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Abstract 

Waste electrical and electronic equipment (WEEE) is one of the fastest growing solid waste 

streams worldwide and, if not treated properly, presents serious health and environmental issues as 

well as extensive loss of strategic metals. The dramatic increase in the consumption of raw materials 

over recent decades to meet consumer demand has led to an imbalance in supply and demand, and a 

potential threat to the continued supply of critical metals. WEEE is a resource-rich source with many 

of the metals embedded in its composition listed as critical by the European Commission; extraction 

of these metals from WEEE, to mitigate their threat to supply, is imperative.    

Using end-of-life mobile phones (EoL-MPs), fast-moving consumer electronics, representative 

of the value embedded in WEEE, as a case study, a full characterisation of metallic and non-metallic 

fractions within a mobile phone confirms the presence of up to 71 elements, with many of the 

strategic and critical metals found in higher concentrations than in their natural ores. Exploiting the 

unique properties of ionic liquids (ILs), chosen for their selectivity as potential extractants, 

[Bmim]HSO4 for copper, Cyphos 101 for gold, Cyphos 101 and Aliquat 336 for indium, and [Hbet][Tf2N] 

for REEs, processes were developed using model test systems to determine optimal parameters to 

achieve recovery. These developed processes were then applied to treat as-received 

multigenerational EoL-MP components (printed circuit boards, screens, speakers, etc.), with metals of 

almost 99% purity recovered, for conversion to products of commercial value.  Moreover, the benefit 

of recycling the ILs as extractants multiple times, without impacting their integrity or efficiency, is 

realised. 

This research demonstrates the potential to unlock value from this waste stream that can be 

exploited in other WEEE streams, as a step towards balancing the criticality of supply and demand of 

metals that are under threat.  
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1 Introduction 

1.1 Background 

Over the three past decades, the production of electrical and electronic equipment (EEE) has 

been one of the fastest growing markets in the world due to the rapid technological developments, 

lower prices, and global markets growth [1, 2]. The consumption of EEE was approximately 19.5 Mt in 

the nineties which almost doubled in 2000 (34 Mt), trebled in 2010 (57.4 Mt) and quadrupled by 2016 

(76.1 Mt) [1, 3]; and with the rapid increase in consumption of EEE there is an inevitable increase in 

waste electrical and electronic equipment (WEEE). In fact, WEEE is one of the fastest growing waste 

streams throughout the world with an annual growth rate between 3% and 5% [2, 4]. The global WEEE 

generation estimation in 2014 was 44.4 Mt, increasing up to 53.6 Mt in 2019, and it was estimated to 

reach 74.7 Mt in 2030, growing at a rate of almost 2 Mt per year [5]. Moreover, WEEE represents a 

serious problem to human health and the environment;  problems that arise because EEE contains a 

large number of hazardous substances, including heavy metals such as lead, cadmium, arsenic, 

chromium, and mercury, flame-retardants, dioxin, and furans [6-8], and from poor waste 

management, handling and disposal of EEE at end of life [9-11]. The impact on  human health has been 

linked to brain and liver damage, cancer, adverse effects on hormonal, immune, reproductive, nervous 

and endocrine systems [12]. The environmental risks associated with WEEE are due to the liberation 

of toxic substances, which can contaminate the soil, water, and the atmosphere, mostly through metal 

leaching [6-10]. 

 

WEEE generation has a strong correlation with the gross domestic product (GDP) and 

therefore, higher income countries generate more WEEE per capita. The exponential increase in WEEE 

generation is particularly prevalent in countries with developed economies such as the UK, USA, 

Australia, for example. In the European Union (EU-28), it was estimated that WEEE generation 

increased 12% between 2013 and 2020. China plays a crucial role in the EEE industry and WEEE 

generation, with nearly 20% of the total WEEE generated in 2020, which was an increase of 98% of 

WEEE generation in 2020 compared to 2013. In other developing economies such as India, Brazil and 

Russia a marked increase is WEEE generation is also projected in the following years [13]. 

 

To address this serious and growing problem, the European Union (EU) has produced 

environmental legislation and policies for each EU member state that sets firm targets for the 

collection, reuse, and recycling of WEEE, which started with a collection target of 45% in 2016 with an 
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increase to 65% in 2019. These legislation and policy instruments also restrict the use of certain 

hazardous substances such as heavy metals, flame-retardants, among other substances in EEE goods 

[14, 15]. Additionally, material dependence and scarcity has also been identified as a grave problem 

for the EU, identifying 30 materials as critical by the European Commission (EC) [16, 17], several of 

these critical materials are found in WEEE. 

 

Apart from the environmental issues with WEEE, another major problem is that WEEE is a 

complex and heterogeneous combination of materials, and its composition depends largely on the 

type, manufacturer, and age of the equipment [7, 13]. In general, the major mass fractions of WEEE 

are metals (40%), plastics (30%), and refractory oxides (30%) [18]. A simple individual item may contain 

up to 70 elements including trace amounts of strategically/economically important materials such as 

rare earth elements (REEs), indium, platinum group metals, among others [7, 19]. The majority of 

metals in WEEE are found at higher concentrations than in their respective ores, making WEEE a 

potentially significant secondary material resource [20]. It has been reported that the content of 

metals in printed circuit boards (PCBs) are at least 10 times higher than in their natural ores, which 

has stimulated the motivation to recycle metals from end-of-life EEE, especially from PCBs which  are 

regarded as the most valuable component in WEEE [12, 20-22]. Taking gold as an example, it is normal 

to mine approximately 3 grams of gold per tonne of its ore (3 ppm), whilst the concentration of gold 

in PCBs is found to be between 300 ppm and 1000 ppm, i.e. over 100-300 times higher than in its 

natural ore [23]. Furthermore a benchmarking study, conducted for aluminium, copper, ferrous, lead, 

nickel, tin and zinc, applied to the energy requirement and CO2e consumption for the production of 

primary and secondary metals demonstrated the environmental benefits of recycling with a total 

annual savings in CO2 calculated at approximately 500Mt CO2 [24]. A follow-up study in 2016 using a 

more detailed and refined methodology that benefitted from industry-acquired data concluded that 

for just the three metals, aluminium, ferrous and copper, savings in CO2 emissions are considerably 

greater at 572Mt CO2 per annum [25]. 

 

In 2019, approximately only 17% of global WEEE was formally collected and recycled [5]. In 

the EU, around 25-40% of WEEE is treated and the rest is discarded into landfill or exported to low 

income countries [26]. In these countries, most of the WEEE is handled and treated in the informal 

recycling system, which results in severe environment problems and material loss. The low rates of 

recycling are principally due to inefficient collection, technological difficulties and lack of incentives 

[27]. Recent work by Vaccari and co-workers [28] reported the development of a scenario-based 

framework - E-Waste Integrated Assessment Scheme (EWIAS) - to improve the management of WEEE 
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in Agbogbloshie in Ghana. The tool permitted the evaluation of key economic, social, and 

environmental factors facing workers managing WEEE, and from the results the authors proposed the 

best solution was the evolution from informal to formal management with the introduction of 

important measures, including improved personal protective equipment, introduction of 

refurbishment activities and the sale of components on the second-hand market.   

 

WEEE comprises complex composites containing a heterogeneous mix of materials, is a 

resource-rich source of valuable metals and materials, and, albeit a major challenge, offers the 

potential for recovery of some critical and strategic materials. The work described in this thesis 

therefore seeks to address this challenge and unlock this value through the development of novel, 

efficient and integrated recycling processes, focussed on end-of-life mobile phones, to recover value, 

(primarily in the form of strategic metals or their derivatives) and minimise the environmental impacts 

and health risks through the safe reuse of resources embedded in WEEE. 
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1.2 Aims and Objectives 

The aim of this research is to develop methods to extract key value strategic materials from 

Waste Electrical and Electronic Equipment (WEEE) using End-of-Life (EoL) mobile phones as a case 

study example, for conversion to products of commercial value and to minimise the environmental 

impact of waste through the safe reuse of resources contained in WEEE. 

 
The specific objectives are to: 

 

• Conduct a comprehensive characterisation of EoL mobile phone components to determine 

the metal and non-metal fractions. 

• Identify task-specific ionic liquids as potential extractants that can selectively solubilise target 

metals. 

• Develop optimised methods for recovery of target metals present in the key components of 

EoL mobile phones using Model Test Systems. 

• Develop, where appropriate, optimised pre-treatment methods to facilitate ionic liquid 

extraction of the target metal from real samples. 

• Apply the optimised processes to sample pre-treatment and recovery of target metals from 

real samples of as-received e-waste, as pure materials, and fractions of commercial value. 

• Demonstrate the successful reuse of ionic liquids and reagents through multiple cycles to 

conserve reagent use and minimise energy consumption. 
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1.3 Scope of Thesis 

Following this brief introduction which sets out the rationale for the research, the overall aim 

and the specific objectives set to meet this aim, a review of the literature presented in Chapter 2 

provides an overview on WEEE, its classifications, with a brief discussion on mobile phones as a fast-

moving consumer electronic generating extensive e-waste, and the subject of the current research, 

legislation and policies, methods of recycle and recovery, including the potential for ionic liquids as 

greener solvents and a discussion on the target metals for recovery in the context of the EU critical 

metals list. The main body of the research, illustrated in the schematic Figure 1.1, is set out in five 

chapters with the first of these (Chapter 3) providing a comprehensive characterisation of the metallic 

and non-metallic fractions of multigenerational end-of-life mobile phones and the determination of 

the sources of the key strategic metals within the mobile phone components.  The focus of the next 

four chapters (Chapters 4-7) is then on the development of processes to recover these strategic metals 

from key components in EoL mobile phones. To develop optimised methods for extraction and 

recovery of each of the target metal from real mobile phone samples (mobile phone components), 

process development steps are performed using a Model Test System before applying the optimised 

conditions for extraction and recovery to real samples derived from EoL mobiles phones and related 

e-waste components.  The methods developed for the recovery of copper from printed circuit boards 

(PCBs) is described in Chapter 4, and for gold in Chapter 5; the recovery of indium from liquid crystal 

display screens is reported in Chapter 6 and the recovery of rare earth metals as metal and as oxide 

from speakers is reported in Chapter 7. Chapter 8 summarises the key findings of the study and 

recommendations for future work are proposed. 
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Figure 1.1: Schematic diagram of the thesis structure and relationship between the sections of work 
performed. 



7 

 

2 Literature Review 

A review of the literature presented in this chapter discusses key aspects of relevance to the 

research presented in this thesis providing an overview of WEEE, its classifications, global trends, its 

composition, and a brief discussion on end-of-life mobile phones. A summary of the policies and 

legislative instruments guiding waste management (and related to WEEE) follows. The importance of 

securing critical raw materials embedded in electronic products, to set the context of the current 

research is emphasised before describing the methods used for recovery of metals, and the potential 

for exploiting the unique properties of ionic liquids as extractants is described. At the start of each 

research chapter there is a literature review to serve as background of relevance to the target metal 

under study. 

2.1 An overview of Waste Electrical and Electronic Equipment  

The rapid development and advancement in material science, manufacturing, efficiency 

processes, among other technologies have created global markets with fast diffusion of technology to 

consumers. In addition, advancements in information and telecommunication technologies have 

facilitated the consumption of these technologies globally, making possible the development of novel 

markets for new products at scales larger than ever seen before. Proliferation of products, distribution 

to global markets, and market penetration combined with cheaper prices and affordability have 

generated an escalation of disposable products, creating enormous environmental challenges for 

managing these streams of waste. This has been also intensified during the last 50 years, where the 

world population has doubled, and now at approximately 7.8 billion people in 2021. As a result of 

increasing population, growing urbanization, increasing life expectancy, and economic development 

over the last decades, the demand for electrical and electronic equipment (EEE) such as mobile 

phones, computers, TV-sets, sound systems, refrigerators, printers, radios, washing machines, etc. has 

escalated drastically [8, 29]. The global estimation market of EEE has risen from 19.5 million tons (Mt) 

in 1990 to 76.1 Mt in 2015 [1, 3], with an average annual growth of 2.5 Mt [5], estimating that 

approximately 113.6 Mt of EEE will be produced in 2030. This increase in EEE production and 

consumption generates, at their end-of-life, enormous amounts of waste electrical and electronic 

equipment (WEEE), which is used interchangeably with the term ‘e-waste’, although ‘e’ stands for 

electronic and does not cover electrical; the term, WEEE, however, is mostly used in the UK and 

Europe. The European Union (EU) classified WEEE in the first WEEE Directive (2002/96/EC) [30] into 

ten categories and in the later Directive (2012/96/EC) [31], reclassified them to six categories which is 

a broader classification and is more globally adopted in other countries [32]. The United Nation 
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University (UNU) further divides EEE into 54 different product-centric categories, using different 

factors including size and weight, functionality and composition, and refers to this categorisation as 

the UNU-KEYS, (aligning these to the six EU categories), as reported by Forti et al. [5]. Table 2.1 sets 

out the WEEE classification defined by the EU under the WEEE Directive (2012/96/EC), a list of six 

categories which replaced the previous ten. The new six category of WEEE classification became 

effective on 15 August 2018 [15].  

 

Table 2.1: Classification of WEEE according to the European WEEE Directive (2012/19/EC) [31]. 

No. Category Examples 

1 Temperature exchange equipment 
Refrigerators, freezers, air 

conditioning equipment, radiators 

2 

Screens, monitors, and equipment 

containing screens having a surface 

greater than 100 cm2 

Screens, televisions, LCD photo 

frames, monitors, laptops, 

notebooks 

3 Lamps 
Fluorescent lamps, LED lamps, high 

intensity discharge lamps 

4 
Large equipment (any external dimension 

more than 50 cm) 

Washing machines, clothes dryers, 

dish washing machines, cookers, 

electric stoves 

5 
Small equipment (no external dimension 

more than 50 cm) 

Vacuum cleaners, luminaires, 

microwaves, irons, toasters, electric 

knives, electric kettles 

6 

Small IT and telecommunication 

equipment (no external dimension more 

than 50 cm) 

Mobile phones, telephones, GPS, 

pocket calculators, routers, printers, 

personal computers 
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2.1.1 Global WEEE generation and trends 

The global WEEE generation has increased rapidly in the last decades, as a consequence of the 

considerable higher consumption rates of EEE, short life cycles, and few repair options, from 37.3 Mt 

in 2012 to 50 Mt in 2018 [8, 33], and it was projected to reach 74.7 Mt by 2030 [5], which is an increase 

of over 50% in less than 20 years. Furthermore, WEEE is the fastest growing solid waste stream 

throughout the world with an annual growth rate of 3- 5% [7, 19, 34]. An overview of EEE put on the 

market, WEEE generation, and their estimation in 2020 of some representative low and high-income 

countries is presented in Table 2.2. It can be observed that the considerable increase in WEEE 

generation is particularly prevalent in countries with high-income economies, in which EEE markets 

are saturated. In fact, it has been shown that there is a strong correlation between the gross domestic 

product (GDP) and WEEE generation, where the economic development of a country is proportional 

to the amount of WEEE generated per person [13].  

 

Table 2.2: Global growth of EEE and WEEE [9]. 

Country 
EEE put on market 

in 2012 (Mt) 

Estimated WEEE 

in 2013 (Mt) 

Estimated WEEE 

in 2020 (Mt) 

Increase between 

2013 and 2020 

EU-28 9,800 10,205 11,430 12% 

United States 9,350 9,359 10,050 7% 

China 12,405 6,033 12,066 98% 

Japan 3,300 3,022 3,200 5% 

India 3,026 2,751 6,755 145% 

Germany 1,752 1,696 1,974 16% 

Russia 1,599 1,556 2,000 28% 

Brazil 1,850 1,530 1,850 20% 

France 1,520 1,224 1,625 32% 

Italy 1,124 1,154 1,343 16% 

Korea 959 961.3 1,050 9% 

Turkey 726 661 800 21% 

Netherlands 432 394 421 6% 

Romania 217 157 227 44% 

Norway 175 127 136 7% 
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Figure 2.1 shows the WEEE generated by continent in 2019, where Asia generated the highest 

quantity of WEEE with 24.9 Mt, followed by Americas (13.1 Mt), Europe (12 Mt), Africa (2.9 Mt) and 

Oceania (0.7 Mt). In terms of WEEE- generated per capita (Figure 2.1b), Europe ranked first with 16.2 

Kg per capita, closely followed by Oceania with 16.1 Kg per capita. The Americas, Asia and Africa 

generated 13.3, 5.6, and 2.5 kg per capita, respectively [5]. A summary of global generation figures 

per country in 2019 is presented in Figure 2.2. From the list of countries presented, United Kingdom 

was the country with the highest generation of WEEE per capita in 2019 with 23.9 kg, followed by 

Switzerland, Australia, U.S.A., and Japan with 23.4 kg, 21.7 kg, 21.0 kg, and 20.4 kg, respectively. The 

countries with the highest WEEE generation per capita are mostly high-income countries, confirming 

that the increase in WEEE generation is particularly prevalent in countries with developed economies. 

WEEE in developed countries makes up to 8% of the municipal waste by weight, with an increasing 

trend [35]. It is acknowledged that WEEE generation estimates are difficult to determine on a global 

level as estimates can vary markedly due to the information available from region to region and the 

diversity of methods used to quantify the volumes generated. Nevertheless, there is a clear and 

undeniable upward trend in WEEE generation through the years, with a marked increase in the last 

decades. 

 

 

Figure 2.1: WEEE generated in 2019; (a) per continent, and (b) per capita. Data obtained from the 
UNU [5]. 
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Figure 2.2: Summary of global WEEE generation in 2019 (kg/person/year) [32]. 
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2.1.2 An overview of End-of-Life (EoL) mobile phones 

Alexander Graham Bell invented the telephone in 1876 which for first time enabled voice 

transmission, and from this point developments in telephony led to radio links in handheld radio 

transceivers during the World War II, and with mobile telephony pioneered by Bell Labs in the late 

1940s deployed in phones installed in cars and other vehicles.  In 1973 Dr Martin Cooper, a former 

general manager for the systems division at Motorola, developed the first handheld mobile phone, 

with advances in mobile telephony, permitting both voice and data transmission, since then 

progressing through successive generations from 0G to 5G in 2019. DynaTAC 8000x was the first 

commercially available cellular phone small enough to be easily carried, manufactured by Motorola 

Inc. This handset with dimensions of 33 x 4.45 x 8.9 cm weighed 0.8 kg, a full charge took roughly 10 

hours, and it offered 30 minutes of talk time. Before the DynaTAC 8000x, mobile phones were so large 

and heavy, usually more than 4 kg, that were usually installed in vehicles [36]. 

Nowadays, a typical mobile phone weighs approximately 150 grams, is presented in a range 

of dimensions (depending on its use) and style in response to consumer preferences. The phone is 

powered by a small battery that can last several hours and can be charged in 2-3 hours  [36, 37]. The 

lifespan of a mobile phone has been drastically reduced from an average of 5 years in the nineties to 

less than 2-3 years, mostly because of the fast evolution of technology supported by marketing and 

promotion campaigns [37, 38]. In high-income countries, the lifetime of mobile phones is even shorter. 

A Statista survey conducted in the United Kingdom in 2017 on mobile phones showed that 36% of 

mobile phone owners use them for 1-2 years, whereas 27% only use them for 6-12 months, and 19% 

for less than 6 months. In addition, in the UK, there was a forecast that 16% of households owned a 

mobile phone in 1996 and in 2017 this percentage increased significantly to 95%. The same survey 

conducted in the United States showed similar results; 30% of respondents said that they use a mobile 

phone for 1-2 years, 30% use them for 6-12 months and 19% for less than 6 months [39]. In China, 

which is the largest producer of mobile phones accounting for about 86% of the global production in 

2014, show the lifespans of mobile phones to be 10% less than 1 year, 40% less than 2 years, 30% 

between 2-3 years and 20% more than 3 years [38]. Therefore, at least 50% of the mobile phone 

owners use them for less than 2 years, despite the technical lifespan of a mobile phone being I almost 

10 years [40]. Furthermore, the majority of mobile phone users reject refurbished handset phones 

mostly as a consequence of a negative trade-off between perceived risks and benefits [41]. It is 

important to note that as the mobile phone’s lifetime is being reduced, this model of consumption 

creates an unnecessary carbon footprint and hazardous waste, contributing to environmental 

pollution and global warming as well as the loss of valuable resources. The number of subscriptions of 



13 

 

mobile phones has drastically increased from 34 million in the year 1993 to more than 8 billion 

worldwide in 2019, as shown in Figure 2.3; a figure reported in 2021 to have reached 8.6 billion [39], 

which is close to the prediction made by the International Telecommunication Union’s (ITU) in 2015 

in estimating  that there would be more than 9 billion mobile phone subscriptions globally by the end 

of 2020, with a population-wise penetration rate of 97% [37]. Statistics on the number of mobile 

phone users in the world were estimated to exceed 5 billion in 2019. In China and India, alone the 

value was reported to have reached approximately 1.5 and 1.1 billion mobile connections in 2019, 

respectively, leading the mobile phone users [39].  

 

 

Figure 2.3: Number of mobile subscriptions worldwide from 1993 to 2017 (in millions). Data obtained 

from Statista. 

 

 Despite the benefits of mobile phones enabling communication with family, friends, and 

business, they also have environmental impacts associated with their use. The production of new 

mobile phones contributes to climate change by using large amount of virgin materials and energy in 

their processes, consequently releasing greenhouse gases into the atmosphere. The United Nations 

Environment Programme (UNEP) estimated that the manufacture of a mobile phone produces about 

60 kg of CO2e and that using a mobile phone for a year produces about 122 kg of CO2e on average. The 
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use of a mobile phone includes base station, administration, transport, etc. [42]. While the carbon 

footprint of a mobile phone use is largely determined by the extent of use, a year's typical usage of 

just under 2 minutes per day has a greenhouse gas emission of 47 kg of CO2e, while a year's usage at 

1 hour per day is equivalent to 1,250 kg of CO2e. This is due to the high-energy consumption of calls 

with an average of 0.5 kWh, which is even higher than the consumption of a washing machine (0.43 

kWh) [41, 43]. The effect of mobile phones CO2e emissions was estimated to reach 55 million metric 

tons in 2020 [41]. 

In terms of energy consumption, it was determined that over a mobile phone life cycle, 

manufacturing accounts for approximately 50% of the total energy consumption with an overall 

estimation of 175 MJ/unit. The manufacturing process can be separated in four steps: raw material 

extraction and processing, component manufacturing, mobile phone assembly, and packaging and 

transportation. The high demand of energy in the manufacturing process of mobile phones is mostly 

due to the component manufacturing (120 MJ), following by packaging and transportation (30 MJ), 

and raw material extraction and processing (23 MJ). Figure 2.4 provides an estimate of the total energy 

consumption of a mobile phone cycle, where usage (64.8 MJ) and network (66 MJ) represent 

approximately 37% of the total energy consumption of a mobile phone’s life cycle [44]. Both usage 

and network are based in a lifetime of 2 years. The growth and development of the mobile phone 

market and network has led to an increase in the demand for energy, with an inevitable impact on the 

environment. 

 

Figure 2.4: Energy consumption of mobile phones during their life cycle [44]. 
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2.1.3 Composition of WEEE 

WEEE is a complex and heterogeneous mix of material, and its composition depends largely 

on the type, manufacturer, and age of the equipment, which can contain many organic and inorganic 

substances [7, 13]. The major mass fractions are bulk metals (aluminium, copper and ferrous) and 

plastics (polyethylene, polypropylene, polyesters, and polycarbonates). Table 2.3 presents the 

material composition for each of the 10 categories of WEEE.  Although the categories of WEEE have 

been refined from 10 to 6 effective 15th August 2018, some equipment is split across one or more of 

these new categories.  To account for the inexact representation of equipment therefore across the 

categories the most complete characterization of WEEE is that obtained across all 10 categories. The 

category “11” reported in the table was defined by the authors as detached components, single parts 

and products which could not fit into the other 10 listed categories [45]. Plastics account for nearly 

40% of the total weight of the WEEE, followed by electronic components and ferrous metals with 26 

%w/w and 16 %w/w, respectively. This WEEE composition is only a representation since the 

composition of WEEE can vary due to the category of WEEE, the production year, the producers, the 

laws at the time of production, among other factors. 

 

Table 2.3: Material composition for each category of the WEEE (% w/w) [45]. 

Material 

fraction 
EEE Category 

 
1 2 3 4 5 6 7 8 9 10 “11” Average 

Ferrous metals 51.60 8.99 25.27 12.04 10.40 13.32 2.50 7.42 0.27 – 27.92 15.97 

Non-ferrous 

metals 
2.89 8.22 0.09 1.08 – 2.69 0.23 8.12 – – 0.70 3.01 

Plastics 9.85 40.70 27.49 28.17 24.19 9.18 83.60 29.27 76.62 69.48 34.26 39.35 

Rubber 0.05 0.69 0.79 0.54 – 0.21 1.12 3.25 0.22 – 0.43 0.81 

Cables 3.00 7.55 3.34 2.80 0.77 7.02 2.26 – 0.46 8.50 6.54 4.22 

PWBs* 0.08 0.52 10.17 6.77 – 0.92 3.84 – 22.44 4.33 0.72 5.53 

Electronic 

components 
28.16 18.41 4.45 38.48 64.64 66.11 3.92 20.09 – 1.48 13.78 25.95 

“Bonded” 

materials 
4.35 11.77 11.09 5.28 – 0.53 0.004 – – 15.32 7.29 6.95 

Various – 2.53 14.03 3.00 – 0.04 1.91 31.84 – – 3.33 8.10 

Batteries – 0.49 2.63 1.74 – – 0.53 – – 0.33 5.04 1.79 

LCDs – 0.12 0.64 0.08 – – 0.09 – – 0.56 – 0.30 
*: PWBs stands for printed wiring boards, which in this research printed board circuits (PCBs) is used. 
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The most valuable component of WEEE is found in the metals fraction, especially in the non-

ferrous fraction. A simple individual item may contain up to 60 elements including trace amounts of 

strategically/economically important materials such as rare earth elements (REEs), indium, precious 

metals (rhenium, ruthenium, rhodium, iridium, osmium, palladium, gold, and silver), among others [7, 

19]. As the focus of the research described in this thesis is on IT and telecommunication equipment, 

category 3 in the old classification and category 6 in the new WEEE category, Table 2.4 lists the metal 

content of printed circuit boards of mobile phones and computers. Printed circuit boards (PCBs) are 

boards that are used as the base in most electronics, which act as a physical support piece and as the 

wiring area for the surface, where components are mounted and socketed. PCBs are essential for all 

the IT and telecommunication equipment, and it is here that most of the metal value is found. Table 

2.4 shows that the most abundant metal is copper with a range of 29-49 %w/w, followed by the 

precious metals. In the literature, it has been reported that the content of metals in PCBs is much 

higher than that in their natural ores, with PCBs being at least 10 times richer in metals [12, 20-22]. 
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Table 2.4: Metal concentration in PCBs of mobile phones and computers. 

1: Concentration in PCB of mobile phones. 
2: Concentration in PCB of computers.

 D. fontana et al., 

20191 

[46] 

M.C.Vats & 

S.K.Singh, 20152  

[22] 

Angela C. Kasper et al., 

20111 

[47] 

William Hall J. and 

Paul Williams, 20081 

[48] 

Y. JunPark & D. 

J.Fray, 20082 

[49] 

Anjan Kumari 

et al., 20152 

[50] 

Jessica Hanafi 

et al., 20121 

[51] 

Metals/Units % w/w % w/w 
Brand A 

% w/w 

Brand B  

% w/w 

<600 µm 

mg/kg 

>600 µm 

mg/kg 
% w/w % w/w % w/w 

Copper  57.47 49.0 39.56 38.33 323,163 333,228 16.0 39.85 29.39 

Silver  0.15 1.5 0.06 0.06 4,125 8,118 0.1 - - 

Gold  0.12 0.1 0.06 0.1 28 18 0.03 - - 

Aluminium  0.77 5.5 0.31 0.99 18,333 14,949 5.0 - 40.85 

Iron  25.23 11.6 1.42 6.53 5,366 15,089 - 2.58 - 

Zinc  4.29 21.8 3.43 0.97 960 1,011 1.0 3.27 - 

Nickel  5.10 6.5 3.42 1.67 6,870 13,454 1.0 0.22 - 

Lead   0.85 1.9 1.17 1.26 2,495 1,405 2.0 0.05 - 

Tin  3.49 1.7 2.09 3.11 - - 3.0 - 3.99 

Indium  - - - - <5.6 <5.6 - - - 

Palladium  - Trace - - <5.6 <5.6 0.01 - - 

Others 

metals 
0.08 - - - - - - - - 
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2.1.4 Hazardous substances in WEEE 

WEEE contains many hazardous substances, including heavy metals such as mercury, 

cadmium, lead, among others, flame-retardants (e.g., pentabromophenol, polybrominated diphenyl 

ethers (PBDEs), tetrabromobisphenol-A (TBBPA), etc.) and other toxic substances. Due to the presence 

of these substances, WEEE is generally considered as a hazardous waste, which, if improperly 

managed, may pose significant human health and environmental risks [6-8]. The environmental risks 

associated with WEEE include pollution of the ground, acidification of soils, generation of toxic fume 

and gases after burning, fast accumulation in municipal disposal areas, liberation of carcinogenic 

substances into the air, etc. [6, 12]. Open dumping is the most common form of WEEE disposal in the 

most developing countries. Burial or landfill disposal allows heavy metals to be leached into the 

ground water or methane off-gassing. Combustion of organic substances in e-waste by incineration 

makes hazardous material airborne, generates ashes and heat. Leaching of the ashes may cause water 

and soil contamination. In addition, WEEE accounts for 40% of lead and 70% of heavy metals in landfills 

[6, 12, 52]. Table 2.5 lists some hazardous substances present in WEEE along with their possible 

adverse effects to the human health.   
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Table 2.5: Hazardous substances in WEEE [12]. 

Substances Occurrence in WEEE Possible adverse effects 

Lead (Pb) 

CRT screens, batteries, 

printed circuit boards 

(PCBs) 

Vomiting, diarrhoea, convulsions, coma or 

even death, appetite loss, abdominal pain, 

constipation, fatigue, sleeplessness, irritability 

and headache 

Mercury (Hg) 
Fluorescent lambs, some 

alkaline batteries, switches 
Brain and liver damage 

Chromium VI (Cr6) Data tapes, floppy-discs 
Irritating to eyes, skin and mucous membranes,  

damages on DNA 

Barium (Ba) Getters in CRT 
Brain swelling, muscle weakness, damage to 

the heart, liver and spleen 

Cadmium (Cd) 

NiCd batteries, fluorescent 

layer (CRT screens), printer 

inks and toners 

Symptoms of poisoning (weakness, fever, 

headache, chills, sweating and muscle pain), 

lung cancer and kidney damage 

Arsenic (As) 
Gallium arsenide in light 

emitting diodes (LED) 

Skin diseases, decrease nerve conduction 

velocity, lung cancer 

Americium (Am) Smoke detectors Radioactive element 

Antimony (Sb) Flame retardants in plastics Carcinogenic potential 

Chlorofluorocarbon 

(CFC) 

Cooling units, insulation 

foams 

Deleterious effect on the ozone layer, 

increased incidence of skin cancer and/or 

genetic damages 

Polychlorinated 

biphenyls (PCB) 
Condensers, transformers 

Cancer, effects on the immune systems, 

reproductive system, nervous system, 

endocrine system and other health effects 

PBDEs, PBBs Flame retardants in plastics 
Hormonal effects, under thermal treatment 

possible formation of dioxins and furans 
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2.2 Circular Economy, Policies, and Legislation in the Context of WEEE 

Management 

The current socioeconomic system is based on the fundamental characterisation established 

in the early days of industrialisation: a linear model of resource consumption that follows a ‘take-

make-dispose’ pattern. Under this concept, material flow in this process is understood as the 

conceptual logic of value creation in which only virgin material enters at the beginning of the value 

chain. This linear production model incurs unnecessary resource losses in several ways: raw material, 

production chain, end-of-life (EoL) waste, excessive energy use, erosion of ecosystems, among other 

[53, 54]. By contrast, a ‘circular economy’ (CE) aims to create a closed loop system where resources 

are conserved and brought back into the life cycle after being used [53, 55]. CE is concept that has 

many different definitions across academia, international organisations, businesses and non-

government bodies, with the most cited definition of CE in the literature being that provided by 

Charonis, in line with the Ellen Macarthur Foundation vision, as “an industrial system that is restorative 

or regenerative by intention and design” [56]. The concept and strategies to promote a CE are not 

new; the concept was first mentioned  in 1972, in the book “The Limits to Growth”, where the 

fundamental aspect of industrial ecology principles were developed  [57]. The CE system brings the 

idea of restoration and circularity in order to replace the traditional concept of EoL, shifting towards 

the use of renewable energy, eliminating the use of toxic substances, and aims for the elimination of 

waste through a superior design of material, products, systems and business models [53]. The linear 

and circular economies are illustrated in Figure 2.5. The CE is based in three principles:  designing out 

of waste, where products are designed and optimised for a cycle of disassembly and reuse; therefore, 

waste as a concept does not exist; building resilience through diversity, where modularity, versatility, 

and adaptivity need to be prioritised, aspects inspired by natural ecosystems as models; and use of 

renewable energy to decrease resource dependence and increase system resilience [3, 53, 58]. 

Another interesting point in the CE is the introduction of the differentiation between the terms, 

consumable and durable. Consumables in CE are made of biological ingredients or nutrients that are 

non-toxic, which can be returned to the biosphere, while durables are made of technical nutrients 

unsuitable for the biosphere, such as metals and most plastics [53]. The focus of the research 

presented in this thesis is on the recovery of materials from EoL mobile phones, which aligns with the 

principles of circular economy. 
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Figure 2.5: Linear economy vs circular economy. Diagram obtained from the Ellen Macarthur 
foundation. 

 

It has been estimated that eco-design, waste prevention and reuse can bring net savings to 

EU businesses of up to €600 billion, while at the same time reduce greenhouse gas emissions. 

Moreover, the additional measures to increase resource productivity by 30% by 2030 could boost the 

GDP by nearly 1% and create 2 million additional jobs within the EU countries. In the UK, it is has been 

estimated that a circular economy could help generate 50,000 new jobs and €12 billion of investment 

[59]. McKinsey’s study ‘Growth within: A circular economy vision for a competitive Europe’ concurs 

with this view that adopting circular economy principles could not only benefit Europe 

environmentally and socially but could also generate a net economic benefit of £1.8 trillion by 2030, 

a figure which would translate into a GDP increase of as much as seven percentage points [60]. 

Since prices and volatility are likely remaining high as populations grow and urbanise, resource 

extraction challenges move to harder-to-reach locations, and the environmental costs associated with 

the depletion of natural capital increase. In fact, humanity now consumes more than the productivity 

of Earth’s ecosystems can provide sustainably, and is thus reducing the Earth’s natural capital, not just 

living off of its productivity [53]. Due to this, the European Union has designated resource-efficiency 

as one of the flagships of its Europe 2020 strategy [61], and it has implemented legislation and policies 

to incorporate a CE. Within the UK, with its recent exit from Europe, although much of the European 

legislation is retained, the UK has introduced a Circular Economy Package policy in July 2020 [62] and 

more recently in the new Environment Act 2021 embraces the concept of transition to a more circular 

economy [63]. Germany showed an early interest in CE initiatives; for instance, its “Closed Substance 

Cycle and Waste Management Act” of 1996, which tried to ensure environmentally friendly schemes 
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of waste disposal. Other countries such as Japan, created and the Basic Law for Establishing the 

Recycling based Society of 2000 [56]. Australia has regulations that cover WEEE management; the 

National Waste Policy; Product Stewardship Act, Product Stewardship (for TVs and computers) 

regulations, and the National Television and Computer Recycling Scheme. Chile introduced a WEEE-

specific law in 2016 which provides a legal framework for WEEE management via extended producer 

responsibility [32]. Several other countries have also been developing WEEE management strategies 

[13, 32, 56, 64, 65]. Given Europe’s role in setting policy and legislative frameworks that underpin the 

protection of resources and the relevance of these instruments core to the research presented in this 

thesis, these are now briefly described. 

2.2.1 Policies on waste management in Europe and the UK 

The majority of legislation covering the control and management of waste, not just WEEE, 

flows from the European Union (EU), where legislation and policies are then implemented through 

domestic law in each EU member state [66]. The first environmental policy in the EU (previously known 

as the European Community) appeared in 1973 which developed and shaped environmental 

legislation was provided by the first of what was to become a suite of Environmental Action 

Programmes (EAPs) [58, 66]. This programme set out the principles and priorities that would inform 

future policy and is based on 11 principles. Since 1973, there have been 8 programmes of work to date 

and the current programme, EAP8, has been recently adopted in 2021. Among the EAPs, EAP5 titled 

‘Towards sustainability’ in 1993, began to set long-term objectives and the concept of sustainable 

development and management of waste were introduced [67]. The seventh Environmental Action 

Programme, entitled ‘Living well, within the limits of our planet’ was adopted by the European 

Parliament and the Council of the European Union on 20 of November 2013. This programme was 

intended to help guide EU action on the environment and climate change with a vision of the long-

term period towards 2050: ‘In 2050, we live well, within the planet’s ecological limits. Our prosperity 

and healthy environment stem from an innovative, circular economy where nothing is wasted and 

where natural resources are managed sustainably, and biodiversity is protected, valued, and restored 

in ways that enhance our society’s resilience. Our low-carbon growth has long been decoupled from 

resource use, setting the pace for a safe and sustainable global society’ [68]. The current EAP8, titled 

‘Turning the Trends Together’ calls for active engagement of all stakeholders at all levels of 

governance, to ensure that EU climate and environment laws are effectively implemented, reiterating 

the commitment to the 7th EAP’s 2050 vision. This 8th EAP will guide the European environmental 

policy until 2030. It is important to note that the recommendations of the EAPs are not legally binding, 

however, they do clearly set out the aspirations of the EU members. 
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The Waste Framework Directive (WFD) was introduced in 1975 (Directive 75/442/EEC), 

following the creation of the first EAP. The focus of the Directive’s provisions at that stage was on 

ensuring the safe disposal of waste, and set out a waste management hierarchy with the well-known 

‘3Rs: Reduce, Reuse and Recycling’ [66, 69]. This hierarchy is the core of sustainable waste 

management and has thus been embedded into legislation. The WFD was the subject of substantial 

amendment in 1991 (Directive 91/156/EEC) [70]. One of the major changes made was to extend the 

scope of the WFD’s objectives and controls from waste disposal to also cover waste recovery – with 

‘recovery’ including recycling, re-use of waste, reclamation, and the use of waste as a source of energy. 

In addition, the definition of waste was formalised since the original WFD enabled member states to 

adopt their own national definitions of waste. The next major overhaul of the waste framework 

directives came in 2008, a new WFD was made (Directive 2008/98/EC) [71] and entered into force on 

12 December 2008. This directive reenacted the definition of waste as “any substance or object which 

the holder discards or intends or is required to discard”, which remains as the official definition of 

waste [69].  

The WFD 2008 defines the waste management hierarchy which is a set of preferred options 

for the treatment and handling of waste. The hierarchy as set out in Article 4 of the revised waste 

framework by the European Commission (Directive 2008/98/EC) [71]. This hierarchy ranks waste 

management options according to what is best for the environment and it introduces an approach 

that takes into account the whole life cycle of products and materials and not only the waste phase 

[12]. Source reduction which seeks to prevent and conserve scarce resources, also includes using less 

material in design and manufacture and fewer hazardous materials. Reuse supports keeping products 

in use for longer by checking, cleaning, repairing, and refurbishing whole items or spare parts. 

Recycling turns the ‘waste’ material or product at end-of-life into a new substance or product and 

includes composting if it meets quality protocols. These three actions of reduction, reuse and recycling 

are the most favoured options and are on top of the waste hierarchy pyramid. Resource recovery 

includes anaerobic digestion, incineration with energy recovery, gasification and pyrolysis which 

produce energy (fuels, heat and power), and materials from waste. Incineration without energy 

recovery followed by landfill, which does not conserve resources, rank lowest in the waste hierarchy, 

and are viewed as the least favoured options in the waste management pyramid, and they should be 

avoided. 

Within the hierarchy, the priority is given to waste prevention and to promote waste as a 

secondary resource to deliver best available environmental outcomes. In addition, the Directive 

introduces the ‘polluter pays principle (PPP)’ and the ‘extended producer responsibility (EPR)’ [66]. The 

polluter pays principle is the commonly accepted practice that those who produce pollution should 
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bear the costs of managing it to prevent damage to human health or the environment. This principle 

underpins most of the regulation of pollution affecting land, water, and air. Pollution is defined in the 

UK law as contamination of the land, water, or air by harmful or potentially harmful substances. The 

EPR principle was implemented by the European Union regarding the treatment of WEEE in 2001 by 

focusing on the extending producer responsibility beyond the use stage of the products and it is based 

on the polluter pays principle. The organization for economic co-operation and development (OECD) 

defines the extended producer responsibility principle as ‘a policy approach under which producers 

are given a significant responsibility – financial and/or physical – for the treatment or disposal of post-

consumer products. Assigning such responsibility could in principle provide incentives to prevent 

wastes at the source, promote product design for the environment and support the achievement of 

public recycling and materials management goals’ [72]. According to the OECD, the four principal goals 

of EPR are source reduction (natural resource conservation/materials conservation), waste 

prevention, design of more environmentally compatible products, and closure of material loops to 

promote sustainable development. The EPR promotes eco-design of products such as ease of 

disassembly, lead free product, design for reuse and design for cost effective recycling. The European 

Commission through a series of circular economy action plans with the first in 2015, adopted an 

ambitious circular economy package (CEP), which includes revised legislative proposals on waste to 

stimulate Europe's transition towards a circular economy that will boost global competitiveness, foster 

sustainable economic growth, and generate new jobs [53, 59]. 

 

2.2.2 WEEE and RoHS Directives 

The increase of WEEE and its potential risks to the environment and human health has led to 

the introduction of two pieces of legislation, namely: The Directive on Waste Electrical and Electronic 

Equipment (WEEE Directive) and the Directive on the Restriction of the Use of certain Hazardous 

Substances in EEE (RoHS Directive). The first WEEE Directive (Directive 2002/96/EC) entered into force 

in February 2003 [73]. The Directive set firm targets for the collection, reuse, recycling of WEEE, and 

with a recovery of a minimum rate of 4 kilograms per head of population per annum recovered for 

recycling by 2009. The collection, treatment, recovery, and disposal of WEEE, which households have 

taken back to the collection, have to be financed by the producers and do not have to be shared with 

the purchasers (this applied to all products put on market after August 2005). 

The WEEE Directive defines WEEE as: ‘any electrical or electronic equipment, designed for use 

with a voltage rating not exceeding 1000 Volt for alternating current and 1500 Volt for direct current, 

which is waste, including all components, subassemblies and consumables which are part of the 
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product at the time of discarding’ [73]. In addition, it categorised the electrical and electronic 

equipment in 10 categories, categories which applied from 2012 to 2018; this categorization was 

replaced by a list of 6 categories on 15th August of 2018 [15], and the current list is shown in Table 2.1.  

The WEEE Directive (Directive 2002/96/EC) also requires that the rate of recovery shall be 

increased to a minimum of 70% by an average weight per appliance. In addition, component, material 

and substance reuse and recycling shall be increased to a minimum of 50 % by an average weight per 

appliance by 31st December 2006 (for the categories 1, 3, 4 and 10 these percentages are higher). 

Despite member states being required to implement the WEEE Directive by August 2004, only Greece 

and the Netherlands were positioned to do so. It took until the start of 2008 for all member states to 

implement the directive. Magalini and Huisman attributed the differences in timing for the member 

states to implement the directive to the differences in the pre-existing infrastructure, technology, and 

the complexity of the legislation itself as well as financing issues [74]. In December 2008, the European 

Commission proposed to revise the Directive to tackle technical, legal, and administrative problems 

as well as to address the concerns relating to the rapid increase in growth of the WEEE stream. The 

new WEEE Directive (2012/19/EU) [15] entered into force on 13th August 2012 and became effective 

on 14th February 2014. The key elements of the WEEE Directive were set as follows (from 15th August 

2018)[14, 15]: 

• New elements in EEE were included; photovoltaic panels, equipment containing ozone-

depleting substances and fluorescent lamps containing mercury. 

• A collection target of 45% of electronic equipment sold that applied from 2016 and, as a 

second step from 2019, a target of 65% of equipment sold, or 85% of WEEE generated. 

• The new collection targets agreed should ensure that around 10 million tonnes or roughly 20 

kg per capita, should be separately collected from 2019 onwards. 

• Consumers should be allowed to return, for free, any electrical good, without needing to buy 

a new product. Furthermore, it was required retail shops with an EEE sales area of at least 

400 m2 to offer free take-back of very small WEEE. 

• Producers continued to contribute towards the financial costs of meeting processing targets. 

• Tighter controls on illegal shipments of WEEE to prevent it from being processed in countries 

where practice is less rigorous than set out by the EU. 

The Restriction of Hazardous Substances (RoHS Directive 2002/95/EC) is a companion 

legislative instrument  to the WEEE Directive [75]. The objectives of this Directive are to protect 

human/animal health and ensure the environmentally sound recovery and disposal of WEEE. This 

legislation restricting the use of hazardous substances in EEE entered into force in February 2003. The 
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legislation requires heavy metals such as lead, mercury, cadmium, and hexavalent chromium and 

flame retardants such as polybrominated biphenyls (PBB), polybrominated diphenyl ethers (PBDE), 

among others to be substituted by safer alternatives. In December 2008, the European Commission 

proposed to revise the Directive at the same time as the WEEE Directive to promote harmonized and 

coherent legislation [14]. The RoHS recast Directive (2011/65/EU) [76] became effective on 3rd January 

2013. It addresses the same substances as the original Directive (2002/95/EC) while improving 

regulatory conditions and legal clarity, with periodic re-evaluations that facilitate gradual broadening 

of its requirements to cover additional electronic and electrical equipment, cables, and spare parts. 

Similar to the WEEE Directive, this Directive has had a history of amendments and was recast by the 

EU (Directive (EU) 2015/863) as part of its overall commitment for a better regulatory environment 

[77]. In this recast, four new restricted substances were included (which have been restricted from 

22nd July 2019). Table 2.6 lists the ten hazardous substances restricted in EEEs under the current EU 

Directive 2011/65/EU. 

Table 2.6: Hazardous substances restricted in EEE under the EU Directive 2011/65/EU. 

Restricted hazardous substance Restricted limit (%)* Added year 

Cadmium (Cd) 0.01 2003 

Mercury (Hg) 0.1 2003 

Lead (Pb) 0.1 2003 

Hexavalent chromium (Cr6+) 0.1 2003 

Polybrominated biphenyls (PBB).     Flame 

retardant. 

0.1 2003 

Polybrominated diphenyl ethers (PBDE). 

Flame retardant. 

0.1 2003 

Bis(2-Ethylhexyl) phthalate (DEHP) 0.1 2015 

Benzyl butyl phthalate (BBP) 0.1 2015 

Dibutyl phthalate (DBP) 0.1 2015 

Di-isobutyl phthalate (DIBP) 0.1 2015 

*: Maximum concentration values tolerated by weight in homogeneous materials. 

 

It is noted that the above maximum concentration values apply to each homogeneous 

material rather than to a product or component. A homogeneous material refers to a material of 

uniform composition throughout that cannot be mechanically separated into different materials [76]. 

In addition, new substances are being considered for restrictions in the next few years including 

phthalates, brominated flame retardants (BFRs), chlorinated flame retardants (CFRs), and PVC.  To 

inform users that producers are complying with the requirements of the Directives, the producers of 

EEEs have the obligation to mark their products with a crossed-out wheelie bin symbol [73]. The black 
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line indicates that goods have been placed on the market after August 2005 (when the Directive came 

into force). In addition, a CE mark is placed on the products by the manufacturer to demonstrate that 

the product complies with all the relevant requirements of an EU Directive (health, safety, and 

environmental protection standards) [76]. The CE stands for ‘Conformité Européenné’, which means 

European conformity. The WEEE and RoHS Directives are stimulating change in the next generation of 

green electronics. This is exemplified in the design and development of  products, utilising greener 

materials, such as printed circuit boards (PCBs) where industry is using less brominated flame 

retardants and less traditional tin/lead solder alloys [14]. Other countries, such as USA, China, Japan, 

and  South Korea have followed the EU example and brought in similar legislation [14]. 
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2.3 Criticality of materials 

With the development of society, the acceleration of technological innovation requires more 

and more resources, while globalisation makes it possible to have access to more materials around 

the world. Nevertheless, the supply and demand of those materials is not always in balance. Due to a 

variety of reasons, demand for one material may increase significantly in a short time and far exceed 

the supply available at that time. The supply may be severely reduced or even temporarily unavailable. 

At the same time, these materials (and most especially their applications) may be important or 

irreplaceable to certain companies, countries, or areas. Examples of imbalance linked to criticality of 

materials include the cobalt crisis at the end of 20th century and the rare earth elements (REEs) dispute 

around 2010-2013[16, 78-80].  Elsewhere Graedel and co-workers considered the imbalance between 

metal supply and demand and developed a methodology to evaluate the metal criticality of 62 metals 

and metalloids taking account of supply risk, environmental implications and vulnerability to supply 

restriction, and showed in particular the limitations of many metals of significance in emerging 

technologies [81]. 

The dependence on metals and minerals to sustain businesses and the economy is particularly 

true for the EU, where about 30 million jobs are directly reliant on access to metals and minerals [16]. 

It is noted that although there are several definitions for critical materials, there is not an accepted 

worldwide definition. The definition proposed by the European Commission (EC), U.S. Department of 

Energy (DOE) or U.S. National Research Council (NRC) are the most commonly cited and used [78]. In 

the context of the current research the definition of critical materials considered of most relevance 

and adopted is from the EC: ‘materials which display a particularly high supply risk shortage in the next 

10 years and which are particularly important for the value chain, in other words economic importance 

to the EU’ [82]. Vulnerable to supply disruption means that their supply is associated with a high risk 

of not being adequate to meet EU industry demand. This risk could be due to the demographic trends, 

infrastructure needs, governance performance, globalised markets, trade restrictions and 

agreements, climate changes, among others [53]. On the other hand, high economic importance 

means that the material is of fundamental importance to industry sectors that create added value and 

jobs, which could be lost in case of inadequate supply and if adequate substitutes cannot be found 

[65, 78]. It should be noted that criticality, in this context, is a dynamic property since products will 

utilise more and more elements from the periodic table and the demand for these products will 

continue to increase, which raises competition between sectors for the same materials and therefore, 

this will shift their criticality status. Furthermore, replacement or substitution of some materials could 

lower the criticality of some elements [55, 81]. 
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The EU criticality methodology, based on the economic importance (EI) and supply risk (SR), 

was developed between 2009 and 2010 with the support of the European Commission, Ad-Hoc 

working group on defining critical raw materials (AHWG-CRM) within the raw material initiative (RMI) 

in close cooperation with EU member states and stakeholders [65]. This methodology has already 

been applied four times; creating the first list of 14 critical raw materials (CRMs) in 2011, an updated 

list of 20 CRMs in 2014, 26 CRMs in 2017, and 30 CRMs in 2020, where a total of 83 individual materials 

were evaluated [17]. Figure 2.6 maps the results of the 2020 criticality assessment prepared by the EC 

on the ‘supply risk’ and ‘economic importance’ dimensions. 
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Figure 2.6: Economic importance and supply risk results of raw material. Criticality assessment, 2020.
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Table 2.7 lists the CRMs of 2020. Amongst those listed are three groups of metals, namely: 

platinum group metals (PGMs, which include Ru, Rh, Pd, Os, Ir, and Pt), heavy rare earth elements 

(HREEs, which include Y, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu), and light rare earth elements (LREEs, 

including Sc, La, Ce, Pr, Nd, Pm, Sm, and Eu). These metal groups comprise metals that have similar 

properties and are frequently used in related fields.   

Table 2.7: Critical raw materials by the European Commission, 2020 [17]. 

Critical Raw Materials (30) 

Antimony Fluorspar Magnesium Silicon Metal 

Baryte Gallium Natural Graphite Tantalum 

Bauxite Germanium Natural Rubber Titanium 

Beryllium Hafnium Niobium Vanadium 

Bismuth HREEs PGMs Tungsten 

Borates Indium Phosphate rock Strontium 

Cobalt Lithium Phosphorus  

Coking Coal LREEs Scandium  

 

 In the list of CRMs, rare earth elements (REEs) are considered as the most critical raw materials 

for the European Commission, with the highest supply risk. In addition, the U.S. DoE also has REEs 

listed in their medium-term criticality matrix [78]. REEs are a group of 17 elements comprising the 15 

lanthanides, scandium, and yttrium; the latter two being included in the group because of their similar 

chemical and physical properties to the other elements of that group. Although in terms of inherent 

abundance in the earth’s crust, REEs are not rare, they are termed rare because they are generally not 

concentrated in commercially viable quantities and so are difficult to mine, furthermore they usually 

co-exist with other metals so there is the added difficulty in terms of separation.  

Raw materials are not only essential for production of a range of goods and services used in 

everyday life, but also for the development of emerging innovations, which are notably necessary for 

the development of more eco-efficient technologies and globally competitive products. REEs play a 

crucial role in the transition to a low-carbon and green economy. For instance, REEs are key 

components in almost all technology products, ranging from smartphones and flat screen TVs to all 

sorts of electric motors, nickel-metal hydride batteries, high performance metal alloys, compact 

fluorescent lamps, automotive catalysts, hybrid and electric cars, permanent magnets, optics and 

lasers, catalysts, wind and solar energy conversion, rechargeable batteries and other green economy 

applications, which is causing an increase in their demand and price [26, 27, 83]. Figure 2.7 is a map 

of those countries worldwide accounting for the largest share of global supply of CRMs. China is the 

major global supplier as well as consumer of REEs, with >85% of the global production of REEs. 
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Furthermore, China is also the major global supplier of 66% of the individual CRMs, evaluated by the 

EC, such as magnesium, tungsten, antimony, gallium, and germanium among others. Other countries 

that are also important global suppliers of specific materials include Russia and South Africa for PGMs, 

the USA for beryllium and helium and Brazil for niobium [16, 83, 84]. Due to large and increasing 

domestic demands and concerns for environment effects, China restricted its REEs through quotas, 

licenses, and taxes, decreasing from 50,145 tons in 2009 to only 31,130 tons in 2012. Although after 

losing the world trade organization case on exports of REEs in 2015, China eased export controls and 

the production tends to be stable, it has been estimated that over the next 25 years, the demand for 

REEs will increase sharply. For instance, it is projected that the demand for neodymium and 

dysprosium will rise by 700% and 2600%, respectively [16, 26, 27]. As the EU economy is severely 

dependent on imported supplies of several minerals and metals needed by industry, securing its 

access has become a major challenge. 

 

 

Figure 2.7: Countries accounting for the largest share of global supply of CRMs (2020) [17]. 

 

This scenario of scarcity of CRMs is critical with zero or almost negligible recycling of materials. 

In 2014, only about 15% of global WEEE was formally collected and treated, and although it was 

increased to 17.4% in 2019, recycling is still low globally, especially in low income countries [5]. 

Furthermore, in the EU, only around 25-40% of WEEE is treated, and the rest is discarded into landfill 

or exported to developing countries [26, 32]. In developing countries, most WEEE treated is handled 
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in the informal recycling system. This can lead to severe environmental problems and materials loss, 

where treatment processes are not well developed.  For instance, in India about 98% of total WEEE is 

recycled by informal recycling sector [12, 13, 26]. In the case of the REEs, the recycling is extremely 

low with less than 1%. This is principally due to inefficient collection, technological difficulties, and a 

lack of incentives [27, 85]. Therefore, a drastic improvement in recycling rates for CRMs, especially for 

REEs, is needed, even more so in the EU, where countries have zero to few REEs’ deposits. In December 

2021, China had established a merger between 3 leading rare earth mining companies to further 

strengthen its hold on the global supply of REEs [86]. The UK and the US are pushing back on China’s 

dominance in the provision of rare earth elements, with a £125M minerals processing plant currently 

under construction in the Port of Hull, Yorkshire, England, and the US senators proposing a law to 

increase domestic supply of rare earth metals by building a strategic reserve of minerals by 2025 [87], 

but to address the materials’ scarcity problem, the most practical and reasonable method for the EU 

is to increase the recycling of secondary resources from WEEE. This recycling process is known as 

‘urban mining’. Regarding the recycling of critical metals there are two distinct approaches: pre-

consumer recycling which refers to the recycling of production scrap of manufacturing processes (‘new 

scrap’), and post-consumer recycling, which refers to recycling end-of-life (EoL) products. Of the two, 

new scrap recycling is much easier compared to the recycling of EoL WEEE since the new scrap exists 

in higher metal concentrations, is derived from a well-known and defined source of waste, is in 

continuous supply, and very often in high volumes which makes recycling economically more 

profitable [80]. At present new scrap is the main source for recycling critical metals; indium, for 

example, is mainly recycled from waste indium-tin oxides (ITO) [88-90], but when it comes to the 

recycling of WEEE, the situation is not so optimistic as it is for ‘new scrap’ [26]. WEEE is a complex 

combination of materials, where its composition depends essentially on the type, manufacturer, and 

age of equipment, therefore recycling WEEE is a significant challenge. WEEE, contain a large variety of 

elements, which makes it an excellent secondary source of materials, especially for metals and CRMs 

[7, 12, 13, 35]. As an example, a typical circuit board can contain a spectrum of metals such as copper, 

tin, cobalt, gold, silver, indium, palladium, platinum, neodymium, etc. [13, 20, 22, 50, 51, 91]. 

Therefore, although WEEE is a complex and challenging source of materials, it offers a huge potential 

opportunity for recovery of several valuable and critical metals through development of novel, 

efficient, and integrated recycling processes. Recycling CRMs from WEEE is imperative to make 

efficient use of natural resources and to improve and ensure the supply of these essential materials 

for the economy. Moreover, recycling of WEEE will also contribute to mitigation of environmental 

pollution and human health risk.  In the next section a discussion on the current methods for recycling 

of WEEE is given. 
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2.4 Methods of Recycling WEEE 

The aim of this section is to give an introductory overview of the typical processes for metal 

recovery, with further detail provided and discussed elsewhere in the relevant chapters of this thesis. 

These include the main physical/mechanical and metallurgical processes used in metal recovery and 

the metallurgical processes are of three types: pyrometallurgical, hydrometallurgical and 

biohydrometallurgical. Each is defined and its advantages and disadvantages are discussed.  

2.4.1 Physical/mechanical processes  

Physical or mechanical processes for recycling of WEEE are usually employed during the 

upgrading stage to separate, liberate, and concentrate the valuable metallic fraction from the non-

metallic fraction by disassembly, shredding and crushing processes. The separation of the metallic and 

non-metallic fraction is achieved using their physical properties such as density, conductivity, and 

magnetic properties. The mechanical recycling techniques include a crusher, pulveriser, classifier, and 

separator. The separation and enrichment methods include sieving, gravity separation, magnetic 

separation, electrostatic separation, eddy current sorting, etc. [12, 88, 92, 93]. Figure 2.8 illustrates a 

typical mechanical separation process for WEEE. Dismantling, through manual, automated and semi-

automated methods, removes components and/or group of parts from WEEE, which are used to 

selectively remove, unlock, and separate valuable materials for further recovery processes. 

Dismantling is a not energy intensive and can also be used to remove hazardous components prior to 

treatment processes. Comminution of WEEE by shredding/crushing is used to reduce the size of the 

material through cutting, tearing, and extruding, and it is essential to achieve effective liberation of 

the metallic fraction from the non-metallic fraction (plastics and ceramics). Comminution of WEEE and 

highly effective liberation of the metal fraction is a prerequisite for the separation steps that follow to 

achieve better metal recovery. The vibration screen is used to ensure a desirable particle size; where 

the desired size is largely dependent on the subsequent metallurgical processes deployed. Typically, 

hydrometallurgical processes require finer particles (between 500 µm and 2 mm) to achieve high 

leaching efficiencies and recovery rates, whilst pyrometallurgical processes can deal with coarser feed 

particles (≤4x4 cm2). Magnetic, eddy current, density and other separation methods are used to 

selectively separate the ferrous and non-ferrous particles and the metallic fraction from the non-

metallic particles [12, 92, 93]. Magnetic and eddy current processes separate metallic particles based 

on their different electrical conductivities, whilst density separation exploits the large differences 

between plastic (<2.0 g/cm3) and metal (light metals ≥2.7 g/cm3 and heavy metals ≥7.0 g/cm3) 

densities [12]. 
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The advantages of physical recycling methods are that the processing is relatively simple and 

requires low energy consumption, low capital, and operating costs, has minimal impact on the 

environment, and can be applied to diverse WEEE types. Nevertheless, there are still challenges in the 

physical separation methods. Generally, a significant amount of dust is generated in the processes, 

metals are not completely liberated from the non-metallic fraction, producing metal loss. It has been 

estimated that dust generation and incomplete metal liberation can lead to a high loss of precious 

metals of up to 40% [94]. Furthermore, in the shredding and separation processes, hazardous metal 

fines and dust containing BFRs, and dioxins can be liberated, putting workers' health at risk, and 

polluting the environment [12, 93, 94]. 

 

 

Figure 2.8: Flow chart of a typical mechanical processing as pre-treatment and separation. 
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2.4.2 Metallurgical processes 

Physical and mechanical processing techniques are useful for the preliminary separation, 

concentration, and classification of valuable materials; however, the output obtained by these 

methods are still a combination of metals and alloys, which generally require further separation and 

recovery processes. Typically, metallurgical processes are carried out to refine and purify specific 

metals from the concentrated metal mixture, using either pyrometallurgical, hydrometallurgical or 

biohydrometallurgical processes.  

Pyrometallurgical processes are conventional methods that used high temperature treatment 

to recover metals. These processes include incineration, melting, smelting, calcination, combustion, 

roasting and pyrolysis. In these processes, crushed WEEE scrap is burned to eliminate the organic 

components whilst leaving non-volatile metals and minerals for further recovery processes. The 

advantages of pyrometallurgical process are that any form of WEEE scrap can be used as feedstock, 

no pre-treatment is required (expect perhaps a previous shredding step which will depend on the size 

of the reactor), and processing is relatively straightforward [12, 88, 92, 93].  

The hydrometallurgical process is an extractive metallurgical technique used for the obtaining 

metal from their ores and has been widely used for the recovery of metals from WEEE. This process 

involves the use of aqueous solutions, normally acids such as mineral acids including hydrochloric acid 

(HCl), nitric acid (HNO3), sulphuric acid (H2SO4), and aqua regia (a mixture of H2SO4 +3HCl). The 

aqueous solutions act as leaching or extracting agents, the selective extraction of metals. 

Hydrometallurgical processes are generally divided into three main functions: leaching, concentration 

and purification, and metal recovery. The advantages of hydrometallurgical process are their fast 

reaction kinetics, relatively clean methods, flexibility in operation, low capital requirement and low 

energy demand [12, 19, 50]. In recent years, biohydrometallurgy processes have been successfully 

applied for the recovery of metals [12]. Biohydrometallurgy technique is a subfield of hydrometallurgy 

processes, which used biological agents, mostly bacteria, to selectively dissolve and leach metals. 

Normally, biohydrometallurgy has the advantages of being the most environmental friendly process, 

requires low cost of investment and has high selectivity of metals [12].  

In the recovery of metals from WEEE, several physical and metallurgical processes have been 

developed and applied for metal recycling, including mechanical separation such as multi-steps 

crushing, grinding, magnetic separation, electrostatic separation, gravity separation and density-

based separation [12, 92, 95, 96], pyrometallurgical processes such as smelting, calcinations, roasting 

and pyrolysis [18, 97-99], hydrometallurgical processes [12, 96, 100], biohydrometallurgical methods 

[96, 101], use of supercritical fluids [102], vacuum metallurgical technology [103], chelation and hybrid 
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technologies [104]. Kaya and co-workers [12] produced a detailed flowsheet (illustrated here for 

reference in Figure 2.9) summarising the physical and metallurgical processes required for metal 

recovery from WEEE, much of which has been covered in the discussion here but the processes do 

have constraints associated with them. Mechanical separation methods present a high material loss 

of mainly precious metals, and dust sources can contain HFRs and dioxins, and dangerous metal fines 

such as lead, chromium, cadmium, are also present [96, 103, 104]. Pyrometallurgical methods are 

energy intensive with high operational costs and may liberate toxic gases to the atmosphere [12, 104]. 

Although hydrometallurgical processes have milder conditions, require lower capital cost, energy and 

have less environmental impact than pyrometallurgical methods, they consume a substantial amount 

of toxic, corrosive, and flammable reagents, generating a large volume of wastewater that has to be 

treated [12, 91, 104]. Biohydrometallurgical leaching is environment-friendly, requires low cost of 

investment and has high selectivity of metals, however, toxic influence of ingredients on the growth 

of micro-organisms, longer reaction time and the sensitivity of the microorganisms to pH and 

temperature are the major drawbacks [12, 101, 104]. Therefore, novel, and greener technologies for 

metal recovery from WEEE are of great significance to overcome the limitations associated with 

conventional technologies. A more environment-friendly method that has been emerging as very 

promising in recent years is the use of ionic liquids (ILs) as a leaching agent, which are discussed in the 

following section. 
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Figure 2.9: WEEE recycling flowsheet with a combination of physical, chemical and metallurgical 
steps [12]. 
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2.5 Ionic Liquids 

Ionic liquids (ILs) are entirely ionic in nature and typically consist of a large asymmetrical 

organic cation associated with a polyatomic anion that may be either inorganic or organic. Figure 2.10 

illustrates some common cations and anions present in ILs. Ionic liquids are also known as room 

temperature ionic liquids (RTILs) because of their melting points typically below 100 °C, thereby 

making them liquids at ambient temperatures. Ionic liquids are solvents with remarkable properties; 

wide liquid range (from room temperature to above 300 °C), negligible vapour pressure, excellent 

thermal, chemical, and electrochemical stability, relatively low viscosity, and high recyclability [104, 

105]. An interesting characteristic of ILs is that their properties such as density, viscosity, polarity, 

melting point, water miscibility, etc. can be tailored through different combinations of cations, anions, 

and side chain substituents [106, 107]. Due to these unique properties, ILs can be designed for specific 

purposes, and as such are referred to as task-specific ionic liquids (TSILs). ILs have generated 

considerable scientific and industrial interest and technological processes making use of them are 

currently underway. ILs have been utilised in a vast number of industrial applications including as well 

as solvents, catalysis, additives, chemistry, analysis, batteries, and electrochemistry [108], as 

illustrated in Figure 2.11. In this thesis, ILs are used as leaching and extraction solvents for the recovery 

of key strategic metals; their importance in this research warrants some further discussion on their 

properties which is set out in the subsections below.  

 

 

Figure 2.10: Schematic of some common cations (blue) and anions (red) of ILs [109]. 
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Figure 2.11: Industrial application of ionic liquids [108]. 

 

2.5.1 Physiochemical properties of ionic liquids  

In this sub-section, the physiochemical properties of ionic liquids are described; properties 

that are likely to have significance where ILs are used as solvents applied to the recovery of metals 

from WEEE. The selected properties of importance are briefly introduced, but detail on these and 

other properties have been explained and reviewed elsewhere [106, 107, 110-120].  Whilst prediction 

of the physicochemical properties of ILs may be difficult there are some properties that show a pattern 

of behaviour that offers insight as to how ILs might perform. 

2.5.1.1 Viscosity 

Ionic liquids are organic solvents with typical viscosity values between 100 and 1000 

centipoise (cP). The viscosity of an IL is critical as its plays a crucial role in the mass transfer efficiency 

in IL-based leaching and extraction processes. Generally, as the cation molecules are usually large 

organic molecules, the geometry and the extension of the cations can modify the viscosity. Larger ring 

structures increase the viscosity compared to aliphatic hydrocarbons. Thus, maintaining the same 

anion, the trend follows as six-membered rings > five-membered rings, aromatic rings (five-

membered) > aliphatic hydrocarbons. The length of the alkyl chains also increases the viscosity due to 
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stronger van der Waals forces between cations [121]. On the other hand, keeping the same cation and 

changing the anion, the viscosity is enhanced as the anion volume increases since it induces greater 

van der Waals forces [122]. As an example, retaining the same cation, the viscosity follows [C8SO3]− 

> [C5SO3]−, [NfO]− >[TfO]− as the anion volume is increased. These rules are generalised and several 

exceptions are found. For instance, in the ILs with the presence of [BF4]−, the viscosity follows [BF4]− 

> [CF3BF3]− > [C2F5BF3]−, due to the small size of [BF4]− and the limited hydrogen bonding capacity 

[123]. Imidazolium-based ILs have been widely utilised in comparison with other ILs. In this case, the 

viscosity of imidazolium-based IL increases as the alkyl chain on the cation is lengthened due to the 

increased van der Waals interactions. 

2.5.1.2 Density 

The density of ILs depends on several factors, it is mainly governed, however, by the elemental 

composition, the molar mass of the anions and the alkyl chain lengths of the cations. In the elemental 

composition, it has been found that the greater the number of fluorine atoms, the higher the density. 

The mass of the anions refers to the larger the molar mass of anions, the higher the density. In the 

case of cations, the increase in the alkyl chain length generally decreases the density. In addition, if 

the anions and cations remain chemically identical, asymmetric cations do not pack efficiently, 

reducing their density. The density of the imidazolium ILs is reported to decrease slightly as the cation 

alkyl chains are lengthened [112, 121]. 

2.5.1.3 Volatility  

ILs are non-volatile subtances and their vapour pressure is normally negligible at ambient 

temperatures and under low pressure, which makes them an excellent substitute for the harmful and 

volatile organic compounds (VOCs) [107, 112, 113]. It has been reported that most of the ILs show no 

sign of volatility before reaching their thermal decomposition temperature (300-450 oC). The 

negligible volatility of ILs is due to a strong interaction between the anions and cations. It has been 

reported that the enthalpy of evaporation in ILs is approximately an order of magnitude greater 

compared to that of a normal molecular liquids [124]. ILs with symmetrical anions are also found to 

present higher enthalpy of evaporation than the asymmetrical anions. For instance, keeping the same 

cations, anions such as [BF4]− and [PF6]− have higher enthalpy of evaporation than asymmetrical 

anions such as [NTf2]− [125]. In terms of cations, it has been found that longer alkyl chains are usually 

associated with higher enthalpy of evaporation, which is a product of stronger van der Waals 

interaction between the cations and anions of the IL [126]. It is noted that although it is widely 

accepted that a defining characteristic of ILs is that they exert no measurable vapour pressure, and 

hence cannot be distilled, this is not completely true. It has been reported that some selected families 
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of commonly used aprotic ionic liquids such as [C6mim][NTf2], [C2mim]Cl, among others can be distilled 

at 200–300 °C and with low pressure [124]. Nevertheless, at normal pressure and standard working 

temperatures, the vapour pressure of ILs remains negligible. 

2.5.1.4 Thermal stability 

Another characteristic property of ILs is their significant thermal stability. ILs can be used 

across a large temperature range, below their decomposition temperatures, without loss of their 

properties. Only at high temperatures can the decomposition of ILs take place and it is most likely due 

to an anionic attack towards the cations. The thermal stability of ILs can be improved by the 

hydrophobicity of anion, thus the higher hydrophobicity, the higher the thermal stability. With the 

same cation, a linear increase in the thermal stability of ILs is observed by changing the hydrophobicity 

of anions, which follows the sequence [PF6]− > [NTf2]− ≈ [BF4]−  > [AsF6]− > I−, Br−, Cl− [127]. 

The thermal stability of the imidazolium ILs has been found to improve with the increase in linear alkyl 

chains. Furthermore, the presence of fluoride can also potentially increase the decomposition onset 

temperature [128]. On the other hand, the presence of nitrogen atoms, as substituents on the alkyl 

chains in the cation, can potentially decrease the thermal stability due to the facile elimination of the 

stabilised alkyl cations [127]. 

2.5.1.5 Flammability 

  The non-flammability of IL under standards conditions is also characteristic of ILs and one of 

the advantages over VOCs. This characteristic of non-flammability does not mean, however, that they 

do not present a risk near fire and/or heat sources. Smiglak et al. concluded that several ILs, including 

many commercial ILs, are combustible due to the nature of their positive heats of formation, oxygen 

content, and decomposition products [129]. In addition, they reported that certain elements such as 

F, Cl, P, S, among other, can provide high energy and combustibility in ammonium, imidazolium, 

pyridinium, pyrrolidinium, tetrazolium, and aminotetrazole ILs-based because of the presence of 

these elements in the anions in the form of [NO3]−,[CH3CO2]−,  [N(CN)2]−,

[C(CN)3]−, [PF6]−, [NTf2]− and [N(NO2)2]−. 

2.5.1.6 Water miscibility  

ILs, depending on their miscibility with water, can be either hydrophilic or hydrophobic. In 

some cases, ILs can change their miscibility depending on the temperature or acidity of the system 

[106, 107]. Examples of ILs that can have their water miscibility modified are 1-butyl-3-

methylimidazolium tetrafluoroborate ([Bmim][BF4]) and protonated betanium 

bis(trifluoromethane)sulfonimide ([HBet][NTf2]). It is important to note, however, that all the ILs are 
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hygroscopic regardless of their hydrophobicity and may make up a significant molar percentage of ILs. 

The hydrophilicity or hydrophobicity of ILs is mostly determined by the anion although the cation may 

also have an influence. The hydrophobicity of ILs is basically determined by the ability of the anion to 

form hydrogen bonds, thus anions such as hexafluorophosphate ([PF6]−), tetrafluoroborate ([BF4]−) 

and bis(trifluoromethane)sulfonimide ([NTf2]−) usually produce hydrophobic ILs, whilst  anions such 

as chloride (Cl-) and iodide (I-) generally produce hydrophilic ILs [117]. The length of alkyl chains also 

plays an important role in the hydrophilicity or hydrophobicity of ILs. Long alkyl chains in the cations 

or anions increase the hydrophobicity of an IL due to an intensification of the non-polar regions of the 

IL structure, product of a stronger Van der Waals force contribution [107, 117, 118]. For instance, in 

the case of Cyphos 101 ([P6,6,6,14][Cl]), even pairing a hydrophilic chloride anion, the large alkyl chain 

cation (P6,6,6,14) confers the final hydrophobicity of the IL. 

2.5.1.7 Surface tension 

Surface tension also plays an important role in the mass transfer in leaching and extraction 

processes and affect the efficiencies in emulsion and phase-separation processes. In general, ILs 

present slightly higher surface tension (>33 dyn/cm) than conventional organic solvents such as 

toluene (32 dyn/cm) and hexane (18 dyn/cm), and lower than water (73 dyn/cm). Furthermore, it has 

been reported that the surface tension of ILs decreases as the temperature increases. This is probably 

due to the alkyl groups of the ILs preferring the orientation towards the surface and are enriched 

there, whilst the charged parts of the molecule are shifted into the bulk phase [118]. The same study 

suggested that longer alkyl chains have the greatest impact on the surface tension in imidazolium, 

ammonium, and phosphonium ILs, due to an increase in the van der Waals force. 

2.5.1.8 Conductivity 

Electrical conductivity of ILs is an important physiochemical property for the recovery of 

metals because of the potential for their use in electrochemical processes. ILs have typical conductivity 

values in the range from 1.0 mS/cm to 10.0 mS/cm and it has been concluded that the interaction 

between cation and anion is the major factor in determining the conductivity [114]. Studies on the 

effect of the cation on conductivity, have shown that pyrrolidinium-based ILs present yield the highest 

conductivities, following the trend: pyrrolidinium >pyridinium > imidazolium > other > ammonium. On 

the other hand, in studies on the effect of anions on conductivity, it has been reported that the 

conductivity follows the trend: [N(CN)2] > [OTf] > [BF4] > [NTf2] > sulfate > [PF6] > PO2 [114]. In 

addition, the conductivity of an IL has been found to be inversely related to its viscosity as conductivity 

depends on ion mobility. The self-diffusion coefficient of ILs also plays a crucial role in the conductivity, 

which, similar to the viscosity, is a transport property that depends strongly on the movement of ions 
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[114]. Moreover, it has been reported that the conductivity of ILs tends to decrease as the cationic 

alkyl chains are lengthened due to the presence of a stronger van der Waals forces, which impact the 

electron mobility [119]. Other factors such as ion size, ion shape, and density have been found to have 

negligible or little influence on the conductivity of ILs, confirming that the conductivity of ILs is mainly 

determined by the ion mobility [114]. 

2.5.1.9 Toxicity 

Although ILs are also known as ‘green solvents’ because of their properties previously 

described (non-volatile, high thermal stability, low combustibility, etc.), concern exists and their 

‘green’ properties questioned, since several studies suggest that ILs have relatively high toxicity and 

poor biodegradability,  which could have extremely negative impact on humans and the environment 

[115, 116]. The initial studies of the toxicity of ILs began in the early 2000s, and although the toxicity 

of ILs can be difficult to measure the data suggest the following trends: the toxicity of ILs is stronger 

with the increase in the length of the alkyl chain, the presence of oxygen atom in the side chain 

significantly reduces the toxicity of the ILs, and symmetrical chains result generally in lower toxicity. 

The effect of anions on the toxicity of ILs has been shown to be secondary compared to the effect of 

the cations; however, more detailed studies are considered necessary [115, 116, 120]. The elemental 

IL composition also has revealed that different groups can have different impacts on the toxicity of 

ILs. Fluorinated anions are normally toxic (example bis(trifluormethanesulfonyl)imide), whilst 

common anions (acetate, chloride, methylsulfate) have been found to be nontoxic. Furthermore, it 

has been predicted that the toxicity of ILs increases slightly with the number of nitrogen atoms in an 

aromatic cation ring [120]. It is important to point out that most of the studies on the toxicity of ILs is 

done on human cell, algae, enzyme and aquatic organisms, showing negative impacts on the 

environment; however, dermal toxicity of all ILs are considerably low and no mutagenicity effects have 

been observed so far.  
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2.5.2 Recovery of metals by ionic liquids from WEEE 

Due to their environmentally friendly behaviour, including non-volatile and ionic nature, ILs 

have been widely studied in the extraction and leaching of metals in the recent years. The extraction 

mechanism of metals by ILs involves anionic or cationic exchange and it depends on the IL selected, 

the chemical structures of the anionic or cationic metal complexes in aqueous solutions, the chemical 

interaction of the IL with the target metal, among other factors. Anionic exchange, however, has been 

commonly identified as the main mechanism. In addition, ionic pairing reaction has been also 

identified to have an influence in the metal extraction. These two reactions can occur simultaneously, 

subsequently by starting from the anionic exchange reaction or individually [107, 113, 119, 130]. 

Janssen et al. reported an in-depth study on the relationship between structure, mechanism and 

application of metal extraction by ILs [131]. Briefly, it was described that the mechanisms of metal 

extraction by ILs can be divided in three types: neutral extraction mechanism, ion exchange 

mechanisms, and the neutral coextraction mechanism. Table 2.8 shows the mechanisms and the 

prototype equation, which represents every possible means by which a metal can be moved from the 

aqueous phase to the IL phase while preserving electroneutrality. The electroneutrality is an important 

and fundamental principle of the IL mechanism and it states that regardless of how the metal enters 

the IL phase, the net charge of the aqueous and the IL phases cannot change. Table 2.8 presents 

general mechanisms although there are many variations possible that depends on each system. 

Several authors have reported the recovery of metals using ILs, and as expected, they conclude that 

mechanisms are specific to the system [105, 107, 110-112, 131]. In this thesis, copper, gold, indium 

and REEs are recovered from EoL mobile phones and their mechanisms are developed and explained 

in each of the following chapters. 

 

Table 2.8: Mechanisms for the transfer of metals from an aqueous phase [131]. 

Mechanism Prototype Equation 

Neutral Extraction 𝑀(𝑎𝑞)
+ + 𝐿(𝑎𝑞) + 𝑋(𝑎𝑞)

− → [𝑀 ∙ 𝐿 ∙ 𝑋](𝐼𝐿) 

Ion 

Exchange 

Native Ion Exchange 𝑀(𝑎𝑞)
+ + 𝐿(𝑎𝑞) + 𝐶(𝐼𝐿)

+ → [𝑀 ∙ 𝐿](𝐼𝐿)
+ + 𝐶(𝑎𝑞)

+  

Sacrificial Ion Exchange 𝑀(𝑎𝑞)
+ + 𝐿(𝑎𝑞) + 𝑋(𝐼𝐿)

+ → [𝑀 ∙ 𝐿](𝐼𝐿)
+ + 𝑋(𝑎𝑞)

+  

Neutral Coextraction 𝑀(𝑎𝑞)
+ + 𝐿(𝑎𝑞) + 𝑋(𝑎𝑞)

− → [𝑀 ∙ 𝐿](𝐼𝐿)
+ + 𝑋(𝐼𝐿)

−  

Each equation represents a prototype of the mechanism of interest. M+ denotes a monovalent metal, L is a neutral ligand 
and C+ and A- are the component ions of the IL. 
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2.6 Summary 

WEEE is one of the fastest growing municipal solid waste streams worldwide and is forecasted 

to continue to increase in the coming decades. The generation of WEEE is closely related to the GDP, 

where high-income countries generate more WEEE per capita than low-income countries. WEEE is a 

serious problem. Only 17% of global WEEE was formally treated and recycled in 2019 with the rest 

being discarded into landfill or exported to low-income countries, where WEEE is treated in informal 

recycling systems. These practices are potentially dangerous due to the likely release of hazardous 

substances such as heavy metals, flame-retardants, aromatic hydrocarbons, etc., which can have 

significant impact on human health and the environment.  

The consumption of raw materials has increased greatly in the last decades, which has created 

an imbalance in the supply and demand of natural resources. Without these raw materials, 

technological developments and advancements will be seriously compromised. To address this 

problem, the European Commission has developed a list of critical raw materials (CRMs), based on 

their scarcity and vulnerability. Several of these CRMs are widely used in the production of EEE, and 

they are fundamental to the development of clean technologies such as electric vehicles, photovoltaic 

panels, wind turbines, etc. This scenario of scarcity and vulnerability of CRMs is worsened with the 

very poor levels of WEEE recycling coupled with the huge loss of material value as WEEE ends up in 

landfills in low-income countries. Although current global metal reserves can meet the short-term 

demand, the scenario for a long-term demand is seriously threatened with some metals reaching their 

limit of supply within the next decades.  

To protect the environment and human health and reduce the scarcity and vulnerability of 

natural resources, the recycling of valuable and critical materials from WEEE through the development 

of sustainable processes is essential. While secondary material production from WEEE requires much 

less energy and contributes to an important reduction in carbon footprint compared to primary 

production of metals, the use of the traditional methods of mechanical recovery, pyrometallurgy and 

hydrometallurgy which offer routes to the recovery metals from WEEE, also present challenges 

because of the relatively high energy consumption and the generation of waste that must be further 

processed. Due to the complex nature of WEEE therefore, novel ‘tailored’ recovery processes are 

required, and, with ILs, because of their unique properties, showing promise over the last few years, 

as potential leachants and extractants, it is this potential that is exploited in this work to develop 

environmentally friendly integrated solutions for recovery of strategic metals from key value 

components of EoL-mobile phones that can minimise the use of reagents and energy consumption. 
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3 Detailed Characterisation of Multigenerational 

Mobile Phones to Determine Potential for Recovery 

of Value  

3.1 Introduction  

The aim of the work described in this thesis is to investigate the potential for use of ionic liquids 

(ILs) to selectively extract key value strategic materials (and specifically metals) for their recovery from 

waste electrical and electronic equipment (WEEE) using mobile phones as a case study.  As a first step 

to this research, a detailed characterisation of multigenerational mobile phones is carried out to 

determine the scope for recovery of value from mobile phones in the form of material value (metal 

and non-metallic fractions) and as energy.  This chapter begins with a brief contextual introduction to 

waste electrical and electronic equipment and specifically mobile phones as an example of a popular 

consumer electronic device classified as a fast-moving consumer electronic. This is followed by a 

section which describes the methodology deployed in terms of (i): the collection and classification of 

used mobile phones referred to as end-of-life mobile phones (EoL-MPs), (ii) the dismantling processes 

developed to permit access to the component fractions, (iii) the partitioning of key fractions to permit 

detailed analysis and (iv) the suite of analytical techniques used in the characterisation of the 

component fractions to provide a comprehensive characterisation. The results of this study are 

reported in terms of the metallic fraction, the non-metallic fraction, and its potential for recovery. 

Waste electrical and electronic equipment (WEEE), also known as e-waste, has been catalogued 

as one of the fastest growing waste streams in the world with an annual growth rate of 3-5% [2, 4]. 

According to the United Nations, in 2019 the global WEEE generated reached 53.6 Mt, with an annual 

growth of almost 2 Mt, and it was forecasted to reach 74.7 Mt by 2030, almost doubling in the last 16 

years [132]. This is a serious problem as only 15% of global WEEE is formally treated with the rest 

discarded to landfill, incinerated, exported to middle- and low-income countries, often illegally, where 

a WEEE management infrastructure is not yet fully developed.[26, 96, 132]. These practices pose 

serious risk due to the uncontrolled release of large numbers of hazardous substances such as heavy 

metals, flame retardants, aromatic hydrocarbons, etc. [6-8, 96], which impact significantly human 

health and the environment [6-8, 12, 133].  

Information and telecommunication technologies (ITT) equipment, such as mobile phones, 

tablets, laptops, computers, printers, etc., is a major category of WEEE in the EU [18]. Among all ITT 

equipment, mobile phones have been reported to represent the most valuable of the WEEE’s streams 
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[133]. In addition, the international telecommunication union’s (ITU) estimated that more than 9 

billion mobile phone subscriptions existed globally by the end of 2020 [37]. This prediction is of 

concern since the lifespan of a mobile phone has been reduced considerably from an average of 5 

years in the 1990’s to currently less than 2-3 years [37, 38]. In high-income countries, the lifetime of 

mobile phones is even shorter. In China, which is the largest producer of mobile phones with over one 

billion mobile phones produced in 2019 [134], mobile phones are replaced between 1-2 years [135]. 

The rapid replacement of mobile phones as well as their low recycling rate in the commercial market 

of approximately 9% [53], leads to large tonnages of EoL-MPs; increased demand for raw materials, 

energy and water consumption; and where uncontrolled and poor disposal at end-of-life occurs,  

impacts on health and the environment.  In addition, with increasingly limited access to resource some 

elements key to mobile phone products, due to greater difficulty to extract them from their natural 

ores and to maintain product supply, it will become necessary to identify alternative sources of these 

elements. 

Mobile phones comprise a complex and heterogeneous combination of materials; the nature 

of their composition depends largely on the producer, the year of production and category of phone 

[7, 13]. In general, mobile phones can be divided into 3 categories: feature phones (with no operating 

system, touchscreens and third-party applications), multimedia phones (with operating system, 

touchscreen, but no third-party applications) and smartphones (with highly responsive touchscreen, 

robust operating system and third-party applications) [38]. The major mass fractions of a mobile 

phone are metals, plastics, ceramic and other trace materials, and its production utilises between 60 

and 64 elements [8]. This material composition includes trace amounts of strategically/economically 

important metals such as rare earth elements, critical raw materials, platinum group metals, and base 

metals such as copper, aluminium, and iron. Furthermore, several elements, referred to as high-tech 

minerals that are used extensively in green technologies such as solar panels, wind and marine 

turbines, low carbon technologies, and play a fundamental role in the energy industry and the 

development towards a more environmentally friendly and sustainable society, are found in mobile 

phones. These high-tech minerals, known also as energy metals, are not abundant in the Earth’s crust 

and the majority of them are produced primarily as by-products of base metals [136]. In this context, 

WEEE offers a resource-rich source of material for potential recovery; EoL-MPs with their fast 

replacement and low recycling rate, especially are a most valuable WEEE stream [37, 133]. Moreover, 

use of EoL-MPs as a secondary source offers a route to close the materials loop, is resource efficient, 

helps to mitigate the threat to natural resources, relieves supply demands, reduces the environmental 

impacts associated with improper management and contributes to the economy. This contributes to 

a win-win scenario by achieving both ecological and economic benefits. 
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WEEE recycling at present is not simple but requires complex and multi-step processes. The 

“mineralogy” of WEEE such as mobile phones is very different compared to natural ores, as sources 

of many metals. WEEE is a heterogeneous mix of materials and components, and the legal definition 

of recycling according to  the Waste Framework Directive is ‘any recovery operation by which waste 

materials are reprocessed into products, materials or substances whether for the original or other 

purposes’ [71], requires that products are dismantled into their component parts before reprocessing. 

As a fundamental step towards establishing routes to recycle, detailed characterisation of the 

components and fractions is critical.  To date, manual dismantling and sorting of WEEE is the most 

utilised technique to separate the different components of mobile phones due to its high complexity 

and for the maximisation of material recovery [137]. Nevertheless, because current literature related 

to the qualitative and quantitative characterisation of EoL-MPs is mostly focused on the metal 

concentration of printed circuit boards (PCBs), there is limited data on composition of the other key 

components of screens, electronics, and the non-metallic fraction of mobile phones. Thus, the aim of 

the research described in this chapter presents a detailed assessment of all components of EoL-MPs 

to provide a comprehensive analysis and provide a significant and valuable information base to aid 

and inform recovery processes. 
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3.2 Materials and Methodology  

3.2.1 Materials 

3.2.1.1 Chemicals and Reagents 

All chemicals used in this work were of reagent grade and obtained from either Sigma-Aldrich 

(USA), VWR (USA) and Fisher Scientific (USA), Alfa Aesar (USA), Fluorochem (UK) and Agar scientific 

(UK). All the chemicals and reagents were used as received. 

3.2.1.2 End-of-Life Mobile Phones (EoL-MPs) 

At the start of the research an advert was prepared announcing the Mobile Phone Recycling 

Project and was displayed in the Department of Civil and Environmental Engineering at Imperial 

College London inviting staff and students to deposit old/spare mobile phones that were no longer in 

use (Figure 3.1). A total of 25 mobile phones were collected and from these, 15 mobile phones, 

representative of three generations of mobile phone from different brands and production years, 

were selected for detailed compositional analysis, namely: feature phones (F) – F1-F5 (Table 3.1), 

produced from before 2000 to 2015, multimedia phones (M) – M1-M5 (Table 3.2), produced between 

2004 and 2010, and smartphones (S) – S1-S5 (Table 3.3), produced between 2009 and 2013.  

 

 

Figure 3.1: Poster used for the collection of EoL-MPs. 
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Table 3.1: EoL Feature Phones utilised in this study. 

Code Manufacturer/model Production year Weigh [g] Phone 

F1 Motorola Sp - 121.2 

 

 

 

F2 Nokia 3410 2002 108.1 

 

 

F3 Nokia 3510 2002 109.4 

 

 

F4 Samsung GT-E1270 2013 82.7 

 

 

F5 Nokia 105 2015 70.2 
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Table 3.2: EoL Multimedia Phones utilised in this study. 

Code Manufacturer/model Production year Weigh [g] Phone 

M1 Motorola V547 2004 120.2 

 

 

 

M2 Nokia RM217 2007 91.4 

 

 

M3 LG KU990 2009 112.2 

 

 

M4 Samsung GT-S3100 2009 102.5 

 

 

M5 Nokia C5 2010 89.6 
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Table 3.3: EoL Smartphones utilised in this study. 

Code Manufacturer/model Production year Weigh [g] Phone 

S1 IPhone 3GS 2009 135.4 

 

 

 

S2 Samsung GT-I9100 2011 116.2 

 

 

S3 Motorola XT910 2011 126.3 

 

 

S4 i-Phone 5S 2013 113.1 

 

 

S5 Samsung GT-I9500 2013 130.7 
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3.2.2 Pre-treatment for Selection of Key Component Fractions for Analysis 

The as-received mobile phones were separated into the three generations of phone type: 

feature phones (F), multimedia phones (M) and smartphones (S), and each set of phones was 

dismantled by hand and separated into five key components: (i) printed circuit boards (PCBs), (ii) 

screens, (iii) casings, (iv) electronics (cameras and speakers) and (v) batteries. Prior to detailed physical 

and chemical analysis, the component fractions, except batteries, which were removed and kept 

safely stored for a separate study, were shredded into pieces of approximately 1×1 cm2 using pliers, 

scissors and a Dremel (Dremel 8220-2/45, USA), and using a cryomill (Retsch CryoMill, Germany), were 

subjected to cryomilling in liquid nitrogen (freezing the samples at -196ºC) for 15 min at 150 rpm in a 

closed system. The milled samples were sieved to a particle size ≤ 150 µm. This particle size was 

selected to permit complete metals liberation from the non-metallic and ceramic fractions, being 

more representative for a total metal analysis [96]. In the shredding and milling processes of WEEE in 

open systems, loss of precious metals can reach up to 40% in the form of metal fines and dust [94]. To 

permit a comprehensive metal characterisation and avoid loss of material, the cryomilling process was 

carried out in a closed vessel. In the shredding and milling processes, the material was weighed before 

and after each process, and mass losses were found to be ≤2 wt.%. Figure 3.2 Illustratres the sequence 

of mechanical processes for the metal liberation of each component of EoL-MPs. Each key component 

fraction from the feature, multimedia and smartphones was weighed separately and the average of 

the fraction weights is presented later in this chapter (Figure 3.7, in Section 3.3.1) as G1 (average F1-

F5), G2 (average M1-M5) and G3 (average S1-S5), where G denotes the generation of the mobile 

phones. 
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Figure 3.2: Flowsheet of processing methods and products obtained.
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3.2.3 Analytical Techniques 

 To conduct a full characterisation of the five key component fractions of EoL-MPs a suite of 

analytical techniques is deployed.  These include methods (as illustrated in Figure 3.3) to determine 

(i) the elemental composition using Inductively coupled plasma optical emission spectrometry 

Inductively (ICP-OES), Elemental Analysis, and Ion Chromatography (IC), (ii) the organic fraction using 

Thermogravimetric Analysis -Differential Scanning Calorimetry (TGA-DSC),  and Fourier-transform 

infrared spectroscopy (FTIR), (iii) the morphology and phase distribution using Scanning Electron 

Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-EDS) for morphology, X-ray Diffraction 

(XRD) for Mineralogical composition (XRD), and a Malvern Particle Size Analyser for Particle size 

distribution, and (iv) the thermal properties using  Bomb Calorimetry and Thermogravimetric Analysis 

-Differential Scanning Calorimetry (TGA-DSC)). Each of these methods is described in detail in the 

following sub-sections. 

 

Figure 3.3: Methods used in the characterisation of EoL-MPs. 

 

Elemental analysis of each generation of EoL-MPs was carried out in triplicate for feature 

phones (F1-F5), multimedia phones (M1-M5), and smartphones (S1-S5), and the results averaged to 

provide an elemental concentration for each generation of phone recorded as G1, G2 and G3 

respectively in Table 3.4 in Section 3.3. 
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3.2.3.1 Elemental Composition 

Inductively coupled plasma optical emission spectrometry Inductively (ICP-OES) 

ICP-OES is an analytical technique used to determine the concentration of certain elements 

contained in a sample based on atomic spectrometry. The ICP-OES principle uses the fact that atoms 

and ions can absorb energy to move electrons from the ground state to an excited state and those 

excited atoms release light at specific wavelengths as they transition to a lower energy level. ICP-OES 

converts a liquid sample into an aerosol by nebulisation with argon before it enters the plasma. The 

plasma at 10.000 Kelvin excites the atoms or ions that travel through it, enabling electrons to jump 

from a lower to higher energy level. Once the excited atoms or ions decay to their initial ground state, 

energy is emitted in the form of photons, which is measurable by the equipment. The amount of light 

released at each wavelength is proportional to the number of atoms or ions making the transition, 

thus the concentration of an element can be obtained using the Beer Lambert law, which describes 

the relationship between light intensity and element concentration by A = ɛcl, where A is the 

absorbance, ε is the molar absorption coefficient, l is the length of the cell and c is the concentration. 

To calibrate an ICP-OES, solutions containing known amounts of each element are measured. 

From this data, a calibration curve is created, which determines the concentration of a specific 

element, by comparison, the sample with the calibration. In this study, elements and their 

concentrations were determined using a Perkin Optical Emission Spectrometer ICP-OES (PerkinElmer 

Avio™ 500, USA). Multi-element ICP standards ranging between 0.5 ppm and 100 ppm were prepared 

from different multi-element ICP standards. All calibration curves for metals had a correlation 

coefficient of R2 >0.999, with a total of 65 metals and metalloids analysed. Blanks and reagent 

solutions were prepared to provide a zero baseline and subtracted from the results. Quality control 

samples were prepared and checked every 10 to 15 samples in each run to guarantee the accuracy 

and quality of the results. Each sample was analysed in triplicate to ensure reproducibility and 

precision. Precision defined as relative standard deviation (RSD), was calculated as a percentage using 

the standard deviation divided by the mean of replicated samples [138, 139]. Precision and accuracy 

were satisfactorily obtained to be within <15% and 80–120% for all elements, respectively.   

Sample preparation methodology for ICP-OES analysis is critical and depends on the sample to be 

analysed. In this research, two digestion methods were used: Aqua Regia Digestion (ARD) and Lithium 

Tetraborate Fusion (LTF). Three different spikes (blank, blank+spike, sample+spike) were used. The 

matrix spikes were deemed acceptable with a recovery of 85-115% and precision being <15%, and 

quality-assurance checks were made with every 15 samples. The element content in the blanks and 

reagent solutions were close to or below the detection limit, indicating a null contamination effect in 
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both digestion methods. Before the determination of elements, samples were roasted in a furnace 

(Gallenkamp Muffle Furnace, UK) at 600 °C for 1 hour to remove the polymer content which might still 

conceal the metallic fraction after the milling process, and to ensure a total separation of the polymer 

and metallic fractions. Before and after each experiment, all the equipment and apparatus used for 

the digestion methods (graphite crucibles, beakers, volumetric glasses, etc.) were decontaminated by 

immersing them in a 5% (v/v) nitric acid bath for 24 h, rinsed using reverse osmosis (RO) water and 

dried in an oven at 60°C for 3 h.  

a) Aqua Regia Digestion (ARD) 

In this method, an accurately weighed comminuted sample (of 0.1g) was leached with aqua regia 

(2mL conc. HNO3 and 6mL conc. HCl). The solid/liquid ratio was set as 1/80 to achieve the total leaching 

of metals [47]. The leaching process was carried out on a block heater at a temperature of 90°C for 2 

h without agitation.  The sample was cooled to room temperature and transferred to a volumetric 

flask and made up to 25 mL with RO water. 

b) Lithium Tetraborate Fusion (LTF) 

An accurately weighed comminuted sample (0.1g) was poured into a graphite crucible and mixed 

with lithium tetraborate (0.5 g). The graphite crucibles were then heated to 1000 °C for 30 minutes. 

After 30 minutes, the molten mixture was poured  immediately into a beaker to which was added  

nitric acid (50 mL, 5M), and stirred at 150 rpm for 2 hours to aid the dissolution [139]. The solution 

was then quantitatively transferred into a 250 mL volumetric flask and diluted with water. 

Solutions obtained from both digestion methods (ARD and LTF) were separately filtered 

through a 0.45 µm pore diameter cellulose nitrate Millipore filter paper; the samples were then stored 

in a refrigerator (at 4°C) prior to analysis. A schematic flowchart of the sample preparation is illustrated 

in Figure 3.4. 
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Figure 3.4: Schematic flowchart for sample preparation of ARD and LFT methods. 

Elemental Analysis 

Carbon, hydrogen, nitrogen, and sulfur content was determined using combustion analysis by 

MEDAC Ltd. (Surrey, UK). The analysis was carried out in a Flash EA 1112 Series CHNS-O Analyser using 

approximately 5 mg of each sample. The original analytical method is based on the complete and 

instantaneous oxidation of the sample by dynamic flash combustion which converts all organic and 

inorganic substances into combustion products. The resulting combustion gases pass through a 

reduction furnace and are carried into a chromatographic column by He carrier gas. In the column, 

the gases are separated and eluted as nitrogen, carbon dioxide, water, and sulfur dioxide, and 

detected by a thermal conductivity detector (TCD) which gives an output signal proportional to the 

concentration of the individual components of the mixture. The instrument is calibrated with the 

analysis of known standard compounds [140]. Each sample was analysed once. The oxygen content 

was estimated by the difference knowing the percentage C, H, N, and S content. 

Ion Chromatography (IC) 

Ion Chromatography is the separation and quantitative analysis of anions and cations in an 

ionic solution using ion exchange resins. The chromatographic process separates the different ions 

within the sample. The ions in the sample solution are carried through a column packed with an ion 

exchange resin (stationary phase) by an ionic solution, or eluent (mobile phase). Due to the interaction 

between the ionic species, coming from a sample, and the polar resin, the ionic species are separated 
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based on their affinity, species type and size. If cations are to be analysed, the active sites will have a 

fixed negative charge to attract the anions. Resins for anion analysis will have a positive charge. 

Individual ions attach and detach from the resin at a rate that depends on the affinity of the specific 

ion to the active sites. Ions with greater affinity for the stationary phase are retained in the column 

for a longer time than those with less affinity for the stationary phase. Thus, species in the solution 

exit or elute from the column at different time bands. At the end of the column, a detector 

continuously measures the conductivity of the eluent to determine the quantity of the eluting ions as 

a function of time. The data from the detector are compiled into a plot of ion abundance versus time, 

known as chromatogram. The position of a peak in the chromatogram is characteristic of a specific 

ion. Thus, comparing these peaks with different ionic standards solutions (with the ion species under 

study), the concentration can be determined as a function of the peak size in the obtained 

chromatogram. 

A Dionex ICS-2100 ion chromatograph (Thermo Scientific, USA) was used to analyse the 

concentration of anions including fluoride, chloride, nitrite, bromide, nitrate and sulphate by ion 

chromatography (IC). Dionex AS19 2 mm Analytical Column with a Dionex AG19 4u 2 mm Guard 

Column was used as the ion exchange column. Calibration standards from 1 ppm to 500 ppm were 

prepared from either individual standards or made in the laboratory using salts of the interested 

anions. The mobile phase used was potassium hydroxide (KOH), and a gradient of KOH eluent of 10 

nM to 45 nM was used, with a flow rate of 0.25 mL/min and an injection loop of 5.0 μL. The typical 

backpressure of the pump was around 2,000 psi. A blank solution was analysed prior to any analysis 

and samples with and without spikes were run as quality control every 10 samples. The samples for 

the determination of bromide and chloride in the organic fraction from EoL-MPs were obtained by 

bomb calorimetry, as explained in section 3.2.3.40. Chromeleon 7 Chromatography Data System 

Software was used to collect and analyse the results.  

3.2.3.2 Organic Content 

Thermogravimetric Analysis -Differential Scanning Calorimetry (TGA-DSC) 

Thermogravimetric analysis (TGA) is a method used for the characterisation of the thermal 

stability of materials and their fraction of volatiles over time by heating the sample at a constant rate 

in a selected atmosphere. In TGA, the weight loss of a sample in a particular atmosphere with respect 

to the temperature is measured over time. These measurements can indicate the phase changes 

including boiling points or decomposition points, oxidation, or dehydration of a sample. Differential 

scanning calorimetry (DSC) is technique that measures the difference in the amount of heat required 

to increase the temperature of a sample when compared with a reference (usually alumina), as a 
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function of temperature. This information can be used to determine physical (phase) and chemical 

(endo- or exo-thermic) changes of the sample during the heating process. Thus, TGA-DSC provides 

relevant information about the thermal behaviour and stability of a material and the different 

reactions that occur in different atmospheres. 

TGA-DSC measurements were carried out using a Rheometric Scientific Simultaneous 

thermogravimetric-differential scanning calorimeter (STA-1500 Series, Austria). The sample, 

approximately 10-15 µg (depending on its density), is placed in an alumina crucible, and, is heated at 

a heating rate of 10°C/min under nitrogen atmosphere from room temperature ( ̴25°C) until 1000 °C 

(in the case of ionic liquids, the temperature range up to 700 °C). Simultaneous data were recorded 

for TG and DSC at 5 second intervals. 

Proximity analysis was carried out to determine the volatile matter, ash content and fixed carbon 

in the sample, as illustrated in Figure 3.5. For proximate analysis, a heating rate of 20 °C/min was 

chosen. The method used was as follows; the temperature was raised at a heating rate of 20 °C/min 

from the room temperature (2̴5 °C) to 105 °C, where it was held for 5 min to remove the moisture 

completely. The temperature was then raised from 105 °C to 950 °C with a heating rate of 40 °C/min, 

held at this temperature isothermally for 20 minutes to remove the volatile matters completely. 

Finally, the combustion starts by manually switching the nitrogen gas (flow rate at 58 ml/min) to air 

(flow rate at 57 ml/min), and the final temperature (950 °C) was held for 20 min to allow complete 

combustion. The ash was calculated as the difference of the initial mass minus the moisture, volatile 

matter and fixed carbon. 

 

Figure 3.5: Proximity analysis of a feature mobile phone casing. 
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Fourier-transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectrometry (FTIR) is an analytical technique used to identify the 

presence of organic material in a sample. Samples are subjected to infrared (IR) radiation, inducing 

excitation in the molecules, causing them to vibrate, stretch and bend. Specific bond vibrations absorb 

IR radiation of a particular energy, with stretches occurring at higher wavenumbers (lower energy), 

and bends, at lower wavenumbers (higher energy). This technique measures the absorption of 

infrared radiation by the sample material versus wavelength, and the infrared absorption bands can 

be used to identify specific bonds, functional groups and structures. The region of an IR spectrum at 

the lowest wavelength (between 400 cm-1 and 1500 cm1) is known as the fingerprint region due to the 

presence of a large number of peaks, which makes it difficult to identify individual peaks, however, 

together they are characteristic and unique to a given compound. FTIR spectra are commonly used as 

a fingerprint for comparison with a reference spectrum, helping in the identification of contaminants 

or sample degradation of the sample shown by changes in the absorption peaks in the spectrum.  

FTIR spectra were recorded on a FTIR spectroscopy (Nicolet Magna 560, USA) using a Quest 

single reflection germanium attenuated total reflection accessory. Transmittance data were collected 

within the range of 525 cm-1to 4000 cm-1, with a resolution of 4 cm-1 and 50 scans. A background 

spectrum was collected before each sample analysis. The peaks on the transmission FTIR spectra were 

identified using Thermo Scientific™ OMNIC™ FTIR Software.  

3.2.3.3 Morphology, Phase & Metal Distribution 

Morphology (SEM-EDS) 

The morphology of samples is determined using Scanning Electron Microscopy (SEM) with 

Energy-Dispersive X-ray Spectroscopy (EDS). SEM is a method used to determine the morphology of 

samples, showing the contrast between organic and metallic materials, whereas EDS is a semi-

quantitative elemental analysis used in specific locations. Essentially, an electron beam strikes the 

sample’s surface, where the electrons within the atoms of this area are excited. Then, the electrons 

of these atoms return to their ground level state, emitting a characteristic x-ray. The beam swings 

across the sample causing some of the electrons to be reflected by the specimen and some to be 

absorbed. Specialized detectors receive these electrons and process the signal into a topographical 

micrograph of the sample. In the case of EDS, those same x-rays emitted by the electron beam are 

detected by an EDS x-ray detector, measuring the relative abundance of emitted x-rays versus their 

energy. When an incident x-ray strikes the detector, it creates a charge pulse that is proportional to 

the energy of the x-ray. This pulse is converted to a voltage pulse by a charge-sensitive preamplifier. 
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The signal is then sent to a multichannel analyser where the pulses are sorted by voltage followed by 

a software analysis to determine the elemental composition. A spectrum of x-ray energy versus 

voltage is generated, permitting the determination of the element composition of the area of sample 

under observation. 

In this work, SEM-EDS was used to determine the morphology of samples and their elemental 

composition. SEM coupled with an EDS system makes it possible to show the element distribution, 

permitting the determination of the efficiency of mechanical release of the metal from the non-

metallic fraction. Scanning electron microscope (Hitachi TM4000Plus, Japan) equipped with EDS 

(Oxford Instruments, UK) and a Back-Scattered Electrons (BSE) detector was utilised. Before sampling, 

all the samples were placed in an oven at 105 °C for 2 hours to ensure they were completely dry and 

oil-free to prevent contamination and potential damage to the equipment. The SEM images are 

presented with the magnification and the parameters used in the equipment recorded. 

Mineralogical composition (XRD) 

X-Ray diffraction (XRD) relies on the dual wave/particle nature of X-rays to obtain information 

about the atomic and molecular mineralogical composition of materials. Solids have a crystalline 

structure, which corresponds to a microscopic arrangement of atoms that is repeated periodically. By 

using X-rays directed to a sample, some rays are diffracted from the sample and collected by a detector 

at a particular angle and intensity. The scattering of the radiation produced by the sample creates a 

regular patter due to the planes of the internal structure, and a 3-D structure can be generated. Based 

on the Bragg’s law, the angle and intensity of the diffracted radiation (θ) depends upon the lattice 

spacing (d) of the sample and the wavelength of radiation (λ), based on the relationship n𝜆 = 2dsin 𝜃,   

where n is an integer. 

The detector is moved around the sample to collect diffracted radiation at different angles to 

produce a plot of 2θ (the angle) vs intensity which is specific to that material. XRD was used to analyse 

and determine the mineralogical composition of samples. Crystalline phases present in the samples 

were determined by MiniFlex 600-C (Rigaku, Japan), which has a copper anode with a 1.540593 Å 

wavelength for Kα and operates at a voltage of 40 kV and a current of 15 mA. The diffraction patterns 

obtained for the samples were compared with the equipment database and with patterns found in 

the literature. 
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Particle size distribution 

Particle size distribution was measured using either a series of sieve shakers of varying mesh 

sizes or a particle analyser. For those samples with a size range above 150 μm, the proportion 

distribution was measured by weights of different fractions after screening the samples through 

sieves. More precise particle size data was achieved using a laser diffraction particle size analyser 

MasterSizer 3000 (Malvern, UK). The Mastersizer 3000 uses the technique of laser diffraction to 

measure the particle size and particle size distribution of materials. It does this by measuring the 

intensity of light scattered as a laser beam passes through a dispersed particulate sample. This data is 

then analysed to calculate the size of the particles that created the scattering pattern.  

Sieves, with a mesh size of 150 μm to 2000 μm, were used. Sample dispersion for the 

MasterSizer 3000 was achieved by wet dispersion units using RO water as the distribution media. Pre-

spreading of samples in a little RO water was done to ensure a stable state of particle dispersion in 

the measurement area of the optical bench. Both methods were utilised to classify the particle size 

and determine its elemental composition, and to determine the degree of metals liberation, 

confirmed by SEM-EDS. 

 

3.2.3.4 Thermal Properties 

Bomb Calorimetry 

Bomb calorimetry is used to measure the thermal properties specifically the heat capacity or 

heat of chemical reaction as well as heat of physical changes of the material during combustion. The 

measurement is obtained by burning a representative sample in a high-pressure oxygen atmosphere 

under constant volume conditions within a metal pressure vessel, known as bomb or reaction 

chamber. The vessel is immersed in a stirred water bath to stabilise the water temperature. After the 

temperature has been stabilised the reaction, within the vessel, is initiated by discharging a capacitor 

through thin wires which are connected to the sample which is then ignited. The energy released by 

this combustion is absorbed by the surrounding water and the resulting change in temperature within 

the absorbing medium is noted, and the heat released by combustion of the sample is calculated. The 

calorimeter is designed to be isolated from the surroundings, therefore there is not heat loss.  
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A Bomb Calorimeter (Parr 6100, USA) was utilised to determine the High Heating Value (HHV), 

also known as gross calorific value or gross energy. The powder samples were compressed into pellets 

for use in the bomb calorimeter. The HHV of the samples were determined placing 0.5-1 g of sample 

in a metallic vessel. In samples with incomplete combustion, the HHV determination was aid with 

benzoic tablets (1.0 g) to facilitate complete combustion. The tablets were placed in the vessel and 

the samples were placed on the tablets. Benzoic acid is used due to its constant calorific value (26.454 

KJ/g) and it is also utilised for the calibration of the bomb. Triplicate measurements were made for 

each sample.  

A bomb calorimeter was used to determine bromide and chloride species in the plastic 

components of the EoL-MPs, applying the test method 5050 from the United States Environmental 

Protection Agency (EPA) for the determination of total chloride in solid waste and liquid fuel [26]. The 

method involves oxidising the sample in a calorimeter and collecting the gases generated (HCl and 

HBr) in a 0.25 M NaOH basic solution placed with the sample inside the bomb calorimeter [141]. In 

this study, 0.10 g of samples was placed in a bomb calorimeter with 10 ml of 0.025 M sodium 

bicarbonate/sodium carbonate (NaHCO3/NaCO3) solution to capture the acid gases generated by 

combustion. After the combustion, 10 mL of solution was captured from within the bomb calorimeter, 

was diluted to 1L, and analysed by ionic chromatography to determine the chloride and bromide 

contents. 
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3.3 Results and Discussion 

Detailed characterisation of three generations of mobile phones is described in terms of (i) the 

physical classification of key components of mobile phones, (ii) characterisation of the metallic and 

non-metallic fractions, and (iii) interpretation of the data in terms of potential for mobile phones as a 

source of energy and material recovery or recycle. 

3.3.1 Key Component Fractions of EoL-Mobile Phones  

3.3.1.1 Key Component Distribution in EoL-MPs  

End-of-life mobile phones (EoL-MPs) were classified into three groups: feature phones (with no 

operating system, touchscreens and third-party applications), multimedia phones (with operating 

system, touchscreen, but no third-party applications) and smartphones (with highly responsive 

touchscreen, robust operating system and third-party applications) [38]. The dismantling of a typical 

multimedia phone, as shown in Figure 3.6, revealed that mobile phones comprise at least 14 

components, most of which are made up of a large variety of materials such as plastics, metals, 

ceramics, and other substances. In general, material locked through fastening by screws, clinks, and 

rivets, etc., can be easily removed, however, there are materials locked by means of welding, alloying, 

filling, binding, and coating which are difficult or impossible to separate by mechanical means. 

Furthermore, it was observed that components in mobile phones were not designed for easy and rapid 

disassembly, so careful manual disassembly was essential for the effective separation of their 

components. These components can be classified based on their properties and characteristics as 

mechanical components (supporting structure of the mobile phone, frames, keypad, and buttons), 

electromechanical components (LCD screen, speakers, vibration motor, keypad assembly, and other 

small components), electronic components (PCB assemblies and cameras), and others, which include 

batteries and chargers. If all the components are unlocked, between 50 and 100 constituent parts can 

be found. This number of components varies largely depending on the year of production, producer, 

and mobile phone generation.  

Due to the large number and variety of mobile phone parts, the components were grouped into 

five key categories for characterisation: printed circuits boards (PCBs), screens, casings, electronics 

(cameras and speakers) and batteries. Following manual disassembly and separation each component 

was weighed and the proportion of mobile phone weight (averaged within a generation type) 

contributed by each category was determined and presented in Figure 3.7. PCBs in EoL-MPs showed 

small differences in their weight percentage across the generations, representing between 17% and 

20% of the total weight. Screens, however, were the component that unsurprisingly showed the 
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largest increase in mass fraction through the generations, from 5% and 7% in feature and multimedia 

phones to 28% in smartphones. The presence of large touchable screen in smartphones has become 

one of the most important characteristics for consumers’ use. Casings in feature phones represented 

43% of the total mobile phone weight and 52% in multimedia phones but showed a marked reduction 

to about 25% in smartphones.  Batteries weighed 26 wt.% on average in a feature phone and reduced 

to 19 wt.% in multimedia phones. The multimedia phone had a smaller and thinner battery, which 

usually covered half of the device (Figure 3.6). Although batteries in smartphones were thin, the 

weight percentage of these batteries was higher at 26% of the total weight of a smartphone. The 

weight of the electronics component showed little variation across the generations representing 

approximately 1-2% of the total weight, and the other components (plastic keyboard, buttons, etc.) 

also contributed little to the overall weight but had decreased through the generations, to the 

smartphone in which there is an increased integration of circuits and components embedded in the 

phone. In summary, on average (Figure 3.7b), the weight of components  in a mobile phone, was 

dominated by casings ( 39% ), with the other components decreasing in the order: batteries ( 24 wt.%) 

> PCBs (18 wt.%) > screens (15 wt.%) > others (3 wt.%) > electronics (1 wt.%).  

 

 

Figure 3.6: Main components of a mobile phone (Nokia N70). 
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The average metal, non-metal and ceramic content in multigenerational EoL-MPs, derived 

from this work is shown in Figure 3.8. In general, it was found that an average mobile phone contains 

approximately 40% plastics, 35% metals and metalloids, and the remaining 25% as ceramics and glass. 

In terms of metal content, batteries (Li-ion) comprising cathodes, anodes, electrolyte plastic 

separators and metal cases, as expected, account for the largest fraction, followed by speakers, PCBs 

and cameras with 47 wt.%, 43 wt.% and 25 wt.%, respectively, and screens with only about 5 wt.%. 

The high fraction of ceramics and glass in screens come from the LCD displays, where its main material 

is glass, accounting for nearly 50% of the total weight. The other components in screens are 

connectors, adhesives, diffusive and reflective sheets, polarizing films and plastic frames [142]. The 

total metal content was determined as the sum of all the metals analysed and reported in detail for 

the metallic and non-metallic elements in section 3.3.2 

 

 

Figure 3.7: Average mass fraction (wt. %) of components of EoL-MPs by (a) by generations and (b) on 

average. 
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Figure 3.8: Average material composition of mobile phones. 

 

3.3.1.2 Pre-treatment for Analysis  

The mobile phone has a complex and heterogeneous material composition and representative 

analysis requires adequate separation of the metallic and non-metallic fractions to determine the 

elemental composition and concentration. The degree of liberation is critical as it indicates how much 

of a target element is liberated from the non-valuable components. Efficient metal liberation is crucial 

for a detailed characterisation of the metallic and non-metallic fractions, as incomplete metal 

liberation from e-waste is the key reason for resource loss. 

A preliminary comminution step was carried out on PCBs using hammer milling to produce an 

optimal particle size for metal liberation. Figure 3.9 shows the particles obtained after milling: with 

the size fraction of ≤150 µm in powder form, the fraction from 150 µm to 710 µm, appearing acicular, 

and the fraction above 710 µm, as flakes. ICP-OES analysis showed that the smallest fraction (≤150 

µm) presented the optimum metal liberation based on the metal content of 42%, 38%, and 35% for 

<150 µm, 110-710 µm, and >710 µm samples respectively. This preliminary step revealed that hammer 

milling and ball milling generated a large amount of dust and by weighing the samples before and after 

the shredding process, a material loss of approximately 15% was observed. To avoid material losses 

and to permit full metal characterisation of the samples, cryomilling was conducted in a closed system 

prior to analysis.  
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Figure 3.9: PCB samples obtained after milling; (a) ≤150 μm, (b) 150-710 μm, (c) 710-2000 μm. 

 

To ensure that the smallest fraction effectively releases the metallic fraction, liberation 

assessment was qualitatively achieved using the scanning electron microscope coupled with X-ray 

microanalysis by energy dispersion system (SEM-EDS) images, as shown in Figure 3.10. The 

morphology showed that the metallic particles were presented in very random sizes and shapes. It 

can also be observed that most of metals were unlocked in all the components from the non-metallic 

fraction. Casings are not shown due to their low metal content. With the aid of EDS analysis, the 

composition of the different particles was determined. In PCBs (Figure 3.10a), the acicular particles 

were found to be glass fibres attributed to the high proportion of Si, used to reinforce and insulate 

PCBs. Copper particles, observed as layered flakes, and particles of Fe, Ti, Ba, and Pb, observed in 

spherical shapes were well separated from the non-metallic fraction. Carbon was observed at sites 

away from the metal concentrations, and in some cases linked to Br or Cl elements, likely coming from 

halogenated flame retardants, indicating an effective metallic and non-metallic separation. In the case 

of screens (Figure 3.10b), particles showed a high purity composition of silicon and metallic elements 

such as Al and Mg, suggesting that metal liberation was effectively achieved. Mobile phone screens 

particles were smaller and generally more homogeneous in sizes and shapes, than the particles of the 

other mobile phones components. This is likely due to the high glass content in screens, a brittle 

material, which facilitates a fast and more homogenous comminution. In the case of cameras and 

speakers, Figure 3.10c and Figure 3.10d, respectively, there was good evidence of liberation of the 

metallic from the non-metallic fraction. Although in some cases some metallic particles coexisted with 

other metals, consistent with, alloy fractions, namely Al-Si and Ba-Ti alloys found in cameras. 

Characteristic of the speakers was the predominance of neodymium and iron derived from magnets. 

The SEM-EDS data confirm effective liberation of the metal fraction from the non-metallic fraction. 
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Figure 3.10: BSE-EDS images of comminution fines after cryomilling (≤150 μm); a) PCBs, b) screens, c) 

cameras and d) speakers. 

 

3.3.1.3 Discussion 

The average weight distribution of PCBs (18%), screens (15%), casings (39%), batteries (24%), 

electronics (1%) and other (3%) found in this study (Figure 3.7b) is in good agreement with data 

reported by Tan and Palmieri where PCB accounts for 18%, screen for 8%, plastic for 26% (primarily 

from casings), and batteries for 21% of the total weight [38].  Elsewhere Palmieri et al. reported similar 

results with a distribution of 19%, 2%, 26% and 27% by weight for PCBs, screens, frames and batteries, 

respectively [143]. The only substantial difference was the weight distribution of screens; a difference 

explained because as the authors utilised feature and multimedia phones in their characterisations, 

but in this study the characterisation was made using and equivalent amount of feature, multimedia 

and smartphones, providing a more representative sample. This is corroborated with the data in 

Figure 3.7a, where excluding the weight attributed to the smartphone fraction, shows the average 

proportion of weighted screens from feature and multimedia phones alone were 5 wt.% and 7 wt.%, 
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respectively, consistent with small display screens. The notable increase in screen sizes of 

smartphones, accounts for more than a quarter of the total weight.  

Regarding metal liberation from the non-metallic fraction, extensive studies have focussed on 

the metal liberation from waste printed circuit boards (WPCBs) as a function of different particles sizes 

[92, 144-146]. Size reduction that involves crushing, grinding, or shearing is generically referred to as 

‘shredding’. Metals in PCBs can be difficult to liberate from non-metals; however, in the fraction of 

0.3-1 mm, almost all the metals can achieve complete liberation [144]. Yoo et al. investigated the 

structural features of PCB scraps before and after mechanical treatments with SEM images. The results 

indicated that metals could be separated from the non-metallic components if the particle size was 

below 1.2 mm [92]. Zhao et al. treated WPCBs with a high-speed pulveriser, finding that metals and 

polymers could be completely separated when the particle size was less than 450 µm [146]. The 

differences in the optimal particles sizes found by authors differ due to the fact that mechanical 

comminution is a technology created for reducing the dimensions of ore aggregates, being natural 

ores fragile or brittle, and the liberation occurs as a side effect [144]. Thus, metal liberation can occur 

at different particles sizes, depending on the comminution process applied and the material being 

shredded. The mechanism of the comminution process in WEEE is typically by means of impact, with 

shear, compression, abrasion or a combination [145]. In this study, it was found that the smaller the 

particle size, the better metal liberation, with almost complete metal liberation achieved with a 

particle size of ≤150 µm. Although unliberated composites were observed in SEM-EDS images, they 

were found to be minimal, suggesting an excellent metal liberation for elemental analysis. It is worth 

mentioning that the objective in this work is to effectively separate the metallic and non-metallic 

fraction, without considering the energy utilised. It is acknowledged that the smaller the particle size, 

the more energy is needed. Thus, for an optimal metal recovery, the energy used for shredding would 

need to be considered. 
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3.3.2 Characterisation of the Metallic Fraction  

In this section, detailed characterisation of the metal and metalloid content in PCBs, screens, 

cameras and speakers for multigenerational EoL-MPs is described and a comprehensive analysis is 

presented in Table 3.4. The data are reported as averages of triplicate measurements for each 

metal/metalloid in each component fraction. The reported metals and metalloids are classified as base 

metals (BM), precious metals group (PMG), rare earth elements (REEs, where L and H refer 

respectively to light and heavy elements), critical raw materials (CRMs), hazardous substances (HS) 

which refers to those metals classified as hazardous metals according to the RoHS Directive [147] and 

other metals (OMs). Each component of the mobile phone was analysed separately, but for 

presentational purposes and ease of interpretation, their concentrations are expressed as average 

concentrations for each generation of phone: as G1 (feature phones), G2 (multimedia phones), and 

G3 (smartphones). The characterisation of the metallic fraction showed that 63 metal and metalloid 

elements are present in EoL-MPs. Figure 3.11 illustrates the average metal and metalloid 

concentration in EoL-MPs (average elemental concentration per mobile phone unit). 
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Table 3.4: Metal and metalloid composition of PCBs, screens, cameras and speakers from feature, multimedia and smart phones. 

  PCBs Screens Cameras Speakers  

  Element G1 G2 G3 G1 G2 G3 G1 G2 G3 G1 G2 G3 
Detection limit 

(mg/L) 

BM 

(wt.% for 

PCBs and 

Screens, 

mg/g for 

Cameras 

and 

speakers) 

Cu 21.8 29.5 32.2 3.0 18.1 5.4 120.8 92.6 112.4 126.2 21.8 100.1 8.6x10-3 

Al 2.2 2.9 2.3 16.7 16.7 27.1 7.6 9.3 7.0 84.0 7.3 8.5 8.8x10-3 

Ba 1.8 2.1 3.0 8.0 2.5 0.5 10.3 12.4 14.9 5.7 0.3 0.5 1.0x10-3 

Ni 1.1 1.7 3.2 1.1 1.8 0.7 19.7 16.3 20.1 4.3 21.8 17.4 3.4x10-3 

Sn 0.2 1.2 3.1 0.4 0.9 0.3 1.8 3.2 10.2 24.3 7.1 6.3 4.2x10-3 

Fe 0.5 0.9 2.5 1.7 2.5 1.1 20.1 25.0 62.6 113.0 186.3 133.4 2.8x10-3 

Zn 0.2 0.5 0.8 0.0 0.1 0.0 8.5 0.8 3.1 19.0 7.5 11.5 9.0x10-4 

B 0.4 0.4 0.3 5.1 5.2 4.8 2.4 2.8 1.4 <DL <DL <DL 2.2x10-2 

Ti 0.3 0.3 0.5 0.4 0.5 0.1 1.4 1.1 2.0 1.1 0.1 <DL 6.0x10-4 

Ca 2.3 2.0 1.1 0.5 0.5 0.2 0.7 1.0 1.0 1.2 0.7 0.8 4.1x10-3 

PMG 

(ppm) 

Ag 1095.1 1246.7 1611.1 35.4 122.9 85.6 <DL 689.4 890.3 1755.3 245.4 114.6 2.1x10-3 

Au 502.1 588.2 765.4 64.3 45.9 15.7 1668.2 954.2 1040.4 65.3 83.0 79.2 2.9x10-3 

Pd 106.7 109.1 85.8 0.7 2.7 2.2 8.9 15.6 <DL <DL <DL <DL 5.8x10-3 

Pt 26.4 29.4 59.2 9.8 14.4 21.3 33.5 23.0 75.6 78.3 93.2 57.6 1.0x10-2 

Re 3.4 4.1 6.0 0.5 0.7 <DL 4.2 <DL 20.5 85.6 120.3 90.5 4.0x10-3 

Rh <DL <DL <DL <DL <DL <DL <DL <DL <DL 51.7 30.5 52.7 1.0x10-2 

Ru <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 2.0x10-3 

LREE 

(ppm) 

Sc 3.8 4.9 5.1 <DL 0.2 <DL 1.7 5.4 10.1 24.1 38.2 34.3 1.0x10-4 

La 439.5 61.0 4.7 0.4 0.3 0.5 1.7 998.4 75.1 145.5 240.5 214.3 9.0x10-4 

Ce 9.9 2.5 <DL 0.7 0.1 <DL <DL <DL <DL <DL <DL <DL 7.6x10-3 

Pr 130.0 114.9 64.8 <DL 3.0 3.6 25.8 592.1 3468.4 12175.8 12435.8 8820.7 4.9x10-3 

Nd 1657.5 1627.9 982.6 3.0 28.3 12.3 141.3 7731.5 31498.3 73264.7 97525.5 85449.4 8.0x10-3 

Sm 20.8 18.4 12.1 <DL <DL <DL 7.2 158.1 561.5 1230.4 1884.1 1800.4 2.7x10-3 

Eu 2.3 2.1 0.7 0.4 0.3 <DL 1.7 5.4 10.1 136.2 232.6 198.8 4.0x10-4 
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HREE 

(ppm) 

Y 28.7 17.1 20.1 0.7 2.0 1.3 4.7 258.5 5.7 7.9 3.6 3.6 4.0x10-4 

Gd 9.5 56.3 45.9 4.1 6.5 2.6 135.3 31.6 17.6 232.7 54.6 181.3 2.3x10-3 

Tb 10.0 50.3 3.7 0.6 0.6 0.4 <DL 8.0 224.5 193.3 1577.6 48.6 4.0x10-3 

Dy 46.4 91.1 125.7 0.2 9.0 1.8 24.4 572.4 1826.0 3159.8 8251.5 5642.0 1.2x10-3 

Ho 13.5 4.2 <DL <DL <DL <DL <DL <DL <DL 94.1 55.9 38.4 1.3x10-3 

Er 7857.8 7977.6 11731.1 954.3 1185.3 206.3 3499.2 2654.4 4599.6 136.2 232.6 198.8 3.3x10-3 

Tm <DL <DL <DL <DL <DL <DL <DL <DL 11.5 28.2 44.1 28.6 7.0x10-4 

Yb 0.6 0.5 1.4 0.1 0.1 0.1 0.3 2.1 8.9 22.3 36.4 29.4 2.0x10-4 

Lu 0.4 0.1 1.0 <DL 0.1 <DL 0.5 8.9 3.8 0.3 2.4 5.5 2.0x10-4 

CRM 

(ppm) 

In <DL <DL <DL 190.0 262.5 64.9 <DL <DL <DL <DL <DL <DL 2.5x10-2 

Ga 74.4 149.0 248.8 5.0 6.9 5.1 25.9 242.3 1317.1 4196.3 4684.3 3468.6 5.3x10-3 

Ge* 100.3 164.4 222.7 8.8 11.8 10.2 40.6 <DL <DL 50.5 <DL <DL 2.3x10-2 

Co 136.4 92.7 51.4 2.2 3.3 0.8 58.3 165.9 1091.5 <DL <DL <DL 1.0x10-3 

Hf 8.1 11.8 15.0 0.7 1.6 0.7 35.6 13.1 5.2 <DL <DL <DL 2.0x10-3 

Be <DL <DL <DL <DL <DL <DL <DL 37.0 <DL 1.0 4.0 2.2 1.0x10-4 

Sb* 103.8 78.4 <DL 16.6 16.2 42.4 86.4 <DL <DL <DL 85.7 1595.1 1.2x10-2 

Mg 1421.2 1535.7 3967.0 1309.6 2193.4 3250.1 1352.5 1961.0 8741.5 838.3 365.1 465.2 1.1x10-3 

Nb 98.8 60.3 64.3 10.0 4.8 11.1 44.2 108.8 22.6 96.7 109.8 80.7 1.1x10-2 

W 110.0 141.9 702.1 5.9 32.0 7.2 160.1 6247.6 1926.2 215.5 140.0 1707.2 1.1x10-2 

Bi <DL <DL <DL <DL <DL <DL <DL 351.0 <DL <DL <DL <DL 8.9x10-3 

Ta 94.5 125.6 143.3 4.0 8.9 2.5 49.5 95.0 72.7 87.8 94.0 92.4 1.5x10-2 

V 7.1 11.5 18.4 0.4 2.8 11.2 25.3 ULD 1.1 4.7 11.4 3.7 1.9x10-3 

HS  

(ppm) 

Cd 0.8 4.4 4.9 1.0 0.1 <DL <DL <DL <DL <DL <DL <DL 8.0x10-4 

Pb 7304.2 999.3 469.1 35.0 77.1 2.0 108.5 3066.2 295.5 629.0 1163.5 2834.4 7.7x10-3 

Hg <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 2.5x10-3 

OM 

(ppm) 

As* 63.6 114.2 172.4 400.6 205.8 <DL 66.9 97.5 13.2 20.8 18.9 20.6 1.2x10-2 

Cr 133.0 104.6 1017.3 83.2 124.7 53.9 2817.1 790.3 250.1 113.3 228.7 101.0 1.3x10-3 

U 678.5 1223.1 3575.5 242.3 351.8 140.3 2845.1 3854.0 10436.8 22882.7 45894.9 29113.7 5.1x10-3 
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G1, G2, and G3 stand for feature, multimedia and smartphones, respectably, also known as generation 1, 2, and 3.  
<DL: Below detection limit. 
*: Metalloid.  
+: The total metallic fraction is the addition of all the metals analysed. 

 

 

 

K 150.2 150.5 193.5 174.8 175.0 1883.2 297.9 1220.1 1012.0 84.1 23.0 148.0 1.8x10-3 

Na 951.5 848.7 846.8 2974.7 1298.1 12839.3 2090.5 5073.6 4224.2 649.3 533.4 554.4 3.5x10-3 

Li 31.2 30.3 24.3 0.8 1.1 0.9 7.0 371.1 <DL 9.0 11.6 5.8 1.0x10-4 

Sr 743.3 1002.8 628.1 <DL <DL <DL 474.0 529.2 <DL 205.0 128.5 134.2 2.0x10-4 

Mo 53.0 28.2 73.8 41.0 24.5 69.3 155.4 607.2 343.8 69.9 118.2 106.9 1.1x10-3 

Zr 497.3 749.1 448.5 14.3 33.2 28.5 42.7 371.2 33.5 150.2 141.5 36.6 8.0x10-4 

Te* 208.4 247.6 259.8 12.1 15.3 22.2 47.7 58.6 95.4 234.0 238.4 162.7 1.2x10-2 

Mn 1106.9 269.0 533.5 16.1 24.8 9.3 333.7 189.2 100.1 130.5 330.1 215.8 2.0x10-4 

TI <DL <DL <DL <DL <DL <DL 74.1 741.2 215.7 16.0 18.6 164.2 1.7x10-2 

Ir <DL <DL <DL <DL <DL <DL <DL <DL <DL 1077.1 <DL <DL 1.4x10-1 

Rb <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 2.8x10-2 

Se <DL <DL <DL <DL <DL <DL <DL 93.3 <DL <DL <DL <DL 2.9x10-2 

Total+ 

(wt.%) 
 33.5 43.6 51.9 4.8 5.9 4.8 21.6 21.5 31.8 52.2 44.5 43.6 

 

Average 

(wt.%) 
 43.0 5.2 25.0 47.0 
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Figure 3.11: Average metal and metalloid concentrations per EoL mobile phone unit. 
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3.3.2.1 Printed Circuit Boards (PCBs) 

Results in Table 3.4 show the main metal present in mobile phone PCBs to be copper with an 

average of 27.8 wt.%, which represents almost 65% of the total metallic content by weight. This high 

level of copper in PCBs is due to a typical mobile phone PCB (FR-4 type) composed of a multilayer of 

epoxy resin, fiberglass, and copper layers, which give the PCB its conductive properties [12, 96]. The 

cross-section of a PCB detected using BSE-EDS (Figure 3.12a) and its reconstruction (Figure 3.12b) 

confirm the high levels of copper found, which are used as conductive layers in PCBs. Silicon and 

aluminium are also observed, residing in the long acicular shape which represents the fiberglass, which 

is used as a reinforcement material in PCBs. Pb-Sn alloy was observed on the PCB surface, consistent 

with its use as solder. The darker layers in Figure 3.12a are mainly composed of carbon and oxygen, 

confirming the polymeric layers of epoxy resins. These observations suggest that copper, lead, and tin 

are the key metals present within the PCBs and the other metals found (Table 3.4) are mainly present 

in the electronic components mounted on the PCBs. 

 

Figure 3.12: BSE-EDS image of (a) PCB cross-section, (b) PBC reconstruction of layers. 

In general, an increase in the amount of copper is observed through the generations of mobile 

phone, with an average of 21.8 wt.%, 29.5 wt.% and 32.2 wt.% for feature phone, multimedia phones 

and smartphones, respectively; a factor likely to be due to the increase in the size and level of 

technology sophistication in mobile phones, that require larger and more conductive PCBs. This is 

consistent with the observed increase in the weight of PCBs through the generations, recorded in 

Figure 3.7, where PCBs weighed on average 17.3 g in feature phones and 24.2 g in smartphones, 

representing an increase of approximately 48%. Other base metals such as Al, Ba, Ni, Sn, Fe, are also 

present in PCBs, increasing with the generation of mobile phone. Aluminium and nickel are mostly 

used in welding and in the cover case of the screen which provides strong internal support in the 

mobile phone [148]. The concentration of nickel was considerably increased through the generations 

of mobile phones, with a rise of approximately 300% from feature phones to smartphones, whereas 
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the amount of aluminium was almost the same in all devices studied. The increase in use of nickel may 

arise due to its properties of lightweight, hardness and ductility. On average, base metals constitute 

approximately 39 wt.% of a PCB and share nearly 90% of the total metallic content by weight. Titanium 

is also one of the top ten most abundant elements in mobile phones PCBs, likely because of its use in 

chips [8]. 

Among the precious metals group, Ag, Au, Pd and Pt were found in high concentration in PCBs. 

with increasing concentrations through the generations. The average content of Au was 0.62 mg/g, 

varying between 0.50 mg/g and 0.76 mg/g. The amount of Ag was nearly twice that of Au, with an 

average content of 1.32 mg/g. These results and trends are in good agreement with those reported in 

the literature [22, 23, 38]. Au and Ag are used as connectors between electronics and PCBs due, for 

example, to their excellent conductive properties, thermal stability, and fine ductility [12, 22].  

Rare Earth Elements (REEs) were also found in PCBs, accounting for 2.6% of the total PCB 

weight. Two REEs were found in significantly high concentration; neodymium from the LREEs and 

erbium from the HREEs, with average concentrations of 1.42 mg/g and 9.18 mg/g, respectively. These 

findings may be attributed to the use of REEs in microphones and vibrators because of their magnetic 

properties.  

 Analytical data are reported for the first time for uranium and those metals defined as critical 

raw materials (CRM) present in mobile phones. The concentration of uranium (U-238) has increased 

through the generations, from 0.68 mg/g to 3.58 mg/g for feature phones and smartphones, 

respectively. U-238 is weakly radioactive with a half-life of 4.5x109 years; however, uranium is a 

harmful element to human health due to its chemical toxicity, which can pose a threat if the product 

at end-of-life is not managed properly. PCBs contain various CRMs such as Ga, Ge, Hf, Be, Sb, Mg, Nb, 

W, Ta, and V with significant high concentrations. The concentration of those metals and metalloids 

increases through the generations of EoL-MPs. For instance, the concentration of Mn increases from 

1421.2 ppm in feature phones to 1535.7 ppm and 3967.0 ppm for multimedia and smartphones, 

respectively. Cobalt and niobium are the only two CRMs that show a decrease in their concentration 

through the generations. 

In summary the metal and metalloid content in EoL-MP PCBs, is observed to change significantly 

through the generations with an average of 33.5 wt.%, 43.6 wt.% and 51.9 wt.% for feature phones, 

multimedia phones and smartphones, respectively. The concentrations of the metals suggest PCBs 

represent a resource-rich stream of precious metals, ‘high-tech’ metals, CRMs and base metals such 

as copper.  A detailed investigation of methods to recover some of these metals follows is the 

remaining chapters of the thesis. 
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3.3.2.2 Screens 

Table 3.4 records the average metal and metalloid composition of screens in feature phones, 

multimedia phones and smartphones, with no significant difference through the three generations, 

averaging at 5.2 wt.%. Liquid crystal displays (LCD) are widely used in mobile phone screens [149, 150], 

and typically comprise thin conductive electrodes placed between two glass plates, accounting for 

nearly 50% of the total mass of the screen. The other components include connectors, adhesives, 

diffusive and reflective sheets, polarizing films and plastic frame [150, 151]. Figure 3.13 presents 

images of the components following dismantling of an EoL-MP screen, and a cross-sectional image of 

the screen analysed by BSE-EDS, and a reconstruction of a screen.  These show that glass is the main 

component of screen, which explains the low metal content present. The large ceramic fraction, which 

was found to be approximately 65 wt.%, comprises the aluminosilicate glass fraction (a combination 

of alumina (Al2O3) and silicon dioxide (SiO2)), and traces of potassium ions to increase the strength of 

the screen. The polymer content (28 wt.%) exists in the sheets, films, adhesives, and plastic frames of 

the screens. The conductive electrodes in the LCD screens are made of indium tin oxide (ITO), which 

is a mixture of In(III) and Sn(IV) oxides, with a typical distribution of 90% In2O3 and 10% SnO2 by weight 

[149, 150, 152], so not surprisingly  indium, a CRM, is detected with an average concentration of 0.17 

mg/g in screens. Aluminium was the metal found with the highest concentration in screens, most likely 

because of its use as a frame to support the LCD screens due to its light weight, corrosion resistance, 

strength, lack of permeability and non-magnetic properties. Magnesium was also found in high 

concentration, increasing through the generations from 1309.6 mg/g to 2193.4 mg/g and 3250.1 mg/g 

for feature phone, multimedia phone and smartphone screens, respectively. In terms of PGMs, the 

amount of gold in screens has decreased through the generations of phones while palladium and 

platinum have increased.  
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Figure 3.13: Mobile phone screen a) polymeric set, b) BSE-EDS images of a cross-section screen, and 

c) reconstruction of a cross-section of an LCD screen. 

 

In terms of hazardous substances, it was found in screens that there is a considerable reduction 

in the amount of Cd and Pb through the mobile phone generations, consistent with the intentions of 

the RoHS Directive in 2002 requiring the banning of specified hazardous materials from electrical and 

electronic equipment put on the market after 2006 [75]. In the case of Cd, 1.0 µg/g was found in 

screens of features phones, decreasing to 0.1 µg/g in the multimedia phones and being undetectable 

in smartphones. The amount of lead in the multimedia phones (77.1 µg/g) was nearly twice that in 

feature phones (35.0 µg/g) but decreased to 2.0 µg/g in smartphones. The higher Pb content in 

multimedia phones is likely due to the increase in the screens size and their technological 

development, possibly requiring more solder for connecting electronics. This is consistent with other 

metals such as Ag and Au, used as connectors showing higher concentrations in these screens (Table 

3.4). Another interesting finding is that the concentration of As in screens, on average (202.2 µg/g), 

was nearly twice the concentration found in PCBs (116.8 µg/g), despite the fact that metals account 

for just 5.2 wt.% in screens, much lower than in PCBs (43 wt.%). The high concentration of As found in 

mobile phone screens is likely due to the utilisation of As to improve the optical clarity in the glass of 

LCD displays [151]. This also explains why screens have the highest concentration of As of all the 

components in mobile phones. 
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In summary whilst there was little difference in metal and metalloid concentration found in the 

screens between generations, the screen offers a valuable source of indium, a critical metal under 

threat, for recovery which forms the basis of the research presented in Chapter 6 of this thesis. 

3.3.2.3 Electronics: Cameras 

The data for the metal and metalloid content in cameras for the three generations of phone are 

recorded in Table 3.4. Both front and back cameras were removed from the EoL-MPs for analysis. On 

average, the metal content in cameras was found to be 25% by weight.  It is known that cameras in 

mobile phones have been improved year-on-year, to offer high-resolution photos and videos; 

especially in smartphones. This technological improvement is linked to the higher metal content found 

in smartphones cameras, with 31.8 wt.%, compared with approximately 21.5 wt.% found in cameras 

from feature and multimedia phones; equating to an increase of nearly 50% of metals utilised in 

smartphones cameras. Notably the presence of the highest concentration of gold across all 

components was found in cameras with an average of 1220.9 ppm. Silver was not detected in feature 

cameras; however, it was found in multimedia phones (689.4 ppm) and smartphones (890.3 ppm). In 

addition, platinum also increased its concentration from 33.5 ppm in feature phones to 75.6 ppm in 

smartphones. This increase in the PGMs is likely due to their use as connectors. Figure 3.14 shows the 

components of a main camera, as comprising frames (plastic and metallic), a lens and circuits. The 

metal content particularly the high copper and gold content in the cameras is most likely associated 

with the circuit connector and the sensor integrated circuit framework linked to the PCB.  

 

 

Figure 3.14: Camera components and DSE-EDS image of a sensor integrated circuit found in cameras. 
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3.3.2.4 Electronics: Speakers 

Analysis of the speakers (Table 3.4) showed that on average, the metal content is 

approximately 50 wt.% and has reduced through the generations, from 52.2 wt.% in feature mobile 

phones to 43.6 wt.% in smartphones. The metal with the highest concentration in speakers is iron 

which is used because of its magnetic properties in NdFeB magnets. The REEs, neodymium, 

praseodymium and dysprosium, are also found in high concentrations in speakers, again because of 

their magnetic properties [27]. Other metals and metalloids present in speakers are in relatively low 

concentration, which make speakers likely as an excellent alternative source of REEs. These issues will 

also stimulate the desire for recycling REEs from EoL-MPs and e-waste in general. Figure 3.15 shows 

an image of the components of speakers, including frames, magnets and coils. The metals are mainly 

found in the magnet and coil, with the coil being made of copper, whereas the surface of the magnet 

is composed of iron and zinc. These findings explain the high concentration of copper and iron found 

in speakers. REEs metals are embedded in the magnet, and the PMs are found in the connectors linking 

the speaker to the PCB. 

 

 

Figure 3.15: Speaker components and DSE-EDS image of a speaker. 
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3.3.2.5 Discussion  

Table 3.5 records the concentration of a selection of metals determined in mobile phone PCBs 

by different authors compared with the values reported in this study. Copper is the most abundant 

metal in PCBs with approximately 30.0-57.5 mg/g, and found in this research to be 21.8-32.2 mg/g. 

The difference in the copper content is likely due to the pre-treatment and experimental methods 

utilised. For instance, Fontana et al. reported a concentration of 57.47 mg Cu/g PCB, following two 

leaching processes, the first leach was to separate the electronics from the PCBs, followed by ball 

milling of the bare PCB and a second aqua regia leach step [46]. Park and Kim [153] reported 47.9 wt.% 

of copper in PCBs, but the PCBs were obtained from a local e-waste recycling company (Torecom Inc., 

South Korea), where mechanical pre-treatments were previously carried out. The metal 

concentrations are listed with a record of the year of the publication to serve as an indicator of the 

change in metal concentration in EoL-MPs through the years. The results show there is no significant 

correlation between the metal concentrations in different generations of EoL-MPs and the timeline 

(assumed to closely represent the production year quoted); it shows, however, an increase in the 

copper content, a similar trend to that found in this study.  The authors also reported that gold and 

silver in PCBs of mobile phones are in the range of 0.06-0.28 wt.% and 0.06-0.41 wt.%, respectively. 

In this study, gold was found to be in the range of 0.05-0.07 wt.% and silver 0.11-0-16 wt.%. Again, the 

differences in the amount of gold and silver in mobile phone PCBs are likely due to the pre-treatment 

steps followed. The authors concluded that PCBs are an excellent resource for secondary metals, 

mainly for copper, gold, and silver, where concentrations are observed as much higher than in their 

natural ores. Other studies have focussed on desktop computers PCBs, finding on average 20 wt.% of 

copper. Although PCBs from different EEEs such as laptops, desktop computers, television, radio, etc. 

contain nearly the same metals and metalloids, their concentration is lower than the mobile phone 

PCBs [154, 155]. It is noteworthy to mention that aqua regia has been widely used in the 

characterisation of PCBs, mainly because of its great property to dissolve gold. 

Despite the low metal content in mobile phone screens accounting for just 5.2 wt.%. (Table 3.2), 

the amount of indium in screens was high, with an average concentration of 0.17 mg/g. This amount 

of In found in EoL-MP screens is higher than the average amount of indium reported elsewhere in LCD 

panels (0.102 mg/g) [150]. Indium has no primary ore but is produced as a  by-product during the 

processing  of zinc and lead, typically with a concentration between 0.01-0.02 mg/g [152]. Several 

authors have focused on the extraction and recovery of indium from LCD panels due to its high content 

[142, 149, 152, 156]. In addition, it has been reported that when the polymer films attached to the 

LCD screens are removed, the amount of available indium can be as high as 1400 mg/kg [150]. 

Ueberschaar et al. reported the concentration of indium in various LCD devices (mobile phones, 
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notebooks, PC monitors, LCD TVs, and tablets) ranging between 3 and 660 ppm, being by far the 

greatest indium content per LCD panel found in mobile phones [142]; and observed the indium 

concentration to be considerably lower in smartphones than other earlier generation mobile phones, 

attributing this to different LCD technologies applied. In this study, smartphones also showed the 

lowest indium concentration (64.9 mg/g) compared to feature (190.0 mg/g) and multimedia (262.5 

mg/g) phones. These differences in indium content can also be attributed to the technology of the 

LCDs since all the feature phones analysed had monochrome displays, whereas multimedia and 

smartphone displays were coloured, with the smartphone screen being much sharper and more 

colourful. Furthermore, in smartphones, REEs are used to impart colour due to their better brightness 

and conductivity properties [27].  

Mobile phones contain concentrations of hazardous and toxic substances such as antimony, 

beryllium, copper, nickel, zinc, heavy metals (arsenic, cadmium, chromium, mercury thallium and 

lead), flame retardants (mostly bromides and chlorides compounds), among others. Most of these 

hazardous and toxic substances are bio-accumulative toxins, and have been associated with cancer, 

and a range of neurological, reproductive, and developmental disorders. In addition, when EoL-MPs 

are discarded to landfills, these toxic substances can be released contaminating soil, seeping into 

groundwater, and polluting the atmosphere with toxic fume and gases, causing serious damage to the 

environment and potentially becoming incorporated into the food chain and impacting the human 

health [41, 148, 157]. 
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Table 3.5: Concentration of metals in PCBs reported by various researchers in comparison to results from this study.  

Element (wt.%) 

W. Hall J. and 

P. Williams [48] 

A. Kasper et al. [47]  F. Xiu et al. 

 [158] 

Q. Tan et al. 

[38] 

D. Fontana 

et al. [46] 

H. Park and Y. 

Kim [153] 

S. Jeon et al. 

[159] 
This Study 

Brand A Brand B 

2007 2011 2011 2015 2017 2019 2019 2020 2021 

Al 1.83 0.31 0.99 - - 0.17 - 1.60 2.47 

Ba/ppm 0.11 - - - - - - - 2,300 

Cd <0.56 - - - - - - - 0.0034 

Cu 32.31 39.56 38.33 40.80 41.8 57.47 47.90 30.00 27.93 

Fe 0.54 1.42 6.53 0.28 0.66 25.23 0.5 4.70 1.3 

Mn 0.65 - - - - 0.24 - - 0.63 

Ni 0.69 3.42 1.67 0.39 1.93 5.10 0.80 2.10 2.03 

Pb 0.25 1.17 1.26 1.36 0.19 0.85 - 1.30 5.11 

Sn - 2.09 3.11 1.60 4.57 3.49 2.00 - 1.51 

Zn 0.96 3.43 0.97 0.41 - 4.9 - 0.90 0.52 

Ag 0.41 0.06 0.06 0.11 0.20 0.15 0.13 - 1.32 

Au 0.28 0.06 0.10 0.0065 0.12 0.12 0.1 0.10 0.62 

Pd <0.56 - - 0.005 0 - 0.01 - 0.11 

Particle size 

(mm) 
<0.6 <1 <1 <4 - <1 - 0.085-0.224 ≤0.150 

Characterisation 

process 

Metals present in 

char produced by 

pyrolysis at 800 °C 

and acid digested. 

Analysed by ICP-

MS. 

Manual disassembly, 

hammer mill grinding and 

knife milling.  

Digestion: aqua regia, 2 h 

at 60 °C without 

agitation. 

Analysed by ICP-AES. 

Cutting mill 

Digestion: 

HNO3-HCl-

HClO4-HF 

mixture 

Analysed by ICP-

OES. 

Manual 

dismantling, 

PCBs crushed. 

Digestion: 

unmentioned. 

Analysed by 

XRF and ICP-

AES 

Ball milling.  

Digestion: 

Aqua regia at 

25 °C. 

Analysed by 

AAS. 

Digestion: 

unmentioned. 

Analysed by 

ICP-AES. 

 

Cutting mill. Pre-

treated in an 

ashing furnace to 

burn the plastics. 

Digestion: aqua 

regia, 2h, 90 °C. 

Analysed by ICP-

AES 

Cutting. Pre-

treated in a 

furnace to burn 

the plastic. 

Cryomilling, aqua 

regia digestion. 

Analysed by ICP-

AES 
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Hazardous and toxic metals present in mobile phones are reported in Table 3.2 with only the 

three metals, cadmium, lead, and mercury listed under the category of hazardous metals (HM) as 

referenced in the RoHS Directive [ref].  More than these, however, although listed elsewhere in Table 

3.2, fall under the category of hazardous metals deemed toxic to human health and the environment.  

A detailed analysis of these metals (As, Ba, Be, Cd, Cr, Pb, Sb, Sn, V and Zn) is shown graphically (Figure 

3.16) as concentrations in the different components across the three generations of mobile phone. 

Within the components of mobile phones, PCBs are the most hazardous component, followed by 

screens. It is interesting to note that since the Directive 2002/95/EC came into force in 2003, mobile 

phones entering the market after that year, mainly smartphones, have not reduced the content of 

hazardous substances, indeed the opposite is true; the concentration of many hazardous elements 

has risen. Narendra et al. studied and reported the trends and impact on human health and ecotoxicity 

of 19 elements present in EoL-MPs manufactured between 2001 and 2015. They grouped the EoL-MPs 

into basic phones and smartphones, and it was found that smartphones contained a significant 

increase in the content of toxic materials from 2006 to 2015, whereas no significant changes were 

found in basic phones. Among the 19 elements studied, nickel, lead and beryllium were reported to 

contribute the greatest risk as carcinogens in mobile phones, whilst copper dominated the ecotoxicity 

risks in EoL-MPs [148]. These findings are confirmed in this study, with smartphones being potentially 

the most hazardous handset among the generations. Although their concentrations are still below the 

maximum concentration values tolerated by the RoHS, it will likely not be long before their presence 

will be under threat.  
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Figure 3.16: Hazardous metals (selected as those most commonly cited as toxic in WEEE) in EoL multigenerational mobile phones and in their components: PCBs, screens, 

cameras, and speakers. 
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3.3.3 Characterisation of the Non-Metallic Fraction  

The non-metallic fraction in EoL-MPs comprises mainly plastics and ceramics with the primary 

focus here on plastics.  Characterisation of the non-metallic fraction was completed using FTIR analysis 

to confirm the functional groups of the plastic components, elemental analysis to confirm the carbon 

to hydrogen ratio as an indicator of aromaticity of the organic fraction, and thermogravimetric analysis 

to further confirm the polymer type by measuring the thermal properties. 

 

3.3.3.1 Fourier Transform Infrared Analysis of Polymer Fractions 

To determine the different polymers in the plastics, FTIR analysis was used to characterise the 

functional groups present in each of the main plastic-based components of mobile phones (casings, 

screens, and PCBs) through the three generations. Cameras and speakers were not considered 

because plastic is not part of their composition.  

Casings: In all casing samples the FTIR spectra (Figure 3.17) show two small peaks at around 

3030 cm-1 and 3059 cm-1 representing the presence of aromatic C-H bonds in the range of 3100-3000 

cm-1. Within the range of 3000-2840 cm-1, there are four peaks (2850 cm-1, 2871 cm-1, 2918 and 2966 

cm-1) which indicate the presence of aliphatic C-H bonds. The peaks at 1768 cm-1 and the multiple 

peaks in the range of 1300-1000 cm-1 are associated with C=O and C-O bonds of an ester group, 

present and characteristic of polycarbonate (PC). All the casings show peaks at 1601 cm-1 that are 

attributed to aliphatic C=C double bond in the butadiene units of acrylonitrile butadiene styrene (ABS), 

present in the polymer because of its flame retardant properties. The peak at 1500 cm-1 is associated 

with aromatic C=C stretches within the styrene unit of ABS. The fingerprint regions below 1500 cm-1 

of all three casing samples are similar. The peaks around 552 cm-1 are likely to be associated with C-Cl 

(range 850-550 cm-1) or C-Br (range 690-515 cm-1), attributed to the presence of halogenated flame 

retardants. These findings indicate that casings most likely comprise PC, ABS, and PC/ABS polymer 

blends, confirmed by the composition data on the printed plastic code found in some of the casings, 

as shown in Figure 3.18. 
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Figure 3.17: FTIR Spectrum of a milled sample of casings of feature phone, multimedia phone and 

smartphone. 

 

 

Figure 3.18: Printed plastic code in EoL-MPs casings. 
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PCBs: Figure 3.19 shows the FTIR spectra of PCBs from the three generations of mobile phones. 

Aliphatic C-H bonds between 3000-2840 cm-1 are present in all the phones with similar intensity (peaks 

at 2960 cm-1, 2920 cm-1, and 2870 cm-1). The peak at around 1730 cm-1 corresponds to the carbonyl 

group C=O stretch, which together with the broad peak at 1014 cm-1 related to the C-O bond, is 

indicative of the presence of an ester group. The two peaks at 1600 cm-1 and 1500 cm-1 are associated 

with aliphatic C=C bonds and aromatic C=C bonds respectively. The fingerprint regions below 1500 

cm-1 of the PCBs for each generation of mobile phone show similar patterns. The absorption band of 

the hydroxyl group (-OH) in the region of 3200-3600 cm-1 is evident in the PCB of the multimedia 

phone, but only slightly visible in the other two types of mobile phone. The hydroxyl group and 

aromatic C=C bonds together indicate the presence of bisphenol-A (BPA) epoxy resins in the PCBs, 

while the ester group and the aromatic C=C bonds indicate the presence of unsaturated polyester 

resin (UPR). It is likely that PCBs from the three generations of mobile phones comprise a mixture of 

BPA epoxy resins and UPR. 

 

 

Figure 3.19: FTIR Spectrum of a milled sample of PCBs of feature phone, multimedia phone and 

smartphone. 
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Screens: The FTIR spectra of the screen samples (Figure 3.20) show peaks between 3000-2840 

cm-1 which indicate the presence of aliphatic C-H bonds in all samples and appear more intense in the 

smartphone. The peak at 1730 cm-1 is related to C=O and together with the broad peak at 1014 cm-1, 

which is associated with the C-O bond, are representative of an ester group. The peak at 1500 cm-1 is 

associated with the aromatic C=C bonds. The fingerprint regions below 1500 cm-1 are similar for all 

three samples of screen across the generations of phone. 

 

 

Figure 3.20: FTIR Spectrum of a milled sample of Screens of feature phone, multimedia phone and 

smartphone. 
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patterns of screen presented in Figure 3.20, which correspond to the FTIR pattern of the whole screen 

(without separation of the polarising films) shows aromatic C=C bonds, which are found in TPP and 

PET, and ester bonds that are present in CTA and PET, confirming the polymeric composition 

previously found. In addition, in all the samples and especially in smartphones there are peaks in a 

range of 2900-3100 cm-1, associated with aliphatic C-H bonds, and characteristic of PET. These PET 

peaks are found with higher intensities in smartphones, probably due to the use of screen protectors, 

which are made principally of PET.  

 

 

Figure 3.21: Main components of LCD screens from EoL-MPs. 
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Figure 3.22: FTIR Spectrum of (a) diffuser sheet 1, (b) diffuser sheet 2, (c) diffuser sheet 3, (d) diffuser 

plate, (e) reflective sheet, and (f) plastic frame 
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Table 3.6: Characterisation of the polymeric films in LCD mobile phone screens. 

Component of LCD 

panel 
Material Match (%) Weight composition (%) Thickness (mm) 

Diffuser sheet 1 PET >95 1.0 ± 0.01 0.060 ± 0.001 

Diffuser sheet 2 PMMA >90 1.0 ± 0.01 0.060 ± 0.001 

Diffuser sheet 3 PMMA >90 0.6 ± 0.01 0.045 ± 0.001 

Diffuser plate PC >95 6.5 ± 0.50 0.430 ± 0.030 

Plastic frame PC-PET >90 1.1 ± 0.25 0.055 ± 0.001 

Reflective sheet PET >90 1.2 ± 0.50 0.085 ± 0.002 

 

 

Table 3.7: FTIR characterisation of the polymers in the polymeric set of LCD screens. 

Compound Structure  
FTIR characterisation 

Functional group Absorptions (cm-1) Intensity 

Poly(ethylene 

terephthalate) 

(PET) 

  

Alkane: -C-H 1350-1480 variable 

Alkene: C=C 1620-1680 variable 

Alkene: -C-H 675-1000 strong 

Ester: C=O 1735-1750 strong 

Ester: C-O 1000-1300 two bands or more 
 

 
Poly(methyl 

methacrylate) 

(PMMA) 

 

Alkane: -C-H 1350-1480 variable 

Ester: C=O 1735-1750 strong 

Ester: C-O 1000-1300 two bands or more 

 

 

Polycarbonate  Alkane: -C-H 1350-1480 variable 

(PC)  Alkene: C=C 1620-1680 variable 

 

 

Alkene: -C-H 675-1000 strong 

  Ester: C=O 1735-1750 strong 

  Ester: C-O 1000-1300 two bands or more 
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3.3.3.2 Elemental Analysis of Polymer Fractions 

For a complete compositional analysis of polymers in mobile phones, CHN and S elemental 

analysis was carried out and the results are presented in Table 3.8. Also included are the carbon to 

hydrogen(C:H) ratios for each component determined as a measure of aromaticity. The C:H ratios 

range from 0.68 to 1.15. FTIR data (Figure 3.17) suggest the casings in the EoL-MPs used in this work 

are made of PC, ABS and PC/ABS blends. Assuming that the casings are made of pure PC and ABS, C:H 

ratios of above 1.0 suggest that the casings are mainly composed of PC with the addition of ABS to 

modify its mechanical properties since the C:H ratio of PC and ABS are 1.14 and 0.88, respectively. PC 

and ABS are the commonly used polymers for casings due to their high stability to different 

environmental conditions, heat resistance, flame retardancy, dimensional stability as well as excellent 

mechanical properties such as rigidity and mechanical strength [143, 160].  

FTIR results for PCBs (Figure 3.19) identified the presence of the unsaturated polyester resin 

(UPR), which would lower the C:H ratio (to below 1.0). The FTIR is in good agreement with results from 

Table 3.8, confirming that PCBs are mostly made of UPR since UPR has one less aromatic ring per 

structural unit than BPA epoxy resin. In the case of mobile phone screens, the smartphone screens 

showed the lowest C:H ratio (0.68) of the generations, which might suggest a change in the materials 

used for its manufacturing, containing a lower fraction of aromatic compounds. 

Table 3.8: Elemental analysis of casings, screens and PCBs of multigenerational EoL-MPs. 

Element 

(wt.%) 

Casings Screens PCBs 

G1 G2 G3 G1 G2 G3 G1 G2 G3 

C 71.76 65.43 56.11 21.80 31.66 12.44 17.94 18.76 17.87 

H 5.19 5.17 4.30 1.68 2.64 1.51 1.58 1.66 1.61 

N 0.32 0.30 0.40 <0.10 <0.10 <0.10 0.47 0.36 0.56 

S <DL <DL <DL <0.10 1.75 <0.10 1.84 1.65 <0.10 

O and 

others* 
22.73 29.10 39.19 54.72 63.95 86.05 78.16 77.58 79.95 

C:H 1.15 1.05 1.08 1.08 0.99 0.68 0.94 0.94 0.92 
G1, G2, and G3 stand for feature, multimedia and smartphones, respectively, also known as generation 1, 2, and 3. 
<DL: Below detection limit. 
  *: Determined by difference. 

 

Flame retardants (FRs) are used to delay the ignition of flames and prevent the spread of fire, 

and residual heavy metals are the main concern of hazardous substances. Brominated flame 

retardants (BFRs) have been extensively used in EEEs to increase the flame resistance since they are 

considered the most effective flame-retarding agents [161]. FTIR spectra of the casings (Figure 3.17) 

show peaks at wavelengths consistent with the presence of halogenated flame retardants (C-Cl and 
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C-Br bonds) in casings. To determine the total bromine and chlorine content in mobile phones, ion 

chromatography was used based on a method derived from the US EPA Method 5050. It was found 

that, on average, the content of Cl was 2300 ppm, whereas for Br was 690 ppm. These concentrations 

are per mobile phone unit, representing only 0.0023% for Cl and 0.00069% for Br of the total mobile 

phone weight. The maximum concentration values of FRs permitted by the RoHS are 0.1 wt.%, so the 

detected levels of Cl and Br are well below the maximum permitted under these regulations. Although 

BFRs have been or planned to be phased out in new products, their presence in historical WEEE will 

continue threaten human health and the environment if these products at end-of-life are not properly 

managed. 

3.3.3.3 Thermal Analysis of Polymer Fractions 

Combined TG/DSC analysis was used to further characterise the polymer fractions in casings, 

PCBs, and screens by heating the samples in an inert atmosphere (N2). The results are presented as 

plots in Figure 3.23 for the three polymeric components from each generation of mobile phone 

recorded for comparison. Details of polymeric decomposition and final residue are listed in Table 3.9 

 

Table 3.9: Temperatures of polymer degradation zones and residue material from TGA-DSC ((10 

°C/min, N2 atmosphere). 

Generation of 

Mobile phone  
Zone 1 (°C) Zone 2 (°C) Zone 3 (°C) Zone 4 (°C) Tonset * (°C) Residue (%) 

Casings 

Feature phone 280-345 335-415 415-500 500-615 280 23 

Multimedia phone 295-420 420-600 - - 280 29 

Smartphone 290-385 385-500 500-600 - 285 32 

PCBs 

Feature phone 310-380 380-500 - - 300 78 

Multimedia phone 235-340 340-510 510-700 - 225 72 

Smartphone 230-330 330-500 500-575 575-875 230 84 

Screens 

Feature phone 330-415 415-600 - - 300 67 

Multimedia phone 205-340 340-415 415-635 - 200 65 

Smartphone 300-355 355-405 405-500 - 300 84 

The zones of degradation were calculated based on the weight loss rate calculated as the derivate of the residual weight 
with respect to the temperature (wt.%/ °C).  
*: Temperature onset was calculated as the intersection point of the extrapolated baseline and the inflectional tangent at 
the beginning of the melting or crystallization peak. 
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Casings: A first-stage reaction (Figure 3.23a), occurs between 280-345 °C, followed by a one-

step decomposition in the range of 415-500 °C to leave a residue of 23 wt.%, 29 wt.%, and 32 wt.%,  

for feature phone, multimedia, and smartphones, respectively. The onset of the phase change at 280 

°C is consistent with the melting of PC.   

 PCBs: The PCBs from each generation of mobile phone show multiple phase changes (Figure 

3.23b), accompanied by weight loss with maximum decomposition in the range 300-500 °C, and a total 

loss following incomplete decomposition at 1000 °C of between 15 and 25 wt.%. A PCB typically 

comprises a substrate of epoxy resin and glass fibre coated with thin layers of copper films, used as 

mechanical support for electric components (resistors, capacitors, transistors, integrated circuits, 

etc.), which principally contain metals and ceramics [47, 96, 162], as seen in Figure 3.12. This explains 

the high residue content of PCBs (>70 wt.%) seen in Figure 3.23b and reported earlier in Table 3.1.  

Screens: The screens of all mobile phones show a main decomposition occurring in the 

temperature range of 330-400 °C; the temperature range that corresponds to thermal degradation of 

CTA [163]. This result and the characteristic ester peaks in the FTIR (b) confirm CTA to be the main 

polymer found in screens of mobile phones. The second decomposition step above 400 °C in the 

screens from multimedia phones and smartphones are consistent with the presence of PET especially 

in the smartphones. The high residue in screens, heated to above 400oC, is likely due to the presence 

of glass, which accounts for more than 70% of the total weight of screens. The high content of glass in 

screens was also observed in Figure 3.13. 
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Figure 3.23: TGA of milled sample of (a) casings (b) PCBs and (c) screens of feature phone, 

multimedia phone and smartphone (10 °C/min, N2 atmosphere). 
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3.3.3.4 Intrinsic Energy Value in Polymer Fractions 

A combination of thermogravimetric analysis and bomb calorimetry was used to determine the 

proximate analysis and intrinsic energy value of the key components of the mobile phones containing 

the non-metallic fraction. Table 3.10 presents the results from the proximate analysis with the weight 

percentage of the moisture content, volatile content, black carbon content, and ash residue ash and 

the higher heating value (HHV) of casings, screens, and PCBs of the multigenerational EoL-MPs. From 

the proximate analysis, negligible moisture is found in all the samples (0-0.57 wt.%), and of the three 

components, the casings contain the highest volatile content (77.9 wt.% on average), with the volatile 

content of screens and PCBs being much lower at27.9 wt.% and 23.8 wt.% respectively.  Likewise, the 

casings have the most fixed carbon content (11.6 wt.%) compared screens (3.7 wt.%) and PCBs (4.6 

wt.%). PCBs have the most inorganic ash residue after combustion with oxygen, at 71.2 wt.%, followed 

by screens at 68.0 wt.%, and casings with the least amount of ash (10.2 wt.%). The ash residue is 

consistent with the high metallic and ceramic content in PCBs and high content of glass and ceramics 

in screens. It is noted that the weight of ash from the feature phone and smartphone PCBs, although 

not observed in the multimedia phone, increased by 1.6 wt.% and 1.0 wt.% respectively, as the ash 

was held under oxidation condition, suggesting oxidation of some metals present in PCBs. 

Table 3.10: Proximate analysis and HHV from multigenerational mobile phones. 

Unit (wt.%) Feature phone Multimedia phone Smartphone 

 Casings 

Moisture 0.00 0.57 0.50 

Volatile matter 78.60 83.28 71.75 

Fixed carbon 9.385 12.99 11.96 

Ash residue 11.56 3.15 15.78 

HHV (MJ/Kg) 34.29 24.76 28.28 

 Screens 

Moisture 0.41 0.53 0.31 

Volatile matter 32.54 35.92 15.23 

Fixed carbon 4.22 6.34 0.51 

Ash residue 62.83 57.22 83.96 

HHV (MJ/Kg) 12.43 10.48 6.59 

 PCBs 

Moisture 0.42 0.54 0.45 

Volatile matter 24.86 29.93 16.48 

Fixed carbon 5.32 5.66 2.83 

Ash residue 69.38 63.88 80.23 

Oxidised ash 1.60 n/a 1.03 

HHV (MJ/Kg) 7.88 7.73 8.96 
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Determination of the HHV values for each component show casings to have the highest 

calculated calorific value, with an average HHV of 29.11 MJ/kg, which is comparable to bioethanol 

(26.8 MJ/kg), coke (29.8 MJ/kg) and tyres (30.4 MJ/kg) [164]. Mobile phone screens and PCBs have 

much lower HHVs, with an average of 9.83 MJ/kg and 8.19 MJ/kg, respectively. The average HHV for 

a mobile phone is calculated as the sum of the weight fraction of each component multiplied by its 

HHV value (HHVMP =Σ [weight fraction x HHVeach cpmponent]), giving an estimated HHV for a feature phone 

as 16.8 MJ/kg, a multimedia phone as 14.59 MJ/kg and a smartphone as 10.32 MJ/kg. The decrease in 

the HHV value through the generations is likely due to the increase in the metallic content through 

the generations, as reported in Table 3.4. 

 

3.3.3.5 Discussion  

The non-metallic fraction of EoL-MPs was studied in casings, screens, and PCBs. Due to the low 

representation of cameras and speakers in mobile phones and the fact that plastics in those 

electronics are mainly attached and not an intrinsic part of their composition, electronics were not 

analysed further for non-metallic fraction.  

FTIR, elemental analysis and TGA-DSC results confirm the casings to be composed of PC, ABS, 

and PC/ABS blends. Li et al. analysed samples of raw PC, ABS and PC/ABS blend under FTIR, identifying 

the same functional groups as found in this study, and a peak at 2237 cm-1 for C≡N bond [165]. Palmieri 

et al. [143] and Fontana et al. [46] also found that PC/ABS blends, PC, and ABS were the most abundant 

polymers in casings, in that order respectively. Kasper et al. conducted TGA on a mixture of mobile 

phone casings in a nitrogen atmosphere with a heating rate of 20 °C/min [166]. They found that 

casings, which mainly consisted of PC/ABS blends, started to degrade at 280 °C, which agrees with the 

onset temperature (Tonset) of decomposition found for the casings tested in this study (280-285 °C), 

and the maximum weight loss reported at 478 °C, is also consistent and within the range of the 

derivative thermogravimetric (DTG) maximum found in this work for the casings. Caballero et al. [18] 

reported a C/H ratio of 1.0 for the plastic-rich mobile phone, which is close to the average found for 

the casings in this study (1.09). The findings from the literature conclude that PC, ABS, and PC/ABS 

blends were the main polymers in EoL-MPs casings, which is in good agreement with the results 

reported in this characterisation study.  

In the case of PCBs, it was found that bisphenol-A (BPA) epoxy resins and unsaturated polyester 

resins (UPR) were the main polymers. Normally, FR-4 PCBs are used in mobile phones, which are 

composed of a multilayer of epoxy resin, fiberglass, and copper layers, and give the PCB its conductive 
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properties [12, 96]. Kasper et al. obtained FTIR spectra of baseboard PCB samples and found mainly 

BPA epoxy resins, whereas the polymers used to embed electronic components in PCBs consists of 

unsaturated polyester resins [47]. Hence, it is likely that PCBs from the three generations of mobile 

phones were made up of a mixture of BPA epoxy resins and UPR.  

In the case of screens, it has been reported that in the LCD screen the polarising films are mainly 

made up of cellulose triacetate (CTA), triphenyl phosphate (TPP), polyvinyl alcohol (PVA) and 

polyethylene terephthalate (PET) [163, 167], while liquid crystal composition is usually complex, 

comprising more than 20 compounds with elements such as C, H, O and halogens, and organic 

compounds such as biphenyl, azomethine, phenylcyclohexane, pyrimidine and difluorophenylene, 

depending on their applications and fabrication patents [168]. In this work, it was not possible to 

analyse the liquid crystal due to the small size of the mobile phone screens, and due to the mix of 

polymers, it is considered unlikely that they could have been detected using the analytical (FTIR, TGA 

& CHN) methods applied in this study. the FTIR, TGA and CHN analysis.  

In terms of intrinsic energy, the low HVV value for screens (9.83 MJ/kg)and PCBs (8.19 MJ/kg) 

make them unsuitable for energy recovery; but the casings showed the highest HVV (29.11 MJ/kg), 

which is comparable to bioethanol (26.8 MJ/kg), coke (29.8 MJ/kg) and tyres (30.4 MJ/kg) [164], 

making the casing fraction most suitable as a feedstock for energy recovery. Elsewhere Caballero et 

al. reported that mixed plastics of casings from mobile phones had an HHV of 26.4 MJ/kg [18] 

consistent with HHV levels reported here.  
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3.3.4 Potential Key Value Components for Recycle and Recovery  

The results presented in this chapter, confirm a high metal and plastic content in EoL MPs and 

suggest these offer a resource rich stream.  To evaluate the potential for material and energy recovery 

and recycle a high-level analysis is now reported.  

 

3.3.4.1 Recovery from the metallic fraction 

The average concentration and weight-related distribution of 63 metals and metalloids in a 

mobile phone unit is represented using the Sankey diagram (Figure 3.24), which illustrates the 

complexity and diversity of the metal composition of EoL-MPs, distributed across key component 

fractions, with an average total metal content of 93,809 µg/g. To construct this diagram, each of the 

key components of the mobile phone was considered in terms of its representative weight percentage 

(average mass) derived from the data in Figure 3.7, multiplied by the metal content determined and 

listed in Table 3.4, resulting in the final metal concentration on average per component per mobile 

phone. The total amount of metal in PCBs, for example, was found to be 430,370 µg/g, and, based on 

the calculated average weight percentage of PCB in mobile phones quoted in Figure 3.8, the final 

amount obtained is 77,504 µg/g, as shown in Figure 3.24.  PCBs account for the largest concentration 

of metal, with approximately 83% of the total metal fraction, followed by screens, speakers, and 

cameras at 8%, 5% and 4%, respectively. It is noted that although speakers and cameras account for 

only 2% of the total weight of a mobile phone (1% each), the metallic content found in them is nearly 

the same as in screens, which represent 15% of the total mobile phone weight. This is because of the 

low metal content in screens, and the high content of glass, plastics, and ceramics. Extrapolation of 

the data in Figure 3.24 on the content of metal per mobile phone (µg metal/g mobile phone), permits 

an estimate that 1 tonne of EoL-MPs can contain up to 53 Kg of copper, 141 g of gold, 270 g of silver, 

10 g pf platinum, 18 g of palladium and 3.3 kg of REEs, among other precious and critical metals. In 

waste PCBs (WPCBs), these amounts are much higher. One tonne of WPCBs can contain up to 278 Kg 

of Cu, 1.3 Kg of Ag, 678 g of Au, 98 g of palladium, 38 g of platinum, and 11.1 Kg of REEs (mainly erbium, 

neodymium, and dysprosium). 
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Figure 3.24: Average concentration and distribution of metals and metalloids in EoL-MPs. 
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The metallic fraction of EoL-MPs showed the presence of 63 metals and metalloids in different 

components of mobile phones.  To permit comparison of the metals concentration in EoL-MPs and 

the primary ores of the metals used in EEE, Table 3.11 was compiled with data derived from the 

literature, expressed in terms of economic value and risk supply, their concentration in primary ores, 

energy use in metal extraction, estimation of the peak production, recycling rates and prices. Peak 

production values quoted were estimated by Sverdrup et al. using the Hubbert's model, which was 

first developed to estimate the oil peak production in the 1950’s, being successfully applied to other 

materials such as coal, gas, and uranium [64].  Comparison of the metal concentrations of EEE metals 

found in primary ores and the corresponding values, derived in this work for EoL-MPS and WPCBs, 

show that the concentration of base metals is higher in the respective natural ores. The exception, 

however, is copper, where the concentration is between 5 and 28 times higher in EoL-MPs and WPCBs, 

respectively than in primary ores, and precious metals are found in much higher concentrations in the 

EoL products and waste components than in their natural ores. For the PMG metals, silver is between 

5 to 26 times higher in EoL-MPs and between 26 to 131 times higher in WPBCs; gold has a 

concentration in EoL-MPs of more than 100 times its natural ore, and in WPCBs is more than 600 times 

higher; and platinum and palladium also show considerably higher concentrations in EoL-MPs and 

WPCBs from 5 to 32 times higher than their natural ores. REEs are present in relative high 

concentration with neodymium leading the list, with a concentration of 1,243.6 g/t in EoL-MPs and 

1,422.7 g/t in WPCBs. Even though REEs are present in WPCBs, Table 3.4 showed that cameras and 

speakers were the components with the highest concentration of REEs, especially Pr, Nd, Sm, and Dy. 

So dismantling and selective separation of the different components of EoL-MPs will be a crucial step 

for optimum recovery of targeted metals. 

The peak production year shows that several of the most important metals for society may 

run into scarcity within the next decades. Without these metals and oil, peak year of production is 

estimated to occur in the year 2028, which can bring serious limitations to the development of society, 

and it could face one of its most severe challenges ever [169]. Gold, platinum, and palladium have 

already reached their peak production and reserves for production, without any new reserve, could 

run out as soon as in 20 years, without taking account the increased demand for these precious metals. 

Furthermore, many of these metals coexist in metallic mineral ore bodies and they are extracted in 

combination with other metals, or as subsidiary processes. In some cases, the concentration of a 

desirable metal in the crust can be economically unviable for production in primary ore. Indium is a 

clear example of this, in which it is obtained almost exclusively as a by-product of zinc mining and 

processing [79, 149, 152].  
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From an environmental perspective, it has been demonstrated that recycling or secondary 

production can greatly reduce the consumption of energy, water, carbon dioxide, fumes, chemicals, 

waste generated, among others [21, 24, 41, 157, 162, 170]. Table 3.11 also includes values for energy 

use in metal production from primary (ore) and secondary (scrap) production, in which there is a clear 

reduction in energy consumption, especially for the PMGs.  The real environment impacts, however, 

are difficult to determine due to limited data. In addition, since several elements are extracted in 

combination with others, environmental impacts of a single element can be difficult. In some cases of 

major elements such as iron and aluminium, the environmental impacts are well quantified. For 

instance, for each tonne of aluminium produced, there is an associated waste generation of 150-250 

tonnes, known as red mud [79]. This large amount of waste is generated where the amount of the Al 

in the ore is approximately 20-24% (high-grade ore), which is considerable higher compared to other 

elements. In the case of elements with lower concentration, the waste generated is much larger. 
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Table 3.11: Main metals used in EEE, concentration in primary ores, estimates of peak production, recycling rates, and prices. 

Metal 

Conc. 

primary ores  

(% w/w or 

g/t) 

Conc.  

EoL-MPs 

(%w/w or 

g/t)* 

Conc. 

WPCBs  

(%w/w or 

g/t)* 

Energy use in metal 

extraction (MJ/Kg)iii 
Global 

production 

USGS1  (ton) 

Reserves USGS1 

(ton) 

Peak 

production 

yearii 

Reserves to 

production2 

(years) 

Recycling 

rate (%) 

Price3 

(US$/Kg) 
Scrap Ore 

 Base Metals  

Iron 30-60i % 0.5 % 1.3% 6 20-100 2,500,000,000 170,000,000,000 2055 68 60ii 0.2 

Aluminium 20-24i % 0.8 % 2.5 % 10 238-925 64,000,000 
50,000,000,000-

75,000,000,000 
2020-2040 781-1172 75ii 2.0 

Chromium 0.1-0.5i % 0.01 % 0.04 % 6 22-51 44,000,000 570,000,000 2050 13 22ii 7.2 

Copper 0.5-3i % 5.3 % 27.8 % 14 31-2,040 20,000,000 870,000,000 2034 44 60ii 8.0 

Manganese 35-55i % 0.01 % 0.06 % - - 19,000,000 810,000,000 2050 43 45ii 2.2 

Zinc 0.2-0.7i % 0.1 % 0.5 % 11 32-63 13,000,000 1,900,000,000 2030 146 20ii 2.7 

Lead 3-15i % 0.05 % 0.3 % 9 32-45 11,760,000 2,000,000,000 2020 170 65ii 2.0 

Titanium 35ii % 0.08 % 0.4 % - - 6,000,000 940,000,000 2038 157 40ii 4.8 

Nickel 1-5i % 0.4 % 2.0 % 20 130-370 2,700,000 89,000,000 2025 33 60ii 18.2 

Zirconium 8ii % 0.01 % 0.06% 230 
1,320-

1,500 
1,400,000 62,000,000 2025 44 10ii 22.5 

Magnesium 40ii % 0.08 % 0.2 % 10 165-230 1,100,000 
Large to virtually 

unlimited4 
No data - 40ii 2.4 

Tin 0.6-8i % 0.3 % 1.5 % 15 480-2,180 310,000 4,700,000 2036 15 20ii 47.3 

Molybdenum 0.6-8ii % 0.002 % 0.005 % - - 300,000 17,000,000 2045 57 40ii 26.05 

Antimony 0.5-5ii % 0.003 % 0.006 % - - 160,000 1,500,000 2018 9 15-20i 5.5 

Cobalt 0.5-5ii %  0.004 % 0.01 % 20-140 140-2,100 140,000 7,000,000 2026 50 40ii 41.4 

Tungsten 0.1-3ii % 0.01 % 0.04 % - - 85,000 3,200,000 2029 38 40 13.5 

Lithium 0.1-1.5ii % 0.0007 % 0.003 % - - 77,000 17,000,0006 2030 221 10ii 69.8 

Niobium 0.5-5i % 0.002 % 0.007 % - - 74,000 >13,000,000 2025 176 60ii 12.9 
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Cadmium No data7 0.0001 % 0.0003 % - - 26,000 
4,750,000-

9,500,0008 
1998 183-365 80ii 2.7 

Indium 
0.1-0.2i % 

20-50ii g/t 
0.004 % 0.01 % - - 760 -9 2022 - <1i 180.0 

 

 

Metal 

Conc. 

primary ores  

(% w/w or 

g/t) 

Conc.  

EoL-MPs 

(%w/w or 

g/t)* 

Conc. 

WPCBs  

(%w/w or 

g/t)* 

Energy use in metal 

extraction (MJ/Kg)iii 
Global 

production 

USGS1  (ton) 

Reserves USGS1 

(ton) 

Peak 

production 

yearii 

Reserves to 

production2 

(years) 

Recycling 

rate (%) 

Price3 

(US$/Kg) 
Scrap Ore 

 Precious Metals  

Rare Earth 

Oxides 
0.3-5ii % - - - - 210,000 120,000,00011 2060 571 <1i 212.812 

Praseodymium 0.1-4.5i % 103.3 g/t 143.8 g/t 
1,000-

5,000 

5,500-

1,200 
6,100,000i No data No data - <1i 95.0 

Lanthanum 0.5-20i % 36.0 g/t 168.4 g/t - - 32,000i No data No data - <1i 4.1 

Neodymium 0.1-15i % 1,243.6 g/t 
1,422.7 

g/t 

- - 
19,000 No data No data - <1i 96.5 

Yttrium 0.05-2.5i % 5.1 g/t 22.0 g/t   8,900ii 540,000iii 2035 61 <1i 31.5 

Dysprosium 0.1-8.6i % 81.3 g/t 87.8 g/t   100i No data No data - <1i 390.7 
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Metal 

Conc. 

primary ores  

(% w/w or 

g/t) 

Conc.  

EoL-MPs 

(%w/w or 

g/t)* 

Conc. 

WPCBs  

(%w/w or 

g/t)* 

Energy use in metal 

extraction (MJ/Kg)iii 
Global 

production 

USGS1  (ton) 

Reserves USGS1 

(ton) 

Peak 

production 

yearii 

Reserves to 

production2 

(years) 

Recycling 

rate (%) 

Price3 

(US$/Kg) 
Scrap Ore 

 Precious Metals  

Silver 10-50ii g/t 269.9 g/t 1317.6g/t 80-180 480-4,280 27,000 560,000 2034 21 80ii 909,7 

Gold 1-3ii g/t 141.4 g/t 678.3 g/t 
140-

230 

13,300-

52,300 
3,300 50,000 2016 15 95ii 65891,8 

Platinum 3-5ii g/t 10.4 g/t 38.3 g/t - - 180 69,00010 2020 - 70ii 38,444.1 

Palladium 3-5ii g/t 18.0 g/t 98.0 g/t - - 210 69,00010 2020 - 60ii 83,581.7 

References and notes: 
i; [13], ii; [64],  iii; [170]. 
*: Concentration values in this study. 
1: Global production and reserves of metals were obtained from U.S. Geological Survey (USGS), 2021. 
2: Reserves to production was obtained by the division of the reserves by the global production. 
3: Metal prices were obtained in January 2021 from MineralPrices. 
4: Magnesium metal is derived from seawater, natural brines, dolomite, serpentine, and other minerals. The reserves for this metal are sufficient to supply current and future requirements. 
Magnesium is also globally widespread. 
5: Metal prices were obtained in January 2021 from Metalary. 
6: Owing to continuing exploration, identified lithium resources have increased substantially worldwide and total about 80 million tonnes. 
7: Quantitative estimates of reserves are not available. Cadmium is generally recovered from zinc ores and concentrates. 
8: Cadmium is generally recovered as a by-product from zinc concentrates. Zinc-to-cadmium ratios in typical zinc ores range from 200:1 to 400:1, and the reserves of Cadmium was estimated 
based on these ratios. 
9: Indium’s abundance in the continental crust is estimated to be approximately 0.05 ppm, so it is economically unviable its production from primary ore. Indium is most often recovered from 
the zinc-sulfide ore mineral sphalerite. The indium content of zinc deposits from which it is recovered ranges from less than 1-100 ppm. 
10: Production and reserves are based on Platinum Group Metals (PGMs; Palladium, platinum, iridium, osmium, rhodium, and ruthenium). 
11: Rare Earth Oxides (REOs) are relatively abundant in the Earth’s crust, but discovered minable concentrations are less common than for most other ores. 
12: REOs’ prices were calculated as the average of the all the REOs’ prices. Heavy RREs are more scarce and therefore more expensive, with an average of 345.5 US$/Kg, whilst light REEs have 
an average price of 27.2 US$/Kg. Prices obtained in January 2021 from MineralPrices. 
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3.3.4.2 Recovery from the non-metallic fraction 

Incineration has been widely used in the recycling of plastics from WEEE, from which energy 

can be recovered and used for electricity [45, 143, 166, 167, 171, 172]. Figure 3.25 shows the 

calculated intrinsic energy from 1 tonne of EoL-MPs, as 14,405 MJ/ton. The figures were calculated 

multiplying the HHV of PCBs, screens and casings from Table 3.10 with their respective polymeric 

content showed in Figure 3.7. In result from the intrinsic energy, casings accounts for 80% of the total 

value, followed by PCBs and screens with both 10%. The relevance of casings to the total intrinsic 

energy value is that they account for nearly 40% of the total weight of a mobile phone and has the 

highest HHV (29.11 MJ/kg).   

 

 

Figure 3.25: Polymeric composition and potential energy recovery per ton of EoL-MPs. 

 

Pyrolysis offers an excellent route to energy and material recovery from the non-metallic 

organic fraction, and because of its size and operation it is particularly suitable for handling small 

volume feedstocks of organic materials typical of those found in mobile phone casings. With the 

presence of flame retardants, especially in casings and PCBs, however, the potential reuse of the 

pyrolysis products may be limited.  In this context, work published by Lateef & Grimes [173] reported 

the development of a method using ionic liquids to selectively extract brominated flame retardants 

from composite electronics industry polymer to achieve 100% pure polymer fraction for recycle. This 

may offer a pre-treatment step, particularly for historical WEEE, before pyrolysis for energy and 

material recovery. 

11,456 MJ/ton 

(80%)

1,475 MJ/ton 

(10%)

1,474 MJ/ton 

(10%)

 PCB

 Screen

 Casing

Total Energy:

14,405 MJ/ton
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3.4 Summary 

A comprehensive characterisation of multigenerational EoL mobile phones, in which 71 elements, 

from the metallic and non-metallic fractions, is reported for the first time, and the suite of elements 

found and expressed in terms of concentration is summarised in the periodic table illustrated in Figure 

3.26. These elements were quantified in five main streams: PCBs, screens, casings, cameras, and 

speakers. EoL-MPs weigh on average 109 g, with the major mass fractions being plastics (40%), 

followed by metals (35%), and ceramic and other trace materials (25%).  

EoL-MPs contain a vast range of precious metals, high-tech minerals and critical raw materials 

with a clear increase in metals present through the generations of mobile phones. Copper was the 

metal found with the highest concentration in all the components of EoL-MPs, accounting for 

approximately 58% of the total metal content in a mobile phone. High-tech elements, REEs, PMG, 

among other elements were found to be at least twice or up to 600 times more concentrated than in 

their natural ores, with an upward trend through the mobile phone generations. It is estimated that 1 

tonne of EoL contains up to 53 Kg of copper, 130 g of gold, 264 g of silver, 10 g pf platinum, 18 g of 

palladium and 3.3 kg of REEs, among other valuable metals. Quantification of the hazardous elements 

in EoL-MPs shows that they present a severe risk due to the high content of toxic metals and 

substances, making smartphones the most ‘harmful’ of the three generations of mobile phone. 

Although the concentration of these hazardous substances is found to be below the maximum 

concentration values tolerated by the RoHS Directive, a proper WEEE management system is crucial 

to prevent release of these elements to the environment and their likely impact on humans.  

The polymeric composition in EoL-MPs shows the main polymers are a blend of polycarbonate 

and acrylonitrile butadiene styrene (PC/ABS) in casings, cellulose triacetate (CTA), polycarbonate (PC), 

poly(methyl methacrylate) (PMMA), and polyethylene terephthalate (PET) in screens, and bisphenol-

A (BPA) epoxy resins and unsaturated polyester resins (UPE) in PCBs. Among these polymers, casings 

have the highest HVV (29.11 MJ/kg). The potential intrinsic energy value in 1 tonne of EoL-MPs was 

estimated to be 431.2 MJ/tonne, where casings accounted for 80% of this value, followed by PBC 

(10%) and screens (10%). There is a potential for recovery of energy and materials from the polymeric 

fraction by pyrolysis.  
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This detailed characterisation of EoL-MP composition reported here shows this e-waste stream 

to be a resource-rich source of energy and critical metals. The challenges of unlocking this value to 

recover these secondary resources, (through urban mining) cannot be underestimated but in the 

chapters that follow the potential for development of methods for selective recovery of the key metals 

of copper, gold, indium, and rare earth elements is described. 

 

 

Figure 3.26: Periodic Table to show concentrations of metals, metalloids and non-metallic elements 

present in EoL multigenerational mobile phones. 
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4 Copper Recovery from End-of-Life Mobile Phone 

Printed Circuit Boards Using Ionic Liquids and 

Electrolysis 

4.1 Introduction  

Global E-waste Monitor 2020 reported that an estimated 53.6 Mt of waste electrical and 

electronic equipment (WEEE) was generated globally in 2019, a figure representing a 21% jump in the 

previous 5 years and with e-waste likely to reach 74Mt by 2030 equating to a growth rate of 2Mt per 

annum.  In 2021, the current estimate stands at 57.4Mt [5].   Although WEEE represents about 3-5% 

of the total waste, its growth is 2-3 times faster than other solid waste and represents more than 70 

% of the hazardous in landfill [174-176]. Printed circuit boards (PCBs), which are essential components 

of WEEE, account for approximately 3% of its total weight and has also shown a dramatic increase in 

rate of 17-25% per year [105, 175]. Despite the small size of PCBs, they have a high pollution potential, 

being one of the most hazardous components of WEEE due to the presence of several heavy metals 

such as cadmium, arsenic, chromium, lead, and organics, dioxins, furans, for example among other 

hazardous substances. With improper management of WEEE at end-of-life, these substances can be 

released and pollute the air, water, and soil, presenting a serious impact on human health and the 

environment [12, 47].  

PCB is a complex composite material containing valuable components such as metals and 

engineering plastics as well as hazardous materials that include heavy metals and halogenated flame 

retardants [96, 97, 176, 177]. A typical PCB contains approximately 40% metallic, 30% plastic and 30% 

ceramic and other materials [12]. This composition can vary depending on the device, its year of 

production and manufacturer. In the characterisation of EoL mobile phones reported in Chapter 3, it 

was shown that copper is the most abundant metal in multigenerational mobile phone PCBs, with an 

average of 28% by weight, which accounts for nearly 70% of the total metal composition in PCBs; and 

there is a clear increase in copper content through the generations. Other authors have also reported 

copper as the most abundant metal in different PCBs, within a range of 20-35% by weight [12, 91, 97, 

105, 176, 177]. In 1 tonne of waste PCBs (WPCBs), there is approximately 280 kg of copper; a level 

which is between 10 and 26 times higher than its ore [104, 177]. The International Copper Study Group 

(ICSG) had estimated a copper deficit of 320,000 tonnes in 2019 and 600,000 tonnes in 2020 [178]. In 

addition, it was reported that more than 70% of WPCBs are not treated and are incinerated or 

landfilled [12]. Recent publications assessing global copper demands and environmental implications 
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of supply to meet that demand [179-181] confirm the greater need to recycle copper from the copper-

rich source of WPCBs to mitigate these challenges.    

The high economic value and the environment issues associated with poor management of 

WPCBs has led to several studies reporting on the recycling of WPCBs, using a number of methods 

which fall broadly under three types: (i) mechanical separation including crushing, grinding, magnetic 

separation, electrostatic separation, gravity separation and density-based separation [12, 92, 95, 96], 

(ii) pyrometallurgical processes including smelting, calcination, roasting and pyrolysis [18, 97-99], (iii) 

hydrometallurgical processes [12, 96, 100], extending to biohydrometallurgical methods [96, 101], and 

the use of supercritical fluids [102]. Nevertheless, many of these processes have constraints associated 

with their use. Mechanical separation methods can present high material losses, mainly of precious 

metals, dust, which can contain halogenated flame retardants and dioxins, and dangerous metal fines 

such as lead, chromium, cadmium [96, 103, 104]. Pyrometallurgical methods are energy intensive with 

high operational costs and may liberate toxic gases to the atmosphere [12, 104]. Although 

hydrometallurgical processes use milder operating conditions, require lower capital cost, energy and 

have less environmental impact than pyrometallurgical methods, the processes can consume a 

substantial amount of toxic, corrosive and flammable reagents, generating a large volume of 

wastewater that has to be further treated [12, 91, 104]. Biohydrometallurgical leaching is more 

environment-friendly, requires low cost of investment and has high selectivity of metals, however, 

toxic influence of ingredients on the growth of micro-organisms, long reaction times and the high 

sensibility of the microorganisms for pH and temperature are the major drawbacks [12, 96, 101, 104]. 

Supercritical fluids are an energy-intensive processes due to the high pressure and temperatures 

required [12, 102-104]. To overcome the limitations associated with these conventional technologies, 

several researchers have reported the use of greener technologies for the recovery of copper from 

WPCBs using ionic liquids (ILs) as leaching agents [104, 109, 154, 176, 182].  The remarkable properties 

of ionic liquids which include wide liquid range (from room temperature to above 300 oC), negligible 

vapour pressure, excellent thermal, chemical and electrochemical stability, low viscosity, and high 

recyclability, make them attractive alternatives to conventional volatile organic compounds (VOCs)  

[104, 105]. Several authors report the success of ILs in metal leaching, including copper, for recovery 

from WPCBs [104, 105, 112, 176, 177]. The potential of ILs, however, look promising and form the 

basis for investigation in the current research. Although researchers have reported the use of ILs for 

copper recovery [105, 112, 176, 177], there has been little focus on the importance of their role as 

part of a complete copper recovery process centred on sustainability which forms the basis of the 

research investigation reported here. 
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4.2 Methodology 

4.2.1 Materials 

4.2.1.1 Chemicals and Reagents 

All chemicals used were of reagent grade and obtained from either Sigma-Aldrich (USA), VWR 

(USA) and Fisher Scientific (USA), Alfa Aesar (USA), Fluorochem (UK) and Agar scientific (UK). Unless 

stated otherwise all chemicals and reagents were used as received. 

 

4.2.1.2 Ionic Liquids (ILs) 

Based on the literature review, five ionic liquids were selected for use in this work. Four of the 

ILs, namely, 1-butyl-3-methylimidazolium hydrogen sulfate ([Bmim]HSO4), 1-butyl-3-

methylimidazolium chloride ([Bmim]Cl), 1-ethyl-3-methylimidazolium chloride ([Emim]Cl), and 1-butyl-

3-methylimidazolium tetrafluoroborate ([Bmim][BF4]), were purchased and used as received. The fifth 

IL, betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) was synthesised using an equimolar 

metathesis reaction [107]. In this reaction, 26.7g (0.174 mol) of [Hbet]Cl and 50.0g (0.174 mol) of 

Li[Tf2N] were mixed together and dissolved in 50 mL of reverse osmosis (RO) water, stirred at 600 rpm 

at room temperature for 1h.  Two layers were obtained, with the ionic liquid in the lower layer and an 

aqueous phase in the upper layer. The IL was separated and washed with cold RO water several times 

until no trace of chloride was detected in the water effluent using the silver nitrate test. The IL was 

allowed to stand in a fridge for 2h until frozen, and then dried in a vacuum dryer for two days. 

[Hbet][Tf2N] appears as a white solid which was ground before use.  All ILs were kept in a nitrogen 

atmosphere bag. Their properties and characterisation (obtained in this work) are summarised in 

Table 4.1. Four ILs, [Bmim]HSO4, [Bmim]Cl, [Emim]Cl), and [Hbet][Tf2N], were selected for testing their 

potential to leach and extract copper from the printed circuit boards present in the end-of-Life mobile 

phones (EoL-MPs); the fifth IL, [Bmim][BF4] was used in the pre-treatment study to remove solder 

from the WPCBs. 
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4.2.1.3 Metals and WPCB samples 

To determine the solubility of copper in the different ILs, samples of copper metal in different 

forms - powder, granules, wire, and foil were tested. Other major metals present in WPCBs such as Fe 

and Zn were also tested for their solubility (as powders) in the ILs to determine the IL that could 

selectively separate out the target metal, copper. Using the chosen IL, solubility testing was then 

performed on the as-received WPCBs, either as strips or powder form. These WPCB fractions were 

obtained using the methods described in Chapter 3. To provide a more representative sample for 

testing, the WPCB powders from different mobile phone generations were mixed, ground together, 

and the metal and metalloid concentrations were determined by ICP-OES, using the aqua regia 

digestion method for characterisation described in Chapter 3. In addition to the 15 EoL-MPs used for 

characterisation studies in Chapter 3, a further 10 mobile phones selected from the three generations 

of mobile phone were used in this study to provide a larger source of representative material for the 

experimental trials.  
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Table 4.1: Properties, characterisation and structure of the ionic liquids used in this study. 

Ionic liquid Properties & characterisation Structure 

[Hbet][Tf2N] 

Appearance: White powder in dry form; colourless, viscous liquid in fluid form 

Upper Critical Solvent Temperature (UCST) 55 ⁰C  

MW: 398.33 g/mol 

Density: 1.727 g/cm3 (20⁰C),  1.541 g/cm3 (60 ⁰C)  

Flash point: 60⁰C 

FTIR: 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)  

TGA-DSC: Onset decomposition temperature: 350 ⁰C. Residue: <1 wt.% at 700 ⁰C 

 

[Bmim]HSO4 

Appearance: Light-yellow liquid 

MW: 236.29g/mol 

Density: 1.277 g/cm3 (25 ⁰C) 

Flash point: 284 ⁰C 

FTIR: 3200-2500 (OH), 3105/ 2961 (CH), 1573/1466 (C=C, aromatic), 1229/1166 

(CN), 1070-1033 (S=O), 841/655 (C=C), 759 (C-H) 

TGA-DSC: Onset decomposition temperature: 340 ⁰C. Residue: 5 wt.% at 700 ⁰C 

 

[Bmim]Cl 

Appearance: White to light-yellow crystalline powder 

MW: 174.67 g/mol 

Density: 1.086 g/cm3 (20 ⁰C) 

Flash point: 192 ⁰C 

FTIR: 2973 and 2870 (C–H), 3330–3450 (quaternary amine salt formation with 

chlorine), 1635 (C=C), 1600 (C=N), 840 (C–N)  

TGA-DSC: Onset decomposition temperature: 270 ⁰C. Residue: <1 wt.% at 700 ⁰C 
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[Emim]Cl 

Appearance: Pale yellow crystalline powder 

MW: 146.62g/mol 

Density: 1.11 g/cm3 (20 ⁰C)  1.435 

Flash point: 186 ⁰C 

FTIR: 3051/2979/2866 (C-H, alkane), 1573-1459 (C=C, aromatic), 1360-1080 (C-N, 

Amine), 892-665 (C=C, alkene) 

TGA-DSC: Onset decomposition temperature: 270 ⁰C. Residue: <1 wt.% at 700 ⁰C  

 

[Bmim]BF4 

Appearance: Colourless, viscous liquid 

MW: 226.03 g/mol 

Density: 1.21 g/cm3 (20 ⁰C) 

Flash point: 288 ⁰C 

FTIR: 2941 (CH, aliphatic asymmetric), 2877 (CH, symmetric), 1193 and 1112 (CH3), 

1655 (CC), 1465 (CN), 748-623 (C-N) , 3124–3200 (quaternary amine salt formation 

with tetrafluoroborate). 

TGA-DSC: Onset decomposition temperature: 370 ⁰C. Residue: <1 wt.% at 700 ⁰C. 

 

Molecular weight (MW), densities and flash point values were obtained from Sigma Aldrich, Chemical Book and PubChem in 2020. 
FTIR vibrations were obtained as part of this work and compared with references. 
TGA-DSC information reported were obtained in this study.
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4.2.2 Analytical Techniques for Characterisation 

The analytical techniques used for characterisation of materials in this study are described in 

Chapter 3. Figure 4.1 summarises the analytical methods applied, and the measures used to determine 

the effectiveness of the steps towards extraction and recovery of copper from WPCBs, reported in this 

chapter, under the four key process stages of Leaching, Pre-treatment, Electrowinning, and IL 

Recyclability.   

 

 

Figure 4.1: Analytical methods Applied and Measures Used to Determine the Effectiveness of the 

Extraction and Recovery Methods Proposed.  
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4.2.3 Experimental Procedures 

To investigate the potential for recovery of copper from WPCBs derived from 

multigenerational mobile phones, a four-step approach is followed: (i) solubility testing to determine 

the selective solubility properties of ionic liquids for copper, and other non-target metals, as a step 

towards establishing the optimised conditions for IL-leaching of copper from as-received WPCBs, (ii) 

pre-treatment of as-received WPCBs  to remove solder and electronic components to permit the 

selective IL extraction of copper into solution, (iii) electrowinning of copper from the leached solution 

to achieve full copper recovery, and (iv) the potential for recovery of the ionic liquids for recycle and 

reuse.  An overview of the experimental procedure followed is set out in Figure 4.2. 

 

 

Figure 4.2: Overview of Experimental Procedure. 
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4.2.3.1 Solubility Testing to Determine the Optimised Conditions for Leaching of Copper from 

WPCBs Using Ionic Liquids 

 Solubility tests were carried out to investigate the potential for ILs to leach copper and 

determine the extent of solubility of copper and other metals present in WPCBs in each of the four ILs 

([Bmim]HSO4, [Emim]Cl, [Bmim]Cl and [Hbet]NTf2).  A stepwise approach to the investigation involved 

as a first step tests on (i) a mono-metal system using copper, presented in its different forms of 

powder, granules, wire, and foil, (ii) a mixed metal system that included the dominant metals present 

in WPCBs alongside copper, and (iii) a WPCB as-received sample derived from EoL-MPs. Using the 

detailed characterisation data reported in Chapter 3 for WPCBs, simulated solutions were prepared 

for testing. Solubilities were determined in g/L and due to the high viscosity of the ILs, which makes it 

difficult to measure volume transfer of an IL from one piece of equipment to another, ILs were 

weighed to obtain a volume of 1 mL, based on their densities listed in Table 4.1. All tests were 

performed in triplicate. 

4.2.3.1.1 Mono-metal system 

The mono-metal system using copper, presented in its different forms of powder, granules, wire, 

and foil was carried out to determine the most suitable IL for copper leaching. Prior to the leaching 

process, the solubility of copper in ILs was tested by adding a small amount (10 mg) of copper, the 

solute, to the IL (1 mL). The tests were carried out using test tubes, each containing the solute and the 

IL, placed in a water bath on a temperature-controlled heating plate to permit measurements of the 

extent of solubility over a temperature from room temperature to 80oC. Additional amounts of copper 

(10 mg) were added if the initial 10 mg had fully dissolved. After each experiment, the undissolved 

copper remaining in the test tubes was filtered using Fluoropore Membrane Filter with 1.0 μm pore 

size and washed with methanol three times. The residual copper was dried in an oven for 3 h and 

weighed. The solubility of a copper was calculated using the relationship [S = (mi-mf)/V], where 𝑚𝑖 is 

the total metal mass added (mg), 𝑚𝑓 is the mass of residual metal after the experiment (mg) and 𝑉 is 

the volume of the IL (mL).  The effects of temperature (50oC, 60oC, 70oC, and 80oC), time (0.5h, 1h, 

1.5h, 2h, and 3h), and dosage of oxidant (H2O2) (10 vol.%, 20 vol.%, 30 vol.%, 40 vol.%, and 50 vol.%) 

on the solubility of copper leaching using copper powder were investigated. The above procedure was 

followed for each form of copper, as powder, granules, wire, and foil to determine the effect of the 

particle size and shape of the copper form in the leaching efficiency. 

4.2.3.1.2 Mixed-metal system 

Mixed-metal solutions were studied to investigate the behaviour of copper in the presence of the 

major metals present in a real WPCB samples. From the characterisation data presented in Chapter 3, 
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the two key metals selected for study were Fe and Zn. Each metal was separately tested with the 

selected IL and then with a metal mixed system was prepared for testing. To better simulate the real 

WPCB, metallic powders were used. All the mixed-metal solutions were prepared using equal amounts 

of metal powder to produce a Cu:Fe:Zn system, which were tested in each of the four ILs  to determine 

the selectivity of the chosen IL for the target (Cu) or non-target metals (Fe and Zn). The concentration 

of metals was determined by ICP-OES, and the extraction/leaching efficiency (E) was calculated using 

the relationship:  

%𝐸 =
𝐶𝑖  ∙  𝑉𝑖

𝑀𝑖 
∙ 100 Eq. 4.1 

 

where 𝐶𝑖, and 𝑉𝑖 are the concentration (mg/L) and volume (L) of the target metal i in the solution, and 

𝑀𝑖 is the initial amount (mg) of metal i added. 

 

4.2.3.1.3 WPCB as-received sample system  

 The mixed metal system study confirmed the optimal conditions for the selective leaching of 

the target metal (copper) from non-target metals (Fe and Zn) from simulated solutions to be achieved 

using the IL, [Bmim]HSO4.   This IL was selected as the best leaching agent to use for testing the 

leaching of copper from real WPCB samples and to determine the optimum conditions for extraction. 

In these studies, the effects of IL concentration (10-100%v/v [Bmim]HSO4), temperature (from room 

temperature up to 80 ℃), reaction time (from 15 minutes to 3 hours), solid-liquid ratio (from a 

solid/liquid: 1/1 to 1:20), oxidant agent (hydrogen peroxide, from 10 vol.%, to 50 vol.%), were tested 

for the leaching of copper from milled WPCBs and separately from WPCB strips. The testing was 

extended to the use of a more representative sample of WPCB powder which was derived from a mix 

of mobile phone samples were mixed (described in section 4.2.1.3). The leaching efficiency was 

calculated using Eq. 4.1; but in this case the 𝑀𝑖 (mg) was determined using the aqua regia digestion 

method, as detailed in Chapter 3. In the study of the leaching kinetics, data was obtained from the 

temperature (20 ℃- to 80 ℃) and time (15 min. to 180 min.) effect on the metal leaching, used for the 

determination of optimal leaching conditions.   
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4.2.3.2 Pre-treatment of As-received WPCBS Using Ionic Liquids 

The WPCBs comprise multilayers of epoxy resin and fibreglass coated with layers of thin copper 

film which gives the PCB its conductive properties, and this substrate structure is used to mechanically 

support various electronic components (ECs) such as resistors, relays, capacitors, transistors, 

integrated circuits/chips, etc.  To access the copper in the substrate layer requires the ECs and the 

solder (typically Sn-Pb alloy) which binds them to the resin substrate, to be removed through a pre-

treatment step. Based on a method reported in the literature [182] using water-soluble ionic liquids 

to remove the solder from WPCBs, the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate 

([Bmim]BF4) was selected as the medium for trialling the pre-treatment step in the current research, 

because of its physical properties, low cost, and potential for recyclability. The conditions for trialling 

included using [Bmim]BF4 as the heating medium over a temperature range 200 °C to 250 °C, with 

variable mechanical stirring speeds of up to 150rpm, for variable times from 5 minutes up to 15 

minutes, to achieve complete removal of the solder and EC components from the WPCB substrates. 

Prior to trialling, the WPCB samples were shredded, or cut into strips of approximately 1x1cm2, and 

placed in a small container for solder removal under the conditions described above. WPCBs were cut 

due to IL constraints, however, WPCBs can be treated without being shredded.  

 

4.2.3.3 Electrowinning of Copper from Leached Solutions Derived from IL-treated WPCBs 

The recovery of copper from leach solutions derived from IL-treated WPCBs has been trialled 

using (i) cementation, and (ii) electrolysis. 

4.2.3.3.1 Cementation 

To recover copper from the IL-leach solutions (in the presence of other metals such as Fe and Zn) 

a preliminary investigation into the use of the cementation was trialled, based on the standard 

electrode potentials of copper and the non-target metals of Fe and Zn (Table 4.2).  

To a copper sulphate solution, used as the source of copper iron powder was added in 

stochiometric proportions. A mixture of 5 mL of 0.1M CuSO4 with iron powder (Cu:Fe ratios of 1:1, 

1:1.5, 1:2, and 1:3) was placed in a test tube and the mixture stirred at 600 rpm for periods of 10 min, 

30 min, 60 min and 120 min. After each reaction, the test tubes were centrifuged at a speed of 3000 

rpm for 10 min. Cementation to recover copper from an IL-leach system was then tested using the 

selected optimal conditions, of a Cu:Fe ratio of 1:1.5, 2 h and 500 rpm of agitation. Every test was 

carried out in triplicate. 
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Table 4.2: Standard reduction potentials of metals used in this study (25 ºC, 101 kPa, 1 M). 

Reaction E° (V) 

𝐀𝐮(𝐚𝐪)
𝟑+ + 𝟑𝐞̅  →  𝐀𝐮(𝐬) 1.42 

𝐏𝐭(𝐚𝐪)
𝟐+ + 𝟐𝐞̅  →  𝐏𝐭(𝐬) 1.20 

𝐀𝐠(𝐚𝐪)
𝟏+ + 𝐞̅  →  𝐀𝐠(𝐬) 0.88 

𝐅𝐞(𝐚𝐪)
𝟑+ + 𝐞̅  →  𝐅𝐞(𝐚𝐪)

𝟐+  0.77 

𝐂𝐮(𝐚𝐪)
𝟐+ + 𝟐𝐞̅  →  𝐂𝐮(𝐬) 0.34 

𝑪𝒖(𝐚𝐪)
𝟐+ + 𝐞̅  →  𝑪𝒖(𝐚𝐪)

𝟏+  0.16 

𝑰𝒏(𝐚𝐪)
𝟑+ + 𝟑𝐞̅̅̅̅  →  𝑰𝒏(𝐬) -0.34 

𝑭𝒆(𝐚𝐪)
𝟐+ + 𝟐𝐞̅  →  𝑭𝒆(𝐬) -0.44 

𝒁𝒏(𝐚𝐪)
𝟐+ + 𝟐𝐞̅  →  𝒁𝒏(𝐬) -0.76 

𝐀𝐥(𝐚𝐪)
𝟑+ + 𝟑𝐞̅̅̅̅  →  𝐀𝐥(𝐬) -1.66 

 

4.2.3.3.2 Electrolysis 

Electrowinning (EW) is a process that has been widely used in the recovery of metals, such as 

gold, silver, copper, etc. [183, 184], enabling the electrodeposition of metals from dilute solutions, 

effective metal separation, recovery of the target metal in a directly reusable without further 

processing and a reduction in problems associated with the effluent disposal, among others [185]. EW 

critical factors in the design of an electrowinning process are control of pH, cathode surface area and 

current density. 

 In this study, a flat-plate electrolytic cell was designed as shown in Figure 4.3. The electrolytic cell 

comprised a 5mL beaker (to serve as the reservoir chamber), into which were placed a platinum mesh 

anode and a cathode. The cathode was made of different materials (carbon, copper, nickel, lead, and 

steel), being a copper mesh the most effective and suitable as cathode.  The electrodes were cut as 

rectangles of 10 mm width and 20 mm length, with a separation of 10 mm. The current was generated 

using a power supply (RS PRO Digital Bench Power Supply 150W, UK). The electrowinning experiments 

were carried out in triplicate and maintaining constant currents.  
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Figure 4.3: Scheme of the flat-plate electrowinning cell developed and used in this work. 

 

For each electrolysis run, the electrolyte, (the IL-leach solution), was placed in the chamber and 

the electrodes immersed in the solution. The effects of current density (10 mA, 50 mA, 100 mA, and 

500 mA) and electrolysis time (15, 30, 45, 60, 90, 120, 180, 240, and 300 minutes) on the target metal 

recovery were examined. After each run, the electrolyte was sampled and analysed by ICP-OES for 

metal composition. The cathode deposit was collected and dissolved in concentrated nitric acid and 

diluted before analysis by ICP-OES to determine the purity of the recovered metal. Samples of the 

recovered metal powders were further characterised by SEM-EDS and XRD. The metal recovery rate 

(Mr), purity (PCu) and current efficiency (ηCu) were calculated, and the specific energy consumption 

(kWh/kg) determined for the recovery of copper from WPCBs by:  

𝐸 =
𝑧𝐹𝐸𝑐𝑒𝑙𝑙

3600𝜂𝑀
  Eq. 4.2 

 

where z is the number of electrons (2, in the case of copper), F is the Faraday constant (96485 C/mol), 

𝐸𝑐𝑒𝑙𝑙 is the cell voltage observed during the experiment (V), 𝜂 is the current efficiency and M is the 

molar mass of copper (63.546 g/mol). 

 

4.2.3.4 Recovery of the ILs For Recycle and Reuse 

Regeneration of the ionic liquid, [Bmim]HSO4, following leaching and electrowinning was 

investigated to determine its potential for reuse in further leaching cycles to extract copper from 

WPCBs and subsequent recovery by electrolysis. Following an optimised leaching and recovery 
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process by EW, the residual IL-bearing solution was frozen at -10 °C for 1 h, followed by water 

separation using a freeze vacuum. Once the water was evaporated, the frozen IL changed from solid 

to liquid, and was used in a further leaching cycle under optimised conditions, followed by 

electrodeposition. Tests on the recycle of the IL were also carried out on solutions that had not 

undergone a pre-treatment step (described in Section 4.2.3.2) to determine the extent to which 

impurities could affect the next leaching cycle; and these tests involved the use of a solvent 

impregnated resin - XAD-7 resin impregnated with di-(2-ethylhexyl) phosphoric acid (DEHPA). The 

impregnated resins were added after each cycle (leaching and EW), shaken for 1 h, and then separated 

using a filter to remove the resins. The IL solution was frozen at -10 °C for 1 h and put in a freeze 

vacuum for water evaporation, before reuse. The results showed that the use of impregnated resins 

did not have any considerable effect on the leaching and EW efficiencies. Therefore, the method 

without the impregnated resins was selected. This procedure was utilised in five consecutive cycles, 

and triplicates were done in each test. 

 

4.2.3.5 Summary 

The four-step approach to investigate the potential for recovery of copper from waste WPCBs 

derived from multigenerational mobile phones, and to optimise the selective recovery of the target 

metal, copper, is elaborated further in Figure 4.4 in terms of the processes followed and the 

component fractions involved.  

 

 

Figure 4.4: Overview of the experimental procedure in the copper recovery process. 
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4.3 Results and Discussion 

4.3.1 Solubility Testing to Determine Optimised Conditions for IL- Leaching of 

Copper from WPCBs 

4.3.1.1 Selection of an ionic liquid for copper leaching from WPCBs in a mono-metal system 

The ionic liquids 1-butyl-3-methylimidazolium hydrogen sulfate ([Bmim]HSO4), 1-butyl-3-

methylimidazolium chloride ([Bmim]Cl), 1-ethyl-3-methylimidazolium chloride ([Emim]Cl), betaine 

bis(trifluoromethanesulfonyl) [Hbet]NTf2 were selected as potential copper leaching agents based on 

a literature review. The effects of temperature, time, and oxygen peroxide (H2O2) dosage as an oxidant 

reagent on copper solubility were studied and the results are shown in Figure 4.5. The solubility of 

copper in all the ionic liquids (ILs) showed a substantial increase with the rise in temperature from 50 

°C to 80 °C (Figure 4.5a) In the case of [Bmim]HSO4, the solubility of copper rose significantly from 1.44 

g/L at 50 °C to 3.68 g/L at 80 °C. In the cases of [Emim]Cl, [Bmim]Cl and [Hbet]NTf2, copper solubility 

increased gradually reaching a maximum leaching at 80 °C, with 1.94 g/L, 0.70 g/L and 1.39 g/L, 

respectively. The effect of time is presented in Figure 4.5b, in which it can be seen that in all four ILs, 

copper leaching increased rapidly until 1.5 h and then plateaued, showing no significant increase when 

the leaching time was extended beyond 2 h, where Cu leaching in [Bmim]HSO4 was 4.8 g/L, 

approximately double that for  [Hbet]NTf2 (2.3 g/L) and [Emim]Cl (2.8 g/L), and six times higher than 

for [Bmim]Cl (0.8 g/L) after 2 h. The effect of temperature revealed a similar pattern with leaching of 

copper into the IL in the order: [Bmim]HSO4 > [Emim]Cl > [Hbet]NTf2 > [Bmim]Cl. The leaching of 

copper improved with increased hydrogen peroxide (H2O2) dosage (Figure 4.5c), because hydrogen 

peroxide is a strong oxidant, that assists the acid in the solution and accelerates the oxidation of 

copper in WPCBs to Cu2+ ions in solution [105, 176, 177, 186]. The selection of H2O2 as oxidant is due 

to its decomposition products are oxygen and water, making it more suitable for industrial 

applications compared to others oxidant such as hypochlorite or permanganate.  The oxidised copper 

(Cu2+), produced by addition of the oxidant, hydrogen peroxide, can readily react with the acidic IL 

[Bmim]HSO4 to form copper sulphate; and with of the ILs, [Bmim]Cl and [Emim]Cl, to form [CuCl4]2-.  

In the case of [Hbet]NTf2 a dual behaviour can be observed. [Hbet]NTf2 has shown great ability in 

dissolving metal oxides [107]. Copper oxide (CuO), as a product of the oxidation reaction between the 

oxidant and copper, can be dissolved by [Hbet]NTf2, which explains the pronounced increase in copper 

leaching seen in Figure 4.5c. Additionally, the reaction between [Hbet]NTf2 and CuO can be facilitated 

by the addition of water [107]. The decrease in the solubility after addition of 30 vol.% of H2O2 could 

be due to two factors; firstly, as the H2O2 dosage increases, copper peroxide can be formed [105] and 
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secondly, an overdose of H2O2 may cause the oxidation of the ionic liquid [Hbet]NTf2, thereby reducing 

its efficiency [176]. 

 

 

Figure 4.5: Study of different conditions on copper solubility (using powdered copper); (a) effect of 

temperature, (b) effect of reaction time and (c) effect of the oxidant (H2O2) dosage. 

 

Using the optimum conditions identified for temperature, time, and hydrogen peroxide 

dosage, on the leaching of copper powder, other forms of copper presented as granules, wire and foil 

were studied to determine the effect of different particle size and shape on the leaching of copper.  

The comparative results are shown in Figure 4.6. It can be seen from Figure 4.6a that the leaching of 

wire and foil in the four ILs are all less than 0.3 g/L, which is much lower than that for copper granules, 

which is not surprising as the copper granules have a much larger surface area, to facilitate the 

interaction with the ILs. [Bmim]HSO4 presented a similar trend to that observed in Figure 4.5, showing 

the highest copper leaching among the ILs. The effect of the different forms of copper was studied 

further by adding H2O2 to aid the copper dissolution. The experiments were carried out under the 
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optimal conditions (80 °C and 2 h).  The highest levels of copper leached with 48.4 g/L, 68.0 g/L and 

63.3 g/L for granules, wire, and foil, respectively were achieved with the IL, [Bmim]HSO4.  For [Emim]Cl, 

the maximum leaching was 13.39 g/L with copper granules and approximately 18.4 g/L for [Bmim]Cl 

with copper wire. In the case of [Hbet]NTf2, the solubilised copper wire and copper foil were close to 

28 g/L, slightly higher than for copper granules. It can be concluded that whilst the form of copper can 

significantly impact the leaching process when only ILs are present in the solution, there is little impact 

on copper solubility in presence of H2O2. Based on these results, [Bmim]HSO4 was selected as the IL 

that presented the best performance and used as extractant medium for the copper from WPCBs. 

Furthermore, [Bmim]HSO4 has several advantages over the other ILs such as solubility in water, 

environmental friendliness, low cost, and easy availability. 

 

 

Figure 4.6: Effect of the copper form on leaching; (a) without H2O2, (b) optimal condition of H2O2 of 

each IL (50 vol.% for [Bmim]HSO4, [Emim]Cl and [Bmim]Cl, 30 vol.% for [Hbet]NTf2).). Copper leaching 

were at 80 ℃, 2 h and 500 rpm. 
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4.3.1.2 Investigation of the Impact of the presence of non-target metals on the solubility of 

the target metal, copper in a mixed-metal system 

Characterisation of WPCBs, reported in Chapter 3, showed copper to be the main metal 

present with a content between 27% and 32% by weight. Nevertheless, high concentrations of other 

metals such as iron and zinc are also found, and their presence could impact the copper leaching 

process. To investigate the IL selectivity for copper, the target metal, in the presence of other metals 

that co-exist in WPCBs, copper, iron and zinc powder were tested separately in each ionic liquid (Figure 

4.7a) and then as a simulated mixture in a 1:1:1 Cu:Fe:Zn ratio (Figure 4.7b) in [Bmim]HSO4. Figure 

4.7a shows that, of the three metals, copper has the greatest dissolution in [Bmim]HSO4 (76.8 mg/g), 

followed by zinc (50.6 mg/g) and iron (37.8 mg/g). Nevertheless, in the mixture of these three metals, 

the solubility of copper decreased to 2.4 mg/g, representing only 3% of its selectivity. The amounts of 

iron and zinc dissolved in the IL from the mixed metal system, and individually were similar, with a 

selectivity of 37% for Fe and 60% for Zn. This indicates that when equivalent amounts of metals co-

exist, zinc and iron are leached more favourably than copper, significantly reducing the copper 

leaching efficiency.  

 

 

Figure 4.7: Leaching of Cu, Fe and Zn: (a) from single metal solutions, and (b) from a simulated 

Cu:Fe:Zn 1:1:1 mixed metal solution. Optimal conditions (80℃, 2 h, 50%v/v H2O2, 500rpm). 

 

 

3

37

60

Cu Fe Zn

0

10

20

30

40

50

60

70

80

L
e
a

c
h
in

g
 (

m
g

/g
)

Individual metal

(a) (b)

Cu Fe Zn

0

10

20

30

40

50

60

70

80
  [Bmin]HSO4

 % Selectivity

Mixed metal

L
e
a

c
h
in

g
 (

m
g

/g
)

0

20

40

60

80

100

 S
e

le
c
ti
v
it
y
 (

%
)



131 

 

4.3.1.3 Determination of the optimal conditions for copper leaching from as-received WPCB 

samples 

Among the four ILs studied for the mono-metal system, [Bmim]HSO4 was shown to be the most 

effective ionic liquid for copper leaching. This IL was further tested to investigate the impact of the 

presentation of copper in its different forms, and separately, using simulated mixed metal solutions 

with zinc and iron to investigate the impact of the presence of other metals found in significantly high 

levels alongside copper in WPCBs. The inhibiting effect of the non-target metal impurities on the 

selective leaching of the target metal, copper using the chosen IL, required further investigations into 

the effects of (i) the IL concentration, (ii) the solid to liquid ratio, (iii) the oxidant dosage, and (iv) time 

and temperature to optimise the conditions of leaching copper from as-received WPCB samples.  The 

results of these investigations are now described. 

 

4.3.1.3.1 Effect of the [Bmim]HSO4 concentration 

The influence of [Bmim]HSO4 concentration on copper leaching is presented in Figure 4.8 and 

confirms that the presence of water is beneficial to the copper leaching.  In the zone of 10%-30% (v/v) 

of IL, the copper leaching increased from 23.1 mg/L to 30.0 mg/L with a maximum achieved at 30% 

(v/v), after which the concentration decreased to 6.5 mg/L at 100 %(v/v) of [Bmim]HSO4. This increase 

in the Cu leaching with the addition of water is due to water helping the sulphate anion present in the 

ionic liquid to dissociate, acting as an acid. In addition, water can break the hydrogen bonds within 

the IL, which lowers the IL viscosity, allowing a greater mixing and increasing the dissolution kinetics 

[105, 177]. As the concentration of IL is higher than 30 %(v/v), the viscosity of the solution is increased, 

slowing the diffusion and consequently, decreasing the Cu leaching. Thus, 30 %v/v [Bmim]HSO4 in H2O 

is the concentration selected for further copper leaching. 
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Figure 4.8: Effect of the [Bmim]HSO4 concentration on copper leaching. 

4.3.1.3.2 Effect of the Solid to Liquid Ratio 

The effect of the solid-liquid (s/l) ratio (g WPCBs/L [Bmim]HSO4) on copper and the other 

significant metals present in WPCBs is shown in Figure 4.9. It can be seen from Figure 4.9a that copper 

leaching increased significantly (from 60% at s/I of 1.5) with a decrease in the solid-liquid ratio 

reaching 100% at 1:15 s/l ratio and maintaining this level at solid-liquid ratios lower than 1:15. A 

decrease in the solid-liquid ratio for the leaching process means an increase in the solution volume 

allowing greater interaction between the WPCB particles and the IL, increasing the mass transfer 

efficiency and hence the leaching efficiency [105, 176, 177]. When the solid-liquid ratio is too low, in 

this case lower than 1:15, although the mass transfer efficiency increases, the leaching of copper 

(interpreted as yield) remains almost unchanged since the reaction occurs with the same amount of 

WPCBS powder albeit with a larger solution volume. This also explains the continuous decrease in the 

copper concentration in the final solution after reaction with the increase of the solid-liquid ratio, 

which can be considered as a dilution of the solution (Figure 4.9b). 

Concentration of other metals in solution (metals considered as impurities) also varied depending 

on the solid-liquid ratio. Barium showed negligible variation on its leaching efficiency and 

concentration across the whole range, which showed no interaction with [Bmim]HSO4. Aluminium 

showed a slight increase in the leaching efficiency, reaching a plateau of 11% at a solid-liquid ratio of 
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solid-liquid ratio of 1:5 up to a ratio of 1:15, with maximum leaching peaking at a solid-liquid ratio of 

between 1:20 (for Fe and Pb) and at 1:30 for Ni. Zinc was the only metal that decreased its leaching 

efficiency substantially with the decrease in the solid-liquid ratio, from 62% to 0% after a solid-liquid 

ratio of 1:30. This does not mean that Zn was not leaching out, this is likely due to equipment measures 

limits since the concentration of Zn was 237 mg/L at a S/L ratio of 1:5, consequently, as the solid-liquid 

ratio decreases, the volume solution increases drastically, diluting the Zn concentration until it is under 

the detection limit of the equipment. It is interesting to note that with a large solid-liquid ratio (1:5), 

the leaching of copper, zinc and iron were 60%, 62% and 45%, respectively. This result confirms the 

selectivity of [Bmim]HSO4 towards Zn and Fe over Cu, as confirmed in Figure 4.7b. This is significant 

since the concentrations of Fe and Zn are 62 and 483 times lower respectively than the concentration 

of Cu in WPCBs, and even with such differences, the IL still leaches high amounts of Zn and Fe from 

the mixture. Copper can be leached completely from WPCBs with a solid-liquid ratio of 1:15 and above, 

thus the selected solid-liquid ratio for the leaching process is 1:15. This solid-liquid ratio minimises the 

use of reagents, the volume of reaction, the energy used, and the unwanted impurities. The main 

impurities at this solid-liquid ratio are Ni, Fe and Pb; however, their concentrations are two orders of 

magnitude less, representing minor impurities in the leaching process. 

Figure 4.9: Effect of the solid/liquid ratio on WPCBs leaching; (a) leaching efficiency, and (b) metal 

concentration. 
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copper from WPCBs. At a dosage rate of 10 %(v/v) H2O2 and above, the leaching of copper is complete, 

reaching a concentration of 21,647 mg/L. This increase is due to the oxygen produced from the 

decomposition of hydrogen peroxide reacting with metallic copper to form copper(II) oxide which can 

further react with the IL to form copper(II) compounds [105, 111, 177].  

Aside from Al and Ba, which showed negligible leaching, the other metals present in WPCBs, 

showed an increase in concentration and consequently their leaching efficiency in the presence of 

hydrogen peroxide. The hydrogen sulphate anions in the [Bmim]HSO4 dissociates in the presence of 

water, and the solubility of metals from the second group of the periodic table (Ba, Ca, etc.) are low, 

likely due to their precipitation as sulphate salts. Nickel and lead showed an increase in their leaching 

rate, reaching a plateau from 5 %(v/v) onwards, with Zn and Fe showing generally high leaching but 

with variable behaviour across the dosages range studied. Although the leaching of nickel was nearly 

30%, it is the main unwanted element in the leaching process, with an average concentration of 290 

mg/L. Nevertheless, this concentration is much lower when compared to copper (22,700 mg/L), 

accounting for only 1.2% of the total metals leached. According to previous studies reported in the 

literature, the use of hydrogen peroxide with ILs has been found to reduce leaching of metals as the 

dosage rate increases; an observation that is related to a possible oxidation of the IL thus reducing its 

leaching capacity [105, 176]. In this case, the increase in the dosage of hydrogen peroxide in the IL-

water solution did not seem to decrease its leaching efficiency, showing a good stability of the IL. 

Hence, the optimal hydrogen peroxide dosage for copper leaching is 10 %(v/v), which leaches 

completely the copper from WPCBs as well as minimises the use of the oxidant agent and the potential 

oxidation/decomposition of the IL. 

Figure 4.10: Effect of the H2O2 dosage on leaching from WPCBs; (a) leaching efficiency, and (b) metal 

concentration. 
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4.3.1.3.4 Effect of Time and Temperature 

Figure 4.11 shows the effects of leaching time and temperature on the leaching of copper from 

WPCBs using [Bmim]HSO4. Increasing the temperature from 20 °C to 80 °C, with time showed that the 

copper leaching rate increased gradually within the first 60 min, and stabilised as time continued, 

reaching copper leaching efficiencies of 55%, 66% and 92% at 20 °C, 40 °C and 80 °C, respectively. At 

60 °C, the copper leaching efficiency increased steadily over the 2 h, with a greater level of copper 

leaching (up to 85%) in the first hour, followed by a steadier copper efficiency rate, reaching a 90% of 

Cu leaching in 2 h. The increase in copper leaching with temperature arises because the kinetic energy 

of the reactant particles increases, leading to a higher frequency of collisions between the particles, 

and thus overcoming the activation energy. These observations are consistent with the temperature 

acting as a catalyst and speeding up the reaction [111, 177]. 

 

 

Figure 4.11: Effect of time and temperature on copper leaching from WPCBs. 
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rate did not increase despite the increase in the reaction temperature. Lead presented a similar 

behaviour, achieving approximately 50-55% of leaching independent of temperature after 2 h. Nickel 

showed a relatively low leaching efficiency of 9%, 12% and 19% by 2 h at 20 °C, 40 °C and 60 °C, 

respectively; however, it presented a marked increase in its leaching at 80 °C after 2 h, reaching 57%. 

Zinc is the only metal that showed variable behaviour, leaching 50%, 27%, 32%, and 70% at 20 °C, 40 

°C, 60 °C and 80 °C after 2 h, respectively. This behaviour could be due to the competition of other 

metals present in WPCBs. With respect to the concentration, Figure 4.13 illustrates that Pb and Zn 

were the main impurities at lower temperatures, whilst Ni was of greater concern at higher 

temperatures. Although [Bmim]HSO4 can leach several metals with high leaching rates, their 

concentration is considerably lower than that of copper, with at least two orders of magnitude less. 

These results suggest that copper leaching at 60 °C for 2 h maximises the copper leaching and 

minimises the energy consumption and impurities in the leached solution, being selected as the 

optimal temperature and time for leaching. 

 

 

Figure 4.12: Effect of time and temperature on the leaching of major metals present in WPCBs. 
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Figure 4.13: Effect of time and temperature on the concentration of major metals present in WPCBs. 
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4.3.1.3.5 Selection of Optimal Leaching Conditions 

Results from investigation of the effect of the [Bmim]HSO4 concentration, solid to liquid ratio, 

hydrogen peroxide dosage, temperature and time suggest that leaching of the target metal, copper, 

can be successfully achieved by careful control of these parameters. The combined optimal conditions 

for Cu leaching from WPCBs are 30 %v/v [Bmim]HSO4, 10 %v/v H2O2, and 60 %v/v H2O at 60 °C, 1:15 

solid to liquid ratio for 2 h. Under these conditions, the average metal concentrations, their leaching 

efficiency, and their proportion in the leaching solution of the major metals present in WPCBs 

achieved are presented in Figure 4.14. It can be observed that the reaction under optimal conditions 

can leach copper completely from WPCBs, with minor contaminants accounting for approximately 5% 

of the leached solution (Figure 4.14b), and the major impurities of  nickel and zinc with concentrations 

of 18.5 mg/L and 18.7 mg/L for Ni and Zn, respectively.  

 

Figure 4.14: Metal leaching from WPCBs using optimal conditions; (a) metal concentration and 

leaching efficiencies, and (b) metal proportion in solution 

 

Figure 4.15 shows SEM-EDS images of the WPCBs powders before and after the leaching 

reaction under optimal conditions. As it can be seen from Figure 4.15a and b, WPBCs contain a large 

variety of metals in different forms and shapes, with copper as the most abundant (shown in red 

colour). Figure 4.15c and d show that the residual WPCB powder from the leaching reaction, after 

being centrifuged and dried. The SEM-EDS images confirm that copper has been effectively leached 

out from the WPCBs, confirming the efficiency of the leaching condition for extracting copper into the 

IL for further recovery.  
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Figure 4.15: SEM-EDS images of WPCBs powders (a) and (b) before reaction, (c) and (d) after 

reaction. 

X-ray diffraction of the WPCBs powder before and after leaching under optimal condition is 

presented in Figure 4.16. It can be observed that in the WPCBs powder the dominant metal is Cu, with 

Al, Pb, Sn and Zn also evident to a lesser degree, which is consistent with the composition analysis by 

ICP-OES. After leaching under optimal conditions, the leached residue (depicted in red) showed a total 

reduction in the intensity of the Cu peaks, confirming that copper was effectively leached from WPCBs 

by the [Bmim]HSO4 solution under optimal conditions. 

 

Figure 4.16: XRD patterns of WPCBs powders before reaction and after reaction.  
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4.3.1.4 Leaching kinetics in [Bmim]HSO4 

To obtain a greater insight into the leaching process and to determine its mechanism, which 

explain the most effective path of causing the reaction to occur, the leaching kinetics were made 

targeting Cu as well as the major metals present in WPCBs; Al, Ba, Fe, Ni, Pb, and Zn. Copper leaching 

in the presence of several other metals is a complex and heterogeneous reaction. In this 

heterogeneous system, if the metal particles are considered as spherical particles, the copper leaching 

process can be described by the shrinking core model (SCM). SCM was chosen because it approximates 

real particles more closely than does the other conversion models in a wide variety of situations [187]. 

SCM model describes the dissolution or reaction of solid particles, which are consumed by a reagent, 

in this case the IL/H2O2/H2O solution. The amount of material being consumed in these solid particles 

is “shrinking”. The solid reacted is considered a non-porous material with spherical and cylindrical 

shapes, which are surrounded by a fluid which enables mass transfer between the solid and the bulk 

of the fluid [91, 176, 187]. 

An attempt has been made to study the kinetics of dissolution of copper and the major metals 

leaching present in WPCBs using the SCM model. All standard equations of the shrinking core models 

were tested for reaction kinetics. The step with the greatest resistance is considered the rate-

controlling step. According to this model, the following steps are considered to occur in succession 

during the dissolution [91, 187]: 

1. Transport of the reactant through the solution to the surface of the solid. 

2. Reaction on the surface between the reactant and the solid. 

3. Formation of the products on the surface layer of the reaction zone and their transport from 

the interface into the bulk of solution. 

  In this study, both spherical and cylindrical shapes were considered due to the metal liberation 

(Figure 4.15) exposed both geometries, representing better a real system. The kinetic equations to 

describe the process are [91]: 

1 Film diffusion control dense constant size small particles – all geometries 

𝑋 = 𝐾𝑐𝑡  Eq. 4.1 

2 Film diffusion control dense shrinking spheres  

1 − (1 − 𝑋)2/3 = 𝐾𝑐𝑡  
Eq. 4.2 

3 Chemical reaction control dense constant size cylindrical particles model 
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1 − (1 − 𝑋)1/2 = 𝐾𝑐𝑡  
Eq. 4.3 

4 Chemical reaction control dense constant size or shrinking spheres 

1 − (1 − 𝑋)1/3 = 𝐾𝑐𝑡 
Eq. 4.4 

5 Ash diffusion control dense constant size-spherical particles 

1 − 3(1 − 𝑋)2/3 +  2(1 − 𝑋) = 𝐾𝑐𝑡  
Eq. 4.5 

where, Kc is the reaction rate constant (min-1), t = time (min), and X = metal leaching rate (% leaching).  

Figure 4.17 shows the model fitting for copper leaching using the shrinking core equations. 

The coefficient of determination R2 value was adopted to compare the goodness of fit. Comparing the 

R2 values, it was found that data fitted best with the ash diffusion control dense constant size-spherical 

particles, with the highest value of R2 in the range of 0.4652 and 0.7559. This result pointed out that 

the kinetics may be controlled by diffusion; however, leaching kinetics are difficult to determine 

especially for a heterogeneous reaction such as WPCB with ILs, and both physical and chemical factors 

should be considered. Figure 4.17 also shows relatively close R2 values for the chemical reaction 

control (Figure 4.17c and d), being slightly higher values with the dense constant size or shrinking 

spheres model. Figure 4.11 showed a sharp increase in the metal leaching within the first 15 minutes, 

followed by a steady rise to 2 h. This sharp increase in the metal concentration is due to the chemical 

reaction between the metals, the IL and the oxidant, in which the concentration of hydrogen ions and 

the oxidant decrease, and as the reaction progresses, the reaction slows down towards completion 

after 2 h. Thus, both the chemical and the diffusion factors are relevant in the copper leaching kinetics. 

In addition, WPCBs contain several metals, which may impact significantly in the copper leaching 

process. For instance, if the content of iron is high, leached iron (Fe3+) in the solution could accelerate 

the copper leaching [12]. 

In the case of other major metals present in WPCBs, the ash diffusion control dense constant 

size-spherical particles were also the step with the greatest resistance, controlling the leaching process 

(Figures of all the models for Fe, Ni, Pb and Zn are presented in Appendix). Aluminium and barium 

were not evaluated due to their low leaching rates. Although the ash diffusion presented the highest 

R2 values for Fe, Ni, Pb, and Zn, the models also showed similar R2 values to the chemical reaction 

control processes, suggesting that chemical reaction also could play a role in their kinetics. In the 

leaching kinetics with inorganic acids (HCl, H2SO4, HNO3), the surface chemical reaction usually is the 

controlling step of the process [187] . In this case, the anionic part (HSO4
-) of the [Bmim]HSO4 is also 

part of sulphuric acid, which may favour the chemical reaction as the control stage. The conclusion 
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that can be drawn from these results is that diffusion plays a more important role than surface 

reaction; however, both are relevant in the metal leaching process from WPCBs. 

 

 

Figure 4.17: Model fitting for leaching kinetics of Cu from WPCBs by [Bmim]HSO4; a) Film diffusion 

control dense constant size small particles – all geometries, b) Film diffusion control dense shrinking 

spheres, c) Chemical reaction control dense constant size cylindrical particles, d) Chemical reaction 

control dense constant size and e) Ash diffusion control dense constant size-spherical particles. 
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𝐾 = 𝐴𝑒−𝐸𝑎/𝑅𝑇  
Eq. 4.6 

where k is the rate constant (min-1), A is the frequency factor (min-1), Ea is the activation energy of 

reaction (J/mol), R refers to the universal gas constant (8.3145 J/mol∙K), and T is the temperature (K). 

 

Table 4.3: Linear fitting parameters of ash diffusion control dense constant size-spherical particles 

model. 

 𝑲𝒄 (min-1) 
𝑬𝒂 (KJ/mol) 

20 °C 40 °C 60 °C 80 °C 

Cu 5.32x10-4 2.63x10-4 2.28 x10-3 7.82 x10-4 25.61 

Fe 4.11 x10-5 1.20 x10-4 1.75 x10-4 1.71 x10-4 20.56 

Ni 2.22 x10-5 4.33 x10-5 1.06 x10-4 1.20 x10-3 54.27 

Pb 8.36x10-4 9.13 x10-4 9.3 x10-4 1.30 x10-3 5.66 

Zn 1.97 x10-4 3.18 x10-4 8.61 x10-4 1.54 x10-3 30.70 

 

The Arrhenius plot shown in Figure 4.18 was obtained by using the apparent rate constant kd 

from Table 4.3 and data from Figure 4.11, Figure 4.12 and Figure 4.13, which shows the effect of 

temperature on metal leaching. The linear regression with an R2 of 0.9507 shows that the copper 

leaching process fitted well with the controlling model. Using the Arrhenius equation, the activation 

energy for copper leaching from WPCBs was calculated to be 25.61 KJ/mol in the temperature range 

of 20 °C and 80 °C. The magnitude of Ea suggests that the process was controlled by diffusion since 

high activation energies (≥ 30-40 kJ/mol) generally indicate that the chemical reaction is the rate 

limiting step, whilst lower activation energies are associated with transport-controlled reactions [111, 

177]. Iron and zinc have an activation energy of 20.46 KJ/mol and 30.70 KJ/mol, respectively, also 

suggesting that diffusion controlled the leaching process. Lead showed an activation energy of 5.66 

KJ/mol, the lowest of all the metals analysed. Lower activation energy generally leads to higher speed 

rate. This low activation energy could explain the steady Pb leaching of 50-55% observed in Figure 

4.12, in which the Pb leaching was not significantly dependent on temperature. Whilst the activation 

energies of Cu, Fe, Pb, and Zn correlate well with their respective dissolution kinetics, Ni however, 

presented the highest activation energy with 54.27 KJ/mol, suggesting that the chemical reaction 

control is the rate limiting step for its leaching. 
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Figure 4.18: Arrhenius plot for metal leaching from WPCBs. 
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effective leaching agent under optimal conditions (8.5 mL of a 90 %v/v IL solution and 1.5 mL 30% 

hydrogen peroxide at a solid-to-liquid ratio of 1/20 at 80 °C for 2 h), leaching out 98.3% Cu [105]. The 

same work also reported that the IL can be recovered by rotary evaporation, although it was not 

reused in subsequent cycles.  Huang reported a copper leaching of 99.9% with [Bmim]HSO4, when 1 g 

WPCB powder was leached under the optimum conditions with 25 mL 80 %v/v ionic liquid, 10 mL 30% 

hydrogen peroxide, solid/liquid ratio of 1/25, 70 °C and 2 h [177]. Whilst the optimal conditions 

reported are close to those used in the current work, a major difference lies in the IL concentration 

used, where IL concentrations were nearly three times higher (80-90 %v/v) than the optimal IL 

concentration used in this work (30 %v/v), leading to a considerable reduction in IL required. 

Furthermore, these studies focussed mainly on leaching of copper without taking account of other 

metals present in WPCBs, and as potential impurities their likely impact the overall recovery process.  

In terms of kinetics, Huang et al. reported that, when copper is leached from WPCBs by a 

solution of 25 mL 80 %v/v [Bmim]HSO4 and 10 mL 30% hydrogen peroxide, the reaction rate is 

controlled by diffusion through a product [177]. He et al. reported that when copper is leached from 

WPCBs using [Emim]Cl and [Bmim][BF6] with hydrogen peroxide as an oxidant, the reaction was also 

controlled by the solid membrane diffusion [111]. In the current research it is shown that the ash 

diffusion control dense constant size-spherical particles presented the highest resistance in the SCM, 

although the R2 values of the chemical reaction and physical diffusion were, albeit smaller, were not 

that different, suggesting that both the chemical reaction and the physical diffusion are of significance 

in the process. The authors mentioned that using higher concentration of ILs could have helped to 

overcome the chemical reaction as the slowest process. The concentrations used in the current work, 

of 30 %v/v of IL and 10 %v/v H2O2 for the leaching process, could make the chemical reaction more 

relevant.  Huang et al. reported that the activation energy of leaching copper from WPCBs in the range 

of 40 °C and 70 °C with a Brønsted acidic ionic liquid was 25.36 KJ/mol [177], which it is similar to the 

activation energy calculated in the current work of 25.61 KJ/mol in the temperature range of 20 °C 

and 80 °C. Although kinetics from copper leaching from WPCBs can be complex and difficult to 

determine due to the presence of several metals, where other parameters such as particle size, 

metallic and non-metallic separation, ceramic composition, among other can also influence, the 

kinetic study suggests that the reaction rate is controlled by diffusion through a product or that it has 

a higher predominance. 
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4.3.2 Pre-treatment of As-received WPCBs to Remove Solder and Electronic 

Components  

4.3.2.1 Separation and removal of solder, electronic components, and copper enrichment 

from WPCB 

Copper is the major metal present in WPCBs with approximately 28 wt.% in EoL-MP PCBs, 

representing nearly 65% of the total metallic content by weight. This is due to a typical PCB comprising 

a multilayer of epoxy resin and fiberglass, coated with layers of thin copper film, which give the PCB 

its conductive properties. PCBs are used to mechanically support and electrically connect electronic 

components (ECs) including resistors, relays, capacitors, transistors, and integrated circuits/chips. 

Hence, copper is mostly found in the bare PCB substrate, whilst precious metals, CRMs and other 

metals are found in the ECs mounted on the substrate [12, 91, 96, 188]. These ECs are mounted on 

PCB assemblies using various types of connections such as socket pedestal device (press-fit), through-

hole device (solder wave type), surface mounted device (solder by reflux), screw joint device, and rivet 

joint device. The removal of these components can be achieved through a number of different 

methods  which may be simple mechanical methods or physicochemical methods such as the removal 

of solder or pins, using liquid medium heating [96].  

Most of the ECs attached to PCBs are by means of welding/soldering and can be dismantled by 

melting the solder. Welding/soldering is a process where two or more metals are chemically and 

mechanically joined at a low melting point [188]. Sn-Pb solder alloys is commonly used for electrical 

soldering, with 63Sn-37Pb alloy being the most common Pb-based solder in PCBs. Researchers have 

studied methods of removing solder, being infrared heating (using a heating tube), liquid medium 

heating, solder bath heating, and chemical reagent the most commonly methods used. These 

methods, however, present difficulties such as the disposal of the used hot fluid and selection of 

adequate chemical reagents, and they are often inefficient and highly polluting [182, 189, 190]. The 

method of hot bathing PCBs in a heated liquid assisted by mechanical vibration, is currently considered 

as a promising technology for opening solder connections and liberation of ECs [182]. The use of the 

ionic liquid ([Bmim]BF4) as the heating medium was therefore tested in the current work.  

The key prerequisite for separating the ECs from PCBs is the opening of the solder. Based on 

the physical state of Sn-Pb alloy, the melting temperature predominantly ranges from 183 °C (eutectic 

alloy) to 232 °C (lead-free solder). Nevertheless, it is important to note that temperatures over 250 °C 

can be unfavourable due to the release of flame retardants (chlorinated/brominated dibenzo-p-

dioxins and furans) from PCBs [182]. Therefore, temperatures ranging from 200 °C to 250 °C could 
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effectively separate ECs and solder from WPCBs. Preliminary studies using [Bmim]BF4 as the heating 

medium from 200 °C to 250 °C with different mechanical stirring speeds and timing were carried out 

to determine the optimal parameters. Figure 4.19 provides an illustration of the dismantling and 

solder recovery process from WPCBs using [Bmim]BF4. Temperature plays a crucial role, and it was 

found that the higher the temperature reduced the viscosity of the molten solder, and with the 

decreased flow resistance removal of the solder from WPCBs was faster [190]. The slightly higher 

temperature end of 240-250 °C, however, damage the WPCBs, releasing toxic substances. So, a 

temperature of 210 °C was selected, being the minimum temperature that effectively removed the 

ECs from WPCBs minimising the release of toxic substances. Experiments were carried out without 

mechanical stirring and, although the ECs were successfully separated from WPCBs, the solder 

remained attached. With the addition of mechanical stirring the molten solder was easily peeled from 

the WPCBs and along with the ECs were taken into the IL. The optimal conditions for the dismantling 

of the ECs and removal of solder from WPCBs (Figure 4.19) were a temperature of 210 °C, mechanical 

stirring speed of 150 rpm and reaction time of 15 min. This pre-treatment can effectively separate all 

the ECs and solder from WPCBs, even exposes the copper surface on the PCB pins. 

 

 

Figure 4.19: Process for dismantling ECs from the WPCBs using [Bmim]BF4. 
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An SEM-EDS image of the solder separated from WPCBs, is shown in Figure 4.20, as smooth 

spheres, and the EDS in Figure 4.20b, c and d, shows that the solder is mainly composed of lead and 

tin without any contaminant/undesirable metal. The clean removal of the solder using [Bmim]BF4 with 

the chemical properties of the solder remaining intact, suggests the IL acts as an excellent heating 

medium for solder separation. 

 

 

Figure 4.20: SEM-EDS images of recovered solder from WPCBs using [BMIM]BF4. 

 

The bare WPCBs, stripped of any ECs and solder, represents approximately 70% by weight of an 

average WPCB. Table 4.4 shows the metal composition of the as-received WPCB before and after the 

separation of ECs and solder. As a result of the solder separation, the concentration of lead and tin 

decrease from 3.6 mg/g and 1.5 mg/g, respectively to be undetectable, confirming the successful 

separation of solder from WPCBs. Copper concentration in the bare WPCBs after the separation nearly 

doubled from 435.7 mg/g to 838.2 mg/g, representing approximately 84% of the total weight of the 

bare WPCBs. As expected, most of the other metals, such as B, Ba, Cr, Fe, Ni, present in as-received 

WPCBs decreased and were not detected in the bare WPCBs, because most of these metals are found 

in the ECs mounted on PCBs. The significant increase in silver from 5.8mg/g in as-received WPCBs to 

32.7mg/g in bare WPCBs, is likely due to the use of Ag in contacts, which can be seen plated on some 

parts of the PCBs.  
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Table 4.4: Metal concentration of As-received WPCBs and bare WPCBs. 

Elements 

As-received 

WPCBs  

(mg/g) 

Bare WPCBs 

(mg/g) 
Elements 

As-received 

WPCBs 

(mg/g) 

Bare WPCBs 

(mg/g) 

Ag 5.8 32.7 In <DL 0.3 

Al 14.0 18.7 K 1.4 0.3 

B 3.4 1.9 Li <DL 4.2 

Ba 24.0 0.5 Mg 0.5 0.5 

Bi <DL <DL Mn <DL <DL 

Ca 28.9 13.7 Na 4.0 1.5 

Cd <DL 0.1 Ni 12.9 <DL 

Co <DL <DL Pb 3.8 <DL 

Cr 0.4 0.0 Sr 0.5 0.1 

Cu 435.7 838.2 Sn 1.5 <DL 

Fe 6.6 0.2 TI <DL <DL 

Ga <DL <DL Zn 0.9 1.1 

<DL: Below detection limit. 

  

Figure 4.21 shows the XRD patterns of as-received WPCBs and bare WPCBs, which confirmed 

that Cu is the main element presented by the diffraction angles (2θ) of 43.5°, 50.6° and 74.2°, with the 

strongest peak at 43.5°. The intensity of the Cu peaks is much higher in the bare WPCBs pattern, 

showing an increase in its content. [Bmim]BF4 proved to be a clean, efficient and non-polluting pre-

treatment for the separation of solder and ECs from WPCBs, favouring the enrichment of copper for 

subsequent recovery process. Whilst ECs did not appear to be damaged in the pre-treatment step, 

and therefore could potentially be reused, it is possible that the temperatures used in the heating 

process involved might impact their future performance. Nevertheless, the ECs could be further 

treated to recover the precious metals. The recovered solder was shown to be chemically unchanged 

by the process and without any impurities, making it suitable for direct reuse. 
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Figure 4.21: XRD patterns of WPCBs powders before reaction and after solder and ECs removing by 

[Bmim]BF4. 

 

4.3.2.2 Discussion  

Since copper is mostly found in the bare PCB, dismantling of the electrical components and 

solder separation is a critical step to provide direct access to the available copper. The use of 

[Bmim]BF4 trialled under the optimal conditions at 210 °C, 150 rpm and 15 minutes has been 

successfully used as a heating medium in this pre-treatment step for separation of lead (present as 

solder) from WPCBs.  Elsewhere, Zhang at al. reported separation of solder and ECs from strips of PCBs 

using [Bmim]BF4 as the heating medium at 200 °C, 150 rpm, with only 3 minutes of contact time [105], 

showing that contact time can be significantly reduced when strips are used. In the current research, 

due to the amount of the IL available, the IL was effective in separating the ECs from the WPCBs, but 

not achieve complete separation of the solder. Hence, the WPCBs were cut in strips of approximately 

1x1 cm2, and applying the pre-treatment again, the solder was completely separated from the WPCB 

strips. Experiments, where the WPCBs were cut first (with the ECs), showed that the time required to 

separate the ECs and the solder completely was significantly lower (<5 min.). This can be explained in 

terms of the greater surface area contact and increased collisions helping agitation and mixing of the 

solution.  
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4.3.3 Electrowinning of Copper from Leached Solutions Derived from IL-Treated 

WPCBs 

Following the leaching process, different methods were utilised to strip the copper from the 

solution under its optimal conditions (30 %v/v [Bmim]HSO4, 10 %v/v H2O2, and 60 %v/v H2O at 60 °C 

for 2 hours with 1:15 solid to liquid ratio). This is the last step of the recovery process, where copper, 

the target metal, is recovered by mean as pure metal or compound. In this process, three methods of 

stripping were studied: precipitation, cementation, and electrowinning. These methods were selected 

because of they are more environmentally friendly, simple operation, low cost, and energy 

consumption as well as their use in the industry of metals. Preliminary studies suggested that 

electrowinning is the most promising recovery process, and it was further studied. 

4.3.3.1 Precipitation 

Precipitation of copper was carried out using sodium hydroxide and aqueous ammonia. 

Studies were carried out using copper sulphate solutions. Stoichiometric amount of sodium hydroxide 

and ammonia were added to the solutions, precipitating a light blue copper hydroxide. Preliminary 

experiments were carried out mixing the copper sulphate solutions with raw IL ([Bmim]HSO4) and, 

although copper hydroxide was obtained, precipitation was not further studied with leached copper 

from WPCBs due to the presence of sodium, in the case of sodium hydroxide, and  ammonium cation 

from ammonia, which introduces ions to the solution, making the recyclability of the IL more difficult. 

Furthermore, copper hydroxide needs further treatment to convert it to pure copper, increasing the 

steps of the recovery copper process from WPCBs. 

4.3.3.2 Cementation 

A preliminary investigation into the use of cementation for the recovery of copper was carried 

out using iron as the cementing metal, based on its reduction potential. Figure 4.22 shows the effect 

of the Cu:Fe ratio with time in the cementation of copper from sulphate solutions. Copper recovery 

increased with the time, reaching an equilibrium after 2 h. With higher levels of iron, the more copper 

was stripped, reaching 91.3%, 95.1%, 98.7% and 99.8% of copper for Cu:Fe ratios of 1:1, 1:1.5, 1:2, 

and 1:3, respectively. Although 100% of copper recovery was expected from a 1:1 Cu:Fe ratio, only 

91.3% was obtained, which suggested that to recover copper from solution, a Cu:Fe ratio between 

1:1.5 and 1:2 for 2 h should be applied.  
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Figure 4.22: Effect of the Cu:Fe ratio and time in the cementation of copper from copper sulphate 

solutions. 

 

Cementation was trialled for the recovery of copper from an IL-leaching under optimal 

conditions, using a Cu:Fe ratio of 1:1.5, 2 h and 500 rpm of agitation. Figure 4.23 shows the metal 

concentration and percentage of metals after cementation. It was found that 67.6% of copper was 

recovered after cementation, leaving one-third of the total leached copper in solution (220 mg/L). In 

addition, and as expected, the concentration of iron in solution increased more than 100 times from 

4.5 mg/L (Figure 4.14) to 480.3 mg/L (Figure 4.23a). The final solution after cementation still had a 

high amount of Cu (30.5%) which would require an additional recovery step. A factor that could 

contribute to the incomplete Cu recovery using cementation could be the higher density and viscosity 

of the IL compared to the copper sulphuric solution test solution, which might have made mixing more 

difficult. The final Cu recovered showed a purity of 75.6%, with the remainder contaminated with iron. 

In addition, the solution after cementation had copper, iron, and other unwanted metals, requiring 

further purification methods to recover the copper and recycling of the IL. Due to these issues, 

cementation was discarded as a method deemed unsuitable for copper stripping.  
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Figure 4.23: Cementation of Cu by Fe from leached WPCBs; (a) concentration and (b) metal 

percentage in solution.  

 

4.3.3.3 Electrowinning (EW) 

Electrowinning (EW) is a well-established technique for the industrial production of high purity 

copper, with nearly 20% of its annual production coming from EW. EW is a clean single-step method, 

which consume relatively low energy, produces no secondary waste, and can be directly applied to 

solutions without requiring additional chemicals [184, 191].  An important factor in EW is the selection 

of the correct electrodes. The electrodes are chosen based on the galvanic series, where the active 

metal acts as anode and the passive or inert metal acts as cathode. In this work a review of suitable 

electrodes was carried out and Table 4.5 provides a summary of the advantages and disadvantages of 

different electrodes reported as used in the EW of leached solutions under optimal conditions, where 

copper mesh and titanium mesh electrodes were chosen as the cathode and anode, respectively. 
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Table 4.5: Advantages and disadvantages of different electrodes in the copper EW. 

Cathodes Advantages Disadvantages 

Glassy carbon (sheet) 
Reusable 

Easy Cu removing  
Slow Cu deposition 

Copper (sheet) - 
No reusable 

Slow Cu deposition 

Copper (mesh) Fast Cu deposition No reusable 

Stainless steel (sheet) - 
No reusable 

Slow Cu deposition 

Stainless steel (mesh) - 
No reusable 

Difficulties in Cu removing 

Anodes Advantages Disadvantages 

Glassy carbon (sheet) Excellent conductivity Disintegration after 3 cycles 

Copper (sheet) Good conductivity Disintegration after 3 cycles 

Copper (mesh) Good conductivity Disintegration after 2 cycles 

Stainless steel (sheet) Good conductivity Disintegration after 2 cycles 

Stainless steel (mesh) Good conductivity Disintegration after 2 cycles 

Nickel (sheet) Good conductivity Disintegration after 4 cycles 

Lead (sheet) Good conductivity Disintegration after 3 cycles 

Platinum(mesh) 
Excellent conductivity 

No corrosion 
Costly 

 

The leached solution (30 %v/v [Bmim]HSO4, 10 %v/v H2O2, and 60 %v/v H2O at 60 °C for 2 hours 

with 1:15 solid to liquid ratio) was centrifuged for 10 minutes at 3500 rpm for a complete separation 

of the supernatant from the WPCB residue. The supernatant then was transferred to an electrolytic 

cell, designed in the laboratory for EW (Figure 4.3). The effect of the current densities on copper 

concentration, recovery and current efficiency are presented in Figure 4.24. It can be observed that 

the higher the current density, the faster was the electrodeposition of copper on the cathode; thus, 

copper recovery reaches 100% within 30 minutes at 500 mA, 90 minutes at 100 mA, and 180 minutes 

with 50 mA, whereas at 10 mA, 70% of Cu is recovered within 5 h, requiring more time for a complete 

deposition. This increase in recovery with  increasing current density is consistent with acceleration of 

the electrodeposition process and improved  mass transfer in the solution [183]. The current efficiency 

shows a similar trend for all the current densities applied; an initial increase in the current efficiency 

until reaching 100% (except for 500mA, which reached 85%) followed by a decrease. During recovery 

by electrowinning, the concentration of copper in the electrolyte is constantly decreasing, leading to 

a decrease in current efficiency with time as the electrowinning process continues. In the beginning, 

a higher copper concentration reduces the mass transfer limitation, resulting in higher current 

efficiency  [191]. At a current density of 10 mA, there is a current efficiency higher than 100%, reaching 
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approximately 120% between 2 and 3 h. This could be due to the release of hydrogen, although it is 

associated with a reduction in the cathode efficiency, it can occasionally auto-catalyse the reaction by 

increasing agitation and favouring mass transfer.  

 

Figure 4.24: Effect of electrolysis time on copper concentration, copper recovery and current 

efficiency from WPCBs using different currents; (a) 10mA, (b) 50mA, (c) 100mA and (d) 500mA. 

 

Figure 4.25 shows SEM images of the copper deposits on the cathodes following EW at 

different current densities. In general, the morphology of copper particles appeared to be mainly 

dendritic, with a decrease in grain size with the increase in the current density. Generally, 

electrocrystallisation has two principal stages, nucleation and growth, and the size and shape of the 

deposited metal particles are affected by both the rate of nucleation and nuclei growth [192]. If the 

rate of nucleation is much faster than the growth of nuclei, more crystal nuclei can be formed, leading 

to finer powders [192, 193]. Thus, as the electrolysis time increases, it is expected that the growth of 

nuclei is faster than the rate of nucleation, obtaining larger particles [184]. As the current density is 

increased more discharged ions would be produced on the cathode per unit time, allowing the 

formation of more nuclei and as a consequent, smaller particles of copper powders are obtained. 
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Copper purity was determined by dissolving 12 mg of the deposited copper obtained by EW 

in 2 mL of concentrated nitric acid for 3 hours. This solution was diluted and the concentration of 30 

metals were determined by ICP-OES. The copper purity was over 99% at all the current densities; 

99.12%, 99.22%, 99.35%, and 99.15% for 10 mA, 50 mA, 100 mA and 500 mA, respectively. The 

increase in the current density did not impact the copper purity, although with a higher current 

density, the hydrogen evolution is intensified, making the structure of the metal powders in the 

cathode loose, and enabling impurities to easily adhere to the metal powder surface, causing a 

decrease in copper purity [183, 184]. Nevertheless, due to the leached solution was mostly copper 

(>95%), small percentages (<1%) of impurities were found in the final copper product.  

 

 

Figure 4.25: SEM imagines obtained at different current densities; a) 10 mA, b) 50 mA, c) 100 mA and 

d) 500 mA. 

 

Table 4.6 records the current efficiency, observed cell voltage and the calculated specific 

energy consumption of all the solutions with different current densities. The current efficiency shown 

is the average of the efficiencies over the period of electrolysis. These timescales represent the 
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electrolysis period for recovery efficiency to be reached. In all experiments, the cell voltage stabilised 

quickly, on average in less than 15 min; however, there was a slight increase in the voltage at the end 

of each electrodeposition. The results show that the energy consumption increased with the increase 

in current density from 3.2 kWh/kg at 10 mA to 4.1 kWh/kg, 4.5 kWh/kg and 8.3 kWh/kg at 50 mA, 

100 mA and 500 mA, respectively. This is due to a high current density during EW, the ohmic resistance 

losses also increase in the solution, consuming more energy in the deposition process. Small 

operational current densities tend to correlate with low power consumption [191].  The most energy 

efficient current (81.4%) seemed to be at 10 mA; however, the Cu recovery reached only 70% after 5 

hours, requiring more time for complete electrodeposition. Furthermore, as the Cu in solution is 

lower, more energy will be required for the EW process. This will certainly decrease the current 

efficiency and increase the energy consumption. The energy consumption at 50 mA and 100 mA were 

similar, with nearly the same current efficiency; however, the EW at 50 mA requires 3 hours for 

complete Cu electrodeposition whilst at 100 mA it takes only 2 hours. A current of 500 mA 

electrodeposits all the copper in 45 minutes, with a high energy consumption and low current 

efficiency. According to these results, it can be concluded that the best deposit in terms of purity, 

morphology, time, current efficiency, and energy consumption is obtained at a current density of 100 

mA for 2 h, recovering 100% of copper with a purity of 99.35%. 

Table 4.6: Energy consumption parameters from EW of copper from WPBC. 

Current 

(mA) 

Time 

(min) 

Recovery  

(%) 

Current efficiency  

(%) 

Cell voltage 

(V) 

Energy consumption 

(kWh/kg Cu) 

10 300 70 81.4 3.1 3.2 

50 180 100 78.8 3.8 4.1 

100 120 100 78.1 4.2 4.5 

500 45 100 55.6 5.5 8.3 

 

4.3.3.4 Discussion  

Copper stripping from leaching solutions was carried out by cementation and electrowinning 

(EW). The method of cementation was discarded as the process involved addition of substances to the 

IL solution, which then needs further treatment to recycle the IL. In addition, with cementation not all 

the copper was recovered, requiring either addition of more cementing metal or additional copper 

recovery stages. Electrowinning was therefore selected as the stripping method. EW was optimised, 

with a current density of 100 mA for 2 h, where 100% of copper is recovered with a purity of 99.35%, 

current efficiency of 78.1% and an energy consumption of 4.5 kWh/kg Cu. The copper concentration 

in the WPCBs solutions in this study was on average 681.2 mg/L. The energy consumption for copper 
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deposition is one of the most important parameters for consideration of an industrial scale operation. 

In industrial electrowinning, the typical operating conditions are cell voltage of ca. 2V, copper ion 

concentration of ca. 50 g/L, current density of 20-45 mA/cm2, temperature of 40-60 °C, current 

efficiency of 89-94% and specific energy consumption of 1.8-2.5 kWh/ kg Cu [191]. Gorgievski et al. 

reported a specific energy consumption of 7 kWh/kg Cu from acid mine drainage solution containing 

1.3 g/L Cu, with approximately 92% copper recovered, >60% average current efficiency in a 5 V cell 

voltage [194]. Peng et al. studied the EW of diluted solutions (150 ppm Cu), recovering 90% of copper 

with an energy consumption of 11.1 kWh/kg Cu [195]. Both authors reported higher energy 

consumption than that used in this study, which achieved 100% recovery of copper with low 

impurities. In the work reported by Gorgievski et al. [37] and Peng et al. [38] copper was dissolved in 

inorganic acids, mostly sulphuric acid, whereas in the current research, the copper was dissolved in a 

solution of [Bmim]HSO4, which can be recycled with no further purification/treatments, making the 

proposed process with IL attractively viable.  

A novel approach to recovery copper from WPCBs has been slurry electrolysis. Slurry 

electrolysis is a process that combines the leaching, solution purification, electrowinning, and 

electrodeposition in one single procedure within one apparatus, and it could directly obtain products 

from finely ground ores or concentrates in one step [111, 183]. He et al. studied the copper recovery 

from WPCBs by slurry electrolysis, finding that under optimal conditions, copper recovery of 92.7% 

was obtained with a current efficiency of 79.9% in the ionic liquid solution of CuSO4–NaCl–H2SO4-

[Bmim][PF6] [111]. Li et al. studied the copper and gold recovery from CPU sockets by one-step slurry 

electrolysis. They reported that under optimum conditions (4 mol/L HCl, 75 g/L pulp density, 80 

mA/cm2 and 4 h), one third of copper can be electrodeposited at the cathode (with a purity of 98.2%), 

whilst the other two-thirds remained in the electrolyte, needing further steps for its recovery [183]. 

Zhang et al. also studied the copper recovery from WPCBs using slurry electrolysis, using a simulated 

solution with 30 g/L copper sulphate pentahydrate (CuSO4·5H2O), 60 g/L sodium chloride (NaCl) and 

170 g/L vitriol oil (H2SO4) and 10% of N-butyl sulfonate pyridinium hydrosulfate ([BSO3HPy]HSO4), with 

a copper recovery rate (90,9%), current efficiency (70.6%) and purity (81.7%),  with an electric current 

of 0.5 A for 3 h[154]. Although slurry electrolysis was trialled as part of the current research using the 

same electrochemical cell set-up developed for this work (Figure 4.3) and applying the same optimal 

leaching and EW conditions, the trial was aborted as the addition of hydrogen peroxide to the solution, 

caused rapid foaming of the electrolyte within the first 15-20 minutes, trebling volume of liquid, 

causing the contents to overspill. Further trials using this slurry electrolysis method were aborted, as 

a new EW cell would have to be redesigned. 



159 

 

4.3.4 Recovery of the Ionic liquids for Recycle and Reuse 

From and environmental and economic perspective, in the context of conserving resources the 

recyclability of reagents is crucial. In this study two ionic liquids have been successfully used in (i) the 

pre-treatment step to remove a Pb-Sn solder from as-received WPCB and (ii) the selective leaching of 

the target metal from WPCBs.  The recyclability of each IL was investigated and the performance over 

three or more cycles judged. 

4.3.4.1 Recovery of [Bmim]BF4 for recycle and reuse 

 After the successfully separating solder, ECs and bare WPCBs, all the reagents were collected 

and used in a following cycle. The recovered IL was successfully heated, cooled, and used in 3 cycles 

under the optimal conditions without loss of performance. Figure 4.26 shows the FTIR and TGA of 

[Bmim]BF4 after three cycles of use. The FTIR spectra (Figure 4.26a) indicates that the IL did not change 

after 3 cycles of heating and cooling, suggesting excellent recyclability. TGA (Figure 4.26.b) also did 

not show major differences through the cycles, indicating very good thermal stability, and a consistent 

small percentage mass loss in the temperature range100-250 °C traces over three cycles of use. 

 

 

Figure 4.26: FTIR and TGA of [BMIM]BF4 used in 3 cycles of ECs and solder separation from WPCBs. 
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The use of [Bmim]BF4 trialled under the optimal conditions at 210 °C, 150 rpm and 15 min has 

been successfully used as a heating medium for separation of lead (in the form of solder) from WPCBs 

without any loss of the IL properties after 3 cycles of reuse.  The yellow colour of the IL was observed 

to change to brown and dark brown on recycle, suggesting that some compounds might have been 

dissolved in the IL. Zhu reported the complete separation of ECs from WPCBs using  [Emim]BF4 as the 

heating medium at 240 °C, 150 rpm for 12 min; however, an initial delamination of the WPCBs was 

observed, implying that the IL was dissolving bromine and chlorine from the epoxy resins of  WPCBs 

[190]. In the current research no delamination was observed, although some WPCBs changed colour 

from green to pale suggesting some decomposition of resins in the WPCBs was taking place. FTIR and 

TGA of the IL, [Bmim]BF4, showed no major changes, suggesting that although the IL can be 

contaminated, its heating medium property was not affected. 

Zeng et al. separated nearly 90% of the ECs from WPCBs also using [Bmim]BF4 as the heating 

medium and compared this method with two dismantling approaches that can be used in industrial 

scale, namely manual dismantling (driven by pneumatic screwdrivers) and mechanical dismantling (in 

semi-automatic mode) [182]. In their economic assessment of different dismantling processes, which 

includes the alternative of an IL-heating medium dismantling process of the type described in the 

current research, it was found that as the amount of WPCBs for treatment increased to  over 3 kt, the 

IL heating medium turned out to be the least expensive process, although  the challenge remained in 

terms of  the cost of the IL [182]. The successful reuse of [Bmim]BF4, reported in the current work, for 

3 cycles, without reduced performance, would overcome the challenge of costs of IL and lead to a 

viable process. Thus, using [Bmim]BF4 as pre-treatment for separating EC and solder from WPCBs can 

be environmentally friendly and economically viable on a large industrial scale. 

4.3.4.2 Recovery of [Bmim]HSO4 for recycle and reuse 

To develop a process that is environmentally friendly and cost-efficient for Cu leaching from 

WPCBs, the stability of the IL [Bmim]HSO4 under the conditions of use, and the ability to reuse the IL 

are important factors. It should be chemically stable throughout and retain high leaching efficiency. 

To evaluate the recyclability of [Bmim]HSO4, five cycles with leaching combined with the 

electrowinning process were carried out. After the leaching reaction (30 %v/v [Bmim]HSO4, 10 %v/v 

H2O2, and 60 %v/v H2O at 60 °C for 2 hours with 1:15 solid to liquid ratio), the copper was stripped by 

EW in 2 h with a current density of 100 mA. Figure 4.27 presents the leaching, electrowinning, and 

overall efficiencies over five cycles of copper recovery under optimised conditions. The leaching of 

copper remains largely unaffected over five leaching and electrowinning cycles, suggesting that 
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[Bmim]HSO4 can be successfully recycled and reused without any loss in efficiency. In fact, the overall 

efficiency of copper recovery remains >99% in each cycle Table 4.7.  

 

Figure 4.27: Leaching, electrowinning, and overall efficiency over five cycles by [Bmim]HSO4. 

 

In the leaching solution, several minor metals were also leached and presented in the solution. 

Although it was previously found that copper accounts for nearly 95% of all the leached metals, there 

is still a 5% of undesirable impurities present, which can be accumulated in each cycle of the process. 

Table 4.7 shows the leaching concentration and efficiency of copper and the major metals present in 

WPCBs over five cycles of leaching and EW. As previously found, nickel and zinc are the main 

contaminants in the leaching process with an initial concentration of 18.5 mg/L and 18.7 mg/L for Ni 

and Zn, respectively. As the number of cycles increases the concentration of Ni and Zn, following 

leaching and electrowinning, decreases. The concentrations of other major metals present at four 

significant figures less than that of copper, are deemed inconsequential. Although the concentration 

of these metals increases slightly during the leaching process, their leaching efficiency remains 

relatively unchanged and even decrease over the cycles. Thus, any increase in their concentration is 

likely due to their accumulation through the cycles. 
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Table 4.7: Leaching of Cu and major metals present in WPCBs over five cycles of leaching and EW. 

Element 
1st Cycle 2nd Cycle 3rd Cycle 4th Cycle 5th Cycle 

mg/L  % mg/L  % mg/L  % mg/L  % mg/L  % 

Al 0.5 2.2 1.0 2.1 1.2 0.8 1.3 0.3 1.5 0.4 

Ba 0.1 0.2 0.2 0.23 0.3 0.2 0.4 0.2 0.4 0.1 

Co 0.0 13.2 0.1 12.3 0.1 2.3 0.1 3.4 0.1 2.1 

Cr 0.1 15.1 0.1 2.3 0.1 3.3 0.2 10.2 0.2 1.5 

Cu 680.2 100.0 689.8 100.0 676.1 100.0 679.2 100.0 683.5 100.0 

Fe 3.2 29.2 5.2 14.3 5.7 1.5 7.1 4.6 8.2 3.5 

Mg 0.4 53.2 0.7 39.4 0.9 25.4 0.9 1.4 0.9 1.6 

Mn 0.2 29.1 0.2 1.2 0.2 1.1 0.2 0.8 0.2 0.5 

Ni 18.5 76.1 16.5 0.0 14.5 0.0 13.7 0.0 12.2 0.0 

Pb 0.1 1.1 0.1 0.6 0.2 0.5 0.1 0.0 0.1 0.0 

Zn 18.7 73.2 17.8 0.0 12.6 0.0 8.5 0.0 6.3 0.0 

 

During the leaching and EW processes, although [Bmim]HSO4 showed no loss in performance 

and efficiency of copper recovery, the IL changed its colour slightly through the cycles from light yellow 

to dark yellow. This change in colour may suggest some degradation of the IL. Figure 4.28 shows the 

FTIR of [Bmim]HSO4 before and after each cycle of leaching and EW. The FTIR of the recycled IL was 

compared to the virgin [Bmim]HSO4 (black line), indicating no major changes in the fingerprint regions 

below 1500 cm-1. Nevertheless, the IL showed an indication of degradation with the appearance of 

two peaks in the range of 1710 to 1650 cm-1, consistent with two C=O stretch bands. The formation 

of these bands can be linked to the degradation of the IL due to the presence of H2O2 present in the 

leaching process and consequently of the EW process [176]. M. Muñoz et al. found that in imidazolium 

based ionic liquids, the presence of H2O2 can degrade the IL, generating acid carbon-bearing 

compounds such as acetic, oxalic, and formic [196]. In addition, ILs containing methanesulfonate and 

methylsulfate anions were found to oxidise faster than those with chloride or acetate anions. Thus, 

the emergence of C=O stretch in recycled IL of Figure 4.28 depicted by the features in spectra within 

the hatched box, can be associated with the degradation of the 1-butyl-3-methylimidazolium group 

present in [Bmim]HSO4, suggesting its oxidation through the cycles. 
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Figure 4.28: FTIR spectra of virgin of [Bmim]HSO4 and recovered [Bmim]HSO4 after 5 cycles – the 

hatched box indicates the emergence of feature linked to C=O stretch frequencies. 

 

 The TG and DTG curves of the virgin [Bmim]HSO4 and the recovered [Bmim]HSO4 over 5 cycles 

are presented in Figure 4.29. The conclusions that can be drawn from these traces include: (i) The 

virgin [Bmim]HSO4 displays a single-step weight loss of 90%, with decomposition of the IL starting at 

approximately 380 °C.  The recovered [Bmim]HSO4, however, after each cycle shows a two-stage 

weight loss at 100-250 °C and 250-400 °C, with the major weight loss occurring in the second step at 

the higher temperature range. These decomposition zones are consistent with the volatilisation of 

compounds arising from the decomposition of the imidazolium group in the IL due to the leaching and 

EW processes.  The DTG and energy (heat) flow traces (Figure 4.29b and c) respectively show the 

detailed phase changes and confirm the volatilisation of two compounds in the virgin and recycled IL. 

The first decomposition could be due to the volatilization of the butyl group present in the 1-butyl-3-

methylimidazolium cation of the IL. The recycled IL did not present many differences after the first 

cycle, suggesting that the degradation of the IL occurs in the first leaching and EW cycle.  
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Figure 4.29: Thermogravimetric results of virgin [Bmim]HSO4 and recovered [Bmim]HSO4 after 5 

cycles; a) TGA, b) DTG and c) heat flow. 

 

The leaching of Cu from WPCBs remains largely unaffected over five leaching and EW cycles, 

confirming that [Bmim]HSO4 can be successfully recycled and reused several times without losing its 

leaching efficiency. In addition, the recycling of that [Bmim]HSO4 does not need any extra reagent or 

pre-treatment, making the copper recovery more environmentally friendly and cost-effective. The 

integrity of the IL remains for five cycles but will likely reach a limit and require addition or 

replacement beyond five cycles. 
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4.3.5 Proposed copper recycling process from WPCBs 

The potential for recovery of copper from WPCBs derived from multigenerational mobile 

phones is proposed as a four-step approach involving the use of two task-specific ionic liquids, under 

optimised conditions, using one to remove solder and electronic components from as-received 

WPCBs, and the second to selectively leach the target metal, copper from the bare WPCB substrate, 

before using the process of electrowinning to recover copper in high levels of purity from the IL-leach 

medium.  The fourth step involves the recovery of both ILs for recycle and reuse in their respective 

processes to minimise resource use and consequently reduce cost of materials. The four steps of pre-

treatment, leaching, electrowinning and IL recovery proposed to recover copper from EoL-MP WPCBs 

are illustrated in the a flowsheet shown in Figure 4.30 and in a schematic in Figure 4.31. The process 

achieves a copper recovery efficiency is >95%, obtaining copper with a purity >99%. The optimised 

laboratory scale process developed shows excellent results for the recovery of high-level purity copper 

from EoL-MP WPCBs which can be extended to treat other sources of WPCBs and, with efficiencies 

around material resources, and simplicity of processes involved could be developed for application on 

a larger scale. 
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Figure 4.30: Flowsheet of copper recovery process from WPCBs. 
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Figure 4.31: Schematic diagram of the experimental process for the recovery of copper from WPCBs. 
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4.4 Summary 

Pre-treatment, leaching and electro-winning processes were studied and optimised to recover 

copper from WPCBs. Different ionic liquids were tested for their selective leaching of copper, namely: 

[Bmim]HSO4, ([Bmim]Cl, ([Emim]Cl, and [Hbet]NTf2, and the task-specific IL, [Bmim]HSO4 was shown 

to be the most promising with the highest copper leaching efficiency. Temperature, time, solid to 

liquid ratio, oxidant and water dosages were studied and optimised. The optimal leaching conditions 

were 30 %v/v [Bmim]HSO4, 10 %v/v H2O2, and 60 %v/v H2O at 60 °C for 2 hours with 1:15 solid to liquid 

ratio and 150 rpm. Aqueous solutions of [Bmim]HSO4 leached almost 100% of copper, with minor 

contaminants such as Ni, Zn and Fe, accounting for roughly 5% of the leaching solution. The kinetics 

analysis showed that diffusion plays a more important role than surface reaction, however, both are 

relevant in the metal leaching process from WPCBs. 

To provide greater access to copper in the substrate, and so enrich the copper content for 

recovery, a pre-treatment step was studied.  Pre-treatment of the WPCBs was achieved using the task-

specific IL, [Bmim]BF4. The optimal parameters for the dismantling of the ECs and removal of solder 

from WPCBs are shown to be a temperature of 210 °C, mechanical stirring speed of 150 rpm for 15 

min. This pre-treatment step resulted in the doubling of copper content in the bare WPCBs compared 

to the original WPCBs. The ECs did not show any superficial damage, so have potential for reuse in 

new and/or refurbished PCBs. Alternatively, ECs can be further processed for metal recovery, as they 

are a rich source of precious metals. The solder recovered was shown to be chemically unchanged by 

the separation process and without any impurities, has potential to be reused. [Bmim]BF4 was 

successfully used for up to three cycles without impact on its properties as an effective stripping 

medium. 

Copper recovery by cementation and separately by electrowinning (EW) was investigated, and 

electrowinning was found to be the most effective and cleanest method to achieve excellent recovery 

of high-purity copper from the IL-leach medium. Thus, copper stripping was achieved by direct 

electrowinning from the [Bmim]HSO4-leach solution, as electrolyte.  Under controlled deposition 

conditions of 100 mA during 2 h, 100% of copper can be recovered with an average current efficient 

of 78.1% and an energy consumption of 4.5 kWh/kg Cu. The copper deposits were found to be of 

99.35% purity.  The leaching of copper from WPCBs remains largely unaffected over five leaching and 

electrowinning cycles confirming that [Bmim]HSO4 can be successfully recycled and reused several 

times (despite some minor degradation of the imidazolium group in the [Bmim]HSO4 by H2O2 during 

the leaching) without losing its leaching efficiency. In addition, the recycling of [Bmim]HSO4 does not 
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need any extra reagent or pre-treatment, making the copper recovery more environmentally friendly 

and cost-effective.  

In summary the results of the detailed investigation of the four key stages have led to the 

proposal of a process for the complete recovery of copper from EoL-MP WPCBs, which, following pre-

treatment to remove solder and electronic components, makes use of an ionic liquid as a leaching 

medium for selective extraction of copper which is then used as an electrolyte medium, from which 

pure copper can be recovered.  The process combining a dual two-step leaching and electrowinning 

system that is clean and environmentally friendly, minimising reagent use, minimising spent wastes, 

and maximising resource conservation through recovery of copper metal and return of secondary 

streams (electronic components and solder) for reuse in new or refurbished components or products.  

Furthermore, the proposed process can be applied not only to EoL-MP WPCBs, but to other WPCBs 

derived from all types of waste electrical and electronic equipment. 
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5 Development of a Process for Gold Recovery from 

Gold-rich E-Waste Components Using Ionic Liquids 

5.1 Introduction 

Printed circuit boards (PCBs) are essential components in electrical and electronic equipment 

(EEE). PCBs have a very complex structure with a heterogeneous composition, which contains a variety 

of more than 70 elements, as shown in Chapter 3. PCBs are rich in recyclable high-value materials, 

especially precious metals in concentrations higher than in their natural ores [22, 183]. Among these 

precious metals, gold is regarded as the most value metal in PCBs and EEE [159, 197]. Due to its 

excellent electrical conductivity, inertness, corrosion resistance, malleability, etc., gold is widely used 

in EEE in plating contacts, connectors, terminals, and pins as well as in electronic components such as 

chips, RAM, IC, CPU, etc. The content of gold in PCBs is between 200-500 times higher concentrated 

than in its natural ores (1-3 g/ton) and, although the weight percentage of gold in a PCB is less than 

1%, its monetary value is more than 70% of all metals present in PCBs [22, 64, 159, 183, 197].  

According to the US Geological Survey (USGS), the natural reserves of gold are 53,000 tonnes, 

with an average world production of 3,212 tonnes/year in the last five years (2016-2020) [198].  Based 

on these production levels, and without access to any new reserves, and the increasing demand for 

EEE, gold could run into scarce supply in the next two decades.  Furthermore, it was estimated that 

the peak production of gold was in 2016, suggesting scarcity, lower concentrations of gold in natural 

ores, and an increase in mining cost production post 2016 [64]. Annually, approximately 267.3 tonnes 

of gold are being consumed for manufacturing mobile phones, laptops and other EEEs. Nevertheless, 

only 15% of this gold is recovered from these EEEs and the rest lies in storage yards or landfills [22]. 

The increase in the demand for gold for EEE and the limited availability have led to a steep rise in the 

market price of gold, making gold recycling an excellent source to meet this demand. Despite 

regulations controlling the handling, treatment and disposal of e-waste at end-of-life, e-waste is still 

poorly managed and ends up either in landfill or shipped for illegal dumping to developing countries, 

where gold is informally recycled; activities that give rise to serious impact on human health and the 

environment [45, 148, 197, 199]. Therefore, recycling gold from WEEE should be required to secure 

the metallic resources and to prevent environmental pollution. 

Currently, recovery of valuable metals from waste PCBs (WPCBs) can be divided into two major 

methods: (i) upgrading the metal content by mechanical pre-treatment (commutation, magnetic 

separation, eddy current separation, corona electrostatic separation, etc.), and (ii) extraction and 
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refining to recover metals by pyro/hydro-metallurgical processes [92, 103, 200]. Mechanical pre-

treatment methods are highly effective for metal liberation from the non-metallic fraction and offer 

excellent means of separating ferrous and non-ferrous metals; however, they usually lead to loss of 

precious metals [12]. Jiang et al. reported that shredding can lead up to 40% loss of precious metals 

as well as the process generating dangerous metal fines and dust containing brominated flame-

retardants and dioxins[94] . Pyrometallurgy is the traditional approach for metal recovery from e-

waste, has the  advantage of requiring  no  pre-treatment and  more than 70% of the recycled WPCBs 

are treated in smelters [12]. Nevertheless, pyrometallurgical is an energy intensive high-cost process 

that generates large amount of slag, and can result in the loss of precious metals in the process [12, 

93].  

In the last decades, hydrometallurgical processes have been given considerable attention for 

recovery of precious metals due to milder conditions involved, good selectivity for target metals, lower 

cost processing, and more environmentally friendly approach [12, 199]. Cyanide has been the 

dominant leaching agent for gold for more than a century due to the selectivity and stability properties 

of the dicyanoaurate complex. Nevertheless, cyanide is a highly poisonous/toxic reagent. Aqua regia 

(AR) and thiosulfate have mostly been used in the recent decades as gold leachants [200]. AR (1:3 

molar mixture of nitric and hydrochloric acid) has been used due to its rapid and complete dissolution 

[201]. Lee et al. compared four leaching solutions; sulphuric acid, ammonia, aqua regia and thiourea 

for gold recovery from scrap integrated circuits (ICs), and found AR to be the best leaching reagent 

with a 100% gold leached [202]. Cyganowski et al. reported a gold removal of 86% from central 

processing units (CPUs) and pin contact elements (PINs) using aqua regia, an anion exchange resin and 

elution with a 5% thiourea-0.1 M HCl solution [203]. Park and Fray reported an effective gold recovery 

process from WPCBs using aqua regia for leaching precious metals, followed by a liquid-liquid 

extraction with toluene, recovering 97% of the gold [49]. More recently Jeon et al have  reported a 

>99% gold extraction by ammonium thiosulfate from mobile phone PCBs and with a subsequent 

recovery of dissolved metals from pregnant leach solution via cementation, approximately 80% of the 

gold was recovered [159]. Ha et al found high gold leaching efficiencies from two types of mobile 

phone waste streams of 98% from keyboards and 90% from PCBs of mobile phones using thiosulfate 

[204]. Although high recovery efficiencies can be achieved, the methods are not without their 

drawbacks - these leaching reagents are costly, highly corrosive, do not achieve selectivity, have an 

excessive consumption of reagents, and generate toxic waste which needs further treatment [200, 

203]. An alternative for gold extraction is the use of ionic liquids (ILs), also known as green solvents, 

with excellent solvent properties - non-flammable, negligible vapour pressure, excellent thermal, 

chemical and electrochemical stability, low viscosity, and high recyclability [104, 105]. Among the ILs, 
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imidazolium-based and phosphonium-based ILs, authors have reported their use in the metal recovery 

due to their cost-effectiveness and high recovery efficiencies [205, 206]. Most recently Masilela and 

Ndlovu have reported high and selective gold extraction over 90% using [Bmim][Tf2N], [Bmim][PF6], 

and Cyphos 101 from chloride leach liquors from WPCBs, with Cyphos 101 being reported as the most 

effective extracting IL [207].  

Following gold leaching by hydrometallurgical processes, the steps to recover gold from leach 

solution include processes such as solvent extraction, sorption and electrochemical deposition, and a 

number of papers report the use of sorption as a more appropriate method for metal recovery from 

dilute solutions containing metals such as gold [203, 205, 206]. An alternative method that has 

attracted attention for recovery from dilute solutions is the use of solvent impregnated resins (SIRs). 

In the SIRs, a liquid complexing agent is dispersed homogeneously in a solid polymeric medium 

(resins). SIRs have excellent advantages in recovering metals from dilute solutions since they combine 

the benefits of solvent extraction and ion exchange, making the process highly selective, usually with 

fast mass-transfer rate, operational simplicity and a lack of solvent emulsification[208]. In addition, 

ion exchange reaction are reversible reactions, which offers the potential for reuse of the SIRs, 

favouring the economic and environmental aspects of the process [203, 208]. The SIRs limit the release 

of extractant by confinement of the extractant in a porous support resin allowing higher extraction 

efficiencies [205, 209]. Although gold recovery can be achieved using ILs, most studies reporting on 

gold extraction have been investigated using synthetic solutions and investigation on the recovery of 

gold direct from an e-waste source is much needed.  The work described in this chapter, therefore, is 

focussed on the development of a process to achieve gold recovery from as-received e-waste (derived 

from EoL Mobile Phone WPCBs and EoL Computer PCB components) that combines the use of ILs in 

two hydrometallurgical processes of liquid-liquid extraction and sorption extraction.  
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5.2 Methodology 

5.2.1 Materials 

5.2.1.1 Chemicals and Reagents 

All chemicals were of reagent grade and obtained from either Sigma-Aldrich (USA), VWR (USA) 

and Fisher Scientific (USA), Alfa Aesar (USA), Fluorochem (UK) and Agar scientific (UK). Unless stated 

otherwise all chemicals and reagents were used as received. 

5.2.1.2 Ionic Liquids (ILs) 

Based on the literature review, three potential ionic liquids were selected for trialling the 

extraction of gold, namely; 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim][PF6]), 1-butyl-

3-methylimidazolium hydrogen sulphate ([Bmim][HSO4]), and trihexyl(tetradecyl)phosphonium 

chloride known as Cyphos 101 ([P6,6,6,14][CI]). All ILs were purchased and used as received. Their 

properties and characterisation details (obtained in this work) are summarised in Table 5.1. 

Table 5.1: Properties, characterisation and structure of the ionic liquids used in this study. 

Ionic liquid Properties & characterisation Structure 

[Bmim][PF6] 

Appearance: Light yellow, viscous liquid 

MW: 284.18g/mol 

Density: 1.38 g/cm3 (20⁰C) 

Flash point: 350 ⁰C 

FTIR: 3158 and 3119 (C-H, stretching from 

imidazole ring), 2964-2938 (CH, CH2 and CH3), 

1574 and 1467 (imidazole ring) 1170 (CH, 

imidazole ring) 

TGA-DSC: Onset decomposition temperature: 

400 ⁰C. Residue: 1 wt.% at 700 ⁰C 

 

[Bmim][HSO4] 

Appearance: Light-yellow liquid 

MW: 236.29g/mol 

Density: 1.277 g/cm3 (25⁰C) 

Flash point: 284 ⁰C 

FTIR: 3200-2500 (OH), 3105/ 2961 (CH), 

1573/1466 (C=C, aromatic), 1229/1166 (CN), 

1070-1033 (S=O), 841/655 (C=C), 759 (C-H) 

TGA-DSC: Onset decomposition temperature: 

340⁰C. Residue: 5 wt.% at 700 ⁰C 
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Cyphos 101 

[P6,6,6,14][CI] 

Appearance: colourless, viscous liquid 

MW: 519.3 g/mol 

Density: 0.895 g/cm3 (20⁰C) 

Flash point: 118 ⁰C 

FTIR: 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)) 

TGA-DSC: Onset decomposition temperature: 

370 ⁰C. Residue:<1 wt.% at 700 ⁰C 

 

Molecular weight (MW), densities and flash point values were obtained from Sigma Aldrich , Chemical Book and PubChem. 

FTIR vibrations were obtained experimentally and compare with references FTIR patterns in this study symbol; i) υ: 

stretching, ii) δ: bending, iii) ρ: rocking, iv) ω: wagging and v) τ: twisting. 

TGA-DCS information were obtained experimentally. 

 

5.2.1.3 Metal samples 

Samples of gold foil were used to determine the solubility of gold in the different ILs, and the 

gold salt of chloroauric acid (HAuCl4) was used for the extraction studies described in Section 5.2.1.5.  

Copper samples used for IL solubility testing were as copper powder. 

  

5.2.1.4 AmberliteTM XAD-7 Resin 

AmberliteTM XAD-7 was supplied by Sigma-Aldrich (Saint-Louis, U.S.A.). AmberliteTM XAD-7 is 

an acrylic ester polymer of intermediate polarity and relatively hydrophilic character; its structure is 

shown in Figure 5.1 and physicochemical properties are presented in Table 5.2. Resins are generally 

conditioned with NaCl and Na2CO3 to prevent bacterial growth and may contain some mineral ions 

and residual monomers [205].  Prior to use, the AmberliteTM XAD-7 resins were placed in contact with 

acetone for 24 h followed by vacuum filtration and rinsing with RO water to remove residual 

monomers. For removal of mineral ions, the resins were then put in contact with 0.1 M HNO3 for 24 

h, vacuum filtered and rinsed with RO water until the eluate pH was the same as the RO water (using 

a pH paper indicator). Finally, the resins were put in contact with acetone for 12 h and dried using a 

vacuum roto-vapour at 80 °C. 
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Figure 5.1: Chemical structure of Amberlite™ XAD-7 resin [210]. 

 

Table 5.2: Physical properties of Amberlite™ XAD-7 [210]. 

Physical property Superficial area Value 

Superficial area (m2/g) 450 

Particle size (mesh) 20/60 (250/850 µm) 

Resin porosity 0.55 

Pore size (Å) 85-90 

Pore volume (cm3/g) 0.97-1.14 

Dry/wet density (g/cm3) 1.24/1.05 

Dipole moment 1.8 

Vapour pressure (at 20 °C) 17 mm Hg 

Auto ignition temperature (°C) 427  

 

5.2.1.5 Model Test Solution 

A stock synthetic solution, referred to in this work as the Model Test solution, containing gold 

in hydrochloric acid was prepared by dissolving chloroauric acid (HAuCl4) (0.5g) in 290 mL of 0.1 M HCl 

solution, producing a stock solution of 1000 ppm Au. This stock solution was diluted to the desirable 

gold concentrations with hydrochloric acid for use in the liquid-liquid extraction and 

sorption/desorption studies to determine optimal process conditions for the recovery of gold.  

5.2.1.6 E-Waste Printed Circuit Boards and Components  

For the extraction and recovery of gold trials reported in this work two sources of gold-rich 

fractions from e-waste PCBs were investigated:(a) EoL Mobile Phone WPCBs and (b) EoL Computer 

PCB Components. 
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EoL-Mobile Phone WPCBs: The as-received WCPBs prepared as a powder for testing were from: (i) as-

received samples EoL-MP WPCBs and (ii) stripped WPCB samples following copper extraction and 

recovery methods described in Chapter 4 of this thesis.  A total of twenty-five EoL-MPs PCBs were 

used in this study for a more sensitive analysis and to provide a larger source of representative 

material for the experimental trials. 

EoL Computer PCBs:  As-received integrated circuits (ICs) and central processing units (CPUs) derived 

from EoL computers were trialled for gold recovery due to their high gold content for comparison and 

to provide insight on optimising experimental methods. ICs and CPUs were manually removed from 

EoL computer PCBs and were cut into pieces of 1x1 cm2 prior to cryomilling. The shredding process 

used was the same as that used for shredding WPCBs described in Section 3.2.2, Chapter 3). The final 

product was a powder of ≤150 µm.  

 

5.2.2 Analytical Techniques for Characterisation 

The analytical techniques used for characterisation of materials in this study are described in 

Chapter 3. Figure 5.2 summarises the analytical methods applied, and the measures used to determine 

the effectiveness of the proposed process steps: Leaching, Liquid-liquid Extraction, Sorption 

Extraction, Elution/Desorption, Reduction and Recovery of ILs and Resins in extraction and recovery of 

gold from simulated solutions and from real samples e-waste components.   

 

Figure 5.2 Analytical methods Applied and Measures Used to Determine the Effectiveness of the 

Extraction and Recovery Methods Proposed. 
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5.2.3 Experimental Procedure 

To investigate the potential for recovery of gold from waste PCBs derived from 

multigenerational mobile phones and from components of computer PCBs, a four-step approach is 

followed: (i) solubility testing of ILs to identify selectivity for the target metal,  gold , (ii) determination 

of the optimised conditions for gold extraction and recovery using a gold salt as a model test system 

to simulate a gold-rich source, (iii) pre-treatment of the as-received WPCBs and PCB components for 

gold recovery trials, and (iv) application of the optimised conditions for gold extraction and recovery 

of pre-treated real samples derived from the two e-waste streams of EoL-MP WPCBs and EoL 

Computer PCBs. An overview of the experimental procedure followed is set out in Figure 5.3. 

 

 

Figure 5.3: Overview of Experimental Procedure. 
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5.2.3.1 Solubility Testing of ILs for Gold Extraction  

Solubility testing of the three potential ionic liquids ([Bmim][PF6]), ([Bmim][HSO4]), and Cyphos 

101 ([P6,6,6,14][CI] were tested for their selectivity for gold (as foil) and separately for copper (as 

powder).  The solubility of each metal in the ILs was tested under adding 0.1 g of target metal in 2 mL 

of IL at room temperature, 510 rpm for 1 h. To test the selectivity of the ILs for gold in the presence 

of a copper a mix of the two metals, the same amount of gold and copper (0.1 g each) was added with 

4 mL of IL at room temperature, 510 rpm for 1 h. 

 

5.2.3.2 Determination of Optimised Conditions for Gold Extraction and Recovery using A 

Model Test System  

To determine the optimised conditions for recovery of gold from gold-rich samples, a Model 

Test solution was prepared as described in Section 5.2.1.4 and diluted to desirable gold concentrations 

with hydrochloric acid for use as a first step in each of the extraction processes using ionic liquids as 

either a liquid-liquid extraction or a sorption extraction system.  Each of these extraction processes 

was followed by an elution and a reduction step.  The potential for recovery of the ionic liquids and 

resins for recycle and reuse to minimise reagent use was also investigated as part of the determination 

of optimised conditions for gold extraction and recovery – an important and necessary aspect when 

using ionic liquid systems to mitigate the cost of ILs.  Each of process steps investigated using simulated 

gold solutions is now described under the headings:  Extraction, Elution, and Reduction. 

 

5.2.3.2.1 Extraction  

Two extraction methods were investigated for comparison using the Model Test System – 

liquid-liquid extraction and sorption extraction. The two methods were trialled to determine the 

effectiveness and impact of each on the recovery process. 

Liquid-Liquid Extraction: Extraction experiments were conducted by mixing a prepared 510 

ppm gold solution from the stock solution with the selected IL, Cyphos 101, in a liquid-to-liquid ratio 

of 1:1 (3 mL for organic and aqueous phases). The investigated parameters for liquid-liquid extraction 

are listed in Table 5.3. In each experiment, only one parameter at a time was changed while keeping 

the others constant. The solution was agitated using magnetic stirrers on a temperature-controlled 

heating plate. Once the extraction reaction was complete, the solutions were then centrifuged at 3500 

rpm for 10 min to achieve complete phase separation. Following separation of the two phases 1 mL 
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of the aqueous phase was transferred to an ICP test tube and diluted with 4 mL of 1M HCl for ICP-OES 

analysis. Each experiment was conducted in triplicate. The extraction efficiency was calculated as: 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
(𝐶𝑖 − 𝐶𝑓)(𝑎𝑞) ∙  𝑉𝑜𝑟𝑔

(𝐶𝑖  ∙  𝑉𝑎𝑞)(𝑎𝑞)
∙ 100 Eq. 5.1 

where  𝐶𝑖 and 𝐶𝑓 represent the initial and final metal concentration in the aqueous phase (mg/L), 

respectively, and  𝑉𝑎𝑞 and 𝑉𝑜𝑟𝑔 are the volume (L) of the aqueous and organic phases, respectively. 

Due to the organic nature of Cyphos 101, the metal concentration in Cyphos 101 was calculated as the 

difference between the initial concentration and the final concentration in the aqueous phase, as 

shown in Eq. 5.1. This relationship was used to determine the metal concentration in all the extraction 

experiments.  

In this study different diluents for Cyphos 101 in the L-L extraction, were tested, which 

included pentane, hexane, heptane, cyclohexane, and toluene.  Their selection was based on their low 

polarity, where low polarity diluents can favour the formation of hydrogen bonds and other secondary 

bonding between the extractant molecules and contribute to the strength and selectivity of an 

extractant [211]. Diluents with high dielectric constant such as n-butyl alcohol, cyclohexanone, etc., 

however, can present strong interactions between diluents and phosphonium/ammonium  

extractants, which lead to low extraction rates [156].  Table 5.3 sets out the experimental conditions 

tested to (i) determine the optimal parameters for liquid-liquid extraction of gold in terms and the 

influence of variable process conditions, (ii) understand the mechanism of the extraction, and (iii) 

interpret the thermodynamics of the extraction process. 

 

Table 5.3: Experimental parameters for determination of optimal gold liquid/liquid extraction 

conditions, mechanism, and thermodynamics Cyphos 101. 

Liquid/liquid Extraction 

Temperature (°C) 
HCl concentration 

(M) 

IL concentration 

(M) 
Time (min) Diluent 

20, 30, 40, 50, 

60, 70, 80 
1 0.005 15 Toluene 

20 0.1, 0.5, 1, 2, 3 0.01 15 Toluene 

20 1 
0.001, 0.005, 

0.01, 0.05, 0.1 
15 Toluene 

20 1 0.01 
1, 2, 3, 4, 5, 7.5, 

10, 15, 20, 30 
Toluene 

20 1 0.01 15 

Pentane, hexane, 

heptane, cyclo-

hexane, toluene 
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Extraction mechanism 

Temperature (°C) [Cl-] (M) [IL] (M) Time (min) Diluent 

20 
0.1, 0.2, 0.5, 0.7,  

1.0 
0.001 15 Toluene 

20 1 

0.001, 0.002, 

0.003, 0.004, 

0.005, 0.007, 

0.01, 0.05, 0.1 

15 Toluene 

 Extraction thermodynamics 

Temperature (°C) [Cl-] (M) [IL] (M) Time (min) Diluent 

20, 30, 40, 50, 

60, 70, 80 
1 0.01 15 Toluene 

 

Sorption Extraction: The process involved the use of resin impregnation. There are different 

processes for physical impregnation of resins such as the dry method, the wet method, the dynamic 

method, and the impregnation in the presence of a modifying agent [206]. Researchers have found 

that the dry method increases the stability of the extractant on the resin [205, 206, 209]. Thus, the 

selected IL (Cyphos 101) was immobilised on the resin by the dry impregnation method where 

AmberiliteTM XAD-7 resin (5 g) was mixed with (Cyphos 101) (0.5 M), diluted in acetone (25 mL), and 

contained in a stoppered glass bottle.  The bottle was placed in a reciprocating shaker and the mixture 

was agitated for 24h at 150rpm. Varying amounts of Cyphos 101 diluted in acetone (0.5 M) were added 

to the resin under these conditions and allowed to equilibrate over a period of 24 h under 150 rpm of 

agitation. The acetone was then slowly removed by evaporation in a roto-vapour. Three samples of 

SIRs were prepared with IL loadings of 100, 300 and 500 mg IL/g resins. It has been reported that an 

excessive loading of ILs in resins, with amounts over 600 mg of ILs, could result in a partial leakage of 

the IL and iridescence (typical of hydro-carbon release) can also been observed [212]. To avoid this, IL 

loadings were maintained at ≤500 mg IL/g resin for the sorption experiments.  

The loading levels were determined by mixing impregnated resin (0.2g) with methanol (3ml) 

for 24h to remove the IL by dissolution.  This washing procedure was carried out three times to ensure 

a total extractant dissolution. The resin was separated and dried at 50 °C for 24 h. The amount of IL 

extractant immobilised on the resin was calculated as: 

𝑞𝐼𝐿 =
𝑀𝑟𝑒𝑠𝑖𝑛/𝐼𝐿 − 𝑀𝑟𝑒𝑠𝑖𝑛

𝑀𝑟𝑒𝑠𝑖𝑛/𝐼𝐿
 Eq. 5.2 
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where  𝑀𝑟𝑒𝑠𝑖𝑛/𝐼𝐿 and 𝑀𝑟𝑒𝑠𝑖𝑛 represent the mass of the impregnated resin and washed resin (mg). The 

amounts of extractant immobilised on the resin obtained were close to the theoretical values 

calculated, resulting in 95, 289, and 508 mg IL/g resin.  

Sorption studies were carried out using the Model Test solution with concentrations of gold 

(from 5 mg/L to 300 mg/L) in different HCl acid concentrations (0.1 M-5 M). The sorption experiments 

were performed by mixing the impregnated resins with the gold solutions for 24 h to ensure that 

equilibrium was achieved with a fixed sorbent dosage (solid to liquid ratio, g sorbent/ L solution). Table 

5.4 lists the parameters studied for gold sorption; temperature, HCl concentration, time, and initial 

gold concentration. In each experiment, only one parameter was changed at a time while keeping the 

others constant. The selection of a 24 h period for sorption was based on previous studies reported 

for recovery of Pd, Au and Cd using AmberiliteTM XAD-7 resin   [206, 209, 212], however, preliminary 

kinetic experiments carried out as part of the current research showed that the equilibrium was 

reached within 3 h.  

For each experiment, a gold solution (of known concentration in the range 5 to 300 mg/L) was 

poured into a 25 mL capped bottle with a respective amount IL-impregnated resin, sorbent dosage 

listed in Table 5.4, and agitated in a reciprocating shaker at 150 rpm and at room temperature (20 ± 2 

°C). To study the effect of temperature on the sorption, the capped bottles (containing the mixture) 

were placed in a water bath on a temperature-controlled heating plate, and the solution was agitated 

using magnetic stirrers at 50 rpm (in place of the reciprocating shaker). The lower agitation was 

selected to avoid deterioration of the resins which can occur at higher mechanical agitation levels. 

Once the sorption period ended, the samples were filtered and the solution was analysed by ICP-OES 

(1 mL of the aqueous phase was transferred to an ICP test tube and diluted with 4 mL of 1 M HNO3 or 

1 M HCl, depending on the experiment). Each experiment was repeated in triplicate. Resins, without 

Cyphos 101, were also studied to provide a control. The amount of gold adsorbed was calculated by 

[205]: 

𝑞 =
𝑉 ∙ (𝐶0 − 𝐶𝑒𝑞)

𝑚
 

 

Eq. 5.3 

where V is the solution volume (L), Co and Ceq are the initial and equilibrium concentrations (mg/L), 

respectively, and m is the mass of resin used (mg).  
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Table 5.4: Experimental parameters of sorption; AmberliteTM XAD-7 impregnated with Cyphos 101. 

Sorption 

Temperature 

(°C) 

HCl concentration 

(M) 
Time (h) C0, Au (mg/L) 

Sorbent Dosage 

(mg/mL) 

20, 30, 40, 50, 

60, 70, 80 
1 2 300 0.5 

20 
0.1, 0.5, 1, 2, 3, 4, 

5 
24 300 3 

20 1 

0.5, 1, 1.5, 2, 3, 3.5, 

4, 4.5, 5, 6, 7, 8, 20, 

22, 24, 30, 44 

200 0.5 

20 1 24 
5, 10, 25, 50, 75, 

100, 150, 200, 300 
0.5 

All experiments were carried out for the three loading resins (100, 300, and 500 mg IL/g resin) and raw AmberliteTM XAD-7. 
Models and kinetics were determined based on the sorption results.  
 

5.2.3.2.2 Elution and Desorption  

Elution of gold in the L-L extraction was tested under conditions set out in Table 5.5, by placing 

the loaded organic phase (3 mL) after extraction in a stoppered glass bottle, in contact with a thiourea 

solution (3 mL) at different concentrations of hydrochloric acid and of thiourea.  The bottle was placed 

in a reciprocating shaker at 150 rpm for 15 minutes. After the reaction, the metal concentration in the 

aqueous phase was determined by ICP-OES. The elution efficiency was calculated by: 

𝐸𝑙𝑢𝑡𝑖𝑜𝑛 (%) =
(𝐶𝑓 − 𝐶𝑖)(𝑎𝑞) ∙  𝑉𝑎𝑞

[M](𝑜𝑟𝑔)
∙ 100 Eq. 5.4 

where  𝐶𝑖 and 𝐶𝑓 represent the initial and final metal concentration in the aqueous phase (mg/L), 

respectively, 𝑉𝑎𝑞 is the volume (L) of the aqueous phase, and [M](𝑜𝑟𝑔) represents the amount of metal 

(mg) in the organic phase, calculated for the L-L extraction . For the evaluation of L-L extraction and 

elution cycles, the same procedure was repeated five times. 

In the case of loaded resins, from the Sorption Extraction studies, the desorption of gold was 

achieved by mixing the loaded resin (20 mg) with thiourea (10 mL), at different concentrations of 

hydrochloric acid (0.1-3M) and of thiourea (0.1-3M); the mixture was agitated at 150 rpm for 3 h (Table 

5.5). It has been reported that gold desorption from resins with thiourea can reach equilibrium in two 

hours [213], but to ensure complete equilibrium was achieved, a duration of 3 h was chosen. The 

solutions were then filtered and the concentration in the eluent was determined by ICP-OES. The 

desorption efficiency was calculated as the amount of desorbed metal as a fraction of the amount of 

metal in the impregnated resins, using Eq. 5.4. For the evaluation of sorption and desorption cycles, 
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the same procedure was repeated five times. After each desorption step, the resin was washed three 

times with 0.01M HCl to eliminate residual thiourea that may be retained in the resin. 

Table 5.5: Experimental parameters for Elution & Desorption. 

Elution & Desorption 

Temperature (°C) 
HCl 

concentration (M) 

Thiourea 

concentration (M) 
Time* (min) 

20 0.1, 0.5, 1, 1.5, 2, 3 1 15/180 

20 1 0.1, 0.5, 1, 1.5, 2, 3 15/180 

20 1 1 
1, 5, 10, 15, 20, 30, 45, 

60, 90, 120, 180 

*: For elution after L-L extraction, 15 minutes was used, whilst in the case of desorption, 3 h were utilised.  
In the case of elution, all experiments were carried out with an Organic:Aqueous (O:A) ratio of 1:1. 
In the case of desorption, all experiments were carried out with a sorbent dosage of 2 (mg/mL). 

 

5.2.3.2.3 Reduction 

The recovery of gold from eluted solutions (using the conditions of 0.5M thiourea in 0.5M HCl) 

was carried out by a reduction-precipitation step using sodium borohydride (NaBH4), a strong and 

efficient reducing agent resulting in precipitation of metallic gold. NaBH4 solution with a concentration 

of 0.5 M was freshly prepared using ice cold RO water. A double beaker was utilised as an ice-bath, 

where the external beaker was filled with a mixture of ice and RO water to maintain a low reaction 

temperature. Ice-cold water is necessary because NaBH4 reacts violently and quickly with water at 

room temperature, and, if added to water without cooling, it will start to react quickly with the water 

before reduction of gold can take place. Thus, ice-cold water can sufficiently slow the reaction to allow 

the reduction of gold ions. In the absence of any reducible species in solution, sodium borohydride 

decomposes into sodium metaborate and hydrogen gas. Controlled precipitation was achieved with 

dropwise of a solution of 0.1 M NaBH4 in 0.1 M NaOH. Total gold reduction was obtained within 20 

minutes at room temperature and 150 rpm.  

 

5.2.3.2.4 Recovery of ILs and Resins for Recycle and Reuse 

To study the recyclability of the organic phase (0.1 M Cyphos 101 in toluene) in the L-L 

extraction, and the recyclability of impregnated resins (300 mg IL/g resins) in the sorption extraction, 

the whole extraction process was carried out for five continuous cycles of L-L extraction or sorption 

extractions followed by elution/desorption processes using the same organic phase and resins. A 

synthetic gold solution of 300 ppm Au in 1 M HCl was utilised as the aqueous phase. In the case of L-L 
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extraction, 5 mL of organic phase was put in contact with 5 mL of aqueous solution at 20 °C, 150 rpm 

for 15 min. After extraction, the loaded organic phase was separated from the aqueous phase and 

then put in contact with 5 mL of 0.5 M thiourea in 0.5 M HCl at 20 °C, 150 rpm for 1 h. After elution, 

the organic phase was washed 3 times with RO water and was utilised in the next cycle. In the case of 

sorption/desorption extraction, the sorption was done by contacting 10 mg of impregnated resins 

with 5 mL of aqueous solution (SD=2 mg/mL) at 20 °C, 150 rpm for 4 h. After 4 hours of sorption, the 

resins were filtered and put in contact with 5 ml of 0.5 M thiourea in 0.5 M HCl (SD=2 mg/mL) at 20 

°C, 150 rpm for 2 h. After desorption, the resins were washed 3 times with 0.01 M HCl solution, dried 

at 40 °C for 5 h and then utilised in the next cycle.  

FTIR was used for characterisation of the organic phase in each cycle. SEM-EDS was used to 

characterise the resins before and after the five cycles, and ICP-OES was used in both extraction 

methods to determine the metal concentration following each cycle. 

 

5.2.3.3 Pre-treatment of As-Received WPCBs and PCB Components for Gold Recovery 

The leaching of gold was carried out using a two-step leaching of the as-received fractions 

with nitric acid leaching followed by aqua regia (AR) leaching. The use of a two-step leaching is due to 

the high copper content in WPCBs, which makes the extraction of gold difficult, requiring a first 

leaching for the extraction of copper. Previous leaching studies of WPCBs with traditional acids carried 

out as part of this research showed that nitric acid was more efficient than sulphuric and hydrochloric 

acids for copper leaching. Based on these findings and reports in the literature, the first leaching was 

carried out with nitric acid using the reported optimal Cu leaching conditions of 3M HNO3, 30 °C, 50 

g/L pulp density, and 500 rpm for 3h rather than the reported 2h to ensure complete copper leaching 

[214]. Once the first leaching was complete, the solution was filtered under vacuum and the filtrate 

was rinsed 5 times with RO water. The solid residue was then dried at 50 °C for 24 h before being used 

in the second leaching step (gold leaching), which the dried powder was mixed with aqua regia (AR, 

1:3 solution of concentrate HNO3 and HCl) with a solid to liquid ratio of 1:20. The solid to liquid ratio 

of 1:20 was selected since it had been widely reported to be the optimal ratio [49]. The leaching was 

carried out at room temperature (20 ± 2 °C) and pressure since the reaction is exothermic and releases 

adequate heat for optimum leaching temperature (∼80 °C), stirred at 150 rpm for 3 h under a fume 

hood. After AR leaching, the solution was centrifuged at 3500 rpm for 15 minutes and the supernatant 

was separated from the sediment passing it through a paper filter paper of 0.45 µm. The metal 

concentration after each leaching was analysed by ICP-OES. The leaching efficiency was determined 

by: 
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𝐿𝑒𝑎𝑐ℎ𝑖𝑛𝑔 (%) =
[𝑀𝑖]𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

[𝑀𝑖]𝑋,𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛
∙ 100 Eq. 5.5 

where [𝑀𝑖]𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 is the amount of metal ‘i’ in solution (mg), and [𝑀𝑖]𝑋,𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛 represents the total 

amount of ‘i’ metal (mg) in the ‘X’ sample (WPBCs, ICs, CPUs).  

The total metal concentrations of WPCBs, ICs and CPUs were previously determined by AR 

digestion, using the methodology described in section 3.2.3.1, Chapter 3. Each experiment was done 

at least in triplicate. Characterisation of the initial sample and leached residue, after each leaching 

process was made using scanning electron microscope (SEM), energy dispersive X-ray spectroscopy 

(EDS) and X-Ray diffraction (XRD) analyses. 

 

5.2.3.4 Application of the Optimised Conditions for Gold Extraction and Recovery from E-

Waste Components 

Following these trials for gold recovery using a Model Test system, and after pre-treatment of 

EoL Mobile Phone WPCBs and the EoL Computer PCBs to obtain a gold-rich stream the optimised 

process conditions were tested on real samples to determine the potential for the complete recovery 

of gold from these e-waste steams. 

The process of L-L extraction followed by elution, and Sorption extraction followed by 

desorption were both tested for comparison.  The conditions for trialling are set out below. 

Liquid-liquid extraction was carried out using the leach solution derived from the two-stage 

leaching process reported in the pre-treatment step (Section 5.2.3.3). The organic phase used was 0.1 

M Cyphos 101 in toluene, and the extraction was carried out with an O:A ratio of 1:1, at room 

temperature (20 ± 2 °C), 150 rpm, and 15 minutes (Table 5.3).  The loaded organic phases were eluted 

using 0.5 M thiourea in 0.5 M HCl with an O:A ratio of 1:1, room temperature (20 ± 2 °C), 150 rpm for 

1 h (Table 5.5). 

Sorption extraction was carried out using the leach solution derived from the two-stage 

leaching process reported in the pre-treatment step (Section 5.2.3.3).  The sorption was carried out 

using AmberliteTM XAD-7 impregnated with 300 mg Cyphos 101/g resins, with a sorbent dosage (SD) 

of 25 g/L, room temperature (20 ± 2 °C), 150 rpm, and 3 h (Table 5.4). Loaded SIRs were 

desorbed/eluted by 0.5 M thiourea in 0.5 M HCl with SD=25 g/L, room temperature (20 ± 2 °C), 150 

rpm for 2 h (Table 5.5). 
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The optimised conditions for Reduction to recover gold following both extraction methods 

used on the real samples was carried out by reduction/precipitation using sodium borohydride 

(NaBH4) present as a 0.1 M NaBH4 in 0.1 M NaOH solution.  The recovery of ILs and resins for reuse 

and recycle were trialled on the real samples using the optimised conditions.  

 

5.2.3.5 Summary 

The four-step approach to investigate the development of an optimised process for recovery 

of gold from gold-rich sources in e-Waste PCBs derived from EoL WPCBs and EoL Computer ICs and 

CPUs using ionic liquids is elaborated further in Figure 5.4 in terms of the process steps, the conditions 

tested, and the component fractions involved.  

 

 

Figure 5.4: Overview of the experimental procedure applied in the development of an optimised 

process for gold recovery 
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5.3 Results and Discussion 

5.3.1 Selection of IL for Gold Extraction 

 Gold in e-waste is present as solid metal, so as a first step to gold recovery using ionic liquids, 

a preliminary investigation involved the testing of three ILs, ([Bmim][PF6]), ([Bmim][HSO4]), and Cyphos 

101 ([P6,6,6,14][CI]),  to evaluate their potential as leaching reagents and determine their selectivity, or 

not, for gold. Since copper is the most abundant metal in e-waste, it was also necessary to investigate 

the behaviour of copper in the three ILs. The leaching efficiency of gold foil and copper powder were 

studied separately with the three ILs, and the results are presented in Figure 5.5. The leaching 

efficiency of all three ILs for gold is similar but Cyphos 101 shows the highest at 7.4%, followed by 

[Bmim][HSO4] and [Bmim][PF6] with 6.4% and 5.3%, respectively. The highest leaching efficiency 

obtained by Cyphos 101 could be due to the presence of Cl- as anion in Cyphos 101, which has better 

affinity towards gold than the anions HSO4
- and PF6

- present in the other ILs. In the case of copper, 

[Bmim][HSO4] shows a markedly higher leaching efficiency of approximately 25%, followed by Cyphos 

101 and [Bmim][PF6] with 5.3% and 4.2%, respectively. The difference in performance can be 

attributed to the greater affinity of the Cu2+ cation towards the HSO4
- anions present in the IL; a factor 

explained in Chapter 4. Although gold can be leached with the three ILs, their leaching efficiencies are 

low and in presence of more metals, the effectiveness of the leaching is expected to be negligible. 

 

 

Figure 5.5: Leaching efficiency of IL from gold and copper. 
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Gold can also be recovered from acidic solutions, where ILs can act as extractant agents. Due 

to the hydrophilic nature of [Bmim][HSO4], and its higher affinity for copper over gold which could 

make the separation process more difficult or require the need of further separation processes, it was 

not selected, in this work, as a suitable extractant for gold recovery. On the other hand, because of 

the hydrophobicity of [Bmim][PF6] and Cyphos 101, two phases are observed, making them ideal for 

liquid-liquid extraction. Figure 5.6 shows a gold extraction efficiency of [Bmim][PF6] and Cyphos 101 

from a 510 ppm model gold solution as function of time and temperature. In both ILs, almost complete 

extraction of gold was achieved, reaching 99.5% and 97.5% extraction efficiency for Cyphos 101 and 

[Bmim][PF6], respectively. Furthermore, the gold extraction was rapid, reaching the equilibrium within 

15 minutes of reaction (Figure 5.6a). Temperature (Figure 5.6b) did not appear to impact the extent 

of gold extraction, showing only an increase of 0.5% extraction efficiency from 25 °C to 80 °C. In 

general, both ILs presented high extraction efficiencies, with Cyphos 101 being marginally better. The 

extraction mechanism for each of these ILs is different. The phosphonium group in Cyphos 101 

extracts AuCl4- through largely anion exchange whilst in the case of [Bmim][PF6],  the imidazolium 

group extracts gold through a complexing reaction [207].  

 

 

Figure 5.6: Extraction efficiency of gold from HCl solution; (a) effect of the time and (b) effect of the 

temperature. 
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101 and [Bmim][PF6] can be effectively used for gold extraction in a liquid-liquid process, the lack of 

selectivity becomes a major disadvantage, especially in processing WEEE, in which more than 60 

metals can be found, as reported in Chapter 3. Since WEEE contains only trace amounts of gold any 

solutions containing gold will be very dilute, thus making the challenge of extracting gold from diluted 

media even greater. In metal extraction from diluted solution, ion exchange is a promising and often 

economically viable method to concentrate and recover a target metal [203], and so ion exchange was 

used in this work for separation and enrichment of gold, using the well-documented aqua regia 

medium in the pre-treatment method for real samples (discussed in Section 5.3.3).  The use of these 

highly acidic conditions, therefore, rendered the IL, [Bmim][PF6], unsuitable as an extractant in this 

medium since it has been reported that [Bmim][PF6] in highly acid conditions shows weak chemical 

stability, because the [PF6]- ion decomposes through hydrolysis of the anion, deteriorating the IL and 

leading to lower efficiency of extraction. Furthermore, this hydrolysis can produce and liberate highly 

toxic gases such as hydrogen fluoride [207]. As part of the solubility testing, it was observed that the 

behaviour of the two ILs, [Bmim][PF6] and Cyphos 101 in a range of organic solvents was different, 

with the former having limited or no solubility in simple organic solvents such as toluene, pentane, 

hexane, etc., making the selection of diluent more difficult. Therefore, Cyphos 101 was selected for as 

a complexing agent in liquid-liquid extraction and solvent impregnated resins (SIRs) trials for the 

recovery of gold in hydrochloric solutions. 
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5.3.2 Optimised Conditions for Gold Extraction and Recovery Using a Model 

Test System 

To determine the optimal conditions for gold extraction and recovery from gold-rich samples, 

a Model Test system was used in which a gold solution in hydrochloric acid was prepared to simulate 

a gold solution leached from pre-treated real samples. The extraction processes using ionic liquids as 

either a liquid-liquid extraction or a sorption extraction system (trialled for comparison), followed by 

an elution and reduction step were developed, and the potential for recovery of the ionic liquids and 

resins for recycle and reuse to minimise reagent use was investigated.  The results of the optimised 

process steps using simulated gold solutions are now described under the headings: Liquid-Liquid 

Extraction, Sorption Extraction; Elution and Desorption including Recycle of ILs and Reuse of Resins; 

and Reduction. 

5.3.2.1 Liquid-Liquid Extraction 

5.3.2.1.1 Influence of the diluent 

The influence of five diluents; pentane, hexane, heptane, cyclohexane, and toluene on the 

extraction of gold by diluted Cyphos 101, was studied and the results are presented in Figure 5.7. The 

use of different diluents did not show any major change in extraction efficiency with extractions in a 

range of 94-96% for pentane, hexane, heptane, and cyclohexane; with toluene showing complete 

extraction of gold.  Among these diluents, toluene is more economic and easily available. Furthermore, 

toluene has the highest boiling point (110 °C), resulting beneficial if working with higher temperatures 

is needed, so toluene was selected as the preferred diluent. 

 

Figure 5.7: Effect of diluents on gold extraction. 
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5.3.2.1.2 Effect of time, temperature, Cyphos 101 concentration, and HCl concentration on 

the gold extraction 

The effect of time, temperature, Cyphos 101 concentration, and hydrochloric acid 

concentration on gold extraction was studied and the results are presented in Figure 5.8. The time 

required to achieve equilibrium was approximately one minute (Figure 5.8a), with more than 99% gold 

extracted, suggesting that the extraction kinetics are reasonably fast. No adverse effects were 

observed with prolonged agitation time, so to ensure equilibrium was attained a time of 15 minutes 

was selected. There was no change in extraction efficiency with temperature with 100% gold 

extraction (Figure 5.8b), achieved across the range (20-80 °C). The influence of Cyphos 101 

concentration, from 0.001 M to 0.1 M on gold extraction is presented in Figure 5.8c. The results show 

an extraction of 67% at 0.001M Cyphos 101, followed by a sharp increase in the gold extraction. At 

0.005 M Cyphos 101, the gold extraction was 93%, followed by 100% extraction with higher Cyphos 

101 concentrations (of ≥0.01M). The influence of the hydrochloric acid concentration is shown in 

Figure 5.8d. It was observed that the HCl concentration did not affect the extraction of gold, with only 

a minor decrease in the extraction of only 1-3% with low HCl concentration (0.1 M-0.5 M). This is 

beneficial for the gold extraction as no changes in pH are required for complete extraction. An 

observation that is promising, as aqua regia, which is highly acidic, is used to leach gold from WPCBs, 

ICs and CPUs, as described in section 3.2.3.1, Chapter 3. The results of the study of the effect of 

variations in time, temperature, Cyphos 101 and HCl concentrations confirm that gold extraction is 

only slightly affected and high gold extraction efficiencies are achieved under a variety of conditions. 
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Figure 5.8: Effect of different condition on gold extraction: (a) time, (b) temperature, (c) Cyphos 101 

concentration, and (d) hydrochloric acid concentration. 

 

5.3.2.1.3 Extraction mechanism  

To determine the mechanism of gold extraction using Cyphos 101 diluted in toluene, further 

studies were carried out, varying the IL and HCl concentrations. The gold solution used in these studies 

was 1 g/L in 0.5M HCl, which is approximately 5 mmol/L Au. In an excess of chloride ions, gold is 

present in the form as tetrachloroaurate ion (AuCl4
-) [209, 213, 217], therefore the extraction 

mechanism from acidic chloride solution by the ILs in equilibrium can be expressed by the following 

reaction: 

𝐴𝑢𝐶𝑙4
−

(𝑎𝑞)
+  𝑥[𝑅3𝑅′𝑃+𝐶𝑙−](𝑜𝑟𝑔) ↔  [𝑅3𝑅′ ∙ [𝐴𝑢𝐶𝑙4

−](𝑜𝑟𝑔) + 𝑥𝐶𝑙−
(𝑎𝑞) 

Eq. 5.6 

 

where x represents the number of extractant molecules utilised in the extraction, and  𝑅3𝑅′𝑃+ 

represents the tetradecyl-(trihexyl)-phosphonium group in Cyphos 101. 

The equilibrium constant of the above reaction is given by: 

0 5 10 15 20 25 30

97

98

99

100

20 30 40 50 60 70 80

97

98

99

100

0.00 0.02 0.04 0.06 0.08 0.10

60

80

100

0 1 2 3 4 5

95

96

97

98

99

100

101

E
x
tr

a
c
ti
o
n
 E

ff
ic

ie
n
c
y
 (

%
)

Time (min)

E
x
tr

a
c
ti
o
n
 E

ff
ic

ie
n
c
y
 (

%
)

Temperature (°C)

E
x
tr

a
c
ti
o
n
 E

ff
ic

ie
n
c
y
 (

%
)

Cyphos 101 Concentration (mol/L)

E
x
tr

a
c
ti
o
n
 E

ff
ic

ie
n
c
y
 (

%
)

HCl Concentration (mol/L)

(a) (b)

(d)(c)



193 

 

𝐾𝑒𝑞 =
[𝑅3𝑅′ ∙ [𝐴𝑢𝐶𝑙4

−](𝑜𝑟𝑔)

𝐴𝑢𝐶𝑙4
−

(𝑎𝑞)
∙ 𝑥[𝑅3𝑅′𝑋+𝐶𝑙−](𝑜𝑟𝑔)

 Eq. 5.7 

The distribution ratio D of gold in the organic and aqueous phases (Auorg/Auaq) during the 

extraction process can be expressed as: 

𝐷 =
[𝐴𝑢](𝑜𝑟𝑔)

[𝐴𝑢](𝑎𝑞)
=

[𝑅3𝑅′ ∙ [𝐴𝑢𝐶𝑙4
−](𝑜𝑟𝑔)

[𝐴𝑢3+](𝑎𝑞)
 Eq. 5.8 

Replacing Eq. 5.8 in Eq. 5.7, the equilibrium constant can be expressed as: 

𝐾𝑒𝑞 =
𝐷

𝑥[𝑅3𝑅′𝑃+𝐶𝑙−](𝑜𝑟𝑔)
 Eq. 5. 9 

Applying the logarithm and rearranging the terms in Eq. 5.9, the logarithm of the distribution 

ratio can be expressed as: 

𝐿𝑜𝑔(𝐷) = log(𝐾𝑒𝑞) + 𝑥log ([𝑅3𝑅′𝑃+𝐶𝑙−](𝑜𝑟𝑔)) 
Eq. 5.10 

 Thus Eq. 5.10 can be used to determine the effect of Cyphos 101 molecules in the gold 

extraction. Varying the IL concentration, whilst keeping the other factors constant, its contribution in 

the extraction can be deduced.  

Figure 5.8 showed almost 100% gold extraction was achieved irrespective of the changes in in 

time, temperature, Cyphos 101 and HCl concentrations; likely due to an excess of Cyphos 101 being 

present in the working range used. Figure 5.8c showed that at 0.001 M Cyphos 101, 67% of gold 

extraction was achieved with an aqueous phase containing 300 ppm Au. Therefore, to study the effect 

of the IL and to ensure a wider working window, lower concentrations of Cyphos 101 and a higher 

concentration of gold solution were utilised. Figure 5.9 shows the effect of changes in Cyphos 101 

concentration on the gold extraction, which was found to increase with increase in IL concentration 

(Figure 5.9a), from 20.7% to 93.6% with 0.001 M and 0.005 M Cyphos 101, respectively. The gold 

solution used was approximately 5 mmol/L, and the gold extraction by the IL showed a linear trend, 

reaching approximately 100% at 5 mmol/L of Cyphos 101, suggesting a stoichiometric ratio of 1:1. This 

was confirmed by the log[IL] versus logD graph (Figure 5.9b), where the slope of the straight line 

(0.9817), obtained by linear fit (R2=0.9807), suggests that the ion exchange mechanism engages one 

molecule of Cyphos 101 per gold chloroanionic ion present in the extractable complex: 

 

𝐴𝑢𝐶𝑙4
−

(𝑎𝑞)
+  [𝑅3𝑅′𝑃+𝐶𝑙−](𝑜𝑟𝑔) ↔  [𝑅3𝑅′ ∙ [𝐴𝑢𝐶𝑙4

−](𝑜𝑟𝑔) + 𝐶𝑙−
(𝑎𝑞) 

Eq. 5.11 
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Figure 5.9: Effect of Cyphos 101 concentration on gold extraction vs; (a) extraction efficiency, and (b) 

log (D). 

 

 To confirm that the HCl concentration does not affect the gold chloroanionic extraction 

mechanism, further experiments were carried out. Figure 5.8d showed that varying the HCl 

concentration did not affect the extraction, however, since the IL concentration was in excess, the 

effect of the HCl concertation on gold extraction could be hidden. Thus, using a lower IL and a higher 

gold solution concentration, any effects can be observed. Figure 5.10a shows the gold extraction at 

different HCl concentrations. The effect of the HCl concentrations did not show any major change in 

the gold extraction, confirming the results from Figure 5.8d. In addition, further experiments were 

carried out where NaCl was added to evaluate the effect of the chloride ions alone on the gold 

extraction, as presented in Figure 5.10b. Varying the Cl- ion concentration from 0 to 1 M Cl- showed a 

minor increase in the extraction from 52% to 57%. To further study the relation between Cl- ion 

concentration and the extraction, Figure 5.10c shows a plot of log[Cl-] versus log D. The linear fit 

presented a slope of 0.240, indicating a weak relationship between these two parameters. Therefore, 

it can be concluded that the concentration of HCl and Cl- in the aqueous phase do not affect the gold 

extraction, and only minor increases can be seen with an increase in the concentration of HCl and Cl-. 
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Figure 5.10: Effect of the gold extraction by; (a) HCl concentration, (b) chloride concentration, and (c) 

log [Cl-] vs log (D). 

 

5.3.2.1.4 Thermodynamics parameters of gold extraction 

The results in Figure 5.8b show that gold extraction was completed independent of the 

temperature, however, the IL concentration was in excess. Consequently, to study the 

thermodynamics of the gold extraction, 0.003 M Cyphos 101 and a solution of 1000 ppm Au were 

used. Figure 5.11a shows the effect of the temperature on gold extraction, where an increase in 

temperature of 60 °C (from 20-80 °C) has only a minor effect (up 2%) on the gold extraction, consistent 

with the results reported in Figure 5.8b. The low dependence of the gold extraction on the 

temperature, even in the presence of a deficit of IL to extract all the gold, shows the high affinity of 
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The thermodynamics parameters were calculated using the Gibbs free energy from the Gibbs-

Helmholtz and Van’t Hoff equations [209, 218]: 

log(𝐷) =
−∆𝐻

2.303 ∙ 𝑅𝑇
+ 𝐶 

 

Eq. 5.12 

∆𝐺 = −2.303 ∙ 𝑅𝑇 ∙ log (𝐷) 

 

Eq. 5.13 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

 

Eq. 5.14 

where ∆𝑆 is the change in entropy (J/mol), ∆𝐻 is the change in enthalpy (J/mol), ∆𝑆 is the entropy 

change (J/mol∙K), T is the absolute temperature (K), R is the universal gas constant (8.314 J/mol·K), 

and D is the distribution coefficient (Auorg/Auaq). 

Using the slope and intercept values of Figure 5.11b and equations 5.12-5.14, the calculated 

values for ΔH, ΔG, and ΔS are 963.3 J/mol∙K, -123.7 J/mol, and 3.4 J/ mol∙K, respectively. The positive 

values of the enthalpy and entropy, respectively, suggest that the gold extraction is endothermic, and 

entropy driven in nature. On the other hand, the negative value of the Gibbs free energy indicates 

that the extraction is a spontaneous process. 

 

 

Figure 5.11: Effect of the temperature on gold extraction: (a) extraction efficiency, and (b) 1/T vs 

log(D). 
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 Based on these gold liquid-liquid extraction studies, the optimal extraction parameters are 

confirmed as 0.1 M Cyphos 101, room temperature, 150 rpm and 15 minutes. The concentration of 

Cyphos 101 can be modified depending on the gold concentration of the feedstock; and the HCl and 

Cl- concentrations do not present a major change in the gold extraction, over a large range, suggesting 

no extra reagents are needed to pH changes. 

5.3.2.1.5 Discussion  

The first studies on gold extraction were carried out to evaluate the leaching and extraction 

efficiencies of three ILs; [Bmim][HSO4], [Bmim][PF6], and Cyphos 101. Among these ILs, Cyphos 101 is 

observed as the most efficient IL for gold extraction, and furthermore the most suitable for gold 

extraction under acidic (AR) conditions. Masilela et al. reported high gold extraction efficiencies 

(>92%) using Cyphos 101, [Bmim][Pf2N], and [Bmim][PF6] from chloride leach solutions (PCB powder 

in aqua regia). They also found that Cyphos 101 proved to be the most effective extractant for all 

metals from chloride solution at O:A=1:1, extracting 95% , 97% and 99% for Ag, Au, and Cu, 

respectively [207]. Although Cyphos 101 has also been reported to be efficient in the extraction of 

several metals such as cadmium [212], palladium [206], indium and tin [156, 215], among other [112, 

206], by tailoring the leaching systems and  using different leaching agents, these metals can be 

successfully separated and extracted. In this work, a first nitric acid leaching was carried out, removing 

≥99% of the copper.  

Due to the high viscosity of Cyphos 101, different organics were studied as diluent, with 

toluene being the most suitable. Campos et al. reported that Cyphos 101 diluted in hexane and toluene 

showed similar gold extraction efficiencies from HCl solutions [213]. In the current research, the five 

diluents tested showed similar gold extractions, with the difference in extraction being only 3-6% 

(Figure 5.7). Since none of the diluents showed significant difference in the extraction, toluene was 

selected because it has the highest boiling point of the organic solvents studied, it is readily available 

and has a lower price. Dhiman and Gupta studied the extraction of indium in Cyphos 104 with different 

diluents, reporting toluene as the best diluent [156]. The study of the effect of time showed that the 

equilibrium is reached within five minutes, extracting ≥97% of gold even after one minute. The fast 

extraction kinetics of Cyphos 101 observed for gold (in this work) and for other metals (reported 

elsewhere) has been reported by other authors, reporting that the equilibrium of extraction can be 

reached within five minutes in all the cases [156, 207, 215]. The fast kinetics is a sign of a high affinity 

between the Cyphos 101 and gold. In addition, it was found that temperature and hydrochloric acid 

concentration had a minimal effect on gold extraction. In the same work by Campos et al., it was found 

that gold extraction efficiency did not significantly change with varying HCl concentration in the range 
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of 0.1-5.0 M. They calculated the speciation of gold in the concentration range using the MEDUSA 

software, finding that gold is only present in the form of tetrachloroaurate ion (AuCl4
-) consistent with  

reports that  in an excess of chloride ions, gold is found as AuCl4
- [209, 213, 217]. This indicates that, 

due to an excess of chloride ions, the presence of additional Cl-, through HCl, does not affect the 

speciation of gold and consequently, is unlikely to alter the extraction mechanism, maintaining the 

extraction efficiency. Regarding the extraction mechanism, it was found it involves one molecule of 

Cyphos 101 per gold chloroanionic ion present in the extractable complex. This 1:1 stoichiometric ratio 

suggests that the extraction mechanism corresponds to an anion exchange, rather than a complexing 

reaction. The 1:1 stoichiometric ratio between Cyphos 101 and Au(III) in gold extraction has also been 

reported, confirming the mechanism is likely to be an anion exchange [213].  
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5.3.2.2 Sorption Extraction 

5.3.2.2.1 Gold sorption from hydrochloric solutions using solvent impregnated resins (SIRs):  

Solvent impregnated resins (SIRs) are ideal for separation and recovery of metals from dilute 

solutions. In SIRs, a liquid complexing agent is dispersed homogeneously in a solid polymeric medium 

(the resin). SIRs have excellent advantages in recovering metals from dilute solutions since they 

combine the benefits of solvent extraction and ion exchange [208]. In addition, ion exchange reactions 

are reversible, which offers the potential for reuse of the SIRs, favouring the environmental and 

economic perspectives of the process [203, 208]. In this study, based on previous studies carried out 

in this reserach and reports in the literature, AmberliteTM XAD-7 was selected as the support resin and 

Cyphos 101 as the complexing agent. The impregnation of Cyphos 101 on Amberlite XAD-7 was 

described in Section 5.2.3.2.1. 

To verify the incorporation and distribution of the IL in the resin, SEM-EDS analysis was used 

to examine the cross-section of raw and impregnated resins (Figure 5.12). The cross-section of the 

individual resin was obtained by freezing the resins in liquid nitrogen for 1 minute, before cutting the 

resin with a knife. The cartography of elements for raw AmberliteTM XAD-7 (Figure 5.12a and c) showed 

C and O elements, which are characteristic elements of polymers. In the Amberlite XAD-7 impregnated 

with Cyphos 101 at 300 mg IL/g resin (Figure 5.12b and d), C, O, P and Cl elements are also detected, 

where C and O are characteristic of the AmberliteTM XAD-7 resin, and P and Cl elements are tracers of 

Cyphos 101 (red dots represent P and green dots represent Cl), confirming good IL impregnation. No 

gradient of P and Cl was observed between the inner and outer zones (Figure 5.12b) and a 

homogeneous cartography of P and Cl was also observed, suggesting a homogenous distribution of 

Cyphos 101 in the resin. 
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Figure 5.12: SEM–EDS analysis (element cartography) of raw AmberliteTM XAD-7 resin (a) and (c), and 

Cyphos 101 impregnated resin (b) and (d). Red and green dots denote P and Cl, respectively. 

 

The effect of IL loadings (from zero (0) denoting non-impregnated), to 100, 300, and 500 mg 

IL/g resin) and the concentration of HCl (0.1-5.0 M) on gold sorption efficiency is presented in Figure 

5.13. In general, the HCl did not have a significant effect on the adsorption of gold in the range of 0.1-

5.0 M. The sorption efficiencies reached nearly 94%, 97%, and 99% for resins with IL loadings of 100 

mg/g, 300 mg/g, and 500 mg/g respectively. In the case of raw resin (AmberliteTM XAD-7), the sorption 

efficiency reached 77%, with a reduction of 5% at low HCl concentrations (0.1-0.5 M). The SIR 100 mg 

IL/g also showed a slight decrease of only 2% in sorption efficiency at low HCl concentration. 
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Figure 5.13: Influence of HCl concentration and IL loading on Au(III) sorption efficiency using 

AmberliteTM XAD-7 (SD: 3 g/L, 150 rpm, 20 °C, 24 h, Co= 300 mg Au/L) 

 

 The influence of the IL content on the sorption isotherms was studied in 1M HCl solutions at 

different gold concentrations (5-300 ppm), and the results are shown in Figure 5.14. The profile of the 

isotherms shows a steep initial slope, reaching a saturation plateau. Raw AmberliteTM XAD-7 showed 

a maximum gold sorption of 20.2 mg Au/g, whilst impregnated AmberliteTM XAD-7 showed a clear 

trend: the higher the IL, the greater the saturation. The maximum gold sorption for 100 mg IL/g, 300 

mg IL/g and 500 mg IL/g were 40.4 mg Au/g, 136.2 mg Au/g and 175.2 mg Au/g, respectively. These 

increases in the gold loading capacity represent a rise of 2, 6.7, and 8.7 times the loading capacity of 

the raw resin, for the 100 mg IL/g, 300 mg IL/g and 500 mg IL/g, respectively. The initial steep slope in 

the impregnated resins indicates a higher affinity of the SIRs for gold compared to the raw resins (with 

a lower initial slope) [209]. The steepness of the gradient confirms the sorbents to be very efficient 

for gold recovery even at low concentrations from acidic solutions, which is beneficial for the gold 

extraction process. 
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Figure 5.14: Influence of IL loading on Au(III) sorption isotherms using Amberlite XAD-7 (SD: 2 g/L, 

150 rpm, 20 °C, 24 h). 

 

5.3.2.2.2 Models of Gold Sorption   

 The experimental data for gold sorption were fitted to two well-known sorption isotherm 

models, Langmuir model and Freundlich model, by a linear regression method. The Freundlich 

isotherm model and its linear form can be mathematically expressed by [219]: 

𝑞𝑒 = 𝐾𝑓 ∙ 𝐶𝑒
1/𝑛

 

 

Eq. 5.15  

log(𝑞𝑒) = 𝑙𝑜𝑔(𝐾𝑓) +
1

𝑛
log (𝐶𝑒) 

 

Eq. 5.16  

where Kf is the Freundlich equilibrium adsorption capacity and n is the Freundlich equation constant 

representing the deviation from linearity of adsorption. 

 The Langmuir isotherm model and its linear form are represented by [219]: 

𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑚
+

1

𝐾𝑙 ∙ 𝑞𝑚
 

 

Eq. 5.17  
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1

𝑞𝑒
= (

1

𝑞𝑚
) + (

1

𝐾𝑙 ∙ 𝑞𝑚
) (

1

𝐶𝑒
) 

 

Eq. 5.18  

where Kl represents the energy constant relevant to the heat adsorption (L/mg) and qm represents the 

maximum adsorption capacity (mg/g). 

The separation factor (Rl) is a dimensionless constant which is a useful characteristic of the 

Langmuir model, and it is given by the following equation [218]: 

𝑅𝑙 =
1

(1 + 𝑏𝐶0)
 

 

Eq. 5.19  

where b is the Langmuir biosorption constant (L/mg), which is related to the free energy of biosorption 

and C0 is the initial concentration. Rl indicates whether the isotherm is either unfavourable (Rl > 1), 

linear (Rl = 1), favourable (0 < Rl < 1), or irreversible (Rl =0). 

The calculated Langmuir and Freundlich isotherms parameters are listed Table 5.6. Figure 5.15 

shows the experimental data fitted with both Langmuir and Freundlich isotherm models at different 

gold concentrations. The regression correlation coefficients (R2) of the Freundlich model (0.454-0.852) 

(Table 5.6) is lower than the values obtained by the Langmuir model (0.901-0.957), suggesting that 

the Langmuir model is a better fit to the experimental data (linear fit graphics of the models are shown 

in Figure A.5 and Figure A.6 in Appendix). This is confirmed in Figure 5.15. The maximum adsorption 

capacities calculated by the Langmuir model (qm) are close to the experimental data, which provides 

a better prediction of the gold adsorption. Due to the better fit of the Langmuir model, it can be 

assumed that there is a monomolecular layer of AuCl-4 on the surface of the resins with no stacking of 

adsorbed molecules. Furthermore, the separation factor (Rl) values between 0 and 1 indicate that the 

adsorption process is favourable. From the Freundlich model it can be observed that the Freundlich 

equation constant (n) is lower with the increase in the amount of IL impregnated, which translates to 

a higher (1/n) values at higher IL impregnations. In this model, the higher the 1/n, the more favourable 

is the adsorption. Thus, both models suggest that the adsorption process is favourable. 
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Table 5.6: Freundlich and Langmuir parameters for Au adsorption at different initial gold 

concentrations. 

 Freundlich Langmuir 

IL loading 

(mg IL/g resin) 
Kf n R2 qm (mg/g) Km (L/mg) Rl R2 

0 6.58 4.46 0.852 20.41 0.13 0.013 0.923 

100 9.44 3.49 0.712 45.45 0.06 0.014 0.955 

300 15.89 2.24 0.454 138.89 0.23 0.139 0.957 

500 14.06 1.89 0.534 185.15 0.08 0.075 0.901 

 

 

 

Figure 5.15: Experimental adsorption isotherms fitted with Freundlich and Langmuir isotherms at 

different gold concentrations. 
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5.3.2.2.3 Kinetics of Gold Sorption   

The influence of time on the sorption of gold with the different Cyphos 101 loadings is 

presented in Figure 5.16. An increase in sorbent dosage increases the sorption, as previously 

discussed, and decreases the time required for reaching the equilibrium. In all the cases, the 

equilibrium was reached within 3 h, with 1 h being sufficient for equilibrium to be attained for the 300 

mg IL/g and 500 mg IL/L impregnated resins. 

 

Figure 5.16: Influence of IL loading on Au(III) sorption kinetics. 
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The non-linear and linear form of the pseudo-first-order equation [219]: 

𝑞(𝑡) = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

 

Eq. 5.20 

log(𝑞𝑒 − 𝑞(𝑡)) = 𝑙𝑜𝑔(𝑞𝑒) −
𝑘1

2.303
𝑡 

 

Eq. 5.21 

The non-linear and linear form of the pseudo second order equation [219]: 

𝑞(𝑡) =
𝑘2𝑞𝑒

2𝑡

1 + 𝑞𝑒𝑘2𝑡
 

 

Eq. 5.22 

𝑡

𝑞(𝑡)
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
 

 

Eq. 5.23 

 The Weber–Morris intraparticle diffusion equation [218]: 

𝑞(𝑡) = 𝑘3𝑡1/2 + 𝐶 

 

Eq. 5.24 

 The Boyd particle diffusion equation [218]: 

𝐵(𝑡) = −0.4977 − 𝑙𝑜𝑔 (1 −
𝑞(𝑡)

𝑞𝑒
) 

 

Eq. 5.25 

where q(t) is the amount of adsorbate on the surface of the adsorbent at the time t (mg/g), k1 is the 

equilibrium constant of the pseudo-first order sorption (min-1), k2 is the pseudo-second order rate 

constant (g/mg/h), k3 is the intraparticle diffusion rate constant (g/mg/h) and C is the slope which 

represents the thickness of the boundary layer.  

The rate constants, qe, regression coefficient (R2), and model parameters obtained by fitting 

the data are presented in Table 5.7. The model fittings are illustrated in Figure 5.17. Linear fit graphics 

of the models are shown in Figure A.7 and Figure A.8 in Appendex B. Among the models applied and 

comparing the R2 values obtained, there is a clear indication that the gold adsorption process likely 

follows a pseudo-second order kinetics (R2>0.995), as observed in Figure 5.17b. In addition, the 

calculated qe, model are also consistent with the experimental qe,experimetal, validating the pseudo-second 

order mechanism. The calculated pseudo-second-order rate constant K2 decreased with the increase 

in Cyphos 101 impregnated in the resin, which is likely due to lower competition for the adsorption of 

active sites at higher Cyphos 101 concentration, thus decreasing the absorption rate. This pseudo-

second order kinetic model also suggest that the adsorption may be dominantly controlled by 
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chemical processes. In the Weber-Morris model (Figure 5.17c), when the plot of q(t) versus t1/2 passes 

through the origin, the intraparticle diffusion mechanism is considered as the rate-limiting step. On 

the other hand, in the Boyd model (Figure 5.17d), when the linear plot of B(t) versus t passes through 

the origin, the particle diffusion is the rate-limiting step. If none of these models go through the origin, 

the film diffusion is suggested to be the rate-limiting step of the process [218]. The intraparticle 

diffusion model is commonly divided into three phases: (1) external surface adsorption, (2) 

intraparticle diffusion phase and (3) equilibrium phase where low adsorbate concentration in solution 

results in the slowing down of the intraparticle diffusion [220]. As observed in Figure 5.17c, the curve 

determined by the Weber-Morris model presents two linear regions for all the resins. This 

phenomenon indicates that the external diffusion occurred quickly, and the first step was not 

observed in the data, thus the first linear region represents the intramolecular diffusion stage, whilst 

the second linear region represents the equilibrium stage. The rate constant of the region 1 (k3, region1) 

is larger than the rate constant of the region 2 (k3, region2), indicating that the diffusion of the adsorbate 

through the macro pores is faster than the diffusion of the adsorbate in the equilibrium phase. 

As shown in Table 5.7, none of the regions had C values equal to zero, indicating that these 

linear regressions do not pass through the origin. This suggests that the intraparticle diffusion is not 

the rate-limiting step of the process. Similarly, none of the Boyd plots passed through the origin (Table 

5.7), suggesting that the particle diffusion is not the rate-limiting step. These results indicate that the 

film diffusion could be considered the rate limiting step, but trials carried out at varying agitation 

speeds (100-400 rpm) showed no observed major change in the sorption kinetics. This suggests that 

the film diffusion is unlikely to be the limiting mechanism. It appears, therefore, that the kinetics of 

gold adsorption in AmberliteTM XAD-7 is likely governed by chemical process. This conclusion is in good 

agreement with that in ion-exchange resins [219]. 
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Table 5.7: Parameters of the kinetics models for Au(III) sorption on AmberliteTM XAD-7/Cyphos 101 

resins. 

 AmberliteTM XAD-7/Cyphos 101 

 0 mg/g 100 mg/g 300 mg/g 500 mg/g 

qe,experimental 20.2 40.4 136.2 175.2 

 Pseudo first order model 

qe,model
 2.951 4.612 20.101 26.782 

K1 0.093 0.085 0.098 0.096 

R2 0.712 0.639 0.742 0.739 

 Pseudo second order model 

qe,model
 21.013 41.924 136.212 175.212 

K2 0.177 0.122 0.025 0.019 

R2 0.999 0.999 0.998 0.997 

 Weber–Morris model 

K3,region 1 12.028 33.712 154.971 200.572 

R2 0.779 0.827 0.862 0.745 

C 4.115 -5.877 -72.365 -91.959 

K3,region 2 0.476 0.242 0.394 0.444 

R2 0.776 0.674 0.179 0.367 

C 20.308 39.442 132.97 172.301 

t1/2 30 45 45 45 

 Boyd model 

Slope 0.006 0.051 0.101 0.119 

Intercept 1.662 1.683 2.193 2.602 

R2 0.054 0.302 0.444 0.404 
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Figure 5.17: Sorption models for Au(III) onto AmberliteTM XAD-7/Cyphos 101 resins; (a) Pseudo-first order model, (b) Pseudo-second order model, (c) Weber–

Morris model, and (d) Boyd model. 
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5.3.2.2.4 Effect of Temperature and Thermodynamic Parameters on Gold Sorption 

The effect of the temperature on the sorption efficiency of gold is presented in Figure 5.18; 

the sorption increases with increase in temperature in all the cases. Loaded resins with 500 mg IL/g 

show the highest efficiencies rising from 20% at 20 °C to 37% at 80 °C. It is noted that raw AmberliteTM 

XAD-7 resin, and resins with loadings of 100 mg IL/g and 300 mg IL/g, show slight increases in sorption 

with temperature. The raw AmberliteTM XAD-7 resin shows a sorption increase of only 3% when the 

temperature increases from 20 °C to 80 °C, whilst in the case of the 100 mg IL/g and 300 mg IL/g resins, 

a rise of approximately 4% was observed in both cases. The marked increase in the gold sorption by 

the 500 mg IL/g resin with temperature could be due to more rapid movement gold ions, greater 

number of collision and increased chances of ion exchange with the IL. Furthermore, the rise of the 

temperature could also slightly expand the pores of the resin, facilitating the movement of the ions 

through it. 

 

Figure 5.18: Effect of the temperature on the sorption efficiencies. 
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endothermic nature of the sorption process as indicated by the increase of sorption capacity with 

temperature (Figure 5.18). The positive values obtained in the entropy indicate that the sorption of 

gold is correlated with an increase of randomness of adsorbate at the solid/liquid interface, which can 

occur due to desorption of water molecules from adsorbent surface [218]. The negative values of the 

Gibbs free energy indicate that the gold extraction is a spontaneous process.  

Table 5.8: Thermodynamics parameters of gold extraction by SIRs. 

 0 mg/g 100 mg/g 300 mg/g 500 mg/g 

∆𝑯 (KJ/mol∙K) 4.38 3.56 2.76 7.91 

∆𝑮 (KJ/mol) -5.41 -5.14 -4.69 -2.93 

∆𝑺 (J/ mol∙K) 30.41 27.05 23.17 33.75 

 

 

 

Figure 5.19:  Effect of the temperature on the equilibrium thermodynamics for different Cyphos 101 

loadings; (a) raw AmberliteTM XAD-7, (b) 100 mg IL/g resin, (c) 300 mg IL/g resin, (d) 500 mg IL/g 

resin. 
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5.3.2.2.5 Discussion 

It was found that the concentration of HCl did not have a significant effect on the gold sorption 

within the range of 0.1-5.0 M HCl. A decrease of only 2-5% on gold sorption efficiencies at low HCl 

concentrations (0.1-0.5 M) for the raw AmberliteTM XAD-7 and 100 mg IL/g resins was observed. These 

results are consistent with those reported by Lira et al. [205], where the concentration of HCl was 

observed not to affect the Au(III) sorption using AmberliteTM XAD-7/Cyphos 101 resins, and raw 

AmberliteTM XAD-7 showed a decrease in sorption efficiencies at low HCl concentrations. Similar 

limited effect of the HCl concentrations has been observed in the sorption of metals such as Cd (II), 

Pd(II), and Pt(IV) using similar resins [212, 213]. This result indicates that gold sorption can be achieved 

efficiently over a wide range of hydrochloric acid concentration, with no requirements for additional 

reagents to control pH. This is of particular benefit given the pre-treatment step used for e-waste 

which involves leaching using highly acidic AR, so the gold liquor after leaching could be directly used 

without the need for dilution or additional reagents. 

Sorption isotherms showed that raw AmberliteTM XAD-7 has a maximum Au (III) sorption of 

20.2 mg Au/g. The sorption mechanism of Au(III) on the acrylic ester resins such as AmberliteTM XAD-

7 has been well documented [205, 206, 209, 213, 221]. The mechanism under very acidic conditions 

is due to the resins being chemically modified by partial hydrolysis of the acrylic ester group (O= ∙∙∙ H+ 

Cl-), and Au(III) is extracted as an anionic chloro-complex (O= ∙∙∙ H+ AuCl4-). Hydrophobic interactions 

of the resin matrix with tetrachloroauric acid have also been proposed to explain the high sorption of 

Au(III) in mild acid conditions [206, 209]. Navarro et al. described the Au sorption on AmberliteTM XAD-

7 by a two-step process; the extraction of HCl by the resin through the interaction with the oxygen of 

the polyacrylic matrix, followed by metal binding through the ion exchange between chloride anion 

and metal chloro-anion [209]. Laatikainen and Paatero reported that Au(III) sorption on AmberliteTM 

XAD-7 can also involve hydrophobic interactions between AuCl4- and the resin by analogy with FeCl4
- 

sorption on AmberliteTM XAD-7 since both metals have a similar tetrahedral structure for their chloro-

complex and do not contain water ligands [221]. The impregnation of Cyphos 101 substantially 

improves the sorption loading, as observed in Figure 5.13 and Figure 5.14. The maximum gold sorption 

for 100 mg IL/g, 300 mg IL/g and 500 mg IL/g were 40.4 mg Au/g, 136.2 mg Au/g and 175.2 mg Au/g, 

respectively. In the liquid-liquid extraction it was found that gold is extracted by an anion exchange 

mechanism between gold chloroanionic species and chloride anions bound to the IL. Campos et al. 

studied the liquid-liquid extraction of Au(III) in HCl solutions with Cyphos 101 in toluene and hexane 

solvents. They reported that gold extraction increased with the IL concentration, also finding a 1:1 

stoichiometric ratio between Au(III) and the IL [213]. This mechanism of gold extraction has been 

reported elsewhere [205, 206, 209], confirming that the increase in the sorption efficiency and 
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capacity of the impregnated resins is due to a combination of extraction processes, including sorption 

on the polymer matrix (anionic chloro-complex and hydrophobic interactions) and ionic extraction IL 

(anion exchange by Cyphos 101). It is noteworthy that the 100 mg IL/g resin did not show a sorption 

increase as pronounced as the 300 mg IL/g and 500 mg IL/g did. Navarro et al. observed that at low 

Cyphos 101 loading (57 mg/g), the sorption efficiency of Au(III) in HCl solutions were similar to the 

obtained with raw resin. They suggested that is likely that part of the IL interacts with the resin, 

decreasing its ability to gold binding [209]. Thus, a degree of interaction between the IL and the resin 

could have decreased the Au(III) efficiency and capacity of the 100 mg IL/g resins. The experimental 

data of the isotherms were fitted with two well-known models: the Freundlich model and the 

Langmuir model. The Langmuir model fitted better the experimental data, suggesting that there was 

a monomolecular layer of gold (AuCl4-) on the surface of the resins with no stacking of adsorbed 

molecules. This may be the result of Cyphos 101 impregnation on the internal porous surface of 

Amberlite XAD-7 resins. As gold ions interact with Cyphos 101 in a 1:1 stoichiometric ratio, the anion 

exchange occurs on the surface of the resin, where Cyphos 101 is impregnated, forming a 

monomolecular layer of gold. This process reduces the stacking of more adsorbed gold ions on the 

already occupied space. 

The study of sorption kinetics showed that the equilibrium was reached within 2-3 h for raw 

AmberliteTM XAD-7 and impregnated resins, regardless of the Cyphos 101 loadings impregnated. This 

result disagrees with the sorption kinetics in similar systems. Navarro et al. reported that Au(III) 

sorption in AmberliteTM XAD-7/Cyphos 101 resins can be reached within 8 h of contact time for 95% 

of total sorption, and up to 24 h for complete sorption, also regardless of the IL loadings [209]. Lira 

studied the effect of different AmberliteTM resins (XAD-2, XAD-4, XAD-7, XAD-8, XAD-16, XAD-1180, 

XAD-2000, and XAD-2010) impregnated with Cyphos 101 (200 mg IL/g resin) on the Au(III) sorption 

from HCl solutions. They found that AmberliteTM resins can reach equilibrium within the first 10–12 h 

of contact time, with some requiring as much as a week. Based on those results, they classified the 

resins in three groups: (a) the fastest and the most efficient (XAD-1180, XAD-8, XAD-7 and XAD-2), (b) 

XAD-2010, and (c) the slowest (XAD- 4, XAD-2000 and XAD-16) [205]. Thus, although AmberliteTM XAD-

7 was found to be fast and efficient for gold sorption, it reached equilibrium in approximately 10 h 

and only in the XAD-2 resins, the equilibrium was reached within 6 h. In another study, Au(III) sorption 

from HCl solutions using Cyphos 101 impregnated in biopolymer capsules (alginate and gelatin) the 

equilibrium was reached within 24 h of contact for the smallest particles, whilst 48 h was required to 

achieve the equilibrium for the largest particles [213]. For the extraction of Pd(II) with AmberliteTM 

XAD-7/Cyphos 101 resins, it was reported that lower IL loadings can reduce considerably the contact 

time to reach sorption equilibrium, from approximately 24 h at 401 mg IL/g resins to less than 3 h at 
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106 mg IL/g resins [206]. It is noted that the kinetics of the 300 mg IL/g and 500 mg IL/g resins were 

not faster than the raw AmberliteTM XAD-7 and 100 mg IL/g, due to a deficit of gold in the solution. 

The raw AmberliteTM XAD-7 adsorbed approximately 60% of the gold from the solution, whilst the 100 

mg IL/g resins adsorbed nearly 85%, consequently, with higher Cyphos 101 loadings, gold could have 

been adsorbed before reaching equilibrium due to a deficit of gold in the solution. Thus, although 

those resins extracted all the gold in nearly 1 h, the expected time for equilibrium to be reached similar 

the raw and 100 mg IL/g resins, is approximately 3 h. In this work, the distribution of Cyphos 101 in 

the AmberliteTM XAD-7 resin shown in the SEM-EDS image, was found to be distributed homogenously 

(Figure 5.12), which is beneficial for an efficient sorption, and can reduce the equilibrium time 

required. Another factor that can increase the kinetics is the type and rate of agitation. Although this 

effect was not studied in detail, preliminary tests on gold sorption, without shaking, showed the 

process to be slower, by at least 2 times. Due to the high gold sorption efficiencies of the SIRs system, 

however, once the threshold of a minimum agitation is exceeded, it will not have such a marked effect. 

Experiments carried out at agitation speeds of 100 to 400 rpm, showed no major change in the 

sorption kinetics, consistent with the findings reported for the recovery of Pd(II) from HCl solutions 

with AmberliteTM XAD-7 impregnated with Cyphos IL-101, where increasing the agitation speed hardly 

affects Pd(II) sorption kinetics [206].  

To determine the limiting step of the gold sorption, four models were used to describe the 

kinetic of experimental data, where the pseudo second order model was considered as the best-fit 

model in describing the gold sorption from HCl solutions. Thus, the sorption kinetics of Au(III) in 

impregnated AmberliteTM XAD-7 was concluded to be governed by chemical process. It has been 

reported that, in most cases, binding in sorbents is controlled by diffusion mechanisms, generally by 

intraparticle diffusion, rather than chemical processes [205, 209, 212]. Nevertheless, other sorption 

kinetics have been shown the process to be controlled by a reaction mechanism in relation with the 

parallel ionic reactions [212]. In a similar study, the sorption kinetics of Au(III) in immobilised Cyphos 

101 in biopolymer capsules found that physical (resistance to mass transfer) and chemical reaction 

rate processes can govern the kinetics depending on the working conditions. They reported that the 

intraparticle diffusion governed the kinetics at high metal concentration and for poorly favourable 

conditions (i.e., low sorbent dosage), whereas at low metal concentration (or excess of sorbent) the 

kinetics were governed by the reaction rate [213]. In this study, as it was previously mentioned, gold 

sorption was complete with resin loadings of 300 mg IL/g and 500 mg IL/g due to a deficit of gold in 

the solution, i.e., an excess of sorbent, which could explain the kinetics governed by chemical reaction. 

Furthermore, experiments varying the agitation speed (100-400 rpm) showed no significant changes 

in the sorption, confirming that the intraparticle diffusion was not the controlling step. Kinetic sorption 
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controlled by chemical processes is known particularly to be involved in ion exchange resins [219], 

supporting the findings of this work. 

 

5.3.2.3 Elution and Desorption of Gold including Recycle of ILs and Reuse of Resins 

Recovery of the target material, gold, following the two hydrometallurgical steps requires the 

use of an elution step to follow liquid-liquid extraction, and a desorption step to follow sorption 

extraction.  The results of both these processes are discussed; and consideration is also given to the 

potential for recycle of the IL and for reuse of the resins through subsequent cycles for gold recovery 

without loss of efficiency and effectiveness, and to ensure any process developed is sustainable in 

environmental and economic terms. 

 

5.3.2.3.1 Gold Elution in Liquid-Liquid extraction and The Potential for Recycling of the IL  

Investigation of the effects of hydrochloric acid concentration, thiourea concentration and 

contact time on the elution of gold in the Liquid-Liquid extraction was carried and the results are 

presented in Figure 5.20. It can be seen from that neither HCl nor thiourea concentration has a 

noticeable effect on the gold elution, stripping practically the same amount of gold across the range 

tested. In the case of the HCl concentration (Figure 5.20a), it was found that the elution reached 91% 

at 0.1M HCl and 94% at 3M HCl. Varying the concentration of thiourea (Figure 5.20b) did not affect 

the gold elution, with almost complete elution (97-100%) in the studied range (0.1-3.0 M). The effect 

of time in the elution (Figure 5.20c) showed a relatively fast reaction, eluting 41% in the first minute 

and reaching the equilibrium within one hour (with 97% of gold eluted). Thus, to minimise the use of 

reagents and to ensure a complete gold desorption, 0.5 M thiourea in 0.5 M HCl for 1 h were selected 

as the elution parameters. 
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Figure 5.20: Gold elution from 0.1 M Cyphos 101 in toluene; (a) Effect of the HCl concentration (1M 

thiourea),(b) effect of the thiourea concentration (1M HCl), and (c) Effect of the contact time. 
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shows the effects of recycle through the liquid-liquid extraction, elution steps over five cycles of gold 

recovery under the optimised conditions (0.1 M Cyphos 101 in toluene for extraction and 0.5 M 

thiourea in 0.5 M HCl for elution, both process at 20°C and 150 rpm), with excellent results confirming 

that the extraction and stripping of gold remains largely unaffected over five cycles, suggesting that 

Cyphos 101 can be successfully reused without any loss in efficiency. In addition, the overall efficiency 

of gold recovery remains ≥98% in each cycle. 

To check that the IL (organic phase, 0.1 M Cyphos 101 in toluene) was not affected physically 
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at least five times without changes to its structure and loss in extraction efficiency. After each elution, 

the organic phase was rinsed three times with a 0.01 M HCl solution to mitigate the potential loss of 

Cl- from the Cyphos 101. This rinsing process with hydrochloric acid was used because preliminary 

experiments, not involving a rinsing step, had indicated a slight decrease in the extraction of gold in 

subsequent cycles, which was likely due to the elimination of chloride ions present in the IL. 

 

 

Figure 5.21: Gold extraction, elution desorption, and organic phase (0.1 M Cyphos in toluene) 

reusability over five cycles. 
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Figure 5.22: FTIR spectra of the organic extractant (0.1 M Cyphos 101 in toluene) over five cycles. 

 

5.3.2.3.2 Gold Desorption and The Potential for Reuse of the Impregnated Resins 

  Investigation of the effects of hydrochloric acid concentration, thiourea concentration, and 

the contact time of gold on the desorption from loaded XAD-7 resins (300 mg IL/g) was carried out 

and the results are shown in Figure 5.23.  Like gold elution from the liquid-liquid extraction, it was 

found that neither HCl nor thiourea concentration has a noticeable effect on the gold desorption. With 

different HCl concentrations, the desorption increased from 78% at 0.1 M HCl to 81% at 1.0 M HCl and 

83% at 3.0 M HCl; at other concentrations tested the percentage change was marginal. The variation 

in the concentration of thiourea (Figure 5.23b) was also observed to have little impact on the 

desorption of gold, reaching nearly complete desorption across the range tested (0.1-3.0 M). The 

effect of the contact time (Figure 5.23c) showed that complete desorption can be reached within 2 

hours, twice the time required for elution following the liquid-liquid extraction. This is likely due to 

the gold ions being attached to the interior of the resins, making it more difficult for ionic interchange. 

The optimal desorption parameters that minimise the use of reagents and ensure a complete gold 

desorption are 0.5 M thiourea in 0.5 M HCl for 2 h. 
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Figure 5.23: Gold desorption from XAD-7 impregnated with Cyphos 101 (300 mg IL/g); (a) Effect of 

the HCl concentration (1M thiourea),(b) effect of the thiourea concentration (1M HCl), and (c) Effect 

of the contact time. 
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efficiencies.  Increasing the number of rinses to three however ensured high sorption and desorption 

efficiencies were maintained through the cycles.  

 

 

Figure 5.24: Gold sorption, desorption, and resin recyclability over five cycles. 
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observed, which could be due to osmotic shock generated by repeated sorption and desorption in 

acidic conditions. In general, the differences were negligible, suggesting no major damage was 

generated after five sorption and desorption cycles, however, a further study is needed to confirm the 

physical robustness of the resins with extended sorption and desorption cycles for a large-scale 
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Figure 5.25: BSE images of impregnated Amberlite XAD-7: (a) and (b) before cycles, (c) and (d) after 5 

cycles of sorption/desorption. 

 

5.3.2.3.3 Discussion 

Thiourea was selected for the elution in both extraction methods because it has been widely 

reported to be an excellent eluent for gold from acidic solutions [203, 205, 206, 209, 213]. Campos et 

al. reported the gold desorption from biopolymer capsules impregnated with Cyphos 101 in three 

solutions: 1M thiourea (in 1M HCl solution), 1M KI (in 1M HCl solution), and 6M HNO3 solutions. They 

found that gold can be effectively desorbed from loaded resins using thiourea (1 M) with over 95% of 

desorption within 2 hours, whilst KI and HNO3 presented a desorption of  nearly 60% and 15%, 

respectively [213]. Cyganowski et al. also reported a complete gold desorption from shell type anion 

exchange resins using a 5% thiourea in 0.1 M HCl solution [203]. Navarro et al. studied the desorption 

of gold in AmberliteTM XAD-7/Cyphos 101 resins with nitric acid (5 M) and thiourea (1 M in 0.5 M HCl 

solution), observing a complete metal removal with thiourea over 5 cycles (in simulated solutions), 

whereas nitric acid led to a decrease in  the efficiency of the resin over the cycles [206]. They pointed 

out that careful washing must be included as a step to prevent a later release of binding metal with 
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thiourea during the following sorption step, which can reduce the availability of the metal for binding 

to the IL, decreasing the sorption efficiency [206, 209]. 

The reusability of the organic phase in the L-L extraction and reusability of the impregnated 

resins in the sorption extraction are key factors that contribute to the development of a process that 

is environmentally sound and economically viable; one that conserves resources minimises process 

reagent costs. In this study both the organic phase and impregnated resins are shown to be reusable 

in five cycles of extraction/elution, with no loss in extraction/elution efficiencies. This is good 

agreement with similar systems reported in literature [156, 206, 209, 213, 215, 219]. In indium liquid-

liquid extraction, Cyphos 101 diluted in toluene, a system similar to that the used in this study, has 

been shown that it can be reused up to up to 13 times without decreasing the extraction or elution 

efficiencies [156]. In the case of impregnated AmberliteTM XAD-7, it has also been shown that resin 

impregnated with Cyphos 101 can be reused for at least five times with slight decrease in the Pd(II) 

sorption; where the slight decrease was associated with the incomplete washing of the resins [206]. 

Several authors pointed out the importance of multiple rinsing/washing steps before subsequent 

cycles. In this study, three washings after metal elution were performed using a 0.01 M HCl solution 

to ensure replacement of any chloride ion that could been lost through the process and to remove 

any residual metal. 

 

5.3.2.4 Reduction 

The recovery of gold from the eluted solution (0.5 M thiourea in 0.5M HCl) was carried out by 

reduction/precipitation using sodium borohydride (NaBH4). Sodium borohydride was chosen as the 

reducing agent for precipitation of  gold from acidic thiourea, because the reaction is very fast, and is 

more selective for the precipitation of gold than other reducing agents [222]. Previous studies of the 

gold reduction were carried out using a 500 ppm Au solution in 0.5 M HCl. The solution was put in 

contact with 0.1 M Cyphos 101 in toluene with a O:A ratio of 1:1 for 15 minutes, followed by elution 

with 0.5 M thiourea in 0.5 M HCl with an O:A=1:1 for 1 h. The eluent solution was separated, and the 

precipitation was achieved with dropwise addition of a 0.1 M NaBH4 in 0.1 M NaOH solution. Total 

gold reduction was obtained within 20 minutes at room temperature and 150 rpm. 
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5.3.3 Pre-treatment of As-Received E-Waste Components  

As-received fractions of e-waste derived from EoL Mobile Phones and EoL Computers, as 

waste PCBs, CPUs, and IC components were required to undergo pre-treatment prior to application of 

the optimised process developed for gold recovery to real waste samples. The results of the 

development of a two-stage leaching process used to maximise copper removal and deliver a gold-

enriched source for recovery are now described. 

 

5.3.3.1 Two-stage Leaching Pre-treatment Step with Nitric Acid and Aqua Regia 

Waste PCBs (WPCBs), CPUs and ICs can contain high amounts of gold, as previously reported 

in Chapter 3. Nevertheless, base metals represent most of the metal composition of these 

components, with copper being the most abundant. Previous results showed that copper represents 

≥70% of all the metals presents in WPCBs, CPUs, and ECs, whereas gold represents only ≤1%. To 

develop a process for gold recovery requires a pre-treatment step which involves a two-stage leaching 

to achieve enrichment of gold. The first stage involves the leaching of copper in the presence of  nitric 

acid under optimal Cu leaching conditions of 3M HNO3, 30 °C, 50 g/L pulp density, and 500 rpm for 3 

h [214]. Figure 5.26 shows the nitric acid leaching for ICs, CPUs, and PCBs. The WPCBs were leached 

using nitric acid (Figure 5.26e and f) and separately using [Bmim]HSO4 (Figure 5.26g and f) under the 

optimal conditions (30 %v/v [Bmim]HSO4, 10 %v/v H2O2, and 60 %v/v H2O at 60 °C, 1:15 solid to liquid 

ratio for 2 h), reported in Chapter 4. It can be observed that nitric acid effectively leaches >99% of 

copper in all the cases, representing between 82% and 89% of the total metals leached. Gold was not 

leached by the nitric acid leaching, indicating that the first leaching stage was successful in selectively 

targeting copper for removal along with other base metals such as Al, B, Ba, Co, Ga, Mg, Ni, Pb and Zn 

which helped to achieve the gold enrichment. The main drawback of the nitric acid leaching is that Pd, 

a precious metal, was partially leached with approximately 50% from ICs and WPCBs, and completely 

removed from CPUs. In the case of the [Bmim]HSO4 leaching, copper was completely removed, 

representing 94% of the total metals leached. Gold and other precious metals were not leached using 

this IL. The first leaching stage was successful in removing cooper and other base metals, leaving gold 

intact in the solid residue. After nitric acid leaching, the residue was rinsed with RO water and dried 

for the next leaching stage. It is worth noting that the leach solution had a high copper concentration, 

where electrowinning can be applied for its recovery using methods described in Chapter 4, where it 

was demonstrated that copper can be almost completely leached and recovered by [Bmim]HSO4 

leaching, followed electrowinning. This IL was also used for the potential recovery of copper and gold 

in the same process. 
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 In the second leaching stage, aqua regia (AR) was selected as the leachant as it dissolves most 

of the precious metals, with gold being completely dissolved. AR leaching was carried out at room 

temperature (20 ± 2 °C), 20 g/L pulp density, and 150 rpm for 3 h. Figure 5.27 shows the results of AR 

leaching for ICs (Figure 5.27a and b), CPUs (Figure 5.27c and d), WPCBs (Figure 5.27e and f), each 

following a nitric acid leach, and for WPCBs following a [Bmim]HSO4 leaching (Figure 5.27g and h). The 

gold concentration after AR leaching in ICs was 289.3 mg/L, representing 52.1% of the total metals 

leached. In CPUs, the gold concentration reached 38.9 mg/L, representing 13.4% of the total metals 

leached. In WPCBs, both after nitric acid and separately [Bmim]HSO4 leaching, showed similar gold 

concentrations of 30.5 mg/L, representing nearly 30% of the total metals present in solution. In all 

cases, the main impurities were Al, Fe, and remnant Cu. In WPCBs derived from EoL-MPs, Pd 

represented 17.4% of the total metals leached, with a concentration of 6.1 mg/L. Although complete 

gold leaching was achieved by AR, other metals present in the solution might interfere in the gold 

extraction. To overcome this potential problem, another leaching process after the nitric acid and 

before AR may be required. This leaching process could be carried out by nitric acid, hydrochloric acid, 

or sulphuric acid. Table 5.9 summarises the concentration and leaching efficiencies of metals obtained 

in the two-leaching process. 
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Figure 5.26: First leaching stage with nitric acid: (a) and (b) for ECs, (c) and (d) for CPUs, (e) and (f) for 

WPCBs, (g) and (h) for WPCBs with [Bmim]HSO4. 
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Figure 5.27: Second leaching stage with aqua regia: (a) and (b) for ECs, (c) and (d) for CPUs, (e) and 

(f) for WPCBs, (g) and (h) WPCBs with [Bmim]HSO4. 
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Figure 5.28 shows the leaching liquors obtained from waste ICs, CPUs, and WPCBs after the 

first leaching stage with nitric and the IL, followed by the second leach with aqua regia. The blue colour 

after the first leaching is characteristic of copper nitrite, whilst the greenish colour obtained in 

[Bmim]HSO4 is likely due to the copper sulphate formed in the presence of the sulphate group of the 

IL. The more intense blue colour in CPUs and PCBs compared to ICs is due to the higher copper 

concentration, with 14.5 g/L and 13.2 g/L for CPUs and PCBs, respectively, compared to 6.5 g/L in the 

IC fraction (Table 5.9). The golden yellow colour of the leach liquor following the second leaching stage 

is characteristic of the AR reaction. 

 

 

Figure 5.28: Images of the first and second leaching liquors. 
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Table 5.9: Metal concentration and leaching efficiencies of the two-leaching process. 

 First Leaching 

Element Concentration (mg/L) Leaching Efficiency (%) 

 ICs CPUs PBCs PBCs-IL ICs CPUs PBCs PBCs-IL 

Al 247.5 574.2 342.7 0.6 89.7 85.3 73.9 2.3 

B 54.6 81.2 84.9 0.5 97.0 98.0 99.0 1.0 

Ba 334.1 234.2 551.0 0.1 87.5 95.1 81.2 0.2 

Co 10.7 1.6 10.7 0.0 98.2 100.0 95.2 13.2 

Cu 6455.5 14504.1 13157.1 680.2 99.1 99.6 99.7 100.0 

Fe 55.7 39.2 216.0 3.3 36.2 52.4 57.2 29.2 

Ga 62.1 6.5 6.0 1.0 99.6 95.6 77.7 11.0 

Mg 20.5 20.3 31.8 0.4 94.8 89.3 93.2 18.7 

Mn 1.6 0.7 5.2 0.2 64.3 21.0 72.5 66.1 

Ni 401.5 872.0 811.9 18.5 97.3 95.9 94.5 76.8 

Pb 135.7 1.3 174.8 0.1 97.4 55.5 98.8 1.1 

Zn 67.2 42.3 168.7 18.7 93.5 89.4 77.6 100.0 

Au 0.0 1.1 0.0 0.0 0.0 2.7 0.1 0.0 

Pd 5.1 5.2 4.2 0.0 43.9 92.8 41.0 0.0 

Pt 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 Second Leaching 

Element Concentration (mg/L) Leaching Efficiency (%) 

 ICs CPUs PBCs PBCs-IL ICs CPUs PBCs PBCs-IL 

Al 28.5 99.0 121.1 133.4 10.3 14.7 26.1 32.0 

B 1.7 1.6 0.9 3.3 3.0 2.0 1.0 4.3 

Ba 47.8 12.0 128.0 142.9 12.5 4.9 18.9 21.2 

Co 0.2 0.0 0.5 0.7 1.8 0.0 4.8 4.9 

Cu 61.8 55.0 45.0 25.0 1.0 0.4 0.3 0.2 

Fe 98.2 35.7 161.6 63.5 63.8 47.7 42.8 21.2 

Ga 0.3 0.3 1.7 5.9 0.4 4.4 22.3 65.2 

Mg 1.1 2.4 2.3 6.6 5.2 10.7 6.8 18.2 

Mn 0.9 2.5 2.0 2.0 35.7 79.0 27.5 27.0 

Ni 11.1 37.0 46.9 298.2 2.7 4.1 5.5 34.2 

Pb 3.7 1.1 2.1 213.6 2.7 44.5 1.2 98.0 

Zn 4.7 5.0 48.6 17.3 6.5 10.6 22.4 9.3 

Au 289.3 39.0 30.6 30.5 99.9 97.3 99.9 99.9 

Pd 6.5 0.4 6.0 0.0 56.1 7.2 59.0 0.0 

Pt 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

The standard deviation of each result was ≤5%. 
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5.3.3.2 Discussion  

Copper from WEEE can be dissolved by mineral acids (HCl, HNO3, H2SO4); however, nitric acid 

typically has the highest leaching efficiency for copper. Dhanunjaya et al. studied the copper leaching 

from EoL-MP PCBs using sulphuric and nitric acids. They found that nitric acid was more effective, 

leaching 99.9% of Cu with  3 M HNO3 at 30 °C with a 50 g/L pulp density, 2 h residence time, and 500 

rpm stirring [214]. With the focus of the research described in this chapter on the recovery of gold, 

and the similarity of the material (WPCBs from EoL MPs), these leaching conditions were adopted with 

a residence time of 3 h used instead of 2 h, as the shorter time was not enough to leach all the copper 

(90% of Cu leached in 2 h). Thus, in the first leaching stage from e-waste, copper was leached with an 

efficiency ≥99% in nitric acid (3 M HNO3, 30 °C, 50 g/L pulp density, 500 rpm, 3 h), with no gold 

dissolved. Due to the trace amount of gold and other precious metals in e-waste, copper, despite the 

fact that 99% is leached in the first stage, is still found as a major contaminant present in the solution 

after L-L extraction and sorption extraction (discussed later in Section 5.3.4 and evidenced in Figures 

(Figure 5.29b and Figure 5.31b), although this did not affect subsequent gold extraction from real 

samples. Dutta et al. compared copper leaching using HCl, HNO3, H2SO4, also finding that nitric acid 

leached copper more efficiently than hydrochloric and sulphuric acids, due to the stronger oxidising 

properties of nitric acid. They reported that copper 91.6% can be leached from WPCBs under optimal 

conditions (3 M HNO3, 75 °C, 75 g/L pulp density, 2 h), and a two stages leaching (with nitric acid) 

under similar conditions resulted in 99.99% of copper leached [91]. Behnamfard also leached copper 

from WPCBs in a two-stages leach, using sulphuric acid (2 M H2SO4, 20 °C, 96 g/L pulp density, 3 h) and 

H2O2 (35%), with H2SO4:H2O2 =5:1. In the first stage, 85.8% of Cu was leached, with complete leaching 

achieved following a second sulphuric acid leach under same conditions [222]. Although copper can 

also be completely leached by sulphuric acid in a two-stages process, additional oxidising agents such 

as hydrogen peroxide are required, which increase the consumption of reagents in the process. Thus, 

the selection of nitric acid was deemed adequate. 

In the second leaching stage, gold was dissolved using aqua regia (AR) at 20 °C, 20 g/L pulp 

density, and 150 rpm for 3 h, leaching gold completely (99.9%). Although other leachants for gold are 

possible such as cyanide, ammonia, thiourea, thiosulphate, halide, they have been categorised as 

extremely toxic for the human health and the environment, present relatively low efficiencies and can 

be very expensive [19, 203]. Although AR is also an extremely toxic leachant and can cause serious 

pollution, it shows high leaching efficiency, fast kinetics, is a well-established  method, and 

inexpensive, and still shown to be a most efficient leachant for gold [19]. Although AR leaching 

conditions like those used in this work are reported in the literature to have involved higher 

temperatures (60-90 °C) [19, 23, 202], in the current research, no heating was required since the 
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reaction is exothermic and releases adequate heat for optimum gold leaching (∼80 °C). Others authors 

have also leached gold and other metals with AR at room temperature [49, 207]. In all the cases, ≥95% 

of gold was leached. The two-stages leaching process was effective for the enrichment of gold, with 

copper being removed in the first leaching (≥99%), leaving gold in the solid residue for the second 

leaching with AR. 
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5.3.4 Application of the Optimised Conditions for Gold Extraction and Recovery 

from Pre-treated E-Waste Components 

  The optimal conditions developed for gold extraction and recovery from gold-rich samples 

using a Model Test system have been applied to pre-treated real samples of e-waste and the results 

are now described. The results of the extraction processes using ionic liquids as either a liquid-liquid 

extraction or a sorption extraction system (trialled for comparison) followed by an elution/desorption 

and reduction step are discussed here.  The potential for recovery of the ionic liquids and resins for 

recycle and reuse to minimise reagent use described elsewhere in this chapter are discussed in terms 

of the real sample investigation.   

 

5.3.4.1 Liquid-liquid Extraction Applied to Pre-treated E-Waste Components 

Liquid-liquid extraction was carried out using the leach solution from Section 5.2.3.3 (ICs and 

WPCBs after the two-step leaching process) as the aqueous phase (metal concentration presented in 

Table 5.9), and the organic phase of 0.1 M Cyphos 101 in toluene. The extraction was carried out with 

an O:A=1:1, room temperature (20 ± 2 °C), 150 rpm, and 15 minutes. The results of the liquid-liquid 

extraction are presented in Figure 5.29, with the gold extraction (Figure 5.29a) complete, at ≥99.5%. 

The concentration in the organic phase after L-L extraction is 344.2 mg/L. In addition to gold, iron is 

also completely extracted, with a concentration of 80.7 mg/L in the organic phase. Following Au and 

Fe, Ga and Pb are extracted at 76.8% and 45.9%, respectively. Other metals present are partially 

extracted with values of approximately 11-21%. Nevertheless, although several metals are partially 

extracted, their concentration varies between 0.06 and 12.51 mg/L. Among the extracted metals 

(Figure 5.29c), gold represents 74.8 %, followed by iron (17.5%), silver (2.7%), and others (5.0%). In 

the aqueous phase (Figure 5.29b), silver, copper, barium, and aluminium (i.e., the metals not 

extracted) are present in the highest concentrations with 57.4 mg/L, 41.9 mg/L, 35.0 mg/L, and 20.3 

mg/L for Ag, Cu, Ba, and Al, respectively. The aqueous phase after extraction is rich in silver, a valuable 

precious metal, which can be further treated to recover Ag, which will increase the economic benefits 

of the recycling process. In addition, although palladium is partially extracted in the organic phase 

(19.7%), nearly 80 % of the Pd is left in the aqueous phase, with a concentration of 5.6 mg/L, which 

could be also recovered. The metal distribution (Figure 5.29d) shows that the liquid-liquid extraction 

has potential to also separate the precious metals, separating gold from silver, palladium, and 

platinum, which are left in the aqueous phase. This separation is completely efficient, as a loss of 

approximately 20% of Ag, Pd, and Pt is extracted by the organic phase. Nevertheless, the aqueous 
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phase after extraction is a solution rich in Ag, Pd and Pt, representing a potential secondary source of 

these metals. The liquid-liquid extraction applied to real e-waste samples is shown to be effective and 

a fast process for the extraction of gold, with minimal gold losses in the process (≤0.5%). 

5.3.4.1.1 Discussion 

Gold extraction from real leach solution (aqueous phase) was carried out using 0.1 M Cyphos 

101 in toluene at 20 °C, 150 rpm, with an O:A=1:1 for 15 minutes. The gold extraction from the leach 

solution (344.2 mg Au/L) was complete (≥99.5%), with the gold transferred entirely to the organic 

phase. Using the volume extraction (5 mL:5 mL), it can be calculated that the organic phase contains 

0.5 mmol of Cyphos 101, whilst the aqueous phase contains 8.7x10-3 mmol of Au. The mmol of Cyphos 

101 in the L-L extraction was approximately 57 times higher than the mmol of Au in the aqueous phase 

and based on the extraction mechanism of 1:1 stoichiometric ratio between Cyphos 101 and gold, 

there was a large excess of Cyphos 101. This can explain the complete gold extraction and the 

extraction of other metals. This also suggests that with lower concentration of Cyphos 101, gold can 

still be completely extracted, requiring less extract reagent, which in turn lowers the cost of the 

process. Among all the metals extracted, apart from gold, iron was the main and practically the only 

pollutant present, which could potentially decrease the gold extraction efficiency in a continuous 

process. It has been reported that in concentrated chloride solution such as AR leach liquor, iron is 

mostly found as tetrachloroferrate anion (FeCl4
−), having a tetrahedral structure which does not 

contain water ligands [221]. This hydrophobicity and absence of dipole moment, facilitates the 

mobility of iron towards the organic phase. In addition, as the tetrachloroferrate anion (FeCl4
−) has a 

similar symmetry than tetrachloroaurate anion (AuCl4
−), its extraction mechanism could be potentially 

very similar. Nevertheless, the stability of FeCl4
− has been found to be far less than that of the AuCl4

− 

and in different chloride concentrations, it can be found as FeCl2(H2O)4 (1-3 M), FeCl3(H2O)2 (5.6 M), 

having a mix of Fe(III) complexes in the other ranges of HCl concentrations [221]. Therefore, as the 

gold extraction is not affected by the HCl concentration, an alternative could be the addition of a basic 

salt of solution to modify the iron complex, and consequently, decreasing its extraction. Indeed, it was 

reported that in a gold adsorption in presence of iron, the iron uptake was negligibly small when the 

HCl concentration was low (1 M) [221]. 
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Alternatively, as the organic phase is not fully loaded, counter-current with several stages can 

be used. McCabe-Thiele diagrams for gold extraction can be constructed by varying the O:A ratio from 

1/ 5 to 5/1 by keeping the total volume of phases constant. Nevertheless, this alternative has a great 

potential for gold extraction and the increase of its concentration in the organic phase, which can 

favour an increase in the gold concentration for the elution stage. Masilela and Ndlovu reported an 

extraction of 97% of gold by undiluted Cyphos 101 from chloride AR leach liquors of WPCBs [207]. 

Nevertheless, as only one leaching stage was used, copper and silver (the metals studied) were also 

leached, making the separation process more difficult. Furthermore, the viscosity of Cyphos 101 can 

be challenging to handling since it sticks on the walls of the container where the extraction occurs, it 

is hard to remove completely between containers for further processes. Furthermore, as Cyphos 101 

is less dense than water, it is found in the upper layer, making it difficult to access to the lower aqueous 

phase layer. Due to these and other complications, diluted Cyphos 101 was preferred. 
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Figure 5.29: Gold extraction from ICs leaching liquor by 0.1 M Cyphos 101: (a) metals in the organic phase, (b) metals in the aqueous phase, (c) metal 

distribution of the extracted metals, (d) metal distribution in the organic and aqueous phases after extraction. Conditions: O:A=1:1, 150 rpm, 20 °C, 30 min.
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5.3.4.2 Elution following Liquid-Liquid Extraction for Gold Recovery from Pre-treated E-

Waste Components 

The loaded organic phases were then eluted using 0.5 M thiourea in 0.5 M HCl with an 

O:A=1:1, room temperature (20 ± 2 °C), 150 rpm for 1 h. Elution results are shown in Figure 5.30. In 

Figure 5.30a, it can be seen that gold is effectively eluted (99.2%), with a concentration of 341.4 mg/L 

in the eluent, representing the 90.5% of the total metals present in the eluent (Figure 5.30b). Indium 

and titanium are also completely eluted, however, their concentrations are < 0.4 mg/L, representing 

a minor contamination. Although iron is partially eluted (41.3%), its concentration is 33.4 mg/L, 

representing 8.8% of the total metals eluted. The other metals present in the loaded organic phase 

are found in low concentrations in the eluent (<0.8 mg/L), representing only 0.7% of total metals in 

the eluent, which are considered as minor contaminants. The elution process is observed to be very 

effective in the recovery of gold with only iron as an undesirable contaminant; and, the eluent, 

requiring no further processing for the reduction of gold, can be reused in subsequent elutions from 

loaded organic phases. The only potential problem is the possible accumulation of iron in the eluent; 

this would need to be carefully monitored as high levels of iron could impact formation of thiourea-

gold complexes and subsequently decrease the gold extraction. 

 

 

Figure 5.30: Elution of loaded organic phase (0.1 M Cyphos in toluene) with thiourea: (a) 

concentration and elution efficiency, and (b) metal distribution in the elution solution. Conditions: 0.5 

M thiourea in 0.5 M HCl, O:A=1:1, 150 rpm, 20 °C, 2 h. 
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5.3.4.3 Sorption Extraction Applied to Pre-treated E-waste Components 

Sorption extraction was carried out using the leach solution from Section 5.2.3.3 (ICs and 

WPCBs after two leaching steps process) as the aqueous phase (metal concentration presented in 

Table 5.9). The sorption was carried out using AmberliteTM XAD-7 impregnated with 300 mg Cyphos 

101/g resins, with a sorbent dosage (SD) of 25 g/L, room temperature (20 ± 2 °C), 150 rpm, and 3 h. 

The sorption results are presented in Figure 5.31. The gold extraction by sorption is complete (99.3%), 

being adsorbed at 13.7 mg Au/g SIRs (Figure 5.31a), representing 79.4% of the total metals adsorbed 

(Figure 5.31c). Iron, the main contaminant is also completely adsorbed (99.2% at 3.2 mg Fe/g SIRs), 

representing 18.6% of the total metal adsorbed. The other metals adsorbed represent only 2%, 

suggesting that iron is the main and essentially the only undesirable metal present in the gold sorption. 

In the aqueous phase after the sorption process (Figure 5.31b), silver, copper, barium, aluminium, 

nickel, and palladium are found in relatively high concentrations. There is a particular interest in Ag 

and Pd, with concentrations of 67.7 mg/L and 6.4 mg/L, respectively. These metals can be potentially 

recovered from the aqueous phase after sorption, increasing the value of the gold recovery process. 

The metal distribution (Figure 5.31d) confirms that gold is successfully extracted at level of more than 

>99%, while small percentages of silver and palladium are extracted with 3% and 8%, respectively. 

Other metals extracted can be considered as minor impurities, since their sorption is at levels, at least 

340 times lower than gold. The gold sorption process is successful since gold can be completely 

extracted and only minor impurities are observed, except for iron, which may need a further 

separation. 
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Figure 5.31: Gold sorption from ICs leaching liquor by SIRs (AmberliteTM XAD7-300mg Cyphos 101): (a) metal sorption, (b) metals in the aqueous phase, (c) 

metal distribution of the extracted metals, (d) metal distribution in the organic and aqueous phases after extraction. Conditions: SD:25 g/L,150 rpm, 20°C,4h. 
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5.3.4.4 Desorption following Sorption Extraction for Gold Recovery from Pre-treated E-waste 

Components 

The loaded SIRs from were desorbed/eluted under the conditions: 0.5 M thiourea in 0.5 M 

HCl with SD=25 g/L, at room temperature (20 ± 2 °C), 150 rpm for 2 h. The desorption results are 

presented in Figure 5.32. Gold is effectively desorbed (97.3%), giving a concentration of 334.1 mg/L in 

the eluent Figure 5.32a, representing 84.0% of the total metals present in the eluent (Figure 5.32b). 

Iron is 75% eluted with a concentration of 60.8 mg/L, representing the 15.3% of the total metals 

eluted. Other metals such as Al, Cr, In, Mg, Mn, and Ti are also completely eluted; their concentrations 

of <0.8 mg/L, represent only 0.7% of the total desorbed metals present in the eluent, which are 

considered as minor contaminants. The desorption process is very effective in the recovery of gold 

with just iron as the undesirable contaminant. Like the elution stage of the liquid-liquid extraction 

process, a problem that might arise is the possible accumulation of iron in the eluent; this would need 

to be carefully monitored as high levels of iron could impact formation of thiourea-gold complexes 

and subsequently decrease the gold extraction. Figure 5.33 shows photographic images of SIRs during 

the sorption and desorption stages. It can be observed that the white colour of the resins turned to 

golden yellow after sorption and turned to light yellow/white colour after desorption. Apart from this 

colour change there was no noticeable that the resins confirming that no damage or degradation of 

the SIRs has occurred. 

 

Figure 5.32: Desorption of loaded SIRs (AmberliteTMXAD7-300mg Cyphos 101) with thiourea: (a) 

concentration and elution efficiency, and (b) metal distribution in the elution solution. Conditions: 0.5 

M thiourea in 0.5 M HCl, SD=25 g/L, 150 rpm, 20 °C, 3 h. 
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Figure 5.33: Photographic images of SIRs: (a) before sorption, (b) after sorption, and (c) after 

desorption.  
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5.3.4.5 Reduction Step for Gold Recovery from E-waste Components 

Using the reduction step developed in the trials on the Model Test System the same procedure 

was applied using the real e-waste-derived sample (ICs), using both extraction methods studied in this 

work (liquid-liquid extraction and sorption-desorption under the optimal conditions determined). The 

extraction/sorption and elution/desorption efficiencies in both processes were >97%. Due to the low 

amount of gold and the scale of the experiments, both elution solutions were mixed (as they both 

were similar in gold concentration in the same elution solution of 0.5 M thiourea in 0.5 M HCl), and 

the gold reduction was carried out with dropwise addition of a solution of 0.1 M NaBH4 in 0.1 M NaOH, 

stirring at 150 rpm for 20 minutes. Controlled addition was carried out until the final solution turned 

from pink (due to the first drop) to dark wine-colour (after several drops) – the point at which 

reduction of Au3+ to Au0 was complete.  Figure 5.34 shows SEM-EDS images of the gold nanoparticles 

precipitated from the gold extraction using real sample (ICs). Gold nanoparticles appear as irregular 

shapes with a large size dispersion, estimated between 1 µm and 150 µm (Figure 5.34a and b). EDS 

analysis confirms that gold is the only metal present (Figure 5.34c and d). The purity of the precipitated 

gold was further confirmed with ICP-OES by dissolving the gold nanoparticles in aqua regia, obtaining 

a gold purity >99 %.  

 

Figure 5.34: SEM-EDS images of the precipitated gold nanoparticles by NaBH4: (a) SEM image (500 

µm), (b) SEM image (100 µm), (c) EDS (100 µm), and (d) EDS map sum spectrum. 
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The process used in this work for gold reduction with the controlled addition of sodium 

borohydride is a method that has the advantage of being a simple, quick, and low-cost process, and 

consistent with reports in the literature confirms the high selectivity of sodium borohydride for gold 

reduction. Alguacil tested different potential precipitation reagents (ascorbic acid, hydrazine sulphate, 

and sodium borohydride), finding that only sodium borohydride solution in alkaline medium could 

effectively precipitate gold from the gold-thiourea solutions, precipitating 90% of gold in less than five 

minutes and achieving complete gold precipitation in 20 minutes [223]. They obtained a very fine gold 

powder of varying particles sizes. Behnamfard et al. reported complete precipitation of gold from 

NaClO-HCl-H2O2 leach solutions following addition of sodium borohydride directly to the leach 

solution at room temperature, requiring only 15 minutes for complete precipitation. Elsewhere, 

Jingyue and Bernd reported that in the formation of gold nanoparticles by NaBH4 precipitation, the 

gold and NaBH4 concentrations, and the temperature are significant parameters that contribute to 

the uniformity of the precipitate [224]. They found that with high concentration of both gold and 

NaBH4 at room temperature, the reduction rate is very fast, generating irregularly shaped gold 

nanoparticle (nanorods, triangles, and irregular shapes). Diluting the gold and NaBH4 solution and 

keeping the temperature low (0 °C), regular and spherical gold nanoparticles are obtained. The gold 

nanoparticles precipitated in the current research, however, despite maintaining sodium borohydride 

at a low temperature through use of an ice-bath, precipitated as irregular shapes with a large size 

dispersion (1-150 µm). The important outcome of the current research is on the effectiveness of the 

gold reduction and precipitation rather than the regularity of the precipitate formed. Where regular 

sizes and shapes are required, this can be achieved by tailoring the sodium borohydride solution and 

controlling the temperature. 
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5.3.5 Proposed Hydrometallurgical Process for Gold Extraction and Recovery 

from E-Waste Components 

The potential for recovery of gold from e-waste components derived from EoL Mobile Phones 

and EoL Computers, where gold present in these streams, in trace amounts, is found in the WPCB, IC 

and CPU components is proposed as a four-step approach using task-specific ionic liquids under 

optimised conditions. An initial pre-treatment of the as-received waste is carried out to produce a 

gold-enriched feedstock from which gold can be extracted and recovered using one of two alternative 

hydrometallurgical processes. The pre-treatment involves the manual separation of the electronic 

components (WPCBs, ICs, CPUs) containing gold, albeit in trace amounts, followed by shredding to 

decrease the particle size to benefit the chemical processes involved. A two-stage leaching follows 

involving first, a nitric acid leach to remove copper, and second, an aqua regia leach to obtain an 

enriched gold solution. 

Based on an IL selection study the IL, Cyphos 101 was chosen and used in the two extraction 

processes developed for recovery of gold. The first process, presented in Figure 5.35, a liquid-liquid 

extraction using 0.1 M Cyphos 101 in toluene is followed by elution with 0.5 M thiourea. The second 

process, Figure 5.36, a sorption extraction is carried out using AmberliteTM XAD-7 impregnated with 

Cyphos 101, followed by desorption by a 0.5 M thiourea solution. The difference between the two 

processes lies in the extraction/elution stages, with each followed by a reduction step (using sodium 

borohydride) leading to the precipitation of gold, as gold nanoparticles with a purity ≥99%. 

Using the Model Test system with synthetic gold solutions, the overall gold recovery 

efficiencies for both processes was ≥97%, even after 5 cycles. Application of the processes to treat real 

samples, led to overall recovery efficiencies of ≥95%, with a recovery of 97% achieved using liquid-

liquid extraction, slightly higher than the 95% recovery using sorption extraction. The two 

hydrometallurgical processes differed in that liquid-liquid extraction was faster (with the elution time 

half that required for complete desorption) and achieved a higher level of gold recovery whilst 

sorption extraction used less chemicals to recover the same amount of gold.  

All the experiments were carried out on a laboratory scale with excellent results and have 

potential to be applied on a larger scale, although for the handling of larger volume of e-waste, further 

studies may be required. In addition to the gold recovery, there are by-products in the processes which 

can be used as part of other recovery processes. In particular, the leach solution after the first leaching 

is rich in copper, which it would be relatively easy to recover by means of electrowinning. This formed 

part of the process developed described in Chapter 4; a process combining a dual two-step leaching 
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and electrowinning system applied to the recovery of copper from WPCBs derived from EoL Mobile 

Phones with an overall efficiency of ≥95%. The copper recovery process reported in Chapter 4 was 

repeated using WPCBs and the solid residue was utilised for gold recovery using the processes 

developed and reported in this chapter to demonstrate the success of the combined processes in 

recovery of both metals. Furthermore, the aqueous phase after liquid-liquid and sorption extractions 

was found to be rich in precious metal group (PMG) metals, particularly rich in silver and palladium. 

These precious metals are very valuable, and their recovery should be further studied.  
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Figure 5.35: Gold recovery process from WEEE (WPCBs, ICs, CPUs) by liquid-liquid extraction. 
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Figure 5.36: Gold recovery process from WEEE (WPCBs, ICs, CPUs) by sorption extraction. 
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5.4 Summary 

In this chapter, two hydrometallurgical processes are developed for the recovery of gold from 

e-waste components derived from EoL Mobile Phones and EoL Computers.  The gold present in these 

streams is found in WPCB, IC and CPU components. The proposed hydrometallurgical processes 

developed in this work for gold extraction and recovery were trialled using a Model Test System (a 

simulated gold solution) to determine the effectiveness of each process step before application on 

real as-received e-waste components. 

Recovery of gold from e-waste (PCBs, ICs, and CPUs) is successfully achieved using the two 

alternative hydrometallurgical processes. Due to the low traces of gold and high content of copper 

present in e-waste, a pre-treatment step involving two-stage leaching is developed. The first leaching, 

nitric leaching (3 M HNO3, 30 °C, 50 g/L pulp density, 500 rpm, 3 h), removed ≥99% of the copper with 

no gold dissolved. The second leaching, followed the nitric leaching, was carried out by aqua regia (20 

°C, 20 g/L pulp density, and 150 rpm for 3 h), achieving complete gold leaching (99.9%). As a by-

product, the leach liquor from the nitric leaching can be used for recovery of copper. 

Liquid-liquid extraction was carried out by Cyphos 101 as extractant. Different organic solvents 

were investigated as potential diluents and toluene found to be the most effective. Factors, such as 

HCl concentration, temperature, and contact time did not influence the gold extraction. The extraction 

mechanism of gold in chlorinated medium showed a one-to-one gold to Cyphos 101 molecule 

complex, suggesting an anion exchange mechanism. The evaluated thermodynamic parameters 

indicated the gold extraction is spontaneous and endothermic. Sorption extraction was carried out by 

immobilisation of Cyphos 101 in the porous network of AmberliteTM XAD-7. SEM-EDS analysis showed 

that the IL was homogeneously distributed in the resin. It was found that the IL loading increases the 

gold sorption capacity, with maximum gold capacities of 20.2 mg Au/g, 40.4 mg Au/g, 136.2 mg Au/g 

and 175.2 mg Au/g observed for raw AmberliteTM XAD-7, 100 mg IL/g, 300 mg IL/g and 500 mg IL/g, 

respectively. The increase in the gold sorption capacity is due to a combination of extraction processes 

including sorption on the polymer matrix of the resin and anion exchange by the impregnated Cyphos 

101. Further studies showed that the gold adsorption process is hardly affected by the HCl 

concentration and agitation, reaching equilibrium within 3h in all the cases studied. Sorption kinetics 

were governed by the chemical reaction rate, whereas thermodynamic studies showed that the gold 

adsorption process was spontaneous and endothermic. 

In both processes, elution and desorption was operated using thiourea (0.5 M, in 0.5 M HCl 

solution), with gold being completely removed. After gold elution, the organic phase and resins have 
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been shown to be successfully reused for at least five cycles. The reusability of the organic phase and 

resins is optimised with extensive washing (0.01 M HCl) after each elution/desorption to remove any 

trace of thiourea, which might affect the next extraction cycle, and to replace any chloride ions lost in 

the Cyphos 101 through the process. Gold precipitation was achieved by dropwise addition of a 

sodium borohydride solution (0.1 M NaBH4 in 0.1 M NaOH) at 150 rpm for 20 minutes in the thiourea 

gold-rich solutions. Another by-product in the processes, it is the liquor left after gold extraction, 

which is reach in silver and palladium and can be used for their recovery. 

Under the optimised conditions of liquid-liquid extraction (0.1 M Cyphos 101 in toluene, 20 °C, 

150 rpm and 15 minutes), and sorption extraction (loaded resins at 20 °C, 150 rpm and 3 h), gold can 

be extracted almost completely (≥98%) from the e-waste leach solution (obtained using the two-stage 

leaching process). The proposed hydrometallurgical processes developed in this work can achieve 

overall efficiencies as high as >95% for gold recovery; and offer a promising approach to the recovery 

of gold from any e-waste stream rich in gold.  
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6 Recovery of Indium from EoL Mobile Phone Liquid 

Crystal Display Screens Using Ionic Liquids 

6.1 Introduction 

Indium has emerged as an important strategic metal in the last decades, which is extensively 

utilised in the electronic and energy related industries due to its excellent chemical, physical, and 

mechanical performance [142, 156]. Indium has been catalogued as a critical material by the European 

Commission (EC), the U.S. Department of Energy (DOE), United Nations Environment Programme 

(UNEP), US National Academy of Sciences (NAS) and American Physical Society and Materials Research 

Society, and it is one the most frequently cited metals in terms of material criticality due to its 

economic importance, scarcity, lack of substitutes, and limited future availability [78, 225, 226]. In 

2015, 820 tonnes of indium was produced, reaching 900 tonnes in 2020 [198]. The worldwide 

production of indium is mainly used in the indium tin oxide (ITO) industry, representing approximately 

70-80% of its consumption [152, 227]. ITO is a mixture of In(III) and Sn(IV) oxides with a typical 

distribution of 90% In2O3 and 10% SnO2, used in the production of liquid crystal displays (LCD), which 

are widely utilised in screens of mobile phones, televisions, laptops, etc. [142, 152, 228]. End-of-life 

(EoL) LCDs account for up to 90% of the indium-bearing components in WEEE [142]. Indium 

concentration in LCDs varies from 100 to 400 ppm, whereas in its commercial production it is found 

with a concentration of only 1-100 ppm [156, 198, 229]. Due to indium’s low concentration in the 

Earth’s crust (250 ppb) it is primarily produced as a by-product of zinc refining, with production 

dominated by China and South Korea[152, 198]. In the most recent study published in 2015 reporting 

on the availability of indium in the present, medium and long term, Lokanc et al make the point that 

the current and likely future demand of indium is driven by LCD and photovoltaic panels, with an 

annual growth of 15%, whilst the expansion of zinc production (from which indium is derived) is 

estimated to have an annual growth of only 1-3% [230]. These differences in demand and production 

will create shortages of indium in the medium and long term as well as rising of the indium price. Ciacci 

and co-authors conducted a material flow analysis focussed on European indium recycling potentials 

which examined secondary sources in European urban mines and in-use stocks, identifying them as 

potential sources of 500 tonnes of indium [231]. They emphasised the unique properties of indium 

that make it most suitable for applications linked to rising demand for sustainable energy, thin film PV 

applications, and larger LCD screens and the need for recycling of these end-of-life products is 

becoming an imperative. In 2011, Graedel et al cited that according to UNEP, barely 1% of indium-

bearing end-of-life (EoL) waste was being recycled [232]. The challenges of supply of indium (as a by-



249 

 

product of zinc production and the monopoly of China for production) and increasing demand for 

indium (with applications in PVs, flat screen TVs, laptops, tablets, and mobile phones, etc.), 

investigation into the recovery of indium from secondary sources such as LCDs described in this work 

is necessary and timely to balance this dilemma. Furthermore, LCD recycling will be also important 

due to environmental and human health aspects as LCDs are categorised as one of the most hazardous 

materials according to the Directive 2002/95/EC, due to the content of hazardous substances such as 

toxic metals (In, Cd, Pb, As, among other), flame-retardants, among others [147]. 

Indium recovery from EoL-LCDs can be achieved using pyrometallurgical [152, 167, 233], 

hydrometallurgical [156, 234-236], and bioleaching [237, 238] processes. Particular attention has been 

given to the use of hydrometallurgical processes due to their suitability for metal recovery from low 

concentration solutions, use of mild operation conditions, reported high efficiencies, lower energy 

consumption and lower capital investment, which can lead to excellent materials and energy balances 

due to the potential reuse of reagents [211]. Hydrometallurgical processes consist of a series of 

operations including: leaching, concentration, separation, and reduction of the desirable metal [211]. 

Among the different hydrometallurgical processes, solvent extraction (SX) has been shown to be a 

simple and eco-friendly method for metal recovery and purification from dilute solutions [156, 235]. 

Several extractants have been reported for the extraction of indium from aqueous and waste solutions 

including:  bis(2-ethylhexyl) phosphate (D2EHPA) [90, 239], bis(2,4,4-trimethylpentyl)phosphinic acid 

(Cyanex 272) [240], tributyl phosphate (TBP)[241], 2-ethylhexyl phosphonic acid mono-2-ethylhexyl 

ether (PC88A) [242], sec-nonylphenoxy acetic acid (CA100) mixture with  N,N-di(1-methyl-heptyl) 

acetamide (N503) [243],  2-ethyl-hexyl phosphonic acid mono-2-ethylhexyl ester (IONQUEST 801) 

[244], and di(I-methylheptyl)methyl phosphate (P350) [244-246]. A major problem with these acidic 

solvents is that their H+ ions released in the aqueous phase have an adverse effect on the metal ion 

extraction [156, 211, 247], furthermore, most of these organic extractants are toxic, flammable, 

volatile and expensive. 

A novel, more sustainable and safer SX process involves the replacement of conventional 

molecular solvents by ionic liquids [235].  Ionic liquids (ILs) reported elsewhere in the current research 

are solvents that possess excellent properties such as non-flammability, negligible vapour pressure, 

excellent thermal, chemical and electrochemical stability, and high recyclability, among other [104, 

105]. Among the ILs, phosphonium ionic liquids (PILs) generally exhibit better selectivity and 

extraction efficiency than conventional extractants [247], and among PILs, tetradecyl-(trihexyl) 

phosphonium chloride (Cyphos IL 101) [205, 215, 235], tetradecyl-(tri- hexyl)phosphonium bis-(2,4,4-

trimetylpentyl) phosphinate (Cyphos IL 104) [156, 236, 247] and tricaprylmethylammonium chloride 

(Aliquat 336) [215, 235, 248] have been widely utilised. Deferm et al. reported that undiluted Cyphos 
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101 and Aliquat 336 had a high affinity for indium(III), achieving extraction of >95% over a large range 

of HCl concentration (0.5M to 12 M) from simulated solutions [215]. In the process, indium was 

recovered as In(OH)3 by precipitation stripping with NaOH; this stripping step had the advantage that 

no IL was lost to the aqueous phase and the ILs could be regenerated for reuse. Dhiman and Gupta 

reported the recovery of  indium, tin and zinc separately with purities >98.9% from discarded LCD 

screen using Cyphos 104 diluted in toluene [156]. The LCD panels were manually cut and ground in a 

ball mill to obtain a powder (75 µm); the powder was thermally treated at 80 °C for 24 h, followed by 

leaching with a mixture of 90% 3M HCl and 10% H2O2 (30%) at 75 °C for 2 h. Although it was developed 

as a complete process of indium recovery, no other materials were recovered from the LCD panels.  

An LCD panel is a complex multi-layered structure, consisting of organic materials such as 

polarisers, liquid crystal, and inorganic materials such as sodium or boron-silicate glass substrate with 

ITO film. The glass substrates contribute to about 70-85 wt.% the weight of the panel and are usually 

about 1 mm in thickness. The outer sides of the glass substrate are attached in contact with the 

polarizers and the inner sides are coated with functional films and a transparent conductive electrode, 

including indium tin oxide [142, 151, 228]. With multiple components embedded in the structure it is 

likely, therefore, that indium is not the only material that can be recovered from EoL-LCD panels. 

Silveira et al. identified acetone as the most appropriate solvent for removal of the polarising films as 

it is inexpensive and relatively less toxic than other common organic solvents, however, the process 

takes 20 h [150]. Traditional separation of polarisers from LCD panels in acetone takes long hours, ≥15 

h [150, 249]. Recently, Cui et al. reported that a two-step immersion of the waste LCDs in  a bath of 

hot water (80-100 °C) followed by a bath of acetone, enabled the polarisers to be effectively separated 

within 1 h, allowing the liquid crystal to be potentially recovered [237]. Zhang et al. enriched liquid 

crystals from waste LCDs from 0.3 wt% to 53 wt.% by pyrolysis with inert gas, which also enriched the 

indium content [250]. Examples such as these suggest that pre-treatments of LCD panels are not only 

beneficial to material recovery, but they also enrich the amount of indium which further benefits any 

recovery processes.  

Although several studies have reported the determination of optimal indium leaching from 

LCDs [89, 251, 252], indium extraction [156, 205, 236, 239, 246-248], and some pre-treatment 

methods [142, 150, 237, 249], a full recycling of LCD panels has not yet been developed. In this 

chapter, a whole material and indium recovery process, from LCD panels derived from EoL-MPs, is 

proposed.  
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6.2 Methodology 

6.2.1 Materials 

6.2.1.1 Chemicals and Reagents 

All chemicals were of reagent grade and obtained from either Sigma-Aldrich (USA), VWR (USA) 

and Fisher Scientific (USA), Alfa Aesar (USA), Fluorochem (UK) and Agar scientific (UK). Unless 

otherwise stated, all the chemicals and reagents were used as received. 

6.2.1.2 Ionic Liquids (ILs) 

Based on the literature review, two potential ionic liquids were selected for trialling the 

extraction of indium, namely: tricaprylmethylammonium chloride known as Aliquat 336 

([CH3(CH2)7]3NCH3Cl) and trihexyl(tetradecyl)phosphonium chloride known as Cyphos 101 

([P6,6,6,14][CI]). All ILs were purchased and used as received. Table 6.1 shows their properties and 

characteristics. 

Table 6.1: Properties, characterisation and structure of the ionic liquids used in this study. 

Ionic liquid Properties & characterisation Structure 

Aliquat 336 
[CH3(CH2)7]3NCH3Cl 

Appearance: pale orange, viscous liquid 
MW: 404.164 g/mol 
Density: 0.884 g/cm3 (20⁰C) 
Flash point: 132 ⁰C 
FTIR: 747–1080 (C–H,sp2), 2883 (CH, 
symmetric), 2976 (CH, asymmetric), 
1514 (CH2) 
TGA-DSC: Onset decomposition 
temperature: 347 ⁰C. Residue: 2 wt.% at 
700 ⁰C 

 

Cyphos 101 
[P6,6,6,14][CI] 

Appearance: colourless, viscous liquid 
MW: 519.3 g/mol 
Density: 0.895 g/cm3 (20⁰C) 
Flash point: 118 ⁰C 
FTIR: 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)) 
TGA-DSC: Onset decomposition 
temperature: 370 ⁰C. Residue:<1 wt.% at 
700 ⁰C 

 

Molecular weight (MW), densities and flash point values were obtained from Sigma Aldrich , chemicalbook and PubChem. 
FTIR vibrations were obtained experimentally and compare with references FTIR patterns in this study symbol; i) υ: 
stretching, ii) δ: bending, iii) ρ: rocking, iv) ω: wagging and v) τ: twisting. 
TGA-DSC information were obtained experimentally. 
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6.2.1.3 Metals and LCDs samples 

Solutions of indium oxide powder were prepared in varying concentrations of indium in 

different acids (HCl, H2SO4, and HNO3) solutions. A stock synthetic solution of 500 ppm In in 1M HCl, 

referred to in this work as a Model Test solution, was used for the indium extraction in chloride 

medium.  

LCD panels were manually separated from as-received EoL-MPs using methods described in 

Chapter 3. The mobile phones used in this study were manufactured within the last 12 years and were 

received in good condition. A total of 25 EoL-MPs were used for a more sensitive analysis and to 

provide a larger source of representative material for the experimental trials. To ensure a 

representative sample for testing, the milled LCD screens from the 25 mobile phones were mixed.  LCD 

panels were used as received, and for experimental purposes were cut into strips or used in powdered 

form. 

6.2.2 Analytical Techniques for Characterisation 

The analytical techniques used for characterisation of materials in this study are described in 

Chapter 3. Figure 6.1 summarises the analytical methods applied, and the measures used to determine 

the effectiveness of the steps towards extraction and recovery of indium from LCD panel from EoL-

MPs.   The six key process steps trialled and reported here include: Leaching, Polymer Films Removal, 

Extraction, Stripping, Reduction, and IL Recyclability. 

 

Figure 6.1: Analytical methods applied and measures used to determine the effectiveness of the 

extraction and recovery methods proposed. 



253 

 

6.2.3 Experimental Procedures 

To investigate the potential for recovery of indium from EoL LCD panels derived from 

multigenerational mobile phones, a three-step approach is followed: (i) determination of  the 

optimised conditions for indium extraction and recovery, including conditions for recovery of ILs for 

recycle and reuse using a Model Test System, (ii) pre-treatment of the as-received LCD panels to 

remove the polymeric films attached to the panels for material recovery and enrichment of the target 

metal, indium,  and (iii) application of the optimised conditions for indium extraction and recovery to 

pre-treated waste LCD panels. An overview of the experimental procedure followed is set out in Figure 

6.2. 

 

 

Figure 6.2: Overview of Experimental Procedure. 
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6.2.3.1 Determination of Optimised Conditions for Indium Extraction and Recovery using A 

Model Test System  

 

To determine the optimised conditions for recovery of indium from EoL MP-derived LCD 

screens trials were initially conducted on a Model Test System containing indium alone, prepared as 

described in Section 6.2.1.3. The process steps trialled include liquid-liquid extraction using the two 

ionic liquids, followed by stripping of indium from the organic phase to permit (i) reduction to recover 

indium metal, and (ii) recovery of the ionic liquids for recycle and reuse to minimise reagent and 

mitigate the cost of ILs. Each of process steps investigated using simulated indium solutions is now 

described under the headings:  Extraction, Stripping, and Reduction. 

 

6.2.3.1.1 Extraction 

As a first step towards determination of the optimal extraction conditions, the extraction 

mechanism, and the thermodynamics of the extraction, variable process conditions listed in Table 6.2 

were tested for their influence on the extraction using each of the ILs, Aliquat 336 and Cyphos 101.  

These included the effects of acid type, acid concentration, diluent, time, temperature, IL 

concentration, chloride ion concentration, hydrogen ion concentration, etc. In each experiment, only 

one parameter at a time was changed while keeping the others constant. After separation of phases, 

the metal content was measured by taking 1 mL of sample diluted in 4 mL of 1M HNO3 using ICP-OES. 

Due to the nature of the ILs, which cannot be dissolved by inorganic acids, the metal concentration in 

the ILs was calculated as the difference between the initial concentration and the final concentration 

in the aqueous phase as:  

%𝐸 =
(𝐶𝑖 − 𝐶𝑓)(𝑎𝑞) ∙  𝑉𝐼𝐿

(𝐶𝑖  ∙  𝑉𝑖)(𝑎𝑞)
∙ 100 Eq. 6.1 

where  𝐶𝑖 and 𝐶𝑓 represent the initial and final metal concentration in the aqueous phase, respectively, 

and  𝑉𝑖 and 𝑉𝐼𝐿 are the initial and the IL volume, respectively. 
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Table 6.2: Experimental parameters for determination of optimal extraction conditions, mechanism, 

and thermodynamics for Aliquat 336 and Cyphos 101. 

Extraction 

Temperature (°C) Acid conc. (M) IL conc. (M) Time (min) Diluent 

20, 30, 40, 50, 

60, 70, 80 
2 0.005 15 Toluene 

20 
0.01, 0.5, 1, 2, 3, 

4, 5* 
0.01 15 Toluene 

20 2 

0.001, 0.003, 

0.007, 0.01, 0.03, 

0.07, 0.1 

15 Toluene 

20 2 0.01 
1, 2, 3, 4, 5, 7.5, 

10, 15, 20, 30 
Toluene 

20 2 0.01 15 

Pentane, hexane, 

heptane, cyclo-

hexane, toluene 

Extraction Mechanism 

Temperature (°C) [Cl-] (M) [H+] (M) [IL] (M) 
Time (min) - Acid 

conc. (M)-diluent 

20 0.1, 0.5, 1, 2, 3 2 0.01 15- 2 - Toluene 

20 2 
0.05, 0.1, 0.5, 1, 

2, 3, 4, 5 
0.01 15- 2 - Toluene 

20 2 2 

0.001, 0.003, 

0.007, 0.01, 0.03, 

0.07, 0.1 

15- 2 - Toluene 

 Extraction Thermodynamics 

Temperature (°C) [Cl-] (M) [H+] (M) [IL] (M) 
Time (min) - Acid 

conc. (M)-diluent 

20, 30, 40, 50, 

60, 70, 80 
2 2 0.01 15- 2 - Toluene 

All experiments were carried out with an organic to aqueous ratio of 1:1. 
*: In the study of acid concentration, HCl, H2SO4, and HNO3 were studied separately. The results showed that HCl presented 
the highest indium extraction rate, being selected as the leaching acid. All other experiments were carried out using 
hydrochloric acid. 
 

6.2.3.1.2 Stripping 

To determine the optimal conditions for the stripping step, a feed solution containing In (100 

ppm) in 3M HCl was prepared as this acid concentration was observed to have the highest leaching 

capability to leach indium (Section 6.2.3.2.1). Once the ILs were loaded with indium, trials were carried 

out to test the stripping of the loaded IL phase with H2SO4 under different conditions (Table 6.3) where 

only one parameter at a time was changed while keeping the others constant. Sulphuric acid was 

selected as the stripping medium based on its performance in leaching indium as well as due to its 
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lower corrosivity. All stripping experiments were performed using equal volumes of IL and sulphuric 

acid at room temperature (20 ± 2 °C); with the effects of variation in the ratios studied only under 

conditions of 0.1 M H2SO4 for the 15 min trial. After stripping, the phases were separated by 

centrifugation at 3000 rpm for 10 min. After separation of the phases, the metal content was 

measured by taking 1 mL of sample diluted in 4 mL of 1M HNO3 using ICP-OES. The stripping efficiency 

was calculated using the extraction eq. 6.1. 

Table 6.3: Experimental parameters for determination of optimal stripping conditions 

Acid conc. (H2SO4) (M) Time (min) V(H2SO4):V(IL) 

0.1, 0.5, 1, 3, 5 15 1:1 

0.1 5, 10, 15, 30, 45, 60, 90 1:1 

0.1 15 1:1, 1.25:1, 1.5:1, 2:1, 2.5:1, 3:1 

 

6.2.3.1.3 Reduction 

Two methods were trialled to recover indium from the stripped solution of 0.1M H2SO4 to 

simulate the stripping reagent (with In (100ppm) in 0.1M H2SO4) namely, cementation with zinc to 

recover indium as powder, and precipitation using NaOH to recover indium oxide. Cementation tests 

were initially carried out and the effects of time (up to 5h) and stoichiometric ratio of Zn with respect 

to In (1.00 to 3.00) were investigated. The pH of the solution was maintained at 2 using a NaOH 

solution. After each stripping, the strip liquor from extraction and leaching of LCD panels was reused 

for further cementation analysis keeping the pH at 2 with NaOH solution. The In-Zn cementation 

reaction is: 

2𝐼𝑛3+ + 3𝑍𝑛 → 2𝐼𝑛 + 3𝑍𝑛2+ Eq. 6.2 

Precipitation using sodium hydroxide was also trialled with a pH of 12, reported as the most 

effective, being maintained. A white powder of indium hydroxide was filtered, washed with RO water, 

and dried in an oven at 50 °C for 3h. The hydroxide was dehydrated by calcination at 500 °C for 3 h, to 

yield indium oxide. The precipitation and calcination reactions are: 

𝐼𝑛3+ + 3𝑁𝑎𝑂𝐻 → 𝐼𝑛(𝑂𝐻)3 + 3𝑁𝑎+ 

 

Eq. 6.3 

2𝐼𝑛(𝑂𝐻)3 → 𝐼𝑛2𝑂3 + 3𝐻2𝑂 Eq. 6.4 
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6.2.3.1.4 Recovery of the IL 

To study the recyclability of ILs the extraction process was carried  out for five continuous 

cycles of extraction using a simulated solution of indium (100 ppm In solution in 2M HCl) under 

optimised conditions of O:A ratio of 1:1, 20 °C, and 15 min for indium extraction with 0.1 M IL (Aliquat 

336 or Cyphos 101) in toluene, followed by stripping with 0.1 M H2SO4 under optimised conditions 

(V(H2SO4):V(IL)=1.5:1, 20 °C, and 15 min). After the stripping, the ILs were recovered for use in the 

next extraction cycle. Each experiment was carried out in triplicate. The recovered IL was 

characterised using FTIR following the extraction and stripping steps and ICP-OES was used to 

determine the metal concentration following each cycle. To further establish the integrity of the ILs 

following recycle, each IL alone was recycled (without the solvent) for 3 cycles using a leaching LCD 

panel’s solution.   

 

6.2.3.2 Pre-treatment of As-received LCDs 

To establish the need, if any, for pre-treatment of as-received LCDs panels, a preliminary 

investigation  was carried out to determine (i) the concentration of indium, and the presence of other 

metals in the as-received LCD panels,  (ii) the location of the indium in the screen composition and the 

ability to leach indium without pre-treatment, (iii) the impact of feedstock as powdered LCD or strips 

of LCD to reduce the need for milling on leaching, (iv) a method to remove the polymeric film to 

provide access to an indium-rich source, and improve leaching capability; and (v) the effectiveness of 

leaching of indium following this pre-treatment step.  This investigation made use of two key methods: 

leaching and the removal of polymeric films which are now described. 

6.2.3.2.1 Leaching 

Preliminary investigations involved the leaching of milled LCD powder to determine the 

concentration of indium and other metals and establish if a pre-treatment step is necessary.  Leaching 

trials were carried out on the as-received LCD panels without polymer removal (untreated LCDs) to 

determine the optimum leaching conditions, and subsequently on treated LCD panels in both powder 

and strip form, following polymer removal, referred to in Section 6.3.2 as pre-treated powder LCD 

panels and pre-treated strip LCD panels respectively. 

To determine the optimal leaching conditions milled LCD powder from as-received EoL MPs 

was subjected to acid leaching (HCl, H2SO4, and HNO3) under the different experimental conditions, in 

terms of temperature, acid concentration, time, and solid:liquid ratio, listed in Table 6.4. In each 

experiment, only one parameter at a time was changed while keeping the others constant. For each 



258 

 

test, LCD powder (0.1 g) was added to an acid solution in a beaker containing a magnetic stirrer (500 

rpm) to assist mixing and the beaker was placed on a heating plate for temperature control. After each 

test, the solution was centrifuged at a speed of 3000 rpm for 10 min. and the solution analysed for 

indium and other metals.  A 1 mL sample of solution was diluted with 4 mL of 1M HNO3 for analysis 

by ICP-OES.  All measurements were recorded in triplicate. The leaching efficiency was obtained by: 

%𝐿 =
𝐶𝑓,𝑗  ∙  V

𝑚𝑗
∙ 100 Eq. 6.5 

 

where 𝐶𝑓,𝑗  represents the final concentration of element j (mg/L), V is total leaching volume (L), and 

𝑚𝑗 represents the total mass of element j (mg) in 0.1g of LCD powder. The total mass of the elements 

present in the LCD powder was determined using aqua regia digestion, as described in Section 3.2.3.1, 

Chapter 4. For consistency and accuracy, for each different LCD panel investigated, a metal analysis 

using an aqua regia digestion was made and the metal content in the as-received sample determined. 

 

Table 6.4: Experimental parameters for determination of optimal leaching conditions. 

Temperature (°C) Acid concentration (M) Time (h) Solid/liquid ratio (g/mL) 

20, 30, 40, 50, 60, 70, 80 1 2 1:20 

20 0.1, 0.5, 1, 2, 3, 4, 5 2 1:20 

20 1 0.5, 1, 2, 3, 4, 5 1:100 

20 1 2 1:10, 1:20, 1:30, 1:50, 1:100 

All experiments were carried out with an organic to aqueous ratio of 1:1. 
HCl, H2SO4, and HNO3 was studied first for indium leaching varying the temperature, resulting HCl and HNO3 promising 
leaching reagent. Because of that, HCl and HNO3 were further studied for indium leaching.  
 

6.2.3.2.2 Removal of Polymeric Films  

EoL-MP screens were first manually dismantled and separated into three component 

fractions: frames, polymeric films (composed by reflective films, diffuser sheets, and frame as showed 

in Figure 3.13, in Chapter 3), and LCD panels. To optimise the recovery of indium from the screens a 

pre-treatment step was required to provide access to the indium-rich source and improve leaching 

capability involving the removal of the polymeric films adhered to the glass substrate in the LCD 

panels. 

As a first step to this pre-treatment, two methods were investigated to remove the polymeric 

films from the LCD panels.  The first method involved soaking the disassembled LCD panels in acetone 

at room temperature (20 ± 2 °C) for 24 hours until the polarizers could be easily removed. The second 



259 

 

method involved a two-stage soaking of the disassembled LCD panels: the first in hot water at 80-90°C 

for 1h, after which the cellulose triacetate (CTA) and polyvinyl alcohol (PVA) films of the polarizers 

were peeled off manually with tweezers; followed by a second soaking of the panels in acetone at 

room temperature (20 ± 2 °C)  for another hour to reduce the viscosity of the pressure-sensitive 

adhesive (PSA), allowing the final CTA films to be peeled off from the glass substrates. Different solid 

to liquid ratios (g of LCD panel/mL of solvent) were studied. The vessels used for the hot bath and the 

acetone bath were glass beakers and aluminium foil perforated with tiny holes was used to seal the 

vessels and reduce evaporation of the solvents. Both vessels were set up to operate with magnetic 

stirring at 500 rpm. 

 

6.2.3.3 Development of an Optimised Process for Recovery of Indium from End-of-Life E-

Waste LCD Panels 

The conditions optimised for recovery of indium from a Model Test System were used to treat 

waste LCD leach liquor derived from pre-treatment of EoL Mobile Phone LCDs.  The waste LCD leach 

liquor (5 mL) was mixed with an equal volume of organic (Aliquat 336 and Cyphos 101 in toluene) and 

aqueous phase using a mechanical shaker for 15 min to ensure equilibrium at room temperature (20 

± 2 °C). The McCabe-Thiele diagrams for the indium extraction from these leach liquor solutions using 

0.1M Aliquat and 0.1M Cyphos 101 in toluene were constructed by varying the aqueous to organic 

ratio (A/O) from 1/ 5 to 5/1 keeping the total volume of phases constant to 10 mL. All measurements 

were made in triplicate and the results averaged. 
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6.2.3.4 Summary 

The three-step approach to investigate development of an optimised process for recovery of 

indium from indium-rich sources in LCDs from EoL Mobile Phones using ionic liquids is elaborated 

further in Figure 6.3 in terms of process steps, the conditions tested, and the component fractions 

involved.  

 

 

Figure 6.3: Overview of the experimental procedure applied in the development of an optimised 

process for indium recovery.  
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6.3 Results and Discussion 

6.3.1 Optimised Conditions for Indium Extraction and Recovery Using a Model 

Test System 

To determine the optimal conditions for recovery of indium from EoL MP-derived LCD screens 

a Model Test System was used in which an indium solution in hydrochloric acid was prepared to 

simulate an indium solution leached from pre-treated LCD samples.  The extraction process using ionic 

liquids as solvent extraction media followed by a stripping and reduction step was developed, and the 

potential for recovery of the ionic liquids for recycle and reuse to minimise reagent use was 

investigated. The results of the optimised process steps are now described under the headings: 

extraction of indium using the ionic liquids, stripping, reduction, and recovery of ILs. 

6.3.1.1 Extraction of Indium Using the Ionic Liquids: Aliquat 336 and Cyphos 101 

6.3.1.1.1 Influence of different acids and their concentration on indium extraction 

The effect of sulphuric acid, hydrochloric acid, and nitric acid on the extraction of indium from 

the Model Test solution of indium solution (100 ppm) was carried out using Cyphos 101 and Aliquat 

336 diluted in toluene (0.01 M for both ILs) with varying acid concentration from 0.01M to 5M, is 

shown in Figure 6.4. In the case of Cyphos 101 (Figure 6.4a), HCl showed the highest extraction rates 

across the concentration range studied from 7.5% at 0.01M to 96% at 5M, showing an initial sharp 

increase in indium extraction in the range of 0.01M-2M of HCl, plateauing out at higher HCl 

concentrations. Sulphuric acid showed a low indium extraction, from 7%at 0.01M to 24% at 5M H2SO4. 

With nitric acid, indium extraction peaked at low acid concentration (11% at 0.5M) and remained 

below 10% extraction for higher concentrations of acid. Thus, indium extraction using Cyphos 101 at 

low acidity follows the order HCl>HNO3> H2SO4, whilst at higher acidity the indium extraction follows 

HCl> H2SO4>HNO3. 

In the case of Aliquat 336 (Figure 6.4b), hydrochloric acid also displayed the highest indium 

extraction, followed by sulphuric and nitric acids. HCl showed a continuous increase in indium 

extraction, reaching 74% at 5M. H2SO4 and HNO3 showed a slow and steady increase in indium 

extraction, reaching only 21% and 5% of In extraction, respectively. Although both of these acids 

performed better at concentrations below 0.5M, HCl performed better at concentrations ≥0.5M. Thus, 

indium extraction by Aliquat336 at low acidity follows the order H2SO4>HNO3HCl and HCl> 

H2SO4>HNO3 at higher acidity. The performance of both ILs was similar with HCl proving to be the most 
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promising acid for indium extraction and therefore it was used as the chosen acid medium in further 

trials.   

 

Figure 6.4: Effect of different acids in the indium extraction with; (a) Cyphos 101 and (b) Aliquat 336. 

 

6.3.1.1.2 Influence of the diluent 

The influence of five diluents; pentane, hexane, heptane, cyclohexane, and toluene on the 

extraction of indium using Cyphos 101 and Aliquat 336 was studied, and the results are presented in 

Figure 6.5. The diluents were selected  based on the fact that low polarity diluents can favour the 

formation of hydrogen bonds and other secondary bonding between the extractant molecules, which 

interactions can contribute to the strength and selectivity of an extractant [211]. Furthermore, 

diluents with high dielectric constant such as n-butyl alcohol, cyclohexanone, etc. can present strong 

interactions between diluents and phosphonium/ammonium  extractants, leading to low extraction 

rates [156]. In the case of Cyphos 101, there was no noticeable difference in indium extraction 

between the diluents, with extractions in the range of 84-86%, dipping just below to 80% for 

cyclohexane. In the case of Aliquat 336, poor extraction levels were achieved with all diluents except 

toluene which showed an extraction of 48%. Based on the results, toluene was selected as the diluent 

for further studies.  
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Figure 6.5: Effect of different diluents in the indium extraction. 

6.3.1.1.3 Effect of the time, temperature, and IL concentration 

The effect of time, temperature, and IL concentration on indium extraction was studied and 

the results are presented in Figure 6.6. The time required to achieve equilibrium, trialled in the time 

range from 1 min. to 30 minutes (Figure 6.6a), was rapid (and achieved in 3 mins) for both ILs, with 

indium extractions of 75% and 85% for Aliquat 336 and Cyphos 101, respectively. To ensure 

equilibrium was attained, a time of 5 minutes was selected for further experiments. The effect of the 

temperature on indium extraction is shown in Figure 6.6b. The general trend is that the higher 

temperature, the higher the indium extraction. In the case of Cyphos 101, the extraction increases 

from 61% at room temperature (20 °C) to 71% from 60 °C up to 80 °C. In the case of Aliquat 336, a 

constant upward trend in the extraction was observed from 34% at 20 °C to reach 58% at 80 °C. The 

increase in indium extraction is likely due to a decrease in the viscosity of the ILs with increasing 

temperature; as viscosity is inversely proportional to the temperature, which favours the mass 

transfer [156]. This result suggests that 60 °C and 80 °C are the optimal temperatures for indium 

extraction with Cyphos 101 and Aliquat 336, respectively. It was noted that in the case of Cyphos 101, 

the indium extraction increased by only 10% from 20 °C to 80 °C, so to reduce the energy consumption 

in the process room temperature was selected. The influence of the IL concentration, from a range of 

0.001M to 0.1M, on indium extraction was investigated and the results are presented in Figure 6.6c. 

The results show a sharp increase in the indium extraction at low IL concentrations (0.001M-0.01M) 

for both ILs, with limited change in extraction when concentrations were used. The indium extraction 

using Cyphos 101 increased from 20% at 0.001M to 99% at 0.1M, reaching a plateau at 0.07M (>97% 
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extraction). In the case of Aliquat 336, the indium extraction increased from 18% at 0.001M to 82% at 

0.1M and no plateau was observed. Under the different conditions investigated (Figure 6.6), the IL, 

Cyphos 101 performed better than Aliquat 336, showing a greater affinity for In(III). This can be 

explained in terms of the lower water uptake of Cyphos 101 (13.7%) compared to Aliquat 336 (21.3%), 

which allows more molecules in Cyphos 101 to interact with indium. In ILs with a common anion, the 

hydrophobicity depends on the total number of carbon atoms in the alkyl chain attached to the 

corresponding central atom, thus the larger alkyl chains attached to the phosphonium cation core 

contributes to the higher hydrophobicity (and lower miscibility with water) of Cyphos 101 compared 

to Aliquat 336. Moreover, the charge delocalization at the ammonium cations of Aliquat 336 makes 

the central part of these cations more highly charged, and consequently more polar, than the 

corresponding phosphonium cations which favours the interaction with water [215]. 

 

 

Figure 6.6: Effect of the indium extraction in (a) time, (b) temperature, and (c) IL concentration. 

0 5 10 15 20 25 30

70

75

80

85

90

95

20 30 40 50 60 70 80

0

20

40

60

80

0.00 0.02 0.04 0.06 0.08 0.10

0

20

40

60

80

100

E
ff

ic
ie

n
c
y
 (

%
)

Time (min)

E
ff

ic
ie

n
c
y
 (

%
)

Temperature (°C)

E
ff

ic
ie

n
c
y
 (

%
)

Concentration (mol/L)

 Cyphos 101

 Aliquat 336

(a) (b)

(c)



265 

 

6.3.1.2 Extraction mechanism of indium 

To determine the mechanism of indium extraction, detailed studies were carried out using 

HCl as the acid medium, selected as the best medium for indium leaching, as reported in Section 

6.3.2.1.1. The In(III) extraction from acidic chloride solution by the ILs in equilibrium can be expressed 

by the following reaction: 

𝐼𝑛3+
(𝑎𝑞) + 𝑥𝐶𝑙−

(𝑎𝑞) + 𝑦𝐻+
(𝑎𝑞) +  𝑧[𝑅3𝑅′𝑋+𝐶𝑙−](𝑜𝑟𝑔)

↔  [𝑅3𝑅′ ∙ [𝐼𝑛𝐶𝑙𝑥
3−𝑥](𝑜𝑟𝑔) + 𝑥𝐻𝐶𝑙(𝑎𝑞) 

Eq. 6.5 

 

where x and y represent the number of hydrogen and chloride ions in the complex formation, 

respectively; and z is the number of extractant molecules utilised in the extraction. Subscripts (aq) and 

(org) indicate the aqueous and organic phases, respectively. 𝑅3𝑅′𝑋+ represents the 

tetradecyl(trihexyl)phosphonium group in Cyphos 101, and 𝑅3𝑅′𝑋+  represents the 

trioctylmethylammonium in Aliquat 336. 

 The equilibrium constant of the above reaction is given by: 

𝐾𝑒𝑞 =
[𝑅3𝑅′ ∙ [𝐼𝑛𝐶𝑙𝑥

3−𝑥](𝑜𝑟𝑔)

[𝐼𝑛3+](𝑎𝑞) ∙ [𝑥𝐶𝑙−](𝑎𝑞) ∙ [𝑦𝐻+](𝑎𝑞) ∙  𝑧[𝑅3𝑅′𝑋+𝐶𝑙−](𝑜𝑟𝑔)
 Eq. 6.6 

 

The distribution ratio D of indium in the organic and aqueous phases (Inorg/Inaq) during the 

extraction process can be expressed as: 

𝐷 =
[𝐼𝑛](𝑜𝑟𝑔)

[𝐼𝑛](𝑎𝑞)
=

[𝑅3𝑅′ ∙ [𝐼𝑛𝐶𝑙𝑥
3−𝑥](𝑜𝑟𝑔)

[𝐼𝑛3+](𝑎𝑞)
 Eq. 6.7 

 

Replacing Eq. 6.8 in Eq. 6.7, the equilibrium constant can be expressed as: 

𝐾𝑒𝑞 =
𝐷

[𝑥𝐶𝑙−](𝑎𝑞) ∙ [𝑦𝐻+](𝑎𝑞) ∙  𝑧[𝑅3𝑅′𝑋+𝐶𝑙−](𝑜𝑟𝑔)
 Eq. 6.8 

 

Applying the logarithm and rearranging the terms in Eq. 6.9, the logarithm of the distribution 

ratio can be expressed as: 

𝐿𝑜𝑔(𝐷) = log(𝐾𝑒𝑞) + 𝑥𝑙𝑜𝑔([𝐶𝑙−](𝑎𝑞)) + 𝑦𝑙𝑜𝑔([𝐻−](𝑎𝑞)) + 𝑧log ([𝑅3𝑅′𝑋+𝐶𝑙−](𝑜𝑟𝑔)) 
Eq. 6.9 
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 Thus Eq. 6.10 can be used to determine the effect of chloride ions, hydrogen ions and IL 

molecules in the indium extraction. Varying one parameter, whilst keeping the others constant, the 

contribution of each factor on the indium extraction can be deduced. 

6.3.1.2.1 Effect of the chloride ion concentration 

To investigate the effect of chloride ion concentration on the indium extraction, the 

concentration of chloride ions was adjusted in the feed solution with the addition of NaCl, while 

keeping the hydrogen ion concentration constant with a 100ppm In solution in 1M HCl. Each IL was 

diluted in toluene. The chloride ion concentration was varied from 0.1 M to 3.0 M. Figure 6.7 presents 

the plot of logD versus log[Cl-], which gives a straight line by linear fit with high R2 values (>0.98 for 

both ILs), suggesting a good agreement between the variables. For both ILs, the increase in the 

chloride concentration was reflected as a rise in indium extraction. In the case of Cyphos 101, the 

indium extraction increased from 23% to 53% at 0.1M and 3M Cl-, respectively, whilst with Aliquat 

336, the In extraction showed a more marked increase from 15% to 49% at 0.1M and 3M Cl-, 

respectively. Aliquat 336 and Cyphos 101 are basic extractants (anion exchangers), and their 

extraction driving force is the presence of chloride anions [215]; unsurprisingly therefore with the 

increase in the Cl- concentration an increase in the IL extraction is observed. The slopes for the linear 

fittings were calculated as 2.787 for Cyphos 101 (Figure 6.7a) and 2.668 for Aliquat 336 (Figure 6.7 b). 

These numbers suggest that in the formation of the extracting species for indium, 3 chloride ions are 

likely incorporated in for Cyphos 101 and Aliquat 336. 

 

Figure 6.7: Effect of the Cl- concentration on indium extraction. 
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6.3.1.2.2 Effect of the hydrogen ion concentration 

The effect of hydrogen ion concentration on the distribution of indium extraction was 

investigated by adding a calculated amount of H2SO4, to maintain the concentration of HCl at 1M. 

Sulphuric acid was selected over nitric acid due to the presence of two molar hydrogen ions per mole 

of acid. Figure 6.8 shows a logD versus log[H+] graph with the linear fit of the experimental result (R2 

values >0.97 for both ILs), suggesting that one mole of hydrogen-ion participates in the indium 

extraction with Cyphos 101 and Aliquat 336.  

 

Figure 6.8: Effect of the H+ concentration on indium extraction. 
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Figure 6.9: Effect of the IL equilibrium on indium extraction. 

6.3.1.2.4 Proposed indium extraction mechanism 

Based on the studies investigating the effect of ionic liquid concentration, chloride ion 

concentration, and hydrogen ion concentration on the indium extraction by Cyphos 101 and Aliquat 

336, diluted in toluene, the following extraction mechanisms are proposed. The proposed mechanisms 

are supported by the slope values obtained in the respective plots from Figure 6.7 (Cl- ion 

concentration), Figure 6.8 (H+ ion concentration), and Figure 6.9 (IL concentration). 

Extraction of indium by Cyphos 101: 

𝐼𝑛3+
(𝑎𝑞) + 3𝐶𝑙−

(𝑎𝑞) + 𝐻+
(𝑎𝑞) + [𝑅3𝑅′𝑃+𝐶𝑙−](𝑜𝑟𝑔) ↔  [𝑅3𝑅′𝑃 ∙ 𝐼𝑛𝐶𝑙3](𝑜𝑟𝑔) + 𝐻𝐶𝑙(𝑎𝑞) 

 

Eq. 6.10 

Extraction of indium by Aliquat 336: 

𝐼𝑛3+
(𝑎𝑞) + 3𝐶𝑙−

(𝑎𝑞) + 𝐻+
(𝑎𝑞) + [𝑅3𝑅′𝑁+𝐶𝑙−](𝑜𝑟𝑔)  ↔  [𝑅3𝑅′𝑁 ∙ 𝐼𝑛𝐶𝑙3](𝑜𝑟𝑔) + 𝐻𝐶𝑙(𝑎𝑞) 

 

Eq. 6.11 

 

where 𝑅3𝑅′𝑃+=Tetradecyl(trihexyl)phosphonium (for Cyphos 101), and 

𝑅3𝑅′𝑁+=Trioctylmethylammonium (for Aliquat 336). 
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6.3.1.2.5 Thermodynamics parameters of indium extraction 

The results presented in Figure 6.6b, show temperature to have a considerable effect on the 

extraction of indium, with a more pronounced rise in the indium extraction with Aliquat 336 than 

Cyphos 101. In Figure 6.10 the effect of temperature on the thermodynamics of indium extraction is 

expressed showing the values of log(D) of In vs 1000/temperature in the range of 20 °C to 80 °C. 

Extractions were carried out using 100 ppm In in 1M HCl and 0.005M IL with A/O=1/1. Based on earlier 

tests using a higher concentration (0.01M IL) any effect was masked so a lower IL concentration of 

0.005M was used to permit a wider range of extraction available for variation with increase in 

temperature. The thermodynamics parameters ΔH, ΔG and ΔS were determined by using the following 

equations [156]: 

log(𝐷) =
−∆𝐻

2.303 ∙ 𝑅𝑇
+ 𝐶 

 

Eq. 6.12 

∆𝐺 = −2.303 ∙ 𝑅𝑇 ∙ log (𝐷) 

 

Eq. 6.13 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 

 

Eq. 6.14 

 

where D refers to distribution ratio, C refers to constant of integration and R is gas constant with a 

value of 8.314 J/mol∙K. 

Using the slope and intercept values derived from Figure 6.10 and equations 6.13-6.15, the 

values for ΔH, ΔS and ΔG are calculated and presented in Table 6.5. The positive values of the enthalpy 

and entropy suggest that the indium extraction is endothermic, and entropy driven in nature, 

respectively. On the other hand, the negative value of the Gibbs free energy indicates that the indium 

extraction is a spontaneous process. The enthalpy of Cyphos 101 (10.9 KJ/mol∙K) was lower that the 

Aliquat 336 (13.0 KJ/mol∙K), indicating that Cyphos 101 requires less energy for the extraction, which 

can favour the process. The Gibbs free energy was considerably lower in Cyphos 101, suggesting a 

more spontaneous process which is likely the reason of the higher extraction rate observed with 

Cyphos 101. 
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Figure 6.10: Effect of the temperature on the thermodynamics parameters of indium extraction. 

 

Table 6.5: Thermodynamics parameters of indium extraction. 

∆𝑯 (kJ/mol∙K) ∆𝑮 (kJ/mol) ∆𝑺 (kJ/ mol∙K) 

Cyphos 101 

10.9 -2110.6 6.6 

Aliquat 336 

13.0 -704.9 2.2 
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of In3+, whereas in Aliquat 336, the extraction per mole of In3+ extracted involved 1-2 moles of Aliquat 

336, 3 moles of Cl-, and 1-2 moles of H+. Deferm et al. reported that In3+ in chloride medium can be 

present in different forms, where some species are dominant over others at different HCl 

concentrations [235]. They found that at low HCl molarities (< 1M HCl), the dominant species is 

[In(H2O)4Cl2]+,  changing to a neutral [In(H2O)4Cl3] complex at HCl concentrations between 1 and 6 M 

HCl, whereas at higher HCl molarities (6-10 M HCl), the predominant species is [In(H2O)2Cl4]-, and at 

very high HCl concentrations (10-12 M HCl), [In(H2O)Cl5]2- is the dominant form of dissolved indium 

[235]. The current work was carried out using 2 M HCl, where the neutral In(H2O)4Cl3 should be the 

dominant species in the aqueous phase solution. This is in good agreement with the mechanism 

proposed, where 3 moles of Cl- were involved in both mechanisms, which is consistent with the 

predominant neutral In(H2O)4Cl3 species at that HCl concentration. Deferm and co-authors also 

studied indium extraction using Cyphos 101 and Aliquat 336 in a chloride medium, reporting that each 

indium ion is extracted by one molecule of each IL [235], confirming the results found in the current 

study. The focus of their work, however, was only on understanding the mechanism of IL extraction 

and not the whole extraction mechanism, as determined here in this work. Nayak and Niharbala 

studied the extraction of indium from aqueous chloride medium using Cyphos 104, finding that the 

mechanism involved the formation of a 1:1 complex between In3+ and Cyphos 104, including four Cl- 

and one H+ [236]. Dhiman and Gupta, who also studied the mechanism of indium extraction by Cyphos 

104 in HCl solution, however, reported the formation of a 1:2 complex between In3+ and Cyphos 104, 

involving three chloride ions [156]. The differences in complex formation and chloride ion 

representation observed in these two studies using Cyphos 104 as the extractant for indium, despite 

the fact that both studies were carried out at similar temperatures (25-27 °C) and used similar chloride 

medium (1-3 M HCl), suggesting the dominance of neutral [In(H2O)4Cl3] species, can only be explained 

in terms of the interpretation of the slope value of the linear fit used for the determination of the 

indium-Cyphos 104 complex. In the 1:1 complex formation, the slope was 0.9357, whilst in the 1:2 

complex the slope obtained was 1.68. The 1.68 slope suggested the formation of 1:2 complex, 

however, it was not that clear. In this study, the linear fit slope of the indium-ILs complex result from 

Figure 6.9 was 0.880 and 1.314 for Cyphos 101 and Aliquat 336, respectively. These slopes have values 

closer to one than two, consistent with the 1:1 indium-IL complex proposed. 
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6.3.1.3 Stripping 

The stripping of indium from the organic phase and the regeneration of the organic phase for 

recycle and reuse are crucial steps for a sustainable separation process. Based on the acid leaching 

behaviour for extraction of indium  observed in this work and reported later in this chapter in Figure 

6.17 and Figure 6.18 (under Section 6.3.2), the variation of the acid concentration affects the indium 

extraction from the IL. Whilst it was found that HCl and H2SO4 could each be used as potential 

extractant reagents (in the stripping process) because of their high leaching efficiencies, due to ease 

of handling and the less corrosive properties of H2SO4, this acid was chosen. The effect of varying the 

acid concentration on the extraction of indium from the IL phase, was therefore examined and the 

results are presented in Figure 6.11. It was revealed that indium can be stripped at low H2SO4 

concentration (0.1-0.5M) in both ILs. In the case of Aliquat 336, indium can also be completely stripped 

at 1M of H2SO4. At higher acid concentrations, the stripping of indium was considerably reduced, 

especially for Cyphos 101 with stripping efficiencies of 7.5% and 0.5% at 3 M and 5 M of H2SO4, 

respectively. The stripping of Aliquat 336 at higher H2SO4 concentration was not as pronounced as 

with Cyphos 101, stripping 70% and 18% at 3M and 5 M of H2SO4, respectively. The decrease in indium 

stripping at higher H2SO4 concentration could be due to the addition of ions into the solution, which 

increases the ionic strength, promoting complex formation between Cl- and In3+ present in the 

solution. Thus, the re-extraction of indium into the ILs is faster than the stripping. For environmental 

reasons and for ease of reagent use, therefore, a 0.1 M of H2SO4 was selected as the stripping agent 

at room temperature (20 °C). 

 

Figure 6.11: Indium stripping at different H2SO4 acid concentration  
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 To determine the optimal conditions required for indium stripping, a simulated indium 

solution with a concentration equivalent to that obtained in the extraction step (33 g/L) in 0.1M H2SO4 

was investigated as a function of time and the results are shown in Figure 6.12a. The stripping process 

reaches equilibrium within 30 minutes at 150 rpm, however analysis showed that not all indium was 

stripped from the simulated solution. Thus, further stripping tests were carried out to determine the 

impact of increasing the volume of the stripping solution (adjusting the stripping agent to IL ratio), as 

observed in Figure 6.12b. The stripping agent to organic ratio (V(H2SO4)/V(IL)) of 1:1 stripped 

approximately 75% of In, and an increase of 25% of the stripping volume can strip up to 95% of the 

indium. An V(H2SO4)/V(IL) of 1.5/1 can effectively strip indium from both organic phases, without the 

need  for larger volumes of 0.1M H2SO4 solution. Therefore, the conditions of the stripping solution 

(0.1M H2SO4) selected were a V(H2SO4)/V(IL) ratio of 1.5:1, 150 rpm, and 30 minutes. 

 

 

Figure 6.12: Indium stripping from simulated solution; (a) effect of time, and (b) effect of stripping 

solution volume. 
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6.3.1.4 Reduction 

The recovery of indium from stripped solution (0.1M H2SO4) was trialled using two methods: 

cementation with zinc to recover indium powder, and precipitation, using NaOH to recover indium 

oxide following calcination at 500 °C for three hours. The trials were carried out using in a 100 ppm In 

solution in 0.1M H2SO4 (as the stripping agent) to determine the optimal conditions for reduction.  

6.3.1.4.1 Cementation 

To separate indium from the stripping agent, the indium cations need to be reduced. 

Cementation relies on the addition of metals with lower reduction potentials compared to indium, 

causing the indium ions to be reduced. Whilst there are several candidate metals that could be used 

for cementation, zinc, which has been widely used in the recovery processes of indium on a 

commercial scale, was selected for this study. The effect of time and amount of zinc on the 

cementation of indium from simulated solutions was studied, and the results presented in Figure 6.13. 

The amount of zinc or excess of Zn was calculated as the stoichiometric moles excess Zn/In based on 

Eq. 6.2. The effect of time (Figure 6.13a), where an excess of 1.5 of Zn was used, shows that the 

cementation is a relatively slow process, compared to the process times involved in the leaching, 

extraction, and stripping steps. The cementation reached an equilibrium within 4 hours. The 

stoichiometric moles excess Zn/In (Figure 6.13b) showed that in 4 hours, the stoichiometric reaction 

reached 85% of conversion, cementing 92% and 96% of indium at moles excess of 1.25 and 1.5, 

respectively. From an excess of 1.75 onwards of Zn, 100% of In was cemented. Thus, a time of 4 hours 

and ratio of 1.5 nZn/nIn were selected as the optimum conditions for the recovery of indium.  

 

Figure 6.13: Indium recovery from 0.1M H2SO4 by cementation; (a) effect of time, and (b) effect of 

stoichiometric excess Zn moles/In moles. 
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 Previous cementation studies done in this research, however, carried out on real stripped 

solutions showed that 4 h and 1.5 nZn/nIn conditions were found not to be sufficient to recover all the 

indium. This is likely due to tests being carried out on simulated solutions with indium present as the 

only metal. Furthermore, it was found that agitation plays a crucial role. In the simulated solutions, a 

vortex shaker was used, whereas with real samples, agitation was carried out using magnetic stirrers, 

which create lower agitation conditions. Due to this, a molar excess nZn/nIn of 2 was used. With this 

higher ratio, the cementation of indium from stripped solution was complete, recovering 98.5% 

indium. Indium recovered by cementation has benefits such as simple operation, low energy 

consumption, and low cost. 

6.3.1.4.2 Precipitation  

The second method for indium recovery from the stripping solution was the use of 

precipitation by NaOH. The effect of the pH in the precipitation of indium by NaOH has been widely 

studied, reporting the highest precipitation rates at pH 12 [156, 239]. Thus, the pH of the solution was 

maintained at 12 by adding NaOH. A white precipitate (In(OH)3) was obtained, which was filtered, 

washed with RO water, and dried at 50 °C in an oven for 3 h. Thermogravimetric analysis of indium 

hydroxide in the temperature range of room temperature to 1000 °C, showed that the hydroxide is  

completely dehydrated at 400 °C [239]. On this basis to ensure the formation of indium oxide, the 

filtered product was calcined at 500 °C for 3 h. Figure 6.14 shows SEM-EDS images of the indium oxide 

obtained from precipitation of indium by NaOH, followed by a calcination. In the SEM image (Figure 

6.14a), it can be observed that indium oxide is present in its characteristic rhombohedral shape. EDS 

image (Figure 6.14b) confirms that the yellow powder obtained is composed mainly of indium and 

oxygen. 

 

Figure 6.14: Indium oxide obtained by precipitation of In by NaOH; (a) SEM, and (b) EDS images. 
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6.3.1.4.3 Discussion 

The recovery of indium was achieved by two methods; cementation, and precipitation 

followed by calcination. The final product obtained were indium from cementation and In2O3 from 

precipitation followed by calcination. From data contained in Table 6.8 (presented at the end of 

Section 6.3.2) compiled from the literature as part of this study, the two methods of cementation and 

precipitation are the most used for indium recovery due to simplicity of the processes and high 

efficiency rates achieved. Although indium is recovered, any industrial process developed would need 

to consider, as an additional step, treatment of the wastewater generated; in the case of cementation, 

the stripping solution is saturated with zinc, whereas in the precipitation, it is saturated with sodium. 

Hence, new alternatives should be explored. Alternatively, electrodeposition of indium can be used. 

Song et al. reported a two-step electrodeposition, using platinum and carbon rod as electrodes, from 

leach liquor from LCD monitors (previously treated by manual dismantling, pyrolysis and ball milling). 

The first electrodeposition was copper, followed by indium electrodeposition [253]. Grimes et al. 

described an In, Sn and Pb separation process involving a novel three-stage electrodeposition, using a 

novel cylindrical mesh electrode electrolysis cell, from nitric acid media from dilute indium-tin-lead 

solutions. Under optimised conditions, 97%, 94% and 98% recovery can be achieved for Sn, Pb and In, 

respectively [254]. Electrodeposition offers an excellent alternative for the recovery of indium in this 

work, as the stripping solution contains predominantly indium with minimal impurities, and so 

recovery of a pure metal is possible.  Preliminary trials using electrowinning of the type described in 

Chapter 4 of this work were made to recover indium but due to time constraints and limited supply of 

LCD panels to achieve a sufficiently rich indium source no further experiments were carried out.  A 

recommendation for further work in this area, however, is made at the end of this thesis. 
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6.3.1.5 Recovery of ILs 

To ensure an optimised process is designed that conserves the use of reagents and mitigate 

costs, the potential to recover and recycle the ILs, through the indium recovery process developed, 

was investigated. The ILs should be chemically stable throughout and retain high efficiencies after 

indium extraction and stripping. To evaluate the recyclability of Cyphos 101 and Aliquat 336, five cycles 

through the whole process were performed. The results in Figure 6.15 show the extraction, stripping 

and the overall efficiencies over five cycles of indium recovery under optimised conditions (0.1M ILs 

for extraction and 0.1M H2SO4 for stripping, both processes at 20°C and 300 rpm). The extraction and 

stripping of indium remained largely unaffected over five cycles, suggesting that Cyphos 101 and 

Aliquat 336 can be successfully reused without any loss in efficiency. In addition, the total efficiency 

of indium recovery remains >95% in each cycle. 

 

 

Figure 6.15: Efficiencies of extraction and stripping over 5 cycles: (a) Cyphos 101, and (b) Aliquat 336. 

 

To check the integrity of the ILs was not affected through the recycle and reuse process, FTIR 

was used to record any changes in the structure of the ILs, following each cycle.  Figure 6.16a shows 

the FTIR spectra of toluene, 0.1M Cyphos 101 and 0.1M Aliquat 336, both diluted in toluene. The FTIR 

spectra showed that Cyphos 101 and Aliquat 336 modified the toluene spectra, where several peaks 

were observed, however, the fingerprint of toluene at 500-1500 cm-1 is preserved. Both ILs solutions 

presented 3 different zones. Zones 1 and 3 are associated with noisy spectra due to the fast 

volatilization of toluene. Changes in the analysis were carried such as performing the sample 
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measurement as soon as possible after the background measurement, decreasing the numbers of 

scans, however, results were very similar. The FTIRs after extraction and stripping over 5 cycles did 

not shown any noticeable difference between the reference (virgin 0.1M IL in toluene) and the used 

ILs solutions. Due to the low IL concentration, the FTIR patterns were mostly characteristic of the 

toluene pattern, and the characteristic wavenumbers of Cyphos 101 and Aliquat 336 were not easily 

observed, thus the result was not clear whether the ILs had suffered any degradation or not. 

Therefore, to study the effect of the indium extraction and stripping on the ILs, experiments with pure 

Cyphos 101 and Aliquat 336 were carried out. The ILs were used in 3 cycles and the FTIR patterns after 

extraction and stripping are shown in Figure 6.16b and c.  

In Cyphos 101 (Figure 6.16b) three different zones can be seen. The first zone, with a wide peak 

at 3407 cm-1, which corresponds to –OH stretching, suggesting the existence of water, which has 

probably remained after the washing of the IL after each cycle. In the second zone, there is a peak in 

the range of 1550-1700 cm-1, which can be associated with a C=O stretch. The most significant change 

observed in the third zone (500-1100 cm-1), which is the fingerprint zone, was not associated with the 

presence of new peaks, but simply a change in intensity of the peaks. It was inferred therefore that 

degradation of the IL through the cycles was unlikely. In the case of Aliquat 336 (Figure 6.16c), two 

different zones can be observed. The first zone, with a wide peak at peak at 3407 cm-1 is due to the 

existence of water, similar peak was found in Cyphos 101. The most significant change is in the second 

zone (800-1260 cm-1), where peaks at 1185 cm-1, 1046 cm-1 and 862 cm-1 can be associated with the 

symmetrical vibration of SO4
2- group, suggesting that sulphate ions, coming from the stripping (0.1M 

H2SO4), are transferred into the organic phase of the IL. In both cases, it is difficult to determine specific 

substances and complexes in the range of 800-1500 cm-1, known as the fingerprint region, which 

usually contains a large number of peaks, making it difficult to identify individual peaks. Furthermore, 

the complex composition of the leached solution also makes the identification difficult. Nevertheless, 

the FTIR spectra of the pure ILs did not show any major difference after 3 cycles of reuse, and 

extraction efficiencies did not diminish either after 5 cycles, suggesting no or minor degradation of the 

ILs occurred through the indium recovery process. 
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Figure 6.16: FTIR spectra of (a) toluene and 0.1M IL, virgin ILs and after 3 cycles for (b) Aliquat 336, 

and (c) Cyphos 101. 

6.3.1.5.1 Discussion 

The regeneration of the extractants was checked by contacting the 0.1M ILs in toluene with a 

100 ppm In solution (3 M HCl). The loaded ILs were stripped with a 0.1 M H2SO4 solution. The stripped 

ILs were washed with RO water and the process was repeated five times with no variation on the 

extraction and stripping. Cyphos 104 has been reported to be reused up to twelve cycles without loss 

in extraction [156]. The experiments were carried out with a 100 ppm In solution (3 M HCl) for IL 

loading and stripping with 3 M HNO3 [156]. Undiluted Aliquat 336 and Cyphos 101 showed no losses 

in indium extraction over two cycles of extraction and stripping [215]. The same study also reported 

that the solubility of the Cyphos 101 and Aliquat 336 in the aqueous phase is very limited, which 

minimises the loss of the ILs to the aqueous phase. The avoidance of IL loss to the aqueous phase is 

important in creating a sustainable and environmentally friendly process. In this study, the whole 
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process was carried out twice with leach treated LCD panels liquor (representative of real samples), 

confirming the recyclability of the ILs.  

6.3.2 Pre-treatment of waste LCD screens 

To establish the need, if any, for pre-treatment of as-received LCDs panels, a preliminary 

investigation involved a series of leaching studies to determine the concentration of indium and other 

impurities, the steps to be taken to access the indium embedded in the LCD panels, and the optimal 

conditions for extracting the target metal.  The results of these studies along with the necessary pre-

treatment steps developed to extract indium from as-received LCD panels derived from EoL-MPs are 

now described. 

6.3.2.1 Leaching 

The leaching efficiencies of H2SO4, HCl, and HNO3 on indium from LCD screens was studied 

and the results are presented in Figure 6.17 . It is seen that indium leaching increases considerably 

with an increase in temperature, reaching 71%, 90% and 100% of leaching at 80°C for HNO3, H2SO4 

and HCl, respectively. Nitric acid and sulphuric acids reached a plateau at approximately 60 °C, 

whereas hydrochloric acid reached a plateau at nearly 70 °C. From these results, hydrochloric and 

sulphuric acids are shown to be the most effective acids for indium leaching from LCD panels. Indium 

leaching with HCl over 60 °C, however can lead to volatilization of HCl, reduction in acid concentration 

and liberation of toxic fumes [234]. Furthermore, HCl is highly corrosive which makes it difficult to 

handle. Sulphuric acid, on the other hand, remains relatively stable as temperature increases due to 

its higher boiling point, is more environmentally friendly and cost effective than HCl. Therefore, 

although hydrochloric acid shows a better performance in leaching indium, H2SO4 promises to be an 

excellent leaching agent.  
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Figure 6.17: Effect of the temperature in the indium leaching from LCD screens with different acids. 

 

6.3.2.1.1 Determination of the optimal indium leaching conditions from Waste LCD Screens 

To determine the optimal indium leaching conditions from LCD panels, the effects of time, 

acid concentration (using HCl and H2SO4), and, solid to liquid ratio were investigated and the results 

are presented in Figure 6.18. From Figure 6.18a, it is observed that as the leaching time increases, the 

indium leaching efficiency also increases. After 0.5 hours, the indium leached is 56% and 44% for HCl 

and H2SO4, respectively. In both acids, the leaching yield curve flattened out and complete leaching is 

achieved after 2 h for HCl and 3 h in the case of H2SO4. The effect of the acid concentration (Figure 

6.18b) shows a direct, almost linear, relationship with the indium leached. At low concentrations 

(0.1M-<1M), H2SO4 shows a slightly higher leaching efficiency but as acid concentrations are increased, 

HCl favours indium leaching. Indium leaching was complete at a concentration of 4M for HCl and 5M 

for H2SO4. The solid-to-liquid (s/l) ratio (Figure 6.18c) shows that as the volume of acid increases, the 

amount of indium leached also increases. In the case of HCl, a 1:10 s/l ratio leaches 66% of indium, 

whilst a 1:20 s/l ratio achieves 94%, and 100% leaching after a 1:30 s/l ratio. In the case of H2SO4, the 

indium leaching is 77% at 1:10 s/l ratio, reaching a plateau of approximately 90% of indium leached 

after a s/l ratio of 1:20. The temperature effect on indium leaching is shown in Figure 6.17, reaching a 

plateau at 70 °C and 60 °C for HCl and H2SO4, respectively. In terms of optimal indium leaching 

conditions, each acid has different optimal conditions and slightly different one to another, however, 

from an economic and environmental perspective and preventing an excessive use of reagents, the 

optimal conditions of 60 °C, 2 h, 3 M with a s/l ratio of 1:20 are proposed for both acids. 
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Figure 6.18: Effect of (a) time, (b) acid concentration, and (c) solid/liquid ratio on the indium leaching. 

 

6.3.2.1.2 Leaching of Indium under Optimal Conditions 

Based on the results reported in Section 6.3.2.1.1, powdered LCD panels were leached 

separately with hydrochloric acid (Figure 6.19a and b) and sulphuric acid (Figure 6.19c and d). 

Complete leaching of indium is achieved with both acids, with an average concentration of 0.73 mg/L, 

representing the 1.2% and 1.5% of the total leached species in HCl and H2SO2, respectively.  The major 

metal present in the leached solution is copper with a concentration of 31 mg/L, followed by iron, 

aluminium, and nickel. These four elements (Al, Fe, Cu and Ni) together represent more than 90% of 

the total metal leached by both acids; other metals present include Mg, Zn and Pb. Although indium 

can be effectively leached by the two acids, the presence of other metals in significantly higher 

concentrations than indium will likely impact the recovery of indium from any process developed. The 

glass fraction in LCD screens accounts for nearly 67 wt.%, (as reported in Chapter 3), which further 

contributes to a decrease the efficiency of the process, with an increase in reagent use, and energy to 

leach indium. These results confirm that a pre-treatment step is needed for the enrichment of indium, 

and the results of this part of the study are described in the next section. 
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Figure 6.19: Metal leaching of LCD screens under optimal conditions (a) and (b) HCl, (c) and (d) H2SO4. 

 

In summary, the use of the two acids (HCl and of H2SO4) as leaching agents are each shown to 

be promising in terms of efficiency for indium, with neither showing a greater selectivity for indium, 

in the presence of other metals, over the other. Considering the results here and in the results 

reported in Section 6.3.1.1 (explained in the extraction section), where it was found that hydrochloric 

acid was the most efficient acid for indium extraction by the ILs, HCl was selected as the leaching agent 

for testing on as-received LCD panels.  
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6.3.2.1.3 Characterisation of LCD panels 

A pre-treatment was developed to enrich the indium concentration reduce the concentration 

of undesirable metals, remove the organic materials such as liquid crystal and polarizers from the LCD 

panels, and remove the glass, which could be recycled.  

In Chapter 3, section 3.3.2.2, a detailed characterisation of the EoL-MPs screens and LCD 

panels was presented. A typical LCD screen is made of thin conductive electrodes placed between two 

glasses plates, accounting for nearly 50% of the total mass of the screen. The other components 

include connectors, adhesives, diffusive and reflective sheets, polarising films, and plastic frames [150, 

151]. As indium is found within the LCD panels (Figure 3.13, Chapter 3), the LCDs were separated from 

the connectors, adhesives, polarising films, and frames, as a previous separation. 

An LCD panel is a complex multi-layered structure, consisting of ceramic materials such as 

glass substrate, organic materials such as polarisers, colour filters and liquid crystal, and inorganic 

materials such as metals (In, Sn, Cu, etc.). Among these materials, glass substrates account for 

approximately 80 wt.%, followed by the organic materials with nearly 18 wt.%. Figure 6.20 shows an 

EoL-MP screen and its cross-section of an EoL LCD panel. The LCD panel comprises two glass substrate 

layers, where polarisers are in contact externally, and liquid crystal is located in between these two 

glass plates. The polymeric film and the polarisers were analysed as part of the detailed 

characterisation reported in Chapter 3 and found to be cellulose triacetate (CTA), polyvinyl alcohol 

(PVA) and triphenyl phosphate (TPP). Adjacent to each polarising film is a glass substrate with an inner 

colour filter attached to the internal surface of the glass plate, and between the glass substrate layers, 

is liquid crystal. The chemical composition of liquid crystal used in LCD panels is usually complex and 

varied depending of the producer, applications and fabrication patents, being usually a mixture of 

about 10–25 compounds with long structured chemical compounds such as the combination of 

flurophenyl, cyclohexyl biphenyl, cyano biphenyl and terphenyl groups [151, 228]. Although most 

toxicities of liquid crystal are still unknown, some of them have been categorized as biologically toxic 

[228]. In fact, according to the Directive 2002/95/EC, LCD panels are classified as high risk elements 

because of  the hazardous substances in their composition such as toxic metals (In, Cd, Pb, As, Cr, Hg, 

Cu, etc.) and flame retardants (polybrominated diphenyl ethers, polybrominated biphenyls, etc.) 

[147]. The first layers on the inner glass substrate include the colour filter and the thin-film transistor 

(TFT) arrays substrate. The colour filter substrate is used to generate colours, namely red, green, and 

blue, whilst the TFT arrays substrate is used to control the voltage signal of pixel electrode. The inner 

sides of the glass substrates are coated with functional films and a transparent conductive electrode, 

including indium tin oxide (ITO).  ITO is a mixture of In(III) and Sn(IV) oxides with a typical distribution 
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of 90% In2O3 and 10% SnO2 by weight and its thickness varies depending on the manufacturer and the 

application [149, 150, 152]. Figure 6.20c also shows the SEM-EDS images of the inner sides of the glass 

substrate, with a predominance of In and Sn, from the ITO inner layers, found on both sides, and other 

metals such as Al, Cr, Mg, Mo, Sr, Ti, etc., and non-metal elements such as Cl and S. 

 

Figure 6.20: Structure of (a) an EoL-MP Screen, (b) EoL-LCD Panel and a cross-section, and (c) SEM-

EDS images of the inner glass substrate. 
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6.3.2.2 Polymer Films Removal 

The polarising films are located on the outside of the LCD panels, consisting of a PVA film 

sandwiched between two CTA/TPP films, as showed in Figure 6.20b. These films are usually secured  

by a pressure sensitive adhesive (PSA) via hot pressing [237]. This means that manual or mechanical 

separation of the films can be difficult. At first, manual separation was carried out using knives and 

pliers but proved ineffective. As the polarising films are organic materials, different organic solvents 

were used to try to remove the films. Preliminary tests using toluene, hexane, and acetone showed 

that acetone performed best, with partial removal of the polarising films after 3 h, and was chosen as 

the preferred solvent. Acetone has the benefits of being less toxic than other common organic 

solvents, has a low boiling point (56 °C), which favours separation and reuse, and is relatively 

inexpensive. Its biggest disadvantage is that it is highly volatile and flammable, and due to this, it was 

used under controlled conditions at room temperature (20 °C) in a closed system to avoid solvent 

losses through evaporation. 

Initial studies were carried out to determine the optimal solid-to-liquid (s/l) ratio of LCDs and 

acetone. LCD panels were cut into pieces of approximately 2x2 cm2, and the samples were immersed 

in acetone in 1:5, 1:10, 1:30, 1:50, and 1:100 s/l ratios. It was found that the separation of the 

polarising films from the LCD panels was not greatly influenced by the different s/l ratios employed, 

although for the s/l ratio of 1:5, stirring was difficult, consuming more time for the separation, so s/l 

ratio of 1:10 was selected creating a less viscous medium to aid stirring but at the same time keeping 

the consumption of solvent to a minimum. The effects of acetone on the polarisers are summarised 

in Table 6.6; the polarisers started to show signs of softening after 3 h and complete separation was 

achieved after 24 h. Acetone is able to penetrate through the CTA film to reduce the viscosity of PSA, 

enabling the polarizers to be separated from the glass substrates [150]. In this process, the solvent 

loss was approximately 8.5 vol.%. 

Table 6.6: Effects of acetone on polarisers through time. 

Time (hours) Condition(s) of polarisers 

1 No observable changes 

3 First sign of softening on the edges 

7 

Partial separation on the edges from the glass substrates 

Extremely low physical strength 

Broke instantly when handled with a pair of tweezers  

Cannot be recovered as a whole 

20 
Nearly complete separation, polarisers still adhered in the centre 

Broke instantly when handled with a pair of tweezers 

24 Complete separation from the glass substrates without manual work  
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 Although the polarisers can be effectively removed with acetone after 24 h, stirring the 

solvent for 24 h increases the energy consumption of the process. This long soak time is required 

because the PVA film cannot be dissolved in acetone [255], and since PVA is located between the 

CTA/TPP layers, it is difficult for acetone to penetrate to the PSA . To avoid this, a two stage immersion 

was used with a hot water bath, followed by an acetone bath [237]. Hot water (80-100 °C) can 

penetrate the CTA/TPP film and can dissolve the PVA film. The layer of CTA/TPP can then be separated 

by loosening the PSA with acetone. The use of hot water does not affect the liquid crystal [237]. Hot 

water at approximately 80-90 °C was first applied with an s/l of 1:20, as the s/l ratio has no impact on 

the loosening of PVA, however, it must cover completely the LCD panel. The CTA and PVA layers are 

peeled off manually with tweezers. An acetone bath with an s/l of 1:10, was used to loosen the PSA 

so the second layer of CTA film was peeled off from the glass substrates. The hot water process lasted 

30 minutes, whilst the acetone process lasted 1 hour, giving a total treatment time to separate the 

polarisers of only 1.5 hours. It is worth noting that the polarisers must be peeled off immediately 

otherwise the procedure would need to be repeated. Photographs and SEM images of polarising films 

after separation by hot water and acetone from an EoL-MP LCD panel are shown in Figure 6.21. CTA 

and PVA films were separated as whole pieces of film without any major scratch to the surface. The 

SEM images confirm that CTA films did not show any scratch or irregular form because of the 

separation process, whereas the SEM image of the PVA film showed an irregular form on one of the 

surfaces of the film; likely due to the glue that joins PVA to the last CTA layer. The photographs and 

SEM images confirmed that the CTA and PVA films can be separated without any deterioration, 

allowing them to be reused or recycled. 

 

Figure 6.21: Photographs and SE images of the polarisers obtained by hot water and acetone. 
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6.3.2.2.1 Indium Leaching after Polymer Removal 

After the separation of the polymeric films (diffuser sheets, diffuser plate, plastic frame, and 

reflective sheet) from the EoL-MP screens, the pre-treatment step allowed the separation of the 

polariser layers (CTA and PVA films) from the LCD panels, which consist of two layers of glass substrate, 

containing a colour filter, ITO and FTT arrays (Figure 6.20). The treated LCD panels were leached under 

optimal conditions (60 °C, 2 h, 3 M HCl, and s/l ratio of 1:20) and the results show an increased in 

indium concentration from 0.7 g/L (shown in Figure 6.19) to 33.2 g/L (in Figure 6.22), representing 

51% of the total metal present in the leach solution. The main undesirable metals are aluminium and 

iron with concentrations of 10.2 mg/L and 14.7 g/L, respectively. These two metals (Al and Fe) 

represent 38% of the total metal content of the leach liquor (Figure 6.22b), almost identical to their 

concentrations in the un-treated LCD (12.5 g/L for Al and 9.7 g/L, respectively). Other metals such as 

Cd, Cr, Cu, Mg, Ni, Pb, and Zn are found with concentration <1.5 g/L. This result demonstrates the 

significance and value of pre-treatment as a step towards the enrichment of indium, and the 

separation of polariser films that can be recovered and reused. 

 

Figure 6.22: Metal leaching of pre-treated LCD panels under optimal conditions; (a) metal 

concentration and leaching efficiency, and (b) metal distribution after leaching. 

  

To reduce the consumption of energy in the process, (and in the interests of developing an 

experimental method and conserving material use) pre-treated LCD panel strips of approximately 

0.5x0.5 cm2 were leached under optimal conditions. Table 6.7 presents a comparison of metal 

concentrations and their leaching efficiencies when three different feedstock materials were leached, 

namely: untreated powder LCD panels, pre-treated powder LCD panels, and pre-treated strip LCD 
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panels. It was found that indium leaching from strip pre-treated LCD panels was nearly complete, 

decreasing a little the concentration of the other metals, which is beneficial for the reduction of 

undesirable metals. By way of illustration to confirm that indium was leached from the pre-treated 

strip LCD panels, SEM-EDS images from before and after leaching, along with images of the three 

leaching processes are shown in Figure 6.23. The images show that the leach solution for the pre-

treated strip LCD panels, is more transparent in colour compared to the leach solutions for both 

untreated powder LCD panels, and pre-treated powder LCD panels, which are yellow and dark yellow 

respectively (Figure 6.23b). The intensity of the colour is likely indicative of a greater leaching of metals 

which suggests that in the leaching of pre-treated strip LCD panels, less metal or undesirable metal 

was leached. SEM-EDS images, in which red represents In and blue Sn (by EDS), show that indium is 

present on the colour filter glass substrate (Figure 6.23c) but effectively extracted, as shown in Figure 

6.23d. In the case of the untreated powder LCD panels (Figure 6.23a) and pre-treated powder LCD 

panels (Figure 6.23d) indium was also completely leached, providing visual confirmation of  the results 

reported in Table 6.7. Since the leaching from treated pre-treated strip LCD panels was nearly the 

same as the leaching of pre-treated powder LCD panels, the use of strips is preferred due to the 

elimination of a milling process, reducing the energy consumption and material losses that occur in 

the milling process.  

 

Table 6.7: Metal leaching from LCD panels (untreated and treated) under optimal leaching 

conditions. 

 Untreated Powder LCD 

panels 

Pre-treated Powder LCD 

panels 

Pre-treated Strip LCD 

panels 

Element Conc. (g/L) 
Leaching 

Eff. (%) 
Conc. (g/L) 

Leaching 

Eff. (%) 
Conc. (g/L) 

Leaching 

Eff. (%) 

Al 12.5 42.6 10.1 95.2 9.5 95.9 

Cd 0.004 18.3 0.501 90.6 0.434 88.1 

Cr 0.4 79.1 0.1 100.0 0.1 100.0 

Cu 31.2 100.0 0.4 100.0 0.4 100.0 

Fe 9.7 100.0 14.7 100.0 13.4 91.1 

In 0.7 100.0 33.2 100.0 32.5 97.8 

Mg 2.3 70.5 1.7 100.0 1.4 82.4 

Ni 3.6 100.0 1.3 100.0 1.1 84.6 

Pb 0.1 100.0 1.7 100.0 1.5 88.2 

Zn 0.8 55.6 1.7 100.0 1.6 94.1 
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Figure 6.23: LCD leaching and SEM-EDS images before and after reaction. 

 

6.3.2.3 Proposed pre-treatment for Waste LCD Screens 

The need for a pre-treatment step is confirmed and Figure 6.24 provides a flowchart of the 

proposed pre-treatment steps with an indication of valuable materials that can be separated and 

recovered from EoL-MP LCD screens as part of this process. The pre-treatment process separated all 

the polymeric films from the EoL-MP screens, increasing the concentration of indium. Furthermore, 

when acetone is used to separate the final CTA film from the LCD panels, liquid crystal is dissolved, 

which can be recovered by evaporation, and the acetone can be reused in subsequent cycles. While 

development of this part of the process was not carried out in this research due to the small number 

of LCD panels from EoL-MP screens, however, with the difference in the boiling points of acetone (56 

°C) and liquid crystal (145°C and 178°C), the recovery of liquid crystal can be justifiably proposed as 

part of the process. The final product following pre-treatment is a glass substrate rich in ITO, which 

can be leached directly for further indium recovery process. In addition, after leaching of indium the 

residual glass can also be recycled.  
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Figure 6.24: Pre-treatment of EoL-MP screens and recovery of valuable materials. 

 

6.3.2.4 Discussion 

Following the detailed investigation in this work to establish the optimised conditions for pre-

treatment, extraction and recovery for application to as-received waste LCD screens described in the 

next section (Section 6.3.3), and to put this in the context of current literature, a compilation of the 

relevant studies reported has been prepared and is presented in Table 6.8 and Table 6.9. Table 6.8 

covers the studies reporting on Leaching and Table 6.9 covers those reporting on Extraction. Since the 

processes of stripping and reduction for complete recovery are not usually studied on their own, all 

relevant information on these steps is included in both tables. 

As a general observation, most of the reported data cover part of a hydrometallurgical 

process, focusing on the determination of the optimal parameters, and most of the studies use a 

simple simulated/synthetic solution for optimisation, usually followed with applications to real LCD 

samples. It is noted that most of the LCD panels trialled come from TVs and laptops, where  indium 

concentrations are lower than that present in EoL-MPs, where levels are typically higher in mobile 

phone screens [142].  
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Table 6.8: Comparative Analysis of recycling approaches for LCD panels focused on Indium leaching. 

EoL Material 
Type 

Methodology Products Indium Yield 
Year of 

publication 
Reference 

Leaching 

EoL-MP screens 

EoL-MPs screens: Manual dismantling, frames, polymeric 
films, and LCD panels separated. 
LCD panels: Pre-treatment with a bath of hot water (80-90 °C, 
0.5 h, S:L=1:10), followed by a bath of acetone (20 °C, 1 h,  
S:L=1:10, 150 rpm). Polarising films separated from ITO glass 
substrate.  
The ITO glass substrate was leached as strips (0.5x0.5 cm2) 
and powder (≥ 150 μm).  
Leaching: 3 M HCl, s/l ratio of 1:20 (g/L), 60 °C, 2 h,  

Frames, polymeric 
films (diffuser & 

reflective sheets), 
polarising films 

(CTA &PVA)  
 

Indium solution 

100% leaching 2022 This work 

Waste ITO targets 

Waste ITO targets obtained from an e-waste recycling plan 
(38-42 μm). 
Leaching: 4 M (NH4)HSO4, S:L=1:50, 125 °C, oxygen partial 
pressure 0.3 MPa, 1.75 h. 
Reduction: Precipitation with ammonia (NH3· H2O), 60 °C, 2 
h., followed by calcination at 600 °C, 1 h. 

In2O3 100% leaching 2021 [227] 

TV LCD panels 
Polarises were removed previously. Crushing LCD (53 μm), 
Leaching: 10% AR leaching, 90 °C, S:L=1:20 (g/L), 15 min., and 
sonication. 

Indium solution ~100% leaching 2020 [252] 

LCD monitors 

Manual separation. Mechanical stripping process, followed 
by pyrolysis to remove liquid crystal. The pyrolysed scraps 
were pulverized via ball-milling. 
Leaching: 1 M H2SO4 at 70 °C, 1 h. 

Cu, In 

99.3% leaching 
Electrodeposition 

for Cu (95.3%) an In 
(85.6%) 

2020 [253] 

TV LCD 

Manual dismantling, polarised were removed by a heat gun. 
Crushing by disc mill, followed by agate mortar (−74+44 μm) 
Leaching: 1 M citrate, 0.2 M N2H4, pH = 5, using sodium 
hydroxide (NaOH), S:L=20 (g/L), 16.6 h. 
yielded a remarkably high In recovery of 98.9% after 16.6 h. 

Indium solution 99.9% leaching 2019 [256] 
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LCD panels 
Cutting 4x4 cm2 and shredding (0.3-2.8mm) 
Leaching: 5 M mineral acid (HCl, H2SO4, and HNO3), pulp 
density of 500 g/L, 75 °C, 500 rpm, 2 h. 

Indium solution 
~100% leaching 
with small LCD 
particles sizes 

2018 [226] 

Laptop LCD 

Manual dismantling. Manual shredding 1x1 cm2 and ball 
milling (37 μm) 
Bioleaching: Acidithiobacillus thiooxidans, pH=2.6, pulp 
density of 1.6% (w/v), initial sulphur content 8.6 (g/l). 

Indium solution ~100% leaching 2018 [238] 

Computer 
monitor 

Manual dismantling. Polarisers were peeled off by contact 
with alcohol. Glass substrate was separate using a knife. 
Acetone was used to remove the liquid crystal. Cut in 4x4 cm2 
for experiments. 
Non-crushing Leaching 
Leaching: 0.8 M HCl, ultrasonic waves 300 W, 1h. 

Indium solution 96% leaching 2017 [257] 

TV LCD 
Components mechanically separated, shredding. 
Leaching: 5 M HCl, pulp density of 500 g/L, 75 °C, 400 rpm, 2 
h. 

Indium solution ~100% leaching 2016 [258] 

TV LCD panels 

Manual cutting, big plastic and glass fragments were 
removed, blade grinding (1.25 mm and 10 mm). 
Leaching: 2 M H2SO4 3-step cross-current, pulp density of 0.1 
Kg/L, 80 °C, 17 min. 

Indium solution 

~100% leaching in 
1 step and 50-55% 
In leaching after 6 

steps 

2015 [149] 

 
LCD monitors 

 

Manual dismantling. Removal of polarisers with liquid 
nitrogen. 
Leaching: 6 N HCl, H2SO4, and HNO3, 25 °C, L:S=3:1 (mL/g), 6h. 

Indium solution >90% leaching 2015 [259] 

 

 

 

 

 

https://www.sciencedirect.com/topics/engineering/pulp-density
https://www.sciencedirect.com/topics/engineering/pulp-density
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Table 6.9: Comparative Analysis of recycling approaches for LCD panels focused on Indium extraction. 

EoL Material 
Type 

Methodology Products Indium Yield 
Year of 

publication 
Reference 

Extraction 

ITO glass 
substrate 

Manual dismantling and pre-treatment (Table 6.8). 
ITO glass substrate strips (2x2 cm2) and powder (≥ 150 μm). 
Leaching: 3 M HCl, s/l ratio of 1:20 (g/L), 60 °C, 2 h. 
Extraction: 0.1 M Cyphos 101 & Aliquat 336 in diluted in 
toluene, room temperature, counter-current and A:O ratio of 
A:O=7/2 for Cyphos 101 and A:O=2/1 for Aliquat 336. 
Stripping: 0.1M H2SO4, V(H2SO4)/V(IL) ratio of 1.5:1, 150 rpm, 
for 30 minutes. 
Reduction:  Cementation by adding zinc at 20 °C, 4 h and 250 
rpm (adding 2 times the amount of zinc required 
stoichiometrically), and as the oxide via precipitation by 
adding NaOH at pH 12, followed by a calcination at 500 °C for 
3 h. 

In 
 (by cementation) 

 
 
 

In2O3  
(by precipitation) 

In model test 
system ≥95%. 
Purity 100%. 

 
In real samples 
using EoL-MP 
screens >90%. 
Purity of ≥99%. 

2022 This work 

TV LCD 

Manual dismantling, cutting and ball milling. Powder was 
treated at 80 °C, 24 h (75 µm) 
Leaching:  90 %v/v 3 M HCl and 10 %v/v 30% H2O2, 75 °C 400 
rpm, 2h. 
Extraction: 0.1 M Cyphos IL 104 in toluene 
Stripping:  In, Zn and Sn from organic phase were stripped 
quantitatively into 0.001 M HNO3, 4 M HNO3 and conc. HCl 
stripping solutions, respectively at O/A = 3/2 in two stages. 
Reduction:  Precipitation using NaOH at pH 9 for Zn and 12 
for In. Sn was precipitated by adding dropwise a Na2S solution 
at 80 °C. 
Calcination at 400 °C, 2h for Zn(OH)2, and 500 °C, 3 h for 
In(OH)3. 

ZnO, SnS, In2O3 

Recovery of 98.9% 
In, 100% Zn and 
99.6% Sn with a 
purity of 100%, 

99.9%, and 100%, 
respectively. 

2020 [156] 

LCD monitors 
Manual dismantling, polarisers were removed. Shredding by 
high-speed crushing shear (<0.75 μm). 

In2(C2O4)3 
99.8% leaching (hot 

reaction) 
2019 [260] 
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Leaching & extraction: 50% (v/v) ionic liquid 
([Hbet][Tf2N])/ascorbic acid, S:L= 20 (g/L), 90 °C, 24 h. 
Stripping: oxalic acid. 

98.6% extraction 
(cold solution) 

Mobile phone 
LCDs 

Manual dismantling, polymers removing, ball milling 
(150 μm). 
Leaching: 1 M H2SO4, 90 °C, 1 h, S/L ratio of 1:20, stirring at 
500 rpm. 
Extraction: 30% (v/v) of D2EHPA diluted in kerosene, A:O 
ratio of 40:1, pH 0.5, 20 min. 
Stripping: 4 M HCl, A:O of 10:1, 10 min. 

Indium solution 
96.7% extraction  
61.1 % stripping 

2018 [90] 

Spent GZO/IGZO 
targets from thin 
film solar industry 

Gallium zinc oxides (GZO), indium gallium zinc oxides (IGZO). 
Leaching:  3 M HNO3, L:S ratio of 50 ml/g, 80 °C, 2h. 
Extraction: 0.02 M D2EHPA, pH 1,  A:O = 2, 5 min for indium. 
0.015 M D2EHPA, pH 3,  A:O=3, 3 min for gallium. 
Stripping:  1 M HCl, O/A = 1, 5 min for indium. 
2 M HCl, O/A = 3, 3 min for gallium. 
Reduction:  Precipitation using NaOH at pH 8, 9 and 12, for 
Ga, Zn and In, respectively. 
Calcination at 300 °C, 400 °C and 500 °C for Zn(OH)2, 
In(OH)3 and Ga(OH)3 respectively. 

ZnO, Ga2O3, In2O3 

Metal recovery: 
99.9% (Zn, Ga & In) 

Metal oxide 
purities: 99.5% 

2017 [239] 

Synthetic solution 
Extraction: Undiluted Cyphos IL 101 and Aliquat 336, A:O=1:1, 
500 rpm for 10 min at 60 °C 
Stripping & Reduction: Precipitation with NaOH solution 

In(OH)3 
100% extraction 
100% stripping 

2017 [235] 

ITO Etching 
solution 

Solution: indium from hydrochloride-based etching solution 
of ITO. 
Extraction: 0.3M D2EHPA at room temperature, O/A ratio of 
1:1, pH=1.0–1.5. 
Stripping: O/A ratio of 1:2 or less, 2 M HCl. 

Indium solution 92% leaching 2016 [261] 

ITO 
powder(< 44 μm) 

Leaching: 1M H2SO4 and 1 M HCl, S:L=1:1 (g/L), 545 rpm,  6 h. 
Extraction: 1 M D2EHPA in kerosene for indium, 1 M TBP or 
0.2 M D2EHPA + 0.8 M TBP diluted in kerosene for Sn. 
Stripping: 1.5 M HCl, O:A+1:1. 

Indium solution 
100% leaching 

 97% extraction 
96% stripping 

2011 [241] 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/kerosene
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The optimal leaching conditions found in this study (3M for each acid HCl and H2SO4, 60 °C, 

S:L ratio of 1:20 for 2 h), achieving an efficiency of 100%, are consistent with those reported in the 

literature (Table 6.8), although, in this work HNO3 showed a leaching efficiency of 74% under the same 

conditions. Virolainen et al. reported that ITO can be completely disolved by 1M HCl and 1M H2SO4 

after 6 hours at room temperature, however, HNO3 took significantly longer [241]. In the literature, it 

is well established that ITO leaching rates are, in general, slow, with nitric acid being the slowest. This 

could be the result of the strong oxidizing conditions of nitric acid, which could be responsible for 

indium precipitation [259]. Similar to the findings in the work, acid concentration and temperature 

were found to have a major effect on both the efficiency and leaching rate. Analysis of the data in 

Table 6.8 shows the ranking of acids used for indium leaching to follow the order: HCl > H2SO4 > AR > 

HNO3. Fontana et al. compared indium leaching from LCD panels with 6 N solutions of HCl, H2SO4, and 

HNO3 at room temperature, reporting HCl as the best acid for indium leaching (>90%) [259]. Other 

studies have also shown excellent indium leaching efficiencies in presence of HCl [156, 226, 241, 257].  

This observation fits well with the findings in this work that showed in the extraction studies 

developed using Aliquat 336 and Cyphos 101 the best indium extraction was achieved in hydrochloric 

acid medium, so HCl was selected as the leaching reagent to be applied to LCD panels. Despite the 

higher cost of HCl with respect to H2SO4 and the high concentrations of the acid required which may 

present challenges in industrial applications, the use of HCl in both parts of the leaching and extraction 

process permits recycle of HCl within the total process creating a closed-loop cycle.  

Although indium was completely leached under optimal conditions (in untreated LCD panels), 

several other metals were also present with much higher concentration such as Cu, Fe, Al, Ni, Mg, Zn, 

etc., where indium only represented 1.2% of the total metal content. This problem was solved by 

development of a two-stage pre-treatment with a hot water bath, followed by an acetone bath. This 

pre-treatment permits the separation of the polarisers from the LCD panels, leaving an LCD fraction 

rich in indium, representing 51% of the total metal content. In general, pre-treatments reported in the 

literature have been carried out with the focus on metal enrichment, and not on the potential for 

recycle of materials. Rocchetti et al. for example successfully enriched indium in a series of cross-

current leaching from EoL LCD panels [149]. In the process, prior to indium leaching, the LCD panels 

went through two shredding processes; a knife mill, followed by a blade grinding. In between these 

processes, large plastic and glass fragments were manually removed, representing 10% of the total 

feed material. Those plastics fragments were considered as a waste product, although they could have 

been recovered. The findings from the current research however have shown that the shredding of 

glass substrate with polymers attached can prolong the process time and increase total costs and 

energy consumption. Fontana et al. reported the study of chemical and thermal treatments for the 
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separation of the polarisers from discarded LCD monitors [259]. The chemical treatments consisted of 

soaking of the LCDs in different organic solvents (acetone, ethyl acetate and limonene), using 

ultrasound (35 KHz), and 3 ml/g LCDs. Polarisers were removed after 3-8 h, however, the films were 

heavily damaged, with grooves and showing some porosity. The thermal treatment applied liquid 

nitrogen (T=−196 °C) for 10-20 minutes. Although this method did not show significant damage to the 

polarisers, it requires 25 L/kg of waste LCDs and work with ‘dangerous’ temperatures, increasing the 

process operational cost and risks. Neither study mentioned the potential for liquid crystal to be 

recovered. In the current research, however, polarisers showed no damaged after pre-treatment, 

except for the PVA film showing some grooves, and furthermore, an attempt was made to recover 

liquid crystal. Following the bath treatment with acetone, several polarisers were separated using the 

recycled acetone, which was separated by vacuum distillation, to conserve reagent use. The amount 

of liquid crystal, however, was not sufficient for further analysis, likely due to small size of the mobile 

phone LCD panels. An alternative liquid crystal recovery from LCD monitors was reported by Zhang et 

al. using pyrolysis, in which liquid crystals can be well separated at 600 °C, 40 min and 2 L/min N2 flow 

from the crushed powder, where oil and gas produced in the process can be reused as energy and fuel 

[250]. This process also enriched the indium concentration, favouring its recovery.  

Another critical factor in the indium leaching is the particle size of the shredded LCDs. It is 

well-known that the size of the material is inversely proportional to its leaching capability, however, 

particles smaller than a size threshold will increase the energy consumption and time, increasing the 

operational cost of the process. Swain et al. recommended that waste LCD should be crushed to pieces 

of 1 mm or smaller for optimal indium liberation [226]. Most studies reported in Table 6.8 used LCD 

panels crushed to 1mm or less. Zhang et al. showed that indium can be leached without shredding 

[257]. They manually dismantled computer LCDs, peeled off the polarisers by contacting them with 

pure alcohol, followed by the separation of the glass substrate using a knife (due to the size of the 

panel, pieces of 4x4 cm2 were cut for experiments). They found that since ITO was located on the 

surface of the glass substrate, there was no need for crushing as it would not affect the leaching due 

to the exposure of the ITO layers. In the current research, treated LCD panels were cut in pieces of 

0.5x0.5 cm2, process that was easly carried out manually due to the brittle nature of glass, and leached 

by HCl on optimal conditions. The results showed that indium was completly leached, dispensing with 

the shredding process. Although LCDs screens from mobile phones are small and more difficult to 

separate the substrate glass layers, leaching was still acchieved. 
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6.3.3 Application of the Optimised Conditions for Recovery of Indium from 

Waste LCD Screens 

The optimal conditions developed for indium extraction and recovery from indium-rich 

samples using a Model Test System have been applied to pre-treated real samples of LCD panels and 

the results are now described.  The results of the extraction process trialled using separately the two 

ILs, Cyphos 101 and Aliquat 336, followed by stripping and reduction steps are discussed here. The 

potential for recovery of ionic liquids for recycle and reuse to minimise reagent use described 

elsewhere in this chapter are discussed in terms of the real sample investigation. 

6.3.3.1 Extraction of Indium from Leach Liquor from Pre-treated Waste LCD Screens 

Leach liquor derived from the treatment of LCD panels (pre-treated strip LCD panels) under 

the conditions (60 °C, 2 h, 3 M HCl, and s/l ratio of 1:20) was separated from the residue using 

centrifugation at 3000 rpm for 10 minutes and the solution was kept for further analysis. The leach 

liquor was contacted with 0.1M Cyphos 101 and separately in 0.1M Aliquat 336 (each in toluene as 

diluent) at room temperature (20 °C), for 15 minutes (to achieve  equilibrium) and with an aqueous to 

organic ratio of 1:1. The extraction results are shown in Figure 6.25 for Cyphos 101 and in Figure 6.26 

for Aliquat 336 and Table 6.10 summarises the metal concentration in the organic and aqueous 

phases, and the extraction efficiencies of the ILs. Using both ILs the almost complete extraction of 

indium was achieved with 98% and 96% extracted with Cyphos 101 and Aliquat 336, respectively. The 

main contaminants in the leach LCD liquor (Al and Fe) were also completely extracted with both ILs, 

which could be beneficial in two ways. Firstly, as the metals with the highest concentration are 

extracted in the leach liquor, further stripping methods can be used to selectively recover these 

metals. Secondly, the metals remaining in the leach liquor have relatively low concentration of 

impurities, allowing the liquor to be reused for further leaching processes, thereby reducing the use 

of new hydrochloric acid. The distribution of metals following extraction in both ILs (Figure 6.25c and 

Figure 6.26 c) shows that indium represented nearly 52%, followed by iron and aluminium with 24% 

and 16%, respectively. The metal distribution in the organic and aqueous phases (Figure 6.25d and 

Figure 6.26 d) suggests that metals such as Ba, Mg, Mn, Ni and Sr do not have affinity for the ILs 

showing almost zero extraction; it is noted strontium, at a concentration of 4.7 g/L in the aqueous 

phase, is relatively higher than other metals (of <1.5 mg/L).  Whilst Ti did not show affinity for Cyphos 

101, nearly 50% was extracted by Aliquat 336. The metals Ga and Cr were partially extracted with both 

ILs, which shows the selectivity of the ILs towards different metals. Although not considered further 

as part of this research this information about the selectivity of the ILs for certain metals can be used 

to develop further separation processes, as appropriate. In general, both Cyphos 101 and Aliquat 336 
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presented very similar extraction efficiencies, with indium being successfully extracted from leached 

pre-treated LCD liquor.  

 

Table 6.10: Metal concentration in the organic and aqueous phases, and extraction efficiencies of ILs. 

Elements Cyphos 101 Aliquat 336 

 
Organic phase 

(mg/L) 

Aqueous 

phase (mg/L) 

Extraction 

Eff. (%) 

Organic phase 

(mg/L) 

Aqueous 

phase (mg/L) 

Extraction 

Eff. (%) 

Al 9.95 0.05 99.5 9.93 0.08 99.3 

Ba <DL 0.13 <DL <DL 0.13 <DL 

Cd 0.51 <DL 100.0 0.51 <DL 100.0 

Cr 0.08 0.05  39.6 0.05 0.07 42.3 

Cu 0.43 <DL 100.0 0.43 <DL 100.0 

Fe3+ 14.76 <DL 100.0 14.76 <DL 100.0 

Fe2+ 0.151 14.14 1.0 0.17 14.21 1.1 

Ga 0.127 0.26 66.8 0.27 0.12 69.2 

In 32.68 0.61 98.1 32.07 1.22 96.3 

Mg <DL 1.66 <DL <DL 1.66 <DL 

Mn <DL 1.33 <DL <DL 1.33 <DL 

Ni <DL 0.31 <DL <DL 0.31 <DL 

Pb 1.72 <DL 100.0 1.72 <DL 100.0 

Sr 0.15 4.57 3.2 0.05 4.67 1.1 

Ti <DL 0.06 <DL 0.04 0.04 <DL 

Zn 1.64 0.03 100.0 1.64 <DL 100.0 

Standard deviation ≤5% in all the cases. 
<DL: Under detection limit.  
Fe3+: Original iron concentration without any addition of ascorbic acid.  
Fe2+: Iron concentration after a 3-fold molar excess of ascorbic acid in the leach liquor.
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Figure 6.25: Indium extraction from leach liquor derived from pre-treated strip LCD panels by 0.1M Cyphos 101; (a) metals in the organic phase and 
extraction efficiencies, (b) metals in the aqueous phase, (c) metal distribution of the extracted metals, and (d) metal distribution in the organic and aqueous 

phases after extraction. 
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Figure 6.26: Indium extraction from leach liquor derived from pre-treated strip LCD panels by 0.1M Aliquat 336; (a) metals in the organic phase and 
extraction efficiencies, (b) metals in the aqueous phase, (c) metal distribution of the extracted metals, and (d) metal distribution in the organic and aqueous 

phases after extraction.
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6.3.3.2 Extraction of Indium Using Counter-current Extraction with Ionic Liquids  

To increase the concentration of indium counter-current extraction was studied with different 

volumes of organic and aqueous phases. Extraction isotherms were drawn to calculate the number of 

extraction stages required for indium by varying the aqueous: organic ratio (A:O), from 1/5 to 5/1, 

while keeping total volume of phases constant at 12 mL. The feed solution was derived from the 

leaching of pre-treated strip LCD panels at 3M HCl, 60 °C for 2 h, whilst the organic phase was 0.1M of 

each IL in toluene. McCabe-Thiele diagrams for the indium extraction are presented for Cyphos 101 in 

Figure 6.27a, and for Aliquat 336in Figure 6.28a.  

The McCabe-Thiele diagrams show that Cyphos 101 has a greater extraction capacity for 

indium than Aliquat 336. This result agrees with the findings reported earlier in this chapter (Figure 

6.6) that show Cyphos 101 to consistently out-perform Aliquat 336 and achieve higher indium 

extraction. This behaviour is also confirmed by the steeper slope obtained for Cyphos 101 (Figure 

6.27a), where at A:O=1:1, Cyphos 101 extracted 100% of indium in one step, whilst Aliquat 336 

extracted approximately 90% (Figure 6.28a), requiring 2 stages for complete indium extraction.  

To validate the McCabe-Thiele diagrams, a two stage counter-counter experiment was carried 

out in toluene at A:O=7/2 for 0.1M Cyphos 101 (Figure 6.27b) and at A:O=2/1 for 0.1M Aliquat 336 

(Figure 6.28b). These ratios were chosen so that the two ILs could be compared. It was expected that 

with an increase in the A:O ratio more indium will be available for the validation of the McCabe-Thiele 

diagram. Simply increasing the ratio to A:O=2:1 for Cyphos 101, two stages are theoretically required 

for complete indium extraction using (shown as the green lines in Figure 6.27a), yet with only one 

stage, more than 95% of the indium can be extracted. At this ratio of A:O=2:1, however, it was not 

clear if 1 or 2 stages is required for Cyphos 101, so the McCabe-Thiele diagram cannot be validated. 

For comparative purposes and for validation, therefore, with the selected ratios two stages of counter-

current extraction could be obtained theoretically from the McCabe-Thiele diagrams, and it is easier 

to corroborate this by measuring the indium concentration at each stage, leading to validation of the 

diagrams. The results from these experiments indicate that 100% of indium is extracted with 2 stages 

of counter-current by Cyphos 101, whilst Aliquat 336 extracted 96%, as predicted in the McCabe-

Thiele diagrams. The final indium concentration in the loaded Cyphos 101 was 115.3 mg/L, and 63.2 

mg/L in the loaded Aliquat 336. Other metals present in the LCD leach liquor were also concentrated 

in the 2-stage process, namely, aluminium, lead, and zinc as the main contaminants. Of these three 

metals, aluminium is the main concern since its concentration increased to 33.4 mg/L and 19.1 mg/L 

in Cyphos 101 and Aliquat 336, respectively.  This problem is addressed in the discussion on the 

stripping of indium from solution (Section 6.3.3.3). It is worth noting that the leach liquor used to draw 
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these McCabe-Thiele diagrams, ascorbic acid was added, which reduces iron from Fe3+ to Fe2+, and 

Fe2+ is not extracted by the ILs. Figure A.9 and Figure A.10 contained in Appendix show the extraction 

without the addition of ascorbic acid, and iron is completely extracted, with concentration of 48.5 

mg/L and 25.6 mg/L for Cyphos 101 and Aliquat 336, respectively.  

 

 

Figure 6.27: Indium extraction by Cyphos 101; (a) McCabe-Thiele plot for In, and (b) Counter-current 

on the extraction of In from pre-treated strip LCD panels leached in hydrochloric medium. 
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Figure 6.28: Indium extraction by Aliquat 336; (a) McCabe-Thiele plot for In, and (b) Counter-current 

on the extraction of In from pre-treated strip LCD panels leached in hydrochloric medium. 
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6.3.3.3 Stripping of Indium from the Loaded Organic Phase 

Although indium can be stripped at low H2SO4 concentration, several other metals present in 

the ILs can also be stripped and their presence could also be influenced by changes in acid 

concentration. To investigate the influence on metal stripping loaded organic phases (obtained from 

the extraction of leached liquor of pre-treated strip LCD panels), were stripped with different H2SO4 

concentrations under optimal conditions. As observed in Table 6.7 of the metal leaching from pre-

treated strip LCD panels, the main contaminant metals in the leach liquor are aluminium and iron, with 

concentrations of approximately 10 mg/L and 15 mg/L for Al and Fe, respectively. It is also observed 

(in Section 6.3.3.2) that these two metals can be effectively extracted with both ILs (Table 6.10). In the 

stripping studies trialled with different H2SO4 concentrations after extraction of ILs in toluene of real 

sample, shown in Figure 6.29, it is observed that Al does not strip out from the organic phase, so a 

complete separation is achieved. It is worth to note that, although 0.1M H2SO4 was selected as the 

stripping solution in the test model solution (Section 6.3.1.3), the effect of the concentration of H2SO4 

in the stripping step (Figure 6.29) was further analysed with real sample (at room temperature with 

an A:O ratio of 1.5:1), due to the presence of other metals that can affect the effectiveness of the 

indium recovery process. In the case of Fe, it was completely stripped at low H2SO4 concentrations 

(0.1M-1M), with the extent of stripping decreasing as the H2SO4 concentrations increase. The stripping 

of iron is a problem since the stripped solution contained approximately 20 mg/L of In and 10 mg/L of 

Fe, with other minor contaminants (<1 mg/L), suggesting further steps for separation and recovery of 

indium will be needed. In the literature, it was reported that the use of ascorbic acid can reduce iron 

from Fe3+ to Fe2+, which in the lower oxidation states is not extracted by the ILs [156]. With a 3-fold 

molar excess of ascorbic acid added to the leach liquor, as observed in the reduced iron in solution 

(Table 6.10) was not extracted by the organic phase. Thus, complete separation of In, Fe and Al was 

successfully achieved.  

The results of the stripping efficiency and the concentration of the main metals present in the 

organic phase, after extraction from leach liquor from pre-treated strip LCD panels are presented in 

Figure 6.29. In the same way the indium stripping varied with acid concentration (Figure 6.11), the 

stripping of other metals varied as a function of H2SO4 concentration. Copper was stripped across the 

full range of H2SO4 concentrations studied, however, since its concentration is low (0.428 mg/L), it was 

considered as a minor impurity of the process. Using a 0.1M H2SO4 stripping solution, the results in 

Table 6.11 show the final metal concentration in the stripping solution with indium completely 

stripped, with a concentration of approximately 21.7 mg/L from both ILs, representing a 97.1% and 

91.4% of total metals stripped for Cyphos 101 and Aliquat 336, respectively. Aluminium and iron, the 

main undesirable metals, were selectively separated, with iron in the leach liquor and aluminium still 
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in the organic phase, which can be stripped by other acids. The high indium concentration in both 

stripped solutions provide a source rich in indium which can be further processed for recovery.  

 

Table 6.11: Final metal composition and concentration of the stripping solution by 0.1M H2SO4. 

Elements Cyphos 101 Aliquat 336 

 
Concentration 

(mg/L) 

Extraction 

Eff. (%) 

Metal 

distribution 

(%) 

Concentration 

(mg/L) 

Extraction 

Eff. (%) 

Metal 

distribution 

(%) 

Al <DL <DL - 0.09 2.21 0.41 

Cd 0.12 35.22 0.52 0.06 18.50 0.32 

Cr <DL 1.21 0.00 0.01 2.11 0.01 

Cu 0.29 100.00 1.32 0.29 100.00 1.20 

Fe 0.11 1.24 0.50 0.12 1.10 0.41 

Ga 0.05 29.41 0.21 0.05 29.31 0.20 

In 21.82 100.00 97.10 21.61 100.00 91.41 

Mn <DL <DL - <DL <DL - 

Ni <DL <DL - <DL <DL - 

Pb <DL <DL - 0.95 83.31 4.00 

Zn 0.08 7.20 0.40 0.48 43.12 2.01 

Standard deviation ≤5% in all the cases. 
<DL: Under detection limit.  

 

6.3.3.3.1 Discussion 

It is shown that a 0.1 M H2SO4 solution at room temperature with an A:O ratio of 1.5:1 can 

completely strip indium but as acid concentration increases the effectiveness of the acid stripping 

diminishes. The driving force for the extraction with Aliquat 336 and Cyphos 101 is the presence of 

chloride anions, whilst the stripping of metals is efficient if the distribution ratio (metal in the organic 

phase/metal in the aqueous phase) is low. Theoretically, a low distribution ratio can be achieved by 

the addition of water, which decreases the chloride concentration. Nevertheless, although indium can 

be partially stripped with water, it is not efficient [215]. Thus, slightly acid solutions are advisable for 

stripping. Nayak and Devi studied several stripping agents such as hydrochloric acid, sulphuric acid, 

nitric acid and ammonia solution at different concentrations for indium extraction from Cyphos 104, 

finding that 0.1 M HCl was the best stripping agent [236]. Whilst authors have reported the use of 

different acids and different concentrations for stripping indium, interrogation of the comparative 

data contained in Table 6.8 and Table 6.9, compiled from the literature, suggest, HCl and H2SO4 as the 

ones most used.
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Figure 6.29: Metal stripping from loaded 0.1M ILs with different H2SO4 concentrations; (a) and (b) Cyphos 101, (c) and (d) Aliquat 336.
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6.3.4 Proposed Hydrometallurgical Process for Indium recovery from LCD 

Panels (as ITO Glass Substrate Fractions) 

The potential for recovery of indium from waste LCD panels derived from EoL Mobile Phones 

has been investigated and a hydrometallurgical process using the ionic liquids Cyphos 101 and Aliquat 

336, is developed. It is shown that pre-treatment of the as-received LCD panels is necessary to 

concentrate the indium, produce an indium rich source from which the target metal can be recovered 

in a three-step process of extraction, stripping, and reduction. Important factors in the development 

of an optimised process for recovery of indium include minimisation of reagent use and reduced 

energy consumption. In this context the efficiency of leaching was carefully controlled, with the 

recycle of leach liquors and recovery of ILs for recycle and reuse in the extraction and stripping process 

being trialled. Using a Model Test System containing indium, a detailed investigation of each step was 

carried out to maximise material recovery and optimise process parameters, including acid 

concentration, temperature, IL concentration, solid liquid ratios, reaction time, etc., the process 

conditions of extraction, separation and recovery were optimised.   

A pre-treatment step to remove polymeric films from as-received EoL Mobile Phone screens 

was developed to provide access to the indium-rich source embedded in the ITO glass substrate. A 

two-step process involving immersion of LCD panels in a hot water bath followed by an acetone bath 

successfully removed the polarising films leaving a glass substrate rich in ITO from which indium can 

be recovered and the residual glass can be recycled. 

The four-step process of leaching, extraction, stripping, and reduction developed to recover 

indium metal or indium oxide from the ITO glass substrate using ionic liquids is illustrated in Figure 

6.30. The process developed using strip pre-treated LCD panels from as-received EoL-MPs can be 

applied to other waste LCD panels. The overall indium recovery efficiency was >90%, obtaining 

metallic indium (via cementation) and indium oxide (via a precipitation-calcination step) in pure form 

for reuse in commercial products. As part of the trials the recycle and reuse of reagents was studied, 

and the efficiency and effectiveness in recovery of target indium was maintained over multiple cycles. 

The whole process shown here in Figure 6.30 was repeated for a second cycle to confirm the 

recyclability of the ILs, and the process efficiency, and a total efficiency >90% was successfully 

achieved. All the experiments were carried out in a laboratory scale with excellent results, which can 

now be applied on a larger scale.  
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Figure 6.30: Process Developed for Indium Recovery from ITO Glass Substrate. 

 

The complete recovery process developed in this work to produce indium and indium oxide 

from as-received EoL MP LCD screens is illustrated in Figure 6.31. The total indium recovery efficiency 

is >90%, and the separated components of frames, polymers films, polarisers, liquid crystal, and glass 

substrate have also been separated for recovery and for reuse. In the process studies have shown that 

the ILs can be recovered and recycled as part of the process and, because of the relatively high 

concentrations of iron and aluminium in the leach liquor, there is potential for them also to be 

recovered. 
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Figure 6.31: Flowsheet for Process Developed for Total Indium Recovery from EoL-MP screens. 
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6.4 Summary 

In this chapter a hydrometallurgical process has been developed, which involves a leaching, 

extraction, stripping and reduction step, using, separately, two ionic liquids, Cyphos 101 and Aliquat 

336, for the recovery of indium from waste LCDs derived from EoL-MPs. The process developed 

initially using a Model Test System (a simulated solution of indium) was optimised at each process 

stage before application on real as-received waste fractions. Due to the relatively low indium 

concentration in the waste LCDs, a pre-treatment step was deemed necessary. The process was 

developed and optimise to separate the polymeric films attached to the LCD panels, to enable access 

to an enriched indium source embedded in the glass substrate, and at the same to recover other non-

target materials for recycle and reuse. 

 EoL-MP screens can be manually separated from mobile phones, where frames, polymeric films 

and LCD panels are easily dismantled. This first separation results in the recovery of diffuser sheets 

and plates. Further treatment of the LCD panels with a two-step immersion in a hot bath of water (80-

90 °C, 0.5 h, S:L=1:10), followed by an acetone bath (20 °C, 1 h,  S:L=1:10, 150 rpm) can effectively 

separate the polarisers (CTA and PVA films) attached on the LCD panels. The final product of the pre-

treatment is an ITO glass substrate rich in indium, enriching the indium concentration nearly 50 times 

compare to the dismantled as-received LCD panels. 

Indium leaching by three mineral acids (HCl, H2SO2, and HNO3) showed that hydrochloric and 

sulphuric acids were the most suitable, leaching nearly 100% of indium under optimal conditions (60 

°C, 2 h, 3 M, S:L=1:20 for both acids). Due to the affinity of the ILs used in the next step of extraction 

for HCl, hydrochloric was selected as the leaching reagent. Direct leaching on untreated powder LCD 

panels showed an indium concentration of 0.7 mg/L, with several contaminants including Cu, Al, Fe, 

and Zn. Leach liquor, under optimal conditions, obtained from pre-treated powder LCD panels, showed 

complete indium leaching with a concentration of 33.2 mg/L. In addition, it was found that the pre-

treated LCD panels using strips, as pre-treated strip LCD panels, did not need a second shredding 

process (as LCD panels go through a first cutting of 1x1 cm2, followed by a milling, to obtain LCD 

powder of ≤150 µm), allowing direct leaching of the pre-treated strip LCD panels, which reduces the 

energy consumption of the process.  

The extraction process was carried out separately using the ionic liquids, Cyphos 101 and 

Aliquat 336, as extractants. Different organic solvents were studied for dilution with toluene proving 

to be the most effective. The extraction mechanism of the two ILs in chlorinated medium showed a 

one-to-one indium to IL molecule complex. The evaluated thermodynamic parameters suggest the 
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process to be spontaneous and endothermic. Several metals present in LCD panels were 

simultaneously extracted, with Al and Fe being the main undesirable metals, whilst other metals 

present were lower than 5% of the total metal extracted. The addition of ascorbic acid after leaching, 

however reduced Fe3+ to Fe2+, which, in the reduced form is not extracted by the ILs, increasing the 

representation of indium in the extraction from 51% to 69%. Based on McCabe-Thiele diagrams, a two 

counter-current extraction was performed with A:O ratios of 7:2 and 2:1 for Cyphos 101 and Aliquat 

336, respectively. The results showed an indium extraction of 100% using Cyphos 101 and 96% with 

Aliquat 336. Aluminium was not extracted by the ILs, separating In, Fe and Al in one step. 

Finally, indium stripping from the organic phase was performed using the optimal acid 

concentration of 0.1 M H2SO4, V(H2SO4)/V(IL) ratio of 1.5:1, 150 rpm, for 30 minutes. Indium was 

recovered as the metal via cementation by adding zinc at 20 °C, 4 h and 250 rpm (adding 2 times the 

amount of zinc required stoichiometrically), and as the oxide via precipitation by adding NaOH at pH 

12, followed by a calcination at 500 °C for 3 h. The ILs, Cyphos 101 and Aliquat 336 were able to be 

recycled and reused five times, showing no sign of losing extraction capability. Based on these results, 

two indium recovery processes are proposed, with both achieving an overall efficiency >90%. The 

hydrometallurgical processes developed could easily be applied to any EoL waste LCD and thin film 

streams for the recovery of the target metal indium. 

In summary a whole material and indium recovery process, from LCD panels derived from EoL-

MPs, is proposed for the first time.  
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7 Recovery of Rare-earth Elements from EoL Mobile 

Phone Speakers Using Ionic Liquids 

7.1 Introduction 

Rare earth elements (REEs) are a group of 17 chemically similar metallic elements (15 

lanthanides, plus scandium and yttrium). REEs are often categorised into two sub-groups as light rare 

earth elements (LREEs, from La to Eu) and heavy rare earth elements (HREEs, from Gd to Lu, including 

Y). REEs are not rare in nature as their crustal abundance (169.1 ppm) is higher than base metals such 

as zinc (70 ppm), copper (60 ppm), nickel (84 ppm), and lead (14 ppm), for example[198, 262]. In 

general, LREEs (137.8 ppm) are more abundant than HREEs (31.3 ppm). Therefore, REEs are not rare 

as its name suggests, rather the word rare comes from the fact that REEs are not commonly 

concentrated as economic ore deposits, though the viable deposits are distributed across the world 

in relatively low concentrations [262, 263]. According to the United States Geological Survey, the 

worldwide REEs reserve estimation in 2021 was 120 million tonnes and China, Vietnam, Russia, and 

Brazil have 36.7%, 18.3%, 17.5% and 17.5% of these reserves, respectively. China has led the world 

production of REEs for decades, accounting for more than 90% of global production and supply during 

the past decade [263]. 

REEs are becoming increasingly important in the transition to a green and low-carbon economy. 

This is due to their essential role in photovoltaic panels, wind turbines, permanent magnets, lamp 

phosphors, rechargeable NiMH batteries, catalysts, and other applications [16, 27, 55, 264, 265]. REEs 

have also been used for military purposes (missile guiding systems by lasers, reconnaissance satellites, 

smart bombs, joint direct attack munition, etc.) and even in the agricultural sector (fertilisers, feeding 

additives to enhance growing and fattening of farming animals, etc.) [262]. In mobile phones, 

numerous components (e.g. loudspeakers, touchscreens, vibrators, and electronics) are 

manufactured using REEs [266]. In fact, coloured touchscreens, which have become one of the most 

distinctive feature in any current mobile phone, were only possible due to the luminescent and 

electromagnetic properties of REEs [267]. According to Kingsnorth, the demand for REEs could 

increase by 7–8% annually [268], whilst Dutta et al. predicted an annual growth rate of 5% by 2020 

[269]. Furthermore, it was estimated that the demand for neodymium (Nd) and dysprosium (Dy) will 

increase 700% and 2600% by 2035 compared to the production of 2010 [270]. An increase in the 

demand for these REEs will also raise their prices. For instance, the cost of a tonne of neodymium 
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oxide was US$ 15.7 thousand in 2018 and it is expected to increase up to US$ 77.5 thousand in 2025 

[271]. 

The substantial consumption of REEs and the monopoly of their production have created 

serious deficit problems such as the REEs dispute in 2010-2013, where China reduced the REE export 

quota by nearly 40%, triggering a global spike in REEs prices and creating instability and shortage, 

exposing the potential influence of the criticality of certain materials [55, 78]. The European 

Commission (EC) has reported a list of critical raw material since 2011, with an update every four 

years, in which REEs have been highlighted as the most critical raw materials, with the highest supply 

risk of all listed raw materials [16, 78, 225]. Similarly, the U.S. Department of Energy (DOE) has 

reported a list of critical elements, where five REEs (neodymium, europium, terbium, dysprosium and 

yttrium) were catalogued as the most critical elements [272]. REEs have also been categorised as 

critical or of the importance in several other studies and organisations [16, 55, 78, 79, 225]. Therefore, 

their importance is undeniable for the future of society. Hoogerstraete et al. reported  that there are 

three possibilities of maintaining the supply of REEs [273]. Firstly, reopening abandoned rare-earth 

mines or opening new ones; however, it would require considerable time. Furthermore, the extraction 

of REEs from ores involves the use of toxic acids and can lead to the accumulation of radioactive waste 

due to REEs often being found in deposits rich in radioisotopes of thorium and uranium [262, 274]. 

Secondly, substitution of the most critical rare earths by less expensive rare earths or by d-group 

metals (elements that have a partially filled d orbital). Although some REEs could be substituted, any 

substituent is likely to be less effective and will probably require a redesign of the product. Thirdly, 

recycling REEs from waste electronic and electrical equipment (WEEE, also known as e-waste) [273]. 

Among these three alternatives, recycling REEs from e-waste is the most promising solution due to 

recycling being less polluting compared to extraction in primary ore production, smaller amount of 

chemicals are needed, lower energy consumption, and the process can diminish the dependency of 

REEs mining countries [275]. The recycling of REEs, however, remains very low, at between 1% and 

5% [27, 262]. Although, initial steps have been made, and various technologies been introduced for 

REEs recovery, there are still  several challenges to be overcome such as complicated logistics, 

extraction efficiency, selectivity, and process economics and feasibility [276]. The development of 

novel alternative recycling processes for REEs is therefore of crucial importance to mitigate the risk of 

shortages in the future.  

Conventional methods such as pyrometallurgical and hydrometallurgical processes have been 

used in the recovery of metals from WEEE; however, many of these processes have constraints 

associated with their operation including being  energy intensive, incurring high operational costs, and 

the liberation of toxic gases to the atmosphere, etc. for pyrometallurgical process [12, 104], whilst 
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hydrometallurgical processes consume a substantial amount of toxic, corrosive and flammable 

reagents, and can generate a large volume of wastewater that has to be further treated [12, 91, 104]. 

Despite the constraints associated with hydrometallurgical processes, they are preferred over 

pyrometallurgical methods because of their milder conditions, lower energy consumption, capital 

cost, and environmental impact. The key in the development of a recovery process is the combination 

of novel extraction approaches with conventional methods. In the search for new leaching/extraction 

reagents, ionic liquids (ILs) are highlighted as an efficient and more environment-friendly extractant 

[27, 264, 277]. Ionic liquids are solvents with remarkable properties; wide liquid range (from room 

temperature to above 300 oC), negligible vapour pressure (they do not produce hazardous vapours in 

contrast to many conventional organic solvents), excellent thermal, chemical and electrochemical 

stability, high ignition points, relatively low viscosity, and high recyclability [104, 105, 107]. Due to 

these outstanding properties, ILs are also known as the new green chemical revolution. ILs have been 

successfully utilised for metal extraction and separation of REEs from e-waste, especially from NdFeB 

magnets [265, 273, 277] and lamp phosphor waste [278-280], showing that ILs can be suitable for 

greener recycling processes of REEs. In those studies, less reagents were used compared to traditional 

processes, high extraction rates for REEs were achieved, and the ILs, in their majority, were recycled 

for further extractions. 

The work described in this chapter therefore is focussed on the development of processes to 

recover REEs from as-received e-waste derived from EoL Mobile Phone speakers that combines the 

use of ionic liquids in two hydrometallurgical processes that offer a green and more sustainable 

alternative to conventional leaching and extraction processes. 
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7.2 Methodology 

7.2.1 Materials 

7.2.1.1 Chemicals and Reagents 

All chemicals were of reagent grade and obtained from either Sigma-Aldrich (USA), VWR (USA) 

and Fisher Scientific (USA), Alfa Aesar (USA), Fluorochem (UK) and Agar scientific (UK). Unless stated 

otherwise all chemicals and reactive were used as received. 

7.2.1.2 Ionic Liquids (ILs) 

Based on the literature review, four potential ionic liquids were selected for trialling the 

extraction of REEs from EoL MP components, namely: betaine bis(trifluoromethylsulfonyl)imide 

([Hbet][Tf2N]) was selected as the main IL for this study due to its ability to solubilise metal oxides 

[107, 281], other ILs included 1-butyl-3-methylimidazolium bis(trisfluoromethylsulfonyl)imide 

([Bmim][Tf2N]), trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)amide ([P6,6,6,14][Tf2N]),  

and trihexyl(tetradecyl)phosphonium chloride also known as Cyphos 101 ([P6,6,6,14][CI]). Table 5.1 shows 

the properties and characteristics of these ILs. All the ILs were purchased and used as received, except 

for [Hbet][Tf2N], which was synthesised. 

Table 7.1: Properties, characterisation and structure of the ionic liquids used in this study. 

Ionic liquid Properties & characterisation Structure 

[Hbet][Tf2N] 

Appearance: white powder in dry form; colourless, 
viscous liquid in fluid form 
Upper Critical Solvent Temperature (UCST) 55⁰C  
MW: 398.33 g/mol 
Density: 1.727 g/cm3 (20⁰C),  1.541 g/cm3 (60 ⁰C)  
Flash point: 60⁰C 
FTIR: 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)  
TGA-DSC: Onset decomposition temperature:  
350 ⁰C. Residue: <1 wt.% at 700 ⁰C 

 

[Bmim][Tf2N] 

Appearance: colourless, viscous liquid 
MW: 419.36 g/mol 
Density: 1.44 g/cm3 (20⁰C) 
Flash point: >200 ⁰C 
FTIR: 2957 (CH3), 2927 and 2856 (CH2), 1467 (CCH3), 
1350, 1332 and 1137 (υSO2), 1225, 1189, and 1058 
(υSNS), 788 (υCS), 740 (δCF3), 652, 617 (υSO2) 
TGA-DSC: Onset decomposition temperature:  
420 ⁰C. Residue: 1 wt.% at 700 ⁰C  
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[P6,6,6,14][Tf2N] 

Appearance: colourless, viscous liquid 
MW:764.00 g/mol 
Density: 1.07 g/cm3 (20⁰C) 
Flash point: 52 ⁰C 
FTIR: 1574 (C=C), 1468 (CH3), 1349 and 1332(υSO2), 
1226 and 1185 (υCN), 1136 (υCH2), 1055(υSNS), 
845 (δCH), 740 (δCF3), 653 (υSNS), 602 (δSO2) 
TGA-DSC: Onset decomposition temperature:  
410 ⁰C. Residue: 3 wt.% at 700 ⁰C  

Cyphos 101 
[P6,6,6,14][CI] 

Appearance: colourless, viscous liquid 
MW: 519.3 g/mol 
Density: 0.895 g/cm3 (20⁰C) 
Flash point: 118 ⁰C 
FTIR: 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)) 
TGA-DSC: Onset decomposition temperature:  
370 ⁰C. Residue:<1 wt.% at 700 ⁰C 

 

Molecular weight (MW), densities and flash point values were obtained from Sigma Aldrich , chemicalbook and PubChem. 
FTIR vibrations were obtained experimentally and compare with references FTIR patterns in this study symbol; i) υ: 
stretching, ii) δ: bending, iii) ρ: rocking, iv) ω: wagging and v) τ: twisting. 
TGA-DSC information were obtained experimentally. 

 

7.2.1.2.1 Synthesis of betaine bis(trifluoromethylsulfonyl)imide ([Hbet][Tf2N]) 

[Hbet][Tf2N] was synthesised using an equimolar metathesis reaction based on the reaction 

specified by Nockemann et al. [107]. In this reaction, 26.7 g (0.174mol) of betaine hydrochloride 

([Hbet]Cl) and 50.0 g (0.174mol) of lithium bis(trifluoromethylsulfonyl)imide salt (Li[Tf2N]) were mixed 

together, and the mixture was dissolved in 50 mL of (reverse osmosis) RO water, stirred at 600 rpm at 

room temperature (20±2 °C) for one hour. Two immiscible layers were obtained with the ionic liquid 

in the lower layer and an aqueous phase in the upper layer. The IL was separated and washed with 

cold RO water several times until no trace of chloride was detected in the water effluent using the 

silver nitrate test. The IL was allowed to stand in a fridge for three hours until frozen, and then dried 

in a vacuum dryer for two days. [Hbet][Tf2N] appears as a white solid which was ground before use to 

increase the ease of handling during experiments. Due to the hydrophobicity of [Hbet][Tf2N], it was 

kept in a nitrogen atmosphere bag. A distinctive characteristic of [Hbet][Tf2N] is that it is hydrophilic 

under alkaline conditions and at temperatures above 55 °C, but otherwise is hydrophobic. This 

temperature is regarded as the upper critical solvent temperature (UCST) [107]. Above the UCST, a 

one-phase-system is formed, and a two-phase system is re-established by lowering the solution 

temperature to below the UCST. 
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7.2.1.3 Rare-earth oxides (REOs)  

Rare-earth elements (REEs) are a collection of 17 elements consisting of the lanthanides, 

yttrium, and scandium, which were divided into three subgroups; light REEs (LREEs), medium REEs 

(MREEs), and heavy REEs (HREEs) as listed in Table 7.2. Rare-earth oxides (REOs) are used as the source 

of REEs in this work. The oxide form was selected for the study of the leaching/extraction performance 

of [Hbet][Tf2N] since the IL can dissolve metal oxides [107]. The oxides of La2O3, CeO2, Pr2O3 and Nd2O3 

were chosen to represent the LREEs, Eu2O3 and Gd2O3 to represent MREEs, and Yb2O3, Y2O3 and Tb4O7 

as HREEs for testing the performance of the IL. Table 7.2 includes details on the REOs used in this study 

and some of their physical and chemical characteristics. 

 

Table 7.2: REOs utilised in this study and their physical and chemical properties 

Rare earth metal 

oxide 
REE Group 

Chemical 

Formula 

Molecular 

Weight [g/mol] 
Appearance 

Lanthanum (III) Light La2O3 325.81 white 

Cerium (IV) Light CeO2 172.11 pale yellow 

Praseodymium (III) Light Pr2O3 329.81 light green 

Neodymium (III) Light Nd2O3 336.48 pale blue 

Europium (III) Medium Eu2O3 351.93 white 

Gadolinium (III) Medium Gd2O3 362.50 white 

Terbium (III, IV) Heavy Tb4O7 365.85 black 

Ytterbium (III) Heavy Yb2O3 394.08 white 

Yttrium (III) Heavy Y2O3 225.81 white 

 

Each REO was used to test its solubility in the ILs, and mixes of REOs were tested to determine 

the selectivity of an IL for an REO.  

 

7.2.1.4 Model Test System 

A Model Test System was prepared using a mix of the oxides of neodymium and 

praseodymium as these metals represent the REEs that are most abundant in speakers and cameras, 

as determined in the characterisation studies reported in Chapter 3. 
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7.2.1.5 Speakers from EoL Mobile Phones 

Whilst speakers and cameras are rich in REEs, for the purposes of investigating the recovery 

of REEs from real samples in this work, with a greater sample size of speakers available compared to 

cameras, speakers from the three generations of EoL mobile phones (feature, multimedia, and 

smartphones) were used. Detailed characterisation of these components from each generation of 

phone, (with each generation being made up of five mobile phones), was made and reported in 

Chapter 3. The component fractions of the speakers and cameras following dismantling are shown in 

Figure 7.1. A total sample of 21 mobile phones were used in the study to provide a more 

representative sample as the elemental composition varies between different phone manufacturers, 

production date and supply chain. The speakers were dismantled manually, demagnetised, shredded 

by cryomilling, using processes described in Section 3.2.2, Chapter 3. The final product was a powder 

of ≤150 µm (Figure 7.1). Due to the small amount of sample obtained from each speaker, the powder 

samples of each mobile phone were mixed, to provide a more representative sample. 

 

 

Figure 7.1: Speakers and cameras from EoL mobile phones utilised in the recovery of REEs. 

Generation 1: feature phones, generation 2: multimedia phones, and generation 3: smartphones. 
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7.2.2 Analytical Techniques for Characterisation 

The analytical techniques used for characterisation of materials in this study are described in 

Chapter 3. Figure 7.2 summarises the analytical methods applied, and the measures used to determine 

the effectiveness of the proposed process steps of Solubility testing, Leaching/Extraction, Elution and 

Recyclability, Recovery of ILs, and Liquid-Liquid Extraction on the recovery of rare earth elements from 

simulated solutions and from real samples from EoL-MPs speakers. 

 

 

Figure 7.2: Analytical methods and Measures Used to Determine the Effectiveness of the Extraction 

and Recovery Methods Proposed. 
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7.2.3 Experimental Procedure 

To investigate the potential for recovery of REEs from waste speakers derived from EoL mobile 

phones, a five-step approach is followed: (i) solubility testing of [Hbet][Tf2N] for the target metals, 

using REOs as the representative source of REEs, (ii) determination of the optimised conditions for 

REOs leaching, (iii) pre-treatment of the as-received speakers from EoL-MPs for REEs recovery trials, 

and (iv) application of the optimised conditions for REEs extraction and recovery of pre-treated real 

samples. In addition, an alternative recovery method is studied using ILs as extractants but without 

pre-treatment. An overview of the experimental procedure followed is set out in Figure 7.3. 

 

 

Figure 7.3: Overview of Experimental Procedure. 
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7.2.3.1 Determination of Optimised Conditions for REEs Extraction and Recovery using A 

Model Test System  

7.2.3.1.1 Solubility of rare-earth oxides 

To determine the solubility of REOs in [Hbet][Tf2N], each REO was tested separately, to ensure 

there were no other interactions between different elements which may interfere with the solubility 

of the target REO. The [Hbet][Tf2N]:H2O ratio was set as 1:1 for all the solubility tests, using 1 g of 

[Hbet][Tf2N] and 1 mL of RO water at 57 °C (above the UCST). In the solubility test, 0.01 g of REO was 

continuously added to the [Hbet][Tf2N]:H2O system until residues were observed at the bottom of the 

test tube. The final concentration of the rare earth element was confirmed by ICP-OES. Once the 

solubility was determined, each REO was added in excess (10 wt.%) to study the effect of time (1, 2.5, 

5, 7.5, 10, 15, 20, 30, and 60 minutes) on the solubility in the IL:water system (1:1 [Hbet][Tf2N]:H2O, 

57 °C, 250 rpm). The influence of temperature on the selectivity of [Hbet][Tf2N]: H2O system towards 

REOs was studied by mixing 1 g of [Hbet][Tf2N] and 1 ml of RO water with 0.02g of each REO (Table 

7.2), and varying the temperatures from 57 °C to 85 °C. The use of [Hbet][Tf2N] as a separation process 

of light REEs from heavy REEs has been suggested based on a previous work done in Professor Grimes’ 

group by N. Schaeffer [281]. The current research builds on this work with the inclusion of more REOs 

and medium REEs. In each experiment, the REO:[Hbet][Tf2N]:H2O mixtures, after reaction, were hot-

filtered through 0.45 µm cellulose nitrate filter papers and the residue was washed with 8 mL hot RO 

water (60 °C) to remove any residual IL. The REEs are mostly present in the aqueous phase [265], but 

to ensure a total leaching of REOs, 5 mL of 1 M HCl containing 0.1 M betaine hydrochloride was added 

and mixed at 100 rpm for 4 h. Betaine hydrochloride was added to minimise the loss of the water-

soluble betaine cation from the IL to the aqueous phase. The final solution was then placed in a 

refrigerated room at 3 °C for 2 h to ensure the separation of the [Hbet][Tf2N]:H2O system into a 

biphasic phase, and the metal concentration was determined in the aqueous phase by ICP-OES. Each 

experiment was carried out in triplicates. 

7.2.3.1.2 Leaching 

The leaching tests were carried out using the [Hbet][Tf2N]:H2O system on the oxides of the 

three most abundant metals found in speakers, namely neodymium, praseodymium and iron. The 

tests were performed on (i) each oxide individually; (ii) as a binary mixture of the two rare-earth 

oxides, and (iii) as a ternary mixture of the two rare-earth oxides and iron oxide. 

Individual oxides: Experiments were carried out separately for Nd2O3 and Pr2O3 by varying the 

reaction time, [Hbet][Tf2N]:H2O ratio and the temperature. The experiments were carried out in glass 
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vials, sealed using a plastic screw cap to avoid water evaporation. Table 7.3 shows the different 

experimental conditions tested.  

A suite of tests to investigate the influence of time and [Hbet][Tf2N]:H2O ratio, was set up to 

be carried out simultaneously. Each experiment was carried out by immersing the glass vials, 

containing the oxide and the IL with a magnetic stirrer (250 rpm) to assist the mixing, in a water bath 

for temperature control and placed on heating plate. Water was selected as the heating medium 

because the working temperature was up to 85 oC.  Based on the solubility testing reported in Section 

7.2.3.1.1 (solubility of 0.16 g REO/g [Hbet][Tf2N]:H2O for Nd2O3 and Pr2O3), with nearly 80% of the 

maximum solubility, the weight of each oxide, chosen to ensure that all available oxide would be 

solubilised/extracted in the experiments, was 0.13 g.  After each experiment, the samples were then 

placed in a centrifuge at 3500 rpm for 10 minutes to precipitate the undissolved REOs; no residual 

oxide remained confirming that all the REO was solubilised/extracted. The vials were then placed in a 

refrigerated room at 3 °C for 2 h to ensure the separation of the [Hbet][Tf2N]:H2O system into a 

biphasic phase. The metal content in the aqueous phase was determined by ICP-OES, and the 

concentration in the IL was calculated from mass balance. Experiments were carried out in triplicate 

and analytical measurements were carried out in triplicate on each sample. 

 

Table 7.3: Experimental parameters for leaching/extraction by [Hbet][Tf2N]:H2O system. 

Time (min.) [Hbet][Tf2N]:H2O ratio Temperature (°C) 

1, 3, 5, 7.5, 10, 15, 20, 30 1:0.5, 1:1, 1:2, 1:3 60 

1, 3, 5, 7.5, 10, 15, 20, 30 1:0.5, 1:1, 1:2, 1:3 60 

15 1:1 57, 65, 75, 85 

 

The third most abundant metal in speakers, after neodymium and praseodymium, is iron, so 

its behaviour alone and its interaction with Nd and Pr (in a ternary system, described below) in the 

[Hbet][Tf2N]:H2O system was studied. Initial experiments to determine the effect of time (1-60 min.), 

temperature (57, 65, 75, and 85 °C), and [Hbet][Tf2N]:H2O ratio (1:0.5, 1:1, 1:2, 1:3, and 1:5) were 

carried out by mixing 0.2 g of Fe2O3 with 2 g of [Hbet][Tf2N] and 2 mL of H2O, (with the exception of 

trials investigating the impact of changes in the the [Hbet][Tf2N]:H2O ratio). The experimental 

procedure set out for the oxides of Nd and Pr separately, described above was followed. 

Binary Mixture of Oxides: The selectivity of the [Hbet][Tf2N]:H2O system for the REOs in the 

presence of the other oxide was conducted using binary mixtures (Nd2O3 and Pr2O3) by varying the 

mass ratio of Nd2O3:Pr2O3 for 1:5, 1:2, 1:1, 2:1 and 5:1. Each experiment was carried out in sealed glass 
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vials with a [Hbet][Tf2N]:H2O ratio of 1:1 (2 g:2 mL), 60 °C, 500 rpm for 30 min. The amount of REOs 

used was 80% of the maximum solubility of [Hbet][Tf2N]:H2O system observed in Section 7.2.3.1.1. 

After each experiment, the samples were then placed in a centrifuge at 3500 rpm for 10 minutes to 

precipitate the undissolved REOs. The vials were then place in a refrigerated room at 3 °C for 2 h to 

ensure the separation of the [Hbet][Tf2N]:H2O system into a biphasic phase. The metal content in the 

aqueous phase was determined by ICP-OES, whilst the concentration in the organic phase was 

calculated by mass balance. Experiments were carried out in triplicate and analytical measurements 

were carried out in triplicate on each sample.  

Ternary Mixture of Oxides: The selectivity of [Hbet][Tf2N]:H2O system for the oxides in a 

ternary  metal oxide mixture (Fe2O3, Nd2O3 and Pr2O3) was conducted at a fixed mass ratio of Nd2O3: 

Pr2O3=1:1 and varying the mass ratio of Fe2O3. The mass ratios used of Nd2O3: Pr2O3:Fe2O3 were 1:1:1, 

1:1:2, 1:1:3, 1:1:4, and 1:1:5. The amount of Nd2O3 and Pr2O3 used was 0.1 g each, whereas Fe2O3 was 

0.1g, 0.2g, 0.3g, 0.4g, and 0.5g. The experiments were conducted in sealed glass vials at 60 °C, 500 

rpm and 30 min. After each experiment, the samples were then placed in a centrifuge at 3500 rpm for 

10 minutes to precipitate the undissolved metal oxides. The vials were then placed in a refrigerator 

room at 3 °C for 2 h to ensure the separation of the [Hbet][Tf2N]:H2O system into a biphasic phase. 

The metal content in the aqueous phase was determined by ICP-OES. The determination of metals in 

the organic phase, as the metal was added in excess, was made by taking out 1 mL of the loaded IL 

(after centrifugation) and adding 5 mL of 1 M HCl containing 0.1 M betaine hydrochloride (stirring at 

100 rpm for 4 h) to strip the metals from the IL. The metal concentration was then determined by ICP-

OES. The leaching efficiency was calculated by: 

%𝐿 =
(𝐶𝑎𝑞 ∙ 𝑉𝑎𝑞 + 𝐶𝐼𝐿 ∙ 𝑉𝐼𝐿)

𝑚𝑅𝐸𝐸,𝑜𝑥𝑖𝑑𝑒𝑠
∙ 100 Eq. 7.1 

 

where 𝐶𝐼𝐿 and 𝐶𝑎𝑞 are the equilibrium concentration (mg/L) of the target in the IL (organic) and the 

aqueous phase, respectively, 𝑉𝐼𝐿 and 𝑉𝑎𝑞 the volume (L) of the IL and aqueous phase, respectively, and 

𝑚𝑅𝐸𝐸,𝑜𝑥𝑖𝑑𝑒𝑠 represents the mass of REE metal in the oxide metals added (mg). 

7.2.3.1.3 Precipitation 

After leaching of Nd2O3 in [Hbet][Tf2N]:H2O system (1:1 ratio,  60 °C, 500 rpm, and 30 min), 

the solution was cooled to 3 °C for 2 h for separation of phases and the aqueous phase was removed 

from the organic phase. Neodymium was stripped from the aqueous phase with nearly stoichiometric 

amounts of pure oxalic acid powder (5% of excess). The solution was mixed at room temperature 
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(20±2 °C) at 250 rpm for 30 min. After the precipitation, a white precipitate was observed, and the 

sample was centrifuged at 3500 rpm for 10 minutes to separate completely the precipitate. Whilst 

centrifugation was not needed in the process, it was used to permit separation of the precipitate for 

analysis for metal concentration by ICP-OES to ensure precipitation was complete. The aqueous phase, 

containing the precipitate, was filtered and the residue was washed twice with RO water and then 

with ethanol. 

7.2.3.1.4 Calcination  

The resulting solid powder from precipitation, REE oxalate (>99 wt.%), was put into a crucible 

and calcined at 900 °C for 2 h to obtain the REOs. Preliminary studies were carried out with 

neodymium, where after precipitation a white powder formed, and followed by calcination the 

powder turned light blue-purple colour characteristic of Nd2O3. The same procedure was carried out 

when speaker powder was utilised. 

7.2.3.1.5 Recovery of IL ([Hbet][Tf2N]) 

The recyclability of [Hbet][Tf2N] was trialled by carrying out five continuous cycles of 

leaching/extraction using neodymium oxide. In each cycle, 0.14 g Nd2O3 of was put in contact with the 

[Hbet][Tf2N]:H2O system with a ratio 1:1, at 60 °C, 500 rpm for 30 min. After leaching, the samples 

were placed in a centrifuge at 3500 rpm for 10 minutes to precipitate any undissolved Nd2O3, followed 

by cooling at 3 °C for 2 h to ensure the separation of the [Hbet][Tf2N]:H2O system into a biphasic phase. 

The phases were separated by careful extraction of the phase using a pipette. In the aqueous phase, 

oxalic acid was added to precipitate the neodymium. The organic phase ([Hbet][Tf2N]) was rinsed with 

a 0.1 M oxalic acid solution to precipitate any residual metal ions in the organic phase, and then 

washed with a 0.1 M HCl solution to ensure complete removal of any impurities. Following the 

stripping and washing steps, the [Hbet][Tf2N] was dried in an oven at 90 °C for 10 h. This procedure 

was repeated five times. 

 

7.2.3.2 Pre-treatment of As-Received Waste Speakers from EoL-MPs for REEs Recovery 

Pre- treatment of as-received waste speakers from EoL-MPs before investigating the potential 

for recovery of REEs involved a demagnetisation step followed by roasting to convert the REE metals 

to the corresponding oxide. These methods are now described. 
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7.2.3.2.1 Demagnetisation 

After dismantling the speakers from EoL mobile phones (Figure 7.1), the speakers were placed 

in a muffle furnace at 350 °C for 1 h, to ensure complete demagnetisation. The speakers were then 

cryomilled in liquid nitrogen (freezing the samples up to – 196 °C) for 15 min at 150 rpm in a closed 

system, using a cryomill (Retsch Cryomill, Germany), until a powder with a particle size ≤ 150 µm was 

obtained (Figure 7.1). 

7.2.3.2.2 Roasting 

The milled powder was then roasted to convert the REEs present in the speakers to their 

oxides, to facilitate their extraction into the [Hbet][Tf2N]:H2O system. The roasting temperature was 

determined using thermogravimetric analysis (STA-1500 Series, Austria), where a sample (~12 mg) of 

speaker powder was placed in an alumina crucible holder and was heated to 1000 °C (at 10 °C/min) 

under air flow (50 mL/min). Using the data from the TGA analysis, the roasting temperature was 

chosen, and the powdered speaker fraction was placed in a ceramic crucible in a muffle furnace at 950 

°C for 5 h to ensure complete conversion of the metals to the metal oxides. 

 

7.2.3.3 Application of the Optimised Conditions for REEs Extraction and Recovery from E-

Waste Components 

The conditions optimised for the recovery of rare earth metal oxides using the three-step 

leaching, precipitation and calcination process was trialled on the REOs obtained from pre-treatment 

of the speakers. Powdered oxide samples (30 mg) were placed in glass vials (10 mL) with a fixed 

amount of [Hbet][Tf2N] (3 g) together with a magnetic stirrer to ensure complete mixing. A 

[Hbet][Tf2N]:H2O ratio of  1:1 was used in all leaching experiments, and leaching was carried out in a 

water bath at 60 °C, 500rpm for 1 h. The glass vials were sealed using a plastic screw cap to avoid the 

liberation of vapour. After leaching, the samples were placed in a centrifuge at 3500 rpm for 10 

minutes to precipitate the residue, followed by cooling at 3 °C for 2 h to ensure the separation of the 

[Hbet][Tf2N]:H2O system into a biphasic phase. The metal content in the aqueous and organic phases 

was determined as described in Section 7.2.3.1.2, and the extraction efficiency calculated using Eq. 

7.1. To determine the concentration of REE in the speakers, an aqua regia digestion method described 

in section 3.2.3.1 of Chapter 3 was used. 
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7.2.3.4 Determination of Optimised Conditions for REEs Extraction and Recovery using A 

Model Test System: Alternative Recovery Method 

Using a Model Test System an alternative method for recovery of REEs without a pre-

treatment step was investigated.  

7.2.3.4.1 Leaching of REOs 

To determine the most suitable acid for leaching REEs from speakers, each REO was dissolved 

separately in HCl, HNO3, and H2SO4. In each experiment, 0.1 g of the REO (Table 7.2) was placed in a 

glass beaker into which was added 40 mL of 1 M of acid. The leaching was carried out at room 

temperature (20±2 °C) for 1 h. The final concentration of the leached REE was determined by ICP-OES. 

The results showed that HCl was the most efficient leachant and was therefore used for the leaching 

of powdered speaker without a pre-treatment step. 

7.2.3.4.2 Selection of ILs 

To select the most effective IL for liquid-liquid extraction, a neodymium solution in 

hydrochloric acid medium was placed in contact separately with three different ILs, namely: 

([Bmim][Tf2N], [P6,6,6,14][Tf2N] and Cyphos 101 [P6,6,6,14][Cl]) (Table 5.1), with an organic to aqueous ratio 

of 1:1 (2 mL each), and the mixture was magnetically agitated at 500 rpm for 1 h. The influence of 

hydrochloric acid concentration, temperature, and time was studied under the different experimental 

conditions listed in Table 7.4. In each experiment, only one parameter at a time was changed while 

keeping all others constant. After each experiment, the solution was centrifuged at 3500 rpm for 10 

minutes. Analyses for determination of the rare earth element and other metal concentrations was 

performed by ICP-OES by taking 1 mL of sample diluted in 4 mL of 1 M HCl. All the experiments and 

measurements were done in triplicate and the results averaged. The extraction was obtained by: 

%𝐸 =
(𝐶𝑖 − 𝐶𝑓)(𝑎𝑞) ∙  𝑉𝐼𝐿

(𝐶𝑖  ∙  𝑉𝑖)(𝑎𝑞) ∙  𝑉(𝑎𝑞)
∙ 100 Eq. 7.2 

where  𝐶𝑖 and 𝐶𝑓 represent the initial and final metal concentration (mg/L) in the aqueous phase, 

respectively, and  𝑉𝐼𝐿 and 𝑉(𝑎𝑞) are the IL and aqueous volume (L), respectively.  

 

Table 7.4: Experimental parameters for determination of optimal extraction conditions. 

Acid concentration (M) Temperature (°C) Time (min.) 

0.5, 1.0, 2.0, 3.0 20 60 

1.0 20, 40, 60, 80 10, 20, 30, 60, 90, 120, 270 

1.0 20 60 
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7.2.3.4.3 Stripping 

A neodymium solution in 1 M HCl was used as aqueous phase for extraction with a 

[Bmim][Tf2N] (the IL selected). After extraction, separation of the phases was assisted by 

centrifugation at 3500 rpm for 10 minutes. The phases were separated, and the organic phase was 

put in contact with 1 M HCl solution with a volume ratio of 1:1 at 500 rpm for 30 min. After stripping, 

the solution was centrifuged at 3500 rpm for a further 10 min to ensure complete phase separation. 

The two phases were separated by careful extraction of the phase using a pipette, and the organic 

phase was washed three times with 0.1 M HCl for the next extraction, whilst solid oxalic acid was 

added to the stripping solution. The precipitated powder was filtered washed twice with RO water 

and then with ethanol. The resulting solid, was put into a crucible and calcined at 950 °C during 4 h to 

obtain neodymium oxide.  

7.2.3.4.4 Recovery of IL 

The recyclability of [Bmim][Tf2N] was tested by carrying out five continuous cycles of 

extraction using neodymium oxide solution as the source of REEs. In the recovery of the IL, 5 mL of IL 

was mixed with 5 mL of the neodymium solution under optimised extraction conditions (1 M HCl, 20 

°C and 1 h). After the extraction, stripping was achieved by contacting the IL with a 1 M HCl solution 

with an organic to aqueous ratio of 1:1, at room temperature (20±2 °C), 250 rpm, and 30 minutes. The 

IL was then washed 3 times with a solution of 0.1M HCl to strip any residue left and reused in the next 

cycle. 
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7.2.3.5 Summary 

The four-step approach to investigate the development of an optimised process for recovery 

of REEs from waste speakers derived from EoL-MPs using ionic liquids is elaborated further in Figure 

7.4 in terms of the process steps, the conditions tested, and the component fractions involved. An 

alternative recovery method, without pre-treatment, involving a two-stage process of liquid-liquid 

extraction using different ILs following by stripping was also studied. 

 

Figure 7.4: Overview of the experimental procedure applied in the development of an optimized 

process for rare earth elements recovery. 
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7.3 Results and Discussion 

Detailed characterisation of metals present in speakers and cameras from three generations 

of EoL-MPs was carried out and the results presented in Chapter 3.  The extent of REEs concentration 

and distribution in speakers and cameras are illustrated in Figure 7.5 and Figure 7.6 respectively.  

Among the REEs (Figure 7.5), neodymium and praseodymium are the most abundant, with erbium 

also being significant in cameras. It can be clearly seen in Figure 7.6 that REEs represents the major 

metals composition in speakers and cameras with 90.5% and 51.1%, respectively. With the 

predominance of these valuable and critical metals present in considerable proportions in these 

components of the mobile phone, the focus of this work is to develop an optimised method using ionic 

liquids for the recovery of target REE metals, from e-waste using speakers from EoL-MPs as a test case.  

As Nd and Pr represent more than 90% of the total REEs composition in speakers and more than 70% 

in cameras, these two REEs are studied in detail and the optimised conditions are trialled on speakers 

as the sample size of cameras was limited.  

 

Figure 7.5: REEs concentration and distribution in speakers (a) and (b), and in cameras (c) and (d) of 

EoL-MPs. 
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Figure 7.6: Total metal concentration and distribution; (a) speakers and (b) cameras. 
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7.3.1 Optimised Conditions of [Hbet][Tf2N] for REEs Extraction and Recovery 

Using a Model Test System 

To determine the optimised conditions for leaching, extraction and recovery of REEs using 

ionic liquids, a Model Test System was deployed and the behaviour of rare earth metal oxides in the 

[Hbet][Tf2N]:H2O system, alone, under various conditions of temperature, time, and ratio of 

[Hbet][Tf2N]:H2O, was studied. Due to the significant concentrations of certain metals present in 

speakers and cameras, the study was extended to include an investigation of the impact on leaching 

of the REOs from binary and ternary mixtures of oxides. The results of these investigations are now 

described. 

7.3.1.1 Solubility of REOs in [Hbet][Tf2N]-H2O system 

The effect of time on the solubility of a range of REOs in a 1:1 [Hbet][Tf2N]:H2O system at 57 

°C  was investigated and the results are shown in Figure 7.7. In all the cases, an equilibrium is reached 

within 15 minutes, with, in most cases, 10 minutes being sufficient for 95% equilibrium to be reached. 

The [Hbet][Tf2N]-H2O system showed good solubility for oxides of lanthanum (La2O3), praseodymium 

(Pr2O3), neodymium (Nd2O3), europium (Eu2O3), and gadolinium oxide (Gd2O3), reaching a solubility of 

approximately 0.161 g REO/g [Hbet][Tf2N]-H2O. Yttrium oxide (Y2O3) showed limited solubility of 0.05 

g REO/g [Hbet][Tf2N]-H2O, whereas cerium oxide (CeO2), terbium oxide (Tb4O7), and ytterbium oxide 

(Yb2O3) showed no signs of dissolution, being almost negligible for Yb2O3 (at 0.01 g REO/g [Hbet][Tf2N]-

H2O). The solubility of REOs in the [Hbet][Tf2N]-H2O system is due to the ability of betaine 

bis(trifluoromethylsulfonyl)imide, present as the cation in the IL, to dissolve metal oxides. The metal 

oxides react with the carboxylic acid group of the ionic liquid to form carboxylate complexes and water 

[107]. In Figure 7.7b, the results show that although the medium REOs (Eu2O3 and Gd2O3) reached the 

same equilibrium as the light REOs, they were the slowest, suggesting a preference and faster kinetics 

for light REOs. The solubility of REOs shows a clear trend: light and medium REOs (except cerium oxide) 

are dissolved in [Hbet][Tf2N]-H2O system, whereas heavy REOs have zero or very low solubilities. Thus, 

leaching by [Hbet][Tf2N]-H2O system can be utilised for the separation of light and heavy REOs.  
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Figure 7.7:  Solubility of REOs in 1:1 [Hbet][Tf2N]:H2O system with respect to time; (a) Effect of time 

over the duration studied, (b) shown in more detail in the range up to 15 mins. 
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there is higher selectivity between the LREOs from HREOs. Figure 7.8 provides detailed illustration of 

the selectivity of [Hbet][Tf2N]-H2O system for the REOs as the experiment was carried out by mixing 

the same amounts of each REO. In a complex mixture of different REOs, it is observed that the IL 

favours the leaching of light REOs rather than heavy REOs. Due to this selectivity, the REOs were 

divided into three regions of selectivity, namely: favourable (concentrations ≥9 mg REO/g 

[Hbet][Tf2N]-H2O or extraction ≥60%), partially favourable (concentrations between 1 and 9 mg REO/g 

[Hbet][Tf2N]-H2O or extraction between 5% and 60%), and unfavourable (concentrations ≤1 mg REO/g 

[Hbet][Tf2N]-H2O or extraction <5%). The upper and lower partial favourability categories were 

considered because of the large range in concentration and extraction. It is noted that the 

temperature increases the favourability of some REOs in the IL leaching, which is particularly 

noticeable with Y2O3 and Yb2O3. Interpretation of these results and their categorisation is useful for 

determining the applicability of [Hbet][Tf2N]-H2O system in the recovery and separation of REOs from 

a mixture light and heavy rare-earth oxides. 

 

Figure 7.8: Effect of the temperature on REOs solubilities in [Hbet][Tf2N]:H2O (1:1) system; (a) 

extraction concentration, (b) extraction efficiency. 
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In summary, the solubility values of REOs in this study are in agreement with those reported by 

Schaeffer et al. [281]. There were two key aspects reported on their study which require comment 

related to the current work – (i) the effect of time and temperature on the leaching behaviour of a 

selection of REOs in the [Hbet][Tf2N]:H2O system, and (ii) the ability the [Hbet][Tf2N]:H2O system to 

separate light from heavy REOs. Schaeffer et al. studied the effect of time and temperature on the 

leaching of La2O3, Nd2O3, Eu2O3, Gd2O3, Y2O3 and Yb2O3 in 1:1 [Hbet][Tf2N]:H2O system, finding that the 

solubility of La2O3, Nd2O3, Eu2O3, Gd2O3 was 0.16 g RE/g [Hbet][Tf2N], whereas the Y2O3 and 

Yb2O3  increased their solubilities with the temperature, reaching nearly 0.10-0.11 g RE/g [Hbet][Tf2N] 

at 95 °C. The increase in dissolution rate with increase in temperature reported, is observed in the 

current work, and furthermore the observations on the ability for [Hbet][Tf2N] to effectively separate 

the light and heavy rare earth oxides, is also confirmed. The current research study extended the 

investigation to consider nine REOs rather than the earlier reported six, which provides, as well as 

endorsement of the earlier findings, a more comprehensive summary of the behaviour across a wider 

range of oxides. The ability of [Hbet][Tf2N] to dissolve metal oxides was first reported by Nockemann 

et al., who synthesised for the first time Hbet][Tf2N] – referred to as a ‘task-specific’ ionic liquid [107]. 

They not only reported that the lanthanides oxides are dissolved in [Hbet][Tf2N]- H2O system, but also 

UO3, PbO, ZnO, CdO, HgO, CuO, Ag2O, NiO, PdO, and MnO. The leaching of those metal oxides is due 

to the ability of the carboxylic acid group of the ionic liquid to react, forming carboxylate complexes, 

whilst the addition of water to the [Hbet][Tf2N] facilitates the dissolution of the metal oxide in the IL 

[106, 107]. A further study reported by the same group determined that a stoichiometric amount of 

metal oxide MXOY is present if for every mole of MXOY the amount of [Hbet][Tf2N] equals x times the 

oxidation state of the metal [106]. This suggests that for any molecule of RE2O3 dissolved, six molecules 

of [Hbet][Tf2N] are needed. The final solubility of, for instance, Nd2O3, is 0.161 g/g IL, and using the 

molecular mass of neodymium oxide (333.48 g/mol) and [Hbet][Tf2N] (398.33 g/mol), the value of the 

solubility can be expressed as 1 mole Nd2O3/5.3 mol [Hbet][Tf2N], which is nearly 6 moles of IL per 

mole of REO. The other REOS which presented similar solubility to neodymium oxide have similar 

molecular masses, consequently the stoichiometric value of 6 molecules of IL per mole of REO is 

approximately the same, corroborating the findings of Nockemann et al.  
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7.3.1.2 Effect of the [Hbet][Tf2N]:H2O ratio 

The effect of the [Hbet][Tf2N]:H2O ratio from 1:0.5 to 1:3 on the solubility and metal 

distribution of Nd2O3 and Pr2O3 in the organic phase ([Hbet][Tf2N]) and aqueous phase (H2O) is shown 

in Figure 7.9. The first observation is that in all cases, a limit equilibrium of 1.61 g REO/g 

[Hbet][Tf2N]:H2O is achieved, which is in good agreement with the maximum solubility of these REOs 

in the IL-water system illustrated in Figure 7.7. The dissolution rates rise with an increase in water 

content (Figure 7.9a and Figure 7.9c); where water assists in breaking the hydrogen bonding within 

the [Hbet][Tf2N], which lowers the viscosity of the [Hbet][Tf2N]:H2O system, favouring the mobility of 

the carboxylic acid-bearing betaine cation, and consequently, increasing the dissolution kinetics. The 

addition of water does not increase the solubility of REOs in the IL which was expected since the 

extraction mechanism involves the coordination via the carboxylic acid function of the cation, but the 

water simply facilitates the extraction by lowering the viscosity of the IL.  

The characteristic colours of the Nd2O3 (light pink-purple) and Pr2O3 (light green) observed in 

the organic and aqueous phases, although with different intensities indicated the presence of rare-

earth ions in both phases. It was necessary, therefore to determine metal distribution between the 

organic and aqueous phases (Figure 7.9b and Figure 7.9d). The solutions (57 °C), after extraction, were 

placed in a refrigerated room at 3 °C for 2 h to ensure the separation of the [Hbet][Tf2N]:H2O system 

into a biphasic phase, and the concentration of REOs was determined in the aqueous phase by ICP, 

whereas the concentration in the organic phase was calculated by mass balance (as all the REO was 

dissolved). Figure 7.9b and Figure 7.9d show that decreasing the [Hbet][Tf2N]:H2O ratio, the solubilised 

REOs in the [Hbet][Tf2N]-H2O system remain preferentially in the aqueous phase in both cases. In the 

case of Nd2O3, an increase in water in the system reduces the amount of neodymium in the aqueous 

phase by approximately 5%. On the other hand, increasing the water content in the Pr2O3-

[Hbet][Tf2N]-H2O system favours the presence of praseodymium in the aqueous phase. It is important 

to note that REOs are insoluble in water due to most metal oxides possessing a hydrophilic surface 

(tested in water confirmed them to be insoluble). The presence of Nd and Pr in both the aqueous 

phase and organic phase can be due to various factors such as partial solubility of the IL and water, 

diffusion of soluble rare-earth compounds (after reaction) from the IL phase to the aqueous phase 

product of a high gradient of concentration, the decrease of the UCST with REO loadings [107, 281]. 
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Figure 7.9: Effect of the IL:H2O ratio in the solubility and metal distribution of Nd2O3 (a) and (b), and 

Pr2O3 (c) and (d). 
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Figure 7.10: Influence of metal salts (1 M) on the distribution ratio of Nd and Pr ions in the 1:1  

[Hbet][Tf2N]:H2O system. 
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The effect of the temperature on the solubility of Nd2O3 and Pr2O3 is shown in Figure 7.11. It 
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Figure 7.11: Effect of the temperature in the solubility of Nd2O3 (a) and (b), and Pr2O3 (c) and (d). 
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1 Film diffusion control dense constant size small particles – all geometries 

𝑋 = 𝐾𝑐𝑡  Eq. 7.3 

2 Film diffusion control dense shrinking spheres  

1 − (1 − 𝑋)2/3 = 𝐾𝑐𝑡  
Eq. 7.4 

3 Chemical reaction control dense constant size cylindrical particles model 

1 − (1 − 𝑋)1/2 = 𝐾𝑐𝑡  
Eq. 7.5 

4 Chemical reaction control dense constant size or shrinking spheres 

1 − (1 − 𝑋)1/3 = 𝐾𝑐𝑡 
Eq. 7.6 

5 Ash diffusion control dense constant size-spherical particles 

1 − 3(1 − 𝑋)2/3 +  2(1 − 𝑋) = 𝐾𝑐𝑡  
Eq. 7.7 

where, Kc is the reaction rate constant (min-1), t = time (min), and X = metal leaching rate (% leaching).  

 

Figure 7.12 and Figure 7.13 show the model fit using the shrinking core equations for Nd2O3 and 

Pr2O3, respectively. The coefficient of determination R2 value was adopted to compare the goodness 

of fit. Normally, a larger R2 value indicates a better precision fit. Comparing the R2 values, it was found 

that in both cases the data fitted best (R2≥0.9501) with the ash diffusion control dense constant size-

spherical particles. This result suggests that the kinetics are governed by the diffusion mechanism. 

This result is plausible due to the fast dissolution rate found, where less than 15 minutes, and in most 

cases within 10 minutes, were sufficient for reaching equilibrium, suggesting that the reaction is 

unlikely to be the slowest step in the leaching process. Furthermore, as observed in the detailed range 

plots of the influence of water (Figure 7.9b) and temperature (Figure 7.11b) on the solubility, the 

solubility rate increases as the viscosity decreases, supporting that favouring the diffusion mechanism 

increases the extraction rate.  
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Figure 7.12: Model fitting for leaching kinetics of Nd2O3 by [Hbet][Tf2N]:H2O (1:1); a) Film diffusion 

control dense constant size small particles – all geometries, b) Film diffusion control dense shrinking 

spheres, c) Chemical reaction control dense constant size cylindrical particles, d) Chemical reaction 

control dense constant size and e) Ash diffusion control dense constant size-spherical particles. 
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Figure 7.13: Model fitting for leaching kinetics of Pr2O3 by [Hbet][Tf2N]:H2O (1:1); a) Film diffusion 

control dense constant size small particles – all geometries, b) Film diffusion control dense shrinking 

spheres, c) Chemical reaction control dense constant size cylindrical particles, d) Chemical reaction 

control dense constant size and e) Ash diffusion control dense constant size-spherical particles. 
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The leaching of Nd and Pr by [Hbet][Tf2N]-H2O is found to be governed by the ash diffusion 

control dense constant size-spherical particles as for both it presented the highest resistance in the 

SCM (the highest R2 values). The slope of the linear fit of this model represents the apparent rate 

constant kc, and the values for each oxide increasing with temperature are summarised in Table 7.5; 

consistent with the observations in Figure 7.11, as the temperature increased, so did the dissolution 

rate. This relationship between the leaching rate (Kc) and the temperature can be described by the 

Arrhenius equation:  

𝐾𝑐 = 𝐴𝑒−𝐸𝑎/𝑅𝑇  
Eq. 7.8 

where kc is the rate constant (min-1), A is the frequency factor (min-1), Ea is the activation energy of 

reaction (J/mol), R refers to the universal gas constant (8.3145 J/mol∙K), and T is the temperature (K). 

The Arrhenius plot was obtained by using the apparent rate constant kc from Table 7.5, and 

the results are shown in Figure 7.14 for Nd2O3 and Pr2O3. The lineal regression with an R2 =0.9739 for 

Nd2O3 and R2 =0.9952 for Pr2O3 show that the leaching process fits well with the controlling diffusion 

model. Using the Arrhenius equation, the activation energy for Nd2O3 and Pr2O3 leaching was 

calculated to be 4.67 KJ/mol and 6.01 KJ/mol, respectively, in the temperature range of 57 °C and 85 

°C. The magnitude of activation energy suggests that the process is indeed controlled by diffusion 

since high activation energies (≥ 30-40 kJ/mol) generally indicate that the chemical reaction is the rate 

limiting step, whilst lower activation energies are associated with transport-controlled reactions [111, 

177]. Lower activation energy generally leads to higher speed rate, which is in good agreement with 

the rate constant from Table 7.5, where Kc values for Nd2O3 (lower Ea) are consistently greater than 

the Kc values for Pr2O3. In both cases, as expected, the higher the temperature, the higher the rate 

constant. 

Table 7.5: Linear fitting parameters of ash diffusion control dense constant size-spherical particles 

model. 

 𝑲𝒄 (min-1) 
𝑬𝒂 (KJ/mol) 

57 °C 65 °C 75 °C 85 °C 

Nd2O3 8.36x10-2 9.44x10-2 9.57x10-2 9.60x10-2 4.67 

Pr2O3 8.11x10-2 9.37x10-2 9.42x10-2 9.58x10-2 6.01 
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Figure 7.14: Arrhenius plot for REOs leaching (a) Nd2O3 and (b) Pr2O3. 

 

7.3.1.5 [Hbet][Tf2N] selectivity of a binary REOs mixture 

Neodymium and praseodymium are the major REEs present in speakers and cameras of EoL-

MPs, so an important factor in investigating their extraction and recovery using the ionic liquid 

[Hbet][Tf2N]-H2O, is study of their behaviour in the presence of one another. Thus, the REOs selectivity 

in a binary REOs mixture (Nd2O3 and Pr2O3) was investigated. Figure 7.15 shows the selectivity of 

[Hbet][Tf2N]-H2O for the two oxides in a binary mixture of REOs presented in a combination of 

different Nd2O3: Pr2O3 mass ratios from 1:5 to 5:1. It can be seen from Figure 7.15 that the IL has a 

marked tendency towards Nd2O3, in comparison to Pr2O3. This is evident especially in the case of 1:1 

of Nd2O3:Pr2O3, where the concentration of Nd in Hbet][Tf2N]-H2O system is 70% higher than the Pr 

concentration in the same IL system. As the ratio of Nd2O3: Pr2O3 is increased to 1:2, although twice 
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as indicated by the higher rate constants observed. This implies that when both REOs are present, the 

IL will interact more easily and faster with Nd2O3, favouring its extraction over the extraction of Pr2O3. 

This marked tendency is also observed with the extraction efficiency, with more Nd2O3 being extracted 

than Pr2O3 in all the cases, except in the Nd2O3:Pr2O3 ratio of 1:5, where Pr2O3 it is in much greater 

0.0028 0.0029 0.0030

-2.50

-2.45

-2.40

-2.35

0.0028 0.0029 0.0030

-2.55

-2.50

-2.45

-2.40

-2.35

L
n
(K

)

1/Temp. (1/K)

Ea= 4.67 KJ/mol

R
2
=0.9739

(a) (b)

L
n
(K

)

1/Temp. (1/K)

R
2
=0.9952

Ea= 6.01 KJ/mol



345 

 

abundance than Nd2O3. The sum of both REO concentrations is nearly constant (85±4 mg/g IL) in the 

whole range studied, suggesting that the IL reached equilibrium. 

 

 

Figure 7.15: Effect of the Nd2O3: Pr2O3 ratio on the leaching by [Hbet][Tf2N]:H2O (1:1) system. 

 

7.3.1.6 Solubility of Fe2O3 in [Hbet][Tf2N] and selectivity in a Nd2O3-Pr2O3-Fe2O3 mixture 

In electronics (speakers and cameras) of EoL-MPs, copper and iron are the most abundant 

metals, which could impact REEs recovery. Copper is found mainly in the PCB of these electronic 
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temperature rises, reaching an equilibrium within 30 minutes, but the concentration of Fe2O3 in the 

[Hbet][Tf2N]:H2O system is negligible, reaching a maximum of nearly 0.05 g Fe2O3/g [Hbet][Tf2N]:H2O 

at 85 °C. The effect of the [Hbet][Tf2N]:H2O ratio on iron oxide (Figure 7.16b) shows that when the 

water content increases, iron oxide leaching also increases, likely due to the water decreasing the 

viscosity of the IL and favouring mass transfer although the leaching still remains low. An interesting 

observation is that decreasing the [Hbet][Tf2N]:H2O ratio, i.e. adding more water to the [Hbet][Tf2N]-

H2O system, results in an increase of Fe2O3 present in the IL after cooling and separation. This is likely 

due to the hydrophilic surface of iron oxide, which is repelled from the aqueous phase and as the 

amount of water increases, so does the extent of repulsion, increasing the amount of Fe2O3 in the 

hydrophobic IL. From these results, it can be inferred that in a mixture of iron oxide and REOs, Fe2O3 

will not interfere in the separation and recovery of Nd2O3 and Pr2O3. 

 

 

Figure 7.16: Solubility of Fe2O3 over (a) temperature, and (b) IL:H2O ratio. 
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0.4%. In the case of Nd2O3 and Pr2O3, Figure 7.17 confirms the results found in Figure 7.15, with the 

concentration and extraction levels for Nd2O3 and Pr2O3 at Nd2O3: Pr2O3=1:1, remaining almost 

constant and favouring the Nd2O3 leaching. The addition of Fe2O3 therefore did not impact the 

concentration and extraction of Nd2O3 and Pr2O3, suggesting that even when the amount of iron oxide 

present is five times higher than Nd2O3 and Pr2O3, it does not affect the extraction of the REOs. This is 

in good agreement with the extraction of iron oxide in [Hbet][Tf2N]:H2O system without the presence 

of other metals, confirming the consistently poor leaching of Fe2O3 in [Hbet][Tf2N]. These results show 

that iron oxide presents very poor solubility in the [Hbet][Tf2N]:H2O system, alone and in the presence 

of REOs. This is very encouraging and confirms that separation and recovery of neodymium and 

praseodymium oxides from speakers can be achieved without the need for additional separation step 

to remove iron oxide. 

 

 

Figure 7.17: Effect of the Nd2O3: Pr2O3: Fe2O3 ratio on the leaching by [Hbet][Tf2N]:H2O (1:1) system. 
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7.3.1.7 Precipitation 

The recovery of REEs was carried out by precipitation using oxalic acid as precipitant from the 

aqueous phase to obtain rare-earth oxalates. The selection of oxalic acid was due to an efficient one-

step recovery process, low-cost reagent, relatively low toxicity, and facile conversion of RE oxalates to 

REOs by calcination. The reaction between REE and oxalic acid (C2H2O4) is: 

2𝑅𝐸+3 + 3𝐶2𝑂4
−2 →  𝑅𝐸2(𝐶2𝑂4)3 

Eq. 7.9 

Based on Eq. 7.9, the theoretical amount of oxalate that is required is C2H2O4: REE=3:2. 

Preliminary tests in this work showed that adding the stoichiometric values of oxalic acid, recovery 

was incomplete (98% of precipitation), so to achieve complete recovery, oxalic acid was added with a 

5% of excess. The precipitation was complete (with ≥99.5%) at room temperature (20±2 °C), 250 rpm 

and 15 minutes (although 10 minutes was sufficient for precipitation, 15 minutes was selected to 

ensure full precipitation). Experiments were carried out using neodymium and after precipitation, 

neodymium oxalate (Nd2(C2O4)3) was collected and characterised by TG-DSC analysis (Figure 7.18). The 

analysis indicates that there is an initial mass loss of 11% between 90 °C and 380 °C, with a peak in 

DSC at 133.8 °C. This first decomposition corresponds to the dehydration of the hydrated oxalate and 

its mass loss suggests the dehydration of 4 molecules of water (theoretical loss of 4 molecules of water 

is 11.5%). A second mass loss of 23.6% occurs in the temperature range of 380-510°C, with a second 

peak in the DSC curve at 422.1 °C. This mass change in the second step of decomposition corresponds 

to the transformation of Nd2(C2O4)3 to Nd2O3(CO3)2, which is an unstable compound [282]. This is 

confirmed by the weight loss of 23.6%, which is accordance with the expected theoretical value of 

23.2%. The final decomposition occurs between 510 °C and 950 °C, with a mass loss of 11.8%, which 

is characterised by a peak in the DSC curve at 580.4 °C. This decomposition is consistent with the 

conversion of the intermediate compound Nd2O3(CO3)2 into Nd2O3; being close to the theoretically 

calculated. The last stage of the neodymium oxalate decomposition can be divided into two stages as 

indicated in the DSC with Tpk3 and Tpk4 with 5.1% and 6.7% mass loss, respectively. This suggests the 

conversion of Nd2O3(CO3)2 to Nd2O3 involves more than one step and would need further analysis to 

confirm this observation. Based on the TG-DSC decomposition of neodymium oxalate to neodymium 

oxide, the general decomposition process of RE oxalates can be described as follows:  

𝑅𝐸2(𝐶2𝑂4)3 ∙ 4𝐻2O →  𝑅𝐸2(𝐶2𝑂4)3 + 4𝐻2O Eq. 7.10 

𝑅𝐸2(𝐶2𝑂4)3 + 3/2𝑂2 →  𝑅𝐸2𝑂(𝐶𝑂3)2 + 4𝐶𝑂2 Eq. 7.11 

𝑅𝐸2𝑂(𝐶𝑂3)2 →  𝑅𝐸2𝑂3 + 2𝐶𝑂2 Eq. 7.12 
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 It is noted that the DSC curve does not appear as distinct plateaus but shows some background 

noise around the peaks which indicate that the process steps observed may not represent complete 

separation of intermediate fractions during the heating process.  The data in Figure 7.18 confirm that 

the conversion of Nd2O3(CO3)3 to Nd2O3 can be achieved from a temperature of 800 °C. At 950 °C, the 

mass difference between 800 °C and 950 °C is just -1%, suggesting that a temperature of 800 °C can 

be used for calcination of neodymium oxalate. Therefore, to ensure the calcination of the rare-earth 

oxalates is complete a temperature of 900 °C for 90 minutes was selected.  

 

Figure 7.18: TG-DSC curves of REEs oxalates at a heating rate of 20 °C/mi in air. 

 

In summary, the oxalate precipitation after leaching/extraction was observed to be very 

efficient, with just a 5% excess of the stoichiometric value needed of oxalic acid. Due to the mild 

conditions and fast kinetics, oxalic acid has been widely used for the precipitation of REEs [265, 273, 

277, 278, 282]. Usually, stoichiometric amounts of oxalic acid are sufficient to obtain 100% stripping. 

Tian et al. studied the effect of oxalic acid dosage and pH value in the precipitation of Nd and Fe from 

NdFeB magnets leach solution by HCl [282]. They found that, in presence of iron, the precipitation of 

Nd increases with the increase in oxalic acid dosage, reaching a saturation at the stoichiometric value, 

precipitating 90% of the Nd. Further oxalic acid did not increase the Nd precipitation but decreased 

the purity of the precipitate since high doses of oxalic acid can accelerate the precipitation process, 

where impurities are unable to diffuse and so become trapped in the precipitate. The effect the pH 
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was similar; where a high pH value also increases the amount of product precipitated and accelerates 

the precipitation process, but a low purity product is obtained. The study suggests that the 

precipitation of REEs by oxalic acid is preferred over the precipitation of iron. After precipitation, 

calcination is also widely used to produce REOs, usually between 800 °C and 950 °C [265, 277, 282]. In 

this study, the calcination was carried out at 950 °C for 1.5 h, which is the usual temperature for 

complete calcination of rare-earth oxalates. The time of calcination varies from 1 h to 15 h; however, 

in this study 1.5 h was used as it was deemed enough time for complete oxidation of the RE oxalates 

to REOs.  

 

7.3.1.8 Elution and Recovery of the [Hbet][Tf2N] 

Metals in the organic phase ([Hbet][Tf2N]) can be stripped by extracting the IL in acidified 

aqueous solution, usually with a dilute acid. The metal complex of protonated betaine 

bis(trifluoromethylsulfonyl)imide is decomposed, and the betaine bis(trifluoromethylsulfonyl)imide is 

regenerated, whilst the metal ion is transferred to the aqueous phase [107].  Preliminary studies in 

the current research showed that of the three mineral acids (HCl, HNO3, and H2SO4), hydrochloric acid 

is the best stripping agent for REEs. The stripping was carried out by a 0.5 M HCl in 0.1 M betaine 

chloride solution with an organic to aqueous ratio of 1:1, at room temperature (20±2 °C), 250 rpm for 

30 minutes. Betaine was introduced in the stripping solution for two reasons: firstly, it acts as an 

extractant due to it can form complex with metal ions such as lanthanides, and secondly, the addition 

of betaine introduces cations of [Hbet]+ to the IL phase, replacing/substituting the betaine that might 

have been lost in the extraction and separation process. To study the stripping and the potential to 

reuse the IL, five cycles of leaching and stripping were carried out and the efficiency of leaching of 

Nd2O3 determined as shown in Figure 7.19. Although the leaching and stripping of Nd were slightly 

affected over five consecutive cycles, leaching and extraction efficiencies of ≥95% were achieved for 

each of the five cycles, suggesting that [Hbet][Tf2N] can be successfully reused without any major loss 

in efficiency. The overall efficiency for the combined process shows a slight downward trend 

throughout the cycles, decreasing from 98% in the first cycle to 90% in the fifth cycle. This slight 

decrease is attributed to the IL leaching efficiency, which was decreases slowly through the cycles, but 

the stripping efficiency remains practically complete in all the cases (≥95%).  
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Figure 7.19: Nd2O3 leaching, stripping, and [Hbet][Tf2N] reusability over five cycles. 
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not show any noticeable difference, confirming that [Hbet][Tf2N] can be reused at least five times 

without changes to the IL structure and loss in its leaching efficiency.  
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Figure 7.20: FTIR spectra of [Hbet][Tf2N] over five cycles. 
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7.3.2 Pre-treatment of As-received Speakers from EoL-MPs 

Pre-treatment of as-received speakers from EoL-MPs involving a demagnetisation and 

roasting step was studied to convert the REE metals to the corresponding oxide; a form that is suitable 

as feedstock for leaching using the [Hbet][Tf2N]:H2O system, and the results are now described. 

7.3.2.1 Demagnetisation 

Speakers from EoL mobile phones (Figure 7.1), after dismantling, were demagnetised in a 

muffle furnace at 350 °C for 1 h. This temperature was selected as it is 30 °C above the Curie 

temperature of neodymium magnets (˜320 °C). The Curie temperature is the temperature above 

which certain materials lose their permanent magnetic properties. Furthermore, it has been reported 

that complete demagnetisation of NdFeB magnets can be achieved in 30 minutes at 350 °C [274, 283].  

7.3.2.2 Roasting 

After demagnetisation, the powder was roasted to convert the elements, mainly REEs, into 

their oxides, to enhance the leaching and selectivity of neodymium and praseodymium oxides in the 

[Hbet][Tf2N]:H2O system. Thermogravimetric analysis of the demagnetised speaker powder was 

utilised to determine the oxidation temperature and time to achieve this. Figure 7.21 shows the TG-

DSC analysis of speaker powder, and two significant features are observed: a decrease in the mass of 

20.1% from 250 °C to 500 °C, associated with the volatilization and decomposition of the organic 

material present (as reported in section 3.3.3.3, Chapter 3), followed by a mass gain of 10.2% in the 

range of 550-950 °C, which is associated with the oxidation of the metals present. The maximum mass 

gain was reached at 950 °C after approximately 50 minutes, being practically linear with the mass 

change after that time (with a small gain of less than 1%). This suggests that 1 h at 950 °C would be 

sufficient for roasting. The sample size tested, however, is small and conditions ideal for roasting (with 

a closed environment, constant air flow, and homogenous distribution of the powder in the crucible, 

etc.), so it was presumed that a longer time is required for ‘non-ideal’ conditions. Thus, roasting of the 

speaker powder was carried out at 950 °C for 5 h to assure full conversion to metal oxides. The samples 

treated at the roasting conditions selected were weighed before and after roasting, and a similar total 

mass loss of nearly 10% was observed. 
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Figure 7.21: TG-DSC curves of speaker powder at a heating rate of 20 °C/min in air. 

 

In summary, rare-earth metals in speakers and in general in WEEE are mostly present as 

compound and alloys, requiring a pre-treatment step to oxidise the metals making them suitable for 

leaching with [Hbet][Tf2N] for their recovery. In the recovery of REEs from NdFeB magnets, 

demagnetisation and roasting are usually carried out as pre-treatment before shredding and/or 

milling [265, 274, 277, 283]. The demagnetisation is essentially used to facilitate the handling of the 

magnets and facilitate the subsequent grinding step. Moreover, as the shredding equipment 

comprises metals without demagnetisation the metals would be difficult to separate and there would 

consequently be high mass loss of valuable materials in the process. The demagnetisation in this study 
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wt.%. Hoogerstraete et al. studied the roasting of different NdFeB magnets particles sizes  (<80 µm 

and <400 µm), observing that mass gain was low until a temperature of 300 °C,  followed by a 

significant increase in oxidation, reaching full oxidation at 800 °C for the <80 µm powders and at 950 

°C for the <400 µm powder in 6 h [273]. They reported mass gains of 23.6 wt.% and 24.2 wt.% for the 

<400 µm powder and <80 µm powder, respectively. It was also reported that lower roasting 

temperature (650 °C for the <80 µm powder) can also achieve complete oxidation, at the expense of 

a longer heating time (20 h). Other authors reported the roasting of magnets at similar temperatures, 

such as 900 °C and 8 h [274], and 950 °C for 15 h [265, 277], with mass gains between 27.4% to 34.5%. 

In those studies, only mass gains were observed, however, in this work a mass loss was also observed. 

The main difference between the reported studies, which used pure NdFeB magnets, and the current 

work is that the speakers used in this study were dismantled from EoL mobile phones and used whole, 

without further separation of the magnet from the other components. To provide a direct comparison 

therefore, further work on the speaker after, following separation of the magnet from the whole 

speaker, is recommended.  
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7.3.3 REEs recovery from EoL-MP speakers by [Hbet][Tf2N]:H2O system 

Speakers from EoL-MPs were manually separated, demagnetised at 350 °C for 1 h, ball-

cryomilled in liquid nitrogen (freezing the samples up to – 196 oC) at 150 rpm for 15 minutes in a closed 

system. The final product, a powder of ≤150 µm, was roasted at 950 °C for 5 h to convert the elements 

present into their oxides. The leaching process was carried out by adding the roasted speaker powder 

to the 1:1 [Hbet][Tf2N]:H2O system (sample/IL ratio of 10 mg/g), at 60 °C (above the cloud point 

temperature to ensure the formation of a homogenous phase), 250 rpm for 30 minutes. The water 

added in the [Hbet][Tf2N]:H2O system was a 1 M sodium nitrate (NaNO3) solution, which was added 

to enhance the metal distribution towards the aqueous phase. The solution was then cooled to room 

temperature (20±2 °C) for phase separation, obtaining a biphasic system - the organic phase (lower 

layer) and the aqueous phase (upper layer) - and centrifuged to precipitate any remaining residue. 

Figure 7.22 shows the metal distribution after leaching/extraction between the organic phase, the 

aqueous phase, and the residue. Light REOs (Nd2O3 and Pr2O3) were almost completely leached 

(≥95%), followed by Sm2O3 with 87%. The heavy REOs, as expected, showed low leaching efficiency, 

approximately 24% for Dy2O3 and 1.5% for Tb4O7. Iron oxide also showed negligible leaching, being 

left in the residue, together with the un-leached HREOs (Dy2O3 and Tb4O7). The organic phase showed 

minor concentrations of elements, with the REEs being mainly found in the aqueous phase. As Nd and 

Pr represent 83 wt.% of the total metal content in speakers, the efficiency of their leaching/extraction 

process is promising. After the extraction and cooling, the aqueous phase is separated from the 

organic phase, and oxalic acid was added with a 5% stoichiometric excess to precipitate the rare-earth 

oxalate. This procedure was carried out at room temperature (20±2 °C), 250 rpm for 15 minutes, and 

the resulting rare-earth oxalate was roasted at 950 °C for 5 h in an oven to obtain REOs (Nd2O3 and 

Pr2O3). Unfortunately, because of time and sample constraints, there was limited product sufficient 

only to carry an aqua regia digestion which confirmed ≥98% of purity, but insufficient product to 

characterise the structural and morphological properties by XRD and SEM-EDS. The organic phase was 

rinsed, as described in section 7.3.1.8, and was available for further leaching/extraction. 
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Figure 7.22: Metal distribution after [Hbet][Tf2N]:H2O system leaching/extraction. 

 

7.3.3.1 Discussion 

Dupont and Binnemans extracted and separated Nd, Dy, Co, and Fe from NdFeB magnets using 

[Hbet][Tf2N] [265]. They found that the separation of iron from the REEs and Co ions was quite 

efficient, where Nd, Dy and Co ions were present in the aqueous phase and Fe in the organic phase. 

Iron was present in the organic phase due to the strong iron-betaine complexes formed, causing the 

iron to stay in the ionic liquid. In this study, however, the iron is found, unreacted, in the residue 

(Figure 7.22). Previous studies in the current work, where mixtures of Fe2O3, Nd2O3 and Pr2O3 were 

tested, even with higher amounts of iron oxide present in the mixture, the solubility of iron in the 

[Hbet][Tf2N]-H2O system was found to be negligible. Furthermore, since the amount of iron present in 

the speaker is 25 times lower than the amount of REEs, the probability of leaching would be further 

decreased. The difference may arise because in Dupont and Binnemans’ work on the NdFeB magnets, 

the leaching was carried out by 1:1 [Hbet][Tf2N]-H2O at a higher temperature of 80 °C and with much 

longer reaction times between 8 h and 72 h. The higher temperature and longer reaction time can 

increase the iron oxide leaching. This is plausible as even after 72 h of reaction, the iron oxide leached 

was nearly 20% [265], showing slow kinetics, whilst in this study, after 0.5 h, little iron was dissolved.  
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In the current research sodium nitrate was used to increase the separation of the REEs 

distribution, favouring their presence in the aqueous phase. The addition of metal salts in [Hbet][Tf2N] 

was studied extensively by Dupont at al. [284], who reported that the addition of metal salts in 

biphasic IL/water systems can significantly change the performance of the IL. For instance, it was 

reported that the solubility of [Hbet][Tf2N] in water (up to 14 wt.% [107, 284]) can be drastically 

reduced by adding chloride and sodium salts, decreasing up to <5 wt.% by 1 M MgCl2 and Na2SO4. This 

effect is called ‘salting-out’ as the IL decreases its presence in the aqueous phase. As opposite, other 

salts can do the opposite, increasing the solubility in water (‘salting-in’ process). This is interesting 

because, each time leaching of the 1:1 [Hbet][Tf2N]-H2O system occurs, approximately 14 wt.% of the 

IL can be lost in the aqueous phase. Moreover, in the stripping or IL washing process, a further 14 wt.% 

of the IL can be lost. They reported that the addition of 1 M NaNO3 favoured the salting-out of 

[Hbet][Tf2N], reducing its loss in the aqueous phase by 5 wt%. Thus, the addition of NaNO3 in the 

[Hbet][Tf2N]-H2O system not only increases the REE distribution in the aqueous phase, but also 

decreases the IL loss in it. Furthermore, according to the Hofmeister series, Tf2N- cannot be displaced 

by salt anions such as NO3
-, therefore no regeneration or cleaning of the IL is necessary since 

[Hbet][Tf2N] does not undergo anion exchange [265, 284]. In a neodymium recycling from NdFeB 

magnets process by 1:1 [Hbet][Tf2N]-H2O system, Na2SO4 was added in the stripping stage as a salting-

out agent to regenerate the IL as it was reported that at 3 M Na2SO4, only 0.15 wt.% of the IL is present 

in the aqueous phase, permitting almost a full recovery of the IL [265]. The use of salting-out agents 

can considerably reduce the loss of [Hbet][Tf2N] in the aqueous phase, making the process more 

efficient. 

The recycling of [Hbet][Tf2N] was carried by mixing [Hbet][Tf2N] with 0.1 M oxalic acid in a 0.1 

M HCl solution to precipitate any residual metal present in the organic phase and to ensure the 

extraction of any impurity not removed after the oxalic acid solution. Nevertheless, after stripping, 

the IL can be regenerated without any further treatment. Huang et al. reused [Hbet][Tf2N] in the 

extraction of zinc from zinc-cobalt slag up to three times without any washing or rinsing process [110]. 

It is noted that in that study, the Zn-loaded [Hbet][Tf2N] was stripped with 0.5 M oxalic acid, which 

stripped the zinc and other minor impurities. The authors also reported that, after stripping, the 

concentration of metal ions in the regenerated [Hbet][Tf2N] was negligible, and the FTIR of the 

regenerated ionic liquid was identical to that of the original ionic liquid. In the recovery of Nd and Dy 

from NdFeB magnets, it was reported that in the stripping step of the recovery process, the IL can 

automatically be regenerated and no further regeneration or cleaning of the ionic liquid was necessary 

[265]. In another work of Dupont and Binnemans in the recovery of Y2O3:Eu3
+ from lamp phosphor 

waste using [Hbet][Tf2N], the stripping step was achieved by two methods; (i) by putting the loaded IL 
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in contact with 1M HCl, and (ii) by directly precipitating the REEs from the IL using pure (solid) oxalic 

acid. It was found that the second method was more efficient and rapid [278]. They used a 

stoichiometric amount of oxalic acid (for both yttrium and europium), stripping completely the rare-

earth oxalates at 70 °C for 10 minutes. It was noted that an increase in the stripping temperature 

played a key role since pure oxalic acid was added to the viscous loaded IL, and increasing the 

temperature lowered the IL viscosity and improved the diffusion of the oxalic acid in the IL. It is argued 

that the presence of the Tf2N- ion in the IL, which is the most difficult anion to displace from the ionic 

liquid, and hence no anion exchange reactions will occur for [Hbet][Tf2N], removes the need to 

regenerate or clean the IL prior to recycling as the IL maintains its leaching/extraction properties 

through its reusability [265, 278, 280, 284]. Although these studies suggest that [Hbet][Tf2N] can be 

reused without any further treatment, a washing/rinsing step will be necessary at some point of the 

process to remove any metal ions accumulated during the cycles, which can be achieved by using 

slightly acid solutions. As previously discussed, the addition of a salting-out agent can be beneficial in 

the washing/rinsing step as it will avoid the loss of the IL through the process. 

Another interesting observation made by Dupont and Binnemans, although it was not applied 

in their work, was the utilisation of microwave heating instead of a traditional heating source [265]. 

They pointed out that ILs can be heated in a very energy-efficient way by microwave irradiation, which 

does not interfere with the chemical dissolution process. In fact, elsewhere Dupont and Binnemans 

showed that [Hbet][Tf2N] can be heated to 100 °C in less than 15 s at 100 W, whereas water and 

toluene reached a temperature of nearly 65 °C  and 30 °C, respectively [278]. Furthermore, as ILs 

consist entirely of ions, very high adsorption of microwave radiation can be achieved [285]. Thus, 

microwave heating can reduce the energy consumption of the process, which is beneficial from an 

economical and industrial perspective.  

  



360 

 

7.3.4 Proposed hydrometallurgical process for REOs recovery from EoL 

speakers 

The six-step process of demagnetising, commutation, roasting, leaching, oxalate precipitation, 

and calcination developed and optimised for recovery of rare earth oxide from EoL-MP speakers is 

shown in Figure 7.23. The overall REEs recovery efficiency was ≥90%, recovering neodymium and 

praseodymium oxides. The whole process was repeated for a second cycle to confirm the recyclability 

of the IL and the process efficiency with an overall efficiency of ≥90% was successfully achieved. All 

the experiments were carried out on a laboratory scale with excellent results, which can now be 

applied on a larger scale. An additional step is proposed to reuse the stripping solution (0.5 M HCl+0.1 

M betaine) since the IL has only trace elements; this step is essentially to rinse and wash the IL. The 

recycling process is relatively easy to handle in a laboratory scale; the likely cost implications in the 

scaled-up process would lie in the energy consumption required in the heating processes (roasting 

and calcination), which could impact the economic viability of the process but with the recovery of 

the critical rare earth oxides from which pure RE metal can be recovered, any costs could likely be 

offset.  The process is developed for recovery of REEs from EoL-MP speakers but can be applied to the 

recovery of rare earth elements from different types of magnets. 
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Figure 7.23: Flow chart of the recycling of rare-earth elements from EoL mobile phones speakers. 
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7.3.5  Optimised Conditions for REEs Extraction and Recovery Using a Model 

Test System: Alternative Recovery Method  

An alternative method that involves the leaching, extraction and stripping of REEs directly 

without the need for a pre-treatment step is proposed, using a Model Test System.  The results are 

now described. Although preliminary trialling of this process on as-received samples was carried out 

but because of time constraints it was not possible to refine the process and validate the findings for 

reporting here. 

7.3.5.1 Selection and Leaching of the IL ([Bmim][Tf2N], [P6,6,6,14][Tf2N] and [P6,6,6,14][Cl]) 

In cameras and speakers, REEs are mostly present as compounds or alloys, and can be leached 

using a mineral acid (HCl, HNO3, and H2SO4); in this work it was found that of the three acids, 

hydrochloric acid was the best leaching agent for REEs. Once in solution, different solvents can be 

used for REE extraction. In this study, three ILs were studied as potential extractants: ([Bmim][Tf2N]), 

([P6,6,6,14][Tf2N]),  and Cyphos 101 ([P6,6,6,14][CI]) (Table 5.1), and the Model Test System selected for 

investigation was neodymium, identified as the most abundant REE in cameras and speakers shown  

in Figure 7.5. The effect of HCl concentration, temperature, and time on the neodymium extraction 

by the three ILs was determined, and the results are presented in Figure 7.24. The effect of the 

hydrochloric acid concentration on Nd extraction by the ILs (Figure 7.24a) shows an increase in HCl 

concentration (from 0.1 M to 3 M) leads to a slight increase in extraction (of approximately 5%) for 

both [P6,6,6,14][Tf2N] and [P6,6,6,14][Cl], but a more pronounced increase (of 10%) in the range of 0.1-3 M 

HCl)  for [Bmim][Tf2N]. The greatest impact of HCl concentration on Nd extraction in the three ILs is 

observed in the range from 0.5 M to 1 M HCl, being relatively stable for all ILs above this acid 

concentration. This result confirms that only a relatively low concentration of HCl is required for Nd 

extraction; 1 M HCl was selected for further experiments. A further benefit is that the Nd leached in 1 

M HCl, can be used directly for extraction, which minimises the use of reagents. The effect of 

temperature on Nd extraction (Figure 7.24b) shows that temperature, in the range of 20-80 °C, does 

not affect the Nd extraction, being practically unaltered. This result was surprising as an increase in 

temperature generally allows greater mass transfer because the viscosity of the IL decreases; this 

would be particularly noticeable for the IL, [P6,6,6,14][Cl], as its viscosity is considerably higher than that 

of either [Bmim][Tf2N] or [P6,6,6,14][Tf2N]. The chosen temperature for extraction was therefore set as 

20 °C, as this reduces the energy consumption of the process. In terms of the effect on the extraction 

time, it is observed in Figure 7.24c that within the first 10 minutes of reaction, Nd extraction 

efficiencies reached 40.4, 35.4, and 36.7% for [Bmim][Tf2N] and [P6,6,6,14][Tf2N and [P6,6,6,14][Cl], 

respectively. As the reaction continues, the extraction increases until reaching an equilibrium within 
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60 minutes for the three ILs. Therefore, 1 M HCl, 20 °C and 1 h were determined as the optimal 

parameters for the extraction of neodymium. 

Under conditions of the varying conditions investigated for HCl concentration, temperature and 

time, the Nd extraction followed the same trend in all cases: [Bmim][Tf2N]>[P6,6,6,14][Tf2N]>[P6,6,6,14][Cl], 

with [Bmim][Tf2N] proving to be  the best IL for Nd extraction. The higher extraction efficiency of 

[Bmim][Tf2N] compared to [P6,6,6,14][Tf2N] is explained by analysing the ionic cation, as both ILs share 

the same anion ([Tf2N]-).  The [Bmim] (C8H15N2
-) has a shorter organic chain than [P6,6,6,14], which implies 

lower hydrophobicity, which is beneficial because the cation can more easily enter the aqueous phase, 

increasing the mass transfer and consequently the extraction. In the case [P6,6,6,14][Cl], its lower 

extraction compared to [P6,6,6,14][Tf2N] is explained by the difference in the anion as they have they 

have the same cation;  where the bonding of [P6,6,6,14] with [Cl] is stronger than with [Tf2N], because of 

the more electronegative anion (Cl-), making it more difficult to dissociate and to form REE complexes. 

The much higher viscosity of [P6,6,6,14][Cl] than [Bmim][Tf2N] is an indication of the stronger cation-

anion bonding of [P6,6,6,14][Cl]. In the case of the higher extraction efficiency of [Bmim][Tf2N] compared 

to [P6,6,6,14][Cl], a mixture of both features, lower hydrophobicity and lower cation-anion energy 

bonding can be the responsible. 
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Figure 7.24: Effect of the ILs ([Bmim][Tf2N], [P6,6,6,14 ][Tf2N] and [P6,6,6,14 ][Cl]) in the extraction of Nd in 

hydrochloric solution in function of (a) HCl concentration, (b) temperature, and (c) time. 

 

As praseodymium is the second most abound REE in speakers and third most abundant in 

cameras, the extraction selectivity of the ILs for Pr is also of the great interest. Figure 7.25 illustrates 

the selectivity of [Bmim][Tf2N], [P6,6,6,14][Tf2N] and [P6,6,6,14][Cl] in a binary Nd-Pr mixture with different 

Nd:Pr mass ratios. The general trend observed is like that obtained with [Hbet][Tf2N] (Figure 7.15), 

showing a clear tendency of higher selectivity towards neodymium by the three ILs. This higher 

selectivity towards Nd was specifically seen in the 1:1 mass ratio as the concentration of Nd present 

was substantially higher than Pr, particularly with [P6,6,6,14][Tf2N]. In the Nd:Pr=1:2, [P6,6,6,14][Tf2N] and 

[P6,6,6,14][Cl] extracted nearly the same amount of Nd and Pr, even when the concentration of Pr was 

two times higher than the Nd concentration in solution, whereas the Nd extraction by [Bmim][Tf2N] 

was nearly two-thirds of the Pr extraction. In all the cases, [Bmim][Tf2N] performed as the best IL, 

extracting the highest amount of Nd and Pr, followed in order by [P6,6,6,14][Tf2N] and finally [P6,6,6,14][Cl]. 

0.5 1.0 2.0 3.0

0

250

500

750

1000

HCl concentration (M)

N
d
 C

o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/L

)

(a) (b)

(c)

0

20

40

60

80

100

 E
x
tr

a
c
ti
o
n
 (

%
)

20 40 60 80

0

250

500

750

1000

Temperature (°C)

N
d
 C

o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/L

)

0

20

40

60

80

100

 E
x
tr

a
c
ti
o
n
 (

%
)

10 20 30 60 90 120 270

0

250

500

750

1000

 Conc. [Bmim]Tf2N]

 Conc. [P6,6,6,14][Tf2N]

 Conc. [P6,6,6,14][Cl]

 Ext. [Bmim]Tf2N]

 Ext. [P6,6,6,14][Tf2N]

 Ext. [P6,6,6,14][Cl]

Time (min.)

N
d
 C

o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/L

)

0

20

40

60

80

100

 E
x
tr

a
c
ti
o
n
 (

%
)



365 

 

 

Figure 7.25: Effect of the Nd:Pr ratio on the leaching by [Bmim][Tf2N], [P6,6,6,14 ][Tf2N] and [P6,6,6,14 ][Cl] 

with ratios of; (a) Nd:Pr=1:2, (b) Nd:Pr=1:1, and (c) Nd:Pr=2:1. 

 

7.3.5.2 Stripping and Recovery of Selected IL for Recycle 

Of three ILs studied for extraction, [Bmim][Tf2N] is confirmed as the best extractant for REEs. 

Consequently, it was therefore selected for further studies of stripping and recovery of the IL for 

recycle and reuse. The stripping was carried out by a 1 M HCl solution with an organic to aqueous ratio 

of 1:1, at room temperature (20±2 °C), 250 rpm, and 30 minutes. It is worth noting that a 0.5 M HCl 
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reaching the saturation of the IL. Nevertheless, the relevant information of Figure 7.26 is that the IL 

was only marginally affected over five consecutive cycles, suggesting that [Bmim][Tf2N] can be 

successfully reused without any major loss in its extraction efficiency. Furthermore, the stripping was 

complete in all the cases (≥99%), indicating that no residual neodymium is left in the IL. The overall 

efficiency, presented a downward trend throughout the cycles, decreasing from 97% in the first cycle 

to 91% in the fifth cycle It noteworthy to mention that the overall efficiency is the result of the 

ponderation between the extraction efficiency and the stripping efficiency, consequently, it is 

expected that as the extraction efficiency was lower than 90%, the overall efficiency cannot be higher 

than 90%. Nevertheless, the overall efficiency was calculated as the ponderation of the variation 

percentage of the extraction efficiency (<5) multiplied by the stripping efficiency. Thus, although the 

extraction was on average approximately 83%, as it was relatively constant through the cycles (slight 

percentage change), suggesting that the extraction capacity did not change substantially. 

 

 

Figure 7.26: Neodymium (Nd+3) extraction, stripping, and [Bmim][Tf2N] reusability over five cycles. 
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To corroborate that [Bmim][Tf2N] was not affected through the reuse process, FTIR was 

utilised to record any changes in the structure of the organic extractant over the five cycles, as shown 

in Figure 7.27. The FTIR spectrum shows the characteristic peaks of [Bmim] at 1750 cm-1, 1480 cm-1 

and 1185 cm-1, representing the C=C, –CH3, and –N groups, respectively. In addition, the characteristic 

peaks of [Tf2N] are found at 1350 cm-1 and 1140 cm-1, associated with =O (SO2) and C-F (CF3) stretch 

bonds, respectively. The FTIRs after leaching and stripping over 5 cycles did not shown any noticeable 

difference, suggesting that [Bmim][Tf2N] can be reused successfully at least five times without changes 

in their structure and loss in its leaching efficiency.  

 

 

Figure 7.27: FTIR spectra of [Bmim][Tf2N] over five cycles. 
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7.3.5.3 Proposed hydrometallurgical process for REEs recovery from EoL speakers; 

Alternative Method 

An alternative method that involves the leaching, extraction and stripping of REEs directly 

without the need for a pre-treatment step is proposed in Figure 7.28. It is important to note this 

proposed process was carried out using a Model Test System only with promising results. A great 

advantage of this process is the non-need of a pre-treatment, which can reduce considerable the 

energy consumption. The demagnetisation step maybe be needed for the handling of the real sample. 

 

Figure 7.28: A proposed flow chart for the recovery of rare-earth elements from EoL mobile phone 

speakers using the Alternative method. 
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7.3.5.4 Discussion 

This liquid-liquid extraction method was studied as an alternative to the more energy intensive 

hydrometallurgical method developed and optimised using the [Hbet][Tf2N]-H2O IL system. Although 

the extraction method was used only with Model Test System based on a synthetic solution, it has 

potential to be applied to the recovery of REEs from speakers. Although a preliminary trial on as-

received samples was attempted it was not possible to validate the findings sufficient to report here.  

Riaño and Binnemans reported an extraction and separation process for neodymium and dysprosium 

from used NdFeB magnets by [P6,6,6,14][NO3] [277]. They also studied the leaching of magnets using 

nitric acid applying two different methods: direct leaching of magnets and leaching of roasted 

magnets. They found that leaching of roasted magnets was more efficient, leaching up to four times 

more than by direct leaching of the magnets. Furthermore, it allowed the production of iron-free 

leachates rich in REEs that can be directly employed in a solvent extraction process. The leaching 

process, however, could last for periods from 72 h up to 6 weeks. Kurami et al. reported that REEs can 

be leached completely by 0.5 M HCl at 95 °C, 100 g/L pulp density, 500 rpm for 5 h from spent wind 

turbine magnet blocks [286]. They also used roasting magnets as it facilitates the leaching process. 

Other studies have also reported high leaching efficiencies of NdFrB magnets after roasting compared 

to untreated magnets [274, 287]. Thus, roasting might be difficult to avoid for efficient recovery of 

REEs. Nevertheless, even using roasting as a pre-treatment for magnets recycling, it has still lower 

environmental impact than REEs mining [277].  
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7.4 Summary 

In this study, an investigation of REEs recovery, especially neodymium and praseodymium, has 

been presented by the utilisation of the [Hbet][Tf2N]-H2O system and applied for the first time to the 

recovery of Nd and Pr from EoL mobile phone speakers. The special thermomorphic property of the 

[Hbet][Tf2N]-H2O system which causes the mixture to be homogeneous during leaching (temperature 

above the cloud point temperature) and biphasic when cooling back down to room temperature was 

exploited for the development of a novel method to recover REEs. The solubility of REOs was studied 

first, finding that [Hbet][Tf2N]-H2O system can leach/extract efficiently light REOs at 57 °C, 250 rpm, 

and 15 min, reaching an equilibrium of 0.161 g REO/g [Hbet][Tf2N]-H2O for La2O3, Pr2O3, Nd2O3, Eu2O3, 

and Gd2O3. The leaching/extraction method employs the interaction of 6 molecules of [Hbet][Tf2N] 

per molecule of REO. Other REOs such as Y2O3, CeO2, Tb4O7, and Yb2O3 showed a low to negligible 

solubility. This property has the potential to be used in the separation of light REOs from heavy REOs.  

The determination of optimal leaching/extraction parameters was studied in simulated 

systems. Parameters that affect the leaching capability of the [Hbet][Tf2N]-H2O system such as time, 

water content, temperature, in a binary mixture (Nd2O3-Pr2O3), and ternary system (Nd2O3-Pr2O3-

Fe2O3) were investigated. It was found that the IL has a strong selectivity for neodymium oxide over 

other metal oxides, with iron oxide remaining largely unreacted, which is beneficial for the separation 

of these metals. The optimal leaching/extraction parameters were 60 °C, 250 rpm, and 30 min. The 

kinetics studies indicated that the REOs leaching process by [Hbet][Tf2N]-H2O is governed by diffusion. 

In the recovery of REEs from speakers, pre-treatment involves demagnetisation and roasting as 

necessary steps and crucial for the handling and conversion of REEs into REOs to permit their full 

recovery. The formation of a biphasic system after leaching induces metal separation, where REEs go 

predominantly into the aqueous phase. The addition of 1 M NaNO3 not only benefits the separation 

of the rare-earth metals into the aqueous phase, but also act as a salting-out reagent, decreasing the 

IL loss in the aqueous phase. The REEs in the leached solution (aqueous phase) are precipitated with 

oxalic acid and the REE oxalate is further calcined at 950 °C for 2 h, to obtain the REOs as final product. 

The organic phase ([Hbet][Tf2N]) is washed with a 0.1 M betaine in 0.5 M HCl solution, being 

regenerated for further processes. The [Hbet][Tf2N] is capable being recycled in the process up to five 

consecutive times, showing no evidence of losing extraction efficiency. Thus, a closed-loop recycling 

process is developed, offering high selectivity for REEs, utilising mild conditions, permitting the reuse 

of the IL, and generating little waste. This promising green process can also be used for other similar 

e-waste such as NdFeB magnets, wind turbine magnets, among others. Considering that REEs are 

critical materials in high demand, recycling REEs from e-waste, particularly from NdFeB magnets (as 
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they are highly concentrated), could help to close the gap between their supply and demand, and the 

proposed process for rare-earth recycling provides a sustainable and efficient approach. Although 

further work is needed, the prospects of implementing the IL system using [Hbet][Tf2N] on an 

industrial scale as a low-energy, sustainable and cost-effective process for REEs recovery is positive. 

An alternative extraction process not yet tested fully on as-received real samples, was 

developed for the extraction of REEs from hydrochloric acid medium using three different ILs as 

extractants [Bmim][Tf2N], [P6,6,6,14][Tf2N] and [P6,6,6,14][CI]. It was found that of the three ILs, 

[Bmim][Tf2N] performed best under all conditions studied, and the optimised extraction conditions of 

1 M HCl, 20 °C and 1 h were established. Stripping can be achieved by contacting the IL with 1 M HCl, 

and the recovery of REEs can completed by precipitation using oxalic acid in the stripped solution to 

finally obtain REOs by calcination. Again, the IL [Bmim][Tf2N] was shown to be able to be recycled at 

least five times without losing its extraction properties. Although the recovery of REEs from speakers 

was not tested using this method it offers promise as an efficient, cost-effective, and environmentally 

friendly process that does not require pre-treatment; one which is less energy intensive and conserves 

the use of reagents. 
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8 Conclusions and Recommendations  

8.1 Conclusions 

8.1.1 Motivation for the Research 

WEEE is one of the fastest growing solid waste streams worldwide and presents serious health 

and environmental issues if not treated properly. Globally, approximately 17% of the WEEE is formally 

treated and the majority is discarded into landfill or exported to low-income countries, leading to 

serious impacts on human health and the environment as well as extensive loss of strategic metals. 

The dramatic increase in the consumption of raw materials over recent decades to meet consumer 

demand has led to an imbalance in the supply and demand and a potential threat to continued supply 

of critical metals.  WEEE is a resource-rich source with many of the metals embedded in its 

composition listed as critical by the European Commission. To protect the environment and human 

health, reduce the scarcity and vulnerability of natural resources, conserve energy and reduce carbon 

footprint, the development of processes that extract these critical metals from WEEE is becoming an 

imperative.  

8.1.2 Research Outcomes 

The aim of this research is to develop methods to extract key value strategic materials from 

Waste Electrical and Electronic Equipment (WEEE) using End-of-Life mobile phones as a case study 

example, for conversion to products of commercial value and to minimise the environmental impact 

of waste through the safe reuse of resources contained in WEEE.  To achieve this the following key 

specific objectives were set: 

• Conduct a comprehensive characterisation of EoL mobile phone components to determine 

the metal and non-metal fractions. 

• Identify task-specific ionic liquids as potential extractants that can selectively solubilise target 

metals. 

• Develop optimised methods for recovery of target metals present in the key components of 

EoL mobile phones using Model Test Systems. 

• Develop, where appropriate, optimised pre-treatment methods to facilitate ionic liquid 

extraction of the target metal from real samples. 

• Apply the optimised processes to sample pre-treatment and recovery of target metals from 

real samples of as-received e-waste, as pure materials, and fractions of commercial value. 
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• Demonstrate the successful reuse of ionic liquids and reagents through multiple cycles to 

conserve reagent use and minimise energy consumption. 

 

The research outcomes include the development of novel, efficient and integrated recycling 

processes using ionic liquids as extractant reagents to recover metal value from as-received EoL 

mobile phones: copper from PCBs, gold from PCBs, ICs and CPUs, indium from LCD screens, and REEs 

from speakers. 

The key conclusions from this research are: 

• Full characterisation of the metallic and non-metallic fractions within a mobile phone confirms the 

presence of up to 71 elements of the periodic table. 

• Most of the elements in EoL mobiles phones are found in higher concentrations than in their 

natural ores, confirming WEEE as a significant potential secondary resource for strategic and 

critical metals. 

• [Bmim]BF4 is the task specific IL for pre-treatment of as-received EoL-MP PCBs.  

• [Bmim]HSO4 is the task specific IL for selective extraction of copper from this waste stream, while 

Cyphos 101([P6,6,6,14][CI]) alone, and separately impregnated in AmberliteTM XAD-7 resins, is the 

task-specific IL for selective extraction of gold from this waste stream and from pre-treated as-

received EoL Computer, ICs, and CPUs. 

• Cyphos 101 ([P6,6,6,14][CI]) and Aliquat 336 are the task-specific ILs for selective extraction of indium 

from pre-treated EoL MP LCD screens. 

• [Hbet][Tf2N]-H2O is the task specific IL system for selective extraction of REOs from pre-treated 

EoL-MP speakers. 

• [Bmim][Tf2N] is the task specific IL for selective extraction of REEs, without pre-treatment. 

• Development and use of model test systems ahead of trialling on real waste streams allowed the 

refinement of process parameters for optimal recovery. 

• Strategic and critical metals (with purities of 98-99%) are recovered from as-received EoL-MP 

components using ionic liquids for conversion to products of commercial value. 

• Ionic liquids used as extractants can be recycled multiple times without impacting their integrity 

as extractants and their extraction efficiency. 

• The proposed recovery processes can be applied to other sources of e-waste. 
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In summary the contribution to knowledge of this research lies in the recovery of strategic and 

critical metals from multigenerational mobile phones using novel extraction processes using ionic 

liquids developed in this work that minimise reagent use and energy consumption. The research 

therefore demonstrates the potential to unlock value from this e-waste stream that can be exploited 

in other WEEE streams, as a step towards balancing the criticality of supply and demand of metals that 

are under threat. 

 

8.2 Recommendations for Future Work 

The work in this thesis shows that ionic liquids can be effectively used in the extraction and 

recovery of metals from WEEE as a secondary source. For each proposed hydrometallurgical process, 

further optimisations and recommendations are suggested: 

• Given the successful recovery of copper reported in Chapter 4 from EoL-MP PCBs using a 

combination of extraction and electrolysis, a larger electrowinning cell should be designed, 

and the optimal conditions of reagent use refined. 

• In chapter 5, the focus was on the recovery of gold however, in a two-stage leaching process, 

the final solution was rich in palladium and as a critical metal a method should be developed 

for its recovery.  The stripping of copper to permit access to the gold was achieved with one 

nitric acid leach but the addition of a second leach may be beneficial and worth exploring. In 

terms of scaling up the process, consideration should be given to the use of an alternative 

medium to aqua regia because of its corrosive properties and control of toxic fumes that can 

be released. 

• The successful recovery of indium reported in Chapter 6, suggests that this process should be 

trialled on a larger scale. Detailed characterisation of different LCD panels as a source of 

indium would be useful to optimise recovery from mixed streams of LCD panels. Based on 

literature review, LCD panels from TVs, handsets, mobile phones, etc. are similar in 

components and composition, showing a real potential for indium recovery. Therefore, it is 

highly recomendated to apply the indium recovery process on larger scale with LCD TVs, as 

TVs are the main EoL of indium. Furthermore, the benefits of recovering the glass substrate 

and separately the liquid crystal, for commercial value is worth investigating.  

• The successful recovery of REEs (neodymium and praseodymium) from EoL-MP speakers in 

the form of REOs reported in Chapter 7 requires the process to be scaled up, and the process 

conditions optimised at that level.  The second method involving liquid-liquid extraction using 
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[Bmim][Tf2N] successfully recovered REOs but has not been applied to recovery from real 

samples. A next step would be to trial on real samples as results suggest this it is likely not to 

need a pre-treatment step.   

• Consideration should be given to the value of the metal recovered and the potential for 

conversion to products of greater commercial value. 

• Whilst preliminary techno-economic assessments have been carried out during the period of 

the research that show promise for each of the developed processes, full and detailed techno-

economic assessments should be performed to confirm the viability of the processes 

developed in the context of the value of the strategic and critical metals recovered. 

• Consideration should be given to dynamic substance flow analysis for each of the metals 

recovered (copper, gold, indium, and REEs), to identify potential paths and mechanisms to 

decrease losses and to identify the key EoL products for metal recovering.  
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Appendix: Supplementary Information of Chapters 

Chapter 4 

 

 

Figure A.1: Model fitting for leaching kinetics of iron from WPCBs by [Bmim]HSO4. 
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Figure A.2: Model fitting for leaching kinetics of nickel from WPCBs by [Bmim]HSO4. 
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Figure A.3: Model fitting for leaching kinetics of lead from WPCBs by [Bmim]HSO4. 
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Figure A.4: Model fitting for leaching kinetics of lead from WPCBs by [Bmim]HSO4. 
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Chapter 5 

 

Figure A.5: Linear fit of the Freundlich model at different Au(III) equilibrium concentrations.  

 

 

Figure A.6: Linear fit of the Langmuir model at different Au(III) equilibrium concentrations. 
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Figure A.7: Linear fit of the pseudo-first order model. 

 

 

Figure A.8: Linear fit of the pseudo-second order model. 
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Figure A.9: Indium extraction by Cyphos 101 without ascorbic acid; (a) McCabe-Thiele plot for In, and 
(b) Counter-current on the extraction of In from LCD panels leached in hydrochloric medium. 
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Figure A.10: Indium extraction by Aliquat 336 101 without ascorbic acid; (a) McCabe-Thiele plot for 
In, and (b) Counter-current on the extraction of In from LCD panels leached in hydrochloric medium. 

 

 

 


