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Abstract 
Ionic liquids (ILs) are of high interest as alternative solvents in solvent extraction 
applications and metal processing. Their negligible vapor pressure and low 
flammability make them safer and more convenient to handle than volatile organic 
solvents. Furthermore, their structure can be modified and functionalized to 
incorporate metal extracting groups and to tune their physical properties.  
 
This PhD thesis shows how smart ionic liquid design can provide new innovative 
solutions to the recycling of critical metals from end-of-life products. Recycling of 
critical metals is important to guarantee a sustainable long-term supply, diminish the 
impact on the environment and to reduce the geopolitical dependence on certain 
countries. An important advantage of recycling is the fact that these metals are 
already present in the correct ratios in consumer products, but innovative recycling 
technologies must be developed to recover these metals efficiently without the 
creation of additional waste. The development of green(er) and more selective metal 
processing techniques is therefore at the core of this PhD thesis. 
 
New IL-based recycling processes were developed for lamp phosphor waste and 
NdFeB permanent magnets. These consumer products have the highest recycling 
potential when it comes to the recovery of (heavy) rare earths. Using the unique 
properties of ionic liquids, new processes were developed which are more efficient, 
use less chemicals and produce less waste than classic hydrometallurgical processes. 
New classes of ionic liquids were also designed, with strongly acidic extractants 
incorporated in their structure, in order to dissolve inorganic metal-containing 
compounds and to extract metal ions. The ionic liquids and processes that were 
developed in this PhD thesis can be used as part of a toolbox to tackle issues found 
in classic hydrometallurgy or solvent extraction. It is important to understand the 
underlying fundamentals which explain the often unexpected behavior of metals in 
ionic liquids. A general theory was therefore introduced to explain and predict the 
effect of metal salts and acids on the (thermomorphic) behavior and mutual 
solubility of biphasic IL/water systems. This prediction model, based on the 
principles of the Hofmeister series, can be used for the rational synthesis of ionic 
liquids as well as for the design of IL-based solvent extraction systems. 
 
Finally, as a side project, we also worked on functionalized magnetic nanoparticles 
as a way to recover rare earths from diluted waste streams. This complements the 
field of solvent extraction, which is more suited for concentrated metal solutions. 
The concept of sterical surface crowding of ligands was introduced as a way to 
increase the selectivity of the surface ligands towards certain metal ions.  
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Dutch Abstract 
Ionische vloeistoffen zijn erg interessante alternatieve solventen voor solvent 
extractie toepassingen en het oplossen van metalen. Ze zijn niet vluchtig en weinig 
ontvlambaar waardoor ze veiliger zijn dan de klassieke organische solventen. De 
structuur van ionische vloeistoffen laat ook toe om functionele groepen in te bouwen 
en zo hun eigenschappen te modificeren of specifieke functies toe te voegen zoals 
metaal extractanten. 
 
In deze PhD thesis werden door middel van het slim ontwerp van ionische 
vloeistoffen nieuwe innovatieve processen ontwikkeld voor de recyclage van 
kritieke metalen uit afgedankte producten. De recyclage van kritieke metalen is 
belangrijk om op termijn de toevoer van deze zeldzame elementen te kunnen 
garanderen en de druk op het milieu te verminderen, maar ook om de geopolitieke 
afhankelijkheid ten opzichte van sommige landen terug te dringen. Een groot 
voordeel is dat de kritieke metalen reeds in de juiste verhouding aanwezig zijn in de 
gerecycleerde producten. Het is echter belangrijk om efficiënte recyclage 
technologieën te ontwikkelen die deze metalen kunnen herwinnen zonder bijkomend 
afval te produceren. De ontwikkeling van duurzamere en selectievere processen 
voor metaalrecyclage is daarom het kernidee van deze PhD thesis.  
 
De nieuwe recyclage processen laten toe om zeldzame aarden te herwinnen uit 
afgedankte spaarlampen en NdFeB magneten die men terugvindt in harde schijven, 
luidsprekers en elektrische motoren. Deze recyclage processen zijn efficiënter, 
gebruiken minder chemicaliën en produceren minder afval dan de klassieke 
hydrometallurgische processen. Er werden ook nieuwe klassen van ionische 
vloeistoffen gesynthetiseerd met ingebouwde sterk zure groepen die gebruikt kunnen 
worden voor het oplossen of extraheren van metalen. Deze PhD thesis toont de 
flexibiliteit van ionische vloeistoffen aan en biedt een reeks nieuwe inzichten die 
aangewend kunnen worden in toekomstige metallurgische processen. Er ging ook 
veel aandacht naar het begrijpen van de onderliggende mechanismes die zorgen voor 
het vaak ongewone gedrag van metalen in ionische vloeistoffen. Een algemene 
theorie werd uitgewerkt om het effect van zouten en zuren op ionische vloeistoffen 
te verklaren en zo de eigenschappen te voorspellen van twee-fase systemen 
bestaande uit een ionische vloeistof en een waterige fase. Deze algemene theorie, 
gebaseerd op de principes van de Hofmeister serie, helpt bij de synthese van 
ionische vloeistoffen en bij het optimaliseren van solvent extractie systemen. 
 
Ten slotte werd er ook gewerkt op gefunctionaliseerd magnetische nanodeeltjes voor 
het herwinnen van zeldzame aarden uit verdunde waterige oplossingen. Hierbij werd 
sterische hinder op gefunctionaliseerd oppervlakken geïntroduceerd als een nieuwe 
methode om de selectiviteit van extractanten te verhogen.  
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Abbreviations 
[cation][anion] Ionic liquid consisting of a cation and anion 
[NRRRR]  Tetraalkylammonium cation (NR4

+) 
[PRRRR] Tetraalkylphosphonium cation (PR4

+) 
aq Aqueous phase 
bmim 1-Butyl-3-methylimidazolium 
D Distribution ratio 
emim 1-Ethyl-3-methylimidazolium 
ERECON European Rare Earths Competency Network 
FG Functional group 
Hbet Betainium 
HD Hydrogen decrepitation 
HDDR Hydrogenation disproportionation desorption and 

recombination 
HLLE Homogeneous liquid-liquid extraction 
HREE Heavy rare-earth element 
IL Ionic liquid 
ITO Indium tin oxide 
Ka Acid dissociation constant 
LCA Life-cycle assessment 
LCST Lower critical solution temperature 
LREE Light rare-earth element 
NdFeB Neodymium-iron-boron magnets 
org Organic phase 
PCB Printed circuit board 
PGM Platinum group metal 
REE Rare-earth element 
S Separation factor 
Tcp Cloud point temperature  
Tf2N

- Bis(trifluoromethylsulfonyl)imide (= bistriflimide) 
TsO- Tosylate 
TXRF Total reflection X-ray fluorescence 
UCST Upper critical solution temperature 
WEEE Waste electrical and electronic equipment 
X- Anion 
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Outline 
This PhD dissertation is a collection of nine first-author papers, published in peer-
reviewed journals during the course of this PhD thesis. 
 
Chapter 1 is the introduction and explains the need for the recycling of critical 
metals such as the rare earths, by analyzing their current production, demand and 
geopolitical risks. It then analyzes the opportunities and constraints for the recycling 
of different end-of-life products and gives an overview of the existing recycling 
technologies. In the second part, ionic liquids (ILs) are proposed as alternative 
solvents instead of a traditional hydrometallurgical approach. An overview of 
different classes of ILs is given, with an emphasis on the synthesis of Brønsted acid 
ILs. Then, the processing of metals in ILs is discussed both for the dissolution and 
solvent extraction of metal ions.  
 
Chapter 2 discusses the objectives of the PhD thesis. 
 
Chapter 3 contains an overview of the nine first-author publications (peer 
reviewed), written during the course of this PhD. These papers can be divided in 
three categories: (1) the papers on critical metal recycling (paper 1−4), (2) the papers 
on ionic liquid design (paper 5−7), and (3) the papers on the design of functionalized 
magnetic nanoparticles (paper 8−9). Paper 1 and 2 describe the use of ionic liquid 
technology for the selective recovery of rare earths from lamp phosphor waste and 
spent NdFeB magnets, respectively. Paper 3 focusses on the recovery of antimony 
from lamp phosphor waste using a zero waste approach. A review of antimony 
recycling was also written, in which different potential waste streams were 
investigated (paper 4). Paper 5 and 6 describe the design, synthesis and application 
of new strongly acidic, metal-extracting ILs, functionalized with sulfonic acid and 
sulfuric acid (hydrogen sulfate) functional groups, respectively. Paper 7 gives a 
general description of the effect of salts and acids on biphasic IL/water systems, 
including the impact on the mutual solubility and thermomorphic behavior. Finally, 
paper 8 and 9 discuss the use of functionalized magnetic nanoparticles as a tool for 
the recovery of rare earths from dilute waste streams (paper 8−9).1,2 
 
Chapter 4 gives an overview of the additional publications that have been written as 
science outreach, published blog articles or articles written on request. 
 
Chapter 5 contains the conclusion and an outlook for future work.  
 
This dissertation ends with notes about the safety aspects and media coverage of this 
research and also lists the publications, conferences and trainings. 
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1 Introduction 

1.1 Critical metals 

1.1.1 Assessing criticality 

Industrial demand and the rapid growth of consumer electronics have caused metal 
production to soar in recent years. Copper, for example, has been in use at least 
10,000 years but more than 97% of all copper ever mined has been extracted after 
1900. Metal production continues at an ever-accelerating pace as the world 
population continues to expand (Figure 1). 
 

 
Figure 1. World copper production 1900−2012 (U.S. Geological Survey).  

 
This situation inevitably leads to shortages of certain metals in the long term, as 
metal reserves on earth are finite. In this context “peak metal” is used to designate 
the year in which maximal metal production is reached, after which the primary 
sources are too much exhausted to continue production at this level.3 Production 
then inevitably drops as the extraction of metals becomes more difficult. Some have 
argued that the resulting increase in price makes it economically feasible to exploit 
additional, less rich deposits, therefore delaying peak production. While this is 
certainly true in the short term, it does not guarantee long term supply as eventually 
all deposits will be depleted. Not all metals are equally at risk of supply disruption 
and the focus is therefore mostly on so-called “critical metals”. Critical metals are 
defined as metals having both a high supply risk and a large economic importance. 
The criticality of a metal therefore changes over time, and is also dependent on the 
country. Metal reserves are not spread evenly across the world and the demand for 
metals is not always situated close to the producers. The economic and geopolitical 
implications are obvious and have led to tensions between countries.  
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In the last decades, certain countries have developed monopoly positions for the 
production of certain metals. Examples are South Africa and Russia for PGMs, 
Brasil for niobium, and the USA for beryllium. However, China in particular, has 
built a prominent role in the production of rare metals and is now the major producer 
of 14 of the 20 critical raw materials for the EU (Figure 2).4 It now controls more 
than 85% of the antimony, magnesium and tungsten production and as much as 99% 
of the heavy rare earth production.  
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In general, the supply risk is evaluated according to three factors: 
 
1. The substitutability 
2. Recycling rates 
3. Concentration of production in countries with poor governance 

 
The economic importance (demand) of metals also changes over time due to the 
economic cycles and technological changes which alter the demand for particular 
metals. This is especially true for rare metals used in high-tech applications such as 
semi-conductors, TV screens, solar panels or batteries. These products have seen 
dramatic changes in composition as their technology evolved over time, often 
leading to boom-bust scenarios for the price of specific elements. To make things 
more complicated, specialized scarce metals are often mined as side products of 
other major metals due to the fact that no concentrated ores exist (Figure 3). The 
implication is that to satisfy the demand for one rare metal, large amounts of other 
elements have to be mined as well. This phenomenon, which is referred to as the 
balance problem makes it very difficult to balance supply and demand in the (rare) 
metal markets.5 
 

 
Figure 3.Schematic overview of the general coupling of metal production (PGM: Platinum 

Group Metals). Reproduced from: The Metrics of Material and Metal Ecology: Harmonizing 
the resource, technology and environmental cycles by A. M. Reuter.6  
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Comparing reports on critical raw materials from different countries clearly shows 
the differences in the classification of critical metals but also the different 
recommendations and strategies to address these risks: focusing more on additional 
production, recycling or substitution research.4,7 In this PhD thesis we focus on the 
situation for Europe when discussing metal supply risks and policy measures. 
 
In 2014, the European Commission released a report on the critical raw materials for 
the EU. This report showed current and future supply risks and demand trends for 
the most critical metals.4 The aim was to convince European policy makers to 
stimulate the development of alternative European supply sources for the most 
critical metals through mining, recycling and substitution, therefore diminishing the 
dependence on foreign supply.4 This report identified 20 metals and materials as 
being critical raw materials for the EU, which are shown in the red box in Figure 4. 
The classification was done by assessing the economic importance and supply risk. 
 

 
Figure 4. Criticality assessment for the EU, published in 2014 (Redrawn by Paul 

McGuiness).4 
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1.1.2 Technospheric mining: the key to metal recycling 

In order to truly achieve a sustainable long-term supply of metals, the only option is 
to close the loop between metal production and the end-of-life products through 
recycling (Figure 5). This requires radical changes in every step of the value chain 
such as smart product design, better collection and efficient recycling technologies. 
This is still far from complete, but as metals become scarcer more attention is going 
to these alternative sources as a way to limit the dependence on primary production.  
 

Product manufacturing     End-of-life        Landfill

Use

Raw material
production

Metals Urban mining Landfill mining

Products Discard

Natural resources

Industrial waste

Technospheric mining

 
Figure 5. Life cycle of a material and its different stages. 

 
Three different types of recycling can be distinguished: 
1. Recycling of industrial waste (alloy, scrap and process residue recycling) 
2. Recycling of end-of-life products (urban mining) 
3. Recycling of valuable materials from landfills (landfill mining) 
 
The recycling of industrial scrap and process residues is the easiest one to implement 
and is often already introduced in industrial processes to optimize their efficiency.8 
However, this technology is often not made public, and thus difficult to study and 
quantify. Recovery of materials and energy through enhanced landfill mining also 
shows potential, especially for monolandfills containing one type of waste.9,10 Urban 
mining is very interesting for products which are collected efficiently (e.g. electronic 
waste, fluorescent lights, cars) and easily dismantled. In general, urban mining deals 
with small volumes with high metal concentrations, while landfill mining is based 
on high volumes with lower metal concentrations.9  
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Waste electrical and electronic equipment (WEEE) or e-waste, is the most rapidly 
growing type of waste all over the world.11 In 2012, 14.2 kg of e-waste was 
discarded on average by every person on earth in the form of cellphones, computers, 
radios, televisions, fluorescent lamps, etc.11 Detailed quantitative reports about the 
metal contents in various electronic products have proven the potential of this type 
of waste as an alternative resource for scarce elements, because they are 
concentrates of valuable elements (e.g. gold, palladium, silver, indium, gallium, 
cobalt, rare-earths, and tantalum). A mobile phone for example, contains about 305 
mg of silver and 30 mg of gold which is 40 to 50 times more concentrated than in 
the ores from primary mining.11 In addition, the recycling of e-waste also 
regenerates the required metals in the ratios needed to manufacture these devices 
again.5 The volumes of waste are therefore reduced to a minimum compared to 
primary mining.5 Several industrial scale urban mining schemes have already been 
successfully implemented by companies such as Solvay and Umicore.8,11,12 
 
As an illustration, Table 1 shows the amount of valuable metals in different 
electronic items, as compiled by the Öko-Institut report (2012).11  
 

Table 1. Content of valuable metals in all flatscreens, notebooks and smartphones sold in 
Germany in 2010 (Öko-institut report).11 

Metal Flatscreens 
(kg) 

Notebooks 
(kg) 

Smartphones 
(kg) 

Occurrence  

Dysprosium  430  Permanent magnets 

Europium 50 <1  Background illumination 

Gadolinium 10 5  Background illumination 

Gallium 15 10  Semiconductor chip 

Gold 1645 740 230 PCBs1 and contacts 

Indium 2365 290  Displays (ITO layer) 

Cobalt  461000 48500 Lithium-ion batteries 

Neodymium  15160 385 Permanent magnets 

Palladium 465 280 85 PCBs1 and contacts 

Platinum  30  Hard disk platters 

Praseodymium <1 1950 80 Permanent magnets 

Silver 6090 3100 2350 PCBs1 and contacts 

Tantalum  12065  Capacitors 

Terbium 14 <1  Background illumination 

Yttrium 680 12  Background illumination 

1
PCB: Printed circuit board 
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Despite all these incentives for recycling, the recycling rates for most rare metals are 
still alarmingly low (Figure 6).13 The main reason is that they are very dispersed, 
with every item often only containing traces of these elements. Common metals such 
as iron, nickel, copper, aluminum or zinc show much better recycling rates because 
they are commonly used in their pure form, making collection and recycling much 
more straightforward.13  
 

 
Figure 6.Worldwide end-of-life recycling rates (%) for 60 metals (UNEP report 2011).13 

 
The main bottleneck at this moment is the inefficient collection of this waste. 
Billions of euros worth of electronic equipment is held by households 
(“hibernating”) and it is up to governments and policy makers to organize and 
stimulate the collection of these end-of-life items. The most successful examples are 
found for items with a toxicological risk such as fluorescent light bulbs (mercury) 
and batteries (acids and heavy metals). These items are often collected on a large 
scale in order to deal with these risks and avoid them ending up in landfills and 
pollute the environment. Their large availability and valuable metal content makes 
them ideal starting points for urban mining processes. Urban mining can help 
Europe to guarantee a secure supply of industrially important elements. In the future, 
the strategic, technological, ecological and geopolitical advantages of urban mining 
will continue to stimulate this evolution and contribute to closing the loop of metal 
production and consumption. A particularly interesting example is the recovery of 
rare earths from end-of-life consumer products, which is the objective of this PhD 
thesis.  
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1.2 The rare-earth elements 

The rare earths are a group of 17 elements consisting of the 15 lanthanides plus 
scandium and yttrium (Figure 7). The rare earths (REEs) are sometimes divided in 
light rare earths (LREE) and heavy rare earths (HREE). The division between light 
and heavy REEs is arbitrary, but is often situated around europium.  
 

 
Figure 7. Overview of the rare-earth elements. 

 
The unique properties of REEs have allowed major technological breakthroughs 
such as color television, compact fluorescent lights and high-strength magnets used 
in hard-disk drives, wind turbines and electric cars. The major share of the rare-earth 
market (by value) is taken by the neodymium-iron-boron (NdFeB) permanent 
magnets (37%) and the fluorescent lamp phosphors (32%). Other markets such as 
polishing powders and the glass and ceramics industry use larger amounts of rare 
earths but these are applications with little added value as they use cheap and largely 
available REEs (e.g. La, Ce). At the end of the last century, China took over most 
rare-earth production by aggressively cutting costs, thus forcing other major 
producers such as the U.S. to shut down their operations. Since 2000, China controls 
more than 90% of the REE market, making REEs highly critical elements as they are 
crucial for many high-tech and military applications. These tensions culminated in 
the world wide rare-earth crisis of 2011, when China decided to install strict export 
quota thus cutting off other countries from a reliable supply of these important 
elements. This led to soaring prices and a trade war between the U.S., Europe and 
Japan on the one hand and China on the other hand. This crisis was short-lived and 
anno 2015 REE prices have dropped back to pre-crisis lows, but this shows 
nevertheless the fragility of the global supply-demand balance for some of the 
critical metals. A graph showing the historical price evolution of rare earths 
(2003−2015) has been included in the text to help visualize this remarkable boom-
bust evolution (Figure 8). Since accurate price quotations for rare-earth elements are 
often difficult to come by we have also chosen to include the raw data so that it can 
serve as a reference for future use. All data were obtained from the annual 
commodity reports compiled by the United States Geological Survey (USGS). 
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Year La Ce Pr Nd Sm Eu Gd Tb Dy Y 
2002 23 19 37 29 360 990 130 535 120 88 

2003 23 19 37 29 360 990 130 535 120 88 

2004 23 19 37 29 360 990 130 535 120 88 

2005 23 19 37 29 360 990 130 535 120 88 

2006 30 40 50 45 250 1000 140 800 150 50 

2007 40 50 75 60 200 1200 150 850 160 50 

2008 40 50 75 60 200 1200 150 850 160 50 

2009 30 30 38 42 130 1600 150 900 170 44 

2010 38 30 60 63 175 1400 165 1400 310 50 

2011 100 100 225 270 117 3300 239 2750 1600 165 

2012 23 23 115 117 62 2440 92 1950 1010 88 

2013 8 8 94 70 14 1130 47 949 540 25 

2014 5 5  58  705  515 340 16 

2015 2 2  40  153  450 228 9 

  
Figure 8. Historical rare-earth prices ($/kg) based on USGS reports. 

 
A direct consequence of the 2011 rare-earth crisis was the determination of 
policymakers to establish alternative supplies of rare earths.14 Old deposits were 
reopened and exploration started for new deposits. A lot of research also started on 
the recycling of REEs from end-of-life consumer products such as hard-disk drives, 
fluorescent lamps and NiMH batteries.14 Another approach is the substitution of 
REEs in technological applications. Successful examples exist, but some 
applications have not yet found satisfying solutions despite decades of research.14 A 
successful example of substitution can be recognized in Figure 8: the steady drop of 
samarium prices is a direct result from the substitution of samarium-cobalt magnets 
by the more powerful neodymium-iron-boron magnets.  
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1.2.1 Primary mining of rare earths and the balance problem 

Rare-earth elements (REEs) are actually not very rare as they have an abundance in 
the earth’s crust which is situated between those of copper and silver.15 
Unfortunately, the absence of concentrated deposits makes their recovery 
challenging. The rare-earth elements are also present as a mix of elements, due to 
their very similar chemical properties. This complicates their separation which 
requires very large solvent extraction set-ups and a lot of chemicals. In the 1980s 
REE production shifted from the USA (Mountain pass, CA) to China due to 
environmental concerns and aggressive pricing from the upcoming Chinese miners. 
Although rare-earth deposits have been found all over the world, today over 90% of 
the world’s production is still concentrated in China because very few of them 
manage to produce rare earths in a price competitive way (Figure 9). This 
supremacy poses significant geostrategic risks and has been a source of tension due 
to the importance of rare earths in many technological and military 
applications.8,12,14-17 Following the rare-earth crisis of 2011, junior mining projects 
surged all over the world, but many of these projects are now dormant or abandoned 
due the lower prices for rare-earths elements and the high cost and technical 
difficulties associated with rare-earth processing and separation.  
 

 
Figure 9. Overview of the different REE mining projects around the world, in different stages 

of development (June 2013). Many of them have since then become dormant. Reproduced 
from the ERECON report (2015).14 
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An important drawback of primary mining is that the rare earths are present as a mix 
in the ores. This means that in order to cover the world’s demand for the industrially 
important REEs such as Nd, Eu, Tb, Dy and Y, an enormous overproduction of La 
and Ce is required. These elements are far more abundant in most ores (Table 2).5,8 
This mismatch between supply and demand is called the balance problem and is one 
of the main driving forces for the recycling of rare earths from end-of-life 
products.5,8 Few ores are enriched in heavy REEs and today most heavy REEs are 
produced in so-called ion-adsorption clays in China which are weathered deposits. 
When such clays are situated below rocks that contain rare-earth minerals, they can 
act as giant chromatography column when the rain weathers the overlying rock. The 
most soluble, light REEs pass through the clay more easily than the heavy REEs. In 
this manner, these ion-adsorption clays can be highly enriched in heavy REEs and 
almost free of radioactive elements.18 Other REE sources include apatite and 

hard‐rock deposits such as zircon, titanate, niobate, eudialyte and gadolinite.18 
 

Table 2. Overview of the main exploited REE-containing minerals and deposits.14,18 

Mineral Structure REE content Exploited deposits 

Monazite (La,Ce,Th)PO4 Light REEs Mt. Weld (Australia) 

Bastnäsite (La,Ce)CO3F Light REEs Mountain pass (USA) 
Bayan Obo (China) 

Xenotime YPO4 Heavy REEs Lehat (Malaysia) 

Laterite1 Ion-adsorption clays Light REEs 
Heavy REEs 

Xunwu (China) 
Longnan (China) 

Loparite (La,Ce,Na,Ca)(Ti,Nb)O3 Light REEs  Kola peninsula (Russia) 

 
The extraction of rare earths from these different ores is very energy demanding and 
poses serious environmental challenges due to the presence of radioactive elements, 
and the use of strong acids.18 Monazite for example is dissolved in a process called 
acid cracking (H2SO4 98%, 150 °C). A more recent process uses alkaline cracking 
(NaOH 73%, 140 °C) which generates less waste and allows the phosphate content 
to be recovered as trisodium phosphate.18 Additional separation steps are required to 
remove the radioactive thorium and isolate the rare earths. Bastnäsite can be roasted 
in air (620 °C) followed by dissolution in HCl (Molycorp, USA) or bastnäsite can be 
roasted with H2SO4 98% at 500 °C which is preferred in China but is very harmful 
to the environment due to the release of HF gas.18 The third important source of rare 
earths are the ion-adsorption clays. The rare earths are extracted by in-situ leaching 
(ion-exchange) using dilute solutions of monovalent sulfate or chloride salts at 
ambient temperature. Their much lower grade (0.05-0.3 wt%) is offset by the easier 
mining and processing.18 However, this in-situ leaching is very polluting and often 
operated illegally on a small scale.  
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1.2.2 Recycling and urban mining opportunities for rare earths 

Rare earths are used in a wide variety of technological applications and consumer 
items. The high criticality of certain specific rare earths (Nd, Eu, Tb, Dy, Y) is 
primarily caused by their crucial role in strong permanent magnets and lamp 
phosphors, which together account for more than 70% of the rare-earth market by 
value.8 The successful recycling of rare earths from these objects depends on the 
ability to efficiently collect and dismantle them, as well as the availability of cost-
efficient recycling technologies to recover the rare earths.8,9,11,12,19-23 
 
A recent report by European Rare Earths Competency Network (ERECON) (2015) 
has suggested the following priority list.14 This list takes into account the criticality 
of the rare earths used in those products, as well as the potential value of the waste 
stream, the future demand, the possibility of substitution and the technical feasibility 
of recycling.14 Specific consumer products have been identified which have the 
highest potential for recycling (Table 3).14 
 
1. Permanent magnets (Pr, Nd, Sm, Tb, Dy) 
2. Phosphors (La, Ce, Eu, Gd, Tb, Y) 
3. Batteries (La, Ce, Pr, Nd) 
4. Polishing compounds (Ce) 
5. Catalysts (La, Ce, Pr, Nd, Y) 
 

Table 3. Priority list for the recycling of rare earths from end-of-life products.8,14 

Product REEs1 Priority2 

Permanent magnets   

Hard disk drives, CD players Pr, Nd 1 

Automotive applications Pr, Nd, Tb, Dy 2 

Electric motors (industry) Pr, Nd, Tb, Dy 3 

Loudspeakers Pr, Nd 4 

Mixed electronics, toys and gadgets Pr, Nd 5 

Electric bicycles Pr, Nd, Tb, Dy 6 

Wind turbines and generators Pr, Nd, Tb, Dy 7 

Phosphors   

Fluorescent lamps Eu, Tb, Y (Ce, Gd, La) 1 

LCD screens Eu, Tb, Y (Ce, Gd, La) 2 

Plasma screens Eu, Tb, Y (Ce, Gd, La) 3 

CRT screens Eu, Y, Sm 4 

LED lights Ce, Lu, Y 5 

1
Uses the data compiled by Binnemans et al (2013) and the ERECON report (2015).8,14 

2
This priority list takes into account the market size, the elements and the easy of recovery (ERECON).14 
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1.2.3 Recycling of lamp phosphor waste 

Fluorescent lamps are already collected on a large scale in order to safely dispose 
the mercury inside the light bulbs. The metal, glass and plastic fraction of the lamps 
could in principle also be recycled but this is often not done due to practical 
limitations. The remaining fraction (≈ 3 wt%) is the so-called lamp phosphor waste 
powder which is coated on the inside of the glass (Figure 10). 
 

 
Figure 10. Fluorescent lamp composition (Source: Solvay). 

 
The lamp phosphor waste powder consists mainly of luminescent compounds 
(phosphors) that are responsible for the emission of visible light, but also contains 
silica (glass) and alumina (binder) as well as traces of mercury. This lamp phosphor 
waste powder is therefore a complex but valuable product, containing several 
different fractions (Figure 11). 
 

Eu

Tb

Y

Sb

Formula Role Content (wt%)

HALO (Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+ White phosphor 50

YOX Y2O3:Eu3+ Red phosphor 20

BAM BaMgAl10O17:Eu2+ Blue phosphor 5

LAP LaPO4:Ce3+,Tb3+ Green phosphor
5−10

CAT CeMgAl11O19:Tb3+ Green phosphor

Silica/alumina SiO2/Al2O3 Glass/Binder 10−20

Mercury Hg Emission of UV Traces

Overview of the approximate lamp phosphor waste composition

 
Figure 11. Schematic overview of the composition of lamp phosphor waste with the four 

highlighted critical elements: yttrium, terbium, europium and antimony.24-26 
 
The interest in these powders is mainly derived from the relatively high rare-earth 
content, in particular the highly-critical europium, terbium and yttrium, but also 
antimony has been in focus.24,25 Before attempting the recovery of valuable metals 
from the lamp phosphor waste powder, it can be sieved in order to remove most of 
the glass, as the glass particles are much larger than the phosphor powder particles 
(≈ 3-6 µm). The mercury can be removed in advance using a high-temperature 
mercury distillation or it can be removed during the recycling process using 
sorbents.26-29 Recently, Tunsu et al. (2015) also proposed a wet decontamination 
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method using I2/KI solutions to solubilize the mercury, followed by the removal of 
the mercury using anion exchange sorbents, solvent extraction or reducing agents.30  
Many different recycling methods have been proposed to dissolve, recover and 
separate the different phosphors, but their economic recycling remains 
challenging.8,19,31 A general scheme for the recovery of rare earths from lamp 
phosphor waste and the position in the life cycle of fluorescent lamps is shown in 
Figure 12. 
 

 
Figure 12. Schematic overview of the life cycle of fluorescent lamps.  

Reproduced from ERECON report (2015).14 
 
Current recycling technologies can be divided in two main groups: the 
physicochemical methods and the chemical dissolution methods.8,19 The 
physicochemical methods focus on the separation of the phosphors and their direct 
reuse using methods such as dense-medium centrifugation, froth flotation, two-
liquid flotation or pneumatic separation in an air stream.8,19,23,32-36 The major 
drawback of these physicochemical methods is that the phosphors are degraded 
during their lifetime, meaning that separation and direct reuse results in an inferior 
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product compared to freshly produced phosphors.8 Chemical methods are usually 
based on the (selective) dissolution of the phosphors, followed by solvent extraction 
to extract and separate the different elements (Table 4).8,19,23-25,31,37-40 These methods 
contain many steps and consume a lot of chemicals (acids, bases, organic solvents) 
due to the different elements present in the powders.8,19,31 However, this approach is 
usually preferred since it produces pure elements which can be used in the 
production of new lamp phosphors. In 2012, a recycling process was implemented 
on industrial scale by Solvay in La Rochelle (France).41 There, up to 3000 tons/year 
of waste phosphor powder can be treated in order to recover the rare earths and 
valorize the rest of the waste. However, more selective methods continue to be 
developed in order to improve the efficiency and facilitate the recovery of rare 
earths. In this PhD thesis, a new ionic liquid process was developed which allows 
the (previously impossible) selective dissolution and revalorization of the red 
phosphor YOX.24 
 
 

Table 4. A selection of processes to recover yttrium from lamp phosphor waste.31  

Main process steps Author Ref 

Dissolution in H2SO4 / HNO3 

Thiocyanate conversion KSCN 
Solvent extraction (NR4

+ extractant) 

Rabah et al. (2008) 42 

Dissolution in H2SO4 

Precipitation with oxalic acid 
De Michelis et al. (2011) 43 

Step-wise dissolution: HCl, H2SO4 and NaOH 
Solvent extraction 

Osram patent (2012) 39 

Step-wise dissolution: HCl, alkaline fusion and HNO3 
Solvent extraction 

Solvay patent (2012) 41 

Dissolution in H2SO4 / H2O2 

Purification with Na2S / NaOH 
Precipitation with oxalic acid 

Innocenzi et al. (2013) 44 

Dissolution in H2SO4 / HNO3 

Solvent extraction (DODGAA extractant) 
Yang et al. (2013) 37 

Dual hydrochloric acid dissolution and alkaline fusion Liu et al. (2014) 45 

Dissolution in HNO3 or HCl  (ultrasound-assisted) 
Solvent extraction (e.g. Cyanex® 923)  

Tunsu et al. (2014) 29 

Selective dissolution in [Hbet][Tf2N]
Precipitation with oxalic acid 

Dupont et al. (2015)1 24 

1
This process was developed within the framework of this PhD thesis.24  
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1.2.4 Recycling of NdFeB magnets 

NdFeB magnets are the strongest permanent magnets known today and have allowed 
the miniaturization of many high-tech products such as hard disk drives, speakers, 
electric motors, etc.8,14 The demand for neodymium and dysprosium is expected to 
grow by 700% and 2600%, respectively, over the next 25 years as the NdFeB 
market expands rapidly.46 It is also estimated that by 2020 over 200,000 tonnes of 
REEs will be held in NdFeB magnets worldwide. A schematic overview of the value 
chain and lifecycle of NdFeB magnet is given in Figure 13.14 
 

Products

Magnet production Raw materials Primary production

Re-use REE extraction

Alloy recycling
(Direct recycling)

Collect & Dismantle

Scrap magnets

Landfill

(Indirect recycling)

 
Figure 13. Overview of the life cycle and recycling opportunities of NdFeB magnets.  

 
The magnets consist primarily of a Nd−Fe−B alloy (e.g. Nd2F14B) but they also 
contain additives to improve their magnetic properties and durability (Figure 14).38,39  
 

Pr

Dy

Nd

Tb

Name Role Content (wt%)

Fe Main element 72

Nd Main element 27

B Main element 1

Additives/substitutes:

Dy / Tb High temperature performances 0−8

Pr Cheaper replacement for Nd 0-8

Co Increase Curie temperature 0-5

Al/Nb/Ga Increase coercivity < 1

Cu Reduce processing temperature < 0.1

Mo / V Corrosion resistance < 0.1

Zr/Si Improve magnetic properties < 0.1

Overview of the approximate NdFeB magnet composition(a)

(a) Some magnets are also coated with a polymer or a metal coating (e.g. Ni, Zn, Al, TiN,)

Co

 
Figure 14. Schematic overview of the composition of NdFeB magnets. 



 
23 

By recycling the magnets in cars, wind turbines, e-bikes and consumer electronics, a 
more sustainable production could be guaranteed. In certain cases, this can be 
achieved by direct re-use of the magnets, but often the re-processing of alloys (direct 
recycling), or extraction of the rare earths (indirect recycling) is more desirable 
(Figure 13). Direct recycling is less costly and more energy- and material-efficient, 
but requires standardized product designs and controlled collection systems in order 
to allow the reuse of the magnets. Reprocessing of the existing alloy is more energy-
demanding and less material-efficient but is more flexible as the alloys can be recast 
to produce different types of magnets. Two methods can be employed: the first is the 
melting of the scrap magnets down to a master alloy which can be used to produce 
bonded magnets or hot-deformed magnets.14 The second is the use of hydrogen-
based routes such as hydrogen decrepitation (HD) or hydrogenation 
disproportionation desorption and recombination (HDDR), which can be used to 
obtain sintered and bonded magnets.14,47,48 The problem with alloy reprocessing is 
that it is highly dependent on the input material and oxygen contamination. There 
are still challenges to overcome in order to produce magnets with sufficiently good 
magnetic properties.48 Finally, extraction of REEs from the magnets is also being 
considered. It has a higher cost but is able to produce the raw materials required for 
the production of new magnets (Figure 15).8 
 

 
Figure 15. Schematic overview of a possible hydrometallurgical REE recovery scheme from 

recycled NdFeB magnets. Reproduced from ERECON report(2015). Source: Solvay.14 
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Various processes have been developed recently which use acids to dissolve the 
(oxidized) magnets and then extract/isolate the rare earths (Table 5).8,22,49-54 The 
magnets are usually first milled and grinded to facilitate the oxidation and accelerate 
the reaction. The recycling methods also have to deal with the many trace elements 
and impurities present in the magnet which makes some form of solvent extraction 
unavoidable in order to obtain highly pure rare-earth oxides. Ionic liquids have been 
proposed as alternative solvents for liquid-liquid extraction and as 
extractants.8,50,51,55,56 In this PhD thesis, a new ionic liquid process was developed 
which combines leaching and extraction in the same ionic liquid due to the fact that 
this ionic liquid, [Hbet][Tf2N], has both acidic and thermomorphic properties 
(explained later on in this introduction).57 This novel process also introduced 
microwave-assisted roasting of the magnets as an energy-efficient method for 
magnet oxidation.57  
 
Table 5. Selection of hydrometallurgical processes to recover REEs from NdFeB magnets.8,22  

Main process steps Author Ref 

Dissolution in H2SO4 (2 M) 
Precipitate double sulfate with NaOH / KOH / NH4OH 

U.S. Bureau of Mines 
Patent (1992) 

58 

Dissolution in HCl (3 M) 
Precipitation with oxalic acid 

Itakura et al. (2006) 52 

Dissolution in HCl (0.02 M) with autoclave (180 °C) 
Precipitation of the rare earths 

Koyama et al. (2009) 54 

Dissolution in H2SO4 

Precipitation with NaOH 
Lee et al. (2013) 53 

Dissolution in HCl (4 M) 
Step-wise precipitation with NH4OH and oxalic acid 

Lai et al. (2014) 49 

Roasting of the magnet 
Dissolution in HCl / NH4Cl 
Solvent extraction (PR4

+ extractant) 
Precipitation with oxalic acid 

Vander Hoogerstraete 
et al. (2014) 

51 

Roasting of the magnet 
Dissolution in HNO3 / NH4NO3 
Solvent extraction (PR4

+ extractant) 
Solvent extraction (EDTA extractant) 
Precipitation with oxalic acid 

Riano et al. (2015) 50 

Roasting of the magnet 
Dissolution in [Hbet][Tf2N] 

Precipitation with oxalic acid 

Dupont et al. (2015)1 57 

1
This process was developed within the framework of this PhD thesis.57  
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1.2.5 General notes on recycling and green chemistry 

The large R&D efforts in industry and academia have demonstrated that the 
recycling of rare earths from end-of-life products such as fluorescent lamps and 
NdFeB magnets (e.g. hard disk drives) is technically feasible.8,14 However, their 
implementation and industrial upscaling is still hampered by several factors which 
will have to be resolved before their recycling becomes widespread: 
 
1. Insufficient and non-selective collection of the waste 
2. Dissipative use  
3. Presence of contaminants 
4. Price volatility for the raw materials and products 
5. Transportation of the (hazardous) waste  
6. Price competition with low-cost primary production  
 
Base metals such as iron, copper and aluminum are used in large quantities and often 
in their pure form. On the other hand, rare earths and other critical metals are usually 
present in very small quantities in their end products. Their collection is further 
complicated by the fact that dismantling is required as a pre-treatment step. Smart 
product design is therefore crucial to facilitate and automate product dismantling in 
a later stage. Smart product design and selective collection can provide 
homogeneous waste streams, but even then, the presence of contaminants is 
unavoidable. Sophisticated separation processes have to be designed which can cope 
with the presence of such contaminants in order to avoid them ending up in the 
products. Finally, one of the major challenges is the (uncontrollable) price evolution 
of raw materials and products which can pose a big threat to recycling efforts.  
 
Nevertheless, it is clear that critical metal recycling is crucial as the world needs to 
move to a more circular and sustainable economy. A greener future will require 
access to these critical metals used in hybrid cars, e-bikes, windmills and energy-
effective lighting solutions. Industry, universities and policymakers have to work 
together to create a framework in which recycling technologies can be developed, 
tested and implemented regardless of short-term price fluctuations. As the unique 
properties of certain metals make them difficult to substitute, the best long term 
solution is to close the life cycle of these metals in order to halt their dissipation. 
 
These notes of caution are important and it is becoming increasingly clear that 
sustainable innovation has to consider the whole life cycle of a product. During this 
thesis we often use the word “green chemistry”. However, the inherent ambiguity 
of the word green chemistry makes it important to dedicate a paragraph to define 
this concept in general and in the context of this thesis. 
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Green Chemistry 
The broadest definition is that Green chemistry is an area of chemistry focused on 
the design of products and processes that minimize the use and generation of 
hazardous substances.59 The difference between green chemistry and environmental 
chemistry is that green chemistry focusses more on the development of technology 
to prevent pollution and reduce consumption of nonrenewable resources, whereas 
environmental chemistry focuses on the effects of polluting chemicals on nature. 
 
In 1998, Paul Anastas and John C. Warner published a set of twelve principles to 
guide the practice of green chemistry.59 These principles help define whether or not 
a process merits the label green but also offers guidelines on how to reduce the 
environmental and health impacts of chemical production,. 
 
1. It is better to prevent waste than to treat or clean up waste after it is formed. 
2. Synthetic methods should be designed to maximize the incorporation of all 

materials used in the process into the final product. 
3. Wherever practicable, synthetic methodologies should be designed to use and 

generate substances that possess little or no toxicity to human health and the 
environment. 

4. Chemical products should be designed to preserve efficacy of function while 
reducing toxicity. 

5. The use of auxiliary substances (solvents, separation agents,...) should be made 
unnecessary wherever possible and innocuous when used. 

6. Energy requirements should be recognized for their environmental and 
economic impacts and should be minimized. Synthetic methods should be 
conducted at ambient temperature and pressure.  

7. A raw material or feedstock should be renewable rather than depleting wherever 
technically and economically practicable. 

8. Reduce derivatives: unnecessary derivatization (blocking group, 
protection/deprotection, temporary modification) should be avoided whenever 
possible. 

9. Catalytic reagents (as selective as possible) are superior to stoichiometric 
reagents. 

10. Chemical products should be designed so that at the end of their function they 
do not persist in the environment and break down into innocuous degradation 
products. 

11. Analytical methods need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances. 

12. Substances and the form of a substance used in a chemical process should be 
chosen to minimize potential for chemical accidents, including releases, 
explosions, and fires. 
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The study of green and sustainable processes has evolved tremendously over the 
years.60,61 Important tools have been developed to assess the environmental impact 
of a process or product, in particular life-cycle analysis (LCA). This type of analysis 
takes into account all stages of a product life cycle from production until disposal or 
recycling and assesses the impact on different relevant categories such as toxicity, 
fossil fuel depletion, climate change, etc. (Figure 16). This tool allows a systematic 
study of the environmental impact of a process and makes it possible to compare 
different processes.  
 

 
Figure 16. Overview of the most important impact categories used in life-cycle assessments. 

 
During this PhD thesis we focused our efforts on the development of new recycling 
technologies which would limit the consumption of chemicals and energy. We also 
tried to apply the principles of zero-waste valorization which dictates that no waste 
should be created during the valorization of a residue or spent product. This means 
that all compounds formed during the process should be non-toxic (e.g. water) or 
usable as new feedstock. During the design of our processes we were assisted by a 
colleague working full time on life-cycle analysis. This allowed us to study the 
impact of our processes and to compare them to the current state-of-the-art 
technologies. Overall, we believe this PhD thesis demonstrates that in certain 
circumstances, ionic liquids can contribute to the design of more sustainable metal 
recycling processes compared to classic hydro- or pyrometallurgical processes.  
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1.3 Ionic liquids as designer solvents  

1.3.1 Introduction 

Ionic liquids (ILs) are traditionally defined as salts which are liquid below 100 °C. 
Most ionic liquids consist of bulky organic cations and organic or inorganic anions 
(Figure 17). The structure of an ionic liquid can be abbreviated as [Cation][Anion]. 
Millions of different simple ionic liquids can be prepared by combining different 
cations and anions.62 
 

N N N N N P R2
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CH3COO

CF3COO

N(CN)2
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Figure 17. Overview of some common ionic liquid cations and anions. 

 
Ionic liquids find applications in a wide variety of fields including catalysis, organic 
synthesis, electrodeposition, biomass and polymer processing, drug delivery, 
microwave chemistry, metal processing, solvent extraction and compound 
purification.62,63 Ionic liquids have several physical properties which make them 
particularly attractive solvents. The first is their negligible vapor pressure due to the 
fact that they consist entirely of ions. This means that no noxious fumes are formed, 
even upon heating since ionic liquids will degrade before evaporating. Ionic liquids 
also have a low flammability, further improving their safety. This is in stark contrast 
to common organic solvents (e.g. toluene, kerosene, ethanol, acetone) which are all 
quite volatile and very flammable since solvent fires can start with the smallest 
sparks or electrical discharges. Another advantage is their ability to solvate a wide 
range of organic, polymeric and inorganic materials. A typical example is the 
dissolution of cellulose in ionic liquids.64 The excellent temperature stability and 
large liquidus range permits reaction conditions which are not accessible in water or 
organic solvents. Ionic liquids have also gathered a lot of interest for electrochemical 
applications due to their broad electrochemical window and good conductivity 
which allows the electrodeposition of metals such as Al, Li, Ti, V and W, that 
cannot be deposited from aqueous solution.65  
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The main disadvantage of ionic liquids is their high viscosity at room temperature, 
but at higher temperatures or when water-saturated (i.e. in biphasic solvent 
extraction system) their viscosity drops significantly. There are also large 
differences between individual ionic liquids, with viscosities ranging from 10 cP to 
above 10000 cP depending on the nature of their ions. Other physical properties 
such as the miscibility with water, the density and the melting point are also greatly 
affected by the anion and cation choice.66 This offers the opportunity to tune the 
properties of a given ionic liquid for a specific application. Therefore, ionic liquids 
are often called designer solvents.  
 
The main synthesis routes for ionic liquids are summarized in Scheme 1. In a first 
step (A), an amine base (e.g. trialkylamine, imidazole, pyridine, pyrrolidine) is 
quaternized by reacting it with an alkyl chloride (or bromide), thus obtaining the 
corresponding chloride (or bromide) ionic liquid [NRRRR][Cl].67 The same scheme 
also applies to trialkylphosphines for the synthesis of phosphonium ionic liquids.68  
 
The chloride anion can be exchanged (B) for another anion X- if X- has a higher 
affinity for the ionic liquid (Scheme 1).69 For water-miscible ionic liquids this must 
be done using an anion exchange resin, loaded with the desired anion X-.70 For 
water-immiscible ionic liquids, the anion exchange is best carried out by contacting 
the ionic liquid with a aqueous phase containing the desired anion in the form of a 
salt NaX.69 The anion can also be introduced using its corresponding acid HX, but 
this is limited to strong acids (full dissociation).  
 

 
 

Scheme 1. Main synthesis pathway for ionic liquids consisting of a quaterization reaction (A) 
and an anion exchange step (B) to introduce the desired anion X-. The relative tendency of an 

anion to replace chloride in the ionic liquid is shown below. 
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1.3.2 Functionalized (acidic) ionic liquids 

Using these standard ionic liquid building blocks (Figure 17), a wide variety of 
functionalized ionic liquids can be designed.71,72 Common functional groups (FGs) 
include: carboxyl groups, sulfonic acid groups, alcohols, (poly)ethers, esters and 
chiral groups, but also metal-containing ionic liquids belong to this group.62,64,65,71-74 
The functional groups are usually introduced during the quaternization reaction, 
using a substitution reaction (C), addition reaction (D) or ring-opening reaction (E), 
depending on the chosen functional group (Scheme 2).75 The same applies for 
trialkylphosphines for the synthesis of phosphonium ionic liquids. 
 

 
 

Scheme 2. Three important synthetic pathways (C, D, E) for the introduction of functional 
groups in ionic liquids during the quaternization reaction (X = Cl, Br). 

 
The most versatile method is the alkylation by a substitution reaction (C), but this 
may require the use of protective groups on the functional group in some cases.75 A 
Michael-type addition reaction (D) has been reported but is only possible for 
strongly electron-withdrawing functional groups such as –COOR, –SO3H or –
CN.76,77 Ring-opening alkylation (E) is very effective, but only applicable for certain 
functional groups such as sulfonate, carboxylate, alcohol and phosphate groups, 
amongst others (Figure 18). The length of the carbon linker is also fixed due to the 
limited amount of (sufficiently reactive) rings. 
 

 
Figure 18. Common ring molecules used to introduce functional groups. 
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Once a functional group is introduced in the ionic liquid it can of course be further 
modified using chemical reactions and reduction/oxidation reactions. The advantage 
of functionalized ionic liquids is that they can act as a solvent and as an active 
compound (e.g. extractant, acid, catalyst, ligand), which is why they are also known 
as task-specific ionic liquids.71 The exact definition of task-specific ionic liquids has 
been debated, but is used here to designate any ionic liquid which derives its 
efficacy for a certain application from its structure and not simply from the fact that 
it is an ionic liquid. This means that for solvent extraction applications, simple 
tetraalkylammonium ionic liquids could also be regarded as task-specific ionic 
liquids, since their specific chemical structure is key to their efficacy as 
extractant.56,78 Task-specific ionic liquids have found many uses as reusable 
catalysts in organic synthesis, but also in polymer processing and metal processing 
or even as ingredients in pharmaceuticals and cosmetics.62-65,71,72,74,79,80 Ionic liquid 
applications continue to evolve as more and more ionic liquid classes emerge and 
new properties are discovered.63,80-83 In this PhD thesis we focussed on the synthesis 
and applications of ILs with acidic functional groups, ILs with thermomorphic 
behavior and ILs relevant to the dissolution and solvent extraction of metals.  
 
Some have questioned the “green” label attributed to ionic liquids, by pointing at the 
low biodegradability of some IL cations and anions.84 It is true that ionic liquids as a 
group are not inherently green, just like all organic solvents are not per definition 
toxic. However, the unique properties of certain ionic liquids can make a process 
much greener by replacing toxic chemicals and solvents. An interesting evolution is 
the move towards greener, biodegradable ILs based on biomolecules such as sugars, 
amino acids, terpenes, choline or betaine.85-94 These ionic liquids are synthesized 
from widely available bio feedstock and result in biodegradable ionic liquids, 
therefore significantly reducing their environmental impact. Such ionic liquids are 
interesting replacements for toxic solvents in organic synthesis, and a wide array of 
other materials. More biocompatible ionic liquids would also permit their use in 
pharmaceutical production or even as active pharmaceutical ingredients.80,90 Some 
examples of bio-based ionic liquid cations are shown in Figure 19. Biodegradable 
anions include compounds like acetate, maleate, fumarate, aspartate, prolinate, etc. 
 

 
Figure 19. Some examples of biodegradable ionic liquid cations.  
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Brønsted acidic ionic liquids are an interesting class of functionalized ionic liquids. 
They find applications as reusable homogeneous catalysts in organic reactions,71,95-97 
and they are also known to dissolve metal oxides.73,74,98 The two main classes of 
Brønsted acidic ionic liquids are the carboxyl-functionalized ionic liquids and the 
sulfonic acid functionalized ionic liquids.  
 

Carboxyl functionalized ionic liquids 
Carboxyl groups are best introduced using ester-functionalized alkyl chlorides (F) or 
bromides such as methyl chloroacetate or methyl chlorobutyrate, resulting in a C1 
and C3 linker respectively.99 The methyl group of the ester is then removed with a 
strong acid (e.g. HCl) to obtain the carboxyl-functionalized ionic liquid. Direct 
reaction of the amine base with carboxyl-functionalized alkyl chlorides (G) such as 
3-bromopropionic acid has been reported, but may lead to considerable protonation 
of the nitrogen atom instead of alkylation.99,100 Halogen-free synthesis routes are less 
common, but examples have been reported such as the ring-opening reaction with β-
propiolactone (H),101 or the Michael-type addition to α,β-unsaturated esters.76,77 The 
different synthesis routes are shown in Scheme 3. The same scheme applies to 
pyridinium, pyrrolidinium, ammonium and phosphonium ionic liquids.  
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Scheme 3. Synthesis routes for carboxyl-functionalized ionic liquids (F, G, H, I). In reaction 
I, HA must be strong acid (e.g. TsOH, MeSO3H, HBF4) in the case of imidazolium, or AcOH 
in the case of tertiary amines.76,77 HX must be a stronger acid than the carboxylic acid group.  

 
Carboxyl-functionalized ionic liquids are weak acids with pKa’s in the range of 1.3 
to 4.5, depending on their structure, the size of the carbon linker and the anion.99 An 
interesting carboxyl-functionalized ionic liquid is betaine bistriflimide 
([Hbet][Tf2N]), due to its thermomorphic behavior and ability to dissolve metal 
oxides.73,74  
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Sulfonic acid ionic liquids 
Sulfonic acids (pKa ≈ -2) are stronger acids than carboxylic acids.95 This functional 
group is usually introduced by a ring-opening reaction (J) using sultones such as 
1,3-propane sultone (5-membered ring) or 1,4-butane sultone (6-membered ring), 
resulting in a C3 and C4 linker, respectively (Scheme 4).95  
 

 
Scheme 4. Synthesis route for sulfonic acid functionalized ionic liquids (J). The acid HX much 

be a stronger acid than the sulfonic acid group in order to ensure complete protonation. 

 

A large variety of sulfonic acid ionic liquids have been prepared with ammonium, 
imidazolium and phosphonium cations.95,98,102 These sulfonic acid ionic liquids have 
been used as reusable dual-phase catalysts for Fischer esterifications, condensation 
reactions, dehydration reactions, etc.95,97,102-104 These compounds have also been 
used in their zwitterion form as electrolytes and liquid crystalline phase.105,106 
 

Other acidic ionic liquids 
A way to further increase the acidity of the sulfonic acid group is by fluorinating the 
carbon chain close to the functional group. However, such fluorinated hydrocarbons 
are poorly degradable and therefore avoided in green chemistry. Another approach is 
to replace the C-sulfonation, by N-sulfonation or O-sulfonation, which results in the 
more strongly acidic sulfamic acid and alkylsulfuric acid functional groups, 
respectively (Figure 20). So far, very few examples exist of such ionic liquids, but 
these reactions have been used successfully to prepare similar molecules, salts, 
zwitterions, and functionalized polymer resins.107-109 Sulfamic acid is used as 
strongly acidic catalysts and as cleaning solution for metal surfaces.107,110-112 
Alkylsulfuric acids are used as acidifiers, alkylating agents and detergents.113,114  
 

 
Figure 20. Three types of sulfonated ionic liquid classes: sulfonic acids (C-sulfonation), 

sulfamic acids (N-sulfonation) and alkylsulfuric acid (O-sulfonation). 
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N-sulfonation is the result of a reaction between chlorosulfonic acid and a primary 
or secondary amine (K).107,108 The intermediary zwitterion has a pKa between 1 and 
2, depending on the substituents. Protonating the zwitterion requires very strong 
acids such as bistriflimic acid (HTf2N). These protonated sulfamic acids could be 
considered super acids since it has been shown that they cannot be fully protonated 
by perchloric acid (HClO4) (pKa ≈ -10).107 Note that these compounds are slowly 
decomposed in water to form H2SO4 and the corresponding ammonium salt.107  
 

 
Scheme 5. N-sulfonation reaction between a secondary amine and chlorosulfonic acid (K). 

HX must be a very strong acid (e.g. HTf2N), capable of protonating the sulfamic acid group. 

 
This reaction does not work with tertiary amines (trialkylamine, pyridine,…) since 
these will form stable (non-acidic) adducts with SO3 (e.g. Me3N·SO3).

108 These 
adducts can be isolated and are excellent sulfonating agents for molecules that are 
not compatible with acidic conditions.107 The lower reactivity compared to 
chlorosulfonic acid also allows selective N-sulfonation over O-sulfonation which 
can be very useful to sulfonate functionalized alkylamines or biopolymers such as 
chitosan which contains amine and hydroxyl groups on their functional units.107,115 
 
Functionalization with a hydrogen sulfate group can be achieved with two different 
methods (Scheme 6). The first is the O-sulfonation of a hydroxyl group with 
chlorosulfonic acid, which yields the hydrogen sulfate group in good yield (L).108 
The second is the reaction between an alkene and sulfuric acid (M).113 
 

 
Scheme 6. Two pathways to obtain hydrogen sulfate functionalized ionic liquids (L, M). 

 
The resulting alkylsulfuric acid compounds (pKa ≈ -3.5) are considered to be stable, 
non-toxic and biodegradable.114,116 Alkylsulfates are used as detergents (e.g. lauryl 
sulfate) since they are fully deprotonated in water.  



 
35 

1.3.3 Metal processing and solvent extraction with ionic liquids 

The processing of metals and metal oxides in ionic liquids is a promising research 
topic.65,117-120 The advantages of ILs include their large temperature range, wide 
electrochemical window and excellent reusability which can eliminate aqueous 
waste streams in hydrometallurgical processes.120 The use of ionic liquids and deep 
eutectic solvents as solvents for the processing, extraction and electrodeposition of 
metals was reviewed by Abbott and coworkers.65,120 The solubility of metal salts in 
ionic liquids is often quite limited compared to aqueous solutions, due to the absence 
of an efficient solvating mechanism. The solubility of metal salts can be increased 
by incorporating functional groups in so-called task-specific ionic liquids.73,74,120  
 

 
Figure 21. Solutions of CuCl2·2H2O in eight different ionic liquids (Abbott et al.).120 

 
Another approach is to incorporate the metal ions in the cation (e.g. [Ag(py-
O)3][Tf2N]) or anion (e.g. [emim][Al2Cl7] or [bmim][FeCl4]) of the ionic liquid, 
resulting in ionic liquids with very high metal loadings.65,120,121 For 
electrodeposition, ionic liquids with metal-containing cations are preferred since the 
metal-containing cations are attracted to the negatively charged cathode. Such liquid 
metal salts have been prepared for copper, zinc, manganese and silver amongst 
others.121,122 Ionic liquids with metal-containing anions have been prepared for the 
halides of the metals Al, Fe, Co, Ni, Mn, Cu, Sn, In, Pt, Ir, Pd and Au, using the 
reaction between a chloride ionic liquid and the metal chloride salt (eq 1).123 
Furthermore, REE-containing room-temperature ILs have been prepared using 
thiocyanate complexes (e.g. [Bmim]5]La(NCS)8]),

124 and carbonyl complexes have 
been reported for Mn, Co, Fe and Rh (e.g. [bmim][Mn(CO)5]).

71 
 
 [emim][Cl] + x MCln → [emim][MxClnx+1]     (1) 
 
Some of these ionic liquids have very interesting properties. Aluminate ionic liquids 
for example are Lewis acids and have been used as catalyst in Friedel-Crafts 
alkylation reactions.71 Ionic liquids with Dy(III)- and Fe(III)-containing anions show 
strong paramagnetic behavior and can be guided by a magnet.125,126  
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An important class of ionic liquids for metal processing, are the acidic ionic liquids. 
These ionic liquids contain acidic cations or anions and can dissolve metal 
oxides.73,74,120 Ionic liquids with acidic anions such as [bmim][HSO4] and 
[bmim][HCO3] have been used for the dissolution of metal oxides in brass ash (Cu, 
Zn) and sulphidic ores containing Au and Ag.127-129 However, ionic liquids with 
acidic cations are more convenient, since deprotonation of the acidic group results in 
the formation of zwitterions which can then coordinate the metal ions. Carboxylic 
acid ionic liquids ([R-COOH][X]) and sulfonic acid ionic liquids ([R-SO3H][X]) can 
therefore efficiently dissolve metal oxides (MzOy) (eq 2−3).73,74,98,120  
 
 2y [R-COOH][X] + MzOy → z [(R-COO)(2y/z)M][X](2y/z) + y H2O   (2) 
 
 2y [R-SO3H][X] + MzOy → z [(R-SO3)(2y/z)M][X](2y/z) + y H2O    (3) 
 
It has been demonstrated that the carboxyl-functionalized ionic liquid betainium 
bistriflimide [Hbet][Tf2N] (Figure 22) can dissolve stoichiometric amounts of Sc2O3, 
Y2O3, La2O3, Pr6O11, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Tb4O7, Dy2O3, Ho2O3, Er2O3, 
Yb2O3, Lu2O3, UO3, PbO, ZnO, CdO, HgO, CuO, Ag2O, NiO, PdO, and MnO.73,74  
 

 
Figure 22. Structure of the betainium bistriflimide ionic liquid, [Hbet][Tf2N]. 

 
The metal ions are coordinated effectively by the deprotonated carboxylate 
zwitterions.130 The strength of the metal complexes varies for different metal ions 
and this can be used in solvent extraction to separate metal ions. The affinity of 
these acidic extractants for metal ions is mainly governed by electrostatic 
interactions, which means that the strength of the complex increases as the charge 
density of the metal ions increases, but deviations from this trend occur when the 
ligand-metal bond has a significant covalent character.  
 
The solubility of metal salts in the pure acidic ionic liquids is very low due to 
inefficient solvation of anions.24,73,74 These ionic liquids can therefore be used to 
selectively dissolve metal oxides (or hydroxides) which do not form anions when 
dissolved in the ionic liquid (eq 2-3).24,73,74 This selectivity is very useful because it 
is opposite to the behavior observed in aqueous solutions, where the metal oxide is 
usually more difficult to dissolve than the corresponding metal chloride.24 This 
selectivity was used in this PhD thesis to recover valuable metals from waste 
products.24,57  
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Solvent extraction or liquid-liquid extraction is based on the distribution of a solute 
between two immiscible liquid phases.131,132 The preferential distribution of a 
compound amongst two phases can be modified by the addition of other compounds 
such as ligands and extractants.133  
 

mix                                      settle

 
Figure 23. Solvent extraction is the preferential distribution of compounds amongst two 

phases, sometimes helped by the addition of ligands or extractants.  
 
Solvent extraction is used for the purification of organic molecules and proteins, but 
also for the separation of metal ions, which is the focus of this work.69,70 Solvent 
extraction of metal ions is one of the cornerstones of hydrometallurgy and has been 
extensively researched and implemented in industrial processes.134 Important 
industrial examples include the separation of cobalt and nickel, the separation of rare 
earths and the PUREX process for nuclear reprocessing.134 Specific extractants can 
be designed to optimize the selectivity for a certain metal ion, making this a very 
flexible separation technique.135 Extractants are generally classified into three main 
groups, representing different extraction mechanisms.133,135 
 

1. Acidic extractants (cation exchange mechanism) 
- Carboxylic acids (e.g. Versatic® 10 acid) 
- Sulfonic acids (e.g. DNNSA) 
- Acidic organophosphorus extractants (e.g. DEHPA, Cyanex® 272) 
- Thioacids (e.g. Cyanex® 302) 
- Chelating acids (e.g. β-diketonates) 
 

2. Neutral extractants (solvating mechanism) 
- Neutral compounds (e.g. TBP, TOPO, MBT, Cyanex® 923) 
- Acidic extractants used as neutral extractants 
 

3. Basic extractants (anion exchange mechanism) 
- Protonated mono-, di- or trialkyl amines and phosphines  
- Quaternary ammonium salts (e.g. Aliquat® 336) 
- Quaternary phosphonium salts (e.g. Cyphos® IL 101) 
- Tertiary sulfonium salts 
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The extraction mechanism for a metal salt (MXn) depends on the type of extractant: 
 
Acidic extractant HA:   n HA + MXn(aq)    n HX + MAn(org)  
 
Neutral extractant L:  z L  + MXn(aq)    MLzXn(org) 
 
Basic extractant [Cat][X]:  z [Cat][X] + MXn(aq)    [Cat]z[MXn+z](org) 
 
Solvent extraction is usually carried out by dissolving extractants in an organic 
solvent such as kerosene or toluene and contacting it with the metal-containing 
aqueous phase.131 These extraction systems are very efficient but the volatility and 
flammability of the organic solvents pose serious safety and environmental threats. 
Therefore, ionic liquids have been proposed as alternative solvents for solvent 
extraction.136-138 Ionic liquids have a negligible vapor pressure and are non-
flammable, making them safer and greener than most organic solvents.136-138 An 
important additional benefit of ionic liquids is the possibility to functionalize them 
and design them specifically for a certain application.136 This structural flexibility is 
not present for normal organic solvents, making the use of extractants mandatory. In 
ionic liquids, the extractant can be built into the ionic liquid, which can then act both 
as the solvent and as the extractant.139 Many examples have been reported of water-
immiscible ionic liquids that can be used as acidic, neutral or basic extractants in 
solvent extraction experiments (Figure 24).25,56,78,79,98,140-144  
 

 
Figure 24. Examples of ionic liquids used for the solvent extraction of metal ions.  

 
In some cases, the high viscosity of certain ionic liquids may require them to be 
diluted in an organic solvent, but most ionic liquids can be used as organic phase in 
their pure (undiluted) form.25,56,78,79,98,140-144 This significantly simplifies the design 
of the solvent extraction set-up and also opens up the possibility of new extraction 
systems. For example, in the past some extractants such as alkylsulfates and 
alkylsulfonates, were rarely used due to their strong detergent properties and their 
tendency to form micelles in organic solvents.139,145 However, by incorporating these 
groups in an ionic liquid, detergent behavior can be avoided and these promising 
extractants can be used to extract metal ions from water.98,139  
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In contrast to other separation techniques such as ion-chromatography, solvent 
extraction can be easily scaled up using mixer-settlers in which the phases are first 
mixed together, followed by a settling stage that allows the phases to separate by 
gravity (Figure 25).131,133,134 This type of continuous extraction processes were also 
demonstrated for ionic liquids.146 
 

 
Figure 25.Mixer-settler set-up for large scale solvent extraction (image credit: Wikipedia). 

 
Consecutive mixer settlers can be used to improve the separation, preferably in a 
counter-current process.147 In counter-current extraction, multiple mixer settlers are 
connected so that the aqueous outlet feeds the next mixer-settler, while the organic 
outlet moves in the opposite direction (Figure 26).147 This way, the efficiency of the 
overall process is significantly increased. A well-known example is the separation of 
lanthanides, which requires more than a 1000 mixer-settlers to separate all the 
elements due to the small separation factors between the lanthanides.18,148,149 
 

 
Figure 26. Schematic representation of a counter-current solvent extraction process (image 

credit: Wikipedia). 
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1.3.4 Thermomorphic ionic liquids 

Some two-component systems (e.g. liquid-liquid extraction systems) show 
thermomorphic behavior, meaning that at a certain temperature a transition is 
observed between a homogeneous system and a two-phase system.150-153 The 
temperature at which this occurs is called the cloud point temperature (Tcp).

150-153 
Two different types of thermomorphic systems have been observed: systems with an 
upper critical solution temperature (UCST) and systems with a lower critical 
solution temperature (LCST).150-153 UCST systems go from a two-phase system to a 
homogeneous system when the temperature is increased above the cloud point 
temperature, while LCST systems go from a homogeneous state to a two-phase 
system when the temperature is increased above the cloud point temperature (Figure 
27). 
 

 
Figure 27. Schematic overview of thermomorphic systems with an upper critical solution 

temperature (UCST) and lower critical solution temperature (LCST). 
 
The cloud point temperature of such two-component systems is also dependent on 
the phase ratio and can be visualized in a phase diagram (Figure 28).  
 

 
Figure 28. Phase diagrams for UCST and LCST thermomorphic systems.  

 
Thermodynamically, mixing of two components A and B occurs when the Gibbs 
free energy of mixing (ΔGmix) is negative (eq 4). For thermomorphic systems this 
means that UCST behavior is observed when the entropy of mixing (ΔSmix) is 
positive, and LCST behavior when ΔSmix is negative.151,152 When ΔGmix = 0, phase 
transition is observed because it is energetically equally favorable for component A 
to be dissolved in component B than for separate A-A and B-B phases to occur. 
 
 ΔGmix = ΔHmix – TΔSmix                                                    (4) 
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To find useful thermomorphic IL/solvent systems, one must therefore look for two-
component systems with ΔGmix = 0 preferably around 20-75 °C, since this is where 
the phase transition will occur. In other words, the ionic liquids must have a medium 
affinity for the solvent. If an ionic liquid is too soluble a homogeneous mixture is 
obtained, and if it is completely immiscible a two-phase mixture can be expected. In 
the fine range between fully miscible and fully immiscible lie the thermomorphic 
IL/solvent systems.150-152 Luckily, the structure of ionic liquids can be tuned very 
easily to meet these demands, either by varying the anion or cation of the ionic 
liquid. Most new thermomorphic IL/solvent systems are still discovered using this 
trial-and-error approach.150-152 In recent work we have proposed a prediction model 
for UCST and LCST behavior based on the choice of IL anion and solvent.69 This 
method does not predict the occurrence of thermomorphic behavior, but it does 
accurately predict whether a thermomorphic ionic liquid will have UCST (ΔSmix > 0) 
or LCST behavior (ΔSmix < 0), based on the affinity of the anion for the solvent.69  
 
Thermomorphic ionic liquid systems have been investigated extensively and many 
ionic liquids with UCST and LCST behavior have been identified. A selection of 
literature examples is shown here in Table 6.69,150-152,154-156  
 

Table 6. Thermomorphic behavior of some known ionic liquid / solvent systems. 

Ionic liquid Solvent Phase 
behaviour 

Tcp (°C) Molar ratio 
(solvent: IL) 

Ref. 

[C4mim][BF4] Water UCST 5 13:1 157 

[Hbet][Tf2N] Water UCST 56 20:1 74 

[Hbetmim][Tf2N] Water UCST 64 23:1 73 

[HbetmMor][Tf2N] Water UCST 52 24:1 73 

[Chol][Tf2N] Water UCST 72 21:1 158 

[L-Car][Tf2N] Water UCST 8 25:1 73 

[P4444][Fum] Water UCST 62 50:1 154 

[P66614][Cl] Heptane UCST 22 43:1 159 

[P66614][Br] Heptane UCST 69 40:1 159 

[C12mim][Cl] Benzene UCST 24 31:1 159 

[C12mim][Cl] Toluene UCST 65 31:1 159 

[P4444][Mal] Water LCST 22 20:1 154 

[P4444][CF3COO] Water LCST 29 37:1 150 

[P4444][TsO] Water LCST 53 44:1 150 

[P4448][Br] Water LCST 24 14:1 150 

[P6666][(EtO)HPO2] Water LCST 33 50:1 156 

[P444E1][DEHP] Water LCST 34 15:1 160 

[N4444][Br] Toluene LCST 25 36:1 161 
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An interesting application of thermomorphic ionic liquid / water systems is 
homogeneous liquid-liquid extraction (HLLE).79,158,160,162 The advantage of HLLE is 
that there is no diffusion limitation since the interphase disappears in the 
homogeneous state (Figure 29). Therefore, no stirring is required and a fast and 
efficient extraction can be obtained. UCST systems must be heated above the cloud 
temperature to become homogeneous, while for LCST systems the temperature must 
be lowered to become homogeneous. 
 

 
Figure 29. Reversible transition between a homogeneous system and a two-phase system for a 

mixture of [Hbet][Tf2N]:H2O (1:1 wt/wt), colored with methyl red sodium salt. The cloud 
point temperature of this UCST system is 56 °C.24  

 
The extraction of metal ions in such a HLLE systems was first described by Vander 
Hoogerstraete et al. for the carboxyl-functionalized ionic liquid [Hbet][Tf2N] 
(Figure 30).79  
 

 
Figure 30. Homogeneous liquid−liquid extraction of Pr(III) ions (green color) from an 

aqueous solution (upper layer), using the [Hbet][Tf2N]−water (1:1 wt/wt) system.79  
 
This UCST system has found applications in metal recycling processes due to its 
ability to dissolve and extract a variety of different metals ions: U(VI), Rh(III), 
Ru(III), REE(III), Ga(III), In(III), Fe(III), Pd(II), Mn(II), Cu(II), Ni(II), and Zn(II), 
amongst others.24,57,79,140-142,162 Another example of a UCST system for HLLE is the 
alcohol-functionalized [Chol][Tf2N]:H2O system with choline 
hexafluoroacetylacetonate as extractant for the extraction of Nd(III) ions.158 
Recently, LCST systems for HLLE have also been demonstrated for the extraction 
of transition metal ions using different non-fluorinated bis(2-ethylhexyl)phosphate 
phosphonium ionic liquids.160  
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1.3.5 The Hofmeister series 

The Hofmeister series has important implications for ionic liquid systems and its 
effects were used throughout this PhD study. A short introduction into this concept 
is therefore provided in this chapter. In 1888, Franz Hofmeister first described the 
effect of salt cations and anions on the stability and solubility of ovalbumin in 
solution by ranking these ions in the so-called Hofmeister series (Figure 31).163 He 
observed that some ions caused faster aggregation of this protein (salting-out effect) 
while other ions stabilized the protein in solution (salting-in effect).164 
 

 
Figure 31. Original Hofmeister series showing the effect of various anions and cations on the 

salting-in/out of the protein ovalbumin. 163  

 
It was later demonstrated that this specific series was only applicable to negatively 
charged, hydrophobic proteins such as ovalbumin.165,166 Changing the surface charge 
or the hydrophobicity of the protein caused a reversal in the salting-out series.167,168 
However, while the direction of the sequence can change, the sequence itself 
remains the same since this is simply a ranking by charge density. This was 
rationalized by Schwiertz et al. in a model which describes the direction of the 
Hofmeister series depending on the surface charge and the hydrophobicity of a 
protein or colloidal surface.167,168 These insights have also been transposed to 
explain the effect of salts on the solubility and behavior of other proteins, colloidal 
surfaces, polymers, and organic compounds.164,167-174 Despite the apparent simplicity 
of this theory, the exact origin still continues to puzzle scientists to this day.175,176 
 
IL/water mixtures are also greatly affected by the addition of salts. Many papers 
have been written, describing the effect of salts on the mutual solubility and the 
consequent effect on the cloud point temperature of thermomorphic systems.177-181 
Strong salting-in (increased miscibility) and salting-out (decreased miscibility) 
effects are observed depending on the type of salt that is added to the system. The 
salting-out sequence for ILs is given in Figure 32. Note that the cation salting-out 
series is in the opposite direction with respect to the original Hofmeister series. The 
cause of this phenomenon was thoroughly investigated and described in our paper.69  
 

 
Figure 32. Salting-in/out effect for ionic liquid – water systems. 
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An important phenomenon observed in IL/water/salt systems is the possibility of 
anion exchange.70,182 This does not occur in protein/water/salt or solvent/water/salt 
systems and is therefore often overlooked. Since ionic liquids consist entirely of 
ions, there is the possibility that the ionic liquid anions are exchanged with the salt 
anions in the aqueous phase.70,182 For cations this is not observed since large organic 
cations are usually used, which do not exchange for small inorganic cations. On the 
other hand, ionic liquid anions are often small inorganic anions (e.g. Cl-, MeSO3

-), 
which are easily exchangeable. We showed that the tendency of an anion to be 
exchanged can be rationalized by the Hofmeister series, which is shown 
schematically in Figure 33. Anions with a high charge density are strongly hydrated 
(hydrophilic) and tend to remain in the aqueous phase, while anions with a low 
charge density are more hydrophobic and have an increased affinity for the ionic 
liquid phase.  
 

 
Figure 33. Schematic representation of the anion exchange tendency when a water-

immiscible ionic liquid [Cat][An] is contacted with an aqueous solutions of a salt NaX. 
 
This scheme can be used to synthesize hydrophobic ionic liquids through a simple 
anion exchange step. For example, [P66614][Tf2N] can be synthesized in one step 
starting from [P66614][Cl] and contacting it with an aqueous LiTf2N solution, while 
the synthesis of [P66614][NO3] from the same precursor requires a large excess of 
nitrate salt and several contacts to obtain sufficient anion exchange.55,183 The anion 
exchange tendency is also important to design stable IL/water solvent extraction 
systems. For example, Onghena et al. have demonstrated the extraction of metal ions 
from chloride and nitrate aqueous solutions with ionic liquid [Hbet][Tf2N] and 
confirmed the absence of anion exchange.140 However, other extraction systems such 
as the extraction of metal ions from an aqueous phase with the ionic liquid 
[P66614][Cl] must be done from chloride solutions in order to avoid anion exchange 
and contamination of the ionic liquid.56 Recently, Larsson and Binnemans optimized 
the use of split-anion extraction systems for the separation of rare-earth elements.183 
The success of this extraction system is also based on the very high anion 
concentration in the ionic liquid (organic phase). This is a very important parameter 
for basic extractants and cannot be achieved without the use of ionic liquids.  
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2 Objectives 

The previous section has demonstrated the importance of critical metal recycling 
from end-of-life products and the importance of developing new technologies to 
achieve this in the most efficient and sustainable way. Ionic liquids were proposed 
as alternative solvents for solvent extraction and metal leaching. Especially 
functionalized ionic liquids show a lot of promise since they can be modified to 
meet the requirements of a certain application (e.g. acidity, hydrophobicity, 
viscosity, metal ion affinity, etc). 
 
In this PhD thesis, new and innovative processes were designed using the unique 
properties of ionic liquids. Both existing and newly-designed ionic liquids were used 
to achieve a better selectivity, efficacy or reusability in the effort to recover the rare 
earths from end-of-life waste. We focused on two items: the lamp phosphor waste 
powders and the NdFeB magnets because these two products were highlighted 
previously as the most promising secondary sources for rare earths. 
 
The goal was therefore to develop a toolbox for critical metal recovery based on 
ionic liquid technology. This includes the design of recycling processes, but also the 
synthesis of new designer ionic liquids and a fundamental study of the effect of 
metal salts and mineral acids on IL/water extraction systems. The primary target 
here was to find systems that outperformed classic hydrometallurgical methods due 
to the inherent properties of ionic liquids and to understand the underlying reasons. 
These insights are essential for the rational design of future IL-based processes. 
 
Particular attention was given to the green and sustainable character of the 
developed technologies. During this PhD thesis I cooperated with a colleague 
working full-time on life cycle assessment (LCA). This allowed us to compare the 
environmental impact of our processes with the current state-of-the art hydro- or 
pyrometallurgical processes. LCA also helped to identify key impact categories (e.g. 
climate change, fossil fuel depletion, toxicity) that are affected by a process, giving 
us the opportunity to improve specific aspects of the process. In recycling processes, 
it is important not to create more waste or consume more energy than it would 
require producing raw materials through primary mining. Therefore, the 
development of all these processes was driven by the desire to avoid toxic 
compounds, minimize the use of chemicals and energy and limit the amount of 
waste. This principle of sustainable metallurgy runs throughout this PhD thesis as it 
aims to find new innovative solutions to the most challenging rare-earth recovery 
processes.  
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3 Publications 

This section contains an overview (not chronological) of the nine first-author 
publications produced throughout this PhD study. All papers are reprinted with 
permission from the authors and the publisher. The supplementary information of 
these papers is not included due to size constraints, but is available on pubs.rsc.org 
(RSC journals) or pubs.acs.org (ACS journals). 
 
 

These are the themes which are discussed in the nine papers of this chapter: 
 

Critical metal recycling 
 Paper 1: Recycling of rare earths from lamp phosphor waste 
 Paper 2: Recycling of rare earths from NdFeB magnets 
 Paper 3: Recycling of antimony from lamp phosphor waste 
 Paper 4: A critical review of secondary antimony sources 

 

Ionic liquid design 
 Paper 5: Design of sulfonic acidic ionic liquids for metal processing 
 Paper 6: Design of new alkylsulfuric acid ionic liquids 
 Paper 7: Effect of salts on biphasic IL/water systems 

 

Functionalized magnetic nanoparticles 
 Paper 8: Functionalized magnetic nanoparticles for REE separation 
 Paper 9: Functionalized core-shell nanoparticles for REE separation 
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Paper 1: Recycling of rare earths from lamp phosphor waste 

 

Title: 
Rare-earth Recycling Using a Functionalized Ionic Liquid for the Selective 
Dissolution and Revalorization of Y2O3:Eu3+ from Lamp Phosphor Waste 
 
 
Type: Full paper + Front cover   
Journal: Green Chemistry (IF 8.02) 
Publisher: Royal Society of Chemistry (RSC) 
Publication date: 28/11/2014 
 

 
Reprint with permission from:  
D. Dupont and K. Binnemans, Green Chem., 2015, 17, 856-868. 
 
Electronic Supplementary Information (ESI) available: http://pubs.rsc.org. 
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An innovative and green recycling process for lamp phosphor waste was developed 
based on the selective dissolution and revalorization of the valuable red lamp 
phosphor Y2O3:Eu3+ in the functionalized ionic liquid [Hbet][Tf2N].
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Rare-earth recycling using a functionalized
ionic liquid for the selective dissolution and
revalorization of Y2O3:Eu

3+ from lamp
phosphor waste†

David Dupont and Koen Binnemans*

The supply risk for certain rare-earth elements (REEs) has sparked the development of recycling schemes

for end-of-life products like fluorescent lamps. In this paper a new recycling process for lamp phosphor

waste is proposed based on the use of the functionalized ionic liquid betainium bis(trifluoromethylsulfo-

nyl)imide, [Hbet][Tf2N]. This innovative method allows the selective dissolution of the valuable red phos-

phor Y2O3:Eu
3+ (YOX) without leaching the other constituents of the waste powder (other phosphors,

glass particles and alumina). A selective dissolution of YOX is useful because this phosphor contains

80 wt% of the REEs although it only represents 20 wt% of the lamp phosphor waste. The proposed

recycling process is a major improvement compared to currently used hydrometallurgical processes

where the non-valuable halophosphate (HALO) phosphor (Sr,Ca)10(PO4)6(Cl,F)2:Sb
3+,Mn2+ is inevitably

leached when attempting to dissolve YOX. Since the HALO phosphor can make up as much as 50 wt% of

the lamp phosphor waste powder, this consumes significant amounts of acid and complicates the further

processing steps (e.g. solvent extraction). The dissolved yttrium and europium can be recovered by a

single stripping step using a stoichiometric amount of solid oxalic acid or by contacting the ionic liquid

with a hydrochloric acid solution. Both approaches regenerate the ionic liquid, but precipitation stripping

with oxalic acid has the additional advantage that there is no loss of ionic liquid to the water phase and

that the yttrium/europium oxalate can be calcined as such to reform the red Y2O3:Eu
3+ phosphor (purity

>99.9 wt%), effectively closing the loop after only three process steps. The red phosphor prepared from

the recycled yttrium and europium showed excellent luminescent properties. The resulting recycling

process for lamp phosphor waste consumes only oxalic acid and features a selective leaching, a fast strip-

ping and an immediate revalorization step. Combined with the mild conditions, the reusability of the ionic

liquid and the fact that no additional waste water is generated, this process is a very green and efficient

alternative to traditional mineral acid leaching.

Introduction
Rare-earth elements (REEs) include the 15 lanthanides plus
yttrium and scandium. They are used in many high-tech appli-
cations, including wind turbines, electric vehicles, NiMH bat-
teries, hard disk drives and fluorescent lamps.1 The demand
for these elements is expected to grow by more than 8% per
year until 2020.2 China dominates the REE supply from
primary mining (>90% of the global production in 2013), and
the worldwide recycling rate is still very low (<1%).2 Since the

tightening of the Chinese export quota for rare earths in 2010,
rare-earth elements have been labeled as critical raw materials
by the European Commission and the U.S. Department of
Energy.1–4 Opening or reopening mines outside China requires
time and large financial investments. Therefore recycling of
REEs from end-user products like magnets and fluorescent
lamps, which together represent over 70% of the rare-earth
market in terms of value (38% for magnets; 32% for lamp
phosphors), could help to secure the supply of these critical
elements.3 Efficient recycling of these elements could help to
create a closed-loop system and to solve the balance problem
that is caused by the unwanted co-production of other rare-
earth elements during primary mining.3,5 This unwanted co-
production has led to the accumulation of large stocks of
certain elements (La, Ce) while facing shortages of others
(Y, Eu, Tb, Nd, Dy).3–7 New recycling technologies are becoming

†Electronic supplementary information (ESI) available: Characterization of the
synthesized Y2O3:Eu3+ phosphor, including SEM images, XRD diffractograms
and luminescence decay curves. See DOI: 10.1039/c4gc02107j

KU Leuven, Department of Chemistry, Celestijnenlaan 200F – P.O. Box 2404, B-3001
Heverlee, Belgium. E-mail: Koen.Binnemans@chem.kuleuven.be
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increasingly selective, efficient and sustainable and they are
opening up new possibilities for urban mining and rare-earth
waste revalorization.1,3,6–13

Originally, the collection of used fluorescent light lamps
was put in operation to ensure the safe disposal of the mercury
contained in the lamps; however, the lamp phosphors were
discarded or stockpiled. It is estimated that by 2020 the stock-
piled lamp phosphor waste will contain around 25 000 tons of
rare earths.3 In recent years, the recovery of the REEs con-
tained in these powders has received a lot of attention due to
the increasing supply risk for some of these elements.3,9 Lamp
phosphor waste powder contains around 20 wt% of REEs
including critical (Y, Eu, Tb) and less critical (La, Ce, Gd)
REEs.3,5,14 These powders are used in fluorescent light lamps
to convert ultraviolet radiation into visible light. They consist
of fine particles (1–10 μm) coated on the interior surface of the
glass. A blend of red Y2O3:Eu3+ (YOX), blue BaMgAl10O17:Eu2+

(BAM) and green LaPO4:Ce3+, Tb3+ (LAP), (Ce,Tb)MgAl11O19

(CAT) or (Gd,Mg)B5O10: Ce3+, Tb3+ (CBT) phosphors is used to
obtain the desired color rendering index (Table 1). In addition
to rare-earth phosphors, lamp phosphor waste also often con-
tains large amounts (40–50 wt%) of non-valuable halophos-
phate (HALO), which emits cold white light and does not
contain any REEs.3 The recycling value of the different phos-
phor components varies greatly. The phosphor with the
highest economic value is the red Y2O3:Eu3+ (YOX) phosphor.
This phosphor consists almost entirely of the two critical rare
earths yttrium and europium as opposed to the other phos-
phors, which are only doped with small amounts of critical
REEs. This explains why YOX holds 80 wt% of the rare earths
present in the lamp phosphor waste powder even though YOX
only accounts for 20 wt% of the lamp phosphor waste
(Table 1).3,14

Many approaches have been proposed for the recycling of
lamp phosphors. Physical separation methods like magnetic
separation, flotation and centrifugation could allow the direct
reuse of the phosphors, but so far they are not used indust-
rially due to the high purity requirements and the deterio-
ration of the phosphor powders during their lifetimes.3,15–17

Chemical methods can be used to dissolve the phosphors
completely or selectively based on the increasing difficulty to
dissolve some of the phosphors: HALO < YOX ≪ LAP/BAM/
CAT.3,9,14,18–21 The halophosphate (HALO) phosphor is easily

dissolved in dilute hydrochloric acid solutions at room temp-
erature. The dissolution of Y2O3:Eu3+ (YOX) requires more
acidic conditions (e.g. 1 M HCl, 60–90 °C).3,22 LAP requires the
use of very strong acidic conditions (e.g. 18 M H2SO4,
120–230 °C),3,22 while the aluminate phosphors BAM and CAT
are best dissolved under strongly alkaline conditions (35 wt%
NaOH, 150 °C) in an autoclave or by molten alkali (e.g.
Na2CO3, 1000 °C).3,14 Ionic liquids have been proposed for the
selective extraction of previously dissolved rare earths, but so
far they have not been used as a tool for the dissolution of
phosphors.22,23 New recycling schemes often focus on the
recovery of yttrium and europium from the red phosphor Y2O3:
Eu3+ (YOX), because of its high value and the relative ease of
dissolving this phosphor compared to BAM, CAT and
LAP.18,19,22–24 The main problem with these processes is that
the halophosphate phosphor (HALO) is often ignored as they
focus mostly on the so-called tri-band phosphors which all
contain rare earths (YOX, BAM, LAP, CAT). However, real lamp
phosphor waste contains up to 50 wt% of HALO and therefore
has to be considered when trying to develop an industrially
applicable recycling method.3,9,14,25 Unfortunately, halophos-
phate (Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+ (HALO) is very easily
dissolved in dilute acids even at room temperature.3 HALO
contains no rare earths and has a very low intrinsic value;
therefore dissolving this phosphor leads to considerable pol-
lution of the leachate and introduces a large amount of
unwanted exogens (Sr, Ca, F, Sb, Mn, Cl) in the waste water,
greatly complicating the further processing (eqn (1)).3

ðSr;CaÞ10ðPO4Þ6ðCl; FÞ2 : Sb
3þ;Mn2þ þ 18Hþ ! 10ðSr;CaÞ2þ

þ 6H3PO4 þ 2ðCl; FÞ$ þ Sb3þ þMn2þ

ð1Þ

The dissolution of HALO also consumes considerable
amounts of acid (18 protons per formula unit of HALO) and
leads to the formation of large amounts of H3PO4 (6 molecules
per formula unit of HALO) which forms very insoluble YPO4

and EuPO4 precipitates with the dissolved Y3+ and Eu3+ ions
from the YOX. The design of a selective dissolution method
for YOX without dissolving HALO would therefore greatly
increase the efficiency and profitability of a recycling process
for lamp phosphor waste, but, to the best of our knowledge,
such a process has not been described so far.

At present, only one example is known of an industrially
applied recycling process for lamp phosphor waste. This
process was successfully implemented by Solvay in 2012 and
treats more than 2000 tons of phosphor waste powder per
year.8 According to the patent literature, multiple consecutive
acidic (HCl, HNO3) and alkaline (NaOH) attacks are required,
including an alkaline fusion with Na2CO3 at 1000 °C, to fully
disintegrate all the phosphors. The individual rare earths are
then separated and recovered using solvent extraction, in order
to manufacture new phosphors.14 The main drawbacks of this
process are the large consumption of chemicals, the large pro-
duction of waste water and the large number of process steps
required to fully recycle the lamp phosphor waste.3

Table 1 Overview of the lamp phosphors considered in this work and
the approximate content found in lamp phosphor waste3

Name Formula
Waste fractiona

(wt%) Value

HALO (Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+ 40–50 Low
YOX Y2O3:Eu3+ 20 High
BAM BaMgAl10O17:Eu2+ 5 Low
LAP LaPO4:Ce

3+,Tb3+ 6–7 High

a Approximate fraction found in lamp phosphor waste; the remaining
consists of SiO2 (as fine glass particles), Al2O3, and small quantities of
other phosphors like CAT which behaves similarly to BAM, and CBT.
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The process described in this paper aims to solve all these
issues by proposing a functionalized ionic liquid as an alterna-
tive to selectively dissolve and regenerate the valuable red
phosphor Y2O3:Eu3+ (YOX). This three-step process (no need
for solvent extraction) is very efficient, consumes only oxalic
acid and generates zero additional waste (except CO2). The
ionic liquid is also automatically regenerated during the strip-
ping step and can be reused. This type of leaching system can
be described as ionometallurgy, which is the analogue of
hydrometallurgy in ionic liquids and has shown an interesting
new behavior in various cases.26–30 Depending on the appli-
cation, ionic liquids are considered to be green solvents
because of their negligible vapor pressure, low flammability
and reduced toxicity compared to organic solvents and have
led to several important improvements in various fields such
as metallurgy, extraction, electrochemistry, organic synthesis
and catalysis.10,12,30–35 Here, the functionalized ionic liquid
betainium bis(trifluoromethylsulfonyl)imide, [Hbet][Tf2N], is
proposed for the selective dissolution of Y2O3:Eu3+ without dis-
solving the other components in the lamp phosphor waste
(HALO, BAM, LAP, CAT, SiO2, Al2O3). [Hbet][Tf2N] is a Brønsted
acidic functionalized ionic liquid which has the ability to dis-
solve rare-earth oxides and many transition metal oxides
(Fig. 1).36,37 The dissolution of metal oxides in this ionic
liquid has been studied extensively by Nockemann et al.36–38

Silica and alumina cannot be dissolved in [Hbet][Tf2N] which
is highly relevant to the recycling of lamp phosphor
waste since these powders can contain significant amounts of
silica (as fine glass particles) and alumina.3,9 The dissolution
is driven by the reactivity of the carboxylic acid group located
on the cation of the ionic liquid. In the resulting complex
the rare-earth ions are coordinated by the betaine ligands,
which are zwitterionic compounds when deprotonated.38

The anions in [Hbet][Tf2N] simply act as spectator anions
and do not participate in the complex formation. However,
the Tf2N− anion is required to obtain a hydrophobic
ionic liquid ([Hbet]Cl is a water-soluble salt). The Tf2N− anion
is also very stable and well-suited for high-temperature
applications.39

A blend of YOX, LAP, BAM and HALO was used to simulate
the composition of the lamp phosphor waste and to study the
selective dissolution of YOX in [Hbet][Tf2N]. The dissolution of
CAT was not investigated in this work because this aluminate
phosphor behaves similarly to BAM, meaning that it will not
dissolve in the ionic liquid and thus ends up in the same
remaining fraction as BAM and LAP.

Experimental
Chemicals

The phosphors BaMgAl10O17:Eu2+ (BAM), Y2O3:Eu3+ (YOX),
LaPO4:Ce3+,Tb3+ (LAP), and (Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+

(HALO) were purchased from Nichia (Japan) with 99% purity.
Betaine chloride (HbetCl) (99%), methyl red sodium salt
(pure) and 1,4-dioxane (99.9%) were obtained from Acros
Organics (Geel, Belgium). Lithium bis(trifluoromethylsulfonyl)-
imide (LiTf2N) (99%) was obtained from IoLiTec (Germany)
and oxalic acid dihydrate (>99.5%) from J.T. Baker. Heavy
water (D2O) (99.9 atom% D) was purchased from Sigma–
Aldrich (Belgium). Absolute ethanol and hydrogen chloride
(HCl) were obtained from VWR (Belgium). The silicone solu-
tion in isopropanol was purchased from SERVA Electrophoresis
GmbH (Germany) and the gallium standard solution
(1000 ppm) from Merck (Belgium). All chemicals were used as
received without further purification.

Equipment and characterization
1H NMR and 13C NMR spectra were recorded on a Bruker
Avance 300 spectrometer, operating at a frequency of 300 MHz
for 1H and 75 MHz for 13C, respectively. The samples were pre-
pared by dissolving a small amount of product in heavy water
(D2O). An elemental analysis (carbon, hydrogen, nitrogen) was
performed on a CE Instruments EA-1110 element analyzer.
A thermogravimetric analysis (TGA) was done on a TA Instru-
ments T500 thermogravimeter (heating rate: 2 °C min−1 from
room temperature to 350 °C, under a nitrogen atmosphere).
The viscosity of the ionic liquid was measured using an
automatic Brookfield plate cone viscometer, Model LVDV-II
CP (Brookfield Engineering Laboratories, USA). Photo-
luminescence spectra and luminescence lifetime measure-
ments were recorded on an Edinburgh Instruments FS920
spectrofluorimeter. This instrument is equipped with a xenon
arc lamp (450 W), a microsecond xenon flash lamp (60 W) and
a red-sensitive photomultiplier (Hamamatsu R-2658). The mor-
phology and the size distribution were determined by scanning
electron microscopy (SEM) using a Philips XL 30 FEG device.
Powder X-ray diffraction (XRD) was carried out on an Agilent
SuperNova X-ray diffractometer, using Mo Kα radiation (λ =
0.71073 Å) and a CCD detector. ICP-MS measurements were
carried out on a Thermo X-Series PlasmaQuad (PQ) 2 device.
Microwave irradiation experiments were carried out on a CEM
Discover monomode microwave apparatus (2.45 GHz, 100 W)
with an integrated IR sensor, using 10 mL glass tube contain-
ers, sealed with snap caps. A Heraeus Megafuge 1.0 centrifuge
was used to separate the undissolved phosphor particles from
the ionic liquid after the leaching experiments. Total reflection
X-ray fluorescence spectroscopy (TXRF) was performed with a
Bruker S2 Picofox TXRF spectrometer equipped with a molyb-
denum source. For the sample preparation, plastic microtubes
were filled with a small amount of ionic liquid sample
(200 mg), ethanol (700 µL) and 100 µL of a gallium standard
solution (1000 ppm). Gallium was chosen because this
element has a high sensitivity and does not interfere with the

Fig. 1 Structure of the ionic liquid betainium bis(trifluoromethylsulfo-
nyl)imide, [Hbet][Tf2N]. The acidic proton of the betaine group is high-
lighted in red.
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lanthanide signals. The microtubes were then vigorously
shaken on a vibrating plate (IKA MS 3 basic). Finally, a 1 µL
drop of this solution was put on a quartz plate, previously
treated with a silicone/isopropanol solution (Serva®) to avoid
spreading of the sample droplet on the quartz plate.
The quartz plates were then dried for 30 min at 60 °C prior to
analysis. Each sample was measured for 10 min.

Synthesis of [Hbet][Tf2N]

The ionic liquid [Hbet][Tf2N] was synthesized according to a
literature method.36 HbetCl (0.390 mol, 59.91 g) and LiTf2N
(0.390 mol, 111.97 g) were dissolved in water (50 mL) and
stirred for 2 h at room temperature. The mixture was then
allowed to phase-separate and the water phase containing LiCl
was removed. [Hbet][Tf2N] was then washed several times with
ice water (10 mL) to remove chloride impurities until the
AgNO3 test was negative in the water phase after the washing
step. The remaining water was removed using a rotary evapor-
ator under reduced pressure. The yield was 79% (0.310 mol,
123.47 g) with a chloride content below detection limit for the
TXRF analysis (0.1–0.2 ppm).40 NMR characterization with
chemical shifts (δ) given in ppm and J values given in Hz
resulted in δH (300 MHz; DMSO; Me4Si) 3.22 (9 H, s, 3 × Me)
4.30 (2 H, s, CH2) and δC (75 MHz; DMSO; Me4Si) 166.34 (s,
COO) 119.45 (q, 2 × CF3, J = 312.75), 62.60 (s, N-CH2), 52.88
(3 × CH3). A CHN elemental analysis found (%): C, 21.17;
H, 3.96; N, 6.76. Calc. (%) for C7H12N2O6F6S2: C, 21.11;
H, 3.04; N, 7.03.

Leaching experiments

Small glass vials (4 mL) were filled with a fixed amount of
[Hbet][Tf2N] (2 g), a 10 mg sample of each of the four phos-
phors per g of ionic liquid (4 × 10 mg g−1) and also a small
amount of water during some experiments (1–5 wt%). Note
that all the quantities are expressed per gram of ionic liquid
(mg g−1). A magnetic stirring bar was then added to each of
the vials and they were closed using a plastic screw cap. The
dissolution experiments were carried out using a heating plate
with a silicone oil bath, an integrated magnetic stirrer and a
temperature sensor. The vials were placed in the silicone oil
bath at the appropriate temperature and stirred for a certain
amount of time. The vials were then placed in a centrifuge
(5300 rpm, 20 min) to precipitate the undissolved phosphor
powders and to obtain a clear ionic liquid. The metal content
dissolved in the ionic liquid was determined using total reflec-
tion X-ray fluorescence spectroscopy (TXRF).

Stripping experiments

Two different stripping methods were investigated. Method 1
involved the use of an aqueous HCl phase to extract the rare-
earth ions from the ionic liquid to the water phase, method 2
consisted of adding pure (solid) oxalic acid directly to the ionic
liquid to precipitate the rare-earth ions as rare-earth oxalates.
For every stripping experiment, Y2O3:Eu3+ (10 mg g−1) was first
fully dissolved in a large batch of ionic liquid (5 wt% H2O).
Small glass vials (5 mL) were then filled with a fixed amount of

this REE-containing ionic liquid (1 g). For method 1, an HCl
solution (1 g) was then added to the rare-earth containing
ionic liquid. This lowly viscous biphasic mixture was shaken
(1500 rpm) using a mechanical shaker at a set temperature
(25, 70 and 80 °C). The samples were then centrifuged (1 min,
5300 rpm) to speed up phase separation, and analyzed by
TXRF to determine the remaining metal content in the ionic
liquid phase. For method 2, pure (solid) oxalic acid was added
directly to the ionic liquid phase. These samples were more
viscous and consisted of only one phase, so they were stirred
using a magnetic stirring bar and a stirring plate/oil bath set-
up to control the temperature (25, 50 and 70 °C). The samples
were then centrifuged (5300 rpm, 20 min) to remove the
oxalate precipitate and the ionic liquid phase was analyzed
with TXRF to determine the remaining metal content.

Optimized full recycling process

The retained recycling process consisted of three steps. First a
synthetic mixture of HALO, YOX, BAM and LAP phosphors was
added to the ionic liquid [Hbet][Tf2N] containing 5 wt% of
water. The system was optimized for 10 mg of YOX per g
of ionic liquid, which corresponds to approximately 40–50 mg
of real lamp phosphor waste. A stirring bar was added and the
samples were stirred for 24–48 h at 90 °C to obtain a selective
and 100% leaching of YOX. The remaining solid lamp phos-
phor waste was separated from the ionic liquid by centrifu-
gation (5300 rpm, 20 min). A stoichiometric amount of pure
oxalic acid was then added to the ionic liquid loaded with
yttrium and europium to precipitate the rare-earth ions as oxa-
lates and regenerate the ionic liquid. The samples were stirred
for 10 min at 70 °C to obtain 100% stripping. The oxalate pre-
cipitate was separated from the ionic liquid by filtration and
washed with water (lowers the viscosity). The water can be
removed by evaporation later on. An alternative could be to
filter at 70 °C at which point the viscosity of the [Hbet][Tf2N]
(5 wt% H2O) becomes very low. The mixed (yttrium, europium)
oxalate was dried in a vacuum oven at 50 °C and then calcined
at 950 °C (5 h) in an oven to obtain new Y2O3:Eu3+ (YOX) with
a purity >99.9 wt%.

Results and discussion
Selective dissolution of YOX in [Hbet][Tf2N]

The protonated functionalized ionic liquid betainium bis(tri-
fluoromethylsulfonyl)imide, [Hbet][Tf2N], has the ability to
dissolve certain metal oxides, including rare-earth oxides like
Y2O3 and Eu2O3.36,37 Different parameters (water content,
temperature, etc.) were investigated to find which leaching con-
ditions were required to selectively dissolve the red Y2O3:Eu3+

(YOX) phosphor within a reasonable period of time.
In the first experiments, the influence of water addition was

investigated. Water-free ionic liquid was used and increasing
amounts of water were then added (0, 1, 2.5 and 5 wt%). Care
was taken never to exceed the solubility of water in the ionic
liquid (13 wt%), because it was important to maintain one
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homogeneous phase during the leaching process to avoid the
loss of metal ions to the water phase.41 A mix of YOX, HALO,
BAM and LAP was added to the ionic liquid (4 × 10 mg g−1)
and stirred (600 rpm) at 90 °C. The water-free ionic liquid was
compared with water-containing ionic liquid (1, 2.5 and 5 wt%
water added). Closed vessels with screw caps were used to
contain the small amounts of water at elevated temperatures.
The results show that the addition of water has a positive influ-
ence on the leaching of YOX due to the lower viscosity and
better ion diffusion. With a water content of 5 wt% (50 µL g−1)
in the ionic liquid, full dissolution of YOX was observed after
24 h (Fig. 2). More importantly, under these conditions very
little dissolution of HALO was observed (<0.05 wt%) (Fig. 3)
and no leaching of BAM and LAP could be detected. Higher
water contents are not advisable since this will lead to increas-

ing dissolution of HALO (Fig. 3). It was also confirmed in a
separate experiment that SiO2 and Al2O3 do not dissolve in the
[Hbet][Tf2N] ionic liquid.37,42

It is clear from Fig. 2 and 3 that under water-poor con-
ditions (<5 wt% H2O in the ionic liquid) Y2O3:Eu3+ dissolves
much better than HALO. This is surprising considering that in
dilute acidic aqueous solutions (e.g. 1 M [Hbet]Cl), HALO dis-
solves much more easily than Y2O3:Eu3+. To explain this
unusual behaviour a hypothesis is proposed based on the
difficult solvation of anions in [Hbet][Tf2N]. While metal
cations (e.g. rare-earth ions) can be coordinated efficiently in
[Hbet][Tf2N] by the carboxylate groups of the deprotonated
betaine, this is not the case for anions.36–38 It was previously
observed by Nockemann et al. that the solubility of oxides in
[Hbet][Tf2N] was much higher than that of chloride salts,
which is in agreement with our hypothesis.36 This hypothesis
was supported by the observation that NaCl, EuCl3 and YCl3
could not be dissolved in the pure ionic liquid, while it was
possible to dissolve their corresponding oxides. It was also
observed that when [Hbet][Tf2N] was brought in contact with
an aqueous YCl3 solution some yttrium was extracted to the
ionic liquid phase but no chloride was extracted. The extrac-
tion of metal ions is based on the release of protons by [Hbet]+

and the coordination of the metal ion by zwitterionic betaine
groups, but there is no suitable mechanism for the coordi-
nation or solvation of anions in the ionic liquid. Since the dis-
solution of metal oxides does not create anions, they easily
dissolve in this ionic liquid (eqn (2)) while metal salts like
rare-earth chlorides (eqn (3)) (or even NaCl) do not, due to the
formation of anions. This behaviour is the opposite of what is
found in aqueous solutions, where chlorides dissolve much
easier than oxides which require the presence of acid. Only
when sufficient amounts of water are added to the ionic
liquid, it will dissolve (some) chloride salts because water can
solvate anions (eqn (3)). The same is true for HALO, where
many phosphate and chloride ions need to be solvated in
order for HALO to dissolve (eqn (1)). HALO dissolves very fast
in dilute acidic aqueous solutions, but very little dissolution
(<0.05 wt%) is observed in [Hbet][Tf2N] when less than 5 wt%
of water is present. That is why such a drastic change in the
dissolution behavior of HALO is observed when the water
content is increased (Fig. 3). The leaching of metal oxides like
YOX is also accelerated in the presence of water but this is
mainly due to the lower viscosity and faster diffusion of
protons in the ionic liquid.36,37 YOX forms, upon dissolution,
only water and cations, which are efficiently solvated by the
betaine groups, and does not form anions (eqn (2)). The water
content is therefore the most crucial parameter as the control
of the water content in the ionic liquid allows selective dis-
solution of YOX, without dissolving HALO.

Ln2O3 þ 6Hþ ! 2Ln3þ þ 3H2O ð2Þ

LnCl3 ! Ln3þ þ 3Cl$ ð3Þ

It is important to keep the dissolution of HALO to an absol-
ute minimum, not only from an economic point of view

Fig. 3 Leaching (wt%) of HALO by [Hbet][Tf2N] at 90 °C (600 rpm) after
24 h and 100 h with increasing amounts of water in the ionic liquid: 0, 1,
2.5, 5, 7.5, 10 and 13 wt% (= water-saturated). Leaching is also shown in
an aqueous solution containing [Hbet]Cl (1 M) which has a pKa of 1.83.

43

Fig. 2 Dissolution of YOX (wt%) in [Hbet][Tf2N] at 90 °C with varying
amounts of water in the ionic liquid (0, 1, 2.5 and 5 wt%). The solutions
were stirred at 600 rpm. No dissolution of BAM and LAP was observed.
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but also from a chemical point of view as it constitutes up to
50 wt% of the waste. The dissolution of HALO consumes
a large amount of acid and releases unwanted metal ions
(eqn (1)), which means that purification methods (e.g. solvent
extraction) are required to retrieve pure rare earths. The dis-
solution of HALO also leads to the formation of phosphate
ions (eqn (1)) which can form very insoluble YPO4 and EuPO4

with the dissolved Y3+ and Eu3+ from the YOX. This hampers
further processing because rare-earth phosphates are very
difficult to dissolve (like LAP and monazite). The optimal
leaching system is therefore a compromise between the fast
dissolution of YOX and keeping the leaching of HALO as low
as possible. [Hbet][Tf2N] with 5 wt% of H2O (90 °C, 24 h)
seems to be the best compromise between speed and selec-
tivity. Under these conditions, the leaching of YOX and HALO
is 100 wt% and 0.04 wt% respectively, and BAM and LAP leach-
ing below the detection limit (Fig. 2 and 3).

The influence of temperature on the leaching of YOX was
also investigated for this optimized ionic liquid system (5 wt%
H2O) and compared with water-free ionic liquid (Fig. 4). In
both cases a noticeable increase in leaching speed was
observed with increasing temperature (Fig. 4). A temperature
of 90 °C with 5 wt% (50 µL g−1) of H2O in the ionic liquid was
chosen as the optimal system because of its high leaching
efficiency and the fact that the water pressure is still
manageable.

A higher temperature is favorable because it accelerates
the dissolution reaction and lowers the viscosity of the ionic
liquid, which improves the diffusion. This is important
because the leaching rate of this solid material is diffusion-
controlled. The viscosity was measured as a function of the
water content in the ionic liquid and the temperature
(Table 2). It is clear that higher water content and temperature
drastically diminish the viscosity. The viscosity of the ionic
liquid with 5 wt% water at 80 °C is only 25 cP. The viscosity at
90 °C could not be measured with our equipment but it will be

even lower. Of course, the viscosity of the leaching system used
in this work (ionic liquid with 5 wt% H2O at 90 °C) is still
higher than that of water (0.3 cP at 90 °C) but it is sufficiently
low in order not to be an issue.

The thermal stability of [Hbet][Tf2N] was tested by thermo-
gravimetric analysis (TGA) and 13C NMR. The thermal stability
is an important characteristic since the ionic liquid will be
used for leaching at temperatures up to 90 °C for prolonged
amounts of time. The Tf2N− anion is known to have a high
relative stability compared to other common ionic liquid
anions.39 For TGA, the ionic liquid was first dried under
reduced pressure at 80 °C until all the remaining traces of
water were removed and the mass of the ionic liquid was
stable. The ionic liquid was then heated (2 °C min−1) under a
nitrogen atmosphere, from room temperature to 350 °C. The
results of the dynamic TGA show that the ionic liquid only
starts to degrade at temperatures around 200 °C, which proves
that it is definitely stable at 90 °C (Fig. 5). A static measure-
ment at 90 °C for a period of 24 h showed negligible (<0.01%)
degradation of the ionic liquid. 13C NMR was used to investi-
gate the degradation of water-containing ionic liquid under
experimental conditions (90 °C, 5 wt% H2O, 600 rpm, 48 h).
A 13C NMR spectrum was taken before and after the experi-
ment to confirm the stability of the ionic liquid under these
conditions.

Table 2 Viscosity (cP) of [Hbet][Tf2N] as a function of the water
content and temperature

Viscosity (cP)
at 30 °C

Viscosity (cP)
at 50 °C

Viscosity (cP)
at 80 °C

[Hbet][Tf2N] (1 wt% H2O) 925 252 65
[Hbet][Tf2N] (5 wt% H2O) 172 67 25
[Hbet][Tf2N] (water-sat.)a 22 12 6

aWater-saturated [Hbet][Tf2N] contains approximately 13 wt% H2O.
41

Fig. 5 Thermogravimetric analysis of [Hbet][Tf2N], measured from 40
to 350 °C (2 °C min−1) under a nitrogen atmosphere.

Fig. 4 Dissolution (wt%) of YOX in water-free [Hbet][Tf2N] and water-
containing (5 wt% H2O) [Hbet][Tf2N] as a function of time and
temperature.
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The loading capacity, meaning the amount of YOX that can
be dissolved in the ionic liquid, was also investigated. The
theoretical maximal stoichiometric solubility of Y2O3 in the
ionic liquid amounts to 95 mg g−1. However, this requires
the addition of more water under reflux conditions in order to
be sufficiently fast.36 This would undermine the selectivity of
this system since under these conditions the HALO would
easily dissolve in the water phase. Higher loadings also
resulted in higher viscosities due to the highly charged rare-
earth ions in the ionic liquid, making the system much more
difficult to handle. It was shown that under the previously
mentioned optimized conditions (90 °C, 5 wt% H2O), up to
40 mg g−1 of YOX could be fully dissolved in the ionic liquid
after 40 h (Fig. 6). The parameter optimization in this work
was done for a YOX loading of 10 mg g−1 (10 000 ppm), but it
is possible to work under more concentrated conditions (solid/
liquid ratio) without significant modifications. As shown
in Fig. 6, a dissolution of 40 mg g−1 of YOX in the ionic
liquid would correspond to a solid/liquid ratio of 200 mg g−1

(200 g kg−1) of waste in the ionic liquid, since fluorescent
lamp waste contains around 20 wt% of YOX.

The dissolved Y3+ and Eu3+ (YOX) in [Hbet][Tf2N] was recov-
ered by a stripping step. This was achieved either by bringing
the loaded ionic liquid in contact with an acidic water phase
to extract the rare-earth ions (method 1) or by directly precipi-
tating the rare earths from the ionic liquid using pure (solid)
oxalic acid (method 2). Stripping method 1 has important
limitations due to the loss of ionic liquid to the water phase.
Stripping with pure oxalic acid (method 2) is clearly a better
alternative since no ionic liquid is lost and the YOX phosphor
can be immediately regenerated from the yttrium/europium
oxalate salt in a simple calcination step. However, it is still
interesting to also investigate the stripping with HCl and
quantify the loss of ionic liquid to the water phase even if it
is not the best method. Both stripping systems are discussed
separately and compared.

Stripping method 1: recovery of yttrium and europium using
an acidic aqueous phase

The first stripping system involves the use of an acidic
aqueous phase, which is brought in contact with the loaded
ionic phase. In this process the rare-earth ions (Ln) are trans-
ferred to the water phase as soluble compounds (e.g. chlor-
ides). The acidic protons protonate the betaine ligands and
regenerate the ionic liquid (eqn (4)).

½LnðbetÞ3$½Tf2N$3 þ 3HCl ! LnCl3 þ 3½Hbet$½Tf2N$ ð4Þ

The fact that a two-phase system is now used means that it
is necessary to look at possible losses of ionic liquid to the
water phase. The loss of ionic liquid depends on the phase
ratio and the amount and type of dissolved ions.44–46 Ions can
be classified as salting-in (e.g. NO3

−) and salting-out (e.g. Cl−,
SO4

2−) agents as described by the Hofmeister series.45,47 The
former class of ions tends to lead to an improved mixing of
ionic liquid/water, while the latter leads to a better separation
of ionic liquid/water and therefore a smaller loss of ionic
liquid to the water phase. The loss of ionic liquid to the water
phase (1 : 1 phase ratio by mass) was quantified using 1H NMR
spectroscopy with 1,4-dioxane as an internal standard and
D2O instead of H2O as the water phase. The loss of [Hbet]-
[Tf2N] to a (pure) water phase was determined to be 13 wt%.
Lowering the pH increases the loss of ionic liquid to the water
phase even more to 15.1%, 15.4% and 18.1% for 1 M H2SO4,
HCl and HNO3 respectively. This is in agreement with the
sequence found in the literature.45 Although stripping with
H2SO4 resulted in the lowest loss of ionic liquid, stripping with
HCl is still the better choice because the solubility of rare-
earth sulfates in water is much lower than the corresponding
rare-earth chlorides. The loss of ionic liquid is very significant
and it is cumbersome to recover the ionic liquid from the
water phase, even though various techniques exist to recover
ionic liquids at a later stage using for example strong salting-
out agents, adsorbents, special membranes, electrodialysis or
nanofiltration.48–52 That is why the oxalic acid precipitation
route (method 2) is the preferred method.

The different stripping parameters were then investigated
for stripping with HCl, starting with the influence of acid con-
centration. First, 10 mg g−1 of YOX was dissolved in [Hbet]-
[Tf2N] (5 wt% H2O). Then, the loaded ionic liquid was con-
tacted with aqueous solutions containing varying concen-
trations of HCl (1 : 1 phase ratio by mass) and shaken (1500
rpm) for 1 h at 25 °C. The remaining metal content in the
ionic liquid was then analyzed using TXRF. The results showed
that bringing the ionic liquid in contact with 1 M HCl resulted
in 99.6% and 99.7% stripping of Y3+ and Eu3+ respectively
(Fig. 7). A sufficient amount of HCl is needed to protonate the
betaine and to form the water-soluble YCl3 and EuCl3 com-
pounds. In this set-up, the stoichiometric HCl concentration is
0.3 M in the water phase, but an excess of HCl is required to
obtain full stripping (1 M) (Fig. 7). An interesting observation
is the fact that under dilute acidic conditions with an excess of
rare-earth ions compared to HCl, Y3+ is easier to strip than

Fig. 6 Dissolution (wt%) of YOX in [Hbet][Tf2N] (5 wt% H2O) as a func-
tion of the initial YOX concentration in the ionic liquid (solid/liquid ratio).
The dissolutions were carried out at 90 °C for 40 h and 100 h.
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Eu3+. This is in agreement with previous reports where yttrium(III)
had a slightly lower affinity for betaine ligands compared
to europium(III).44 For HCl concentrations >0.4 M no difference
was observed and the stripping process became very efficient
and reproducible. An HCl concentration of 1 M was retained
as the optimal stripping concentration because of the fast and
reliable stripping.

Secondly, the stripping kinetics was investigated. When
dealing with a biphasic system, the process kinetics is con-
trolled by the extent of the interface since the exchange of ions
can only happen at this interface. The area of the interface is
usually increased by intense stirring or shaking; however, a
special feature of the [Hbet][Tf2N]/H2O system is that it shows
thermomorphic behavior with an upper critical solution temp-
erature.44 This means that the biphasic system will become
one homogeneous phase above a certain temperature called
the cloud point temperature. This is very interesting since the
process kinetics will be much faster as they are then no longer
limited by the diffusion across an interface. In order to obtain
phase separation, the mixture has to be heated above the
cloud point and shaken briefly (1 s) to overcome the meta-
stable state, but the homogeneous state then remains stable as
long as the temperature is above the cloud point. Below the
cloud point, the phase separation automatically occurs again
(Fig. 8).

The cloud point is dependent not only on the amount and
type of ions present in the water phase, but also on the
loading of the ionic liquid and the water to ionic liquid ratio.41

The cloud point was determined for this stripping system con-
sisting of one phase with 1 g of ionic liquid in which Y2O3:
Eu3+ was dissolved (10 mg g−1), brought in contact with
another phase consisting of a 1 g HCl solution (1 M) in a 1 : 1
phase ratio. The cloud point was found to be 74 °C by heating
the sample to 80 °C and then slowly cooling it down, keeping
it steady at every degree for 5 min to see whether it would

become cloudy when gently shaken which indicates that the
mixture starts to phase separate.53 This cloud point is higher
than that for a pure H2O/[Hbet][Tf2N] system, because of the
H+, Cl−, Y3+ and Eu3+ ions dissolved in it.41

The stripping kinetics was then investigated at room temp-
erature (25 °C) and just below (70 °C) and above (80 °C) the
cloud point temperature (74 °C) both with and without
shaking (1500 rpm) (Fig. 9).

Raising the temperature from 25 °C to 70 °C only slightly
increases the stripping speed. However, when the temperature
is raised to 80 °C, which is above the cloud point temperature,
the stripping is much faster due to the disappearance of the
interface between the ionic liquid and the water phase and the
formation of one homogeneous phase. It is also clear that
shaking has a major influence when working at temperatures
below the cloud point temperature because the system is then
a biphasic mixture. Shaking the samples at 80 °C (above the

Fig. 7 Stripping of Y3+ and Eu3+ from [Hbet][Tf2N], previously loaded
with 10 mg g−1 of YOX. The influence of the HCl concentration on the
stripping efficiency for Y3+ and Eu3+ is shown. The biphasic system was
shaken (1500 rpm) at 25 °C for 1 h.

Fig. 8 Reversible formation of a homogeneous phase when increasing
the temperature above the cloud point (55 °C for a pure water/ionic
liquid system in a 1 : 1 ratio).44 A coloring agent (methyl red sodium salt)
was dissolved in the transparent ionic liquid phase to help the visualiza-
tion. The density of the [Hbet][Tf2N] liquid is higher than that of water.

Fig. 9 Stripping kinetics and the influence of shaking (1500 rpm) are
shown for 25 °C, 70 °C and 80 °C with 1 M HCl. The cloud point temp-
erature is 74 °C and so at 80 °C the system is one homogeneous phase
which explains the efficient stripping without shaking. For 25 °C and
70 °C it consists of two phases, a water phase and an ionic liquid phase,
making shaking essential for an efficient stripping process.
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cloud point) has no influence since the system is then one
homogeneous phase. It is clear from this experiment (Fig. 9)
that from an energy-saving point of view, the best choice for
stripping is either to work with a biphasic mixture at 25 °C
while shaking or to work at 80 °C without shaking thanks to
the formation of a homogeneous phase. Other combinations
require more energy and are less efficient.

Stripping method 2: recovery of yttrium and europium using
pure oxalic acid

The problem of the loss of ionic liquid to the water phase can
be avoided by stripping with solid oxalic acid, directly in the
ionic liquid phase. This acid forms insoluble oxalate com-
plexes with the rare-earth ions (eqn (5)) and precipitates them
while regenerating the ionic liquid. This stripping precipi-
tation method is very efficient for rare-earth ions. The rare-
earth oxalate precipitate can then be separated from the ionic
liquid and thermally decomposed in an oven at high tempera-
ture to form the corresponding rare-earth oxides.54 By carefully
choosing the conditions it is also possible to directly resynthe-
size the Y2O3:Eu3+ phosphor by calcination of the mixed
yttrium/europium oxalate (eqn (6)), as described by the Solvay
patent.55 The advantage is that the yttrium and europium are
already present in the right ratio to manufacture the YOX
phosphor, since they have been selectively leached from the
used lamp phosphors in the first place. This stripping system
is therefore definitely the preferred choice compared to the
stripping system using an acidic water phase. The oxalic acid
stripping is much more convenient and can be carried out
directly in the ionic liquid, meaning that there is no loss of
ionic liquid to the water phase.

2ðY3þ;Eu3þÞ þ 3H2C2O4 ! ðY;EuÞ2ðC2O4Þ3ðsÞ þ 6Hþ ð5Þ

ðY;EuÞ2ðC2O4Þ3ðsÞ þ
3
2
O2 $!950 °C

Y2O3: Eu3þ
ðsÞ þ 6CO2 ð6Þ

The different parameters of this stripping method were
investigated. The results show that a stoichiometric amount
(eqn (5)) of oxalic acid compared to the amount of rare-earth
ions (3 : 2) is sufficient to obtain a stripping efficiency of 100%
(Fig. 10). Oxalic acid does not show individual selectivity for
yttrium or europium under these conditions.

The influence of temperature on the stripping kinetics of
this heterogeneous stripping process was investigated. The vis-
cosity of this pure ionic liquid is obviously higher than that for
a biphasic water–ionic liquid mixture, but it is still very man-
ageable especially at higher temperatures (Table 2). An ionic
liquid containing 10 mg g−1 of YOX and 5 wt% H2O was
reused, and a stoichiometric amount of oxalic acid was added
compared to the amount of rare-earth ions (3 : 2). The samples
were then stirred (600 rpm) at different temperatures and for
increasing amounts of time. The results show a drastic
increase in the stripping efficiency when raising the tempera-
ture from 25 °C to 50 °C and 70 °C (Fig. 11). This increase is
attributed to the lower viscosity (Table 2) and the improved
diffusion of the oxalic acid in the ionic liquid. At 70 °C, a strip-

ping efficiency of 100% was obtained after only 10 min, which
is a very satisfactory result.

It can be concluded that this oxalate stripping process is
very efficient since stoichiometric amounts of oxalic acid
suffice to get full stripping of the rare-earth ions from the
ionic liquid. The formation of the rare-earth oxalate precipitate
is also very convenient since the oxalate salt can be trans-
formed into a new YOX phosphor Y2O3:Eu3+ by a simple calci-
nation step. The major advantage of this stripping system
compared to the biphasic system (method 1) is the fact that no
ionic liquid is lost. The drawback is that this stripping system
is kinetically slower and therefore requires heating at 70 °C for
10 min (Fig. 11). The biphasic stripping system using HCl

Fig. 10 Stripping of yttrium and europium from [Hbet][Tf2N] using pure
(solid) oxalic acid. The influence of oxalic acid concentration on the
stripping efficiency is shown. A ratio of 1.5 : 1 is the stoichiometric
amount of oxalic acid required to precipitate all rare-earth ions (REE = Y
+ Eu) in solution as (Y,Eu)2(C2O4)3 and results in a stripping efficiency of
100%.

Fig. 11 Stripping of yttrium and europium from the [Hbet][Tf2N] ionic
liquid, using a stoichiometric amount (3 : 2) of pure (solid) oxalic acid.
The influence of time and temperature on the total stripping efficiency
(Y + Eu) is shown.
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could be carried out efficiently by shaking at room temperature
for 10 min (Fig. 9). All things considered, the oxalic acid strip-
ping method was retained for the final recycling process.

Regenerating the Y2O3:Eu
3+ phosphor

The (Y,Eu)2(C2O4)3 precipitate was separated from the ionic
liquid by filtration with a Büchner funnel and washed with
water to lower the viscosity of the ionic liquid. Afterwards the
water can be removed by evaporation. An alternative could be
to filter at 70 °C at which point the viscosity of the [Hbet]-
[Tf2N] (5 wt% H2O) becomes very low. The mixed oxalate was
then dried in a vacuum oven at 50 °C for 12 h. The dry
(Y,Eu)2(C2O4)3 was then placed in an oven at 950 °C for 5 h to
obtain the Y2O3:Eu3+ phosphor. The YOX particles were charac-
terized using ICP-MS, SEM imaging, luminescence spectro-
scopy and powder XRD, and compared with the purchased
YOX. The purity of the recycled YOX was determined to be
>99.9 wt% by TXRF and ICP-MS with only small traces of
calcium (<0.1 wt%). The purchased YOX had a certified purity
of >99 wt%. SEM images can be found in the ESI (Fig. S1†).
They showed that the particles had a size of 4.11 ± 1.41 µm
which is in range with the commercial YOX phosphor (3.61 ±
1.52 µm). However, the recycled YOX phosphor had a rougher
surface than the purchased phosphor (Fig. S1†). Powder XRD
was carried out to compare the commercial YOX with the
recycled YOX. The diffractograms were essentially identical,
which confirmed the successful synthesis of Y2O3:Eu3+

(Fig. S2†). The luminescence of this material was also com-
pared with the commercially obtained Y2O3:Eu3+ phosphor
(Fig. 12). When the spectra are scaled to have the same inten-
sity of the 5D0→

7F1 transition, it is interesting to compare the
intensity of the 5D0→

7F2 transition (around 612 nm) since this
is a so-called hypersensitive transition, meaning its intensity is

very dependent on its environment.56–58 It can be seen that the
maximum intensity peak (5D0→

7F2) has the same intensity for
the recycled phosphor as for the commercial phosphor. The
luminescence lifetime was also measured by studying the
decay of the 5D0 emitting state of Eu3+. The samples were
excited with 254 nm light and the emission light was collected
at 612 nm. The decay curves (Fig. S3†) were fitted as a mono-
exponential decay, resulting in a luminescence lifetime of
0.989 ms (R2 = 0.998) and 1.003 ms (R2 = 0.997) for the recycled
and purchased YOX phosphor respectively. The very good
luminescence and luminescence lifetime of the recycled YOX
confirms that the recycling process yields a sufficiently pure
yttrium/europium oxalate product to allow direct resynthesis
of the YOX phosphor (>99.9 wt% purity). This process is only
possible because of the highly selective dissolution of YOX in
the ionic liquid, because any dissolution of HALO, BAM or
LAP would lead to an impure product and a significant
decrease in luminescence. Optimization of the calcination
process (flux agents, temperature, time, etc.) could further
improve the luminescence properties and particle morphology
to obtain an optimal red phosphor, but this is outside the
scope of this work and has been studied by others.55,59

An overview of the proposed recycling process is shown in
Fig. 13. This process selectively recovers the YOX which rep-
resents 80 wt% of the critical rare-earths in the lamp phosphor
waste powder and approximately 70% of the value.14 Only
oxalic acid is consumed (cheap chemical) and it creates no
waste besides some CO2 (the ionic liquid is entirely reusable).
This process is a sustainable alternative compared to mineral
acid leaching and could be applied on industrial scale as an
on-site valorization method for recyclers since no complex
solvent extraction installations are needed.

This process was optimized using a synthetic mix of phos-
phors (HALO, YOX, BAM, LAP). However, it is also applicable
to real lamp phosphor waste because the other components

Fig. 12 Luminescence spectra (λexc = 254 nm) of the commercial red
Y2O3:Eu

3+ (YOX) phosphor, compared with the spectrum of the recycled
YOX phosphor after calcination of the (Y,Eu)2(C2O4)3 precipitate. The
spectra were scaled to have the same intensity for the 5D0→

7F1 transition
in order to compare the intensity of the hypersensitive 5D0→

7F2 tran-
sition. Picture: recycled YOX phosphor in a quartz container irradiated
with 254 nm light. The luminescence lifetimes are also shown (Fig. S3†).

Fig. 13 Overview of the proposed recycling process for lamp phosphor
waste, based on the selective dissolution and revalorization of YOX with
the protonated functionalized ionic liquid [Hbet][Tf2N]. Step 1: selective
dissolution of YOX, step 2: stripping with pure oxalic acid (regenerates
the ionic liquid), step 3: direct resynthesis of YOX.
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(CAT, CBT, SiO2, Al2O3) do not interfere with this process as
they do not dissolve in [Hbet][Tf2N].37,42 The influence of
mercury on this process was not investigated, but many tech-
niques exist to remove mercury from the phosphor
powders.3,9,21,60–62 At the end of the recycling scheme, no
additional waste has been created. The rest of the lamp phos-
phor waste (SiO2, Al2O3, HALO, BAM, LAP, CAT, CBT) can be
discarded or further processed, for example by doing a rough
separation of the HALO with physical separation methods.3,63

This would result in a terbium concentrate (≈8 wt% Tb) held
in LAP, CAT and CBT. The terbium content in this concentrate
is much higher than that in any commercially exploited ore
from primary mining (<1.3 wt% Tb).4 The high demand for
terbium could therefore make it worthwhile to dissolve the
LAP, CAT and CBT phosphors in a final stage, but these phos-
phors are much more difficult to dissolve and require a lot of
energy input.14

Microwave heating

In most of our experiments, the ionic liquid was heated by a
conventional heating source. However, since the leaching of
YOX in the ionic liquid requires high temperatures over pro-
longed periods of time, it is interesting to note that ionic
liquids can be heated in a very energy-efficient way by micro-
wave irradiation. Ionic liquids consist entirely of ions as
opposed to water or organic solvents which explains the high
adsorption of microwave radiation.64 Microwaves do not inter-
fere with the dissolution process and provide a highly econ-
omical way to heat an ionic liquid in an industrial context.64,65

The immediate on/off behavior of microwave irradiation is also
useful for process control. A programmable microwave oven
with temperature and pressure control was used to test this. At
100 W, the ionic liquid [Hbet][Tf2N] was heated to a tempera-
ture of 100 °C in less than 15 s (Fig. 14). The temperature can
be kept constant at a low cost.

Conclusion
The ionic liquid leaching system described in this work is a
major improvement compared to mineral acid leaching, since
it allows the selective dissolution of Y2O3:Eu3+ (YOX) without
dissolving the other phosphors (HALO, BAM, LAP). An interest-
ing feature of the process is that the (Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,
Mn2+ phosphor was not leached by the ionic liquid (<0.05 wt%).
This non-valuable broad-band white phosphor known as
“halophosphate” (HALO) can make up as much as 50 wt% of
the lamp phosphor waste fraction. Dissolution of HALO is un-
avoidable when using dilute mineral acids, especially under
the conditions required for the dissolution of Y2O3:Eu3+. The
unusual selectivity of the ionic liquid was attributed to the fact
that the [Hbet][Tf2N] is unable to solvate anions efficiently,
which explains why it is only able to dissolve metal oxides
efficiently and not metal salts like (LnCl3, NaCl). The yttrium
and europium dissolved in the ionic liquid [Hbet][Tf2N] were
then stripped with an HCl solution or by adding pure (solid)
oxalic acid directly to the ionic liquid. The oxalic acid route
precipitates the rare earths as a mixed (yttrium, europium)
oxalate salt, which can be transformed into a new Y2O3:Eu3+

phosphor by a simple calcination step at 950 °C. The ionic
liquid is automatically regenerated during the stripping step
and can be reused. This innovative approach offers selectivity,
mild conditions and reusability, which make this a promising
green technology for the targeted recovery of Y2O3:Eu3+ and
the valorization of lamp phosphor waste. 70% of the value and
80% of the critical rare earths in the lamp phosphor waste are
recovered this way. Further processing of the terbium-rich rest
fraction can be done but requires much harsher conditions.
No additional waste is generated during this process and there
is no need for additional solvent extraction steps since the
YOX is dissolved selectively and immediately regenerated. This
opens the way to a more simple, economical and energy-
efficient industrial process for the revalorization of lamp phos-
phor waste.
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Recycling of rare earths from NdFeB magnets
using a combined leaching/extraction system
based on the acidity and thermomorphism of the
ionic liquid [Hbet][Tf2N]†

David Dupont and Koen Binnemans*

The continuous miniaturization of electric motors, hard disks and wind turbines is causing an increasing

demand for high-performance neodymium–iron–boron magnets (NdFeB). The supply risk for the rare-

earth elements (REEs) used in these magnets is a growing concern and has sparked the development of

recycling schemes for these end-of-life products. In this paper a new recycling process for (microwave)

roasted NdFeB magnets is proposed, based on the carboxyl-functionalized ionic liquid: betainium

bis(trifluoromethylsulfonyl)imide, [Hbet][Tf2N]. Using the thermomorphic properties of the [Hbet][Tf2N]–

H2O system, a combined leaching/extraction step was designed. The change from a homogeneous

system during leaching (80 °C) to a biphasic system at room temperature causes the dissolved metal ions

to distribute themselves amongst the two phases. The valuable elements (Nd, Dy, Co) are thus separated

from the iron with high separation factors. The stripping was done very efficiently using oxalic acid to pre-

cipitate the REE(III) and cobalt(II) ions while transferring the iron(III) from the ionic liquid to the water phase

as a soluble oxalate complex. The cobalt (present in certain magnets) was removed by treating the mixed

(REE/Co) oxalate precipitate with aqueous ammonia. The remaining REE oxalate was then calcined to

form the REE oxides (99.9% pure). The ionic liquid is regenerated during the stripping step and contami-

nation of the water phase was avoided by salting-out the ionic liquid with Na2SO4. This innovative recy-

cling process features a combined leaching/extraction in mild conditions using a reusable acidic ionic

liquid and an energy-efficient microwave roasting of the magnets. These aspects all contribute towards

the green character of this process which can be considered as a sustainable and efficient alternative to

mineral acid leaching and solvent extraction.

Introduction
The rare-earth elements (REEs) include the 15 lanthanides
plus yttrium and scandium. They are used in many high-tech
applications including wind turbines, electric vehicles, NiMH
batteries, hard disk drives and fluorescent lamps.1–5 The
demand for these elements is expected to grow by more than
8% per year, mainly driven by the increasing demand for the
strong neodymium–iron–boron (NdFeB) magnets.2–6 NdFeB
magnets contain two critical REEs, neodymium (Nd) and dys-
prosium (Dy), and the demand for these elements is expected

to grow by 700% and 2600% respectively over the next 25 years
as the NdFeB market expands rapidly.2 Currently, China domi-
nates the REE supply from primary mining (>90% of the
global production in 2013) and the worldwide recycling rate is
still very low (<1%).4,6,7 Since the tightening of the Chinese
export quota for rare earths in 2010, the rare-earth elements
have been labeled as critical raw materials by the European
Commission and the U.S. Department of Energy.1,3,4,6,8

Opening or reopening mines outside China requires time and
large financial investments. Therefore recycling of REEs from
end-user products like NdFeB magnets (38% of the market by
value) could help to secure the supply of these critical
elements.3 It is estimated that by 2020 over 200 000 tonnes of
REEs will be held in NdFeB magnets worldwide in wind
turbines, electric motors, hard disk drives, speakers, etc.3

Efficient recycling of these NdFeB magnets could therefore
help to secure the supply of neodymium and dysprosium and
to create a closed-loop system in order to solve the balance
problem which is caused by the unwanted co-production of

†Electronic supplementary information (ESI) available: Characterization of the
NdFeB magnet particles with full ICP-MS analysis, XRD diffractograms and SEM
images. The TXRF analysis procedure and water treatment process are also dis-
cussed. Finally, the salting-out effect of salt anions on the water-solubility of
[Hbet][Tf2N] is shown. See DOI: 10.1039/c5gc00155b

KU Leuven, Department of Chemistry, Celestijnenlaan 200F – P.O. Box 2404,
3001 Leuven, Belgium. E-mail: Koen.Binnemans@chem.kuleuven.be
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other rare-earth elements during primary mining.3,9 For
example, the market for light rare earths is mainly driven by
the demand for neodymium for NdFeB magnets, which means
that enough ore has to be mined in order to meet the demand
for neodymium, causing excess production of lanthanum and
cerium which are far more abundant in most ores.9 This
unwanted co-production has led to the accumulation of large
stocks of certain elements (La, Ce) while facing shortages of
others (Y, Eu, Tb, Nd, Dy).3,4,8–12 To remediate this problem
and to secure the supply of certain critical REEs, new and
increasingly efficient recycling schemes are being developed,
opening up new possibilities for urban mining and rare-earth
waste revalorization.1,3,10,11,13–18 The potential for direct recy-
cling from end-user products instead of storing the materials
in landfills is very high. Unfortunately, the collection of used
NdFeB magnets is still not widely organized, but manu-
facturers are now putting in place initiatives to collect end-of-
life consumer products to retrieve the valuable magnets.
Examples include air conditioning manufacturer Hitachi, that
has started collecting and recycling initiatives for the NdFeB
magnets in their products.3 High quality cars are also being
considered, since these can contain as much as hundred
magnets per car. The number of recycling schemes for NdFeB
magnets is growing rapidly as researchers try to develop more
efficient processes to recover the rare earths. Many approaches
have been proposed, not only hydrometallurgical routes, but
also pyrometallurgical routes, glass slag methods, liquid metal
extraction, gas-phase extraction methods, etc.3 Several hydro-
metallurgical processes involve a preliminary roasting step to
transform the NdFeB magnets into the metal oxides.3,12 The
dissolution of roasted magnets is partially selective since the
dissolution of iron and cobalt oxides is kinetically slower than
the dissolution of rare-earth oxides, but the iron and cobalt
will always go into solution to a certain extent. It has been
demonstrated by Vander Hoogerstraete et al. that by leaching
with HCl while controlling the pH, the leached iron can be
immediately reprecipitated as iron(III) hydroxide, effectively
removing iron from the solution.12

The process described in this paper proposes an alternative
that uses a fully reusable ionic liquid leaching agent instead of
consuming mineral acids such as HCl, HNO3 or H2SO4.3 The
carboxyl-functionalized ionic liquid betainium bis(trifluoro-
methylsulfonyl)imide, [Hbet][Tf2N], (Fig. 1) is a particularly
interesting ionic liquid because of its ability to selectively dis-
solve metal oxides.19–22 It has also been used as organic phase

in solvent extraction studies.23–29 Recently, [Hbet][Tf2N] was
used for the design of a highly efficient and sustainable recy-
cling process for rare earths from lamp phosphor waste
powders.22 While that recycling process was based on a
different concept, it does however show that this ionic liquid is
very suitable for the green recycling and processing of metal
oxide containing materials. Such task-specific ionic liquids
and ionometallurgy in general, continue to show great poten-
tial for this type of specialized applications, opening up new
possibilities compared to traditional hydrometallurgy.22,30–34

Many other domains such as extraction, electrochemistry,
organic synthesis and catalysis, have also benefitted from the
unique properties of ionic liquids. On many occasions, ionic
liquids have shown to be very efficient green solvents and
improve the safety of a process thanks to their negligible vapor
pressure, low-flammability and relatively low toxicity.15,17,34–39

Here, [Hbet][Tf2N] was used to selectively dissolve the valu-
able rare-earth oxides from the roasted NdFeB magnets,
leaving most of the iron oxide matrix behind. Moreover,
[Hbet][Tf2N]–H2O mixtures display thermomorphic behavior
with an upper critical solution temperature (UCST) meaning
that they will form one homogeneous phase above the cloud
point temperature (55 °C for a 1 : 1 wt/wt system) and two
phases below that temperature.21 The metals will then selec-
tively distribute between both phases. Such a combined leach-
ing/extraction system that automatically separates the metals
when cooling down the leaching solution is innovative and
applicable to NdFeB magnet recycling. The resulting process is
a sustainable alternative to mineral acid leaching processes
that often require solvent extraction and produce significant
volumes of waste water. Since [Hbet][Tf2N] is a fluorinated
ionic liquid, contamination of the water phase with ionic
liquid should be avoided during the process. The loss of ionic
liquid was circumvented by salting-out with Na2SO4.

Experimental
Chemicals

MgCl2 (98%), Mg(NO3)2·6H2O (99%), LiNO3 (99%), NaCl
(98%), NaClO4·H2O (98%) and D2O (99.9 atom% D) were
obtained from Sigma-Aldrich (Diegem, Belgium), CaCl2
(99.5%), NaNO3 (99%), KNO3 (99%), Ca(NO3)2·4H2O (99%) and
Na2SO4 (99%) were obtained from Chem-Lab (Zedelgem,
Belgium). KCl (99.5%) and NaI (99.5%) were purchased from
AppliChem (Darmstadt, Germany) and LiCl (99%) from Fisher
Chemical (UK). Nd(NO3)3·6H2O (99%) was obtained from Alfa
Aeser (Karlsruhe Germany) and NH4NO3 (99%) from Chempur
(Karlsruhe, Germany). NH4Cl (99.5%), Dy(NO3)3·6H2O (99%),
Co(NO3)2·6H2O (99%), 1,4-dioxane (99.9 wt%) and betaine
hydrochloride (HbetCl) (99%) were obtained from Acros
Organics (Geel, Belgium). Lithium bis(trifluoromethylsulfonyl)-
imide (LiTf2N) (99%) was purchased from IoLiTec (Germany).
Oxalic acid dihydrate (>99.5%) and Fe(NO3)3·9H2O (99%) were
purchased from J.T. Baker. The silicone solution in iso-
propanol was obtained from SERVA Electrophoresis GmbH

Fig. 1 Structure of the ionic liquid betainium bis(trifluoromethyl-
sulfonyl)imide [Hbet][Tf2N]. The acidic proton of the betaine group (pKa

1.83), responsible for the dissolution of metal oxides, is highlighted in
red.40
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(Germany) and the praseodymium, holmium and erbium stan-
dard solutions (1000 mg L−1) were obtained from Merck (Over-
ijse, Belgium). All chemicals were used as received without
further purification.

Equipment and characterization
1H NMR spectra were recorded on a Bruker Avance 300 spectro-
meter, operating at a frequency of 300 MHz. The samples were
prepared by dissolving a small amount of product in heavy
water (D2O). The viscosity of the ionic liquid was measured
using an automatic Brookfield plate cone viscometer, Model
LVDV-II CP (Brookfield Engineering Laboratories, USA). The
morphology and size distribution was determined by scanning
electron microscopy (SEM) using a Philips XL 30 FEG device
equipped with EDX. Powder X-ray diffraction (XRD) was
carried out on an Agilent SuperNova X-ray diffractometer,
using Mo Kα radiation (λ = 0.71073 Å) and a CCD detector. A
Retsch ZM100 centrifugal mill (Gemini BV), a Retsch RS100
vibratory disc mill and a Retsch PM400 planetary ball mill
were used for grinding of the magnet and a muffle furnace for
roasting. A Heraeus Megafuge 1.0 centrifuge was used to separ-
ate the magnet residue from the ionic liquid after the leaching
experiments. Total reflection X-ray fluorescence spectroscopy
(TXRF) was performed with a Bruker S2 Picofox TXRF spectro-
meter equipped with a molybdenum source. For the sample
preparation, plastic microtubes were filled with a small
amount of ionic liquid sample (50 mg), 1 : 1 vol/vol ethanol–
H2O (700 µL) and a mix of standard solutions (1000 mg L−1):
praseodymium (100 µL), holmium (50 µL) and erbium (25 µL).
This mix is the result of an optimization procedure to find
suitable standards with X-ray energies that closely match the
energy of the probed elements (Nd, Fe, Dy, Co) in order to
reduce the effects of secondary absorption of X-rays by the
matrix (ESI, Fig. S3 and Table S1†). High-matrix ionic liquid
containing samples require such a procedure, while low-matrix
aqueous solutions can be accurately analyzed using just one
standard. The microtubes were then vigorously shaken on a
vibrating plate (IKA MS 3 basic). Finally, a 1 µL drop of this
solution was put on a quartz plate, previously treated with a
silicone–isopropanol solution (Serva®) to avoid spreading of
the sample droplet on the quartz plate. The quartz plates were
then dried for 30 min at 60 °C prior to analysis. Each sample
was measured for 5 min.

Synthesis of [Hbet][Tf2N]

The ionic liquid [Hbet][Tf2N] was synthesized according to a
one-step literature method based on the reaction between
HbetCl and LiTf2N.21,22 The level of chloride impurities was
below 1 ppm (TXRF). Dry ionic liquid was obtained using a
rotary evaporator. Increasing amounts of water were then
added to obtain ionic liquids with different water contents.
The water-saturated ionic liquid was prepared by keeping the
ionic liquid in contact with an excess of water and then using
the water-saturated ionic liquid phase (contains 14 wt% H2O).

Magnet pre-processing: roasting and milling

The demagnetized NdFeB magnets were obtained from the
University of Birmingham (UK) and Goudsmit Magnetics, and
had the following composition (Table 1). The full ICP-MS trace
analysis results are given in the ESI, Table S1.† The main
difference between various NdFeB magnets lies in the cobalt
and dysprosium content, which is added to high-end magnets
in order to improve their magnetic and thermal properties. In
reality, few magnets contain as much cobalt as magnet 1, but
it is interesting to trace the movement of the valuable cobalt in
any proposed recycling process. In this paper, the experiments
were therefore mainly carried out with the magnet of type 1. At
the end, the full recycling process was also tested for the
magnet of type 2. Both magnets were demagnetized and then
crushed and milled to obtain a magnet powder with a particle
size < 400 µm.

The powders were then roasted using a conventional oven
at 950 °C for 15 h to assure full conversion to the metal oxides
as described by Vander Hoogerstraete et al.12 An XRD diffracto-
gram of the roasted magnet powder is given in the ESI
(Fig. S2†). A proof-of-concept is also given for the roasting of
magnets with microwaves. An analytical (monomodal) high-
temperature microwave set-up was used to study the heating
and roasting of NdFeB magnets with microwaves (Fig. 2).

The oven-roasted particles were then crushed to obtain
three different particle sizes. In the first case, the particles were
crushed with a pestle and mortar to obtain large particles with
an average diameter of (310 ± 140) µm. The other two particle
sizes were obtained by using a ball mill and passing the powder
through 90 µm, 60 µm and 40 µm sieves. Two fractions were
retained: the fraction <90 µm that did not pass the 60 µm sieve,
and the <40 µm fraction. These fractions had an average dia-
meter of (73 ± 40) µm and (6 ± 3) µm, respectively. The particle
size was determined by SEM and ImageJ software (Fig. S1†).

Leaching experiments

Small glass vials (4 mL) were filled with a fixed amount of
[Hbet][Tf2N] (1 g) and 10 mg of roasted magnet particles which
resulted in a solid/liquid ratio of 10 mg g−1. Water-containing

Table 1 Main composition (wt%) of two different NdFeB magnets.
Magnet 1 is a high-performance cobalt- and dysprosium-rich magnet,
while magnet 2 is a standard hard disk drive magnet with small amounts
of cobalt and dysprosium

Magnet 1 Composition (wt%) Magnet 2 Composition (wt%)

Fe 58.16 Fe 66.01
Nd 25.95 Nd 29.17
Dy 4.22 Dy 1.98
Co 4.21 Co 0.36
B 1.00 B 1.02
Totala 93.5 Totala 98.54

a The total does not add up to 100% due to the presence of trace
elements (Al, Nb, Pr, Cu, Mn, N, O, C, Si,…) and the analytical error
associated with ICP-MS measurements. The full detailed composition
is given in the ESI, Table S1.
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ionic liquid (2.5–10 wt%) or a 1 : 1 wt/wt [Hbet][Tf2N]–H2O
mixture was used depending on the experiment. A magnetic
stirring bar was then added to each of the vials and they were
sealed using a plastic screw cap. The dissolution experiments
were carried out in an oil bath at a set temperature while stir-
ring (600 rpm). The samples were then placed in a centrifuge
(5300 rpm, 30 min) to precipitate the undissolved magnet
residue. The metal content in the ionic liquid was determined
using total reflection X-ray fluorescence spectroscopy (TXRF).

Quantitative 1H NMR

The dissolution of ionic liquid in the water phase was studied
and optimized in order to assure that no ionic liquid would be
lost during the process and no contamination of the water
phase would occur. The concentration of ionic liquid in the
aqueous phase was determined using quantitative 1H NMR
with 1,4-dioxane as an internal standard. A sample of the
water phase was taken (100 mg) and a known amount of 1,4-
dioxane–D2O solution was added so that the concentration of
1,4-dioxane internal standard would be comparable to the
amount of ionic liquid in the water phase. The 1H NMR spec-
trum of 1,4-dioxane shows one peak at δ = 3.6, corresponding
to its 8 equivalent protons and does not overlap with the spec-
trum of water or [Hbet][Tf2N]. The relative concentration versus
1,4-dioxane and the absolute concentration of [Hbet][Tf2N]
were calculated by integration of the peaks using Spinworks
software.

Optimized full recycling process

First the magnets were roasted. This was done in a convention-
al oven as described by Vander Hoogerstraete et al.,12 or in a
microwave oven at 950 °C. The second method is preferred
since it is more energy-efficient. The roasted magnets were
then crushed/milled to reduce their particle size. This powder
was leached in a 1 : 1 wt/wt [Hbet][Tf2N]–H2O mixture for

24–48 h (80 °C) to obtain full leaching of the REEs (Nd and Dy)
and partial leaching of cobalt and iron. Thanks to the thermo-
morphic properties of the [Hbet][Tf2N]–H2O system, the solu-
tion is homogeneous during leaching (80 °C) but phase
separates when cooling it to room temperature (25 °C). The
dissolved metals distribute amongst the two phases with
iron(III) going to the ionic liquid phase and the REEs and
cobalt(II) going to the aqueous phase. NaNO3 is used as an addi-
tive to enhance the separation of the metals. The two phases
were then separated from each other and the metal content was
determined by TXRF. The water phase was stripped with stoi-
chiometric amounts of pure (solid) oxalic acid (10 min, 25 °C,
stirring) to precipitate the REEs and cobalt(II) as a mixed
oxalate. The oxalate precipitate was removed by filtration and
the cobalt(II) was fully removed by contacting the precipitate
with aqueous ammonia and shaking it (2000 rpm) for 10 min
at 25 °C. The resulting, highly pure, REE oxalate (>99.9 wt%)
can be calcined to obtain the rare-earth oxides. The iron(III)-
containing ionic liquid was stripped with an oxalic acid solu-
tion. This transfers the iron(III) to the water phase as a soluble
oxalate complex, effectively cleaning the ionic liquid and
regenerating it by reprotonation of the carboxylate groups. The
waste water was cleaned using Na2SO4 to salt-out the remain-
ing traces of ionic liquid, and Ca(OH)2 to precipitate the
[Fe(C2O4)3]3− complex as Fe(OH)3(s) and CaC2O4(s).

Results and discussion
Roasting

Roasting or oxidative roasting of NdFeB magnets transforms
all the elements in the magnet into their respective oxides.
The resulting roasted magnet consisted mainly of Fe2O3,
Nd2O3, Dy2O3 and CoO. The roasting of metallic cobalt at
950 °C leads to the formation of cobalt(II) oxide.41 The oxi-
dative roasting of NdFeB magnets was done in an oven as
described by Vander Hoogerstraete et al. (950 °C, 3–15 h).12

But here a proof-of-concept is also given for an alternative,
more sustainable, roasting process based on microwave
heating. Microwave energy has a lot of potential in mineral
treatment operations such as heating, drying, leaching, roast-
ing and smelting.42–44 Hua et al. reported for example a 4 to 17
times increase in roasting speed for a copper sulfide concen-
trate.44 Microwave heating is a non-contact and on/off heating
technique that offers a number of advantages over convention-
al heating such as material-selective and rapid heating due to
the fact that the material is heated from the inside (the
material itself is the heating source). This significantly reduces
the energy consumption and also improves the safety of the
process.42 The strong coupling of microwaves with magnetic
metals results in a very fast heating of the magnet (Fig. 3) and
an energy-efficient roasting compared to traditional oven roast-
ing where the air has to be heated first.45 The fact that the
(demagnetized) magnet powder can be heated to 1000 °C in a
few seconds is quite remarkable and shows the potential of
microwave roasting. The very fast heating can also be used to

Fig. 2 Analytical (monomodal) high-temperature microwave set-up,
consisting of a microwave cavity (2) with a quartz table connected to a
balance (1), an infra-red temperature probe (3) and a high-power micro-
wave source (4).
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quickly demagnetize NdFeB magnets by raising the tempera-
ture above the Curie temperature (312 °C).46 Slower heating
speeds are of course also achievable by reducing the power
input.

Leaching of NdFeB magnets in [Hbet][Tf2N]

The protonated carboxyl-functionalized ionic liquid betainium
bis(trifluoromethylsulfonyl)imide [Hbet][Tf2N] (Fig. 1) has the
ability to dissolve certain metal oxides, including rare-earth
oxides (eqn (1)).20,21

REE2O3 þ 6½Hbet#½Tf2N# ! 2½REEðbetÞ3#½Tf2N#3 þ 3H2O ð1Þ

Other metal oxides like iron and cobalt oxides are poorly
soluble in [Hbet][Tf2N].20,21 This difference in solubility can be
exploited to obtain the (partially) selective dissolution of the
valuable REE oxides from the roasted NdFeB magnets. Impor-
tant parameters affecting the selectivity and kinetics are the
roasted magnet particle size and the water content in the ionic
liquid. Water accelerates the dissolution of metal oxides
because it lowers the viscosity, facilitates the exchange of
protons from the betaine groups and enhances the solvation
of ions in the ionic liquid.20–22 The dissolution of metal oxides
was studied by Nockemann et al. and is driven by the reactivity
of the carboxylic acid group (pKa 1.83) located on the cation of
the ionic liquid.20,21,40,47 The deprotonated zwitterionic
betaine groups are also responsible for the complexation of
the dissolved metal ions. The Tf2N− anions do not participate
in the complex formation but they are essential for the for-
mation of betainium-based hydrophobic ionic liquid, with a
low viscosity and good thermal stability.22,47,48

First, water-containing ionic liquid was tested (2.5, 5, 7.5
and 10 wt% H2O) without exceeding the solubility limit of
water in the ionic liquid (14 wt%). Roasted NdFeB magnet par-
ticles were then added to the ionic liquid (10 mg g−1) and

stirred (600 rpm) at 90 °C for increasing amounts of time. The
influence of the water content on the leaching kinetics of the
roasted magnet is shown for three different particle sizes (310
± 140) µm, (73 ± 40) µm and (6 ± 3) µm. The leaching of the
largest particles (≈300 µm) is relatively slow but more selective
towards the REE oxides (Fig. 4). The addition of water acceler-
ates the leaching but it is clear that the leaching of the large
particles is still too slow to fully dissolve the REE oxides from
these roasted magnet particles within 100 h (Fig. 4). This is
not due to the solubility of these oxides, since in the same con-
ditions, commercial Nd2O3 and Dy2O3 could be fully dissolved
in [Hbet][Tf2N] within 24 h. The reason is that the particles are
large (≈300 µm) and consist mainly of iron oxides (≈60 wt%),
which are very poorly soluble in [Hbet][Tf2N]. The leaching of
the REE oxides embedded in this insoluble iron oxide matrix
is therefore a slow process.

The fact that the particles consist of a large insoluble Fe2O3

matrix hampers the efficient dissolution of the rare-earth
oxides because it is very difficult for the ionic liquid to create
deep channels in these iron oxide particles. SEM images and
surface EDX analysis revealed that on the surface, all the
Nd2O3 had been leached selectively without dissolving the
Fe2O3 (Fig. 5). This confirms that it is possible to selectively
leach the Nd2O3 from these particles. However, the penetration
of the acidic ionic liquid in the particles was insufficient to
dissolve the rare-earth oxides held in the core of the particles
(Fig. 6). The particle size before and after leaching did not
change significantly which shows that the large iron matrix is
not dissolved and that the rare-earth oxides are leached,
leaving behind the iron oxide matrix as a porous structure
(Fig. 6). The visible denting of the surface is around 10–20 µm
deep (Fig. 6) and EDX shows that the surface is free of Nd2O3

(Fig. 5). By reducing the particle size, the dissolution of rare-

Fig. 3 Heating of demagnetized NdFeB magnet particles (≈400 µm)
with a monomodal high-temperature microwave set-up. The tempera-
ture was raised in two steps: first it was stabilized at 500 °C and then at
950 °C. The power input (W) and temperature (°C) are shown versus
time (s). The temperature range under 250 °C was not accessible with
the infra-red temperature probe.

Fig. 4 Leaching (%) of Co, Fe and REEs (Nd + Dy) from large roasted
NdFeB particles (≈300 µm). The leaching is shown as function of time
(24, 48, 72 and 100 h) and as function of the water content in the ionic
liquid (2.5, 5, 7.5 and 10 wt%). The solutions were stirred at 600 rpm and
90 °C.
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earth oxides should therefore be much faster, while retaining a
certain selectivity towards the rare-earth oxides.

The leaching of these smaller particles (≈70 µm and 6 µm)
was investigated in the same manner as the large particles, by
measuring the leaching of rare earths, iron and cobalt in the
ionic liquid with increasing water content. It is clear from
Fig. 7 that the leaching of the milled powder is much faster
and allows full leaching of the REE content within 48–72 h.
Unfortunately, the leaching of iron and cobalt also increases
significantly.

While these results are encouraging, the leaching in water-
unsaturated ionic liquid is clearly slow and selective for large
particles (Fig. 4) or fast and less selective for smaller particles
(Fig. 7). To get full dissolution of the REEs, small particles
must be used and too much iron and cobalt goes into solution.
This would require additional solvent extraction steps to
isolate the REEs and would complicate the recycling process.
Instead, an alternative leaching system is proposed based on
the same ionic liquid but with an excess of water (>13 wt%) so
that it forms a biphasic system at room temperature. This
system is very promising and innovative as it combines leach-
ing with metal extraction (separation) in one convenient step

thanks to the thermomorphic properties of this ionic liquid/
water system.

Thermomorphic leaching/extraction in a [Hbet][Tf2N]–H2O
system

The [Hbet][Tf2N]–H2O system shows thermomorphic behavior
with an upper critical solution temperature (UCST).21,26,27 This
means that above a certain temperature, called the cloud point
temperature, it forms one homogeneous phase and under this
temperature it is a biphasic system.26,27 In this biphasic
system, the iron is mostly present in the ionic liquid phase,
while the rare-earth ions and cobalt are mostly present in the
water phase due to the higher affinity of Fe(III) ions for
betaine compared to REE(III) and Co(II) ions. This observation
led us to investigate the possibilities of a thermomorphic
leaching system with its automatic metal separation once the
system becomes biphasic at room temperature. Such a thermo-
morphic leaching/extraction system has to the best of our
knowledge not been described in the literature yet. The com-
bined leaching/extraction process starts by leaching the
roasted NdFeB magnets in a 1 : 1 wt/wt blend of [Hbet][Tf2N]–
H2O at 80 °C (above the cloud point temperature) so that it
forms one homogeneous phase. Afterwards, the solution is
cooled again to room temperature so the mixture can phase
separate into a valuable REE/cobalt-enriched water phase and
an iron-enriched ionic liquid phase (Fig. 8).

First, the leaching of the roasted NdFeB particles was tested
using a 1 : 1 wt/wt [Hbet][Tf2N]–H2O mixture. The leaching of
different particle sizes is again shown (300 µm, 70 µm and 6
µm) over time at 80 °C. At this temperature the system forms
one homogeneous phase. The samples were then cooled to
room temperature to phase separate and centrifuged to pre-
cipitate the remaining magnet residue. The total leaching per-
centage was determined by combining the measured metal

Fig. 5 SEM images (magnified 250×) and EDX spectrum of the surface
of the large NdFeB particles (≈300 µm) before (A) and after (B) leaching.

Fig. 6 SEM images (magnified 3500×) of the surface of the particles
before (A) and after (B) leaching.

Fig. 7 Leaching (%) of Co, Fe and REEs (Nd + Dy) from two different
milled roasted NdFeB magnets (≈70 µm and 6 µm). The leaching is
shown as function of time (24 and 72 h) and as function of the water
content in the ionic liquid (2.5, 5, 7.5 and 10 wt%). The solutions were
stirred 600 rpm at 90 °C.
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content in the water phase and in the ionic liquid phase. The
leaching is faster compared to experiments with lower water
contents in the ionic liquid (Fig. 4 and 7). The effect of the par-
ticle size is similar in the sense that full leaching of the REEs
is achieved faster for smaller particles but with less selectivity
and slower for larger particles but with higher selectivity
(Fig. 9).

The leaching temperature of the process was set at 80 °C,
because the leaching is sufficiently fast at this temperature in
this water-saturated system. At 80 °C the thermomorphic ionic
liquid/water system is also certainly homogeneous (cloud
point temperature is 55 °C for a 1 : 1 wt/wt [Hbet][Tf2N]–H2O
system). Although closed vials were used, temperatures should
not exceed 90 °C due to pressure buildup. At 80 °C, the vis-
cosity of the ionic liquid/water system is also sufficiently low
and almost equal to pure water (Fig. 10). The high temperature
and low viscosity are important because the leaching kinetics
of this material is slow, especially since the rare earths are
held in a largely insoluble iron oxide matrix.

Next, the metal separation over the two phases was opti-
mized by studying the distribution of Nd(III), Dy(III), Fe(III) and

Co(II) ions between the ionic liquid and the water phase.
Onghena and Binnemans recently showed that Fe(III) can be
extracted to the [Hbet][Tf2N] phase, while the REE(III) ions
remain in the aqueous phase.29 We also tested the effect of in-
organic salts in the water phase on the distribution of the
metals. The advantage of the [Hbet][Tf2N] ionic liquid is that
Tf2N− is one of the most difficult anions to displace from the
ionic liquid so that no anion exchange reactions will occur for
[Hbet][Tf2N]. A high salt concentration could therefore be used
in the water phase without detecting any traces of the anions
in the ionic liquid. A distinction must be made between the
effect of salt anions and salt cations. Water-soluble salt anions
can form complexes with the metal ions and therefore change
the affinity of the metal ions for the water phase. Additionally,
salt anions and cations can influence the solubility of the
ionic liquid in the water phase.49 It was therefore interesting to
investigate if salts could influence the betaine content in the
water phase and thus influence the distribution of iron(III) as it
forms iron-betaine complexes rather than aqua complexes. A
synthetic mix (4 × 1000 ppm) of hydrated Nd(NO3)3, Dy(NO3)3,
Fe(NO3)3 and Co(NO3)2 was mixed with a 1 : 1 wt/wt [Hbet]-
[Tf2N]–H2O system. This ionic liquid/water mixture was heated
for 15 min at 80 °C to obtain a homogeneous phase similar to
the one formed during leaching. The mixture was then allowed
to cool so that it would phase separate and equilibrate. The
metal content was determined in each phase and expressed as
the distribution ratio between the water phase and the ionic
liquid phase (eqn (2)). A distribution ratio larger than 1 corres-
ponds to a greater affinity for the water phase than for the
ionic liquid phase.

D ¼
M½ #aq
M½ #IL

ð2Þ

First the effect of salt anions is shown. It is clear from
Fig. 11 that this biphasic leaching process effectively allows

Fig. 8 Schematic overview of the biphasic leaching-settling process
using a thermomorphic ionic liquid. The [Hbet][Tf2N]–H2O mixture
forms one homogeneous phase at 80 °C and forms two phases at room
temperature.

Fig. 9 Leaching (%) of REEs, iron and cobalt from roasted NdFeB
magnets (10 mg) using a 1 : 1 wt/wt [Hbet][Tf2N]–H2O system (2 g). The
leaching was carried out at 80 °C for 8 h, 20 h and 48 h while stirring
(600 rpm).

Fig. 10 Viscosity (cP) of [Hbet][Tf2N] as function of its water content
(wt%) and the temperature (°C). The viscosity of water is shown as a
reference.
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the separation of the valuable elements (Nd, Dy, Co) from iron.
The separation of iron(III) from the REE(III) and Co(II) ions is
quite efficient because the strong iron-betaine complexes
cause the iron to stay in the ionic liquid, while the Nd, Dy and
Co ions are present in the water phase as aqua complexes.

The increased distribution factors for Nd(III), Dy(III) and
Co(II) when adding coordinating anions are due to a better
coordination of metal ions in the water phase compared to the
situation with non-coordinating ions such as Tf2N− (in the
case of pure water) or ClO4

−. The presence of coordinating
anions such as nitrates or chlorides significantly improves the
solubility of the REE(III) and Co(II) ions in the water phase, but
too strongly coordinating anions such as sulfates or oxalates
cause precipitation. However, the most striking feature in
Fig. 11 is the transfer of iron(III) to the water phase in the pres-
ence of strongly coordinating anions such as chloride or
oxalate anions (1 M). More weakly-coordinating anions such as
nitrates and perchlorates do not cause transfer of iron(III) to
the water phase because iron is preferentially present as the
iron-betaine complex in that case. A photograph has been
added to help visualize the reversal of the iron(III) distribution
when adding coordinating anions such as chloride anions or
oxalate anions (Fig. 12). To the best of our knowledge, this is
the first time that this is described for the [Hbet][Tf2N]–H2O
system. Switching between salt media effectively creates a
tunable extraction system for iron(III). This phenomenon will
also be used to strip iron from the water phase using oxalate
anions which form the highly water-soluble [Fe(C2O4)3]3−

complex, resulting in high distribution factors.
Salt cations on the other hand, cannot form complexes

with the metal ions. They can however impact the solubility of
ionic liquid in the water phase and therefore also the solubility
of betaine, which would (slightly) affect the distribution factor

for iron(III) which is present as an iron-betaine complex. In
this context, the concept of salting-in and salting-out salts is
important. The “Hofmeister series” ranks different anions and
cations according to their salting-in or salting-out behavior,
meaning their ability to influence the solubility of organic
compounds or proteins in the water phase.50 Salting-out ions
diminish the solubility of organic molecules in aqueous solu-
tions and cause aggregation, while salting-in ions enhance the
solubility of organic molecules (ionic liquid) in aqueous
solutions.49–54 The effect of anions and cations on the ionic
liquid [Hbet][Tf2N] was determined by measuring the [Hbet]-
[Tf2N] content in the water phase when adding different salts.
This was done using 1H NMR and 1,4-dioxane as an internal
standard. The value obtained for the pure [Hbet][Tf2N]–H2O
system was 14.0 wt% which is in good agreement with the
values reported in the literature.29 The discussion of the
salting-out effect is limited here to the effect of salt cations
(Fig. 13) because salt anions form complexes with metal ions
which affects the metal distribution much more than their
salting-out effect. The salting-out effect of anions is however
included in the ESI (Fig. S4†). The salting-out effect for cations
follows the order NH4

+ < K+ < Na+ < Li+ < Ca2+ < Mg2+ (Fig. 13)
and the salting-out effect of anions follows the order ClO4

− <
I− < NO3

− < Cl− < SO4
2− (Fig. S4†). This is in agreement with

the effect of salts on other ionic liquid/water systems such as
[C4mim][CF3SO3]–H2O and [C4mim][Tf2N]–H2O.51,53,54 Further-
more, a higher salt concentration increases the salting-in or
salting-out effect of a salt, respectively.

The distribution ratios for Co(II), Nd(III), Dy(III) and Fe(III)
were then determined using these same salts (Fig. 14). When
salts cause a salting-in effect compared to pure water (e.g.
NH4NO3 or KNO3), the iron is more present in the water phase
(D increases). For salts that cause a salting-out compared to
pure water, the iron is less present in the water phase (D
decreases). This is in agreement with the hypothesis that the
solubility of betaine in the water phase is lowered by salting-
out salts and therefore the affinity of iron(III) for the water
phase is lowered since it has more affinity for betaine than
water. Note however, that the salting-out effect of cations on

Fig. 12 Reversal of iron(III) distribution when adding a non-coordinating
salt (KNO3) compared to a salt with coordinating anions (KCl). The
upper and lower phase consist of water and [Hbet][Tf2N], respectively.

Fig. 11 Influence of added metal salts (1 M) with varying anions on the
distribution ratio of Nd(III), Dy(III), Fe(III) and Co(II) ions in a biphasic [Hbet]-
[Tf2N]–H2O system. A high distribution ratio corresponds to a greater
affinity for the water phase. Oxalate forms highly insoluble complexes
with REE(III) and Co(II) ions.
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the distribution factor of iron(III) (Fig. 14) is much smaller
than the coordination effect of the anions (Fig. 11). The distri-
bution of the other metal ions Nd(III), Dy(III) and Co(III) shows
no dependence on salting-in or salting-out salts since they are
present as aqua-complexes in the water phase as their affinity
for betaine is much lower. They do however show a large differ-
ence between pure water and water + salt systems since the
presence of counter ions such as nitrate ions significantly
enhances the solubility of these aqua complexes by providing
water-miscible counter ions, which are not formed during the
dissolution of the metal oxides.

To support the fact that salting-out behavior is directly
responsible for the decrease of iron(III) in the water phase,
several nitrate salts (1 M) were added and the resulting Nd/Fe
separation factors α (eqn (3)) were plotted versus the ionic
liquid content in the water phase (wt%) (Fig. 15). The separ-
ation factors are positive because DNd is larger than DFe,
meaning that neodymium has a larger affinity for the water
phase as defined by eqn (2).

αNdFe ¼ DNd

DFe
ð3Þ

Salt cations do not directly interact with the iron(III) cations,
which is why the observed effects (Fig. 15) can be solely attrib-
uted to changes in the water-solubility of betaine due to
salting-in or salting-out salts.

The trend follows the cation salting-out series (Fig. 13)
which is a strong indicator that the salting-out effect of the
salts is indeed responsible for the trend in REE/iron separ-
ation. In general, the addition of nitrate salts also improves
the separation compared to a system without nitrates, because
of the availability of counter-ions (NO3

−) for the dissolved
REE(III) and Co(II) ions in the water phase. Based on Fig. 15, it
is evident that the addition of the right inorganic salt is bene-
ficial for this leaching/extraction system. It is however impor-
tant to find a salt that does not interfere with the leaching or
stripping process and that is not too expensive. NaNO3 was
chosen because it significantly enhances the transfer of Nd(III),
Dy(III) and Co(II) ions to the water phase while keeping iron(III)
in the ionic liquid phase. NaNO3 is not the best salting-out
agent but LiNO3 is too expensive and Ca2+ or Mg2+ salts cannot
be used due to the fact that they would co-precipitate with
oxalic acid, which was used for stripping the metal ions later
on. NaCl cannot be used since chloride ions cause transfer of
Fe(III) ions to the water phase. The NaNO3 present in [Hbet]-
[Tf2N]–H2O enhances the properties of the extraction system

Fig. 13 [Hbet][Tf2N] content (wt%) in the water phase when adding
salts with varying cations and concentrations. The [Hbet][Tf2N] content
was determined using 1H NMR and 1,4-dioxane as an internal standard.
When no salt is added, the water phase contains 14 wt% of [Hbet]-
[Tf2N].29

Fig. 14 Influence of added metal salts (1 M) with varying cations on the
distribution ratio of Nd(III), Dy(III), Fe(III) and Co(II) ions in a biphasic [Hbet]-
[Tf2N]–H2O system. A high distribution ratio corresponds to a greater
affinity for the water phase.

Fig. 15 Nd/Fe separation factor as function of the [Hbet][Tf2N] content
in the water phase (wt%). The corresponding salts (1 M) are shown as
labels.
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but will not cause impurities in the ionic liquid (no extraction
of NO3

− and Na+ in the ionic liquid) and will not cause impuri-
ties in the final rare-earth product since it does not precipitate
with oxalic acid. The salt can be added after leaching, just
before cooling down (phase separation) or it can be added
from the beginning of the process since it was tested that the
presence of NaNO3 (1 M) had no effect on the leaching speed,
efficiency or selectivity.

The result of this combined leaching/extraction process is
that a REE-rich aqueous phase is obtained while keeping iron
in the ionic liquid. This allows the use of less selective (faster)
leaching conditions (e.g. 6 µm particles), since the co-leached
iron is automatically separated from the leached REEs (Fig. 15)
once the mixture cools down and phase separates. The result-
ing purity of the aqueous REE-rich phase after leaching for
48 h (full REE leaching) is shown in Table 2. Besides REEs,
cobalt and traces of iron still remain in the water phase. These
will be fully removed during the stripping step and a cobalt-
removal step. In this way, a final REE oxide can be obtained
with a purity >99.9 wt%, without the need for solvent extrac-
tion.15,17 The results are also shown for a magnet of type 2 that
contains very little cobalt (Table 1).

Metal stripping and recovery of ionic liquid

After separating the magnet residue, the metal ions are
removed and the ionic liquid can be fully regenerated without
losses. The most convenient technique is to separate the two
phases and to add oxalic acid to the water phase, which forms
polymeric precipitates with the REE(III) and Co(II) ions (eqn (4)
and (5)). Any traces of iron in the water phase will not co-
precipitate which results in a highly pure mixed REE/cobalt
oxalate precipitate.55 The REE content in the oxalate varies
between 95–100 wt% (Table 2) depending on the initial cobalt
content (Table 1).

2REE3þ
ðaq:Þ þ 3H2C2O4 ! ðREEÞ2ðC2O4Þ3ðsÞ þ 6Hþ ð4Þ

Co2þðaq:Þ þH2C2O4 ! CoC2O4ðsÞ þ 2Hþ ð5Þ

The oxalate precipitation stripping method is very efficient,
meaning that stoichiometric amounts of oxalic acid are
sufficient to obtain 100% stripping (Fig. 16). The stripping is
fast (complete within 10 min) even at room temperature.

This rare-earth oxalate product with traces of cobalt, can be
further purified by treating it with aqueous ammonia which

readily dissolves the cobalt(II) oxalate as an hexaamine
complex (eqn (6)).56

CoC2O4ðsÞ þ 6NH3 ! ½CoðNH3Þ6%
2þ þ C2O4

2& ð6Þ

This cobalt removal step is very efficient and fast (<10 min
at 25 °C) and is capable of removing more than 99.9 wt% of
the cobalt(II) (Fig. 17). An NH3/cobalt(II) molar ratio of 100 is
required to obtain full removal of the cobalt (Fig. 17), but this
is still a small amount since cobalt is only present in trace
amounts in the oxalate product.

Table 2 Relative metal composition of the water phase (wt%) prior to
stripping. Two different types of magnets and various particle sizes are
shown. The water phase contained 1 M NaNO3 to optimize the metal
separation. During stripping the product is further purified

NdFeB Magnet Type 1 Type 1 Type 1 Type 2

Particle size (µm) 300 70 6 350
REEs (wt%) 98.5 93.8 92.1 98.1
Fe (wt%) 1.1 2.3 2.8 1.8
Co (wt%) 0.4 3.9 5.1 <0.1

Fig. 16 Precipitation stripping of REE(III) (Nd + Dy) and Co(II) ions from
the water phase, using solid oxalic acid (stir 600 rpm, 10 min at 25 °C). A
stoichiometric amount of oxalic acid (3 : 2 for REEs and 1 : 1 for Co) is
sufficient to achieve full precipitation.

Fig. 17 Cobalt(II) removal from the mixed REE/Co(II) oxalate precipitate,
using increasing concentrations of aqueous ammonia. The ammonia/
cobalt(II) ratio is plotted versus the cobalt removal efficiency (%). As
inset, the color change is shown using some of the samples, with
increasing amounts of ammonia from left to right. The samples were
shaken (2000 rpm) for 10 min.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2015 Green Chem., 2015, 17, 2150–2163 | 2159

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
5.

 D
ow

nl
oa

de
d 

by
 K

U
 L

eu
ve

n 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

22
/0

6/
20

15
 1

0:
19

:3
9.

 

View Article Online

73



The resulting pure REE oxalate after cobalt removal has a
high purity (>99.9 wt%) and can be calcined in an oven to
obtain the rare-earth oxides (Nd2O3 and Dy2O3) (eqn (7)) which
can be used as precursor for the synthesis of NdFeB
magnets.57,58

REEð Þ2 C2O4ð Þ3ðsÞ þ
2
2
O2 $$$!

950 °C
REE2O3ðsÞ þ 6CO2 ð7Þ

Next, the iron(III) is removed from the ionic liquid by con-
tacting it with an oxalic acid (aqueous) solution or by reusing
the ( just cleaned) water phase and adding some solid oxalic
acid. The samples are then shaken to form the iron(III) oxalate
complex that is transferred to the water phase (eqn (8)).

½FeðbetÞ3&½Tf2N&3 þ 3H2C2O4 ! ½FeðC2O4Þ3&
3$

þ 3½Hbet&½Tf2N& þ 3Hþ ð8Þ

Iron(III) oxalate is very soluble in water as the complex [Fe-
(C2O4)3]3−, which means that the iron will be fully transferred
to the water phase (Fig. 18) with a high distribution factor, as
was shown previously (Fig. 11). A slight excess of oxalic acid is
sufficient to obtain >99% stripping (back extraction) as shown
in Fig. 18. The ionic liquid is also automatically regenerated by
the reprotonation of the betaine groups (eqn (8)) and can be
reused as such since it is now free of metal ions.

The complete stripping process is summarized in Fig. 19. It
is highly efficient since it only consumes small (stoichio-
metric) amounts of oxalic acid to achieve both the cleaning of
the ionic liquid phase from iron(III) and the precipitation of
REEs and cobalt(II) from the water phase. The REE oxalate
product was calcined to obtain the corresponding oxides with
high purity (>99.9 wt%). After stripping, the ionic liquid can
be reused as such.

The water phase can be further treated to remove the iron(III)
oxalate complex and fully retrieve the ionic liquid that is still
dissolved in the water phase. An efficient water treatment
method was designed, which is discussed in detail in the ESI
(Fig. S5†). Basically, the iron is removed by adding Ca(OH)2 to
precipitate the soluble [Fe(C2O4)3]3− complex as Fe(OH)3(s) and
CaC2O4(s). The recovery of ionic liquid from the water phase
can be done with various techniques such as adsorbents,
specialized membranes, electrodialysis or nanofiltration.59–63

However, a very straightforward approach is the salting-out of
the ionic liquid using strong (cheap) salting-out agents such
as Na2SO4 (Fig. 20). This strong salting-out agent reduces the
loss of ionic liquid in the water phase to less than 0.15 wt%
(compared to 14 wt% without salt). This guarantees an almost
full recovery of the ionic liquid which is required to avoid con-
tamination of the water phase. In order to avoid consumption
of Na2SO4, this salting-out step can be performed in an evapor-

Fig. 18 Stripping of iron(III) from the ionic liquid to the water phase
using oxalic acid. The oxalic acid regenerates the ionic liquid and trans-
fers the iron(III) ions to the water phase as the highly soluble Fe(C2O4)3

3−

complex. The photograph shows the transfer of iron from the ionic
liquid phase (left) to the water phase (right).

Fig. 19 Overview of the proposed stripping process based on oxalic
acid precipitation of REE(III) and Co(II) ions and phase transfer of iron(III)
as a water-soluble oxalate complex. This process allows full recovery of
the ionic liquid. The cobalt can be removed by treating the mixed REE/
Co oxalate precipitate with aqueous ammonia.

Fig. 20 Salting-out of ionic liquid from water using Na2SO4. This way,
loss of ionic liquid can be avoided.
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ation pond in which the rate of incoming water is equal to the
evaporation rate, effectively keeping the Na2SO4 concentration
constant while continuously salting-out the ionic liquid from
the incoming waste water.

No regeneration or cleaning of the ionic liquid is necessary
because [Hbet][Tf2N] does not undergo anion exchange.
According to the Hofmeister series, Tf2N− cannot be displaced
by salt anions such as NO3

−, Cl− or SO4
2− which lie at the

opposite side of the Hofmeister series. High concentrations of
Na2SO4 will therefore not affect the purity of the ionic liquid.
Even at 3 M Na2SO4, the sulfate content in the ionic liquid was
below detection limit (TXRF). It was shown in previous work
that the ionic liquid also had an excellent thermal stability up
to 200 °C.22 This guarantees a good reusability and explains
why no loss of efficiency was observed after 3 leaching/strip-
ping cycles. An overview of the proposed recycling process is
shown in Fig. 21. This process recovers over 99% of the rare
earths in the NdFeB magnet with a purity >99.9 wt%, without
the need for solvent extraction. The ionic liquid was also fully
recovered to avoid contamination of the water phase. This
process is therefore a sustainable alternative compared to
mineral acid leaching and solvent extraction.

As a final remark it is interesting to discuss the possibility
of microwave heating of ionic liquids. In most of our experi-
ments, the ionic liquid was heated by a conventional heating
source. However, since the leaching of the REE oxides in the
ionic liquid requires heating (80–90 °C) over prolonged
periods of time, it is interesting to note that ionic liquids can
be heated in a very energy-efficient way by microwave

irradiation. Ionic liquids consist entirely of ions as opposed to
water or organic solvents which explains the very high adsorp-
tion of microwave radiation.22,64 Microwaves do not interfere
with the chemical dissolution process but provide a more
economical way to heat an ionic liquid in an industrial
context.42,43,64,65 Several reactor designs exist where the radi-
ation of an external microwave source is guided through a non-
magnetic hollow metal tube (waveguide) into the reaction
vessel.42 The immediate on/off behavior of microwave
irradiation and the fact that the liquid is heated from the
inside as opposed to conventional heating, is also useful for
process control and safety.42,64,66

Conclusion
The combined ionic liquid leaching/extraction system
described in this work is an innovative approach to NdFeB
magnet recycling. The process is based on the leaching of
(microwave) roasted NdFeB magnets in the carboxyl-functiona-
lized ionic liquid [Hbet][Tf2N]. The special thermomorphic
properties of the [Hbet][Tf2N]–H2O system cause the mixture
to be homogeneous during leaching at 80 °C (temperature
above the cloud point temperature) and biphasic when cooling
back down to room temperature. The formation of a biphasic
system induces metal separation where Fe(III) goes to the
ionic liquid phase and the REE(III) and Co(II) ions to the water
phase with high separation factors. Such a thermomorphic
leaching system offers many advantages and was studied in
detail, including the effect of inorganic salts on the metal dis-
tribution. Oxalic acid was used to precipitate the REE(III) and
cobalt(II) ions, while stripping iron(III) by back extraction as a
soluble iron oxalate complex. The cobalt was then removed
from the oxalate product using aqueous ammonia. The final
REE oxalate had a purity above 99.9 wt% and could be calcined
to obtain the pure oxides which can be used as precursors for
the production of new NdFeB magnets.58 The stripping step
also automatically regenerated the ionic liquid and a salting-
out method was designed (using Na2SO4) to exclude any loss
of ionic liquid or contaminate on of the water phase. There-
fore, this closed-loop system only generates little waste and
offers selectivity, mild conditions and reusability, which make
this a promising green technology for the targeted recovery of
REEs from NdFeB magnets. Considering the supply risk for
these elements (mainly Nd and Dy) and the high demand for
NdFeB magnets this technology could help to secure the
demand for these critical elements by providing a sustainable
and efficient alternative for the recycling of spent NdFeB
magnets.
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Antimony recovery from the halophosphate
fraction in lamp phosphor waste: a zero-waste
approach

David Dupont and Koen Binnemans*

Antimony is becoming an increasingly critical element as the supply-demand gap is expected to exceed

10% over the period 2015–2020. Antimony production is primarily concentrated in China (90%) and as

the industrial demand for this metal surges, attention has to turn towards the recovery of antimony from

(industrial) waste residues and end-of-life products in order to guarantee a sustainable supply of anti-

mony. Although lamp phosphor waste is usually considered as a source of rare earths, it also contains sig-

nificant amounts of antimony in the form of the white halophosphate phosphor (Ca,Sr)5(PO4)3(Cl,F):Sb
3+,

Mn2+ (HALO). HALO phosphor readily dissolves in dilute acidic conditions, making antimony far more

accessible than in the main production route which is the energy intensive processing of stibnite ore

(Sb2S3). HALO makes up 50 wt% of the lamp phosphor waste, but it has been systematically overlooked

and treated as an undesired residue in the efforts to recover rare earths from lamp phosphor waste. In this

paper, the feasibility of antimony recovery is discussed and an efficient process is proposed. The HALO

phosphor is first dissolved in dilute HCl at room temperature, followed by a selective extraction of anti-

mony with the ionic liquid Aliquat® 336. The remaining leachate is valorized as apatite which is a feed for

the phosphate and fertilizer industry. A zero-waste valorization approach was followed, meaning that no

residue or waste was accepted and that all the elements were converted into useful products. This paper

thus emphasizes the potential of lamp phosphor waste as a secondary source of antimony and describes

a sustainable process to recover it. The process can be integrated in lamp phosphor recycling schemes

aimed at recovering rare earths.

Introduction
The word antimony comes from the Greek “anti monos”,
meaning “never (found) alone” which explains why the metal
was only isolated and correctly identified in the 16th century
even though it had been known since ancient times as a cos-
metic product.1 The abundance of antimony in the earth’s
crust is 0.2 ppm, making this element scarcer than the heavy
rare-earth elements.2 Antimony (Sb) is mainly produced from
stibnite (Sb2S3) which is found in quartz veins.1 Today, 90% of
the global antimony supply is produced in China. This country
also holds the largest reserves.1 Antimony is mostly used in
the form of Sb2O3 as flame retardant due to its synergetic
effect with halogenated flame retardants. Sb2O3 has become
crucial to guarantee the safety of inherently flammable
materials such as plastics, coatings and electronics and takes
up the majority of the world’s antimony production. Sb2O3 is

also the main catalyst for the production of PET plastic and it
is used as additive in glass and ceramics. Antimony metal is
less important, although it is used in some types of lead
alloys.1 Due to its economic importance and high supply risk,
antimony was listed among the most critical elements in the
critical raw material report from the European Commission
(2014).3 The report forecasts that in the period 2015–2020 the
supply-demand gap for antimony will be the most severe
amongst all the considered strategic metals, exceeding 10% on
an annual basis. Due to the strong concentration of pro-
duction in China and the lack of new deposits, increasing
attention should go to the recovery of antimony from second-
ary sources such as industrial waste residues and end-of-life
consumer products. Recycling of critical metals and elemental
sustainability is becoming increasingly important as resources
become scarcer. In this context, lamp phosphor waste from
collected end-of-life fluorescent lamps can be very interesting
due to its relatively high antimony content (0.5–1 wt%) and its
known rare-earth content, which adds value.4–7 Stibnite ore
(Sb2S3) has an average grade of 2.7 wt%, but requires a lot of
energy and chemicals to extract the antimony.1 The antimony
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Heverlee, Belgium. E-mail: Koen.Binnemans@chem.kuleuven.be

176 | Green Chem., 2016, 18, 176–185 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 1
4 

Se
pt

em
be

r 2
01

5.
 D

ow
nl

oa
de

d 
on

 2
1/

01
/2

01
6 

12
:0

8:
05

. 

View Article Online
View Journal  | View Issue

79



in the lamp phosphor waste can be recovered in milder con-
ditions (room temperature, dilute acid) and contains far less
contaminants since lamp phosphors are synthesized using
high purity products.8–12 Stibnite ore often contains impurities
such as Pb, As and Fe.1

Lamp phosphors are fluorescent powders coated on the
inside of the glass and are responsible for the emission of
visible light in normal or compact fluorescent lamps
(CFLs).8–12 Their luminescence is based on the adsorption of
UV-radiation emitted by the mercury atoms in the gas filling of
the lamps. Two important classes of lamp phosphors can be
distinguished: the white halophosphate phosphors and the so-
called “tri-band” phosphors which use a mixture of red, green
and blue phosphors to generate white light. The white HALO
phosphor was invented in 1942 and large amounts of this
phosphor were produced as it found widespread use in fluo-
rescent tubes.8–10,12 Small differences exist, but it’s main struc-
ture is a fluoro–chloro apatite doped with manganese(II) and
antimony(III).8–10 Its luminescence and shade of white can be
adjusted by tuning the ratio of blue emitting antimony dopant
and orange emitting manganese dopant or the fluorine-to-
chlorine ratio.8–10,13 Some of the calcium can also be substi-
tuted by strontium to obtain narrower emission bands.8–10 The
tri-band phosphors are more recent and have largely replaced
halophosphate phosphors due to their better color rendering
index, higher efficiency and excellent stability. Tri-band phos-
phors are composed of separate red (YOX), blue (BAM) and
green (LAP/CAT) phosphors (Table 1), which together generate
white light.10 The tri-band phosphors were crucial for the
development of CFLs because the high wall temperature and
higher UV flux of these lamps would quickly degrade the less
resistant halophosphate phosphors. Their downside is that
they rely on expensive rare-earth elements (REEs) for their
luminescence, namely Eu(III), Tb(III) and Eu(II) for the red,
green and blue phosphors, respectively. As a compromise
between phosphor cost and performance, a double coating
scheme can be applied.10 A base layer of inexpensive and
more-easily-damaged halophosphate phosphor is coated with
a resistant REE phosphor blend in order to protect it from the
electron discharge and generate white light with high
efficiency and good color rendering index. Despite the fact that

since the 1990s the tri-band phosphors have largely replaced
HALO phosphor, enormous amounts of HALO have been pro-
duced over the years and are either still in use or have been
stockpiled or landfilled by recyclers.14,15 Today, processed
lamp phosphor waste contains around 50 wt% of HALO,
making it the largest component (Table 1).5

With annual sales of CFL’s topping 2.5 × 109 units per year
(2007), the volume of lamp phosphor waste is expected to grow
rapidly as fluorescent lamps reach their end-of-life.16,17 Fluo-
rescent lamps are considered as hazardous waste due to their
mercury content, and have to be collected separately.14,15

While the glass and metal in the lamps is often recycled, the
lamp phosphor powders are usually simply stockpiled or dis-
carded despite their significant critical metal content
(Table 1).14,15,18 However, the interest in this waste fraction has
been growing since the rare-earth crisis of 2011.15,19 The REEs
are present in the red (YOX), green (LAP/CAT) and blue (BAM)
tri-band phosphors and many studies have been carried out to
recover these valuable elements.14,15,18,20–27 Since 2012, the
recycling of REEs from fluorescent lamps is also carried out on
industrial scale by Solvay in France.5 However, the broadband
antimony-containing phosphor (Sr,Ca)5(PO4)3(Cl,F):Sb3+,Mn2+

(HALO) does not contain rare earths and is therefore usually
considered as a non-valuable residue even though it makes up
around 50 wt% of the lamp phosphor waste (Table 1).14,15,18 As
rare-earth prices have come down from their highs of 2011,
more attention should go to this halophosphate phosphor as a
potentially interesting secondary source of antimony. Anti-
mony is crucial for many growing applications as described
earlier but its recycling from end-of-life consumer waste has
not been considered so far. The recovery of antimony should
be integrated in REE recycling processes for fluorescent lamp
phosphor waste in the larger attempt to valorize this valuable
consumer waste product. The HALO content in these powders
is too large to ignore or discard as a useless side product. In
this paper, the feasibility of antimony recovery is discussed
and a new process is presented to efficiently recover the anti-
mony from the HALO phosphor using minimal amounts of
chemicals. The resulting product is pure Sb2O3, which is the
main commercial form of antimony and an apatite residue
which is the primary feedstock for the phosphate and fertilizer
industry. A zero-waste valorization strategy was followed,
meaning that no waste was tolerated and all of the elements in
HALO were valorized into useful products, not just antimony.
The process was developed using commercial HALO phosphor
in order to study the chemistry of this phosphor in detail.
However, the implementation of the HALO valorization
process in lamp phosphor recycling schemes is also discussed
in this paper.

Experimental
Materials and chemicals

The lamp phosphors (Ca,Sr)5(PO4)3(Cl,F):Sb3+,Mn2+ (HALO),
Y2O3:Eu3+ (YOX), LaPO4:Ce3+,Tb3+ (LAP) and BaMgAl10O17:Eu2+

Table 1 Overview of the approximate lamp phosphor waste compo-
sition and average stoichiometry of the different commercial
phosphors15

Name Formula Fractiona (wt%)

HALOb Ca4.86Mn0.10Sb0.04Sr0.004(PO4)3Cl0.10F0.90 50
YOX Y1.92Eu0.08O3 20
BAM Ba0.86Eu0.14MgAl10O17 5
LAP La0.60Ce0.27Tb0.13PO4 5
CAT Ce0.63Tb0.37MgAl11O19 5

a The remaining consists of SiO2 (fine glass particles) and Al2O3
(binder). b For convenience, a shorter formula for HALO is used in this
paper: (Sr,Ca)5(PO4)3(Cl,F):Sb

3+,Mn2+.
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(BAM) were purchased from Nichia (Japan) (>99%). The exact
composition of the commercial HALO is shown in Table 2.
CeMgAl11O19:Tb3+ (CAT), [A336][Cl] (Aliquat® 336) and SbCl3
(>99%) were obtained from Sigma-Aldrich (Diegem, Belgium).
HCl (37%) and H2SO4 (96%) were purchased from Acros
Organics (Geel, Belgium). NaOH (>99%) was purchased from
VWR (Leuven, Belgium). The silicone solution in isopropanol
was purchased from SERVA Electrophoresis GmbH (Germany)
and the indium standard solution (1000 ppm) from Merck
(Belgium). All chemicals were used as received without further
purification.

Equipment and characterization

A TMS-200 thermoshaker (Nemus Life) was used to facilitate
mixing of the samples and a centrifuge Heraeus Megafuge 1.0
was used to sediment the undissolved residue. The metal con-
centrations in the samples were determined by total reflection
X-ray fluorescence spectroscopy (TXRF) on a Bruker S2 Picofox
TXRF spectrometer equipped with a molybdenum source. For
the sample preparation, plastic microtubes were filled with an
amount of aqueous sample (100–200 mg) and 3 M HCl solu-
tion (200 µL) to avoid hydrolysis of Sb(III) ions. For the analysis
of the ionic liquid (IL) phase, smaller samples were taken
(50 mg) and diluted in EtOH (200 µL). Then, 50 µL of a
1000 ppm indium standard solution was added as an internal
standard. Indium was chosen as a standard because this
element has an X-ray energy very similar to both calcium and
antimony, which reduces the effects caused by adsorption of
secondary X-rays (matrix effects).28 The microtubes were vigor-
ously shaken on a vibrating plate (IKA MS 3 basic). Finally, a
2 µL drop of this solution was put on a quartz plate, previously
treated with a silicone/isopropanol solution (Serva®) to avoid
spreading of the sample droplet on the quartz plate. The
quartz plates were then dried for 30 min at 60 °C prior to ana-
lysis. Each sample was measured for 10 min.

Dissolution experiments

The solid material (e.g. HALO) was introduced in small glass
vials (4 mL) together with the desired acidic solution (2 mL). A
solid/liquid ratio of 25 mg g−1 was used in most experiments.
The samples were then shaken (2000 rpm) at 25 °C for a
certain amount of time (depending on the experiment).
Finally, the vials were centrifuged for 5 min (5000 rpm) to sedi-

ment the residue and a sample was taken from the super-
natant to determine the metal concentrations in solution
(TXRF).

Solvent extraction experiments

A batch of leachate (20 mL) was prepared by dissolving HALO
in 1 M HCl (25 mg g−1 solid/liquid ratio) and stirring the solu-
tion (500 rpm) at 25 °C until the dissolution was complete and
a clear solution was obtained (5–10 min). The aqueous lea-
chate was then divided into 2 g portions and contacted with
the water saturated ionic liquid phase (1 g) using 4 mL vials
with screw caps. The water-saturated IL was used to avoid
volume changes when contacted with the leachate during
solvent extraction experiments. The IL Aliquat® 336 was pre-
saturated with water by contacting a large batch of pure IL with
water, shaking it (1 h, 2000 rpm) and allowing it to phase sepa-
rate. The extraction vials were then shaken for 30 min
(2000 rpm) at 25 °C to guarantee a good mixing of the two
phases. Finally, the vials were centrifuged for 10 min
(5000 rpm) to accelerate phase separation and a sample was
taken of the aqueous and IL phase to determine the metal con-
centrations (TXRF).

Scrubbing and stripping experiments

The loaded IL phase (1 g) was contacted with an aqueous solu-
tion (1 g) containing NaCl for scrubbing experiments or NaOH
for stripping experiments. The vials were then shaken for
10 min (2000 rpm) at 25 °C. A sample of the IL phase was
taken to determine the remaining metal concentration in the
IL (TXRF).

Precipitation of the residue

The aqueous phase obtained after the extraction was used to
conduct these precipitation experiments. NaOH was added to
set the pH and the formed precipitate was settled by centrifu-
gation. A sample of the supernatant was taken after 10 min
and 24 h to determine the remaining metal concentrations
(TXRF) in the effluent.

Results and discussion
Feasibility of antimony recycling from lamp phosphor waste

Before describing the recycling process, we chose to first
discuss the feasibility of antimony recycling from lamp phos-
phor waste, as well as the general zero-waste valorization strat-
egy. The first hurdle to antimony recycling is that antimony is
only present in one phosphor (HALO). It is therefore important
to avoid co-dissolution of the other components in the lamp
phosphor waste as this would cause significant complications
(Table 1). Luckily, it is well-known that the HALO phosphor is
more easy to dissolve in acid than the other phosphors (HALO
> YOX ≫ LAP/CAT/BAM).5,15,18,29 This was confirmed by our
experiments in HCl solutions with separate commercial phos-
phors (Table 3).

Table 2 Composition of the HALO phosphor expressed in wt% and
mol%

Element Concentration (wt%) Concentration (mol%)

PO4 55.71 33.32
Ca 38.06 53.95
F 3.33 9.94
Sb 1.05 0.49
Mn 1.06 1.10
Cl 0.73 1.16
Sr 0.06 0.04
Total 100% 100%
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It is clear from these results that HALO is indeed more
easily dissolved than the other phosphors. Amongst the other
components, only YOX is partially dissolved. It is important to
avoid the co-dissolution of YOX since it is a valuable phosphor
and dissolving it together with HALO, which releases phospho-
ric acid, would cause the Y(III) and Eu(III) ions to reprecipitate
as water-insoluble phosphates: YPO4 and EuPO4 (Ksp ≈ 10−25)
(eqn (1) and (2)).30

ðY;EuÞ2O3 þ 6HCl ! 2ðY;EuÞCl3 þ 6H2O ð1Þ

ðY;EuÞ3þ þH3PO4 ! ðY;EuÞPO4ðsÞ þ 3Hþ ð2Þ

There are two ways to avoid partial co-dissolution of YOX
and the consequent loss of yttrium and europium. The first is
to minimize the dissolution of YOX by careful pH control (e.g.
5 min, pH 0), but this cannot fully exclude the dissolution of
YOX (Table 3),5,29 The other approach is to selectively remove
the YOX in a prior process step. This was not possible until
recently because of the faster dissolution of HALO in acidic
aqueous solutions. However, we recently developed a process
to achieve this in the carboxyl-functionalized ionic liquid
betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf2N],
which can selectively dissolve metal oxides such as YOX.27

This selective dissolution of YOX allows the direct recycling of
the most valuable component in the lamp phosphor waste and
has the additional advantage of removing YOX from the lamp
phosphor waste so that in a next step, HALO can be dissolved
quickly and selectively in acid.27 The antimony recovery
process described in this paper, can then be applied without
further complications. This way, the valorization of HALO can
fit in a general rare-earth recycling scheme for lamp phosphor
waste, finally allowing the valorization of this major com-
ponent of the lamp phosphor waste (50 wt%), instead of dis-
carding it as a non-valuable waste residue.5,15,20

Waste valorization strategy

The aim of this work was to recover antimony from the HALO
phosphor using a zero-waste approach.31 This is a key process
requirement since it is not desirable to end up with more
waste than the waste that is being treated in the first place.
The key to HALO valorization lies in its resemblance to the
industrially very important phosphate rock.31–37 The phosphor

Ca5(PO4)3(Cl,F):Sb3+,Mn2+ (HALO) has a typical apatite struc-
ture, in which some of Ca(II) ions are substituted by Sb(III) and
Mn(II) ions.8–10 Apatites have the general formula Ca5(PO4)3X
(X = OH, F, Cl) and are the main component of phosphate rock
which is the primary source of phosphoric acid and phos-
phate-based fertilizers.31–37 The importance of phosphate rock
for the fertilizer industry is based on the H2SO4 (eqn (3)),
H3PO4 (eqn (4)) or HNO3 (eqn (5)) route .37

Ca5ðPO4Þ3Xþ 5H2SO4 þ 10H2O !
3H3PO4 þ 5CaSO4 $2H2OþHX

ð3Þ

Ca5ðPO4Þ3Xþ 7H3PO4 ! 5CaðH2PO4Þ2 þHX ð4Þ

Ca5ðPO4Þ3Xþ 10HNO3 ! 5CaðNO3Þ2 þ 3H3PO4 þHX ð5Þ

The sulfuric acid route yields phosphoric acid and phos-
phogypsum, while the phosphoric acid route directly forms a
phosphate fertilizer with the formula Ca(H2PO4)2, called triple
superphosphate (TSP) (Fig. 1).37 The nitric acid route is less
common but can be used to avoid phosphogypsum formation.
Ammonia and potash can be used to obtain NP and NPK ferti-
lizers (Fig. 1).37 Phosphate rock digestion is also an industrial
production route for hydrofluoric acid (HF). An important
drawback of phosphate rock is that it usually contains traces of
heavy metals (e.g. Cd, As, Pb) and radioactive elements such as
U, Th and Ra.31,37,38 The fast depletion of phosphate rock
reserves is also a major concern as it is the cornerstone of the
entire phosphate and fertilizer industry.31–37

Therefore we have developed a process which not only
recovers the valuable and critical antimony from the HALO,
but also amounts to a pure calcium phosphate product which
can be integrated in the phosphate industry. The absence of
radioactive elements in the HALO phosphor, make it an inter-
esting source of phosphate and phosphoric acid. The pro-
duction of new HALO phosphor has also faded out as this
lamp phosphor has been replaced by the rare-earth containing
tri-band phosphors. This means that the recycling of HALO
present in lamps and waste stockpiles can be a net input to
the phosphate cycle.31–37

Dissolution of HALO

Having discussed the general feasibility and strategy of the
valorization process, we now describe in detail a potential recy-
cling scheme. The first step is to dissolve the HALO and obtain

Table 3 Time required for full dissolution of HALO in a 25 mg g−1 solu-
tion. The dissolutions were carried out at 25 °C while shaking
(2000 rpm) at constant pH (HCl). The dissolution of the other phosphors
in the same conditions (but in separate vials) is also shown

pH
Time for full HALO
dissolution (min)

YOX leaching
(wt%)

LAP/CAT/BAM
leaching (wt%)

0 5 2.7 (5 min) <D.L.a (5 min)
0.25 25 8.3 (25 min) <D.L.a (25 min)
0.50 60 11.8 (60 min) <D.L.a (60 min)
1.00 Partial hydrolysis Sb

aDetection limit for rare-earths elements in TXRF < 10 ppb.

Fig. 1 Main industrial production routes for phosphate fertilizers.
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a stable leachate. HCl and H2SO4 were considered since these
are cheap and largely available acids. HNO3 is not a good
choice as antimony(III) nitrate solutions are less stable and
nitrate effluents have a large impact on the environment.39

When dissolving HALO in HCl, highly soluble Ca(II), Mn(II)
and Sb(III) chlorides are formed (eqn (6)). The dissolution
mechanism of apatites has been studied in detail, but at low
pH values (pH < 0.5) it is sufficient to consider the full dis-
solution reactions as it occurs fast.40,41

Ca5ðPO4Þ3ðCl;FÞ : Sb
3þ;Mn2þ þ xHCl !

5CaCl2 þ 3H3PO4 þ SbCl3 þMnCl2 þHF
ð6Þ

Raising the pH above 1 causes precipitation of insoluble
Ca(II), Sb(III) and Mn(II) phosphates and also hydrolysis of
Sb(III) ions.1,42–47 The room temperature hydrolysis of Sb(III)–
HCl solutions was studied in detail by Hashimoto et al. and
they showed that at low pH (1–4) Sb(III) ions are hydrolyzed to
form SbOCl(s) and Sb4O5Cl2(s), and above pH 4.5 Sb2O3(s) is
formed.47 Unfortunately, controlled hydrolysis of Sb(III) to
isolate the antimony, is not an option in this case since the
hydrolysis is incomplete at low pH and increasing the pH
above pH 2 will cause parrallel precipitation of calcium and
manganese phosphates. Therefore, the best strategy was to
obtain a stable leachate, which could be further purified by
solvent extraction. The experiments were carried out for lea-
chates with a HALO content of 25 g L−1, but the solid/liquid
ratio can be further increased since the solubility of these
chloride salts is very high. If H2SO4 is used instead of HCl,
calcium is precipitated as insoluble CaSO4(s)·2H2O (eqn (7)).

Ca5ðPO4Þ3ðCl; FÞ : Sb
3þ;MnðsÞ

2þ þ xH2SO4ðaqÞ

! 5CaSO4 $2H2OðsÞ þ 3H3PO4ðaqÞ þ Sb2ðSO4Þ3ðaqÞ
þMnSO4ðaqÞ þHFðaqÞ

ð7Þ

At 1 N acid, HALO is fully dissolved in both HCl and H2SO4,
but calcium is precipitated with H2SO4 (Fig. 2). The removal of

calcium with H2SO4 could be useful due to the large excess of
calcium ions (110 : 1 : 2 Ca : Sb : Mn mol ratio).48,49 In aqueous
sulfate solutions the remaining solubility of calcium is
approximately 2000 ppm., but this can lowered by adding
ethanol which decreases the solubility of CaSO4 (Fig. 3).50 In a
1 : 1 vol/vol EtOH–H2O solution, the soluble calcium could be
reduced to 10 ppm in this HALO leachate.

The absence of calcium in the leachate is advantageous,
but the HCl dissolution route (1 M, 10 min) is still preferred,
because in the sulfuric acid process large amounts of
CaSO4·2H2O are created as a useless residue. Extraction of
antimony with basic extractants from sulfate media is also less
efficient than from chloride media.51,52 Antimony forms
strong chloride complexes and can therefore be extracted as
tetrachloroantimonate(III) complex SbCl4−.52,53 No waste
residue is created with the HCl route, since neutralization of
the HCl leachate with NaOH will precipitate a valuable calcium
phosphate apatite product and a NaCl-containing effluent
which can be discarded in sea water.

Separation of antimony

We previously mentioned that controlled hydrolysis of Sb(III) is
not an option to isolate the antimony, because the hydrolysis
is incomplete at low pH and increasing the pH above 2 will
also cause precipitation of calcium and manganese phos-
phates. Therefore, antimony must be removed by other means
such as solvent extraction or selective electrodeposition of anti-
mony metal. The latter will not be discussed in this work as
the demand for antimony metal is much lower than the
demand for antimony(III) oxide.1 Electrodeposition of anti-
mony metal in water can also cause formation of highly toxic
stibine gas (SbH3) in certain conditions.54 Therefore, selective
extraction of the Sb(III) ions is the best option. Sb(III) removal
by solvent extraction has been studied previously, although the
main focus has been to separate antimony from heavy and pre-
cious metal ions (Cd(II), Pb(II), Sn(II), Te(IV), Se(IV), Bi(IV), As(III), …)
and from Cu(II) electroplating solutions.51,52,55–65 Most studies

Fig. 2 Dissolution of HALO (25 mg g−1) in increasingly concentrated
HCl and H2SO4 solutions. The samples were shaken (2000 rpm) for 1 h
at 25 °C.

Fig. 3 Influence of the EtOH–H2O ratio on the dissolution of HALO
with 1 N H2SO4. The samples were shaken (2000 rpm) for 1 h at 25 °C.
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have focused on the use of neutral and acidic organopho-
sphorus extractants or the use of secondary and tertiary
amines as basic extractants (eqn (9) and (10)).51,52,55–65 These
extractants are usually dissolved in organic solvents such as
toluene, xylene or kerosene. Some studies have also proposed
the use of ion exchange resins and sorbents but these are
restricted to the removal of trace amounts of antimony from
wastewater.66–68 While solvent extraction is certainly promising
for the separation of Sb(III), the use of volatile and flammable
organic solvents and highly concentrated acidic solutions
often limits their applicability. Here, we propose the use of an
ionic liquid (IL) as organic phase to selectively extract the Sb(III)
ions from the leachate in mild conditions. Ionic liquids are
ideal replacements for organic solvents in solvent extraction
processes since they are reusable, non-volatile and non-flam-
mable compounds. The commercial ionic liquid Aliquat® 336
was used here (undiluted). This ionic liquid consists mainly of
trioctyl(methyl)ammonium chloride [N8881][Cl] but is in fact a
mixture of C8 and C10 chains with C8 predominating. It is
abbreviated here as [A336][Cl]. Aliquat® 336 has been used
previously for solvent extraction studies of a wide variety of
metal ions.53,69 It is a basic extractant, which means it extracts
the Sb(III) ions as the anionic complex SbCl4− (eqn (8)).51–53

½A336"ClðILÞ þ SbCl4&ðaqÞ ! ½A336"½SbCl4"ðILÞ þ Cl&ðaqÞ ð8Þ

This mechanism is similar to the one observed for second-
ary and tertiary amine extractants (eqn (9) and (10)).51–53

R3NðorgÞ þHClðaqÞ ! ½R3NH"½Cl"ðorgÞ ð9Þ

½R3NH"½Cl"ðorgÞ þ SbCl4&ðaqÞ ! ½R3NH"½SbCl4"ðorgÞ þ Cl&ðaqÞ

ð10Þ

However, secondary and tertiary amines are generally less
efficient than quaternary ammonium extractants such as the
ionic liquid Aliquat® 336 and require higher chloride concen-
trations.53 The extraction of Sb(III), Ca(II) and Mn(II) by
Aliquat® 336 was tested on a HALO leachate which was pre-
pared by dissolving HALO (25 g L−1) in a diluted HCl solution
(1 M). The composition of the leachate is shown in Table 4.

The leachate was then contacted with water-saturated ionic
liquid in a 2 : 1 leachate/IL phase ratio (wt : wt) and shaken
10 min (2000 rpm) at room temperature. The metal concen-
trations in the IL phase and the aqueous phase were measured
by TXRF to determine the percentage extraction %E (eqn (11)).

%E ¼ nIL
nIL þ naq

ð11Þ

Here, nIL and naq are the number of moles in the IL phase
and aqueous phase after extraction, respectively. First, the per-
centage extraction is plotted versus the chloride concentration
by addition of NaCl to the aqueous phase (Fig. 4). The extrac-
tion of Sb(III) ions is very strong from the HCl leachate and
100% extraction efficiency is observed even without addition
of NaCl. Mn(II) ions are only extracted at very high chloride
concentrations as the complex MnCl4−.53 Ca(II) and Sr(II) ions
do not form anionic chloro complexes in these conditions,
and are therefore barely extracted in these conditions.

The fact that the quaternary ammonium IL Aliquat® 336
allows direct extraction of Sb(III) from the HCl leachate without
addition of extra NaCl or HCl, is a significant improvement
compared to the use of secondary and tertiary amine extrac-
tants which require higher HCl concentrations to fully extract
Sb(III).51–53 The use of an ionic liquid also eliminates the need
for volatile and flammable organic solvents which reduces the
environmental impact of the process. A pure ionic liquid
phase is therefore preferred, but sometimes addition of an
organic diluent such as toluene can be advantageous for
example to diminish the viscosity in order to accelerate the
extraction kinetics and facilitate phase separation. Diluting the
IL with toluene did not significantly influence the extraction
percentage of antimony (SbCl4−) (Fig. 5).

When the extraction is carried out directly from the leachate
with a pure ionic liquid, the Ca(II) and Mn(II) extraction
efficiency is 0.98% and 1.03%, respectively. This may seem
low, but due to the large excess of Ca(II) in the leachate this is
actually a large amount and it has to be removed in order to
obtain a pure Sb2O3 end-product. Therefore, a scrubbing step
is required, where the IL is contacted with an aqueous solution

Table 4 Metal concentrations in the leachate (mg L−1) after dissolving
HALO (25 g L−1) in a diluted HCl solution (1 M). The dissolution was
carried out room temperature while stirring (500 rpm) for 10 min

Ion Concentration (mg L−1)

Ca(II) 9515
Sr(II) 15
Sb(III) 263
Mn(II) 265

Fig. 4 Percentage extraction (%E) of Sb(III), Mn(II), Ca(II) and Sr(II) ions as
function of the addition of NaCl to the HALO leachate (the aqueous
phase). The HALO leachate was prepared by dissolving 25 g L−1 of HALO
in 1 M HCl. A 2 : 1 phase ratio (wt : wt) was used for the aqueous phase
and the IL phase [A336][Cl].
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in order to remove the unwanted elements: Mn(II) and Ca(II)
and the co-extracted HCl from the IL. Different scrubbing solu-
tions were tested, but NaCl (1 M) is the best as it removes
>99.9% of the Ca(II) and Mn(II) while keeping Sb(III) in the IL
(Table 5).

Next, the Sb(III) ions have to be removed (stripped) from the
IL. This can be done by contacting the IL phase with an alka-
line aqueous phase to transfer the Sb(III) ions to the water
phase. Ammonia and NaOH solutions are frequently used
bases for stripping of Sb(III) from amine extractants.52 Depend-
ing on the pH, the Sb(III) ions can then be hydrolyzed and pre-
cipitated as SbOCl(s) or Sb2O3(s). The stripping also
simultaneously regenerates the IL (eqn (12) and (13)).46,47

NaOH is preferred here as it forms a (non-toxic) NaCl effluent.

½A336"½SbCl4" þ 2NaOH ! ½A336"½Cl" þ SbOClðsÞ þ 2NaClþH2O

ð12Þ

2½A336"½SbCl4" þ 6NaOH ! 2½A336"½Cl" þ Sb2O3ðsÞ þ 6NaClþ 3H2O

ð13Þ

Fig. 6 shows the remaining antimony content in the IL after
contacting the Sb(III)-loaded IL with a NaOH-containing
aqueous phase. The stripping is sufficiently efficient (>99.99%)
above pH 7. Higher pH values are not needed, since the
further improvement in stripping efficiency is negligible.

The precipitation of Sb2O3 from aqueous chloride solutions
at pH 4.5–12 is the main hydrometallurgical pathway to Sb2O3

and has been sufficiently demonstrated.1,42–47 It is widely used
in the purification of antimony and the production of high-
quality Sb2O3.1,42–47 The resulting Sb2O3 product, is the most
important commercial form of antimony as it accounts for
more than 90% of the antimony market. An important advan-
tage of recovering antimony from lamp phosphor waste is that
lamp phosphor waste contains much less contaminants com-
pared to stibnite ore which is frequently polluted with
elements such as lead, arsenic, iron and copper. The purity of
the final Sb2O3 precipitate was >99.99 wt% with calcium and
manganese levels below detection limit for TXRF (10 ppb and
1 ppb, respectively).

Zero-waste valorization of the residue

The HALO leachate (pH 0–0.5), from which the antimony has
been initially extracted, is not discarded as waste but is neu-
tralized with NaOH to obtain a clean effluent and a valuable
residue. Fig. 7 shows the remaining concentration of calcium
and manganese in the leachate as function of pH. At pH 7 (the
desired effluent pH), the remaining manganese concentration
is below detection limit of TXRF (1 ppb).70 Calcium removal is
not complete at pH 7 (≈85% removal), because at this pH
calcium phosphates are still partially soluble.71,72 However,
since calcium is not toxic, it is more favorable to emit the
manganese-free NaCl/CaCl2 effluent at pH 7 than to further
increase the pH to remove the remaining calcium ions. The
effluent is certainly free of fluoride at pH 7 due to large excess
of Ca(II) ions and the low solubility of CaF2 (Ksp = 3.9 × 10−11).

The composition of the effluent (excluding NaCl) and the
maximum contaminant levels (MCL) allowed in drinking water
in the USA, are shown in Table 6.73 Note that the quality
requirements are stricter than the ones applicable to the dis-
posal of wastewater. The effluent meets all regulatory limits

Fig. 5 Influence of toluene in the IL phase on the extraction of Sb(III),
Mn(II) and Ca(II) ions. The extraction was done from a HALO leachate,
prepared by dissolving 25 g L−1 of HALO in 1 M HCl. A 2 : 1 phase ratio
(wt : wt) was used for the aqueous phase and the IL phase [A336][Cl].

Table 5 Scrubbing (removal) efficiency (%) for Sb(III), Mn(II) and Ca(II)
from the ionic liquid using different scrubbing solutions

Scrubbing solution Sb (%) Mn (%) Ca (%)

H2O 4.5 >99.9 88.9
HCl (1 M) 1.1 >99.9 93.4
NaCl (1 M) <0.1 >99.9 > 99.9

Fig. 6 Stripping of Sb(III) ions from the ionic liquid phase as function of
the equilibrium pH, using a water phase with increasing amounts
of NaOH.
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and can therefore be discarded in the sea.73 Seawater contains
35 g L−1 (0.6 M) of NaCl on average.74

The precipitate evolves over time as it ripens and this is
accompanied by a decrease of the pH (Fig. 7). The main
species to precipitate out of solution around pH 7 are CaHPO4

(eqn (14)) and a mixture of chloro-, fluoro- and hydroxoapatite:
Ca5(PO4)3(OH,F,Cl) (eqn (15)).71,72

CaCl2 þH3PO4 þ 2NaOH ! CaHPO4ðsÞ þ 2NaClþ 2H2O ð14Þ

5CaCl2 þ 3H3PO4 þ 10NaOH !Ca5ðPO4Þ3ðOHÞðsÞ
þ 10NaClþ 9H2O

ð15Þ

Manganese is co-precipitated and the stages of manganese
precipitation can be visualized by the color change of the pre-
cipitate (Fig. 8). Below pH 2, no precipitation occurs and the
solution is clear. Between pH 3 and 5 the Mn(II) ions are par-
tially coprecipitated with the calcium phosphate, resulting in
the typical pink color of Mn(II) salts. Above pH 7, manganese
is fully removed as Mn(OH)2(s), which is cream colored and
gradually turns brown upon standing (especially at high pH)
due to the oxidation of Mn(II) and formation of Mn2O3.75 Note

the strong color of the precipitate despite the small manganese
content (<1 wt%).

The calcium phosphate precipitate can be used in the phos-
phate and fertilizer industry since it is very similar to phos-
phate rock which is also a mixture of calcium phosphates and
apatites.31–37 Phosphate rock is the primary industrial feed for
the production of phosphoric acid, phosphate fertilizers and
hydrofluoric acid.37 The small amounts of manganese in the
precipitate can be removed in a separate step, but it may be
more interesting to keep it since manganese is an important
plant micronutrient.76 The high purity of the recycled apatite,
contrasts with the apatite in phosphate rock which contains
traces of As, Pb and Cd.31,37,38 Phosphate rock is also known
for its radioactivity caused by U, Th, Ra and their decay pro-
ducts.31,37,38 The precipitate produced in this process is thus a
welcome source of phosphate. An overview of the entire
process is shown in Fig. 9.

Note that in this process only HCl and NaOH are consumed
and no waste is created except the NaCl effluent. The ionic
liquid [A336][Cl] is entirely reusable and non-volatile so no
losses occur. This recycling process for the recovery of critical
antimony from the HALO lamp phosphor is therefore a good
example of a zero-waste valorization approach. It is in theory

Fig. 7 The remaining metal concentration in solution is shown to
evaluate the precipitation of the apatite residue as function of pH. The
initial pH of the leachate after extraction was 0.37 and the pH was
increased by using NaOH.

Table 6 Composition of the effluent (pH 7) as well as the maximum
contaminant levels (MCL) permitted in drinking water (USA)73

Element Effluent (mg L−1) MCL (mg L−1)

Ca 1405 No regulatory limit
Sr 15 No regulatory limit
Sb <0.005 0.006
Mn <0.001 0.05
F <0.02 4
P <0.1 No regulatory limit

Fig. 8 Precipitation of the remaining elements present in the leachate
after extraction of antimony. The pH was adjusted with NaOH.

Fig. 9 Schematic overview of the proposed recycling process. After full
dissolution in diluted HCl, the antimony is selective extracted from the
leachate using the ionic liquid Aliquat® 336 and pure Sb2O3 is obtained
after scrubbing and stripping. The remaining elements in the leachate
are then reprecipitated as an apatite which can serve as feedstock in the
fertilizer industry. The only waste of this process is an aqueous NaCl
effluent which can be discarded in the sea.
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also possible to regenerate HCl and NaOH by electrolysis of
the NaCl solution in a membrane cell (eqn (16)), followed by
the recombination of H2 and Cl2 to form HCl (eqn (17))

2NaClþH2Oþ EðVÞ ! 2NaOHþH2 þ Cl2 ð16Þ

Cl2 þH2 ! 2HCl ð17Þ

This would result in a completely closed-loop recycling
process as the reagents can be regenerated from the effluent
and only energy would be consumed. Although the electrolysis
of NaCl and synthesis of HCl is carried out in this way indust-
rially on very large scale, it is probably more interesting for
medium-sized recycling plants to purchase HCl and NaOH
and discard the clean NaCl solution in the sea.

Conclusion
Halophosphate is the largest component in lamp phosphor
waste (50 wt%), but is usually discarded as a non-valuable
residue in rare-earth recycling even though it contains indust-
rially important antimony. The increasing supply risk for anti-
mony combined with decreasing rare-earth prices should turn
the attention of researchers to the valorization of this lamp
phosphor waste component. Here, a process is proposed to
efficiently recover the antimony (>99.99 wt% purity) and to
valorize the remaining elements as a high-quality feedstock for
the phosphate industry. This green process operates at room
temperature and no waste is created except a NaCl effluent,
which makes it a more sustainable source of antimony than
the energy-intensive processing of stibnite ore. The process
can be integrated in lamp phosphor recycling schemes aimed
at recovering rare earths. The main advantage of this step-wise
and selective approach to lamp phosphor recycling is that less
chemicals and energy are consumed to obtain pure end-pro-
ducts. Selective valorization of the most valuable components
is a better strategy than full dissolution followed by separation,
when dealing with a highly complex feedstock such as lamp
phosphor waste. It is our hope that this paper will highlight
the potential of lamp phosphor waste as an overlooked source
of antimony and stimulate the inclusion of antimony recovery
in future lamp phosphor waste recycling schemes.
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Abstract Antimony has become an increasingly critical
element in recent years, due to a surge in industrial demand

and the Chinese domination of primary production. Anti-

mony is produced from stibnite ore (Sb2O3) which is pro-
cessed into antimony metal and antimony oxide (Sb2O3).

The industrial importance of antimony is mainly derived

from its use as flame retardant in plastics, coatings, and
electronics, but also as decolourizing agent in glass, alloys

in lead-acid batteries, and catalysts for the production of

PET polymers. In 2014, the European Commission high-
lighted antimony in its critical raw materials report, as the

element with the largest expected supply–demand gap over

the period 2015–2020. This has sparked efforts to find
secondary sources of antimony either through the recycling

of end-of-life products or by recovering antimony from

industrial process residues. Valuable residues are obtained
by processing of gold, copper, and lead ores with high

contents of antimony. Most of these residues are currently
discarded or stockpiled, causing environmental concerns.

There is a clear need to move to a more circular economy,

where waste is considered as a resource and zero-waste
valorization schemes become the norm, especially for rare

elements such as antimony. This paper gives a critical

overview of the existing attempts to recover antimony from
secondary sources. The paper also discusses the possibility

of waste valorization schemes to guarantee a more sus-

tainable life cycle for antimony.

Keywords Antimony ! Recovery ! Recycling ! Secondary
sources

Introduction

The history of antimony goes back to as early as 3100 BC,

when it was used by the Egyptians as cosmetic in the form

of black Sb2S3 [1]. Antimony was later used by alchemists
in the form of antimony oxychloride SbOCl, which acted as

a powerful emetic and thus became known as ‘‘mercury of

life’’ or ‘‘algarot’’ [2]. The etymology of the current name
‘‘antimony’’ is still subject of discussion. Some believe it

comes from the Greek word antimonos (‘‘never found
alone’’), others have suggested it is derived from the greek

word anthos (‘‘flower’’), due to the petal-like appearance of

stibnite ore, and some even argued that it is derived from
the Greek word anti-monachos or the French word anti-

moine (‘‘against monks’’), which could refer to the poi-

sonous properties of antimony and the fact that many early
alchemists were monks [1, 2]. Despite its long history,

antimony metal was isolated and identified as late as the

16th century. Today, antimony is used in a wide variety of
products and processes. It is mainly produced from stibnite

The contributing editor for this article was Diran Apelian.

& Koen Binnemans
Koen.Binnemans@chem.kuleuven.be

David Dupont
David.Dupont@chem.kuleuven.be

Sander Arnout
sander.arnout@inspyro.be

Peter Tom Jones
Peter.Jones@mtm.kuleuven.be

1 Department of Chemistry, KU Leuven, Celestijnenlaan 200F,
P.O. Box 2404, 3001 Heverlee, Belgium

2 InsPyro NV, Kapeldreef 60, 3001 Heverlee, Belgium

3 Department of Materials Engineering, KU Leuven,
Kasteelpark Arenberg 44, P.O. Box 2450, 3001 Heverlee,
Belgium

123

J. Sustain. Metall. (2016) 2:79–103

DOI 10.1007/s40831-016-0043-y

90



ore (Sb2S3), but also occurs as oxide (Sb2O3), and as anti-

monides and sulphoantimonides of metals like lead, copper,
zinc, silver, and gold [3]. Antimony is mainly used in the

form of Sb2O3, as flame retardant in plastics, coatings, and

electronics, due to its synergetic effect with halogenated
flame retardants, which minimizes the amount of halo-

genated flame retardant required [4]. This application takes

up the majority of the world’s antimony production [4, 5].
Antimony is also used in catalysts for the production of

polyethylene terephthalate (PET) polymers and as additive
in glass in the form of sodium antimonite, which acts as a

decolourizing agent for optical glass in cameras, photo-

copiers, binoculars, and fluorescent light tubes [3, 6].
Antimony metal is used as a hardener in lead alloys such as

the lead electrodes in lead-acid (LA) batteries [1, 7]. The

average antimony content of automotive battery alloys has
declined from 7 to 1.6 % in recent years, as Ca, Al, and Sn

alloys have been used as replacements. However, the

increasing car sales partly compensate for the declining use
of antimony in LA batteries [5, 7]. Other minor uses include

paint pigments (Sb2O3, Sb2S3, Sb2S5), semiconductors (e.g.,

AsSb, GaSb, InSb), IR-reflecting camouflage paints
(Sb2S3), matchboxes (Sb2S3), and vulcanizing agents in the

production of red rubber (Sb2S5) [2, 7]. Antimony com-

pounds are also used in certain phosphors (for instance the
halophosphate lamp phosphors), pesticides, ammunition,

and medicine [7]. Overall, it is estimated that the global

antimony consumption is distributed to flame retardants
52 %, lead alloys and lead-acid batteries 38 %, catalysts for

the production of polyethylene terephthalate (PET) 6 %,

and chemicals, ceramics, and glass less than 3 %, down
from 13 % in 2000 [3]. More detailed overviews of the

antimony market and applications can be found in industry

reports and government reports [3, 5].
Antimony mining is currently dominated by China

(&78 % of global production), which also holds the largest

reserves (Table 1) [1]. The dependence on China, com-
bined with the strong industrial demand for antimony, has

raised concerns over the supply security, especially since

the abundancy of antimony in the earth’s crust is quite low

(0.2 ppm) and current reserves (1,800,000 t) allow for only

10–11 more years of production at the current speed
(Table 1) [8].

Figure 1 shows the distribution of primary and secondary

production as well as the portion of illegal (non-reported)
primary mining based on a 2011 consulting report [3].

Despite the presence of some deposits, no antimony is

currently mined in Europe or in the U.S.A. [1, 7].
These observations have led the European Commission

to highlight antimony as a critical raw material in 2014,
with an expected supply–demand gap exceeding 10 % over

the period 2015–2020, which is the highest amongst all

critical metals [9]. The processing of antimony ores and the
production of antimony metal is also concentrated in

China, due to its high smelting capacity. Most of the

antimony industry in Europe and the U.S.A. is therefore
dependent on the import of Chinese antimony metal and is

focused on the production of high-purity products and

applications.
The aim of this paper is to give an overview of anti-

mony-containing waste streams and to analyze their

potential as secondary sources of antimony. Furthermore,
the existing valorization methods are discussed as well as

the environmental hazard associated with antimony.

Finally, an overview is given of the existing water purifi-
cation and air treatment methods to recover traces of

antimony and avoid unwanted release of antimony into the

environment. Secondary supply, through recycling and
valorization of industrial residues could be a solution to

ensure a more secure long-term supply of antimony [9].

Secondary production of antimony could also make Europe
and the U.S.A. less reliable on Chinese antimony, thus

lowering geopolitical risks. Roskill Consulting estimated

that in 2010 around 20 % of the global antimony supply
originated from secondary production [3]. Today, sec-

ondary production of antimony is mainly restricted to the

recycling of antimony-containing lead alloys from lead-
acid battery recycling plants [3]. However, interesting

future secondary sources could include industrial residues

(e.g., mine tailings, process residues, manufacturing scrap)
from the production of lead, copper, gold, and antimony

[7]. The large production volumes, especially for copper

and lead, mean that these residues have the potential to
replace a large portion of the primary antimony production

[7]. Secondary antimony sources also include end-of-life

products such as lead-acid batteries, plastics with anti-
mony-containing flame retardants, antimony-containing

glass, and phosphor powders from spent fluorescent lamps

[7]. At this moment, only lead-acid batteries are being
recycled on a large scale [10, 11]. Antimony could also be

recycled from spent fluid catalytic cracking (FCC) catalysts

or from catalysts used for the production of PET polymers
[12]. Finally, efforts have been made to recover antimony

Table 1 Antimony world mine production and reserves (tons) in
2014 [8]

Country Mine production 2014 Reserves (recoverable)

China 125,000 950,000

Burma 9000 NA

Russia 7000 350,000

Bolivia 5000 310,000

Tajikistan 4700 50,000

Other 8300 177,000

Total 160,000 1,800,000
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from landfills and municipal solid waste incineration

(MSWI) ashes [13–15]. A schematic overview of the

antimony life cycle, with its waste streams and possible
recycling routes, is depicted in Fig. 2.

Recovery from Industrial Residues

Antimony Production

The primary production and metallurgy of antimony has

been reviewed by Anderson (2012) [1]. However, in order
to discuss the secondary production of antimony from

industrial residues, a short overview must be given here of

the main production routes, process residues, and metal-

containing waste streams. The main pyro- and hydromet-

allurgical pathways to produce antimony metal and anti-
mony oxide (Sb2O3), are shown in Fig. 3.

Hydrometallurgical methods are based on two steps:

leaching (alkaline sulfide or acidic chloride system), fol-
lowed by the electrodeposition of antimony metal at the

cathode, or hydrolysis with NaOH or NH4OH to produce

Sb2O3 [1]. At this moment, mainly pyrometallurgical
processes are used, but hydrometallurgical processes based

on alkaline sulfide leaching have been employed industri-

ally in the former Soviet Union, China, Australia, and the
United States [1]. Alkaline sulfide technology has the

advantage of having a high selectivity toward antimony,

Secondary 
production

20%

China (official)
57.4%

China 
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19.4%

Russia
4.2%

Myanmar
3.8%Canada

3.6%

Tajikistan
3.4%

Bolivia
3.2%

Other
5%

Primary 
production

80%

Fig. 1 Distribution of antimony
ore production in 2010 (196,484
t), using data compiled by
Roskill [3]

Sb metalPrimary Sb ores
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Produc!on (1)
Waste streams (2)
Recycling (3)Mine tailings Process residue Manufacturing scrap

Product manufacturing
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LA ba!eries
….
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Fig. 2 Schematic overview of the antimony life cycle, which
includes (1) the main value chain between primary mining and final
disposal, (2) the major waste streams, and (3) the possible secondary

antimony production routes through recycling and recovery of
antimony-containing waste (Color figure online)
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and having less issues with corrosion. However, a consid-

erable amount of research and pilot-scale work has been
undertaken to utilize chloride-based technology [1, 16, 17].

A more detailed overview of the pyrometallurgical path-

ways and process residues is given in Fig. 4.
A stibnite concentrate is first produced by grinding,

milling, flotation, and gravity concentration [1]. These

steps are usually carried out close to the mining site, and
result in Sb-containing mine tailings. Depending on the

grade of antimony in the concentrate, different pyromet-

allurgical methods can be used to extract antimony [1]. For
low-grade ores (5–25 % Sb), oxide volatilization is used.

The ores are roasted at 1000 !C, and the volatile Sb2O3 is

recovered. Intermediate grade ores (25–40 % Sb), and Sb-
rich residues, slags, mattes, and flue dusts are smelted in a

blast furnace at 1300–1400 !C which produces antimony

metal, SO2 gas, and a slag. Sb-rich ores (45–60 % Sb) can

be treated by liquation and iron precipitation. Liquation
consists of heating the ore to 550–600 !C under a reducing

atmosphere, to extract liquid Sb2S3 from the ore. This

product is called crude, liquated, or needle antimony. The
liquation residue (12–30 % Sb) can be treated to further

improve the recovery of antimony. The iron precipitation

method is used to produce antimony metal from concen-
trated antimony ores or from the crude antimony issued

from the liquation process. In this process, scrap iron is

added to molten Sb2S3 to displace the antimony in order to
form antimony metal and a matte which contains iron

sulfide. The reduction of Sb2O3 to antimony metal is done

with charcoal in a reverberatory furnace (1200 !C), with
the formation of a slag. The loss of antimony by

volatilization is high (12–20 %), meaning that the flue

An!mony ore
Sb2S3

Hydro

Pyro

Sb2O3

Sb metal                            Sb2O3

Roas!ng

Blast furnace
Iron precipita!on

Oxide 
reduc!on

Oxida!on

Sb2O3

Sb solu!on

Alkaline sulfide leaching Electrodeposi!on

Acidic chloride leaching Hydrolysis

Sb metal

Refuming

Pure Sb2O3

Fig. 3 Primary production of antimony through pyrometallurgical and hydrometallurgical methods
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Fig. 4 Pyrometallurgical pathways (blue) and metal-containing waste streams (red) for the primary production of antimony from stibnite ore.
The different process residues can be used as secondary antimony sources and fed back into the blast furnace (green) (Color figure online)
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dusts must also be caught and then reprocessed in a blast

furnace. Finally, refining steps are needed to obtain pure
antimony metal (e.g., arsenic removal with NaOH). This

creates arsenate- and antimonate-containing residues.

Highly pure Sb2O3 is usually obtained by oxidation of
technical grade antimony metal (99.0–99.8 % pure), fol-

lowed by a refuming process (volatilization ? condenza-

tion) [2]. These oxidation processes produce dusts and
residues, which can also contain important quantities of

antimony. It is clear from Fig. 4 that antimony production
creates many residues. The composition of these residues is

highly variable on the type of feed material and the process

parameters, but some representative compositions are
given in Table 2.

In some countries, these residues are stockpiled or

landfilled, causing metal pollution in the areas around
antimony mining sites and processing plants [18, 22–24]. A

better approach is to try to immobilize these waste residues

by applying various stabilization, solidification, and
geopolymerization techniques [22]. However, a better

solution is to valorize these residues, thus creating sec-

ondary sources of antimony. This increases the extraction
efficiency of antimony from the initial ore and also elim-

inates or reduces the need to discard residues containing

toxic metals [18]. Guo et al. [18] characterized the process
residues (e.g., slags, flue dusts) from an antimony smelting

plant in Xikuangshan area in China (the ‘‘antimony capi-

tal’’). They found large amounts of antimony in the flue
dust of the blast furnace (23.4 wt%) and in the residue from

the arsenic removal process (37.8 wt%). The leaching of

the different residues was studied in an effort to remove the
antimony and other metals (e.g., Hg, Pb, As, Cr) from these

waste residues. Fuxu et al. investigated the use of a three-

phase fluidized bed reactor for arsenic removal from Sb-
refining residue (20–40 % Sb, 3–5 % As) [21]. Their set-up

achieved a 97 % removal rate of arsenic, leaving behind a

valuable antimony concentrate. Kequiang et al. [21] pre-
pared Sb2O3 (98.50 % pure) from Sb-containing slag, using

a vacuum evaporation method. The slag was placed in the

vacuum chamber and heated (893–1073 K) in order to
selectively evaporate the volatile Sb2O3. Luo et al. [20]

studied the recovery of gold and antimony from antimony

smelting slag by direct reduction in an electric furnace.
Using this method, the antimony content in the slag was

reduced from 32 to\1 wt%. During the pyrometallurgical

production of antimony oxide from antimony metal, waste
residues are also created, which contain alloys of antimony

and other base and precious metals. Anderson [7] studied
the recovery of antimony from these pyrometallurgical

production residues. Using alkaline sulfide leaching,

99.5 % of antimony was recovered.
At the same time, research is still ongoing to optimize

the primary production of antimony from stibnite ore and

to reduce the amount of (toxic) waste streams [7, 16, 25,
26]. Yang et al. [25], for example, developed a low-tem-

perature sulfur-fixing smelting process, using a NaOH–

Na2CO3 flux with ZnO to fix the sulfur as ZnS. This
approach reduces SO2 emissions (98.61 % sulfur-fixing)

and results in an antimony recovery rate of 97.07 % in the

form of antimony metal. Ye et al. [26] investigated a
similar system, using a eutectic Na2CO3–NaCl molten salt

and ZnO as a sulfur-fixing agent. Under optimum condi-

tions, the average recovery ratio of antimony reached
92.88 %. Also of interest, are the efforts to recover anti-

mony from a low-grade or complex stibnite ore, as well as

from secondary antimony minerals. Yang and Wu [16]
developed a new hydrometallurgical process to recover

antimony from complex stibnite concentrate. They dis-

solved antimony using a chlorination–oxidation procedure
to obtain an SbCl3 solution. Using electrodeposition,

hydrolysis, hydrolysis–smelting, or hydrolysis–washing,

they obtained cathode antimony metal (99.98 %), Sb2O3

(99.9 %), crude antimony metal (99 %), or SbOCl

(99.9 %), respectively. Gök (2014) published a hydromet-

allurgical method for the catalytic production of anti-
monate from stibnite concentrate [27]. Alkaline leaching

was used to extract the antimony, followed by the oxida-

tion of Sb(III) in a hydroquinone-catalyzed alkaline
electrolyte, which precipitates antimony as sodium

hydroxyantimonate NaSb(OH)6 (with 90 % recovery).

Besides stibnite, researchers are also investigating other,
complex antimony minerals. An overview of complex

antimony minerals and their mineralogy has been compiled

by Roper et al. [28]. Complex antimony minerals often
require adapted flowsheets in order to ensure the recovery

of antimony and the other main metal constituents. The last

primary producer of antimony in the U.S.A. (Sunshine
Mining & Refining Company) was mining the complex

copper-silver-antimony sulfide: freibergite (Cu,Ag)12Sb4
S13 [1]. This mine produced both silver and antimony
concentrates until its closure in 2001. Other interesting Sb-

Table 2 Heavy metal content (wt%) in various process residues from
the primary production of antimony

Residue Sb As Hg Zn Pb Cu

Smelter slag [18] 1.11 0.57 0.07 0.01

Smelter flue dust [18] 23.4 0.13 0.93 0.03 0.05 0.04

Gas treatment slag [18] 0.69 0.07 0.05

Refining residue [18] 37.8 11.4

Refining residue [19] 34.85 4.41

High-Sb slag [20] 32.00 0.63 0.30

High-Sb slag [21] 39.49

Sb oxidation residue
[7]

63.0 18.0 12.0

The data are based on literature reports [18–20]
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containing minerals are tetrahedrite (Cu,Fe)12Sb4S13 and

jamesonite Pb4FeSb6S14. Baláž et al. [29] investigated the
leachability of antimony and arsenic from tetrahedrite and

jamesonite with alkaline sulfide leaching. Awe and Sand-

ström [30] also studied the selective leaching of arsenic and
antimony from a tetrahedrite-rich complex sulfide con-

centrate and concluded that by removing these elements, a

valuable copper concentrate was obtained, which could be
used as a feedstock for copper smelting. Yang et al. [31]

developed a flowsheet for the recovery of antimony from a
low-grade jamesonite concentrate (Pb4FeSb6S14). They

used sodium sulfide to dissolve the antimony as sodium

thioantimonate (Na3SbS4) and subsequently used air oxi-
dation to produce sodium pyroantimonate. (Na2H2Sb2O7).

Duchao et al. [32] improved this process by using pres-

sured air oxidation. Under optimum conditions, the pre-
cipitation ratio of antimony was 99.38 %. Gold, copper,

and lead production are also associated with large amounts

of antimony impurities, which end up in the process
residues.

Gold Production

Gold-bearing sulfide ores often contain important amounts

of antimony (Table 3). Kyle et al. [38, 39] made a series of
reports on the occurrence and deportment of trace elements

(Sb, Bi, Se, Te, As, Hg, Cd, Pb) in gold processing. They

estimated that in Australia alone, total emissions of anti-
mony (air, water, land) reach as much as 3.8 t/year during

mining and 8.7 t/year during metal manufacturing. This

represents a significant loss of valuable antimony and it is a
challenge to find better processing technologies which can

minimize the loss of antimony by valorizing the different

gold-mining residues and waste streams.
These ‘‘refractory’’ gold ores are resistant against the

standard gold recovery method of cyanidation and carbon

adsorption, because the sulfide mineral traps the gold
particles, making it difficult for the cyanide leach solution

to complex with the gold [2, 40]. Pretreatment is therefore

required to make the cyanidation effective. Different pre-
treatment options exist: chemical leaching, roasting, bac-

terial oxidation, pressure oxidation, and ultrafine grinding

[2, 40]. The choice of pretreatment process depends on the

type of ore and the impurities present in the ore and may be

preceded by a flotation concentration step. Depending on
the concentrations of gold and antimony, different cate-

gories of Au-Sb-containing sulfide ores can be distin-

guished: (1) ores in which gold is the main valuable
component and antimony is a harmful impurity, (2) gold-

bearing ores in which the amount of antimony is consid-

erable and for which it is economically viable to recover
antimony as a commercial byproduct, (3) antimony ores in

which gold is a minor accompanying element, the recovery
of which could increase the economic efficiency of the

process [38, 41]. For the ores of group (1) and (3), standard

gold-processing and antimony-processing technology is
applied, respectively. The recovery of traces of gold and

antimony from these ores is only interesting for waste

products, as this does not cause losses in the recovery of the
main metal. The processing of the second group of ores (2),

usually requires changes in the flowsheet in order to ensure

the recovery of both the gold and antimony fraction. For
this type of ores, alkaline sulfide leaching is a preferred

pretreatment method as it isolates antimony and simulta-

neously increases the recovery rate of gold in the conse-
quent cyanidation step (Fig. 5).

Ubaldini et al. [40] used alkaline sulfide leaching as a

pretreatment step, to remove antimony from a gold-bearing
stibnite ore. Antimony was then recovered by electrode-

position. Results showed that this pretreatment improved

the recovery of gold in the consequent cyanidation process
from 30 to 75 %. Celep et al. [35, 42] studied similar

antimonial refractory gold and silver ores. Their findings

confirmed that alkaline NaOH and Na2S leaching were
appropriate pretreatment methods to recover antimony

prior to the conventional cyanidation for the recovery of

the noble metals. Using this approach, 85 % of antimony
could be leached out and during the subsequent cyanidation

step, silver recovery rates increased from less than 18 % up

to 90 % and gold extraction was also enhanced by
20–30 %. Solozhenkin et al. (2010) investigated the com-

plex antimony ores and gold-antimony concentrates, found

in the Sarylakhsky and Sentachansky deposits in Russia
[34, 43]. They developed different hydrometallurgical

processes to treat these ores and produce both gold and

antimony concentrates with antimony recovery rates of

Table 3 Literature examples of
Au-Sb-rich ores and waste from
which both gold and antimony
can be valorized into
concentrates

Antimony concentrate Au (g/t) Ag (g/t) Sb (wt%) As (wt%)

Refractory Sb-Au ore 1 [33] 3.6 0.3 0.4

Refractory Sb-Au ore 2 [34] 7.4 16.73

Refractory Sb-Au ore 3 [34] 42.2 28.7

Refractory Sb-Au ore 4 [35] 20 220 1.6 0.03

Refractory Sb-Au ore 5 [36] 10.5 2.1 0.22 1.67

Electrorefining Slime [37] 210 0.31
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95–98 %. The studied methods include antimonite flota-

tion, sodium dimethyldithiocarbamate treatment, and bio-

treatment of the ores. The authors also introduced a pro-
cessing plant for Sb-Au-bearing alloys and demonstrated

the successful electrolytic refining and production of

cathode antimony and noble metal slurry [39, 43].
Kanarskii et al. [38] investigated the concentration and

isolation of antimony and arsenic in Sb-As-bearing gold

ores by flotation. They demonstrated the flotation separa-
tion of antimonite and arsenopyrite into separate products,

thus increasing process efficiency and profit by improving

the gold recovery rate and reducing the consumption of
cyanide. Karimi et al. [36] investigated the influence of

different pretreatment methods (H2O2/air oxidation, roast-

ing, and HNO3/HCl leaching) on the cyanidation of Sb-rich
gold ores and the movement of antimony and impurities.

Saleh et al. [37], examined the recovery of Au, Sb, and Sn

from gold electrorefining slime. The solid waste was dis-
solved in HCl (2 M), before extracting the metal ions with

the quaternary ammonium chloride extractant Aliquat!

336.

Copper Production

Copper is mainly produced from copper ores such as

chalcopyrite, CuFeS2, which often contain antimony,

arsenic, and bismuth as impurities [2]. These impurities
must be removed and therefore end up in various residues.

The formation of the residues is discussed here, as well as

the recovery of antimony from these residues. In the past,

the copper concentrate (20–40 % Cu) was first roasted and

then introduced in blast furnaces or reverberatory furnaces,
but nowadays direct smelting is favored using for example

Outokumpu Flash furnaces or Isasmelt furnaces [2, 44].

During smelting, silica is added as a flux to remove iron as
an iron-silicate slag, which floats on top and which can be

used as building material. A copper matte is also formed

which is a mixture of copper, iron, and sulfur that is
enriched in copper. The copper matte (30–70 % Cu) pro-

duced in the smelter is then introduced in a converter,
where air is blown into the matte to remove the sulfur as

SO2 gas and to form blister copper ([98 % Cu) and an

iron-silicate ‘‘Fayalite’’ slag (Fe2SiO4). The blister copper
is then put into an anode furnace (fire refining), where it is

purified to anode-grade copper by removing most of the

remaining sulfur, oxygen, and iron. Oxygen is usually
removed by blowing natural gas through the melt (poling).

The resulting anode copper ([99 % Cu) is further purified

by electrorefining. The copper anodes are placed in an
electrolysis set-up filled with an aqueous solution of CuSO4

and H2SO4. By applying a voltage, copper and the less

noble metals (e.g., Fe, Ni, Co, Zn, Pb, Sb, Bi, As) dissolve
at the anode, while the more noble metals (e.g., Ag, Au, Se,

Te) settle at the bottom of the cell as anode slime. The

Cu(II) ions migrate through the electrolyte to the cathode,
and copper metal is deposited. Part of the less noble metal

ions remain in solution as soluble sulfates (e.g., Fe, Ni, Co,

Zn), while others precipitate as insoluble sulfates (Pb) or
hydrolyzed species (As, Sb, Sn, Bi) and are therefore found

in the anode slime on the bottom of the cell, together with

the noble metals. The electrolyte solution and anode slimes
are valuable by-products of copper electrorefining and can

be further treated. Metals can also accumulate in the flue

dust of the smelter or converter. A detailed overview of the
existing copper production processes has been compiled by

Moskalyk and Alfantazi [45]. Here, a condensed (sche-

matic) overview of the copper production process and its
residues is given (Fig. 6).

The composition of the process residues is very depen-

dent on the type of ore and the process that is used to
extract the copper. However, some representative examples

can be found in the literature (Table 4).

Antimony-containing residues are an increasingly big
issue in copper processing due to the deteriorating quality

of primary copper ores. However, no recycling activities

are currently carried out on industrial scale although there
is a strong commitment to develop these in the future.

Antimony is found in different intermediates and residues

of the copper production process, and a wide variety of
processes has been developed on laboratory scale to

recover antimony from these waste streams. Awe et al. [53]

developed a flowsheet to remove antimony from copper
concentrates which feed the copper industry. Alkaline

Sb solu!on                      Au residue

Electrowinning                                                  Cyanida!on

“Refractory”
Au-Sb sulfide  ore

Mining

Au-Sb concentrate

Pretreatment
Na2S NaOH

Sb metal                          Au solu!on

Carbon adsorp!on

Electrowinning

Au metal

Fig. 5 Schematic visualization of the pretreatment of refractory Au-
Sb sulfide ore with alkaline sulfide leaching. The pretreatment method
improves the cyanidation of gold and allows the recovery of antimony
[40]
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sulfide leaching was used (Na2S/NaOH) to extract anti-

mony from the ore, which was then electrodeposited as

antimony metal. Using this approach, the antimony content
in the concentrate was reduced from 1.7 % to less than

0.1 % Sb, which is desirable for copper. Zhang et al. [54]

studied the recovery of antimony and bismuth from pres-
sure-leached flue dust created during the smelting of cop-

per. They used a three-step process consisting of a kerosene

desulfurization step, a chloride leaching step, and a final
hydrolysis step to recover 95.80 % of Bi and 90.8 % of Sb.

Vircikova et al. [47] investigated the removal of arsenic

from converter flue dust as well as the behavior of anti-
mony and bismuth. Arsenic was leached using a Na2S

solution and then precipitated using different methods.

Recovery rates up to 99.9 % were achieved for arsenic but
only 6.6 % for antimony. Fernández et al. [48] investigated

the leaching of antimony and arsenic from anode slimes in

the electrorefining of copper. The oxidized arsenic and
antimony compounds in the anode slimes were selectively

and almost completely dissolved in 0.4 M KOH at 80 !C.
Meng et al. [49] studied the recovery of antimony(V) from

the chloride leachate of copper anode slimes. Antimony

was recovered by hydrolysis in the form of Sb2O5 with a

recovery rate of 97 %. Anderson [7] reported the selective

leaching of antimony and arsenic from copper electrore-
fining slimes, using alkaline sulfide leaching (Na2S–

NaOH). Recovery rates were 99.3 % for Sb and 99.5 % for

As. Li et al. [50] investigated alkaline fusion leaching as a
method to recover valuable metals from copper anode

slimes. The slime was fused with NaOH and NaNO3, fol-

lowed by water leaching. Se, As, Sn, and Pb were leached
out, leaving behind a valuable concentrate of Cu, Sb, Te,

and precious metals (Ag, Au, Pt).

Much research has also been carried out to remove
impurities (e.g., Sb, Bi, As, Pb) from copper electrolyte

solutions with sorbents and solvent extraction methods

[55]. Some metals such as antimony can cause passivation
of the electrodes during electrorefining and is therefore

important to remove these from the electrolyte solution

[56]. Ando and Tsuchida [52] studied the recovery of trace
impurities (Sb and Bi) from copper electrolyte solutions,

using adsorbents with aminophosphonic acid functional
groups. High recovery rates of 99.5 % for Bi and 100 %

for Sb were achieved. Deorkar and Tavlarides [57]

Copper ore Copper ma!e
30-70% Cu                          Air

Blister copper
(> 98% Cu)

Smel"ng                                                     Conver"ng

Isasmelt furnace
Flash furnace

Slag    Flue dust Slag      Flue dust

Anode copper
(> 99% Cu)

Fire refining
Anode furnace
Air / gas

Electrorefining

Copper metal

Electrolyte Anode slimes

Produc"on
Waste streams 

Fig. 6 Schematic overview of primary copper production from copper ores (Color figure online)

Table 4 Literature examples of
copper processing residues and
their metal contents (wt%) [7,
46–51]

Residue Sb Cu Ni Se Te As Bi Pb Zn Ag Sn Fe

Slag [46] 0.4 49.3

Flue dust [47] 3.1 5.3 2.8 2.8 28 8.9 12.0 1.2

Anode slime 1 [48] 3.0 25.4 8.2 1.3 3.4 0.8 2.9 14.5

Anode slime 2 [49] 24.6 1.44 2.4 0.5 17.7 2.4

Anode slime 3 [7] 8.3 1.0 1.0 0.2 0.2 2.0 2.0 35.7 18.2

Anode slime 4 [50] 5.09 11.9 5.2 0.6 4.1 16.2 10.5 1.0

Electrolyte [51] 1.0 90.3 7.51 1.2 0.1

Electrolyte [52] 1.0 97.5 0.6 1.0
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investigated the use of a silica gel ceramic support, func-

tionalized with covalently bonded pyrogallol groups as a
sorbent to separate antimony from copper and lead. The

bed was regenerated by desorbing Sb(III) with HCl (4 M)

and potassium hydrogen tartrate (0.05 M), resulting in a
concentration factor of 25–30. Navarro and Alguacil [58]

reported the adsorption of antimony and arsenic from a

copper electrorefining solution onto activated carbon.
Wang et al. [51] developed a new adsorbent based on

Sb(V) and BaSO4 as a carrier to recover impurities (e.g.,
Sb, Bi) from a copper electrolyte solution. Sb(V) can

combine with Bi(III) and Sb(III) to precipitate these ions as

Bi(SbO4) and Sb(SbO4). The sorbent was able to remove
90 % of Bi and 80 % of Sb from the acidic copper elec-

trolyte solution. Xiao et al. [59] conducted studies on the

removal of antimony and bismuth impurities from syn-
thetic copper electrolyte solution. They used As(III) ions as

collector to precipitate the impurities, but low removal

rates were reported: 53 and 52 % for Sb and Bi, respec-
tively. Xiao et al. [60] also studied the removal of Sb, As

and Bi impurities using Sb(III) ions as collector to pre-

cipitate these impurities from a synthetic copper electrolyte
solution, but with low recovery rates: 48.0 % for Sb and

38.4 % for Bi.

Solvent extraction has also been studied as a way to
purify the copper electrolyte solutions and to extract

valuable metals such as antimony or bismuth [61]. Szy-

manowski [61] discussed the use of phosphor-based
extractants (e.g., TBP, DEHPA, Cyanex! 923), hydrox-

amic acids, and (poly)alcohols as a way to recover Sb, As,

and Bi from copper electrolytes. Navarro et al. [62] studied
the extraction of antimony from copper electrorefining

solutions with the hydroxamic acid extractant LIX 1104SM

and HCl as a stripping agent. They found that the order of
extraction was Sb(III)[As(V)[Fe(III) ! Cu(II), with a

distribution factor D for Sb of 299. Sarkar and Dhadke [63]

studied the solvent extraction separation of Sb(III) and
Bi(III) with bis(2,4,4-trimethylpentyl) monothiophosphinic

acid (Cyanex! 302) from H2SO4 and HCl solutions. They

reported quantitative extraction of antimony and bismuth
and separated the metals by first stripping with HNO3

(2 M) to remove bismuth and then H2SO4 (8.5 M) to strip

antimony. Iyer and Dhadke [64] reported the quantitative
extraction and separation of Sb(III) and Bi(III) from

aqueous H2SO4 and HCl solutions with the trialkyl phos-

phine oxide extractant Cyanex! 925. Sb(III) was stripped
from the organic phase with H2SO4 (8 M) and Bi(III) with

HNO3 (2–3 M). Other relevant studies include the work of

Fuyii et al. [65] on the extraction behavior of Sb(III) in the
TRUEX! system and a study of the co-extraction of Sb(III)

by the Cu(II) extractant Acorga! CLX50 performed by Lin

[66]. This pyridine-3,5-dicarboxylate ester extractant is
used in the CUPREX! process to produce cathode-grade

copper with a hydrometallurgical process in which sulfide

ore concentrates are leached in chloride medium [67]. The
extraction of Sb(III) and Sb(V) ions with amine extractants

in different acid solutions and the separation from other

relevant metal ions (e.g., Bi(III), Sn(II), Cd(II), Te(IV),
Se(IV), Pb(II), Cu(II), Au(III), Fe(III), and Zn(II)), have

been studied extensively by Alian and Sanad [68] and

Sargar et al. [69]. Facon et al. [70] also investigated the
removal of Sb(III) from Bi(III), Pb(II), and Sn(IV) with

Cyanex! 301 from chloride solutions.

Lead Production

Antimony is also connected to primary and secondary lead

production because it occurs in primary lead ores (e.g.,

galena PbS) as well as in the lead alloys used in lead-acid
(LA) batteries, which use up the majority of the world’s

lead (76.7 % in 2006) [10]. Due to the large production

volumes of lead (11,000,000 t/year in 2014), compared to
antimony (160,000 t/year in 2014), lead production resi-

dues are considered as important secondary feedstocks of

antimony [71]. Stringent environmental regulations and the
exhaustion of high-quality primary lead deposits have

caused an accelerated shift toward lead recycling as the

main supply source [10]. In 2006, 60 % of the world’s
annual lead consumption was met by recycling of LA

batteries, lead pipes, etc. [10]. In the U.S.A., secondary

supply meets more than 80 % of the demand for lead and in
countries such as Austria, the Netherlands, Spain, and

Belgium the entire lead production is based on secondary

raw materials from lead recycling [72]. Here, an overview
is given of primary and secondary lead production with an

emphasis on the formation of the different Sb-containing

residues (e.g., slags, drosses, speiss, slimes) and the exist-
ing technologies to recover antimony from these residues

(Fig. 7). Almost all antimony in secondary lead is currently

being recycled [73]. For example, antimonial drosses are
used to produce antimonial lead [73]. Efforts have also

started to upgrade the process in order to produce pure

Sb2O3 from these secondary lead residues [74–76]. Resi-
dues with low antimony contents such as the slags and

matte are less interesting when it comes to antimony

recycling, but can have other applications [73]. Lead
refiners are highly interested in valorizing the valuable Sb-

containing waste streams both from an economic and

environmental standpoint. The composition of the different
process residues is dependent on the feed, equipment, and

process, but some representative examples are shown in

Table 5.
Primary lead production from lead sulfide ores (Galena:

PbS) starts with the concentration of the ore, followed by a

roasting and sintering step to form sinter (Fig. 7) [81, 82].
The lead concentrate is then fed into a blast furnace
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together with limestone (flux) and coke in order to reduce
the oxides to the metal [81]. New reactor designs also

allow the roasting and smelting in a single reactor (e.g.,

Isasmelt furnace) [2, 82]. The non-metallic fraction (e.g.,
sulfides, silicates) forms a slag with the fluxing materials.

During the smelting, a lighter phase is formed which is

known as speiss. Speiss consist mainly of iron arsenides
and antimonides, and other elements such as Pb, Cu, Ni,

Sn, and significant levels of precious metals (Ag 9 kg/t and

Au 45 g/t) [7]. It rises to the top of the melt and can be
skimmed off. Furthermore, a matte layer consisting of

copper and other metal sulfide impurities is formed. The

speiss and matte can be sold to copper smelters, where they
are refined for copper recovery. The lead coming from the

smelting furnace, called lead bullion, still contains many

impurities (e.g., Cu, As, Sb, Sn, Bi, Zn, Ag, Au), and needs
to be refined. First, copper is removed in a drossing process

[81]. The melt is cooled to decrease the solubility of cop-

per, and a copper dross is formed on the surface [81].
Sulfur can also be added to remove the last traces of

copper. Dross is usually skimmed off and sent to a dross

furnace to recover the non-lead components. The lead is
then subjected to further purification steps either by ther-

mal refining or by electrorefining [81]. In thermal refining,

the lead is heated and cooled under different conditions and
at different temperatures to oxidize or to remove the metal

impurities from the lead. Arsenic, tin, and antimony are

best removed in a softening step, which consists of heating
the lead in a furnace in the presence of air, which causes

the impurities with a greater affinity for oxygen than lead,

to be oxidized. The softening skims can then be collected
from the surface of the bath. An alternative is the Harris

process, which uses a flux of molten NaOH and NaNO3 to

remove the impurities as sodium arsenate, stannate, and
antimonate [83, 84]. Further purification steps are used to

remove gold and silver (Parkes process), zinc (vacuum

distillation), bismuth (Kroll–Betterton process), and other
impurities such as antimony (caustic refining) [2, 82, 84–

86]. These refining processes are combined to obtain a lead

bullion with sufficient purity, before casting it into ingots
[81]. Instead of this sequence of thermal refining steps,

pure lead can also be obtained by electrorefining after the

Lead concentrate
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Sinter

Lead bullion
Drossing So!ening Impurity removal Air                                       

Flue dust Slag                                                Dross So!ening skim         Residues Flue dust

Refined lead
Pre-treatment                                                  Smel"ng                                                         Lead refining

Lead frac"on
Crush

Separate

Lead bullion

Ba#ery acid                                                     Flue dust Slag                                               Dross So!ening skim         Residues Flue dust
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Pre-treatment                                                    Smel"ng                                                       Lead refining
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Fig. 7 Schematic overview of primary lead production from lead ores, and secondary lead production from spent lead-acid (LA) batteries. The
different metal-containing waste streams and residues are indicated in red [73] (Color figure online)

Table 5 Literature examples of
lead processing residues and
their metal contents (wt%) [7,
76–80]

Residue Sb Pb Cu As Fe Ni Zn Ag Sn Bi

Slag [77] 2.8 0.1 37.1 11.2

Harris dross [78] 8.2 67.0 0.8 0.7

Speiss [7] 3.3 14.8 43.5 12.2 1.7 1.4 0.9 0.9 0.5

Matte [80] 0.9 41.1 45.3 0.6 0.3 0.3 0.4

Softening skim [7] 31.7 52.9 3.3

Sb dust [76] 42.4 7.5 0.12 10.4 0.6

Slime [79] 63.6 12.6 1.47 4.0 1.1 3.3
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initial decoppering step [87]. Solutions of H2SiF6 (Betts

process) or HBF4 are used and the work-lead is cast into
anodes and then dissolved [88]. The metals that are more

noble than lead (e.g., As, Sb, Bi, Au, Ag) do not dissolve

and are collected in the anode slimes [2]. The advantage of
electrorefining is that unlike thermal refining all the

impurities are removed in one step and 99.999 % pure lead

is obtained [2]. In the sintering, smelting, and refining
stages, fumes and dusts may contain between 10 and 60 %

Pb and a wide range of other metals (e.g., Cu, Zn, As, Sb,
Sn, Cd, Ag, Au, Bi). Plants are normally designed to

capture these flue dusts in filters in order to discard them

safely or resmelt them in certain cases [81].
Secondary lead production is almost entirely dependent

on the recycling of spent lead-acid batteries (Fig. 7) [2, 73].

After removing the acid, the batteries are crushed to sep-
arate lead from the plastic. The lead can be separated in a

lead metal fraction and a lead oxide fraction by a

mechanical process [2]. The lead metal is then simply
remelted, whereas the lead oxide is reduced in several

types of furnaces (e.g., rotary furnaces or Isasmelt fur-

naces) [2, 11]. Besser et al. reviewed the different types of
furnace designs and processes for battery recycling as well

as their efficiency, and ability to produce pure lead and

lead-antimony alloys for battery grid manufacturers and
other lead alloy applications [10, 89]. The lead is refined

using similar processes as the primary lead production and

the same type of residues (e.g., skims, drosses, flue dust)
are obtained [73].

The recovery of antimony from lead production residues

has been investigated for some time [73]. Anderson [7],
studied the use of alkaline sulfide leaching as a way to

selectively remove antimony (and arsenic) from lead

smelting residues. A mixture of Na2S and NaOH was used
to solubilize antimony as thioantimonite Na3SbS3. High

antimony recovery rates were reported for lead smelter

speiss (99.4 %), skims (89.0 %), and flue dust (95 %) [7].
Singh [78] reported the recovery of antimony from the

antimony-containing Harris dross (8.2 % Sb) of the refin-

ing section of a lead plant. HCl was used to leach antimony
from the dross (95 % recovery) and Sb2O3 was formed by

hydrolysis (73.6 % recovery) [78]. Peterson and Twidwell

[90] investigated the removal of arsenic and antimony from
lead smelter speiss, using volatilization techniques. The

removal of antimony from antimony dust captured during

the direct lead smelting process has been studied by Liu
et al. They proposed a pyrometallurgical process based on

reduction smelting, alkaline refining, and oxidation to

extract antimony from antimony dust and produce Sb2O3

with a purity above 99.8 % [76]. Cao et al. studied the

recovery of antimony from lead anode slimes, using a

potential-controlled chlorination leaching ((Cl2) leaching)
and continuous distillation [79]. High-purity SbCl3 was

prepared, with an antimony recovery rate of more than

95 %. The process forms a closed loop and no waste is
created [79]. Itoh et al. [91], proposed an alternative pro-

cess to recover antimony from the anode slimes (Pb–Bi-Sb

alloy) of spent lead-acid battery processing. In a method
called volatile oxide formation, antimony is selectively

oxidized due to its higher affinity for oxygen compared to

lead or bismuth. Sb2O3 is then evaporated because of its
high vapor pressure. Lin and Qiu [92] also developed a

process to recover antimony and arsenic from anode
slimes. They used a new process called vacuum dynamic

flash reduction to evaporate the volatile oxides of antimony

and arsenic, leaving silver behind. A recovery of 93.67 %
was achieved for antimony and 98.92 % for arsenic. The

vacuum treatment eliminates much of the air pollution and

material losses associated with other conventional treat-
ment methods. Qui et al. also used vacuum evaporation

technology to recover antimony from Sb-rich anode slimes

from the lead industry [93]. The antimony recovery rate
was 92 %, and a 99.7 % pure antimony oxide distillate was

obtained. Binz et al. [75] developed a bottom-up process to

recover antimony from lead-refining residues. They
investigated a more selective oxidation during lead soft-

ening and the carbothermic reduction of the slag to produce

a concentrated antimony slag and improve the recovery of
antimony. Kaporal et al. [94] studied the feasibility of

antimony removal from accumulator acid found in spent

lead-acid batteries. They achieved 100 % removal of
antimony from synthetic solutions, using electrodeposition

with a copper electrode. Bergmann and Kaporal [95]

continued this work and studied the electrochemical
recovery of antimony from real spent accumulator acid

found in lead-acid batteries. They managed to reduce

antimony levels from 5 ppm to less than 0.15 ppm, while
also regenerating the accumulator acid. Copper and gra-

phite cathodes produced the best results.

Spent Antimony Catalyst

Antimony is also used in several catalysts [96–101]. When
these catalysts reach their end-of-life, antimony can be

recovered and reused. The most important application is the

production of polyethylene terephthalate (PET), one of the
most common polyester thermoplastic polymers. This poly-

mer ismostly used in textile fibers and as container for food or

liquids. PET is produced by the Sb(III)-catalyzed polycon-
denzation of bis(hydroxyethyl)terephthalate (BHET) (Fig. 8).

This precursor is either synthesized by the transesterification

of dimethyl terephthalate (DMT) or the esterification of
terephthalic acid (TPA). Titanium-based catalysts have been

proposed, but today more than 90 % of the world’s polyester

production still runs on Sb-based catalysts (150–300 ppm)
[96, 102].
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The most common forms are Sb2O3, Sb(OCH2CH2O)3,
and Sb(OAc)3 [103]. High-purity compounds are required,

especially in regard to arsenic since the catalyst will be

present in the final PET polymer used for making plastic
bottles. Despite the efficiency of antimony catalysts, there

are drawbacks such as the decomposition, which deposits

antimony metal particles [103]. This causes a grayish dis-
colouration in the polymer, especially at concentra-

tions[250 ppm Sb [96]. The mechanism behind the

formation of antimony metal during PET polymerization
and the discolouration was studied in detail by Aharoni

[104]. Although antimony is present in the PET polymer

(100–300 ppm), it has been demonstrated that water stored
in PET bottles contains less than 1 ppb of Sb, which is far

below the EEC limit of 20 ppb [96, 105]. The mass recy-

cling of PET plastic could therefore be an opportunity to
recover antimony, although antimony contents are typically

lower than in plastics containing antimony-based flame

retardants. Therefore, most studies have focused on the
recovery of antimony from spent catalysts so far. Dough-

erty and Garska [12] developed a process to recover anti-

mony from spent ethylene glycol residues resulting from
the manufacture of PET polymers. Their method consists

of combusting the spent glycol residues to produce an ash,

from which antimony can be recovered. Several patents
have also been published on the recovery of antimony from

halocarbon solutions, because Sb-containing catalysts (e.g.,

HF/SbCl5) are used in the fluorination of chlorinated
hydrocarbons [99, 106, 107]. Fernschild et al. [106]

described a method for the recovery of an Sb-containing

catalyst by chlorination, followed by the distillation of
SbCl5. Hyatt [107] developed an alternative process based

on the reduction of SbCl5 to SbCl3, followed by extraction
of SbCl3 from the halocarbon solution to an acidic aqueous

phase. Finally, Anderson [7] also studied the recovery of

antimony from a spent catalyst used in the production of
acrolein from propylene. Antimony was successfully lea-

ched out (99.5 %) using HCl, leaving the silica substrate

intact.

End-of-Life Products and Municipal Waste

Antimony can be found in a variety of products, which

eventually end up as waste. It is therefore important to

understand the presence of antimony in different items, in
order to assure that no antimony is released into the envi-

ronment. The high antimony content in certain products

also makes them very interesting as secondary sources of
antimony either through direct recycling or through

municipal waste incineration. Table 6 gives an overview of

the different antimony products and their approximate
growth rates [3].

Municipal Solid Waste Incineration

Municipal solid waste incineration (MSWI) is a vital part

of many waste management systems. The residues formed
during the incineration contain many valuable elements

and have been investigated as secondary source of ferrous

and non-ferrous metals. In a MSWI plant, the waste is
incinerated at a temperature of 850–1000 !C, forming a

solid bottom ash fraction and flue gas, which is captured

and cooled to form boiler ash, fly ash, and air pollution
control (ACP) residues. A schematic overview of a MSWI

plant is shown in Fig. 9.

The waste incineration residues can undergo different
treatments (e.g., dry, wet, thermal, mechanical) aimed at

removing ferrous and non-ferrous metals and/or valorizing

it as a granulate for the construction industry, e.g., in road
foundation. A lot of different elements are present in these

ashes, but the discussion is restricted here to the recovery

of antimony. Jung et al. [109] and Allegrini et al. [13]
compiled an overview of the composition of MSWI bottom

ash, fly ashes, and other waste incineration residues, and

compared this with typical ore concentrations to determine
the recovery potential (Table 7) [13, 109]. The typical ore

concentration given in Table 7 reflects the average grade of

the deposits, but does not take into account the ore’s
abundance. The widely available incinerator residues could
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Fig. 8 Two pathways for the production of PET (EG ethylene glycol)
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therefore become an attractive secondary resource. Fly
ashes are particularly interesting, due to the volatility of

antimony which results in an important enrichment of

antimony in the fly ashes. However, presorting of materials
with high antimony contents (e.g., plastics with flame

retardants), could drastically improve the efficiency of such

an incineration process.

Nakamura et al. [111] investigated the origin of anti-
mony, lead, and cadmium in incinerator waste. They con-

cluded that the relatively high content of antimony in these

incineration residues is mainly due to the presence of
antimony in plastics, glass, and textiles (Table 8). Curtain

fabrics had a particularly high antimony content

(2100 ppm), due to the use of flame retardant coatings

Table 6 Antimony
consumption (tons) in 2000 and
2010 per product category and
its main market drivers (Source:
Roskill consulting) [3]

Product 2000 (t) 2010 (t) Annual growth rate (%) Market driver

Flame retardants 70,000 103,500 4.0 Plastics

Lead-acid batteries 40,000 53,000 2.9 Automotive

Lead alloys 11,000 23,000 7.7 Construction

PET catalysts 6000 11,400 6.6 PET

Heat stabilizer 1,400 2600 6.4 PVC

Ceramics 1700 2500 3.9 Construction

Glass 16,000 1700 -20.1 CRT glass

Others 1500 1840 2.1

Total 147,600 199,540 4.1

Fig. 9 Schematic representation of the MSWI plant in Doel, Belgium. This figure is reproduced with permission from KU Leuven SIM2 [108]

Table 7 Content (mg kg-1) of
a selection of metals in MSWI
bottom ash, boiler ash, and fly
ash, compared to typical ores

Element Bottom ash Boiler ash Fly ash Typical ore

Sb 10–400 200–1000 260–1100 27,000

As 1–200 20–60 40–300 1000–40,000

Cu 300–8000 500–1000 600–3200 5000–20,000

Pb 100–14,000 1000–35,000 5300–26,000 300,000–400,000

Sn 2–400 200–700 550–2000 4000

Note: these are representative values, but other reports may differ [109]

A range is given, based on the work of Van Gerven et al. [110] and Allegrini et al. [13, 110]
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[111]. In general, Watanabe et al. [112] estimated that raw

incinerator waste contains approximately 40–50 mg kg-1

of antimony.

The removal of antimony from incinerator residues has

been an important topic of discussion, mainly because of
its toxicity and the risk for uncontrolled release of anti-

mony. Osaka et al. [113] wrote a report on the risks

associated with the presence of antimony in municipal
waste incineration residues. They studied the influence of

the pH on the leaching of antimony from these residues and
proposed risk management measures. Paoletti et al. (2001)

and Nakamura et al. (1996) studied the movement and

distribution of antimony in the different incinerator resi-
dues [111, 114]. These risk management studies focused

mainly on limiting the leaching of antimony from these

residues. However, due to the high criticality of antimony,
the recovery of antimony from these residues may become

of higher interest, especially since consumer waste contains

important amounts of antimony in textiles, plastics, and
glass (Table 8). Miravet et al. [115] analyzed the leacha-

bility and speciation of antimony in incinerator fly ash.

They used citrate solutions to leach out antimony and
concluded that Sb(V) was the main Sb-containing species.

The extraction of metals from incinerator residues through

leaching was also studied by Van Gerven et al. [110]. They
performed column and batch leaching tests with acidified

water (HNO3) to estimate the leachability of a wide range

of metals from MSWI bottom ash, boiler ash, fly ashes, and
air pollution control (APC) residues. Van Gerven et al.

[116] also studied the removal of heavy metals from MSWI

bottom ashes using organic solutions of citric acid and
ammonium citrate. Cornelis et al. [14, 15] investigated the

influence of the pH on the leaching of antimony from

carbonated and non-carbonated MSWI bottom ash. Hong
et al. studied the extraction of heavy metals from MSW

incinerator fly ashes, using acids (HCl), and chelating

agents (NTA, EDTA, DTPA) in batch experiments. The
leaching test on the residues after the treatment with

chelating agents showed that the fly ashes were success-

fully detoxified to meet the guideline for landfilling.
Okkenhaug et al. [117] showed that iron-rich sulfuric acid

waste is efficient to immobilize antimony in MSWI air

pollution control residues. These technologies are all
promising but the winning technology will be the one that

can selectively remove certain elements such as antimony.

Due to the mix of elements in these residues, it is crucial to
develop methods which can deal with the complexity of

these powders in a low-cost and efficient manner. Despite

the technical challenges, there is a significant opportunity
to recover valuable metals from these ashes as they are

available in large quantities.

Flame Retardants in Plastics

In 2014, the world consumption of flame retardants was

more than 2.2 million tons, representing a market of

approximately 5 billion EUR with a 4–5 % annual growth
rate due to rising safety standards worldwide [4, 118].

Flame retardants are crucial to guarantee the safety of

plastics, construction materials, electronics, textiles, and
coated products [119, 120]. There are three main classes of

flame retardants: (1) metal hydroxides such as Al(OH)3
(ATH) and Mg(OH)2 (MDH), (2) organohalogen com-
pounds (chlorinated or brominated) in combination with

antimony trioxide (Sb2O3), and (3) organophosphorus

compounds [119]. An overview of the flame retardant
market (2007) is given in Fig. 10.

Continuous research and regulations are driving new

developments in the different categories of flame retar-
dants. For example, research is being conducted to graft

flame retardant groups in the structure of the polymer, thus

avoiding the release of the flame retardants into the envi-
ronment [122–124]. The most effective commercial fire

retardant systems are currently based on brominated

organic compounds (known as brominated flame retardants

Table 8 Antimony content and contribution in crushed municipal
waste

Waste type Sb content (mg kg-1) Contribution to waste (%)

Plastics 180 44.7

Glass 1008 15.2

Textiles 111 14.7

Wood 11 9.3

Other 93 16.1

The data were adapted from Nakamura et al. [111]
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Fig. 10 Flame retardant sales per region and per category (2007),
expressed in t/year. Adapted from SRI-Consulting [121] (Color
figure online)
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(BFRs)), preferably in conjunction with antimony trioxide

Sb2O3 due to the strong synergetic effect [120]. Flame
retardants were responsible for 52 % of the demand for

antimony in 2010 (&103,500 t) [3]. Camino and Costa

[119], reviewed the performance and mechanisms of anti-
mony fire retardants in polymers. They attributed the

synergetic effect to the fact that metal halides are far more

effective flame inhibitors, compared to the hydrogen
halides formed in the absence of the metal compound

[120]. In reality, a variety of different oxyhalide metal
species are formed and their thermal stability and chemical

reactivity have therefore been studied in great detail [125].

A discussion of the fire retardant mechanism is beyond the
scope of this work, and what follows is therefore only a

discussion of the possible recovery of antimony from

plastics, electronics, and coatings. The antimony content in
plastics is highly dependent on the type of plastic and the

application. Table 9 provides an overview of the typical

formulations used to fireproof different polymers [6].
Non-halogenated polymers are inherently flammable

and require large amounts of halogenated flame retardants

in combination with Sb2O3 to be flame resistant [6].
Halogenated polymers (e.g., PVC, PVDC) on the other

hand, are already partially flame retarded due to their

chlorine content and do not require the addition of halo-
genated compounds. Smaller amounts of Sb2O3 can be

added to these polymers to ensure their fire resistance [6].

Due to the inherent risk for fires, polymers used in building
materials, electronics, and some textiles are often made

fireproof using these halogenated compounds and Sb2O3.

Plastics used for food and beverages or plastics that do not
require fire-proofing, do not contain significant quantities

of antimony. PET bottles are an exception, as these contain

some antimony (0.2–0.3 wt%) due to the use of an anti-
mony catalyst for the production of PET polymers [126].

Efficient recovery of antimony from plastics requires

adapted screening and sorting methods to identify plastics
with high antimony contents. X-ray fluorescence

spectroscopy (XRF) could provide a fast and non-de-

structive screening. Other interesting techniques are X-ray
transparency and laser-induced breakdown spectroscopy

(LIBS). Bellara et al. [127] also developed a method for the

direct determination of antimony in solid PVC samples by
graphite furnace atomic absorption spectrometry (GFAAS).

They concluded that this screening technique provides

sufficiently reliable results in a reasonably short time, but it
is difficult to implement in a continuous process. Once

sorted, the antimony-containing plastics can be placed in
special ovens for the pyrolysis of the polymer, where

antimony is caught in the residues (bottom ashes or fly

ashes). A patent of Nippon Electric Co (1994) described a
method to decompose a resin, containing flame retardants,

and capture the bromine and antimony in a gas mixture

(e.g., HBr, SbBr3, CO2, H2O) [128]. By washing the gas
mixture with an alkaline aqueous solution (e.g., NaOH),

NaBr and Sb2O3 could be obtained. The thermal decom-

position could be operated under air-free conditions or by
combustion. In a follow-up patent, Masatochi et al. [129]

specifically described the recovery of antimony from

decomposition gasses, originating from the pyrolysis of
flame resistant plastics. Masatoshi and Ikuta [130] also

described the pyrolysis-based recovery of antimony and

bromine from molding resins used in electronics. The
electronic parts consisted of an epoxy resin, a silica filler,

and flame retardants consisting of brominated compounds

and Sb2O3. This study investigated the best pyrolysis
conditions to obtain a pure silica product. The exhaust

gasses generated in the pyrolysis of the molding resin were

treated to remove the bromine and convert the antimony
bromides to Sb2O3. Jakab et al. [131] studied the thermal

decomposition of flame-retarded high-impact polystyrene.

In a detailed overview of the decomposition pathways and
mechanisms, they concluded that the brominated additives

themselves do not change the decomposition temperature

of polystyrene, but Sb2O3 reduces the thermal stability of
the samples by acting as an initiator for the decomposition

of the brominated flame retardants. Klein et al. [132] also

studied the behavior of antimony during thermal treatment
of antimony-rich halogenated waste. Their aim was to

ensure the environmentally friendly waste incineration of

antimony-rich plastic waste, by strengthening the knowl-
edge about the fate of antimony and the potential formation

of harmful species as function of temperature, residence

time and flow rate of air in the furnace. Their investigations
showed that under moderate oxidative conditions, the

partition of antimony between the residual bottom ash

(&64 %) and the gas phase (&36 %) was constant
regardless of the temperature. However, they observed that

at 850 !C antimony was mainly present in the gas phase as

Sb(III), while around 1100 !C, Sb(V) was favored. Wu
et al. [133] studied the thermal degradation of high-impact

Table 9 Required Sb2O3 to make polymers flame resistant [6]

Plastic Flammability Sb2O3 (wt%) BFR required?

PE High 8–16 Yes

PP High 5–15 Yes

PS High 10 Yes

PU High 10 Yes

SBR High 5–30 Yes

ABS High 5–12 Yes

PVC Low 1–10 No

Polymer abbreviations: PE polyethylene, PP polypropylene, PS
polystyrene, PU polyurethane, SBR styrene-butadiene rubber, ABS
acrylonitrile–butadiene–styrene, PVC polyvinylchloride, BFR
brominated flame retardant
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polystyrene, containing brominated flame retardants and

Sb2O3. Bauxite residue (red mud) was used as an additive
to catch the bromine and antimony in a residue, while

producing a valuable pyrolysis oil. Mitan et al. [134]

investigated the controlled pyrolysis of polyethylene/
polypropylene/polystyrene mixed with brominated high-

impact polystyrene. Their work describes the effect of the

brominated flame retardants and Sb2O3 on the pyrolysis
process and the distribution of pyrolysis products. Brebu

et al. [135] also looked at the effect of flame retardants and
Sb2O3 synergists on the thermal decomposition of high-

impact polystyrene and on its debromination by ammonia

treatment. More than 90 wt% of initial bromine could be
recovered as inorganic NH4Br. Hall et al. [136] developed

a method for the co-pyrolysis of flame-retarded high-im-

pact polystyrene and polyolefins in a fixed bed reactor.
They looked at the effect that the different types of

brominated aryl compounds and Sb2O3 have on the

pyrolysis products.
Besides pyrolysis, other methods have also been pro-

posed. Omwudili and Williams [137] attempted the alka-

line reforming of high-impact polystyrene and traced the
movement of bromine and antimony. The waste polymer

was reacted in supercritical water and NaOH in a pressure

reactor in order to neutralize the corrosive inorganic bro-
mine species released during the reactions. They observed

that the presence of the alkaline supercritical water led to

97 wt% debromination of the product oil, producing a
valuable bromine-free oil feedstock. Furthermore, a 98 %

removal rate was achieved for antimony. The same method

was also used for acrylonitrile–butadiene–styrene polymers
[138]. Another unusual approach was tested by Lateef

et al. [139]. They used imidazolium- and pyridinium-based

ionic liquids to extract brominated flame retardants and
Sb2O3 from high-impact polystyrene. They identified

1-hexylpyridinium bromide as the most suitable for solid–

liquid and liquid–liquid extraction, achieving extraction
percentages of 92.7 % for the brominated flame retardants

and 99.9 % for Sb2O3. Furthermore, they demonstrated that

the chain length of the polymer was not degraded by the
extraction process, thus forming a polymer residue which

can be recycled. Another approach could be the depoly-

merization of the polymers to recover Sb2O3 and the
building blocks (e.g., ethylene, HCl). This approach has not

been investigated in detail so far, but some projects have

looked into the possibility of separating, cleaning, and
reusing bromine- and antimony-containing plastics [140].

Plastics in Waste Electrical and Electronic
Equipment

A subcategory of flame retardant plastics are the plastics
used in waste electrical and electronic equipment (WEEE)

[141]. WEEE is already being recycled on a large scale,

mainly to recover the precious metals (e.g., Co, In, Te, Se,
Au, Ag) used in the electronic components such as printed

circuit boards (PCBs) (Table 10) [142]. Besides the

metallic fraction, there is also a large non-metallic fraction
in WEEE [143]. Even for PCBs the non-metallic fraction is

still more than 70 % [143]. This non-metallic fraction

includes the silicon substrates and the plastics used in these
products. The strict safety regulations for electrical and

electronic equipment (EEE), require large amounts of
brominated flame retardants and Sb2O3 to be used in order

to guarantee the safe use of these plastics [142]. As

explained previously, approximately 52 % of antimony is
consumed in flame retardants, of which 70 % is used

for plastics in electrical and electronic equipment (Table 6)

[3, 142].
This clearly shows the potential of WEEE plastics as a

secondary feedstock of antimony. Table 9 showed that

certain plastics require as much as 5–15 wt% of antimony
to be fire resistant, making WEEE particularly rich in

antimony. The most important plastics under investigation

are acrylonitrile–butadiene–styrene (ABS) and high-impact
polystyrene (HIPS) as these are the most-used polymers in

EEE (Fig. 11) [141]. These polymers typically contain

5–10 wt% of Sb2O3 and an even larger amount of bromi-
nated flame retardants. [142]. Different studies have been

carried out to deal with these polymers in WEEE recycling

schemes. The toxic brominated compounds and antimony-
containing plastics have been a source of concern for the

recycling of WEEE. Regulations for the emission of

brominated compounds are very strict and therefore solu-
tions have been investigated to capture the bromine effi-

ciently during the pyrolysis of the WEEE [142]. The fact

that antimony is also present in the plastic fraction, means
that bromine and antimony are intrinsically connected in

WEEE recycling.

De Marco et al. and Moltó et al. reviewed the pyrolysis
of electrical and electronic wastes but did not discuss in

detail the recovery of antimony or bromine flame retardants

[144, 145]. Guo et al. [143] reviewed the recycling of non-
metallic fractions (NMFs) from waste printed circuit

boards (PCBs) and demonstrated the importance of finding

a solution for the recycling of this important fraction of
WEEE. The non-metallic fraction was usually treated by

combustion or landfilling in the past. However, uncon-

trolled combustion causes the formation of highly toxic
polybrominated dibenzodioxins and dibenzofurans, while

landfilling of the NMFs will lead to secondary pollution

caused by heavy metals and brominated flame retardants
(BFRs) leaching to the groundwater. This had been previ-

ously demonstrated by the work of Gullet et al. [146], who

characterized the emissions and residual ash from open air
burning of electronic wastes during simulated rudimentary
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recycling operations. They analyzed the fly ash and par-
ticulate matter and characterized the organic and metallic

components in the air emissions. Therefore, Guo et al.

[143] concluded that more advanced processes are required
such as pyrolysis, gasification, depolymerization, or

hydrogen degradation in order to convert the non-metallic

fraction to chemical feedstocks and fuels. These methods
have the advantage of eliminating hazardous substances

such as brominated organic compounds from this waste

fraction and allow the recovery of antimony from the
plastic waste. In later work, Guo et al. [147] analyzed the

pyrolysis of scrap printed circuit board plastic particles in a

fluidized bed reactor. The gas products, liquid products,
and solid residues were analyzed and it was found that the

liquid yields increased with an increase in pyrolysis tem-

perature. The main compositions of liquid products were

aromatic compounds including substituted benzenes,

whereas the solid products mainly contained char and
fiberglass. Morf et al. [148] also tracked the movement of

brominated flame retardants and antimony in WEEE

recycling plants. Hall et al. [149] investigated the fast
pyrolysis of plastics recovered from computer waste. The

computer case was made from PVC, but the computer

monitor cover consisted of brominated acrylonitrile–buta-
diene–styrene and had an antimony content between 3.9

and 4.5 wt%. The pyrolysis was carried out in a fluidized
bed reactor at 500 !C, and the composition products were

studied. They concluded that the high bromine and chlorine

content was a nuisance and that in-process sorption of the
halogens was required to obtain a high-quality oil. In later

work, Hall et al. [150] used zeolite catalysts and fluidized

catalytic cracker (FCC) catalysts to destroy the toxic
organobromines during pyrolysis of brominated high-im-

pact polystyrene (4.6 wt% Sb) and acrylonitrile–butadiene–

styrene (3.2 wt% Sb), found in WEEE. The movement of
antimony in the oil and char residues was also tracked.

Tostar et al. [151] specifically investigated the leaching of

antimony in plastics from WEEE with various acids and
gamma irradiation. The most efficient leaching medium

was a heated solution of sodium hydrogen tartrate in

dimethyl sulphoxide, which leached approximately 50 %
of the antimony from the acrylonitrile–butadiene–styrene

plastic. Gamma irradiation did not significantly change the

amount of leached antimony. A patent by Zhenming et al.
[152] also describes vacuum distillation as a way to recover

antimony from printed circuit board waste. Yang et al.

[153] reviewed the pyrolysis and dehalogenation of plastics
from waste electrical and electronic equipment. The con-

clusion from these works is that there are technologies

available to valorize the plastic components of WEEE, but
that additional research needs to be done to improve the

efficiency of these processes before upscaling becomes

economically feasible. These plastics have to be processed
appropriately due to their high content of toxic brominated

compounds. The focus up till now has been on limiting the

emission of brominated compounds and producing useful
fuel oils. However, the high antimony content present in

these same plastics offers a unique opportunity to combine

the necessary treatment of these brominated plastics with
the recovery of valuable antimony. Valorizing antimony

from WEEE plastics could improve the economics of the

total WEEE recycling process and offset the additional cost
of de-brominating during the processing of WEEE plastics.

Lamp Phosphor Waste

Antimony is used in the halophosphate (HALO) lamp

phosphors, found in fluorescent lamps [154, 155]. These

Table 10 Metal consumption for electrical and electronic equipment
EEE (t/year)

Yearly demand
for EEE (t/year)

Percentage of total
production (%)

Cu 4,500,000 30

Sn 90,000 33

Sb 65,000 50

Co 11,000 19

Ag 6000 30

Bi 900 16

In 380 79

Au 300 12

Se 240 17

The data are obtained from the work of Buekens and Yang [142]
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Fig. 11 Flows of the major plastic types in Swiss WEEE products for
the year 2007 [141]. ABS acrylonitrile–butadiene–styrene, HIPS high-
impact polystyrene, PP polypropylene, PC polycarbonate, PU
polyurethane, VC polyvinylchloride
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lamp phosphors are coated on the inside of the glass and

are responsible for the emission of visible light [156–159].
The HALO phosphor was invented in 1942 and large

amounts of this phosphor were produced as it found

widespread use in fluorescent tubes due to its emission of
intense white light [156–159]. This phosphor usually con-

sists of a fluoro-chloro apatite doped with Mn(II) and

Sb(III) and has the general formula (Sr,Ca)5(PO4)3
(Cl,F):Sb3?, Mn2? [156–158]. Antimony is added as a blue

dopant to adjust the shade of white [156–158, 160]. Today,
lamp phosphor waste contains around 50 wt% of HALO,

making it the largest component [154, 155, 161]. This

corresponds to approximately 0.5–1 wt% of antimony
which is similar to a low-grade stibnite ore [1, 155, 157,

161, 162]. With annual sales of CFLs topping 2.5 9 109

units/y (2007), the volume of lamp phosphor waste is
expected to continue growing at a rapid pace as fluorescent

lamps reach their end-of-life [163, 164]. Due to their

mercury content, fluorescent lamps are considered as haz-
ardous waste and are therefore collected separately in most

countries [165, 166]. The interest in lamp phosphor pow-

ders as a secondary resource has been growing recently due
to their high rare-earth content (in tri-band phosphor), and

the recovery of these valuable elements has been studied

extensively [165–175]. Currently, a recycling process is
operated on industrial scale ([1000 t/y) by Solvay in

France [161]. So far, the Sb-containing HALO phosphor is

often still discarded as a non-valuable residue due to the
absence of rare earths [165, 166, 172]. However, the

HALO content in these powders is too high to ignore (50

wt%) and could serve as an interesting secondary source of
antimony [176]. Our group therefore recently developed a

zero-waste valorization method to recover antimony from

HALO and to valorize the remaining as a calcium phos-
phate (apatite) product, which is a feedstock for the fer-

tilizer industry (Fig. 12) [176]. The valorization of HALO

and the recovery of antimony can be integrated in rare-
earth recovery schemes and in the broader effort to recycle

these lamp phosphor powders [175, 176].

Antimony Emissions and Recovery

Antimony Emissions: Land, Water, Air

Antimony is also lost through emissions in the air, in the
water, and on the land [177]. Total antimony emissions are

difficult to estimate, but it has been shown that in Australia

alone, total emissions of antimony (air, water, land) reach
as much as 3.8 t/year during mining and 8.7 t/year during

metal manufacturing. A better understanding of these los-

ses can help limit the unwanted emissions of antimony and
increase the available supply of antimony at the same time.

Land emissions are important, especially around antimony

mining and processing sites. An overview of antimony
emissions in the soil and decontamination procedures has

been compiled by Wilson et al. [178] and since this anti-

mony is often very localized and difficult to access, it is not
discussed here in detail. Air emissions on the other hand

are very relevant to the topic of secondary sources of

antimony. We previously discussed how air pollution
control residues, flue dusts, and fly ashes in lead, copper,

gold, and antimony processing can contain important
amounts of antimony. An overview was also given of the

different valorization methods and antimony recovery

processes for these residues. However, the capture of
antimony air emissions still needs to be improved. Tian

et al. [177] made a study of global yearly air emissions and

calculated that in 2005 global air emissions of antimony
reached 2232 t, and then gradually declined to about 1904 t

in 2010. Atmospheric emissions are mostly caused by fuel

combustion (42 %), waste incineration (24 %), brake wear
(17 %), and metal production (17 %) [177]. China is the

largest emitter of atmospheric antimony (649 t in 2010) due

to the large-scale combustion of coal and the production of
metals, as China currently has 114 antimony mines dis-

persed over 18 provinces [177]. The emission of antimony

from coal power plants, waste incinerators, and metal
production sites, can be lowered by the implementation of

better filters and air pollution control systems, from which

the antimony can then be recovered and reused. However,
the emissions of antimony through the wear of vehicle

brake linings and brake pads has proven to be a larger

concern as antimony emissions are not localized and no
simple solutions are available. Sb2S3 is used as a lubricant

in disc brake pads and drum brake pads, with concentra-

tions as high as 46 g/kg, depending on the type of brake
[179, 180]. Uexküll et al. [180] and Varrica et al. [179]

studied the speciation of these brake wear particles and

concluded that while the brake linings are mainly com-
posed of Sb2S3, this compound is decomposed during the

abrasion process leading to a mix of Sb2O3 and Sb2O5 in

the airborne particulate. Finally, there is the emission of
antimony to surface water, which has been reviewed by

Filella et al. [181]. These emissions can also be important

secondary sources of antimony if proper filtration systems
are set in place. In concentrated industrial flows and mine

drainage this is simple to implement, but even for very

dilute water streams, decontamination is mandatory, so
these large volumes can result overall in a significant

amount of recovered antimony.

Antimony Removal from Waste Water

Antimony removal from waste water was recently
reviewed by Ungureanu et al. [182]. This extensive review
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gives an overview of the analytic techniques for antimony

speciation and the existing removal techniques [182].
Different removal techniques have been proposed such as

ion-exchange, adsorption, membrane separation, electro-

chemical methods, bio-removal methods, or coagulation/
flocculation followed by filtration or sedimentation [182].

The very large number of papers written on this topic,

clearly demonstrated the importance of antimony removal
from waste water [182]. In these studies, the focus is sys-

tematically on the removal of antimony to obtain clean
water. This field of study is different from the previous

chapters in this review, as it deals with very dilute anti-

mony waste streams. However, the large volumes represent
a sizeable amount of antimony, which should not go to

waste. Antimony removal from wastewater is therefore an

opportunity to collect antimony efficiently, using automatic
(continuous) technologies such as column filtration with

specialized sorbents. These techniques lead to a strong

concentration of the antimony, which can then be used as a
source of antimony, when renewing or regenerating the

sorbent or filter.

The most common treatment techniques for antimony
removal are flocculation–coagulation followed by filtration

or sedimentation, or the use of adsorbents [182]. Floccu-

lation–coagulation is one of the most employed treatments
to produce drinking water, and has been investigated for

antimony removal as well, with ferric chloride being the

most suitable coagulant [182–185]. The drawback of this
technique is that it is difficult to automate, it creates toxic

sludge and it is not 100 % effective at removing antimony.

Researchers have therefore increasingly turned to adsor-
bents due to the convenient automatization in a continuous

set-up and the generally higher antimony-removal effi-

ciencies [182]. The use of sorbents requires only a periodic

regeneration, which is an opportunity to recover (pure)

antimony. A large variety of sorbents have been investi-
gated to this effect, and a full list is not included here since

these have already been reviewed by Ungureanu et al.

[182]. The investigated materials include chars, activated
carbons, graphene, alumina, metal oxides, minerals, resins,

biosorbents, and sorbents based on waste materials and

residues. The benchmark was set by Xu et al. [186] who
achieved the highest adsorption capacity (214 mg/g) using

a binary iron-manganese oxide, whose adsorption capacity
significantly outperformed the individual oxides [182,

186]. However, it should be stated that this result is an

outlier, with most adsorbents having an adsorption capacity
around 50–100 mg/g [182]. The second best material was

prepared by Biswas et al. [187], who used saponified

orange waste, loaded with Zr(IV) and Fe(III), as a sorbent
for the adsorptive removal of Sb(III) and Sb(V) from waste

water. They reported adsorption capacities around

114–145 mg/g. However, the review by Ungureanu et al.
[182] does not yet include the latest results and an over-

view of some additional recent examples is given here,

which boast high adsorption capacities ([100 mg/g). Wang
et al. prepared iron-modified aerobic granules to remove

Sb(V) from waste water and investigated the adsorption

mechanism in detail [188]. They reported a maximal
adsorption capacity of 125 mg/g. Dou et al. [189] investi-

gated hierarchical macro- and mesoporous amorphous

alumina as a sorbent for Sb(V). The results were compared
with five different commercial alumina adsorbents and

showed that this material had the highest adsorption

capacity (118 mg/g) and fast adsorption kinetics. Dong
et al. [190] made nanocomposites from graphene oxide and

schwertmannite (iron oxyhydroxysulphate mineral) to

adsorb Sb(V) from aqueous solutions. A synergetic effect

HALO
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Sb2O3
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Fig. 12 Zero-waste
valorization process for the
recovery of antimony from the
halophosphate fraction of lamp
phosphor waste. The phosphor
is first dissolved in HCl,
followed by the selective
extraction of Sb(III) with
Aliquat! 336. Pure Sb2O3 is
then obtained after a scrubbing
(NaCl) and stripping step
(NaOH). The remaining
leachate is precipitated as
apatite (fertilizer precursor).
Reproduced with permission
from Ref. [176]. Copyright
Royal Society of Chemistry
(2016) [176]
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on Sb(V) uptake was observed for this composite adsor-

bent, which had a maximum Sb(V) adsorption capacity of
158.6 mg/g. Sb(V) in spiked tap water (100 lg/L), simu-

lated river water (6400 lg/L), and acid mine drainage

(50,000 lg/L) was adsorbed by this sorbent to levels well
below the regulation levels for these waters. An interesting

subcategory of water purification is the removal of anti-

mony from mine drainage. These flows are often much
more concentrated and more acidic and therefore demand

different solutions. Zhu et al. used electrocoagulation to
partially remove antimony from mine flotation waste water

[191]. The remaining concentration was still 1 mg/L,

which far exceeds the drinking water limit, but meets the
emission standards established by the state department of

environmental protection of China [191].

Conclusion and Outlook

Antimony is one of the most critical elements, but has

remained largely out of the spotlights. However, the gap

between supply and demand is expected to exceed 10 % in
the coming years, making antimony supply far more crit-

ical than for example the rare-earth elements. Similar to the

rare earths, antimony production is dominated by China
and as the grades of primary ores diminishes, it becomes

increasingly difficult to meet the demand for antimony.

Antimony is an important industrial commodity and is used
in flame retardants for plastics and electronics, but also in

catalysts for the production of PET polymers and in lead-

acid batteries. To meet demand, it is crucial that attention
shifts to secondary sources such as industrial process

residues and end-of-life consumer items. This review gives

an overview of existing waste streams which could be of
importance as secondary sources of antimony. It also

encourages researchers to look at unusual sources such as

air pollution control residues, low-grade ores, and unusual
products such as lamp phosphor waste. Sufficient tech-

nologies are available to make antimony recycling a suc-

cess and current recycling rates of approximately 20 % are
expected to rise as China struggles to increase its output.

However, one of the remaining obstacles for the imple-

mentation of antimony recycling in the industry is the
upscaling from laboratory methods to industrial processes.

Further work needs to be carried out on pilot scale to see

which methods are sufficiently robust and flexible. Another
challenge is the changing composition of various residues

depending on the ore or product that is being processed.

Changes in composition of the input material can greatly
affect the performance of the recovery processes. Finally,

economic feasibility studies and life cycle assessments

need to be carried out to determine which techniques are
the most promising for industrial upscaling. We expect

copper producers to invest in antimony recovery tech-

niques in coming years as this is a growing problem that
needs to be addressed in the copper production flowsheets.

Other very interesting sources include incineration ashes

from concentrated fractions such as textiles or flame
retardant plastics. Recycling of antimony through the

recycling of lead-acid batteries is currently carried on

industrial scale and should continue to provide a steady
stream of secondary antimony. Current primary antimony

production is unsustainable as current reserves account for
only 10–11 years of production at current levels which

could be aggravated by rising demand from existing and

future antimony applications such as liquid–metal batteries
and thermoelectric materials. Moreover, antimony is also

associated with environmental problems, so a better man-

agement of antimony resources is mandatory and the
antimony life cycle must become more circular in the

coming years.
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Sulfonic acid functionalized ionic liquids for
dissolution of metal oxides and solvent extraction
of metal ions†

David Dupont, Stijn Raiguel and Koen Binnemans*

New sulfonic acid functionalized ionic liquids (SAFILs) with

bis(trifluoromethylsulfonyl)imide anions were synthesized. These

ionic liquids are strong Brønsted acids and can solubilize metal

oxides. Water-immiscible SAFILs were used as organic phases in

solvent extraction studies.

Inorganic and organic acids are important in many chemical
processes including organic synthesis, catalysis, processing of
(bio)materials, dissolution of metal ores and as extractants in
solvent extraction. Unfortunately, many (strong) acids produce
noxious and corrosive fumes. Acid-functionalized ionic liquids
are promising new materials as they combine the advantage of
a liquid (large contact area), with the advantages of solid-state
acids (negligible vapor pressure and reusability).1,2 Another
advantage is their versatility: an infinite number of ionic
liquids (ILs) can be designed based on different cations, anions
and functional groups.3 The two main classes of Brønsted-
acidic ILs are the carboxyl functionalized ILs and the sulfonic
acid functionalized ILs (SAFILs).2,4–16 Carboxyl functionalized ILs
such as betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf2N],
have been used successfully for the dissolution of metal oxides
and the separation of metals by solvent extraction.4,5,17–23 So far,
SAFILs have not been used for solvent extraction since no biphasic
SAFIL–H2O systems have been reported. The currently known
SAFILs are hydrophilic (water miscible) due to the polar sulfonic
acid functionalized cation and the choice of anion (Cl�, Br�,
NO3

�, HSO4
�, BF4

�, PF6
�, CH3CO2

�, CF3SO3
�, CH3SO3

�,
p-CH3C6H4SO3

�, etc.).1,2,7–16,24,25 Because of their high melting
points and viscosities, these SAFILs have been used mainly in
diluted form as homogeneous catalyst in organic synthesis and
for the hydrolysis of carbohydrates.2,7–16 Their zwitterions have
also been of interest as liquid crystals and as electrolytes in

lithium ion batteries.26–30 SAFILs with the right physical pro-
perties can open the way to new applications using the SAFILs
in their pure form.

In this Communication, we introduce a series of new
quaternary ammonium- and phosphonium-based SAFILs with
bis(trifluoromethylsulfonyl)imide (Tf2N

�) anions. The very stable
Tf2N

� anion is the conjugated base of the super acid HTf2N and
has a low coordinating ability which explains the superior
physical properties of Tf2N-containing ILs, including a relatively
low viscosity, low melting point and high thermal stability.26,31

These SAFILs can therefore be used undiluted. The combination
of long alkyl chains and Tf2N

� anions also allows synthesizing
hydrophobic (water-immiscible) SAFILs. The new hydrophobic
SAFILs were used as organic phase in solvent extraction systems
for metal ions, while hydrophilic SAFILs were used for dissolu-
tion of metal oxides.

The SAFILs were prepared by reacting a trialkylamine or
trialkylphosphine with 1,3-propanesultone to form sulfonate
zwitterions (Scheme 1).2,10,32,33 Then, a stoichiometric amount
of the acid HTf2N was added to the zwitterion to obtain the ionic
liquid in quantitative yield. Detailed synthesis procedures and
characterization data are provided in the ESI.† The physical
properties of the ILs are summarized in Table 1. All the com-
pounds are room-temperature ILs. When cooling the ILs in a DSC
instrument, a glass transition was observed (no crystallization).

The phosphonium ILs have a better thermal stability and
lower viscosity than their ammonium analogues, although the

Scheme 1 Synthetic strategy for trialkylammoniumpropanesulfonic acid
bis(trifluoromethylsulfonyl)imide ILs, abbreviated as [NRRRC3SO3H][Tf2N]. The
same scheme applies for the phosphonium analogues [PRRRC3SO3H][Tf2N].
R = methyl (1), ethyl (2), propyl (3), butyl (4), hexyl (6), octyl (8) or phenyl (Ph).

KU Leuven, Department of Chemistry, Celestijnlaan 200F – P.O. Box 2404,

B-3001 Heverlee, Belgium. E-mail: Koen.Binnemans@chem.kuleuven.be

† Electronic supplementary information (ESI) available: List of used chemicals,
equipment, synthesis procedures for the ILs and characterization data (NMR,
CHN, TGA, DSC, viscosity). See DOI: 10.1039/c5cc02731d
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viscosity of these ILs remains relatively high.34 Increasing the
temperature or adding water (Fig. S2, ESI†), greatly reduces
the viscosity for all ILs which makes them easier to handle.
SAFILs are usually hydrophilic due to the polar sulfonic acid
group on the cation. To counter this effect, long alkyl side
chains can be used in combination with the hydrophobic anion
Tf2N

�. The different SAFILs were contacted with water, acetone
and toluene (1 : 1 wt/wt ratio) to test their miscibility (Table 2).
SAFILs (1–6) were found to be hydrophilic (water-miscible) and
are among the rare examples of water-miscible ILs with the
Tf2N

� anion. SAFILs (7–10) were found to be hydrophobic
(water-immiscible). Without additives, the hydrophobic SAFILs
form a gel when contacted with water. Gel formation can be
suppressed by adding an alcohol as a modifier to the system.
The best results were obtained adding ethanol (E5 wt%) to
SAFIL (8) or (9), and butanol (E5 wt%) to SAFIL (10). The use
of higher alcohols has been reported for solvent extraction
systems with non-polar solvents like toluene.35–38 Stable biphasic
systems with a low viscosity and fast phase separation could be
obtained this way for the water-immiscible SAFILs (8–10) (Fig. 1).
An aqueous biphasic system with a sharp phase boundary was
observed for the water-miscible SAFIL (6) [P444C3SO3H][Tf2N]
after addition of sulfuric acid (1–2 M) to the aqueous phase
(Fig. 1). The acid suppresses the deprotonation of the sulfonic
acid group of the IL and therefore decreases the polarity of the
IL, thus inducing phase separation. This hypothesis is supported
by the fact that the salting-out agent Na2SO4 did not cause phase
separation.39 The existence of biphasic SAFIL–H2O systems
opens the way to solvent extraction of metal ions. To the best
of our knowledge, no reports exist on the use of sulfonic acid
functionalized ILs for solvent extraction. Not much is known

about solvent extraction with sulfonic acid extractants either,
because their surfactant properties often cause micelle forma-
tion, which hampers phase separation.40,41 A few papers mention
solvent extraction using ILs with sulfonate anions, e.g. 1-butyl-3-
methylimidazolium nonafluorobutanesulfonate, but their extrac-
tion mechanism is based on cation exchange (eqn (1)), leading to
loss of IL cations to the aqueous phase.42–44 On the other hand,
the ILs described in this work have sulfonic acid functionalized
cations, which can be deprotonated to form zwitterions. The
SAFILs with long alkyl chains (hexyl, octyl) have water-immiscible
zwitterions, which means that the acidic protons can be
exchanged by metal ions, generally without transfer of IL cations
or anions to the water phase (eqn (2)). This proton exchange
mechanism is controlled by the pH. The same mechanism has
been observed for ILs with carboxyl-functionalized cations such
as [Hbet][Tf2N].

17,19

Mn+
(aq) + n[Cat][RSO3](IL) - [M][RSO3]n(IL) + nCat+(aq) (1)

Mn+
(aq) + n[RSO3H][Tf2N](IL) - [(RSO3)nM][Tf2N]n(IL) + nH+

(aq)

(2)

The water-immiscible SAFIL [N888C3SO3H][Tf2N] was con-
tacted with water (1 : 1 ratio wt/wt) containing various metal
chloride salts (1 mmol L�1). Ethanol was added (5 wt%) to
obtain a stable biphasic system with a sharp phase boundary
(Fig. 1). The metal concentrations were measured by TXRF to
determine the distribution ratio D (eqn (3)) and percentage
extraction %E (eqn (4)):

D ¼ ½M�IL
½M�aq

(3)

%E ¼ nIL

nIL þ naq
(4)

Here [M]IL and [M]aq are the equilibrium concentrations and
n the corresponding number of moles in the IL phase and
aqueous phase, respectively. Fig. 2 shows the extraction
results without pH modification. The pH of the water phase is
then in the range 0–0.2.

The SAFIL [N888C3SO3H][Tf2N] is able to extract a wide
range of metal ions (Fig. 2), with a particularly high affinity

Table 1 Physical properties of the SAFILs described in this work

Nr Ionic liquid Tg
a (1C) Viscosity (cP) 30 1C/80 1C Tdeg

b (1C)

1 [PPh3C3SO3H][Tf2N] �39 Z10 000/482 319
2 [N111C3SO3H][Tf2N] �48 3230/180 275
3 [N222C3SO3H][Tf2N] �57 1463/79 275
4 [N333C3SO3H][Tf2N] �37 Z10 000/229 275
5 [N444C3SO3H][Tf2N] �40 Z10 000/310 275
6 [P444C3SO3H][Tf2N] �50 1888/119 307
7 [N666C3SO3H][Tf2N] �61 1347/111 270
8 [P666C3SO3H][Tf2N] �64 621/62 300
9 [N888C3SO3H][Tf2N] �61 1703/125 265
10 [P888C3SO3H][Tf2N] �56 1916/116 320

a Glass transition temperature (Tg): measured with DSC. b Degradation
temperature (Tdeg): measured by TGA (5 1C min�1, N2). The TGA curves
are shown in Fig. S1 (ESI).

Table 2 Density (g cm�3) (25 1C) and miscibility of the SAFILs in water,
acetone and toluene (1 : 1 ratio wt/wt)a

IL 1 2 3 4 5 6 7 8 9 10

Density 1.50 1.57 1.55 1.42 1.35 1.36 1.32 1.26 1.17 1.20
Water + + + + + + � � � �
Acetone + + + + + + + + + +
Toluene � � � � � � + + + +

a Miscible (+) or immiscible (�).

Fig. 1 (A) The slightly colored, water-immiscible SAFIL (9) is shown as a
[N888C3SO3H][Tf2N]–H2O system (1 : 1 ratio wt/wt), before and after addition
of ethanol (5 wt%) to suppress the gel formation. (B) The water-miscible
SAFIL (6) is shown as a [P444C3SO3H][Tf2N]–H2O system (1 : 1 ratio wt/wt)
before and after adding sulfuric acid (2 M) to obtain an aqueous biphasic
system.

Communication ChemComm

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
by

 K
U

 L
eu

ve
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
22

/0
6/

20
15

 1
0:

02
:4

2.
 

View Article Online

117



9008 | Chem. Commun., 2015, 51, 9006--9009 This journal is©The Royal Society of Chemistry 2015

for rare-earth ions especially compared to the affinity of car-
boxylic acid extractants and ILs at similar pH values.17,45 Notice
that the lanthanide ions are extracted in the reverse order
(La(III) 4 Nd(III) 4 Dy(III) 4 Lu(III)) than the one expected on
the basis of their charge density. This could be due to sterical
hindrance of the sulfonate groups and octyl side chains which
causes smaller lanthanides to be less efficiently coordinated.
This reversal of the lanthanide extraction sequence is unusual,
but sterical hindrance of ligands is known to influence the
extraction sequence of the lanthanides and to eventually fully
reverse it.45–48 A typical example is the reversal when switching
from linear thiocyanate ligands to more sterically demanding
nitrate ligands in quaternary ammonium extraction systems.47

Preston and du Preez attributed this behavior to the interplay of
electrostatic and steric effects.49 Since the extraction occurs via a
proton exchange mechanism (eqn (2)), the extraction efficiencies
and mutual separation of the metal ions can be modified by
adjusting the pH of the aqueous phase (Fig. 3).45

Finally, the dissolution of metal oxides in the strongly
Brønsted acidic SAFILs (pKa E �2) was tested.2 The dissolu-
tion of metal oxides has been described in detail for carboxylic
acid functionalized ILs, but has not been investigated for the
more strongly acidic SAFILs.4,5,20,22 Metal salts (e.g. NaCl) are
poorly soluble in conventional ILs due to the inefficient anion
solvation.20 Brønsted-acidic ILs can therefore selectively dis-
solve metal oxides because metal oxides form only metal
cations and water when reacted with an acid (eqn (5)). This
offers opportunities for the selective leaching of metal oxides
from a mixture of minerals or salts or for the cleaning of
oxidized metal surfaces.20 Water can be added to accelerate
the dissolution kinetics by lowering the viscosity and improv-
ing proton exchange, but the selectivity towards metal oxides
is then reduced.4,5,20

NiO + 2[RSO3H][Tf2N] + nH2O- [Ni(RSO3)2(H2O)n][Tf2N]2 + H2O
(5)

The dissolution of a range of metal oxides was tested in SAFIL–
H2O systems (1 : 1 ratio wt/wt) at 80 1C for SAFILs (2, 3, 9).

In these conditions, the IL solutions have a low viscosity
(o25 cP) (Fig. S2, ESI†). It was found that these ILs could
dissolve large (stoichiometric) amounts of ZnO, CuO, NiO,
La2O3, Nd2O3, Y2O3, MnO, CoO, Co3O4, Fe2O3 and to a lesser
extent also TiO2, Al2O3, Cr2O3, WO3. This is an improvement
compared to the carboxyl functionalized IL [Hbet][Tf2N] which
cannot efficiently dissolve the more inert oxides: CoO, Co3O4,
Fe2O3, TiO2, Al2O3, Cr2O3, WO3.

4,5 The strong acidity and high
affinity of SAFILs for metal ions makes them very suitable for
the dissolution of metal oxides (Fig. 4). For the same reason,
methanesulfonic acid has also been highlighted as a promising
leaching agent since it can dissolve a wide range of metal salts,
many of them in significantly higher concentrations than in
hydrochloric or sulfuric acid.50 The use of IL analogues is
therefore certainly an interesting evolution since ILs have the
additional advantage of a negligible vapor pressure and improved
reusability.

In summary, we have synthesized a range of new sulfonic
acid functionalized ionic liquids (SAFILs) with Tf2N

� anions
showing excellent physical properties. Solvent extraction of
metal ions was demonstrated using the new hydrophobic
(water-immiscible) SAFILs. The highly acidic SAFILs were also
used for the dissolution of metal oxides. This work will hope-
fully stimulate further research on these promising ILs besides
their current use as homogeneous catalysts.

The authors wish to thank the KU Leuven (projects GOA/13/
008 and IOF-KP RARE3) and the FWO Flanders (PhD fellowship
to DD) for financial support.

Fig. 2 Distribution ratio (D) and percentage extraction (%E) in
[N888C3SO3H][Tf2N]–H2O for the metal chlorides (1 mmol L�1): Zn(II), Cu(II),
Ni(II), Sn(II), Co(II), Fe(III), In(III), Ga(III), Y(III), Lu(III), Dy(III), Nd(III), La(III), Cr(III), Sc(III).

Fig. 3 Influence of the initial acid concentration in the aqueous phase on
the extraction (%) of Zn(II), Cu(II), Ni(II), Co(II), Fe(III), Dy(III), Nd(III), Sc(III) ions.

Fig. 4 Dissolution of Co3O4, CuO andNiO in [N111C3SO3H][Tf2N] (50mg g�1).
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Alkylsulfuric acid ionic liquids: a promising class
of strongly acidic room-temperature ionic liquids†

David Dupont, Evelien Renders and Koen Binnemans*

Strongly acidic (pKa E !3.5) room-temperature ionic liquids (ILs)

with –OSO3H functionalized cations are introduced. The strong

acidity, easy synthesis, and better physical properties of these R–OSO3H

ILs make them excellent alternatives to the well-known sulfonic acid

(R–SO3H) ILs, especially in the domain of metal processing.

Brønsted-acid ionic liquids (ILs) are a very interesting class of
solvents.1 They are highly tunable, soluble in a wide range of
organic solvents, and often also reusable. The fact that they are
non-volatile (no toxic fumes) also makes them safer and more
convenient to handle than traditional mineral acids.1 Acidic ILs
have been used as catalysts in organic synthesis, but also for
the dissolution of metal oxides, and as acidic extractants in
solvent extraction of metal ions.1–12 Currently, the two main
classes of Brønsted-acid ILs are the carboxylic acid (–COOH) ILs
and sulfonic acid (R–SO3H) ILs.1,4,13 The acid group is located
on the IL cation so that upon deprotonation zwitterions are
formed, which can effectively coordinate to metal ions.1,5,10 Recently,
we have synthesized the first examples of water-immiscible sulfonic
acid ILs, which were liquid at room temperature.10 Sulfonic acid
extractants are typically avoided in traditional solvent extraction
due to their detergent properties, micelle formation and low
solubility in the organic phase.14 These issues were solved by
incorporating the sulfonic acid extractants in the structure of an
IL.10 However, the high charge density of the sulfonic acid group
still caused a high viscosity, a tendency to form gels, and the
need to use long alkyl chains (hexyl, octyl) to make the sulfonic
acid ILs water-immiscible.10 The synthesis of these compounds
was therefore relatively expensive since cyclic sultones and
amines with long alkyl chains were required.1,10 As an answer
to these problem, we present in this Communication a different
class of strongly acidic room-temperature ILs which are simple

to make and contain alkylsulfuric acid (R–OSO3H) functionalized
cations (Fig. 1). The synthesis, stability and physical properties are
discussed, as well as their ability to dissolve and extract metal ions.
The focus in this work is on metal processing in these ILs, but the
increased acidity of R–OSO3H groups (pKa E!3.5),15 compared to
sulfonic acids (R–SO3H) ILs (pKa E !2),16 should also improve
their efficiency as Brønsted-acid catalyst and could be the object of
future research.15,17 The stronger acidity makes a difference for the
protonation of organic species (e.g. carboxylic acids, aldehydes,
ketones) in water-free solvents and therefore for the catalysis of
certain reactions such as the Fischer esterification.1,3,6,13,15–22 The
additional oxygen atom of the R–OSO3H group, compared to
sulfonic acids (R–SO3H), not only increases the acidity, but also
decreases the charge density of the end group, thus lowering
the viscosity and increasing the hydrophobicity. The direct
consequence is that we were able to synthesize low-viscous,
room-temperature ILs that are water-immiscible even with short
alkyl chains (methyl, ethyl), instead of the hexyl or octyl chains
required for similar sulfonic acid ILs.10 Furthermore, alkylsulfuric
acids and alkylsulfates are known for their low toxicity and
biodegradability, which is why they are used as detergents in
many household cleaning products (e.g. sodium dodecyl sulfate,
SDS).23,24 It is also possible to synthesize certain alkylsulfuric
acid ILs starting from the widely available biomolecule and animal
food additive choline chloride.15,17,25,26 These ILs thus fit in the
trend towards more bio-based and biodegradable ILs.25–30

The detailed synthesis and characterization are described in
the ESI,† but a schematic overview is given here (Scheme 1).

Fig. 1 Comparison between the well-known sulfonic acid ILs (left) and
the alkylsulfuric acid ILs (right), described in this work.
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The general synthesis route started by alkylating a trialkylamine
or trialkylphosphine with a linear o-bromoalcohol (A), followed
by the addition of chlorosulfonic acid to convert the alcohol to
a sulfate group (B).31 The zwitterion was then reacted with
bistriflimic acid (HTf2N) to produce the desired IL (C). The
strong acidity of the IL cation makes it mandatory to use IL
anions derived from even stronger acids, in order to avoid
cross-protonation. Bis(trifluoromethylsulfonyl)imide (bistrifli-
mide, Tf2N!) anions were chosen due to their tendency to form
stable and low-viscous ILs.32 The synthesis route depicted in
Scheme 1 is flexible and allows control over the length of the
alkyl chains on the amine and the length of the carbon linker
attached to the –OSO3H group. Alternatively, the bio-compound
choline chloride25,26 can be used as building block to make the
trimethyl IL in a convenient two-step method (B*).15,17 An
overview of the synthesized ILs and their physical properties
is given in Table 1. The ILs are all liquid at room temperature
and have relatively low viscosities even at 25 1C. Note that the
glass transition temperatures and viscosities are lower than for
the equivalent sulfonic acid ILs reported in our previous
work.10 We attributed this to the fact that the extra oxygen
atom has an electron-withdrawing effect, thus lowering the
intermolecular forces. The lower charge density of the alkylsul-
furic acid group also translates in a more hydrophobic char-
acter, compared to sulfonic acid ILs.10 The alkylsulfuric acid ILs
cover a broad range of miscibility from water-miscible to
miscible in hydrocarbons (Table 2), which is useful for a
potential use as Brønsted-acid catalysts and even for non-
aqueous (IL/hydrocarbon) solvent extraction systems.

The increased hydrophobicity of these ILs compared to
sulfonic acid ILs, is also evident from the fact that the ILs with
ethyl chains or longer (IL 2–6) are water-immiscible (Table 2),
while the analogue sulfonic acid ILs [NRRRC3SO3H][Tf2N]

required more expensive precursors with hexyl or octyl chains
to be immiscible in water.10 IL 1 is particularly interesting since
it can form thermomorphic aqueous biphasic systems (ABS)
when salts (e.g. NaCl, Na2SO4) are added to induce phase
separation.33–35 Such thermomorphic biphasic systems can
mix reversibly with water above a certain temperature, called
the cloud point temperature.8,34,36–39 Similar behavior has been
observed for the analogue carboxyl-functionalized IL: betainium
bistriflimide [Hbet][Tf2N] and this phenomenon is of great
interest for solvent extraction as it effectively removes the phase
boundary.8,37,38,40 An overview of the influence of the salt
concentration on the cloud point temperature of this ABS
system is given in ESI† (Table S2). The best results were found
for 1.0 M NaCl or 0.5 M Na2SO4, with excellent phase separation
at room temperature and relatively low cloud point temperatures
around 48 1C. Fig. 2 shows the mixing and demixing of IL 1 with
water (1 : 1 wt/wt), containing 1.5 M of NaCl. The fact that IL 1
shows this interesting behavior is a lucky coincidence since this is
the IL that can be prepared from choline chloride (Scheme 1).

Alkylsulfates can decompose in water to form the corres-
ponding alcohol and sulfuric acid, but it is generally accepted
that they have a relatively good kinetic resistance against
hydrolysis.27,33,41,42 To test the stability of the ILs, thermogravimetric
analysis (TGA) was first carried out using a nitrogen atmosphere,
which showed a degradation temperature of approximately 330 1C
(ESI,† Fig. S1). Then, the stability of the ILs was tested with an air
atmosphere (20–150 1C) and mixed with water (1 : 1 wt/wt)
(20–80 1C) over a 24 h interval, using NMR to monitor the
degradation, but no signs of degradation were observed (ESI,†
Table S3).

From previous work, it is known that acidic ILs such as
carboxylic acid ILs are able to efficiently dissolve metal oxides
since only water and metal cations are formed, which can be
solvated by the IL zwitterions created during the deprotonation.2,5,9,43

Scheme 1 General synthesis method for alkylsulfuric acid functionalized
ammonium-based ILs. The samemethod applies for phosphonium-based ILs.

Table 1 Physical properties of the ionic liquids described in this work

Nr Ionic liquid Tg
a (1C)

Viscosity
(cP) 25 1C

Density
25 1C (g cm!3)

1 [N111C2OSO3H][Tf2N] !28 324 1.58
2 [N222C2OSO3H][Tf2N] o!80 378 1.46
3 [N666C2OSO3H][Tf2N] o!80 1950 1.30
4 [N888C2OSO3H][Tf2N] o!80 1538 1.28
5 [P444C2OSO3H][Tf2N] o!80 739 1.40
6 [P888C2OSO3H][Tf2N] o!80 1332 1.23
7 [N111C3OSO3H][Tf2N] o!80 1337 1.59
8 [N111C4OSO3H][Tf2N] o!80 1258 1.54

a Glass transition temperature (Tg): measured by DSC (lower limit:!80 1C).

Table 2 Miscibility of the alkylsulfuric acid ILs in different solventsa

ILs 1 2 3 4 5 6 7 8

Water " ! ! ! Gel Gel + !
DMF + + " " + " + +
Acetonitrile + + + + + " + +
EG + + ! ! ! ! + +
Methanol + + ! ! + ! + +
Ethanol ! + + " + ! + +
Acetone + + + + + + + +
Toluene ! ! " + ! + ! +
n-Heptane ! ! ! ! ! ! ! +

a Miscible (+), partially miscible (") or immiscible (!).

Fig. 2 Thermomorphic mixing/demixing of the [N111C2OSO3H][Tf2N] :H2O
system (1 : 1 wt/wt) with NaCl (1.5 M). The cloud point of this system
is 48 1C.
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Metal salts (e.g. NaCl) are poorly soluble in these ILs due to the
inefficient anion solvation.9 These ILs thus offer the possibility
to selectively dissolve metal oxides.9 For alkylsulfuric acid ILs,
the dissolution reaction of metal oxides (e.g. CuO) could be as
follows (eqn (1)):

CuO + 2[ROSO3H][Tf2N] - [(ROSO3)2Cu][Tf2N]2 + H2O (1)

The dissolution of a range of metal oxides was tested in IL–H2O
systems (20 wt% H2O) at 80 1C (24 h) using [N111C2OSO3H][Tf2N].
This ionic liquid could efficiently dissolve metal oxides including
CaO, CuO, NiO, La2O3, Nd2O3, Co3O4 and Fe2O3, which is not
surprising considering its strong acidity and high affinity for metal
ions. The alkylsulfuric acid IL allows the dissolution of the same
metal oxides as the analogue sulfonic acid IL [N111C3SO3H][Tf2N]
(pKa E !2),10 prepared in previous work. This is expected due to
the leveling effect of water. However, differences are observed
when comparing the dissolution of metal oxides with the carboxylic
acid IL [N111C1COOH][Tf2N] (=[Hbet][Tf2N]) (pKa E 2).5,9,43 This
ionic liquid cannot efficiently dissolve inert oxides such as Fe2O3 or
Co3O4, but it has nevertheless shown a lot of promise for the
treatment and recycling of metal-rich products and waste residues,
due to its acidity, metal affinity and thermomorphic behavior.2,9

The more strongly acidic alkylsulfuric acid ILs could be useful to
speed up these leaching processes or allow the treatment of more
inert residues such as bauxite residue or iron oxide slags.44 The
alkylsulfuric acid ILs are very strong acids and do not produce
noxious fumes like most mineral acids (e.g. HCl, HNO3).1,16 This
makes them particularly attractive as potentially green leaching
agents. [N111C2OSO3H][Tf2N] is preferred compared to the analogues
with longer alkyl chains due to its easy synthesis and lower viscosity.
An overview and comparison of metal oxide dissolution by these ILs
is given in the ESI† (Table S4).

The water-immiscible alkylsulfuric acid ILs can also be used
as organic phase to extract metal ions from aqueous solutions.
These are interesting extractants, as their very strong acidity
makes it possible to efficiently extract metal ions even from
highly acidic solutions (pH o 0). This is not possible with weaker
acids such as carboxylic acid or phosphoric acid extractants.45

Unfortunately, alkylsulfuric acid or alkylsulfate extractants are
difficult to use in traditional solvent extraction due to their
detergent properties.14,46,47 These polar extractants do not dissolve
in the organic phase unless long alkyl chains are used, which in
their turn cause micelle formation. Therefore, very little is known
about solvent extraction with alkylsulfuric acid or alkylsulfate
extractants. ILs thus offer a unique opportunity to study these
‘‘inaccessible’’ extractants, since no detergent behavior is observed
and stable biphasic systems were obtained. Furthermore, the use
of a pure ionic liquid phase with extractants incorporated in their
structure, drastically increases the extractant concentration
compared to organic solvents that typically have a low solubility
for such acidic extractants.48,49 The advantage of incorporating
alkylsulfuric acid groups on the cation instead of using ILs with
alkylsulfate anions is that acidic cations form zwitterions upon
deprotonation, which can coordinate the metal ions.11,38 This
means that acidic protons are exchanged by metal ions (eqn (2)),
instead of transferring organic cations to the aqueous phase as

is commonly the case for ionic liquids with extracting anions
(e.g. alkylsulfate anions).45,50,51

Mn+
(aq) + n[ROSO3H][Tf2N](IL) - [(ROSO3)nM][Tf2N]n(IL) + nH+

(aq)

(2)

The extraction efficiency was tested by contacting the ILs
[N111C2OSO3H][Tf2N] and [N888C2OSO3H][Tf2N] with aqueous
solutions (1 : 1 ratio wt/wt), containingmetal chlorides (1 mmol L!1,
pH 2.7). NaCl (1.5 M) was added to the [N111C2OSO3H][Tf2N]
system to obtain a biphasic system. After extraction, the
metal concentrations were measured by total reflection X-ray
fluorescence (TXRF) to determine the percentage extraction
%E (eqn (3)):

%E ¼ nIL
nIL þ naq

$ 100 (3)

Here, nIL and naq are the number of moles of the metal ion in
the IL phase and aqueous phase, respectively. The results are
shown in Fig. 3. The extraction efficiencies are intermediate
between carboxyl-functionalized ILs such as [Hbet][Tf2N] (poor
extraction for most metal ions),38 and sulfonic acid ILs which
fully extract most studied metal ions from chloride solutions
(>80%).10 This trend is logical based on the charge density of the
functional group: R–COO! o R–OSO3

! o R–SO3
!. The inter-

mediate extraction efficiency of the alkylsulfuric acid ILs is
useful as it allows separation of metal ions. It is also very
interesting to notice that the inversed extraction trend for
rare-earth ions (La > Nd > Dy > Y), previously observed for
sulfonic acid ILs, also occurs for these alkylsulfuric acid ILs.
This confirms the hypothesis that bulky functional groups lead
to a reversal of the normal (charge density based) extraction
series for the rare-earth ions (La o Nd o Dy o Y), which is
observed for carboxylic acid extractants.10,38,52,53

In conclusion, this Communication discusses a promising
class of very acidic ILs with alkylsulfuric acid functionalized
cations. These ILs can be synthesized cheaply and offer
improved physical properties compared to sulfonic acid ILs,

Fig. 3 Percentage extraction (%E) from ametal chloride solution (1 mmol L!1,
pH 2.7) using the IL [N111C2OSO3H][Tf2N] and [N888C2OSO3H][Tf2N] as
org. phase. Zn(II), Cu(II), Ni(II), Co(II), In(III), Y(III), Dy(III), Nd(III) and La(III)
were tested.
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which are used as Brønsted-acid catalysts in organic synthesis.
The stronger acidity of alkylsulfuric acid ILs and their miscibility
in various organic solvents makes them excellent alternatives
for sulfonic acid ILs. This Communication also focusses on the
possibility of metal processing in these ILs, including the
dissolution of metal oxides and the extraction of metal ions
from aqueous solutions. These strongly acidic extractants can
efficiently extract metal ions even from very acidic solutions
(pH o 0), which is not possible with commonly used carboxylic
acid or phosphoric acid extractants. Furthermore, incorporating
alkylsulfuric acid groups into the structure of the IL finally
allowed the study of this type of extractants, since in traditional
solvent extraction alkylsulfuric acid extractants are difficult to
use due to their strong detergent properties. These versatile
alkylsulfuric acid ILs thus open up a range of interesting
applications and it is our hope that this Communication will
stimulate further research interest for these ILs.

The authors wish to thank the KU Leuven (projects GOA/13/008
and IOF-KP RARE3) and the FWO Flanders (PhD fellowship to DD)
for financial support.
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ABSTRACT: Hydrophobic (water-immiscible) ionic liquids (ILs) are frequently used as
organic phase in solvent extraction studies. These biphasic IL/water extraction systems often
also contain metal salts or mineral acids, which can significantly affect the IL trough
(un)wanted anion exchange and changes in the solubility of IL in the aqueous phase. In the
case of thermomorphic systems, variations in the cloud point temperature are also observed.
All these effects have important repercussions on the choice of IL, suitable for a certain
extraction system. In this paper, a complete overview of the implications of metal salts on
biphasic IL/water systems is given. Using the Hofmeister series as a starting point, a range of
intuitive prediction models are introduced, supported by experimental evidence for several
hydrophobic ILs, relevant to solvent extraction. Particular emphasis is placed on the IL
betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf2N]. The aim of this work is to
provide a comprehensive interpretation of the observed effects of metal salts, so that it can be used to predict the effect on any
given biphasic IL/water system instead of relying on case-by-case reports. These prediction tools for the impact of metal salts can
be useful to optimize IL synthesis procedures, extraction systems and thermomorphic properties. Some new insights are also
provided for the rational design of ILs with UCST or LCST behavior based on the choice of IL anion.

■ INTRODUCTION
The study of the effect of metal salts on the behavior of
compounds in solution starts with Franz Hofmeister in 1888.
He described the effect of salt cations and anions on the
stability and solubility of the protein ovalbumin in aqueous
solutions, and ranked the ions in the so-called Hofmeister
series.1 His observations were later transposed to explain the
effect of metal salts and organic salts on the behavior of other
proteins, colloids, and polymers in solution.2−22 Ions that
promote the dissolution of a compound in solution are called
salting-in ions, while ions that exclude a solute from solution are
called salting-out ions.2−22 Despite the apparent simplicity of
this theory, it still continues to puzzle scientists to this day.23,24

The importance of this complicated solvation science is
becoming ever more apparent as the study of interfacial
phenomena and solvent structure on a molecular level is the
key to understanding many areas of chemistry.22−33 Due to
their strongly ionic character, ionic liquids (ILs) have received
particular attention lately in this area of solvation science.34

Under the influence of salts, some water-miscible ILs can form
IL-based aqueous biphasic systems (ABS).34−49 More im-
portantly, the properties of biphasic IL/water systems formed
by water-immiscible ILs are also greatly affected by the addition
of metals and mineral acids.50−56 These water-immiscible ILs
have shown great promise as organic phase in solvent extraction
studies. The ILs can be used as diluents for extractants, or task-
specific ILs can be prepared in which a functional (extracting)
group is incorporated in the structure of the IL.57 Due to the

infinite number of possible anion and cation combinations, ILs
are often considered designer or task-specific solvents.58 A well-
known example is the carboxyl-functionalized IL betainium
bis(trifluorosulfonyl)imide [Hbet][Tf2N], which can be used
for the extraction of a range of metal ions.59−64 In traditional
solvent extraction, which uses apolar solvents such as toluene or
kerosene as organic phase, the effect of metal salts is mostly
visible in the mutual solubility of the organic phase and aqueous
phase.65 The solubility of uncharged hydrophobic molecules
such as benzene or toluene in the aqueous phase can be
increased by the adsorption of ions which counters the van der
Waals attraction between the hydrophobic solutes.10,66 Both
anions and cations are effective at increasing the surface charge
and improving their solubility by countering the van der Waals
attraction. The effect of ions is therefore only related to their
hydrophobicity since this will determine if they can adsorb on
the hydrophobic surface and contribute to its surface charge.
The charge density of an ion determines its level of hydration
and therefore also its hydrophobicity (Figure 1). It was shown
experimentally that the rank order of effectiveness of the anions
in salting-out benzene is indeed SO4

2− > Cl− > Br− > NO3
− >

I−, and the rank order of the cations is Ca2+ > Na+ > K+ > NH4
+

> Cs+, which is in agreement with the series in Figure 1.2,10,66

This corresponds to the Hofmeister series with a reversed
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cation series because the Hofmeister series was established for
the negatively charged hydrophobic protein ovalbumin. There-
fore, adsorbed cations diminish the surface charge of the
protein and lower its solubility. Schwiertz et al., used this to
predict the order of the salting-in/salting-out series depending
on the surface charge and the hydrophobicity of a protein or
colloid surface.5,6

The same order also applies to the solubility of ionic liquids
in the water phase.47,50−54,67,68 However, ILs are more
complicated than the above-mentioned organic solvents in
the sense that they consist of ions themselves. Therefore, salts
can also cause other effects such as anion exchange, which can
negatively affect the ionic liquid. This paper gives and overview
of all the effects of metal salts and mineral acids on a selection
of biphasic IL/water systems, relevant to solvent extraction.
These effects include anion exchange, changes in mutual
solubility and effects on the cloud point temperature of
thermomorphic systems. The countless different combinations
of anions and cations to form ILs, increases the need for a
general prediction model that is applicable for all ILs, regardless
of the structural characteristics of their anions and cations.
Rationalizations and prediction models are therefore provided,
which are generally applicable to all water-immiscible ILs.
Understanding these aspects is important for the design of
stable solvent extraction systems and to minimize the loss of IL
to the water phase.37,46,61,69−77 Particular emphasis was placed
on water-immiscible ILs used as organic phase in solvent
extraction of metal ions, such as the alkylated ammonium and
phosphonium ILs and the functionalized ILs like [Hbet]-
[Tf2N].

59−62,73,76,78,79

■ EXPERIMENTAL SECTION
Chemicals. MgCl2·6H2O (98%), NaCl (98%), NaClO4·

H2O (98%), NaF (99%), Mg(NO3)2·6H2O, KSCN (99%),
LiNO3 (99%) and D2O (99.9 atom % D) were obtained from
Sigma-Aldrich (Diegem, Belgium). CaCl2·2H2O (99.5%),
NaNO3 (99%), Na2SO4 (99%), Ca(NO3)2·4H2O (99%),
KNO3 (99%), NH4NO3 (99%) and HNO3 (65%) were
purchased from Chem-Lab (Zedelgem, Belgium). KCl
(99.5%) and NaI (99.5%) were purchased from AppliChem
(Darmstadt, Germany) and LiCl (99%) from Fisher Chemical
(Loughborough, UK). CsCl (99%), NaBr (99.5%), NH4Cl
(99.5%), H2SO4 (96%), HClO4 (70%), HCl (37%) and 1,4-
dioxane (99.9%) were obtained from Acros Organics (Geel,
Belgium). The silicone solution in isopropanol was purchased
from SERVA Electrophoresis GmbH (Heidelberg, Germany).
All chemicals were used as received without further purification.
Ionic Liquids. Table 1 shows the ILs used in this work. An

overview of the chemical structure of all the ILs is provided in
the Supporting Information (Figure S2). The ILs [N4111]-
[Tf2N] (99%), [S222][Tf2N] (99%), [Chol][Tf2N] (99%),
[emim][Tf2N] (99%) and [mppip][Tf2N] (99%) were
purchased from IoLiTec (HeilBronn, Germany). The ILs
[P8444][Cl] (Cyphos 253), [P66614][Cl] (Cyphos 101) and
[P66614][Br] (Cyphos 102) were purchased from Cytec

(Vlaardingen, Netherlands), and [N8881][Cl] (Aliquat 336)
was obtained from Sigma-Aldrich (Diegem, Belgium). The
commercially available ILs were used as received without
further purification. For the synthesized ILs, a detailed overview
of the synthesis procedures and required chemicals is given in
the Supporting Information.

Equipment and Characterization. 1H and 13C spectra
were recorded on a Bruker Avance 300 spectrometer, operating
at 300 MHz for 1H and 75 MHz for 13C. A TMS-200
thermoshaker (Nemus Life) was used to shake the samples and
a Heraeus Megafuge 1.0 centrifuge was used to accelerate phase
separation. Total reflection X-ray fluorescence (TXRF) analysis
was performed with a Bruker S2 Picofox TXRF spectrometer
equipped with a molybdenum source. For the sample
preparation, plastic microtubes were filled with a small amount
of IL sample (10−50 mg) and ethanol/water (700 μL). The
microtubes were then vigorously shaken on a vibrating plate
(IKA MS 3 basic). Finally, a 1 μL drop of this solution was put
on a quartz glass plate, previously treated with a silicone/
isopropanol solution (Serva) to avoid spreading of the sample
droplet on the quartz glass plate. The quartz glass plates were
then dried for 30 min at 60 °C prior to analysis. Each sample
was measured for 5 min.

Determination of the IL Solubility in the Water Phase
with Quantitative 1H NMR. The IL (1 g) was contacted with
a water phase (1 g) and shaken for 1 h (25 °C, 2000 rpm) to
guarantee equilibrium. The samples were then centrifuged
(5000 rpm, 10 min) to accelerate phase separation. A sample of
the water phase was taken (100 mg) and mixed with a known
amount of 1,4-dioxane (5 mg) and diluted with deuterated
water (500 mg). This mixture was then shaken on a vibrating
plate (IKA MS 3 basic) and measured with 1H NMR. The
integrated intensity of the 1,4-dioxane signal (δ = 3.6) was
compared with the IL signals (and corrected for the amount of
protons) in order to quantify the concentration of IL in the
water phase. The water peak did not cause problematic
interferences. This analytical technique was validated using

Figure 1. Salting-in/salting-out series for uncharged molecular
solvents and ionic liquids. This ranking of anions and cations follows
the hydrophobicity which is a consequence of the charge density and
the resulting size of their hydration mantle.

Table 1. Overview of the Ionic Liquids Used in This Work

formula full name origin

[P8444][Cl] tributyl(octyl)phosphonium chloride purchased
[P8444][Br] tributyl(octyl)phosphonium bromide synthesized
[P8444][NO3] tributyl(octyl)phosphonium nitrate synthesized
[P8444][ClO4] tributyl(octyl)phosphonium perchlorate synthesized
[P8444][Tf2N] tributyl(octyl)phosphonium bistriflimidea synthesized
[P66614][Cl] trihexyl(tetradecyl)phosphonium chloride purchased
[P66614][Br] trihexyl(tetradecyl)phosphonium bromide purchased
[P66614][NO3] trihexyl(tetradecyl)phosphonium nitrate synthesized
[P66614][Tf2N] trihexyl(tetradecyl)phosphonium

bistriflimide
synthesized

[N8881][Cl] trioctyl(methyl)ammonium chloride purchased
[N4111][Tf2N] trimethyl(butyl)ammonium bistriflimide purchased
[S222][Tf2N] triethylsulfonium bistriflimide purchased
[Hbet][Tf2N] betainium bistriflimide synthesized
[Chol][Tf2N] choline bistriflimide purchased
[P444E3]
[DEHP]

tributyl(2-[2-(2-methoxyethoxy)ethoxy]
ethyl) phosphonium bis(2-ethylhexyl)
phosphate

synthesized

[P4441COOH]
[Cl]

tributyl(carboxymethyl)phosphonium
chloride

synthesized

[emim][Tf2N] 1-ethyl-3-methylimidazolium bistriflimide purchased
[mppip][Tf2N] 1-methyl-1-propylpiperidinium bistriflimide purchased
abistriflimide = bis(trifluoromethylsulfonyl)imide.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b02980
J. Phys. Chem. B 2015, 119, 6747−6757

6748

127



known amounts of betaine in solution (Figure S1) and has an
average uncertainty of ±0.1 wt %.
Determination of the Cloud Point Temperature. The

cloud point temperature (TCP) of thermomorphic IL/water
systems was determined visually. An oil bath setup was used to
control the temperature of the IL-containing vial (4 mL) and a
temperature probe was present in the mixture. The IL−water
solvent mixtures were prepared in a 1:1 wt/wt ratio. The
temperature of the sample was gradually increased or decreased
(in steps of 0.1 °C) and allowed to equilibrate at every step
until phase separation was observed. At every step the sample
was shortly agitated (1 s) to overcome a possible metastable
state. The determination of the cloud point temperature was
repeated three times to guarantee its accuracy.
Studying Anion Exchange with TXRF Analysis. ILs of

the type [P66614][XA] (XA = different anion) (1 g) were
contacted with aqueous solutions (1 g) containing 2 equiv of
sodium salts with the desired anion XB. The mixtures were
shaken (2000 rpm) at 50 °C for 1 h. Then, the samples were
centrifuged (5000 rpm) to accelerate phase separation. A
sample of the IL phase was then taken to determine the degree
of anion exchange. This was quantified by measuring the P/X
(phosphor/anion) ratio before and after the exchange, using
total reflection X-ray fluorescence (TXRF). These relative
measurements did not require an internal standard.

■ RESULTS AND DISCUSSION

1. Ionic Liquid Anion Exchange. When a hydrophobic
(water-immiscible) IL is contacted with a water phase, a
biphasic system is created. If salts are present in the aqueous
phase, the salt anions can exchange with the anions of the IL
depending on their affinity for the water phase and the IL
phase. In some cases anion exchange is intended, for example,
to synthesize an IL with a different anion than the anion
present in the commercial IL.73 In other cases, anion exchange
can be an unwanted effect, for example, in metal extraction
processes with different anions in the IL phase and the water
phase. In such processes anion exchange can significantly
pollute the IL phase and change its properties. Fortunately, the
occurrence of anion exchange can be predicted based on the
Hofmeister series. Hydrophobic anions (with low charge
density) such as Tf2N

−, SCN−, ClO4
− and I− prefer to be in

the IL, while more hydrophilic anions such as Cl− and SO4
2−

prefer to be in the water phase where they are better solvated
(Figure 1). The exact order of anion exchange was tested using
trihexyl(tetradecyl)phosphonium ILs with the formula
[P66614][X] (X = Tf2N

−, NO3
−, Br−, and Cl−). This IL has

been used successfully for the extraction of various metal
ions.75,76,78−80 These very hydrophobic ILs were contacted with
an aqueous phase (1:1 ratio wt/wt) containing 2 equiv of a salt
(LiTf2N, NaSCN, NaClO4, NaI, NaNO3, NaBr, NaCl,
Na2SO4). The mixtures were shaken (2000 rpm) for 1 h at
50 °C. The P/X ratio (phosphor/anion) in the IL phase was

analyzed by TXRF and compared with the initial P/X ratio to
obtain the degree of anion exchange (%) (Table 2). The aim
was not to obtain full equilibrium, but to measure the relative
tendency of salt anions to exchange with IL anions.
Anion exchange is increasingly efficient from right to left

(Table 2): SO4
2− < Cl− < Br− < NO3

− < I− < ClO4
− < SCN− <

Tf2N
−, which corresponds to a decrease in charge density

(Figure 1). Ions with a lower charge density are less well
hydrated and have a higher affinity for the IL phase. The
efficiency of anion exchange is also dependent on the IL anion
(in the opposite direction). ILs containing Tf2N

− anions are
very difficult to exchange, while chloride ILs are very easy to
exchange (Table 2). This is summarized in a graphical overview
(Figure 2). The anions considered in this work are derived

from strong acids and are therefore fully deprotonated at
neutral pH. Note, however, that for anions derived from weak
acids, their speciation will be pH dependent. This has to be
taken into account as it will also influence their tendency for
anion exchange.
This scheme can be used as a prediction tool for anion

exchange, which is relevant both for the synthesis of ILs and the
design of stable IL/water extraction systems. It is, for instance,
possible to synthesize [P66614][Tf2N] in one step starting from
[P66614][Cl] and contacting it with an aqueous LiTf2N solution.
The anion exchange reaction is fast and complete. On the other
hand, the synthesis of [P66614][NO3] starting from [P66614][Cl]
requires three steps to obtain more than 99.9% purity.73 For
extraction experiments, this is also important when a different
anion is present in the water phase and the organic or IL
phase.59,61,62,81,82 For example, Vander Hoogerstraete et al. and
Onghena et al. have reported on metal extraction systems from
chloride aqueous solutions using the IL [Hbet][Tf2N].

60−62 No
chloride ions were detected in the IL since the exchange of
Tf2N

− by Cl− ions does not occur (Table 2).59 However, other
extraction systems such as the extraction of metal ions from an
aqueous phase with [P66614][Cl] must be done from chloride

Table 2. Degree of Anion Exchange (%) after Contacting Several ILs with Salt-Containing Aqueous Solutions (2 equiv)a

Tf2N
− SCN− ClO4

− I− NO3
− Br− Cl− SO4

2−

[P66614][Tf2N]
b b 2.9 0.4 0.1 0.04 0.01 <DLc

[P66614][NO3] 98.7 98.1 97.3 96.9 b 51.2 16.4 0.5
[P66614][Br] 99.7 99.5 99.4 99.1 84 b 27.1 1.8
[P66614][Cl] 100 100 b 99.9 97.6 96.1 b 2.5

aSodium salts were used except for LiTf2N and KSCN. The mixtures were shaken (2000 rpm) for 1 h at 50 °C. The anion exchange was quantified
by TXRF. bNot quantifiable because the same element is present after exchange. cBelow the detection limit for TXRF (1 ppm).

Figure 2. Prediction tool for the occurrence of anion exchange when a
hydrophobic IL is contacted with a salt-containing water phase. The
tendency of an IL [Cat][XA] toward anion exchange with a salt MXB is
shown. For example for an IL [Cat][NO3], the exchange will be
efficient with the anions to the right, and difficult with the anions to
the left of the position of NO3

− in the series. This should be
considered when designing IL synthesis routes and extraction systems.
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solutions to avoid contamination of the IL.78 Many more
examples could be cited, but the conclusion is that due to the
endless variety of ILs it is most important to understand the
trends in anion exchange (Figure 2), so that an appropriate and
stable extraction system can be designed for any given IL.
Cation exchange is not observed since small inorganic cations
do not form ILs and are always more hydrophilic than the bulky
organic IL cations.
2. Water-Miscibility of Ionic Liquids: Structure

Dependence. An important parameter in solvent extraction
is the solubility of the organic phase in the aqueous phase. This
can cause pollution of the water and loss of (valuable) organic
solvent. In the case of IL/water extraction systems, this is
particularly important due to their high cost. Recovery of ILs
from water with physical methods such as nanofiltration or
electrodialysis is still relatively cumbersome.83−86 Therefore, it
is more practical to limit the loss of IL to the aqueous phase in
the first place by altering the structure of the IL or by the
addition of metal salts to the aqueous phase.69 The inherent
solubility of the IL in the aqueous phase can vary a lot
depending on the IL structure and the polarity of its anions and
cations.87 The long-chain tetraalkylphosphonium IL
[P66614][Cl] for example, has a very low water solubility of
20−80 ppm (0.002−0.008 wt %), while the carboxyl-function-
alized IL [Hbet][Tf2N] has a water solubility of 14 wt %.

59,80 A
straightforward way to alter the water-miscibility of a certain IL,
is by changing the IL cation or IL anion. The effect of the anion
(X) on the water solubility is shown for the IL [P8444][X]
(Table 3) and the effect of cation (Cat) is shown for the IL
[Cat][Tf2N] (Table 4). The trends can be of interest when
choosing an IL for solvent extraction.

For the IL anions (Table 3), the hydrophobicity of the ILs
follows the charge density series (Figure 1). Anions can alter
the hydrophobicity of the IL very much: [P8444][Cl] is water-
soluble, while [P8444][Br] forms a biphasic system with only
around 2 wt % of IL in the aqueous phase. These large
differences can be used to change the properties of known ILs
by simply exchanging the IL anion (Figure 2). For cations, the
differences are smaller between structurally similar aliphatic
cations. However, when functional groups are incorporated in
the cation (e.g., [Hbet]+ or [Chol]+), significantly higher
solubilities are observed due to the formation of hydrogen
bonds (Table 4). Water can also dissolve in the IL phase, but
this is not problematic since it does not pollute the system nor
cause loss of valuable reagents. Note, however, that for very
hydrophobic ILs such as [C8mim][Tf2N] or [P66614][Tf2N],
the solubility of water in the IL is significant, while the solubility
of IL in the aqueous phase is almost negligible.67,80

3. Effect of Metal Salts on the Mutual Solubility if
Biphasic IL/Water Systems. Instead of changing the
structure of the IL to influence its water solubility, it is also
possible to add metal salts to the aqueous phase. Salts can
influence the solubility ILs in the aqueous phase and improve
the process design and recovery of IL in solvent extraction
processes.69 It is therefore important to understand the effect
that the presence of metal salts in aqueous phase can have on
the solubility of ILs. The effect of metal salts has been studied
for some specific ILs such as [C4mim][CF3SO3] and
[C4mim][Tf2N], but there is no general prediction
model.47,50−54,67,68 An intuitive model is therefore proposed
here to rationalize the effect of metal salts on the solubility of
any hydrophobic IL. In the liquid-precipitate model (Figure 3),

biphasic IL/water systems are thought of as liquid organic salts
(the IL) precipitating out of solution, while maintaining a
certain equilibrium concentration in the aqueous phase, similar
to the behavior of solid salt precipitates. Note that nano-
aggregates of IL can exist in the aqueous phase, but this does
not change the conclusions derived from this model.
As a consequence, the solubility of the hydrophobic IL is

governed by the ability of the aqueous phase to solvate the IL
cations and anions and counter the electrostatic attraction
between the IL cations and anions. More polar IL anions and
cations result in a better solvation by water molecules and
therefore a higher water solubility. In the presence of salts,
charge-neutralizing ion pairs can be formed between the IL ions
and salt counterions.31 Salts ions that are more effective at
neutralizing the IL ion charge than water molecules, decrease
the IL solubility (salting-out). Salt ions that are less effective at
neutralizing the IL ions charge than water molecules, increase
the IL solubility (salting-in). Therefore, the effect of salts on the

Table 3. Solubility of the IL [P8444][X] in the Water Phase at
25 °C, for Increasingly Hydrophobic Anions X. A 1:1 Ratio
(w/w) of IL/Water Was Used

ionic liquid content in the water phase (wt %)a

[P8444][Cl] Homogeneous system
[P8444][Br] 2.14
[P8444][NO3] 0.91
[P8444][ClO4] 0.04
[P8444][Tf2N] <DLb

aAll IL/water systems were biphasic, except for [P8444][Cl].
[P8444][Br] has thermomorphic behavior with a LCST (24 °C) but
is biphasic at 25 °C.88 bBelow detection limit using quantitative 1H
NMR.

Table 4. Solubility (25 °C) of the ILs [Cat][Tf2N] in the
Water Phase for Increasingly Hydrophobic Cations (Cat)
and 1:1 IL/Water Ratio (wt/wt)

ionic liquid content in the water phase (wt %)a

[Hbet][Tf2N] 14.0
[Chol][Tf2N] 10.7
[N4111][Tf2N] 1.1
[S222][Tf2N] 0.81
[emim][Tf2N] 0.72
[mppip][Tf2N] 0.14
[N8881][Tf2N] < DLb

[P66614][Tf2N] < DLb (literature value: 0.002−0.008 wt %)80

aAll IL/water systems were biphasic at 25 °C. bBelow detection limit
using quantitative 1H NMR.

Figure 3. Schematic overview of the liquid-precipitate model described
in this work. The model is based on the assumption that when a
hydrophobic IL is contacted with water it behaves like a liquid-
precipitate that is in equilibrium with an amount of dissolved IL in the
water phase, just like salt precipitates.
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solubility of ILs follows the charge-density series (Figure 1)
because a higher charge density results in stronger charge-
neutralizing ion pairs.31 This salting-out series based on the
charge density (Figure 1) is valid for every IL regardless of its
structure, but its best visible for hydrophobic ILs with a large
water solubility (e.g., [Chol][Tf2N] and [Hbet][Tf2N]). The
ILs were contacted with water to form biphasic systems and a
range of inorganic salts was then added to the water to reveal
the effect of salt cations (Figure 4) and anions (Figure 5) on

the solubility of these different ILs. The IL content in the water
phase was determined by quantitative 1H NMR. The results are
in agreement with previously published results for ILs such as
[C4mim][CF3SO3] and [C4mim][Tf2N].

47,51 Note that this
salting-out series for ILs (Figure 1) is different from the
behavior of proteins, colloidal surfaces and polymers, where the
effect of salts on the solubility is determined by the ability of
adsorbed ions to increase the surface charge and improve the
solubility by countering the van der Waals interactions.5−8

The influence of the salt concentration on the salting-in and
salting-out effect was also investigated. A higher salt
concentration simply reinforces the above-mentioned effects

on the IL solubility, by increasing the salting-in or salting-out
effects compared to pure water. This concentration effect was
observed for all investigated ILs but is shown here for
[Hbet][Tf2N] (Figure 6 and 7). The reason that some data

points seem illogical is that the effect of the counterion has to
be taken into account. For example for NH4

+ ions (Figure 6),
the salting-in effect does increase with the concentration at first,
but the increasing Cl− concentration counters this effects at
high salt concentrations, due to its salting-out effect (Figure 5).
The dominant salting-out effect of salts at high concentrations
is a direct consequence of the above-mentioned model. At high
salt concentrations the charge neutralizing effect of the salt ions
on the IL ions will become more predominant, even for the
ions with low charge densities, resulting in a lower IL solubility.
This predominant salting-out effect at high salt concentrations
was previously also observed by Freire et al.51 Strong salting-
out agents have been used previously to successfully recover
spent IL from aqueous waste streams.69,89 For example,
[Hbet][Tf2N] can be recovered efficiently by addition of
Na2SO4 to the IL-containing aqueous phase. A concentration of
3 M Na2SO4 can reduce the [Hbet][Tf2N] content in the

Figure 4. Influence of salt cations (added as nitrate salts, 0.5 mol.kg−1)
on the solubility of different ILs in the water phase (1:1 wt/wt ratio of
IL/H2O).

Figure 5. Influence of salt anions (added as sodium salts, 0.5 mol.kg−1)
on the solubility of different ILs in the water phase (1:1 ratio wt/wt of
IL/H2O). For [P8444][NO3], the anions I− and ClO4

− could not be
tested due to anion exchange.

Figure 6. [Hbet][Tf2N] content (wt %) in the water phase when
adding different chloride salts and concentrations. A 1:1 wt/wt ratio of
IL/H2O was used.

Figure 7. [Hbet][Tf2N] content (wt %) in the water phase when
adding different sodium salts and concentrations. A 1:1 wt/wt ratio of
IL/H2O was used.
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aqeuous phase to less than 0.15 wt %, compared to 14 wt %
without salts.59,89

4. Effect of Mineral Acids on the Mutual Solubility of
Biphasic IL/Water Systems. Extraction systems with acidic
extractants require acids to strip the extracted metals. For ILs
this is the case when the extracting IL is functionalized with an
acidic group such as the carboxyl-functionalized [Hbet][Tf2N]
or when the IL is used as a diluent for an acidic extractant such
as the [Chol][Tf2N]/[Chol][hfac] extraction system (Figure
8).59−62 In both cases, stripping with acids is required to

remove the metals from the IL phase after extraction.59−62 The
addition of concentrated mineral acids can significantly affect
the solubility of the IL in the water phase, which can be an issue
due to unwanted loss of IL.
The ILs were contacted with an aqueous phase containing

different mineral acids to investigate the effect on the IL
solubility (Figure 9). The results are compared with the effect

of equivalent sodium salts. It is clear that mineral acids follow
the same salting-out trend (H2SO4 > HCl > HNO3 > HClO4)
as their salt analogues. However, protons appear to be stronger
salting-in agents than expected based on their charge density.
This anomaly has been reported previously by Freire et al. for
other ILs such as [C4mim][Tf2N] and was attributed to the
basic character of the Tf2N

− anion.51 The fact that no
significant difference was observed between the Brønsted acid
functionalized [Hbet][Tf2N] and the alcohol functionalized
[Chol][Tf2N] (Figure 9), supports that hypothesis. Although,
the exact origin of the salting-in by acidic protons may not be
fully understood yet, it is important to know that it exists
because it influences the loss of IL during the stripping process.
5. Effect of Metal Salts and Mineral Acids on the

Cloud Point Temperature of Thermomorphic IL/Water
Systems. A lot of research has been done on the design of ILs

with thermomorphic properties.55,68,88,90−96 Thermomorphic
systems change between a homogeneous system and a biphasic
system by crossing the cloud point temperature (TCP). This can
be useful for biphasic extraction systems since a homogeneous
phase guarantees very fast extraction equilibrium by removing
the phase boundary.60−62 This is especially true for ILs due to
their high viscosity and relatively slow extraction kinetics.60−62

Two types of thermomorphic systems can be distinguished
based on the shape of the phase diagram (Figure 10): systems

with an upper critical solution temperature (UCST) and
systems with a lower critical solution temperature (LCST). For
UCST systems, the mixture is biphasic below the cloud point
temperature (T < TCP) and homogeneous above the cloud
point temperature (T > TCP), and for LCST systems the
opposite is observed. The cloud point temperature and
thermomorphic properties of an IL/water system can be
controlled by altering the composition of the two phases (e.g.,
add salts) or by changing the phase ratio (Figure 10).55

It is well-known that for thermomorphic behavior to occur in
IL/water systems, the IL must have the right balance between
hydrophobic and hydrophilic character.55,68,88,90−96 However,
to the best of our knowledge, no general rules exist to predict
whether the IL will have UCST or LCST behavior. Some
guidelines are introduced here for the rational design of ILs
with UCST or LCST behavior, based on the choice of IL anion.
Thermodynamically, mixing of two components occurs when
the Gibbs free energy of mixing is negative (eq 1).

Δ = Δ − ΔG H T Smix mix mix (1)

For thermomorphic systems this means that UCST behavior
is observed when the entropy of mixing (ΔSmix) is positive and
LCST behavior when ΔSmix is negative. UCST behavior is more
common since mixing two components is most likely to
increase the entropy of the system (ΔSmix > 0).68 LCST is less
common than UCST but can occur when ΔSmix is negative.
Despite the large variety of anions and cations in ILs, some
trends can be observed. Using lists of known thermomorphic
IL/water systems such as the one provided by Kohno et al.,88

we derived a general guideline for the rational design of systems
with UCST or LCST behavior. It is our observation that
generally ILs with weakly hydrated (low charge density) anions
(e.g., Tf2N

−, BF4
−, I−) show UCST behavior, while ILs with

more strongly hydrated (high charge density) anions (e.g., Cl−,
Br−, CF3COO

−) show LCST behavior.88 This is in agreement
with the currently known thermomorphic IL/water sys-
tems.68,88,90−95 The explanation is that ions with a higher
charge density, structure a lot of water molecules around them
to solvate their charge when dissolved in water. This reduces
the entropy of mixing, which can become negative, resulting in
LCST behavior. Low charge density ions on the other hand, do

Figure 8. Structure of choline bis(trifluoromethylsulfonyl)imide
[Chol][Tf2N] (left) and betainium bis(trifluoromethylsulfonyl)imide
[Hbet][Tf2N] (right).

Figure 9. IL solubility (wt %) in the aqueous phase (1:1 wt/wt phase
ratio) when adding mineral acids (1 N) or sodium salts (1 M).
Without additives, [Hbet][Tf2N] has a solubility of 14 wt %, and
[Chol][Tf2N] 10.7 wt %.

Figure 10. Schematic overview of the phase diagram of IL/water
systems with a UCST and LCST.
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not structure much water molecules around them which is why
the entropy of mixing is generally positive (UCST behavior).
Note how this is again related to the charge density
(Hofmeister) series (Figure 1). A striking example is the
contrast between the IL [P4444][maleate] (LCST) and
[P4444][fumarate] (UCST).91 Fumaric and maleic acid have
the same molecular formula but due to their conformation,
maleic acid is a hundred times more soluble in water than
fumaric acid. This means the hydration of maleic acid is much
stronger, which explains the LCST behavior according to the
above-mentioned hypothesis. For biphasic systems consisting of
ILs and apolar organic solvents, the affinity of the solvent for
the IL anions is opposite to the situation for water. This results
in a reversal of the above-mentioned rules, because the
hydrophobic anions now have a higher affinity for the apolar
solvent then hydrophilic anions. An interesting example is the
fact that [C4mim][PF6] and [C4mim][Tf2N] have UCST
behavior in polar solvents and LCST behavior in apolar
solvents.88 An overview of the above-mentioned rules for the
rational design of ILs with UCST or LCST behavior is shown
in Figure 11.

It can be useful to tune the cloud point temperature of a
thermomorphic IL/water system, so that the phase transition
occurs at the desired temperature. The cloud point temperature
is influenced by the IL/water ratio (Figure 10) and by the
addition of metal salts.55,96 The effect of metal salts on the
cloud point temperature is different for UCST and LCST
systems, but can be rationalized by linking it to the solubility of
the IL in the aqueous phase. The addition of salting-in salts
improves the mutual solubility of both phases and therefore
favors the mixed (homogeneous) state. For UCST systems this
means a decrease in the cloud point temperature while for
LCST systems this means an increase in the cloud point
temperature (Figure 10). Salting-out salts on the other hand,
decrease the mutual solubility and therefore promote demixing
of the phases which results in an increase of the cloud point
temperature for UCST systems and a decrease for LCST
systems.55,97 This is shown here for the LCST system
[P444E3][DEHP]−H2O and the UCST system [Hbet]-
[Tf2N]−H2O. Both ILs are very relevant for solvent
extraction.60,98,99 These systems have a TCP of 55 and 51 °C
respectively, when no salts are added. This opposite effect on
the cloud point temperature is clearly visible by comparing the
effect of metal salts on the solubility of these two ILs in the
water phase (Figure 12), with the change in cloud point
temperature (Figure 13) caused by these same salts. It is
evident that salt anions have a larger effect than salt cations.
This is in agreement with previous observations (Figure 4 and
5) and is due to the poorer solvation of anions in water
compared to cations.100

Finally, the impact of some mineral acids on the cloud point
temperature of [Hbet][Tf2N]−H2O is shown (Table 5). For

acidic extractants such as [Hbet][Tf2N], acids are required to
strip extracted metal ions back to the water phase. It is
therefore useful to understand the impact of acids on the cloud

Figure 11. Prediction model for the rational design of ILs with UCST
or LCST behavior. The UCST or LCST behavior of a biphasic IL/
solvent system is determined by the charge density (hydration) of the
IL anion (Figure 1).

Figure 12. Effect of metal salts on the solubility of IL (wt %) in the
water phase of the UCST system [Hbet][Tf2N]−H2O (1:1 wt/wt)
and the LCST system [P444E3][DEHP]−H2O (1:1 wt/wt). The salt
concentration was 0.5 mol·kg−1 for the UCST system and 0.1 mol·kg−1
for the LCST system.

Figure 13. Effect of metal salts on the cloud point temperature of
thermomorphic IL/water systems (1:1 wt/wt) with an UCST
([Hbet][Tf2N]−H2O) and an LCST ([P444E3][DEHP]−H2O). A
salt concentration of 0.5 mol·kg−1 was used for the UCST system and
0.1 mol·kg−1 for the LCST system. Without salt, the UCST system has
a cloud point of 55 °C and the LCST system of 51 °C.

Table 5. Cloud Point Temperature of a [Hbet][Tf2N]−H2O
System (1:1 wt/wt) When Adding Different Mineral Acids
(1 N)

cloud point temperature (°C)

HClO4 24.2
HNO3 49.4
No acid 55.0
HCl 67.5
H2SO4 66.5a

aThe cloud point for H2SO4 (1 N) is lower than for HCl (1 N)
because the concentration of sulfate ions is only half that of chloride
ions.
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point temperature of the system. The trend in TCP is in
agreement with the effect of the various acids on the solubility
of IL in the water phase (Figure 9).
6. Effect of Metal Salts on Water-Soluble ILs. So far we

have discussed hydrophobic (water immiscible) ionic liquids
that form biphasic IL/water systems. However, certain
hydrophilic (water miscible) ILs can also form biphasic IL/
water systems in the presence of large amounts of salt. These
so-called Aqueous Biphasic Systems (ABS) are salt-induced
biphasic systems that consist of two components (a hydrophilic
IL and water) that are fully miscible in the absence of salts.34−49

This field has grown very rapidly and is not discussed here in
detail as it has been reviewed previously by Freire et al.34 It is,
however, interesting to note that the salting-out effect follows
the same trend as the previously discussed IL/water systems
and is often even more pronounced due to the large salt
concentrations and high water solubility of the ILs used in ABS.
We will restrict the discussion to a new carboxyl-functionalized
ABS system with LCST behavior that was recently developed in
our lab: [P444C1COOH][Cl]. This ionic liquid is very relevant
due to its ability to extract metal ions. As mentioned before,
carboxyl-functionalized ILs have been used successfully for
metal ion extractions.59−62 Note that the LCST behavior of this
ABS system is also in agreement with our rational design
model, which predicts LCST behavior for thermomorphic ILs
with chloride anions. The large effect of salts on the cloud point
temperature of this thermomorphic IL is shown in Figure 14.

■ CONCLUSIONS
Biphasic IL/water systems show a lot of potential for solvent
extraction. However, the presence of metal salts can affect these
systems in many different ways such as (un)wanted anion
exchange, changes in mutual solubility and changes in cloud
point temperature in the case of thermomorphic. Due to the
endless variety of ILs, it is important to find general trends
instead of relying on case-by-case reports. Here, an overview is
given of all the effects and intuitive guidelines and models are
introduced to predict the effects of metal salts on any given IL/
water system. Anion exchange was investigated and translated
into guidelines for stable solvent extraction systems and
synthetic strategies for ILs. The salting-in/salting-out effect of
salts on the miscibility of ILs in water was also discussed and

rationalized based on the charge density series (Hofmeister
series). Salting-out salts can be used to recover lost IL in the
aqueous phase and thus avoid pollution of the water. The effect
of metal salts on the cloud point temperature of thermomor-
phic systems was also investigated. Thermomorphic systems
with an upper critical solution temperature (UCST) are
affected differently by salts than systems with a lower critical
solution temperature (LCST). Finally, new insights were
introduced for the rational design of thermomorphic ILs with
UCST or LCST behavior. This paper is intended as a tool for
the rational design of ILs and (thermomorphic) IL/water
extraction systems as well as an overview of the general rules to
find the most suitable salt additives. These insights will
hopefully give an additional boost to this promising field of
IL solvent extraction systems.
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Bastos-Gonzaĺez, D. Hofmeister Effects in Colloidal Systems:
Influence of the Surface Nature. J. Phys. Chem. C 2008, 112,
16060−16069.
(22) Salis, A.; Ninham, B. W. Models and Mechanisms of Hofmeister
Effects in Electrolyte Solutions, and Colloid and Protein Systems
Revisited. Chem. Soc. Rev. 2014, 43, 7358−7377.
(23) Wilson, E. K. Hofmeister Still Mystifies. Chem. Eng. News 2012,
90, 42−43.
(24) Kunz, W.; Henle, J.; Ninham, B. W. ‘Zur Lehre von der Wirkung
der Salze’ (About the Science of the Effect of Salts): Franz
Hofmeister’s Historical Papers. Curr. Opin. Colloid Interface Sci.
2004, 9, 19−37.
(25) Jungwirth, P.; Cremer, P. S. Beyond Hofmeister. Nat. Chem.
2014, 6, 261−263.
(26) Leberman, R.; Soper, A. K. Effect of High Salt Concentrations
on Water Structure. Nature 1995, 378, 364−366.
(27) Collins, K. D.; Washabaugh, M. W. The Hofmeister Effect and
the Behaviour of Water at Interfaces. Q. Rev. Biophys. 1985, 18, 323−
422.
(28) Cacace, M. G.; Landau, E. M.; Ramsden, J. J. The Hofmeister
Series: Salt and Solvent Effects on Interfacial Phenomena. Q. Rev.
Biophys. 1997, 30, 241−277.
(29) Kunz, W.; Lo Nostro, P.; Ninham, B. W. The Present State of
Affairs with Hofmeister Effects. Curr. Opin. Colloid Interface Sci. 2004,
9, 1−18.
(30) Gurau, M. C.; Lim, S.-M.; Castellana, E. T.; Albertorio, F.;
Kataoka, S.; Cremer, P. S. On the Mechanism of the Hofmeister Effect.
J. Am. Chem. Soc. 2004, 126, 10522−10523.
(31) Lyklema, J. Simple Hofmeister series. Chem. Phys. Lett. 2009,
467, 217−222.
(32) Nucci, N. V.; Vanderkooi, J. M. Effects of Salts of the
Hofmeister Series on the Hydrogen Bond Network of Water. J. Mol.
Liq. 2008, 143, 160−170.

(33) Galamba, N. Mapping Structural Perturbations of Water in Ionic
Solutions. J. Phys. Chem. B 2012, 116, 5242−5250.
(34) Freire, M. G.; Claudio, A. F. M.; Araujo, J. M. M.; Coutinho, J.
A. P.; Marrucho, I. M.; Lopes, J. N. C.; Rebelo, L. P. N. Aqueous
Biphasic Systems: A Boost Brought About by Using Ionic Liquids.
Chem. Soc. Rev. 2012, 41, 4966−4995.
(35) Bridges, N. J.; Rogers, R. D. Can Kosmotropic Salt/Chaotropic
Ionic Liquid (Salt/Salt Aqueous Biphasic Systems) be Used to
Remove Pertechnetate From Complex Salt Waste? Sep. Sci. Technol.
2008, 43, 1083−1090.
(36) Pereira, J. F. B.; Rebelo, L. P. N.; Rogers, R. D.; Coutinho, J. A.
P.; Freire, M. G. Combining Ionic Liquids and Polyethylene Glycols to
Boost the Hydrophobic−Hydrophilic Range of Aqueous Biphasic
Systems. Phys. Chem. Chem. Phys. 2013, 15, 19580−19583.
(37) Gutowski, K. E.; Broker, G. A.; Willauer, H. D.; Huddleston, J.
G.; Swatloski, R. P.; Holbrey, J. D.; Rogers, R. D. Controlling the
Aqueous Miscibility of Ionic Liquids: Aqueous Biphasic Systems of
Water-Miscible Ionic Liquids and Water-Structuring Salts for Recycle,
Metathesis, and Separations. J. Am. Chem. Soc. 2003, 125, 6632−6633.
(38) Ventura, S. P. M.; Neves, C. M. S. S.; Freire, M. G.; Marrucho, I.
M.; Oliveira, J.; Coutinho, J. A. P. Evaluation of Anion Influence on
the Formation and Extraction Capacity of Ionic-Liquid-Based Aqueous
Biphasic Systems. J. Phys. Chem. B 2009, 113, 9304−9310.
(39) Neves, C. M. S. S.; Ventura, S. P. M.; Freire, M. G.; Marrucho, I.
M.; Coutinho, J. A. P. Evaluation of Cation Influence on the
Formation and Extraction Capability of Ionic-Liquid-Based Aqueous
Biphasic Systems. J. Phys. Chem. B 2009, 113, 5194−5199.
(40) Tome,́ L. I. N.; Pereira, J. F. B.; Rogers, R. D.; Freire, M. G.;
Gomes, J. R. B.; Coutinho, J. A. P. Evidence for the Interactions
Occurring Between Ionic Liquids and Tetraethylene Glycol in Binary
Mixtures and Aqueous Biphasic Systems. J. Phys. Chem. B 2014, 118,
4615−4629.
(41) Freire, M. G.; Pereira, J. F. B.; Francisco, M.; Rodríguez, H.;
Rebelo, L. P. N.; Rogers, R. D.; Coutinho, J. A. P. Insight into the
Interactions That Control the Phase Behaviour of New Aqueous
Biphasic Systems Composed of Polyethylene Glycol Polymers and
Ionic Liquids. Chem.Eur. J. 2012, 18, 1831−1839.
(42) Bridges, N. J.; Gutowski, K. E.; Rogers, R. D. Investigation of
Aqueous Biphasic Systems Formed from Solutions of Chaotropic Salts
with Kosmotropic Salts (Salt−Salt ABS). Green Chem. 2007, 9, 177−
183.
(43) Ventura, S. P. M.; Sousa, S. G.; Serafim, L. S.; Lima, Á. S.; Freire,
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Liquids from Wastewater: Aggregation Control for Intensified
Membrane Filtration. Desalination 2008, 224, 52−56.
(86) Lemus, J.; Palomar, J.; Heras, F.; Gilarranz, M. A.; Rodriguez, J.
J. Developing Criteria for the Recovery of Ionic Liquids from Aqueous
Phase by Adsorption with Activated Carbon. Sep. Purif. Technol. 2012,
97, 11−19.
(87) Chiappe, C.; Pomelli, C. S.; Rajamani, S. Influence of Structural
Variations in Cationic and Anionic Moieties on the Polarity of Ionic
Liquids. J. Phys. Chem. B 2011, 115, 9653−9661.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b02980
J. Phys. Chem. B 2015, 119, 6747−6757

6756

135



(88) Kohno, Y.; Saita, S.; Men, Y.; Yuan, J.; Ohno, H.
Thermoresponsive Polyelectrolytes Derived from Ionic Liquids.
Polym. Chem. 2015, 6, 2163−2178.
(89) Dupont, D.; Binnemans, K. Rare-Earth Recycling Using a
Functionalized Ionic Liquid for the Selective Dissolution and
Revalorization of Y2O3:Eu

3+ from Lamp Phosphor Waste. Green
Chem. 2015, 17, 856−868.
(90) Annat, G.; Forsyth, M.; MacFarlane, D. R. Ionic Liquid
MixturesVariations in Physical Properties and Their Origins in
Molecular Structure. J. Phys. Chem. B 2012, 116, 8251−8258.
(91) Fukaya, Y.; Sekikawa, K.; Murata, K.; Nakamura, N.; Ohno, H.
Miscibility and Phase Behavior of Water-Dicarboxylic Acid Type Ionic
Liquid Mixed Systems. Chem. Commun. 2007, 29, 3089−3091.
(92) Fukumoto, K.; Ohno, H. LCST-Type Phase Changes of a
Mixture of Water and Ionic Liquids Derived from Amino Acids.
Angew. Chem., Int. Ed. 2007, 46, 1852−1855.
(93) Kohno, Y.; Arai, H.; Saita, S.; Ohno, H. Material Design of Ionic
Liquids to Show Temperature-Sensitive LCST-type Phase Transition
after Mixing with Water. Aust. J. Chem. 2011, 64, 1560−1567.
(94) Kohno, Y.; Ohno, H. Temperature-Responsive Ionic Liquid/
Water Interfaces: Relation Between Hydrophilicity of Ions and
Dynamic Phase Change. Phys. Chem. Chem. Phys. 2012, 14, 5063−
5070.
(95) Saita, S.; Mieno, Y.; Kohno, Y.; Ohno, H. Ammonium Based
Zwitterions Showing Both LCST- and UCST-type Phase Transitions
After Mixing with Water in a Very Narrow Temperature Range. Chem.
Commun. 2014, 50, 15450−15452.
(96) Visak, Z. P.; Canongia Lopes, J. N.; Rebelo, L. P. N. Ionic
Liquids in Polyethylene Glycol Aqueous Solutions: Salting-in and
Salting-out Effects. Monatsh. Chem. 2007, 138, 1153−1157.
(97) Il’in, K. K.; Cherkasov, D. G. Phase Equilibria and Salting-out
Effects in a Cesium Nitrate-Triethylamine-Water System at 5−25 °C.
Russ. J. Phys. Chem. A 2013, 87, 598−602.
(98) Nockemann, P.; Thijs, B.; Parac-Vogt, T. N.; Van Hecke, K.;
Van Meervelt, L.; Tinant, B.; Hartenbach, I.; Schleid, T.; Ngan, V. T.;
Nguyen, M. T.; Binnemans, K. Carboxyl-Functionalized Task-Specific
Ionic Liquids for Solubilizing Metal Oxides. Inorg. Chem. 2008, 47,
9987−9999.
(99) Fagnant, D. P.; Goff, G. S.; Scott, B. L.; Runde, W.; Brennecke,
J. F. Switchable Phase Behavior of [HBet][Tf2N]−H2O upon
Neodymium Loading: Implications for Lanthanide Separations.
Inorg. Chem. 2013, 52, 549−551.
(100) Yang, Z. Hofmeister Effects: An Explanation for the Impact of
Ionic Liquids on Biocatalysis. J. Biotechnol. 2009, 144, 12−22.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b02980
J. Phys. Chem. B 2015, 119, 6747−6757

6757

136



 
137 

Paper 8: Functionalized magnetic nanoparticles to retrieve REEs 

Title: 
Selective Uptake of Rare Earths from Aqueous Solutions by EDTA-functionalized 
Magnetic and Non-magnetic Nanoparticles 
 
 
Type: Full paper 
Journal: ACS Applied Materials & Interfaces (IF 6.72) 
Publisher: American Chemical Society (ACS) 
Publication date: 18/03/2014 
 
 
Reprint with permission from:  
D. Dupont, W. Brullot, M. Bloemen, T. Verbiest and K. Binnemans, ACS Appl. 
Mater. Interfaces, 2014, 6, 4980-4988. 
 
Electronic Supplementary Information (ESI) available: http://pubs.acs.org. 
 
 
 
 
 
 
Graphical abstract 
 

 
Nanoparticles functionalized with TMS-EDTA were used for the adsorption and 
separation of rare-earth ions from aqueous solutions. The separation of pairs of rare-
earth ions was found to be dependent on the density of EDTA groups on the surface 
of the nanoparticles.  



Selective Uptake of Rare Earths from Aqueous Solutions by EDTA-
Functionalized Magnetic and Nonmagnetic Nanoparticles
David Dupont,† Ward Brullot,‡ Maarten Bloemen,‡ Thierry Verbiest,‡ and Koen Binnemans*,†

†Molecular Design and Synthesis, Department of Chemistry, KU Leuven, Celestijnenlaan 200F, P.O. Box 2404, B-3001 Heverlee,
Belgium
‡Molecular Imaging and Photonics, Department of Chemistry, KU Leuven, Celestijnenlaan 200D, P.O. Box 2425, B-3001 Heverlee,
Belgium

*S Supporting Information

ABSTRACT: Magnetic (Fe3O4) and nonmagnetic (SiO2 and
TiO2) nanoparticles were decorated on their surface with N-[(3-
trimethoxysilyl)propyl]ethylenediamine triacetic acid (TMS-
EDTA). The aim was to investigate the influence of the
substrate on the behavior of these immobilized metal
coordinating groups. The nanoparticles functionalized with
TMS-EDTA were used for the adsorption and separation of
trivalent rare-earth ions from aqueous solutions. The general
adsorption capacity of the nanoparticles was very high (100 to
400 mg/g) due to their large surface area. The heavy rare-earth
ions are known to have a higher affinity for the coordinating
groups than the light rare-earth ions but an additional difference
in selectivity was observed between the different nanoparticles.
The separation of pairs of rare-earth ions was found to be dependent on the substrate, namely the density of EDTA groups on
the surface. The observation that sterical hindrance (or crowding) of immobilized ligands influences the selectivity could provide
a new tool for the fine-tuning of the coordination ability of traditional chelating ligands.

KEYWORDS: EDTA, lanthanides, magnetic nanoparticles, magnetite, metal recovery, rare earths

1. INTRODUCTION

Magnetic nanoparticles are very popular advanced materials.1,2

The possibility to guide these particles magnetically to recover
them from solution by a magnet and to functionalize their
surface with a large variety of functional groups has led to their
application in biomedicine, homogeneous catalysis, wastewater
processing and many other technological fields.3−14 Biomedical
applications include targeted drug delivery, biosensors and dual
imaging by lanthanide ions attached to magnetic nano-
particles.3−5 Functionalized magnetic nanoparticles are also
excellent candidates for the selective extraction of metal traces
from wastewater streams or industrial effluents.6−15 These
sophisticated adsorbents can act toward metal ions as a kind of
“nanosponges” and they can easily be retrieved from solution
with a magnet (Figure 1). After the adsorbed ions are stripped,
the nanoparticles can be reused, making this a promising
sustainable and green technology. The recovery of heavy metals
and precious metals with functionalized nanoparticles has been
studied extensively,6−14 but the recovery of rare earths by
nanoparticles has received far less attention.16 Core−shell
nanoparticles with magnetic (Fe3O4) cores and SiO2 or TiO2
shells are also excellent candidates for this type of
applications.8,9,15,17 These SiO2 or TiO2 shells can be
functionalized with metal coordinating groups and they
would greatly benefit from a better insight into the influence

of the substrate on the behavior of the metal coordinating
groups on their surface. This paper reports on the differences in
adsorption and separation of lanthanide ions by N-[(3-
trimethoxysilyl)propyl]ethylenediamine triacetic acid (TMS-
EDTA) attached to Fe3O4, SiO2 or TiO2 surfaces.
Silane chemistry is a powerful tool to anchor functional

groups on the surface of nanoparticles.18−22 The large number
of commercially available trialkoxysilanes with functional
groups offers unique possibilities for the surface-modification
of oxide nanoparticles.15,18−22 The silane groups form strong
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Figure 1. Schematic representation of the capture of lanthanide ions
by functionalized magnetic nanoparticles.
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covalent bonds with the hydroxyl groups on the surface of
oxide nanoparticles and increase their stability in solution.21

TMS-EDTA allows functionalization of oxide nanoparticles
with EDTA functional groups for coordination of metal ions.
The covalently bonded TMS-EDTA yields nanoparticles with a
much better long-term stability and resistance to acidic
conditions than nanoparticles where EDTA is directly bonded
to the surface by weak electrostatic interactions.7,10 Although
the selectivity of traditional complexing agents such as EDTA
and DTPA toward different metal ions is well understood in
aqueous solutions, this is not the case for the behavior of their
analogues attached to a surface. The density of immobilized
coordination groups on a surface can be high and the steric
hindrance (crowding) can alter the selectivity of the
coordination groups, which creates new opportunities for the
fine-tuning of the ligand selectivity. This possibility of fine-
tuning of the ligand selectivity is of importance for the difficult
separation of rare-earth ions. Most extractants (e.g., tributyl
phosphate (TBP) and di-(2-ethylhexyl)phosphoric acid
(DEHPA)) and chelating agents (e.g., EDTA and diethylene
triamine pentaacetic acid (DTPA)) have an increased affinity
for the heavier rare-earth ions, due to the smaller ionic radii and
higher charge densities of the heavy rare-earth ions.23,24

Unfortunately, the difference in ionic radius between
neighboring rare-earth elements is small, making an efficient
sized-based separation very challenging.23 Progress has been
made in the development of more selective extractants for
liquid/liquid extraction of rare earths, but the separation is still
inefficient.23,25

In this paper, a new approach is proposed to tune the
selectivity of existing ligands and extractants. The selectivity is
achieved by combining the inherent selectivity of EDTA groups
with the steric hindrance of coordinating groups on the surface
of oxide nanoparticles. Magnetic (Fe3O4) and nonmagnetic
(TiO2 and SiO2) nanoparticles were functionalized with TMS-
EDTA. These oxides were selected because they have different
densities of OH groups on their surfaces. The OH density
increases in the order Fe3O4 < TiO2 < SiO2.

26−29 Higher
densities of OH groups should result in higher densities of
EDTA groups on the nanoparticles, because the silanes react
with these hydroxyl groups. The functionalized nanoparticles
were characterized extensively and their behavior in solution
was investigated both for the adsorption and the separation of
rare-earth ions by selective uptake.

2. EXPERIMENTAL SECTION
Chemicals. Anhydrous FeCl3 (97%), SiO2 nanoparticles (12 nm,

99.5%), TiO2 nanoparticles (21 nm, 99.5%), Y(NO3)3·6H2O (99.9%)
and Lu(NO3)3·5H2O (99.9%) were purchased from Sigma-Aldrich. N-
[(3-Trimethoxysilyl)propyl]ethylenediamine triacetic acid trisodium
salt (TMS-EDTA) (45 wt %) was purchased from ABCR chemicals,
HCl (32 wt %), methanol (HPLC grade) and NaOH (97%) were
purchased from VWR. Sm(NO3)3·6H2O (99.9%), Gd(NO3)3·6H2O
(99.9%), Er(NO3)3·5H2O (99.9%) and n-octylamine (NOA) (99.9%)
were purchased from Acros Chemicals. La(NO3)3·6H2O (99.9%) and
Pr(NO3)3·6H2O (99.9%) were purchased from Chempur. Nd(NO3)3·
6H2O (99.9%), Tb(NO3)3·5H2O (99.9%), Dy(NO3)3·5H2O (99.9%),
Ho(NO3)3·5H2O (99.9%) and Yb(NO3)3·5H2O (99.9%) were
purchased from Alfa Aesar. All chemical were used as received
without further purification.
Equipment and Characterization. A Branson 5510 (10 L) and a

Branson 2510 MTH (3 L) sonicator bath were used to disperse
nanoparticles in a solvent. A mechanical shaker (IKA KS 130 basic
with universal attachment) was employed during adsorption experi-
ments and a vibrating plate (IKA MS 3 basic) was used in the sample

preparation for TXRF analysis. Finally, a centrifuge (Heraeus labofuge
200) was used to separate the nonmagnetic nanoparticles from
solution. Transmission Electron Microscopy (TEM) was carried out
on a JEOL JEM2100 apparatus using an acceleration voltage of 80 or
200 kV. The size determination was done using ImageJ software.
Magnetization data were obtained from vibrating sample magneto-
metry (VSM) experiments performed on a VSM Maglab setup from
Oxford Instruments at 300 K. Fourier Transform Infrared (FTIR)
spectra were measured between 5000 and 400 cm−1 on a Bruker
Vertex 70 spectrometer, with a Platinum ATR module. Thermogravi-
metric analysis (TGA) was performed with a TA Instruments Q600
thermogravimeter, measuring from 25 to 1300 °C (10 °C per minute,
argon atmosphere). Finally, the carbon, hydrogen and nitrogen
contents of the functionalized nanoparticles were determined by CHN
elemental analysis with a CE Instruments EA-1110 elemental analyzer.
The hydrodynamic properties and of the nanoparticles were probed by
dynamic light scattering (DLS) and ζ-potential measurements using a
Brookhaven 90Plus particle analyzer with the scattering angle set at
90°. The acidity of the EDTA groups was investigated with a Mettler-
Toledo T90 automatic titrator using HCl (0.01 M) and NaOH (0.01
M) as the titrant. Total reflection X-ray fluorescence (TXRF) analysis
was used to measure the rare-earth concentrations. A benchtop Bruker
S2 PICOFOX TXRF spectrometer equipped with a molybdenum X-
ray source was used. Rare-earth concentrations were measured directly
on the nanoparticle dispersion, which is a major advantage of TXRF
compared to inductively coupled plasma mass spectrometry analysis
where nanoparticles have to be disintegrated in acid prior to analysis.
For the sample preparation, Eppendorf microtubes were filled with an
amount of sample solution and a similar concentration (10 to 100 mg/
L) of Ga3+ as internal standard (1000 ppm gallium dissolved in 2−3%
HNO3, Merck). Gallium was chosen because this element has a high
sensitivity and does not interfere with the lanthanide signals. Finally, a
5 μL drop of this solution was put on a quartz plate, previously treated
with a silicone/isopropanol solution (Serva) and dried for 15 min at
60 °C prior to analysis. Each sample was measured for 200 s.

Synthesis of Precursor Magnetite Nanoparticles. A well-
described in-house synthesis procedure was followed for the synthesis
of the magnetite nanoparticles.30 First, ethylene glycol (37.5 mL) and
n-octylamine (NOA) (25 mL) were poured into a flask and heated to
150 °C. At the same time, FeCl3 (2.4 g) was dissolved in a beaker
containing ethylene glycol (10 mL) and Milli-Q water (3.5 mL). Once
FeCl3 was totally dissolved, the iron(III)-containing solution was
slowly added to the flask with ethylene glycol and n-octylamine and
further heated to reflux at 180 °C for 24 h. After reaction, the obtained
particles were precipitated from the reaction mixture by a NdFeB
magnet and washed three times with acetone. Finally, they were dried
in vacuo at room temperature for 20 min to obtain a black powder of
Fe3O4(NOA) nanoparticles with a typical yield of 1 g.

Silanization of Nanoparticles. Fe3O4(NOA), TiO2 and SiO2
nanoparticles were functionalized with TMS-EDTA. The
Fe3O4(NOA) nanoparticles were used as such, but the TiO2 and
SiO2 nanoparticles were dried at 50 °C in vacuo for 24 h. The
silanization protocol started by dissolving 100 mg of nanoparticles in
MeOH (100 mL). The beaker was placed in an ultrasonic bath for 2 h.
TMS-EDTA (1 mmol) was then added together with a few drops of
glacial acetic acid. The beaker was placed for another 2 h in the
ultrasonic bath. The particles were precipitated from the reaction
mixture by a small magnet or a centrifuge (5300 rpm, 15 min) and
washed one time with water and two times with acetone. Finally, they
were dried in vacuo at room temperature for 20 min, resulting in
Fe3O4(TMS-EDTA), TiO2(TMS-EDTA) and SiO2(TMS-EDTA).

Procedure for Adsorption, Separation and Stripping Experi-
ments. Functionalized nanoparticles (5 mg) were dissolved in Milli-Q
water (10 mL) by placing the solution in an ultrasonic bath for 1 h.
The vials were then taken out and the desired volume of equimolar,
binary rare-earth solution (5 × 10−3 M) was added. These mixtures of
rare earths pairs were prepared in advance by combining and diluting
concentrated stock solutions of the individual rare-earth elements
(0.05 M). All the concentrations were verified by total reflection X-ray
fluorescence (TXRF). The pH was set using HCl (0.1 M) or NaOH
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(0.1 M). The vials were then placed on a mechanical shaker for 24 h to
ensure equilibrium was reached. The particles were settled using a
small NdFeB magnet in the case of magnetic nanoparticles or a
centrifuge (5300 rpm, 20 min) in the case of nonmagnetic
nanoparticles. The solution was removed and the nanoparticles were
washed two times with acetone in order not to influence the
adsorption equilibrium. The rare-earth content on the nanoparticles
was then analyzed with TXRF. The stripping of rare-earth ions from
the nanoparticles was done by redispersing the washed nanoparticles
in water and lowering the pH to 2.75 by an HCl solution (0.1 M).
After 1 h, the nanoparticles were retrieved, washed and analyzed using
TXRF.

3. RESULTS AND DISCUSSION
Magnetic Nanoparticles. The magnetite nanoparticles

were synthesized using a forced hydrolysis method.30 The
nanoparticles were of high quality, in the sense that they had a
high saturation magnetization (66 emu/g) and a relatively well-
defined spherical shape (TEM) The n-octylamine layer on the
precursor nanoparticles is weakly bonded and can be replaced
by a covalently bonded layer of functional silanes. The silanes
are first hydrolyzed to silanols, which react with the hydroxyl
groups on the surface of the nanoparticles in a condensation
reaction. The resulting product was a black powder with an
excellent shelf life. Magnetite nanoparticles functionalized with
EDTA-silane (Figure 2) will be referred to as Fe3O4(TMS-

EDTA). Commercially available SiO2 and TiO2 nanoparticles
were dried prior to use. Drying the particles before silanization
and then redispersing them in water increases the surface
coverage.26 This procedure and the influence of the
concentration surface hydroxyl groups on the silanization of
SiO2 were studied extensively by Dugas et al.26 For magnetite
(Fe3O4) nanoparticles, this step was not necessary because the
precursor particles had a hydrophobic n-octylamine coating.
The silanization was carried out in the same way as for the
magnetite nanoparticles. The final products were white
powders that will be referred to as SiO2(TMS-EDTA) and
TiO2(TMS-EDTA).
Characterization of the Nanoparticles. The TEM

images (Figures S5−S7, Supporting Information) showed that
the Fe3O4 particles had a relatively spherical shape and were
monodisperse with an average core diameter of (10.5 ± 1.8)
nm. The SiO2 nanoparticles and TiO2 were more polydisperse
and had a diameter of (16.6 ± 5.8) nm and (17.9 ± 5.9) nm,
respectively. Vibrating Sample Magnetometry (VSM) measure-
ments (Figure S4, Supporting Information) showed that the
magnetic nanoparticles had a saturation magnetization of 66
emu/g and negligible coercivity and remanent magnetization,
indicating superparamagnetic behavior. This property allows for
convenient retrieval of the nanoparticles from solution, using
only a permanent magnet (Figure 3). Full retrieval (>99.9%)
was possible in less than 10 s.

The presence of EDTA on the nanoparticles was verified
using FTIR spectroscopy (Figure S1−S3, Supporting Informa-
tion). EDTA has two strong absorption bands between 1570−
1610 cm−1 and 1350−1450 cm−1.19,21 These bands occur as a
pair and can be assigned to asymmetrical and symmetrical
COO− stretching vibrations, respectively. Fe3O4(TMS-EDTA)
has IR absorption bands at 1592 and 1401 cm−1, TiO2(TMS-
EDTA) at 1594 and 1404 cm−1 and SiO2(TMS-EDTA) at 1591
and 1408 cm−1. Si−O−Si bands due to oligomerization of the
silanes can be found between 1150 and 1000 cm−1 and the Si−
O−M bonds (M = Fe, Si, Ti) bonds cause a strong band
between 900 and 1000 cm−1, depending on the metal.19,21,31

For Fe3O4(TMS-EDTA), these bands were found at 1091 and
903 cm−1, respectively, for TiO2(TMS-EDTA) at 1090 and 919
cm−1 and for SiO2(TMS-EDTA) only one band at 1062 cm−1

because M = S. The lattice vibration band of the core broadens
and shifts, due to the formation of Si−O−M (M = Fe, Si, Ti)
bonds in the silane surface layer and was found at 548 cm−1 for
Fe3O4, 430 cm−1 for TiO2 and 802 cm−1 for SiO2. Other
features include the weak asymmetric and symmetric CH2
stretchings at 2922−2931 and 2852−2856 cm−1.17,19

The EDTA-silane groups and the free hydroxyl groups on
the oxide surface of the nanoparticle core can form positively or
negatively charged species, depending on the pH. Surface
hydroxyl groups on Fe3O4, TiO2 and SiO2 show amphoteric
behavior and have a point of zero charge around pH 7, pH 6.5
and pH 2.2, respectively.32−34 These charges are negligible
though, compared to the many charges of the TMS-EDTA
groups. TMS-EDTA contains five sites with acid−base
behavior: two tertiary amines and three carboxylic acid groups
(Figure 4). The positively charged species are often omitted
because these only occur at very low pH.

Knowing the pKa values of TMS-EDTA is important because
these determine the speciation of TMS-EDTA as function of
pH. Because no pKa values were found for TMS-EDTA in the
literature, a titration was carried out to determine the pKa
values of TMS-EDTA on the nanoparticles. The pKa of the
pure silane cannot be determined because the silane would
hydrolyze in water and react with the glass of the pH electrode.

Figure 2. Nanoparticle functionalized with TMS-EDTA.

Figure 3. Fe3O4(TMS-EDTA) nanoparticles dispersed in water (left)
and the retrieval using a permanent magnet (right).

Figure 4. Structure of TMS-EDTA in its most positively and
negatively charged state.
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The pKa values for EDTA-silane (TMS-EDTA) attached to a
Fe3O4 nanoparticle were found to be pKa1 = 4.17, pKa2 = 6.89,
pKa3 = 10.00. The pKa values of the positively charged species
could not be determined because of the instability at pH ≤ 2.5;
ζ-potential measurements (Figure S9, Supporting Information)
for a dispersion of Fe3O4(TMS-EDTA) nanoparticles showed
that the negative charge on the particles increases with pH
because the carboxylic acid groups are gradually deprotonated.
The point of zero charge (PZC) is situated at pH 2.8, where all
the carboxylic acid groups are fully protonated. If the ionic
strength of the solution is raised too much, the absolute value
of the ζ-potential diminishes, causing aggregation and/or
sedimentation. The application of functionalized nanoparticles
as sorbents is therefore limited to the adsorption of low or trace
metal concentrations.6−14 Dynamic light scattering (DLS) was
carried out to measure the hydrodynamic radii and the
polydispersity (aggregation) of the nanoparticles at different
pH values (Table S1, Supporting Information). The increase in
hydrodynamic radius with pH confirmed that the solvation
shell increases with increasing surface charge or ζ-potential.
The low polydispersity index confirmed the absence of
aggregation in solution at the relevant pH values.
Density of EDTA Groups. The amount of EDTA-silane

groups on the surface of the nanoparticles was determined by
CHN elemental analysis and TGA measurements (Table 1).

The weight loss during TGA measurements is a gradual process
at first, due to interdigitation (entanglement) of the ligands, but
around 400 °C a sudden drop in weight is observed, after which
most of the TMS-EDTA is removed (Figure S8, Supporting
Information). This observed weight loss can be directly
translated into the surface group fraction (FSG), which is the
weight fraction of TMS-EDTA in the nanoparticle. Further-
more, the carbon and nitrogen weight fraction measured by
CHN elemental analysis was also used to calculate the surface
group fraction FSG. Both methods (CHN and TGA) have their
advantages, but each method induced a small error. The best
approximation is to use the average of both measurements.
One of the aims of the research described in this paper was

to investigate the influence of the sterical crowding of the
immobilized ligand on the selectivity. Silane molecules can bind
to the hydroxyl groups on the surface of the nanoparticles. This
means that the density of TMS-EDTA groups on the
nanoparticle is related to the initial density of hydroxyl groups
on that oxide.19,26,35 Three different oxides were selected with
an increased affinity for silanes in the order Fe3O4 < TiO2 <
SiO2.

36 The exact hydroxyl group density depends on several
factors, including synthesis conditions, particle morphology and
the nature of the crystalline phase.26 This makes it difficult to
give exact values, but approximate literature values can be used
to get an idea of the relative abundance of hydroxyl groups on
the surface of the different oxides.19,26,29,35 The commercially

available SiO2 nanoparticles had the appearance of a very fine,
flake-like powder. This type of silica is known to have a high
hydroxyl group density on its surface especially in aqueous
solution (6.0 − 8.0 μmol/m2).26 The commercially available
TiO2 nanoparticles consisted of type P25 TiO2 (produced by
Evonik Degussa) with a 80:20 anatase:rutile ratio and have an
intermediate hydroxyl group density on their surface (4.6
μmol/m2).27 The Fe3O4 nanoparticles were covered with n-
octylamine and are known to contain fewer OH groups on their
surface (1.0−1.5 μmol/m2).28 The surface density (SD) of
TMS-EDTA was approximated using eq 1:

μ
ρ

= ×
( )r
M

SD( mol/m )
3

10

F

2 100

SG

6
SG

(1)

where FSG is the surface group fraction (wt %) (Table 1), MSG
is the molar mass of the surface group (345 g/mol), r is the
particle radius (m) obtained by TEM measurements, and ρ the
density (g/m3) of the core material. For Fe3O4, SiO2 and TiO2,
the densities are 5.1, 2.6 and 3.9 g/cm3, respectively.37 The
diameters are 10.5 nm, 16.6 and 17.9 nm (TEM). From this
data, the specific surface was calculated assuming spherical
nanoparticles and the surface density of EDTA-silane groups
indeed increases in the order Fe3O4 < TiO2 < SiO2 (Table 2).

The footprint of a silane molecule is about 0.32−0.38 nm2.38

This means that a perfect silane monolayer has an approximate
surface density of 3 molecules/nm2 (5 μmol/m2). The higher
surface density found for TiO2(TMS-EDTA) and SiO2(TMS-
EDTA) (Table 2) means that there is a larger degree of
oligomerization and multilayer formation. These are unavoid-
able phenomena when trialkylsilanes are used, even on surface
of the less reactive Fe3O4 nanoparticles.

19,20,38

Adsorption of Rare Earths. The adsorption of rare-earth
ions from solution was investigated. The TMS-EDTA groups
form the largest number of binding sites for metal ions, but
metal ions can also bind nonspecifically to the deprotonated
hydroxyl end groups on the hydrolyzed silanes or on the
surface of the nanoparticle (Figure 5).39 This is supported by
the fact that the observed uptake of Gd3+ ions by TMS-EDTA
functionalized nanoparticles is higher than the TMS-EDTA
content on these nanoparticles (Table 3). The adsorption
capacity is also pH dependent because both the EDTA
carboxylic acid groups and hydroxyl groups are deprotonated
at higher pH values.39

The influence of pH on the adsorption of Gd3+ was
investigated (Figure 6). Gd3+ was chosen because it is located in
the middle of the lanthanide series, which makes it a good
model ion. An 8 mL solution containing 5 mg of nanoparticles
and 3.75 × 10−3 M of Gd3+ was used (6 μmol/mg) to

Table 1. Surface Group Fraction (FSG) for the Different
Nanoparticles Measured by CHN Analysis and TGA

CHN FSG
a

(wt %)
TGA FSG
(wt %)

average
(wt %)

Fe3O4(NOA) 6 ± 0.6 11 8.5 ± 0.6
Fe3O4(TMS-EDTA) 15 ± 2 17 16 ± 2
TiO2(TMS-EDTA) 36 ± 3 42 39 ± 3
SiO2(TMS-EDTA) 61 ± 5 50 55.5 ± 5
aFSG = surface group fraction.

Table 2. Calculated Specific Surface and Density of
Functional Silanes on the Surface of the Different
Nanoparticles Compared to the Initial Hydroxyl Group
Density

specific surface of the core
(m2/g)

OHa

(μmol/m2)
TMS-EDTAb

(μmol/m2)

Fe3O4 115 1.0−1.5 4.1
TiO2 86 4.6 11.6
SiO2 139 6.0−8.0 13.1

aApproximate hydroxyl group densities found in literature.26−28
bCalculated surface density (SD) of TMS-EDTA, using eq 1.
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guarantee an excess of rare-earth ions in order to obtain the
maximal uptake capacity. The uptake of Gd3+ ions is the highest
at pH 6.5 because of the increasingly deprotonated TMS-
EDTA groups. Above pH 6.5, the solubility product of Gd3+ is

exceeded (KSP = 10−24) and the Gd3+ ions in solution
precipitate as Gd(OH)3(s) (Figure S10, Supporting Informa-
tion).40 The average uptake of rare-earth ions clearly increases
in the order: SiO2(TMS-EDTA) > TiO2(TMS-EDTA) >
Fe3O4(TMS-EDTA) due to the increasing amounts of EDTA-
silane on the surface of these nanoparticle. The adsorption
characteristics of several elements of the lanthanide series by
Fe3O4(TMS-EDTA), SiO2(TMS-EDTA) and TiO2(TMS-
EDTA) are shown in Figure 7. Single element solutions were

used with a large excess of rare-earth ion (6 μmol/mg) at pH
6.3 to obtain the highest possible uptake without precipitation.
In the absence of competition between different ions, the
uptake of the different lanthanide ions is quite similar (Figure
7). Furthermore, the stripping of rare-earth ions from
Fe3O4(TMS-EDTA) nanoparticles was investigated. Complete
stripping was observed after less than 5 min (Figure S13,
Supporting Information) and a plateau value was reached at pH
3 with 98% stripping efficiency (Figure 8)). This is in good
agreement with the fact that the carboxylic acid groups are fully
protonated below pH 3 (ζ-potential > 0).
The stability of the different TMS-EDTA modified nano-

particles in acidic and alkaline solutions was tested. Nano-

Figure 5. Schematic representation of the possible binding sites for
metal ions (e.g., Gd3+) on the surface of TMS-EDTA functionalized
nanoparticles.

Table 3. Maximal Adsorption Capacity of the Fe3O4(TMS-
EDTA), TiO2(TMS-EDTA) and SiO2(TMS-EDTA)
Nanoparticles Compared with the Unfunctionalized
Analogues and with Other Functionalized Nanoparticles in
the Literature

particle(ligand)
core size
(nm)

surface group
(wt %) ion

ion uptake
(mg/g)

Fe3O4 10.5 Gd3+ 14
SiO2 17.9 Gd3+ 20
TiO2 16.6 Gd3+ 41
Fe3O4(TMS-
EDTA)

10.5 ± 1.8 16 ± 2 Gd3+ 113 ± 6

TiO2(TMS-EDTA) 17.9 ± 5.9 39 ± 3 Gd3+ 263 ± 11
SiO2(TMS-EDTA) 16.6 ± 5.8 55.5 ± 5 Gd3+ 395 ± 32
Fe3O4(humic
acid)16

14 15.5 Eu3+ 10.6

Fe3O4(DEHPA)
15 N/A 13.9 La3+ 55.9

Fe3O4(EDTA)
7 312.3 7.8 Cu2+ 46.3

Fe3O4(chitosan)
41 13.5 4.9 Cu2+ 21.5

Fe3O4(dien)
42 11.6 N/A Cu2+ 12.43

GO(TMS-
EDTA)a39

N/A N/A Pb2+ 479

aGraphene oxide (GO) consists of graphene nanosheets with surface
OH and COOH groups (high toxicity).39

Figure 6. Uptake of Gd3+ ions by Fe3O4(TMS-EDTA), SiO2(TMS-
EDTA) and TiO2(TMS-EDTA) nanoparticles as a function of pH.

Figure 7. Uptake of rare-earth ions from single-element solutions by
Fe3O4(TMS-EDTA), SiO2(TMS-EDTA) and TiO2(TMS-EDTA)
nanoparticles at pH 6.3.

Figure 8. Stripping of Gd3+ from Fe3O4(TMS-EDTA) nanoparticles
previously saturated with an excess of Gd3+ ions.
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particles (10 mg) were dispersed in Milli-Q water (5 mL) and
the pH was adjusted with a HCl (1 M) or NaOH (1 M)
solution. The dispersion was then shaken for 24 h. The
particles were removed from solution and the remaining metal
content (Fe, Si or Ti) in the water was determined by TXRF
analysis. Polypropylene sample carriers were used to determine
the silicon content instead of the quartz sample carriers. The
results show that the nanoparticles are stable between pH 2.5
and pH 10 (Figure 9). This wide pH window permits complex

formation and stripping of metal ions from the nanoparticles
without damaging the nanoparticles, making this system
reusable. Repeated adsorption (pH 6.5) and stripping (pH
2.75) cycles showed a negligible decrease in adsorption capacity
after three cycles.
The adsorption capacity was compared with different

functionalized nanoparticles reported in the literature (Table
3).7,15,39,41−43 The functionalization of the nanoparticles with
TMS-EDTA drastically increased the adsorption capacity. The
lanthanide adsorption capacities (mg/g) are high compared to
literature reports, this can be explained by the high surface
group content and specific surface of these small nanoparticles
and the low degree of aggregation, which keeps all the TMS-
EDTA groups available.7,15 Lighter materials (TiO2 and SiO2)
with a higher EDTA density have even larger adsorption
capacities (mg/g). This is why Madadrang et al. showed record
adsorption capacities of 479 mg/g for Pb2+ on the very light
graphene-oxide sheets functionalized with TMS-EDTA.39 Few
nanoparticle sorbents have been used for the adsorption of
lanthanide ions, so the results were compared with the ion
showing a maximal adsorption capacity for each system.
Separation of Rare Earths. The selectivity was reported

using the enrichment factor (EF), which compares the molar
ratio of two elements A and B before and after separation,
according to eq 2. B was always chosen to be the heavier of the
two rare earths because this results in an enrichment factor >1,
which is easier to work with. The ratio B/A after separation was
determined directly on the nanoparticles using TXRF. Because
the metal ions can be full striped from the nanoparticles, the
ratio on the nanoparticles is the same ratio that can be found
when measuring the stripping solution.

= =
B A

B A

B A

B A
EF

( / )

( / )

( / )

( / )
after separation

before separation

on the nanoparticles

feed solution (2)

The working conditions were optimized for the separation
experiments. Tests showed that the rare-earth ions had to be
added in excess compared to the amount of EDTA groups on
the nanoparticles in solution (Figure S11, Supporting
Information). Without an excess of rare-earth ions in solution,
the EDTA groups captured every ion in solution without much
selectivity. The influence of the counterion (nitrate or chloride
salts) was negligible (Figure S12, Supporting Information). The
influence of pH is illustrated in Figure 10. The separation of

La3+/Er3+ was chosen because the large difference in selectivity
helps visualizing a possible trend. The solution contained 3
μmol of each rare earth per mg of nanoparticles (a large excess,
see Figure 7). The selectivity of the system does not change
much in the range between pH 4 and 6. A high pH is desirable
to increase the adsorption of rare-earth ions (Figure 6), so the
separation of rare-earth ions is therefore best carried out
between pH 6 and 6.5, to ensure a maximal uptake of rare-earth
ions with high selectivity. Beyond pH 6.5, precipitation of rare-
earth hydroxides occurred.

Influence of Sterical Crowding on the Selectivity. It is
well-known that EDTA and other metal chelating compounds
have an inherent selectivity.24,44,45 However, because the EDTA
groups on the nanoparticles are, in principle identical, one
would not expect additional differences in selectivity, depending
on which substrate the TMS-EDTA is attached to. The
difference in selectivity between the different nanoparticles is
therefore definitely the most remarkable observation to be
made (Figure 10). It is assumed that this effect originates from
the fact that Fe3O4, TiO2 and SiO2 nanoparticles have
increasingly high densities of TMS-EDTA on their surface
(Table 2). The denser the EDTA coating, the more the
selectivity increases toward the smaller Er3+ ion and decreases
toward the larger La3+ ion. This could originate from the fact
that a dense EDTA-silane (multi)layer is more impenetrable for
larger ions or from the fact that the size of the EDTA cage is
reduced due to sterical crowding caused by the high density of
EDTA groups on the surface of the nanoparticle. Thermody-
namic models exist to describe the complex interactions
between neighboring metal ions in polynuclear complexes.46−52

Figure 9. Nanoparticle stability in solutions with different pH values.
The loss of particles after 24 h is shown as a function of pH.

Figure 10. Separation of La3+ and Er3+ by different EDTA-
functionalized nanoparticles at different pH values.
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However, determining the exact structure and speciation of the
dense EDTA-silane layer on the surface of the nanoparticles is
not as straightforward as for chelating complexes in solution.
Quantifying the interactions between rare-earth ions within the
dense EDTA-silane layer is therefore too complex to attempt
here. Instead, experimental evidence is proposed to support this
theory of a size-based selectivity related to the density of
ligands on the surface of the nanoparticles.
This effect was further investigated by looking at the

separation of La3+ ions from other trivalent lanthanide ions
(Ln3+) (Figure 11). As expected, the enrichment factors

increased with increasing difference in ionic radius, but it is
also evident that TiO2(TMS-EDTA) and SiO2(TMS-EDTA)
have a higher selectivity toward smaller (heavier) ions than
Fe3O4(TMS-EDTA). In addition, SiO2(TMS-EDTA) shows
the steepest increase in enrichment factor over the series, which
can be explained by the fact that it has the largest density of
TMS-EDTA on its surface. TiO2(TMS-EDTA) and
Fe3O4(TMS-EDTA) show a less steep increase in enrichment
factor because their EDTA-coating is less dense and therefore
less capable of size-based selectivity due to sterical crowding.
Large differences in enrichment factors (EF) for different

nanoparticles were only found for rare-earth pairs containing
lanthanum (Figure 11), possibly because La3+ is the only ion
that is large enough to trigger the selectivity due to the density
of EDTA groups on the surface. Note that EDTA has an
inherent selectivity toward the heavier (smaller) lanthanide
ions, so that any selectivity arising from the difference in surface
density is only observable if it is large enough compared to the
inherent selectivity of EDTA. For the other rare-earth ions, the
difference was much smaller. The Lu3+/Ln3+ series (Figure S15,
Supporting Information) and Pr3+/Ln3+ series (Figure S16,
Supporting Information), for example, both showed some
difference in selectivity, but the effect was not as large as that
for La3+/Ln3+ (Figure 11). The position of yttrium in the
separation series was elucidated by looking at the yttrium
separation series (Figure S14, Supporting Information). It is
evident that Y3+ behaves like Pr3+ or Nd3+ in our system (EF =
1), even though the ionic radius of Y3+ is closer to that of
Ho3+.53 This is in agreement with previous reports on the
complex formation of lanthanide ions with EDTA and HEDTA
in solution.24 The “itinerant” behavior of Y3+ is a phenomenon

that describes the fact that Y3+ can move across the lanthanide
series, depending on the extraction system.44

4. CONCLUSION
Magnetic (Fe3O4) and nonmagnetic (TiO2 and SiO2) nano-
particles were coated with EDTA-silane and their adsorption
capacity and selectivity toward rare-earth ions was investigated.
The covalently bonded TMS-EDTA protects the surface of the
nanoparticles from oxidation and provides surface charges to
prevent aggregation. The high adsorption capacities (100 to
400 mg/g) of these nanoparticles is due to their small diameter
(10 to 20 nm) and high surface area (85 to 140 m2/g),
combined with a large coverage of TMS-EDTA. It was found
that the selectivity toward smaller rare-earth ions increased in
the same order as the density of the EDTA-silane on the
surface, namely Fe3O4(TMS-EDTA) < TiO2(TMS-EDTA) <
SiO2(TMS-EDTA). This observation could be used to tune the
selectivity of other existing extractants and further research will
be directed to explore this phenomenon of selectivity
enhancement by steric crowding. The main advantage of
magnetic nanoparticles is the fact that they can be easily
retrieved from solution using a small magnet. On the other
hand, SiO2 and TiO2 nanoparticles can hold larger quantities of
TMS-EDTA on their surface and can therefore adsorb more
rare-earth ions, but their removal from solution is more tedious.
This knowledge about the differences in adsorption capacity
and selectivity of TMS-EDTA attached to these different oxides
could prove valuable for the future design of Fe3O4@SiO2 or
Fe3O4@TiO2 core−shell nanoparticles. These hybrid materials
with a magnetic Fe3O4 core and a nonmagnetic shell could
combine the convenience of magnetic retrieval with the high
adsorption capacity and selectivity of SiO2-based nanoparticles.
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ABSTRACT: Core−shell Fe3O4@SiO2 nanoparticles were prepared with a modified Stöber method and functionalized with N-
[(3-trimethoxysilyl)propyl]ethylenediamine triacetic acid (TMS-EDTA). The synthesis was optimized to make core−shell
nanoparticles with homogeneous and thin SiO2 shells (4.8 ± 0.5 nm) around highly superparamagnetic Fe3O4 cores (14.5 ± 3.0
nm). The core−shell Fe3O4@SiO2(TMS-EDTA) nanoparticles were then used for the extraction and separation of rare-earth
ions. By comparing them with previously published results for Fe3O4(TMS-EDTA) and SiO2(TMS-EDTA) nanoparticles, it was
clear that the core−shell nanoparticles combine the advantage of magnetic retrieval observed for Fe3O4(TMS-EDTA)
nanoparticles with the higher selectivity observed for SiO2(TMS-EDTA). The advantages of the SiO2 shell include a lower
specific weight and a larger grafting density compared to Fe3O4 surfaces, but also the improved resistance to acidic environments
required for the stripping of rare-earth ions.

1. INTRODUCTION

Magnetic nanoparticles are very interesting materials that can
be recovered from solution with the use of a magnet.1−3 Task-
specific magnetic nanoparticles can be prepared by coating the
surface with functional groups.2,3 Applications are found in
targeted drug delivery, biosensors, dual imaging compounds,
recoverable catalysts, and selective recovery of metal ions or
molecules.3−15 Functionalized magnetic nanoparticles are well-
suited for the selective extraction of metal traces from diluted
wastewater streams or industrial effluents.7−20 This is done by
capturing metal ions in solution, retrieving the loaded
nanoparticles with a magnet, and then stripping the metal
ions from the nanoparticles. This is a sustainable process since
the nanoparticles are reusable and no hazardous chemicals are
involved. Most examples report on the recovery of transition
metals, heavy metals, or precious metals.7−25 On the other
hand, the capture of rare-earth ions has been far less
investigated.16,21,26

Core−shell nanoparticles are slightly more complex than
conventional nanoparticles, but these hybrid materials can have
significantly enhanced properties.27−29 The core is usually a
magnetic and vulnerable material such as magnetite or cobalt
that is prone to oxidation or dissolution in acidic environments.
These cores are capped with an inert shell of, e.g., SiO2, TiO2,
ZrO2, gold, graphene, or a polymer.3,30−32 The shell protects
the core from oxidation or attack by chemicals, and it can be
further functionalized by attaching functional groups to its
surface.3,16,21−24 The advantage of layered materials can be the
better stability or a synergy between different materials, which
can result in unique chemical or physical properties.27−29

Functionalization of core−shell and regular nanoparticles can
be achieved by covalent bonding, chemisorption, or electro-
static interactions of ligands onto their surface. Good results
have been obtained with functionalized siloxanes, because these
versatile compounds form strong covalent bonds with most

oxide surfaces due to the presence of hydroxyl groups.33−37 The
large number of commercially available trialkoxysilanes with
various functional groups offers unique possibilities for the task-
specific surface modification of oxide nanoparticles.16,35,38−41

The N-[(3-trimethoxysilyl)propyl]ethylenediamine triacetic
acid (TMS-EDTA) used in this work is an EDTA derivative
in which one of the carboxylate groups is replaced by an alkyl
spacer with a reactive trialkoxysilane group for binding to the
surface of the nanoparticle. EDTA has a good affinity for rare-
earth ions and is also capable of separating them based on small
differences in charge density.42−44 TMS-EDTA was therefore
the preferred ligand to decorate the surface of the nanoparticles.
The covalently bonded TMS-EDTA also provides nanoparticles
with a good resistance against the strongly acidic environments
required for the stripping of rare-earth ions after coordination
(pH <2).26

Recently, our group compared the adsorption capacity and
selectivity of TMS-EDTA-functionalized Fe3O4, TiO2, and SiO2

nanoparticles to gain a better understanding of the influence of
the substrate on the behavior of the surface group.26 It was
shown that TMS-EDTA-functionalized SiO2 nanoparticles
performed better than the analogous Fe3O4 or TiO2 nano-
particles. This was attributed to the fact that SiO2 contains the
highest density of hydroxyl groups on its surface, resulting in a
large grafting density of TMS-EDTA functional groups. This
dense layer of TMS-EDTA groups is capable of binding high
quantities of rare-earth ions, but it also exhibits a significant
size-based selectivity. It was shown that a denser layer of TMS-
EDTA results in a better separation between small and large
rare-earth ions. However, both SiO2 and TiO2 nanoparticles are
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not magnetic, so their removal from solution is much more
tedious than the fast magnetic retrieval that is possible for
Fe3O4 nanoparticles. In this paper, core−shell nanoparticles
were prepared consisting of magnetic Fe3O4 cores and a SiO2
shell, which was subsequently functionalized with TMS-EDTA
(Figure 1). The aim was to investigate whether these

functionalized core−shell nanoparticles could combine the
advantage of magnetic retrieval, with the enhanced selectivity
that was observed for TMS-EDTA attached to SiO2 nano-
particles. The chemical stability and loss of efficiency of these
core−shell nanoparticles were also investigated to evaluate their
potential as high-performance, reusable sorbents for rare-earth
ions.

2. EXPERIMENTAL SECTION
Chemicals. N-[(3-Trimethoxysilyl)propyl]ethylenediamine

triacetic acid trisodium salt (TMS-EDTA) (45 wt %) was
obtained from ABCR chemicals. Anhydrous FeCl3 (97%) was
purchased from Sigma-Aldrich. Ammonia (25 wt %) was
obtained from Chem-Lab. Methanol (HPLC grade), absolute
ethanol, glacial acetic acid, NaOH (97%), and HCl (37%) were
purchased from VWR. Sm(NO)3·6H2O (99.9%), Gd(NO3)3·
6H2O (99.9%), Er(NO3)3·5H2O (99.9%), n-octylamine
(NOA) (99.9%), and tetraethyl orthosilicate (TEOS) (98%)
were purchased from Acros Organics. La(NO3)3·6H2O (99.9%)
and Pr(NO3)3·6H2O (99.9%) were supplied by Chempur.
Nd(NO3)3·6H2O (99.9%), Tb(NO3)3·5H2O (99.9%), Dy-
(NO3)3·5H2O (99.9%), and Ho(NO3)3·5H2O (99.9%) were
supplied by Alfa Aesar. All chemicals were used as received
without further purification.
Equipment and Characterization. The nanoparticles

were dispersed in a solvent using a Branson 5510 (10 L) and
a Branson 2510 MTH (3 L) ultrasonic bath. The shaking
during adsorption experiments was done with a mechanical
shaker (IKA KS 130 basic). Particle imaging was done on a
JEOL JEM2100 transmission electron microscope (TEM)
using an acceleration voltage of 80 or 200 kV. ImageJ software
was used for the size determination. The particles were
dispersed in methanol (1 mg/mL) and deposited on a grid by
solvent evaporation. Specific surface measurements were done
by collecting nitrogen physisorption isotherms using a
Micromeritics 3Flex surface characterization analyzer at 77 K.
Prior to the measurement, the samples were outgassed at 353 K
for 6 h under vacuum (Micromeritics VacPrep system). The
BET method was applied in the 0.05−0.3 p/p0 range using the
3Flex 3.00 software. Magnetization data were obtained with
vibrating sample magnetometry (VSM) experiments performed
on a VSM Maglab setup from Oxford Instruments at 300 K.
Fourier transform infrared (FTIR) spectra were measured

between 4000 and 400 cm−1 on a Bruker Vertex 70
spectrometer, with a platinum ATR module. Thermogravi-
metric analysis (TGA) was performed with a TA Instruments
Q600 thermogravimeter, measuring from 25 to 1200 °C (10
°C/min, argon atmosphere). A CE Instruments EA-1110
elemental analyzer was used to measure the carbon, hydrogen,
and nitrogen (CHN) content of the functionalized nano-
particles. The rare-earth concentrations were determined by
total reflection X-ray fluorescence (TXRF) analysis on a
benchtop Bruker S2 Picofox TXRF spectrometer equipped with
a molybdenum X-ray source. This technique allows direct
determination of the rare-earth content on the nanoparticles in
dispersion. This is a major advantage of TXRF compared to
inductively coupled plasma mass spectrometric (ICP-MS)
analysis, where nanoparticles have to be digested in acid prior
to analysis. For the sample preparation, Eppendorf microtubes
were filled with an amount of sample solution (900 μL) and a
similar concentration (10−100 ppm) of Ga3+ as internal
standard (1000 ppm gallium dissolved in 2−3% HNO3,
Merck). Gallium was chosen because this element has a high
sensitivity and does not interfere with the lanthanide signals.
The microtubes were then vigorously shaken on a vibrating
plate (IKA MS 3 basic). Finally, a 7 μL drop of this solution
was put on a quartz plate, previously treated with a silicone/
isopropyl alcohol solution (Serva) to avoid spreading of the
sample droplet. The plates were then dried for 30 min at 60 °C
prior to analysis. Each sample was measured for 30 min.

Synthesis of Fe3O4@SiO2 Nanoparticles. An in-house
synthesis procedure was followed to prepare precursor Fe3O4
nanoparticles coated with n-octylamine.45 Ethylene glycol (37.5
mL) and n-octylamine (NOA; 25 mL) were combined into a
flask and heated to 150 °C. Anhydrous FeCl3 (2.4 g) was
dissolved in a beaker containing ethylene glycol (10 mL) and
Milli-Q water (3.0 mL). The iron(III) solution was slowly
added to the flask containing ethylene glycol and n-octylamine,
and further heated to reflux at 180 °C for 24 h. The particles
were precipitated from the reaction mixture by a small magnet
and washed three times with acetone. Finally, they were dried
in vacuo at room temperature for 20 min to obtain a black
powder of Fe3O4(NOA) nanoparticles with a typical yield of 1
g. The silica shell was grown on these seeds using a modified
and optimized Stöber method.22,31 Fe3O4(NOA) nanoparticles
(50 mg) were dispersed in ethanol (40 mL) by placing them in
an ultrasonic bath for 1 h. Without removing the solution from
the sonicator bath, NH3 (25%; 2 mL) was added to the
nanoparticle dispersion and TEOS (0.8 mL) was added
dropwise over an hour. The solution was then left in the
sonicator bath for another 5 h. The nanoparticles were settled
using centrifugation (11 000 rpm, 15 min) and washed one
time with water and two times with acetone. Finally, they were
dried in vacuo (room temperature (RT)) for 30 min to obtain a
grayish powder with a typical yield of 100 mg.

Functionalization Protocol. The Fe3O4@SiO2 nano-
particles were functionalized with TMS-EDTA. The silanization
procedure started by setting the pH at 4.5 with HCl (1 M) and
then dispersing 100 mg of nanoparticles in MeOH/H2O 85:15
(100 mL). The beaker was placed in an ultrasonic bath for 2 h.
TMS-EDTA (1 mmol) was then added together with a few
drops of glacial acetic acid. The beaker was placed for another 2
h in the ultrasonic bath. The particles were precipitated from
the reaction mixture by a small magnet and washed one time
with water and two times with acetone. Finally, they were dried

Figure 1. Core−shell Fe3O4@SiO2 nanoparticle functionalized with
TMS-EDTA.
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in vacuo at room temperature for 30 min, resulting in Fe3O4@
SiO2(TMS-EDTA) with a typical yield of 95−100 mg.
Procedure for Adsorption and Stripping Experiments.

The TMS-EDTA functionalized core−shell nanoparticles were
used to adsorb rare-earth ions from nitrate solutions and to
separate rare-earth pairs. Adsorption and separation experi-
ments started by dispersing 5 mg of nanoparticles in 5 mL of
Milli-Q water using an ultrasonic bath (1 h). After a
homogeneous dispersion of nanoparticles was obtained, single
and binary rare-earth nitrate solutions were used to obtain the
desired concentration of rare earths (1 mmol/L). This
corresponds to 1 μmol of rare-earth ions per milligram of
nanoparticles (an excess compared to the EDTA content). The
pH was set using HCl (0.1 M) or NaOH (0.1 M), and the vials
were placed on a mechanical shaker (240 rpm, 18 h). The
particles were settled using a small NdFeB magnet. The
solution was removed and the nanoparticles were washed two
times with acetone to remove the remaining aqueous feed
solution without influencing the adsorption equilibrium. The
nanoparticles were then redispersed in 1 mL of Milli-Q water
and the rare-earth content on the nanoparticles was analyzed
with TXRF. The stripping of rare-earth ions from the
nanoparticles was done by redispersing the washed nano-
particles in water (5 mL) and lowering the pH to 1.5 using an
acidic HCl solution (1 M). The solution was then shaken for 2
h on a mechanical shaker (240 rpm).

3. RESULTS AND DISCUSSION
Optimizing the Synthesis of Fe3O4@SiO2(TMS-EDTA)

Nanoparticles. The magnetite nanoparticles were synthesized
using a forced hydrolysis method.26,45 The Fe3O4 nanoparticles
are capped with n-octylamine to protect their surface and can
be stored for months.45 However, this weakly bound coating
can be replaced by siloxane molecules in a later stage to allow
further modification of the nanoparticle surface with functional
groups or SiO2 shells.

26,45 The synthesis of the SiO2 shell and
the functionalization with TMS-EDTA was investigated in
detail and optimized for its use as nanosorbent. A modified
Stöber method was used to grow SiO2 shells around the Fe3O4
seeds with an average yield of 100 mg per batch. The thickness
of the SiO2 shell around the magnetite core could be tuned by
varying the NH3/TEOS ratio but was also influenced by other
parameters such as the solvent/reagent ratio.32 The thickness is
related to the size of the Si−O−Si band in the infrared
spectrum at 1091 cm−1 (Figure 2). Methods A and B yielded
poor nanoparticles, with insufficient covering of silica. Method
C, D, and E were much more successful and ensured a
reproducible covering of the nanoparticles with a thin but
homogeneous layer of silica. The synthesis method that was
retained used the following ratio of reagents: ethanol (40 mL),
25% NH3 (2 mL), and TEOS (0.8 mL) (method E). This
method yields nanoparticles with a homogeneous 4.8 ± 0.5 nm
thick SiO2 shell (TEM). This thickness is the right compromise
between a good protection of the nanoparticle core, without
losing too much surface area.
The functionalization parameters have great influence on the

quality of the functional coating. The functionalization reaction
of Fe3O4@SiO2 nanoparticles with TMS-EDTA is pH-depend-
ent because the hydrolysis rate of the alkoxysilanes is pH-
controlled.33 Acidic conditions are required for the controlled
silanization of the surface (pH 3−5) because an alkaline pH
causes rapid polymerization of the silane chains.33,34 The
solvent composition is also important. Water increases the

hydrolysis rate while methanol slows it down. Different
methanol/water ratios were tested to optimize the degree of
functionalization (Figure 3) The success of the functionaliza-

tion was monitored by FTIR spectroscopy by looking at the
intensity of the carboxylate bands.7 The compiled FTIR spectra
(Figure 3) show the intense asymmetrical stretch of the
carboxylate groups around 1650 cm−1 accompanied by the
symmetrical stretch around 1400 cm−1. Pure methanol was not
an ideal solvent for the hydrophilic TMS-EDTA and caused
partial precipitation, whereas pure water caused a too fast
hydrolysis of the silanes resulting in rapid polymerization and a
bad functionalization. A methanol/water volume ratio of 85:15
was chosen because of the reproducibility and the high quality
of the functional coating prepared under these conditions.

Characterization of Nanoparticles. The core−shell
Fe3O4@SiO2(TMS-EDTA) nanoparticles were characterized

Figure 2. FTIR spectra of Fe3O4@SiO2 samples from different
synthesis methods. The influence of the reagent ratio on the Si−O
peak at 1091 cm−1 is shown. The ratio of reagents is given as ethanol
(mL)/25% NH3 (mL)/TEOS (mL).

Figure 3. FTIR spectra of different Fe3O4@SiO2(TMS-EDTA)
samples. The influence of the solvent (MeOH/H2O ratio) on the
carboxylate peaks at 1650 and 1400 cm−1 is shown. This signal is
related to the degree of TMS-EDTA functionalization.
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by FTIR, CHN, TGA, BET, and TEM analysis. All TGA curves
for Fe3O4@SiO2 and Fe3O4@SiO2(TMS-EDTA) can be found
in the Supporting Information (Figure S2). The average TMS-
EDTA content obtained from CHN analysis was 4.2 ± 0.3 wt
%, compared to 3.0 wt % determined by TGA analysis. The
average of both analytical techniques was used, which indicates
that the nanoparticles contain 0.12 μmol/mg TMS-EDTA. This
value is useful for comparison with the adsorption experiments.
Vibrating sample magnetometry showed that the super-
paramagnetic Fe3O4(NOA) seeds had a saturation magnet-
ization of 66 emu/g (Supporting Information, Figure S1). TEM
images showed that the functionalized core−shell Fe3O4@
SiO2(TMS-EDTA) nanoparticles had a diameter of 24.1 ± 4.0
nm (Figure 4B). The Fe3O4(NOA) seeds had a relatively well-

defined spherical shape and an average diameter of 14.5 ± 3.0
nm (Figure 4A). The SiO2 shell on the core−shell Fe3O4@SiO2
nanoparticles had a thickness of 4.8 ± 0.5 nm (Figure 4B). The
aggregation of the core−shell nanoparticles in Figure 4 is due
to the TEM sample preparation. During the solvent
evaporation the nanoparticles aggregate on the grid.
Since the SiO2 shell is thin and homogeneous, this results in

a relatively high specific surface area. The specific surface area
of the nanoparticles was 44.1 m2/g as determined by surface
analysis using the BET method. This is an important
characteristic for a sorbent nanoparticle. A thin SiO2 shell is
also important to maintain a high magnetic susceptibility,
required for a fast magnetic removal of the nanoparticles from
solution. The core−shell Fe3O4@SiO2(TMS-EDTA) nano-
particles are quite hydrophilic due to the deprotonated
carboxylate groups, thus forming very homogeneous and stable
dispersions at pH 6 (used for adsorption experiments). Once
they bind lanthanide ions, the surface charge diminishes and the
nanoparticles can be removed from solution efficiently. Full
retrieval (>99.9%) was possible within 10 s (Figure 5).
Additionally, during stripping the carboxylate groups are
protonated due to the acidic conditions (pH 1.5), making
them less hydrophilic and therefore easy to retrieve. This
greatly facilitates the adsorption/stripping process.

Adsorption and Stripping of Rare Earths. The
adsorption of rare earths is pH-dependent because TMS-
EDTA contains three carboxylic acid groups that are gradually
deprotonated at increasing pH values. An excess of rare-earth
ions was used and the samples were shaken for 18 h to ensure
that a maximal adsorption was reached. Nd3+ was chosen as a
model system because of its industrial relevance. Complex
formation was observed between pH 3 and 6 (Figure 6). The

excess of rare-earth ions helps to visualize the precipitation
threshold. There is still complex formation at pH values higher
than 6, but also hydrolysis and precipitation of the lanthanide
ions. This pH range is therefore not convenient since the
precipitation interferes with the complex formation. Below pH
2.5, the Nd3+ adsorption is quite low; therefore this lower pH
range can be used to strip the lanthanide ions from the
nanoparticles.
Adsorption of rare-earth ions is best performed at pH 6,

resulting in an adsorption of 0.118 μmol/mg (17.0 mg/g) for
Nd3+. An excess of Nd3+ was used to obtain the maximal
adsorption capacity. This value (0.118 μmol/mg) is in good
agreement with the TMS-EDTA content on the surface of the
nanoparticle (0.12 μmol/mg). If the adsorption capacity is
compared with other nanoparticles described in the literature
(Table 1), it is well within the range of most reported chelating
nanoparticles. However, the main advantage of these nano-

Figure 4. TEM images of (A) Fe3O4(NOA) seeds and (B) Fe3O4@
SiO2(TMS-EDTA) nanoparticles. The magnetic core and the thin
homogeneous SiO2 shell are indicated on image B.

Figure 5. Magnetic retrieval of Fe3O4@SiO2(TMS-EDTA) nano-
particles dispersed in water (1 mg/mL), before (left) and after 10 s
(right).

Figure 6. Nd3+ removal from solution by Fe3O4@SiO2(TMS-EDTA)
nanoparticles as a function of pH. Depending on the pH, different
domains were identified where the Nd3+ could be adsorbed by the
nanoparticles, precipitated, or stripped back from the nanoparticles.
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particles is not their adsorption capacity, but their selectivity
and ability to separate rare-earth ions from each other.
The adsorption kinetics were also investigated by contacting

the nanoparticles with an excess of Nd3+ ions at pH 6.0 for
increasing periods of time (mechanical shaker, 240 rpm). The
results show a saturation of the nanoparticles with Nd3+ions
after 6 h (Figure 7). However, during most adsorption

experiments the samples were shaken overnight (18 h) for
convenience. The relatively long equilibrium times are
attributed to the dense layer of EDTA on the surface, which
is also responsible for the better than expected size-based
selectivity that was observed (see Separation of Rare Earths).
The stripping efficiency as a function of pH was tested,

together with the stability of the core−shell nanoparticles. After
the nanoparticles were fully loaded with a solution containing
an excess of Nd3+ ions, the nanoparticles were isolated. The
nanoparticles were then contacted with an acidic solution to
protonate the carboxylate groups and release the Nd3+ ions
back in solution. For this stripping step, the pH was set using
HCl (1 M) and the solutions were shaken for 2 h (same result
as for 24 h). The damage to the nanoparticles was measured by
analyzing the iron content in the stripping solution with TXRF,
after 24 h of shaking. This iron content was then translated into
a particle loss (percent). Stripping is best performed at pH 1.5
in order to have the right compromise between a high stripping
efficiency (94%) and little damage to the nanoparticles (<0.5%
particle loss) (Figure 8).

By comparing the stability of the core−shell nanoparticles
with the simple (core) magnetite nanoparticles, it is clear that
the SiO2 shell significantly increased the resistance of magnetite
nanoparticles to acidic solutions (Figure 9). The SiO2 shell is

only 4.8 nm thick, but it drastically increases the stability of the
nanoparticles. SiO2 is much less sensitive to degradation by
HCl than Fe3O4 that is easily dissolved as FeCl3. The increased
stability of core−shell nanoparticles in acidic solutions is
particularly useful for metal binding surface groups that require
harsher stripping conditions.
This increased stability is also translated into a good

reusability. A sequence of five adsorption (pH 6.0) and
stripping (pH 1.5) cycles with an excess of Nd3+ ions shows the
evolution of the adsorption capacity of the core−shell
nanoparticles (Figure 10). The experiments were done three
times to reduce the experimental error. During the first cycle, a
loss of adsorption capacity was observed from 0.118 to 0.092
μmol/mg. This is due to the release of some of the less well
bonded TMS-EDTA groups or some irreversible adsorption.
During the functionalization, some of the TMS-EDTA groups
are weakly bound to other TMS-EDTA groups through one
Si−O−Si linker. This partial oligomerization is an unavoidable
phenomenon for trialkoxysilanes; however, most TMS-EDTA
groups are firmly attached to the SiO2 surface with three Si−
O−Si bonds.36 After this initial drop in adsorption capacity, the

Table 1. Literature Overview of Magnetic Chelating
Nanoparticles with Their Maximal Adsorption Capacity,
Compared with the Nanoparticles Described in This
Work8,16,20,21,26,46,47

particle(ligand)

particle
size
(nm)

surf. group
content
(wt %) ion

ion
uptake
(mg/g)

Fe3O4@SiO2(TMS-EDTA)a 24.1 3.6 Nd3+ 17.0
Fe3O4(TMS-EDTA)26 10.5 16 Gd3+ 113
Fe3O4(humic acid)

21 14 15.5 Eu3+ 10.6
Fe3O4@SiO2(P507)

16 500 13.9 La3+ 55.9
Fe3O4(PEI)(DTPA)

20 50 6.4 Cu2+ 12.1
Fe3O4(EDTA)

8 312.3 7.8 Cu2+ 46.3
Fe3O4(chitosan)

47 13.5 4.9 Cu2+ 21.5
Fe3O4(dien)

46 11.6 N/A Cu2+ 12.43
aThis is the core−shell nanoparticle described in this paper.

Figure 7. Adsorption kinetics for Nd3+ ions with Fe3O4@SiO2(TMS-
EDTA) nanoparticles.

Figure 8. Stripping efficiency and particle loss (determined by TXRF)
as a function of pH for core−shell nanoparticles, fully loaded with
Nd3+ ions.

Figure 9. Stability of functionalized magnetite nanoparticles compared
with the stability of functionalized core−shell nanoparticles after
shaking for 24 h in an acidic solution. The pH was set with an HCl
solution.
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adsorption capacity then stabilized and remained practically
unchanged over the next four adsorption/stripping cycles. The
initial drop in adsorption capacity can be avoided by washing
the synthesized nanoparticles one time with a pH 1.5 HCl
solution, before using them in adsorption experiments. The
particle loss in each cycle increased slightly from 0.3% in cycle 1
to 1.6% in cycle 5, resulting in a cumulated particle loss of 4.7%.
Furthermore, it should be mentioned that no particle
degradation was observed visually. The supernatant remained
completely colorless (Figure 5). This indicates that the particle
loss is very limited and is most likely also due to process steps.
The particles have to be transferred multiple times in different
flasks, inevitably leading to some loss of particles along the way.
Small quantities of nanoparticles were used (10 mg); therefore
the percent particle loss seems higher even though only 0.47
mg of particles was lost after five adsorption/stripping cycles.
The average stripping efficiency over the five cycles was 93%,
which is in agreement with previously mentioned results
(Figure 8).
Separation of Rare Earths. The separation of rare earths

as a group from other elements is usually relatively efficient, and
based on differences in oxidation state or chemical behavior.48

However, the mutual separation of a mixture of rare-earth ions
is a challenge because of their common +III oxidation state and
very similar chemical behavior. Most current techniques are
based on the small differences in ionic radii.42 The selectivity of
the functionalized core−shell nanoparticles was investigated
and reported using enrichment factors (EFs). The enrichment
factor compares the molar ratio of elements A and B before and
after separation, according to eq 1. B was chosen to be the
heavier (smaller) of the two rare-earth ions because this results
in an enrichment factor of >1.

=
( )
( )

EF

B
A on nanoparticles

B
A feed solution (1)

The separation of Er3+/La3+ was chosen as a model to
investigate the influence of the pH on the selectivity. The
relatively large difference in ionic radius results in a high
enrichment factor which helps to visualize a possible trend. An
excess of rare-earth ions was used compared to the amount of
TMS-EDTA groups and the rare-earth pairs were present in a
1:1 molar ratio. The core−shell Fe3O4@SiO2(TMS-EDTA)
nanoparticles display the highest selectivity around pH 6
(Figure 11). At this pH, TMS-EDTA also has a high adsorption

capacity and selectivity. Higher pH values cause hydrolysis and
precipitation of lanthanide ions (Figure 6).

Furthermore, the selectivity of the core−shell Fe3O4@
SiO2(TMS-EDTA) nanoparticles toward different pairs of
lanthanide ions was investigated and compared with previously
published results for Fe3O4(TMS-EDTA) and SiO2(TMS-
EDTA).26 Ln3+/La3+ separations showed that the core−shell
nanoparticles behaved similarly to SiO2(TMS-EDTA) (Figure
12).

One can notice that the enhanced selectivity of TMS-EDTA
on SiO2 substrates was also observed for the core−shell
nanoparticles.26 This further supports the hypothesis that the
higher density of TMS-EDTA groups on SiO2 surfaces is
responsible for this enhanced size-based selectivity.26 It must be
noted that the enrichment factor increases rapidly at the
beginning of the Ln3+/La3+ separation series and stagnates for
the heaviest lanthanides. This is a well-known trend for solvent
extraction and aminocarboxylate ligands.42,43 Another explan-
ation for this can be that the heavier (smaller) lanthanide ions
are able to penetrate the dense TMS-EDTA surface layer more
easily, making the size-based selectivity less efficient.

Figure 10. Evolution of adsorption capacity and particle loss over five
adsorption/stripping cycles of Nd3+ ions with Fe3O4@SiO2(TMS-
EDTA) nanoparticles.

Figure 11. Influence of pH on separation of Er3+/La3+ by core−shell
Fe3O4@SiO2(TMS-EDTA) nanoparticles.

Figure 12. Separation of Ln3+/La3+ rare-earth pairs (pH 6.0) with
increasingly different ionic radii from left to right. The results for
Fe3O4@SiO2(TMS-EDTA) particles are compared with previously
published data for Fe3O4(TMS-EDTA) and SiO2(TMS-EDTA)
nanoparticles.26
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4. CONCLUSIONS
Core−shell Fe3O4@SiO2 nanoparticles were synthesized and
functionalized with metal-coordinating TMS-EDTA groups.
The idea was that this type of hybrid nanoparticles could
combine the advantage of magnetic retrieval (Fe3O4 core) with
the higher selectivity that had been observed when TMS-EDTA
was attached to SiO2 compared to Fe3O4 nanoparticles.

26 Thin
and homogeneous SiO2 shells (4.8 ± 0.5 nm thick) were grown
around Fe3O4 cores (14.5 ± 3.0 nm diameter), using a modified
and optimized Stöber method. This synthesis protocol allowed
synthesizing high-quality Fe3O4@SiO2(TMS-EDTA) nano-
particles. It was also shown that the functionalized SiO2 shell
offers a good size-based separation of rare-earth ions similar to
the selectivity that had been previously observed for
SiO2(TMS-EDTA) nanoparticles, but with the added advant-
age of magnetic retrieval.26 The fact that these core−shell
nanoparticles combine the advantages of both the possibility of
magnetic retrieval and a high selectivity for metal sorption
makes this a very interesting sorbent for the selective recovery
of rare-earth ions from dilute aqueous solutions. The
nanoparticles showed a good chemical stability even in strongly
acidic environments thanks to the SiO2 shell. The reusability of
the nanoparticles was also satisfactory with the adsorption
capacity remaining stable after the first adsorption/stripping
cycle.
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4 Science communication to a broad audience 

Besides scientific publications, I also published several articles intended as science 
communication for a broader audience.  
 
Article 1: Recycling International (October 2015) 
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Article 2: IUPAC Chemistry International (July 2014) 

 

 
 

 



 
160 

 

 
 



 
161 

Article 3: Chemistry in Australia (December 2014)  

This is a republishing of the article that appeared in IUPAC Chemistry International 
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5 Conclusions and outlook 

The main conclusion of this PhD thesis is that ionic liquids (ILs) could provide 
greener solutions to metal processing than classic hydrometallurgy. Not because 
ionic liquids are inherently greener, which they are not, but because the intelligent 
use of ionic liquids can sometimes provide more efficient processes, which use less 
chemicals and produce less waste. The key here is to understand the properties that 
make certain ionic liquids unique and to use these properties to resolve issues 
encountered in classic hydrometallurgy or solvent extraction.  
 
The first part of this PhD focused on the recovery of critical metals from end-of-life 
products. We showed how the ionic liquid betaine bistriflimide [Hbet][Tf2N] can be 
used to recover rare earths from lamp phosphor waste and NdFeB permanent 
magnets in a series of innovative processes. The reusability of the ionic liquid is key 
here, since it is too expensive to dispose of. The selectivity and unique properties 
such as the thermomorphic behavior of this ionic liquid allowed us to design new 
processes which cannot be mimicked in aqueous solutions. In the case of the lamp 
phosphors we managed to selectively remove the most valuable component, the red 
phosphor Y2O3:Eu3+, which cannot be achieved in aqueous solutions. This 
drastically improves the efficiency of the process and minimizes the amount of 
waste created during the recycling process. For NdFeB magnets the innovative angle 
was to take advantage of the thermomorphic properties of the IL/water system 
[Hbet][Tf2N]/H2O, in order to first dissolve the REE oxides in a homogeneous 
system (> 60 °C) and then, upon cooling, obtain phase separation which 
automatically separates the valuable elements (REEs and cobalt) from the less 
valuable iron. This combined leaching/extraction process has the potential to 
drastically reduce the amounts of steps required during the processing of complex 
ores or waste products. Finally, the general observation that acidic ionic liquids can 
be used to selectively dissolve metal oxides over salts, is very useful to recover 
valuable metals from oxidized slags or end-of-life waste.  
 
During the design of these recycling processes, a key aspect was to ensure that the 
process would results in a low or even zero waste valorization scheme. This was also 
at the core of our work on antimony recycling from lamp phosphor waste. The 
antimony content in the powder is low, so in order to make it feasible the process 
should consume as little energy as possible and not produce additional waste. This 
was achieved using a HCl/NaOH process in combination with an IL extraction step. 
The process allows the treatment of the halophosphate fraction of the lamp phosphor 
waste, and the recovery of antimony and a valuable fertilizer precursor. The process 
produces only clean salt water (NaCl) as waste, which can be discharged in the sea.  
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In the second part of this PhD we focused on the design of new ionic liquids, in 
particular very acidic ionic liquids. The idea was to expand the applicability of IL-
based recycling processes to other (more inert) types of materials. The idea for the 
design of these new ionic liquids also resulted from the observation that certain 
extractants cannot be used in classic solvent extraction due to their detergent 
properties (e.g. alkylsulfates or sulfonates) or due to their pungent odor (e.g. thiols). 
By incorporating these metal-extracting groups in an IL, it is possible to overcome 
these problems and thus develop successful solvent extraction systems based on 
these acidic extractants. Using this principle we designed a range of sulfonic acid 
functionalized ILs (pKa ≈ -2) and we demonstrated the dissolution of metal oxides in 
these ILs. The absence of toxic fumes makes these strongly acidic ionic liquids very 
safe to handle compared to mineral acids such as HCl or HNO3. Furthermore, for the 
first time, water-immiscible sulfonic acid ILs were prepared which opened up the 
possibility of solvent extraction. Starting from choline chloride (a cheap and green 
precursor) and chlorosulfonic acid, we were also able to synthesize other strongly 
acidic ionic liquids functionalized with alkylsulfuric acid groups (pKa ≈ -3.5). These 
ILs are more hydrophobic and have improved physical properties compared to 
sulfonic acid ILs. We therefore hope that this work will instigate other researchers to 
further explore this interesting new class of ionic liquids.  
 
It was also very important for us to understand the underlying fundamentals behind 
the sometimes strange behavior of ionic liquids towards metal ions. Only by 
understanding what makes an ionic liquid perform the way it does, can we optimize 
this phenomenon and apply it in future processes. Concretely, we studied the effect 
of metal salts and mineral acids on the properties of IL/water systems. Salts and 
acids can drastically affect the mutual solubility of IL and water, but also the 
thermomorphic properties and even the structure of the IL through anion exchange 
reactions. The result was a series of general prediction models and theories to 
describe this behavior and predict the influence of salts and acids on the properties 
IL/water systems. This toolbox can be applied to the synthesis of ionic liquids as 
well as the rational design of IL-based solvent extraction processes.  
 
Finally, in a separate part of this PhD, we also introduced EDTA-functionalized 
magnetic nanoparticle as a way to recover rare earths from dilute waste streams. 
These magnetic nanoparticles are simple to retrieve and reuse. Such nanosorbents 
complement solvent extraction which is more targeted towards the recovery from 
concentrated solutions. The key observation was that it was possible to improve the 
selectivity of chelating extractants through “surface crowding”. In other words, we 
observed that the density of chelating extractants grafted on the surface of these 
nanoparticles, affected the selectivity with which the rare earths could be separated 
from each other. This hypothesis was later confirmed by other researchers. 
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Outlook 
Future work could use the toolbox of ideas and processes developed in this PhD 
thesis, to recycle critical metals from other products, waste streams or industrial 
residues. The processes described in this PhD thesis were performed on lab scale 
and should be further optimized and upscaled in order to test the robustness of the 
processes. The flexibility of the processes should also be tested using waste from 
different origins and quality. During the upscaling, systems must be devised to 
efficiently separate and reuse the IL, which is key to the success of the process.  
 
New ionic liquids can also be designed with affinity for other types of critical metals 
(e.g. indium, gallium). The introduction of other functional groups (e.g. thiols, 
thioethers, sulfonyls, sulfonic acids) will allow the (selective) extraction of different 
metals and therefore the treatment of new types of waste such as spent catalysts, 
slags, ores, tailings, end-of-life products, etc. An interesting area of research is also 
the synthesis of ionic liquids with equivalent behavior as the ones used in this PhD 
thesis but with better properties such as a lower viscosity, a lower cloud point 
temperature or a greener (fluoride-free) structure. Many possibilities exist to make 
biodegradable ionic liquids or ionic liquids from renewable feedstock. It is also a 
challenge to find ionic liquids with the same efficacy but a lower price or simpler 
synthesis. A good example has been shown for the synthesis of alkylsulfuric acid 
functionalized ILs, using choline chloride as a feedstock. This cheap animal feed 
additive is an ideal precursor to many functionalized ionic liquids. Using choline 
chloride or the chlorocholine chloride derivate as starting material, a wide range of 
functionalized ionic liquids are accessible. We already showed how to synthesize 
alkylsulfuric acid ILs from choline chloride using chlorosulfonic acid, but additional 
research could focus on chlorocholine chloride as precursor. A thiourea/NaOH 
reaction can be used to synthesize a thiol functionalized IL starting from 
chlorocholine chloride. These thiol ionic liquids can then be used to obtain thioether 
or sulfonyl functionalized ILs. A lot of these ionic liquids have not been synthesized 
yet and should have very interesting properties. 
 
Another interesting research area is the design of base-stable ionics. These would 
open up the possibility of alkaline metal processing, including alkaline leaching and 
solvent extraction from alkaline solutions. Alkaline processing is particularly 
interesting for amphoteric and acidic oxides such as BeO, ZnO, Al2O3, Cr2O3, 
Ga2O3, In2O3, As2O3, SnO2, PbO2, GeO2, V2O5, As2O5, Sb2O5, Bi2O5 and MoO3, 
many of which are considered highly critical elements. In alkaline media these 
elements can form negatively charged hydroxyl complexes or oxoanions, which can 
be selectively extracted by anion exchange extractants such as quaternary 
ammonium ionic liquids with branched alkyl chains to block the Hofmann 
elimination. This research area is still underexplored. 
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Generally, the use of ionic liquids in metal processing is still in an early stage but its 
potential is very clear. However, ionic liquids should only be considered if they offer 
a clear and undeniable advantage which cannot be achieved in aqueous solutions. 
This requires creativity and a good understanding of the possibilities of ionic liquids. 
The enormous variety of possible ionic liquids, which has been estimated to be in 
the billions, offers unprecedented opportunities to design and optimize an ionic 
liquid with the appropriate properties for a certain process. Trial-and-error is clearly 
not the right approach here, which is why we put a lot of time and effort in 
understanding the ionic liquid behavior in metal recovery and solvent extraction 
processes. 
 
The urgent need for a more circular economy and the constantly increasing demand 
for critical metals will continue to drive this field in the future and it is up to 
researchers to find clever answers which can be implemented in reality and which 
are economically feasible.  
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Safety aspects 
The experimental work performed during this PhD thesis was executed in 
compliance with the code of practice for safety in the lab 
(http://chem.kuleuven.be/en/hse/procedures/liab1.htm) and the Introduction Safety 
Guidelines of the Department of Chemistry 
(http://chem.kuleuven.be/veiligheid/documenten/safety-brochure.pdf).  
 
The following safety precautions were taken:  
� Risk assessments were approved before each experiment and are available: 

https://www.groupware.kuleuven.be/sites/depchemrisico/Risk%20Assessments/
Forms/per%20division.aspx 
 

� For unsupervised experiments, additional risk assessments were prepared and 
approved by the necessary people according to the procedure: 
http://chem.kuleuven.be/en/hse/procedures/Unattended_Lab_Experiments 
 

� The chemicals used in this PhD project did not represent an unusual safety risk 
and did therefore not require additional safety measures beyond the ones 
described above: working under a fumehood, and wearing the appropriate 
gloves, safety goggles and labcoat.  

 
Additional remarks: 
� Direct exposure to toxic metal salts (e.g. antimony, chromium), corrosive 

chemicals (acids/bases) and hazardous organic compounds was minimized 
using the abovementioned protection measures. The corresponding waste was 
also discarded according to lab regulations.  

 
� Particular care was taken during the handling of antimony oxide powder and 

nanopowders in general (SiO2, TiO2). These fine powders can be harmful to the 
respiratory system and are potential carcinogenic compounds.  
 

� The strongly acidic ionic liquids were handled with care and direct skin contact 
was avoided using gloves. However, the absence of toxic fumes makes these 
acidic ionic liquids relatively safe compared to mineral acids (i.e. HCl, HNO3). 

 
Safety trainings: 
� Introductory safety course about safety guidelines (start of PhD) 

� Radiation protection, 15/10/2013 

� Safety in the lab, 6/11/2013 
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Awards 
 
The following awards were obtained during the course of this PhD: 
 
1. KU Leuven Science & Innovation Award 2015 (December, 2015) 
The Science and Innovation Award is awarded every 2 years and aims at 
acknowledging the relevance to society of fundamental scientific research as a 
necessary and essential ingredient in the innovation chain. It awards innovative and 
knowledge driven research with a connection to the corporate world. 
 
2. Umicore Materials Technology MSc Award (March, 2014) 
On the initiative of Umicore nv, the FWO awards two annual prizes in recognition 
of an outstanding Master's thesis that makes an original contribution in the field of 
sustainable materials & technologies. 
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Media coverage 
Following the publication of the breakthrough process for lamp phosphor recycling 
(Dupont et al., Green Chem., 2015, 17, 856-868) a KU Leuven press release was 
organized. This resulted in the following coverage in the national and international 
media (only a selection is shown here): 
 
1. KU Leuven Nieuws (March 10, 2015) 
 
� http://nieuws.kuleuven.be/node/14874 
� http://www.kuleuven.be/onderzoek/news/binnemans.html 
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2. KU Leuven News (March 10, 2015) 
 
� https://chem.kuleuven.be/en/news/research-by-david-dupont-and-koen-binnemans-triggers-a-

breakthrough-in-the-recycling-of-rare-earths-from-end-of-life-fluorescence-lamps 
� http://www.kuleuven.be/english/news/2015/recycling-of-rare-earth-elements-from-fluorescent-

and-energy-saving-lamps 
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3. De Standaard (March 12, 2015) 
Chemici recycleren zeldzame metalen uit tl en spaarlampen − by Pieter Van Dooren 
http://www.standaard.be/cnt/dmf20150311_01574881 
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4. Knack (February 2015) 
Afval bevat waardevolle metalen – by Dirk Draulans 
http://www.kuleuven.rare3.eu/wp-content/uploads/2015/02/Knack_25_FEB_2015_BINNEMANS.pdf 
 

 

 
 
5. Frankfurter Allgemeine Zeitung (26/06/2015) 
Ein Schatz schlummert in alten Energiesparlampen – by Antonia Rötger 
http://www.faz.net/aktuell/wissen/physik-chemie/umweltschonendes-recycling-ein-schatz-schlummert-in-
alten-energiesparlampen-13662703.html 
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6. EOS Wetenschap (10/03/2015) 
Zeldzame grondstoffen uit tl-lamp – by Dieter De Cleene 
http://eoswetenschap.eu/artikel/zeldzame-grondstoffen-uit-tl-lamp 
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6. Chemistry World (26/03/2015) 
Ionic liquid a perfect fit for rare earth recycling – by Jonathan Midgley 
http://www.rsc.org/chemistryworld/2015/03/ionic-liquid-rare-earth-recycling 
 

 
 



 
174 

7. Chemistry World (02/10/2015) 
Antimony recovery lights up lamp waste recycling – by Tom Wilson 
http://www.rsc.org/chemistryworld/2015/10/antimony-recovery-lamp-phosphor-waste-recycling-fertiliser 
 

 



 
175 

8. C2W + Mens & Molecule (02/10/2015) 
TL-Buis als antimoonbron – by Arjen Dijkgraaf 
http://www.c2w.nl/tl-buis-als-antimoonbron.412564.lynkx 
 

 
 
9. Flanders Today (11/03/2015) 
KU Leuven chemists retrieve rare earth metals from lamps − by Andy Furniere 
http://www.flanderstoday.eu/innovation/ku-leuven-chemists-retrieve-rare-earth-metals-lamps 
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10. C2W (10/03/2015) 
Oplossing voor spaarlampen – by Arjen Dijkgraaf 
http://www.c2w.nl/oplossing-voor-spaarlampen.400846.lynkx 

 
11. Recycling Portal (11/03/2015) 
Europium and Yttrium: Recycled from energy saving lamps for direct reuse 
http://recyclingportal.eu/Archive/12038 

 
12. Regiopunt (10/03/2015) 

Chemici KU Leuven recycleren zeldzame aarden uit TL- en spaarlampen – by 
Elisabeth Pyck 
http://regiopunt.be/pagina/leesBericht.php?id=1799 

 
13. Recycling Magazine (11/03/2015) 
Recycling of rare-earth elements from fluorescent and energy saving lamps 
http://www.recyclingmagazin.de/rmeng/news_en_detail.asp?ID=20840&NS=1 

 
14. Waste Management World (10/03/2015) 
Chemists Crack Rare Earth Recycling from Waste Lamps at Belgian University− by 
Ben Messenger 
http://www.waste-management-world.com/articles/2015/03/chemists-crack-rare-earth-recycling-from-
waste-lamps-at-belgian-university.html 

 
15. Energy News (25/03/2015) 
A material from fluorescent and low consumption lamps that is rare in nature can be 
recycled 
http://www.energynews.es/english/a-material-from-fluorescent-and-low-consumption-lamps-that-is-rare-
in-nature-can-be-recycled/ 

 
16. Engineers Online (14/03/2015) 
Chemici vinden nieuwe manier om zeldzame aarden uit lampen terug te winnen 
http://www.engineersonline.nl/nieuws/id24956-chemici-vinden-nieuwe-manier-om-zeldzame-aarden-uit-
lampen-terug-te-winnen.html 
 
 
 
 
Further information and an overview of the media coverage of KU Leuven research 
on rare-earth recycling can be found on the website: www.kuleuven.rare3.eu 
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Chronological list of first-author publications  
 
1. Full paper (March 2014)  
Dupont, D.; Brullot, W.; Bloemen, M.; Verbiest, T.; Binnemans, K. Selective 
Uptake of Rare Earths from Aqueous Solutions by EDTA-functionalized Magnetic 
and Non-magnetic Nanoparticles. ACS Applied Materials & Interfaces 2014, 6, 
4980-4988. (IF 2015: 6.72) 

 
2. Full paper (September 2014) 
Dupont, D.; Luyten, J.; Bloemen, M.; Verbiest, T.; Binnemans, K. Acid-Stable 
Magnetic Core–Shell Nanoparticles for the Separation of Rare Earths. Industrial 
Engineering & Chemistry Research 2014, 53, 15222-15229. (IF 2015: 2.59) 

 
3. Full paper + Front cover (November 2014) 
Dupont, D.; Binnemans, K. Rare-earth recycling using a functionalized ionic liquid 
for the selective dissolution and revalorization of Y2O3:Eu3+ from lamp phosphor 
waste. Green Chemistry 2015, 17, 856-868. (IF 2015: 8.02) 

 
4. Full paper + Inside front cover (March 2015) 
Dupont, D.; Binnemans, K. Recycling of rare earths from NdFeB magnets using a 
combined leaching/extraction system based on the acidity and thermomorphism of 
the ionic liquid [Hbet][Tf2N]. Green Chemistry 2015, 17, 2150-2163. (IF 2015: 
8.02) 

 
5. Communication (April 2015) 
Dupont, D.; Raiguel, S.; Binnemans, K. Sulfonic acid functionalized ionic liquids 
for dissolution of metal oxides and solvent extraction of metal ions. Chemical 
Communications 2015, 51, 9006-9009 (IF 2015: 6.83) 

 
6. Full paper (May 2015) 
Dupont, D.; Depuydt, D.; Binnemans, K.; Overview of the Effect of Salts on 
Biphasic Ionic Liquid/Water Solvent Extraction Systems: Anion Exchange, Mutual 
Solubility, and Thermomorphic Properties. Journal of Physical Chemistry B 2015, 
119, 6747−6757 (IF 2015: 3.30) 
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7. Full paper (September 2015) 
Dupont, D.; Binnemans, K.; Antimony recovery from the halophosphate fraction in 
lamp phosphor waste: a zero-waste approach. Green Chemistry 2016, 18, 176-185. 
(IF 2015: 8.02) 

 
8. Review (January 2016) 
Dupont, D.; Arnout, S.; Jones, P. T.; Binnemans, K.; Antimony recovery from end-
of-life products and industrial process residues: a critical review. Journal of 
Sustainable Metallurgy 2016, 2, 79-103. 

 
9. Communication (February 2016) 
Dupont, D.; Renders, E.; Binnemans, K.; Alkylsulfuric acid ionic liquids: a 
promising class of strongly acidic room-temperature ionic liquids. Chemical 
Communications 2016, DOI: 10.1039/C6CC00094K (IF 2015: 6.83) 
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Attended conferences, trainings and teaching assignments 
 
Attended conferences 
 
1. Oral presentation 
1st European Rare Earth Resources Conference (ERES 2014), Milos (Greece), 4−7 
September 2014.  
Title: Extraction and separation of rare earths with functionalized magnetic 
nanoparticles.  
 
2. Oral presentation 
3rd international Symposium on Green Chemistry (ISGC) Conference, La Rochelle 
(France), 3−7 May 2015 
Title: Rare-earth recycling using a functionalized ionic liquid for the selective 
dissolution and revalorization of Y2O3:Eu3+ from lamp phosphor waste. 
 
3. Invited talk 
4th International Conference on Rare Earth Materials (REMAT), Wroclaw (Poland), 
25-28 October 2015 
Title: Recycling of rare earths using ionic liquid technology 
 
 
Presentations at RARE3 events and seminars 
 
1. Oral presentation 
2nd Industrial User Committee meeting of RARE³ (Research platform for the 
Advanced Recycling and Reuse of Rare Earths), Leuven (Belgium), 16 Sept 2013. 
Title: Separation of rare earths with functionalised magnetic nanoparticles. 
 
2. Lecture 
KU Leuven master course: Lanthanide & Actinides, Leuven (Belgium), 24 Nov 
2014. 
Title: Introduction to rare-earth economics, challenges and recycling. 
 
3. Oral presentation 
4th Industrial User Committee meeting of RARE³ (Research platform for the 
Advanced Recycling and Reuse of Rare Earths), Leuven (Belgium), 30 March 2015. 
Title: Recycling of REEs from lamp phosphor waste using functionalized ionic 
liquids. 
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Mentoring 
 
2013−2014: Master thesis student (Jakob Luyten) 
Topic: Extraction and separation of rare earths using EDTA-functionalized 
magnetic core-shell nanoparticles 
 
2014-2015: Internship student (Stijn Raiguel) 
Topic: Dissolution of metal oxides in ionic liquids relevant to rare-earth recycling 
 
2015−2016: Master thesis student (Evelien Renders) 
Topic: Synthesis of strongly acidic ionic liquids for the processing of metal oxides 
and metal-containing waste.  
 
Attended courses, seminars, workshops and summer schools 
 
• Radiation protection, 15/10/2013 (1/6 ECTS) 
• Safety in the lab, 6/11/2013 (1/6 ECTS) 
• Assistant training, 13/02/2014 (1/2 ECTS) 
• Managing my PhD, 10/03/2014 (2 ECTS) 
• Scientific integrity for starting PhD's, 15/04/2014 (1/6 ECTS) 
• EREAN summer school on Rare Earths, 18-21/08/2014 (1 ECTS) 
• Introduction to leadership, 17/12/2014 (1/6 ECTS) 
• BASF International Summer Course, 2-8 August 2015 (2 ECTS) 
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