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A chemical process which consumes a minimum amount of chemicals to recover rare-earth metals from 

NdFeB magnets was developed. The recovery of rare-earth elements from end-of-life consumer products 

has gained an increasing interest during the last few years. Examples of valuable rare earths are 

neodymium and dysprosium because they are important constituents of strong permanent magnets used in 

several large or growing application fields (e.g. hard disk drives, wind turbines, electric vehicles, 

magnetic separators, etc). In this paper, the rare-earth elements were selectively dissolved from a crushed 

and roasted NdFeB magnet with a minimum amount of acid, further purified with solvent extraction and 

precipitated as pure oxalate salts. The whole procedure includes seven steps: (1) crushing and milling of 

the magnet into coarse powder, (2) roasting to transform the metals into the corresponding oxides, (3) the 

selective leaching of the rare-earth elements with acids (HCl, HNO3) to leave iron behind in the 

precipitate, (4) extracting remaining transition metals (Co, Cu, Mn) into the ionic liquid 

trihexyl(tetradecyl)phosphonium chloride, (5) precipitating the rare earths by the addition of oxalic acid, 

(6) removing the precipitate by filtration and (7) calcining the rare-earth oxalates to rare-earth oxides 

which can be used as part of the feedstock for the production process of new magnets. The magnet 

dissolution process from the oxides utilized four molar equivalents less acid to dissolve all rare earths in 

comparison with a dissolution process from the non-roasted magnet. Moreover, the less valuable element 

iron is already removed from the magnet during the dissolution process. The remaining transition metals 

are extracted into the ionic liquid which can be reused after a stripping process. Hydrochloric acid, the 

side product of the rare-earth oxalate precipitation process, can be reused in the next selective leaching 

process. In this way, a recycling process consuming only air, water, oxalic acid and electricity is 

developed to recover the rare earths from NdFeB magnets in a very high purity. 

Introduction 

In 2011, many industrialized countries were facing a rare-earth 

crisis. For the first time in history, the demand for these 

elements was higher than the supply and the rare-earth metal 

prices dramatically increased, some of them by a factor of 20.1 

This issue was due to three different reasons. First, China had a 

monopoly on the rare-earth market at that time and supplied 

approximately 97% of the global production of rare-earth 

oxides in terms of volume. Secondly, China set strong export 

quota on rare earths. Thirdly, Europe has only a few primary 

rare-earth ore deposits.2,3  In 2010, the European Commission 

reported that the rare-earth elements had the highest supply risk 

of all elements in the near future.4,5 The U.S. Department of 

Energy also wrote in a similar report that the rare-earth 

elements neodymium, dysprosium, terbium, europium and 

yttrium had the highest supply risk for the United States in the 

near and medium future.6 

 Three possibilities exist for maintaining the rare-earth 

supply. First, the old rare-earth mines can be reopened but this 

will take some time.2 Secondly, rare earths can be substituted 

by other less expensive rare earths or d-block metals, but this 

often results in products which are less effective and usually 

requires a new product design.2 Thirdly, recycling of rare earths 

from scrap produced throughout the production process or from 

end-of-life consumer products has also gained considerable 

interest. The third option has several advantages over primary 

ore mining:1 (1) a diminishing dependency on other rare-earth 

mining countries such as China, (2) a smaller amount of 

chemicals, air and water pollution and a lower energy 

consumption, (3) production of the rare earths without concerns 

about radioactive trace elements (Th and U) present in ores and 

for which the regulations are very strict, (4) helping the rare-

earth market to stay in balance (mitigating the so-called 

“balance problem”).7 
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 Neodymium-iron-boron (NdFeB) magnets are commercially 

available since the middle of the 1980s.8-10 They followed the 

ferrite and SmCo magnets and have a much higher magnetic 

strength than magnets from previous generations at 

temperatures close to room temperature. However, ferrite 

magnets still represent about 85% of the market due to their 

lower price. On the other hand, NdFeB magnets are gaining 

ground due to the increasing importance of miniaturisation in 

many applications. The smaller and lighter rare-earth 

permanent magnets can be used in several applications without 

losing magnetic strength. 

 The NdFeB magnet production, expressed in volumes, 

represented about 20% share of the rare earth market in 2012.11 

However, in terms of value, the magnets take more than half of 

the market share (51%). There is a lack of recent numbers, but 

it is expected that the current numbers are even higher due to 

the growing demand for permanent magnets in the last few 

years.12,13 Moreover, it was reported that China produced 

20 ktons of NdFeB scrap during the production of NdFeB 

magnets in 2010.14 

 There is literature available dealing with NdFeB magnet 

recycling.15-21 These include hydrogen decrepitation and direct 

reuse,22-24 selective precipitation,25-31 liquid metal 

extractions,26,32-36 glass slag methods,37 solvent extraction,38 

direct melting,39,40 or gas phase extractions.41-46 However, large 

scale industrial recycling plants for the rare-earth recovery from 

end-of-life NdFeB magnets or scrap are scarce and mainly 

magnet producers  are recycling their production scrap.16,47 It 

was reported that the company Hitachi Metals is recycling over 

90% of their powder and solid NdFeB scrap (NEOMAX© 

trademark).16,47-50  The Japanese company Santoku Corporation 

has started a recycling route for NdFeB magnet from which 

more details are known.51 First, the magnets are grinded into 

particles smaller than 75 μm by using a jaw crasher. In a second 

step, they oxidize the powder in a NaOH solution at elevated 

temperatures. Third, the rare earths are leached selectively by a 

pH controlled HCl solution and separated from other elements 

by solvent extraction with 2-ethylhexyl phosphonic mono-2-

ethylhexyl ester (PC-88A) extractant. One of their patents is 

also describing a recycling process for the recovery of iron and 

boron.52 They use a thermite reaction in which FeB and a slag 

are formed and separated.  

 The number of studies on the selective leaching of the rare 

earths from roasted NdFeB magnets is limited. In a leaching 

process, metals are selectively dissolved in the leachate leaving 

the undesired metals behind in the residue. Bounds reported in 

1994 that Rhône-Poulenc (now part of Solvay) developed a 

selective leaching process to recover rare earths.53 However, no 

details are given about the process, and no magnet recycling 

activities are currently executed at their plant in La Rochelle 

(France). Koyama et al. have reported a selective leaching 

process as well.16,54-56 They used a very diluted solution of 0.02 

M HCl and an autoclave at 180 °C to leach 99% of the rare 

earths and only 0.5% of iron after 2 h. A higher concentration 

of acid (0.1 M HCl) gave no selectivity because iron dissolved 

as well into the solution. Lower concentrations (0.01 or 0.001 

M HCl) and different conditions (24 h at 60 °C) gave no full 

dissolution of the rare earths and gave surprisingly also 

extraction percentages of 14.0 and 1.2% of iron, respectively. 

There are some recent published patents on rare-earth recycling 

including a roasting and selective leaching step. However, these 

patents are not, or at best only vaguely, describing the chemical 

background and have not been under a scientific referee 

process.57-60 

 In this paper, the selective leaching process of rare earths 

from NdFeB magnets is described in detail with emphasis on 

the mechanism of the dissolution process. A NdFeB magnet 

with a known composition was first crushed and milled into 

smaller particles, and a roasting process was applied and 

studied. Afterwards, the rare earths were selectively leached by 

the inorganic acids HCl and HNO3. The difference between a 

leaching process with HCl from the roasted and a non-roasted 

magnet in terms of mechanism, acid consumption and purity of 

the leachate is explained. Remaining transition metals in the 

leachate, such as cobalt, copper and manganese, were extracted 

from chloride media towards the undiluted ionic liquid 

trihexyl(tetradecyl)phosphonium chloride. The rare earths were 

precipitated as oxalate salts by addition of oxalic acid. This 

results in a metal-free solution, highly concentrated in HCl, 

which is a side product of the rare-earth oxalate formation, and 

can be reused in a new leaching experiment. The oxalate salts 

can be calcined to obtain rare-earth oxides, which can be used 

as direct starting products for NdFeB magnet manufacturing. 

The whole process is developed in such a way that a very low 

amount of chemicals is consumed (only air, water and oxalic 

acid), large volumes of waste streams are avoided (only water, 

carbon dioxide and the leaching residue) and the aqueous 

leaching phase and the ionic liquid phase can be reused. 

 

Experimental 

Materials and methods 

The demagnetised NdFeB magnet (Figure 1A) was obtained 

from the University of Birmingham (UK), where its 

composition was measured with ICP (Table 1). The sum of all 

concentrations (95.72 wt%) was slightly lower than the 

theoretical value (100 wt%). This is due to experimental errors 

during the analysis.  

Table 1 Composition of the NdFeB magnet in wt%. 

Fe 58.16 Pr 0.34 

Nd 25.95 C 0.07 

Co 4.22 Si 0.06 

Dy 4.21 Mn 0.05 

B 1.00 Cu 0.04 

Nb 0.83 Ni 0.02 

O 0.41 N 0.02 

Al 0.34 Total 95.72 

 

A silicon solution in isopropanol was obtained from SERVA 

Electrophoresis GmbH (Heidelberg, Germany). A gallium 

standard (1000 mg L−1) was purchased from Merck (Overijse, 
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Belgium). The leaching acids HNO3 (65 wt%, 14.3 M) and HCl 

(37 wt%, 12.0 M) were purchased from Chemlab NV 

(Zedelgem, Belgium) and VWR (Leuven, Belgium) 

respectively. CaCl2∙4H2O (99.995%) was obtained from Merck 

(Darmstadt, Germany) and NH4NO3 (99.9%) and NH4Cl 

(99.9%) from VWR (Leuven, Belgium). 

Trihexyl(tetradecyl)phosphonium chloride (>97%) (Cyphos® IL 

101) was purchased from Cytec (Toulouse, France) and 

H2C2O4∙2H2O (>99.5%) from J.T. Baker. All chemicals were 

used as received, without further purification. A Heraeus 

Megafuge 1.0 centrifuge was used to remove the leachate from 

the remaining solid particles after the leaching or solvent 

extraction experiments. A TGA Q500 (TA instruments) and an 

alumina crucible were used for thermogravimetric analysis 

(TGA) of the NdFeB powder. The sample was heated at 20 °C 

min-1 in dry air (60 mL min-1). A LECO oxygen analyser was 

used to determine the oxygen content of the powders after 

grinding or roasting. ICP-MS (Agilent 7500ce) was used to 

determine the composition of the magnet. The pH was 

measured by a Sevencompact pH/ion meter S220 and a 

Slimtrode (Hamilton) electrode. A Retsch ZM100 centrifugal 

mill (Gemini BV) was used for grinding of the magnet and a 

muffle furnace for roasting. Metal concentrations were 

determined with a benchtop total reflection X-ray fluorescence 

(TXRF) spectrometer (Picofox S2, Bruker) which has an 

accuracy of 8.4% and 6.5% and a precision of 2.7% and 2.5% 

for the rare earths and for the transition metals respectively. 

Pretreatment of the TXRF sample carriers was performed with 

silicone oil in isopropanol. 

 
Fig. 1 (A) The NdFeB magnet before crushing and milling, (B) NdFeB powder 

(<400 μm) before roasting, (C) roasting and powder fire at high temperatures 

and (D) the leachate colored pink-violet by neodymium (right) and the remaining 

orange/brown iron(III) hydroxide precipitate (left). 

 

Grinding and roasting 

The magnet was first crushed between two aluminium metal 

plates by applying a force of 10 tons with a hydraulic press. 

NdFeB magnets are brittle and break quite easily into smaller 

pieces. A sieve of 400 μm was used, (Figure 1B) and part of the 

undersize particles were milled with a centrifugal mill to obtain 

particles <80 μm. Note that we refer to <80 and <400 μm 

powder as a powder in which the cross section is maximum 80 

μm and 400 μm, respectively. The roasting temperature and 

uptake of oxygen as a function of time and temperature were 

studied with TGA. The magnet powder was first heated at 20 

°C min-1 up to 950 °C and kept at this temperature for another 

480 min. The sample chamber was purged with dry air (60 mL 

min-1) and the initial sample mass in the alumina crucible was 

15.988 mg. 

 The influence of the temperature on the mass gain of the 

NdFeB magnet was studied as well on larger scales. A powder 

sample (5 g) was placed into a ceramic crucible and heated to 

the desired temperature without blowing extra air or oxygen 

into the muffle furnace. The difference and increase in mass 

was calculated from the mass before and after the roasting 

experiments. The mass gain (%) after the roasting process is 

defined as: 

 

                 
                   

                     
         (1) 

 Roasting as a function of time was studied at a temperature 

of 650 °C. This temperature was chosen to test if also lower 

temperatures but longer heating times could be used for the 

roasting process. The sample was removed from the furnace 

after certain time intervals and allowed to cool down to room 

temperature. Afterwards, it was weighed and then placed again 

in the furnace. The <400 μm powder used in all leaching 

experiments was kept for 15 h at 950 °C to obtain full 

conversion of the metal into the oxides. 

 

Leaching 

Leaching experiments were performed in 4-mL vials. A sample 

of the <400 μm powder (0.1 g) was mixed with different 

amounts of acid and further diluted with water until the total 

volume of the leaching phase was 1 mL. A stirring bar was 

added and the vials were closed with a sealed lid. The mixtures 

were stirred for 15 h in an oil bath of 80 °C. Afterwards, the 

vials were centrifuged for 10 min at 5300 rpm and the leachate 

was removed from the leaching residue. We will refer to the 

leaching residue as the sum of non-reacted iron(III) oxide and 

precipitated iron(III) hydroxide. The leachate was centrifuged a 

second time, as it was often impossible to avoid that part of the 

iron(III) hydroxide precipitate was entrained into the leachate 

causing errors during the determination of the metal content in 

the leachate. The metal content and the pH of the aqueous 

phase were measured after the second centrifugation step. 2 mL 

of a 37 wt% (12.0 M)  HCl solution was added to the remaining 

brown precipitate and stirred again for 1 h at 80 °C in an oil 
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bath to dissolve the leaching residue. All liquid phases of the 

sample were mixed and diluted to a final volume of 25 mL. The 

leaching experiments with HNO3 and the mixtures HCl/7.5M 

CaCl2 and HNO3/7.5 M NH4NO3 were performed in the same 

way as the leaching experiments with HCl. The precipitate 

obtained after a leaching process with HNO3 was dissolved as 

well in HCl, as full dissolution of the leaching residue in HNO3 

was slower and incomplete. The percentage extraction (%E) is 

defined as: 

     
                               

                                                     
    (2) 

 The relative metal concentrations in the leachate as a 

function of time were studied by dissolving 0.1 g of roasted 

NdFeB magnet powder in 1 mL of diluted HCl with various 

acid concentrations. The HCl concentration was chosen in this 

way that the molar ratio between HCl and the rare earths 

molecules n(HCl)/n(Ln), was kept constant at a value of 3.5. 

The sample was heated and stirred at 80 °C and cooled down 

after each time interval. An aliquot of the leachate (1 L, 0.1 

vol%) was removed and directly, without dilution or addition of 

a standard, measured on its relative metal content with TXRF. 

Afterwards, the vial was placed back in the oil bath to continue 

the leaching experiment. Only the four main metals present in 

the magnet (Fe, Nd, Dy and Co) were considered and the 

relative mass percentages in the leachate were calculated as: 

 

                               

 
  

               
           (3) 

 The experiments with increasing metal concentration on the 

aqueous phase were performed by mixing different amounts of 

NdFeB magnet oxide powder with 1 mL of diluted HCl. The 

molar ratio between HCl and the rare-earth molecules 

(n(HCl)/n(Ln)) was kept constant at a value of 3.5. 

 The metal contents of all leachates were measured with 

TXRF. An aliquot of 50 or 100 μL of the aqueous phase was 

mixed with a 1000 mg L-1 gallium standard and diluted to 1 mL 

with Milli-Q water. The concentration of gallium was chosen in 

the range of the lowest metal concentrations present in the 

leachate. The sample carriers were pretreated with 20 μL of 

silicone oil dissolved in isopropanol and dried for 5 min in an 

furnace at 60 °C. Afterwards, an aliquot of 5 μL of the sample 

was added on the sample carrier and dried for another 10 min. 

The carriers were measured for 500 s or for 1000 s when the 

iron concentration was very low. Longer measuring times were 

necessary at low iron concentrations because the Kα line of iron 

overlaps partially with the Lα line of dysprosium. 

 

Solvent extraction 

The solvent extraction experiments were performed with 1 mL 

of a mixture containing 25.0 g L-1 dysprosium and 3.0 g L-1 

cobalt. A higher concentration of cobalt, in comparison with the 

concentrations found after the leaching process, was chosen to 

obtain a peak in the TXRF spectrum with an intensity that is 

high enough to come out of the higher background spectrum 

due to the very high rare-earth concentrations in the solution. 

Dysprosium was chosen instead of neodymium to avoid peak 

overlap between the L lines of neodymium and the K line of 

cobalt in the TXRF spectrum. Trihexyl(tetradecyl)phosphonium 

chloride has been chosen as ionic liquid because it is 

hydrophobic, non-fluorinated and it can be used in undiluted 

form. The advantages of using this ionic liquid are describe 

elsewhere.61-63 The aqueous phase contained 3.5 M NH4Cl and 

the HCl concentration was ranged between 0 and 1 M HCl. The 

organic phase consists of 1 mL of 

trihexyl(tetradecyl)phosphonium chloride which was 

presaturated with water containing the same NH4Cl and HCl 

concentration as used in the extraction experiments. The 

volume ratio was one and the mixtures were shaken for 1 h at 

1800 rpm at 60 °C. Afterwards, they were centrifuged for 5 min 

at 5300 rpm and the metal ion concentration was measured with 

TXRF. The separation factor        is defined as: 

        
   
   

  (4) 

With the distribution ratios    defined as: 

    
    

   
  (5) 

Where Corg and Caq the concentrations of the metal in the 

organic and aqueous phase, respectively. 

 

Precipitation 

Different amounts of oxalic acid were added to 10 mL of a 

solution containing 3.5 M of NH4Cl and 26.7 g L-1 neodymium. 

The mixtures were stirred for 2 h at 800 rpm at room 

temperature. Afterwards, they were centrifuged and the 

remaining metal content in the aqueous phase was measured 

with TXRF. The precipitation percentage (%P) of neodymium 

was calculated by the following formula: 

 

       
         

           
      (6) 

Where CNd,initial and CNd,final the initial and final neodymium 

concentration before and after the precipitation procedure 

respectively. 

 

Complete process 

A sample of roasted NdFeB magnet powder (3.1 g) was mixed 

with 30 mL of an aqueous phase containing 1.35 mL of 37 wt% 

(12.0 M) HCl and 3.5 M NH4Cl (n(HCl)/n(Ln) = 3.5). The 

mixture was stirred intensively for three days at 100 °C in a 

sealed vial in order to obtain a pH above two. Afterwards, part 
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of the precipitate was filtered off on a double paper filter. The 

remaining precipitate, still present in the leachate after the first 

filtration step, was filtered on a syringe filter with a pore size of 

45 μm. The iron free aqueous phase was brought into contact 

with 5 mL of the ionic liquid trihexyl(tetradecyl)phosphonium 

chloride presaturated with water. The extraction was performed 

by shaking at 60 °C for 1 h at 1800 rpm. Afterwards, the 

mixture was centrifuged for 5 min at 2000 rpm and the aqueous 

phase was separated from the organic phase with a syringe. 

Oxalic acid was slowly added to this solution under constant 

stirring until the pH of the solution was not significantly 

changing anymore (0.623 g). The rare-earth oxalates were 

filtered on a Buchner filter. 

 

Results and discussion 

Crushing and roasting 

First, the oxygen content of the NdFeB magnet particles with a 

size smaller than <400 μm (after crushing and sieving) and <80 

m (after milling) were measured. Important to mention is that 

a powder fire and a temperature increase were observed after 

milling the <400 μm powder to particles of <80 m. When the 

mill was opened, fresh air came into contact with the hot and 

oxygen-sensitive magnet powder and the powder took fire. The 

experiment was therefore not repeated because the high 

temperature could lead to deformation of the mill. Knowing the 

oxygen content is important as it has a significant effect on the 

calculated total mass gain. The maximum uptake of oxygen and 

maximum mass gain of the magnet can be calculated based on 

the composition of the magnet (Table 1). At complete oxidation 

of the magnet, the mass of the magnet should increase by 35.6 

wt%. At this point, the oxygen content in the magnet is 26.3 

wt%. The oxygen content of the fine powder (<400 μm) before 

roasting was 0.56 wt%, which is slightly higher than the 0.41 

wt% of oxygen present in the magnet before size reduction 

(Table 1). This means that thermal oxidation of the magnet in 

the presence of air is slow and there is no need to be concerned 

about a possible powder fire (Figure 1C). The situation was 

different for the <80 μm magnet particles, where a powder fire 

was observed after milling the <400 μm powder with the 

centrifugal mill. This is partly due to the higher surface area of 

the particles, but the main reason is probably the increasing 

temperature during milling which increases the oxidation rate. 

The powder fire itself contributed as well to an increase in 

temperature. As a consequence, the mass gain of the <80 μm 

powder after milling increased to 5.95 wt%. 

 A small amount of the <400 μm NdFeB powder (15.99 mg) 

was first analysed thermogravimetrically with TGA. Heating to 

1000 °C at 10 °C min-1 and immediately cooling down did not 

fully oxidize the sample. This was confirmed in three ways. 

First, the slope of the TGA curve was still steep at 1000 °C 

suggesting that the maximum uptake of oxygen was not yet 

reached. Secondly, hydrogen gas was released when the 

remaining non-oxidized particles were brought into contact 

with an acid. Thirdly, the maximum theoretical uptake of 

oxygen, based on the composition from Table 1, was not yet 

reached. Therefore, a new TGA experiment was performed in 

which the sample was heated at 20 °C min-1 to 950 °C and held 

there for 6 h (Figure 2). A temperature of 950 °C was selected 

because this was the maximum temperature of the muffle 

furnace used for the roasting experiments.  
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Fig. 2 Thermogravimetric analysis of the magnet powder <400 μm. The NdFeB 

magnet powder was first heated to 950 °C (heating rate: 20°C min-1) and kept at 

this temperature for another 6 h. The temperature of the furnace is given by the 

solid line and the mass gain (%) by the dashed line. 

 The maximum mass was not yet reached after 45 min when 

the furnace obtained its highest temperature (950 °C). 

Additional 200 min at 950 °C were required to obtain a 

constant mass of the sample. At this point, the maximum mass 

gain was 34.5%, which is slightly lower than the theoretical 

value calculated from the composition given in Table 1 

(35.6%). 
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Fig. 3 Mass gain (%) of the <400 μm (■) and <80 μm (●) NdFeB magnet powder 

as a function of the temperature at which it was held for 1h. The dashed line is 

drawn at 34.5%, which is the maximum mass gain determined with TGA. 

 Afterwards, the roasting with higher amounts of NdFeB 

powder was carried out in order to have enough material for the 

leaching experiments. The mass gain (%) as a function of the 
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temperature was studied by keeping 5 g of NdFeB powder for 1 

h at a specific temperature (Figure 3). It was observed that mass 

gain was low until a temperature of 300 °C, which is similar to 

what has been observed in the TGA experiment (Figure 2). 

Afterwards, a significant increase in oxidation occurred and full 

oxidation was obtained at 800 °C for the <80 μm powders and 

at 950 °C for the <400 μm powder. The powder was also 

analysed on its oxygen content with the oxygen analyser. 

Oxygen concentrations of 23.6 and 24.2 wt% were obtained at 

950 °C for the <400 μm powder and at 900 °C for the <80 μm 

powder, respectively. This is slightly lower than the oxygen 

concentrations which can be calculated based on the initial 

composition of the magnet (26.3%). The difference could be 

due to experimental errors. However, it is also possible that the 

samples used in the oxygen determination and TGA 

experiments were not of perfectly identical composition. In 

principle, the size of the particles smaller than <400 μm powder 

ranges from 0 to <400 μm. This has its consequences when 

sampling the powder from the vial. The larger particles will be 

on top of the smaller particles, leading to a slightly 

inhomogeneous distribution of the powder in the vial. This is 

also reflected by the presence of small outliers present in the 

curve presenting the mass gain as a function of the temperature 

for the <400 μm powder.  

 Roasting as a function of the time was studied as well 

(Figure 4). The powder was placed in a muffle furnace at 650 

°C. A sharp increase was observed in the oxidation during the 

first minutes of the roasting process. Afterwards, the oxidation 

rates decreased. A mass gain of 20.8% was obtained for the 

<400 μm powder if it was heated for 20 h at 650 °C. The mass 

gain of the <80 μm powder was 33.2% when it was placed in 

the furnace for 23 h. This value is very similar to the degree of 

oxidation when it was placed for 1 h in the furnace at 800 °C 

(33.6%). A further increase in mass over time at constant 

temperature was also observed in the TGA measurement. 
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Fig. 4 Mass gain (%) of the <400 μm (■) and <80 μm (●) NdFeB magnet powder 

as a function of the roasting time at a temperature of 650 °C. The dashed line is 

drawn at 34.5%, which is the maximum mass gain determined with TGA. 

 

 

Leaching  

The acid HCl was studied first as leaching agent (Figure 5). 

Different amounts of acid were mixed with 0.1 g of the <400 

μm powder and stirred for 15 h at 80 °C in closed vials of 4 

mL. Afterwards, the concentration in the leachate was 

measured and the remaining precipitate was dissolved in 37 

wt% acid and analysed as well on its remaining metal content. 

It was chosen to plot the number of moles of acid added over 

the total moles of rare earths (Ln = Nd + Pr + Dy) present in the 

roasted magnet (n(HCl)/n(Ln)) on the X-axis instead of plotting 

the amount of HCl or initial HCl concentration. In this way, it 

was possible to correct for small differences in the weighed 

powder. Moreover, it is also easier to use the optimal values 

towards other experiments such as the scale-up experiment. The 

leaching percentages of the four main metals present in the 

magnet (Fe, Nd, Dy, Co) were reported as a function of the 

ratio n(HCl)/n(Ln). It was observed that the rare earths were 

leached much faster than the transition metals. A linear increase 

in extraction percentage was observed for neodymium and 

dysprosium going to a maximum around 3.5. This value was 

slightly higher than the expected value of 3.0, which   is the 

chloride-metal ratio found in rare earth chlorides. This is 

probably due to the fact that other elements co-leached (e.g. 

Co) and maybe because the composition of the magnet in Table 

1 is not fully correct. At an n(HCl)/n(Ln) ratio of 3.5, only 16% 

of cobalt and no iron was leached to the solution. The leaching 

percentages for neodymium and dysprosium were above 90% 

for all higher n(HCl)/n(Ln) ratios. A second important data 

point is found at an n(HCl)/n(Ln) ratio of 10. At this point, the 

rare earths and cobalt are almost fully extracted into the 

leachate, whereas iron was dissolved for only 25%. (Figure 5) 
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Fig. 5 Extraction percentages (%E) of neodymium (■), dysprosium (▼), cobalt (○) 

and iron (×) as a function of the molar ratio of HCl over the rare earths present in 

the roasted NdFeB magnet powder (15 h at 80 °C) The dashed line shows the 

measured final pH values (pHf) after the leaching experiments. Relative standard 

deviation < 6.9%. 
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 The actual leaching percentages, especially for the rare 

earths, are definitely higher that the measured values and 

probably close to 100%. The fact that we reach only 90% is due 

to the relatively small volume (1 mL) of leaching solution in 

comparison to the amount of NdFeB magnet (0.1 g). A small 

volume was chosen in order to get a concentrated leachate 

which is beneficial for industrial solvent extraction processes 

which can follow on the leaching process. Therefore, it is 

impossible to remove all dissolved rare earths quantitatively 

from the wet iron(III) hydroxide precipitate. This will cause 

errors when dissolving the remaining precipitate and measuring 

its rare-earth metal ion concentration. Washing of the 

precipitate in order to remove the remaining rare earths was 

considered but it was difficult to avoid removal of part of iron 

present as some kind of suspension. The formation of a poorly 

formed precipitate or suspension is probably due to the 

formation of different iron(III) hydroxide species at the 

different pH levels obtained during the consumption of the acid 

in the leaching process. More technical equipment, such as a 

solid bowl centrifuge, are necessary to quantitatively remove all 

the dissolved rare earths from the iron precipitate.64 

 Leaching of the other elements than Fe, Co, Dy and Nd was 

not studied into detail due to overlapping peaks in the TXRF 

spectrum or because the elements gave X-ray signals which are 

too weak to be measured (e.g. light elements). However, 

elements present in the magnet such as niobium (0.83 wt%) and 

silicon (0.06 wt%) are probably not leached because their 

halide salts are not stable in aqueous environment. Boron oxide 

(B2O3, 1.00 wt%), formed during the roasting process from 

boron, has a moderate solubility in water and can be leached as 

boric acid.65 However, part of the boron could be present in the 

leaching residue as well when working with a solution with a 

pH higher than 2.25 The purity of the rare earths (Nd + Dy + Pr) 

after the leaching procedure increased from 30.5 wt% in the 

magnet to a minimum of 90% in the leachate at an 

n(HCl)/n(Ln) ratio of 3.5. All elements initially present in the 

magnet were included in this calculation, except iron and part 

of the cobalt which were left behind in the precipitate. The 

exact purity is definitely higher that the reported one as also 

elements such as niobium and silicon were included. The purity 

drops at higher n(HCl)/n(Ln) ratio because of the increasing 

concentration of cobalt and iron in the leachate. 

 An identical leaching process with HNO3 was performed as 

well and gave very similar results (Figure 6). In addition, 

leaching with HCl and HNO3 in the presence of a concentrated 

chloride or nitrate matrix (3.75 M of CaCl2 or 7.5 M of 

NH4NO3 respectively) was tested as well to prove that the 

leachate could be used directly into interesting and cheap 

solvent extraction systems to further purify and separate the 

rare earths.62,63 The idea is that the leachate, containing high 

amounts of CaCl2 or NH4NO3, can be reused (after removal of 

the rare earths) as diluent for the acid used in a new NdFeB 

leaching experiment. In this way, a closed aqueous loop is 

generated and an aqueous waste stream with a high salt 

concentration is avoided. No large differences were observed 

for the mixtures in comparison with the pure acids. However, it 

seems to be more difficult to obtain a pH higher than 2 when 

using these salts. 

 A leaching process with HCl was performed as well on the 

non-roasted magnet powder in order to compare the results with 

a leaching process from a roasted magnet (Figure 6 and 7). No 

metal selectivity could be obtained over the whole HCl 

concentration range. Moreover, 15 equivalents of acid were 

necessary to obtain full dissolution of the rare earths and cobalt. 

This requires about four times more acid to leach and dissolved 

all rare earths and cobalt in comparison with a leaching process 

from the roasted magnets. In addition, cobalt and the rare earths 

were enriched when leaching was performed from the oxides 

because only 30% of iron went into solution at a n(HCl)/n(Ln) 

ratio of 10. Such a selective dissolution process was not 

observed in the case of leaching from the non-roasted magnet. 
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Fig. 6 Extraction percentages (%E) of neodymium (■), dysprosium (▼), cobalt (○) 

and iron (×) as a function of the molar ratio of HNO3 over the rare earths present 

in the roasted NdFeB magnet powder. The dashed line shows the measured final 

pH values (pHf) after the leaching experiments. Relative standard deviation < 

6.9%. 
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Fig. 7 Percentage extraction (%E) of neodymium (■), dysprosium (▼), cobalt (○) 

and iron (×) as a function of the initial HCl leaching concentration for NdFeB 

magnet powder which was not roasted. The dashed line presents the measured 
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final pH values (pHf) after the leaching experiments. Relative standard deviation 

< 4.2%. 

 

 The speed of the leaching experiments was studied by 

mixing 1 mL of diluted HCl with 0.1 gram of roasted magnet in 

a vial of 4 mL with a stirring bar of 1.5 cm and at a temperature 

of 80 °C. The n(HCl)/n(Ln) ratio was 3.5 and a very small 

volume (0.001 mL) of leachate was removed after several time 

intervals to measure the actual metal ion concentrations with 

TXRF (Figure 8). Only the main metals were measured and the 

ratios were calculated as given in equation (3).  
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Fig. 8 Relative mass percentages of neodymium (■), dysprosium (▼), cobalt (○) 

and iron (×) in the leachate as a function of extraction time for 0.1 gram or 

roasted NdFeB magnet in 1 mL of a diluted HCl solution with a n(HCl)/n(Ln) ratio 

of 3.5. 

 

 The relative concentrations of the four main elements (Nd, 

Dy, Fe and Co) in the leachate were stable for 120 min (2 h). At 

this point, the concentration of HCl in the solution was 

significantly lower than in the initial stage and the relative iron 

concentration started to decrease. After 900 minutes (15 h), the 

pH was just above 2 and all iron was precipitated. One should 

take into account that the leaching time and kinetics depends on 

several parameters such as the stirring speed, size of the stirring 

bar, temperature, the applied acid, powder size and amount, etc. 

This was also observed by Koyama et al.16,54-56 0.02 M HCl and 

an autoclave at 180 °C leached 99% of the rare earths and only 

0.5% of iron after 2 h. A higher concentration (0.1 M HCl) 

gave no selectivity because also iron went into the solution. 

Lower concentrations (0.01 or 0.001 M HCl) and different 

conditions (24 h at 60 °C) gave no full leaching of the rare 

earths and gave surprisingly also dissolutions percentages of 

14.0 and 1.2% iron, respectively.  

 It was concluded that under the conditions applied in this 

work, 15 h of stirring is sufficient to obtain a leachate in 

equilibrium with the remaining precipitate. However, it is 

possible that the leachate is not yet in equilibrium with the 

leaching residue. Longer stirring times could probably further 

reduce the iron content and increase the purity of the rare earths 

in the leachate as will be shown later.  

 The differences between leaching from the NdFeB oxides or 

from the non-roasted magnets can be explained with some basic 

iron chemistry. Iron(III) oxide is formed as most stable iron 

compound during the roasting process at 950 °C in air and at 

atmospheric pressure.66,67 Addition of the acid (e.g. HCl) gives 

a similar dissolution reaction for the rare-earth oxides (Ln2O3) 

as for iron(III) oxide (Fe2O3). Important to mention is that 

probably mixed metal oxides (e.g. NdFeO3) are formed, instead 

of pure Ln2O3 or Fe2O3 which are used in the simplified 

equations (7) and (8):68 

 

                                 (7) 

 

                                (8) 

 

FeCl3 is not stable above a pH of 2 and undergoes hydrolysis in 

water: 

 

                                        (9) 

 

 A detailed study of the formed iron(III) hydroxide species is 

outside the scope of this paper and is extensively described 

elsewhere,67 It is important to mention here that, depending on 

the pH values, also mixed oxide/hydroxide can be formed. The 

acid, which is released during the reaction written in equation 

(9), can undergo again a reaction as given by equations (7) or 

(8). The rare-earth chlorides are stable at higher acidic pH 

values than iron(III). In this way, only rare earths dissolve in 

the aqueous phase as long as there is no excess of acid 

compared to the amount of rare earths present in the leachate 

and precipitate. This is why iron starts to leach when the final 

pH decreases below 2 (in this case around n(HCl)/n(Ln) > 3.5) 

(Figure 5). 

 Different reactions occur when leaching was performed on 

the non-roasted NdFeB magnet powder. The redox half 

reactions and their standard reduction potential (    for the rare 

earths neodymium, dysprosium, and for the acidic protons 

are:69  

 

                              
         (10) 

 

                                         (11) 

 

                                          (12) 

 

Giving a global redox reaction: 

 

                                  (13) 

 

A similar reaction proceeds for iron. Here, iron(II) is formed 

instead of iron(III) because it has a lower standard reduction 

potential: 
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                                               (14) 

 

                                            V (15) 

 

Half reactions (9) and (13) give the global redox reaction: 

 

                                 (16) 

 

Iron(II) chloride is more stable against hydrolysis than iron(III) 

chloride. Therefore, it will also go into solution, even at a final 

pH value of 5 (Figure 6). The electrochemical reaction from 

iron(II) to iron(III) in water is spontaneous but slow and 

difficult when no oxidant (e.g. oxygen gas) is present in 

solution. This is why no selectivity could be obtained when 

leaching was performed from the non-roasted magnet powder. 

However, the same full dissolution process with HNO3 from the 

non-roasted magnet powder was not possible as it reacts 

electrochemically with Fe(II) to Fe(III) with the formation of 

H2O and NOx gas. The overall reaction can be described as:70 

 

              
                       (17) 

 

Metal concentration 

It was tested whether higher amounts of NdFeB oxide powder 

could be used as well with 1 mL of aqueous leaching phase. 

Therefore, the amount of oxide powder was increased but the 

n(HCl)/n(Ln) ratios were kept constant, once at a ratio of 3.5, 

and once at a ratio of 10. The amount of remaining aqueous 

phase in the precipitate, after removal of the leachate, also 

increased when the sample amount increased. This was due the 

higher mass of the remaining precipitate. This made calculation 

of the leaching percentages very difficult and incorrect. 

Therefore, only the metal concentrations found in the leachate 

are reported. 
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Fig. 9 Concentration of neodymium (■), dysprosium (▼), cobalt (○) and iron (×) 

in the leachate as a function of the amount of magnet oxide powder involved in 

leaching with 1 mL of aqueous phase. The n(HCl)/n(Ln) ratio was 3.5 and the pH 

after leaching between 3.3 and 2.76. The data point with the highest 

concentrations had a pH of 1.41. Standard deviation < 7.6%. 

 
Fig 10. Color of the leachate when the amount of NdFeB magnet oxide powder, 

dissolved in 1 mL of diluted HCl and at constants n(HCl)/n(Ln) ratio of 3.5, was 

increased from left to right. The purple colour is characteristic for neodymium 

and the orange colour is due to a small amount of dissolved iron. 

The concentration of neodymium, dysprosium, and cobalt 

increased almost proportionally with increasing NdFeB magnet 

oxide amounts at a n(HCl)/n(Ln) ratio of 3.5 (Figure 9 and 10). 

The metal concentration in the aqueous phase after a selective 

rare-earth leaching process of 0.8 g of magnet oxide powder 

with 1 mL of 4.3 M HCl were 175 g L-1 neodymium, 27 g L-1 

dysprosium and 7 g L-1 cobalt. No iron was leached up to this 

point. The pH decreased from 3.30 to 2.76 while increasing the 

sample amount. The pH of the leachate after addition of 1 mL 

of diluted HCl to 1.2 g of metal oxide powder was 1.41 and 

significantly lower than the other pH values obtained for lower 

amounts. It was already shown in Figure 5 that differences in 

pH, especially around a value of 2, can have a large influence 

on iron leaching from the magnet oxide powder. 1.7 g L-1 iron 

was dissolved in the leachate as a consequence of the lower pH. 

This is probably due to the higher amount of NdFeB oxide 

powder and in agreement with our previous experiments where 

we found that leaching in the presence of higher salt 

concentrations (CaCl2 or NH4NO3) was kinetically slower. 

Longer stirring and leaching times could probably solve this 

problem. It is noteworthy that there is still metal selectivity in 

the leaching process with higher sample amounts (at 

n(HCl)/n(Ln) ratios of 3.5). This could be beneficial for 

industrial applications where smaller equipment volumes and 

highly concentrated metal solutions are a financial and practical 

advantage, respectively (process intensification).71 

The metal concentrations of neodymium, dysprosium and 

cobalt also increased linearly with increasing sample amount 

when the leaching was performed at an n(HCl)/n(Ln) ratio of 

10. Here, the pH decreased from 0.42 to -0.52 when the NdFeB 

oxide powder amount was increased. The decreasing pH is 

probably a kinetic effect. The concentration of iron in the 

leachate did not increase proportionally with increasing sample 

amount but the slope was slightly increasing and that relatively 

more iron was leached than the other elements at lower pH 

values. (Figure 11) 
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Fig. 11 Concentration of neodymium chloride (■), dysprosium chloride (▼), 

cobalt chloride (○), and iron(II,III) chloride (×) as a function of the amount of 

magnet oxide powder involved in leaching with 1 mL of aqueous phase. The 

n(HCl)/n(Ln) value was 10 and the pH after the extraction between 0.42 and -

0.56. Relative standard deviation < 4.2%. 

Solvent extraction 

The 1 mL aliquot of aqueous phase obtained after the leaching 

process of 0.1 g of NdFeB oxide powder, contained 23 g L-1 of 

rare earths and about 0.3 g L-1 of cobalt at a n(HCl)/n(Ln) ratio 

of 3.5. A solvent extraction process using the undiluted ionic 

liquid trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 

101) was chosen to further purify the aqueous phase. This ionic 

liquid is an excellent extractant for iron(III), copper(II), 

zinc(II), manganese(II) and cobalt(II), whereas other metals 

such as nickel or rare earths are not extracted from concentrated 

aqueous chloride solutions.62,72 The acid HCl can be used as 

salting-out agent with very high separation factors. 

Unfortunately, further processing of the rare earths (e.g. 

precipitation with oxalic acid) is very difficult from a highly 

acidic solution and would ask for a large amount of a base or an 

excess of the precipitating reagent. Therefore, we selected 3.5 

M NH4Cl as salting-out agent. A value of 3.5 was chosen 

because higher amounts of rare earths start to extract at higher 

NH4Cl concentrations and an extra scrubbing step of the ionic 

liquid phase would be necessary to avoid losses of rare earths. 

On the other hand, the addition of a small amount of HCl can 

increase the extraction of cobalt and decrease the extraction of 

rare earths.62 As a consequence, also the separation factor 

       would increase with increasing acidity of the aqueous 

phase. A separation study between 3.0 g L-1 cobalt and 25 g L-1 

dysprosium in the presence of 3.5 M NH4Cl and different 

amounts of HCl in the aqueous phase was performed and the 

separation factors are represented in Figure 12. The 

concentration of cobalt was made 10-fold higher than that 

found in the leachate and dysprosium instead of neodymium 

was chosen as rare earth. In this way, the overlapping peaks in 

the TXRF spectrum between cobalt (very low concentration) 

and neodymium (very high concentration) were avoided. The 

separation factor between cobalt and dysprosium was about 20 

000 with an extraction percentage of 0.5% for dysprosium and 

99.1% for cobalt when no acid is present. The separation factor 

increased towards 130 000 at 1 M of HCl. 
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Fig. 12 The separation factors αCo,Dy between cobalt and dysprosium as a function 

of the initial HCl concentration of the aqueous phase. The aqueous phase 

contains 3.0 g L-1 cobalt, 25 g L-1 Dy and 3.5 NH4Cl. The organic phase was 

trihexyl(tetradecyl)phosphonium chloride mixed with the aqueous phase in a 

volume ratio of 1. 

 

Precipitation 

The aqueous phase is now pure in rare-earth metals, but they 

have to be removed from the aqueous phase. The starting 

materials of NdFeB magnets are rare-earth oxides, so the end 

product of the recycling loop should be rare-earth oxides too. 

Oxalic acid is an organic acid which forms very strong water 

insoluble complexes with rare earths. The following 

precipitation reaction occurs when oxalic acid is added to the 

aqueous phase: 

 

2LnCl3 + 3H2C2O4,s → Ln2(C2O4)3,s↓ +  6HClaq
 (18) 

 

Each rare-earth ion liberates three acidic H+ atoms to the 

solution (equation 18). The acidic aqueous phase generated by 

the precipitation process can be reused for new leaching and 

solvent extraction experiments. However, oxalic acid should 

remain in the aqueous phase because this would decrease the 

leaching percentage of the rare earths due to the formation of 

rare-earth oxalate salts in a following leaching experiment. 

Moreover, the acid which would be generated would decrease 

the pH and would bring iron(III) into solution. This can only be 

avoided if equation (18) is complete and no oxalic acid is 

present in the aqueous phase after the precipitation reaction. It 

was observed that the reaction was complete when the initial 

aqueous phase contained no HCl. The amount of neodymium 

precipitated from a solution containing 3.5 M NH4Cl increased 

linear towards 100% at a value n(oxalic acid)/n(Nd) of 1.5 

(Figure 13). This suggests that all oxalic acid is consumed as 

long as rare-earth ions are still present in the solution. 

Unfortunately, this is not the case when working at, for 

instance, initial HCl concentrations of 0.5 M. Under these 

conditions, 100% precipitation of the rare earths occurred only 
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at a value n(oxalic acid)/n(Nd) of 2 which means that there is 

still a significant amount of oxalic acid dissolved in the aqueous 

phase which is a problem towards the reuse of the aqueous 

phase in a new leaching experiment. No precipitation of 

ammonium oxalate was observed for similar mixtures without 

metals, which proves that the precipitate is pure in rare-earth 

metals. The precipitate can be washed to remove traces of 

NH4Cl, but can be calcined immediately as well, because 

NH4Cl decomposes to HCl and NH3 at the temperature 

necessary to calcinate the rare-earth oxalates. 
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Fig. 13 Precipitation percentage (%P) as a function of the molar ratio of oxalic 

acid  added to the solution over neodymium present in the aqueous phase 

n(oxalic acid)/n(Nd). The aqueous phase contained of 26.7 g L-1 neodymium and 

3.5 M NH4Cl. 

 

Overall process 

The roasting, leaching, solvent extraction and the oxalate 

precipitation process were optimised. A complete recycling 

process can now be applied to NdFeB magnets. A flow chart of 

the process can be found in Figure 13 and the details in the 

experimental section. 

 The recycling process for NdFeB magnets includes seven 

steps. The rare-earth metals were leached out of the magnet 

oxide powder after the crushing and roasting step and iron was 

left behind. A sample of roasted NdFeB magnet powder (3.1 g) 

was therefore mixed with 30 mL of an aqueous phase 

containing 1.35 mL of 37 wt% (12.0 M) HCl and 3.5 M NH4Cl 

(n(HCl)/n(Ln) = 3.5). The temperature was increased up to 100 

°C instead of the previously used 80 °C because a temperature 

of 80 °C was not high enough to obtain a pH above 2 after five 

days of stirring. The slower kinetics towards equilibrium of the 

process is probably due to the high salt concentration (3.5 M 

NH4Cl) and the higher volume of the leachate. A pH value of 

2.5 was obtained after five days of stirring at 100 °C in 3.5 M 

NH4Cl. The leaching residue was removed by filtration. 

Unfortunately, about 15% of the aqueous phase was lost in this 

process due to water absorption in the filter pores and in the 

leaching residue. Specialized equipment, such as a solid bowl 

centrifuge, can significantly reduce these losses.64 Afterwards, 

the leachate (about 25 mL) was brought into contact with 5 mL 

of the ionic liquid trihexyl(tetradecyl)phosphonium chloride to 

remove the remaining transition metals from the rare earths. 

The organic phase contained mainly cobalt (3.3 g L-1) but also 

some traces of the other transition metals copper (0.02 g L-1) 

and manganese (0.03 g L-1) but no nickel. The extraction of 

these metals is in agreement with earlier studies performed in 

our laboratory.62 About 0.13 g L-1 neodymium and 0.10 g L-1 

dysprosium were lost in the organic phase. The next step 

involved a precipitation step with oxalic acid. HCl is released in 

this step (equation 18) and the end of the reaction can be 

followed by measuring the pH. The pH was stable (pH = 0.15) 

after the addition of 0.623 g of oxalic acid. It is better to avoid 

the addition of an excess of oxalic acid in this step to prevent 

precipitation of the rare earths during the following leaching 

step. The metal concentrations in the aqueous phase after the 

precipitation process were 2.4 g L-1 of neodymium and 0.4 g L-1 

of dysprosium. The aqueous phase, concentrated in HCl, can be 

reused as leaching solution for new NdFeB oxide powder. In 

this way, also losses of the rare earths in the oxalate 

precipitation step are avoided because the remaining rare earths 

are brought back into the process. 

The aqueous stream containing HCl and NH4Cl is a closed 

loop. HCl, regenerated during the precipitation process, can be 

reused in the leaching step. However, part of the aqueous phase 

is lost during the filtration steps. Therefore, a small amount of 

acidified water has to be added in order to get an aqueous phase 

with the same volume and acid concentration as in the first 

leaching step. A second, rather small loss of HCl is due to 

cobalt leaching, which is not regenerated by oxalate 

precipitation and HCl formation. Apart from this, oxalic acid is 

the only chemical which is consumed during the process. For 

each rare-earth atom present in the magnet, 1.5 molar 

equivalents of oxalic acid are necessary in the process. Small 

amounts of HCl and NH4Cl are lost in the precipitate during the 

precipitation step. Also oxygen is consumed which is freely 

available from the air. Water can be used as stripping agent to 

remove cobalt from the ionic liquid phase.72 

 The process contains three streams of waste. First, the 

leaching residue, which is concentrated in iron, but also cobalt 

and niobium are present. Secondly, there is an aqueous waste 

stream which is generated during the stripping process of cobalt 

and extracted rare-earths from the ionic liquid. This stream 

contains mainly cobalt but also neodymium, dysprosium and 

manganese. The solubility of the ionic liquid into the aqueous 

phase is expected to be lower than 100 ppm.72 Thirdly, 

harmless water and carbon dioxide gas are released during the 

calcination step of the rare-earth oxalates. 

 The process consumes energy on the lab scale, especially 

during the roasting step. However, NdFeB magnets are reacting 

exothermic with oxygen at higher temperature (Figure 1C). The 

heat released in this step, in combination with a more 

appropriate furnace, could significantly reduce energy 

consumption on an industrial scale. Moreover, fluidized bed 

roasters can operate in a net energy producing mode.
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Fig. 12 Flow chart of the recycling scheme. Yellow arrows: gas steams, blue 

arrows: aqueous streams, black arrows: ionic liquid steam, and red arrows: solid 

streams. 

 

Conclusions 

A proof-of-principle is given in which the rare-earths metals are 

recovered from the NdFeB magnet in high purity by using a 

milling, roasting, leaching, solvent extraction and precipitation 

scheme. It was shown that roasting of the NdFeB magnet 

powder, prior to the dissolution process, significantly increases 

the relative concentrations of the rare earths in the leachate 

compared to dissolution of a non-roasted NdFeB magnet. 

Moreover, less acid is consumed and the purity of the rare 

earths in the leachate increases to values higher than 90%. The 

difference between a dissolution process starting from a roasted 

or non-roasted magnet was explained. During the roasting 

process, iron(III) is formed which is not stable to hydrolysis 

when the final pH of the leachate is higher than 2. Iron(II), 

which is more stable at higher pH values, is formed when the 

non-roasted magnet is dissolved in acid, resulting in a less pure 

rare-earth leachate. The leachate, free of iron, was then used in 

a solvent extraction process with the undiluted ionic liquid 

trihexyl(tetradecyl)phosphonium chloride to remove remaining 

traces of cobalt. Afterwards, the rare earths were precipitated 

by the addition of oxalic acid and can be calcined to obtain pure 

rare-earth oxides which can be used as part of the feedstock for 

the production of NdFeB magnets. The whole process 

consumes only oxalic acid, air and water and produces three 

waste streams: the leaching residue, the aqueous stripping 

solution and CO2 formed during calcination of the rare-earth 

oxalates. Further optimization of the process, in order to 

increase of the yields of each process step, is currently under 

investigation in our group. Moreover, the process is still 

energy-consuming; especially the roasting step. Further 

investigations will focus on a more energy efficient selective 

dissolution process of the magnet. Also the removal of boron, 

probably accumulating in the aqueous NH4Cl stream, will be 

investigated in the near future. 
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