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A B S T R A C T   

Appropriate waste and resource management are essential for a sustainable circular economy with reduced 
environmental impact. With critical resources, e-waste may serve as indirect raw material. For example, with 
NdFeB permanent magnets, Neodymium (Nd) and the co-present Dysprosium (Dy) are critical rare earth ele-
ments (REEs). However, there exists no economically viable technology for recycling them from electronic waste 
(e-waste). Here, a method is presented based on cloud point extraction (CPE). The work involves basic 
complexation chemistry in a cloud medium with pure REE salts, as well as, with real NdFeB-magnets (nearly 28% 
REE content by weight) from an old hard disk drive (5.2 g magnet in a 375 g HDD). High extraction efficiency 
(>95%) was achieved for each REE targeted (Nd, Dy, Praseodymium (Pr)). With the magnet waste, the cloud 
phase did hardly contain any Nickel (Ni), Cobalt (Co), or Boron (B), but some Aluminium (Al) and Iron (Fe). 
Dynamic light scattering results indicated aggregation of ligand-surfactant micelles with the cloud phase. The 
preconcentrated products can be used for new Nd magnet manufacturing or further enriched using established 
transition metal removal techniques. Reuse of solvent, low chemical inventory demand, and using non- 
inflammable, non-volatile organic extractants promise safe large-scale operation, low process costs, and less 
environmental impact than using hydrometallurgical methods used with urban or primary mining.   

1. Introduction 

Our scientific and technological growth is undergoing in two sig-
nificant directions. On the front end, we are witnessing the advent of 
smart, green and hybrid electronic technologies. On the back end, this 
resulted in a by-product of 44.7 million metric tonnes of e-waste in 2016 
with 6.1 kg/person waste generation [1,2]. These types of devices and 
technologies rely on essential raw materials such as Rare Earth Elements 
(REEs). REEs comprise the group of 17 metals (Sc, Y, La-Lu) that make 
our devices faster, smarter and with smaller sizes and lower energy 

requirements [3–5]. However, their increased use and resulting end-of- 
life e-waste is now the most considerable growing fraction of the 
municipal solid waste stream with only a 20% recycling rate [6–8]. 
Nowadays, established recycling mainly concerns dismantling and 
crushing the e-waste in smaller volumes. Except for plastic, glass and 
ferrous metals, most of the other by-products and secondary wastes, 
including REEs, are landfilled or incinerated, hereby, producing also 
more greenhouse gas. There is also a growing concern about the sus-
tainable supply of critical REEs. Following the guidelines from the 
Minamata and Basel conventions and those from the Paris Agreement, it 
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is now globally mandatory to process the generated e-waste within the 
state boundaries and to decrease the landfilling rates [1,7]. Therefore, it 
is essential to develop new recovery processes and alternative supply 
chains from secondary resources [3–8]. 

The significant process challenge in the recycling of raw materials is 
the separation of the REEs due to their similar physical and chemical 
properties (lanthanide contraction effect), heterogeneous nature plus 
impurities of the waste feedstock, and the dilute REE content in waste 
streams. REE mining activities also involve radioactive by-products, 
tailings, and substantial amounts of acidic feeds [9–13]. Therefore, 
conventional mining techniques cannot be used directly for recycling 
applications [14–19]. 

Researchers are focusing on different secondary waste feedstock for 
metal recovery. Lighting devices, magnets, and battery materials possess 
relatively high REE contents that could be exploited. Magnets are one of 
the most revolutionalised commodities by REEs. Therefore, their 
increasing use is eventually giving rise to increased e-waste streams. The 
presence of REEs in hard disc drives (HDDs), cellphones, wind turbines, 
and hybrid cars can generate substantial amounts of such e-waste in the 
near future [20–25]. The importance of REEs recycling technologies is 
evident from the large number of papers published recently in this area 
of research [26–35]. 

The NdFeB magnet has an impressive content of REEs (28–30 wt%) 
and therefore can serve as a good secondary feed for the REEs recovery. 
A substantial amount of these NdFeB magnets are used in HDDs and are 
available in the end-of-life value chain for REE recovery. Nearly 112,000 
tons of NdFeB magnets were produced in 2012 on a global scale that was 
used in the production of nearly 500 million units of HDDs in the year 
2015. With growing data storage demand, HDDs are expected to be the 
major fraction of global e-waste, amounting to 75 million tons by the 
year 2030. A typical HDD contains nearly 5.2 g of magnet in a 375 g 
HDD. Out of this, nearly 1.46 g is the amount of REEs per HDD [36–38]. 
Therefore, with the expected growth of the reusable REE content in the 
end-of-life HDDs, their value chain needs to be harnessed from the cir-
cular economic perspective for reducing the substantial environmental 
impact of our data storage activities. 

The indispensable REEs separation can be achieved by choosing 
appropriate hydrometallurgical conditions and suitable ligands. REEs 
are hard acids as per the Hard-Soft Acid-Base (HSAB) theory [39]. 
Different extractants with organophosphorus and carbonyl functionality 
have been proposed and evaluated for the recovery of actinides and 
lanthanides from acidic feeds, usually from the mining feedstock 
[17–19,39]. Liquid-liquid extraction is typically the method of choice 
due to its high throughput, low energy requirements, and ease of op-
erations compared to electrochemical and thermal methods. However, 
such extractions usually have the issue of large (hence costly and sec-
ondary waste producing) extracting agent inventory/stock requirements 
in rare earth separation work [15,16]. Thus, green extraction methods 
are required to enhance the sustainability and environmental friendli-
ness of the rare earth comprising f-block elements [39–44]. 

Cloud point extraction (CPE) has emerged as the promising, afford-
able and green technique to recover metals from different feedstock 
under optimised conditions. In this method, a non-ionic surfactant and a 
ligand in a miscible solution are transformed into a surfactant-rich 
(“cloud”) phase by heating and carrying the metal ions of interest 
along with it [45]. Such distribution is due to the formation of micelles 
with the surfactant in the colloidal solution, as the hydrophobic ends of 
the ligand molecules are on the outside of the ligand-REE complex. CPE 
may also separate RE cations from mostly less-valent impurities 
[44,46–52]. CPE has been used to determine and quantify REEs in trace 
impurity levels [53,54]. In the literature, CPE was performed in a 
perchlorate medium. But, perchlorate medium is unsuitable for large- 
scale separation operations due to the possibility of shock detonation 
and its pyrophoric nature [44]. To our knowledge, the CPE method has 
not been tried for e-waste recycling before. 

This paper describes a new method by which permanent magnet e- 

waste could be exploited for the recovery of REEs. The process devel-
opment and optimisation had been carried out with pure REE salts, as 
well as, with NdFeB magnets taken from end-of-life HDDs. We used a 
surfactant-based method with less organic extractant and diluent in-
ventory to have a lower environmental impact as compared to con-
ventional hydrometallurgical methods [23,26–30]. 

2. Material and methods 

2.1. Instruments and apparatus 

The elemental composition of REE in waste and pure samples were 
analysed with Inductively Coupled Plasma Spectroscopy (ICP-OES, 
Spectro Arcos, Germany). Calibration solutions made from a multi- 
element standard solution containing 16 REEs except for the radioac-
tive Pm (Fluka, Germany) with concentrations ranging from 0 to 10 mg/ 
L were used for the quantification. The number of metals in the cloud 
phase was calculated using the difference between the homogeneous 
starting/control solution with that of the final aqueous phase measured 
with ICP-OES. 

In the extraction experiment, 15 mL Cellstar-Centrifuge sample tubes 
(polypropylene (PP), graduated, conical bottom, sterile) were used. 
Teflon tape from Angst and Pfister (USA) was used to prevent leakage 
during heating in a water bath. Sample drying was done in a Heraeus VT 
5050EK oven at 90 ◦C. All solutions were prepared in ultrapure Milli-Q 
water (resistivity of 18.2 MΏ) from a Sartorius Stedim Biotech Arium 
Pro-VF water purifier. All the experiments were performed in duplicates 
unless stated otherwise. 

During all experiments - unless stated otherwise - all the PP tubes 
were pre-treated as described by Kumari et al. (2013) [44] to avoid the 
absorption of metal ions by the tube wall. Pre-treatment was done with 
two items of washing of 0.001 M HNO3, followed by two items of 
washing of 0.001 M HCl, and five items of washing of Milli-Q before they 
were air-dried. Handy step pipettes (for amounts > 1 mL) and Eppendorf 
Research plus pipettes (≤1 mL) were used for the liquid reagents mea-
surements. Mettler AE 240 and Mettler Toledo PR2003 scales were used 
to weigh solid materials. pH indicator strips (MColorpHas+TM, pH 
0.0–6.0) or the device ExStik (pH100) were used for the acidity deter-
mination in the pH range. Heidolph Reax 2000 shaker vortexer was used 
to homogenise the samples. Cloud point extraction experiments were 
done with a constant temperature shaker bath (CTSB) HT from Infors AG 
between 20 and 82 ◦C. It was used at a 60 RPM shaking speed. In some 
experiments, a temperature up to 95 ◦C was reached using a non-shaking 
thermostat from LAUDA E200. For centrifugation, the Hettich Universal 
1200 instrument was used at > 3000 RPM. 

A Malvern Nanoseries Zetasizer was used for the dynamic light 
scattering (DLS) measurements in the range of 50 – 75 ◦C. The demag-
netisation of magnets was done using heat treatment at 950 ◦C using a 
tubular furnace from Heraeus instruments. It was then ground using a 
Fritsch pulverisette machine. The feed composition of magnet e-waste 
was determined by complete digestion using Multiwave 3000 micro-
wave from Anton Paar. 

2.2. Reagents 

Tricapryl methyl ammonium chloride (Al336), sodium citrate 
dehydrate, citric acid, cerium nitrate hexahydrate, acetic acid, hydro-
chloric acid, bis (2-ethylhexyl) phosphate, nitric acid, potassium chlo-
ride, lanthanum nitrate hexahydrate, neodymium oxide, oxalic acid, and 
theonyl trifluoroacetone were procured from Aldrich Chemistry. Triton 
X100 was procured from Fluka. Sodium nitrate and sodium acetate were 
procured from Merck. N,N′-dimethyl-N,N′-dicyclohexyl-malonamide 
(DMDCMA) was prepared in-house using the method reported else-
where [39]. 

The Neodymium nitrate and Dysprosium nitrate were prepared by 
converting respective oxides to nitrates and drying them. Dy- and Nd- 
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nitrate were prepared using 0.5 g of the pure Dy2O3 (white powder) and 
Nd2O3 (blueish powder) respectively. They were separately dissolved in 
TraceSELECT (ultra-high purity reagent) HNO3 (10 mL for Dy and 1 mL 
for Nd). The resulting clear solution was then dried in the Heraeus oven 
at T = 90 ◦C for 5 days. The resultant powder of nitrate derivatives of Dy 
and Nd was used for further experiments. 

The defined pH solutions were prepared using the stock solutions of 
0.2 M potassium chloride (KCl), 0.2 M hydrochloric acid (HCl), 0.1 M 
citric acid (C6H8O7) and 0.1 M trisodium citrate dihydrate (C6H5O7N-
a3⋅2H2O) (Table 1). 

2.3. Digestion of magnet samples and analysis 

Magnet powder was mixed with 10 mL HNO3 or/and HCl and 5 mL 
Milli-Q water and digested in a high-pressure microwave unit (Multi-
wave 3000, Anton Paar, Austria) using a power of 800 W and a duration 
of 60 min. The samples were diluted in 1% HNO3 to 100 mL. The 
resulting samples were measured for REE content using ICP-OES after 
appropriate dilution using 1% HNO3. 

2.4. Dynamic light scattering (DLS) studies 

In the theory of DLS, the constant Brownian motion of suspended 
particles and their collision with surrounding liquid molecules is the 
basis of measurement; as the movent is dependent on the size of the 
particles. Therefore, scattered photons exposed to the moving particles 
can carry information about their size and can be measured as the 
fluctuations quantified by a correlation function. With the assumption of 
the spherical shape of the particles, the Stokes–Einstein equation is used 
to calculate hydrodynamic radius or aggregate size. Usually, it is cali-
brated with standards of known particle sizes [55]. The DLS studies were 
performed using a Malvern Nanoseries Zetasizer. The system was 
standardised using certified Latex standards. The temperature range of 
T = 50–75 ◦C with a temperature gradient of two degrees and one 
minute equilibration time was used to observe the aggregate sizes in 
solutions. The solution conditions are given in Table 2. For the DLS 
experiments, the particle size was based on size average or micellar 
diameter. Each measurement was performed in triplicate, and the size 
average was calculated for each data point by the instrument software. 

3. Experimental 

3.1. Solution system used in the CPE method 

The aqueous solution system used in this work contained a constant 
ionic strength for the salts and the surfactants tested. In the literature, 
counter anions such as nitrate, chloride, sulphate, or, oxalate were used 
in the solution to maintain the pH and ionic strength [44]. Here, sodium 
acetate (NaOAc) and sodium nitrate (NaNO3) were tested for these 
purposes. As the non-ionic surfactant, we used Polyethylene glycol p- 
(1,1,3,3-tetramethylbutyl)-phenyl ether, also known as Triton X-100, or 

briefly TX100, with linear formula: t-Oct-C6H4-(OCH2CH2)nOH, n =
9–10. TX100 is used in household and industrial cleaning agents and has 
a low commercial price. The molecular structure of TX100 is shown in 
Fig. 1 along with five different multivalent ligands that were also tested 
in this study. There are reported range of surfactants such as Tween 80 
and Span 80 that found application in the emulsion liquid membranes 
and extraction chromatography working at room temperatures. How-
ever, according to the literature, Triton-based surfactants are better 
extractants in CPE applications due to their physicochemical properties, 
such as having an explicit cloud point temperature and a critical micellar 
concentration [31,32,56]. Therefore, TX100 is used in the present study 
due to its advantage of exhibiting cloud-based separations at a well- 
defined temperature lying above room temperature. The additional 
advantage of the reagents used here is that they are neither volatile nor 
flammable, hence, environmentally more benign (“greener”) than the 
organic extractants and diluents used in conventional hydrometallurgy 
of rare earths. 

3.2. Optimisation of the cloud formation behaviour in the solution 

CPE is a cost-effective and simple method to separate and pre-
concentrate different metal ions. It has high matrix tolerance and very 
less environmental impact as compared to conventional hydrometal-
lurgy. It is the reversible phase transformation phenomenon in the so-
lution that depends on temperature change. The phase change or cloud 
formation takes place at a characteristic temperature, a.k.a. cloud point 
temperature (CPT). The cloud formation is influenced by different so-
lution parameters, such as the surfactant. Here, the effect of the sur-
factant TX100 on the phase change was studied. Hereto, alkali salt and 
surfactant solution (10 mL) in an acid-pretreated tube were equilibrated 
at the start at a constant temperature of T = 20 ◦C with the shaker bath 
for 10 min. The bath temperature was then increased by 2 ◦C/min, 
followed by another 10-minute equilibration time and a visual inspec-
tion of the sample tubes for a cloud phase after that, and so forth. The 
experiment was discontinued at T = 80 ◦C. 

The solution chemistry of cloud formation was also studied by 
changing the solution acidity, ionic strength, surfactant, and the REE- 
selective extractant ligand type, one at a time, by: 

Acidity variation: The effect of acidity on the CPT values was 
studied for pH values in the range of 1 to 6 using buffer solutions with 
2% (v/v) of TX100 shown in Table 1 (Section 2.2). 

Ionic strength variation: Constant ionic strength in our solution 
was maintained using non-toxic salts, i.e., sodium acetate (NaOAc) and 
sodium nitrate (NaNO3). Recent literature suggested the use of 
perchlorate media in CPE systems [44,57,58]. We avoided using such 
reagents to install less oxidising conditions. In addition, their use in 
large-scale operations would present several safety challenges due to 
their oxidising and pyrophoric nature. 

Different ligands: Multivalent ligands are necessary for a better 
complexation of the REE cations to take (extract) them to a non-aqueous 
cloud phase. Different ligands, such as Tributyl phosphate (TBP), Bis-(2- 
ethylhexyl)hydrogen phosphate (HDEHP), Thenoyltrifluoroacetone 
(TTA), N,N’-dimethyl-N,N’-dicyclohexyl malonamide (DCMA), and, N- 
Methyl-N,N,N-trioctyl-ammonium chloride (Aliquat 336 or Al336 in 
brief) were used to test and to optimise the formation and extraction 
capabilities of the CPE (Fig. 1). 

More than 200 optimisation experiments were performed with 

Table 1 
Buffer solutions and pH range used (total volume 10 mL; surfactant: 2% v/v).  

pH Acid (mL) Salt (mL) Milli-Q 
(mL) 

Surfactant 
(mL) 

1 0.2 M HCl (4.75) 0.2 M KCl (2.45)  2.60 TX100 (0.2) 
1.5 0.2 M HCl (1.63) 0.2 M KCl (2.45)  5.72 TX100 (0.2) 
2 0.2 M HCl (0.52) 0.2 M KCl (2.45)  6.83 TX100 (0.2) 
3 0.1 M Citric acid 

(4.56) 
0.1 M Trisodium citrate 
(0.34)  

4.90 TX100 (0.2) 

4 0.1 M Citric acid 
(3.23) 

0.1 M Trisodium citrate 
(1.67)  

4.90 TX100 (0.2) 

5 0.1 M Citric acid 
(2.01) 

0.1 M Trisodium citrate 
(2.89)  

4.90 TX100 (0.2) 

6 0.1 M Citric acid 
(0.93) 

0.1 M Trisodium citrate 
(4.07)  

4.80 TX100 (0.2)  

Table 2 
Solution conditions compared by DLS studies for REE extraction by CPE (total 
sample volume: 10 mL; T-range: 50–75 ◦C).  

Salt solution (mL) Surfactant (mL) Ligand [M] RE Metal [M] 

0.1 M NaNO3 (9.8) TX100 (0.2) – – 
0.1 M NaNO3 (9.8) TX100 (0.2) HDEHP [5 × 10-2] – 
0.1 M NaNO3 (9.8) TX100 (0.2) HDEHP [5 × 10-2] Nd(NO3)3 [1 × 10-3]  
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variable acidity, ionic strength, and ligand type; before adopting the 
most promising experimental working conditions in further trials. 

3.3. Screening of ligands for distribution of REEs 

The optimised acidity and ionic strength conditions were then 
adopted to study the distribution of REEs from pure REE salts (in our 
CPE system as follows: REE salts of Nd and Dy and that of Ce in the 
nitrate forms were each mixed with specifically tested ligands, 0.1 M 
NaNO3 solution, and 0.2 mL of surfactant (2% v/v) in pretreated 15 mL 
polypropylene tubes to avoid adsorption of metal ions by the tube wall. 
The tubes were sealed with Teflon tape and homogenised using a vortex 
homogeniser (Heidolph Reax 2000). They were heated after that in a 
constant temperature shaker bath as outlined at the start of Section 2.2. 
The CPE system under study involved testing specific ligands with 
concentrations varying between 5 × 10-2–1 × 10-4 M and pure REE salts 
between 1 × 10-3–1 × 10-6 M. 

Ligand variation samples were shaken in the constant temperature 
shaker bath (60 RPM) at T = 80 ◦C for one hour to ensure that the cloud 
phase was established throughout each sample. Hettich Universal 1200 
equipment was used to centrifuge the samples to achieve the two distinct 
phases. 100 μL of the upper phase (aqueous phase) of each tube was 
pipetted into a fresh pretreated 15 mL tube. The samples were diluted 
using 1% HNO3. The slightly acidic conditions were needed to avoid 
hydrolysis of the REEs at higher pH values [39]. Elemental content an-
alyses were made using ICP-OES. 

The mechanism of cloud formation was investigated by using ICP- 
OES for element analyses and dynamic light scattering (DLS) for moni-
toring the size changes with the micelles in the aqueous phase before 
and during the CP formation with selected experimental runs at tem-
peratures between T = 50 ◦C and T = 75 ◦C. 

3.4. Data treatment 

With the established CPE (“clouding”) conditions, the extraction 
efficiency of a specific element, E(%), was calculated using equation (1). 

E(%) =
CtVt − CaVa

CtVt
⋅100% (1)  

where 

Ct denotes the total concentration of an element in the initial 
solution. 
Ca the concentration of an element in the aqueous phase after phase 
separation. 
Vt: initial total volume (10 mL). 
Va: aqueous volume after CPE (9.5 mL). 
Vc: cloud phase volume (0.5 mL as determined by separating the 
cloud phase (CP) and measuring its volume separately for each 
experiment independently). 

The distribution ratio, D, is defined as the ratio of the amount of a 
specific element extracted in the nonpolar (cloud) phase to that in the 
remaining aqueous phase. It was calculated as: 

D =
Cc

Ca
=

Ct(Vc + Va) − CaVa

CaVc
(2)  

where Cc denotes the concentration of an element in the cloud phase 
after phase separation, and with Ct; Ca; Vt; Va; Vc as defined in equation 
(1). 

Equation (3) was used to determine the stoichiometry number, x, of 
the HDEHP ligand (HL) with the targeted elements (Ce, Nd, Dy) in the 
cloud phase. Eqs. (1)–(3) were also used for the CPE data with the REEs 
from real HDD magnet e-waste. 

REE3+
(Aq) + x HL(Aq) ⇄([REE⋅Lx] )

(3− x)+
(cloud) + xH+

(Aq) (3) 

Fig. 1. Non-ionic surfactant TX100 and five multivalent ligands tested in this study.  
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The selectivity of two different cations in the CP was calculated using 
equation (4). 

SM13+/M23+ =
DM13+

DM23+
(4)  

where 

S denotes the separation factor of the two metals in CPE. 
M13+ and M23+: different trivalent metal ion types, 
DM1

3+ and DM2
3+: D of the respective metal types in the cloud phase after 

the phase separation calculated using equation (2). 

3.5. Application of the optimised CPE system for Ce, Dy and Nd 
distribution 

Nitrate forms of Nd, Ce, and Dy were each tested for their distribu-
tion under optimised CPE conditions (2)% (v/v) TX100 in 0.1 M NaNO 3 
as a function of the HDEHP ligand concentration. Although Ce is not 
present in the HDD magnets, it was included here to see how a lighter 
lanthanide element performs under the presently applied CPE 
conditions. 

3.6. Recycling of NdFeB-magnets from HDDs 

Manual dismantling of this magnet component from the end-of-life 
HDD and further processing steps are indicated in Fig. 2. The demag-
netisation was achieved by roasting the magnets above the Curie tem-
perature, i.e., at T = 950 ◦C under 200 mL/min oxygen purging for 18 h 
[40]. The demagnetised piece of the NdFeB magnet was then ball-milled 
to a fine powder using a Fritsch Pulverisette grinding machine to serve 
as starting feedstock for the hydrometallurgical operations. 

3.6.1. Magnet powder sample content 
Magnet powder samples of about 25 mg each were mixed with 10 mL 

HNO3, or 10 mL HCl, and 5 mL Milli-Q water before digestion in a high- 
pressure microwave unit (Multiwave 3000, Anton Paar, Austria), using a 
power of 800 W and a duration of 60 min. Each sample was then diluted 
in 1% HNO3 to 100 mL (or more when too concentrated) for analyses of 
the metal ion contents by using ICP-OES. 

3.6.2. Dissolution and extraction of REEs from magnet powder 
After knowing the magnet elemental composition from ICP-OES, the 

recycling process was developed as follows: Dilute nitric acid or hy-
drochloric acid was added for dissolution of the fine magnet powder 
along with 0.1 M NaNO3 and 2% (v/v) TX100. Also, powders in the 
absence of surfactant and salt were tested for their dissolution behav-
iour. The different dissolution compositions and solution conditions 
tested in this work are shown in Table 3. 

The dissolution speed was slow due to the hardness of the NdFeB 
alloy in the magnet. During the magnet powder dissolution, the 

supernatant solution was sampled in regular time intervals (24 h), 
centrifuged, and its dissolved metal contents were determined using ICP- 
OES. After 14 days, the remaining undissolved magnet powder was 
separated from the liquid phase by centrifugation, dried in a furnace, 
and weighed at room temperature. The supernatant solution was heated 
at T = 80 ◦C for 1 h to separate the REEs from other impurities (such as 
transition metals) co-present with the HDD magnet using CPE. After 
each CPE experiment with the dissolved magnet powder constituents 
(Table 3), the amounts of REEs remaining in the aqueous phase were 
determined by ICP-OES, and the values were subtracted numerically 
from the amount of REEs found in the control samples (i.e. taken before 
the extraction experiment) to calculate the amount residing in the cloud 
phase. The selectivity of two different metal cations in the cloud phase 
was then calculated using equation (4) (Section 3.4). 

Lastly, oxalic acid was added in a stoichiometric amount to the cloud 
phase to precipitate all of the REEs. The remaining layer of surfactant 
and ligand was then recycled back to the CPE system (Fig. 3), along with 
the aqueous phase-containing NaNO3, making the overall process green. 
The respective oxide form of the REEs recycled from the magnet waste 
was obtained after calcination of the oxalates at T = 950 ◦C, because this 
would be an economically acceptable product of the recycling process, 
as well as, a good starting point for transferring it upon customer request 
in other salt forms, such as nitrates for instance. 

4. Results and discussion 

4.1. Optimisation of CPE solution system 

Surfactant TX100 showed a distinct CPT at different solution con-
ditions (Section 3.2). The different phases in the cloud formation process 
are shown in Fig. 4: “clear homogeneous”, “turbid homogeneous”, 
“bubbles forming” and “two distinct phases” that are usually seen when 
heating the CPE system to T = 80 ◦C. 

Further optimisation of the CPE solution system included varying the 
acidity and the ionic strength. At different experimental conditions, the 
variation of each parameter had a discernible effect on the CPT. 

Fig. 2. Mechanical and physical processing of HDD e-waste.  

Table 3 
Magnet dissolution in duplicate samples (The pH value adjustment was made 
using the stated acids; total sample volume: 10 mL; dissolution was performed at 
room temperature; the dissolution and acidity patterns were observed for 14 
days).  

Sample Nr. 1 2 3 4 5 6 

Magnet 
powder 

25 ± 0.3 mg per tube 

9.8 mL salt 
solution 

Milli- 
Q 

0.1 M 
NaNO3 

0.1 M 
NaNO3 

0.1 M 
NaNO3 

0.1 M 
NaNO3 

– 

+ acid 
solution 

– – pH = 2 
HCl 

pH = 2 
HNO3 

pH = 1 
HNO3 

1% 
HNO3 

+ 0.2 mL 
surfactant 

TX100 TX100 TX100 TX100 TX100 –  
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Different buffer systems (Table 1) were used to determine the CPT at 
several pH values between pH = 1 and pH = 6. From Fig. 5, it was found 
that the CPT value decreases gradually with increasing pH value from T 
= 74 ◦C for pH = 1 to T = 68 ◦C for pH = 5.6. 

Ionic strength: The effect of ionic strength variation on the TX100- 
based CPE system can be compared with the model literature system of 

Triton X-114 (or briefly TX114). TX114 stands for (1,1,3,3-Tetrame-
thylbutyl)phenyl-polyethylene glycol, Polyethylene glycol tert-octyl-
phenyl ether; linear formula: (C2H4O)n C14H22O, n = 7 or 8). The CPT 
and the pH values with the TX100 system in the presence of different 
alkali salts (NaNO3, NaOAc), but without a ligand, were determined as a 
function of the ionic strength from added salt (NaNO3, NaOAc) with 
[Salt] = 0.01–0.10 M (Fig. 6). Those with the ligand TX114 with the 
same salts and in presence of a ligand were reported by Kumari et al. 
[44]. 

Both surfactants showed quite stable CPT courses. Changing less than 

Fig. 3. Key steps in the developed CPE process.  

Fig. 4. Cloud formation with 2% v/v aqueous solution of TX100 between T = 20–80 ◦C (Phases: 1. “clear” solution, 2. turbid, 3. bubbles, 4. two distinct phases).  

Fig. 5. Effect of pH value on CPT of TX100. (Surfactant: TX100 (2% v/v); 
Solution medium: Chloride buffer solutions for pH = 2 and citrate buffer so-
lutions for pH = 3–6; Total solution volume: 10 mL). 

Fig. 6. Effect of ionic strength of alkali salts (NaNO3, NaOAc) on the CPT and 
the pH value with the surfactant TX100 (2% v/v) CPE system. 
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2–3 ◦C in the course of the ionic strength variations, but with markedly 
different CPT values. This is due to the high solubility of TX114, 
rendering CPT values at room temperature (T = 23 ◦C) [44,57]. As for 
the pH, TX114 exhibited pH values increasing from 5 to 6 with 
increasing NaNO3 ionic strength and from 7 to 8 with NaOAc. TX114 pH 
also showed pH values increasing from 6 to 7 with increasing NaOAc, 
but nearly constant pH values with NaNO3. Given the above, the nearly 
neutral acidity and the tailorable CPT range at temperatures lying 
clearly above room temperature promise better control of the extraction 
process with TX100. Therefore, it was the surfactant of choice in this 
study. 

Ligand type: The ligand type variation was performed with 2% (v/v) 
TX100 under three different solution conditions, i.e., in only deionised 
(Milli-Q) water, in 0.1 M NaOAc, or in 0.1 M NaNO3. In Milli-Q water, 
the CPT using the ligand HDEHP was found at T = 82 ◦C. It was deter-
mined to rule out any impact from ionic strength or buffer solution. In 
total, five ligands (Section 3.2) were employed to determine the CPT as a 
function of their concentration in an aqueous 0.1 M NaNO3 medium and 
with TX100 as the surfactant (Fig. 7A). The ligand concentration vari-
ation experiment was also carried out with TX100 in an aqueous 0.1 M 
NaOAc medium (Fig. 7B). Without ligand, the CPT value of T = 70 ◦C 
with TX100 in the NaNO3 medium and that of T = 68 ◦C in the NaOAc 
medium lies close to earlier cited CPT values for TX100 with monovalent 
alkali salts of about T = 65 ◦C-67 ◦C [44,46]. 

In the 0.1 M NaNO3 medium (Fig. 7A), the CPT with the ligands TBP 
and HDEHP at the lowest concentration studied (0.0001 M) was 2 ◦C 
lower than the value of T = 70 ◦C measured without a ligand (“control 
condition”). However, for DCMA, TTA, and Aliquat 336 (“Al336′′), the 
CPT was 4 ◦C higher. Each ligand showed inverse trends for the CPT with 
increasing ligand concentration. At the highest ligand concentration 
studied (0.01 M), all CPT values laid 4–6 ◦C below the ”control condi-
tion“ result (T = 70 ◦C). In the 0.1 M NaOAc medium (Fig. 7B), initially 
increasing CPT trends were observed with all ligand types. Except with 
HDEHP, all other ligands then more or less passed through a maximum 
around or below 0.001 M, before decreasing after that towards CPT 
values laying well below that of the ”control condition“ (T = 68 ◦C). 
With [HDEHP] = 0.01 M, the CPT may well lie above the temperature 
limit of the heating bath (T = 95 ◦C with a LAUDA E200 thermostat) and 
could therefore not be determined. 

From the above, we choose to use a constant ionic strength of 0.1 M 
NaNO3 as the solution condition for subsequent experiments that are 
presented in the next section. Moreover, nitrate is also the form with 
most of the purchasable REE salts, along with the chloride, sulphate, 
oxide and oxalate forms. 

4.2. Performance of the selected extractant ligands 

Due to the decrease of the CPT with the NaNO3 medium with 
increasing ligand concentration (Fig. 7A), four ligands (Al336, TBP, 
DCMA, HDEHP) were also tested in NaNO3 medium for extracting spe-
cific REEs (Dy, La, Nd, Pr, Tb) and Ce in their cloud phases (Fig. 8). Dy, 
La, Nd, and Ce extractions were performed in the pure nitrate form; Pr 
and Tb were part of the multi-REE solution used for the calibration of the 
ICP-OES (Section 2.1). 

Al336 and TBP showed overall poor extraction performances, irre-
spective of the presence, or, absence of acid. DCMA only showed a good 
extraction performance for praseodymium (Pr), but it dropped sub-
stantially when HNO3 was also added to the system. With lower 
extraction performance, the ICP-OES data accuracy was also poorer. In 
contrast, the extraction performance with 0.05 M HDEHP was very well. 
Single REE concentrations of 1x10-3M in the absence of acid revealed 
near-quantitative extraction efficiencies (E > 95%), but with 1x10-5 M 
single REE feeds and dilute acid practically quantitative extraction ef-
ficiencies were obtained (E > 99%). 

The poor extraction performances of Al336, TBP, and DCMA could 
be attributed to their less lipophilic nature when compared to the 
HDEHP ligand. The presence of two ethylhexyl alkyl sidechains with 

Fig. 7. Effect of ligand concentration on CPT of TX100. (Surfactant: TX100 (2% v/v); A: 0.1 M NaNO3 medium; B: 0.1 M NaOAc medium; Horizontal line indicates 
the control condition, i.e., the CPT without ligand). 

Fig. 8. Extraction efficiency of different ligands using CPE. (Surfactant: TX-100 
(2% v/v); medium: 0.1 M NaNO3; [REE]: 1 × 10-3 – 1 × 10-6M; indicated with 
the horizontal double-arrowed bars). 
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HDEHP renders it more lipophilic, hence, promotes the transfer of the 
metal–ligand complex to the cloud phase due to its poorer solubility in 
the aqueous phase. In addition, the efficiency of the CPE also seems to be 
underlined by the fact that it required substantially less HDEHP in-
ventory and the extraction was also excellent even in the absence of 
organic diluent. This is advantageous in terms of efficiency as well as 
environmental impact when compared to conventional hydrometallurgy 
means [46–49]. Summarising the above, out of the five different 
multivalent ligands studied in the developed CPE system, 0.05 M 
HDEHP and 2% (v/v) TX100 in 0.1 M NaNO3 medium performed by far 
the best and it was therefore selected for further testing with a metal 
feed solution prepared from real NdFeB magnets. These and other results 
are presented further down the text in Section 4. 

Fig. 9 shows the extraction efficiencies (calculated with equation (1)) 
of the CPE system for Ce, Dy, and Nd, as a function of the HDEHP ligand 
concentration in the presence of a constant concentrated TX100 

(surfactant) and NaNO3 medium, using differently concentrated single 
cationic element feed runs. At the highest ligand concentration 
([HDEHP] = 0.05 M), the highest extraction efficiencies were achieved, 
i.e., E = 95.4%, 89.1%, and 88.4% for Ce, Dy, and Nd, respectively. 
Using the experimental CPE results from the single REE feeds, equation 
(2) was used to calculate the distribution ratio, D, for three elements 
(Nd, Dy, Ce) determined in the cloud and the aqueous phase resulting 
after clouding, as a function of the HDEHP ligand concentration. The 
logarithmic values of D over the same [HDEHP] range on a logarithmic 
scale are shown in Fig. 10A; those in the red-bordered section with 
Fig. 10A are shown enlarged in Fig. 10B. 

The overall-calculated slope with the data in this logarithmic plot is 
equivalent to the number of ligands involved in the complex (equation 
(3)), i.e., the regression for Nd showed the involvement of more than one 
complex species in the high range of HDEHP concentrations studied. 
Generalising the results for elevated HDEHP concentrations ≥ 2.5x10-2 

M (thus for log[HDEHP] ≥ -1.6), the three calculated slope values 
(Fig. 10B) suggest that typically three HDEHP ligands are coordinating 
with each trivalent cation studied (Ce3+, Dy3+, Nd3+). At lower HDEHP 
concentrations, the log D values (Fig. 10A) changed hardly for Nd, and 
only slightly for Ce and Dy with calculated slopes ~ 0.6. The initial trend 
suggest the prerequisite of a critical minimum HDEHP concentration 
with the present CPE system. Both findings are at least also in line with 
other reported general complexation behaviour of HDEHP in a molec-
ular diluent medium as expressed by equation (3) and here with a 
stoichiometric number x≈2.4–3.6 [14,16]. 

The extraction efficiency of the conventional solvent extraction 
methods is close to 90% but with at least ten times higher ligand con-
centration as compared to our proposed approach [15,16,59]. The CPE 
method has also a clear advantage regarding the stripping difficulties of 
the HDEHP ligand because after the temperature change the cloud for-
mation is reversible. Therefore, after the separation of the remaining 
aqueous medium and getting the cloud solution at room temperature, 
the lipophilicity of the cloud phase is lost, and in such conditions, the 
binding of metals with HDEHP is not possible due to the non- 
homogeneity of the solution. In such conditions, the metals are free 
from the ligand and can be separated easily using oxalate precipitation. 
Therefore, there is no apparent stripping issue in our developed 
extraction system. An efficiency close to 10–15% had been reported for 
light REEs in the literature [59]. In comparison to the presently studied 

Fig. 10. A: Logarithmic values of the distribution ratio D for Ce, Dy, and Nd, as a function of the log value of the HDEHP concentration. (Surfactant: TX100 (2% v/v); 
medium: 0.1 M NaNO3; [REE] in feed solution: 1 × 10-3M; [HDEHP]: 5 × 10-3-5 × 10-2 M). B: Enlargement of the red-bordered rectangle shown in Fig. 10A, together 
with complexation stoichiometry numbers derived from the slopes of the lines drawn through each data set. 

Fig. 9. Extraction (in %) for REEs using CPE under varying ligand concentra-
tion of HDEHP (Surfactant: TX100 (2% v/v); medium: 0.1 M NaNO3; [single 
REE feed solution]: 1 × 10-3M; [HDEHP]: 5 × 10-3-5 × 10-2 M). 
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cloud point extraction method which showed impressive efficiencies of 
nearly 95% for La and Gd even in a neutral pH medium. Therefore our 
process gives the advantage to work with less ligand inventory and at an 
acid strength slightly less than pH = 1 to have higher loading capacities 
to process REEs purification without hydrolysing or precipitating them. 

4.3. DLS studies of the CPE in the presence of HDEHP ligand 

DLS measurements were performed to track any changes in the so-
lution, such as the micelles in the pristine solution, size growth, and the 
collapse of micelles into aggregates with the cloud phase. For the DLS 
experiments, the particle size based on size average or micellar diameter 
was used. The different solution conditions in this DLS study are shown 
in Table 2 (Section 2.4). The average hydrodynamic diameter of such 
entities as a function of the temperature and the abrupt increase of 
micelle size at the CPT are shown in Fig. 11. 

The DLS measurements with 0.1 M NaNO3 medium revealed that the 
control system (i.e. surfactant without ligand), as well as, the system 
with 2% (v/v) TX100 as a surfactant and 0.05 M HDEHP as ligand both 
showed their onset to micellar aggregate formation at about T = 68 ◦C 
(Fig. 11). However, when the last-mentioned system included soluble 
Nd nitrate, the onset started at much lower temperatures (T = 56 ◦C). 
The drop in CPT is also reported for other systems in the literature, and it 
is attributed to the added salt in that its cations may remove water 
molecules from the micelles at lower temperatures due to the coordinate 
bonding effect and the formation of an overall lipophilic system with the 
ligand molecules and the added cations into one complex moiety [39]. 
Therefore, and in agreement with our visual observations, it may be 
concluded here that at the CPT, the micelles had collapsed (aggregated) 
into a lipophilic cloud. This result cannot be compared with the opti-
misation trials presented in Section 2.2 involving the use of the constant- 
temperature-shaking bath due to the absence of the possibility of stirring 
and much shorter equilibration time with the DLS measurements. 
Notwithstanding these, the DLS results support the mechanism of 
increasing micellar sizes and their collapse due to aggregation at the 
CPT. Moreover, in the presence of trivalent REE cations from added salt 
(Nd(NO3)3), an additional effect of lipophilic metal–ligand complexa-
tion is observed. 

4.4. CPE mechanism 

Based on the CP and the DLS results in this study, the CPE mechanism 
for rare earth and other trivalent cations and in particular with the 
HDEHP ligand can be understood and visualised (Fig. 12) as follows: 
Initially, all the CP solution ingredients are mixed. Based on the HSAB 
theory [39] and the cation exchange mechanism, the REEs behave as 
hard acids to bind with the hard-base ligand HDEHP by exchanging 
acidic protons (equation (3). The equilibration occurs in the solution. 
The HDEHP ligand has lipophilic alkyl side chains outside the metal-
–ligand complex (Fig. 1) that can form aggregates with the TX100 sur-
factant. With the increase in temperature, the micellar size increases due 
to the increased lipophilicity of the surfactant molecules. At the CPT, the 
lipophilic metal–ligand complexes become highly hydrophobic and 
collapse to form the cloud phase at the bottom of the tube due to their 
lipophilic nature. Compared to the other ligands studied here (Fig. 1), 

Fig. 12. Plausible mechanism for REE-ligand-surfactant rich phase formation in the studied CPE conditions (Surfactant: TX100).  

Fig. 11. Aggregate size of micelles from DLS experiments as a function of the 
temperature in CPE runs with selected solutions (Table 2). Surfactant: TX100 
(2% v/v). 
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HDEHP showed the best extraction behaviour due to the 16 carbon 
molecules in its structure raising the lipophilic nature of the metal-
–ligand complex. The cloud phase was observed at somewhat higher 
temperatures with higher concentrated acid concentrations (Fig. 5), 
likely because the presence of additional H+ binds to the surfactant’s 
oxygen atom through hydrogen bonding, thus, keeping it polar for a 
prolonged duration at higher temperatures. However, the opposite ef-
fect is observed when varying the ionic strength within the system, 
because a higher ionic strength helps to take water molecules away from 
the micelles so that the micelles can form a cloud phase at somewhat 
lower temperatures. 

5. Process development for REE extraction from HDDs 

The best performing CPE system with 0.05 M HDEHP ligand, 2% (v/ 
v) TX100 surfactant in 0.1 M NaNO3 medium was applied to the feed 
solution prepared from real NdFeB magnets. The elemental composition 
of the “NdFeB” magnet is that of the Nd2Fe14B alloy. From the ICP-OES 
results (Table 4), it was inferred that the Fe/Nd Wt.-% ratio equalled 
2.78 ± 0.01, thus, in agreement with the literature [40]. 

The values are comparable to the composition reported in the liter-
ature. The somewhat higher amounts of Ni, Pr, and Al can be attributed 
to different manufacturers, as well as, to a slightly different chemical 
configuration of the magnets used in the present work. The specific 
composition of the magnets can vary depending on the manufacturer, 
year of production, and intended use. The overall mechanical and 
digestion process for recycling is the same; irrespective of the compo-
sition of the NdFeB magnets. However, the solution chemistry may need 
further optimisation depending on the metal composition of the magnets 
used for recycling, their origin, and the presence of other waste 
contaminants. 

The CPE method was applied to the demagnetised magnet powder 
after its dissolution in acid (Section 3.6.2). The acidity was neutralised 
within the digestion process. The solution was then used for subsequent 
CPE directly after having added the surfactant. In some experiments, the 
dissolution of the demagnetised magnet powder was done by adding the 
surfactant and nitrate salt at the forehand. The solution compositions are 
shown in Table 3 (Section 3.6.2). In the absence of acid (i.e. in deionised 
Milli-Q water or 0.1 M NaNO3 solution), a very small dissolution was 
observed (Fig. 13A). 

The highest dissolution was observed either in 1% HNO3 or in 0.1 M 
HNO3 (pH = 1) solutions. The suitable solution media that can also fulfil 
the condition of the neutralisation of the acid during the dissolution was 
found to be with 0.01 M HNO3 (pH = 2), and it afforded an effective 
dissolution as well (Fig. 13A). The remaining undissolved magnet res-
idue can be recycled back within the process. The dissolution pattern as 

a function of time (days) for Nd is shown in Fig. 13B; those of the other 
metals co-present with the NdFeB magnet (Al, B, Co, Fe, Ni, Pr, Dy) are 
shown in Figures A-G in the Appendix. 

After the dissolution of the magnet powder, HDEHP was added to the 
supernatant solution to make a 0.05 M ligand concentration in the so-
lution and then heated in a constant temperature-shaking bath. After 
heating, precipitation occurred due to the salting-out effect. Depending 
on the actual saturation levels and salting-out impact, a varying amount 
of precipitate was observed exhibiting white to brown, but also orange 
colours, depending on the acidity of the acid solution used, which was 
ranging from 1% HNO3 to 0.1 M HNO3. The precipitates formed were 
found to contain Nd, Dy, Pr, Al and Fe, but no B, Co, or Ni. Therefore, 
they were left behind with the aqueous phase and can thus be separated 
from the cloud phase entirely. 

Fig. 14A shows that hardly any extraction of Nd3+ occurred in only 
de-ionized (Milli-Q) water. It was also found that the co-presence of 
NaNO3 was needed to transfer the Nd3+ ions into the cloud phase. For 
Nd, quantitative extraction was observed in 0.01 M (“pH2′′) HCl me-
dium, whereas the extraction performance of 98% under 0.01 M (”pH2′′) 
HNO3 was also very satisfactory. Less well was the extraction result for 
Nd3+ with the 0.1 M (“pH1′′) HNO3 medium (≈45%). Fig. 14B shows the 
extraction efficiencies for three targeted REEs (Nd, Dy, Pr) and those of 

Table 4 
Characterisation of the NdFeB e-waste magnets used in this study. The average 
and standard deviation values were calculated from the analysis of three magnet 
samples.  

Composition of HDD magnet used in the present work (element Wt.-%) 

Nd 21.3 ± 0.2 
Dy 1.40 ± 0.02 
Pr 4.7 ± 0.1 
Sm 0.57 ± 0.01 
Er 0.23 ± 0.02 
Co 0.42 ± 0.01 
Fe 59.3 ± 0.4 
Ni 7.0 ± 0.1 
B 0.99 ± 0.01 
Mg 1.3 ± 0.3 
Si 0.6 ± 0.2 
Al 0.7 ± 0.1 
Total 98.5#  

# The deviation from 100 wt-% is due to the co-presence of other metal traces 
not considered in the present calculations. 

Fig. 13. Dissolution of magnet powder in different solution conditions A: effect 
on acidity with time and dissolution. B: the amount of dissolution based on ICP- 
OES measurement of the supernatant solution. (The acidities of the NaNO3 and 
Milli-Q solutions were slightly higher due to magnet powder components). 
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other elements (Al, Fe, B, Co, Ni) co-present with the NdFeB magnet e- 
waste. All of the three targeted REEs (Nd, Dy, Pr) showed quantitative 
extraction performance with the 0.01 M (“pH2”) HCl medium, near- 
quantitative performance with the 0.01 M (“pH2”) HNO3 with 98%, 
96% and 97%, respectively, but with 0.1 M (“pH1”) HNO3 medium it 
was fair with Dy (~77%), with Pr (~60%) and with Nd (~45%). 

Managing both acidities for the leaching and extraction performance 
is a challenge and requires contradicting conditions. Our approach has 
been substantially successful in managing this challenge. As shown in 
Fig. 14, we can manage the dissolution as well as the Nd extraction 
(>90%). We used the same acid medium for the extraction without 
neutralisation or dilution. Also after extraction, it is the merit of the CPE 
technique that the metal content collapses in (is restricted to) the cloud 
phase and that the remaining aqueous solution can be separated easily 
by centrifugation without loss of acid. The extraction selectivity of the 
trivalent ions found with the cloud phase was calculated using equation 
(4) and the results are shown in Table 5. These metal ions were then 
precipitated completely using stoichiometric oxalic acid and removed 
from the cloud phase after centrifugation. Therefore, the aqueous phase 
and the cloud-containing metal-free ligand and surfactant are available 
again for recycling in a new extraction loop. The REEs containing pre-
cipitate was then calcinated at T = 950 ◦C to give Nd, Dy and Pr as metal 
oxides. Such mixtures could be used directly for magnet manufacturing, 
or, other tailor-made applications and compositions. 

For the sake of the homogeneous experiment (Fig. 2), the pulver-
isation (grinding) step was done for the effective dissolution of the small 
amounts used in this work. However, it can be avoided on a larger scale 
by using a direct acid digestion step (i.e. without the need for grinding or 

demagnetisation as everything dissolves in solution) in the future. The 
amount of energy required for the actual chemical recovery process is 
then due to the heating of the solution for cloud formation. The energy 
requirement is 231 kJ per litre of the processing solution to heat the 
solution to T = 80 ◦C. One could apply energy from green energy re-
sources to keep the impact low. It is also possible to use a higher tem-
perature gradient to reach the CPT with the CPE solution system faster, 
thereby also reducing the overall processing time. Or, in technical REE 
recycling applications with magnet e-waste, one could consider using 
TX114 with its CPT around room temperature instead of TX100, pro-
vided that TX114 proves equally effective as the TX100 ligand. 

The advantages of the CP method over conventional liquid–liquid 
extraction are undeniable as it needs much less ligand inventory and no 
organic diluents, it delivers concentrated separated metals in small 
cloud volumes that can be processed further in reduced volumes of 
liquid, and the CPE components are recyclable and reusable several 
times. The CPE product from magnet e-waste could be used for 
manufacturing new Nd magnets [60]. Or, it can be purified further using 
transition metal removal techniques. 

6. Conclusions 

Cloud Point Extraction (CPE) has been presented for preconcentra-
tion or enrichment tasks in the recycling of REEs from NdFeB magnet e- 
waste. The method was optimised for dissolution and extraction effi-
ciency. Surfactant Triton X-100 (TX100), solution conditions such as 
acidity (pH = 1–6), ionic strength (0–0.1 M NaNO3 or NaOAc) and 
several different non-ionic ligands with different concentrations 

Fig. 14. Separation of REEs from dissolved magnet powder using CPE in different solution conditions. (A: amount of Nd dissolution and the corresponding extraction 
efficiency. B: extraction efficiency of different metals). 

Table 5 
Separation factor (S) for Nd, Dy, and Pr from magnet waste achieved with CPE (M1: metal ion for which the separation factor was calculated, M2: metal ion to which 
the M1 separation factor is to be compared with (see equation (4)).  

pH = 2 HCl M1 pH = 2 HNO3 M1 

Nd Dy Pr Nd Dy Pr 

M2 Nd 1 1.219 1.223 M2 Nd 1 1.014 1.004 
Dy 0.820 1 1.003 Dy 0.986 1 0.990 
Pr 0.818 0.997 1 Pr 0.996 1.010 1 
Al 1.005 1.226 1.229 Al 1.087 1.102 1.091 
Fe 0.824 1.004 1.007 Fe 1.033 1.048 1.038 
B 2051 2501 2508 B 376 381 378 
Co 19.9 24.3 24.4 Co 839 850 842 
Ni 7.75 9.45 9.47 Ni 19.06 19.33 19.14  
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(0–0.05 M) were studied. Out of the five different extractant ligands 
tested, bis-(2-ethylhexyl)-phosphoric acid (HDEHP) was by far the best. 
The CPE mechanism was investigated using DLS and showed a clear 
trend for increasing micelle formations with REE-containing solutions 
and their collapse (aggregation) in an additionally formed cloud phase 
at a cloud phase temperature (CPT) at T = 56 ◦C and without REEs at T 
= 68 ◦C. The developed recycling method has been applied to real 
NdFeB magnets taken from a discarded hard disk drive to recycle key 
metals like Nd, Dy and Pr. The amount of ligand and other solution 
components required for the recycling of REEs using this CPE method is 
substantially less when compared with conventional hydrometallurgical 
approaches. The diluted acid solutions (HCl or HNO3 at a value of pH =
2) used for the dissolution of the magnet powder were either neutralised 
by consumption or reused within the same CPE-based separations. With 
our optimised system, >95% of REEs were extracted in the cloud phase 
using single REE feeds. In our application with NdFeB magnet waste, 
also a high separation of REEs was achieved over the co-presence of non- 
REE impurities, such as B, Co and Ni. 

The current work involved basic complexation chemistry develop-
ment in a cloud medium. Moreover, the process parameters achieved 
with real magnet e-waste involved much less environmental impact as 
compared to current mining practices and metal resources value chains. 
Therefore, it would substantially contribute to a circular economy, 
urban mining and alternative resources development from the wastes. 
The output products are suitable for the new Nd magnet manufacturing 
making the circular loop of REE metals. 
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