in Figure 2.11. Although both 

hydro- and pyro- metallurgy have their respective advantages, hydrometallurgy is often favoured over 

traditional pyrometallurgy by industry due to its ability to recover metals from a variety of challenging 

sources including low grade ores, mixed metal ores and from secondary sources such as WEEE. 

Furthermore, hydrometallurgy allows for the use of low process temperatures and the recycling of 
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reagents (Wilson et al., 2014). Conventional industrial processing of WEEE requires extraction and 

separation techniques, that: (1) use aggressive acid or alkali digestion, (2) can involve multi-stage 

separation procedures, (3) produce large aqueous waste streams which require further treatment, and 

(4) in the solvent extraction process, make use of solvents which are potentially flammable, volatile and 

toxic solvents. If properly selected, ILs can offer an environmentally friendly alternative to current 

hydrometallurgical WEEE recycling processes by minimizing waste generation and acid consumption 

whilst maintaining a selective leaching. In the following sections, the use of ILs at different stages of 

WEEE recycling is reviewed with a particular emphasis on the use of IL as solvent for liquid-liquid 

extraction. The use of IL for the electro-deposition of metals was previously reviewed by the research 

groups of Abbott et al. (2006; 2011; 2013; Smith et al., 2014) and Endres et al. (2002; 2008) and will 

only be briefly addressed. It is important to note that not all reported studies use actual waste but often 

focus on simulated solutions or mixtures containing a few elements. Such an approach risks missing 

interactions that occur only in complex systems such as WEEE solutions, and ignores the role of trace 

contaminants. The reported efficiencies for such studies are likely to decrease if applied to a real waste 

system. 

 

Figure 2.11. Simplified schematic of the major stages of WEEE recycling  

 

2.3.1 Use of ionic liquids in the dismantling of WEEE 

Current research on the use of ILs as WEEE dismantling agent is limited to the disassembly of 

electrical components and epoxy resin from waste printed circuit boards (PCBs). PCBs are complex 

and challenging materials due to their heterogeneous nature. PCBs are comprised of either: (1) an epoxy 

resin based plastic reinforced with glass fibres coated with a copper layer (FR-4 type PCB) or (2) a 
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single layer of fibreglass or cellulose paper and phenolic resins coated with a copper layer (FR-2 type 

PCB) depending on the final intended electronic product. The resin board is overlaid with 

microelectronic components such as semiconductor chips and capacitors plus a solder, which 

traditionally is a lead-tin alloy (Zeng et al., 2013; Zhu et al., 2012c).  

Previous research focused on (1) the separation of the electrical components from the waste 

PCBs and/or (2) the dissolution of the epoxy resin using the water soluble ILs [C2mim][BF4] and 

[C4mim][BF4]. Separation of the electrical components from the waste PCBs relies on the high thermal 

stability of the IL used. The melding point temperature for lead and lead-free solders is 215 °C (Zeng 

et al., 2013). By heating PCB chips in the IL at 240 to 250 °C for 10 to 30 mn, and 45 to 150 rpm, the 

solder was melted and recovered from the board along with the previously attached electrical 

components. Under these conditions, over 90 wt.% of the electronic components were separated from 

the WPCBs and XRD analysis of the recovered solder indicate no structural changes (Zhu et al., 2012b; 

Zhu et al., 2012c; Zeng et al., 2013). The IL can be successfully recycled and cost analysis of the process 

indicates that the process becomes financially viable for waste PCB amounts of over 3 kt (Zeng et al., 

2013). Heating of the bare board in [C2mim][BF4] for 10 mn results in the complete dissolution of the 

polymeric materials and the delamination of the glass and copper foils. H1-NMR analysis indicate that 

H-bond formation plays an important role in the dissolution of the bromine epoxy resins by 

[C2mim][BF4]. The IL was successfully regenerated by the addition of water, resulting in the formation 

of a precipitate which was confirmed as bromine epoxy resin by FTIR (Zhu et al., 2012a; Zhu et al., 

2012c).  

 

2.3.2 Use of ionic liquids in the leaching of WEEE 

The dissolution of metals and metal salts is the first step in hydrometallurgical processes (Figure 

2.11). The state of elements in WEEE is diverse, with elements present as elemental metals, oxides, 

sulfates, phosphates, carbonates etc. The selection of an appropriate leaching agent depends on the 

waste matrix and value of the final product and should effectively act as a concentrating step by only 

selectively solubilising the elements of interest prior to further separation and recovery steps. Selection 

of a suitable leaching medium can help reduce the complexity and number of downstream processing 

steps. Research on metal dissolution using ILs has focused on deep eutectic solvents (DES) and ILs 

incorporating Brønsted acidic functional groups and/or ILs based on strongly Lewis basic anions. 

However, some metal oxides including Ag2O, NiO, CuO and ZnO were found to dissolve in 

imidazolium IL with a hydrogen atom in the C2 position of the imidazolium ring through the formation 

of carbine complexes (Wellens et al., 2014b). Selected example of IL used in leaching and recovery 

applications are summarised in Table 2.12.  
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Table 2.12. Selected example of IL used in leaching and recovery applications 

Waste 

matrix 
Metals investigated Ionic liquid / oxidant Reference 

Metal oxide 

Fe3O4, CuO, ZnO 

ChCl with malonic acid (1:1), oxalic 

acid (1:1) or phenylpropionic acid 

(1:2) 

Abbott et al. 

(2004) 

TiO2, V2O3, V2O5, Cr2O3, CrO3, 

MnO, Mn2O3, MnO2, FeO, Fe2O3, 

Fe3O4, CoO, Co3O4, NiO, Cu2O, 

CuO, ZnO, MoO3 

ChCl with malonic acid (1:1), urea 

(1:2) or ethylene glycol (1:2) 

Abbott et al. 

(2006) 

REO, UO2, ZnO, CdO, HgO, NiO, 

CuO, PdO, PbO, MnO, Ag2O 
[R-Hbet][Tf2N] 

Nockemann 

et al. (2006; 

2008; 2010) 

CaO, NiO, MnO, CoO, CuO, ZnO, 

Fe2O3 
HCl saturated Cyphos 101 

Wellens et 

al. (2014a) 

Ag2O, Cuo, Nio, Zno 
[C2mim][X] (X = Cl–, [SCN]–, 

[DCA]–, [OAc]–, [Tf2N]– )  

Wellens et 

al. (2014b) 

ZnO [Hmim][OTf] 
Liu et al. 

(2015) 

ZnO, CuO, NiO, La2O3, Nd2O3, 

Y2O3, MnO, CoO, Co3O4, TiO2, 

Al2O3, Cr2O3, WO3 

[R-C3SO3H][Tf2N] 
Dupont et 

al. (2015) 

 [R-OSO3H][Tf2N] 
Dupont et 

al. (2016) 

Electric arc 

furnace dust 
ZnO, PbO, Fe2O3, Al2O3 ChCl:urea  

Abbott et al. 

(2009) 

Brass ash ZnO, CuO, Cu0 
IL: [C4mim][HSO4]  

Oxidant: H2O2 or KHSO5 

Kilicarslan 

et al. (2014) 

Ore 
Sulfidic ore containing Au, Ag, Cu, 

Zn, Fe, Pb 

IL: [C4mim][HSO4] w/ thiourea 

Oxidant: Fe2(SO4)3 
Whitehead 

et al (2004a) 

Sulfidic ore 

/ synthetic 

oxide ore 

CuFeS2, FeS2, ZnS / SiO2, CaSO4, 

Fe2O3, Al2O3, MnO2, TiO2, AuO, 

AgO 

IL: [C4mim][X] (X = Cl–,[CH3SO3]–

, [SCN]–, [HSO4]–) w./ thiourea 

Oxidant: Fe2(SO4)3 

Whitehead 

et al. (2007) 

Ore 
Sulfidic ore containing Au, Ag, Cu, 

Zn, Fe, Pb 

IL: [C4mim][X] (X = Cl–, [HSO4]–) 

w./ thiourea, chloride, bromide or 

iodide 

Oxidant: Fe2(SO4)3 or KHSO5 

Whitehead 

et al. (2009) 

Ore CuFeS2, FeS2, ZnFeS 
IL: [C4mim][HSO4] 

Oxidant: H2O2 

Dong et al. 

(2009) 

Fluoride ore 

/ synthetic 

ore 

RECO3F, RE2O3, RE2(CO3)3 [DMAH][Tf2N] in [C4mim][Tf2N] 
Freidrich et 

al. (2015) 

Synthetic 

ore 

Cu-Zn powder and crushed Ga-As 

wafer 

IL: ChCl:EG (1:2) 

Oxidant: Iodine  

Abbott et al. 

(2015) 
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Ore 
Sulfidic ore containing Au, Ag, Te, 

Fe 

IL: ChCl:EG (1:2) 

Oxidant: Iodine 

Jenkin et al. 

(2016) 

PCB Cu0 IL: [C4mim][HSO4]  

Oxidant: H2O2  

Huang et al. 

(2014) 

PCB Cu0 

IL: [R-C4SO3H][X] (X = [OTf]–, 

[HSO4]–), [Cnmim][HSO4] (n = 1, 4) 

Oxidant: H2O2 

Chen et al. 

(2015a) 

PCB Pb0 

IL: [R-C4SO3H][X] (X = [OTf]–, 

[HSO4]–), [Cnmim][HSO4] (n = 1, 4) 

Oxidant: H2O2 

Chen et al. 

(2015b) 

NdFeB 

magnets 
Nd2O3, Dy2O3, CoO, Fe2O3 [Hbet][Tf2N] 

Dupont & 

Binnemans 

(2015a) 

Synthetic 

phosphor 

mix 

Y2O3:Eu3+ (YOX), 

(Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+ 

(HALO) 

[Hbet][Tf2N] 

Dupont & 

Binnemans 

(2015b) 

RE – rare earth, ChCl – choline chloride, EG – ethylene glycol, [DMAH]+ - N,N-dimethylacetamidium 

 

a) Deep eutectic solvents (DES) 

Many metal salts are insoluble in most common hydrophobic ILs due to the hydrophilicity of 

the metallic cation and the weakly coordinating nature of the anion; metals and metal oxides are only 

generally soluble in strong acidic or alkali aqueous solutions. DES are composed of a quaternary 

ammonium salt, choline chloride being the most common, and a hydrogen bond donor (HBD) such as 

urea, carboxylic acids or polyols (Smith et al., 2014). DES exhibit unusual solvent properties that are 

dependent on the selection of the HBD and the quaternary ammonium salt to HBD mole ratio. The 

considerable attraction of DES stems from their low synthesis cost, low environmental toxicity and their 

solubility for a wide range of metal oxides (Abbott et al., 2002; Abbott et al., 2004). However, DES are 

all completely miscible with water and are not suitable for biphasic extraction. 

Metal oxide solubility in DES is influenced by the extent of H-bonding interactions, with 

compounds able to donate or accept electrons or protons to form H-bonds displaying high solubilities 

(Abbott et al., 2002). The solubility of 17 metal oxides in the elemental mass series Ti through to Zn 

were reported, with ChCl:malonic acid displaying the greatest solubility for the tested elements after 

HCl (Abbott et al., 2006). Most ionic transition metal oxides are soluble in DES whilst covalent metal 

oxides such as SiO and Al2O3 are insoluble in all tested DES to date. Judicious selection of an 

appropriate HBD allows for the selective leaching of certain elements from a mixed oxide matrix. For 

example, Fe3O4 is soluble and CuO insoluble in ChCl:oxalic acid eutectic whilst the opposite  behaviour 

is observed when the HBD is changed to phenylpropionic acid (Abbott et al., 2004).  
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In addition to its suitability for metal oxide leaching, a growing number of studies employ DESs 

as electrolytes for metal electrodeposition, allowing for the development of an ‘one pot’ 

solvatometallurgical process. A large number of metals including Zn, Ni, Cu, Co, Sn, Se, In, Sm, Pd, 

Fe, Ag and Pb were successfully deposited from DES (Abbott et al., 2013; Smith et al., 2014; Zhang et 

al., 2016). A ChCl:urea DES was used in the recovery of Zn and Pb from electric arc furnace dust. The 

DES mixture selectively solubilised ZnO and PbO leaving the trivalent Fe2O3 and Al2O3 oxides in the 

dust residue. Pb was removed by cementation using Zn dust before electrodeposition of Zn. However, 

due to the low current efficiency of 75% and slow deposition rate, the process was deemed un-

economical (Abbott et al., 2009).  

The establishment of a comparable electrochemical series for 17 redox couples referenced to 

the Fe(CN)6
3–/4– couple in the DES ChCl:urea and ChCl:EG show that some redox potentials shift 

considerably in DESs compared to aqueous solution, particularly the oxophilic p-block elements such 

as Ga and Sb, Cu and the chlorophilic late transition elements including Ag, Pd and Au. The high 

chloride concentration in DES electrolytes acts as an environmentally benign stabilising ligand used to 

adjust metal speciation thereby controlling its solubility and deposition properties, making DES 

excellent separation and recovery mediums (Abbott et al., 2011b). The determination of the 

electrochemical series served as the basis for the recovery of value from synthetic wastes matrices and 

ores (Abbott et al., 2015; Jenkin et al., 2016). Iodine was selected as the electrocatalyst due to its fast 

electron transfer, reversibility, high rates of mass transport, high solubility in DES, and environmental 

compatibility in its reduced form (Abbott et al., 2011b; Abbott et al., 2015). The redox potential of I2/I– 

in a choline chloride:ethylene glycol DES was found to be more positive than that of most common 

metals and was able to oxidize Cu and Zn from 1:1 Cu-Zn powders, As and Ga from crushed Ga-As 

wafer and Au and Ag from gold-bearing ores (Abbott et al., 2015, Jenkin et al., 2016). 

 

b) Hydrophobic ionic liquids 

Task specific ILs are ILs with an added functional group covalently bonded to either the cation 

or anion which confer certain desired properties (Fagnant et al, 2013). First synthesised by Nockemann 

et al. (2006), [R-Hbet][Tf2N] (R - imidazolium, pyridinium, pyrrolidinium, piperidinium, 

morpholinium, and quaternary ammonium) are a group of TSIL bearing a carboxyl group capable of 

selectively solubilising REO, UO2, ZnO, CdO, HgO, NiO, CuO, PdO, PbO, MnO, Ag2O and some 

metal hydroxydes. Insoluble or very poorly soluble oxides are Fe2O3, CoO, Al2O3 and SiO2 (Nockemann 

et al., 2008). The solubility of metal oxides in [R-Hbet][Tf2N] is high due to the formation IL-RE 

stochiometric compounds as indicated by single crystal XRD studies (Nockemann et al., 2008; 

Nockemann et al., 2009). For example, dissolution of Eu2O3 and Y2O3 in [Hbet][Tf2N] resulted in the 

formation of the monomeric complexes [Eu2(bet)8(H2O)4][Tf2N]6, [Eu2(bet)8(H2O)2][Tf2N]6•2H2O and 
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[Y2(bet)6(H2O)4][Tf2N]6. Another interesting property of [Hbet][Tf2N] is the presence of an upper 

critical solvent temperature (UCST) for the binary mixture of [Hbet][Tf2N]/H2O (Nockemann et al., 

2006). ILs with an UCST are said to exhibit thermomorphic behaviour, with the two immiscible phases 

forming one homogeneous phases above the UCST. A two-phase system is re-established by lowering 

the solution temperature to below the UCST. H1-NMR investigation attributes the presence of a UCST 

to the temperature-dependent hydration and hydrogen-bond formation between the carboxylic group of 

the [Hbet]+ cation and the nitrogen atom of the [Tf2N]– anion (Nockemann et al., 2008). 

This phenomenon has been used favourably for the liquid-liquid extraction of Nd3+ from an 

aqueous solution into [Hbet][Tf2N] using betaine as an extractant as well as the separation of Sc3+ from 

a multi-element solution using [Hbet][Tf2N] (Hoogerstraete et al., 2013a; Hoogerstraete et al., 2013b, 

Onghena & Binnemans, 2015). Conditions above the UCST reduce the viscosity of the solution and 

accelerate mass transfer, resulting in higher extraction efficiencies. Extracted metals were stripped from 

[Hbet][Tf2N] by contacting with an acidic aqueous solution, allowing the IL to be recycled for reuse. 

The thermomorphic properties of [Hbet][Tf2N] were used for the recovery of Nd2O3, Dy2O3 and CoO 

from waste NdFeB magnets in a combined leaching-extraction step (Dupont & Binnemans, 2015a). 

After roasting in a microwave, waste NdFeB magnets were leached at 80 oC in a [Hbet][Tf2N]-H2O 

solution. The leach solution was allowed to cool and return to a biphasic system whereby the REE and 

Co distributed themselves to the aqueous phase whilst Fe remained in the IL phase. Addition of oxalic 

acid to the solution precipitated the REE and Co while transferring Fe to the aqueous phase as a soluble 

oxalate complex. The REEs and Co were separated by selectively leaching Co from the oxalate 

precipitate using aqueous ammonia before calcining the RE oxalate to yield a 99.9 % pure Nd2O3 and 

Dy2O3 mix. Dupont and Binnemans (2015b) also used [Hbet][Tf2N] for the recovery of yttrium and 

europium oxide from simulated waste phosphor powder yielding a 99.9% pure final Y2O3:Eu3+ product 

after oxalate precipitation and calcination. The water content of the TSIL played a crucial role in the 

effectiveness and selectivity of the leaching process. Under low-water content conditions (<5 wt.% H2O 

in the TSIL) YOX phosphor dissolves much better than HALO phosphor, but YOX leaching efficiency 

also decreases with decreasing IL water content. The leaching selectivity of water-poor [Hbet][Tf2N] 

was attributed to the inability of the IL to solvate anions due to the lack of suitable coordination 

mechanisms. As the dissolution of oxides generates no anions, YOX phosphor easily dissolves in 

[Hbet][Tf2N] whilst the phosphate and chloride metal salt of HALO phosphor do not. 

Freiderich et al. (2015) used the acidic IL N,N-dimethylacetamidium 

bis(trifluoromethylsulfonyl)imide ([DMAH][NTf2]) mixed in the IL [C4mim][Tf2N] to dissolve actual 

and synthetic RE minerals (bastnaesite) through the release of protons by [DMAH]+ and formation of 

RE(DMA)2(NTf2)3 complexes. In the tested system, heavy REE (HREE) where found to dissolve faster 

than their light RE counterparts, allowing for an initial time period the enrichment of the leach solution 

in HREEs. Despite ionic interactions between [DMAH][NTf2] and the metal cations, precipitation of 



Nicolas Schaeffer PhD Thesis  Chapter 2 

39 

 

RE fluoride could not be avoided. Two group of newly synthesised strongly Brønsted acidic TSILs with 

functionalized cations incorporating sulfonic acid groups (pKa ~ -2.0) and alkylsulfuric acid groups 

(pKa ~ -3.5) can solubilise large stoichiometric amounts for a wide range of metal oxides (Dupont et 

al., 2015; Dupont et al., 2016). This includes the inert oxides CoO, Co3O4, Fe2O3, TiO2, Al2O3, Cr2O3, 

WO3, which were not previously soluble in [Hbet][Tf2N]. Despite incorporating the [Tf2N]– anion, 

certain IL were found to be hydrophilic depending on the cation selection. The water immiscible 

[N888C3SO3H][Tf2N] was used in extraction studies and was able to extract a range of transition metal 

and REEs with greater distribution coefficients than carboxylic acid extractants at similar pH values. 

[N888C3SO3H][Tf2N] displayed greater affinity towards the larger LREE than the smaller HREE despite 

the latter’s greater charge density due to steric hindrance the sulfonate groups and octyl side chains 

(Dupont et al., 2015).  

Although the hydrophobic IL trihexyl(tetradecyl)phosphonium chloride (Cyphos 101) is 

insoluble in water, Cyphos 101 can adsorb up to 13.5 wt.% of water at room temperature. Cyphos 101 

saturated with concentrated HCl was used dissolve CaO, NiO, MnO, CoO, CuO, ZnO and Fe2O3. 

Addition of HCl resulted in a large decrease in the IL’s viscosity and allowed for the solubilisation of 

the metal oxides. UV-Vis analysis indicated the presence of Ni(II), Cu(II), Fe(III), and Co(II) in Cyphos 

101 as anionic tetrachlorometallate complexes whilst Ca(II) is unable to form anionic complexes and 

remains present as a hydrated calcium ion. Separation of the solubilised elements using a stripping HCl 

solution was based on the tendency of Ni(II) and Ca(II) to form aqua complexes regardless of HCl 

concentration and the partial stripping of Co(II) an Mn(II) at low HCl concentrations. Ni(II) and Ca(II) 

were first stripped using 6 M HCl before subsequent removal of Co and Mn from Fe, Zn and Cu by 

contacting the saturated IL with a water and ammonia solutions respectively (Wellens et al., 2014a).  

 

c) [HSO4]– and [OTf]– based ionic liquids 

Despite their potential, the use of ILs as leaching agents remains low due to either low metal 

loading capacity, long leaching times or in the case of fluorinated ILs such as [Hbet][Tf2N], their high 

synthesis costs. Fluorinated ILs are on average 5–20 times more expensive than molecular solvents 

(Chen et al., 2014) and as such are limited to high value applications.  Recently, Chen and co-workers 

(2014) demonstrated that the price of the Brønsted acidic IL 1-methylimidazolium hydrogen sulphate 

([Hmim][HSO4]) on an industrial scale was of $2.96–5.88 kg−1. [HSO4]– based IL including 

[C4mim][HSO4] were successfully used to recover copper from waste PCBs (Huang et al., 2014) and 

chalcopyrite ore (Dong et al., 2009; Chen et al., 2015a), Cu and Zn from brass ash (Kilicarslan et al., 

2014) as well for the leaching of gold, silver, copper and base metals from ores (Whitehead et al., 2004a; 

Whitehead et al., 2007; Whitehead et al., 2009). 
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[Cnmim][HSO4] has been extensively investigated for the recovery of leaching of gold, silver, 

copper and base metals from sulphidic ores including pyrite, sphalerite and chalcopyrite. First reported 

by Whitehead et al. (2004), the complexing agent thiourea dissolved in [C4mim][HSO4] along with 

Fe2(SO4)3 as oxidant was used to recover Au and Ag. Leaching at 50 oC for 50 hrs resulted in ≥85 wt.% 

and ≥60 wt.% extraction of Au and Ag respectively, whilst Cu, Zn, Pb and Fe were extracted to only 

low percentages. Gold and silver leaching efficiencies under the optimised IL system conditions are 

equivalent or better than for aqueous H2SO4-thiourea-Fe2(SO4)3 leaching solution (Whitehead et al., 

2004; Whitehead et al., 2007; Whitehead et al., 2009). The enhancement in Ag leaching in the IL system 

compared to aqueous one is attributed to the inhibition of silver sulphide re-precipitation and 

stabilisation of the Ag complexes through coordination with thiourea (Whitehead et al., 2007). 

[C4mim][HSO4] was successfully recycled and reused over leaching cycles, with the loaded leach 

solution stripped using activated charcoal (Whitehead et al., 2004). Increasing the cationic alkyl chain 

from butyl to octyl for [Cnmim][HSO4] results in a decrease in Au leaching efficiency attributed to the 

rise of the leach solution viscosity (Whitehead et al., 2004). Different anion combinations were also 

assessed for [C4mim][X] (X = Cl–,[CH3SO3]–, [SCN]–, [HSO4]–) with thiourea and Fe2(SO4)3, which 

resulted in different metal selectivity. Significant extraction of all metals including Au, Ag, Cu, Fe, Pb 

and Zn was achieved in [C4mim][CH3SO3] and approximately equivalent recovery of Au and Ag were 

obtained in [C4mim][HSO4] but with lower leaching efficiency of base metals. Extraction of the tested 

metals was limited in the other three IL. Cu exhibits the greatest solubility in [C4mim][SCN] whilst Zn, 

Fe and Pb are poorly extracted. This was assigned to the ability of the anion to form ion pairs with the 

complex cation and reflects the preference of Cu2+ for N > O > F bearing inner-sphere donors. The 

authors even go as far as to suggest the occurrence of inner sphere coordination between the IL anion 

and the metal cation (Whitehead et al., 2007). Changing the oxidant from Fe2(SO4)3 to potassium 

peroxomonosulfate (KHSO5) did not notably affect the leaching efficiency in [C4mim][HSO4] 

(Whitehead et al., 2009). 

 A similar study by Dong et al. (2009) investigated the oxidative leaching of copper from 

chalcopyrite ores using [C4mim][HSO4]-H2O2 leach solution. Cu extraction increased with increasing 

IL concentration and increased significantly at temperature over 70 °C. Water plays an important role 

on the leaching capacity of [C4mim][HSO4], with the presence of water allowing for the dissociation of 

the [HSO4]– anion and the release of hydrogen ions. Released hydrogen ions from [C4mim][HSO4] have 

greater activity than those released from aqueous KHSO4 solution. Leaching rates were limited by the 

formation of an elemental sulphur solid layer around the surface of the unreacted ore. This sudden 

increase in leaching efficiency above a temperature threshold is reflected in the elevated activation 

energy obtained of 69.4 kJ.mol-1 indicative of electrochemical surface control. Compared to acidic 

aqueous sulphate solutions, greater leaching efficiencies were recorded in the aqueous IL system.  
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A recent comparison of six IL incorporating [HSO4]– and [OTf]– on the leaching efficiency of 

Cu from waste PCBs found that greater leaching efficiency could be achieved using [HSO4]– and that 

inclusion of an acidic group on the alkyl chain of the cation increases Cu leaching (Chen et al., 2015a). 

Leaching results indicate that all six IL acids could successfully recover copper under the tested 

conditions with almost 100 wt.% recovery. The same authors also investigated the recovery of Pb from 

the same waste matrix. However, this study is of minimal interest due to the aqueous insolubility of 

PbSO4, with little to no recovery recorded for the [HSO4]– and [OTf]– ILs tested (Chen et al., 2015b). 

Quantitative Cu extraction from waste PCBs using [C4mim][HSO4] was also achieved under the leach 

conditions: 1 g PCB powder (particle size of 0.1–0.25 mm), 25 mL 80% (v/v) [C4mim][HSO4], 10 mL 

30 wt.% H2O2, solid:liquid ratio of 1:25, 70 °C and 2 hrs. Kinetic analysis of the leaching process 

determined the latter to be diffusion controlled with an activation energy of 25.4 kJ.mol-1 (Huang et al., 

2014).  

None of the studies cited in the previous paragraph investigated the concomitant leaching of 

other elements or the recovery of copper once in solution limiting their applicability. This is in spite of 

the work of Zhang and Hua, which have extensively studied the deposition of Zn (Zhang & Hua, 2009; 

Zhang et al., 2009a; Zhang & Hua, 2011; Zhang & Hua, 2012) and to a lesser extent Cu (Zhang et al., 

2009b) from aqueous sulphate solutions with [C4mim][HSO4] or tetrabutylammonium hydrogen 

sulphate (Zhang et al., 2015) as additives. Both ILs were found to inhibit electro-reduction leading to 

finer and more levelled deposits. In contrast, dissolved ZnO in [C1mim][OTf] was recovered by 

electrodeposition, with high current efficiencies both in neat and aqueous IL solutions. Interestingly, 

FTIR and Raman spectroscopy indicated that Zn2+ is stabilised by 1-methylimidazole rather than the IL 

anion (Liu et al., 2015). 

Many of the species of interest in the studies reported above present in their elemental form and 

must first be oxidised prior to solubilisation. The solubility of dioxygen in these ILs is of crucial interest 

as it may determine the leaching rate and efficiency. The solubility of dioxygen in neat imidazolium 

based IL with [PF6]–, [BF4]– and [HSO4]–  anion is similar or even superior to that in water, decreases 

with increasing temperature and is anion dependent. Larger anion-cation pairing leaving more large 

‘holes’ appropriate for dioxygen residency compared to more compact ion-pairings. In addition, dipolar 

interactions between dioxygen and the IL anion, influenced by the shape and surface charge density on 

the anion, also likely results in increased dioxygen solubility (Whitehead et al., 2007). Common 

oxidants used with [Cnmim][HSO4] include hydrogen peroxide (H2O2), potassium peroxymonosulfate 

(KHSO5) and Fe3+. Iron(III) is a mild oxidant and unlikely to affect the stability of the IL. However, 

none of the reported studies have investigated the potential denaturalization of the IL after a leaching 

cycle in the presence of strong oxidants such as H2O2 and [HSO5]–. Although the exact interactions 

between [Cnmim][HSO4] and H2O2 in the studied system are unknown, results from previous research 

suggest that [Cnmim][HSO4] is readily degraded by of H2O2 (Domínguez et al., 2014). Research shows 
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that the length of the alkyl chain has a dramatic effect on the stability of imidazolium based ILs to 

degradation by stochiometric amounts of H2O2, with greater resistance conferred by longer alkyl chains. 

Furthermore, ILs bearing methanesulfonate and methylsulfate anions are oxidised faster than those with 

chloride or acetate anions. A compromise between metal extraction and IL recovery is required under 

such circumstances. 

 

d) Kinetic modelling of metal dissolution process 

Leaching is a heterogeneous reaction which typically occurs in five steps listed below 

(Levenspiel, 1999; Koech et al., 2014): 

1. Film diffusion: diffusion of reactant A from the bulk solution through the liquid film surrounding 

the particle (containing reactant B) to the surface of the solid; 

2. Intraparticle diffusion: penetration and diffusion of A through the ash layer (layer having already 

reacted with A) to the surface of the unreacted core (containing reactant B); 

3. Reaction of liquid A with solid B at this reaction interface; 

4. Intraparticle diffusion: diffusion of the liquid product through the ash layer to the exterior surface 

of the solid; 

5. Film diffusion: diffusion of the liquid product through the liquid to the bulk solution. 

The step with the greatest resistance is considered the rate-controlling step and determines the 

reaction kinetics. There exist many models available in the literature including the shrinking core model 

(SCM), the homogeneous model, the random pore model and the grain model to name a few. The SCM 

model is the most widespread model describing fluid–solid reaction kinetics of dense non-porous 

particles (Georgiou & Papangelakis, 1998) and has been successfully used to model the dissolution of 

Cu from waste PCB and chalcopyrite in [C4mim][HSO4] (Dong et al., 2009; Huang et al., 2014; Chen 

et al., 2015a). This model assumes steady state, constant particle size and a sharp reaction interface 

neglecting potential intraparticle temperature gradients due to the heat of reaction. The leaching of 

metals in ILs in the presence of an oxidant is an oxidant dependent electrochemical process involving 

the reduction of the oxidant and oxidation of the metallic species (Dong et al., 2009). The table below 

presents the conversion equations for spherical particles in which steps 1, 2 and 3 in turn are rate 

controlling. 
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Table 2.13. SCM Conversion-time expressions for spherical particles in the presence of dissolved 

oxygen (Levenspiel, 1999, Dong et al., 2009) 

𝑘𝑓𝑡 = 1 − (1 − 𝑋𝐵)2/3  

(1) Film diffusion control  
(1)  𝑘𝑓 =

2𝑏𝑘𝑙[𝑂𝑥]𝑙

𝜌𝐵𝑟0
3⁄   

𝑘𝑑𝑡 = 1 − 2
3⁄ 𝑋𝐵 − (1 − 𝑋𝐵)2/3  

(2) Intraparticle diffusion controls 

(2)  𝑘𝑑 =
2𝑏𝐷𝑒[𝑂𝑥]𝑙

𝜌𝐵𝑟0
2⁄  

𝑘𝑟𝑡 = 1 − (1 − 𝑋𝐵)1/3  

(3) Chemical reaction control 
(3)  𝑘𝑟 =

𝑏𝑘 ′′[𝑂𝑥]𝑙
𝑚[𝐻+]𝑙

𝑛

𝜌𝐵𝑟0
⁄  

Where subscript B and l represent the solid reactant and indicates the bulk liquid phase respectively, 

superscript m and n are apparent reaction order, X = conversion of solid reactant, t = time (s-1), kf, kr, 

kd = kinetic constants, ρ = molar density (mol.m-3), r0 = radius (m), b = leaching equation stochiometric 

coefficient, kl = mass transfer coefficient of the oxidant through the liquid film (m3.m-2.s-1), [Ox] = 

oxidant concentration (mol.m-3), [H+] = H+ concentration (mol.m-3), k’’ = rate constant for the surface 

reaction (mol.m-3.s-1), De = effective diffusion coefficient of oxidant through the ash layer (m2.s-1). 

 

2.3.3 Use of ionic liquids in the solvent extraction processing of WEEE 

Since the proposal of ionic liquids as an environmentally friendly media compared to volatile 

organic solvents for liquid-liquid extraction (Huddleston et al.,1998), the use of ILs for solvent 

extraction remains the most widely researched field in IL mediated metal processing. Solvent extraction 

(or liquid-liquid extraction) is the favored option for metal separation and involves the preferential two-

phase distribution of a solute between mutually immiscible liquid phases usually consisting of an 

aqueous acidic solution and an aliphatic organic solvent. ILs used in SX operations must be water 

immiscible to promote recovery of the metal and prevent the loss of the IL to the aqueous phase. Metal 

extraction from the aqueous phase is enabled by the formation of hydrophobic Mn+ - ligand complexes 

and their migration to the hydrophobic phase (Fray, 2000; Rydberg et al., 2004). A schematic of the 

typical process steps in the recovery of metals from leach solutions using solvent extraction is presented 

in Figure 2.12. 

In this section, the general mechanisms of metal extraction in IL are discussed and extraction 

systems discussed based on their extraction mechanism. Due to the large amount of publications on the 

topic, the discussion will limit itself to a selected number of extraction systems, particularly those 

involving the recovery of metal from WEEE. The use of ILs is for the recovery of value from waste is 

for the most part limited to the recovery of REEs from waste fluorescent phosphor, nickel metal hydride 

batteries and permanent magnets. The major studies involving the use of ILs in solvent extraction 

processes for the recovery of metals from WEEE are summarised in Table 2.14. The use of ILs in 

separations has been reviewed by previous authors (Dietz et al., 2006; Lee, 2006; Han & Armstrong, 

2007; Abbott et al., 2011; Tian et al., 2010; Hiramaya, 2011; Stojanovic & Keppler, 2012; Sun et al., 
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2012; Kolaric, 2013) whilst the use of the immobilized IL in metal extraction was reviewed elsewhere 

(Stojanovic & Keppler, 2012; Vidal et al., 2012).  

 

Figure 2.12. Schematic of the typical process steps in the recovery of metals from leach solutions using 

solvent extraction 

 

Table 2.14. Reported IL used in solvent extraction processes for the recovery of metals from WEEE 

(NMHB – nickel metal hydride battery, FLP – fluorescent lamp phosphor) 

Waste substrate 
Elements 

recovered 
Extractant Diluent Reference 

Synthetic NMHB leach 

solution 

Co, Ni, Fe, 

Mn, Zn, K, 

Mg, REE 

(1) [P66614][Cl] 

Larsson & 

Binnemans 

(2014) 

(2) [A336][Cl] 

(3) Cyanex 923 (3) [A336][NO3] 

(4) [A336][SCN] (4) [A336][Cl] 

Synthetic NMHB leach 

solution 

Co, Ni, Fe, 

Mn, Zn, REE 
Cyanex 923 [A336][NO3] 

Larson & 

Binnemans 

(2015a) 

Synthetic NdFeB and 

SmCo magnet leach 

solution  

Nd, Sm [(CH2)nCOOHmin] [Tf2N] 
Chen et al. 

(2015c) 

NdFeB magnet Pr, Nd, Dy TBP [A336][NO3] 
Kikuchi et al. 

(2014) 

NdFeB magnet  
Nd, Dy, Co, 

Cu, Fe, Mn 
[P66614][Cl] 

Vander 

Hoogerstraete 

et al. (2014a) 

NdFeB magnet  
Nd, Sm, Fe, 

Co 
[P66614][NO3] 

Riaño & 

Binnemans 

(2015) 

Simulated FLP solution  REE [A336][P507] & [A336][P204] 
Yang et al. 

(2012) 

FLP  

La, Ce, Eu, 

Gd, Tb, Y 
DODGAA [C4mim][Tf2N] 

Yang et al. 

(2013) 
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Commercial HALO 

phosphor 
Sb, Ca [A336][Cl] 

Dupont & 

Binnemans 

(2016) 

 

a) Solvent extraction mechanisms in ionic liquids 

The ionic nature of ILs results in metal extraction mechanisms from an aqueous phase not 

possible in conventional organic solvents. As previously noted, both charged and neutral metal 

complexes can be highly soluble in ILs. The ability of ILs to solvate both type of metal complexes 

(charged and neutral) is the reason behind the various extraction mechanisms in IL mediated solvent 

extraction processes. This can lead to different extraction systems compared to molecular solvents 

where in general only neutral complexes can transfer from the aqueous to the hydrophobic phase (Jensen 

et al., 2002). For example, extraction of charged lanthanides - N,N,N,N-tetraoctyl diglycolamide 

(TODGA) complexes proceeds via a cation-exchange mechanism when [C2mim][Tf2N] is used as the 

hydrophobic phase but occurs by ion-pair extraction accompanied by nitrate anions, to preserve charge 

neutrality, when the IL is substituted with isooctane (Shimojo et al., 2008). 

 The major developments in the use of ILs in SX can be divided into three main categories: IL 

is used as the diluting hydrophobic phase in conjunction with a traditional extractant, selective 

extraction of metals through the IL’s anion interaction and task specific ILs (Abbott et al., 2011). 

Commonly used hydrophobic ILs in SX 1-alkyl-3-methylimidazolium hexafluorophosphate 

[Cnmim][PF6], tetrafluoroborate [Cnmim][BF4] and bis[(trifluoromethyl)sulfonyl]imide [Cnmim][Tf2N] 

are poorly coordinating  and require the addition an extractant to increase the metal complex’s 

hydrophobicity and extract the hydrated metal cations from the aqueous phase into the IL (Zhao et al., 

2005). Multiple studies have reported enhanced extraction efficiency and selectivity for REEs upon 

substitution of conventional organic diluents by hydrophobic ILs (Nakashima et al., 2004; Shimojo et 

al., 2008; Shen et al., 2011). 

Electroneutrality is the governing principle behind the multiple potential extraction 

mechanisms in ILs: the net charge of the aqueous and IL phases must remain constant (Janssen et al., 

2015). The potential extraction mechanisms for a metal cation (Mn+) from an aqueous solution 

containing an anion (X–) to an IL phase (C+ - IL cation; A– - IL anion) containing a ligand (L or HL if 

protonated) are described in the table below.  
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Table 2.15. Multiple extraction schemes for the transfer of metal cations from an aqueous phase to an 

IL phase  

Extraction mechanism General extraction scheme No. 

Neutral extraction 

𝑀𝑎𝑞
𝑛+ + 𝑛𝐻𝐿𝐼𝐿 → [𝑀 ∙ (𝐿)𝑛]𝐼𝐿 + 𝑛𝐻𝑎𝑞

+   (1) 

𝑀𝑎𝑞
𝑛+ + 𝑚𝐿𝑎𝑞 + 𝑛𝑋𝑎𝑞

− → [𝑀 ∙ (𝐿)𝑚 ∙ (𝑋)𝑛]𝐼𝐿  (2) 

𝑀𝑎𝑞
𝑛+ + 𝑚𝐿𝑎𝑞 + 𝑛𝑋𝑎𝑞

− → [𝑀 ∙ (𝐿)𝑚]𝐼𝐿
𝑛+ ⋯ 𝑛𝑋𝐼𝐿

−   (3) 

Ion exchange 

𝑀𝑎𝑞
𝑛+ + 𝑚𝐿𝑎𝑞 + 𝑛𝐶𝐼𝐿

+ → [𝑀 ∙ (𝐿)𝑚]𝐼𝐿
𝑛+ + 𝑛𝐶𝑎𝑞

+   (4) 

𝑀𝑎𝑞
𝑛+ + (𝑛 + 1)𝐻𝐿𝑎𝑞 + [𝐶][𝐴]𝐼𝐿 → [𝑀 ∙ (𝐿)𝑛+1]𝐼𝐿

− ⋯ [𝐶]𝐼𝐿
+ +

                          (𝑛 + 1)𝐻𝑎𝑞
+ + 𝐴𝑎𝑞

−   
(5) 

𝑀𝑎𝑞
𝑛+ + 𝑚𝐿𝑎𝑞 + (𝑛 + 1)𝑋𝑎𝑞

− + [𝐶][𝐴]𝐼𝐿 →

                          [𝑀 ∙ (𝑋)𝑛+1 ∙ (𝐿)𝑚]𝐼𝐿
− ⋯ [𝐶]𝐼𝐿

+ + 𝐴𝑎𝑞
−   

(6) 

 

These equations are not meant to represent all potential extraction mechanisms in ILs but rather 

to provide a picture of the various extraction schemes possible whilst preserving electroneutrality. The 

extraction mechanisms in SX systems with a ligand dissolved in the IL can be broadly divided into two 

categories: neutral extraction and ion-exchange extraction. In extraction scheme 1-3, a neutral metal-

ligand complex is extracted to the IL either via deprotonation of the ligand (Ex.1), formation of a charge 

neutral complex with aqueous solution anions (Ex.2) and extraction of a neutral metal-cation/anion ion-

pair (Ex.3). Extraction schemes 4-6 represent ion exchange extraction mechanisms whereby the the IL’s 

cation (Ex.4) or anion (Ex.5-6) is released to the aqueous phase to compensate for the incoming charge 

of the metal complex. In the case of TSILs, the functionilized component of the IL acts as the ligand 

(Jensen et al., 2003; Mazan et al., 2014).  

Depending on the experimental parameters, it is possible for multiple extraction mechanisms 

to co-exisit within similar SX system. To determine the predominant extraction mechanism(s), the metal 

coordination state in the IL can be directly determined by EXAFS or by inference through slope analysis 

based on the extraction equilibrium equation (Janssen et al., 2015). The factors determining the relative 

importance of an extraction scheme include the the hydrophobicity of the IL cation (Jensen et al., 2002; 

Dietz et al., 2003) and anion (Jensen et al., 2003; Luo et al., 2006) as well as the hydration energy of 

the aqueous (Garvey et al., 2012; Wankowski & Dietz, 2016). For example, Sr2+ extraction by the 

neutral dicyclohexano-18-crown-6 (DCH18C6) crown ether extractant in [Cnmim][Tf2N] from nitrate 

aqueous solution was found to vary from a cation exchange mechanism (Ex.4) to a neutral complex 

extraction (Ex.2) as the length of the cationic alkyl chain is increased from n=5 to n=8 due to the 

increased hydrophobicity of the cation. However, increase in the alkyl chain length of the IL cation is 
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insufficient to eliminate the possibility of ion exchange as a mode of metal ion partitioning between the 

two phases (Dietz & Stepinski, 2005). For the same studied system, an increase in the IL anion’s 

hydrophobicity results in an increase in the extraction efficiency of Sr2+ as a greater initial concentration 

of [Cnmim]+ in the aqueous phase opposes cation exchange mechanisms. The composition of the 

aqueous phase can also influence the extraction efficiency for a particluar SX scheme: “ions that 

promote the dissolution of a compound in solution are called salting-in ions, while ions that exclude a 

solute from solution are called salting-out ions” (Dupont et al., 2015). The water miscibility of four 

hydrophobic ILs was found to increase with addition of the cations NH4
+ > K+ > Na+ > Li+ > Ca2+ > 

Mg2+ and anions [ClO4]– >I– > [NO3]– > Cl–  > F– > [SO4]2– (Dupont et al., 2015).  

The most widely used solvent extraction systems involve the use of either ion-exchange 

extractants classified into acidic extractants (eg. carboxylates, sulfonates, phosphates) and basic 

extractants (primary to quaternary amines), solvating extractants (or neutral extractant) possessing 

ketone, ether, ester or alcohol functional groups and/or coordinating extractants (or chelating extractant) 

(Free, 2013). These will be discussed in the following section. Whilst a single extractant can often 

saturate the coordination sphere of a metallic cation as well as produce a charge neutral and hydrophobic 

complex, on occasion a combination of two extractant is required. If the resulting distribution ratio is 

greater for the combined extractants than the sum for the individual extractants employed, the system 

is said to benefit from a synergistic extraction mechanism (Stepinski et al., 2005). In addition to 

increasing the extraction efficiencies, synergistic extraction systems can also improve the separation 

factors between two different metals. Such systems have been used effectively in conjunction with ILs 

and the presence of two extractants can result in a change of extraction mechanism compared to when 

the extractants are individually employed (Zhu et al., 2015; Petrova, 2016).  

 

b) Neutral extractants 

First reported by Dai et al. (1999), the use of neutral extractant in conjunction with an IL diluent 

system for the recovery of aqueous metal complexes is the best studied extraction phenomenon 

involving ILs. Extraction using neutral extractant proceeds via an ion-exchange mechanism (Extraction 

scheme 4-6, Table 2.15) whereby to compensate for the incoming positively charge metal cation into 

the IL, an IL component is released to the aqueous phase to maintain charge neutrality. This was 

reported for a wide variaty of neutral ligands including crown ethers (Dietz & Dzielawa, 2001; Jensen 

et al., 2002; Dietz et al., 2003; Jensen et al., 2003; Dietz & Stepinski, 2005; Garvey et al., 2012; Hawkins 

et al., 2012), phosphine oxide ligands (Kubota et al., 2009; Petrova, 2016), phosphate ligands (Billard 

et al., 2011; Zhu et al., 2015), diglycolamide ligands (Shimojo et al., 2008; Shen et al., 2011), calixarene 

ligands (Luo et al., 2004) and others (Figure 2.13). 
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Figure 2.13. Structures of common neutral extractants used in IL-based extraction 

 

Systematic studies on the extraction of alkaline and alkali earth cation with (DCH18C6) crown 

ether extractant in [Cnmim][Tf2N] shows that the predominant extraction mechanisms, ion-exchange 

(Ex. 4) or neutral complex extraction (Ex.2), depend on the hydrophobicity of the IL cation, the Lewis 

acidity of the metal ion and the aqueous phase nitrate anion concentration (Hawkins et al., 2012; 

Wankowski & Dietz, 2016). Interestingly, Jensen et al. (2002) reported that for such systems, the cation 

exchange extraction mechanism is not driven by the strength of metal-extractant complexation but by 

the energetically favourable solvation energy obtained from the release of the IL cation to the aqueous 

phase. Co-extraction of the hydrophilic nitrate anion is unfavourable and a decrease in extraction 

efficiency occurs as the extraction mechanism changes from cation-exchange to neutral complex 

extraction. Furthermore, it was found that for the DCH18C6 - [C10mim][Tf2N] extraction system, an 

increase in the Lewis acidity of the extraction metal cation promotes the neutral complex extraction 

mechanism (Ex.2). This was explained using the HSAB theory whereby the hard base nitrate anion 

interacts more strongly with the harder acid metal cation promoting the formation of neutral complexes.  

Although the IL components can be recovered from the aqueous solution by ‘salting in’, this 

adds an extra step to the recovery process and diminishes the economic viability of the process. The 

toxicity of low concentrations of the cation in waste water must also be considered. Increasing the 

cationic alkyl chain or incorporating fluorinated groups does not fully prevent IL loss (Dietz & 

Stepinski, 2005) but increases the toxicity of the released IL ion (Pham et al., 2010). In addition, the 

stripping of loaded neutral extractants in IL is problematic and requires aggressive stripping solutions 

(Regel-Rosocka & Wisniewski). All these factors have limited the application of IL containing neutral 

extractants for the recovery of value from actual aqueous feed streams. One of the few examples consists 

of the recovery of Ce4+ and F+ from bastnasite leach solution by di(2-ethylhexyl)-

2ethylhexylphosphonate (DEHEHP) in the IL [C8mim][PF6]. The authors suggested that [C8mim][PF6] 

also participate in Ce4+ extraction by anion exchange but extraction using DEHEHP occurred by neutral 

complex extraction with co-extraction of nitrate molecules (Zuo et al., 2009). Tri-n-butyl phosphate 
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(TBP) diluted in [C4mim][Tf2N] was used to separate Li+ from Mg2+-containing salt lake brine with an 

extraction efficiency of 92.37% under optimised conditions. Slope analysis indicated a 1:1 (Li+:TBP) 

ratio in the extracted complex whilst UV-vis analysis of the aqueous phase after extraction confirmed 

that extraction was accompanied by release of the IL cation (Shi et al., 2016).  

One system, comprised on the neutral extractant Cyanex 923 dissolved in the IL 

tricaprylylmethylammonium nitrate ([A336][NO3]), has been applied for the recovery of metals (Co, 

Ni, Fe, Mn, Zn, REE) from a synthetic nickel metal hydride batteries leach solution (Larson & 

Binnemans, 2015a). Cyanex 923 is a mixture of trialkylphosphine oxides with octyl and hexyl side 

groups. Addition of 15 % Cyanex 923 (v/v) in [A336][NO3] raised the distribution ratio of the tested 

metals and allowed for higher extraction efficiencies and Co-Ni separation factors compared to direct 

application of [A336][NO3] alone. Over 98 wt.% of extracted Ni was scrubbed using a MgCl2 solution 

prior to stripping Co and Mn from the IL phase using a 3M NaNO3 solution. In a further stripping steps, 

REE were removed using a 1 M HCl strip before the remaining Fe and Zn were stripped using a 1 M 

HNO3 solution. The authors also investigated the separation of Co from Mn in the strip solution using 

[A336][SCN] dissolved in [A336][NO3] (40% v/v). This research represents an example of “split-anion 

extraction”, whereby the aqueous and organic phases possess different anions allowing for the use of a 

complexing anion in the organic phase that forms an extractable metal complex. This in turn removes 

the necessity to add a significant concentration of the complexing anion in the aqueous phase as well 

as facilitates metal stripping (Larson & Binnemans, 2015b). Kikuchi and co-workers (2014) followed 

a similar approach to extract REE derived from NdFeB magnets in aqueous nitrate solution using TBP 

diluted in [A336][NO3]. Aqueous nitrate concentration, added as NaNO3, was found to salt-in the REE 

and increase the distribution of the latter to the IL phase. The presence of Fe3+ in solution has a negative 

effect on the overall REE extraction efficiency and selectivity. After removal of iron from the system, 

Nd3+ concentration in the IL phase reached 160 g.L-1 after three consecutive loading cycle (Kikuchi et 

al., 2014). 

 

c) Acidic extractant 

Acidic extractants are Brønsted acidic molecules containing a protonated functional group such 

as an alkylcarboxylic acid, alkylphosphoric acid or alkylsulfuric acid group. Coordination of an acidic 

extractant with a metal cation usually proceeds via deprotonation of the ligand and formation of a charge 

neutral complex (Ex. 1, Table 2.15). The pKa of the extractant dictates its ability to deprotonate, thereby 

influencing its extraction behaviour. By altering the pH of the aqueous solution, selectivity of metal ion 

extraction can be controlled. In comparison to neutral extractants, extraction behaviour using acidic 

extractant is easier to predict and back-extraction of the loaded organic phase is easily achieved by 

contacting with an acidic solution, regenerating the extractant (Cocalia et al., 2005; Free, 2013). 
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However, it could be argued that the full potential of ILs to solvate charged species has not been 

properly utilised if neutral complexes are extracted. Commonly used acidic extractants used in 

conjunction with ILs are shown in Figure 2.14. 

 

 

Figure 2.14. Structures of common acidic extractants used in IL-based extraction 

 

Of the acidic extractants used in conjunction with IL diluents, 2-thenoyltrifluoroacetone (Htta) 

is the most researched. Jensen et al. (2003; 2005) investigated the extraction mechanisms of lanthanides 

with Htta in [C4mim][Tf2N] by determination of the structure, stoichiometry, and chemical equilibria 

governing the extracted complexes. Results from EXAFS, luminescence analysis, slope analysis and 

molecular dynamic simulations indicate the formation of two different Ln-tta complexes depending on 

the experimental conditions. At low Htta concentrations ([tta]–≤10-6 M), the neutral Ln(tta)3 complex 

was extracted with release of three protons to the aqueous phase (Ex. 1). At higher ligand 

concentrations, the anionic complex [Ln(tta)4]- was extracted to the ionic liquid phase, with release of 

the IL [Tf2N]– anion (Ex.5). The resulting anionic complex in the IL phase forms a weak ion pair with 

the imidazolium cation. This differs greatly from the neutral M(tta)3(H2O)n (n = 2 or 3) complexes 

commonly encountered in nonpolar molecular solvents. Changing the IL anion from [Tf2N]– to 

nonafluoro-1-butanesulfonate ([NfO]–) suppressed the formation of anionic complexes, instead 

promoting the extraction of the hydrated lanthanide cation ([Ln(H2O)9]3+) at low Htta concentrations 

(Jensen et al., 2012). As the extractant concentration and pH are increased, hydrated 1:2 and 1:3 

lanthanide:tta species are observed. This change in extraction mechanism is assigned to the lower 

hydrophobicity of [C4mim][NfO] compared to [C4mim][Tf2N]. A regular solution theory analysis of 

Htta as well as the Cu(tta)2 and Ni(tta)2 complexes in [Cnmim][Tf2N] (n=4, 6, 8) highlights the 

complexity of metal extraction in ILs compared to molecular solvents (Kidani & Imura, 2010). Whilst 

mixtures of Htta with the IL can be considered to behave as a regular solution like organic solvents, the 

IL diluting phase exerts a complicated effect on the distribution constant of neutral Cu(tta)2 and Ni(tta)2. 
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The neutral complex Cu(tta)2-IL is similar to those obtained in alkane and aromatic hydrocarbon 

solutions whereas Ni(tta)2-IL exhibited large deviation from the normal solution and resembled those 

in ether and ketone solutions. This may explain why the divalent Ni, Co, Mn, Zn and Cd are extracted 

as anionic complexes [M(tta)3]– in [C4mim][Tf2N] whilst Cu was extracted as a neutral complex (Kidani 

et al., 2008). 

It is worth noting that (non task-specific) protic ILs can also on occasion extract metals without 

the need for additional complexing agents. Reyna-González and co-workers (2010; 2012) studied the 

extraction Cu2+ from aqueous phase to the protic ILs 2-butylthiolonium 

bis(trifluoromethanesulfonyl)amide ([C1mimSC4][NTf2]) and 3-butylpyridinium 

bis(trifluoromethanesulfonyl)imide ([3-C4pyr][NTf2]). During the extraction process the hydrogen 

atom attached to the N atom of the cationic ring is released by water to yield a neutral amine capable of 

interacting with Cu2+ ion and water molecule to form a labile copper(II) system. The presence of water 

in the IL is important to promote the incorporation of hydrated Cu2+ complexes. Due to the release of 

protons to the aqueous phase as well as the hydrophobicity of the cation, release of [3-C4pyr][NTf2] to 

the aqueous phase was not recorded during extraction (Reyna-González et al., 2012). High selectivity 

of Cu2+ compared to Co2+, Ni2+, and Fe2+ was achieved using ([C1mimSC4][NTf2]) (Reyna-González et 

al., 2010).  

Although widely tested on synthetic aqueous solutions, few studies have utilised acidic 

extractant diluted in ILs for the recovery of metals from WEEE. The only example consists of the 

recovery of lanthanides present in waste fluorescent lamps phosphor using N,N-dioctyldiglycolamic 

acid (DODGAA) in [C4mim][Tf2N] (Yang et al., 2013). DODGAA, is an anionic extractant possessing 

a carboxyl and carbamoyl group linked together by an ether chain reported to exhibit high selectivity 

for REEs, especially for the lighter lanthanides (La3+ to Gd3+) (Shimojo et al, 2014). In a 1st processing 

step, Y and Eu oxides were effectively leached using a 5 M H2SO4 solution at 100 oC. The solid residue 

was leached a second time using 5 M HNO3 solution for 6 hrs at 100 oC to recover the difficult to extract 

RE phosphate (La, Ce and Tb). The extraction efficiency of DODGAA in [C4mim][Tf2N] was compared 

to that of the carboxylic extractant PC-88A in dodecane for the recovery of the REE present in both 

leach solutions. DODGAA in [C4mim][Tf2N] provided greater selectivity and extraction efficiencies 

for the REEs than PC-88A at similar pH values. The REs Y, Eu, La and Ce were separated from the 

metal impurities Fe, Al and Zn, although some Ca was co-extracted. Stripping was easily achieved 

using a dilute acidic solution and UV spectroscopic measurement of the aqueous phase confirms that 

minimal loss of the IL cation occurred. The extractant-IL system was recycled and reused five times 

with no appreciable loss in efficiency (Yang et al., 2013). Although not discussed in the paper, 

DODGAA was shown by others research teams to extract REEs according the extraction scheme 1 

(Table 2.15) (Kubota et al., 2011; Shimojo et al, 2014).  
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d) Functionalized ionic liquids 

Functionalized ILs, or TSILs, represent ILs incorporating a functional group on their anionic 

or cationic components that acts as metal complexation site, allowing such ILs to function both as a 

solvent and a complexing agent. The cation is most often the functionalized moiety due to the easier 

synthesis, which simply requires a quaternizarion reaction between a ‘functionalised’ alkyl halide and 

a nucleophile (tertiary amine, phosphine, etc.). The structure of the TSILs mentioned in this section are 

shown in Figure 2.15. TSILs with functionalized anions most often include strongly coordinating 

species such as alkylphosphate (Rout et al., 2013), alkyldiglycolamate (Rout et al., 2012), β-diketonate 

(Mehdi et al., 2010), salicylate, thiosalicylate or benzoate (Stojanovic et al., 2010) anions. TSILs are 

covered in greater detail in the reviews by Lee (2006) and Chiappe and Pomelli (2014). 

 

 

Figure 2.15. Discussed TSILs used for metal ion extraction to ILs along with the structure identification 

number (X) 

 

The use of ILs as a simultaneous solvent and extraction media limits the ion-exchange 

extraction mechanism and prevents the unwanted partitioning of the IL components or extractant to the 

aqueous phase compared to extraction systems where the IL is solely used as a diluent. However, this 

is only valid for ILs with functionalized cations as extraction with some IL containing functionalised 

anions has been shown to proceed on occasion via cation-exchange (Medhi et al., 2010). The principal 

factors limiting the applicability of TSILs is their high viscosity, cost, complicated synthesis and their 

unknown toxicity (Visser et al., 2001; 2002). In addition, further understanding of the extraction 

mechanisms and characterisation the extracted complex is required, with few studies having fully done 

so. A few examples of characterised extraction complexes using TSIL are given below to illustrate the 

wide variety of extraction mechanisms. 



Nicolas Schaeffer PhD Thesis  Chapter 2 

53 

 

TSIL incorporating a ‘hard’ base oxygen derived functional group such as a carboxylate, ketone 

or phosphonate have found successful applications in metal extraction and separation processes. Crystal 

structure studies of 1-butyl-3-methylimidazolium hexafluoroacetylacetonate (1, [C4mim][hfac]) with 

Nd3+ show the formation of a 1:4 Nd:diketonate anion complex in a quadratic antiprismatic geometry 

with the diketonate anions bidentately coordinating the metal center. The imidazolium cations reside in 

the 2nd solvation shell and form hydrogen bonds between the acidic hydrogen atoms on the imidazolium 

rings the oxygens of the β-diketonate anions. Extraction occurs via the formation of a Nd3+:diketonate 

complex and the release of three imidazolium cation (Mehdi et al., 2010). Crystal structure analysis of 

imidazolium-based IL containing an ethylaminedicarboxylate moiety on the cation (2) with Cu2+ results 

in the formation of an octahedral 2:1 chelate complexes with two monodentate carboxylate ligands in 

axial position, two other monodentate carboxylate ligands in equatorial positions in a trans 

configuration and two equatorial amine ligands. Due to the zwitteronic nature of the imidazolium 

ethylaminedicarboxylate ligand of –1 overall charge, the resulting complex is neutral and no counterion 

are observed for this chelate complex (Harjani et al., 2006). The crystal structure of UO2, REEs and 

transition metals with the carboxy-functionalized [Hbet][Tf2N] (3) have been reported and 

characterised, with all these oxides having a high solubility in the IL. A wide structural variety of 

metal:[Hbet][Tf2N] complexes where obtained, with the zwitterionic nature of the betaine ligand and 

the weakly coordinating ability of the [Tf2N]− anion facilitating the formation of oligonuclear and 

polynuclear metal complexes (Nockemann et al., 2008b; Nockemann et al., 2010a). [Hbet][Tf2N] was 

recently used in a novel triphasic IL–water–IL solvent extraction system along with 

trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)imide ([P66614][Tf2N]) for the separation 

of Sn2+, Y3+ and Sc3+ (Vander Hoogerstraete et al., 2015). Diethyl-2-(3-

methylimidazolium)ethylphosphonate bis(trifluoromethanesulfonyl)imide (4) diluted in 

[C4mim][Tf2N] was used in the highly successful extraction and separation of radioactive Pu4+ from U4+ 

and Am3+ from nitric acid medium. Extraction of Pu4+ occurs via an anion exchange mechanism 

whereby the [Tf2N]– anion of the diluent IL is released to the aqueous phase and the formation of a 

weak ion pair [Pu(NO3)5]–…[C4mim]+ in the IL (Rout et al., 2010). IL cation with a ‘soft’ base nitrile 

moiety attached to the alkyl chain have also been successfully employed for the extraction of soft acids 

Co2+ and Ag+ (Nockemann et al., 2010b; Siriwardana et al., 2010). The structure of crystal complexes 

of nitrile-functionalized ILs 1-cyanoalkyl-1-methylpyrrolidinium bistriflimide (5, [C1CnCNpyr][Tf2N]) 

with Co(Tf2N)2 were found to be heavily cation dependent. For [C1C1pyr][Tf2N], the resulting 

[Co(C1C1pyr)2](Tf2N)4] was isolated with the Co2+ ion octahedrally surrounded by four monodentately 

coordinating [Tf2N]– anions and the nitrile function of two axially coordinating [C1C2pyr]+ cations. 

However, the highly charge complex [Co(C1C2pyr)6](Tf2N)8] is obtained when the IL alkyl chain is 

increased from 1 to 2. In this complex, Co2+ is surrounded octahedrally by six coordinating nitrile groups 

of the [C1C2pyr]+ cation and heavily disordered, noncoordinating bistriflimide anions (Nockemann et 

al., 2010b).  



Nicolas Schaeffer PhD Thesis  Chapter 2 

54 

 

TSILs have been used to recover REE3+ from fluorescent lamps as well as REE3+ and Co2+ from 

waste permanent magnets. The use of [Hbet][Tf2N] for such applications is already described in Section 

2.3.2b and will not be addressed here. Chen et al. (2015c) assessed the recovery of Nd3+ from Fe3+ and 

Sm3+ from Co2+ from synthetic NdFeB and SmCo permanent magnet leach solution using 1-

alkylcarboxylic acid-3-methylimidazolium bis(trifluoromethylsulfonyl)imide IL (6, 

[(CH2)nCOOHmin][Tf2N] (n = 3, 5, 7)). Separation of the REE from Fe3+ and Co2+ was found to be 

primarily pH dependent; the extraction efficiency of all the investigated metal ions increased with the 

increase of aqueous phase pH, reaching as high as 99%. In addition, the extraction efficiency increased 

with the decrease of the alkyl chain length at lower pH values. By careful tuning of the aqueous solution 

pH, Sm3+ and Nd3+ could be selectively separated from Co2+ and Fe3+, respectively, with separation 

factors in the range 104–105. Similarly to the carboxy-functionalised [Hbet][Tf2N], REE extraction 

proceeds via deprotonation of the carboxylic group and formation of a 1:3 REE:IL charge neutral 

complex. The IL was easily stripped in a single step by dilute aqueous HCl or oxalic acid (Chen et al., 

2015c). 

 

e) Undiluted ionic liquid 

Recent research on the application of ILs in solvent extraction has focused on simple IL 

extraction systems without added complexing ligand. Although some methylimidazolium based IL have 

been shown to extract aqueous metal cations without the need for additional ligands (Kozonoi & Ikeda, 

2007), the discussion will focus on quaternary ammonium ILs and quaternary phosphonium ILs. These 

metal cations have been combined with a wide variety of anions including chloride, nitrate, dioctyl 

diglycolamate (Rout & Binnemans, 2014a), N,N,N′,N′-tetra(2-ethylhexyl)malonate, N,N,N′,N′-tetra(2-

ethylhexyl)malonamide (Rout & Binnemans, 2014b) or oleate (Parmentier et al., 2015) to name a few. 

 

 

Figure 2.16. Structure of the quaternary ammonium and phosphonium IL Aliquat 336 and Cyphos 101 

 

Trihexyl(tetradecyl)phosphonium chloride (Cyphos 101) is a commercially available, non-

fluorinated IL consisting of an organophosphorous-based cation with a chloride anion. Due to its four 

long alkyl chains, Cyphos 101 has no reported surfactant properties in contrast to some of the shorter 
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alkyl chain quartenary phosphonium salts alternatives, thereby enhancing phase separation (Bradaric et 

al., 2003). Cyphos 101 IL shows great promise for the extraction of metal ion and has been studied for 

the extraction of base metals Zn2+, Fe2+/3+, Co2+ as well as REE3+, Au3+, Hg2+, Pd2+, Pt4+, Bi3+, Re4+ and 

U4+ amongst others. A review of the major studies using Cyphos 101 is presented in Table A3 of 

Appendix A. From the available data: 

 Cyphos 101 has been proven to function by an anion exchange mechanism; 

 Cyphos 101 can be used undiluted thereby eliminating the need for molecular solvents; 

 Extraction experiments have primarily been conducted from aqueous chloride medium. 

Aliquat 336 is a well-established quaternary ammonium extractant capable of extracting a wide 

number of metal ions either through anion exchange or formation of a neutral extraction complex (Černá 

et al., 1992). 

Cyphos 101 and its nitrate derivative trihexyl(tetradecyl)phosphonium nitrate were employed 

in separations relevant to the recycling of rare earths from permanent magnets and cobalt from nickel 

metal hydride batteries. Wellens et al. (2012) demonstrated that Co2+ could be selectively separated 

from Ni2+, Ca2+ and Mg2+ in 8 M HCl aqueous chloride concentration using Cyphos 101 with a 

separation factor of ≥ 104. Cobalt was extracted as the tetrahedral tetrachlorocobalte complex, [CoCl4]2−. 

Co2+ was separated from the co-extracted Mn2+ by four stripping cycles with water. Cyphos 101 was 

found to be the best option as the IL phase compared to Aliquat 336, [P8888][Br], [P66614][Br] and 

[P44414][Cl] as it offered a compromise between commercial availability, separation characteristics and 

the ease to handle the IL. The authors up-scaled this process to provide a proof-of-principle for the 

continuous IL separation process of Co2+ from Ni2+ (Wellens et al., 2013). Cyphos 101 was also 

employed for the removal of Co2+ and Fe3+ from Sm3+ and Nd3+ respectively in chloride solutions 

(Vander Hoogerstraete et al., 2013). Separation factors of 5.0 × 106 and 8.0 × 105 were obtained for 

Nd/Fe and Sm/Co respectively at HCl concentrations of 8.5-9 M. The REE3+ remain in the aqueous 

phase whilst and Co2+ and Fe3+ are extracted as the anionic tetrachloro-complexes in the IL. The 

distribution of Co2+
, Mn2+ and Fe3+ to the IL increased with increasing HCl concentration until 8.5-9 M 

whilst that of Zn2+ and Cu2+ decrease with increasing HCl concentrations. However, Al3+
, Cr3+, Ni2+, 

Mg2+
, and Ca2+ could not be separated from the REEs. After extraction, cobalt was easily stripped from 

the IL with water whilst iron could only be stripped by forming a water-soluble iron complex with 

ethylenediaminetetraacetic acid (EDTA). Using the IL trihexyl(tetradecyl)phosphonium nitrate, which 

is easily prepared from Cyphos 101, REE3+ were separated from Co2+ and Ni2+ (Vander Hoogerstraete 

& Binnemans, 2014b). Two systems were studied: the separation of Sm3+ from Co2+ and La3+ from Ni2+. 

Extraction of the REEs is facilitated by an inner salting-out effect of a highly-concentrated metal nitrate 

aqueous phase. After a scrubbing step using 7.5 M of NH4NO3, the purity of REEs in the loaded IL 

phase was 99.9%. Complete stripping and regeneration of the IL was achieved using pure water. 
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Extraction of REE by trihexyl(tetradecyl)phosphonium nitrate from nitrate solution occurs by formation 

of a neutral complex Ln(NO3)3+n(P66614)n whilst La and Sm exist as the anionic  [La(NO3)6]3− and  

[La(NO3)6]3− complexes respectively in the IL. The high negative charge of the extracted complexes 

and the resulting electrostatic interactions has a pronounced effect on the viscosity of the ionic liquid 

phase. 

Cyphos 101 was used for the recovery of REEs from real waste NdFeB permanent magnet in a 

seven-step process based on the above research (Vander Hoogerstraete et al., 2014a). This includes (1) 

crushing and milling of the magnet into coarse powder, (2) roasting to transform the metals into the 

corresponding oxides, (3) selective leaching of the REEs with HCl leaving iron in the solid residue by 

raising the pH of the leach solution above 2, (4) extracting Co2+, Cu2+ and Mn2+ into Cyphos 101 leaving 

the REEs in the aqueous phase, (5) precipitating the RE by the addition of oxalic acid, (6) recovering 

the precipitate by filtration and (7) calcining the oxalate precipitate to yield rare-earth oxides. Roasting 

the waste magnet prior to dissolution was found to facilitate dissolution and reduce the HCl 

consumption, with ≥ 90 wt.% of Nd2O3 and Dy2O3 extracted compared to ≤ 25 wt.% of Fe2O3. A 3.5 M 

NH4Cl was added to the leachate as a salting-out agent to prevent the extraction of the REEs into the 

IL. An alternative process for the extraction and separation of RE and other valuable elements from 

used NdFeB permanent magnets was proposed by Riaño & Binnemans (2015) using 

trihexyl(tetradecyl)phosphonium nitrate. After roasting, the used magnets were dissolved in HNO3. At 

the end of the leaching process, the solution pH was raised to 4 to remove Fe by precipitation. The 

remaining Nd3+ and Sm3+ were separated from Co2+ using trihexyl(tetradecyl)phosphonium nitrate. 

Evaluation of the extraction parameters indicated that pH had little influence on the process selectivity, 

Co2+ extraction was supressed at high metal loading concentrations and that addition of NH4NO3 salted 

in the REE. After scrubbing Co2+ using NH4NO3, the loaded Nd3+ and Sm3+ were separated by stripping 

the IL phase using an EDTA and 10 M NH4NO3 solution. The preferential interaction of EDTA with 

Dy allowed for its extraction to the aqueous phase whilst a high NH4NO3 concentration suppresses 

stripping of Nd. At 70 oC, 0.03 M EDTA and 10 M NH NH4NO3, 79.8% and 4.0% of Dy and Nd are 

stripped. Addition of concentrated HNO3 to the stripping solution dissociated the weaker [Nd(EDTA]– 

complex and facilitated its back extraction into the IL yielding a final Dy solution. All elements were 

precipitated as oxalate salts and calcined. Although this process is complicated due to its many steps, 

over 99% of Co, Nd and Dy are recovered as oxide of 99.5 % ≥ purity.  

Larsson and Binnemans (2014) attempted the selective recovery of metals from a synthetic 

nickel metal hydride battery leach solution using a succession of four IL systems: Cyphos 101, Aliquat 

336, 10% v/v Cyanex 923 (neutral extractant) in tricaprylmethylammonium nitrate ([A336][NO3]) and 

30% v/v tricaprylmethylammonium thiocyanate ([A336][SCN]) in Aliquat 336. The complete process 

flow sheet is presented in Figure 2.17. The shown process clearly highlights the potential of ILs for use 
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in the recovery of metals from complex aqueous solutions based on the careful selection of the IL and 

its influence on the metal extracted complex (chloride vs. nitrate, etc). 

 

 

Figure 2.17. Flow-sheet describing recovery of metals from waste nickel metal hydride batteries using 

ILs (Larsson & Binnemans, 2014)  

 

Aliquat 336 and Aliquat based ILs were used for the recovery of antimony and REEs from 

simulated waste phosphor from fluorescent lamps. Phosphor powder used in fluorescent lamps is a 

mixture of individual phosphor, namely HALO (Ca4.86Mn0.10Sb0.04Sr0.004(PO4)3Cl0.10F0.90), YOX 

(Y1.92Eu0.08O3) and other lesser constituents. Dupont and Binnemans (2016) considered the leaching and 

recovery of antimony from HALO phosphor only. Commercial HALO phosphor was completely 

leached in dilute HCl and extracted as the anionic tetrachloroantimonate(III) complex (SbCl4
−) using 

Aliquat 336 by an anion exchange mechanism. Quantitative extraction of Sb3+ was achieved from the 

leach solution containing Sr2+, Ca2+ and Mn2+ even in the absence of addition chloride ions. Mn2+ was 

only extracted at very high chloride concentrations ( ≥ 4 M NaCl) whilst Sr2+ Ca2+ do not form anionic 

chloro-complexes under the tested experimental conditions and were therefore barely extracted. The 

loaded IL phases was scrubbed with 1 M NaCl prior to Sb3+ using a NaOH solution at pH 7. The residual 

Ca in the leach solution was precipitated by addition of NaOH to yield a valuable calcium phosphate 

apatite precipitate.  

Yang and co-workers (2012) used a “bifunctional IL extractants” (Bif-ILEs) prepared from 

Aliquat336 (A336) and the commercial organophosphorus acid extractants, P204 and P507, to extract 

REEs from a simulated solution of a fluorescent powder containing a high concentration of Al(NO3)3. 
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[A336][P204] and [A336][P507] possess binary functional groups, one each on the cation and anion, 

through which complexation can occur. The extraction performance of the synthesised [A336][P204] 

and [A336][P507] Bif-ILEs was compared to that of the neutral organophosphorus extractants P350, 

TBP and Cyanex923 in n-heptane. It was found that the sequence of extractability for REE3+ is 

Cyanex923 > [A336][P204] = [A336][P507] > P350 > TBP. The authors proposed that extraction using 

[A336][P204] and [A336][P507] occurred through the unshared electron pair of P=O in the [P507]− or 

[P204]− groups and the nitrogen lone electron pair of [A336]+ group to form macromolecular extracted 

complexes (Figure 2.18). The coexisting Al2O3 in the fluorescent powder was changed to a salting-out 

agent (Al(NO3)3) in the extraction process and promoted the extraction efficiency of REEs. Using a 

countercurrent extraction process at a 4:1 organic to aqueous phase ratio and pH = 0.56, the REE 

recovery of 95.2 wt.% was achieved in 7 stages. However, the use Bif-ILEs had a couple of drawbacks, 

namely the addition of 10% isopropanol modifier to prevent the formation of a third-phase upon 

extraction and the important viscosity of the IL phase after extraction (Yang et al., 2012). Another study 

using the same Bif-ILEs systems found that [A336][P507] and [A336][P204] were suitable for the 

separation of heavy REEs in nitrate medium and the separation of light REEs in chloride medium (Guo 

et al., 2014). EXAFS studies attributed the synergistic effect of bifunctional ionic liquid extractant 

[A336][P204] for REE extraction to the greater stability and hydrophobicity of the metal complex 

formed. In addition, extraction was shown to proceed via co-extraction of the aqueous phase counter 

anion to produce a neutral complex in the IL phase (Sun et al., 2010).  

 

 

Figure 2.18. The proposed structure of [A336][P204] and its coordination environment with Eu(III) 

(Sun et al., 2010) 

 

2.4 Summary 

WEEE is a global issue but can also potentially offer rich rewards if properly managed due to 

their high metal content. Due to their particular physico-chemical characteristics and their tuneability, 

ILs offer a promising alternative for the recovery of metallic value from WEEE, with many 

experimental and theoretical studies identifying suitable IL extraction systems for the selective 
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extraction and purification from mixtures. In addition, the extraction behaviour of many IL systems has 

been well characterised, making the selection of a suitable IL for a particular metal more 

straightforward. However, significant hurdles remain, the most problematic being the lack of IL 

application to actual WEEE waste streams, with many authors focusing instead on simulated systems. 

Such an approach risks missing interactions that occur only in complex systems such as WEEE 

solutions, and ignores the role of trace contaminants. Although not directly addressed in this literature 

review, the second important restriction on the use of ILs for the treatment of WEEE remains their high 

initial costs, particularly for fluorinated ILs. Despite their recyclability, the high capital investment 

currently limits the use of IL to the extraction of high value metals from WEEE or in systems were a 

high metal purity is achieved. Greater efforts are required in the upstream collection and separation of 

WEEE to minimise the volume of commingled WEEE treated thereby allowing for a more selective use 

of ILs. 
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Chapter 3: Analytical Methods and Materials 

3.1 Experimental Techniques 

3.1.1 Particle Size Distribution  

A laser diffraction analyser (Beckman Coulter, LS-100 Series) with a particle size detection 

range between 0.4 and 900 μm was used for the particle size distribution of milled PCB and as received 

waste phosphor. The analyser uses a low power laser source, sample cell and an array of concentric 

diodes to detect diffracted light, mounted on an optical bench. The sample cell was sonicated for 5mn 

prior to the introduction of the sample to remove any air bubbles. Tap water with a few drops of 

surfactant to prevent the agglomeration of the small dense particles was used as the dispersant medium. 

The suspended particles diffract the incident light through a range of diffraction angles, which is 

correlated to the particle size by the Fraunhofer optical model (it assumes spherical particles).  

 

3.1.2 Thermogravimetric Analysis  

The weight and energy changes of the sample when heated were measured by a differential 

thermal analyser (Stanton Redcroft, STA-1500 Series). The analyser is a high temperature microbalance 

used for the characterisation of the thermal stability of solids and liquids when heated in various 

temperatures and in different gas atmospheres. Both weight, thermogravimetric analysis (TGA), and 

differential thermal analysis (DTA), changes occurring in the samples can be measured. TGA was 

conducted on 25-50 µg of sample, depending on the latter’s density, using a heating rate of 10 °C.min-

1 under N2 atmosphere. The instrument is calibrated yearly by an external technician. 

 

3.1.3 Determination of Water Content 

Volumetric Karl-Fischer titration determines water content of the sample. A Metrohm 870 KF 

Titrino Plus Volumetric Karl-Fischer titrator was used with HYDRANAL®-Coulomat AG reagent 

(Fluka) as the anolyte solution. The IL sample was dissolved in HYDRANAL® dry methanol and 

approximately 0.1 g was injected. A HYDRANAL® 10 ppm water standard was used to validate the 

instrument calibration before every test session. 
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3.1.4 Determination of Chemical Composition  

a) X-Ray Fluorescence 

During X-ray fluorescence (XRF) analysis, the sample is irradiated by X-rays produced by a 

source. X-ray photons with sufficient energy can expel an electron from the atom, leaving a vacated 

orbital space. To regain a ground state configuration, a higher energy electron from an outer shell is 

transferred to the vacated space in the lower energy orbital. By doing so, an X-ray photon characteristic 

of both the difference between the two orbital energies as well as the atom itself (as each atom its own 

specific energy levels) is produced. These emitted X-rays photons produce X-ray fluorescence. An atom 

can produce multiple characteristic individual radiations as the incoming X-rays vary in energy and 

may interact with electrons on different orbitals. From the energies detected as well as their intensities, 

it is possible to qualitatively and semi-quantitavely determine the composition o f a sample (Atkins, 

2000).  

All XRF analyses were performed using a Bruker AXS S4 Explorer XRF system. Samples were 

sieved and pressed into discs prior to analysis. Results have a count method tolerance less than or equal 

to 0.3% and the results were normalised by weight and are expressed as % of total weight (wt. %). The 

XRF system does not record any elements below fluorine (e.g. no oxygen) therefore the concentrations 

showed are not quantitative but serve to give a sense of the proportions of each element relative to one 

another. All XRF analysis were conducted by Patricia Carry at the Department of Chemical 

Engineering, Imperial College. 

 

b) Inductively coupled plasma optical emission spectrometry 

Inductively coupled plasma optical emission spectrometry (ICP-OES) is one of the most 

effective multi-element techniques for determination of many trace elements including REEs. 

Quantitative analysis of the main elements in waste elements was performed using a Perkin Elmer 

Optima 7300 ICP-OES. ICP-OES analysis is based on atomic spectrometry, i.e. the absorption or 

emission of electromagnetic radiations from atoms of a sample. The liquid sample is converted to an 

aerosol that can be transported to the plasma through a process called nebulization. Upon entering the 

plasma, the sample is decomposed by intense heat into a cloud of hot gases containing free electrons 

and ions. Once the atoms or ions are in their excited states, the can decay to lower states through thermal 

or radiative emissions. The intensity of the light emitted at specific wavelengths is measured by the 

spectrometer and converted to an electronic signal. This in turn is used to determine the concentration 

of the elements of interests (Boss and Fredeen, 1999).  

Multi-element ICP standards of either 1 ppm, 10 ppm, 50 ppm and 100 ppm or 0.1 ppm, 1 ppm, 

10 ppm and 100 ppm were prepared from 1000 ppm Spectrosol certified solutions and matrix matched 
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to the samples. Blank solutions were prepared to provide a zero baseline and subtracted from the final 

result. In order to certify the quality of the results, a quality check was run every 10 to 15 samples to 

prevent drift: the 10 ppm standard is analysed and if the measured concentration does not fall within a 

10% interval on either side of the theoretical intensity, a calibration reslope is performed using the 

10ppm solution before continuing with the analysis. Each solution is analysed three times. The 

wavelengths a used for element concentration determination and detection limits are listed in Table B1 

of Appendix B.  

The sample preparation methodology for ICP-OES analysis is crucial to guaranty accurate and 

reproducible results. After each experiment, the solution is left to cool (unless otherwise stated) and the 

final volume recorded. It is then filtered through a 0.22 μm pore diameter cellulose nitrate Millipore 

filter paper. The experimental vessel is washed with 3×5 mL of deionized water before filtering the 

washings. The filtered solution is appropriately diluted (due to the high dissolved salt content) with 

deionised water acidified to pH 1.5 using concentrated nitric acid to reduce the risk of metal salt 

precipitation, and a 10 mL aliquot is stored in an ICP sample tube for analysis. Analysis of samples 

containing water soluble ionic liquids were all diluted at least by factor of ten to negate potential 

measurement interferences caused by the ionic liquid (Whitehead et al., 2004b). 

Quantitative compositional analysis of the studied samples was determined by lithium 

metaborate and tetraborate flux fusion. Lithium metaborate is a powerful flux, widely used in the 

characterisation of elemental composition. It can attack all major silicates and most minerals (Ingamells, 

1970; Chandler et al., 1997). Mixtures of 0.25 g of samples and 0.75 g of lithium metaborate and lithium 

tetraborate flux were poured into a graphite crucible and heated to 1000 °C for 20 minutes. The molten 

mixture is then transferred into a plastic beaker and mixed with 150 ml 5 M nitric acid. A magnetic 

stirrer is used to dissolve the solution before filtering through a 0.22 μm filter membranes and diluting 

to 1000 mL. The filtrates are then analysed by ICP-OES (BS ISO 14869-2:2002). 

Interferences in ICP-OES can originate from spectral origins as well as from the high 

concentrations of certain elements or compounds in the sample matrix, which can lead to problems of 

ionization suppression by matrix elements (e.g. calcium) and isobaric polyatomic interferences 

(Zawisza et al., 2011). To determine the adequacy of the digestion and analysis method, the developed 

method was tested for the determination of Cr, Cu, Mn, Ni, Pb and Zn in the certified reference 

calcareous loam soil CRM 141 R. Results in Table B2 of Appendix B show that all reported 

concentrations are within 7.3 % of the reference value. 

 

c) Ion Chromatography 

During ion chromatography (IC) analysis, ions present in a sample are carried using an eluent 

solution through a column containing a polar resin. Depending on the affinity of an analyte for the 
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column matrix, the former will elute at a particular rate allowing for the separation of a mixture of ions 

present in a sample into its individual components. The concentration with time of an analyte is obtained 

by conversion of the eluent’s electrical conductivity at the column outlet into ppm. Chloride and sulfate 

concentration was measured on a Dionex ICS-2100 ion chromatograph (IC, Thermo Scientific) 

equipped with an AMMS 300 suppressor and a Dionex EGC III KOH eluent generator cartridge with 

IC grade deionized water (Fluka) as the eluent phase. The analysis method was adapted from Aggrawal 

and Rohrer (2015) and validated on a seven-anion standard solution. Calibration standards of 10, 50, 

100, 250 and 500 ppm were prepared from individual 10000 ppm sulphate and chloride standards. A 

blank solution was analysed prior to any analysis and a 50 ppm sample spike was run as quality control 

every 10 samples. Typical chloride and sulfate calibration curves are presented in Figure B1 of 

Appendix B. 

 

3.1.5 Determination of the Mineralogical Composition 

X-Ray diffraction (XRD) analysis was used to study the mineralogical composition of a sample. 

During XRD analysis, the sample is irradiated by X-rays. X-ray might be diffracted when passed 

through a crystal if their wavelengths are comparable to the separation of lattice planes. Using Bragg’s 

law (Equation 3.1), which states that the interplanar spacing (d) is proportional to the wavelength of the 

incident X-rays (λ) divided by the glancing angle (θ)(the angle between the lattice planes and the X-ray 

beam), the distances between atoms in the crystal can be determined (Atkins, 2000).  

𝑛×𝜆 = 2×𝑑× sin 𝜃                                                                                                                        - (3.1) 

Where n is an integer. Crystalline phases present in the Balcan phosphor were determined by XRD 

using a Philips X’pert PRO PANalytical diffractometer system fitted with a PW1820 goniometer, an 

automatic divergence slit and a graphite monochromator using CuKa radiation with an accelerating 

voltage of 40 kV. A sub-parallel beam is produced by the X-rays, which is directed at the sample, while 

it is rotated and scanned through a range of angles between 10 and 80 2θ degrees at a scan speed of 

0.071 degrees.s-1. The diffraction pattern is then compared with ICDD database using the X-Pert 

HighScore software. The matched candidates have a minimum of 10 peaks in common with a similar 

relative intensity.  

 

3.1.6 Sample Morphology 

Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) was 

used to dertermine the morphology of a sample. It involves bombarding a sample with a beam of 

electron produced by an electron cathode. Depending on their energy, these primary electrons penetrate 

the sample up to a certain depth and interact with atoms in the sample producing backscattered electrons 
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and/or secondary electrons and X-rays. Secondary electrons originate from the surface layer of the 

sample and are used to produce topographical micrographs of the sample, whilst backscattered electrons 

are produced in deeper regions of the investigated material. Because the intensity of backscattered 

electrons is strongly related to the atomic number of the element, it provides a compositional contrast 

of the sample (Atkins, 2000).  

The particle morphology and composition of gold or chromium coated samples on double sided 

carbon tape was examined using a LEO Gemini 1525 FEGSEM scanning electron microscope. The 

magnification and the cathode voltage are indicated on the SEM pictures. 

 

3.1.7 Mass Spectrometry  

Mass spectrometry (MS) provides information on molecular weight of a compound. It involves 

the electrospray ionisation of a sample followed by separation of those ions according to their charge 

to mass ratio (Atkins, 2000). The relative intensity of the ions at each mass is determined and a plot of 

mass vs. intensity is produced. Nanospray ionisation technique was used in positive ionisation modes 

for the characterisation of ILs. 100 wt.% abundance is expected at the mass of cation, in the positive 

scan, with additional signals at higher mass due to clusters of anions and cations that form during the 

electrospray process. Peaks at masses that do not correspond to an ion or cluster of ions present in the 

sample suggest that an impurity is present or that the solvent used in the analysis has interfered with the 

ions. Mass spectrometry was performed at the EPSRC National Mass Spectrometry Service Centre at 

the Swansea University using Electrospray Ionisation (ESI) technique on an Waters Xevo G2-S or LTQ 

Orbitrap XL spectrometer. 

 

3.1.8 Other spectroscopic Techniques 

a) Nuclear Magnetic Resonance Spectroscopy  

Nuclear magnetic resonance spectroscopy (NMR) provides information about the protons, and 

other atoms, such as phosphorus contained in a sample, specifically on their environment and the 

proportion of atoms in each environment. Elements have a spin state with a nuclear spin quantum 

number due to the rotation of the nucleus around the axis. The direction of the spin can be either +1/2 

or -1/2 Application of an external magnetic field causes an energy difference between the two spin 

states. Electromagnetic radiation in the radiofrequency (RF) region may then be absorbed causing the 

nucleus to be excited to the higher spin state before relaxing again and emitting radiation. Different 

protons in the sample produce different signals due to the local magnetic field that is generated by the 

bonding electrons. This produces a shift in the ppm of the radiation emitted in comparison to the 

reference molecule trimethylsilane. For example, acidic protons such as in carboxylic groups give 
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signals at high ppm while alkane protons appear at low ppm values. Each signal has a ppm value 

(frequency), an integral (intensity), a splitting pattern (singlet, doublet, triplet etc.) and a coupling 

constant (J). Together, these allow for the characterisation and/or identification of a sample. The signal 

intensity is indicative of the proportion of protons in that environment. 1H-NMR and 31P-NMR spectra 

with 1H decoupling were recorded using a Bruker Avance 600 MHz NMR spectrometer and a Bruker 

Avance 400 MHz NMR spectrometer respectively. Samples were recorded in deuterated water (D2O) 

or acetone d6. All NMR analysis was perfomed at the School of Biological and Chemical Sciences, 

Queen Mary University of London. 

 

b) Fourier Transform Infrared Spectroscopy  

Fourier transform infrared (FTIR) spectra were recorded on a Thermo Scientific Nicolet 6700 

spectrometer. Samples were examined directly using a Quest single reflection diamond attenuated total 

reflection (ATR) accessory (Specac). Subjecting a sample to infrared (IR) radiation causes the 

molecules’ bonds to either vibrate, stretch (υ) and bend (δ) based on the frequency of the excitation 

radiation. A spectrum of absorbance against wavenumber is produced, which can be translated to 

vibrations of specific bonds and functional groups, indicating the presence of particular molecular 

groupings. The spectrometer was calibrated using a polyethylene reference sample. 

 

c) Ultraviolet-visible Spectroscopy 

Ultraviolet-visible Spectroscopy (UV-vis) operates in a similar manner to FTIR spectroscopy 

with the notable exception that the excitation wavelengths are in the ultraviolet (200 – 400 nm) and 

visible (400 – 800 nm) region. The absorption intensity at a particular wavelength is correlated to an 

analyte concentration through Beer-Lambert’s law: 

𝐴 = 휀×𝑙×𝑐                                                                                                                                      - (3.2) 

Where A is the absorbance, ɛ is the extinction coefficient (L.mol-1,cm-1), l is the path length 

(cm) and c is the concentration (mol.L-1). All samples were recorded in a quartz cuvette using a 

Shimadzu UV-2401 PC spectrophotometer. A typical calibration curve is presented in Figure B2 of 

Appendix B. 

 

d) Photoluminescence spectroscopy 

Photoluminescence occurs when a species absorbs a photon of particular wavelength, 

promoting its electrons to an excited electronic state, and returns to the stable ground state through 

emission of a photon with a different wavelength. The photoluminescence emission spectrum of a 
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complex is a compilation of characteristic peaks related to the energy of each excited level at different 

wavelengths when it is exposed to a single, fixed excitation wavelength. The emission spectra from 300 

to 700 nm with an excitation wavelength of 254 nm was recorded on a Jasco FP-6000 Series 

spectrofluorometer equipped with 150 W xenon lamp as an excitation source. The emission decay of 

the peak at 611 nm over a period of 20ms after excitation at 254 nm was also studied. All luminescence 

analysis was performed at the Chemistry Department, Warwick University.  

 

3.2 Materials  

All chemicals were of reagent grade and purchase from either Sigma-Aldrich (USA), Fisher 

Scientific (USA) or Strem Chemical (USA) and used without any further purification. 

 

3.2.1 Synthesis and Characterisation of ILs and Extractants 

All major ILs and extractants used in this research have well reported synthesis methods. As 

such, synthesis of these compounds will only be briefly discussed. The IL 1-butyl-3-methylimidazolium 

chloride ([C4mim][Cl]) was synthesised by heating an equimolar mixture of 1-methylimidazole and 

chlorobutane in a closed vessel Anton Paar Multiwave 3000 Microwave according to the following 

heating cycle: (1) 10 mn ramp to 140 oC, (2) hold 5 mn at 140 oC and (3) 15 mn ramp down to room 

temperature. The resulting IL was washed repeatedly with diethyl ether to remove residual impurities. 

1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C4mim][Tf2N]) and betaine 

bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) were obtained through the equimolar metathesis 

reaction of [C4mim][Cl] and betaine hydrochloride respectively with LiTf2N. The resulting hydrophobic 

ILs were washed with deionized water until no trace of chloride was detected in the waste effluent by 

the silver nitrate test. 1-methylimidazolium hydrogen sulphate was synthesised by drop wise addition 

of an equimolar quantity of sulphuric acid to 1-methylimidazole in an ice bath. N,N-dioctyldiglycol 

amic acid (DODGAA) was synthesised by dropwise addition of dioctylamine (28.4 mmol) diluted in 

10 mL acetone to diglycolic anhydride (36.0 mmol) in 40 mL acetone and stirring overnight. After 

removal of the excess solvent in vaccuo, the solid was recrystallised from n-hexane. In all cases, excess 

solvent was removed removed in vaccuo at 60 oC for 8 hrs and dried on Schlenk line overnight. All 

reagents were stored in a desiccator and dried under vacuum after use. 

A summary of the major ILs and extractants used in this research including their synthesis 

method, structure and characterisation data is provided in Table 3.1. Full characterisation data can be 

found in Appendix B, Figure B3 to B20. 
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Table 3.1. Structure, synthesis method and characterisation data for the IL used in this study 

Reagents & synthesis method Structure Characterisation Data 

[Hbet][Tf2N] 

(Nockemann et 

al., 2006) 

  

Cloudy white solid at room temperature produced in a yield of 78%, exhibits thermometric 

behaviour, melting point: 57 oC 

FTIR νmax(NaCl)/cm-1 3292 (OH), 2998 (CH), 1768 and 1758 (C=O), 1721 (COO), 1495 

(CH2), 1477 (OH), 1423 (COOH), 1348 and 1138 (υSO2), 1178 (CN), 1049 (υSNS), 928 

(OH), 793 (υCS), 741 (δCF3), 669 (δSNS), 607 (δSO2) 

MS m/z (+/-ESI) 118.0 (M+, 100 %), 279.9 (Tf2N-, 100 %),                                       677.8 

([(Tf2N)2M]+, 9 %) 

Water Content 317 ppm 

TGA Onset decomposition temperature: 347 oC. Residue: 2 wt.% at 650 oC 

[C4mim][Cl] 

(Lateef et al., 

2009) 

  

Pale yellow viscous liquid produced in 91% yield.  

FTIR νmax(NaCl)/cm-1 3400 (OH), 3140 (υCH), 3065 (υCH…X), 2963 (υCH3), 2874 (υCH2), 

1571 (υC=C), 1465 and 1380 (δCH3), 1353 and 1176 (ring υCN), 755 (δCH), 650 and 620 

(ring δ). 

MS m/z (+ESI) 139.1(M+, 30 %), 313.2 ((M+)2Cl-, 100 %), 487.8 ((M+)3(Cl-)2, 4 %), 663.4 

((M+)4(Cl-)3, 3 %), 837.5 ((M+)5(Cl-)4, 5 %) 

Water Content 6.8 wt.% 

TGA Onset decomposition temperature: 257 oC , Residue: 3.2 wt.% at 650 oC 



Nicolas Schaeffer PhD Thesis  Chapter 3 

68 

 

[C4mim][Tf2N] 

(Lateef et al., 

2009; Bonhôte 

et al., 1996) 
 

 

Pale yellow, lightly viscous liquid at room temperature produced in a yield of 79 %.  

FTIR νmax(NaCl)/cm-1 3157 and 3122 (υC=CH), 2968 (νCH2), 2940 and 2880 (CH3), 1574 

(υC=C), 1468 (δCH3), 1431 (δCH2), 1352 and 1138 (υSO2), 1192 (υCN), 1057 (υSNS), 845 

(δCH), 791 (υCS), 740 (δCF3), 654 (δSNS), 617 (δSO2) 

MS m/z (+ESI) 139.1 (M+, 100 %), 558.2 ([(M)2Tf2N]+, 85 %) 

Water Content 432 ppm 

TGA Onset decomposition temperature: 460 oC. Residue: 4 wt.% at 650 oC 

DODGAA 

(Shimojo et al., 

2014) 
  

Cloudy white solid at room temperature produced in a yield of 61 % 

FTIR νmax(NaCl)/cm-1 2924 (υCH3), 2854 (υCH2), 1741 (C=O), 1612 (COOH), 1458 and 

1377 (δCH3), 1433 (δCH2), 1219 (υC-N), 1132 (υC-O-C), 960, 875 (δC-H), 723 (υC-C), 658 

(δO-C=O) 

MS m/z (+ESI) 242.3 ([C16H34N1+H]+, 32 %), 358.3 ([M+H]+, 100%) 599.6 

([M+C16H34N1+H]+, 66 %) 715.6 ([M2+H]+, 50%)  

Water Content 364 ppm 

TGA Onset decomposition temperature: 360 oC. Residue: 0.8 wt% at 650 oC 

[Hmim][HSO4] 

(Chen et al., 

2014) 

 
 

Clear, lightly viscous liquid at room temperature produced in a yield of 89 %.  

FTIR νmax(NaCl)/cm-1 3145 (υCH), 3076 (υCH…X), 2966 (υN-CH3), 2868 (υCH3), 1585 

(υC=C), 1552 (δN-H), 1454 (υC−N), 1282/1220/1153/1012 (υS−O), 1086 (δH-O-S), 

833(δC-N), 754 (νS–OH), 623 (ring δ), 602 (δS-O) 

MS m/z (+ESI) 165.1 ([M2+H]+, 73 %), 263.1 ([M2H2SO4+H]+100%), 443.5 

([M3(H2SO4)2+H]+, 80%), 483.5 (unknown, 45%), 623.1 ([M4(H2SO4)3+H]+ 53%), 803.1 

([M5(H2SO4)4+H]+, 17%), 1081.1 ([M6(H2SO4)6], 13%) 

Water Content 3.8 wt.% 
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TGA Onset decomposition temperature: 366 oC. Residue: 10 wt.% at 650 oC 

Cyphos 101 

(purchased) 

  

Clear, highly viscous liquid at room temperature 

FTIR νmax(NaCl)/cm-1 2954 υCH3, 2920 and 2952 (υCH2), 1465 and 1377 (δCH3), 

1458/1111/1003 (υP-C), 1415 (δCH2), 988(δC-H), 812 (υC-C), 719 (δP-C) 

MS m/z (+ESI) 483.5 (M+, 100 %), 1002.0 ([M2Cl]+, 35 %), 1521.4 ([M3Cl2]+, 5%) 

Water Content 673 ppm 

TGA Onset decomposition temperature: 382 oC. Residue: 0 wt.% at 650 oC 
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3.2.2 Waste Phosphor Characterisation and Pre-Treatment 

Two different batches of waste phosphor was obtained from a leading UK fluorescent tube 

recycler (Balcan Engineering Limited, UK). Waste phosphor composition is known to vary between 

manufacturers. Because the waste phosphor comes from a large industrial recycler treating lamps from 

across the UK, this homogenizes the waste composition and allows the waste used in this study to 

representative of this type of waste across the EU. The first batch was used in Chapter 6 and the second 

in Chapter 8. A 50-50 wt.% mixture of batch 1 and 2 waste phosphor was characterised by XRF, SEM-

EDS and XRD. Semi quantitative XRF analysis of the phosphor extracted from waste fluorescent tubes 

(Table 3.2) shows that REEs account for ~18.3 wt.% of the waste phosphor powder with Ca, P, Si, Al 

and Ba present as the main impurities.  

 

Table 3.2. Semi-quantitative chemical analysis of the phosphor powder (50-50 wt.% mixture of batch 

1 and 2) obtained by XRF 

 
Concentration (wt.%) 

REO price* 

(£/kg) 
$/kg of PCB 

Waste phosphor 

REO value (%) 

 

As-received 
≤ 25 µm 

fraction 

Ca 21.15 23.84 - - - 

Y 11.68 17.61 12 1.75 10.6 

P 7.61 9.97 - - - 

Si 7.46 6.67 - - - 

Ba 4.50 4.38 - - - 

Al 4.50 7.41 - - - 

La 2.62 3.50 3.8 0.13 0.8 

Ce 1.20 2.38 3.5 0.05 0.3 

Tb 1.13 1.24 481 6.79 41.2 

Eu 1.11 1.25 545 7.53 45.7 

Na 1.04 1.90 - - - 

Fe 1.01 0.89 - - - 

Mn 0.80 0.82 - - - 

Sb 0.76 0.36 - - - 

Sr 0.68 0.57 - - - 

K 0.64 0.36 - - - 

Gd 0.56 0.52 31 0.22 1.3 

Others 31.58 16.05 - - - 

*Prices as of November 2015 (Mineralprices, 2015) 
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The first batch was used in Chapter 6 and the second in Chapter 8. These batches have similar 

relative element concentration and minearologic composition as determined by ICP-OES and XRD; 

batch 2 has a higher inert glass content compared to batch 1. Ca and P are present in halophosphate 

phosphor, a cheaper alternative to RE doped phosphors and this forms the majority of the phosphor 

powder by weight. Fe, Ni, Cu and Pb are not normally found in phosphor powder and are present as 

impurities from the fluorescent tubes end caps and filaments. Similarly, the presence of Si in the waste 

phosphor is due to residual small glass fragments resulting from the crushing of the fluorescent lamps.   

Compositional analysis shows that Y represents 63.8 wt.% of the phosphor’s total RE content 

followed by La (14.3 wt.%), Ce (6.6 wt.%), Tb (6.2 wt.%), Eu (6.0 wt.%) and Gd (3.1 wt.%). Based on 

current (Nov. 2015) RE oxide prices, Eu and Tb account for 87% of the intrinsic waste phosphor RE 

value despite their low concentration in the actual waste. Due to its high concentration, Y represents 

over 10% of the RE value making the recovery of Eu, Tb and Y more financially rewarding than that 

of La, Ce and Gd. Table 3.2 confirms the potential of waste phosphor as a secondary source of Y: the 

Y content of waste phosphor is comparable to that of the major RE ores (Gupta and Krishnamurthy, 

1992). Although not within the scope of this research, waste phosphor contains significant 

concentrations of the critical elements phosphorus, rhenium, antimony and nobium reiterating the 

potential of currently discarded WEEE as ‘urban minerals’. 

XRD diffractogram of the sieved waste phosphor powder (Figure 3.1) identifies the major 

crystalline phases present in waste phosphor as yttrium europium oxide ((Y0.95Eu0.05)2O3; 00-025-1011), 

fluorapatite (Ca5(PO4)3F; 01-071-0881), cerium phosphate (CePO4; 00-026-0355) and barium silicate 

(BaSi2O5; 01-071-1441). Yttrium europium oxide is the main rare earth based phosphor found in 

fluorescent tubes. Fluorapatite (Ca5(PO4)3F) is a very common base material in halophosphate 

phosphors (Ronda et al., 1998). Barium silicate is used in the barrier layer between phosphor and the 

glass tube to protect the glass envelope from attack by mercury vapour. Y and Eu were present as oxide 

salts, with Ce present as phosphate salt. Gd, La, and Tb are also reported to be present in phosphors as 

phosphate salts (Yang et al., 2013; Liu et al., 2014; Tunsu et al., 2014). 

The particle size distribution of the as-received waste phosphor was evaluated using a Coultier 

LS particle sizer running the fraunhofer optical model and is presented in Figure 3.2. The d50 particle 

diameter, also known as the median diameter, is the particle diameter at 50% of the cumulative 

distribution. Similarly, the d25 and d75 represent the particle diameter at which 25% and 75% of the 

cumulative distribution respectively. Figure 3.2 clearly displays two main peaks centered on 10 µm and 

100 µm, with d25, d50 and d75 values of 9.7 µm, 48 µm and 140 µm. According to Hirajima et al. (2005a), 

the d50 of tri-phosphor is of approximately 5.0 μm (size can vary between manufacturers and the type 

of phosphor) whilst the median diameter of halophosphate phosphor is of around 13.4 μm. The first 

sharp peak at 10 μm in the particle size distribution data is attributed to the pure phosphor. The larger 

broader second peak situated at 100 μm is due to the fine glass particles that ends up in the recycled 
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phosphor fraction during the dismantling of the used fluorescent lamps. To separate the various 

components, Balcan Engineering Ltd first crushes or shreds the fluorescent lamps (Balcan Engineering 

Limited, 2013). This makes it likely that some of the finer bits of glass become entrained with the waste 

phosphor. According to Binnemans and co-workers (2013), in certain processes as much as 50% of the 

total weight of recycled phosphor is due to the glass fraction.  

 

 

Figure 3.1. XRD analysis of the as-received waste phosphor with the main crystalline phases identified 

 

 

Figure 3.2. Particle size distribution of as-received waste phosphor sample 
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SEM photographs of the as-received waste phosphor in Figure 3.3(a-b) clearly indicate the 

presence of much larger particles amongst the smaller diameter (~5 μm) phosphor powder. EDS 

analysis of three regions in Figure 3.3b highlighted in white are presented in Figure 3.3c.  

 

 

Figure 3.3. SEM images of the as-received phosphor powder at a) 500× magnification and b) 2500× 

magnification. c) EDS spectrum of three regions in Figure 3.3b highlighted in white 

 

SEM-EDS analysis of the larger diameter (≥20 µm) fraction in waste phosphor confirms the 

presence of glass with an intense Si and O peak recorded on the EDS spectrum. EDS scan of the fraction 

below 10 µm exhibits strong peaks attributed to Y, O, Ca and P suggesting the presence of both RE and 

halophosphate phosphor. Finally, the EDS analysis of the larger phosphor particles (10 – 20 μm) present 

in Figure 3.3b indicate they are primarily calcium halophosphate based phosphor due to the dominant 

presence of P, O and Ca peaks and a decrease in intensity of the Y peaks. The results from Figure 3.3 

agree with the findings of Hirajima et al. (2005a) who found a larger median particle diameter for 

halophosphate phosphor compared to RE phosphor. Figure 3.2 and 3.3 indicate the necessity for size 

separation of the waste phosphor to remove the larger glass fraction and concentrate the REE content 
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in the powder. This is exemplified in Table 3.2 which shows that the less than 25 µm fraction of the 

waste phosphor has a greater normalised Y content, 17.6 wt% compared to 11.7 wt.% in the bulk 

phosphor, and a lower Si content (6.7 wt.% compared to 7.5 wt.%). All leaching experiments were 

performed on the ≤25 µm fraction of the waste phosphor. 

In addition to sieving, the ≤ 25 µm fraction of the waste phosphor was washed for 1 hr at room 

temperature, 10% S:L and 500 rpm in 0.5 M HCl in order to remove the water soluble impurities. Table 

3.3 shows the weight percent of elements present in the waste phosphor leached in the HCl pre-wash 

stage, a pre-treatment step that significantly improves the efficiency of the subsequent leaching 

processes for the recovery of RE elements. The percentage leached is based on the total concentration 

of each element in the less than 25 µm fraction of the waste phosphor obtained by total digestion using 

lithium borate flux at 1000 oC and displayed in Chapter 6 and 8 for bath 1 and 2 respectively.  

Table 3.3 shows that the HCl pre-treatment rinse removes over 35.5 wt.% of the overall 

impurities with only a 2.8 wt.% REEs loss. Ba and significant quantities of Ca, Sr, Mn and Fe impurities 

are removed during the HCl pre-wash which facilitates downstream purification processes. The average 

weight loss of the phosphor from the pre-wash was 41.5 wt.% and 22.4 wt.% for batch 1 and 2 

respectively with an RSD of 4.8% and 6.2%. XRD spectra of pre-treated waste phosphor (Figure B21, 

Appendix B) displays a marked decrease in the characteristic peak intensity of fluorapatite and barium 

silicate as well as minimal change in the peaks associated with europium doped yttrium oxide 

confirming 1) the partial removal of the major impurities Ca and Ba, and 2) the continued presence of 

Y and Eu as oxides in the pre-treated residue. 

 

Table 3.3. Percentage leached of elements present in the phosphor powder during dilute HCl pre-

treatment  

Element 
wt.% leached 

Element 
wt.% leached 

Batch 1 Batch 2 Batch 1 Batch 2 

Y 4.94 ± 0.58 3.06 ± 0.33 Mn 85.7 ± 5.82 4.93 ± 0.40 

Eu 3.59 ± 0.44 3.33 ± 0.38 Mg 40.0 ± 2.84 8.73 ± 1.0 

Gd 1.45 ± 0.23 2.44 ± 0.19 Fe 75.1 ± 7.21 48.7 ± 6.4 

Tb 0.65 ± 0.08 6.57 ± 0.20 Sr 62.4 ± 6.12 57.8 ± 4.6 

Ce 0.42 ± 0.04 0.27 ± 0.02 K 12.5 ± 0.55 13.2 ± 1.6 

La 0.59 ± 0.05 0.51 ± 0.05 B 5.48 ± 1.08 0.01 ± 0.00 

Ca 81.4 ± 5.04 43.4 ± 4.1 Pb 49.4 ± 5.58 54.4 ± 5.1 

Al 7.58 ± 0.72 3.11 ± 0.26 Zn 65.8 ± 0.58 55.3 ± 6.6 

Ba 82.2 ± 13.7 63.7 ± 3.9 Cu 44.2 ± 6.75 10.0 ± 1.7 

Na 8.5 ± 0.92 19.4 ± 1.82 Ni 31.7 ± 3.42 47.9 ± 17.4 
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3.2.3 Waste Printed Circuit Board (PCB) Characterisation and Pre-

Treatment 

Waste PCBs were collected from spent computers. The main electrical components were 

manually removed by desoldering and the plain boards were shredded in approximately 1×1 cm2 pieces 

prior to cryomilling using liquid nitrogen for 15 mn at 300 rpm (Retsch Cryomill, Germany). Laser 

diffraction analysis (Beckman Coulter, LS-100 Series) indicate that the milled waste PCB powder 

(Figure 3.4) has a mean particle size of 88.9 µm (± 48.2 µm). Mechanical pretreatment is essential to 

liberate the metals from the encapsulating plastic and ceramic materials and thereby increase leaching 

efficiency. The milled waste PCB powder (1.0 g) was roasted in a furnace at 600 oC for 1 hr before 

determination of waste PCB metal composition by lithium borate total digestion.  

 

 

Figure 3.4. (Left) Whole computer PCB including electrical component, (Middle) shredded PCB 

residues after removal of electrical components, and (right) Cryomilled PCB powder. 

 

The compositional analysis of major inorganic components in waste PCB is given in Table 3.4. 

As expected, the main metal present in waste PCB board is copper, representing 18.7 wt.%. This 

concentration is well within the range given by other researchers (Table 2.7). The concentrations of Fe, 

and to a lesser extent Al, are greater than expected. However the remaining metal concentration values 

compare favourably to those previously presented. Despite other authors reporting the presence of the 

valuable metals Au and Pd in waste PCBs, the concentration of these two elements in the studied 

samples where below the detection limit of the instrument and were not reported. 

Waste PCBs have an inherent value because of their metal content. Table 3.4 shows that the 

most valuable metals in the sampled waste PCBs are in decreasing order Cu, Ag, Sn, Al and Ni. Due to 

its high concentration and relatively high price, Cu represents 50% of the waste PCBs intrinsic metal 

value. Despite the low concentration of Ag and Sn, their elevated price allows them to contribute 24% 

and 10% respectively to the intrinsic metal value of the PCB. By retrieving Cu and Sn, over 60% of the 

intrinsic metal value of the PCB is recovered.  



Nicolas Schaeffer PhD Thesis  Chapter 3 

76 

 

Table 3.4. Concentration of metals in waste PCB and its intrinsic metal value (BDL=Below Detection 

Limit). 

 Concentration 

mg/g 
RSD % 

Wt. % of 

PCB 

Price 

(£/kg) 

£/kg of 

PCB 

Value of PCB 

metals % 

Cu 187.6 5.4 18.8 4.7 a 88.9 50.2 

Al 96.3 7.7 9.63 1.4 a 13.7 7.7 

Fe 80.7 5.1 8.07 0.05 b 0.4 0.2 

Mn 16.8 8.3 1.68 1.7 b 2.8 1.6 

Ca 16.7 6.1 1.67 - - - 

Pb 15.1 7.0 1.51 1.6 a 2.4 1.3 

Ba 15.0 7.7 1.50 - - - 

Zn 14.8 7.5 1.48 1.8 a 2.6 1.5 

Sn 13.5 8.0 1.35 12.9 a 17.4 9.8 

Ni 5.47 6.9 0.55 9.8 a 5.4 3.0 

Cr 3.83 6.2 0.38 - - - 

Ag 1.03 3.9 0.10 416 b 42.9 24.2 

Co 0.35 11.2 0.03 22.8 a 0.8 0.4 

Au BDL - - 30683 b 0.0 0.0 

Pd BDL - - 19596 a 0.0 0.0 

a Metal prices based on April 2015 values from London Metal Exchange (lme.com)                                                        

b     Metal prices based on April 2015 values from mineralprices.com    

                 

The typical metal content range of copper, zinc, tin and silver ores is 0.5-3.0 wt.%, 1.7-6.4 

wt.%, 0.2-0.85 wt.% and 0.0005 wt.% respecticvely (Veit et al., 2002). Based on these values, waste 

PCBs contain at least 6× more Cu, 2× more Sn and 100× more Ag than the ores from which they are 

mined, reaffirming the potential of waste PCBs as ‘urban minerals’. Furthermore, recycling of Cu and 

Zn from waste materials compared to obtaining these metals from virgin materials results in an energy 

saving of 85% and 60% respectively, making the recycling of main metals from waste PCBs both 

economically and environmentally attractive (Cui & Forssberg, 2003). The measured concentrations of 

heavy metals in waste PCB, namely lead and chromium, exceed the maximum permitted concentration 

according to EPA legislation which sets limits at 5 mg.kg-1 for both Pb and Cr (EPA-CFR Title 40, 

2011). Although not within the scope of this research, these values highlights the hazardous nature of 

waste PCBs and the potential of for environmnetal damage if improperly disposed. 

The major crystalline phases present in cryomilled waste PCB and the leach residue after 

optimised digestion are presented in Figure 3.5. Elemental Cu (ICDD reference code: 00-004-0836), Al 

(ICDD reference code: 00-004-0787) and Pb (ICDD reference code: 00-001-0972) are amongst the 

major detected phases along with Al2O3 (ICDD reference code: 01-074-0323) and quartz (SiO2, ICDD 
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reference code: 01-0823-2466). The broad ‘bump’ at 15 [o2Th] indicates the large amorphous content 

of sample caused by the plastic and ceramic substrate. The complex heterogeneous nature of waste PCB 

prevents the assignment of a crystalline phase to all peaks. The XRD spectrum confirms the need for 

an oxidising agent to convert elemental copper to its more soluble Cu2+ state.  

 

 

Figure 3.5. XRD analysis of cryomilled waste PCB  

 

 

Figure 3.6. SEM photograph of cryomilled waste PCB powder 
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Laser diffraction analysis indicates that the milled waste PCB powder has a mean particle size 

of 88.9 µm, but SEM photograph (Figure 3.6) reveals the large disparity in particle size around the 

average. EDS analysis (Appendix B, Figure B22) of various components of milled waste PCB powder 

shows that the long thin cylinders are not in fact copper wires but most likely part of the non-metallic 

fraction of the PCB due to the presence of large carbon, bromide, silicon and calcium peaks. EDS 

analysis also reveals the presence of solder (intense Pb and Sn peaks) as well as large copper wires. 
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Chapter 4: A One-Step Dissolution and Separation of 

Rare Earth Oxides using [Hbet][Tf2N] Ionic Liquid 

4.1 Introduction 

Separation technologies for earth (RE) elements (the lanthanides along with yttrium and 

scandium) are receiving renewed attention due to the growing demand of these elements for use in 

modern technologies. Lanthanide elements are characterised by the progressive filling of the 4f electron 

subshell with increasing atomic number. Although yttrium does not possess the 4f orbital, it is included 

in the rare-earth category as it shares the same outer electron configuration as the lanthanides (Helm et 

al., 1994). The lanthanide 4f orbital is relatively well shielded from interactions with neighbouring 

atoms or ions, leaving the outer shell electrons to influence the chemical behaviour (Brown and 

Sherrington, 1979). However, the outer electronic configuration of the RE elements is almost identical 

all along the chemical series, making the chemical properties of adjacent members similar (Huang, 

2010) and rendering their intra-separation notoriously difficult. Based on their separation behavior, RE 

elements are sometimes divided into light rare earth (LREs) elements (La to Eu) and heavy rare earth 

(HRE) elements (Gd to Lu, includes Y) (Brown and Sherrington, 1979). 

Conventional industrial processing of rare earth oxides often involves a combination of 

hydrometallurgical and solvent extraction steps (Gupta and Krishnamurthy, 1992) and are favored due 

to their simple process design and relatively inexpensive equipment required. These extraction and 

separation techniques usually entail an aggressive acid or alkali digestion followed by multi-stage 

separation procedure and finally recovery of the pure metal or metal oxide. These types of processes 

tend to produce large aqueous waste streams which necessitate further treatment (Abbott et al., 2011). 

Furthermore, solvent extraction has been criticised for its use of potentially flammable, volatile and 

toxic solvents.  

First synthesised by Nockemann et al. (2006), betaine bis(trifluoromethylsulfonyl)imide 

([Hbet][Tf2N]) is a task specific IL bearing a carboxyl group capable of selectively solubilising the 

trivalent RE oxides. The solubility of the rare-earth oxides in [Hbet][Tf2N] is high due to the formation 

IL-RE stochiometric compounds (Nockemann et al., 2009). Another interesting propery of 

[Hbet][Tf2N] is the presence of an upper critical solvent temperature (UCST) for the binary mixture of 

[Hbet][Tf2N]:H2O (Nockemann et al., 2006). ILs with an UCST are said to exhibit thermomorphic 

behaviour, with the two immiscible phases forming one homogeneous phases above the UCST. A two-

phase system is re-established by lowering the solution temperature to below the UCST. This 

phenomenon has been used favourably for the liquid-liquid extraction of neodymium(III) from an 

aqueous solution into [Hbet][Tf2N] using betaine as an extractant (Hoogerstraete et al., 2013a; 
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Hoogerstraete et al., 2013b). Conditions above the UCST reduce the viscosity of the solution and 

accelerate mass transfer, resulting in higher extraction efficiencies. 

In this chapter a one step process for the solvation and separation of rare earth oxides (REOs) 

in [Hbet][Tf2N] is reported. By examining the dissolution kinetics of various RE elements in 

[Hbet][Tf2N], a simple method is proposed for the separation of light and heavy rare earth elements. 

 

4.2 Experimental Methods 

4.2.1 Relative solubilities of rare earth oxides in mixed [Hbet][Tf2N]:H2O 

systems  

 To study the solubilities of the light and heavy RE oxides (La2O3, Nd2O3, Eu2O3, Gd2O3, Y2O3, 

and Yb2O3), known to be insoluble in pure [Hbet][Tf2N], was investigated with respect to tempearture, 

timea and [Hbet][Tf2N] to water ratio. The solubilisation conditions were systematically varied as 

follows: single phase [Hbet][Tf2N]:water mass ratio mixtures (1:1 to 16:1), leaching temperature above 

the UCST (57, 65, 80 and 95 oC) and leach time (0-180 min). Each study involved the addition of a 10 

wt % excess of the RE oxide to [Hbet][Tf2N]:H2O mixtures containing 1 g of [Hbet][Tf2N]  over 

different periods of time (up to 180 minutes), heated to the respective temperatures under reflux in a 

temperature-controlled silicone oil bath with mixing at 500 rpm. Solubilisation parameters were 

selected based on previously reported results from Nockemann et al. (2006) as well as from preliminary 

tests. Temperatures above 100 oC were not trialed due to water evaporation and the formation of viscous 

gel which could not be filtered.  

The RE oxide:[Hbet][Tf2N]:H2O mixtures were hot-filtered through 0.22 µm cellulose nitrate 

filter papers and the filtrand washed with 8 mL deionised water at 60 oC to remove any residual IL prior 

to determination of RE metal content by ICP-OES. To minimise IL losses during filtration, the RE 

oxide:[Hbet][Tf2N]:H2O mixtures were filtered under vacuum at temperatures above the UCST to 

recover both the IL and aqueous phases in the filtrate. The [Hbet][Tf2N]:H2O mixture was recovered 

and contacted with 10 mL of 1 M hydrochloric acid containing 0.1 M betaine hydrochloride for 6 hours 

with mixing at 50 rpm to obtain solutions for analysis of rare earth elements by ICP-OES. Betaine 

hydrochloride was added to the stripping solution to minimise the loss of the water-soluble betaine 

cation from the IL to the aqueous phase.  

In order to ensure consistent measurements, the residual undissolved RE oxides were dried, 

weighed and the recorded mass subtracted from the known initial amount of RE metal fraction added 

to the mixed IL:water system. All tests were performed in triplicate and the standard deviations of the 

relative solubilities found to be in the range 0-0.016 gRE/ g[Hbet][Tf2N]. Unless otherwise stated, all 
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reported concentrations represent the total amount of RE oxide dissolved in the [Hbet][Tf2N]:H2O 

mixture, which inludes both the IL and aqueous phase concentrations. 

The distribution of the dissolved RE oxide between the aqueous and [Hbet][Tf2N] phase was 

determined by dissolving half the saturation amount for each RE oxide (e.g. 80 mg for La2O3, 50 mg 

for Y2O3 and so on) in a 1:1[Hbet][Tf2N]:H2O mixture and allowing the mixture to fully phase separate 

by resting the mixtures for 12 hrs at 5 oC. Aqueous phase samples were collected and its RE metal 

content analysed by ICP-OES. The RE element concentration in [Hbet][Tf2N] was calculated from mass 

balance. The distribution ratio (D) is defined as the ratio of the concentration of RE in the IL phase to 

that in the aqueous phase: 

𝐷 = [𝑅𝐸]𝐼𝐿 [𝑅𝐸]𝑎𝑞⁄                       - (4.1)  

 

4.2.2 Effect of the presence of rare earth oxides on the UCST of the 

[Hbet][Tf2N]:H2O system  

The effect on the upper critical solvent temperature (UCST) of dissolving RE oxides in the 1:1 

[Hbet][Tf2N]:H2O mixture was determined using the cloud point method (Fagnant et al., 2013). Single 

phase solutions, containing known quantities of RE metal oxide dissolved in 1:1 [Hbet][Tf2N]:H2O at 

57 oC in a flask, in a temperature-controlled silicone oil bath, were cooled gradually from 57 oC, with 

stirring at 500 rpm, until the first point of cloudiness appeared, indicating the temperature at which the 

IL:water phases separated.  

 

4.2.3 Relative solubilities of rare earth oxides in [Hbet][Tf2N]:H2O – RE 

oxide mixtures at temperatures below the UCST  

To determine the solubility of rare earth oxides in [Hbet][Tf2N]:H2O:RE oxide mixtures at 

temperatures below the UCST, the relative solubilities of La2O3, Nd2O3, Eu2O3, Gd2O3, Y2O3, and Yb2O3 

in 1:1 [Hbet][Tf2N]:H2O, pre-saturated with the RE oxide, separately, as a function of time were 

determined in the single liquid phase mixtures at 40 oC, and the results compared in Figure 4.4 with 

those obtained at 57 oC.  All reported concentrations represent the total amount of RE oxide dissolved 

in the [Hbet][Tf2N]:H2O mixture, which inludes both the IL and aqueous phase concentrations. 

 

4.2.4 Separation studies 

The potential of the [Hbet][Tf2N]:H2O solvents as a medium for separating light from heavy 

RE(III) oxides from mixtures of the oxides and from waste electronic materials such as waste phosphor 
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powders was studied. The IL stripping procedure is described in section 4.2.1 and the reported 

concentrations represent the total amount of RE oxide dissolved in the [Hbet][Tf2N]:H2O mixture, 

which inludes both the IL and aqueous phase concentrations. 

Equimolar binary mixtures of Eu2O3/La2O3, Nd2O3/La2O3, Gd2O3/La2O3, Y2O3/La2O3, and 

Yb2O3/La2O3 were stirred into 1:1 [Hbet][Tf2N]:H2O at 57 oC for 30 s with stirring at 500 rpm. Each 

mixture was hot-filtered through a 0.22 µm cellulose nitrate filter paper to remove any undissolved RE 

oxides prior to stripping and analysis by ICP-OES. The same procedure was repeated with equimolar 

binary mixtures of the same RE oxides with Eu2O3 as La(III) and Eu(III) are the most easily dissolved 

RE oxides. The results, shown in Table 4.4, are expressed as the molar percentage of each RE element 

present in a binary mixture to the total RE metal content. 

 

4.2.5 Recovery of [Hbet][Tf2N] for reuse 

The ability to recover the ionic liquid, [Hbet][Tf2N], for reuse in rare earth recovery and 

separation was investigated by comparing the half-saturation concentration of Eu2O3 in 

[Hbet][Tf2N]:H2O after the ionic liquid had been recovered and regenerated a number of times. The 

[Hbet][Tf2N] layer in each regeneration cycle, following removal of rare earth components in  0.5 M 

hydrochloric acid and 0.1 M betaine chloride solution was washed with deionized water to remove 

residual chloride impurities and dried in a rotary evaporator at 150 mbar and 80 oC for 6 h to recover 

the IL for reuse.  

 

4.3 Results and Discussion 

4.3.1 Single component extraction 

The factors affecting the solubilities of rare-earth metal oxide in [Hbet][Tf2N]:H2O solvent 

mixtures have been determined in order to develop a process methodology for separating light rare earth 

metal oxides from heavy rare earth metal oxides. The results of the relative solubility measurements at 

different temperatures and times for the RE oxides dissolved in a 1:1[Hbet][Tf2N]:H2O mixture are 

shown in Figure 4.1. By studying the dissolution behaviour of these six oxides - two light REO (La2O3 

and Nd2O3), two heavy REOs (Y2O3 and Yb2O3) and two transition REOs (Eu2O3 and Gd2O3) - it was 

hoped that the observed trends can be extrapolated to all the RE elements.  
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Figure 4.1. Solubilities of La2O3, Nd2O3, Eu2O3, Gd2O3, Y2O3 and Yb2O3 in 1:1 [Hbet][Tf2N]-H2O as a 

function of time at the following temperatures: a) T=57 oC, b) T= 65 oC, c) T=80 oC, d) T=95 oC.  

 

The light REOs dissolve rapidly in 1:1 [Hbet][Tf2N]:H2O at 57 oC with the La and Eu reaching 

maximum solubility within 20 min and Nd within 40 min. The heavy REOs have very low solubilities 

at 57 oC with negligible amounts being dissolved for solute:solvent contact times less than 80 min. 

Gd2O3 dissolves more slowly than the oxides of La, Eu, and Nd at 57 oC reaching maximum solubility 

only after 160 min. The dissolution rates of Y2O3, Yb2O3 and Gd2O3 increase with temperature and the 

time taken to reach maximum solubility decreases for all the REOs over the range of temperatures 

studied up to 95 oC. As a result, the separations between the light REOs and both Gd and the heavy 

REOs become less distinct. The solubility tests indicate that the dissolution rate of the REOs decrease 

in the order La2O3, Eu2O3, Nd2O3, Gd2O3, Y2O3 and Yb2O3. From the data, it can be hypothesised that 

the reaction rate decreases down the lanthanide period. The ionic radius of yttrium is intermediate 

between Ho3+ and Er3+ and it solution chemistry is normally identical with these ions (Adachi and 

Imanaka, 1998). This is consistent with the observed solubility data as its dissolution rate is between 

Gd2O3 and Yb2O3. The dissolution behaviour of Eu2O3 is not in accordance with the proposed trend as 

its reaction rate is closer to La2O3 than to Gd2O3. This may be due to the electronic configuration of Eu 
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and Gd within the lanthanide series, which manifests itself as variations in certain of their chemical and 

physical properties compared to the other lanthanides (Adachi and Imanaka, 1998).  

 The solubility limit in the ionic liquid is capped by the ability of the IL to form stochiometric 

metal complexes. From the maximum solubility data, the lanthanides form metal-[Hbet][Tf2N] molar 

complexes in the range of 1:5 to 1:4, which is in accordance with previously published data. However, 

this ratio is lower than the 1:3 metal-IL coordination complexes reported for yttrium (Nockemann et 

al., 2009). The formation of these stochiometric complexes explains the rise in solubility, expressed as 

gram of rare earth oxide dissolved per gram of [Hbet][Tf2N], from La2O3 to Yb2O3 excluding Y2O3.This 

is due to the increase in molecular weight through the lanthanide series from La to Yb. The same 

reasoning applies to the lower mass solubility of Y2O3, as it has a molecular mass of 225.81 g.mol-1 

compared to 394.08 g.mol-1 for Yb2O3.  

Figure 4.1 confirms the high solubility of the RE oxides in [Hbet][Tf2N] with over 0.160 g of 

lanthanide oxide dissolved per gram of [Hbet][Tf2N] and 0.100 g.(g [Hbet][Tf2N])-1 for Y2O3. An 

increase in the dissolution temperature does not change the upper solubility limit of RE oxides in 

[Hbet][Tf2N], again due to the formation of metal-IL complexes. The rate of dissolution for all the 

REOs increases with temperature, but temperature plays a more important role in the dissolution rate 

of the HRE oxides, i.e. Gd2O3, Y2O3 and Yb2O3. It can be observed that in Figure 4.1a, Y2O3 is not 

dissolved in any appreciable quantities, even after 180 min, whilst [Hbet][Tf2N] is saturated after only 

60 min at 95 oC (Figure 4.1d).  

The effect of increasing the [Hbet][Tf2N]:H2O ratio from 1:1 to 16:1 for  La2O3 as an example 

of a light RE oxide, at 57 oC, are shown in Figure 4.2. Figure 4.2 shows that the dissolution rate and 

total solubility of La2O3 in [Hbet][Tf2N]-H2O mixtures decrease with increasing IL content. The 

presence of water is crucial for the optimal application of [Hbet][Tf2N]. Breaking of hydrogen bonding 

within the IL by water above the UCST drastically lowers the viscosity of the mixture (Figure 4.3) and 

increases the mobility of the carboxylic acid-bearing betaine cation. This leads to a greater diffusion 

coefficient, more efficient mixing and a general increase in the dissolution kinetics. Furthermore, single-

crystal X-ray diffraction studies of Nd:[Hbet][Tf2N] complexes obtained from solutions containing a 

lower stoichiometric ratio of [Hbet][Tf2N] to Nd reveal that some betaine ligands were replaced by 

coordinated H2O molecules (Fagnant et al., 2013).  

The viscosity values for [Hbet][Tf2N] as a function of temperature and water content were fitted 

to an Arrhenius type equation (Equation 4.3), were the dashed line represents the UCST limit of 

[Hbet][Tf2N]. The value of the slope corresponds to the activation energy (EA) (in J.mol-1) and 

represents the energy required to move particles in the solvent whilst the pre-exponential factor (μ0) can 

be obtained from the value of the intercept. μ0 can be approximated as the infinite-temperature viscosity 

and includes an entropic contribution (Haj-Kacem et al., 2015). 
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Figure 4.2. Dissolution of La2O3 against time in X:1 [Hbet][Tf2N]:H2O (where X=1, 2, 4, 8, 16) at T= 

57 oC 

 

 

Figure 4.3. Logarithm of the viscosity of pure [Hbet][Tf2N] and 1:1 mass ratio [Hbet][Tf2N]-H2O as a 

function of the inverse of temperature 

 

The distribution of the dissolved RE oxide between the aqueous and [Hbet][Tf2N] phase post 

extraction is presented in Table 4.1. RE oxides are insoluble in water and the presence of [Hbet][Tf2N] 

in the [Hbet][Tf2N]:H2O mixtures is necessary to provide the coordinating ligands required to take the 

oxides into solution. Table 4.1 shows that once solubilised, the RE elements remain preferentially in 

the [Hbet][Tf2N] phase but are also present in the aqueous phase. This may be due to the partial 

solubility of [Hbet][Tf2N] and water, the decrease of the UCST with loading as well a diffusion of 
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soluble RE compounds from the IL to the water phase caused by its high RE concentration. At half of 

[Hbet][Tf2N] saturation, the theoretical La concentration if all La remained in the IL phase would be 

approximately 7.6 M (with ρ([Hbet][Tf2N]) = 1.531 g.cm-3 (Nockemann et al., 2006)), making diffusion 

to the aquous phase a likely process. A trend appears in Table 4.1 showing that the distribution of RE 

elements in the IL phase increases from the lighter rare earth element to the heavier ones. This appears 

to contradict the findings of Vander Hoogerstraete et al. (2013) which found higher distribution ratio 

for Nd and La compared to Y for the extraction of different RE bis(trifluoromethylsulfonyl)imide salts 

with betaine as an extractant in the [Hbet][Tf2N]:water system under homogeneous liquid−liquid 

extraction conditions. 

 

Table 4.1. Distribution factor between the aqueous and [Hbet][Tf2N] phase for La2O3, Nd2O3, Eu2O3, 

Gd2O3, Y2O3 and Yb2O3 at half [Hbet][Tf2N] saturation concentration as determined from Figure 4.1 

(e.g. 80 mg for La2O3, 50 mg for Y2O3 and so on)  

 La2O3 Nd2O3 Eu2O3 Gd2O3 Y2O3 Yb2O3 

Distribution factor 2.38 2.52 4.58 4.10 5.24 5.22 

Standard deviation ±0.57 ±0.46 ±0.74 ±0.83 ±0.09 ±0.48 

 

4.3.2 Determination of leaching kinetics 

To explain the progressive changes in leaching behaviour from LRE to HRE elements, the 

reaction kinetics were modelled. Solid dissolution can be subdivided into diffusional processes (inner 

and outer diffusion) and the chemical reaction at the solid-liquid interface, with the slowest of these 

steps controlling the overall reaction kinetics. First developed by Noyes–Whitney (1897), equation 4.2 

is analogous to a first order rate reaction. It has been successfully applied to describe the dissolution of 

solids in aqueous media. Equation 4.2 assumes that diffusion is the rate limiting step. This assumption 

seems applicable to this system due to the high energy barrier (30.6 kJ.mol-1, Figure 4.3) that must be 

overcome to move molecules in homogenous mixture of [Hbet][Tf2N]:H2O. 

𝑑𝐶
𝑑𝑡⁄ = 𝑘(𝑆 − 𝐶)                                                           – (4.2)                                                                                                             

Where S represents the saturation concentration in [Hbet][Tf2N] (g.(g [Hbet][Tf2N])-1), k is the rate 

constant (s-1) and C is the concentration of the RE oxide in [Hbet][Tf2N] (g.(g [Hbet][Tf2N])-1)  at time 

t (s). Plotting ln(1-C/S) against time should result in a straight line of slope k. The values of k derived 

from the data in Figure 4.1 can be found in Table C1 of the Appendix C. From these k values, the 

activation energy (Ea) for the dissolution of each RE oxide in [Hbet][Tf2N] are obtained using the 

Arrhenius equation (equation 4.3) and presented in Table 4.2. 



Nicolas Schaeffer PhD Thesis  Chapter 4 

87 

 

𝑘 = 𝐴𝑒(−𝐸𝐴 𝑅𝑇)⁄                                                                    – (4.3) 

Where A is the pre-exponential factor (s-1), T the temperature (oK) and R is the universal gas constant 

(J.mol-1.K-1). The pre-exponential factor is an empirical constant, which takes into account multiple 

factors including the reaction’s entropy of activation and the frequency of collision between reacting 

particles, and corresponds to the y-intercept when plotting ln(1-C/S) against time. The resulting values 

for the activation energy and the pre-exponential factor are presented in Table 4.2. The Noyes–Whitney 

equation provides an excellent fit to the experimental data, with the coefficients of determination (R2) 

all above 0.92. 

 

Table 4.2. Average activation energy, logarithm of pre-exponential factor (A) and coefficient of 

determination (R2) for the dissolution of La2O3, Nd2O3, Eu2O3, Gd2O3, Y2O3 and Yb2O3 in [Hbet][Tf2N]-

H2O (derived using the rate constants obtained from the Noyes–Whitney equation) 

 
La2O3 Nd2O3 Eu2O3 Gd2O3 Y2O3 Yb2O3 

Activation energy (kJ.mol-1) 46.77 35.51 38.58 60.00 104.85 93.27 

ln(A) (s-1) 11.76 6.35 8.26 13.86 27.17 18.54 

R2 0.99 0.94 0.95 0.99 0.94 0.89 

 

The value for the activation energy often provides an indication on the reaction rate, with fast 

reactions usually having low activation energies and vice-versa. However, there appears to be 

discrepancies between the activations energies in Figure 4.1 and the activation energy data in Table 4.2. 

The activation energy of La2O3 is higher than the activation energy of Nd2O3 or Eu2O3, whilst Y2O3 has 

a greater activation energy than Yb2O3. However, La2O3 and Y2O3 have a far greater pre-exponential 

factor than Nd2O3 or Eu2O3 and Yb2O3 respectively, compensating for their larger than expected 

activation energies. The activation energies of Y2O3 and Yb2O3 are more than twice those of La2O3, 

Nd2O3 and Eu2O3, which clearly reflects the variation in dissolution rates between the heavy and light 

RE oxides in [Hbet][Tf2N]:H2O.  

It must be taken into consideration that ILs are highly ordered reaction media with a large range 

of intra-solvent interactions. Due to this, activation energies for reactions carried out in ILs can be 

higher than in molecular solvents. This is because of the need to break the order of the IL medium in 

order to transport all the components to the reaction site (Anderson et al., 2002). The large network of 

hydrogen bonding present in [Hbet][Tf2N] as well as the high-energy barrier required for molecular 

movement in this medium may explain the larger than expected activation energies. In non-IL medium, 

high activation energies (≥ 40 kJ.mol-1) generally indicate that the chemical reaction is the rate limiting 

steps whilst a completely transport controlled reaction tends to have activation energies in the range of 
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12-16 kJ.mol-1 (Levenspiel, 1999). When more than one step limits the leaching kinetics, the process is 

considered to be one of mixed control. The high activation energies of Y2O3 and Yb2O3, and to a lesser 

extent Gd2O3 suggest that the dissolution of these oxides in [Hbet][Tf2N]:H2O could be a mixed control 

process, and not purely diffusion limited as assumed by the Noyes–Whitney equation whilst the 

dissolution of LRE oxides in [Hbet][Tf2N]:H2O is transport limited. 

 

4.3.3 Effect of the presence of rare earth oxides on the UCST of the 

[Hbet][Tf2N]:H2O system 

The results for the measurement of the UCST in 1:1 [Hbet][Tf2N]:H2O systems as a function 

of RE oxide loading are in Table 4.3. Dissolving the light rare earth metal oxides in [Hbet][Tf2N]:H2O 

solvents results in a linear reduction in the UCST leading to the possibility of achieving separations of 

light from heavy rare earth oxides at temperatures lower than 57 oC.  

 

Table 4.3. UCST as a function of La2O3, Gd2O3 and Y2O3 loading.  

Average molar ratio (mol 

REO/mol [HBet][Tf2N]) 

UCST (oC) 

La2O3 Gd2O3 Y2O3 

0.0 (±0.000) 55.6 (±1.0) 55.6 (±1.0) 55.6 (±1.0) 

0.032 (±0.0030) 48.8 (±1.7) 48.8 (±1.9) 48.8 (±2.0) 

0.059 (±0.0063) 41.6 (±1.3) 43.6 (±2.6) 43.7 (±2.3) 

0.082 (±0.0034) 36.6 (±1.2) 34.6 (±2.2) 39.6 (±1.0) 

0.125 (±0.0024) 32.5 (±1.2) 31.8 (±2.6) 28.5 (±2.3) 

 

The measurements of the relative solubilities of La2O3, Nd2O3, Eu2O3, Gd2O3, Y2O3 and Yb2O3 

in 1:1 [Hbet][Tf2N]:H2O as a function of time at 40 oC are compared in Figure 4.4 with those obtained 

at 57oC and show that the potential separation of La, Nd and Eu is better at 57 oC than it is at 40 oC but 

that the potential separation of the light rare earth elements from Gd would be better at 40 oC. In the 

case of Gd the lowest value for UCST recorded is 31.8 oC. 
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Figure 4.4. Solubilities of La2O3, Nd2O3, Eu2O3, Gd2O3, Y2O3 and Yb2O3 in 1:1 [Hbet][Tf2N]:H2O as a 

function of  time at the following temperatures: a) T=40 oC (filled symbols) and b) T= 57 oC (empty 

symbols) 

 

4.3.4 Separation studies and reuse of [Hbet][Tf2N] 

The results in Figures 4.1-4 suggest that the best conditions for achieving a separation of the 

light rare earth elements from the heavy rare earth elements in [Hbet][Tf2N]:H2O solvents should be 

achieved with 1:1 [Hbet][Tf2N]:H2O at 57 oC with short contact times (0.5 min) between the oxides and 

the solvent. In this section, we propose a novel separation process for the of RE elements. Traditional 

liquid-liquid separation of the RE elements relies in the lanthanide contraction and the resulting change 

in the strength of the cation-anion, ion-dipole and ion-induced dipole interactions steadily with 

decreasing ionic radius (Nash, 1993). The proposed process makes use of the difference in the rates of 

dissolution along the RE chemical series. 

The separations results achieved in studies of equimolar binary mixtures of Eu2O3/La2O3, 

Nd2O3/La2O3, Gd2O3/La2O3, Y2O3/La2O3, and Yb2O3/La2O3 and of Nd2O3/Eu2O3, Gd2O3/Eu2O3, 

Y2O3/Eu2O3, and Yb2O3/EuO3 contacted with 1:1 [Hbet][Tf2N]:H2O at 57 oC for 30 s with stirring at 

500 rpm are expressed as the molar percentage of each RE element present in the binary mixture to the 

solution’s total RE metal content. The results are presented in Table 4.4 and show that excellent 

separations of light from heavy rare earth elements can be achieved by this method. 

The results are consistent with the kinetic data in Figure 4.1, with the separation tests indicating 

that separation ratio increases exponentially from Nd2O3 to Yb2O3. Since Eu2O3 and La2O3 dissolve in 

[Hbet][Tf2N]:H2O at similar rates, poor separation occurred between the two oxides. Expressed as a 

molar percentage of La to the total metal content in the stripping solution, stripping solutions containing 
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66.3%, 73.7%, 92.8% 97.8% and 99.0% La were obtained from initial equimolar solutions of 

Eu2O3/La2O3, Nd2O3/La2O3, Gd2O3/La2O3, Y2O3/La2O3, and Yb2O3/La2O3 respectively. The purity of 

lanthanum was raised from 50% to above 97% for Y2O3/La2O3 and 99% for Yb2O3/La2O3 mixed oxides 

in one simple step. By simultaneously performing the dissolution and separation step, the use of acidic 

solution and high temperatures to dissolve the oxides is avoided. In addition, this method avoids all the 

downsides of conventional liquid-liquid extraction processes, namely the need for pH control and the 

use of toxic and flammable extractants and organic diluents.  

 

Table 4.4. Separation of La and Eu from equimolar binary mixtures containing RE (where RE= Nd, 

Eu, Gd, Y or Yb). Separation is defined as the molar percentage of each RE element present in the 

binary mixture to the solution’s total RE metal content. 

RE oxides separated 
Separation Ratio in 

1:1 [Hbet][Tf2N]:H2O 
RE oxides separated 

Separation Ratio in 

1:1 [Hbet][Tf2N]:H2O 

La : Eu 66.3 : 33.7 -  

La : Nd 73.7 : 26.3 Eu : Nd 52.0 : 48.0 

La : Gd 92.8 : 7.2 Eu : Gd 76.4 : 23.6 

La : Y 97.8 : 2.2 Eu : Y 91.5 : 8.5 

La : Yb 99.0 : 1.0 Eu : Yb 95.4 : 4.6 

 

The presence of an UCST to the binary mixture of [Hbet][Tf2N]-H2O is not only important for 

the dissolution of oxides but it also facilitates recovery and stripping of the IL. However, the sharp 

decrease in the UCST upon loading makes stripping of the IL more difficult than first imagined. To 

ensure full separation of the phases and minimize loss of the IL to the aqueous phase, loaded solutions 

of [Hbet][Tf2N]-H2O were cooled to 5 oC prior to stripping. Once stripped, [Hbet][Tf2N] was rinsed 

with cold water and dried in vaccuo. Over 99 % of the IL was recovered using this process. 

The use of [Hbet][Tf2N]:H2O as a means of separating light and heavy RE oxides is favoured 

by the ability to recycle  the solvent.  The data in Figures 4.5 and 4.6 show that the [Hbet][Tf2N] can be 

reused at least five times with little change in either the FTIR spectrum of the solvent or in the 

effectiveness of the separations achieved. FTIR analysis of the virgin and five times regenerated 

[Hbet][Tf2N] were compared (Figure 4.5). FTIR spectrum indicates the presence of C=O stretch bond 

at 1768 cm-1 (COOH), C-H bend bond at 1477 cm-1 (CH2), S=O stretch bond at 1348 and 1325 cm-1 

(SO2) and C-F stretch bond at 1178 cm-1 (CF3). Figure 4.5 shows that the FTIR spectrum of the virgin 

and five times regenerated [Hbet][Tf2N] are identical, confirming that the IL is not denatured either by 

the solubilisation or regeneration processes. 
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Figure 4.5. FTIR spectra of pure [Hbet][Tf2N]and five times regenerated [Hbet][Tf2N] (Spectra are 

offset for clarity) 

 

The recyclability of [Hbet][Tf2N] is also investigated by comparing the saturation concentration 

of La2O3 in [Hbet][Tf2N] after it has been recovered and regenerated five times. From the results 

displayed in Figure 4.6, it can be observed that a slight decrease in the leaching efficiency occurs after 

[Hbet][Tf2N] is regenerated five times due to the accumulation of residual La caused by its incomplete 

stripping. A t-test at a 95% confidence interval on the results in Figure 4.6 indicate a confidence interval 

of ±0.73% around the mean (99.1%) (n=6), confirming the negligible decrease in [Hbet][Tf2N] leaching 

performance over six leaching cycles. 

 

 

Figure 4.6. Efficiency of [Hbet][Tf2N] as a solvent for lanthanide oxide recovery as a function of 

number of times regenerated and reused. 
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4.4 Summary 

The factors, including ionic liquid:water ratios, temperature, solvent:solute contact times, and 

the effect of dissolved rare earth metal ions on the [Hbet][Tf2N]:H2O thermometric phase change are 

determined to develop a process for separating the light from the heavy rare earth metal oxides in 

[Hbet][Tf2N]:H2O mixtures. The relative solubility data for three light (La2O3, Nd2O3, and Eu2O3), two 

heavy (Y2O3 and Yb2O3) rare earth metal oxides (REOs), and Gd2O3 at different temperatures and 

different solute:solvent contact times are reported for 1:1 [Hbet][Tf2N]:H2O. The light REOs dissolve 

easily at 57 oC with the La and Eu reaching maximum solubility within minutes while the heavy REOs 

have very low solubilities at this temperature with negligible amounts being dissolved for contact times 

less than 80 min. Gd2O3 dissolves more slowly than the La, Eu, and Nd oxides at 57 oC reaching 

maximum solubility only after 160 min. Changing the [Hbet][Tf2N]:H2O ratio from 1:1 to 16:1 

increases the time required to dissolve the REOs. The times taken to reach maximum solubility decrease 

for all the REOs up to 95 oC, resulting in the separations between the light and heavy rare earth elements, 

and Gd becoming less distinct. The presence of rare earth metal ions in [Hbet][Tf2N]:H2O results in a 

reduction in the upper critical solution temperature (UCST) of the solvent from 55.6 oC to as low as 

31.8 oC with Gd3+. The best conditions for a one-step separation of light from heavy REOs in 

[Hbet][Tf2N]:H2O mixtures is achieved with 1:1 [Hbet][Tf2N]:H2O at 57 oC using short contact 

oxide:solvent times (maximum 5 min). The use of [Hbet][Tf2N]:H2O as a means of separating light and 

heavy REOs is aided by the ease of recycling the solvent which can be recycled and reused at least five 

times with little loss of solvent quality or efficiency. 
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Chapter 5: Use of Extraction Chromatography in the 

Recycling of Critical Metals from Thin Film Leach 

Solutions 

5.1 Introduction 

Electrical and electronic wastes include fractions such as phosphors and optoelectronic devices. 

These consist of thin films containing REEs and indium, both of which are included in the European 

Union’s list of critical materials (European Commission, 2014). The demand for these elements for use 

in electronic applications is high and increasing. Furthermore, because they are in short supply and there 

are limited opportunities for replacing them with substitutes, there is an urgent need to develop 

processes for their recovery. Although WEEE represents a potential source of these scarce elements, 

there are no significant reports on studies of recoveries from the dilute solutions that would arise from 

leaching of tin and indium from thin film electronic surfaces. 

Indium–tin oxide (ITO) thin films are optoelectronic materials with high conductivity, 

transparency to visible light and high reflectance in the infrared region and as such are extensively used 

as a transparent conducting layer in liquid crystal displays, plasma displays and solar cells (Li et al., 

2011). ITO thin film coatings currently represent the largest end use for indium and are therefore a 

major potential source for recovery of this element (U.S.G.S., 2015). Thin films containing REEs and 

indium and tin are mainly oxide phases. Conventional industrial processing to separate RE elements 

from RE oxide sources, including ores, involves a combination of hydrometallurgy and solvent 

extraction (Gupta & Krishnamurthy, 1991; Xie et al., 2014). 

Extraction chromatography using solvent impregnated resins (SIRs) has generated a great deal 

of interest as an alternative to conventional separation processes. SIRs consist of organic extractants 

adsorbed onto a macro-porous polymeric matrix using a variety of methods (Horwitz et al., 2008).  

This technique permits separations that combine the high selectivity of solvent extraction with the 

efficiency of chromatographic methods and the effectiveness of ion-exchange resins operating in dilute 

solutions. Task-specific SIRs can be synthesised by varying the polymeric support and/or the adsorbed 

extractant to achieve separation and recovery of a wide range of organic and inorganic compounds from 

various aqueous media (Kabay et al., 2010). The choice of extractant for task-specific separations and 

recoveries in determining the extraction efficiency of any process is important. Suitable extractants, 

capable of extracting a range of metal ions are chemically stable and have low aqueous solubility.  

Traditionally organophosphorous extractants have been used extensively in extraction 

chromatography to separate rare earth elements (Wang et al., 2002; Park et al., 2005; Lee et al., 2010). 
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The use of diglycolamides, particularly the neutral diglycolamide N,N,N′,N′-tetra(n-

octyl)diglycolamide (TODGA) to extract and separate actinide and lanthanide elements has been 

reported, including their use in extraction chromatography (Hoshi et al., 2004; Gujar et al., 2015). Ionic 

liquids have also been used as extractants in SIR applications, for example in the separation of ytrrium 

from other rare earths (Sun et al., 2006), and recovery of Au(III) (Navarro et al., 2010), Pd(II) (Navarro 

et al., 2012), and Bi(III) (Navarro et al., 2014) from hydrochloric acid leach solutions. In addition, the 

ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C4mim][Tf2N] was used 

in a liquid-liquid extraction process for the recovery of RE elements from waste fluorescent lamp 

phosphor powders in which the RE elements were extracted with N,N-dioctyldiglycolamic acid 

(DODGAA) dissolved in the ionic liquid (Yang et al., 2013). 

We now report on the application of extraction chromatography using SIRs impregnated with 

(i) DODGAA, (ii) di-(2-ethylhexyl) phosphoric acid (DEHPA) and particularly (iii) for the first time, 

an extractant: ionic liquid system using a DODGAA:[C4mim][Tf2N] mixture for the recovery and 

separation of  REE, and of indium and tin ions from dilute solutions that model leach solutions obtained 

from treatment of thin films containing these ions.  

 

5.2 Experimental Methods 

5.2.1 Synthesis of the SIRs 

Three SIRs based on Amberlite XAD-7, a hydrophilic macro-porous polyacrylic polymer with 

a pore volume of 0.5mL g-1, particle size of 560-710 µm, pore size 0.03-0.04 µm and surface area 380 

m2.g-1 were used in this work for the recovery of critical metals from thin film leach solutions. Prior to 

use the Amberlite XAD-7 was washed with a 1:1 ethanol:4 M HCl solution for 2 hours to remove any 

residual impurities and rinsed with distilled water to a neutral pH and dried at 50 oC for 24 hours. The 

solvents used to separately impregnate the resin were DEHPA, DODGAA and a DODGAA:IL 

([C4mim][Tf2N]) mixture. The SIRs were prepared by mixing 3.0 g of solvent (DEHPA, DODGAA or 

1:1 DODGAA-[C4mim][Tf2N]) in 30 mL of acetone with 6.0 g Amberlite XAD-7, shaking the mixture 

overnight, and removing the acetone by rotary evaporation under vacuum at 40 oC.  

 

5.2.2 SIR Selection - Resin characterisation and potential for metal 

adsorption 

The potential use of the three SIRs in the recovery and separation of critical metals from model 

thin film leach solutions was assessed in terms of the abilities of the SIRs to adsorb the metals from the 
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solutions and to elute and separate them from the resins. For a specific metal ion (Mn+), the amount 

adsorbed q (mg.g-1 of SIR) onto the resin at any time t (min) is equal to: 

𝑞𝑡,𝑀 = (𝐶0 − 𝐶𝑡)𝑉 𝑚⁄                                                                – (5.1)                                        

where C0 is the initial Mn+ solution concentration, Ct is the residual concentration of Mn+ (mg.L-1)  in 

the solution at time t, V the solution volume (L) and m is the mass of SIR present (g). 

 

a) Resin characterisation 

The adsorption characteristics of the three SIR resins were established by Y(III) batch 

adsorption studies in which (i) 10 mL of Y(III) solutions of different concentrations (50 – 1500 ppm) at 

pH 3.5 were shaken separately with 0.25 g of each SIR for 60 minutes at 185 rpm and 20 oC, and, (ii) a 

1000 ppm Y(III) solution at pH 3.5 was shaken with 0.25 g of each SIR over different time intervals of 

0.75 to 60 mins. A pH value of 3.5 was selected to ensure that pH did not influence the adsorption of 

Y(III) as the adsorption of Y(III) decreases when pH ≤ 1.5. The residual metal content resulting from 

each batch adsorption experiment was obtained by collecting 2 mL aliquots of the solution for analysis 

by ICP-OES. In the case of the 1:1 DODGAA-[C4mim][Tf2N]) SIR, to ensure that neither the polymeric 

support nor the IL had a direct influence on the metal adsorption, similar characterisation studies were 

carried out on both Amberlite XAD-7 and a 1:1 (w/w) Amberlite XAD-7:[C4mim][Tf2N] mixture in the 

absence of the extractant phase. No significant Y(III) adsorption occurred on either of these resin phases 

in the absence of the extractant. The results are expressed as (i) the quantity of Y(III) adsorbed, qe (mg.g-

1 of SIR) for different initial concentrations of Y(III) (C0 in ppm), (Figure 5.1) and, as (ii) the quantity 

of Y(III) adsorbed, qt (mg.g-1 of SIR), for different contact times (Figure 5.2).  

 

b) Adsorption and separation of metals as a function of pH 

The effect of pH on the adsorption of Sn(IV), La(III), Eu(III), Gd(III), Y(III), In(III), Al(III), 

Fe(III), Ca(II), Zn(II) and Mn(II) on the three SIRs was studied by varying the initial solution pH of 

500 ppm single element solutions from 0.5 to 4.0 under the same standard test conditions as those 

described in Section 5.2.2a. The metal solutions used to model thin film leach solutions were of three 

types: (a) lanthanide ion (La(III), Eu(III), Gd(III) and Y(III)) solutions, (b) tin and indium solutions, 

and (c) calcium and aluminium solutions. Information was obtained on the adsorption of Ca(II), Fe(III), 

Zn(II), Mn(II) and Al(III) as the most likely ions that could be leached from glass substrates along with 

the critical metals of interest. The results are expressed for the three SIRs in Figure 5.5 as percentage 

adsorption as a function of pH.  
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5.2.3 Elution and separation of critical metals from thin film leach solutions 

adsorbed on the DODGAA-[C4mim][Tf2N] SIR 

Model multi-element solutions containing 1000 ppm of the single elements used in this study 

for adsorption and elution experiments were prepared in nitric acid media for the production of 

simulated leach solutions containing: (i) Sn(IV) and In(III), (ii) glass matrix components such as Ca(II) 

and Al(III) and (iii) the rare earth elements La(III), Eu(III), Gd(III) and Y(III). Separation tests were 

carried out using an ion-exchange column with an inner diameter of 15 mm and height of 260 mm 

packed with the DODGAA-IL impregnated resin. Prior to separation, the DODGAA-IL SIR was loaded 

using the 1000 ppm multi-element solution at pH 3.5. Elution was achieved by passing HNO3 solutions 

of gradually increasing molarity (0.1 M to 5.0 M) through the column at a flow rate of 1.5 mL.min-1. 

The effluent at the column outlet was collected in 5 mL portions and analysed by ICP-OES for metal 

content. The results of the elution studies are shown as cumulative elution concentrations in Figure 5.8 

for the tested metals. 

 

5.2.4 Recycling of SIRs 

Five cycles of SIR loading with Y(III), stripping and rinsing were performed to quantify 

potential extractant and IL losses. Although this is not representative of the expected number of cycles 

used in industry, five loading and stripping cycles were performed as a compromise between long-term 

resin performance and time restriction. In addition, initial tests indicated that decreased resin 

performance primarily occurred after the first re-conditioning step. For impregnated SIRs, the loss of 

the acidic ligand DEHPA or DODGAA was determined as follows: (1) a small sample (0.200 g) was 

taken at the end of the cycle and shaken overnight in 10 mL ethanol; (2) the loss of extractant was 

determined by titration of a 5 mL aliquot with a 50-50 vol. % NaOH-ethanol solution; (3) in the case of 

DODGAA and DEHPA SIRs, extractant loss was confirmed by recording the mass change of the SIR, 

dried after each cycle. In addition for DODGAA-IL SIRs, the concentration of [C4mim]+ ions was 

determined by UV-VIS spectrophotometry at wavelength 211 nm (Luo et al., 2004). The results are 

shown in Figure 5.9 for each SIR. 
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5.3 Results and Discussion 

5.3.1 Resin selection 

a) Equilibrium adsorption isotherms 

Multiple isotherm models exist to describe the distribution of metal ion between solid-liquid 

interfaces at equilibrium, the most common being the Langmuir and the Freundlich equations. The 

effect of metal concentration in the aqueous phase on the extraction of Y(III) by all three SIRs was 

investigated. Langmuir isotherm given in Eq. (5.2) best modelled the adsorption of Y(III) unto the 

DEHPA and DODGAA impregnated SIRs whilst the Freundlich isotherm (Eq. (5.3)) provided a better 

fit to the experimental data from DODGAA-IL SIRs as shown in Figure 5.1. 

𝑞𝑒 = (𝑞𝑚𝑎𝑥𝑏𝐶𝑒) (1 + 𝑏𝐶𝑒)⁄                                                                                 – (5.2) 

𝑞𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛

                                                                                                                                       – (5.3) 

where qmax is the maximum sorption capacity of the resin for the metal ion (mg.g-1), b is the Langmuir 

constant (L.mg-1) corresponding to the ratio between sorption and desorption velocities, Kf ((mg.kg-

1)1−1/n) and n are Freundlich constants which correspond to adsorption capacity and adsorption intensity, 

respectively. The Langmuir model assumes that adsorption occurs on a homogeneous surface by 

monolayer adsorption, with energetically equivalent binding sites and no interactions between metal 

ions adsorbed on adjacent sites. In contrast to the Langmuir model, Freundlich isotherm is an empirical 

model that does not specify the need for monolayer adsorption. 

 

 

Figure 5.1. The adsorption isotherm for Y(III) adsorption onto DEHPA, DODGAA and DODGAA-IL 

containing SIRs. 



Nicolas Schaeffer PhD Thesis  Chapter 5 

98 

 

In all cases, the initial sorption capacity of Y(III) increases almost linearly with an increase in 

the solution concentration until concentrations are greater than 750 ppm, after which the slope of the 

isotherm diminishes and reaches a plateau corresponding to saturation of the SIR. The Langmuir and 

Freundlich parameters for the three SIRs, used for plotting the modelled curves represented by the 

continuous lines in Figure 5.1, were obtained by linear regression and are presented in Table 5.1 along 

with the respective regression coefficient (r2). SIR containing DODGAA-IL exhibits a significantly 

higher sorption capacity, 28.0 mg Y.g-1 at initial Y(III) solution of 1500 ppm, than either resins 

containing DEHPA and DODGAA, 23.4 and 20.8 mg Y.g-1 respectively.  

For Langmuir isotherms, the value of the equilibrium parameter RL, calculated from equation 

5.4, indicates if an adsorption system is favourable (0<RL<1), unfavourable (RL>1) or irreversible 

(RL=0) (Hosseini-Bandegharaei et al., 2010). 

𝑅𝐿 = 1 (1 + 𝑏𝐶0)⁄                                                                                                 – (5.4) 

RL values in Table 5.1 show that all three SIRs are favourable sorbents for Y(III) as the value of RL is 

in the range 0< RL<1. 

 

Table 5.1. Langmuir and Freundlich parameter for Y(III) adsorption unto DEHPA, DODGAA and 

DODGAA-IL containing resins. 

 Langmuir Isotherm Freundlich Isotherm 

 qmax b r2
 RL Kf n r2 

DEHPA 24.4 0.014 0.99 0.066 0.91 2.96 0.936 

DODGAA 23.9 0.0055 0.99 0.15 0.61 1.9 0.98 

DODGAA-IL 28.7 0.022 0.98 0.043 2.88 2.86 0.99 

 

b) Sorption kinetics 

Sorption kinetics are governed by various mechanisms including bulk diffusion, diffusion 

through the surrounding liquid film, intra-particle diffusion and chemical reaction. The slowest of these 

processes is the rate limiting step. Three models were applied to examine the kinetic profile: the 

Lagergren equation or pseudo-first order equation,  

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡                                                                                            – (5.5) 

the linearized pseudo-second order equation: 

𝑡 𝑞𝑡 = 1 (𝑘2𝑞𝑒
2) + 𝑡 𝑞𝑒⁄⁄⁄                                                                                            – (5.6) 

and the Morris-Weber equation:   
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𝑞𝑡 = 𝑘𝑖𝑡0.5 + 𝐼                                                                                             – (5.7) 

where qe is the amount of metal ion sorbed at equilibrium (mg.g−1), k1 (min−1), k2 (g.mg−1.min−1) and ki 

(mg.g−1.min0.5) are the pseudo-first-order, pseudo-second-order and intra-particle diffusion rate constant 

respectively (Ho & McKay, 1998; Azizian, 2004). 

The rate constants, qe and regression coefficient (r2) obtained by fitting the data to the pseudo-

first and second order equation for each SIR is presented in Table 5.2. The r2 values obtained indicate 

that the adsorption process follows pseudo-second order kinetics as they are close to unity for all three 

SIRs, and are far superior than those obtained using the pseudo-first order model. Furthermore, the 

calculated qe values (qe,calc) using the pseudo-second order equation are close to the experimental value 

(qe,exp), validating that pseudo-second order mechanisms are predominant for all three SIRs. Sorption 

kinetic data for the three SIRs is presented in Figure 5.2 as well as the respective theoretical pseudo-

second order curves represented by the continuous lines. From Figure 5.2 and Table 5.2, the rate of 

adsorption of Y(III) on DEHPA SIR is over two and three times faster than on DODGAA SIR and 

DODGAA-IL SIR respectively. The adsorption of Y(III) ions onto all three resins is fast: after only 5 

minutes shaking over 80 wt.% of Y(III) is adsorbed unto DEHPA and DODGAA SIRs and over 70 

wt.% is adsorbed on DODGAA-IL SIRs.  

 

 

Figure 5.2. The pseudo-second order adsorption kinetics for Y(III) adsorption onto DEHPA, DODGAA 

and DODGAA-IL containing SIRs. 
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Table 5.2. Pseudo 1st and 2nd order kinetic parameter for Y(III) adsorption unto DEHPA, DODGAA 

and DODGAA-IL containing resins. 

 average 

qe,exp 

pseudo 1st order model pseudo 2nd order model 

 qe,calc k1 (×10-2) r2 qe,calc k2 (×10-2) r2 

DEHPA 21.0 18.4 0.51 0.53 21.0 5.76 0.99 

DODGAA 17.7 6.3 4.02 0.56 17.8 2.55 0.99 

DODGAA-IL 24.4 11.9 6.90 0.92 24.9 1.72 0.99 

 

The pseudo-second order equation assumes that the reaction rate is controlled by 

chemisorption. However, previous studies have shown that under the current experimental conditions, 

intra-particle diffusion usually is the rate limiting factor (Cortina & Miralles, 1997; Serasols et al., 

2001). To examine the intra-particle diffusion mechanisms, the Morris-Weber equation was selected, 

and the results are shown in Table 5.3 and Figure 5.3. Piecewise linear regression from the plot of qt 

versus t0.5 for adsorption of Y(III) onto the three SIRs shows two distinct regions with different slopes. 

This multi-linear Morris-Weber plot indicates that adsorption occurs in multiple steps. The first linear 

region from 0.8 to 2.3 min0.5 corresponds to external diffusion whilst the second linear region from 2.7 

to 7.8 min0.5 is attributed to intra-particle diffusion. Comparison of the rate constants obtained from the 

first (ki,1) and second (ki,2) regions of the plot shows that initial diffusion of the adsorbate through the 

exterior surface of the adsorbent is rapid (region 1), whilst diffusion from the exterior and macro-pores 

to the less accessible adsorption sites present in the micro-pore (region 2) is a slower process.  

 

 

Figure 5.3. The Morris-Weber adsorption kinetics and for Y(III) adsorption onto DEHPA, DODGAA 

and DODGAA-IL containing SIRs. 
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Table 5.3. Morris-Weber kinetic parameter for Y(III) adsorption unto DEHPA, DODGAA and 

DODGAA-IL containing resins. 

 Morris-Weber equation 
t1/2 Di (×10-9) 

 ki,1 r2 ki,2 r2 

DEHPA 7.45 0.97 0.41 0.94 0.83 14.6 

DODGAA 8.31 0.94 0.47 0.76 2.20 5.49 

DODGAA-IL 12.74 0.96 1.23 0.97 2.33 5.19 

 

Deviation of the lines in Figure 5.3 from the origin indicates that intra-particle diffusion is not 

the rate limiting process. Furthermore, the straight lines plotted in region 2 for Y(III) adsorption onto 

the three SIRs have a large value for the intercept (17.7, 13.5 and 15.3 for DEHPA, DODGAA and 

DODGAA-IL SIRs respectively). The intercept provides an indication as to the extent of Y(III) 

adsorption onto external surface of the SIR and macro-pores (Hosseini-Bandegharaei et al., 2010).  

The intra-particle diffusion coefficient for the three SIRs was calculated using equations 5.8 

and 5.9 (Doğan et al., 2007). 

𝑡1/2 = 1 (𝑘2𝑞𝑒)⁄                                                                                              – (5.8) 

𝑡1/2 = 0.03𝑟0
2 𝐷𝑖⁄                                                                                              – (5.9) 

where t1/2 is the time required for Y(III) adsorption onto the sorbent to reach half of qe (min), r0 is the 

resin radius (m) and Di is the intra-particle diffusion coefficient (m2.min-1). 

The SIRs were assumed to be spherical and the value of r0 was taken as the average of the upper 

and lower XAD7 resin radius provided by the manufacturer (635 µm). The results are presented in 

Table 5.3. The diffusion coefficient of DEHPA-SIR is almost three times greater than those of the other 

two resins, with the Di values of DODGAA and DODGAA-IL being very similar. The three diffusion 

coefficients calculated are up to two orders of magnitude greater than those reported in the literature for 

other synthesised SIRs (Navarro et al., 2008), although different extractants and initial solution 

concentrations were used. The calculated diffusion coefficients provide further evidence that intra-

particle diffusion is unlikely to be the sole rate limiting step. 

Adsorption of Y(III) onto the DODGAA-IL SIR’s external surface is illustrated in Figure 5.4 

using FEGSEM. Comparison of the surface of the virgin, Figure 5.4(a), and Y(III)-loaded, Figure 

5.4(b), resins clearly shows the formation of a third phase dotted along the surface of the resin. EDS 

analysis of Figure 5.4(b), Figure 5.4(c), identifies the presence of Y as well as S and F element in the 

third phase, suggesting that the IL, due to the presence of S and F in the [Tf2N]- anion, plays some role 

in the extraction of Y(III). 
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Figure 5.4. FEGSEM of the surface morphology of (A) virgin DODGAA-IL SIR, (B) Y(III) loaded- 

DODGAA-IL SIR and (C) EDS analysis of B 

 

5.3.2 Effect of pH on adsorption of metal ions on DEHPA, DODGAA and 

DODGAA-IL SIRs 

The effects of pH on the absorption of target metals from aqueous leach solutions of thin films 

were studied for (a) the lanthanide elements La(III), Eu(III), Gd(III) and Y(III); (b) Sn(IV) and In(III); 

and (c) the glass matrix impurities Ca(II), Mn(II), Fe(III) and Al(III), on DEPHA, DODGAA, and 

DODGAA-IL SIRs and is presented in Figure 5.5. The percentage absorption data in Figure 5.5A shows 

an increase in adsorption, from lower values at pH 0.5, reaching approximately 100% for all metal ions 

on the DEPHA SIR, while the data in Figures 5.5B and 5.5C for adsorption onto the DODGAA and 

DODGAA-IL SIRs show, for all metal ions except for Al(III), an increase in adsorption from lower 

values at pH 0.5 to approximately 100% at pH 1.5 to 2.0. Lower extraction of Al(III) on these two SIRs 

is an advantage because a partial separation of this glass matrix element from the target elements is 

achieved even on adsorption. The order of extraction of the metal species studied on each SIR is: 

Eu(III)≥ Gd(III)≈ Sn(IV)> Y(III)≥ In(III)≈ Al(III)≥ La(III)> Ca(II) (for DEPHA); Eu(III)≈ Sn(IV)≥ 
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Y(III)≈ In(III)> Gd(III)≈ Ca(II) ≥ La(III)>> Al(III) (for DODGAA); and, Eu(III)≥ Sn(IV)≥ Y(III)≈ 

Gd(III)> In(III)> La(III)≈ Ca(II)>> Al(III) (for DODGAA-IL).  

 

 

Figure 5.5. Average percentage adsorption (A-C) and corresponding logarithm of the separation ratio 

αX/La (D-F) as a function of pH for the study elements onto (A,D) DEHPA, (B,E) DODGAA and (C,F) 

DODGAA-IL SIRs 
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In the case of Fe(III), adsorption as a function of pH can be visually confirmed with the 

coloration of the resin in red as adsorption increases as shown in Figure 5.6. 

 

 

Figure 5.6. Photograph showing Fe(III) adsorption on DODGAA-IL SIRs as a function of pH 

 

Figure 5.5 indicates that adsorption occurs even at very acidic pH, with over 80 % extraction 

of Sn(IV), Y(III), Gd(III), Eu(III) and In(III) for DEHPA and DODGAA-IL SIRs occurring at or prior 

to pH 1.5. Furthermore, a distinct separation can be observed between La(III) and the other REEs, with 

La(III) being extracted at higher pH values. This separation is due the lanthanide contraction and the 

resulting change in the strength of the cation-anion, ion-dipole and ion-induced dipole interactions with 

decreasing ionic radius. The lanthanide contractions and the change in chemical properties across the 

REE series implies that heavy REEs interact more strongly with the extractant than light REEs. The 

capacity of all three resins to adsorb REEs at low pH values reduces the need for pH adjustment when 

recovering value from real leach solutions, making the process more environmentally and economically 

favourable. 

All three resins exhibit a marked preference for ions with higher oxidation states. This 

preferentiality for trivalent ions can be partially explained by the hard and soft Lewis acid base (HSAB) 

theory. The phosphate and carboxylate functional group present on the DEHPA and DODGAA 

extractants respectively are classified as hard bases, while Sn(IV), REE(III), In(III), Fe(III), Al(III) and 

Ca(II) are hard acids whilst Mn(II) is a soft acid. In addition, the extraction of 75 elements with the 

neutral diglycolamide TODGA, a ligand structurally similar to DODGAA, from nitric acid into n-

dodecane was found to be heavilily dependent on the elements oxidation state and ionic radius. Ca(II) 

with an ionic radius of 100 ppm exhibited the distribution value of any divalent cation whilst trivalent 

and tetravalent ions with ionic radii of 87-113 and 83-94 pm, respectively, showed the distribution 

factors of over 1000 (Zhu et al., 2004). This corroborates well with the findings in Figure 5.5 and 

explains the high selectivity of DODGAA towards the REE(III), Sn(IV) and Ca(II) over the other 

elements. Furthermore, a comprehensive extraction study of 54 metal cations using DODGAA also 
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indicated the high affinity of the extractant for In(III) and its similar extraction behaviour to La(III) 

(Shimojo et al., 2014). 

The separation factor, given in equation 5.10 is equal to the ratio of the corresponding 

distribution constants between two elements. 

𝛼𝑋/𝐿𝑎 = 𝐾𝑑,𝑋 𝐾𝑑,𝐿𝑎⁄                                                                                             – (5.10) 

𝐾𝑑,𝑋 = [(𝐶0 − 𝐶) 𝐶0⁄ ]×(𝑉 𝑚⁄ )                            – (5.11) 

where X represents Sn(IV), Eu(III), Gd(III), Y(III), Al(III), Fe(III), In(III), Ca(II), or Mn(II) and Kd,X 

is the corresponding distribution coefficient. The separation factor provides an indication as to the 

ability of the system to separate two solutes. A separation factor αX/La greater than unity indicates that 

solute X will elute after La(III) and vice-versa. Separation factors close to 1 indicate that separation of 

La from solute X will be difficult. La(III) was selected as the reference element, as it is the “lightest” 

of the REEs, to determine the potential separation between the REEs and the impurities. The logarithm 

of the distribution and separation factors for each element on the three synthesised SIRs as a function 

of pH is given in Figure 5.5(D-F). 

The results from the batch experiments presented in Figure 5.5(D-F) suggest that neither 

DEHPA nor DODGAA impregnated resins are suitable for the selective extraction of REEs, as none of 

them can separate the REEs and Sn(IV) from Al(III) or Ca(II). Only DODGAA-IL SIR in the pH range 

0.5-1.5 can recover the REEs and Sn(IV) from solution containing impurities. Comparison of the 

logarithm of the separation factor (αX/La, where X is an element other than La(III)) for each element on 

the three synthesised SIRs as a function of pH. Results from Figure 5.5 indicate that significantly greater 

αX/La, where X is the other REEs, Sn(IV) and In(III), are obtained using DODGAA-IL SIRs than with 

the other studied extraction systems. This combined with the poor extraction of Al(III) and its greater 

loading capacity make DODGAA-IL SIRs the favoured option compared to simple DODGAA SIRs 

and DEHPA SIRs. Furthermore, the large difference in separation factors between La(III) and the other 

REEs indicates that in addition to separating the REEs from the impurities, light REEs can also be 

potentially separated from heavy REEs using an extraction chromatography column loaded with 

DODGAA-IL SIRs.   

The extraction behaviour of DODGAA-IL with pH was studied for Ca(II) and Y(III) as a 

function of the initial solution concentration. DODGAA is an acidic type extractant that has been 

reported to extract metal ions through cation exchange mechanisms with release of carboxyl proton 

even when dissolved in [C4mim][Tf2N] (Tian et al. 2009; Kubota et al., 2011; Yang et al., 2013; Shimojo 

et al., 2014). The extraction equation for the study elements (Mm+) in the acidic extractants (HA) 

proceeds as follows, assuming complete dehydration of Mm+: 

𝑀𝑚+𝑚(𝐻𝐴)̅̅ ̅̅ ̅̅ ̅̅ ̅ ↔ 𝑀𝐴𝑚
̅̅ ̅̅ ̅̅ ̅ + 𝑚𝐻+                            – (5.12) 
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Where the superscript bar indicates species in the organic phase. Slope analysis results for Y(III) and 

Ca(II) based on the data presented in Figure 5.5C as well as for the adsorption of 1000 ppm multielement 

solution used in section 5.2.3 of this Chapter onto DODGAA-IL SIR as a function of pH following the 

same methodology as that described in section 5.2.2b is presented in Figure 5.7.  

Results from Figure 5.7 indicate a shift in the extraction behaviour of metal cation from 

equation (4.12), with the slope of Ln(Kd) vs pH for Y(III) and Ca(II) decreasing from 2.82 and 2.39 to 

1.32 and 1.23 respectively. Slope analysis results in Figure 5.7 indicate that at low initial metal 

concentration (500 ppm single element solution), extraction by DODGAA-IL SIR proceeds according 

to equation 5.12. A slope of 2.82 and 2.39 for Y(III) and Ca(II) respectively suggests that 3 DODGAA 

molecules are involved in the extraction of Y(III) and 2 for Ca(II). However, at initial solution 

concentration greater than the maximum saturation concentration of the resin (1000 ppm multielement 

solution), the slope for both elements drop to 1 implying that only DODGAA ligates with metal cations 

at resin saturation. This is supported by the findings of Lee and co-workers (2009) which showed that 

changing the ratio between the mass of SIR and solution volume leads to different metal: extractant 

complexes. From the stoichiometry of equation 5.12 and the maximum loading capacity of the resin 

(qmax, Table 5.1), not all the extractant present in the resin participates in bonding. The y-intercept for 

the lines in Figure 5.7 is a function of the equilibrium constant of equation 12, the remaining free metal 

concentration (Mm+) and the final concentration of metal-ligand complexes (MAm) at a specified pH. 

 

 

Figure 5.7. The distribution coefficients of Y(III) (■) and Ca(II) (●) as a function initial solution 

concentration using a 500 ppm single element solution (filled symbol) and a 1000 ppm multielement 

solution (empty symbol) 
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5.3.3 Elution and separation of critical metals from thin film leach solutions 

adsorbed onto the DODGAA-[C4mim][Tf2N] SIR 

The DODGAA-IL SIR outperforms the other two resins investigated, both in terms of sorption 

capacity and separation potential. It was therefore selected for small-scale extraction chromatography 

tests for the separation of REEs from major impurities found in thin films.  Comparison of the separation 

factors of the REEs from those of the impurities suggests that the optimal pH range for recovery of the 

REEs is at pH below 1.0. Preliminary stripping tests, indicate that gradient elution using HNO3 with a 

molarity of 0.1 M to 5.0 M can selectively separate impurities from Sn(IV), La(III) and the other 

REEs(III). The result from the extraction chromatography test using DODGAA-IL SIR is presented in 

Figure 5.8. The chromatogram is displayed both in terms of concentration and cumulative concentration 

of the study elements at the column outlet to better reflect the column behaviour.  

 

 

Figure 5.8. Chromatogram with gradient elution using DODGAA-IL-impregnated resin as stationary 

phase. 

 

Eluent solutions in the range 0.10 to 0.75 M desorbs most the impurities whilst Sn(IV) and the 

REEs, in accordance with the separation factors presented in the previous section, remain attached to 
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the stationary-phase. All the divalent cations as well as Al(III) were eluted using a 0.1 M HNO3 solution. 

In terms of the amount (mg.g-1) adsorbed, the resin displays greater affinity towards REEs, Fe(III), 

Sn(IV) and Ca(II). Surprisingly considering the classification of Ca(II) as an ‘hard’ acid, Ca(II) 

completely elutes after contact with 0.1 M HNO3 solution. This is most likely due to the high metal 

content of the loading solution thereby saturating the resin and altering the extracted complex. 

To characterise the separation of the REEs from the impurities, La(III) was used as the reference 

element. The elimination ratio (ER), and recovery of the study elements were estimated to evaluate the 

chromatographic separation. ER corresponds to the ratio of the amount of the element of interest to an 

impurity in the collected portion of the effluent, relative to the initial amount in the loaded solution, and 

is given in Equation 5.13 (Kekesi et al., 2001). 

𝐸𝑅𝐿𝑎 = (∑ 𝑚𝑖 ∑ 𝑚𝐿𝑎⁄ ) (𝑚𝑖 𝑚𝐿𝑎⁄ ) = (𝐶𝑖,𝑙𝑜𝑎𝑑 𝐶𝐿𝑎,𝑙𝑜𝑎𝑑⁄ )× (∫ 𝐶𝐿𝑎𝑑𝑉
𝑉𝑒

𝑉𝑆
∫ 𝐶𝑖𝑑𝑉

𝑉𝑒

𝑉𝑆
⁄ )⁄         – (5.13) 

The yield (Yi) of the element of interest indicates the ratio of the collected amount between Vs and Ve 

to the total loaded mass: 

𝑌𝑖(%) = (100 ∑ 𝑚𝑖⁄ )× ∫ 𝑐𝑖𝑑𝑉
𝑉𝑒

𝑉𝑠
                                       – (5.14) 

where ∑mi represents the loaded, and mi the collected masses of the study element i (with mi determined 

from the concentration of the effluent at the column outlet), and ci,load is the concentration of i in the 

loading solution. Vs and Ve mark the start and end of the collected effluent fraction and in this case, Vs 

= 210 mL and Ve = 410 mL. The selection of the collected effluent fraction determines the separation 

efficiency, with a smaller collection volume associated with higher ER, but lower yield and vice versa. 

The results from Equation 5.13 and 5.14 as well as the total recovery for each element are presented in 

Table 5.4. The results from the extraction chromatography test indicate that Sn(IV), Y(III), Gd(III) and 

Eu(III) can be separated from major impurities including the other trivalent cations. Sn(IV) and La(III) 

can also be selectively recovered with small amounts of In(III).  

Although high, the elimination ratios are smaller than anticipated given the large differences 

between the separation factors of the impurities and La(III) (Figure 5.5F), especially for the separation 

of La(III) and Ca(II). The chromatogram shows asymmetric peaks with long tails due to the strong 

affinity of these elements for the SIR, which has a negative effect on the elimination ratio. Reducing 

the diameter of the SIR particles or increasing the volume of the 0.75 M HNO3 eluent would increase 

the ER at the expense of the yield. Nonetheless, the 2.5 M effluent collected contains 63.2 % REEs, 

with La(III) and Sn(IV) accounting for 56.5 and 24.8 wt.% respectively. The composition of the 5.0 M 

effluent is 84.6 wt.% REEs with 12.6 wt% Sn(IV). Due to incomplete elution of Y(III), Gd(III) and 

Eu(III) (Table 5.4), the resin was reconditioned by shaking the SIR in 5.0 M HNO3.  
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Table 5.4. Elimination ratios with respect to La(III), yield and total recovery of the study elements in 

extraction chromatography test. 

 Elimination 

Ratio 

Yield from 

2.5M eluent (%) 

Total recovery 

(%) 

Y(III) 43.2 2.4 81.4 

La(III) - 66.3 100.0 

Eu(III) 18.9 5.9 91.5 

Gd(III) 22.9 4.7 89.3 

Zn(II) >1000 0.0 100.0 

Ca(II) 39.1 2.9 100.0 

Mn(II) 135.9 1.5 100.0 

Fe(III) 4.1 4.8 100.0 

Al(III) 148.5 2.0 100.0 

Sn(IV) 1.31 44.4 94 

In(III) 1.312 6.8 95.9 

 

Whilst it is acknowledged that recycling all elements may not currently be economically 

feasible due to a combination of high availability and low prices, the recovery of valuable and critical 

metals from secondary sources is a key strategy for the sustainable growth of the European Union. We 

have shown that extraction chromatography using DODGAA-IL impregnated resin can selectively 

recover REEs, In(III) and Sn(IV) from solutions containing large concentrations of impurities. The 

extraction chromatogram shows excellent separation of REEs with all impurities. The lack of 

complexing agent such as EDTA in the eluent allows for easier downstream processing as the REEs 

can simply be precipitated as oxalate salts and converted to oxides.  

 

5.3.4 Regeneration and Reuse of the SIRs resin 

The main drawback associated with SIRs is the leakage of the extractant into the aqueous phase 

during use. This is important both from an environmental and economic perspective as the cost of SIRs 

is moderately high and the extractants used are often toxic. Therefore, the objective of this section is to 

quantify the loss of extractant and the adsorption efficiency over multiple adsorption-desorption cycles. 

The loss of extractant and IL cation as well as the maximum adsorption capacity during five cycles are 

reported in Figure 5.9(A-C). The extractant loss for all three SIRs follows the same pattern: a sharp 

initial loss followed by a plateau where no large subsequent losses occur. All three SIRs initially lose 

approximately 20 wt.% of their extractant, which was probably loosely sorbed on the surface or macro-

pores of the resin, before stabilising. A small gradual amount of [C4mim]+ is lost during each 

adsorption/desorption cycle. [C4mim]+ loss may be due to desorption with use or to its release during 
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metal extraction to maintain charge compensation. In comparison with the DODGAA extractant, lesser 

quantities of IL leach out the DODGAA-IL SIR, even after five cycles. This is because of the increased 

affinity of the IL for the mildly polar polymeric substrate compared to DODGAA as the polarity of the 

IL is greater than that of DODGAA.  

The adsorption of Y(III) appears to be decoupled from the SIR extractant loading. The 

adsorption of Y(III) on all three resins gradually decreases for all three SIRs. It does not however display 

a sharp fall in adsorption efficiency that would be expected if its maximum adsorption capacity was 

directly linked to the amount of extractant present in the resin. This reaffirms the statement made in the 

previous section that only a fraction of the extractant present in the resin is responsible for chemical 

bonding. After five cycles the adsorption capacity for all tested resins was still greater than 93% of the 

original adsorption capacity. The progressive decrease in adsorption capacity for all three resins is most 

likely due to tightly bound Y(III) cations which did not elute during the stripping stage. This could be 

problematic over the long term as this will cause the resin to slowly saturate as the adsorption sites 

available reduce.  

 

 

 Figure 5.9. Extractant and IL loading, and Y(III) adsorption capacity as a function of times recycles 

for a) DEHPA, b) DODGAA and c) DODGAA-IL containing SIRs. 
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5.4 Summary 

Many thin films used in electronic devices including fluorescent tube phosphors and 

optoelectronic conducting layers contain elements such as the lanthanides and indium that are regarded 

as critical materials that should be recovered for re-use and recycle. Three resins impregnated with (i) 

DEHPA, (ii) DODGAA and (iii) DODGAA and the ionic liquid [C4mim][Tf2N] are used to assess the 

potential of extraction chromatography in the recovery and separation of  rare earth elements, and of 

indium and tin from dilute solutions that model those obtained from treatment of thin films containing 

these critical  elements. Resin characterisation studies using Y(III) solutions show that the best 

adsorption occurs on all three solvent impregnated resins (SIR) at pH 1.5 and that the maximum 

adsorption capacity is highest for the DODGAA-[C4mim][Tf2N] resin in which the ionic liquid plays a 

role in the adsorption in addition to the DODGAA extractant. The recovery and separation of adsorbed 

metal species from DODGAA-[C4mim][Tf2N] SIR resin chromatographic columns saturated with 

In(III), Sn(IV), Zn(II), Mn(II), Fe(III), Ca(II), Al(III) and trivalent lanthanide ions is achieved by elution 

with nitric acid solutions of increasing concentration. Divalent cations and Al(III) are completely eluted 

from the column with 0.1M HNO3 retaining the target elements on the column. Effective separation of 

In(III) from Sn(IV) from the column is then achieved by elution with a 2.5 M nitric acid solutions prior 

to recovery of Sn(IV) in stronger acid solutions. For the rare earth elements on the DODGAA-

[C4mim][Tf2N] SIR column, further separation of La(III) from the other rare earth ions  is achieved by 

elution with 2.5 M HNO3, retaining the other remaining  lanthanide ions on the column to be eluted in 

5 M acid. All three SIR columns DEHPA, DODGAA and DODGAA-[C4mim][Tf2N] can be reused 

over a series of five cycles of loading with (III) stripping and rinsing, an important property in reducing 

reagent costs and improving the economics of using these SIRs in the recovery of critical metals from 

the dilute solutions obtained by leaching thin film electronic wastes.  
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Chapter 6: Recovery of Rare Earth Elements from 

Waste Phosphor using Ionic Liquids 

6.1 Introduction 

The lanthanides and Y and Sc have distinct metallurgical, chemical, catalytic, electrical, 

magnetic and optical properties that make them key components in permanent magnets, rechargeable 

NiMH batteries, fibre optics, LEDs, catalysts and phosphors. Alternatives are limited and demand for 

these metals is projected to increase at a rate of 3.7-8.6% per year spurred on by the continued 

consumption of rare earth-containing magnets, metal alloys, phosphor and ceramics to name a few 

(Alonso et al., 2012). Rare earth elements (REEs) are considered to be critical elements for the future 

development of key technologies in the EU and subject to a high supply risk (European Commission, 

2010). Despite recent price stabilisation, this is exemplified by the substantial increase of most of REEs 

prices in 2011 due to the implementation during the previous year in China of a REEs export quota 

policy. Price volatility is further exacerbated by the so-called Balance Problem, i.e. the balance (or lack 

of) between the market demand of REEs and their natural occurrence in ores (Falconnet, 1985). 

 

 

Figure 6.1. Yearly averaged price evolution from 2003-2012 (U.S. Geological Survey, 2013) and 2015 

(Mineralprices, 2015) of the major rare earth oxides present in waste fluorescent lamp phosphor and 

global production of fluorescent lamp phosphor from 2003-2011 (Tan et al., 2015) 

 

Waste Electrical and Electronic Equipment (WEEE) is the fastest growing global waste stream 

and EU production is expected to rise to 12.3 M tonnes by 2020 (Dodson et al., 2012). WEEE currently 

represents a large financial and environmental burden to the EU with reported annual costs of 900 
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million Euros for the treatment of 2.2 M tonnes of WEEE (Reuter et al., 2013). However, WEEE also 

represents a potential source of RE elements, although recovery rates of RE from WEEE are currently 

only about 1% (Graedel et al., 2011). Recovery of REEs using hydrometallurgical processes has been 

reported from computer monitors, spent optical glass and spent NiMH batteries (Resende and Morais, 

2010; Jiang et al., 2005; Bertuol et al., 2009; Rodrigues and Mansur, 2010). 

Phosphor powders used in fluorescent lamps are chemically complex with some compositional 

variation between manufacturers, but typically consist of a calcium halophosphate matrix doped with 

RE elements (La, Ce, Eu, Gd, Tb and Y). They also contain Al, Si, P, Ca and Ba at relatively high 

concentrations with Sr, Mg, Mn, Sb, Cl, F, Hg, Pb and Cd present at trace levels (Hirajima et al., 2005a). 

In 2011 alone, China produced 7.024 billion units of fluorescent lamp units and 8,000 tonnes of lighting 

phosphor (Figure 6.1) with an additional planned production capacity increase of 5,000 tonnes within 

the next five year period (Tan et al., 2015). Appearance of used fluorescent lamps in the solid waste 

stream is to be expected in the upcoming years. Binnemans et al. (2013) estimate that waste fluorescent 

lamp will contain up to 25,000 tonnes of REEs by 2020 making waste phosphor a intersting secondary 

source of REEs. 

Spent fluorescent lamps are classified as hazardous waste. As such, in the EU they are segregated 

at source and possess a well defined collection and treatment chain in contrast to the recycling from 

other waste REEs sources. Processing typically involves separating the Al end caps from the glass and 

phosphor powder, with Hg recovered using thermal desorption and distillation (Jang et al., 2005). In 

the last chapter a polymeric resin impregnated with 50-50 wt. % DODGAA-ionic liquid [C4mim][Tf2N] 

was successfully used as the stationary phase in extraction chromatography to separate the REEs from 

major impurities encountered in WEEE as well as La(III) from other REEs in just one pass. In Chapter 

5, a novel process for the separation of light (La to Gd) from heavy (Tb to Lu including Y) RE oxides 

based in the change in the dissolution rates along the chemical series in the task-specific IL [Hbet][Tf2N] 

was proposed. In this chapter, the findings in Chapter 4 and 5 are applied in an attempt to develop an 

efficient process for the recovery of all REE from waste phosphor powders using an ionic liquid 

methodology, with the overall potential process flowsheet showin in Figure 6.2. 
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Figure 6.2. Process flowsheet for the recovery of all REE from waste phosphor powders using an ionic 

liquid methodology 

 

6.2 Experimental Methods 

The compositional analysis of the sieved phosphor shown in Table 6.1 was obtained by lithium 

borate fusion. The rest of the feedstock characterisation is presented in Section 3.2.2 of Chapter 3. All 

reported percentage are based on the total metal values presented in Table 6.1. 

 

Table 6.1. Quantitative chemical analysis of the phosphor powder used in this Chapter 

Element 
Concentration 

(mg.g-1) 
RSD (%) Element 

Concentration 

(mg.g-1) 
RSD (%) 

Y 110.9 9.0 Mn 6.2 14.1 

Eu 10 12.51 Fe 4.6 14.2 

Gd 4.8 13.9 Sr 4.4 13 

Tb 4.8 9.5 K 4.2 12.6 

Ce 9.8 8.3 Mg 2.0 16.3 

La 15.8 9.1 Pb 0.6 13 

Ca 170.2 14.7 Zn 0.4 16.7 
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Na 23.4 18.4 Ni 0.3 21.7 

Ba 25.1 13.9 Cu 0.3 26.7 

Al 20.5 10.0    

 

6.2.1 Optimisation of the leaching process for RE extraction 

Phosphor samples were initially washed in 0.5 M HCl for 1 hour at room temperature in order 

to remove soluble Ca and Ba compounds. Relatively small amounts of REEs are leached out under 

these conditions, as shown in Table 3.3. Initial solubility tests using 1 M HNO3, H2SO4 and HCl indicate 

that although using H2SO4 minimizes the uptake of Ca in the leachate, it is unable to solubilise La, Ce 

or Tb. For this reason, HNO3 was selected as the leachant. The leaching process using HNO3 was 

optimised with respect to temperature, time, leachant concentration and solid: liquid ratio. The leach 

conditions were systematically varied as follows: leach acid strength (1-6 M HNO3); leaching 

temperature (20-180 oC); solid: liquid ratio (1:20-1:5) and leach time (10-1440 min). Unless otherwise 

stated, standard leaching conditions were 2 M HNO3, 60 oC, 350 rpm, 2 hrs and 1:10 solid:liquid ratio. 

Solutions were filtered through a 0.22 µm cellulose nitrate filter prior to analysis by ICP-OES.  

 

6.2.2 Extraction chromatography separation 

Separation tests were carried out using an ion-exchange column with an inner diameter of 15 

mm and height of 260 mm packed with DODGAA-IL impregnated resin. Prior to separation, the 

DODGAA-IL SIR was loaded by passing the optimised leachate solution diluted 33× at pH 1.0 through 

the column at a flow rate of 1.5 mL.min-1. Separation occurred by passing HNO3 solutions of gradually 

increasing molarity (0.1 M to 5.0 M) at a flow rate of 1.5 mL.min-1. The effluent at the column outlet 

during both adsorption and desorption was collected in 5 mL portions and analysed by ICP-OES for 

metal content. 

 

6.2.3 Separation of REs Oxides from Phosphor Wastes 

RE oxides are the commonly obtained end-product from the recovery of REEs from wastes. 

[Hbet][Tf2N] was investigated as a medium for the separation of light from heavy REEs recovered from 

waste phosphor and as a preliminary selective solubiliisation step prior to further separation steps. The 

1.0 and 5.0 M HNO3 eluent from the extraction chromatography separation were collected, and the pH 

controlled to 1 using 5 M NaOH before the addition of stoichiometric amounts of oxalic acid (based on 

the RE content). The oxide product was obtained by heating the oxalate precipitate to 600 °C for 1 hour, 

as indicated by TGA analysis, Figure C1 in Appendix C, followed by washing with deionized water to 
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remove soluble Na and Ca compounds. The following RE oxide mixture containing La2O3 (11.87 

wt.%), CeO2 (8.47 wt.%), Eu2O3 (4.53 wt.%), Gd2O3 (2.13 wt.%), Tb3O4 (3.38 wt.%) and Y2O3 (69.62 

wt.%) that was used in the RE recovery studies using [Hbet][Tf2N]-H2O. Using a similar procedure to 

that described in section 4.2.4 (Chapter 4), the separation of LRE oxides from HRE oxides, as a function 

of time, from the RE oxide mixtures obtained from the waste phosphors was investigated by treating 

60 mg of the powders with 2 g of a 1:1 [Hbet][Tf2N]-H2O at 57 oC with mixing at 500 rpm for pre-

determined times between 0.25 – 15 min.  

 

6.3 Results and Discussion 

6.3.1 Leaching optimisation 

Table 3.3 shows the weight percent of elements present in the waste phosphor leached in the 

HCl pre-wash stage, a pre-treatment step that significantly improves the efficiency of the subsequent 

leaching processes for the recovery of RE elements. Ba and significant quantities of Ca, Sr, Mn and Fe 

impurities are removed during the HCl pre-wash which facilitates downstream purification processes. 

The average weight loss of the phosphor from the pre-wash was 41.5%, with an RSD of 4.8%.  

The results of varying the leaching conditions in terms of acid concentration, temperature, solid: 

liquid ratio and leaching time are shown in Figures 6.3a, 6.3b, 6.3c and 6.3d respectively. The solubility 

of the RE elements present in the phosphor decrease in the order Y=Eu>Gd>Tb>Ce>La. The more 

soluble Y and Eu are present as oxide salts. Oxide salts of the lanthanides (Ln) are readily soluble in 

acidic solution per Equation 6.1. In comparison, the solubility of RE phosphates, which exist as complex 

crystals, is low in neutral and acidic aqueous solutions (Equation 6.2). The solubility products (Ksp) for 

LaPO4 and CePO4 are 4.0×10−23 and 1.6×10−23 respectively (Huang, 2010). 

Ln2O3 + 6H+ → 2Ln3+ + 3H2O                                                                                                      – (6.1) 

Ln(PO4) + 3H+ → Ln3+ + 3H3PO4                                                                                                 – (6.2) 

Figure 6.3 indicates that the quantity of all elements leached increases with leaching time and 

decreases with increasing solid: liquid ratio. As the pre-treatment HCl wash removed a large fraction 

of the major impurities present in waste phosphor, the leaching parameters appear to have very little 

effect on the co-leaching of impurities such as Ca, Ba and Al. They do however exert a significant 

influence on the amount of REEs dissolved, most notably for the RE phosphates. Figure 6.3b shows the 

effect of temperature on the solubility of RE oxides and phosphates. It can be observed that of the RE 

oxides (Y and Eu) are almost entirely leached at 60 oC with only marginal improvements at higher 

temperature. In contrast, higher temperatures are required to overcome the low solubility of RE 

phosphates. Increasing the temperature to 180 oC results in the leaching of almost 82%, 69%, 61% and 
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30% of Gd, La, Tb and Ce respectively present in the phosphor. Temperature is also an important factor 

influencing the leaching of impurity elements: the percentage of Al leached increases from 14.7% at 

100 oC to 61.8% at 180 oC due to (i) the increased solubility of nitrate salt with temperature and (ii) the 

additional energy required to overcome the strong Al–O covalent bonds of Al2O3. All elements present 

in the waste phosphor exhibit the same trend with variation in HNO3 concentration, with higher leachant 

concentration resulting in greater leaching efficiency. However, variation of HNO3 concentration is not 

nearly as influential a leaching parameter as temperature for the recovery of the rare-earth phosphate. 

 

 

Figure 6.3. Leaching efficiency of Y, Eu, Tb, Gd, La, Ce Ca, Al, and Ba as a function of a) HNO3 

concentration, b) temperature, c) solid:liquid ratio and d) time. 

 

From these results the optimum conditions for leaching all the REEs involved using 5 M HNO3 

at a solid: liquid ratio of 1:10 at 160 oC for 24 hours. The percentage of elements present in the 

phosphors leached under these conditions is given in Table 6.2. The percentage of the total leached for 

certain elements is slightly over 100% due to the heterogeneous nature of the phosphor which may 

cause errors between each repeated test. Under these optimised conditions, extraction of Ca, Mn, Fe 

and Ba is limited with these elements concentrated in the HCl pre-treatment solution. Figure 6.4(2) 

shows the residual crystalline phases present in the residues from the optimised leach. The most obvious 
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change is the disappearance of the prominent peaks from (Y0.95Eu0.05)2O3 and Ca5(PO4)3F. The residual 

XRD spectrum indicates the continued presence of cerium phosphate (CePO4) as well as remaining Al 

and Ba in the form of aluminium oxide (Al2O3) and barium magnesium aluminium oxide 

(Ba0.95Mg0.91Al10.08O17). 

 

Table 6.2. The percentage leached of elements present in the acid treated phosphor powder at the 

optimised HNO3 leaching conditions and the total leached between the dilute HCl pre-treatment and the 

HNO3 leaching 

Element 
Wt.% 

leached 
RSD (%) 

Total 

leached 

(%) 

Element 
Wt.% 

leached 
RSD (%) 

Total 

leached 

(%) 

Y 96.6 1.2 >100 Mn 11.3 6.7 97 

Eu 78.3 3.5 81.8 Fe 18.5 6.9 93.5 

Gd 77.4 3.9 78.9 Sr 41.1 5.7 >100 

Tb 99.8 19.3 >100 B 95.8 15.7 >100 

Ce 98.9 23.4 99.3 K 61.6 28.8 74.1 

La 99.3 28.4 >100 Mg 73.9 9.4 >100 

Ca 20.4 5.7 >100 Zn 40.3 3.7 >100 

Ba 16.7 3.0 98.9 Ni 52.3 5.1 83.9 

Al 83.3 4.5 90.8 Cu 20.5 22.9 64.6 

Na 72.2 8.3 80.7     

 

 

Figure 6.4. XRD analysis of the (1) as-received waste phosphor and (2) leach residue after optimised 

HNO3 leach with the main crystalline phases identified 
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6.3.2 Extraction chromatography separation 

Typical adsorption behaviour of metal cations present in the optimised leach solution adjusted 

to pH 1 onto DODGAA-[C4mim][Tf2N] SIRs packed column is presented in Figure 6.5. Based on their 

breakthrough volume,  the relative behaviour of the studied cations with the column can be classified 

into three groups: (1) those that exhibit no or little affinity towards the column, which includes Al, B, 

K, Na, Mg, Fe, Mn, Ni, and Zn, (2) those exhibiting medium to strong affinity towards the column, 

namely the alkaline earth cations (Sr, Ba, Ca), the LREEs (La and Ce) and finally Pb, and (3) those 

exhibiting a strong affinity towards the column - the heavier REEs Eu, Gd, Tb, and Y. 

 

 

Figure 6.5. Adsorption isotherms for the elements present in the optimised leach solution onto 

DODGAA-IL SIR loaded extraction column 

 

Separation of the adsorbed metal cations occurred by passing HNO3 solutions of gradually 

increasing molarity (0.1 M to 5.0 M) through the column at a flow rate of 1.5 mL.min-1. The obtained 

chromatogram presented in Figure 6.6 is displayed in terms of normalised concentration of the study 

elements at the column outlet in order to better reflect the column behaviour. For clarity, only major 

elements present in the leach solution are shown. A complete chromatogram of all elements can be 

found in the Figure C2 of Appendix C. 
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Figure 6.6. Chromatogram with gradient elution of loaded DODGAA-IL with waste phosphor leach 

solution as stationary phase. 

 

From the adsorption behaviour of each individual element onto the SIR, the degree of separation 

of the REEs from other major impurities present can be estimated. It is likely that trace amount of Pb, 

Ba, Sr and Ca will be co-extracted along with the REEs, highlighting the importance of the HCl pre-

wash stage in order to keep the concentration of these impurities low in the leach solution. Liquid-liquid 

extraction studies (Shimojo et al., 2013) demonstrated the ability of DODGAA to extract and separate 

Pb at midly acidic conditions from multiple divalent metal ions (Shimojo et al., 2013), therefore its 

potential elution with the REEs is to be expected. The similarity in breakthrough volumes between the 

LREEs and the alkaline earth cations can be justified based on the affinity of DODGAA for Ca(II) as 

well as the identical metal:ligand complex formation upon saturation of the resin (cf. Figure 5.7). The 

extracted complex now only contains a 1:1 DODGAA:metal cation. Formation of weaker coordination 

complexes could explain the observed change in adsorption and desorption behaviour. This change is 

most likely due to the high ionic strength of the solution as well as complete saturation of the resin, 

forcing a spatial re-orientation of the adsorption complexes. 

As anticipated, eluent solutions in the range 0.10 to 0.75 M (Figure 6.6) desorbs the majority 

of Al(III), B(III), K(I), Na(I), Mg(II), Fe(III), Mn(II), Ni(II), and Zn(II). Partial desorption of the 

LREEs, Pb(II) and the alkaline earth occur using 1.0 M HNO3 eluent whilst all the REEs, the alkaline 

earth cation and Pb(II) are fully desorbed by the 5.0 M HNO3 eluent and the column regenerated. After 

oxalate precipitation and calcinations at 600 oC, the composition of the 1.0 M and 5.0 M eluent is given 
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in Table 6.3. The washed product recovered from the 1.0 M and 5.0 M HNO3 eluent is composed of 

90.0 wt.% and 99.8 wt.% RE oxides respectively. At 83.0 wt.%, Y(III) constitutes the large majority of 

the product recovered 5.0 M HNO3 eluent. The total recovery yield for the elements of interest is equal 

to or greater than 70 wt.% even for the REEs present at initially lower concentrations than Y(III) such 

as the economically valuable Eu(III) and Tb(III). The XRD diffractogram of the calcined precipitate 

recovered from the 1.0 M and 5.0 M HNO3 eluent is presented in Figure 6.7. Peaks associated with 

yttrium, europium and lanthanum oxide can be observed with apparent impurities recorded in the 

crystalline phase. Small peaks corresponding with lanthanum hydroxide are apparent due to the 

incomplete calcination of the recovered product. These results are unique as few reported studies have 

focused on the leaching and recovery of REEs present in waste phosphor, often only reporting results 

for the REEs presents as oxides (Y and Eu). 

 

Table 6.3. Final elemental composition of the 1 M and 5 M effluent along with the total recovery yield 

for each individual element 

  

1.0 M Effluent 

Composition 

(mg.g-1) 

5.0 M effluent 

composition 

(mg.g-1) 

Total Recovered 

(mg.g-1) 

Total Recovery 

Yield (%) 

Y 10.03 86.91 96.94 87.41 

La 8.51 3.00 11.51 72.85 

Ce 6.48 1.76 8.24 83.72 

Eu 0.32 6.73 7.05 70.30 

Tb 1.95 2.81 4.76 99.14 

Gd 0.20 3.48 3.68 76.56 

Ca 0.80 0.00 0.80 0.47 

Al 0.00 0.00 0.00 0.00 

Ba 1.25 0.00 1.25 6.22 

Fe 0.00 0.01 0.01 0.23 

Mn 0.00 0.00 0.00 0.00 

Ni 0.00 0.01 0.01 3.21 

Zn 0.04 0.03 0.07 17.48 

Pb 0.09 0.04 0.13 21.05 

Sr 0.57 0.00 0.57 12.90 
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Figure 6.7. XRD analysis of the recovered oxide product after extraction chromatography purification 

with the main crystalline phases identified 

 

6.3.3 Separation of RE Oxides from the Final Recovered Oxide Product 

using [Hbet][Tf2N] 

[Hbet][Tf2N] was investigated as additional separation step for the separation of light and heavy 

REO present in the recovered calcined 1 and 5 M effluent product. The following RE oxide mixture 

containing La2O3 (11.87 wt.%), CeO2 (8.47 wt.%), Eu2O3 (4.53 wt.%), Gd2O3 (2.13 wt.%), Tb3O4 (3.38 

wt.%) and Y2O3 (69.62 wt.%) that was used in the RE recovery studies using [Hbet][Tf2N]:H2O. The 

separation of LRE oxides from HRE oxides, as a function of time, from the RE oxide mixtures obtained 

from the waste phosphors was investigated by treating 60 mg of the powders with 2 g of a 1:1 

[Hbet][Tf2N]:H2O at 57 oC with mixing at 500 rpm for pre-determined times between 0.25 – 15 min. 

The results on the separation of RE oxides from the waste phosphor are time-dependent as shown in 

Figure 6.8 and Table 6.4.  

As anticipated based on the decreasing dissolution rate in [Hbet][Tf2N]:H2O with increasing 

molecular weight along the lanthanide series (Figure 4.1), the LREOs (La2O3 and Eu2O3) dissolve faster 

than the HREOs and represent the majority of the IL rare-earth content during the early stages of 

dissolution. However, due to the large concentration of Y2O3 compared to the other REOs present  in 

waste phosphor, Y2O3 represents the majority of the IL rare-earth composition after 4 min, reducing the 

percentage of La2O3 and Eu2O3 in the IL. 
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Figure 6.8. Rare earth composition of 1:1 [Hbet][Tf2N]-H2O as a function of phosphor:solvent contact 

time from RE oxide mixtures obtained from waste phosphors 

 

Table 6.4. Separation of La and Eu from Y, Gd and Tb from RE oxide mixtures obtained from waste 

phosphors using 1:1 [Hbet][Tf2N]:H2O at 57oC for various phosphor:solvent contact times 

Phosphor:solvent 

contact time (mn) 

Percentage (%) RE dissolved 

La2O3 CeO2 Eu2O3 Gd2O3 Tb3O4 Y2O3 

0.25 89 0.0 62 10 0.6 2 

0.5 100 0.0 86 21 0.9 5 

1 100 0.0 100 35 1.3 7 

2.5 100 0.0 100 63 1.7 13 

5 100 0.0 100 74 3.5 17 

10 100 0.0 100 89 5.8 21 

15 100 0.0 100 98 9.2 26 

 

As an example of the use of [Hbet][Tf2N]:H2O solvents in separating light from heavy rare 

earth oxides, separations carried out using mixed oxides powder containing La2O3, CeO2, Eu2O3, Gd2O3, 

Tb3O4 and Y2O3 recovered from waste phosphor showed (Table 6.4 and Figure 6.8) that the light and 

heavy REEs can be separated using short dissolution times from these complex oxide systems even in 

the presence of high HRE oxide concentrations. The data in Table 6.4 shows that with contact times of 

1 min, 100% of the La and Eu oxides are completely dissolved in 1:1 [Hbet][Tf2N]:H2O at 57 oC leaving 

greater than 93% of Y and Tb oxides in the undissolved solid fraction. Increasing the contact times, 
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however, because of the large amounts of Y present in the phosphors does result in larger quantities of 

Y being dissolved in the solvent reducing the effectiveness of the separation of the light from heavy 

rare earth oxides. Figure 6.8 and Table 6.4 confirm the potential of [Hbet][Tf2N]:H2O as a preliminary 

separation step prior to further intra-lanthanide separation processes. 

 

6.4 Summary 

In this chapter, the recovery of all REEs present in actual waste fluorescent tube phosphor 

powders by a simple and efficient process is demonstrated. A HCl pre-treatment wash of the phosphor 

significantly improves the efficiency of the subsequent nitric acid leaching processes for the recovery 

of RE elements. Ba and significant quantities of Ca, Sr, Mn and Fe impurities are removed during the 

HCl pre-wash which facilitates downstream purification processes. Under optimised leaching 

conditions of 5 M HNO3 at a solid: liquid ratio of 1:10 at 160 oC for 24 hours, almost quantitative 

recovery of Y, La, Ce and Tb and over 75 wt% recovery of Eu and Gd were achieved was limited co-

leaching of the major impurities present. Separation using and extraction chromatography column 

loaded with DODGAA-IL SIR results in a product recovered from the 1.0 M and 5.0 M HNO3 eluent 

composed of 90.0 wt.% and 99.8 wt.% RE oxides respectively. Finally, [Hbet][Tf2N]:H2O was 

confirmed as a potential preliminary separation step for the separation of light from heavy rare earth 

oxides. At contact times of 1 min, 100% of the La and Eu oxides are completely dissolved in 1:1 

[Hbet][Tf2N]:H2O at 57 oC leaving greater than 93% of Y and Tb oxides in the undissolved solid 

fraction.
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Chapter 7: Ab-initio investigation of lanthanide 

extraction by an acidic dyglicolamide extractant diluted 

in [C4mim][Tf2N] 

7.1 Introduction 

Conventional REE processing follows a hydrometallurgical method that involves dissolution 

of the RE-containing matrix, be it minerals or waste materials, in concentrated alkalis or acids followed 

by recovery and separation of the REEs from other metal impurities. Liquid-liquid extraction (or solvent 

extraction) is the favored option for REE separation and involves the preferential two-phase distribution 

of a solute between mutually immiscible liquid phases usually consisting of an aqueous acidic solution 

and an aliphatic organic solvent. Extraction of REEs from the aqueous phase is enabled by a ligand 

dissolved within the organic phase, allowing for the formation of hydrophobic REE3+ - ligand 

complexes and their migration to the organic phase (Fray, 2000; Rydberg et al., 2004). 

Diglycolamide (DGA) ligands (Figure 7.1a) display a high affinity for trivalent metal ions and 

are proven efficient complexing agents for liquid-liquid extraction of REEs (Seraj et al., 2012). 

Diglycolamide ligands possess several advantages over conventional organophosphorous extractants, 

namely simple synthesis, mild stripping requirements, and a chemical composition consisting of fully 

incinerable elements (no P or S) (Kannan et al., 2008). Sasaki et al. (2001) synthesized a series of DGAs 

and found that lanthanide and actinide extraction into n-dodecane was a function of the length of the 

alkyl chain attached to the amidic nitrogen atoms. An advantage of DGA extractants is the ability to 

tune the hydrophilic and lipophilic character through altering the amide alkyl chain length and 

substituents. N,N,N,N-tetraoctyl diglycolamide (TODGA, Figure 7.1b) was identified as the most 

promising DGA ligand due to its high extraction of lanthanides (and actinides) and insolubility in 

aqueous medium. As such, TODGA is the most widely researched DGA and its extraction behaviour 

has been thoroughly experimentally (Tachimori et al., 2003; Zhu et al., 2004; Ansari et al., 2006; Jensen 

et al., 2007; Sasaki et al., 2007a; Pathak et al., 2009; Reilly et al., 2012) and computationally (Hirata et 

al., 2003; Sasaki et al., 2007a; Gong et al., 2013a; Gong et al., 2013b; Wang et al., 2014; Singa Deb et 

al., 2015) characterised.  

Multiple studies have reported enhanced extraction efficiency and selectivity for REEs upon 

substitution of conventional organic diluents by hydrophobic ionic liquids (ILs), a solvent composed 

exclusively of cations and anions with a melting point generally below 100 oC (Nakashima et al., 2004; 

Shimojo et al., 2008). Typical hydrophobic ILs include either those containing fluorinated anions like 

bis(trifluoromethanesulfonyl) imide ([NTf2]–) or hexafluorophosphate ([PF6]–) in conjunction with 
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imidazolium, pyridinium, pyrrolidinium, and piperidinium cations, or cations containing long alkyl 

chains or a combination of both. In addition to enhancing the extraction efficiency of ligands during 

liquid-liquid extraction, ILs possess unique physico-chemical properties that make them 

environmentally friendly alternatives to conventional organic diluent such as dodecane. ILs are (in most 

cases) non-volatile and non-flammable, moreover they are tunable through modification of the anion or 

the cation, or both, principally via modification of length/functionalisation of the alkyl chain 

(Huddleston et al., 2001; Sun et al., 2012). 

Metal extraction with solvating (or neutral) extractants, such as TODGA, in ILs proceeds via a 

cation-exchange mechanism in which the IL’s cation is released to the aqueous phase to compensate 

for the incoming charge of the metal cation (Dietz & Dzielawa, 2001; Dietz & Stepinski, 2005; 

Nakashima et al., 2004; Shimojo et al., 2008). Although the cation can be recovered by ‘salting out’, 

this adds an extra step to the recovery process and diminishes the economic viability of the process. 

The toxicity of low concentrations of the cation in waste water must also be considered. N, N-

dioctyldiglycol amic acid (DODGAA, Figure 7.1c) is a recently developed extractant similar to 

TODGA but with substitution of one of the amide groups by a carboxylic acid. Much like TODGA, 

DODGAA exhibits a high affinity for rare earth metal ions in liquid–liquid extraction and displays 

enhanced extraction efficiency when dissolved in hydrophobic ILs (Yang et al., 2012; Yang et al., 2013; 

Shimijo et al., 2014). However, unlike TODGA, DODGAA is an acidic extractant, and coordinates with 

metal cations by deprotonation of the carboxylic acid group to form charge neutral metal:extractant 

complexes. The formation of a metal:extractant charge neutral complex and release of the proton 

prevents the loss of the IL cation into the aqueous phase during extraction. DODGAA therefore benefits 

from the enhanced extraction efficiency usually reported with IL as the hydrophobic phase whilst 

preventing the loss of IL cation. 

In recent years, computational chemistry has become an efficient tool for understanding the 

structure of and interaction of both ionic liquids and lanthanide complexes. Molecular dynamics 

simulations and ab-initio computational simulations successfully investigated the extraction of 

lanthanides (Hirata et al., 2003; Guillaumont, 2004; Sasaki et al., 2007; Wang et al., 2014; Singha Deb, 

2015) and actinides (Gong et al., 2013a; Gong et al., 2013b; Pahan et al., 2015) by DGA ligands. 

However, none of these studies used an acidic DGA extractant like DODGAA or described the 

interactions between the extracted complex and a hydrophobic IL as the diluting phase. In this chapter, 

the extraction of trivalent lanthanum from an aqueous nitrate medium by DODGAA diluted in 1-butyl-

3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C4mim][NTf2]) is investigated by ab-initio 

DFT computational simulations. 
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Figure 7.1. Schematic of diglycolamide ligands discussed and or/used in calculations 

 

The aim of this chapter is to obtain an overall perspective of the extraction process via 

computational means. Thus, La-coordination complexes are examined with and without the phase 

transfer agent within both aqueous and IL phases. This chapter starts with a description of the 

DMOGAA ligand and the preferred binding mechanism with La(III). This is followed by a brief 

overview of the [C4mim][Tf2N] ionic liquid. The information obtained is then used to provide a 

qualitative estimate for the extraction of La3+ from an aqueous nitrate solution to an IL [C4mim][Tf2N] 

solution. 

 

7.2 Experimental Methods 

7.2.1 Computational details 

Lanthanum was selected as the proxy element for the study of lanthanide extraction by 

DODGAA. All trivalent lanthanide ions have very similar chemical behaviour due the shielding of the 

4f electrons, and various trivalent lanthanide complexes of a ligand are generally almost isostructural 

(Djanashvili et al., 2008). As such, the final structures obtained using La(III) are highly transferable to 

the other lanthanides. Moreover, La(III) has coordination properties close to those of some trivalent 
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actinides (Petit et al., 2008), allowing the extension of the obtained conclusions to trivalent actinide-

DODGAA interactions. 

Density Functional Theory (DFT) calculations using Becke’s three-parameter exchange 

functional (Becke, 1988) in combination with the Lee, Yang and Parr correlation functional (Lee et al., 

1988) (B3LYP) have been carried out employing Gaussian 09 (Frisch et al., 2009). The Los Alamos 

(LanL2DZ) effective core potential provided by Hay and Wadt (Hay & Wadt, 1985) and the associated 

double zeta basis set was used for lanthanum. The LanL2DZ basis set uses a scalar relativistic effective 

core potential for the inner electrons and a valence double-zeta basis set for the 11 valence electrons. 

The singlet state was taken as the ground state of La(III). All other elements were computed employing 

a 6-311+G(d,p) basis set. 

Default Gaussian 09 optimisation convergence criteria of 10-7 on the density matrix and 10-5 on 

the energy matrix were used. The numerical integration grid was improved from the default option to a 

pruned (optimized) grid of 99 radial shells and 590 angular points per shell (keyword int=ultrafine). 

Unless otherwise stated, all structures were fully optimized without symmetry constraints and 

confirmed as minima by vibrational analysis. 

This chapter represents an exploratory study, and for each structure, two to three chemically 

reasonable conformers have been constructed and optimised to establish the most probable lowest 

energy structure. Conformers were carefully selected based on (1) previously reported structures 

including crystal structures, (2) those that are close to La(III)’s preferred tricapped trigonal prism (TTP) 

coordination geometry and (3) those that maximise hydrogen bonding and minimise electrostatic 

repulsion within the structure. Details related to each set of structures is provided in the following results 

section. To simplify calculations, N, N-dimethyldiglycol amic acid (DMOGAA, Figure 7.1d) is used as 

a proxy for DODGAA (Figure 7.1c). It is generally accepted that a DGA ligand’s alkyl chains do not 

strongly influence metal-ligand coordination. The alkyl chains are expected to facilitate dissolution at 

the interface of the lipophilic/ionic nanostructured domains within the IL.  Moreover, alkyl chains do 

not have a large effect on the coordination around the La(III) until they become strongly sterically 

demanding (Sasaki et al., 2001). 

Structures present in an aqueous environment were optimized within a generalized solvent 

environment using the C-PCM polarizable conductor model (Barone & Cossi, 1998). In the C-PCM 

model, lanthanum is represented using a scaled van der Waals surface of 1.1 times the Universal force 

field La(III) radius of 1.943 Å (Rappe et al., 1992). Similarly, all structures present in the 

[C4mim][NTf2] phase were optimised directly using the generic ionic liquid adaptation of the quantum 

mechanical continuum solvation model (SMD), Marenich et al., 2009) using the solvent descriptors 

provided by Bernales et al. (2012). The SMD solvation model uses optimized Coulomb radii for H, C, 

N, O, F, S and Cl and a default radius of 2.0 Å for La(III). 
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Optimisation of certain structures had difficulties in converging in the SMD-GIL solvation 

model. Convergence issues are a well-known problem with these methods. It was found that after 40 to 

50 optimisation steps, the structure’s geometry remains ‘stable’ with no significant geometry re-

orientation or shift in bond lengths, the system energy oscillates on average by 6 ± 4 kJ.mol-1. Continued 

“optimisation” leads to no further improvement even for one hundred steps. Frequency analysis of the 

lowest energy ‘stable’ structure resulted in one to two negative frequencies in the range -1 to -85 cm-1 

due to whole cluster oscillation and/or torsional motion of the cluster and/or spinning methyl top. 

Frequency analysis of these same structures in the gas phase yielded no negative frequencies. Structures 

with one negative frequency are indicated by the † sign whilst those structures with two negative 

frequencies are indicated by the ‡ sign. Based on the small changes in energy, no significant change in 

structure and the very low negative frequencies (which disappear in the gas phase), these structures 

were identified as minima. These structures will be identified when used in calculations. A list of the 

species with negative frequencies and their corresponding magnitude are given in Table D1 of Appendix 

D.  

Population analysis of optimized key structures was carried out using the NBO method (version 

5.9) (Reed et al., 1988; Glendening et al., 2001). To ensure that all parameters including polarization, 

diffuse and relativistic effects are taken into account, NBO calculations were carried using the 

Def2QZVP basis set (Weigend & Ahlrichs, 2005) with explicit f-function for La(III), the 6-311+G(d,p) 

basis set for all other elements and addition of the Douglas-Kroll-Hess 2nd order scalar relativistic 

functional (DKH2) (Douglas & Kroll, 1974; Hess, 1985; Hess, 1986).  

 

7.2.2 The necessity to optimise structure directly in a solvation environment 

Previous ab-initio computational studies of lanthanide extraction with nitrate ligands were 

assessed based on limited number of La-[NO3]– configurations and have been carried out in the gas 

phase resulting in an incomplete picture of interaction mechanism (Dobler et al., 2001; Wang et al., 

2014). Solvation effects were subsequently taken into account by performing a single point calculation 

on gas-phased optimized structures placed in an aqueous solvation model. However, preliminary 

calculations on nitrate-water interactions show a significant difference in the nitrate ion - water 

molecule interactions between the gas and C-PCM phase. 

To illustrate this point, [NO3]–•3H2O structures with at least one water molecule interacting 

with each oxygen on the nitrate anion were optimised in the gas phase (Xgp, structure 1a) and in the C-

PCM water environment (Xaq, structure 1b), Figure 7.2. The following discussion will focus on structure 

1a and 1b but it is worth stating that structure 1a is energetically equivalent (1 kJ.mol-1) to the most 

stable [NO3]–•3H2O structure reported in the gas phase, structure 1c (Pathak, 2012). The lowest energy 

for a fully optimised molecule in the gas phase is given by Egp(Xpg). "Instantly" transposing the 
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optimised gas phase structure into the aqueous phase (whilst maintaining the gas phase geometry) yields 

an energy Eaq(Xgp) and a solvation energy Esolv(Xgp)=Eaq(Xgp)-Egp(Xgp), Figure 7.2. However, once in 

the aqueous phase the molecule will relax taking on a new geometry Xaq. The lowest energy for a fully 

optimised molecule in the aqueous phase is given by Eaq(Xaq). "Instantly" transposing this molecule into 

the gas phase indicates a second level of stabilisation due to the aqueous environment, evaluated by a 

single point calculation in the gas phase Egp(Xaq) and a solvation energy Esolv(Xaq)=Egp(Xaq)-Eaq(Xaq). 

 

 

 

Figure 7.2. Optimised structure 1a [NO3•3H2O]–
gp (Xgp), 1b [NO3•3H2O]–

aq (Xaq) and 1c [NO3•3H2O]–

, showing the variation in H2O – [NO3]– interactions between gas and water phase 

 

Comparison of the lowest energy [NO3]–•3H2O structures in the gas phase and water 

environments (1a and 1b) shows significant differences. There is a reduction in [NO3]– H2O H-bond 

interactions in the water phase, as the water molecules are now stabilised by interactions with the 

aqueous environment. The value of Eaq(ΔX), i.e. the energy difference between the two structures 

evaluated in the water environment, is 7 kJ.mol-1 and Gaq(ΔX)=34 kJ.mol-1 (Table 7.1), nevertheless the 

transposed gas phase structure in the aqueous phase exhibits 5 negative frequencies and is not a stable 

conformer. Thus, to better capture potential structural differences between the gas and aqueous phases, 

all the structures reported here were directly optimised in an aqueous solvating environment.  



Nicolas Schaeffer PhD Thesis  Chapter 8 

131 

 

Table 7.1. Energy difference between the final stable configurations 1a and 1a of [NO3•3H2O]– in the 

gas (Xgp) and water phase (Xaq) (where λ=SCF Energy (E), Gibbs free energy (G), Enthalpy (H) or 

Entropy (TS)) 

λ λ solv(Xgp) λ aq(ΔX) λ solv(Xaq) λ gp(ΔX) 

E -198.2 -7.0 214.3 -9.0 

G -187.5 -33.7 228.6 -7.3 

H -214.3 4.9 217.9 -8.5 

TS -26.8 38.6 -10.6 -1.2 

 

7.3 Results and discussion 

7.3.1 The Aqueous phase 

The water coordination around the La was studied by examining structures with 8-10 water 

molecules in the first solvation sphere, [La(H2O)n]3+, n=8-10. The optimised structures of octa- and 

nona-aqua [La(H2O)n]3+ exhibit asymmetric square antiprism and tricapped trigonal prism (TTP) 

coordination geometries respectively, Figure 7.3. The tenfold coordinate aqua La(III) complex displays 

a capped pentagonal planar structure with the remaining four water molecules arranged in in a distorted 

planar configuration below the pentagonal plane. NBO analysis of nine-coordinate La(III) indicates 

that, as expected, the bonding is mostly electrostatic in nature, with a charge of + 2.3 found on the 

lanthanum ion. 

 

 

Figure 7.3. Structure of the octa-, nona-, and deca-aqua La(III) ion 

 

In the liquid phase the local coordination of water around La(III) will not be static. Thus, 

[La(H2O)9]3+ was first optimized (from a starting structure kindly provided by Lutz et al. (2012)) in an 

aqueous C-PCM solvating environment and then to explore the effects of water motion and H-bond 

strength an individual water molecule  located at one of the vertices of the trigonal prism was rotated 

around its axis in a rigid scan (within the C-PCM environment), Figure 7.4. A barrier to rotation of 32 
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kJ.mol-1 is obtained, which is consistent with the breaking and reforming of a H-bond.  It is generally 

accepted that energy barriers of this magnitude are thermodynamically accessible at room temperature, 

and thus a wide range of lanthanum nona-hydrate configurations are available at room temperature. 

 

 

Figure 7.4. Rigid scan of the potential energy surface rotating a water molecule in [La(H2O)9]3+ around 

its axis 

 

La-O bond lengths for [La(H2O)n]3+, n=8-10 are given in Table 7.2. Because these structures 

were optimised under no symmetry constraints they all display slightly distorted geometries 

characterized by varying La-O(H2O) bond distances. Overall, the La-O bond distance does not 

significantly increase as the coordination shell is expanded. However, more subtle variations in 

structure are evident, for example, the six water molecules in the prism of [La(H2O)9]3+ are similar, 

however the capping water exhibit greater variation with one significantly longer La-O bond distance 

compared to the other two. In [La(H2O)10]3+, the average La-O bond distance for the four water 

molecules in the plane is longer than for the five pentagonal water molecules, two of the molecules in 

the pentagonal plane sit slightly further from the La(III) center. Symmetrised conformers were obtained 

by restricting La-O bond distances to the averaged values, these showed a negligible energy difference 

of < 3.0 kJ.mol-1 with respect to lower symmetry structures.  

The octa-, nona-, and deca-, hydrate [La(H2O)n]3+ structures were also optimised in the gas 

phase. The same behaviour in terms of bond length variation is observed as found for the C-PCM phase.  

The La-O bond distances are however ≈0.04 shorter in the gas phase for [La(H2O)8]3+ and [La(H2O)9]3+, 

but they are approximately ≈0.02 longer in the gas phase for [La(H2O)10]3+. This last result was 

unexpected because the high charge on the ions should contract bonds in the gas-phase. The cause of 

the expansion in the average La-O bond length in [La(H2O)10]3+ is due to two water molecules in the 
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pentagonal plane highlighted by red arrows in Figure 7.3. If these two water molecules are excluded, 

the La-O bond length for [La(H2O)10]3+ in the gas phase becomes 2.68 Å and thus close to that in the 

aqueous phase.  

 

Table 7.2. La-O bond distances, r(La-O)av average over all water molecules in a cluster, r(La-O) details 

relate to averages over specific water molecules, or outliers which have longer r(La-O) distances as 

described in the main text. 

 [La(H2O)8]3+ [La(H2O)9]3+ [La(H2O)10]3+ 

Aqueous    

r(La-O)av  all 2.66 2.68 2.68 

r(La-O) details  

prism 2.680 

capping 2.750, 2.629, 

2.633 

square 2.681 

pentagon 2.660 

outliers 2.738, 2.710 

Gas phase    

r(La-O)av  all 2.62 2.65 2.70 

r(La-O) details  
prism 2.650     capping 

2.654, 2.654, 2.655 

square 2.705     

pentagon 2.690 

outliers 2.730, 2.730 

 

The LanL2DZ/6-311+G(d,p) ECP and basis set employed in this chapter constitutes a good 

compromise between accuracy and computational expense. The 6-311+G(d,p) basis set is more 

complete than the 6-31G, and diffuse and polarization functions are necessary to capture the La-O 

interactions. An extended basis set is necessary for modeling intra-water hydrogen bonding and anion 

interactions, particularly for [NO3]–, [DMOGAA]– and [Tf2N]–. 

 

7.3.2 Nitrato-La(III) complexes 

Many liquid-liquid extraction studies of lanthanides occur in nitric acid (Xie et al., 2014). As 

such, the nature of La-nitrate coordination is investigated here. Lanthanum cations possesses a relatively 

dynamic first coordination sphere that allows for the replacement of one or more of the inner-sphere 

water molecules by counter-anion(s), in this case nitrate (Díaz-Moreno et al., 2011; Lutz et al., 2012). 

Experimental results suggest the existence of nitrate-lanthanide ion pair formation (for example, 

[La(H2O)9]+3n[NO3]–) despite weak association constants (Rao & Tian, 2009; Rudolph & Irmer, 2015). 

Raman spectroscopy results show that the number of coordinated nitrate anions is a function of the 

nitrate concentration. Under 2 M HNO3 conditions, [La(NO3)n(H2O)9−n]+3−n (n = 1, 2) are the 
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predominant lanthano-nitrate complexes, but these disappear with increased dilution (Kanno & 

Hiraishi, 1984; Rudolph & Irmer, 2015).  

Nitrate anions can act as bidentate or monodentate ligands. Single crystal XRD (Eriksson et al., 

1980; Kepert et al., 1999), liquid phase luminescence (Rao & Tian, 2009) and EXAFS (Yaita et al., 

1999) experimental results indicate bidentate nitrate-lanthanide coordination while previous 

computational studies have found that nitrate anions coordinate in a monodentate fashion (Beudaert et 

al., 1999; Dobler et al., 2001; Duvail et al., 2010; Duvail & Guilbaud, 2011). Quantum chemical 

calculations have shown that increasing the number of water molecules in the first coordination sphere 

promotes monodentate coordination of the nitrate (Dobler et al., 2001).  

To ascertain the most probable nitrate-lanthanum complexation (i.e. inner vs. outer shell, 

complex formation vs. ion-pair formation, monodentate vs. bidentate), four configurations of 

[La(NO3)2(H2O)9]+ were sampled.  To generate starting structures, the C-PCM optimised [La(H2O)9]3+ 

structure was taken as a starting point. Nitrate anions were added to the periphery of this cluster to form 

an associated ion conformer. To form coordinated nitrate conformers a water molecule in the first 

solvation sphere was replaced by a nitrate oxygen and the extracted water molecule placed in the 2nd 

solvation shell.  For nitrate acting as a monodentate ligand, one water molecule was moved while two 

were displaced in the case of bidentate nitrate coordination. The coordinated nitrate anion was oriented 

such that hydrogen bonding could occur between adjacent water molecules and the non-coordinating 

oxygen of the nitrate ion. The resultant optimised structures are labelled A1, B1, C1 and D1, Figure 7.5.  

 

 

Figure 7.5. Configurations A1, B1, C1 and D1 of [La(NO3)2(H2O)9]+ (ΔE in kJ.mol-1) 
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Conformer A is associated ions; both nitrate ions are in the second solvation shell 

[La(H2O)9]3+•2[NO3]–, conformer B has one nitrate in the first coordination sphere and the second acting 

as a associated anion, [La(H2O)9(NO3)]+2•[NO3]–, conformer C has both nitrate ions acting a bidentate 

ligands and conformer D has both nitrate ions acting as monodentate ligands (in the first coordination 

sphere).  Relative enthalpies (H and G) are reported in Table 7.3 (B3LYP, LanL2DZ / 6-311+G(d,p), 

aqueous C-PCM environment) relative to the lowest energy conformer D2 (to be discussed shortly), E 

and S can be found in the Appendix D, Table D2. 

The optimised configurations were stable, and no nitrate or water molecules moved from the 

coordination shell into the 2nd solvation shell or vice-versa.  Earlier it was established that a coordination 

number of nine is favoured for hydrated La(III). Thus structures B1, C1 and D1 were re-optimized 

restricting the La(III) 1st coordination sphere to 9 (conformer A1 is already 9 coordinate). This was 

achieved through a two-step optimization process, the 2, 4 and 2 water molecules with the longest La-

(O) bond lengths in conformers B1, C1 and D1 respectively were placed into La(III) 2nd solvation shell 

by extending and then fixing the La-(O) distance for these water molecules to 4.5 Å. A preliminary 

restricted optimization was carried out allowing the surrounding water and nitrate molecules to relax. 

In a second step the La-(O) distance constraint was relaxed and a full optimization carried out, this lead 

to the stable nine-coordinate conformers B2, C2 and D2 displayed in Figure 7.6. Relative enthalpies are 

provided in Table 7.3. E and S can be found in the Appendix D, Table D2.  

 

 

Figure 7.6. Configurations B2, C2 and D2 of [La(NO3)2(H2O)9]+ structures for a La(III) coordination 

number of 9 (E in kJ.mol-1) 
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To provide insight into the extent of solvent stabilisation, structures A1 to D1 and A2 to D2 were 

subsequently optimized in the gas phase (starting from the corresponding C-PCM structures) yielding 

the corresponding A3 to D3 and A4 to D4 conformers, relative enthalpies are presented in Table 7.3. E 

and S can be found in Appendix D, Table D2. The reported structural search provides a qualitative 

sample of stable structures, other similar structures with slightly different H-bonding arrangements 

around the La(III) center can be expected. Consistent with EXAFS studies of lanthanide nitrate 

solutions (Yaita et al., 1999), water and nitrate molecules are assigned to the 1st coordination sphere 

based on a La-O bond distance of less than 3.0 Å, molecules with a longer La-O distance are assigned 

to the 2nd solvation shell. 

 

Table 7.3. Enthalpy (H in kJ.mol-1) and Gibbs free energy (G in kJ.mol-1) difference between the 

conformers of [La(H2O)9(NO3)2]+ in the aqueous and gas phase. 

Solvating 

environment 
Configuration 

La coordination 

number 
ΔH ΔG 

Aqueous phase 

A1 9 8.9 9.0 

B1 11 39.1 28.5 

C1 11 71.1 24.4 

D1 10 34.6 28.9 

B2 9 9.1 -10.2 

C2 9 20.4 -8.3 

D2 9 0.0 0.0  

Gas phase 

A3 9 79.6 90.5 

B3 11 79.1 86.7 

C3 11 -13.7 1.6 

D3 10 29.0 44.3 

B4 9 1.5 12.4 

C4 9 0.0 0.0 

D4 9 -2.0 10.1 

 

The lowest enthalpy (H) conformer overall is D2 and monodentate nitrate coordination is the 

preferred nitrate-La(III) binding mode. However, once entropy is considered the lowest energy 

conformer is B2, this conformer has one bi-dentate nitrate and one nitrate in the second solvation shell, 

C2 is within 2 kJ.mol–1 and has two bi-dentate coordinate nitrate ions. Substantial entropic contributions 

are also evident for conformer C1 where a H of 71 kJ.mol–1 has been substantially reduced to a G of 

24 kJ.mol–1.   
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The nine coordinate conformers have the lowest Gibbs free energies, within 20 kJ.mol–1 of B2, 

suggesting that they are all likely to co-exist in solution at room temperature. Configurations B1, C1 and 

D1 which have coordination numbers of 11, 11 and 10 respectively, are at a higher energy. Nevertheless, 

the cost in energy to increase the coordination number around the La is not large <30 kJ.mol–1. This 

observation is reinforced by experimental results; single crystal XRD analysis of a maximally hydrated 

lanthanum nitrate and lanthanum nitrate diglycolamide complex indicates the formation of 11-

coordinate La(III) surrounded by three bidentate nitrate and five water molecule ligands (Junk et al., 

1999) and the formation of the 12-coordinate [La(NO3)6]3– homoleptic counteranion (Kannan et al., 

2008). 

Overall the coordination number around the La has a greater effect on stability than on the 

position of the nitrate anions. There appears to be little energy penalty to having both nitrate in the 2nd 

solvation shell (A1) or having the nitrate coordinated to the La, either monodentate (D2) or bidentate 

(C2). It is found that second solvation shell (ion association) and bidentate coordination are both 

competitive and may provide an explanation to the differing experimental results regarding the 

coordination mode of nitrate ion. Earlier Raman experimental studies have been interpreted to indicate 

that the nitrate is primarily mono-dentate (Kanno & Hiraishi, 1984; Rudolph & Irmer, 2015), however 

experimental results from luminescence spectroscopy (Rao & Tian, 2009), EXAFS (Yaita et al., 1999) 

and NMR (Fratiello et al., 1989) all found lanthanide – bi-dentate nitrate complexes. Our quantum 

mechanical insight is further supported by a previous gas-phase ab-initio study of lanthanide aquo 

nitrate complexes found an energetic equivalence of both nitrate coordination modes when the 

lanthanide cation’s first coordination sphere is saturated by water molecules (Dobler et al., 2001). 

NBO analysis of configurations A1 and C1 shows that the positive charge on La(III) decreases 

from +2.25 to +1.98 with the presence of two bidentate nitrate ions in the La(III) 1st coordination sphere. 

The small charge reduction of +0.27 on La(III) suggests weak ion pair formation between the lanthanum 

cation and nitrate anions, independent of the location of these ions, “coordinated” to the La or within 

the second solvation shell. The partial negative charge on OH2O (–0.94, conf. C1) is greater than that of 

the coordinating oxygen (ONO3) in the nitrate molecule (–0.53). This may explain the enthalpic 

preference for H2O over [NO3]–  in La(III) 1st coordination sphere, and the experimental observation 

that at low nitrate concentration La is present only as [La(H2O)9]3+(Kanno & Hiraishi, 1984; Rudolph 

& Irmer, 2015) 

All the [La(H2O)9(NO3)2]+ conformers display hydrogen bonding between the nitrate anion and 

the water molecules. In configuration A1, a strong H-bond interactions exist between each nitrate anion 

and three water molecules, with an average H(H2O)-O(NO3) bond distance of 1.79 Å. The same is true 

for the non-coordinating nitrate in configuration B1. Very weak if any H-bonding is exhibited for the 

bidentate coordinating nitrate ions in configurations B1 and C1, with an average H(H2O)-O(NO3) bond 

distance of 2.48 Å and 2.49 Å respectively. The non-coordinating oxygen of each monodentate nitrate 
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in configuration D1 exhibits increased H-bonding with two water molecules, with an average H-bond 

length of 1.94 Å. The larger entropic effects for complexes with bi-dentate coordination of the nitrate 

may be due to the reduction in H-bonding between water molecules and the nitrate, which then allows 

the “released” water molecules more freedom. 

Thus, this small sample of structures indicates that a nine-coordinate conformer is favoured.  

Nitrate ions can easily reside in the 1st coordination sphere or the 2nd solvation shell. Enthalpy favours 

monodentate nitrate coordination, while Gibbs free energy favours bidentate nitrate coordination.  

Charge differences between the oxygen atoms within water and nitrate respectively, and H-bonding 

may play a role in these preferences.  

The gas phase structures were geometrically restricted such that they similar to their starting 

aqueous phase counterparts. An overall coordination number of 9 with nitrate in the first coordination 

sphere is more stabilizing in the gas phase. Structure A1 with nitrate in the second solvation shell is 

substantially destablised in the gas phase. The significant differences in energy between the solution 

and gas-phase structures for the same coordination modes emphasizes the importance of including a 

solvation model during optimization. 

Above, the La coordination number and binding modes for [La(NO3)2(H2O)9]+ complexes was 

explored. Bidentate coordination was found to be competitive with monodentate coordination of the 

nitrate. To explore this further monodentate and bidentate La(III) hydrated complexes have been 

examined for one and three directly coordinated nitrate ligands; [La(NO3)n(H2O)9–2n]3–n and 

[La(NO3)n(H2O)9–n]3–n n=1 and 3. The coordination number around the La(III) in all cases is restricted 

to nine, and no second solvation shell water molecules are present. Starting configurations for the 

optimisation of [La(NO3)n(H2O)9-2n]3-n were taken from Dobler et al. (2001) whilst the starting structure 

for the homoleptic [La(NO3)6]3– anion was taken from single crystal X-ray structure reported by Kannan 

et al. (2008). [La(NO3)n(H2O)9-n]3-n were optimised from [La(H2O)9]3+ after replacing one water 

molecule with a nitrate anion acting as a monodentate ligand. The nitrate anion was placed in 

lanthanum’s first coordination sphere such that the non-coordinating oxygen was stabilised by hydrogen 

bonding with one to two water molecules. Final optimised structures are presented in Figure 7.7. 
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Figure 7.7. Final stable [La(NO3)n(H2O)9–2n]3–n (A, C, E) and [La(NO3)n(H2O)9–n]3–n (B, D, F) 

complexes for n=1-3 and [La(NO3)6,bi]
– (G) in aqueous environment 

 

Relative enthalpies have been calculated for the formation (ΔH=Hreactants-Hproducts) of 

[La(NO3)n(H2O)9–2n]3–n and [La(NO3)n(H2O)9–n]3–n (n=0-3), Table 7.4 (B3LYP, LanL2DZ / 6-

311+G(d,p), aqueous C-PCM environment). The corresponding energies ΔE and ΔS can be found in 

Appendix D, Table D3. The released water molecules are treated as H-bonded clusters (H2O)n and 

isolated water molecules, ie n(H2O). The entropic contribution from released coordinated water 

molecules to the bulk may be overestimated when using water monomers and result in a lower Gibbs 

free energy. As such, the water molecules were treated as water clusters ((H2O)n). Computation of the 

range and multiple conformers of (H2O)n clusters required can introduce errors due to different 

arrangements and numbers of H-bonds, which will influence the free energy. Starting structure for 

(H2O)n clusters were taken from Do and Besley (2012). Final optimised (H2O)n clusters (n=2-9) are 

presented in Figure D1, Appendix D. All the other ligands are treated as solvated monomer species.  

Very low reaction energies for the addition or removal of water indicate that despite a preferred 

nine-fold coordination geometry, La(III) may also exist as a octahydrate and decahydrate in solution 

(reactions 1-2, Table 7.4). Reaction enthalpies favour the replacement of water molecules by nitrate 

anions in the first solvation shell (reactions 3-9, Table 7.4). When using water clusters, the neutral 

La(NO3)3,bi(H2O)3 is the most stable (Gibbs free energy) lanthanum nitrate complex identified (reaction 

8) due to stabilization of the complex through charge stabilization and the release of water molecules. 

In contrast, formation of monodentate La(NO3)3,m(H2O)6 (reaction 7) is highly favoured based on ΔH, 

but has a negative entropy. This monodentate conformer is stabilized by the formation of strong H-

bonds between one or two water molecules and the non-coordinating oxygen of each monodentate 

nitrate. However, strong H-bonds also substantially constrain the nitrate and water leading to the 
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negative entropy. Thus, we find that the cationic [La(NO3)2,bi(H2O)5]+ complex is more stable than 

neutral La(NO3)3,m(H2O)6 (Gibbs free energy).  

Interestingly, the 12-coordinate [La(NO3)6,bi]
3– anion was also found to be stable (Gibbs free 

energy) despite its greater coordination number (reaction 9).  [La(NO3)6]3– has an octahedral geometry 

with the six nitrate anions coordinating in a bi-dentate manner. This greater stability is assigned to a 

significant entropic contribution from the 9 released water molecules, thereby compensating the 

increased rigidity of the [La(NO3)6,bi]
3– complex 

Overall, we have found that formation of aqueous nitrate La(III) complexes are favoured, 

however the charge (anionic, neutral, cationic) on the complex and exact number (6, 3, 2) and 

coordination mode (bidentate or monodentate) of the nitrate anions is less clear, and a range of 

complexes is possible. 

 

Table 7.4. Reaction enthalpy (Hr in kJ.mol-1) and Gibbs free energy (Gr in kJ.mol-1) for lanthanum-

nitrate complexing reactions in aqueous solution (m – [NO3]–  monodentate, bi – [NO3]–  bidentate) 

No Reactions ΔHr ΔGr 

(1) [La(H2O)8]3+ + H2O  [La(H2O)9]3+ -3 37 

(2) [La(H2O)9]3+ + H2O  [La(H2O)10]3+ + 2 36 

(3) [La(H2O)9]3+ + [NO3]–  [La(NO3)m(H2O)8]2+ + H2O -46 -38 

(4) [La(H2O)9]3+ + [NO3]–  [La(NO3)bi(H2O)7]2+ + (H2O)2 -43 -45 

(5) [La(H2O)9]3+ + 2[NO3]–  [La(NO3)2,m(H2O)7]+ + (H2O)2 -94 -56  

(6) [La(H2O)9]3+ + 2[NO3]–  [La(NO3)2,bi(H2O)5]+ + (H2O)4 -95 -64 

(7) [La(H2O)9]3+ + 3[NO3]–  [La(NO3)3,m(H2O)6] + (H2O)3 -140 -47 

(8) [La(H2O)9]3+ + 3[NO3]–  [La(NO3)3,bi(H2O)3] + (H2O)6 -162 -83 

(9) [La(H2O)6]3+ + 6[NO3]– 
 [La(NO3)6, bi]3– + (H2O)9 -269 -58 

 

7.3.3 Characterization of DMOGAA interactions 

Extraction employing traditional L=DGA ligands involves the formation of a [LaL3]3+ cation 

which is charge balanced by co-extraction of 6 nitrate anions; [(LaL3)3+•3(NO3)] (Sasaki et al., 2007). 

One anticipates extraction into an organic phase being favoured by lipophilic interactions of the long 

alkyl groups (on the DGA) with the non-polar organic medium, supported by repulsive hydrophobic 
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interactions with water.  However, while the alkyl groups essentially encapsulate the charged La center, 

transfer will be retarded by the overall charge on the [LaL3]3+ complex and counter ions. The use of an 

anionic ligand such L’=[DODGAA] generates an overall neutral [LaL’3] complex, which is better 

stabilised in the organic phase and does not require co-extraction of counter ions. 

Experimentally, DODGAA is added as an acid, and extraction of lanthanides proceeds first via 

proton release and then coordination to La(III). Deprotonation of the acidic DODGAA eliminates the 

need for co-extraction of nitrate ions, required for charge compensation when using neutral extractants.  

LaL’3 is extracted (into the organic or ionic liquid phase) as a neutral species, rather than a [LaL3]3+ 

cation. However, 3 protons will be left in the aqueous medium, charge balanced by the nitrate ions 

released from the La(III) solvation shell. It is generally accepted that a DGA ligand’s alkyl chains do 

not strongly influence metal-ligand coordination (Sasaki et al., 2001). Thus to simplify calculations, N, 

N-dimethyldiglycol amic acid (DMOGAA, Figure 7.1d) has been used as a proxy for DODGAA (Figure 

7.1c). In the following we will consider the stable configurations of DODGAA and then investigate the 

preferred binding mechanism.   

 

Figure 7.8. Schematic of the N, N-dimethyldiglycol amic acid (DMOGAA) extractant 

 

DMOGAA consists of a six-membered ether chain capped on one side with a carboxylic group 

and on the other with a tertiary amine. Atomic numbering for DMOGAA is given in Figure 7.8. A 

multitude of potential configurations are possible. Relaxed scans (B3LYP/6-311G(d,p) in aqueous C-

PCM) of the following four dihedral angles have been performed to provide an indication of the energy 

barrier to (1) deformation of the ether chain (τ1 = C5-O4-C3-C2; τ3 = C3-O4-C5-C6), (2) rotation of the 

carboxylic group (τ2 = O4-C3-C2-O1) and (3) rotation of the carbonyl group (τ4 = O4-C5-C6-O9). The 

potential energy scans (relative to the lowest energy conformer) are presented in Figure 7.9 and Figure 

7.10. 

Two low energy conformers exist for DMOGAA: a linear ether chain conformer (τ1 = τ3 = 180o) 

shown in Figure 7.9 and a folded conformer in which the C2 and C6 carbon are folded inwards on 

themselves by 80o (Figure 7.10) which lies 1 kJ.mol-1 above the trans conformer. These local minima 

appear to be the result of a long-range H-bond between C5-H and O9 (2.538 Å) or O1 (2.621 Å). The τ2 

and τ4 dihedral potential energy surfaces show a low barrier to internal rotation for both the carboxylate 
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and carbonyl groups (ΔE ≤ 13 kJ.mol-1). For the isolated molecule in the gas phase, internal H-bonding 

is maximized within the folded conformer, however in solution water molecule or coordination to 

La(III) can provide an equivalent level stabilization of the linear conformer. The flexibility of the ether 

chain and carboxylate group rotations (Figure 7.9 and Figure 7.10) allow multiple binding sites to be 

accessible at room temperature. 

 

 

Figure 7.9. (a) Relaxed scans of the potential energy surface moving the dihedral τ1 and τ2 between 0 

and 180 degrees with the final stable ‘linear’ DMOGAA structures; Schematic of (b) τ1 and (c) τ2 

dihedral scan 

 

Figure 7.10. (a) Relaxed scans of the potential energy surface moving the dihedral τ3 and τ4 between 0 

and 180 degrees with the final stable ‘folded’ DMOGAA structures; Schematic of (b) τ3 and (c) τ4 

dihedral scan 
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The energy difference between the linear and folded deprotonated [DMOGAA]– conformers is 

3.6 kJ.mol-1 in the aqueous phase. Due to the low energy difference between the two conformers, in the 

following calculations both linear and folded [DMOGAA]– coordination configurations were 

employed. [DMOGAA]– contains four oxygen atoms through which it can coordinate La(III): O9 

(carbonyl), O4 (ether), O1 (carboxyl) and O8 (carboxyl). NBO analysis of deprotonated [DMOGAA]– 

indicates that carboxylic O1 and O8 have a local charge of -0.808 and -0.833 respectively. The partial 

negative charges on the O4(ether) and O9(carbonyl) oxygen are much less -0.598 and -0.695 

respectively. Based on the decreasing magnitude of local charge, [DMOGAA]– will likely favour 

coordinating cations most strongly through a carboxylic oxygen atom (O1 or O8), followed by the ether 

group (O4) and finally the carbonyl group (O9). Due to delocalisaion and simple geometry constraints, 

coordination at one carboxylic oxygen atom will likely disfavor coordination by the second carboxylic 

oxygen atom.  

The coordination of a single [DMOGAA]– to La(III) is examined to establish the preferred 

DMOGAA coordination mode. [DMOGAA]– within [La(DMOGAA)]2+ can bind via (at least) four 

different combinations of oxygen atoms; as a bidentate ligand, coordinating to La(III) through 

O1(carboxyl) and O4(ether), Figure 7.11A, or through O1(carboxyl) and O8(carboxyl), (Figure 7.11B). 

Alternatively, [DMOGAA]– can bind as a tridentate ligand, through the O1(carboxyl), O8(carboxyl) and 

O9(carbonyl), Figure 7.11C or through the O1(carboxyl), O4(ether) and O9(carbonyl), Figure 7.11D. The 

optimized structures B, C and D shown in Figure 7.11 were obtained by placing the optimised linear or 

folded (deprotonated) DMOGAA conformer above the La(III) center and then optimizing the structure. 

For structure A, Figure 7.11, the τ3 dihedral of the linear (deprotonated) DMOGAA was first restricted 

to -90o a partial optimization was first carried out holding this angle constant, followed by a second 

fully relaxed optimization. The corresponding ΔG, ΔH and ΔS are found in the Appendix D, Table D4. 

 

 

Figure 7.11. Optimised [La(DMOGAA)]2+ structures, ΔE in kJ.mol-1  
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[La(DMOGAA)]2+ conformer D is the lowest energy structure, [DMOGAA]– acts as a 

tridentate ligand through the carbonyl, ether and carboxyl oxygen atoms linked by a linear ether chain. 

This structure is consistent with single crystal X-ray structures as well as computational studies of other 

metal-dyglicolamide complexes which all report a linear tridentate DGA conformer (Kannan et al., 

2008; Tian et al., 2009; Gong et al., 2013a; Wang et al., 2014; Singha Deb et al., 2015; Pahan et al., 

2015). Conformer C, with a tridentate but ‘folded’ [DMOGAA]– ligand lies much higher in energy (51 

kJ.mol-1) and is the least stable conformer. Comparison of conformer C and D suggests that La(III) 

coordination through the ether oxygen of [DMOGAA]– is stabilising. As expected, a decrease in the 

coordination number from the linear tridentate to either of the bi-dentate conformers also correlates 

with increase in energy. 

 

7.3.4 Characterising DMOGAA interactions within aqueous nitrate 

complexes of La(III)  

The discussion is expanded in this section to consider more general nine-coordinate mixed 

water and nitrate solvated species [La(NO3)n(H2O)9-n]3-n (n=0-3) and sequential coordination of 1, 2 and 

3 [DMOGAA]– ligands is examined. Luminescence measurements of Eu(III)-TODGA complexes in 

ethanol-water mixtures under varying ligand-to-metal ratios have previously suggested the formation 

of 1:1 [Eu(TODGA)]3+, 1:2 [Eu(TODGA)2]3+, and 1:3 [Eu(TODGA)3]3+ species (Pathak et al., 2009). 

La(DMOGAA)3 (with no water or nitrate in the 1st coordination sphere) is anticipated to be the species 

extracted into the IL phase. A 3:1 extractant:Ln(III) is the primary lanthanide-DGA complex type 

identified in single crystal XRD structures and from solvent extraction studies (Kannan et al., 2008; 

Seraj et al., 2012). Liquid-liquid extraction studies of La(III) using either neutral TODGA or anionic 

DODGAA diluted in [Cnmim][Tf2N] confirm the formation of a 3:1 extractant:Ln(III) complex 

(Shimojo et al., 2008; Wang et al., 2012). Single crystal X-ray crystallography suggests that the 

extracted complex is [La(DGA)3]3+, indicating that DGA ligands displace both nitrate and water 

molecules from the 1st coordination sphere of La(III) (Kannan et al., 2008). Luminescence lifetime 

measurements of the complexed fraction of Eu(III) and Am(III) with TODGA indicate the absence of 

water molecules in the inner coordination sphere of the metal ion in different solvents (Arisaka et al., 

2006; Pathak et al., 2009). 

Initial calculation set up for complexes with one [DMOGAA]– ligand were based on the 

optimised [La(NO3)n(H2O)9-n]3-n structures. Three water molecules or two water molecules and one 

monodentate nitrate were substituted by a linear tridentate [DMOGAA]–. The [DMOGAA]– ligand was 

initially placed to maximise the O-La-O angle between the coordinating oxygen of the nitrate anion and 

the ether oxygen of the [DMOGAA]–, ie to place the [DMOGAA]– and nitrate as far apart as possible. 

The initial O(ether)-La-O(nitrate) angle was close to 180o and 120o for structures containing one and 
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two nitrate molecules respectively. The negative [La(L)(NO3)3(H2O)3]– complex was also computed 

and was initially set up by placing the coordinating nitrate and [DMOGAA]– ether oxygen at 90o from 

one another around the La(III) center. The three water molecules were placed to maximise hydrogen 

bonding with the nitrate anions. In complexes with two [DMOGAA]– ligating to La(III) the 

[DMOGAA]– were originally placed perpendicular to one another with the water and nitrate molecules 

positioned diagonally from the La(III) center. The single crystal X-ray crystallography of the related 

complex [La(DGA)3]3+ reported by Kannan et al. (2008) served as the starting point for optimization of 

La(DMOGAA)3. Seven final optimized structures were obtained (where L=[DMOGAA]–) 

[La(L)(H2O)6]2+, [La(L)(NO3)(H2O)5]+, La(L)(NO3)2(H2O)4, [La(L)(NO3)3(H2O)3]–, [La(L)2(H2O)3]+, 

La(L)2(NO3)(H2O)2 and La(L)3, Figure 7.12.  

 

 

Figure 7.12. Final stable La-L’ complexes in C-PCM solvation model: (A) [La(L)(H2O)6]2+, (B) 

[La(L)(NO3)(H2O)5]+, (C) La(L)(NO3)2(H2O)4, (D) [La(L)(NO3)3(H2O)3]–, (E) [La(L)2(H2O)3]+, (F) 

La(L)2(NO3)(H2O)2, (G) top view of La(L)3 exhibiting a distorted TTP geometry (hydrogen removed 

for clarity) 

 

The optimised structures of [La(L)(H2O)6]2+ (Figure 7.12A) and [La(L)(NO3)(H2O)5]+   (Figure 

7.12B) are characterised by the tridentate [DMOGAA]– coordinating above the La(III), below La(III) 

is a pentagonal planar arrangement of five H2O molecules, capped by a single H2O or [NO3]– molecule. 

Strong H-bonding exists between each monodentate nitrate molecule and two water molecules with 

average H(H2O)-O(NO3) bond lengths of 1.99 Å and 1.92 Å in [La(L)(NO3)(H2O)5]+ and 
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La(L)(NO3)2(H2O)4 (Figure 7.12C) respectively. Similarly to Figure 7.12C, the O(nitrate) and O4(ether) 

of [La(L)(NO3)3(H2O)3]– (Figure 7.12D) are all present in the same plane. Strong H-bonds are present 

between the monodentate nitrate and water molecules thereby stabilizing the complex 

In complexes with two [DMOGAA]– ligating to La(III) (Figure 7.12 E and F), the [DMOGAA]– 

remained roughly perpendicular. These configurations differ from that observed in crystal structure of 

UO2(DMOGAA)2(H2O)(NaClO4)2, where the ligand carboxylate groups are facing each other (Tian et 

al., 2009). However, this “head-on” arrangement in the solid is due to the interactions of the negatively 

charged carboxylate groups with co-crystalised and adjacent sodium ions. [La(L)3] (Figure 7.12G) 

comprises a La(III) center wrapped by three tridentate [DMOGAA]– ligands in a distorted D3-symmetric 

tricapped trigonal prism geometry in which the O4(ether) oxygen of the three ligands lies in the 

equatorial plane. This configuration is in good agreement with DGA-La(III) solid state complexes 

(Kannan et al., 2008) and other nine coordinate metal-DGA computed complexes (Gong et al., 2013; 

Singha Deb et al., 2015). 

The calculated bond distances between La(III) and the coordinating oxygen of the 

[DMOGAA]– ligand are presented in the Appendix D, Table D5. [DMOGAA]– preferentially 

coordinates to the metal cation through the carboxyl oxygen followed by the carbonyl oxygen and then 

the ether oxygen. This is reflected in the La-O bond lengths: La-O8(carboxyl) is on average 0.08 Å and 

0.20 Å shorter than the La-O9(carbonyl) and La-O4(ether) bonds respectively. The number of 

complexing [DMOGAA]– ligands rather than the presence of surrounding water and nitrate molecules 

exerts the greatest influence on the La-O bond length. Slightly longer La-O bond lengths are found for 

the doubly as compared to the singly and triply coordinated La(III) complexes. The presence of 

surrounding water and nitrate molecules does not significantly impact the La-O bond lengths.  

C=O and C-O-C bond stretching frequencies in the complex are compared those of the free 

[DMOGAA]– ligand in Figure 7.13. In the isolated anion, the carboxylic acid C=O stretches are 

computed to occur at 1598 cm-1 while those for the amide C=O occur at 1671 cm-1. On coordination, 

the modes become mixed particularly where there is more than one [DMOGAA]– ligand or when there 

is an associated H-bonding water molecule (inset in Figure 7.13). Isolating a single C=O frequency is 

not possible, but a range of vibrations relating to these modes are evident. Stretching frequencies are 

red-shifted in all the complexes studied indicating a weakening of these bonds due to complexation or 

H-bonding. On coordination, there is also a significant increase in intensity of the C=O stretches, 

complexes with one DMOGAA ligand still exhibit two distinct peaks, however in complexes containing 

two or three DMOGAA individual peaks have coalesced into a very intense and much broader peak.  
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Figure 7.13. Comparison of the C=O modes for all the complexes examined, inset shows the 

displacement vectors for one of the “C=O” based vibrations ≈1660 cm-1. 

 

The local charge on the La and oxygen atoms of the [DMOGAA]– ligand are reported in Table 7.5.  

 

Table 7.5. Local charge on La(III) and the carboxyl, carbonyl and ether oxygen atoms in [DMOGAA]– 

(L–) upon complexation with La(III) 

Complex La(III) CN La 
O8 

(carboxyl) 

La-O4 

(ether) 

La-O9 

(carbonyl) 

[La(L)(H2O)6]2+ 9 2.25 -0.88 -0.61 -0.77 

[La(L)(NO3)(H2O)5]+ 9 1.54 -0.8 -0.57 -0.69 

La(L)(NO3)2(H2O)4 9 1.48 -0.79 -0.56 -0.68 

[La(L)(NO3)3(H2O)3]– 9 1.31 -0.78 -0.56 -0.67 

[La(L)2(H2O)3]+ 9 2.21 -0.86 -0.61 -0.74 

La(L)2(NO3)(H2O)2 9 2.18 -0.86 -0.61 -0.73 

La(L)3 9 2.11 -0.83 -0.61 -0.72 

 

Coordination of the [DMOGAA]– ligand has little effect on the La(III) charge, for example the 

charge reduces +2.3, +2.3, +2.2, + 2.1 on moving from [La(H2O)9]3+, [LaL(H2O)6]2+, [LaL2(H2O)3]+ to 

La(L)3 respectively. However, coordination of one or more nitrate anions generates a significant 

decrease in charge on the La(III), for example reducing +1.53, +1.48, +1.31 for [LaL(NO3)(H2O)5]+, 
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[LaL(NO3)2(H2O)4]+, [LaL(NO3)3(H2O)3]+ respectively. The lower positive charge on La(III) is, in 

general, due to a decrease in the local negative charge on each ligand (ie each ligand becomes more 

positive), this is in the range +0.02e to +0.09e per water molecule and in the range +0.10e to +0.13e per 

nitrate molecule. The charge on the carboxyl, carbonyl and ether oxygen atoms does not significantly 

vary from those on the free DMOGAA ligand. These results indicate a small amount of charge transfer 

is occurring from the La(III) to the water and nitrate molecules (ie a covalent interaction) but that the 

interaction with the [DMOGAA]– ligand is more electrostatic, with very little charge transfer occurring. 

Molecular orbital (MO) analysis reveals significant La-ligand as well as ligand-ligand 

interactions, where L=[DMOGAA]–. A study of the HOMO orbitals shows that it is not just the ionic 

interaction of the anions which stabilize the La3+ but also the 3+ charge which stabilised high energy 

MOs on the ligands.  For example, in an aqueous environment the HOMO energy of [DMOGAA]– is -

0.23500, this is pulled down to -0.26477 in the coordination complex La(L)3. 

The upper occupied levels of the coordination complex electronic structure are dominated by 

individual ligand contributions; occupied π* orbitals on [DMOGAA]– (Figure 7.14a) or π -delocalised 

a2” on [NO3]– (Figure 7.14b).  The LUMO for complexes containing a [NO3]– ligand is a La3+ dAO and 

[NO3]– π* fragment orbital bonding interaction. Other low lying unoccupied orbitals tend to contain 

C=O π* on [DMOGAA]– and dAO contributions from La3+ or a dz2 contribution from La3+ and π* 

contributions from the ligands (Figure 7.14c). The LUMO+1 for these complexes is an interesting 

diffuse delocalized MO over the whole cluster, Figure 7.14d. Within the occupied MO manifold there 

are minor contributions from the unoccupied 4dAOs of La3+ with antibonding [DMOGAA]– fragment 

orbitals and stronger much deeper interactions with the 4pAOs of La3+ and the bonding [DMOGAA]– 

fragment orbitals, particularly on the carboxyl fragments. Overall, there exist multiple small covalent 

interactions between La3+ and [DMOGAA]– (Figure 7.14e). 

In general, each ligand retains isolated fragment MOs, as does the lanthanum cation, with 

different ligands possessing fragment orbitals in different energy ranges. The water and [NO3]– 

fragment orbitals tend to mix together more, while there is less DMOGAA-DMOGAA mixing for the 

[DMOGAA]– fragment orbitals.  However, there are distinctive MOs in all the complexes studied that 

exhibit strong ligand-ligand interactions. This ligand-ligand orbital overlap is facilitated by the La3+ 

ionic interaction pulling the ligands in. For example, Figure 7.14f shows strong H-bonding and orbital 

overlap between L– and water molecules within [LaL(H2O)5]2+.  

The deeper orbitals of the homoleptic [La(H2O)9]3+ show strong ligand-ligand overlap and are 

highly bonding (Figure 7.14g) while those of La(L)3 are more “broken-up”, however the orbitals of both 

ligands effectively enshroud the central La3+ (Figure 7.14h).  
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Figure 7.14. Selected MO orbitals of interest: (a) HOMO-1 of La(L)3, (b) HOMO of LaL2(H2O)2(NO3), 

(c) LUMO of La(L)3, (d) LUMO+1 of La(L)3, (e) MO of LaL2(NO3)(H2O)2, (f) MO of [LaL(H2O)5]2+ 

(g) deep MO of [La(H2O)6]3+, (h) deep MO of La(L)3. 

 

7.3.5 Extraction of [La(NO3)n(H2O)9–n]3–n (n=0-3) using DMOGAA  

The deprotonated [DMOGAA]– ligand can form 1:1, 1:2 and 1:3 extraction complexes. The 

enthalpy for 24 complexation reactions has been calculated to obtain insight into the stability of these 
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species in solution, Table 7.6. In each case where multiple water or nitrate ions are present after 

dissociation, the enthalpy of individual solvated molecules has been employed. In reality, the 

dissociating molecules or ions will interact with the aqueous environment, a generalized effect will be 

recovered by the solvation model, however the formation of explicit H-bonds is neglected. G values 

are likely larger than actual ly experienced due to negative entropy contributions being overestimated 

by the release of "free" ions or molecules that are actually encapsulated in a H-bonding environment. 

Thus, in this case, ΔH and ΔG values should be considered as bracketing values, representing a 

minimum and maximum enthalpy of reaction. ΔE and TΔS values are given in Table D6, Appendix D. 

 

Table 7.6. Reaction enthalpy and Gibbs energy (kJ.mol-1) for complexation reactions of [DMOGAA]– 

(L–) with various lanthanide aquo-nitrate complexes. Reactions evaluated in a generalised aqueous 

environment (m - [NO3]– in mono-dentate coordination mode, b - [NO3]– in bi-dentate coordination 

mode) 

No. Reactions ΔH  ΔG 

(10) [La(H2O)9]3+ + L– 
 [La(L)(H2O)6]2+ + (H2O)3 -128 -123 

(11) [La(NO3)m(H2O)8]2+ + L–  [La(L)(NO3)m(H2O)5]+ + (H2O)3 -116 -111 

(12) [La(NO3)m(H2O)8]2+ + L–  [La(L)(H2O)6]2+ + (H2O)2 + [NO3]– -69 -115 

(13) [La(NO3)bi(H2O)7]2+ + L–  [La(L)(NO3)m(H2O)5]+  + (H2O)2 -117 -118 

(14) [La(NO3)2,m(H2O)7]+ + L–   La(L)(NO3)2,m(H2O)4 + (H2O)3 -99 -89 

(15) [La(NO3)2,m(H2O)7]+ + L–   [La(L)(NO3)m(H2O)5]+ + (H2O)2 + [NO3]– -66 -107 

(16) [La(NO3)2,m(H2O)7]+ + L–   [La(L)(H2O)6]2+ + H2O + 2[NO3]– -21 -96 

(17) [La(NO3)2,bi(H2O)5]+ + L–  La(L)(NO3)2,m(H2O)4 + H2O  -100 -76 

(18) La(NO3)3,m(H2O)6 + L–  La(L)(NO3)2,m(H2O)4 + (H2O)2 + [NO3]– -53 -99 

(19) La(NO3)3,m(H2O)6 + L–  [La(L)(NO3)m(H2O)5]+ + H2O + 2[NO3]– -21 -102 

(20) La(NO3)3,m(H2O)6 + L–  [La(L)(H2O)6]2+ + 3[NO3]– 12 -77 

(21) La(NO3)3,m(H2O)6 + L– 
 [La(L)(NO3)3,m(H2O)3]– + (H2O)3 -83 -91 

(22) La(NO3)3,bi(H2O)3 + L– 
 [La(L)(NO3)3,m(H2O)3]– -107 -50 

(23) [La(NO3)6,bi]3– + L– + (H2O)3  [La(L)(NO3)3,bi]– + 3[NO3]– -37 -55 

(24) [La(L)(H2O)6]2+ + L–  [La(L)2(H2O)3]+ + (H2O)3 -105 -92 

(25) [La(L)(NO3)m(H2O)5]+ + L–  [La(L)2(H2O)3]+ + (H2O)2 + [NO3]– -58 -96 
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(26) [La(L)(NO3)m(H2O)5]+ + L–  La(L)2(NO3)m(H2O)2 + (H2O)3  -81 -76 

(27) La(L)(NO3)2,m(H2O)4 + L–  La(L)2(NO3)m(H2O)2 + (H2O)2 + [NO3]– -48 -94 

(28) La(L)(NO3)2,m(H2O)4 + L–  [La(L)2(H2O)3]+ + H2O + 2[NO3]– -27 -100 

(29) [La(L)2(H2O)3]+ + L–  La(L)3 + (H2O)3 -84 -98 

(30) La(L)2(NO3)m(H2O)2 + L–  La(L)3 + (H2O)2 + [NO3]– -61 -117 

(31) [La(H2O)9]3+ + 3L–  La(L)3 + (H2O)9 -400 -289 

(32) La(NO3)3,m(H2O)6 + 3L–  La(L)3 + (H2O)6 + 3[NO3]– -222 -262 

(33) La(NO3)3,bi(H2O)3 + 3L–  La(L)3 + (H2O)3 + 3[NO3]– -201 -225 

(34) [La(NO3)6,bi]3– + 3L–  La(L)3 + 6[NO3]– -131 -230 

 

The enthalpy of reaction results indicate that it is more favourable for [DMOGAA]–  to displace 

water molecules than nitrate ions. For example, compare reactions 11 and 12 where [DMOGAA]– 

displaces from the same initial complex 3 water molecules (ΔH=-116 kJ.mol-1), or one nitrate ion and 

2 water molecules (ΔG=-69 kJ.mol-1). Indications are that the larger partial negative charge on the 

nitrate, as opposed to the water oxygen atoms, is better able to stabilize the La3+ cation.  Moreover, as 

expected there is a significant entropy gain on releasing three smaller ions/molecules and coordinating 

a single tridentate ligand (ΔG= -111 or -115 kJ.mol-1 respectively.) 

The negative H for reactions 10-23 with the exception of reaction 20, illustrates that 

[DMOGAA]– coordination is favoured for all of the hydrated lanthanide nitrate complexes, regardless 

of original number of coordinating nitrate ions and water molecules.  [DMOGAA]– can easily displace 

one or two nitrate ions. However, based on reaction 20 it is significantly less favourable for one 

[DMOGAA]– ligand to displace all three nitrate ions in a single step.  Moreover, the addition of 

[DMOGAA]– releasing 3 water molecules without displacing any nitrate ions can generate a stable 

negatively charged La(III) complex, reaction 21. 

Thus, while neutral solvated La(III) complexes [La(NO3)3,bi(H2O)3] or [La(NO3)3,m(H2O)6], or 

the positively charged [La(NO3)2,bi(H2O)5]+ may provide the dominant species in the aqueous nitrate 

solution it is recognized that on addition of the [DMOGAA]– ligand La(III) may be encapsulated in a 

complex with an overall negative charge, [LaL(NO3)3(H2O)3]–, (ΔG=-91 kJ.mol-1, reaction 21).  The 

negative La(III) complexes could be associated with cationic La complexes to produce a larger charge 

neutral cluster. This is supported by single crystal X-ray crystallography studies of [La(DGA)3]3+ 

extracted complex, which was found to be affiliated with a homoleptic [La(NO3)6]3– counter anion 

(Kannan et al., 2008).  
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Negative reaction enthalpies and Gibbs free energies are found as the number of coordinating 

L=[DMOGAA]– ligands increases from 1 to 2 to 3, and the neutral [La(L)3] complex formed from 

[La(H2O)9]3+ is the most stable. Moreover, [La(L)3] is more stable than [La(NO3)3(H2O)6] or 

[La(NO3)6]3–, reactions 32 and 33. Depending on the nitrate concentration, and therefore the 

predominant lanthanide nitrate species in solution, the following reaction processes are suggested for 

generating [La(L)3] in solution:  

- from [La(H2O)9]3+ : (10)  (24)  (29)                                ΔG = - 313 kJ.mol-1 

- from [La(NO3)bi(H2O)7]2+ : (13)  (26)  (30)                     ΔG = - 312 kJ.mol-1 

- from [La(NO3)m(H2O)8]2+ : (11)  (26)  (30)                     ΔG = - 304 kJ.mol-1 

- from [La(NO3)2,bi(H2O)5]+ : (17)  (27)  (30)                    ΔG = - 287 kJ.mol-1 

- from [La(NO3)2,m(H2O)7]+ : (14)  (27)  (30)                    ΔG = - 300 kJ.mol-1 

- from La(NO3)3,bi(H2O)3 : (8)  (33)                                      ΔG = - 225 kJ.mol-1 

- from La(NO3)3,m(H2O)6 : (18)  (27)  (30)                        ΔG = - 310 kJ.mol-1 

- from [La(NO3)6,bi] 3– : (9)  (34)                                           ΔG = - 230 kJ.mol-1 

In summary, in an aqueous solution it has generally been assumed that La(III) is initially present 

as [La(H2O)9]3+ however G=+37 kJ.mol-1 is positive due to the decrease in entropy associated with 

structuring around the La3+ cation. In an aqueous nitrate solution, nitrate coordination is facile forming 

various [La(NO3)n(H2O)9–n]3–n (n=0-3) species. Mono-coordination is favoured based on H; 

La(NO3)3,m(H2O)6, while bi-coordination of 3 nitrate ions is favoured based on G; La(NO3)3,bi(H2O)3, 

a cation complex [La(NO3)2,bi(H2O)5]+ is also stabilised. Overall the formation of [La(NO3)6]3– is highly 

favoured. On introduction of DMOGAA deprotonation will occur and [DMOGAA]–  association with 

the various solvated La(III) complexes is favourable. Loss of water molecules is favoured over the loss 

of nitrate ions. The less stable [La(NO3)(H2O)8]2+ and [La(NO3)2(H2O)7]+ aqueous nitrate species show 

readily coordination of [DMOGAA]– via the loss of 3 water molecules. Sequential coordination of the 

ligand [DMOGAA]– can occur and the formation of La(L)3 is highly favoured. These results confirm 

the suitability of carboxylic DGA acidic ligands as an option to replace their neutral counterparts for 

the extraction of lanthanides from nitrate media. 

While the species dominant in the [DMOGAA]– doped aqueous nitrate solution will be La(L)3 

it is anticipated than an equilibrium will be set-up passing through a range of species.  Direct extraction 

of La(L)3 into the IL phase will “pull” La(III) through the various species in an effort to maintain a 
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stable concentration of La(L)3. However, preferential extraction of minor, less stable species in the 

equilibria could have an analogous effect, these species being continuously generated and extracted into 

the IL phase. 

 

7.3.6 The ionic liquid phase 

Most La(III) studies have examined extraction processes are into an organic hydrophobic phase 

such a 1-octanol, however, ILs offer an alternative diluent phase. The IL [C4mim][Tf2N] has been 

previously studied due to a significant hydrophobicity and stability (Hallett & Welton, 2011). In the 

following the individual ions [C4mim]+ and [NTf2]– and the ion-pairs [C4mim][Tf2N] are investigated.  

The aqueous nitrate La(III) with [DMOGAA]– system is in contact with the [C4mim][NTf2] ionic liquid, 

and thus there is potential for ions present in the aqueous phase to enter the IL phase. Nitrate based 

ionic liquids are well known (Emel’yanenko et al., 2009; Bodo et al., 2015), including [C4mim][NO3], 

moreover as an anionic species the [DMOGAA]– ligand could potentially interact with the [C4mim]+ 

cation, as the existence of acetate based ionic liquids is well established (Brehm et al., 2012). It is 

necessary therefore, is to assess the stability of [C4mim][NTf2] in the presence of [DMOGAA]– and 

nitrate anions. Within the IL phase, association of the cation [C4mim]+ with each of [NO3]– and 

[DMOGAA]– is examined. Proton exchange between the acidic species present is discussed in the 

Proton exchange section of Appendix D.   

Initially [C4mim]+ and [NTf2]– were optimized individually in the gas-phase and combined to 

form a range of ion-pair conformers, 6 stable conformers were obtained. Previous studies have shown 

that in-plane "front" and out-of-plane "top" structures are favoured in the gas phase, and thus a full 

conformational search was not carried out (Hunt and Gould, 2006; Kowsari et al., 2014). Details of the 

set-up and procedure are provided in the Appendix D, Figures D2 to D6. The most stable front and top 

(+3 kJ.mol-1) structures within the SMD general IL solvent environment are shown in Figure 7.15A and 

7.15D. While there is clear scope to explore higher energy conformers, to keep the current account 

focused we have selected to initially explore reactions employing the lowest energy conformer. 

Calculations were set up such that [NO3]– could interact with the (most acidic) front C-H of the 

imidazolium ring in a ‘front’ and 'top' conformation, optimised [C4mim][NO3] ion-pairs (SMD-GIL) 

are presented in Figure 7.15B and 7.15E. Previous gas phase ab-initio calculations of [Cmim][NO3] 

have indicated that the 'top' conformer is the lowest energy (Emel’yanenko et al., 2009). However, 

within the IL environment we find that 'top' is 11 kJ.mol-1 higher in energy than the ‘front’ conformer. 

While there is clear scope to explore higher energy conformers, to keep the current account focused we 

have explored reactions employing the lowest energy conformer. 
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Figure 7.15. Final stable ‘front’ (A-C) and ‘top’ (D-F) [C4mim]X (X=[NTf2], [NO3], [L]) structures 

optimized within the SMD-GIL solvation model 

 

The isolated folded and linear [DMOGAA]– ions were also optimized, the energy difference 

between the conformers in the IL phase is 2.5 kJ.mol-1 as compared to 3.6 kJ.mol-1 in the aqueous phase. 

Linear [DMOGAA]– anions were then placed in the ‘front’ and ‘top’ position to maximize the 

interaction between the anion and the C2-H group as well as the hydrogen atoms on the methyl and 

butyl side chains, the optimised ion-pairs are shown in Figure 7.15C and 7.15F. The stability of the ion-

pair ‘front’ [C4mim]L with a linear L– is found to be greater by less than 1 kJ.mol-1 than the optimized 

‘top’ conformer†. However, to reduce the quantity of computations to a tractable number, the slightly 

more stable ‘front’ linear conformer has been used in subsequent calculations.  

Metathesis reactions between the IL and [NO3]– and/or [DMOGAA]– anions are represented in 

reactions 35-37 in Table 7.7, the associated E and TS values can be found in the Appendix D, Table 

D8. In the gas phase the formation of [C4mim][NO3] is favoured ΔH=-46 kJ.mol-1, while 

[C4mim][DMOGAA] is not, ΔH=+26 kJ.mol-1. However, within the generalized IL environment both 

anions are capable of a facile exchange with the weakly coordinating [NTf2]– anion to form an ion-pair 

with the [C4mim] cation, with the absolute values of ΔH and G <12 kJ.mol-1. Exchange of the aqueous 

DMOGAAH acid to form [C4mim][DMOGAA]IL and the protonated HNTf2 or HNO3 is highly 

unfavourable, Table D7 in Appendix D. 
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Table 7.7. Reaction enthalpy and Gibbs energy (kJ.mol-1) including thermal corrections for metathesis 

reactions involving [C4mim][NTf2] 

No. Reaction ΔH ΔG 

(35a) [C4mim][NTf2]IL + [NO3]– 
IL  [C4mim][NO3]IL + [NTf2]–

IL - 2 -5 

(35b) [C4mim][NTf2]IL + [NO3]aq  [C4mim][NO3]IL + [NTf2]aq -3 -13 

(36a) [C4mim][NTf2]IL + [L]–
IL  [C4mim][L]IL + [NTf2]–

IL - 11 -5 

(36b) [C4mim][NTf2]IL + [L]–
aq  [C4mim][L]IL + [NTf2]–

aq -11 -5 

(37a) [C4mim][NO3]IL + [L]– 
IL  [C4mim][L]IL + [NO3]– 

IL -9 0 

(37b) [C4mim][NO3]IL + [L]– 
aq  [C4mim][L]IL + [NO3]– 

aq -8 8 

 

7.3.7 Relative stability in the aqueous and ionic liquid phases 

The aqueous nitrate La(III) with [DMOGAA]– system is in contact with the [C4mim][NTf2] 

ionic liquid, and thus there is potential for IL ions to enter into the aqueous phase, and for water, nitrate, 

[DMOGAA]– and the range of La(III) complexes to enter the IL phase. Key to evaluating the 

mechanisms of extraction are the solvation energies of the various contributing species in the IL 

(Esolv(IL)) and aqueous phase (Esolv(H2O)), Table 7.8 and Table 7.9. 

Solvation energies were computed based on the difference between the solvent optimised 

structure (Xaq-opt)aq or (XIL-opt)IL and a corresponding gas phase single point calculation employing the 

solvent optimised geometry, (Xaq)gasSP or (XIL)gasSP. The relative difference in solvation energies was 

evaluated, ΔEsolv = Esolv(H2O) - Esolv(IL), a positive ΔEsolv indicating that solvation stabilisation is greater 

in the IL phase. Species more stable in the aqueous phase are shaded blue, those more stable in the 

IL phase are shaded yellow, and those with a difference ΔEsolv<10 kJ.mol and thus with no 

convincing preference are left white. ΔEdef reports the energy difference between the gas phase 

computed conformers (Xaq)gasSP and (XIL)gasSP, giving a measure of the energy associated with the 

structural changes that occur between the different solvent phases, a value close to zero indicates no 

significant structural reorganisation between the different solvation environments. 

The ion-pair can transfer as a neutral ion-pair or become dissociated in the aqueous phase.  

Moreover, individual ions could transfer into the aqueous phase, perhaps even combining to form an 

ion-pair once in the aqueous phase. Transfer of individual IL components into the aqueous phase as part 

of a charge balancing process is feasible because the isolated anions ([DMOGAA]–, [NO3]– and [NTf2]–

) are more stable in the aqueous phase. In contrast, the cation [C4mim]+ is more stable in the IL phase. 

[C4mim][Tf2N] is known to have hydrophobic character, ie will phase separate with water. The ion-

pairs formed between [C4mim]+ and the anions are essentially equally stable in IL or aqueous 

environment.   
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Table 7.8. Solvation energies in kJ.mol-1 of the relevant species in this study, Esolv(H2O) is the solvation 

energy from the gas to aqueous phase, Esolv(IL) is the solvation energy from the gas to IL phase, ΔEsolv 

= Esolv(H2O) - Esolv(IL), and ΔEdef is the energy difference between the gas phase and solvation phase 

structures (in the gas phase). 

 Esolv(H2O) Esolv(IL) ΔEsolv ΔEdef 

H2O -21.0 -22.9 1.9 0.0 

[NO3]– -256.5 -220.1 -36.4 0.0 

[DMOGAA]– -313.1 -275.2 -37.9 0.0 

[NTf2]– -193.5 -155.7 -37.8 0.4 

[C4mim]+ -193.7 -221.8 28.1 -0.1 

[C4mim][NTf2] -95.7 -100.9 5.2 -3.0 

[C4mim][DMOGAA] -143.4 -148.9 5.5 5.6 

[C4mim][NO3] -122.4 -129.9 7.5 -2.0 

 

Table 7.9. Solvation energies in kJ.mol-1 of La(III)-[NTf2]– complexed structures, Esolv(H2O) is the 

solvation energy from the gas to aqueous phase, Esolv(IL) is the solvation energy from the gas to IL 

phase, Esolv = Esolv(H2O) - Esolv(IL), and Edef is the energy difference between the gas phase and 

solvation phase structures (in the gas phase). 

 Esolv(H2O) Esolv(IL) ΔEsolv ΔEdef 

[La(NTf2)(H2O)7]2+ † -807.5  -814.4  6.9 -10.3 

[La(NTf2)2(H2O)5]+ † -375.9  -330.9  -44.9 25 

La(NTf2)3(H2O)3 † -183.3  -84.6  -98.7 52 

 

Given the preference of [NTf2]– for the aqueous phase, the stability of a small number of 

aqueous [NTf2]– La(III) complexed structures have been investigated. Moreover, La(III) complexed 

cations are expected to enter the IL phase where they can also be coordinated by the [NTf2]– anion. 
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[La(NTf2)n(H2O)9-2n]3-n (n= 1-3) complexes have been optimised within both the aqueous and IL 

environments, relative solvation energies are presented in Table 7.10 and the associated ΔE and TΔS 

values can be found in the Table D9, Appendix D. As both aqueous and IL structures are similar, only 

those obtained in the IL-SMD environment are presented in Figure 7.16. [La(Tf2)(H2O)7]2+ was formed 

by replacing  the tridentate [DMOGAA]– ligand in [La(L)(H2O)6]2+, with bidentate [Tf2N]– and a water 

molecule and optimizing. In the [La(Tf2N)2(H2O)5]+ complex, the two [NTf2]– anions coordinating to 

La(III) were placed perpendicular to one another with the water molecules positioned in the equatorial 

plane of La(III). The single crystal X-ray crystallography of La(NTf2)3(H2O)3 reported by Bhatt et al. 

(2005) served as the starting point for optimization of the corresponding structure.  

 

 

Figure 7.16. Final stable La-[Tf2N] complexes in SMD-GIL solvation model: (A) [La(NTf2)(H2O)7]2+, 

(B) [La(NTf2)2(H2O)5]+ and (C) [La(NTf2)3(H2O)3] 

 

Table 7.10. Reaction enthalpy and Gibbs energy (kJ.mol-1) including thermal corrections for selected 

reactions involving [NTf2]– 

No. Reaction ΔH ΔG 

(38a) [La(L)(H2O)6]2+
IL + [NTf2]–

IL + H2OIL  [La(NTf2)bi(H2O)7]2+
IL† + L–

IL 190 262 

(38b) [La(L)(H2O)6]2+
aq + [NTf2]– 

aq + H2Oaq  [La(NTf2)bi(H2O)7]2+
aq† + L–

aq 100 152 

(39a) [La(NO3)2,m(H2O)7]+
IL + [NTf2]– 

IL  [La(NTf2)bi(H2O)7]2+
IL†+ 2[NO3]–

IL 123 84 

(39b) [La(NO3)2(H2O)7]+
aq + [NTf2]–

aq  [La(NTf2)bi(H2O)7]2+
aq† + 2[NO3]–

aq 79 55 

(40) [La(H2O)9]3+
aq + [NTf2]–

aq,  [La(NTf2)bi(H2O)7]2+
aq† + (H2O)2,aq -14 -1 

(41) [La(NTf2)bi(H2O)7]2+
aq† + [NTf2]–

aq  [La(NTf2)2,bi(H2O)5]+
aq† + (H2O)2,aq -11 -11 

(42) [La(NTf2)2,bi(H2O)7]2+
aq† + 2[NTf2]–

aq  [La(NTf2)3,bi(H2O)3]aq† + (H2O)4,aq -27 13 
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The formation of La-[NTf2] complexes and substitution by [Tf2N]– of water, [L]– or [NO3]– 

ligands within selected La(III) complexes in both the IL and aqueous environments are presented in 

Table 7.10. The neutral and +1 positively charged La-[NTf2] complexes are more stable in the aqueous 

phase, while the more highly charged +2 complex shows no strong preference for the aqueous or IL 

environment. Exchanging [L]– in [La(L)(H2O)6]2+ with [Tf2N]– is highly unfavourable, as is exchanging 

[NO3]– in [La(NO3)2(H2O)7]+ with [Tf2N]–. These results are in accordance with the classification of 

[Tf2N]– as a weakly or non-coordinating anion in the presence more competent ligands.  In contrast, 

exchange of two water molecules for at least one [Tf2N]– is more favourable. As the concentration of 

[Tf2N]– is expected to be small in the IL phase, further substitution is expected to play a very minor 

role. Thus, while there is potential for the [Tf2N]– to transfer into the aqueous phase, La-[NTf2] 

complexes are unlikely to form in the presence of competing [L]– or [NO3]– ligands. Moreover, while 

the ionic liquid solvent can easily exchange individual anions [L]–  or [NO3]–  for [Tf2N]– once a La(III) 

complex is transferred into the IL there is a strong preference for [DMOGAA]–  and [NO3]– to stay 

associated within the La(III). 

In the absence of a phase transfer catalyst [L]–, the presented results indicate that the 

concentration of [NO3]– relative to La3+ may play a critical role. If the concentration of [NO3]– is less 

than that of La3+ then [La(NTf2)n(H2O)9-n]x+
aq complexes may form. These results are corroborated by 

experimental evidence that partitioning of La3+ into [C2mim][NTf2] from an aqueous phase (with 

variable concentration of HNO3), in the absence of an extractant ligand, is negligible (Shimojo et al., 

2008). However, as in real application the concentration of La is often far smaller than that of nitrate, 

under such circumstance the formation of [La(NTf2)n(H2O)9-n]x+
aq complexes are unlikely. 

 

7.3.8 Phase transfer of the La(III) complex from the aqueous to the ionic 

liquid phase 

Few experimental studies have employed DGA extractants in conjunction with [C4mim][NTf2] 

(Shimojo et al., 2008; Wang et al., 2012). Extraction studies of Am(III) with TODGA have 

demonstrated a strong influence of the diluent’s polarity on the extraction efficiency as well as the 

stoichiometry of the extracted complex (Ansari et al., 2006; Sasaki et al., 2007a). In these studies, high 

distribution coefficients were obtained for Am(III) using 1-octanol (ε=10.3) and nitrobenzene (ε=34.8), 

but the extracted complex included only two TODGA molecules compared to three in hexane (ε=1.91). 

Thus, it is important to establish the effect the polarity of [C4mim][Tf2N] will have on the stoichiometry 

of the extracting complex. The static relative dielectric permittivity of [C4mim][NTf2] has been 

evaluated at ε=14±0.5 (Huang et al., 2011). Therefore, the polarity of [C4mim][Tf2N] is close to that of 

1-octanol, nevertheless extraction is into a medium composed entirely of ions, and not neutral 

molecules. The ionic environment of the IL may favour the formation of mono-ionic species over 
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neutral LaL3. Examples could include (where n is a variable number of solvating water molecules) 

cations such as [LaL2(H2O)n]+ and [LaL(NO3)(H2O)n]+ as well as anions such as [LaL3(NO3)(H2O)]–, 

[LaL2(NO3)2(H2O)]– and [LaL(NO3)3(H2O)]–. Counter-ions could include other La(III) species, H+, 

[NO3]– and [DMOGAA]–. 

One might assume that cationic La(III) species are preferentially stabilized by direct association 

with the IL anion, [NTf2]–, Figure 7.17a. However, the alkyl chains of the imidazolium cations can also 

stabilize the La(III) neutral LaL3, or even cationic complexes, via van der Waals interactions with the 

alkyl groups of the [DMOGAA]–. In addition, the La(III) core of the positively charged complexes is 

buried and negatively charged nitrate groups are more evident on the periphery of the cluster, Figure 

7.17b, these could stabilise the diffuse cationic charge of the imidazolium head-group. Hence, 

preferential solvation being via the cation rather than the anion is also a possibility. 

 

Figure 7.17. Schematic representation of potential [C4mim][NTf2] stabilizing interactions with 

extracted DODGAA-La complexes 

 

The La(III) complexes most stable in the aqueous nitrate environment were selected and their 

solvation within the ionic liquid phase is investigated. The final structures are very similar to those 

obtained in the aqueous phase, Figure D8, Appendix D. The [DMOGAA]– ligand remains strongly 

coordinated to La(III). The La-O bond distances for the La-L complexes are remarkably similar, Table 

D10, Appendix D. Relative solvation energies for the various La(III) complexes are reported in Table 

7.11. The highly charged [La(H2O)9]3+ species is more stable in the aqueous phase. All the mixed 

aqueous nitrate complexes of La(III), and most of the complexes containing [DMOGAA]– ligands, also 

prefer the aqueous phase, or are essentially equally stable in the IL or aqueous environment. However, 

two complexes with a single [DMOGAA]– ligand stand out as the only La(III) complexes slightly more 

stable in the IL phase, [La(L)(NO3)m(H2O)5]+ and to a lesser extent La(L)(NO3)2,m(H2O)4. Crucially 

La(L)3 appears to prefer to remain in the aqueous phase. Overall the stability of the ionic liquid ions, 
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ion-pairs or La(III) [L]– or [NO3]– complexes do not exhibit a strong preference for either environment, 

with Esolv < 20kJ/mol. Only the La-NTf2 complexes and La(L)3 show a stronger preference for the 

aqueous phase. The IL environment is composed of ions, but has a low polarity (=14) while the 

aqueous environment is molecular (ie neutral), but with a strong dipole and a substantial polarity (=78). 

It would appear that the IL and water provide a similar solvating ability, but in different ways. 

 

Table 7.11. Solvation energies in kJ.mol-1 of the relevant species in this study, Esolv(H2O) is the 

solvation energy from the gas to aqueous phase, Esolv(IL) is the solvation energy from the gas to IL 

phase, Esolv = Esolv(H2O) - Esolv(IL), and Edef is the energy difference between the gas phase and 

solvation phase structures (in the gas phase). 

 Esolv(H2O) Esolv(IL) ΔEsolv ΔEdef 

[La(H2O)9]3+ † -1523.8 -1511.4 -12.5 9.0 

[La(NO3)m(H2O)8]2+ -809.7 -817.7 8.0 1.3 

[La(NO3)2,m(H2O)7]+ -363.1 -369.3 6.1 1.1 

La(NO3)3,m(H2O)6 -185.6 -193.3 7.7 -12.7 

[La(L)(H2O)6]2+ -746.7 -730.2 -16.5 30.1 

[La(L)(H2O)6]2+●2[NO3]– -261.4 -233.8 -27.6 9.9 

[La(L)(NO3)m(H2O)5]+ -332.3 -348.5 16.2 1.8 

[La(L)(NO3)m(H2O)5]+●[NO3]– -222.1 -221.8 -0.4 0.4 

La(L)(NO3)2,m(H2O)4 -166.8 -176.8 10.0 -6.6 

[La(L)(NO3)3,m(H2O)3]– -337.7 -336.1 -1.6 -35.8 

[La(L)2(H2O)3]+ -351.6 -355.2 3.6 15.3 

La(L)2(NO3)m(H2O)2 -266.7 -246.9 -19.9 13.6 

La(L)3 † -269.1 -240.7 -28.5 27.0 
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Earlier it was found that [La(L)3]aq is the most stable species (studied here) within the aqueous 

phase, however [La(L)3]aq also prefers solvation within the aqueous phase. A number of other La(III) 

complexes exhibit a larger negative G of reaction, such as: La(L)2(NO3)m(H2O)2, [La(L)2(H2O)3]+, 

[La(L)(H2O)6]2+, [La(L)(NO3)m(H2O)5]+, La(L)(NO3)2,m(H2O)4, [La(L)(NO3)3,m(H2O)3]– and 

La(NO3)3,bi(H2O)3. Only [La(L)(NO3)m(H2O)5]+ and La(L)(NO3)2,m(H2O)4 are slightly more stable in the 

IL phase. Preferential extraction of minor, less stable species from within the equilibria forming 

[La(L)3]aq could occur, loss of these species into the IL phase, "pulling" on the equilibrium and leading 

to such species being continuously generated and extracted into the IL. 

Many of the remaining species listed above, do not exhibit a strong preference for either the 

aqueous or IL phase, and at the interface with the IL could transfer over and diffuse away from the 

boundary thus being transferred into the IL. Note, that we say nothingnothing is said about the activation 

energy required for this process, only that ΔGaq/IL close to 0 kJ.mol-1. Solvation energies indicate that 

extraction of charged complexes might be slightly favoured over neutral ones. Increasing the number 

of coordinating [L]– ligands coordinated does not always result in a lower value of ΔGaq/IL, the order of 

stability to enter the IL phase (for the complexes examined here) is [La(L)(NO3)m(H2O)5]+ > 

[La(L)(H2O)6]2+ > La(L)2(NO3)m(H2O)2 > La(L)3. 

It has been experimentally determined, for conventional hydrophobic solvents, that increasing 

the number of coordinating [DMOGAA]– facilitates La(III) extraction (Ansari et al., 2012).  

Conventional molecular low polarity solvents are neutral molecules and are best able to stabilise other 

neutral hydrophobic/lipophilic molecules, hence we can rationalize why La(L)3 is favoured. However, 

ILs are solvents composed of singly charged cations and anions, and are better able to stabilize charged 

solutes. It seems sensible to suggest that singly charged solutes will be stabilised best, while more highly 

charged solutes can be stabilised, but will not fit as effectively into the existing solvent environment.  

Neutral solutes will be less favoured; but the relatively low dielectric permittivity of the IL will allow 

them to remain soluble. Thus, it is anticipated that very highly charged solutes, such as bare La3+ will 

not be favoured for extraction into the IL because of the strong structuring (Coulomb forces) that will 

be imposed on the surrounding solvating IL ions.   

Within La(DODGAA)3 the La3+ is buried within a hydrophobic shell of aliphatic alkyl chains, 

forming an approximate reverse micelle. Thus, the neural complex will be favoured by conventional 

low polarity solvents. A cartoon of [La(DODGAA)3] generated by extending the alkyl groups of the 

model ligand DMOGGA for an (optimised) model LaL3 complex is presented in Figure 7.18a. However, 

molecular simulations have shown the existence of microphase segregation between polar and nonpolar 

domains in ionic liquids with alkyl chains of intermediate length. (Canongia et al., 2006). It is 

anticipated that extraction of complexes with one or two DODGAA, will exhibit both polar and 

lipophilic regions, the La3+ charge will be partially exposed. Such structures will be able to match with 
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and interact favourably at the boundary of the lipophilic and ionic regions within the IL. The overall 

charge on the complex will also allow it to be stabilised in the IL. A cartoon of [La(DODGAA)2(H2O)3]+ 

is presented in Figure 7.18b. 

 

 

Figure 7.18. Representation of [La(DODGAA)2(H2O)3]+ (top) and [La(DODGAA)3] (bottom) 

 

7.3.9 Thermodynamics of Extraction 

Lanthanide extraction into [C4mim][NTf2] by DMOGAA can proceed via four different 

mechanisms, schematically represented in Figure 7.19. Starting from [La(L)n(NO3)a(H2O)b](3-n-a)+ 

complexes solvated in the aqueous phase. (Ex.1) direct extraction of a complex, where the complex 

simply moves from the aqueous into the IL phase. (Ex.2) a [La(L)n](3-n)+ complex is extracted into the 

IL phase, while the solvating water and nitrate molecules remain in the aqueous phase. (Ex.3) a cation-

exchange mechanism whereby the IL cation is released to the aqueous phase to compensate for the 

charge of the incoming complex, which is neutralised by coordination of the IL anion. The reverse is 

also possible where an anionic La(III) complex is extracted, and an IL anion is released to the aqueous 

phase to compensate for the incoming charge, the transferred complex is neutralised by coordination of 

the IL cation. (Ex 4) extraction of a charge neutral ion-pair composed of a positive La-L’ complex and 

a counter anion, where the counterion is a nitrate ion or a larger [LaL(NO3)3(H2O)3]– complex.  
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Figure 7.19. Schematic representation of the potential extraction mechanisms (Ex. 1 to 4) of La-

DMOGAA complexes from an aqueous to [C4mim][Tf2N] environment 

 

The standard enthalpy or Gibbs free energy change for extraction from the aqueous phase into 

[C4mim][NTf2] (ΔGaq/IL) was derived directly using the equation ΔGaq/IL=ΣE(products)- ΣE(reactants). 

ΔGaq/IL for the extraction mechanisms Ex.1-4 are presented in Table 7.12. ΔE and TΔS values are 

reported in Table D11 of Appendix D. 

 

Table 7.12. Energy and Gibbs free energy of reaction (ΔHaq/IL, ΔGaq/IL) in for the solvation of aqueous 

La-DMOGAA complexes and for the proposed extraction mechanisms (all results in kJ.mol-1) 

No. Reactions: Extraction mechanisms ΔHaq/IL ΔGaq/IL 

(43a) [La(L)(H2O)6]2+
aq   [La(L)(H2O)6]2+

IL -16 -10 

(43b) [La(L)(NO3)m(H2O)5]+
aq  [La(L)(NO3)(H2O)5]+

IL -18 -8 

(43c) La(L)(NO3)2,m(H2O)4,aq  La(L)(NO3)2(H2O)4,IL -3 3 

(43d) [La(L)(NO3)3,m(H2O)3]–
aq  [La(L)(NO3)3,m(H2O)3]–

aq 38 50 

(43e) [La(L)2(H2O)3]+
aq  [La(L)2(H2O)3]+

IL -18 -8 

(43f) La(L)2(NO3)m(H2O)2, aq  La(L)2(NO3)m(H2O)2, IL 6 12 

(43g) La(L)3,aq  La(L)3,IL † -1 18 
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(44a) [La(L)(H2O)6]2+
aq  [La(L)]2+

IL† + 6H2Oaq -117 -163 

(44b) 
[La(L)(H2O)6]2+

aq + 2[C4C1mim][Tf2N]IL  [La(L)]2+
IL† + 6H2Oaq + 

2[C4C1mim]+
aq + 2[Tf2N]–

IL 
-10 -138 

(44c) 
[La(L)(H2O)6]2+

aq + 2[C4C1mim][Tf2N]IL  [La(L)NTf2]+
IL + 6H2Oaq + 

2[C4C1mim]+
aq + [Tf2N]–

IL 
-24 -91 

(44d) [La(L)(H2O)6]2+●2[NO3]–
aq  [La(L)(H2O)6]2+●2[NO3]–

IL 17 27 

(45a) [La(L)(NO3)m(H2O)5]+
aq  [La(L)(NO3)]+

IL + 5H2Oaq -77 -127 

(45b) [La(L)(NO3)m(H2O)5]+
aq  [La(L)]2+

IL† + [NO3]–
aq + 5H2Oaq -67 -167 

(45c) [La(L)(NO3)m(H2O)5]+
aq  [La(L)]2+

IL† + [NO3]–
IL + 5H2Oaq -30 -135 

(45d) 
[La(L)(NO3)m(H2O)5]+

aq + [C4C1mim][Tf2N]IL  [La(L)(NO3)]+
IL + 5H2Oaq 

+  [C4C1mim]+
aq + [Tf2N]–

IL 
-23 -115 

(45e) 
[La(L)(NO3)m(H2O)5]+

aq + [C4C1mim][Tf2N]IL  [La(L)(NO3)(NTf2)]IL + 

5H2Oaq + [C4C1mim]+
aq 

-42 -57 

(45f) [La(L)(NO3)m(H2O)5]+●[NO3]–
aq  [La(L)(NO3)m(H2O)5]+●[NO3]–

IL 8 15 

(46a) La(L)(NO3)2,m(H2O)4,aq  [La(L)(NO3)2]IL + 4H2Oaq -6 -64 

(46b) La(L)(NO3)2,m(H2O)4,aq  [La(L)(NO3)]+
IL + [NO3]–

aq + 4H2Oaq -16 -114 

(46c) La(L)(NO3)2,m(H2O)4,aq  [La(L)(NO3)]+
IL + [NO3]–

IL+ 4H2Oaq 21 -82 

(46d) La(L)(NO3)2,m(H2O)4,aq  [La(L)]2+
IL† + 2[NO3]–

aq+ 4H2Oaq -6 -154 

(46e) La(L)(NO3)2,m(H2O)4,aq  [La(L)]2+
IL† + 2[NO3]–

IL+ 4H2Oaq 67 -90 

 

[La(L)3]aq is the most stable species (studied here) within the aqueous nitrate phase, and a 

number of other La(III) complexes are also potentially present, such as: La(L)2(NO3)m(H2O)2, 

[La(L)2(H2O)3]+, [La(L)(H2O)6]2+, [La(L)(NO3)m(H2O)5]+, La(L)(NO3)2,m(H2O)4, 

[La(L)(NO3)3,m(H2O)3]– and [La(NO3)3,bi(H2O)3]. To allow a systematic comparison we have elected to 

compare reactions for La(III) complexes with one [DMOGAA]–. In addition, [La(L)(NO3)m(H2O)5]+ 

and La(L)(NO3)2,m(H2O)4 were found to be stable within the IL environment and hence are included in 

the phase transfer reactions considered here.  

The reported values serve a comparative purpose: to identify the most likely extraction 

mechanism relative to each other rather than to provide exact reaction enthalpies and Gibbs free 

energies. Direct extraction of La-L complexes is evaluated in reaction 43(a-g). Results from Table 7.12 

reflect those from Table 7.11: extraction of charged complexes is favoured over neutral ones, 



Nicolas Schaeffer PhD Thesis  Chapter 8 

165 

 

particularly the monovalent [La(L)(NO3)m(H2O)5]+ and [La(L)2(H2O)3]+ species. This preference for the 

presence of positively charged species in the IL phase is reflected in the greater stability of 

[La(L)(NO3)]+ over [La(L)]2+ and [La(L)(NO3)2] respectively (reactions 46(a-b,d)). 

In reactions 44-46(a), complete dehydration of La-L’ complexes with one [DMOGAA]– ligand 

upon solvation in [C4mim][Tf2N] is calculated. Extraction of [La(L)]2+, stripping away all the 

coordination water molecules, into the IL phase is favourable, (reaction 44a, -163 kJ.mol-1).  Complete 

dehydration of trivalent metal ions on extraction into traditional solvents is well established (Pathak et 

al., 2009). The presence of nitrate within the first two solvation shells retards transfer compared to the 

fully water solvated La(III). Nevertheless, the ΔGIL for the nitrate complexes is negative, suggesting 

that co-extraction of water and nitrate molecules with La-L’ complexes are possible. For example, 

[La(L)(NO3)(H2O)5]+
aq transfer is best when the nitrate ion and the coordinated water remains in the 

aqueous phase to give [LaL]2+
IL (reaction 45b, -167 kJ.mol-1). However, extraction can also occur when 

the nitrate ion remains with the La(III) while the coordinated water remains in the aqueous phase 

(reaction 45a, -127 kJ.mol-1). Furthermore, comparison of the reaction pairs 45(b-c) and 46(b-e) 

indicates that the release of the nitrate to the IL phase is less favourable by at least 30 kJ.mol-1 than its 

release to the aqueous phase. 

The potential loss of the IL’s cation in such a scenario was evaluated for [La(L)(H2O)6]2+ and 

[La(L)(NO3)(H2O)5]+ extraction and the result presented in reactions 44(b-c) and 45(d-e). The negative 

ΔGaq/IL values suggest that release of the imidazolium cation to the aqueous phase can occur during the 

extraction of cationic complexes. However, no definitive verdict can be made on this potential 

extraction mechanism due to the smaller relative ΔGaq/IL values compared to those obtained using other 

extraction mechanisms. Based on previously reported results on the extraction of charged species into 

ILs, it is possible for the IL cation to be released to the aqueous phase to compensate for the presence 

of a charged complex in the IL medium (Jensen et al., 2003; Shimojo et al., 2008). 

In addition, the extraction of the neutral ion-pairs [La(L)(H2O)6]2+●2[NO3]– and 

[La(L)(NO3)m(H2O)5]+●[NO3]– to the IL with co-extraction of an nitrate anion was assessed in reactions 

44d and 45f. Both ΔHaq/IL and ΔGaq/IL values indicate that this extraction mechanism is not favoured 

(reaction 44d, -17 kJ.mol-1; reaction 45f, -8 kJ.mol-1). This is most likely due to the preference in the 

IL phase of +1 charged species over neutral ones. 

Extraction is primarily of the neutral species in traditional non-polar solvents, for the more 

traditional neutral L’=TODGA ligand this means stabilisation of [LaL3]3+ with associated nitrate ions 

LaL’3(NO3)3. DGA ligands have also been shown to extract lanthanides at 1:1 and 1:2 Ln(III):L ratios 

(Pathak et al., 2009). However, extraction of cationic species has been suggested previously for more 

polar traditional solvents and neutral extractant ligands, [LaL’3(NO3)2]+.(Sasaki et al., 2007). In such 
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systems, extraction of a charged species involves removing a nitrate anion [LaL3(NO3)2]+. However, 

with an anionic extractant ligand, the same charge can be achieved by removing one of the extractant 

ligands, [LaL2]+.  

With an anionic extractant ligand such as L=DODGAA– charge neutralisation via the presence 

of nitrate anions is not required to form a neutral species LaL3. Calculations reported in Table 7.6 

identify the charge neutral LaL3,aq as the most stable aqueous phase complex. It is anticipated that 

extraction of a neutral species is viable within an IL. Due to its charge neutrality, no exchange with IL 

ions (cation or anion) into the aqueous phase is expected to occur. However, extraction of a charged 

species is expected to be more favourable for an ionic liquid due to the affinity of the medium for 

charged species. Results from Table 7.11 and Table 7.12 indicate that the charge La-L species possess 

greater solvation energies in the IL as well as more negative ΔGaq/IL compared to neutral La-L 

complexes. Even for traditional neutral polar solvents extraction of a charged species has been 

suggested. Thus, it is anticipated one or two anionic ligands are displaced from LaL3,aq on extraction 

into the IL phase forming [LaL2]+
IL, [La(L)(NO3)]+  or  [LaL]2+

IL. These complexes are not 

coordinatively saturated (ideal coordination number is expected to be 9) and thus species such as 

[La(L)2(H2O)3]+, [La(L)(H2O)6]2+ or [La(L)(NO3)(H2O)5]+ may well form (Table 7.11). Alternatively, 

these species may already exist in lower concentration within the solution and be preferentially 

extracted, as an equilibrium exists, loss of these complexes may then “pull through” and deplete LaL3,aq. 

[La(H2O)9]3+ ⇌ [La(L)(H2O)6]2+ ⇌ [La(L)2(H2O)3]+ ⇌  La(L)3 

Based on the results presented in Table 7.11 and Table 7.12, it is probable that the coordination 

of lanthanum varies upon transition from the aqueous to IL phase. The results highlight the multitude 

of potential extraction mechanisms available for lanthanide extraction by acidic dyglicolamide ligands 

in hydrophobic IL. This may explain the increased extraction efficiency recorded for such systems 

compared to those using an industrial solvent as the hydrophobic phase. The number of potential 

mechanisms makes it difficult to select a definitive one. However, based on the results in Table 7.12, it 

is probable that extraction proceeds via transfer of a +1 charged La-L complex followed by dehydration 

of the latter upon entering the IL phase and transfer to the aqueous phase of the IL cation. 

As this chapter represents an exploratory study, many questions remain unanswered, future 

work is required with the optic of developing a more efficient IL-extractant combination. These results 

were not experimentally validated. This represents an important recommendation for future work as 

EXAFS and/or single crystal XRD measurements could validate some of the structures optimised in 

this Chapter. One aspect which was also not considered was the role of the alkyl chain in DMOGAA 

and [C4mim][Tf2N]. Previous experimental results indicate decreasing lanthanide extraction with 

increasing IL alkyl chain length for both neutral and acidic DGA ligands (Shimojo et al., 2008; Kubota 
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et al., 2011). Furthermore, the polarity of the diluting solvent has been shown to influence the formation 

of reverse micelle tetra-TODGA extraction complexes (Jensen et al., 2007). IL with cationic alkyl 

chains with n ≥4 also form nanostructures in RTILs because of alkyl chains segregation (Alessandro et 

al., 2007). Further work is required to elucidate these potentially co-existing interactions in the studied 

system. In addition, an assessment of the influence of the IL diluent on the extraction efficiency 

DMOGAA is necessary, including the addition of functional group to the cation or the role played by 

the IL anion. Finally, this research needs to be expanded to include the other lanthanide cation to 

determine trends across the series. 

 

7.4 Summary 

In this exploratory study, the suitability of acidic DGA ligands for the extraction of lanthanides 

from aqueous and nitric acid solution into the [C4mim][NTf2] IL phase was investigated using a DFT 

approach. Calculations indicate the preferential presence of [La(H2O)9]3+ with a TTP geometry of 

approximate D3h symmetry in aqueous solution. Calculation results indicate that the neutral 

[La(NO3)3,bi(H2O)3] complex is the most stable lanthano-nitrate hydrate due to large entropic 

contributions. [DMOGAA]– coordinates as a tridentate ligand primarily through the hydroxyl oxygen 

followed by the carbonyl oxygen and ether oxygen. Extraction of nine-coordinate [La(NO3)n(H2O)9-n]3-

n (n=0-3) complexes with one, two and three optimised linear tridentate deprotonated [DMOGAA]– 

ligand(s) was calculated. The displacement by [DMOGAA]– of water molecules is more 

thermodynamically favorable than that of nitrates. Negative reaction enthalpies show that [DMOGAA]– 

coordinates strongly to all hydrated lanthanide nitrate complexes regardless of original number of 

coordinating nitrates. The neutral [La(DMOGAA)3] structure with the La(III) centre wrapped by three 

tridentate [DMOGAA]– ligands in a distorted D3-symmetric TTP geometry was found as the most stable 

extraction complex. La-DMOGAA aquo-nitrate complexes optimised in the IL SMD-GIL model 

display a similar water and nitrate molecule geometry to their C-PCM counterparts. Preliminary results 

suggest that direct solvation of the La-L aquo-nitrate complexes to [C4mim][Tf2N] is a spontaneous 

reaction with low ΔGIL values associated with all complexes. Although not conclusive, co-extraction of 

water molecules and nitrate anions with La-L complexes in [C4mim][NTf2] is possible. Calculations 

identify the charge neutral [La(DMOGAA)3] as the most stable extraction complex in the aqueous phase 

but the cationic La-L complexes exhibited greater stability in the IL phase, suggesting a change in the 

coordination of lanthanum upon transition from the aqueous to IL phase. This research highlights both 

the suitability of carboxylic DGA acidic extractants as a viable option to their neutral counterparts for 

lanthanide extraction as well as the benefit of using [C4mim][NTf2] ionic liquid as the hydrophobic 

phase. 
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Chapter 8: Recovery of yttrium europium oxide from 

waste phosphor using a brønsted acidic IL 1-

methylimidazolium hydrogen sulphate 

8.1 Introduction 

Conventional industrial processing of waste phosphor requires extraction and separation 

techniques, that: (1) use aggressive acid or alkali digestion, (2) can involve multi-stage separation 

procedures, (3) produce large aqueous waste streams which require further treatment, and (4) in the 

solvent extraction process, make use of solvents which are potentially flammable, volatile and toxic 

solvents. Room temperature ionic liquids (ILs) are a class of ‘green’ solvents consisting of organic 

cations and organic or inorganic anions with melting points below 100 oC and tunable properties (Earle 

& Seddon, 2000; Huddleston et al., 2001). If properly selected, ILs can offer an environmentally 

friendly alternative to current hydrometallurgical waste phosphor recycling processes by minimizing 

waste generation and acid consumption whilst maintaining a selective leaching. 

The solubility of various metal oxides in a wide range of eutectic ILs has been extensively 

studied (Abbott et al., 2011) whilst the high solubility of RE oxides in betaine 

bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) was demonstrated in Chapter 4. [Hbet][Tf2N] was 

used for the recovery of yttrium and europium oxide from simulated waste phosphor powder yielding 

a 99.9% pure final Y2O3:Eu3+ product after oxalate precipitation (Dupont and Binnemans, 2015). The 

acidic IL N,N-dimethylacetamidium bis(trifluoromethylsulfonyl)imide ([DMAH][NTf2]) mixed in the 

IL [C4mim][Tf2N] dissolved actual and synthetic RE minerals (bastnaesite) through the release of 

protons by [DMAH]+ and formation of RE(DMA)2(NTf2)3 complexes (Freiderich et al., 2015).  

Despite their potential, the use of ILs as leaching agents remains low due to either low metal 

loading capacity, long leaching times or in the case of fluorinated ILs such as [Hbet][Tf2N], their high 

synthesis costs. Fluorinated ILs are on average 5–20 times more expensive than molecular solvents 

(Chen et al., 2014).  Recently, Chen and co-workers (2014) demonstrated that the price of the Brønsted 

acidic IL 1-methylimidazolium hydrogen sulphate ([Hmim][HSO4]) on an industrial scale was of 

$2.96–5.88 kg−1. [Hmim][HSO4] is a cheaper alternative to 1-butylimidazolium hydrogen sulphate 

([C4mim][HSO4]) IL which has been successfully used to recover copper from waste PCBs (Huang et 

al., 2014) and chalcopyrite ore (Dong et al., 2009), as well for the leaching of gold, silver, copper and 

base metals from ores (Whitehead et al., 2004a; Whitehead et al., 2007). In this chapter, the leaching of 

REEs from waste phosphor using the acidic IL [Hmim][HSO4] and recovery of the dissolved REEs 

from the major leached impurities by oxalic acid precipitation is described. Waste phosphor is 
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characterised and the leaching parameters are investigated and optimised. Finally, regeneration and 

reuse of [Hmim][HSO4] is presented. The recovery of yttrium europium oxide [(Y0.95Eu0.05)2O3] from 

waste fluorescent tube phosphor by a simple efficient low cost ionic liquid process is summarised in 

Figure 8.1.  

 

 

Figure 8.1. Schematic diagram of the experimental process for the recovery of (Y0.95Eu0.05)2O3 using 

[Hmim][HSO4] from waste fluorescent tubes 

 

8.2 Experimental Methods 

The compositional analysis of the sieved phosphor shown in Table 8.1 was obtained by lithium 

borate fusion. The rest of the feedstock characterisation is presented in Section 3.2.2 of Chapter 3. All 

reported percentage are based on the total metal values presented in Table 8.1. 

 

Table 8.1. Quantitative chemical analysis of the phosphor powder used in this Chapter 

Element 
Concentration 

(mg.g-1) 
RSD (%) Element 

Concentration 

(mg.g-1) 
RSD (%) 

Y 100.1 2.5 Ba 25.4 1.1 

Eu 6.85 2.6 Al 45.9 5.8 

Gd 2.91 2.2 Mn 4.93 4.1 

Tb 6.57 3.1 Fe 3.86 19.9 

Ce 13.0 2.9 Sr 2.77 2.7 

La 19.4 3.0 K 2.16 8.0 

Ca 131.8 0.7 Mg 4.03 2.8 

Na 11.3 8.3 Pb 0.56 27.0 
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8.2.1 Optimisation of waste phosphor leaching using [Hmim][HSO4] 

All leaching tests were performed on the ≤ 25 µm fraction of the waste phosphor to limit the 

presence residual glass particles. The leaching process using [Hmim][HSO4] was optimised with respect 

to temperature, time, leachant concentration, solid: liquid ratio (S:L) and mixing velocity. Standard test 

conditions were leaching time of 2 hr, leaching temperature of 80 oC, 50 wt.% [Hmim][HSO4] aqueous 

solution,10% S:L and mixing velocity of 300 rpm. The leaching acid strength (0-100 wt.% 

[Hmim][HSO4]), leaching temperature (20-100 oC), solid: liquid ratio (1:20-1:5), leach time (0.5-24 hr) 

and mixing velocity (50-500 rpm) were systematically varied and solutions filtered through a 0.22 µm 

cellulose nitrate filter prior to analysis by ICP-OES.  

 

8.2.2 Optimisation of RE oxide recovery from aqueous [Hmim][HSO4] leach 

solution by oxalic acid precipitation 

The recovery of REEs from aqueous [Hmim][HSO4] leach solution by oxalic acid precipitation 

was optimised with respect to temperature (20-60 oC), time (15-45 mn), pH (0.9-1.4) and oxalic 

acid:REE molar ratio (0.8-1.75). Standard test conditions were mixing time of 0.5 hr, precipitation 

temperature of 20 oC, initial solution pH of 0.9 and an oxalic acid:REE molar ratio of 1.4. Precipitation 

efficiency was calculated by ICP-OES analysis of the leach solution after precipitation. The solution 

pH was adjusted with ammonia. The final product from the optimised leaching and precipitation 

procedure was filtered off, washed with deionised water and dried at 105oC. The temperature required 

for the conversion of RE oxalates to RE oxides was determined by thermogravimetric analysis as over 

600 oC using a Stanton Redcroft STA-1500 TGA. The final oxide product was obtained from the 

oxalates by heating them to 650 oC and maintaining this temperature for 1 hour to give a product that 

was washed with deionized water and dried at 105 oC. 

 

8.2.3 [Hmim][HSO4] recycling and re-use over four leaching and recovery 

cycles 

After the optimised leaching and recovery process, the aqueous IL solution was diluted (×5) 

and shaken with an excess of XAD-DEHPA solvent impregnated resin (SIRs) for an hour to extract the 

non-precipitated metal components. After filtration of the SIRs, [Hmim][HSO4] was recovered by 

evaporating the water in vacuo at 60 oC for 4 hr. The recovered IL was then re-used and recycled 

following the same method for three more cycles. 
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8.3 Results and Discussion 

8.3.1 Optimisation of phosphors leaching process 

The ionic liquid anion dictates the chemistry of the system since it interacts with the generally 

more Lewis acidic metal solute (Abbott et al., 2011). Anion selection determines the Lewis acidity and 

coordination ability of an IL, with metal salts being poorly soluble in ILs with strongly Lewis acidic/ 

practically non-coordinating anions. Chloride, nitrate and importantly for the scope of this research, 

sulphate, are strongly Lewis basic/strongly coordinating anions (Wasserscheid & Keim, 2000). In 

addition, the hydrogen sulphate anions in imidazolium based ILs dissociates in the presence of water to 

release H+ ions according to the following equation (Dong et al., 2009). 

[𝐻𝑚𝑖𝑚][𝐻𝑆𝑂4] ↔ [𝐻𝑚𝑖𝑚]+ + 𝐻+ + 𝑆𝑂4
2−                                                                                    – (8.1)  

The ability to release H+ ions allows [Hmim][HSO4] to act as Brønsted acid and an efficient 

leachant for REEs from waste phosphor. The results of varying the leaching conditions in terms of 

[Hmim][HSO4] concentration, temperature, solid: liquid ratio, mixing velocity and leaching time are 

shown in Figures 8.2 to 8.4. The solubility of the RE elements present in the phosphor decrease in the 

order Eu>Y>Gd>Tb>Ce>La. The more soluble Y and Eu are present as oxide salts. Oxide salts of the 

lanthanides (Ln) are readily soluble in acidic solution according to Equation 8.2. In comparison, the 

solubility of RE phosphates, which exist as complex crystals, is low in neutral and acidic aqueous 

solutions. The solubility products (Ksp) for LaPO4 and CePO4 are 4.0×10−23 and 1.6×10−23 respectively 

(Huang, 2010). 

Ln2O3 + 6H+ → 2Ln3+ + 3H2O                                                                                                       – (8.2) 

Figure 8.2 shows the effect of temperature on RE oxide and phosphate leaching. Temperature 

exerts a strong influence on the leaching efficiency of Y and Eu oxide: leaching efficiency increases by 

50.6 wt.% and 73.7 wt.% for Y and Eu respectively as the temperature is increased from 22 oC to 80 

oC. This can be explained by the decrease in the IL’s viscosity and the resulting improvement in reaction 

kinetics with increasing temperatures. The solubility of RE sulfates decreases with increasing 

temperature (Huang and Bian, 2010) and this explains the lower leaching efficiencies in [Hmim][HSO4] 

for Y and Eu at temperatures above 80 oC. Higher temperatures are required to overcome the low 

solubility of RE phosphates and at 100 oC 36.0 wt% of Gd, 3.7 wt.% of Tb, 2.1 wt.% of Ce and 0.14 

wt.% of La in the phosphor is leached. Temperature also influences leaching of the impurity elements 

Ca, Al and Fe which show increased leaching in [Hmim][HSO4] at temperatures above 80 oC. 

Temperature appears to have no influence of the leaching of Mn, with a constant leaching efficiency of 

approximately 70 wt.%. 
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Figure 8.2. Leaching efficiency of Y, Eu, Tb, Ca, Al, Fe and Mn as a function of temperature 

 

 

Figure 8.3. Leaching efficiency of Y, Eu, Tb, Ca, Al, Fe and Mn as a function of a) [Hmim][HSO4] 

concentration and b) S:L ratio 

 

Maximum leaching for all elements was observed using a 1:2 to 1:1 wt. [Hmim][HSO4]:H2O 

solution as shown in Figure 8.3a. At this ratio, a compromised is reached between the concentration of 

the Brønsted acidic IL in solution and the solution viscosity. Although high acid concentrations are 

desired, the viscosity of a solution is typically inversely correlated to the reaction kinetic. The viscosity 

of [Hmim][HSO4] decreases from 6.9 cP for a 98 wt.% [Hmim][HSO4] solution to 4.2 cP for a 50 wt.% 

[Hmim][HSO4] solution at 20 oC. Furthermore, the presence of H2O is required for the dissociation of 

hydrogen sulphate anion’s proton according to Equation 8.1. The leaching of all elements decreases 

with increasing solid: liquid ratio as shown in Figure 8.3b. Leaching efficiency of Y and Eu decreases 

linearly with S:L ratio from 81.4 wt.% and 92.4 wt.% at 5% S:L to 32.0 wt.% and 46.5 wt.% at 20% 

S:L, respectively. 
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The leaching of all elements increases with leaching time as shown in Figure 8.4a. Leaching 

time has little effect on the co-leaching of impurities such as Ca and Al but does influence leaching of 

Fe, Mn, Eu and Y. Leaching of Ca, Y and Eu reaches a maximum after 4 hr before decreasing due to 

their precipitation as sulphate salts. Inversely, the solubility of Tb and Al continuously increases with 

time reinforcing the different leaching mechanisms between RE oxides and phosphates in 

[Hmim][HSO4]. Verma et al. (2013) modelled the dissolution of Eu and Y from waste phosphor in HCl 

using a logarithmic relation and obtained an activation energy of 76 kJ.mol-1 for Y and 61 kJ.mol-1 for 

Eu in the temperature range 70 – 90 oC. In general, the activation energy of a diffusion process does not 

exceed 40 kJ.mol-1 (Levenspiel, 1999), suggesting that the overall extraction rate is likely to be 

controlled by the surface chemical reaction. This is in accordance with the result in Figure 8.2 which 

shows that temperature exerts a critical role in Y and Eu solubilisation. 

 

 

Figure 8.4. Leaching efficiency of Y, Eu, Tb, Ca, Al, Fe and Mn as a function of a) leaching time and 

b) mixing velocity 

 

 The influence of mixing speed on the leaching efficiency is presented in Figure 8.4b. The 

leaching efficiency of Fe, Tb, Ca and Al does not vary with mixing speed whilst the leaching of Eu, Y 

and Mn increases with increasing mixing speed from 50 to 150 rpm. No further improvement in the 

leaching of the former elements is recorded when the mixing speed is further increased above 150 rpm. 

YOX phosphor ((Y,Eu)2O3) particles are very dense, with an average density of 5.12 g.cm-3 (Hirajima 

et al., 2005a). As such, the initial increase in Y and Eu leaching efficiency with mixing speed can be 

attributed to the minimum mixing velocity required for complete suspension of all waste phosphor 

particles and not to a reduction in the outer boundary diffusion layer, confirming the chemical 

dissolution reaction as the most probable rate limiting step.  

The optimum leaching conditions for Y and Eu used a 1:1 wt. [Hmim][HSO4]:H2O solution at 

a solid: liquid ratio of 5 %, 300 rpm, 80 oC for 4 hours and the percentage leaching under these 
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conditions is given in Table 8.2. Under the optimised leach condition, high recovery of Y and Eu are 

achieved with 91.6 wt.% and 97.7 wt.% extracted respectively. Due to the low solubility of calcium, 

barium and lead sulphate, only 18.6 wt. % Ca is leached and no Pb and Ba were detected in leach 

solution by ICP-OES. Leaching of Al, Ca, La, Ce and Tb is limited as these concentrate in the insoluble 

residue. Previous research show that aggressive leaching conditions, such as high nitric or 

hydrochloride acid concentration or alkali fusion, are required for the recovery of the RE phosphate. 

Through the physical and chemical pre-treatment steps and the optimisation of the leaching conditions, 

Y is concentrated from 11. 7 wt.% in the as-received waste phosphor to 71.3 wt.% in the leach solution. 

The main elements in the leachate in decreasing concentration order are: Y (71.3 wt.%), Ca (18.6 wt.%), 

Eu (6.5 wt.%), Al (3.2 wt.%), Mn (2.8 wt.%) and Gd (1.1 wt.%). 

 

Table 8.2. Percentage leached of elements present in the phosphor powder at the optimised 

[Hmim][HSO4] leach conditions 

Element wt.% leached Element wt.% leached 

Y 91.6 ± 2.06 Mn 95.6 ± 0.75 

Eu 97.7 ± 2.23 Mg 9.05 ± 0.18 

Gd 39.5 ± 0.81 Fe 16.1 ± 4.24 

Tb 4.05 ± 0.13 Sr 9.82 ± 0.44 

Ce 2.40 ± 0.07 K 13.2 ± 1.6 

La 0.20 ± 0.01 B 8.75 ± 7.98 

Ca 24.9 ± 1.50 Pb 0.0 ± 0.0 

Al 7.24 ± 0.42 Zn 10.7 ± 0.31 

Ba 0.0 ± 0.0 Cu 0.0 ± 0.0 

Na 8.52 ± 0.68 Ni 39.0 ± 5.93 

 

XRD data for the optimised leach residue (Figure 8.5b) shows the complete disappearance of 

the peaks associated with yttrium europium oxide (Y0.95Eu0.05)2O3 confirming the complete leaching of 

Y an Eu from waste phosphor. In contrast, new bands not present on the XRD spectrum of the as-

received phosphor emerge and indicate the presence of CaSO4 (reference code: 00-006-0047) in the 

residue. As previously mentioned, the solubility of calcium sulphate is low (KSP = 3.14 × 10−5), making 

it precipitate out of solution (Linde, 2002). The characteristic peaks of CePO4 remain from the XRD 

spectrum of the as-received phosphor indicating both their incomplete leaching and their continued 

presence as phosphates. Al2O3 (reference code: 01-073-1512) is highly stable making it difficult to 

dissolve under the mild leaching conditions tested.  
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Figure 8.5. XRD analysis of a) the as-received waste phosphor, b) the waste phosphor residue after 

optimised [Hmim][HSO4] leaching and c) the recovered oxide product after calcination with the main 

crystalline phases identified 

 

In addition to the high selectivity of [Hmim][HSO4] for RE oxides in waste phosphor, the main 

advantage of ILs as leaching agents is their potential recyclability. To estimate the consumption of 

[Hmim][HSO4], proton and sulphate ion concentration before and after leaching were measured. pH 

analysis of the leachate reveals an average proton consumption of 0.13 ± 0.01 M. IC analysis indicates 

a negligible sulphate anion loss of 0.013 ± 0.008 M per leaching stage due to the low S:L ratio used. 

Despite the low S:L ratio used, the proton consumption might prove problematic over repeated leaching 

cycles and lower the recyclability of [Hmim][HSO4]. 

 

8.3.2 REE - [Hmim][HSO4] complexation 

Knowledge of the metal speciation in the [Hmim][HSO4]:H2O solution is of importance for 

deeper understanding of the leach process. From Equation 8.1 it is suspected that the RE oxides react 

with the dissociated sulphate anion from the IL’s bisulphate anion. Although Eu2(SO4)3 is 

predominantly an inner-sphere type complex (Tanaka & Yamashita, 1984), the occurrence of these ions 

in [Hmim][HSO4] must be verified. Optical absorption spectrum can be used to extract information on 
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the coordination environment of the Eu3+ despite the weak nature of the 5D  7F transitions, with molar 

absorptivity values ε less than 1 L.mol−1.cm−1 (Binnemans, 2015). The absorption spectra of the 2 M 

H2SO4 and 1:1 wt. [Hmim][HSO4]:H2O solutions containing Eu3+ were recorded after dissolution of 

Eu2O3 and the results are presented in Figure 8.6. Europium was found to possess the same coordinating 

environment in both dilute H2SO4 and [Hmim][HSO4], confirming that the RE oxides are leached as 

sulphates. 

 

 

Figure 8.6. Absorption spectra of Eu3+ complexes in 2 M H2SO4 (black) and 1:1 wt. 

[Hmim][HSO4]:H2O (red) after dissolution of Eu2O3 (metal content of 5 g.L−1) along with transition 

band assignment (Binnemans, 2015) (spectra are offset for clarity). 

 

8.3.3 Optimisation of Y and Eu recovery by oxalic acid precipitation 

The effective dissolution of target REEs from waste phosphors into the leach solution offers a 

critical premise for successful recovery those elements. REEs can be selectively recovered from 

inorganic acid solutions as well as from ILs by oxalic acid (OA) precipitation. Addition of solid oxalic 

acid does not allow for the mutual separation of individual REEs but constitutes a low-cost approach 

for the recovery of REEs from solution. The use of solid OA allows for 1) an efficient one-step recovery 

process that occurs in-situ, 2) regeneration of [Hmim][HSO4] with no IL loss or contamination and 3) 

facile conversion of RE oxalate to oxide by calcination. Addition of oxalic acid precipitates the REEs 

and Ca as insoluble hydrated lanthanide and Ca oxalates according to Equation 8.3 and 8.4 respectively. 

2Ln3+ + 3H2C2O4 → Ln2(C2O4)3 + 6H+                                                                                       – (8.3) 

Ca2+ + H2C2O4 → CaC2O4 + 2H+                                                                                                   – (8.4) 
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De Michelis et al. (2011) found that higher solution pH and longer mixing time had a positive 

effect on the recovery efficiency. They reported a 98 % Y recovery rate with no co-precipitated Ca after 

30 mn and that pH values below 1 were found to inhibit RE oxalate formation. Furthermore, Dupont & 

Binnemans (2015) also found that higher mixing temperatures resulted in a more efficient recovery of 

(Y0.95Eu0.05)2O3 from the IL [Hbet][Tf2N] and that the optimal molar ratio of OA:REE is 1.5, which is 

the stoichiometric amount of oxalic acid required to precipitate the REEs according to Equation 8.3. 

Based on these studies, the recovery of REEs from aqueous [Hmim][HSO4] leach solution by oxalic 

acid precipitation was optimised with respect to temperature (20-60 oC) , time (15-45 mn), pH (0.9-1.4) 

and oxalic acid:REE molar ratio (0.8-1.75). Standard test conditions were mixing time of 0.5 hr, 

precipitation temperature of 20 oC, initial solution pH of 0.9 and an oxalic acid:REE molar ratio of 1.4. 

The results of these experiments are presented in Figure 8.7(a-d). 

 

 

Figure 8.7. The recovery efficiency of the main leached element as a function of a) temperature, b) 

OA:REE molar ratio, c) solution pH and d) mixing time. 

  

Figure 8.7 shows that for all test parameters, precipitation efficiency of the REEs is high in the 

range 80 – 90 wt.% with almost no co-precipitation of Fe and Al. In contrast to the results reported by 
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De Michelis et al. (2011), Ca displays the same high precipitation efficiency as the REEs, making their 

mutual separation by OA addition impossible. pH and time have little to no influence on the recovery 

of either REEs or Ca in the studied experimental range. The pH of [Hmim][HSO4] after leaching is of 

0.9. This is beneficial as this signifies that no pH adjustment is required prior to OA precipitation 

thereby minimising potential sources of IL contamination and reducing the need for additional 

chemicals. Furthermore, the short mixing time required is also advantageous from a process point of 

view. Temperature has a small positive influence on the precipitation of Y, Eu, Gd and Ca, improving 

their recovery percentage by 2 – 3 wt.%. The greater reported influence of temperature for the recovery 

of (Y0.95Eu0.05)2O3 from [Hbet][Tf2N] is due to the IL’s lower water content used and its greater 

viscosity. Figure 8.7b indicates the quantity of added solid oxalic acid as the most important factor for 

the recovery of REE. RE and Ca precipitation increases linearly up to a molar O:A ratio of 1.5 after 

which no further increase is recorded. The results show that a stoichiometric amount (Equation 8.3) of 

oxalic acid compared to the amount of REE (3:2) is required to obtain a stripping efficiency of 87.8 

wt%, 94.4 wt.%, 94.1 wt.% and 87.3 wt.% for Y, Eu, Gd and Ca respectively. 

The optimum OA stripping conditions for Y and Eu used are an OA:REE molar ratio of 1.5, a 

stripping temperature of 60 oC, mixing time of 15 mn and a solution pH of 0.9. The percentage recovered 

under these conditions is given in Table 8.3.  

 

Table 8.3. Recovery efficiency at the optimised oxalic acid precipitation conditions of the elements 

present in the phosphor powder leach solution and overall process efficiency 

Element Recovery efficiency (wt.%) Overall process efficiency (wt.%) 

Y 99.0 ± 2.40 88.0 

Eu 99.7 ± 2.21 94.2 

Gd 99.7 ± 3.18 38.5 

Tb 99.6 ± 4.18 4.0 

Ce 99.8 ± 6.26 2.4 

La BDL NA 

Ca 89.6 ± 4.31 12.7 

Al 0.04 ± 1.24 0.1 

Fe 0.0 ± 0.0 0.0 

Mn 0.0 ± 0.0 0.0 

Sr 22.1 ± 14.7 0.92 

 

More than 99 wt.% of the REEs are stripped from the leachate by OA under the optimal 

recovery condition. The stripping efficiency of La could not be confidently measured due to its low 

concentration in the leach solution. Despite the high co-precipitation of Ca, REEs were efficiently 

separated from the over major impurities Al, Fe, Mn and Si. Table 8.3 also indicates the high overall 



Nicolas Schaeffer PhD Thesis  Chapter 8 

179 

 

process efficiency for the recovery of Y and Eu as well as medium amount of Gd. Recovery of Ca, Al, 

Mn and Fe were kept low at 12.7 wt% for Ca and 0.1 wt % or lower for the others. Overall, 

[Hmim][HSO4] is an effective and selective leaching agent for the recovery of RE oxides from waste 

phosphor. The pre-treatment steps play an important role for the removal of water soluble impurities 

and facilitating the following leaching phase. 

 

8.3.4 Characterisation of the recovered product  

The recovered oxalate product was filtered off through a 0.22 µm filter and calcined to convert 

the metals to their oxides. TGA analysis (Figure C1, Appendix C) indicates that dehydration of the 

hydrated oxalates occurs at 200 °C and the oxalate ions breakdown at ~450 oC to produce RE2O3. The 

final oxide product was characterised by ICP-OES, XRD and photoluminescence analysis to determine 

its purity and potential for direct reuse as YOX phosphor (europium doped yttrium oxide). ICP-OES 

analysis of the oxide product confirms the high RE content, with Y, Eu, Gd and Ca compositions of 

77.7 ± 3.7 wt.%, 8.3 ± 2.3 wt.%, 0.97 ± 0.17 wt.% and 11.4 ± 0.3 wt.% respectively. The remaining 

1.63 wt.% is composed of Ce (0.70 ± 0.56 wt.%), Al (0.46 ± 0.31 wt.%), Tb (0.21 ± 0.14 wt.%) and Fe 

(0.03 ± 0.02 wt.%). XRD of the recovered product is shown in Figure 8.5c and the major phase present 

is (Y0.95Eu0.05)2O3 (reference code: 00-025-1011). This is chemically similar to YOX phosphor 

(Y2O3:Eu3+), the most widely used phosphor responsible for the emission of red light. Particle size 

analysis indicates an average particle diameter of 1.4 ± 0.14 µm. 

FTIR analysis of commercially available YOX phosphor and the recovered oxide product is 

presented in Figure 8.8. Both spectrums display strong sharp absorption bands at 555 cm−1, 461 cm−1 

and 415 cm−1 attributed to the Y–O stretching vibrations of cubic Y2O3 (Guo et al., 2004; Gowd et al., 

2012). Characteristic C=O and O-H bands were not observed in the spectrum of the oxide product 

confirming the complete conversion of the oxalate precursor to oxides. New broad bands of medium to 

weak intensity not present in the spectrum of commercial YOX phosphor appear in the spectrum of the 

calcined product at 1120 cm−1, 1131 cm−1, 1071 cm−1 and 1002 cm−1. The bands at 1131 and 1071 cm−1 

are attributed to the stretching vibrations of Si-O-Si and Si-O bonds respectively (Gougousi & Chen, 

2008) due to the residual presence of nanometer scale glass particles in the recovered product. The 

presence of glass in the final product is confirmed by a small amorphous region in the XRD 

diffractogram of the recovered (Y0.95Eu0.05)2O3 between 10 – 20 o2θ (Figure 8.5c). The bands at 1220 

cm−1 and 1002 cm−1 could not be confidently assigned. To ensure that the band at 1220 cm−1 was not a 

result of organic impurities, the powdered product was rinsed with acetone, dried at 105 oC and re-

analysed. Rinsing with acetone did not remove or shift the band, confirming that the existence of the 

band is not due to the inclusion of any organic impurities. Sharma and Rastogi (1994) observed a band 

around 1250 cm-1 in chemical vapour deposited Y2O3‐SiO2 bilayer dielectrics and associated it with the 
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O2-annealing induced changes in the Y2O3 film/Si structure. A similar mechanism may explain the 

existence of the 1220 cm−1 band in Figure 8.8. 

 

 

Figure 8.8. Near-infrared FTIR analysis of commercially available YOX phosphor and the recovered 

oxide product 

 

 

Figure 8.9. Luminescence spectra of the recovered powder under 254 nm wavelength excitation. 

Picture: recovered oxide product and under 254 nm light. 

 

To confirm if the developed process is capable of directly regenerating the YOX phosphor from 

actual waste fluorescent lamps, the luminescence spectra of the recovered powder under 254 nm 
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wavelength excitation was recorded and presented in Figure 8.9. The Y2O3:Eu3+ samples under an 

excitation wavelength of 254 nm UV lamp irradiation exhibit the optical properties Eu3+ ions in the 

cubic Y2O3 host structure (Jayaramaiah et al., 2012; Gowd et al., 2012; Binnemans, 2015). The emission 

spectrum displays the characteristic 5D0  7Fj (j=0, 1, 2, 3) and 5D1  7F0 of Eu3+ transistions. The high 

intensity red hypersensitive 5D0  7F2 transition at 612 nm is the dominant emission with the 5D0  

7F3, 5D0  7F1, 5D0  7F0, and 5D1  7F0 emission peaks located at 631 nm, 587 – 600 nm, 582 nm and 

533-539 respectively (Binnemans, 2015). A photograph of the sample under 254 nm excitation is 

presented in Figure 8.9 and offers a visual representation of the final Y2O3:Eu3+ product’s purity. 

Y2O3:Eu3+ constitutes the large majority of the recovered product but small green and black particles 

are also apparent. The un-excited particles are CaO whilst the green emissions are most likely due to 

co-leached Gd and Tb (Ronda, 1998). 

The luminescent lifetime of the sample was also measured by following the decay of the 612 

nm emission for 25 ms after excitation at 254 nm (Figure E1, Appendix E). The resulting decay curves 

were fitted with a monoexponential decay equation (R2=0.99) (Binnemans, 2015) to give: 

𝐼𝑡 = 8.97𝑒−𝑡 0.72⁄                                                                                                                                – (8.5) 

where t is time (ms), It is the intensity at time t, 8.97 the intensity at t=0 (I0), 0.72 ms is the luminescence 

lifetime (τ). The excellent luminescence spectra and luminescence lifetime (0.72 ms) of the recovered 

oxide product confirms its potential for direct re-use as YOX phosphor despite the remaining Ca 

concentration (11.4 wt.%). This result is made possible by the selective leaching of Y and Eu oxides 

over Al, Ba, Ca and the RE phosphate by [Hmim][HSO4].   

 

8.3.5 Hmim][HSO4] recycling  

For [Hmim][HSO4] to be considered a viable economic and environmental alternative to 

inorganic acids such as H2SO4, [Hmim][HSO4] must possess a high selectivity and extraction capacity 

for Y and Eu, incur minimal losses and possess excellent chemical stability. As previously stated, the 

consumption of sulphate anion per leaching cycle is negligible at 0.013 ± 0.008 M. According to 

equation 8.2 and 8.3 no consumption of hydrogen ion occurs over one leaching and stripping cycle with 

six protons consumed and released during the leaching of Ln2O3 and their precipitation by oxalic acid 

addition. To assess the stability of [Hmim][HSO4], the IL was recycled and re-used over four leaching 

and recovery cycle under optimised conditions and the results are presented in Figure 8.10. Leaching 

of the presented REEs slightly decreases over the four leaching/stripping cycles with decreases of 1.3 

wt.% for Y, 5.6 wt.% for Eu and 11.3 wt.% for Gd. Leaching of the major impurities Ca, Al and Mn 

remains stable over the four recycling cycles.  
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Figure 8.10. Leaching efficiency of Y, Eu, Gd, ca, Al and Mn over four leaching and stripping cycles. 

 

 

Figure 8.11. FTIR spectra of virgin [Hmim][HSO4] (—) and four time recycled [Hmim][HSO4] (—) 

 

Complete removal of all added oxalic acid is essential prior to re-use as its presence has a 

detrimental effect on the leaching efficiency of RE oxides. Furthermore, Abbott et al. (2004) reported 

the existence of a eutectic IL with an oxalate anion. To ensure that the small decrease in [Hmim][HSO4] 

leaching efficiency is not due to IL denaturation, the FTIR spectra of four time used [Hmim][HSO4] 

was recorded and compared with that of virgin [Hmim][HSO4] (Figure 8.11). FTIR spectra of four time 

used [Hmim][HSO4] matches the spectra of the virgin [Hmim][HSO4] and does not display any of the 

characteristic C=O stretch bands of oxalate. [Hmim][HSO4] is not denatured by the optimised leaching 

and stripping procedure. The small decrease in Eu and Gd leaching efficiency is most likely due to 1) a 
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lower proton content in [Hmim][HSO4] and/or 2) partial saturation of the IL. This is easily remediated 

by addition of H2SO4 in [Hmim][HSO4] to compensate for the loss of H+ ions. 

 

8.4 Summary 

The recovery of yttrium europium oxide [(Y0.95Eu0.05)2O3] from waste fluorescent tube 

phosphor by a simple efficient low cost IL process is described. The optimum conditions for solubilising 

RE oxides from acid pre-treated phosphor powder involve leaching with a 1:1 wt. [Hmim][HSO4]:H2O 

solution at a solid: liquid ratio of 5 %, 300 rpm, 80 oC for 4 hours. The percentage Y, Eu and Ca leached 

under these conditions is 91.6 wt. %, 97.7 wt.% and 24.9 wt.% respectively. The REEs in the leachate 

were precipitated by addition of oxalic acid at a OA:REE molar ratio of 1.5, a stripping temperature of 

60 oC, mixing time of 15 mn and a solution pH of 0.9. Calcining the oxalates at 650 oC for 1 hour gives 

a 86.0 wt.% mixed rare earth oxide (Y0.95Eu0.05)2O3 recovered product with Ca being the major residual 

impurity. Luminescence analysis indicates that the recovered yttrium europium oxide can be directly 

reused as YOX phosphor.
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Chapter 9: Leaching and electro-winning of Cu from 

waste printed circuit boards using an acidic ionic liquid 

[Hmim][HSO4] 

9.1 Introduction 

Printed circuit boards (PCBs) are an integral part of electrical and electronic equipment and 

represent about 3 wt.% of WEEE (Guo et al., 2008). Global growth in PCB manufacture is currently 

growing by 8.7% per year (Huang et al., 2014). Waste PCBs are complex and challenging 

heterogeneous materials comprised of either an epoxy resin based plastic reinforced with glass fibres 

coated with a copper layer (FR-4 type PCB), or a single layer of fibreglass or cellulose paper and 

phenolic resins coated with a copper layer (FR-2 type PCB). The resin board is overlaid with 

microelectronic components and solder, which is normally a Pb-Sn alloy (Zeng et al., 2012; Zhu et al., 

2012). PCBs typically consist of 40 wt.% metal, 30 wt.% plastic and 30 wt.% ceramic components, 

although large variations exist depending on the type of PCB (Hall and Willams, 2007; Yoo et al., 

2009). 

The potential environmental and health impacts of improper PCB disposal have been 

extensively reported (Sepúlveda et al., 2010; Tsydenova and Bengtsson, 2011). Recycling of waste 

PCBs is important because of the concentration of valuable metals they contain. Typical metals in PCBs 

in decreasing order of concentration are Cu, Fe, Sn, Ni, Pb and Zn. Precious metals including Ag, Au, 

and Pd are also present (Huang et al., 2009). The inherent value of waste PCBs was traditionally due to 

their precious metal content (Park and Fray, 2009). However, advanced manufacturing techniques have 

resulted in a decrease in precious metal content, rendering the recovery of primary metals from waste 

PCBs increasingly economically viable (Xiu and Zhang, 2009).  

Previous work recovered Cu an Sn from PCBs using mechanical–physical processing (Cui and 

Forssberg., 2003), pyro-metallurgical and hydrometallurgical processing (Cui and Zhang, 2008), bio-

metallurgy (Ilyas et al., 2007) and supercritical fluid extraction (Xiu and Zhang, 2009). Multiple studies 

have looked at the recovery of value from waste PCB through hydrometallurgical routes as 

hydrometallurgical process is less energetically demanding and its outputs are more exact and 

predictable when compared with pyrometallurgical process (Andrews et al., 2000). However, hydro-

metallurgical processes to recover Cu from waste PCBs involve complex material flows and produce 

large volumes of waste acid and alkaline neutralising solutions that can cause secondary pollution and 

increase costs (Zhou and Qiu, 2010). 
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ILs are solvents composed entirely of ions and as such exhibit a different behaviour to 

conventional solvents. High ionic conductivity allows ILs to be used as electrochemical solvents for 

metal and/or semiconductor electro-deposition and electroplating (Armand et al., 2009). A range of 

elements contained in waste PCBs have already been deposited as metals, alloys or a combination of 

both from, but not limited to, eutectic ILs and ILs containing discrete anions. This includes Cu (Chen 

and Chang, 2012), Zn (Liu et al., 2013), Mn (Chen and Hussey, 2007), Fe (Giridhar et al., 2014), Cr 

(Eugénio et al., 2011), Ni (Gu et al., 2011), Cd (Hsiu and Sun, 2004), Ag (He et al., 2004), Au (Oyama 

et al., 2007), Pt (He et al., 2005), Al (El Abedin et al., 2006), and Sn (Abbott et al., 2007). The deposition 

of Zn (Zhang and Hua, 2009; Zhang et al., 2009a; Zhang and Hua, 2011; Zhang and Hua, 2012) and Cu 

(Zhang et al., 2009b) has been extensively studied from aqueous sulphate solutions using 

[C4mim][HSO4] or tetrabutylammonium hydrogen sulphate as additives (Zhang et al., 2015). Both ILs 

were found to inhibit electro-reduction leading to finer and more levelled deposits. However, the 

electro-deposition of Cu from [Hmim][HSO4] and the recovery of Cu from printed circuit board (PCB) 

leached using [Hmim][HSO4] has not been reported. 

In this chapter the leaching of the major elements found in waste PCBs by [Hmim][HSO4] is 

reported as a function of ionic liquid concentration, oxidant concentration, leaching temperature, 

leaching time and solid to liquid ratio. Cu recovery is optimised and subsequently separated and 

recovered directly from the ionic liquid solution using electro-winning by varying the water content and 

applied current intensity. Finally, the ionic liquid is recycled and reused to demonstrate the potential for 

a closed loop process that generates minimal waste. A schematic diagram of the proposed process is 

presented in Figure 9.1. 

 

 

Figure 9.1.  Schematic diagram of the experimental process for the recovery of copper using 

[Hmim][HSO4] from waste printed circuit boards 
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9.2 Experimental Methods 

9.2.1 Optimisation of waste PCB leach using [Hmim][HSO4] 

The leaching process of waste PCB using [Hmim][HSO4] was optimised with respect to 

temperature, time, leachant concentration, oxidant concentration and solid: liquid ratio. Complete 

characterisation of the waste PCB samples used in this study is reported in Chapter 3, Section 3.2.3. 

The compositional analysis of the waste PCB shown in Table 3.4 was obtained by lithium borate fusion. 

All reported percentage are based on the total metal values presented in Table 3.4. Leaching conditions 

were systematically varied. The concentration of IL in solution ranged from 0-85 wt.%; the leaching 

temperature was varied between 40 and 80 °C; the solid: liquid ratio ranged from 1:10 to 1:1, the 

leaching time varied from 2.5 to 1440 minutes and the concentration of H2O2 in solution ranged from 0 

to13 wt.%. Cryomilled waste PCB was used in all experiments and unless otherwise stated, the standard 

leaching conditions were 60°C, 300 rpm, 2 hours and 1:20 solid: liquid ratio using a 5 mL solution of 

50 wt.% IL, 42 wt.% H2O and 8 wt.% H2O2 (40 vol.% IL, 40 vol.% H2O and 20 vol.% of 35 wt.% H2O2 

solution). Solutions were filtered through a 0.22 µm cellulose nitrate filter and appropriately diluted 

prior to analysis by ICP-OES. 

 

9.2.2 Determination of leaching kinetics 

The individual dissolution behaviour of the major elements present in waste PCB (Cu, Zn, Pb, 

Al, Sn) in the IL [Hmim][HSO4] was studied as a function of time and temperature to establish the 

leaching kinetic. Hydrogen peroxide was added as an oxidising agent to facilitate dissolution and all 

metal were present as rectangular foil strip of general purpose grade purity. A known mass of an 

individual metal (40.0 mg for all except Al which was 20 mg due to the long dissolution times) was 

mixed for a pre-determined duration dependant on the metal being tested at 300 rpm and at three 

temperatures (40, 60, or 80 oC) in a 2 mL solution of 50 wt.% IL, 42 wt.% H2O and 8 wt.% H2O2. 

Dissolved sample mass was determined by filtering the solution, collecting the undissolved metallic 

fraction and rinsing it with deionized water before drying at 50 oC and weighing. The difference in the 

initial and residual mass is the dissolved sample mass. In the case of Pb, the dissolved percentage 

represents not the concentration of Pb in solution but the conversion of Pb to insoluble PbSO4 present 

as a white powder. All tests were performed in triplicates. 

 

9.2.3 Electrochemical measurements and electro-deposition 

Characterisation and electrodepositing experiments were performed using a [Hmim][HSO4] 

PCB leaching using the optimised parameters. Thermogravimetric analysis indicates a final solution 
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water content of 47.3 wt.%, or 1.1:1 wt.% [Hmim][HSO4]:H2O. The average composition of the PCB 

leach solution used in this study is given in Table 9.1. 

 

Table 9.1. Composition of the aqueous [Hmim][HSO4] PCB leach solution used in electrochemical 

studies  

Element Concentration (ppm) Element Concentration (ppm) 

Cu 5235 ± 185 Mn 76.7 ± 7.5 

Fe 622 ± 59 Ca 70.7 ± 6.8 

Sn 378 ± 35 Mg 11.1 ± 1.5 

Al 282 ± 25 Pb 10.5 ± 0.1 

Zn 176 ± 7.2 Co 5.11 ± 0.7 

Ni 80.8 ± 7.6 Ba 0.08 ± 0.0 

 

Electrochemical studies were based on the analysis of cyclic voltammetry and chrono-

amperometry measurements. All measurements were recorded at room temperature under atmospheric 

conditions (Autolab potentiostat galvanostat PGSTAT 100, Metrohm Autolab, Netherlands) with 100 

µL sample cell on DS550 screen printed electrodes (working electrode radius = 0.2 cm) with Pt 

anode/cathode and an Ag reference electrode. Cyclic voltammograms were recorded in the range 0.6 to 

-1.0 V scanning towards negative potential values. A scan rate of 50 mV.s-1 and step potential of 4 mV 

was used unless otherwise stated. The influence of water on the cyclic voltammetric response was 

investigated by drying the aqueous [Hmim][HSO4] leach solution for 24 hours at 60 °C in a rotary 

evaporator before adding a pre-determined quantity of water and measuring the water content. 

Chronoamperometry studies on a 1:1 wt.% [Hmim][HSO4]:H2O leach solution were performed by 

applying an over-potential of -0.5 V versus Ag wire reference electrode. The reported voltammograms 

were not compensated for solution resistance and all measurement were taken at room temperature. 

Electro-deposition experiments were performed using a high purity (≥99.9%) polished stainless 

steel 316 cathode (Goodfellow, Cambridge, UK), sealed with epoxy resin (effective area = 2.5 cm2) and 

a Pt wire anode immersed in 40 mL 1.1:1 wt.% (~1:1.37 vol.%) [Hmim][HSO4]:H2O PCB leach 

solution (pH = 0.8). The working electrode was the reference electrode. Before each experiment, the 

working electrode was degreased with acetone, washed with distilled water and dried. Deposition 

experiments were performed at three different current densities, 4.2, 8.4 and 16.8 mA, for 1 hour. The 

inter-electrode distance was 1.5 cm. 
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9.2.4 Recovery and recycling of [Hmim][HSO4] for waste PCB leaching 

[Hmim][HSO4] was regenerated by precipitating the leached metals by the addition of an under-

stochiometric amount of oxalic acid (based on ICP-OES data) and filtering. The recovered aqueous 

solution was mixed with an excess of XAD-7 resin impregnated with di-(2-ethylhexyl)phosphoric acid 

(DEHPA) ligand, prior to separation and removal of water by drying the [Hmim][HSO4] solution under 

vacuum in a rotary evaporator at 150 mbar and 80 oC for 6 hours. Leaching tests on waste PCBs using 

the recycled IL were performed under optimised conditions (50 wt.% IL, 46.4 wt.% H2O and 3.6 wt.% 

H2O2 at 60 oC and 300 rpm for 2 hours and 1:30 solid: liquid ratio). 

 

9.3 Results and Discussion 

9.3.1 Optimisation of PCB leaching using [Hmim][HSO4] 

The hydrogen sulphate anions in imidazolium based ILs dissociates in the presence of water to 

release H+ ions according to the following equation (Dong et al., 2009).  

[𝐻𝑚𝑖𝑚][𝐻𝑆𝑂4] ↔ [𝐻𝑚𝑖𝑚]+ + 𝐻+ + 𝑆𝑂4
2−                                                            – (9.1)  

The ability to release [H+] ions allows [Hmim][HSO4] to act as Brønsted acid and [HSO4]- is a 

moderately strong acid with a pKa of 1.92 (Ka=0.012). A 50 vol.% aqueous [C4mim][HSO4] solution 

contains a similar [H+] concentration to 1 M H2SO4 (Whitehead et al., 2007). Furthermore, the activity 

of the released hydrogen ions from [C4mim][HSO4] is greater than those released from KHSO4 solutions 

as aqueous solutions of [C4mim][HSO4] had lower pH for the same [H+] concentrations (Dong et al., 

2009).  

The influence of [Hmim][HSO4] concentration, hydrogen peroxide concentration, solid–liquid 

ratio, leaching time and leaching temperature on the leaching of metals in waste PCBs was evaluated. 

Although it is well known that particle size plays an important role in leaching due to the greater surface 

area available for reaction, this factor was not considered as it was difficult to obtain consistent particle 

size by cryo-milling. The leaching of metals from PCBs as a function of time and temperature is 

presented in Figure 9.2. Al is poorly soluble in [Hmim][HSO4] thereby preventing the extraction of the 

main impurity with Cu and Sn. The solubility of Ba, Pb and Ca is also low due to the precipitation of 

Pb, Ba and Ca as sulphate salts. No Ag was detected by ICP-OES in the leachate. All other monitored 

elements have extraction efficiencies greater or equal to 80 wt.% at 80 oC after 1440 minutes.  
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Figure 9.2. Extraction of the major metals in waste PCB as a function of time and temperature T=40 

oC (■),T=60 oC (●) and T=80 oC (▲) 

 

Temperature does not exert a great influence on the overall solubility limit of metals in the IL 

but does increase the dissolution rate, most notably in the case of the Fe, Mn and Zn. Cu, Sn and Ca 

have fast leaching rates, with maximum extraction within 20 minutes at 80 °C. In contrast Fe, Mn and 

Zn exhibit much slower leaching, requiring 480 minutes at 80 °C to reach maximum extraction 

potential. PCB is a complex material and these metals could potentially be encapsulated in resin or in 

residual electrical components. Based on the dissolution time of the major elements, an initial separation 

of Cu and Sn from other major impurities was considered. 

The influence of [Hmim][HSO4] concentration on the recovery of metals is presented in Figure 

9.4. The presence of water is beneficial for the optimal reaction. Water is necessary for the hydrogen 

sulphate anion to dissociate and act as an acid. In addition, breaking of the hydrogen bonds within the 

IL by water lowers the viscosity of the mixture allowing greater diffusion coefficient (Stokes-Einstein 

equation), more efficient mixing and a general increase in dissolution kinetics. The influence of water 

content and and temperature on the viscosity of [Hmim][HSO4] is given in Figure 9.3. The relationship 

between viscosity and water is given by an Arrhenius type equation: 
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ln(𝜇) = ln (𝜇0) + (
𝐸𝑎

𝑅𝑇
)                               – (9.2) 

where µ is the viscosity (cP), Ea the activation energy (J.mol-1), T the temperature (K) and R the 

universal gas constant (J.mol-1.K-1). The pre-exponential factor (μ0) can be obtained from the value of 

the intercept; μ0 can be approximated as the infinite-temperature viscosity and includes an entropic 

contribution (Haj-Kacem et al., 2015). From Figure 9.3, it can be seen that 32.7 kJ.mol-1 of energy is 

required to move ions in pure [Hmim][HSO4]. For a 1:1 volume ratio [Hmim][HSO4]-H2O mixture, the 

energy barrier decreases by one third to 21.7 kJ.mol-1 at room temperature. 

 

 

Figure 9.3. Variation in [Hmim][HSO4] viscosity with temperature and water content 

 

The leaching of Cu, Fe, Mn, Ni, Zn and Sn increases with increasing IL concentration (Figure 

9.4). The increase of metal extraction (except Pb and Ca) in 10 to 50 wt.% aqueous [Hmim][HSO4] 

solutions may be due to increasing acidity and dissolved oxygen concentration. After an initial increase 

in leaching efficiency with IL concentration, [Hmim][HSO4] solution concentrations greater than 50 

wt.% show no additional benefit except for the leaching of Mn and Fe impurities. Elevated 

[Hmim][HSO4] concentrations are detrimental to leaching, probably because of the increased solution 

viscosity and the slower diffusion of the oxidant. Ca and Pb leaching decreases with IL concentration 

due the formation of insoluble sulphate salts. 
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Figure 9.4. Effect of [Hmim][HSO4] concentration on the leaching efficiency of the major metals in 

waste PCB 

 

Common oxidants used in conjunction with sulphuric acid for leaching Cu from waste PCB are 

air or H2O2 (Yang et al., 2011). Whitehead et al. (2004) used Fe2(SO4)3 as the oxidant for the extraction 

of Au and Ag in [C4mim][HSO4]. Oxidants such as Fe2(SO4)3 are not suitable for the selective leaching 

of Cu, Zn and Sn as it introduces a new impurity into solution, making downstream separation and 

purification operations more difficult. Preliminary tests using bubbled air found that leaching reactions 

proceeded at a significantly slower rate than those using H2O2 and therefore the latter was selected as 

the oxidant. The influence of H2O2 concentration on the extraction of Fe, Al, Cu, Mn, Pb, Ca, Zn, Ni 

and Sn is presented in Figure 9.5. H2O2 concentration does not influence the solubility of Al, Mn, Fe, 

Zn, Pb and Ca and has only moderate influence on Ni solubility. Cu, Sn and Ni solubility increases 

from 4.7 wt.%, 25 wt.% and 43.6 wt% in leach solutions containing no oxidant to 94 wt.%, 74 wt.% 

and 60 wt.% with ~10 wt.% H2O2 concentration respectively. The results in Figure 9.5 suggest that the 

preferential leaching of Mn, Fe, and Zn compared to Cu and Sn may be due to these metals being present 

in a non-elemental state. 

Leaching using H2O2 as the oxidant is an exothermic process, with visible frothing occurring 

during the initial reaction stages. The stability of H2O2 and its effectiveness is greater in dilute sulphuric 

acid than in pure water. The thermal decomposition temperature of H2O2 (20 wt.%) is increased from 

67 °C in water to around 100 °C in 1 N H2SO4 (Wu et al., 2008). It can be reasonably assumed that 

H2O2 also exhibits greater stability in [Hmim][HSO4] than in water due to the similarities between 

aqueous solutions of [Hmim][HSO4] and H2SO4. Based on the dissociation properties of [Hmim][HSO4] 

in water as described in Equation 9.3, the overall reaction for Cu dissolution from waste PCBs using 

hydrogen peroxide as the oxidant can be expressed as: 
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𝐶𝑢 + 𝐻2𝑂2 + 2𝐻+ + 𝑆𝑂4
2− ↔ 𝐶𝑢𝑆𝑂4 + 2𝐻2𝑂                                                                   – (9.3) 

The extraction of Cu into [Hmim][HSO4] solution occurs through the decomposition of H2O2, liberating 

oxygen which oxidizes Cu to form CuO. Cuprous oxide further reacts with sulphate anion to form the 

cupric compound CuSO4 (Yang et al., 2011). The solubility of dioxygen in [Hmim][HSO4] is important 

because it is an oxidant. Whitehead et al. (2007) reported that the solubility of dioxygen in 

[C4mim][HSO4] is controlled by the anion and decreases with increasing temperature. This reinforces 

the suitability of [Hmim][HSO4] as an excellent leaching medium for the recovery of value from waste 

PCB. 

 

 

Figure 9.5. Effect of hydrogen peroxide concentration on the leaching efficiency of the major metals 

in waste PCB 

 

To investigate the degradation of [Hmim][HSO4] in contact with H2O2, FTIR measurements of 

[Hmim][HSO4] were recorded after refluxing for 2 hours at 60 °C with various concentrations of H2O2. 

The results are presented in Figure 9.6. Although the exact interactions between [Hmim][HSO4] and 

H2O2 are unknown, imidazolium based ILs are readily degraded by stochiometric amounts of H2O2, 

with greater resistance conferred by longer cationic alkyl chains. In addition, ILs containing 

methanesulfonate and methylsulfate anions were reported to oxidise faster than those with chloride or 

acetate anions (Domínguez et al., 2014). The main chemical compounds of imidazolium based ILs 

degradation by H2O2 are carbonyl bearing compounds such as acetic, oxalic, formic as well as 

methylimidazolone formation (Domínguez et al., 2014). This is confirmed by the emergence of the 

C=O stretch band at 1743 cm-1 in Figure 9.6 that increases in intensity with H2O2 concentration. None 

of the characteristic peaks for carboxylic acids are observed. The C=O stretch band is therefore 

tentatively assigned as an imide C=O bond, suggesting the oxidation of [Hmim] cation to imidazolone 
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compounds (Al Nashef et al., 2010; Li et al., 2013). Complete FTIR characterisation of [Hmim][HSO4] 

can be found in Table E1 of Appendix E. The instability of [Hmim][HSO4] at elevated H2O2 

concentrations is problematic with regards to IL regeneration and restricts the use of oxidants to low 

concentrations.  

 

 

Figure 9.6. FTIR spectra of recovered [Hmim][HSO4] after refluxing in leach solutions containing 

various concentrations of hydrogen peroxide (spectrum are offset by 5% for clarity) 

 

The influence of the solid to liquid ratio (S:L) on the recovery of the primary elements in waste 

PCBs is presented in Figure 9.7. The S:L ratio exerts a strong influence on the extraction of Cu and Sn, 

with a sharp drop in extraction efficiency at S:L ratio greater than 50%. In contrast, the solubility of Al, 

Mn, Fe, and Zn increase with increasing S:L ratio, which is unexpected as the general trend in leaching 

suggests decreased leaching efficiency at high S:L ratio (Yang et al., 2011; Huang et al., 2014). This 

may be due to the preferential leaching of Mn, Fe, and Zn compared to Cu and Sn as the former may 

not be present in their elemental state.  

Results from leaching of waste PCBs suggest that an initial separation of Cu and Sn from other 

major impurities can be achieved by carefully controlling the leaching parameters. From the results in 

Figure 9.2 to 7, the optimum conditions for leaching of Cu and Sn from waste PCB are 50 wt.% IL, 

46.4 wt.% H2O and 3.6 wt.% H2O2 at 60 °C and 300 rpm for 2 hours and 1:30 solid: liquid ratio. The 

leaching efficiency for the main elements present in waste PCBs under these conditions is given in 

Table 9.2. 
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Figure 9.7. Effect of solid:liquid ratio concentration on the leaching efficiency of the major metals in 

waste PCB 

 

Table 9.2. Leaching efficiency for the major metals present in waste PCB at the following conditions: 

50 wt.% IL, 46.4 wt.% H2O and 3.6 wt.% H2O2 at 60 oC and 300 rpm for 2 hrs and 1:30 solid:liquid 

ratio 

Element Ca Al Mg Ba Co Cu Fe Mn Ni Zn Pb Ag Cr Sn 

% Leached 24.2 15 16.1 0.1 57.4 88.5 44 27.3 81.1 51.5 8.8 0.0 1.7 96 

SD (%) 4.2 1.8 3.9 0.0 8.3 6.7 7.7 2.9 3.7 3.7 1.8 0.0 0.1 1.3 

 

High Cu and Sn leaching rates are obtained, whilst the solubility of Ca, Ba and Pb is low due 

to the insolubility of the sulphate salts. Leaching of the main impurities Al, Fe and Mn is kept below 

50 wt.% recovery. Using this extraction method, Ag was not recovered and remains in the undissolved 

residues despite previous research indicating the affinity of [C4mim][HSO4] for Ag ore with low 

extraction of Cu, Zn, Pb and Fe (Whitehead et al., 2004). However, Dong et al. (2009) and Huang et al. 

(2014) also reported high leaching efficiency for Cu and Fe in [C4mim][HSO4] from chalcopyrite ore 

and waste PCB boards.  

 With respect to the final leach solution composition, Cu and Sn account for 70.9 wt% of the 

metal content (65.7 wt.% and 5.2 wt.% for Cu and Sn respectively), whilst the major leach impurities 

in decreasing order are Fe, Al and Zn at 14 wt.%, 5.7 wt.% and 3.0 wt.% respectively. As Cu and Sn 

account for 39.5 wt% and 2.8 wt.% of the major metals in the waste PCB studied, leaching using 

[Hmim][HSO4] not only achieves great recovery of these metals but also concentrates them prior to 

downstream recovery and separation. XRD analysis of the leach residue after the optimised IL digestion 

(Figure 9.8) shows a strong reduction in the intensity of Cu peaks. A smaller decrease in intensity is 
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also recorded for the Al2O3 and Al peaks and strong SiO2 peaks remain in the leach residue spectrum. 

The peaks associated with Pb disappear and are replaced by peaks characteristic of anglesite (PbSO4), 

suggesting that the occurrence of BaSO4 and CaSO4 is also likely. 

The results in Table 9.2 compare favourably with those obtained using H2SO4. Yang et al. 

(2011) recovered close to 100% of the Cu in 10 g of milled waste PCB using a 100 mL solution of 15 

wt.% H2SO4 and 10 mL H2O2 after 240 minutes leaching at room temperature. Huang et al. (2014) 

achieved copper leaching rate of 99% using 1 g waste PCBs powder with a particle size of 0.1–0.25 

mm leached in a solution of 25 mL 80 vol.% [C4mim][HSO4], 10 mL 30 wt.% H2O2 at a S:L ratio of 

1/25, 70 °C leaching temperature and a leaching time of 2 hours. However, the impact of such a high 

H2O2 concentration on the stability and recovery of the ionic liquid was not reported. Our results suggest 

that the high Cu leaching may occur at the expense of recyclability of the IL. 

 

 

Figure 9.8. XRD analysis of (1) cryomilled waste PCB and (2) residue after optimised [Hmim][HSO4] 

leach 

 

9.3.2 Leaching kinetics of Cu, Zn, Sn, Al and Pb in [Hmim][HSO4] 

In order to obtain greater insight into the leaching of Cu, Zn, Sn, Al and Pb elements in 

[Hmim][HSO4]:H2O, a series of single element leaching tests were performed and the solution 

concentration was monitored as a function of time and temperature. The results of the leaching tests are 

presented in Figure 9.9. In accordance with results from Figure 9.2, the leaching of Zn and Cu occurs 

in the timescale of minutes whilst Pb conversion to PbSO4 requires hours and dissolution of Al and Sn 
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requires days. Higher temperatures increase the dissolution kinetics, reducing the time for complete 

dissolution of Zn, Cu, Pb, Al and Sn from 31 mn, 65 mn, 720 mn, >10080 mn and >10080 mn at 40 oC 

to 12 mn, 15 mn, 300 mn, 2880 mn and 5760 mn at 80 oC respectively. 

 

 

Figure 9.9. Leaching kinetics of Zn, Cu, Pb, Al and Sn in 40 vol.% [Hmim][HSO4], 40 vol.% H2O and 

20 vol.% H2O2 at T=40 oC (■),T=60 oC (●) and T=80 oC (▲) 

 

An attempt was made to fit the metal extraction against time data in Figure 9.9 to shrinking 

core kinetic model adapted for flat plates. SCM model was selected as it is the most widespread model 

describing fluid–solid reaction kinetics of dense non-porous particles (Georgiou & Papangelakis, 1998). 

This model assumes steady state, constant particle size and a sharp reaction interface neglecting 

potential intraparticle temperature gradients due to the heat of reaction. The leaching of metals in 

[Hmim][HSO4] in the presence of an oxidant is an oxidant dependent electrochemical process as 

described by Equation 9.3 involving the reduction of H2O2 and oxidation of the metallic species (Dong 

et al., 2009). Leaching is a heterogeneous reaction which typically occurs in three distinct steps as 

described in Table 2.13 (Levenspiel, 1999).  
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The step with greatest resistance is considered the rate-controlling step. The results of the 

kinetics modelling are presented in Figure 9.10 and 9.11. Both equations presented in Table 2.13 and 

adapted for flat plate, as described in Levenspiel (1999), were tested and it was found that intraparticle 

diffusion equation presented the best fit for Zn, Cu, Pb and Sn, with all coefficients of determination 

(R2) greater than or equal to 0.94.  

In the case of Al, it appears that the reaction rate is the initial rate limiting step at T=40 oC but 

that intraparticle diffusion becomes the predominant resistance to Al leaching at temperatures above 40 

oC. Al is a very reactive metal and oxidises rapidly in air or water to form an outside film of highly 

stable Al2O3 making Al difficult to dissolve. At higher temperatures, the required additional energy to 

overcome this chemical resistance is provided and the system reverts to the traditional resistance for 

most leaching process, intraparticle diffusion. 

 

 

Figure 9.10. Fitting of Zn, Cu, Pb and Sn conversion (X) to the intraparticle diffusion-controlled 

equation of the shrinking core model given in Table 8.3 for T=40 oC (■), T=60 oC (●) and T=80 oC (▲) 
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Figure 9.11. Fitting of Al conversion to (a) the intraparticle diffusion-controlled equation and (b) the 

chemical reaction-controlled equation of the shrinking core model given in Table 8.3 for T=40 oC (■), 

T=60 oC (●) and T=80 oC (▲) 

 

The SCM is a simplistic model based on assumptions that may not always be valid for real 

leaching situations. SEM-EDS analysis was performed on partially immersed Cu, Pb and Sn samples 

to observe if the reality of metal leaching using [Hmim][HSO4] is physically consistent with the 

mathematic model. The SEM-EDS analysis of Cu, Pb and Sn are presented in Figure 9.12(1-3) 

respectively. SEM of Zn and Al were not presented as no distinct surface ash layer were detected, 

suggesting either (1) a continuous dissolution process with no ash layer forming on their surface (more 

probable in the case of Zn than Al) and/or (2) a thin ash layer in the nanometer range which could not 

be detected at the SEM magnifications used (as could be the case for a thin oxide layer on the outer 

surface of Al). All SEM-EDS analysis in Figure 9.12 were performed at the leaching interface of 

partially immersed Cu, Pb and Sn strips, as shown in the case of Cu and Pb in Figure 9.12(1.a) and 

9.12(2.a) respectively, to better illustrate the difference between the two regions. No pictures of Sn 

strips were taken as no noticeable macroscopic changes occur between the leached and non leached 

section.  

Figure 9.12(1-2) shows the formation of a distinct ash layer composed of a macroporous 

network in the case of Cu and a thick layer of fine cubic or rectangular particles for Pb. The ash layer 

formed on the leached Sn strip is thin and hardly noticeable in comparison to those of Cu and Pb. This 

may be due to the longer dissolution time required for Sn leaching compared to the other metals. EDS 

analysis of the ash layer shows the presence of strong sulphur peaks for all three elements. Intense peaks 

associated with O and C are also encountered of the EDS of the Cu ash layer which are not present in 

the EDS spectra of Pb and Sn. This is consistent with previous observations of [Hmim]+ decomposition 
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in the presence of Cu and H2O2 to form carbonyl group bearing compounds. The Au peaks are due to 

the gold plating applied prior to SEM analysis. 

Figure 9.13 shows the high magnification analysis of the surface of Cu (at Cu-[Hmim][HSO4] 

concentrations of 10 mg.mL-1 and 20 mg.mL-1), Pb and Sn (both at 20 mg.mL-1 final metal 

concentration). The crystal structure of the Cu ash layer changes with concentration from needle-like 

grains compacted together at Cu-[Hmim][HSO4] concentrations of 10 mg.mL-1 to non-uniform ill-

assorted flat plates at higher concentrations. This is probably a consequence of change in Cu-IL complex 

formation as the IL degrades. UV-VIS studies of Cu-complexes in the IL discussed in Figure E2 and 

F3 (Appendix E) indicate that at concentrations below 12.5 mg.mL-1, Cu primarily coordinates with the 

sulphate anion whilst at higher concentrations new complexes emerge as a result of the cation 

degradation leading to Cu-oxalate precipitate formation which may explain the appearance of the ash 

layer. The microstrucuture of Pb and Sn ash layer consists of nanoscale Pb and Sn sulphates aggregated 

over the unreacted metal core. 

From the physical observations of Figure 9.12-13 it appears that the physical picture of Zn, Cu, 

Pb, Al and Sn leaching using [Hmim][HSO4] is mostly consistent with the SCM assumptions 

corroborating the mathematical fit to the data. Having confirmed the model’s applicability, the apparent 

rate constants (kd) for each metal as a function of temperature were obtained from the slope of the fitted 

lines in Figure 9.10-11 and presented in Table 9.3. The apparent rate constants were used to determine 

the temperature dependency for the leaching reaction of Cu, Zn, Sn, Al and Pb elements (40 mg for Cu, 

Zn, Sn and Pb and 20 mg for Al) in a 50 wt.% IL, 42 wt.% H2O and 8 wt.% H2O2 system (2 mL) 

according to Arrhenius’ law. 

𝑘 = 𝐴𝑒−𝐸𝑎 𝑅𝑇⁄                                                                                                                                      – (9.4) 

where k is the rate constant (min-1), A is the pre-exponential factor (min-1), Ea is the activation energy 

of reaction (J.mol-1), R is the universal gas constant (J.mol-1.K-1)and T is the temperature (K). 

 

Table 9.3. Apparent rate constants derived from SCM model as a function temperature for each tested 

metal and their corresponding leaching reaction activation energy 

 kd (min-1) 
A (min-1) Ea (kJ.mol-1) 

 40 (oC) 60 (oC) 80 (oC) 

Zn 3.15×10-2 7.00×10-2 7.29×10-2 65.78 19.6 

Cu 1.78×10-2 4.78×10-2 7.62×10-2 7758.16 33.6 

Pb 1.22×10-3 2.75×10-3 3.69×10-3 24.86 25.6 

Sn 5.79×10-5 1.57×10-4 2.16×10-4 7.98 30.6 

Al 7.43×10-5 * 1.52×10-4 5.95×10-4 5439.81 47.5 

* rate constant (kr) derived from the chemical reaction rate limiting step SCM model (Figure 9.9b) 
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Figure 9.12. SEM-EDS analysis of the leaching interface of partially immersed (1) Cu (1.a), (2) Pb 

(2.a) and Sn strips. The dotted line on SEM photographs (1.b, 2.b, 3.a) approximately outlines the 

leaching interface and EDS analysis of Cu, Pb and Sn (1.c, 2.c, 3.b) are presented below their respective 

SEM photograph  
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Figure 9.13. High magnification SEM analysis of the ash-layer surface for Cu, at Cu-[Hmim][HSO4] 

concentrations of a) 10 mg.mL-1 and b) 20 mg.mL-1, c) Pb and d) Sn (both at 20 mg.mL-1 final metal 

concentration). 

 

The Arrhenius plot obtained from the apparent rate constant kd can be seen in Appendix E 

(Figure E4). As the leaching kinetics were only evaluated at three different temperatures, the potential 

error values associated with the reported activation energies could proportionally be important 

especially in the case of Zn were a lower R2 value was obtained for the mathematical regression. 

Activation energy values are reported in Table 9.3. High activation energies (≥ 40 kJ.mol-1) generally 

indicate that the chemical reaction is the rate limiting steps whilst a completely transport controlled 

reaction tends to have activation energies in the range of 12-16 kJ.mol-1 (Terry, 1983). The high 

activation energy for Al leaching indicates chemical reaction control. The activation energies of Zn, Pb 

and Sn fall within the 19.6-30.6 kJ.mol-1 range suggests that the dissolution of these metals in 

[Hmim][HSO4]:H2O could be a mixed control process and not solely ash diffusion controlled. 

Whilst the activation energies of the other tested metals correlate well with their respective 

dissolution kinetics, the activation energy of copper is higher than anticipated from its fast dissolution 

rate. Again, this is most likely due to the degradation of the IL and the presence of unaccounted side 
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reactions. Huang et al. (2014) and Dong et al. (2009) found that the activation energy for copper 

dissolution from waste PCB and chalcopyrite using aqueous [C4mim][HSO4] in the presence of an 

oxidant was 25.36 kJ.mol-1 and 69.4 kJ.mol-1. Both research groups found that the SCM ash diffusion 

equation provided the best mathematical fit to the model, however Dong et al. (2009) revised the model 

predictions in light of the high activation energy obtained indicating electrochemical surface control. 

The activation energy of pure copper strip dissolution in [Hmim][HSO4] compares favourably to the 

result of Huang et al. (2014). Their lower activation energies most likely stems from the small particle 

size used in their experiment although they do not investigate [C4mim][HSO4] degradation despite the 

high hydrogen peroxide concentration used. 

 

9.3.3 Electrochemical measurements  

The cyclic voltammograms (CV) recorded for copper deposition as a function of 

[Hmim][HSO4] water content (WC), 1.8 wt.% to 75 wt.%, are presented in Figure 9.14A. 

Voltammograms in Figure 9.14A exhibit a characteristic response for deposition experiments with a 

strong stripping peak in the range -0.11 to 0.05 V. The addition of water to the loaded [Hmim][HSO4] 

IL induces a progressive negative shift in the deposition and stripping potentials. An increase in the 

water content of [Hmim][HSO4] decreases the potential window due to H2 evolution at the electrode 

surface (Abbott et al., 2006). Figure 9.14A does not indicate the deposition of other metallic cations 

present in solution in the electrical window scanned. 

Despite the decrease in ionic concentration with increasing water content, a linear increase in 

the cathodic peak current is recorded due to a decrease in solution viscosity (ip(A) = 0.0108×WC where 

WC – water content, R2 = 0.95). In ILs the viscosity, not the ionic concentration, controls the 

conductivity and uniformity of deposits (Abbott et al., 2013). The results in Figure 9.14A are in 

agreement with the deposition of Cu from aqueous sulphate solutions in the presence of [C4mim][HSO4] 

as an additive. It was found that the addition of [C4mim][HSO4] leads to a reduction of the cathodic 

current density (Zhang et al., 2009b). The same research indicated an increase in the electro-reduction 

potential of Cu(II) ion on addition of [C4mim][HSO4]. Different behaviour is observed in this system 

as the reduction potential of Cu(II) is shifted to more negative values with increasing water 

concentration.  

The CV of [Hmim][HSO4] solutions containing 1.8 wt.% water and 47.3 wt.% water are 

presented in Figure 9.14B and 9.14C respectively. Comparison of Figure 9.14B and C shows the 

evolution of the voltammogram shape with increasing water content. The CV of [Hmim][HSO4] 

solutions containing 1.8 wt.% water displays two distinct reduction processes at -0.051 V and -0.354 

V. The first reduction peak diminishes with increasing water content and disappears at water contents 

greater than 10 wt.%. The CV of [Hmim][HSO4] solutions containing 47.3 wt.% water only exhibits 
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one broad peak centred at -0.441 V. The absence of a secondary stripping peak suggests that the first 

reduction potential at -0.051 V is due to the under-potential reduction of Cu(II)/Cu rather than to the 

reduction of the Cu(II)/Cu(I) couple.  

 

 

Figure 9.14. (A) Cyclic voltammograms of loaded PCB leach [Hmim][HSO4] solution as a function of 

IL water content on a Pt disc electrode at a scan rate of 50 mV.s-1. (B) Cyclic voltammogram of 1.8 

wt.% H2O-[Hmim][HSO4] leach solution. (C) Cyclic voltammogram of a 1.1:1 wt. [Hmim][HSO4]:H2O 

loaded PCB leach solution at a scan rate of 50 mV.s-1. 

 

The introduction of organic additives in the electrolyte is a well-established practice in Cu 

electro-deposition and can lead to significant changes in the appearance and physical properties of the 

deposit. These additives operate by adsorbing onto the cathode surface during electro-deposition 

thereby producing an inhibiting effect on the reduction process (Bonou et al., 2002). Addition of 

[C4mim][HSO4] to sulphate solutions substantially inhibits the deposition of Zn and Cu caused by the 

effective adsorption of the IL on the cathode (Zhang and Hua, 2009; Zhang et al.; 2009b). This is due 

to the imidazolium cation of the IL as imidazole compounds are recognized as Cu corrosion inhibitors 

(Curkovic et al., 2009; Benali et al., 2010; Curkovic et al., 2010). The imidazolium cation contains two 

–C=N- group with high electron density as well as π-electrons, which enable adsorption on the Cu 



Nicolas Schaeffer PhD Thesis  Chapter 9 

204 

 

surface via lone-pair electrons (Fang and Li, 2002; Zhang et al., 2004; Curkovic et al., 2009; Zhang et 

al., 2009c). 

Mattsson and Bockris (1959) proposed that Cu electro-deposition from aqueous acidic sulphate 

solutions occurs through a two-step process where Cu2+ + e-  Cu+
ads is followed by Cu+

ads + e-  Cu. 

In such a system, conversion of Cu(II) to Cu(I) is the rate limiting step with Cu(I) existing in equilibrium 

with Cu adsorbed at the cathode surface. However, bearing in mind the inhibitive nature of imidazole 

compounds, the following three-step mechanism (Equation 9.5-7) is proposed for the electro-deposition 

of Cu(II) from [Hmim][HSO4]:H2O PCB leach solutions (Zhang et al., 2009b). 

𝐶𝑢2+ + 𝑒− ↔ 𝐶𝑢+                               – (9.5)  

𝐶𝑢+ + [𝐻𝑚𝑖𝑚][𝐻𝑆𝑂4] ↔ [𝐶𝑢 − [𝐻𝑚𝑖𝑚][𝐻𝑆𝑂4]]
𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

+
                  – (9.6) 

[𝐶𝑢 − [𝐻𝑚𝑖𝑚][𝐻𝑆𝑂4]]
𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑

+
+ 𝑒− ↔ 𝐶𝑢 + [𝐻𝑚𝑖𝑚][𝐻𝑆𝑂4]                                                  – (9.7) 

 

Chronoamperometry is an important electrochemical technique as it allows the simultaneous 

study of Cu deposition and electrochemical nucleation mechanisms based on the provision of current 

transients (Grujicic and Pesic, 2002). Chronoamperometry experiments were conducted on a Pt disc 

electrode in 1.8 wt.% H2O-[Hmim][HSO4] PCB leach solution for a potential step from +0.3 V (held 

for 5 s) to -0.5 V (held for 30 s) corresponding to the over potential deposition of Cu followed by a 

second potential step from -0.5 to 0.0 V (held for 30 s) for Cu stripping. On stepping the potential from 

+0.3 V to -0.5 V, the system transitions from no reaction to the steady-state deposition of Cu, controlled 

by the rate of mass transfer of Cu(II) towards the electrode surface. The Cottrell equation (Equation 

9.8) provides a description of the current transient until steady state conditions are attained (Bard & 

Faulkner, 2001). 

𝑖 = 𝑛𝐹𝐴𝐶𝐶𝑢
0 √𝐷𝐶𝑢 √𝜋𝑡⁄                                                                                                                       – (9.8) 

where, i is the current (A), n is the number of electrons involved (n=2 for Cu(II)), A is the electrode 

area (cm2), F is the Faraday constant (96485 C.mol-1), CCu
0 is the initial concentration of Cu(II) in 

solution (mol.cm-3), DCu is the diffusion coefficient of Cu(II) (cm2.s-1) and t is the time (s). Plotting the 

current values between 5 and 35 s against t-0.5 yields a linear relation between i and t-0.5 that passes 

through the origin (Figure E5, Appendix E). This suggests that copper deposition in 1.8 wt.% H2O-

[Hmim][HSO4] PCB leach solution is diffusion controlled. Based on equation 9.8, a cupric cation 

diffusion coefficient of 7.07×10-8 cm2.s-1 in 1.8 wt.% H2O-[Hmim][HSO4] leach solutions was obtained. 

Grujicic and Pesic (2002) reported a diffusion coefficient of 8.0×10-6 cm2.s-1 for Cu deposition in pH=1 

H2SO4 acid solution. Zhang and Hua found diffusion coefficients of 1.26×10-6 cm2.s-1 and 4.69×10-6 

cm2.s-1 for Zn and Cu deposition from sulphate solutions containing 5 mg.L-1 [C4mim][HSO4] and 50 
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mg.L-1 tetrabutylammonium hydrogen sulphate respectively (Zhang and Hua, 2011; Zhang et al., 2015). 

The smaller diffusion coefficient obtained compared to the cited studies may be explained by the lower 

initial copper concentration employed and the significantly higher IL content of the electrolyte. 

Furthermore, adsorption and aggregation of [Hmim][HSO4] onto the electrode surface occupies 

potential reaction sites leading to a decrease in the diffusion of the Cu cation (Natter and Hempelmann; 

Pasquale et al., 2008). Finally, the low water content of [Hmim][HSO4] results in a high solution 

viscosity. As such, the obtained diffusion coefficient compares well with values of 1.35×10-8 cm2.s-1 

and 2.42×10-7 cm2.s-1 obtained for Cu deposition in pure urea:choline chloride and ethylene 

glycol:choline chloride eutectic ILs respectively (Abbott et al., 2009). The diffusion coefficient is 

expected to increase with increasing [Hmim][HSO4] water content due to the decrease in solution 

viscosity. 

Chronoamperometric data was also used to determine the nucleation mechanism with diffusion 

controlled hemispherical growth for Cu deposition. Scharifker and Hills (1983) identified two limiting 

cases: instantaneous nucleation, where the activation of all nucleation sites occurs immediately after the 

potential step, and progressive nucleation, where the number of nucleation sites increases over the entire 

electro-reduction process. Three-dimensional instantaneous and progressive nucleation mechanisms in 

equation 9.9 and 9.10 respectively are expressed in terms of dimensionless current (i/im)2 and time t/tm 

where im and tm are the current and the time at the transient peak (Scharifker and Hills, 1983). Equations 

9.9 and 9.10 are widely used to describe the electro-deposition of Cu in aqueous and IL systems 

(Grujicic and Pesic, 2002; Abbott et al., 2009; Zhang et al., 2015).   

(
𝑖

𝑖𝑚
)

2
= 1.9542

𝑡𝑚

𝑡
{1 − 𝑒𝑥𝑝 [−1.2564 (

𝑡

𝑡𝑚
)]}

2
                                                                        – (9.9) 

(
𝑖

𝑖𝑚
)

2
= 1.2254

𝑡𝑚

𝑡
{1 − 𝑒𝑥𝑝 [−2.3367 (

𝑡

𝑡𝑚
)

2
]}

2

                                                                            – (9.10) 

 

Comparison of the normalized experimental current-time transient data with the derived 

theoretical curves from equation 9.9 and 9.10 is presented in Figure 9.15. Figure 9.15 shows that the 

electrochemical deposition of Cu in 1.8 wt.% H2O-[Hmim][HSO4] PCB leach solution deviates from 

both the 3-dimensional instantaneous and progressive nucleation models. Initial nucleation conforms to 

a 3-dimensional progressive mechanism but changes to a 3-dimensional instantaneous mechanism for t 

> 6tm. This deviation from the 3-dimensional progressive model at longer times due to higher currents 

is likely a result of partial kinetic control of the growth (He et al., 2004). A shoulder at t/tmax=2.5 is 

assigned to the start of the shift in nucleation mechanism. It is postulated that the change in nucleation 

mechanism after tmax is a consequence of [Hmim]+ adsorption on the working electrode, thereby limiting 

nucleation to a finite number of active sites. An improved initial fit of the experimental data to the 3-

dimensional progressive model contradicts the results for Zn deposition from aqueous sulphate 
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[C4mim][HSO4] solutions, which adheres to a 3-dimensional instantaneous nucleation mechanism. 

However, the 3-dimensional progressive model was reported as the nucleation mechanism for a wide 

range of metal-IL combination including deposition of Ag in 1-butyl-3-methylimidazolium 

hexafluorophosphate (He et al., 2004) and the deposition of Ni in 1-ethyl-3-methylimidazolium-

dicyanamide (Deng et al., 2008).  

 

 

Figure 9.15. Comparison of experimental dimensionless time versus dimensionless current with 

theoretical models for diffusion controlled 3D instantaneous and progressive nucleation. 

 

9.3.4 Electro-deposition of Cu from optimised PCB leach solution 

Electro-deposition experiments were performed on high purity (≥99.9%) polished stainless 

steel 316 cathode (effective area = 2.5 cm2) and a Pt wire anode immersed in 40 mL 1.1:1 wt.% 

[Hmim][HSO4]:H2O PCB leach solution. Despite a reduction in the IL electro-deposition window with 

increasing water content, a 1.1:1 wt.% [Hmim][HSO4]:H2O solution was used  in these experiments. 

Figure 9.14 shows an increase in current density with increasing water content due to a reduction in 

solution viscosity. The reduction in the IL electrochemical window with increasing water content does 

not affect deposition of Cu (Figure 9.14) and a 1.1:1 wt.% [Hmim][HSO4]:H2O solution allows the 

deposition of Cu directly from the PCB leach solution without additional processing to remove excess 

water. In addition, a Cu deposition current efficiency of 92 % compared to 71 % was obtained when 

the IL water content was increased from a ‘dry’ [Hmim][HSO4] to a 1.1:1 wt.% [Hmim][HSO4]:H2O 

leach solution (at a current intensity of 8.4 mA for 1 hr). 
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Three deposition current densities (4.2 mA, 8.4 mA and 16.8 mA) were used in order to gain 

an appreciation of the impact on Cu deposition and determine an acceptable compromise between 

process efficiency and properties of the final Cu film. Increasing the current density can result in higher 

over-potential voltages, thereby increasing the nucleation rate and process efficiency (Ebrahimi and 

Ahmed, 2003). However, the applied current density during electro-winning is upper bound by the 

limiting current beyond which serious deterioration in the quality of the deposited metal film is observed 

(Saba and Elsherief, 2000). Surface quality of the deposits were found to vary significantly with 

increasing deposition currents (Figure E6, Appendix E). Deposition using 16.8 mA currents yielded a 

black powdery film, probably due to the ease of nucleation resulting in the formation of many small 

nuclei at the cathode surface (Abbott et al., 2009). In contrast, bright lustrous deposits were obtained 

when the current was reduced to 8.4 mA. Reduction in the deposition current to 4.2 mA leads to a 

decrease in the brightness of the copper film due to incomplete coverage of the electrode.  

Further investigation into the micro-scale morphology and crystal structure of Cu deposits is 

presented in Figure 9.16 and Figure E7 (Appendix E) respectively. Representative SEM images and the 

associated EDS spectra in Figure 9.16 show that increasing current densities has a significant influence 

on the micro-appearance of Cu deposits.  

Those obtained at 4.2 mA (Figure 9.16A) consist of coarse hemispherical grains with an 

average diameter of 4.82 ± 1.12 µm (average based on measurement of 40 grains). An increase in the 

deposition current to 8.4 mA (Figure 9.16B) results in complete coverage of the electrode surface by 

smaller, highly microcrystalline, pyramidal deposits with an average size of 1.67 ± 0.56 µm (average 

based on measurement of 40 grains). Figure 9.16C shows a mostly homogeneous smooth surface marred 

by occasional cracks. This suggests that under the Cu deposition conditions, progressive nucleation 

results in a higher degree of nano-crystalline growth with increasing deposition currents. This is 

contrary to results by Ebrahimi and Ahmed (2003) for the electro-winning of Ni from boric 

acid/sulphamate-nickel-anti-pit solutions, where increasing the current density resulted in an increase 

in the grain size of Ni deposits. The small grain size obtained clearly reflects the inhibitive effect of 

[Hmim][HSO4] on the electro-crystallisation of Cu(II). 

Analysis of the associated EDS spectra in Figure 9.16 shows marked differences between 

spectrums A/B and C. In spectrum A and B, strong Cu peaks are identifiable with no traces of co-

deposited impurities. Fe and Cr peaks are assigned to the stainless steel 316 electrode support. In 

contrast, EDS spectra of Cu deposited at 16.8 mA displays a reduced Cu peak intensity at 0.9 keV in 

favour of a strong Cu peak at 8.0 keV. Furthermore, spectrum C is characterised by the emergence of 

sulphur and oxygen bands of medium intensities at 2.3 keV and 0.4 keV respectively. This suggests 

either co-deposition of the IL along with Cu or the etching of the final Cu film by the acidic IL. The 

result is a black powdery Cu film. 
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Figure 9.16. SEM images and their associated EDS spectra of copper films obtained from 1.1:1 wt.% 

[Hmim][HSO4]:H2O PCB leach solution at different current densities (A) 4.2 mA, (B) 8.4 mA and (C) 

16.8 mA for 1 hr. 

 

X-ray diffractograms of Cu deposits obtained at 4.2 mA, 8.4 mA and 16.8 mA are presented in 

Figure E7(a-c) respectively in Appendix E. The primary crystal orientation found in all three deposit is 

(111) followed by either (200) or (220) resulting in Cu deposits similar to those obtained from aqueous 

sulphate solutions. Deposition current has a small effect on the growth orientation of the Cu deposits. 

At 4.2 mA, the (220) crystal orientation is favoured above the (200). However, the ratio of the (100) to 

(220) peaks and the (200) to (220) peaks grows with increasing current density from 4.2 mA to 8.4 mA. 

None of the XRD or EDS patterns display any supplementary peaks that could be attributed to the co-

deposition of other metals from the PCB leach solution. ICP analysis of the Cu films indicate Cu purity 

of 99.3 wt.%, 99.0 wt.% and 99.5 wt.% at deposition currents of 4.2 mA, 8.4 mA and 16.8 mA 

respectively. These results confirm [Hmim][HSO4]:H2O as a promising solvent for the leaching of Cu 
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from waste PCB and an efficient medium for recovery as high purity Cu films by electro-winning. The 

recovery of Cu from waste PCB using [Hmim][HSO4] has the advantage of using the same medium, 

allowing simple process design. 

 

9.3.5 Recovery and recycling of [Hmim][HSO4] for waste PCB leaching 

For the developed process to be successful, [Hmim][HSO4] must be chemically stable 

throughout and retain high leaching efficiency for Cu and Sn leaching from waste PCB. [Hmim][HSO4] 

was regenerated by oxalic acid precipitation prior to contacting with an excess of DEHPA-XAD 7 resin. 

The FTIR spectra of the virgin and recovered [Hmim][HSO4] IL is presented in Figure 9.17. FTIR 

measurements on [Hmim][HSO4] before and after the leaching and electro-winning process (after 

removal of soluble metal species) indicate partial cation degradation with the emergence of two small 

C=O stretch bands in the range 1740 to 1750 cm-1. The formation of these bands is attributed to the 

degradation of the imidazolium cation by H2O2 during waste PCB leaching and as a consequence of the 

electro-winning process (AlNashef et al., 2010; Li et al., 2013; Domínguez et al., 2014). This is 

problematic for the viability of the process. More research is required to limit IL degradation. 

 

 

Figure 9.17. FTIR spectra of virgin [Hmim][HSO4] and recovered [Hmim][HSO4] (spectrum are offset 

by 10% for clarity) 

 

To assess to influence of the cation degradation, the recovered [Hmim][HSO4] was used to 

leach waste PCB under the optimised leaching conditions in Section 9.3.1 of this Chapter. The leaching 

efficiency of virgin and recycled [Hmim][HSO4] is given in Table 9.4. The degradation of the 
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imidazolium cation has a slight adverse effect on the leaching efficiency of [Hmim][HSO4] with a 

decrease in leaching efficiency recorded for all elements except Cu. The leaching of Cu and Sn remains 

largely unaffected over two leaching cycles suggesting that [Hmim][HSO4] can be successfully recycled 

and reused. The slight degradation of the IL cation during leaching suggests that replacement of the IL 

after multiple leaching and electro-winning cycle will be required. 

 

Table 9.4. Optimised leaching of waste PCB using [Hmim][HSO4] over two leaching and recovery 

cycles 

Element 
1st leaching cycle 2nd leaching cycle 

% Leached SD (%) % Leached SD (%) 

Cu 88.5 6.7 88.8 1.2 

Al 15.0 1.8 9.7 2.6 

Fe 44.0 7.7 25.0 1.9 

Mn 27.3 2.9 18.2 4.8 

Sn 96.0 1.3 90.3 1.9 

Zn 51.5 3.7 41.8 8.9 

Ca 24.2 4.2 21.3 2.7 

Ba 0.1 0.0 0.0 0.0 

Pb 8.8 1.8 6.3 0.9 

Ni 81.1 3.7 54.1 1.1 

Co 57.4 8.3 71.2 0.8 

 

9.4 Summary 

Aqueous solutions of [Hmim][HSO4] were investigated as a solvent for leaching of Cu from 

PCB and an efficient medium for Cu recovery as high purity Cu films by electro-winning. The recovery 

of Cu from PCBs by a simple and efficient ‘one pot’ ionic liquid process is summarised in Figure 9.1. 

The leaching of nine primary metals in waste PCBs by [Hmim][HSO4] was monitored and the selective 

leaching of Cu from major impurities was optimised as a function of temperature, IL concentration, 

oxidant (H2O2) concentration, S:L ratio and temperature. Using the optimum leaching conditions of 50 

wt.% IL, 46.4 wt.% H2O and 3.6 wt.% H2O2 at 60 °C and 300 rpm for 2 hours and 1:30 solid: liquid 

ratio, high Cu and Sn leaching rates are obtained, whilst leaching of the main impurities is below 50 

wt.% recovery. Copper recovery was attempted by direct electrodeposition from the leach solution. The 

electrochemical behaviour of Cu-loaded [Hmim][HSO4] was assessed by cyclic voltammetry and 

chronoamperometry. Under controlled deposition condition, bright and lustrous Cu deposits with a 

purity ≥ 99 % were obtained from 1.1:1 wt.% [Hmim][HSO4]:H2O PCB leach solution using a current 
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density of 8.4 mA. Partial degradation of [Hmim][HSO4] cation degradation by H2O2 during the waste 

PCB leaching was observed, but did not significantly impact on the leaching efficiency of Cu and Sn 

from waste PCBs by recycled [Hmim][HSO4]. The leaching and electrolysis separation processes for 

recovery from waste PCB makes it an economically and environmentally interesting alternative to 

extraction of Cu from primary ores.
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Chapter 10: Investigation into the recovery of copper 

and tin from aqueous [Hmim][HSO4] PCB leach solution 

by solvent extraction with a mutually immiscible 

phosphonium ionic liquid 

10.1 Introduction 

In the previous chapter, the efficient and selective extraction of copper from waste printed 

circuit boards (PCBs) in the ionic liquid [Hmim][HSO4] was successfully demonstrated. This chapter 

builds upon the previous one and investigates the recovery of Cu and Sn from other major extracted 

impurities as well as their mutual separation. There are several methods to recover Cu(II) and Sn(II) 

from aqueous solution such as chemical precipitation (Chen et al., 2014), ion-exchange (Üçer et al., 

2006), bacteria mediated biosorption (Tunali et al., 2006), electrodeposition (Mecucci & Scott, 2002) 

and solvent extraction (SX) (Sole & Hiskey, 1995; Virolainen et al., 2011) to name a few. Solvent 

extraction is a popular separation technique as it combines a high metal selectivity, through careful 

selection of the appropriate extractant, and high sample throughput with a relatively inexpensive, simple 

and flexible process flow (Stojanovic & Keppler, 2012). 

SX of copper using phenolic oximes chelating extractant like Acorga P50 is a well-established 

recovery technology and accounts for approximately 25% of Cu world production (Wilson et al., 2014). 

Despite its industrial success, there is concerted effort other the last decade to replace the 

environmentally detrimental molecular solvents in the organic phase in SX with a more environmentally 

friendly ionic liquid (IL) alternative. It must also be considered that in the scope of this research, there 

already is an IL present in the aqueous phase. This adds further complexity when selecting a suitable 

second IL as it not only needs to be hydrophobic but also mutually immiscible with [Hmim][HSO4] and 

capable of extracting the metal complex. Arce et al. (2006) showed that if large enough structural 

differences exists between two different ILs, ie. each consisting of different anions and cations, then 

this four ion mixture may yield a biphasic mixture at room temperature. This principle was successfully 

utilised to separate cobalt from nickel using the biphasic system 1-ethyl-3-methylimidazolium chloride 

and trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate (Wellens et al., 2013). 

Mixtures of trihexyl(tetradecyl)phosphonium chloride (Cyphos ® IL 101) and [Cnmim]Cl were found 

to be ‘immiscible’ in the temperature range 298 to 458 K, where the n was smaller or equal to 5, with 

only approximately 10 mol% of imidazolium ion salt dissolved in the phosphonium phase for 

[C2mim]Cl (Arce et al., 2006). Cyphos 101 is a commercially available, non fluorinated IL consisting 

of an organophosphorous-based cation with a chloride anion counterpart. Due to its four long alkyl 
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chains, Cyphos 101 has no reported surfactant properties in contrast to some of the shorter alkyl chain 

quartenary phosphonium salts alternatives, thereby enhancing phase separation (Bradaric et al., 2003). 

Cyphos 101 IL shows great promise for the extraction of metal ion and has been studied for the 

extraction of base metals Zn(II), Fe(II & III), Co(II) as well as Au(III), Hg(II), Pd(II), Pt(IV), Bi(III), 

Re(IV) and U(VI) amongst others. Despite the proven formation of a two-phase system with short 

cation alkyl chain imidazolium-based ILs, Cyphos 101 has not been studied in metal extraction 

from two mutually immiscible IL. In this chapter, the recovery of Cu and Sn from [Hmim][HSO4]-

water medium and separation from other major leached impurities using Cyphos 101 IL is described. 

Extraction mechanism of the Cu complex is investigated and the regeneration and reuse of Cyphos 101 

IL is presented. 

 

10.2 Experimental Methods 

10.2.1 Materials 

[Hmim][HSO4] was synthesised according the method set out in Chen et al. (2014). [Hmim][Cl] 

was synthesised using an adapted method from Chen et al. (2014) by dropwise addition of an equimolar 

volume of HCl to a temperature-controlled aqueous solution of 1-methylimidazole. Water was removed 

under vaccuo at 60 oC for 24 hr. 

 

10.2.2 Solvent extraction batch tests 

Extraction experiments were performed using an aqueous solution obtained from the optimised 

leaching of printed circuit boards (PCBs) at the following conditions: 50 wt.% [Hmim][HSO4], 46.4 

wt.% H2O and 3.6 wt.% H2O2 (35 wt.%) at 60 oC and 300 rpm for 2hrs and 1:30 solid:liquid ratio. The 

resulting solution was vacuum filtered and 5× diluted with deionized water to obtain the final solution 

used, with concentration of the major elements present in the tested solution determined by ICP-OES 

and given in Table 10.1. It is important to ensure that no H2O2 remains during SX experiments due to 

the instability of Cyphos 101 in its presence. 

Solvent extraction experiments were carried out using Cyphos 101 in the presence of hexane 

as the organic phase. Although Cyphos 101 has been shown to function in the absence of a diluting 

phase (Larson & Binnemans, 2014), initial batch tests were performed with diluted Cyphos 101 to 

ensure faster extraction kinetics and to determine the influence of the extractant concentration on Cu 

recovery. The influence of pH, aqueous:organic volume ratio (A:O), extractant concentration and 

sulphate and chloride anion concentration was studied. Standard test conditions where A:O of 1, pH of 
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1.35, Cyphos 101 concentration of 0.88 M,  no additional Cl- or SO4
2- ions and performed at  room 

temperature. The pH was adjusted using H2SO4 or NaOH and the desired concentration of sulphate and 

chloride anion in solution was achieved through addition of K2SO4 and KCl respectively. All tests were 

mixed for 5 min using a Fisons Whirlimixer and centrifuged for phase separation. The concentration of 

the element of interest where determined by ICP-OES analysis of the aqueous phase and extrapolating 

the results to determine the organic phase concentration. 

 

Table 10.1. Concentrations of metals in the starting aqueous solutions (in ppm)  

Element Concentration Element Concentration 

Cu 339.1 Ni 10.1 

Fe 163.4 Mg 1.9 

Al 72.4 Pb 1.3 

Sn 45 Co 0.6 

Mn 43.8 Cr 0.2 

Zn 37.1 Ba 0 

Ca 15   

 

The distribution ratio D of a metal (M) between the aqueous phase and the hydrophobic Cyphos 

101 phase is defined as (if Vorg = Vaq): 

𝐷 = [𝑀]𝑜𝑟𝑔 [𝑀]𝑎𝑞⁄ = [𝑉𝑎𝑞([𝑀]𝑎𝑞,0 − [𝑀]𝑎𝑞)] (𝑉𝑜𝑟𝑔[𝑀]𝑎𝑞)⁄ = ([𝑀]𝑎𝑞,0 − [𝑀]𝑎𝑞) [𝑀]𝑎𝑞⁄      – (10.1) 

where [M]aq,0 and [M]aq are the initial and post-extraction concentration in the aqueous phase and V is 

the volume. The extraction percentage is defined as the amount of M extracted to the total M content 

over the two phases:  

𝐸% = [([𝑀]𝑎𝑞,0 − [𝑀]𝑎𝑞)×100] [𝑀]𝑎𝑞,0⁄                                                                                      – (10.2) 

The separation efficiency between two metals M1 and M2 is described with the separation factor α 

defined as the ratio of the distribution ratio of M1 and M2: 

𝛼 = 𝐷𝑀1 𝐷𝑀2⁄                                                                                                                    – (10.3) 

 

10.2.3 Determination of the mutual solubility of [Hmim][HSO4] and Cyphos 

101 

Determination of the mutual solubility of [Hmim][HSO4] and Cyphos 101 was performed using 

a mock 0.25 M Zn solution in 1:1 vol. [Hmim][HSO4]-H2O leach solution. Loaded [Hmim][HSO4] 
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solution was mixed with undiluted Cyphos at an O:A ratio of 1 for 5 min and centrifuged for phase 

separation. The same process was repeated using [Hmim][HSO4]-H2O with 1:1 wt. Cyphos 101:hexane 

as the organic phase and [Hmim][HCl]-H2O as the aqueous phase with undiluted Cphos 101 

respectively. The organic phase was analysed 1H  NMR to estimate the solubility of [Hmim][HSO4] in 

Cyphos 101 whilst the solubility of Cyphos 101 in [Hmim][HSO4]-H2O was calculated by ICP-OES 

analysis of P in the aqueous phase. The presence of Cu prevents the direct analysis of the leach solution 

due to the overlapping of the Cu and P peaks by ICP-OES analysis whilst the stable oxidation state of 

copper, Cu(II), is paramagnetic and hyperfine interaction with the unpaired electron of the copper(II) 

ion (S=1/2, I=3/2) leads to broad lines in the NMR spectrum. 

 

10.2.4 Stripping and ionic liquid regeneration  

Multiple stripping solutions were tested to recover Fe, Zn and Sn from Cyphos 101 IL including 

H2SO4, HCl, NH3 and EDTA. All stripping test were performed at an O:A ratio of 1. After stripping, 

the IL phase was regenerated by washing it with deionized water. Cyphos 101 IL was dried under 

vacuum at 60 oC. Four consecutive cycles of loading and stripping using the same Cyphos 101 solution 

were performed on both undiluted and diluted in hexane Cyphos solutions using fresh loading and 

stripping solutions at each stage. Prior to the fourth cycle, Cyphos 101 was rinsed with a solution of 2.5 

M NH4Cl to regenerate the IL’s chloride content. The same test was performed using [Hmim][Cl]-H2O 

instead of [Hmim][HSO4l]-H2O as the loading phase in order to determine the influence of anion 

exchange mechanism on the extraction process 

 

10.3 Results and Discussion 

10.3.1 Solvent extraction as a function of pH 

In the first series of experiments, the extraction isotherms of Cu(II) and Sn(IV) as well as those 

of the major impurities Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) in the pH range 0.5 to 

2.5 with 0.88 M Cyphos 101 in hexane and the PCB leach solution were determined and presented in 

Figure 10.1. It is shown that the recovery of copper and tin is very efficient with almost quantitative 

extraction of copper at pH ≥1 whilst over 95 wt.% of tin is recovered even at the low pH of 0.5. In 

addition to quantitative extraction of Cu(II) and Sn(IV), the divalent metal Zn and Pb were also 

completely extracted at acidic pH.  Zn(II) shows a greater affinity for the IL phase than Cu(II), with 

over 40 wt% extraction of Zn(II) at pH 0.5 compared to less than 1 wt.% for Cu(II). Al(III), Mn(II), 

Ca(II) and Ni(II) are not or poorly extracted in the studied pH range. The behaviour of Fe(III) is 

particular as it shows good recovery at pH=0.5 before subsequently dropping below 1.0 wt.% at 
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pH=0.75. Fe(III) extraction is expected to decrease with increasing pH values due to metal ion 

hydrolysis (Pepper and Ogden, 2013). Figure 10.1 shows that 97.4 wt.% and 98.9 wt.% recovery of 

Cu(II) and Sn(IV) respectively is achievable at pH 1.0, yielding an organic phase composition of 75.0 

wt% Cu(II), 12.3 wt.% Zn(II), 10.8 wt.% Sn(IV) with the residual 1.8 wt.% consisting of other 

impurities. 

This is the first-time extraction of these elements into Cyphos 101 is reported from both 

sulphate media and from an aqueous phase containing an ionic liquid. Extraction of Zn(II) from chloride 

solution has been extensively documented with fast and efficient extraction recorded in all cases (Regel-

Rosocka, 2009, Regel-Rosocka et al., 2012; Wellens et al.., 2014). Vander Hoogerstraete et al. (2013) 

found that extraction of Fe(III) from chloride media was highest at HCl concentration of 8 M or greater 

(low pH) a decreased sharply with increasing pH whilst extraction of Cu(II) and Zn(II) was high at low 

HCl concentrations (higher pH) and decreased with increasing HCl concentration. Wellens et al. (2014) 

also reported that stripping of Zn(II), Cu(II) and Fe(III) from undiluted Cyphos 101 proved problematic 

due to the greater affinity of these elements for the IL compared to Ca(II), Ni(II), Mn(II) and Co(II). 

With the exception of Fe(III), the results in Figure 10.1 are in agreement with previous research despite 

the substantial difference in the aqueous media composition between the studied system and the chloride 

environments commonly reported. 

 

 

Figure 10.1. Extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) at 

the pH range 0.5 to 2.5 with 0.88 M Cyphos 101 in hexane at A:O=1and  no additional Cl- or SO4
2- ions  
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10.3.2 Solvent extraction as a function of Cyphos 101 concentration 

The extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) from 

PCB leach solution was determined using various Cyphos IL 101 concentrations with hexane as the 

diluents and the PCB leach solution at A:O of 1 and pH of 1.35. Figure 10.2a shows the extraction 

isotherm of the studied elements as a function of Cyphos 101 concentration. Figure 10.2a shows that 

the concentration of Cyphos 101 in the range 0.175-0.53 M has significant influence on the extraction 

of Cu(II), with the extracted fraction increasing from 29.9 wt.% at 0.175 M Cyphos 101 to 96.7 wt.% 

at 0.53 M Cyphos due to more available extractant. Zn(II) and Sn(IV) are quantitatively extracted for 

all Cyphos 101 concentration in the in the studied range of 0.17 – 0.88 M suggesting a high selectivity 

of Cyphos 101 for these two elements. In contrast, extractant concentration has no effect on the 

extraction of Fe(III), Al(III), Mn(II), Zn(II), Ca(II) and Ni(II) with minimal extraction even at 0.88 M 

Cyphos 101. At a Cu concentration of under 0.006 M in the aqueous phase, Cyphos 101 in the studied 

system has a low extraction capacity. This suggests that either multiple molecules of Cyphos 101 are 

involved in the extraction of one metal cation and/or non-metallic compounds are also extracted in the 

IL phase.  

 

 

Figure 10.2. a) Extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) at 

the Cyphos 101 concentration range 0.17 to 0.88 M in hexane at pH=1.35, A:O=1 and  no additional 

Cl- or SO4
2- ions; b) logarithm of the distribution coefficient of copper as a function of the logarithm of 

Cyphos 101 concentration 

 

To determine the number of Cyphos 101 molecules involved in the extracted Cu complex, the 

logarithm of the distribution coefficient (DCu) was plotted against the logarithm of Cyphos 101 
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concentration (Figure 10.2b). The number of Cyphos 101 (R3R’PCl) molecule is derived by slope 

analysis according to the following equation adapted from Regel-Rosocka (2009): 

𝐿𝑛(𝐷𝐶𝑢) = 𝐿𝑛(𝐾 [𝐶𝑙−]⁄ ) + 𝑚 𝐿𝑛([𝑅3𝑅′𝑃𝐶𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅])                                                                               – (10.4) 

where K is the extraction constant and [Cl-] the aqueous chloride concentration after SX.  

Slope analysis in Figure 10.2b suggest that between 3 – 4 molecules of Cyphos 101 are involved 

in the extraction of one Cu(II) cation. Similar analysis could not be performed on the extraction isotherm 

of Sn(IV) and Zn(II) due to their quantitative extraction in the studied range. With a final chloride 

concentration of 0.39 M (see Table 10.3), at increasing ligand concentration, Ln(K) for Cu extraction 

is 4.49, yielding an overall Gibbs free energy (ΔGr
0) of extraction of -10.9 kJ.mol-1 according to equation 

9.5. 

∆𝐺𝑟
0 = −𝑅𝑇𝐿𝑛(𝐾)                                                                                                                            – (10.5) 

 

10.3.3 Solvent extraction as a function of initial metal concentration 

The extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) from 

PCB leach solution was determined as a function of increasing metal ion concentration in the aqueous 

phase at A:O of 1 and pH of 1.35. Figure 10.3b shows the extraction efficiency of the metal of interest 

as a function of their initial concentration in the aqueous phase represented by the dilution of the initial 

concentrated leach solution presented in Figure 10.3a. Figure 10.3b confirms the high affinity of Sn(IV) 

and Zn(II) for the Cyphos 101 phase, with over 99 wt.% extraction regardless of the aqueous phase 

concentration in the studied range. Figure 10.3b also confirms the lack of affinity of Cyphos 101 for 

Al(III), Mn(II), Ni(II) and Ca(II) with no extraction occurring even at the lowest aqueous phase 

concentration when Cyphos 101 is under saturated. The extraction of Cu(II) and Fe(III) as a function of 

their aqueous phase concentration is interesting as they exhibit contrasting trends. At elevated aqueous 

concentration (Figure 10.3a), 79.8 wt.% and 67.1 wt% of Fe(III) and Cu(II) respectively are extracted 

whilst at dilute initial aqueous phase concentration (x16 dilution), the extraction efficiency of Fe(III) 

drops to 15.4 wt.% whilst that of Cu(II) increases to 99.5 wt.%. As the solution pH was controlled with 

H2SO4 and all extraction experiment were conducted at pH 1.35, it is unlikely that the metal speciation 

of Cu(II) and Fe(III) changed in the studied experimental range and therefore cannot be proposed as the 

reason for these contrasting trends. Although the mechanism of Fe(III) and Cu(II) extraction is not fully 

understood, good separation of Cu(II), Zn(II) and Sn(IV) from other studied metals is achievable at low 

initial aqueous concentration. At initial condition stated in Figure 10.3a, only 0.063 M of metal are 

extracted into 0.88 M of Cyphos 101, giving a molar ratio of Cyphos 101 to extracted metal species of 

14. In the studied system, Cyphos 101 loading is significantly less than those reported previous studies 

even when taking into account the number of Cyphos 101 molecules involved in metal extraction 
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(Figure 10.2b). For example, Regel-Rosocka and Wisniewski (2011) reported Cyphos 101 loading of 

over 45 000 ppm and 40 000 ppm for FeCl3 and ZnCl2 respectively. Despite this, at high initial aqueous 

phase concentration (dilution ≤ 2) emulsification of the IL phase occurred, suggesting saturation of 

Cyphos 101. Furthermore, at these conditions (dilution ≤ 2), 3rd phase formation occurred due to the 

separation of the hexane diluents from the loaded Cyphos 101. Thermogravimetric analysis indicates 

that Cyphos 101 is capable of up to 12.0 wt% water uptake whilst hexane is poorly miscible with water. 

The formation of a 3rd phase at high loading concentrations suggests the co-extraction by Cyphos 101 

of water molecules coordinated to the metal cation. 

 

 

Figure 10.3. a) Initial solution composition; b) Extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), 

Zn(II), Ca(II), Ni(II) and Pb(II) as a function of initial metal concentration  with 0.88 M Cyphos 101 in 

hexane at pH=1.35, A:O=1and  no additional Cl- or SO4
2- ions; c) Copper extraction isotherm 

 

In order to gain a better understanding of Cu(II) extraction into Cyphos 101, Cu(II) 

concentration in the IL and aqueous phase were plotted against one another and an isotherm was fitted 

by linear regression analysis to the experimental data (Figure 10.3c). Four common adsorption models 

- Langmuir, Freundlich, Temkin and Dubinin–Radushkavich isotherms (Pepper & Ogden, 2013) – were 

tested, with the Freundlich isotherm in equation 10.6 providing the best fit (R2=0.98). 

[𝐶𝑢]𝐼𝐿,𝑒 = 𝑘𝑓[𝐶𝑢]𝑎𝑞,𝑒
1 𝑛⁄

                                                                                                                       – (10.6) 

where subscript e denotes the equilibrium concentration after contact, kf = 0.123 is the Freundlich 

isotherm constant and n = 3.05 is the Freundlich isotherm component. The constants kf and n are 
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characteristic of the extraction system, with kf being an approximate indicator of adsorption capacity 

whilst n values greater than 1 indicate a favourable sorption process.  

 

10.3.4 Solvent extraction as a function of volumetric aqueous to organic 

phase ratio (A:O) 

The extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) from 

PCB leach solution was determined as a function of increasing A:O ratio with an aqueous phase 

composition listed in Table 10.1 and pH of 1.35 (Figure 10.4). Figure 10.4 shows that due to the low 

loading capacity of Cyphos 101, the A:O ratio has a significant influence of the extraction efficiency of 

Cu(II), Fe(III), Mn(II), Zn(II) and Ca(II). From Figure 10.4, the affinity in increasing order of Cyphos 

101 for the studied metal is: Al(III) ≤ Ca(II) ≤ Ni(II) ≤ Mn(II) ≤ Fe(III) ≤ Pb(II) ≈ Cu(II) ≤ Zn(II) ≤ 

Sn(IV). The higher affinity of Cyphos 101 for Sn(IV) suggests that Sn(IV) can be recovered separately 

from Cu(II) and Zn(II) using an A:O phase ratio greater or equal to 10. At these conditions, extraction 

of Sn(IV) remains high at 92.2 wt.% whilst that of Zn(II) and Cu(II) decreases to 16.9 wt.% and 0.93 

wt. % respectively. A similar behaviour to that described in the previous section occurs at A:O phase 

ratio greater than 5 with formation of a 3rd phase along with slight emulsification of the Cyphos 101 

phase.  

 

 

Figure 10.4. Extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) at 

the A;O range 0.5 to 10 with 0.88 M Cyphos 101 in hexane at pH=1.35 and  no additional Cl- or SO4
2- 

ions 
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10.3.5 Solvent extraction as a function of initial sulphate and chloride 

concentration 

The extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) from 

PCB leach solution was determined as a function of sulphate (Figure 10.5a) and chloride (Figure 10.5b) 

respectively with an aqueous phase composition listed in Table 10.1, A:O of 1 and pH of 1.35. The 

desired concentration of sulphate and chloride anion in solution was achieved through addition of 

K2SO4 and KCl.  

Figure 10.5b shows that chloride concentration has a significant effect on the extraction of 

Fe(III), Mn(II) and Ni(II), and little to no effect on the extraction of other studied elements. The increase 

in Fe(III), Mn(II) and Ni(II) extraction with increasing chloride concentration is most likely due to the 

complexation of these metal with chloride anions to form neutral or anionic chloro-complexes. Multiple 

studies have documented the high affinity of Cyphos 101 for iron tetrachlorate over a wide pH range 

(Regel-Rosocka & Wisniewski 2011; Regel-Rosocka et al., 2012). Figure 10.5b indicates that the 

presence of chloride in the aqueous phase is detrimental for the separation of Cu(II) and Sn(IV) from 

other impurities, particularly Fe(III). 

 

 

Figure 10.5. Extraction of Cu(II), Sn(IV), Fe(III), Al(III), Mn(II), Zn(II), Ca(II), Ni(II) and Pb(II) as a 

function of a) sulphate concentration and b) chloride concentration with 0.88 M Cyphos 101 in hexane 

at pH=1.35, A:O=1 

 

Figure 10.5a shows that sulphate concentration has no effect on the extraction of any of the 

studied metal ions despite Pepper and Ogden (2013) reporting that uptake of rhenium (VII) by Cyphos 

101 from chloride media was suppressed by high concentrations of SO4
2- in solution. To assess if 
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sulphate ions could be competitively extracted by Cyphos 101, a 1:5 solution of pure 

[Hmim][HSO4]:H2O was shaken overnight in an end-over-end tumbler with an 0.88 M solution of 

Cyphos 101 in hexane at O:A ratio of 1. FTIR spectrums of the pure Cyphos 101 and Cyphos 101 after 

phase separation by centrifugation of the test mixtures were recorded and are presented in Figure 10.6. 

Detailed analysis of Cyphos 101 IR bands is provided in Table F1 of Appendix F. Figure 10.6 reveals 

the emergence of two small new band at 1043 and 582 cm-1, highlighted green in the figure, and are 

assigned to the ν3 and and ν4 normal modes of vibration of tetrahedral SO4
2- anion respectively. These 

characteristic bands are slightly shifted from their average frequencies of 1104 cm-1 (ν3) and 614 cm-1 

(ν4) due to a complex environment that distorts the molecule’s preferred geometry (Yacovitch et al., 

2011). The low band intensities at 1043 and 582 cm-1, Figure 10.6 indicates that competitive extraction 

of SO4
2- may occur, which provides a partial explanation to the low metal loading capacity of Cyphos 

101 in the studied system. This conclusion is surprising as according to the Hofmeister series, 

replacement of the chloride counter-anion in Cyphos 101 with the highly-hydrated sulphate anion 

should be unfavourable. The Hofmeister series, also refered to as the lyotropic series, provides a general 

indication of a particular anion’s preference for an organic phase, although that preference may be 

altered by the IL’s cation. In ascending order it reads: SO4
2-

 ≤ Cl- ≤ Br- ≤ NO3
- ≤ I- ≤ ClO4

- ≤ SCN- and 

reflects the hydration numbers of the different anions (Kunz et al., 2004; Larsson & Binnemans, 2015).  

 

 

Figure 10.6. FTIR spectra of virgin Cyphos 101 and Cyphos 101 after contacting with [Hmim][HSO4] 

(spectrum are offset by 10 cm-1 for clarity) 

 

Based on the results from Figure 10.1-5, the following optimal conditions were proposed: 

Cyphos 101 concentration of 0.8 M or greater, A:O ratio of 1, aqueous phase pH of 1.25, diluted aqueous 
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phase with a Cu concentration of approximately 400 ppm or lower and no addition of supplementary 

chloride and sulphate anion. At these conditions, the extraction efficiency of the tested metals from an 

[Hmim][HSO4]-H2O solution with a composition described in Table 10.1 using Cyphos 101 diluted in 

hexane is given Table 10.2. Complete extraction of Cu(II) and Sn(IV) is achieved along the impurities 

Zn(II) and Pb(II). Good separation of Cu(II) and Sn(IV) from the major impurities Fe(III), Al(III), 

Mn(II) and Ca(II) is obtained, concentrating Cu(II) from 46.5 wt% of the total metal content in the 

aqueous phase to 77.5 wt% of Cyphos 101 metal content. Despite the co-extraction of Zn(II) and Pb(II), 

Cyphos 101 is a promising extractant for the recovery of Cu(II) and Sn(IV) from [Hmim][HSO4]-H2O 

PCB leach solution. 

 

Table 10.2. Extraction efficiency of the tested metals from an [Hmim][HSO4]-H2O solution with a 

composition described in Table 10.1 using 0.88 M Cyphos 101 diluted in hexane along with the 

resulting metal composition of Cyphos 101 (all results reported as wt.%) 

Elements Cu Fe Al Sn Mn Zn Ca Ni Mg Pb Co 

% Extracted 99.5 8.3 0.4 99.4 0.7 99.9 2.6 3.2 5.5 98.1 2.3 

SD 0.6 2.4 0.6 0.8 0.8 0.2 2.9 5.5 1.6 0.9 3.9 

Cyphos 101 

composition%  
77.5 3.1 0.06 10.3 0.07 8.5 0.09 0.07 0.02 0.29 0.003 

SD  0.45 0.86 0.10 0.05 0.12 0.08 0.10 0.12 0.007 0.004 0.005 

 

10.3.6 Metal speciation and extraction mechanisms 

The mechanisms of metal extraction from one IL to another can differ from those observed for 

aqueous systems, since the solvation abilities of the metal ion in ionic liquids can be different with 

respect to an aqueous solution (Dietz & Dzielawa, 2001). As this is a previously unstudied extraction 

system, complexation of the metal cations in the IL phases requires elucidation. Loaded Cyphos 101 

after contacting with the aqueous phase and evaporation of the diluents was studied by FTIR and UV-

Vis to obtain an insight in the metal speciation in the IL. Wellens et al. (2014) performed UV-Vis 

analysis on hydrochloric acid-saturated Cyphos 101 after dissolution of CuO and found that Cu(II) is 

present as the anionic tetrachlorometallate complex [CuCl2]2-, characterised by the appearance of peaks 

at 414 nm, 296 nm and 245 nm indicative of Cl-  Cu2+ ligand-to-metal-charge transfer (Lever, 1984). 

However, the UV-Vis spectrum of the loaded Cyphos 101 solution (Appendix F, Figure F1) lacks any 

distinctive peaks. This suggests a different metal speciation to the commonly observed 

tetrachlorometallate complexes obtained from Cyphos 101-chloride containing aqueous phase solvent 

extraction systems previously reported by others. FTIR analysis of the virgin and post solvent-extraction 
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Cyphos 101 after removal of hexane and water is presented in Figure 10.7, with substantial differences 

between the three spectra. Band assignment of the three spectra is described in Table F1 of Appendix 

F. As most of the peaks are found in the ‘fingerprint region’ below 1500 cm-1 with strongly coupled 

modes, clear identification of the smaller individual peaks proved difficult.  

 

 

Figure 10.7. FTIR spectra of virgin and post-solvent extraction Cyphos 101 at different water contents 

(spectrum are offset by 10 cm-1 for clarity) 

 

 Phosphonium compounds are characterised by four P-C bands in the regions 1470-1430, 1120-

1100, 1005-995 and 730-710 cm-1, all which are apparent in the spectrum of virgin Cyphos 101, with 

the rest of the bands associated with the alkyl chains’ methyl and/or methylene groups (Witschard & 

Griffin, 1963; Cholico et al., 2013). The spectrum of dried Cyphos 101 after SX shows of the emergence 

of intense new peaks at 1336, 1059, 1043, 829 and 584 cm-1. The band at 1336 cm-1 has been 

computationally and experimentally observed for bisulphate anion clusters [HSO4]¯.(H2O)n at low 

hydration numbers (n≤4) and is attributed to the fundamental of the SOH bend (Max et al., 2000; 

Yacovitch et al., 2011). The presence of bisulphate anions is further reinforced due to the presence of 

bands at 1163 and 1059 cm-1 assigned to the SO3 antisymmetric and symmetric stretching mode of 

HSO4
- respectively whilst the peak at 829 cm-1 correspond to the bisulphate SOH stretch. The bands at 

1059 and 584 cm-1 correspond to two of the four characteristic modes of the sulphate core, indicating 

the presence of sulphate anions SO4
2- (Giguère & Savoie, 1960; Horn & Sully, 1999; Max et al., 2000; 

Yacovitch et al., 2011). Also present in the spectrum is a small C=O stretch band at 1743 cm-1 resulting 

from the extraction into Cyphos 101 of the degradation by-products of [Hmim][HSO4]’s imidazolium 

cation during PCB leaching in the presence of H2O2 and Cu. 
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Water content in Cyphos 101 after extraction is of 6.2 wt% H2O as determined by 

thermogravimetric analysis due to the hydrophilicity of the chloride counter-anion. At such a high-water 

content, the bisulphate anion’s SOH bend band (1336 cm-1) in Figure 10.7 disappears and is replaced 

by three strong bands at 1230, 1163 and 840 cm-1 as well as an increase in the intensity of the bands at 

1059 and 582 cm-1 indicative of the S-O stretching and bending modes of tetrahedral SO4
2- anion. FTIR 

of hydrated CuSO4 clusters show similar strong band at 1059, 862 and 604 cm-1. Positive mass spectrum 

of dried Cyphos 101 after SX presented in Figure 10.8 confirms the interaction of bisulphate and 

sulphate anion with the phosphonium cation replacing chloride as the counter anion. 

As previously shown in Figure 10.6, extraction of SO4
2- may occur even in the absence of metal 

extraction. However, the spectrum of Cyphos 101 after metal extraction from PCB leach solution 

(Figure 10.7) exhibits significantly stronger band intensities at 1043 and 582 cm-1 compared to those in 

the absence of metal extraction (Figure 10.6). It can therefore be concluded that the presence of sulphate 

and bisulphate anion in the Cyphos 101 extracting phase as proven in Figure 10.7 and 10.8 is primarily 

due to the extraction of metal-sulphate and/or metal-bisulphate complexes.  

 

 

Figure 10.8. Positive high resolution nano-electrospray mass spectrum of dried Cyphos 101 after SX 

with peak assignment 

 

Cyphos 101 can extract both neutral and anionic metal-complexes from chloride media 

according to the addition or anion exchange reactions with release of the IL’s chloride counter anion to 

maintain charge neutrality. To ascertain if the extraction reaction in the studied system occurs via anion-
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exchange mechanisms, anion chromatography analysis was performed on the aqueous phase before and 

after SX with the results presented in Table 10.3. 

 

Table 10.3. Chloride and sulphate anion concentration in the aqueous phase before and after SX 

 Leach solution before SX Leach solution after SX 

Anion SO4
2- Cl- SO4

2- Cl- 

Concentration (mol.L-1) 0.51 0.002 0.20 0.39 

STD (mol.L-1) 0.015 2.3 10-4 0.062 0.057 

 

Table 10.3 confirms that extraction of Cu(II), Zn(II) and Sn(IV) into Cyphos 101 from an 

aqueous sulphate imidazolium based ionic liquid media occurs via an ion-exchange reaction, with 

approximately 1.26 M of Cl- released for every 1 M of SO4
2- adsorbed. Based on these results along 

with results from Figure 10.3b and Figure 10.7, the following equations for Cu extraction at the studied 

conditions are proposed: 

𝐻𝑆𝑂4
− +  𝑅3𝑅′𝑃𝐶𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ → (𝑅3𝑅′𝑃)2𝐻𝑆𝑂4

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 𝐶𝑙−                                                                  – (10.7) 

𝑆𝑂4
2− + 2 𝑅3𝑅′𝑃𝐶𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ → (𝑅3𝑅′𝑃)2𝑆𝑂4

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ + 2𝐶𝑙−                                                                                  – (10.8)  

𝐶𝑢𝑆𝑂4 + 3 𝑅3𝑅′𝑃𝐶𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ → (𝑅3𝑅′𝑃𝐶𝑙)2(𝑅3𝑅′𝑃)𝑆𝑂4𝐶𝑢̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + + 𝐶𝑙−                                                          – (10.9)        

𝐶𝑢𝑆𝑂4 + 4 𝑅3𝑅′𝑃𝐶𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ → (𝑅3𝑅′𝑃𝐶𝑙)3(𝑅3𝑅′𝑃)𝑆𝑂4𝐶𝑢̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + + 𝐶𝑙−                                                        – (10.10) 

 

10.3.7 Determination of the mutual solubility of [Hmim][HSO4] and Cyphos 

101 

The data discussed in the previous sections demonstrated the affinity and selectivity of 

extraction of Cyphos 101 for Cu(II), Sn(IV) and Zn(II) from sulphate media. However, for the 

extraction system to be considered commercially and environmentally viable, the extraction system 

under the conditions of operation must be chemically stable and minimise ionic liquid losses. 

Determination of the mutual solubility of [Hmim][HSO4] and Cyphos 101 was performed using a mock 

0.25 M Zn solution in 1:1 vol. [Hmim][HSO4]-H2O leach solution under the same extraction conditions 

as during normal SX. A mock solution was used instead of the PCB leach solution due to the strong 

paramagnetic moment of Cu(II). The process was repeated using [Hmim][HSO4]-H2O with 1:1 wt. 

Cyphos 101:hexane and undiluted Cyphos 101 as the organic phase as well as [Hmim][HCl]-H2O as 

the aqueous phase with undiluted Cyphos 101 as the IL phase. This was done in order to assess the 

influence of the imidazolium IL counter-ion as well as the importance of the hexane diluent. 
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The solubility of [Hmim][HSO4] in Cyphos 101 was determined by recording the 1H-NMR 

spectrum of the IL phase after SX and following the method set out by Wellens et al. (2013). The peak 

between δ= 9.0 – 9.5 ppm originating from the hydrogen atom at the C2 position of the imidazolium 

ring (Chen et al., 2013) was integrated and related to the integration of the peak at δ = 2.5 ppm 

originating from the eight hydrogen atoms at the C1 position of the phosphonium cation (Cholico-

Gonzalez et al., 2013; Wellens et al, 2013). The H-NMR spectrum of [Hmim][HSO4] in undiluted 

Cyphos 101 is presented in Figure 10.9, with the H-NMR spectra of [Hmim][HSO4] in hexane-diluted 

Cyphos 101 and the H-NMR spectrum of [Hmim][Cl] in undiluted Cyphos 101 located in Figure F2 

and F3 of Appendix F.  

 

 

Figure 10.9. H-NMR spectrum of [Hmim][HSO4] in undiluted Cyphos 101after SX using a mock leach 

solution of 0.25 M Zn 1:1 vol. [Hmim][HSO4]-H2O  

 

The loss of Cyphos 101 to the aqueous phase during loading and stripping by 5 M NH3 

(discussed later) was calculated by ICP-OES analysis of P in the aqueous phase for identical mock 

extraction systems as those described in the previous paragraph. The result of the solubility of 

[Hmim][HSO4] in Cyphos 101 as well as the loss of the extractant to the aqueous phase during loading 

and stripping is presented in Table 10.4. Results from Table 10.4 indicate that the miscibility of 

imidazolium-based IL with Cyphos 101 in the tested extraction systems increase in the order:  

hexane:Cyphos 101 - [Hmim][HSO4] system ≤ undiluted Cyphos 101 - [Hmim][HSO4] system ≤ 

undiluted Cyphos 101 - [Hmim][Cl] system. The solubility of [Hmim][HSO4] in Cyphos 101 is lower 
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than that of [Hmim][Cl] due to the difference between the sulphate and chloride counter anion of 

[Hmim][HSO4] and Cyphos 101 respectively. This trend corroborates the finding of Arce et al. (2006) 

who showed that due to the large existing structural differences between Cyphos 101 and [Cnmim]Cl, 

mixtures of the two ILs were found to be ‘immiscible’ in the temperature range 298 to 458 K, where 

the n was smaller or equal to 5. Only approximately 10 mol% of imidazolium ion salt dissolved in the 

phosphonium phase for [C2mim]Cl was recorded. Furthermore, the very low solubility of 

[Hmim][HSO4] in long chained alkanes such as hexane results in only 0.3 mol% solubility of 

[Hmim][HSO4] in the 1:1 hexane:Cyphos 101 extracting phase. Despite the environmental 

disadvantages of using conventional organic solvents, it appears to be beneficial for the recyclability 

and process streamlining of the studied biphasic IL extraction system. 

 

Table 10.4. Solubility of [Hmim][HSO4] in Cyphos 101 and solubility of Cyphos 101 in the aqueous 

phase during SX loading and stripping for three different extraction systems  

 

Undiluted Cyphos 101 - 

[Hmim][HSO4] system 

Hexane:Cyphos 101 - 

[Hmim][HSO4] system 

Undiluted Cyphos 101 - 

[Hmim][Cl] system 

Solubility of [Hmim][HSO4] in Cyphos 101 (mol %) 

Loading 7.2 0.3 10.1 

Solubility of Cyphos 101 in the aqueous phase (mol %) during: 

Loading 0.03 ± (0.001) 0.02 ± (0.001) 0.10 ± (0.01) 

Stripping 0.09 ± (0.015) 0.08 ± (0.007) 0.23 ± (0.028) 

 

During the separation of cobalt from nickel using the biphasic system [C2mim]Cl and 

trihexyl(tetradecyl)phosphonium bis(2,4,4-trimethylpentyl)phosphinate ([R3R’P][R2POO]), Wellens et 

al. (2013) calculated a solubility of 31 mol% of [C2mim]Cl in [R3R’P][R2POO]. To remove the co-

extracted [C2mim]Cl from [R3R’P][R2POO] for reuse, an additional stripping step using water was 

required. Loss of the phosphonium cation to the aqueous phase is negligible in all three studied 

extraction system studied, with a maximum [R3R’PCl] loss of 0.33 mol% over one loading and stripping 

cycle.  This is in accordance with the study from Wellens et al. (2013) who found that the solubility of 

[R3R’P][R2POO] in [C2mim]Cl was below the detection limit. 

 

10.3.8 Cyphos 101 stripping 

Results from previous studies 1 show that neutral (H2O and NH4Cl), acidic (HNO3, HCl and 

H2SO4) and basic (NaOH, NH3, EDTA) solutions were successfully used for stripping a wide range of 
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divalent, trivalent and tetravalent metals from Cyphos 101. Solutions of 5 M H2SO4, 5 M HCl, 5 M NH3 

and 0.5 M EDTA were tested to determine the optimal stripping solution for the loaded 0.88 M Cyphos 

101 phase in hexane containing 330 ppm Cu(II), 45 ppm Sn(IV), 37 ppm Zn(II) and 85 ppm Fe(III) at 

an A:O ratio of 1. Preliminary stripping results are presented in Table 10.5 and indicate that the optimal 

stripping solution in increasing order of Sn(IV) stripping efficiency is: 5 M H2SO4 ≈ 5 M HCl ≤ 5 M 

NH3 ≤ 0.5 M EDTA.  

 

Table 10.5. Stripping efficiency (wt.%) of four different solutions for Cu(II), Sn(IV), Zn(II) and Fe(III) 

(BDL=Below Detection Limit) 

Reagents 5 M H2SO4 5 M HCl 5 M NH3 0.5 M EDTA 

Cu(II) stripping % 0.34 ± (0.08) 0.35 ± (0.08) 99.5 ± (3.17) 98.7 ± (3.41) 

Sn(IV) stripping % BDL BDL 40.4 ± (4.09) 67.2 ± (2.47) 

Zn(II) stripping % 0.59 ± (0.11) BDL 99.2 ± (2.32) 99.4 ± (1.30) 

Fe(III) stripping % 1.8 ± (0.27) 7.1 ± (0.85) precipitate 99.8 ± (6.16) 

Phase separation Poor Average Good Poor 

 

This is corroborated by results from Wellens et al. (2013), Castillo et al. (2014) and Larson and 

Binnemans (2014) who also reported the necessity of using NH3 for the recovery of Cu(II), Zn(II) and 

Fe(III) from Cyphos 101 as well as the poor stripping performance of HCl for these elements. 

Hoogerstraete et al. (2013) and Wellens et al. (2013) also reported the high stripping efficiency of 

EDTA for Zn(II) and Fe(III). The significantly greater stripping efficiency of NH3/EDTA for the tested 

metals compared to H2SO4/HCl is explained by the large difference in the stability constants of the 

extracted metal complex in these various solutions. Copper will form the complexes [CuCl4]2−, 

[Cu(NH3)4]2+ and [Cu(EDTA)]2– in HCl, NH3 and EDTA solutions of high molarity respectively, with 

values for the logarithm of the stability constant (ln(β)) of 1.5 for [CuCl4]2−, 27.6 for [Cu(NH3)4]2+ and 

15.4 for [Cu(EDTA)]2– (Morris & Short, 1962; Ohlson & Vannerberg, 1974; Sharma, 2007; Wellens et 

al., 2013; Boija et al., 2014). Although both EDTA and NH3 achieve satisfactory results, NH3 was 

selected as the stripping solution due to its lower cost.  

Batch tests on the loaded 0.88 M Cyphos 101 phase in hexane were conducted to obtain the 

stripping isotherms of Cu(II), Zn(II), Fe(III) and Sn(IV) as a function of NH3 concentration at an A:O 

ratio of 1. The results presented in Figure 10.10 show that Cu(II) and Zn(II) are quantitatively stripped 

when using NH3 strip solution of concentration 5 M or greater. Stripping of Sn(IV) is problematic and 

increases linearly with NH3 strip concentration: 40.4 wt% is removed at 5 M NH3 and 88.1 wt.% at 10 

M HNO3. The difficulty in stripping Sn(IV) lowers the applicability of this extraction system due to the 

possibility of Cyphos 101 saturation after repeated cycles. 
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Figure 10.10. (left) Stripping of Cu(II), Zn(II), Fe(III) and Sn(IV) as a function of NH3 concentration. 

(right) picture of the [Hmim][HSO4]-H2O / Cyphos 101-hexane extraction system (a) before solvent 

extraction, (b) after solvent extraction and (c) after stripping with 5 M NH3 and centrifugation. 

 

As indicated in Table 10.5, under the alkaline stripping conditions used (pH=12 for 5 M NH3), 

Fe(III) precipitates as Fe(OH)3 out of the strip solutions leaving Cu(II), Zn(II) and Sn(IV) in solution. 

The precipitated iron forms a solid third phase that can be separated by centrifugation (Wellens et al., 

2013). This is visible in the picture (Figure 10.10) of the [Hmim][HSO4]-H2O / Cyphos 101-hexane 

extraction system at various stages of the extraction process. After stripping with 5 M NH3, the strip 

solution is a deep blue colour characteristic of hydrated [Cu(NH3)4]2+ whilst a red film of iron hydroxide 

is visible at the bottom of the vial and at the aqueous-IL phase interface. 

Phosphonium IL have been reported to decompose into tertiary phosphine oxides and alkanes 

under strongly alkaline conditions similar to those proposed for the stripping of Cu(II), Zn(II) and 

Sn(IV) (Fraser & MacFarlane, 2009). The presence of Cyphos 101 degradation products after stripping 

of a loaded solution with 5 M NH3 was monitored by 31P NMR (Figure 10.11), with special attention 

paid to the resonance signal of phosphine oxide situated at 49.6 ppm (Wellens et al., 2013). The only 

peak appearing in both spectrum at δ=34.3ppm is attributed the resonance signal of the 

trihexyl(tetradecyl)phosphonium cation (Cholico et al., 2013), with no evidence of tertiary phosphine 

oxide formation. 
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Figure 10.11. 31P NMR spectra of Cyphos 101 as received and after stripping using 5 M NH3. 

 

10.3.9 Reuse of Cyphos 101 over multiple extraction cycles 

For Cyphos 101 to be considered a viable economic and environmental alternative to other 

commercial extractants such as phenolic oximes, Cyphos 101 must possess a high selectivity and 

extraction capacity for Cu(II) and Sn(IV), incur minimal losses to the aqueous phase and possess 

excellent chemical stability. All of these conditions were validated over one extraction cycle, however 

the difficulty in stripping Sn(IV) and the loss of Cyphos 101’s chloride anion during SX might pose 

some problems over multiple extraction/stripping cycles. To investigate this, four consecutive cycles of 

loading and stripping using the same Cyphos 101 solution were performed on both undiluted and 

hexane-diluted Cyphos 101 (0.88 M Cyphos 101) solutions using fresh loading and stripping solutions 

at each stage. Prior to the fourth cycle, Cyphos 101 was rinsed with a solution of 2.5 M NH4Cl to 

regenerate the IL’s chloride content. The same test was also performed using [Hmim][Cl]-H2O instead 

of [Hmim][HSO4l]-H2O as the aqueous phase in order to determine the influence of anion exchange 

mechanism on the extraction process. The results are presented in Figure 10.12 and 10.13. Figure 10.12 

shows the aqueous phase after SX as well as the 5 M NH3 stripping phase over two extraction cycles 

and provides a visual indication of the change in the extraction behaviour of Cyphos 101 in the 

hexane:Cyphos 101 - [Hmim][HSO4] system. As described in Figure 10.10, the first stripping solution 

is a deep blue colour characteristic of hydrated [Cu(NH3)4]2+ whilst the second stripping solution is 

clear, suggesting the unsuccessful extraction and/or stripping of Cu(II). A corresponding change in the 

colour of the leach solution after SX is apparent with a transition from pale yellow (1st extraction cycle) 

to turquoise (2nd extraction cycle). The turquoise colour is indicative of Cu(II) present in solution as a 

mixture of CuSO4 and CuCl2. 
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Figure 10.12. Aqueous phase after SX and 5 M NH3 stripping phase over two extraction cycles for the 

Hexane:Cyphos 101 - [Hmim][HSO4] system. 

 

The change in extraction efficiency visually observed in Figure 10.12 was further investigated 

by ICP-OES and IC to determine the extraction and stripping efficiency as well as the sulphate and 

chloride concentration in the leach solution after SX for each SX cycle. The results for the undiluted 

Cyphos 101 - [Hmim][HSO4] system, the hexane:Cyphos 101 - [Hmim][HSO4] system and the 

undiluted Cyphos 101 - [Hmim][Cl] system are presented in Figure 10.13a, 10.13b and 10.13c 

respectively. The dashed line between the third and fourth recycling cycle indicates the regeneration of 

Cyphos 101’s chloride content by rinsing the IL with a solution of 2.5 M NH4Cl. [Hmim][Cl] (50 vol.%) 

in the presence of H2O (40 vol.%) and H2O2 (10 vol.%) has a comparable leaching capacity to 

[Hmim][HSO4] (under the same conditions) for Cu(II), Zn(II) and Fe(III), but only solubilises 0.5 wt.% 

of Sn(IV) present in the powdered PCB waste. The stripping efficiency at any recycling cycle is related 

to the extraction percentage of each element extracted at the same recycling cycle. 

Figure 10.13a-c shows that in all three studied systems, Cu(II) extraction drops sharply with 

each recycling cycle. After three SX cycles, Cu(II) adsorption into Cyphos 101 decreases to 1.7 wt.% 

in the undiluted Cyphos 101 - [Hmim][HSO4] system, 29.6 wt.% in the hexane:Cyphos 101 - 

[Hmim][HSO4] system and 40.5 wt.% the undiluted Cyphos 101 - [Hmim][Cl] system. In contrast, over 

93 wt.% Zn(II) extraction is achieved in all three systems over all four recycling cycles, with 

quantitative extraction of Sn(IV) also achieved for all recycling cycles in the hexane:Cyphos 101 - 

[Hmim][HSO4] system. Stripping results indicate that Cyphos 101 saturation is a contributing factor to 

the decrease in Cu(II) extraction efficiency, with consistently poor Zn(II) stripping across all three 

systems despite Figure 10.10 indicating that 99 wt.% Zn(II) stripping is expected when using a 5 M 

NH3 strip solution. The variation in chloride and sulphate concentration across four recycling cycles 

exhibits a similar trend for both [Hmim][HSO4] extraction systems. It is characterised by a sharp 
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decrease in sulphate concentration in the first SX step after quantitative extraction of Cu(II), Zn(II) and 

Sn(IV), followed by a small increase in residual sulphate concentration after SX cycle 2-3 coinciding 

with the decreasing Cu(II) extraction. The chloride concentration displays the inverse trend to that of 

the sulphate concentration. Partial regeneration of Cyphos 101’s chloride content prior results in an 

increased extraction of Cu(II), Fe(III) and Sn(IV) in the undiluted Cyphos 101 - [Hmim][HSO4] system 

and an increase in Cu(II), Zn(II) and Sn(IV) stripping efficiency in the hexane:Cyphos 101 - 

[Hmim][HSO4] system. These results suggest that restoration of the chloride concentration of Cyphos 

101 after each SX cycle is important for the applicability of Cyphos 101.  

 

 

Figure 10.13. Extraction efficiency, stripping efficiency and sulphate and chloride concentration in the 

leach solution after SX for four SX cycles for three different extraction systems: a) undiluted Cyphos 

101 - [Hmim][HSO4], b) 0.88 M Cyphos 101 in hexane - [Hmim][HSO4] and c) undiluted Cyphos 101 

- [Hmim][Cl]. Dashed line between the third and fourth recycling cycle indicates the regeneration of 

Cyphos 101’s chloride content. 

 

Cu(II) extraction in the undiluted Cyphos 101 - [Hmim][Cl] extraction system decreases in 

favour of Zn(II) and Fe(III) extraction. Neutral and anionic chloro-metallic complexes exhibit a high 

affinity for Cyphos 101 as demonstrated by their high extraction and their poor stripping efficiency. 
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Figure 10.13 indicates that the recyclability of all three extraction systems over multiple 

extraction/stripping cycles with regards to Cu(II) is poor, with gradual saturation of the IL due to the 

partial stripping of the studied elements (particularly Zn(II)) and a sharp decline in Cu(II) extraction. 

Regeneration of Cyphos 101’s chloride content between each cycle is crucial to maintain its 

efficient operation as shown in Figure 10.13a-b. FTIR spectrum of the recovered Cyphos 101 from the 

undiluted Cyphos 101 - [Hmim][HSO4] system and the hexane:Cyphos 101 - [Hmim][HSO4] system 

after regeneration are presented in Figure 10.14. The two spectra of the recovered Cyphos 101 match 

that of virgin Cyphos 101, with a disappearance of the bisulphate and sulphate bands prominent in the 

FTIR spectra of post-SX Cyphos 101 in Figure 10.7. Figure 10.14 confirms that Cyphos 101 is not 

denatured over multiple SX cycles, making saturation the most likely explanation for it decreasing 

performance. The addition of a supplementary processing step to restore the IL’s chloride concentration 

increases the operational complexity and cost of the extraction process, lowering the applicability of 

Cyphos 101 for the extraction of Cu(II) from PCB leach solution. 

 

 

Figure 10.14. FTIR spectra of virgin Cyphos 101(—) and regenerated Cyphos 101 recovered from 

Cyphos 101 - [Hmim][HSO4] (—) and hexane:Cyphos 101 - [Hmim][HSO4] (—) systems after three 

SX cycles (spectrum are offset by 10 cm-1 for clarity). 

 

The results in Figure 10.13a-c are difficult to reconcile with the other results presented thus far, 

particularly those in Figure 10.10 (stripping studies). Further work on the extraction mechanisms and 

the structure of the extracted complex are required. A possible explanation is provided below. ILs 

comprised of the tetradecyltrihexyl phosphonium cation with chloride or sulfonyl amide anions exhibit 

very strong ion pairing due to the small radii of the anion, allowing the later to reside close to the 
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positively charged phosphonium centre (Fraser et al., 2007). Computational and experimental X-ray 

scattering (SWAXS) results indicate the formation of nano-scale structural heterogeneities due to the 

amphiphilic nature of the cation. The trans-trans conformation of the cation’s alkyl chains allows for 

the alignment of neighbouring phosphonium cation thereby confining the anion in a hydrophobic matrix 

(Fraser, 2007; Gontrani et al., 2009; Liu et al., 2012). Despite the strong anion-cation ion-pair 

interaction, the occurrence of H-bonds decreases with increasing alkyl chain length, with less than one 

H-bond per cation computationally found for [P8,8,8,8][Tf2N] IL (Liu et al., 2012). Furthermore, partial 

mixing of [Hmim][Cl] with Cyphos 101 resulted in a strongly negative entropy of mixing due to the 

formation of stronger H-bonds between [Hmim]+ and Cyphos 101’s chloride anion. This in turn leads 

to an increase in the ordering and lattice energy of the system (Arce et al., 2006). Investigation of the 

crystal structures of the IL butyldimethylimidazolium hydrogen sulphate revealed substantial H-bond 

interaction with the formation of 1) “dimers with a cyclic [H-O-S-O···H-O-S-O···] charge assisted 

hydrogen-bond arrangement” found alongside hydrogen-bonded chains of (HSO4
-)∞ and 2) hydrogen 

bonding between the “HSO4
-  dimer and the two aromatic hydrogen atoms of the imidazolium ring” 

(Kölle & Dronskowski, 2004).  

With an average S-O bond length of 149 pm, the ionic radii of sulphate and hydrogen sulphate 

anions are close to those of sulfonyl amide anions, which - as previously stated - exhibits a very strong 

ion pairing when combined with tetradecyltrihexyl phosphonium cation (Fraser et al., 2007). As the 

chloride counter-anion is replaced with SO4
2- and HSO4

- through the ion-exchange metal extraction 

mechanism of Cyphos 101(described in Equation 10.(9-10)), the emergence of strong Coulombic forces 

and increased H-bond interactions within the IL creates a highly ordered environment schematically 

illustrated in Figure 10.15. For clarity, Figure 10.15 only depicts CuSO4 - tetradecyltrihexyl 

phosphonium cation interactions along one plane, with the existence of an identical matrix in the plane 

perpendicular to the one illustrated thereby having four phosphonium cations interacting per solvated 

Cu(II) ion and neutralising the charges on the two co-extracted sulphate anions. The amphiphilic nature 

of the cation combined with presence of hydrophilic metal cations within Cyphos 101 results in the 

increased formation of hydrophilic zones trapped in a hydrophobic matrix of long alkyl chains. This 

high degree of ordering results in an increased lattice energy of the system, making stripping difficult 

and resulting in the saturation of the IL. 

However, recent results by Blundell and License (2014) contradict the findings of Fraser 

(2007), Gontrani et al. (2009) and Liu et al. (2012). Blundell and License (2014) studied various pairings 

of tetradecyltrihexyl phosphonium cation with a range of anions of different size by X-ray photoelectron 

spectroscopy and found that the anion cannot ‘‘see’’ the difference in charge density of the cation. They 

proposed that the long alkyl chains are wrapped around the cationic centre thereby shielding it from the 

anion. If this is the true nature of Cyphos 101 interaction, then the proposed explanation depicted in 

Figure 10.15 is clearly flawed. More research is required to validate this assumption. 
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Figure 10.15. Schematic illustration along one plane of the hypothesised highly ordered arrangement 

of tetradecyltrihexyl phosphonium cation with hydrated CuSO4 (O atoms (red), S atoms (yellow), P 

atoms (orange), C atoms (grey), Cu atoms (pink)). 

 

10.4 Summary 

The suitability of Cyphos 101 IL for the extraction and recovery of Cu(II) and Sn(IV) from 

major impurities Fe(III), Al(III), Mn(II), Zn(II), Ca(II) and Ni(II) present in waste PCB leach solution 

containing the ionic liquid [Hmim][HSO4] was investigated.  This is the first time extraction of these 

elements into Cyphos 101 is reported from both sulphate media and from an aqueous phase containing 

an ionic liquid. Solvent extraction batch tests indicate that Cyphos 101 shows a high affinity for Cu(II), 

Zn(II), Pb(II) and Sn(IV) even at acidic pH values and that Cyphos 101concentration has significant 

influence on the extraction of Cu(II), with between 3-4 Cyphos 101 molecules involved in the extraction 

of one Cu(II) cation. In addition, aqueous chloride concentration has a significant effect on the 

extraction of Fe(III), Mn(II) and Ni(II) due to the complexation of these metal with chloride anions to 

form neutral or anionic chloro-complexes and negatively impacts the separation of Cu(II) and 

Sn(IV)from these impurities whilst aqueous sulphate concentration has no effect on the extraction of 

any of the studied metal ions. FTIR analysis shows that sulphate anions are competitively extracted in 

Cyphos 101, which provides a partial explanation to the low metal loading capacity of Cyphos 101 in 

the studied system. Optimal extraction conditions were proposed: Cyphos 101 concentration of 0.8 M 

or greater (using hexane as the diluting phase), A:O ratio of 1, aqueous phase pH of 1.25, diluted 

aqueous phase with a Cu concentration of approximately 400 ppm or lower and no addition of 

supplementary chloride and sulphate anions. At such conditions, complete extraction of Cu(II) and 



Nicolas Schaeffer PhD Thesis  Chapter 10 

237 

 

Sn(IV) is achieved along the impurities Zn(II) and Pb(II). Good separation of Cu(II) and Sn(IV) from 

the major impurities Fe(III), Al(III), Mn(II) and Ca(II) is obtained, concentrating Cu(II) from 46.5 wt% 

of the total metal content in the aqueous phase to 77.5 wt% of Cyphos 101 metal content.  FTIR, IC and 

MS analysis indicates that Cu(II) is extracted into Cyphos 101 through an ion-exchange reaction as 

hydrated copper sulphate with the release of chloride anion to the aqueous phase. 1H-NMR analysis on 

mock leach solutions containing Zn(II) indicate the miscibility of [Hmim]+ in undiluted and hexane 

diluted Cyphos 101 stands at 7.2 wt.% and 0.3 wt.% respectively. Phosphorus ICP analysis confirms 

the minimal loss of the phosphonium cation to the aqueous phase during SX. Stripping studies identified 

NH3 as the most promising stripping agent, with complete stripping of Zn(II) and Cu(II) and 40.4 wt% 

stripping of Sn(IV) at 5 M NH3. Fe(III) is precipitated as Fe(OH)3. 31P-NMR spectrum of Cyphos 101 

prior to and after SX shows no indication of degradation products. Cu(II) extraction decreases over 

multiple SX cycles in three tested systems whilst Zn(II) and Sn(IV) extraction remains high. The 

decreased performance is attributed to the incomplete stripping of the extracted metal sulphate 

complexes due to the formation of highly organised IL phase with high lattice energy. Regeneration of 

Cyphos 101’s chloride content between each cycle is crucial to maintaining its efficient operation. 

Despite the initial promise of Cyphos 101 as an extractant of Cu(II) and Sn(IV) from waste PCB leach 

solution, the poor separation of these elements from Zn(II) limits its applicability. The use of an organic 

diluent is required to minimise the solubility of [Hmim][HSO4] in Cyphos 101 during SX, but decreases 

the environmental advantages of selecting an ionic liquid extractant. Furthermore, the necessity to 

regenerate the chloride content of Cyphos 101 between each cycle creates an additional processing step. 

Further research is required to determine the exact chemistry and structure of the extracted complex 

along with identification of a more efficient Sn(IV) stripping agent.
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Chapter 11: Discussion 

The aim of this research was to develop novel treatment methodologies for the recovery of 

value from the metallic fraction of small WEEE using ionic liquids. In this project two different types 

of electrical and electronic wastes were considered based on their high critical metal concentration and 

ease of procurement: phosphor from spent fluorescent lamps and printed circuit boards from waste 

desktop computers. Recovery of five rare earth elements and indium as well as copper and tin from 

waste phosphor and PCBs respectively was achieved via hydrometallurgical processes. This involves a 

combination of a pre-treatment step to reduce the waste particle size and/or remove impurities, 

optimisation of the leaching parameters to selectively solubilise the elements of interest and separation 

and purification of the desired elements by solvent extraction or electrodeposition.  

WEEE represents an important secondary source for many elements critical for the continued 

growth of the European Union. REEs account for ~18.3 wt.% of the waste phosphor powder whilst the 

main metal present in waste PCB board is copper, representing 18.7 wt.%. Concentrations of these 

elements in the two investigated waste streams are comparable to or higher than in ores from which 

they are originally mined. Cu represents 50% of the waste PCBs intrinsic metal value whilst the elevated 

price of Ag and Sn allows them to contribute 24% and 10% respectively to the intrinsic metal value of 

the PCB. Establishment of an effective pre-treatment process of the wastes considered allows for the 

selective removal of the main impurities and an increase in the recovery efficiency of the subsequent 

leaching process. 

In this research, ionic liquids were applied at different stages of the hydrometallurgical process: 

as a leaching agent, the hydrophobic phase in solvent extraction with and without the presence of 

additional extractant and as a medium for electrodeposition. A full characterisation of the interactions 

between rare earth oxides and [Hbet][Tf2N]:H2O was established. A novel process for separating the 

light from the heavy rare earth metal oxides in [Hbet][Tf2N]:H2O mixtures was developed based on the 

thermomorphic properties of [Hbet][Tf2N] and the variation in dissolution rate along the lanthanide 

series. A more selective REE leaching could be obtained using [Hbet][Tf2N]:H2O mixtures compared 

to inorganic acids, allowing [Hbet][Tf2N] to act as a leaching and pre-concentration step.  

An extraction chromatography column containing a resin impregnated with the acidic 

extractant DODGAA and the ionic liquid [C4mim][Tf2N] was used to recover and separated rare earth 

elements, and of indium and tin from dilute solutions that model those obtained from treatment of thin 

films containing these critical  elements. The addition of the IL to the SIR notably improved the 

extraction performance of the DODGAA extractant as well minimised DODGAA loss after repeated 

cycles compared to the SIRs containing only the DEHPA and DODGAA ligands. 
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Building on the results of Chapter 4 and 5, these two developed processes were combined and 

used to the recovery of all REEs present in actual waste fluorescent tube phosphor powders by a simple 

and efficient process, with most the currently reported studies only focusing on a selected number of 

rare earth elements. Separation using and extraction chromatography column loaded with DODGAA-

IL SIR results in a product recovered from the 1.0 M and 5.0 M HNO3 eluent composed of 90.0 wt.% 

and 99.8 wt.% RE oxides respectively. [Hbet][Tf2N]:H2O was confirmed as a potential preliminary 

separation step for the separation of light from heavy rare earth oxides. At contact times of 1 min, 100% 

of the La and Eu oxides are completely dissolved in 1:1 [Hbet][Tf2N]:H2O at 57 oC leaving greater than 

93% of Y and Tb oxides in the undissolved solid fraction.  

Due to the potentially high cost of the fluorinated ionic liquids, an alternate effieicnt and low-

cost process was also investigated for the recovery of yttrium europium oxide [(Y0.95Eu0.05)2O3] from 

waste fluorescent tube phosphor using [Hmim][HSO4]:H2O as a leaching agent, as of yet unreported. 

After optimisation of the leaching parameters, the percentage Y, Eu and Ca leached under these 

conditions is 91.6 wt. %, 97.7 wt.% and 24.9 wt.% respectively. The dissolved rare earth elements were 

recovered through oxalate precipitation and the precipitate calcined. Compositional, crystallographic 

and luminescence analysis indicates that the recovered yttrium europium oxide can be directly reused 

as YOX phosphor. The process efficiency for Y and Eu using this diluted IL solution is comparable to 

that obtained using concentrated H2SO4 (Di Michelis et al., 2011), confirming that ILs can act as 

effective leaching agents. 

[Hmim][HSO4]:H2O was also employed as a solvent for leaching of Cu from PCB and an 

efficient medium for Cu recovery as high purity Cu films by electro-winning for the first time. The 

leaching of nine primary metals was monitored and the selective leaching of Cu from major impurities 

was optimised as a function of temperature, IL concentration, oxidant (H2O2) concentration, S:L ratio 

and temperature. Under optimum leaching conditions, high Cu and Sn leaching rates are obtained, 

whilst leaching of the main impurities is below 50 wt.% recovery. Kinetic analysis of the major elements 

Cu, Al, Sn, Zn and Pb indicate that dissolution of Cu, Zn, Pb and Sn metals in [Hmim][HSO4]:H2O is 

a mixed control process whilst the high activation energy for Al leaching indicates chemical reaction 

control. Under controlled electro-deposition condition, bright and lustrous Cu deposits with a purity ≥ 

99 % were obtained from 1.1:1 wt.% [Hmim][HSO4]:H2O PCB leach solution using a current density 

of 8.4 mA.  

A biphasic ionic liquid extraction system composed of [Hmim][HSO4]:H2O as the aqueous 

phae and Cyphos 101 in hexane as the hydrophobic phase was tested for the separation and recovery of 

Cu(II) and Sn(IV) from major impurities Fe(III), Al(III), Mn(II), Zn(II), Ca(II) and Ni(II) present in 

waste PCB leach solution. This represents one of the few reported studies of bi-phasic IL systems. 

Under optimised conditions, quantitative extraction of Cu(II) and Sn(IV) was achieved. However, the 

poor separation of these elements from Zn(II) limits its applicability. FTIR, IC and MS analysis 
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indicates that Cu(II) is extracted into Cyphos 101 through an ion-exchange reaction as hydrated copper 

sulphate with the release of chloride anion to the aqueous phase. 

Finally, an exploration of theoretical factors that influence the overall potential of ionic liquids 

as leaching agents for recovery of value from WEEE was explored through DFT simulations. The 

preceding chapters have dealt with the use of ionic liquids as extractants in the recovery of value from 

WEEE waste and in particular on thin films. In Chapter 7, the role of computational ab-initio methods 

in understanding the extractive processes is considered as a step towards predicting suitable ionic liquids 

for the recovery of valuable metals from dilute solutions. This is particularly valuable in conjunction 

with experimental results as it sheds light on the nano-scale interactions that govern the observed 

experimental results and can help design more efficient extraction systems. The studied acidic 

dyglicolamide extractant was shown to be an excellent extractant for a variety of lanthanum nitrate 

hydrate complexes. Preliminary results suggest that direct solvation of the La-L aquo-nitrate complexes 

to [C4mim][Tf2N] is a spontaneous reaction with low ΔGaq/IL values associated with all complexes. More 

importantly, a change in the preferred coordination lanthanum-extractant complex is observed upon 

transition from the aqueous to IL phase. This research highlights both the suitability of carboxylic 

dyglicolamide acidic extractants as a viable option to their neutral counterparts for lanthanide extraction 

as well as the benefit of using [C4mim][NTf2] ionic liquid as the hydrophobic phase. 

This work demonstrates that the unique properties of ILs allow them to be used in a number of 

different applications with a selectivity and efficiency greater than or equal to comparable processes 

using conventional organic and inorganic solvents. However, two aspects not addressed in the work but 

that are crucial for any potential industrial application of the developed process are its financial and 

environmental costs. The primary barrier to the widespread industrial application of ILs is there high 

initial cost compared to traditional organic solvents and inorganic acids (Chen et al., 2014). ILs are 

commonly referred to as ‘environmentally friendly’ solvents due to theire low vapour pressure. 

Nevertherless, low volatility does not eliminate the potential environmental hazard of ILs, which can 

pose serious threats to aquatic and terrestrial ecosystems. Studies on the toxicity of ILs have 

demonstrated that commonly used ILs, such as [C4mim][NTf2], ‘are toxic in nature and their toxicities 

vary considerably across organisms and trophic levels’, with the [NTf2]– anion  exhibiting a clear 

(eco)toxicological hazard potential (Thuy Pham et al., 2010).  

Thus, the recycleability and efficiency of all the reported IL process was determined over 

multiple cycles in order to appreciate potential financial and environmental concerns of the proposed 

processes. [Hbet][Tf2N]:H2O and DODGAA-[C4mim][Tf2N] solvent impregnated resins an be recycled 

and reused at least five times with little loss of solvent quality or efficiency. Partial degradation of 

[Hmim][HSO4] cation degradation by H2O2 during the waste PCB leaching was observed, but did not 

significantly impact on the leaching efficiency of Cu and Sn from waste PCBs by recycled 

[Hmim][HSO4]. However, a marked decrease in Cu(II) extraction for the [Hmim][HSO4]-Cyphos 101 
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biphasic system was observed due to the incomplete stripping of the extracted metal sulphate 

complexes. 

A full LCA of the developed processes is required prior to any scale-up attempts. For example, 

the high cost of fluorinated ILs combined with the current low price of REEs relative to their historically 

high price in 2011 (Figure 7.1) likely renders the application of [Hbet][NTf2] for the separation of REOs 

economically unfavourable. The issues regarding Cyphos 101 regeneration over multiple Cu-separation 

cycles also limit its scalability potential. The processes with the greatest scalability potential are those 

utilising the [Hmim][HSO4] IL for the production of high purity mixed RE oxide mixture and YOX 

phosphor from waste phosphor as well as copper foil from waste printed circuit boards. These processes 

are scalable due to their simple process flow-sheet and the lower cost and toxicity of the IL (Thuy Pham 

et al., 2010). In addition, as these ILs are mixed with water, the high viscosity of ILs which limits their 

application is overcome. The principal challenge with scaling these two processes is the economical 

regeneration of the IL. 

This research successfully demonstrates the promising application of ILs from real waste 

electrical and electronic equipments and the potential for WEEE to evolve from an environmental 

problem to become an important urban source of valuable elements.
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Chapter 12: Conclusions and recommendation for 

future work 

12.1 Conclusions 

Key conclusions derived from the present PhD thesis are: 

1) WEEE represents an important secondary source for many elements critical for the continued 

growth of the European Union; 

2) The factors, including ionic liquid:water ratios, temperature, solvent:solute contact times, and 

the effect of dissolved rare earth metal ions on the [Hbet][Tf2N]:H2O thermometric phase 

change are determined to develop a process for separating the light from the heavy rare earth 

metal oxides in [Hbet][Tf2N]:H2O mixtures; 

3) A resin impregnated with DODGAA and the ionic liquid [C4mim][Tf2N] is successfully applied 

in extraction chromatography for the recovery and separation of  rare earth elements, and of 

indium and tin from dilute solutions that model those obtained from treatment of thin films 

containing these critical  elements; 

4) A combination of HCl pre-treatment wash, HNO3 leaching and extraction chromatography 

using a column packed with DODGAA-[C4mim][Tf2N] SIR allows for the recovery of all REEs 

present in actual waste fluorescent tube phosphor powders by a simple and efficient process; 

5) Density Functional Theory modelling of the extraction of lanthanum from an aqueous nitrate 

solution into [C4mim][Tf2N] using an acidic dyglicolamide ligand containing a carboxylic 

moiety showed: (i) upon saturation of the first solvation sphere of lanthanum, there is negligible 

energetic differences in having both nitrate in the second solvation shell or having the nitrate 

coordinated to the La, (ii) calculations identify the charge neutral [La(DMOGAA)3] as the most 

stable extraction complex in the aqueous phase but the cationic La-[DMOGAA]– complexes 

exhibited greater stability in the IL phase, suggesting a change in the coordination of lanthanum 

upon transition from the aqueous to IL phase; 

6) The recovery of yttrium europium oxide [(Y0.95Eu0.05)2O3] from waste fluorescent tube 

phosphor by a simple efficient low cost process using [Hmim][HSO4]:H2O solution, resulting 

in a high quality final product that can be directly reused as YOX phosphor;  

7) Aqueous solutions of [Hmim][HSO4] were demonstrated as a selective solvent for the leaching 

of Cu from PCB and an efficient medium for Cu recovery as high purity Cu films by electro-

winning resulting in bright and lustrous Cu deposits with a purity ≥ 99 %;  

8) Despite the initial promise of Cyphos 101 as an extractant of Cu(II) and Sn(IV) from waste 

[Hmim][HSO4]-PCB leach solution, the poor separation of these elements from Zn(II) limits 
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its applicability and the necessity to regenerate the chloride content of Cyphos 101 between 

each cycle creates an additional processing step.  

 

12.2 Recommendation for future work 

Based on research completed to date, it was shown that the production of high purity mixed RE 

oxide mixture and YOX phosphor is feasible from waste phosphor as well as copper foil from waste 

printed circuit boards. Further optimisation of these processes is recommended in order to address key 

issues of this research. 

 In the present study, RE were the only elements monitored from waste phosphor. However, 

waste phosphor also represents a rich source of antimony and phosphorus, both of which are 

identified as critical minerals for the European Union. The current research would benefit from 

determining the distribution of Sb and P in the developed DODGAA-IL SIR process and if the 

latter can be improved to take into consideration recovery of these elements. 

 In Chapter 5, separation of In(III) and Sn(IV) was established using a DODGAA-IL SIR loaded 

extraction column. Application of this process to an actual WEEE waste stream such as flat 

screen TVs containing these two elements is required to confirm the process’ versatility. 

 Additional experimental results are required to unequivocally validate the result of the 

computational model presented in Chapter 7. EXAFS and/or single crystal diffraction analysis 

of lanthanide – DODGAA complexes in n-dodecane and [C4mim][Tf2N] are proposed. In 

addition, the computational results need to be extended to the other elements in the lanthanide 

series to establish extraction trends as well as widen the variety of dyglycolamide extractant 

and ionic liquid tested to determine the influence of the extractant/IL alkyl chain and the role 

of the IL anion. 

 The recovery of yttrium europium oxide [(Y0.95Eu0.05)2O3] from waste fluorescent tube 

phosphor using [Hmim][HSO4]:H2O process shows very promising results due to the simplicity 

of the proposed process. The potential for scaling up the process should be examined as well as 

a LCA assessment. A detailed cost-benefit analysis assessing the potential of scaling-up the 

process is strongly recommended. In addition, the market of YOX phosphor that can be 

produced should be identified and the barriers to commercial exploitation should be 

determined. 

 Electrodeposition of metals found in [Hmim][HSO4]:H2O PCB leach solution (Chapter 9) 

should be extended to other metals present in the leach solution by removing all water present 

in solution and increasing the studied deposition voltage range. In addition, investigation into 

alternative oxidizing agent to reduce [Hmim][HSO4] degradation during leaching is necessary. 
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 More research is required to determine the cause for the poor stripping and recycling of Cyphos 

101 after contacting with [Hmim][HSO4]:H2O PCB leach solution for Cu and Sn extraction 

(Chapter 10). EXAFS or molecular dynamic modelling of the extracted complexes would shed 

light on the difficulty of Cyphos 101 reuse by determining the migration of impurities upon 

mixing of the two ILs as well as the structural re-organisation of Cyphos 101 after extraction. 

 For all the developed processes, valorization of the side streams produced during the recovery 

of REEs and Cu and Sn is of interest to maximise the environmental and economical benefits 

of metal recovery. 
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APPENDIX A – Chapter 2 Supplementary Information 

Table A1. Major pollutants present in WEEE and their associated harmful effects (sWEEE = small WEEE) 

Pollutant (type) Found in Harmful effects Concentration in WEEE 
Global generation 

in WEEE † 

CFCs (organic) 

Refrigerators, air 

conditioners, insulating foam 

a 

Ozone layer damage a NA NA 

PVC (organic) 
Monitors, keyboards, 

cabling, computer housing b 

Incomplete combustion can lead to the formation of 

hydrogen gas a, dioxins and furans c 

Accounts for 26 vol.% of 

all plastic used in WEEE b 
790,000 tons ‡ 

PCBhs (organic) 

Plastic cables, condensers, 

lubricant in transformers and 

coolants/heat transfer fluids 

a,d 

Number of PCBh congeners possess “dioxin like 

toxicity”, increased risk of chronic diseases, disruption 

of reproductive, immune and neurobehavioral 

development e, liver damage, cancer in animals a 

14 mg.[kg WEEE]-1 f 280 tons g 

TBBPA (BFR) 

Flame retardants 

incorporated into many of the 

plastics used in WEEE to 

reduce flammability in 

printed circuit boards and 

plastic housings, keyboards 

and cable insulation a,h 

Not directly hazardous to human health: estimated 

half-life of TBBPA in the serum of occupationally 

exposed workers is 2.2 days i. Incomplete thermal 

degradation can lead to the formation of 

bromophenols, important precursor to dioxin and furan 

formation c. 

Variable depending on the 

plastic type: as low as 0.8 

wt.% HBCDD in 

polysterene and as high as 

33 wt.% TBBPA in epoxy 

resin h 

NA 

HBCDD (BFR) NA 
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PBB (BFR) 

Emission of toxic vapours known to cause hormonal 

disorders a, high bioaccumulation potential j, PBBs are 

highly persistent environmental pollutants k. 

NA 

PBDE (BFR) 

Emission of toxic vapours known to cause hormonal 

disorders a, persistent environmental pollutant, very 

lipophilic - bioaccumulates in fats j 

NA 

Antimony (inorg.) 

Flame retardants, plastics g, 

melting agent in CRT glass, 

plastic computer housings, 

cabling a 

Carcinogen, prolonged chronic exposure leads to 

stomach pain, diarrhoea, vomiting, and stomach ulcers 

l 

1,700 mg.[kg WEEE]-1 f 34,000 tons g 

Arsenic (inorg.) 
Doping material for Si g, 

light emitting diodes a 

Chronic effects causing skin disease and lung cancer 

and impaired nerve signalling a 
~ 1-10 mg.[kg sWEEE]-1 p NA 

Barium (inorg.) 

Cathode ray tubes, 

fluorescent lamps and spark 

plugs a 

Short term exposure causes brain swelling, muscle 

weakness, damage to the heart, liver and spleen a 
NA NA 

Beryllium (inorg.) 

PCBs, electrical connectors 

(relays), power supply boxes 

b, silicon-controlled rectifiers 

g 

Carcinogen b, exposure can lead to beryllicosis, lung 

cancer and skin disease a 
NA NA 

Cadmium (inorg.) 

NiCd batteries, 

semiconductor chips, 

infrared detectors, printer 

inks and toners a, b, g 

Cadmium compounds pose a risk of irreversible kidney 

damage, bone disease, lung emphysema and possible 

reproductive damage e  

180 mg.[kg WEEE]-1 f 3,600 tons g 
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Chromium VI 

(inorg.) 

Anti-corrosion agent in steel 

plates b, plastic computer 

housing, cabling, hard and 

floppy discs, colorant in 

pigments a, g, m 

Carcinogenic e, extremely toxic in the environment, 

can cause irreversible DNA damage and permanent 

eye impairment a, b 

9,900 mg.[kg WEEE]-1 f 198,000 tons g 

Copper (inorg.) 

Cable, wiring, PCBs, hard 

drives, floppy disk, LCD 

screens, plasma displays m  

Liver damage e 

41,000 mg.[kg WEEE]-1 f, 

but with wide variations 

depending on WEEE 

category: 186,000-

224,000 mg.kg-1 in mobile 

phones down to 1,767 

mg.kg-1 in printers m 

820,000 tons g 

Iron (inorg.) 

CD drives, CRT displays, 

floppy disc drives, 

motherboards, PCBs, large 

appliances m 

Liver damage e 

Variations depending on 

WEEE category, from 

40.3 wt.% of total mass of 

small appliances to 9.9 

wt.% for toys, leisure and 

sports equipment  

8,000,000 tons ‡ 

Lead (inorg.) 

CRTs, televisions, solder, 

lead acid batteries, 

fluorescent tubes a, b, o 

Accumulation of lead in the environment results in 

both acute and chronic effects on human health a: 

impaired neurobehavioral development of children; 

aenemia, damage to brain, kidneys and reproductive 

system; acute neurotoxicity e  

2,900 mg.[kg WEEE]-1 f 58,000 tons g 



Nicolas Schaeffer PhD Thesis  Appendix A 

282 

 

Mercury (inorg.) 

Thermostat, fluorescent 

lamps, batteries, sensors, 

relays, flat panel display b , m 

Impaired neurobehavioral development of children; 

aenemia, damage to brain, kidneys ; chronic 

neurotoxicity e; damage to foetuses a 

0.37–1.70 mg.[kg 

WEEE]-1 m 
13.6 tons g 

Nickel (inorg.) 
Batteries, computer housing, 

CRTs and PCBs a, m 

May cause allergic reactions, bronchitis and reduced 

lung function and lung cancers a 
10,300 mg.[kg WEEE]-1 f 206,000 tons g 

Selenium (inorg.) 
Rectifiers, PCBs and 

outdated photocopiers a, g, m 

High concentrations cause selenosis a, hair loss; nail 

brittleness; cardiovascular, renal and neurological 

abnormalities e 

~ 1.0 mg.[kg sWEEE]-1 p NA 

Zinc (inorg.) 

CD drives, CRTs, floppy 

disk and hard disk drives, 

motherboards, PCBs, plasma 

display m 

Increased risk of copper deficiency and neurological 

abnormalities 
5,100 mg.[kg WEEE]-1 f 102,000 tons g 

† Assuming a global e-waste production of 20 million tonnes per year                                                                                                                                            ‡ 

Estimation calculated based on (Widmer et al., 2005) WEEE composition statistics 

Sources: a (Kiddee et al., 2013); b (Puckett & Smith, 2002); c (Weber & Kuch, 2003), d (Xing et al., 2009), e (Frazzoli et al., 2011), f (Morf et al., 2007), g 

(Robinson, 2009), h (Alaee et al., 2003), i (Hagmar et al., 2000), j (de Wit, 2002), k (Xiang et al., 2007), l (Cooper and Harrison, 2009), m (Townsend, 2011), n 

(Haig et al.,, 2012), o (Herat, 2008), p (Dimitrakakis et al., 2009) 
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Table A2. Major Recycling Stages and their Associated Potential Emissions and Pathways 

Major WEEE 

Recycling 

Stage 

Potential Emissions/ 

Wastes (Sepúlveda et 

al., 2010) 

Environmental Pathways (Sepúlveda 

et al., 2010) 
Health Pathways 

Example of 

Hazardous Treatment 

Activities 

Dismantling 
Fine particles, coarse 

particles, solid materials 

Emission of airbone pollutants subject to 

both short and long distance transport, 

soil contamination 

Direct handling of waste, inhalation of 

fine/coarse particulates, inhalation of soil dust, 

ingestion of crops/livestock cultivated/raised on 

contaminated land  

Manual dismantling of 

cathode ray tubes 

(Puckett et al., 2005) 

Upgrading 

Fine particles, fly ash, 

fumes, bottom ashes, 

coarse particles, 

leachate, effluents 

Emission of airbone pollutants subject to 

both short and long distance transport, 

contamination of soils and 

surface/ground waters, potential 

formation of gaseous/liquid by-products 

Direct handling of waste, inhalation of fumes or 

fine/coarse particulates, inhalation of soil dust, 

inhalation of hazardous gas by-products, 

ingestion of crops/livestock cultivated/raised on 

contaminated land, ingestion of contaminated 

water, direct handling of effluents  

Burning of cables for 

copper recovery, 

burning of PCBs for 

component separation or 

for solder recovery 

(Wong et al., 2007)  

Refining 

Fumes, bottom ashes, 

coarse particles, 

leachate, effluents 

Emission of airbone pollutants subject to 

short distance transport, contamination 

of soils and surface/ground waters, 

potential formation of gaseous/liquid by-

products 

Direct handling of waste, inhalation of fumes or 

coarse particulates, inhalation of soil dust, 

inhalation of hazardous gas by-products, 

ingestion of crops/livestock cultivated/raised on 

contaminated land, ingestion of contaminated 

water, direct handling of effluents  

Recovery of gold from 

PCBs using aqua-regia 

or cyanide leaching and 

mercury amalgamation 

(Rochat et al., 2007) 
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Final disposal Leachates, fumes 

Contamination of soils and ground 

waters, potential formation of 

gaseous/liquid by-products 

Direct handling of waste, ingestion of 

contaminated water, inhalation of hazardous gas 

by-products 

Uncontrolled dumping 

and burning (Puckett & 

Smith, 2002; Puckett et 

al., 2005) 
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Table A3. Performance of Cyphos 101 IL as an extracting agent for heavy metals (trihexyl(tetradecyl)phosphonium cation = [R3R'P]+) 

Reference 
Separation 

mechanism 

Aqueous 

system 
Element studied 

diluting 

phase 
Striping solution Comments 

Vincent et al. 

(2008a) 

extractant 

impregnated in 

biopolymer 

capsules 

0-2M HCl 

solution 
Pd(II) - 

5 M HNO3 or 0.1 

M thiourea in 

0.1 M HCl 

Maximum sorption capacitiy of 0.96–

1.07 mmol Pd.mmol−1 IL. PdCl4
2- probably bound to the 

resin through anion exchange with protonated 

phosphonium groups (ion pair formation). 

Vincent et al. 

(2008b) 

extractant 

impregnated in 

biopolymer 

capsules 

HCl medium Pt(II) - 

5 M HNO3 or 0.1 

M thiourea in 

0.1 M HCl  

Maximum sorption capacity of  0.7 mol Pt.mol−1 IL 

Gallardo et al. 

(2008) 

extractant 

impregnated 

resin on XAD-7 

2-4 M HCl 

solution 
Zn(II) - 

0.1 M HNO3 or 

H2SO4 

Maximum sorption capacity of 0.40 mol Zn(II). 

mol−1 IL. Metal ions removed as anionic 

chlorocomplexes (ZnCl4
2−) by ion exchange mechanism 

and sorption depends on IL concentration.  

Campos et al. 

(2008a) 

extractant 

impregnated 

composite 

biopolymer 

1 M HCl 

solution 
Bi(III) - 

citric acid or 

KI/HCl solution 
Maximum sorption capacity of 110–130 mg Bi.g−1 resin 

Campos et al. 

(2008b) 

extractant 

impregnated in 

biopolymer 

capsules 

1 M HCl 

solution 
Au(III) - 

0.1 M thiourea in 

0.1 M HCl 

Maximum sorption capacity of 140 mg Au(III) g−1; 

Gold binding probably occurs through the interaction of 

[R3R'P]+ with AuCl4
−.  

Guibal et al. 

(2008) 

extractant 

impregnated 

composite 

biopolymer 

0.1-5M HCl 

solution 
Hg(II) -  6 M HNO3  

Maximum sorption capacity of 150 mg Hg.g-1; 

Extraction efficiency unaffected by HCl concentration. 

Ion exchange mechanism proposed in metal recovery 

(binding of HgCl4
2-). 
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Regel-Rosocka 

(2009) 

liquid-liquid 

extraction 
HCl medium Zn(II) toluene 1 M H2SO4 

Fast and efficient extraction of Zn(II) (over 95%) for 

molar ratio of IL/Zn(II) greater than 2. Presence of HCl 

in the feed enhances Zn(II) extraction. 

Kogelnig et al. 

(2010) 

bulk liquid 

membrane 

extraction 

6 M HCl 

solution 
Fe(III), Ni(II) chloroform 

0.5 M HCl 

solution 

Quantitative transport of 0.1 M Fe(III) from a 6 M HCl 

source phase to a 0.5 M HCl receiving phase and a 

favourable separation from Ni(II). 

Alguacil et al. 

(2010) 

pseudo-

emulsion 

membrane strip 

dispersion 

pertraction 

HCl medium Cr(IV) cumene NaOH 

Over 95% Cr(IV) extraction under experimental 

conditions, i.e., [Cr(VI)] = 0.01 g.L-1 and [HCl] = 0.01 

M in the feed phase and organic solution of 10% v/v IL 

in cumene 

Cieszynska & 

Wisniewski 

(2010) 

liquid-liquid 

extraction 

0.1-3M HCl 

solution 
Pd(II) toluene 0.5 M NH3 

97 and 54% of Pd(II) can be effectively extracted with 

IL 101 from 0.1 and 3 M HCl, 

Navarro et al. 

(2010) 

extractant 

impregnated 

resin on XAD-7 

0.01 M HCl 

solution 
Au(III) - 

0.1 M thiourea in 

0.1 M HCl 

Maximum sorption capacity of 160 mg Au.g−1 resin in 

0.01 M HCl solution. Au(III) extracted by an ion 

exchange mechanism involving the binding of its 

chloro-complex AuCl4
- to [R3R'P]+.  

Arias et al. 

(2011) 

extractant 

impregnated 

resin on XAD-7 

3–4 M HCl 

solution 
Cd(II) - 0.1 M HNO3 

Maximum sorption capacity 416 mg IL.g-1 resin. An ion 

exchange mechanism involving [R3R'P]+ and CdCl4
2-is 

proposed. Sorption capacity is poorly influenced by 

metal ions that do not form chloroanionic species. 

Comesaña et 

al. (2011)  

Non-dispersive 

solvent 

extraction with 

strip dispersion 

HCl medium Cd(II) cumene NH4OH 

Transport decreased with increasing aqueous Cl- 

concentration. Ion exchange mechanism proposed in 

metal recovery (binding of CdCl3
- or CdCl4

2-). Good 

separation obtained between Cd-Cu, Cd-Zn and Cd-Fe 
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Cieszynska & 

Wisniewski 

(2011) 

liquid-liquid 

extraction 

0.1 M HCl 

solution 

Pd(II), Ni(II), 

Cu(II), Pb(II), 

Fe(III), Rh(III), 

Re(III), Pt(IV) 

toluene 0.5 M NH3 

99% extraction of Pd(II) from 0.1 M HCl in the 

presence of Ni(II), Cu(II), Pb(II), Fe(III), Rh(III) and 

Re(III), while less than 10% of the other metals are 

extracted to the organic phase. Ineffective separation of 

Pd(II) from Pt(IV). The selectivity of Pt(II) extraction 

over Pb(II), Fe(III) and Pt(IV) depends upon the acidity 

of aqueous solution 

Regel-Rosocka 

& Wisniewski 

(2011) 

liquid-liquid 

extraction 

HCl model 

spent pickling 

solutions 

Zn(II), Fe(III), 

Fe(II) 
toluene 1 M H2SO4 

85% Zn(II) extraction from feed containing only 5 g.L-

1 after the one extraction stage, almost 100% after three 

stages. 

Navarro et al. 

(2012) 

extractant 

impregnated 

resin on XAD-7 

0.5 M HCl 

solution 
Pd(II) - 

HNO3, thiourea 

in HCl 

Maximum sorption capacity of 71 mg Pd.g−1 resin, 

dependent on HCl concentration. Chloro-palladate 

anionic species are bound by electrostatic/anion 

exchange mechanism between anionic species and 

phosphonium cation. 

Rybka & 

Regel-Rosocka 

(2012) 

liquid-liquid 

extraction 
HCl medium Ni(II), Co(II) 

toluene, 

hexane 
2 M H2SO4 

Poor extraction of Ni (below 20%). Co(II) extraction to 

Cyphos IL 101 depends on HCl concentration in the 

feed. 

Regel-Rosocka 

et al. (2012) 

liquid–liquid 

extraction and 

polymer 

inclusion 

membranes 

HCl medium 
Zn(II), Fe(II), 

Fe(III) 
toluene 1 M H2SO4 

Fast and almost 100% extraction Zn(II) and Fe(III) from 

low concentrated feed. Ion exchange and addition 

mechanism is proposed as description of extraction 

mechanism 

Quinn et al. 

(2013) 

liquid-liquid 

extraction 

1.0M HCl 

solution 
U(IV) xylene - 

McCabe Thiele analysis shows that 99% U extraction at 

A:O of  15:1 is achievable in three counter-current steps. 

An anion exchange extraction mechanism is proposed, 

with formation of a UO2Cl4 2- complex in association 

with 4 [R3R'P]+ ligands.  
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Pepper & 

Ogden (2013) 

liquid-liquid 

extraction 
HCl medium ReO4

- (VII) toluene - 

High distribution values for the extraction of perrhenate 

leading to almost quantitative extraction. Slope analysis 

suggests an anion exchange extraction mechanism with 

formation of a ReO4
- complex with one [R3R'P]+ cation. 

Hoogerstraete 

et al. (2013) 

liquid-liquid 

extraction 

9M HCl 

simulated 

rare-earth 

magnet leach 

solution 

Sm(III), Nd(III), 

Fe(III), Zn(II), 

Co(II), Cu(II), 

Mn(II) 

undiluted 1) H2O, 2) EDTA 

Distribution ratio of Fe(III), Co(II) and Mn(II) increases 

with aqueous phase HCl concentration whilst those of 

Cu(II) and Zn(II) decrease. The percentage extraction of 

Fe(III) is still higher than 99.98% at IL loadings of 70 

g.L−1 Fe(III). 

Larsson & 

Binnemans 

(2014) 

liquid-liquid 

extraction 

nickel metal 

hydride 

battery 

synthetic HCl 

leach solution 

Ni(II), Co(II), 

Mn(II), Y(III), 

La(III), Ce(III), 

Pr(III), Nd(III) 

undiluted 

1) 8M HCL, 2) 

H2O, 3) NH3 or 

sodium citrate 

High distribution factors (>100) for Co(II), Fe(III), 

Zn(II) and Mn(II) obtained at 8M HCl concentrations. 

Ni(II) and REE(III) are first recovered by scrubbing 

with 8 M HCl, water strip removes Mn(II) and Co(II), 

finally Zn(II) and Fe(III) stripped by NH3 

Wellens et al. 

(2014) 

leaching/ liquid-

liquid extraction 
none 

CaO, NiO, 

MnO, CoO, 

CuO, ZnO, 

Fe2O3 

concentrated 

HCl 

1) 6 M HCl, 2) 

H2O, 3) NH3 

Leaching of oxides and subsequent stripping: separation 

of oxides into Ni(II)-Ca(II), Co(II)-Mn(II), Cu(II)-

Zn(II) and Fe(III) fractions 

Castillo et al. 

(2014) 

supported liquid 

membrane 

HCl medium, 

H2SO4 

medium 

Cu(II) kerosene H2SO4, NH3 
Formation of a third phase, separation of ionic liquid 

unstable in both media 

Navarro et al. 

(2014) 

extractant 

impregnated 

resin on XAD-7 

0.01–8 M 

HCl solutions 
Bi(III) - 

citric acid, HNO3 

or NaSO4 

solutions 

Maximum sorption capacities of 84.3 mg Bi.g−1 resin; 

sorption efficiency increases with IL content  but 

decreases with HCl concentration; Bi(III) was extracted 

through an ion exchange mechanism involving the 

binding of its anionic chloro-complexes to [R3R'P]+ 

cation 

Zhu et al. 

(2015) 

liquid-liquid 

extraction 

H2SO4 

medium 

Mo(IV), V(V), 

Fe(III), Al(III), 

Cu(II), Mn(II) 

ShellSol 

A150 

0.5 M H2SO4 for 

V(V) and 4-6 M 

H2SO4 for 

Mo(IV) 

At pH 0.5, > 98% Mo(IV) and only 8% V(V) were 

extracted. At pH 1.8, Mo(IV) and V(V) can be separated 

from impurities such as Fe(III), Al(III) and Mn(II). High 

metal loading capacity due to the formation of 

polyoxometallic ions  
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APPENDIX B – Chapter 3 Supplementary Information 

Quality control and quality insurance data 

Table B1. Selected wavelengths for the determination of each element 

Element Wavelength (nm) Element Wavelength (nm) Element Wavelength (nm) 

Ca 317.9 Ce 413.8 Al 396.1 

Mg 285.2 Eu 382.0 Ni 231.6 

Na 589.6 Gd 342.2 Fe 238.2 

K 317.9 Tb 350.9 Mn 257.6 

Sr 407.8 Y 371.0 Cu 327.4 

Pb 220.3 La 408.7 Zn 206.2 

 

Table B2. Comparison of reference standard concentration with average concentration obtained using 

digestion method BS ISO 14869-2:2002 

 Cr Cu Mn Ni Pb Zn 

BCR CRM 141 R (ppm) 194.9 46.4 683.4 102.9 57.2 282.6 

Average (ppm) 188.4 44.6 669.8 101.3 53 273.6 

SD (ppm) 3.7 4.1 19.5 3.2 4.8 6.4 

Difference (%) 3.34 3.88 1.99 1.55 7.34 3.18 

 

 

Figure B1. Typical calibration curves for sulfate and chloride determination using ion chromatography 

using the analysis method was adapted from Aggrawal and Rohrer (2015) 
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Figure B2. UV-Vis calibration curve at 211nm wavelength for the determination of [C4mim]+ 

concentration in a 50-50 vol.% ethanol-water solution 

 

IL characterisation data 

 

 

Figure B3. ESI-MS of [HBet][Tf2N] in (a) positive and (b) negative ionisation mode (in acetone) for 

cluster ions 
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Figure B4. TGA analysis of [HBet][Tf2N] in N2 atmosphere with a heating rate of 10 oC/min 

 

 

 

Figure B5. FTIR-ATR analysis of [HBet][Tf2N]  
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Figure B6. ESI-MS of [C4mim][Cl] in negative ionisation mode (in acetone) for cluster ions 

 

 

Figure B7. TGA analysis of [C4mim][Cl] in N2 atmosphere with a heating rate of 10 oC/min 
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Figure B8. FTIR-ATR analysis of [C4mim][Cl] 

 

 

Figure B9. ESI-MS of [C4mim][Tf2N] in negative ionisation mode (in acetone) for cluster ions 
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Figure B10. TGA analysis of [C4mim][Tf2N] in N2 atmosphere with a heating rate of 10 oC/min 

 

 

Figure B11. FTIR-ATR analysis of [C4mim][Tf2N] 
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Figure B12. ESI-MS of DODGAA in negative ionisation mode (in acetone) for cluster ions 

 

 

 

Figure B13. TGA analysis of DODGAA in N2 atmosphere with a heating rate of 10 oC/min 
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Figure B14. FTIR-ATR analysis of DODGAA 

 

 

Figure B15. ESI-MS of [Hmim][HSO4] in negative ionisation mode (in acetone) for cluster ions 
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Figure B16. TGA analysis of [Hmim][HSO4] in N2 atmosphere with a heating rate of 10 oC/min 

 

 

Figure B17. FTIR-ATR analysis of [Hmim][HSO4] 
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Figure B18. ESI-MS of Cyphos 101 in negative ionisation mode (in acetone) for cluster ions 

 

 

Figure B19. TGA analysis of Cyphos 101 in N2 atmosphere with a heating rate of 10 oC/min 
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Figure B20. FTIR-ATR analysis of Cyphos 101 

 

Waste characterisation data 

 

 

Figure B21. XRD analysis of the waste phosphor residue after sieving and HCl pre-treatment  
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Figure B22. SEM-EDS analysis of a) cross section of chip of PCB board, b) solder and c) copper wire 

from cryomilled waste PCB sample
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APPENDIX C - Chapter 4 and 6 Supplementary Information 

Chapter 4 

Table C1. Average reaction rates and coefficient of determination (R2) for the dissolution of La2O3, 

Nd2O3, Eu2O3, Gd2O3, Y2O3 and Yb2O3 in [Hbet][Tf2N]-H2O as a function of temperature (obtained 

from the Noyes–Whitney equation) 
 

Temperature (oC) 
 

57 65 80 95 

La2O3 
k (s-1) 0.0053 0.007 0.0155 0.0295 

R2 0.97 0.96 0.98 0.97 

Nd2O3 
k (s-1) 0.0013 0.0021 0.0027 0.0048 

R2 0.98 0.99 0.96 0.99 

Eu2O3 
k (s-1) 0.0026 0.0051 0.0074 0.0124 

R2 0.98 0.94 0.96 0.92 

Gd2O3 
k (s-1) 0.0004 0.0005 0.0016 0.003 

R2 0.97 0.99 0.99 0.98 

Y2O3 
k (s-1) 0.00001 0.00007 0.0002 0.0007 

R2 0.95 0.98 0.99 0.97 

Yb2O3 
k (s-1) 0.000002 0.00002 0.00005 0.000135 

R2 0.97 0.98 0.99 0.99 

 

Chapter 6 

 

Figure C1. Thermogravimetric analysis of the conversion of hydrated RE oxalate to RE oxides 
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Figure C2. Chromatogram with gradient elution of loaded DODGAA-IL with waste phosphor leach 

solution as stationary phase. 
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APPENDIX D - Chapter 7 Supplementary Information 

Computational details 

Table D1. List of the species with negative frequencies referenced in this study and their corresponding 

magnitude 

Structure 
basis set 

(La(III) / other) 

Solvation 

environment 

Magnitude of negative 

frequency(ies) 

[La(H2O)9]3+ 
MWB28/ 

aug-cc-pVDZ 
CPCM -52, -43 

[La(H2O)9]3+ 
LanL2DZ /  

6311+G(d,p) 
SMD -100 

[La(NO3)6,bi]3– 
LanL2DZ /  

6311+G(d,p) 
SMD -24, -4 

[La(L)2]+ LanL2DZ /  

6311+G(d,p) 
SMD -15 

La(L)2(NO3) 
LanL2DZ /  

6311+G(d,p) 
SMD -40 

La(L)3 
LanL2DZ /  

6311+G(d,p) 
SMD -36 

[La(Tf2N)(H2O)7]2+ 
LanL2DZ /  

6311+G(d,p) 
CPCM -42 

[La(Tf2N)(H2O)7]2+ 
LanL2DZ /  

6311+G(d,p) 
SMD -14 

[La(NTf2)2(H2O)5]+ 
LanL2DZ /  

6311+G(d,p) 
CPCM -2 

La(NTf2)3(H2O)3 
LanL2DZ /  

6311+G(d,p) 
CPCM -3 

La(NTf2)3(H2O)3 
LanL2DZ /  

6311+G(d,p) 
SMD -2 
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Lanthanum aqueous nitrate complexes 

Table D2. Energy difference between the final stable configuration A and B, C and D under free and 

restricted optimization by the B3LYP-CPCM method and the B3LYP-gas phase method. Configuration 

No. are those identified in Figure 7.5 and 7.6 

Solvating 

environment 
Configuration 

La coordination 

number 
ΔE ΔG ΔH ΔS 

C-PCM 

A1 9 7.9 9.0 8.9 -0.1 

B1 11 37.5 28.5 39.1 10.6 

C1 11 74.6 24.4 71.1 46.7 

D1 10 34.0 28.9 34.6 5.6 

B2 9 9.7 -10.2 9.1 19.3 

C2 9 23.7 -8.3 20.4 28.6 

D2 9 0.0 0.0  0.0 0.0 

Gas phase 

A3 9 118.5 90.5 79.6 -10.9 

B3 11 112.5 86.7 79.1 -7.7 

C3 11 15.0 1.6 -13.7 -15.3 

D3 10 59.5 44.3 29.0 -15.3 

B4 9 31.6 12.4 1.5 -11.0 

C4 9 0.0 0.0 0.0 0.0 

D4 9 29.4 10.1 -2.0 -12.1 

 

 

Figure D1. Optimised (H2O)n (n=2-6,8-9) water clusters used for obtained using the B3LYP-CPCM 

method  
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Table D3. Reaction enthalpy including thermal corrections for lanthanum-nitrate complexing reactions 

in aqueous solution (mono – [NO3]–  monodentate, bi – [NO3]–  bidentate). Reaction mechanism No. are 

those identified in Table 7.4. 

No. 
ΔEr    

(kJ.mol-1) 

ΔGr   

(kJ.mol-1) 

ΔHr   

(kJ.mol-1) 

TΔSr 

(kJ.mol-1) 

(1) -10 37 - 3 -40 

(2) -7 36 + 2 -34 

(3) 
-44 -38 -46 -8 

(4) -41 -45 -43 2 

(5) -98 -56 -94 -38 

(6) -99 -64 -95 -31 

(7) -153 -47 -140 -94 

(8) -174 -83 -162 -79 

(9) -304 -58 -269 -211 

 

Characterising DODGAA interactions within aqueous nitrate complexes of La(III) 

 

Table D4. Energy difference between the final stable configurations A, B, C and D of 

[La(DMOGAA)]2+. Configuration No. are those identified in Figure 7.11.  

 Configuration ΔE ΔG ΔH ΔS 

A 43.8 38.8 43.2 0.015 

B 48.8 40.8 46.5 0.019 

C 51.4 57.1 52.4 -0.016 

D 0 0 0 0 
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Table D5. The La–O bond lengths (Å) for aquo-nitrato solvated La-L complexes (CN – coordination 

number) 

Complex 
La(III) 

CN 

La-O8 

(carboxyl) 

La-O4 

(ether) 

La-O9 

(carbonyl) 

La-O 

(H2O) 

La-O 

([NO3]–) 

[La(L)(H2O)6]2+ 9 2.52 2.73 2.58 2.70 - 

[La(L)(NO3)(H2O)5]+ 9 2.51 2.69 2.54 2.71 2.74 

La(L)(NO3)2(H2O)4 9 2.50 2.71 2.56 2.72 2.75 

[La(L)(NO3)3(H2O)3]– 9 2.53 2.73 2.61 2.69 2.65 

[La(L)2(H2O)3]+ 9 2.53, 2.48 2.73,2.72 2.61, 2.61 2.79 - 

La(L)2(NO3)(H2O)2 9 2.54, 2.50 2.75,2.70 2.60, 2.61 2.91 2.63 

La(L)3 9 
2.51, 

2.52, 2.52 

2.72, 

2.71,2.72 

2.60, 

2.60, 2.60 
- - 

 

Extraction of [La(NO3)n(H2O)9–n]3–n (n=0-3) using DODGAA 

Table D6. Reaction enthalpy including thermal corrections for the complexation reactions of 

[DMOGAA]– (L–) with various lanthanide aquo-nitrate complexes. Reactions evaluated in a generalised 

aqueous environment.  Reaction mechanism No. are those identified in Table 7.6. 

No. 
ΔE 

(kJ.mol-1) 

ΔG 

(kJ.mol-1) 

ΔH 

(kJ.mol-1) 

TΔS 

(kJ.mol-1) 

(10) 
-130 

-123 -128 
-5 

(11) -117 -111 -116 -5 

(12) -64 -115 -69 46 

(13) -117 -118 -117 1 

(14) -102 -89 -99 -10 

(15) -61 -107 -66 41 

(16) -11 -96 -21 75 

(17) -103 -76 -100 -24 

(18) -47 -99 -53 46 

(19) -9 -102 -21 81 

(20) 24 -77 12 89 
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(21) -84 -91 -83 8 

(22) -117 -50 -107 57 

(23) -35 -55 -37 18 

(24) -108 -92 -105 -13 

(25) -54 -96 -58 37 

(26) -83 -76 -81 -5 

(27) -42 -94 -48 46 

(28) -16 -100 -27 72 

(29) -84 -98 -84 14 

(30) -55 -117 -61 56 

(31) -423 -289 -400 -111 

(32) -221 -262 -222 40 

(33) -201 -225 -201 25 

(34) -119 -230 -131 100 

 

The ionic liquid phase 

Initially [C4mim]+ and [NTf2]– were optimized initially individually in the gas-phase. The [NTf2]– anion, 

atomic numbering provided in Figure D2(a), can take on two conformers with the triflate groups trans 

or cis, Figure D2(b). Atomic numbering for the [C4mim]+ cation is shown in Figure D3. Internal rotation 

of the [C4mim]+ cation alkyl chain with respect to the planar imidazolium ring (τ5=C2-N1-C7-C8) and/or 

between carbons of the butyl chain (τ6= N1-C7-C8-C9) is possible, thereby allowing [C4mim]+ to take on 

multiple stable configurations (Hunt and Gould, 2006). A relaxed scan of the potential energy surface 

for dihedrals τ4 and τ5 indicates that the most stable [C4C1mim]+ configuration occurs at τ5= 100o and 

τ6=180o, Figure D4. 
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Figure D2. (a) Schematic of [NTf2]– and (b) final stable cis and trans [NTf2]– conformers and their 

respective energy difference in kJ.mol-1 

 

 

Figure D3. Schematic of [C4mim]+ cation 

 

 

Figure D4. Relaxed potential energy surface scan of the dihedral angles τ5 (top) and τ6 (bottom) 
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Figure D5. Location of the primary cation-anion interaction sites for [C4mim][NTF2] 

 

 

Figure D6. Final stable [C4mim][NTf2] structures and their respective energy difference in kJ.mol-1 in 

the gas phase 

 

Previous studies have shown that within the ionic liquid environment small anions can take up 

six characteristic positions around the cation, Figure D5, these include front, methside, butside and back 

“in-plane” and top and bottom configurations “out-of-plane” with the aromatic ring (Hunt and Gould, 

2006). The ‘front’ imidazolium ring proton is the most acidic, and gas phase computational studies of 

other [Cnmim]X ionic liquids with small anions X=[PF6]–, [BF4]–, Cl– have shown that C-H anion 

interactions are important (Del Popolo et al., 2005; Hunt & Gould, 2006; Ballone et al., 2007; Katsyuba 

et al., 2007; Paulechka & Kabo, 2003; Turner et al., 2003). However, the [Tf2N]– anion is larger and 

more structurally complex and interacts more weakly with the cation. Moreover, electronegative atoms 

within [NTf2]– can span multiple (single ion) positions, and/or forming multiple weak H-bonds. 
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The optimized structures of the isolated cation and anion were combined to form six 

[C4mim][NTf2] ion pair structures (in the gas phase): in four structures the [NTf2]– was placed in the 

same plane as the imidazolium ring and in two structures the [NTf2]– anion was placed above and below 

the C2-H bond in the imidazolium plane, a schematic representation of the [NTf2]– locations is presented 

in Figure D5, the final optimized conformers are presented in Figure D6. 

In the gas phase, the lowest energy structures exhibit a slightly stronger interaction between the 

[Tf2N]– anion the acidic C2-H group on the imidazolium cation. However, the ‘top’ and ‘bottom’ 

conformers are only 6 kJ.mol-1 and 11 kJ.mol-1 higher in energy than the ‘front’ configuration shown in 

Figure D6. Interactions with the C-H units on either the back of the imidazolium ring, the butyl or 

methyl side chains results in conformers that are less stable by 34 kJ.mol-1, 33 kJ.mol-1 and 36 kJ.mol-1 

respectively. In decreasing order, the most stable conformers are: ‘front’ > ‘top’ > ‘bottom’ > ‘butside’ 

> ‘back’ > ‘methside’.  

‘Front’ and ‘top’ [C4mim][NTf2] structures were optimised within a generalised IL 

environment, (SMD-GIL) to ensure that the conformer energy is not reversed in the IL SMD, see the 

Computational details section of the main paper for more information. ‘Front’ and ‘top’ [C4mim][NTf2] 

structures in the SMD-IL environment are presented in Figure D7 along with their respective energy 

difference in kJ.mol-1. 

 

 

Figure D7. Final stable front and top [C4mim][NTf2] structures and their respective energy difference 

in kJ.mol-1 in the SMD-IL solvation environment 

 

Proton exchange 

The potential for proton exchange between the acids present, DMOGAAH, HNTf2 and HNO3, 

has been considered. In the aqueous solution DMOGAAH will dissociate, the extent of deprotonation 

can be controlled by the amount of HNO3, which is a stronger acid, reaction 1, Table D7. However, it 

is possible that DMOGAAH or HNO3 come into contact with [NTf2]– in either the aqueous or IL phases 

or at the interface, reactions 2-8, Table D7. As expected proton transfer from DMOGAAH to [NTf2]– 

or [NO3]– within the IL is highly unlikely. The presence of the counter-cation could potentially make a 

difference; however, this is not observed. 

The pH or pKa of an acid in an aqueous environment cannot represent the extent of proton 

release in an IL environment, nevertheless relative aqueous based information can provide a strong 
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indication of reactivity. N, N-dialkyldiglycol amic acid ligands have a protonation constant of pKa = 

3.49 – 3.54 (Tian et al., 2009; Shimojo et al., 2014) and HNO3 is a strong acid (pKa = -1.3 (Bodo et al., 

2013)) Thus, while DMOGAAH is a stronger acid than alkyl carboxylic acids such as acetic acid (pKa 

= 4.75) and similar to other ether oxygen containing carboxylic acids like ethoxyacetic acid (pKa = 

3.65) (Lide, 2003), neither DMOGAAH or HNO3 can complete with HNTf2 which is a super-acid with 

a pKa value < -14 (Legrave et al., 2012). 

 

Table D7. Reaction enthalpy and Gibbs free energy (kJ.mol-1) for the proton exchange reactions 

between HNO3, DMOGAAH and HNTf2 

No. Reaction ΔE ΔG ΔH TΔS 

(1) DMOGAAHaq + [NO3]aq  [DMOGAA]aq + HNO3,aq  72 67 71 3 

(2) DMOGAAHaq + [NTf2]aq  [DMOGAA]aq + HNTf2,aq 106 104 104 0 

(3) HNO3,aq + [NTf2]aq  [NO3]aq + HNTf2,aq 33 36 33 -3 

(4a) DMOGAAHIL + [NTf2]IL  [DMOGAA]IL + HNTf2,IL 124 125 123 -2 

(4b) 
DMOGAAH 

IL + [C4mim][NTf2]IL  

[C4C1mim][DMOGAA]IL + HNTf2 IL 
112 119 111 -8 

(5a) HNO3,IL + [NTf2]IL  [NO3]IL + HNTf2,IL 26 24 25 1 

(5b) HNO3,
 
IL + [C4mim][NTf2]IL  [C4mim][NO3]IL + HNTf2 IL 24 18 23 4 

(6a) DMOGAAHIL + [NO3]IL  [DMOGAA]IL + HNO3,IL 98 101 98 -3 

(6b) 
DMOGAAHIL + [C4mim][NO3]IL  [C4mim][DMOGAA]IL 

+ HNO3,IL 
88 101 89 -12 

(7a) DMOGAAHaq + [NTf2]IL  [DMOGAA]IL + HNTf2,aq 106 104 104 0 

(7b) 
DMOGAAHaq + [C4mim][NTf2]IL   

[C4mim][DMOGAA]IL + HNTf2,aq 
94 99 93 -6 

(8a) HNO3,aq + [NTf2]IL  [NO3]IL + HNTf2,aq 32 29 32 3 

(8b) HNO3,aq + [C4mim][NTf2]IL  [C4mim][NO3]IL + HNTf2,aq 31 23 30 7 
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Table D8. Reaction enthalpy including thermal corrections (ΔHIL) for metathesis reactions, proton 

transfer and coordination involving [C4mim][Tf2N]. Reaction mechanism No. are those identified in 

Table 7.7 of the paper. 

No. 
ΔEIL 

(kJ.mol-1) 

ΔGIL 

(kJ.mol-1) 

ΔHIL 

(kJ.mol-1) 

TΔSIL 

(kJ.mol-1) 

(35a) -1 -5 - 2 4 

(35b) -2 -13 -3 10 

(36a) -12 -5 - 11 -6 

(36b) -11 -5 -11 -6 

(37a) -10 0 -9 -9 

(37b) -9 8 -8 -16 

 

Table D9. Reaction enthalpy and Gibbs energy (kJ.mol-1) including thermal corrections for selected 

reactions involving [NTf2]–. Reaction mechanism No. are those identified in Table 7.10 of the paper. 

No. 
ΔEIL 

(kJ.mol-1) 

ΔGIL 

(kJ.mol-1) 

ΔHIL 

(kJ.mol-1) 

TΔSIL 

(kJ.mol-1) 

(38a) 186 262 190 -72 

(38b) 97 152 100 -51 

(39a) 132 84 123 38 

(39b) 86 55 79 24 

(40) -11 -1 -14 -14 

(41) -9 -11 -11 -1 

(42) -32 13 -27 -40 

 

Phase transfer from the aqueous to the ionic liquid phase 

The most stable structures of the La(III) complexes in the water phase were used as a starting 

point for re-optimisation in an ionic liquid phase. La-L aquo-nitrate complexes display similar water 

and nitrate geometries in the IL and water phase with the only difference being a small increase in mid-

range H-bonding between explicit water molecules and the [DMOGAA]– carboxylate and carbonyl 

groups and nitrate molecules (Figure D8). H-bond distances in the range 1.89 – 2.65 Å, 2.00 – 2.63 Å 
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and 1.78 – 2.68 Å were obtained for (H2O)H-O8(carboxyl), (H2O)H-O9(carbonyl) and (H2O)H-O(NO3) 

respectively. 

 

 

Figure D8. Final stable La-[DMOGAA]– complexes in SMD solvation model: (A) [La(L)(H2O)6]2+, 

(B) [La(L)(NO3)(H2O)5]+, (C) [La(L)(NO3)2(H2O)4], (D) [La(L)2(H2O)3]+, (E) [La(L)2(NO3)(H2O)2], (F) 

top view of La(L)3 complexes exhibiting a distorted TTP geometry (hydrogen removed for clarity) 

 

Table D10. The M–O bond lengths (Å) for complexes aquo-nitrato lanthanum and L complexes (L = 

[DMOGAA]–) calculated by the B3LYP-SMD method 

Complex 
La-O8 

(carboxyl) 

La-O4 

(ether) 

La-O9 

(carbonyl) La-O (H2O) La-O (NO3) 

[La(L)(H2O)6]2+ 2.47 2.67 2.60 2.70 - 

[La(L)(NO3)(H2O)5]+ 2.50 2.68 2.56 2.72 2.77 

La(L)(NO3)2(H2O)4 2.50 2.69 2.59 2.69 2.69 

[La(L)2(H2O)3]+ 2.53, 2.48 2.73, 2.69 2.61, 2.65 2.78 - 

La(L)2(NO3)(H2O)2 2.51, 2.53 2.74, 2.71 2.66, 2.64 2.85 2.68 

La(L)3 † 
2.53, 2.52, 

2.52 

2.71, 

2.70,2.71 

2.61, 2.62, 

2.61 
- - 
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Thermodynamics of Extraction 

Table D11. Energy and Gibbs free energy of reaction (ΔEaq/IL, ΔGaq/IL) in for the solvation of aqueous 

La-DMOGAA complexes and for the proposed extraction mechanisms (all results in kJ.mol-1). Reaction 

mechanism No. are those identified in Table 7.12 of the paper. 

 

No. ΔE (kJ.mol-1) ΔG (kJ.mol-1) ΔH (kJ.mol-1) TΔS (kJ.mol-1) 

(43a) -14 -10 -16 -5 

(43b) -18 -8 -18 -10 

(43c) -3 3 -3 -6 

(43d) 37 50 38 -12 

(43e) -19 -8 -18 -11 

(43f) 6 12 6 -6 

(43g) 2 18 -1 -19 

(44a) -113 -163 -117 47 

(44b) 4 -138 -10 128 

(44c) -18 -91 -24 67 

(44d) 18 27 17 -9 

(45a) -72 -127 -77 51 

(45b) -56 -167 -67 100 

(45c) -19 -135 -30 105 

(45d) -14 -115 -23 91 

(45e) -25 -57 -42 16 

(45f) 10 15 8 -7 

(46a) -2 -64 -6 58 

(46b) -5 -114 -16 99 

(46c) 32 -82 21 103 

(46d) 12 -154 -6 149 

(46e) 85 -90 67 158 
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APPENDIX E – Chapter 8 and 9 Supplementary Information 

Chapter 8 

 

Figure E1. The luminescent lifetime of the sample at 612 nm emission for 20 ms after excitation at 254 

nm. Upper right: Fitting of the experimental decay data to monoexponential decay model 

 

Chapter 9 

Optimisation of PCB leaching using [Hmim][HSO4] 

Table E1. Infrared frequencies of the spectra presented in Figure 9.6 in the range of 4000 to 600 cm−1 

(ν, δ= stretching and bending modes, ‘as’ = asymmetric, ‘s’ = symmetric; vs = very strong, s = strong, 

m = medium, w = weak, br = broad, sh = shoulder) 

Observed wavenumber / 

intensity 
Band assignment  

3145 m νas (H-C=C-H) 

3076 w H-bonding interaction 

2966 w νs (N-CH3) 

2868 m, br νs (CH3)  

1743 w/m νs (C=O) 

1585 s νs (C=C) 

1552 s δ (N-H) 

1454 m νs (C−N) 

1282 w, sh νas (S-O) (ν3 (SO4
2-)) 

1220 w, sh νas (S-O) (ν3 (SO4
2-)) 

1153 vs, br νas (S-O) (ν3 (SO4
2-)) 

1086 w δ (H-O-S)  

1012 vs νs (S-O) (ν1 (SO4
2-)), νs (C-N) 

833 vs, br δ (C-N) ([Hmim]+ deformation) 
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754 s νs (S–OH) 

623 s δ (C-H) ([Hmim]+ deformation out-of-plane) 

602 s δas (S-O) (ν4 (SO4
2-))  

 

Cu speciation, influence of [Hmim]+ chemical stability and initial Cu concentration 

The initial Cu concentration as well as the presence (or absence) of H2O2 has an important 

impact on the chemical stability of [Hmim][HSO4]. As can be observed from Figure E2, aqueous 

[Hmim][HSO4] solutions in the presence of hydrogen peroxide change colour with increasing Cu 

concentration from blue, indicative of octahedral CuSO4 hydrate, to green at initial concentrations of 

12.5 mg.mL-1 most likely due to partial dehydration of the copper complex and a change in its geometry 

to a planar configuration. Finally a dark red/brown solution is obtained at concentrations greater than 

or equal to 15 mg.mL-1. This change in colour does not occur in [C4mim][HSO4] system suggesting the 

importance of 1-methylimidazolium cation in this process. In the absence of H2O2 the solution turns 

yellow upon Cu loading after 7 days digestion with bubbled O2.  

 

 

Figure E2. [Hmim][HSO4] solutions at various initial Cu concentrations a) pure [Hmim][HSO4], b) 10 

mg.mL-1 in the absence of H2O2, c) 10 mg.mL-1 in the presence of H2O2 and 20 mg.mL-1 in the presence 

of H2O2 

To determine if the change in colour coincides with a change in the Cu complex with 

concentration, solution of [Hmim][HSO4] containing 5 mg.mL-1 and 25 mg.mL-1 of Cu were 

investigated by UV-VIS and the results are presented in Figure E3. All four UV-VIS spectra have a 

peak at 211 nm (1) characteristic of CuSO4. However, the three spectra of Cu in [Hmim][HSO4] are is 

lacking the band due to d-d (d9) transition at ~800 nm (8) found in distorted octahedral complexes of 

copper (II) such as CuSO4.5H2O (Lever, 1984) which suggests that the copper complexes in 

[Hmim][HSO4] solution differ to those obtained in aqueous solutions. 
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Figure E3. UV absorption spectrum a solution of CuSO4 and [Hmim][HSO4] containing two different 

Cu concentrations 5 mg.mL-1 (×15 dilution) in the presence and absence of H2O2 and 25 mg.mL-1 (×70 

dilution) in the presence of H2O2 

 

The UV-VIS spectrum of [Hmim][HSO4] containing 5 mg.mL-1 of copper in the presence of 

H2O2 only possesses peak (1). In contrast the UV-VIS spectrum of [Hmim][HSO4] containing 25 

mg.mL-1 of copper in the presence of H2O2 reveals the emergence one clear peak at 457 nm (6) and 

three broad shoulder peaks at 325 nm (2) , 432 nm (5) and 511 nm (7). The spectrum of [Hmim][HSO4] 

aqueous solution containing 5 mg.mL-1 in the absence of H2O2 also shows one broad peak at 330 nm 

(2), two smaller peaks at 386 nm (3) and 404 nm (4) and a final broad shoulder peak at 450 (6’). Because 

of the extensive research performed on copper complexes, there exists a large amount of spectroscopic 

information available in the literature making it impossible to establish the nature of the complex 

through electronic spectroscopic analysis alone. The absorption peaks in the region of 325, 432 and 457 

nm have previously been recorded for CuO and Cu2O nanoparticle suspensions (Chen et al., 2007; 

Zhang et al., 2008, Yu et al., 2009). However, because of the absence of a band between 500-600 nm, 

indicative of surface plasmon resonance of copper nanoparticles, this explanation can be dismissed. 

Instead, the peak at 325 nm is tentatively ascribed to band II (Dubicki, 1972; Lever, 1984), a ligand-to-

metal charge transfer transition indicative of dinuclear copper(II) complexes. The peak at 386 nm is 

also assigned to a charge transfer transition (Roy et al., 2009). The peaks between 432 and 511 nm are 

assigned to oxo-bridged binuclear copper complexes due to the appearance of ligand-to-metal charge 

transfer band characteristic of Me-O-Me bridge (Lever, 1984). These new peaks with increasing Cu 

concentration (in the presence of H2O2) may indicate the existence of Cu–hydroperoxo or Cu–peroxo 

species in solution (Kitajima, Moro-oka, 1994; Jung et al., 1996; Roy et al., 2009). Figure E3 shows the 

difference in [Hmim][HSO4]-Cu complex formation with and without H2O2 through the disappearance 

of peak (3) and (4), the increased intensity of peak (6) and the emergence of peaks (5) and (7).  
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Leaching kinetics of Cu, Zn, Sn, Al and Pb in [Hmim][HSO4] 

 

Figure E4. Arrhenius plot for Zn, Cu, Pb, Al, and Sn dissolution in 40 vol.% [Hmim][HSO4], 40 vol.% 

H2O and 20 vol.% H2O2 solution 
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Electrochemical measurements  

 

Figure E5. Fitting of chronoamperometric experimental data to Cottrell’s equation. Experimental data 

obtained following a potential step from 0 to -0.5V versus Ag wire quasireference electrode.  

 

Electro-deposition of Cu from optimised PCB leach solution 

 

Figure E6. Representative picture of the copper deposits on stainless steel 316 cathode (A) from 1.1:1 

wt.% [Hmim][HSO4]:H2O PCB leach solution at (B) 4.2 mA, (C) 8.4 mA and (D) 16.8 mA current 

densities. 

 

 



Nicolas Schaeffer PhD Thesis  Appendix E 

320 

 

 

Figure E7. XRD patterns of copper films obtained from 1.1:1 wt.% [Hmim][HSO4]:H2O PCB leach 

solution at different current densities (A) 4.2 mA, (B) 8.4 mA and (C) 16.8 mA for 1 hr. 
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APPENDIX F – Chapter 10 Supplementary Information 

Table F1. Infrared frequencies of the spectra presented in the range of 4000 to 550 cm−1 (ν, δ, ρ= 

stretching, bending and rocking modes, ‘as’ = asymmetric, ‘s’ = symmetric; vs = very strong, s = strong, 

m = medium, w = weak, br = broad, sh = shoulder) 

Observed wavenumber / 

intensity 

Band assignment (virgin 

Cyphos 101) (1) 

Band assignment (dried 

Cyphos 101 after SX) (2) 

2954 s νs (CH3) νs (CH3) 

2920 vs νas (CH2) νas (CH2) 

2852 vs νs (CH2) νs (CH2) 

1465 s δas (CH3); δas (CH2) δas (CH3); δas (CH2) 

1458 s ν (P-C) ν (P-C) 

1415 w δas (CH2) δas (CH2) 

1377 m1; sh, w 2 δs (CH3) δs (CH3) 

1336 s, br - δ (S-OH) 

1302 w Twist/Wag (CH2) - 

1215 w δ (C-H) δ (C-H) 

1163 m - νas (SO3) 

1111 m ν (P-C) ν (P-C) 

1059 w - ν3 (SO4
2-) 

1043 w - νs (SO3) 

1003 sh, w ν (P-C) ν (P-C) 

988 m, br δ (C-H) δ (C-H) 

829 m, br - ν (S-OH) 

812 m, br1; sh, w2 ν (C-C); δ (C-H) ν (C-C); δ (C-H) 

719 s δ (P-C); ρ (CH2) δ (P-C); ρ (CH2) 

584 m - ν4 (SO4
2-) 

 

 

Figure F1. UV-Vis analysis of Cyphos 101 before and after SX 
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Figure F2. H-NMR spectrum of [Hmim][HSO4] in 0.88M Cyphos 101in hexane after SX using a mock  

leach solution of 0.25 M Zn 1:1 vol. [Hmim][HSO4]-H2O  

 

 

Figure F3. H-NMR spectrum of [Hmim][HCl] in undiluted Cyphos 101after SX using a mock  leach 

solution of 0.25 M Zn 1:1 vol. [Hmim][HCl]-H2O  


