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The use of the rare-earth elements (REEs) is steadily increasing and, on the other hand, 

possibilities for their substitution in modern advanced technologies, especially in green 

energy applications, are limited. Recently, recycling REEs from spent products has 

become an alternative to primary mining. NdFeB magnets are of particular interest, since 

they are present in various forms of waste, such as end-of-life wind turbines and electric 

vehicles. They contain considerable amounts of REEs, mostly Nd but also Ce, Pr, Gd and 

Tb. The main constituent in NdFeB magnets is iron (55−60 wt-%), which makes selective 

REE recycling challenging. Feasible and effective technology for selective recovery of 

REEs from NdFeB magnets is thus needed.  

This dissertation focuses on electrochemical and chemical leaching as an essential step in 

hydrometallurgical recycling. The mechanisms in electrochemical leaching and in acid 

leaching were investigated. With proper adjustment of the leaching acid composition and 

operating conditions, effective separation of magnet constituents was achieved. 

Electrochemical leaching (ia=10−50 A/dm2) in a mixture of sulfuric (0.05−0.5 M) and 

oxalic (0.05−0.2 M) acids allowed to leach up to 99.7% of magnet with the maximum 

REE purity 97.2%. Applying electricity led to increase of the dissolution rate of magnets 

up to 10 times and removal of passive oxalate layer. In particular, a one-step 

electrochemical process was proposed for the recovery of REEs as cathodic REE-oxalate 

deposits with a yield of up to 31% and REE purity of 91−93%, while the rest of the 

oxalates were recovered as a powder. The unexpected result was explained by the 

electrostatic attraction of the positively charged REE-oxalate particles. Chemical leaching 

in 0.1 M H2SO4 of roasted NdFeB powder led to an REE leaching yield of 70% with a 

final ratio between Nd and Fe of 1/11. The selectivity in chemical leaching was explained 

by changes in the chemical NdFeB particle composition during roasting. In particular, 

NdFeO3 was observed in the porous outer layer and a higher Fe/Nd mole ratio and a lower 

oxygen content were observed in the inner core. These findings provide a new insight 

into electronic waste recycling by implementing principles of electrochemical/selective 

chemical leaching and helps in the search for new environmentally sustainable 

hydrometallurgical recycling methods. 

Keywords: NdFeB, rare-earth elements, leaching, electro-leaching, recycling 
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LREE Light rare-earth element 

MREE Medium rare-earth element  

HREE Heavy rare-earth element 
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XPS X-ray photoelectron spectroscopy 

EDX Energy dispersive X-Ray 

EoL End of life 

SEM Scanning electronic microscopy 

XRD X-ray diffraction 
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1 Introduction 

1.1 Background 

The rapid growth of the population and incessant improvement of technologies have led 

to higher and higher consumption of specific elements, so-called critical materials, which 

have a high supply risk and are of high economic importance (Golroudbary et al., 2019, 

2020). Many studies have mentioned rare-earth elements (REEs) as critical materials. 

REEs are a group of seventeen chemical elements that occur together in the periodic table 

with atomic numbers from 57 to 71. REEs are divided into three types based on their 

solubility characteristics: light REE (LREE), medium REE (MREE) and heavy REE 

(HREE) (Hidayah and Abidin, 2019). The fact that the REEs are not that rare is well 

known. LREEs such as lanthanum, cerium and neodymium are more common than 

lead (Allahkarami and Rezai, 2019; Sinha et al., 2016; Tunsu et al., 2015) and thulium 

and lutetium, the scarcest REEs, are one hundred times more abundant in the Earth’s crust 

than gold (Tunsu et al., 2015). However, since the beginning of this century REEs have 

been identified as critical materials in several assessments (Massari and Ruberti, 2013), 

and for the last 10 years their high usage in different directions of everyday life has led 

to their high resource depletion. There are several challenges that make REEs critical 

materials on a global level.  

1. Geopolitics. There is a scarcity of REE ores in Europe and China has a strong monopoly 

and a high export quota for REEs (Ciacci et al., 2019). The global distribution of REE 

reserves is depicted in Figure 1.  

 

Figure 1: Location of global REEs reserves (reserves/region) (Labay et al., 2017). 
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Global reserves of REEs in 2020 amount to about 120 Mt with the top countries consisting 

of China (44 Mt), Vietnam (22 Mt), Brazil (21 Mt) and Russia (12 Mt). The amount of 

globally mined REEs in 2020 was around 240 000 t (Golroudbary et al., 2022). The top 

countries that mined REEs in 2020  (Golroudbary et al., 2022) were 

•  China. 140 000 t. 

•  United States: 38 000 t.   

•  Myanmar: 30 000 t. 

•  Australia: 17 000 t. 

•  Madagascar: 8 000 t. 

Therefore, China is the leading country in terms of reserves as well as in the mining of 

REEs, which allows China to set prices of REEs as well as to control the production of 

key intermediates that go into many hi-tech emerging industries (Mancheri, 2015; 

Mancheri et al., 2019; Omodara et al., 2019). For example, while the prices of dysprosium 

(Dy) and terbium (Tb) during the period from 2002 to 2003 were on average 32 $US/kg 

and 204 $US/kg respectively (price FOB China; ‘‘free on board”), they reached a peak of 

3410 $US and 5110 $US in July 2011 and have now (2020) subsided to around 260 $US 

and 671 $US (and decreasing) (Rollat et al., 2020). Such dramatic changes in the prices 

for REEs have made diversification and reopening previous mines necessary (Machacek 

and Fold, 2014). 

2. Geochemistry. REEs exists in around 250 different minerals, but they are evenly 

distributed in the Earth’s crust and are complicated to mine (Costis et al., 2021). Any REE 

mineral usually contains all the REEs with some of them enriched and some others in 

very low concentrations. Bastnäsite, monazite, xenotime, ion-adsorption clay deposits 

and mineral sands are the main mineral resources of REEs. China covers the highest 

proportion of the above-mentioned global REE reserves (95%). Another issue is that there 

is very little production of HREEs such as Dy outside of China (Riddle et al., 2015). 

3. Radiotoxity. REE minerals often contain either uranium or thorium. Protection 

technologies for miners, considerable investments and complex permissions are all 

required for their extraction. Not all of these limitations have been applied in China and 

in other emerging countries, due to their much less stringent regulations (Massari and 

Ruberti, 2013). 

Around 23% of the primary REEs are used to produce neodymium magnets (NdFeB). 

China has also become the leading player in the production of NdFeB magnets, with a 

market share of around 79% in 2012. Most of the remaining production is concentrated 

in Japan (Riddle et al., 2015). NdFeB magnets are currently the strongest magnetic 

materials and find applications in many so-called “green” or “clean” 

technologies (Binnemans and Jones, 2014; Peeters et al., 2018; Schreiber et al., 2019). 

Conventional and electric vehicles together with wind turbines consume more than 50% 

of all magnets, and their end-of-life products can be considered valuable for recycling. 

For this reason, an effective technology for recycling of spent neodymium magnets will 
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save useful materials, solve the problem of Nd demand, and reduce the negative 

ecological impact of this waste. 

Hydrometallurgical technologies for recycling neodymium magnets are more promising 

than pyrometallurgical ones due to their lower energy consumption (Liu et al., 2020; Önal 

et al., 2020; Tian et al., 2019). This dissertation discusses leaching as the main 

hydrometallurgical step using two different approaches: in the first one spent NdFeB 

magnets are dissolved electrochemically in a mixture of sulfuric and oxalic acids and the 

second technology discusses selective chemical leaching in dilute sulfuric acid.  

1.2 Motivation behind the study 

The shortage of REEs and their high demand for a broad range of industries indicates the 

essential need of supply of those elements from secondary sources via recycling. 

Currently (2020), around 12 million of electric vehicles—with 1 to 5 kg of NdFeB 

magnets in each—and around 1 million of wind turbines—each containing 1 to 2 t of 

magnets—are in service globally (Reimer et al., 2020), with a life time of 12−15 and 

20−30 years, respectively (Yang et al., 2017). Even if we consider that just 25% of all 

large motor and wind turbines could be collected for recycling (Goonan et al., 2011), ca. 

140 000 t of magnets as secondary resource would be available in the near future and 

could be recycled. Therefore, this study focuses on hydrometallurgical recycling and 

more specifically, on the leaching step, to improve the recovery of REEs. According to 

the literature there are only few studies on selective chemical leaching (Peelman et al., 

2015; Reisdörfer et al., 2019), and electrochemical leaching (Kumari, Dipali, et al., 2021) 

of REEs from magnets. 

This dissertation is motivated by the wish to contribute to the development of feasible 

technology for recycling of REEs from spent NdFeB magnets and aims to explain the 

mechanisms of selective chemical and electrochemical leaching in sulfuric acid and 

mixture of sulfuric and oxalic acids. 

1.3 Problem 

According to literature, there are several challenges in leaching of REEs from NdFeB 

magnets. The magnet waste has a complex composition and contains large numbers of 

metals (mainly Fe, with admixture of Cu, Co, Zn, etc.), and it is hard to achieve selectivity 

during dissolution. Additionally, the complete dissolution of the magnets with acid 

consumes a large amount of chemicals.  

REEs have a strongly negative reduction potential and it is impossible to carry out 

electrodeposition from an aqueous solution. However, electrochemical dissolution 

compared to chemical could increase the speed of leaching and could bring about 

selectivity to the dissolution process. Electrochemical leaching of NdFeB magnets in 

sulfuric acid or in a mixture of sulfuric and oxalic acids have not been reported in other 
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studies and therefore the kinetics of electrochemical leaching as well as its mechanism 

should be analyzed.  

Following the above discussion, there are only a few technologies which could be used 

for the selective chemical and electrochemical leaching of REEs from NdFeB magnets. 

Environmentally acceptable hydrometallurgical routes must be developed. Moreover, 

there is a lack of explanation on the mechanism and kinetics of electrochemical 

dissolution of REEs from magnets in sulfuric acid in the presence of oxalic acid. 

1.4 Objectives of the study and research questions  

As mentioned in the previous section, leaching is an essential step in hydrometallurgical 

recycling. This study emphasizes that better understanding the dissolution mechanism 

will allow increased efficiency of this step itself as well as of the overall recycling 

process. This study aims to address the following objectives to achieve environmentally 

sustainable recycling of REEs from NdFeB magnets. 

• Objective 1: To analyze the efficiency of electrochemical leaching and explain the 

one-step recovery of REEs in a mixture of sulfuric and oxalic acids. 

• Objective 2: To explain the mechanism of selective chemical leaching and 

determine the optimal parameters of leaching of roasted NdFeB magnets in dilute 

sulfuric acid. 

To achieve the objectives mentioned above, this dissertation addresses the following 

research questions. 

• RQ 1: What is the mechanism of chemical and electrochemical leaching of 

NdFeB magnets in a mixture of sulfuric and oxalic acids? 

• RQ 2: How does the presence of oxalic acid influence the mechanism of direct 

recovery of REEs as a cathode sediment during electrolysis from the aqueous 

solution? 

• RQ 3: What is the impact of the oxalic acid concentration on the mechanism of 

chemical and electrochemical leaching of cheaper NdCeFeB magnets? 

• RQ 4: How do different mechanical pre-treatment steps influence the selectivity 

of the chemical leaching of NdFeB powder in dilute sulfuric acid? 

1.5 Structure of the dissertation 

This dissertation includes two main parts. Part I consists of five chapters. The first chapter 

includes an introduction which describes the research background, the motivation of the 

study problem, the objective of the study, the research questions, key definition of terms, 

and structure of the dissertation. The properties and composition of NdFeB magnets, 

different technologies for recycling spent magnets, different hydrometallurgical recycling 
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routes especially leaching and precipitation methods, and finally electrochemical leaching 

and its mechanism are discussed in Chapter 2. The third chapter explains the research 

methodology including materials, pre-treatment procedures, equipment and data 

treatment. The fourth chapter summarizes the key results of each published article 

included in this dissertation and discusses the obtained results of chemical and 

electrochemical leaching. Finally, the fifth chapter summarizes the main findings and 

makes suggestions for future research. Table 1 provides the structure of the dissertation 

from the input-output perspective. Part II includes four articles published in relation to 

this dissertation and their supplementary materials.  

Table 1: Structure of the dissertation. 

Chapter Title Input Output 

Chapter 

1 

Introduction • Background of the 

study 

• Motivation of the 

study 

• Problem 

• Objectives 

• Research questions 

Chapter 

2 

Literature 

review 
• Challenges in 

recycling technology 

of REEs from 

NdFeB magnets 

• Leaching as a vital 

step in the 

hydrometallurgical 

route of recycling 

• Electrochemical 

methods of recycling 

of magnets 

• Research gap 

• Mechanisms of 

leaching 

Chapter 

3 

Methodology • Which pre-

treatments 

procedures, 

equipment and 

chemicals were used, 

and how the data 

were obtained? 

• Applying of 

methodology in 

experimental work 

and analysis of 

leaching of REEs 

Chapter 

4 

Publications 

and results 
• Electrochemical 

leaching of REEs 

from NdFeB magnets 

in sulfuric and 

• Mechanism and 

kinetics of 

electrochemical 

leaching of REEs 

from NdFeB 
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Chapter Title Input Output 

mixture of sulfuric 

and oxalic acids 

• Selective chemical 

leaching of REEs 

from NdFeB magnets 

in dilute sulfuric acid 

magnets in sulfuric 

and mixture of 

sulfuric and oxalic 

acids 

• Mechanism and 

kinetics of selective 

chemical leaching of 

REEs from NdFeB 

magnets in dilute 

sulfuric acid 

Chapter 

5 

Conclusions • Answers to the 

research questions 

• Summary of the 

contributions of the 

study 

• Main findings 

• Suggestion for 

future research 
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2 Literature Review 

Hydrometallurgical recycling technology is less energy consuming compared to 

pyrometallurgical methods and is very important in the circular economy concept of REE 

recovery. On the one hand, recycling is linked to concerns over future access to REEs and 

their limited substitution in many applications. On the other hand, recycling REEs is 

highly important to minimize waste and mitigate environmental issues. 

Based on an extensive literature review, this section provides an overview of the 

properties of NdFeB magnets and recycling technologies with a focus on 

hydrometallurgical approaches and particularly on electrochemistry. 

2.1 NdFeB magnets: composition, properties and application 

NdFeB magnets are the strongest of extant magnets. They were discovered almost at the 

same time (1984) by Sumitomo and General Motors as cheaper and more powerful 

substitutes for SmCo magnets with a slightly different procedure. There are two important 

requirements for magnetic alloys based on REEs: the atoms should be rich in unpaired 

electrons and REEs and the transition metals must be very close to each other. Pure REEs 

even if very rich in unpaired electrons, have no practical interest and must be alloyed with 

transition metals. Besides, the Curie temperature Tc is below room temperature for all 

REEs, which means that thermal agitation will easily destroy their ferromagnetism and 

this makes them useless for magnetic applications in their pure form (Lucas et al., 2015).  

NdFeB consists of iron (50−70%), boron (1%), and 25−30% of REEs (mainly 

neodymium). NdFeB alloys can be manufactured into resin bonded magnets (containing 

10% epoxy resin) or into dense sintered magnets (Croat, 2018). Magnets consists of three 

main phases: a Nd2Fe14B matrix with a tetragonal crystalline structure, a neodymium-rich 

phase, and a boron-rich grain boundary phase (Schultz et al., 1999). It is interesting to 

notice that all the REEs, except La, are able to form a uniaxial tetragonal structure. They 

can form solid solutions without phase separation. As a consequence, Nd can be partially 

substituted by heavy REEs such as Dy or Tb (Lucas et al., 2015). Dysprosium (Dy) 

(0−5wt.%) is an important additive which can increase the coercivity and can especially 

be used to prevent the magnet from demagnetization at elevated temperatures (Maani et 

al., 2021). Magnets may contain small admixtures of other REEs (praseodymium, 

gadolinium, terbium, dysprosium), as well as other metals (cobalt, vanadium, titanium, 

zirconium, molybdenum or niobium) (Binnemans et al., 2013). The grain boundary phase 

can also contain copper, aluminum or gallium. Boron atoms are small, diamagnetic and 

nonmetallic and do not participate in the magnetism but their role is similar to C atoms in 

steel. They contribute to reinforcing the cohesion of the material through strong covalent 

bonding and bringing the alloy close to the liquid phase of an eutectic composition, which 

helps improve homogeneity. NdFeB magnets have the highest energy product of all 

permanent magnets (BHmax = 300 kJ/m3), which is much higher than for SmCo5 sintered 

magnets (160 kJ/m3) and ordinary ferrite magnets (25 kJ/m3) (Lucas et al., 2015).  
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NdFeB magnets find applications in green technologies (electric vehicles and wind 

turbines), household applications (refrigerators, air conditioners, audio systems, 

computer HDDs), and healthcare applications (magnetic resonance imaging (MRI) 

machines).  

Because NdFeB magnets contain significant amounts of REEs, their recycling has 

received a lot of attention. They are one of the most important secondary sources for 

neodymium and the only recycling source for dysprosium (Tunsu, 2018). 

2.2 Comparison of REE recycling methods for NdFeB magnets 

The problem of NdFeB magnet recycling starts long before choosing any single recycling 

technology. Particularly, NdFeB magnets situated in small electronic devices have 

following challenges: (1) difficulties in dismantling and isolating the magnets, (2) in 

many cases there is a low magnet content, (3) low efficiency in isolation from spent 

products, because the magnets are often glued onto other components, and (4) the location 

of magnet is not the same in all products. Mechanical treatment, such as shredding brittle 

magnets can lead to them sticking to ferromagnetic components in the waste and to the 

shredder itself. Besides, shredded magnets can be easily oxidized by air. For this reason, 

the separation of NdFeB magnets needs to be done prior to grinding and shredding 

operations (Tunsu, 2018). On the other hand, magnets can be demagnetized by thermal 

treatment at a temperature sufficient for full demagnetization of the inner magnets (e.g., 

magnets inside HDDs), but insufficient for degradation of organic materials. Therefore, 

recycling pathway will include following steps: collection, demagnetization, 

fragmentation, classification, magnetic separation (Coelho et al., 2021). Labor costs are 

also a limiting factor for recycling magnets, especially in high-income countries (Tunsu, 

2018).  

NdFeB magnets can be recycled directly by reprocessing them into new magnets and 

indirectly by chemical decomposition of the magnets and extraction of (individual) 

REEs (Jin et al., 2016; Schulze and Buchert, 2016). 

There are mainly three direct methods for recycling NdFeB; (1) hydrogen decrepitation 

(HD) of NdFeB powder, including milling, aligning, pressing and vacuum 

sintering (Zakotnik et al., 2009), (2) hydrogenation, disproportionation, desorption and 

recombination (HDDR) process (Sheridan et al., 2012) and (3) direct “Re-sintering” and 

“Re-casting” from magnets to alloys (Yang et al., 2017). Hydrogen treatment of magnets 

in HDDR takes place twice, while in an HD process the alloy is hydrogenated once. In 

the final stage of processing (called sintering) both processes are equal (Walton et al., 

2015). Hydrogen decrepitation results in magnets with high magnetic properties but the 

cost is almost the same as that of the original magnet. In contrast, the HDDR process may 

be cheaper, but provides inferior magnetic properties (Xia et al., 2017). Even though 

direct options for NdFeB magnets are clearly the best recycling option, it is applicable 

only if the waste magnet is well conserved and uncontaminated (Önal et al., 2015). 
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Indirect methods of recycling include pyrometallurgical and hydrometallurgical 

approaches (Liu et al., 2020; Önal et al., 2020; Tian et al., 2019). Pyrometallurgical 

recycling of NdFeB magnets is applicable to both magnets and swarf, can tolerate 

variations in magnet composition, and it needs REEs in a metallic state to produce alloys.  

The pyrometallurgical route for magnet waste recycling can be performed by (1) molten 

salt extraction (Abbasalizadeh et al., 2017), gas-phase extraction (Murase et al., 1995), 

and liquid metal extraction (Xu et al., 2000). Calcium chloride (Song et al., 2017) or 

fluoride (Ciumag et al., 2016) and an LiCl-KCl mixture (Vandarkuzhali et al., 2014) can 

be used for the recovery of neodymium from molten salts. 

REE metals can be rapidly alloyed and de-alloyed with iron group (IG) metals in molten 

salts (Figure 2a), and in this approach Nd and Dy can be separated due to the difference 

in the formation potential and formation rate of the REE-IG alloys being used as a 

diaphragm (Nohira et al., 2013). 

 

Figure 2: The separation and recovery process of REE metals from scraps using a molten 

salt and alloy diaphragm (a) (Vandarkuzhali et al., 2014); An electrolytic cell for Fe-Nd 

alloy production using an LiF-NdF3 melt (b)  (Nohira et al., 2013). 

Both chloride and fluoride melts can be used for the recovery process shown in Figure 2a. 

As a fluoride melt, the LiF-CaF2 eutectic melt has been studied, particularly, LiF-CaF2-

NdF3 and LiF-CaF2-DyF3 at 1123 K for Nd-Ni and Dy-Ni alloys, 

respectively (Vandarkuzhali et al., 2014). 

NdFeB magnets can be recycled according to the process shown in the schematic diagram 

of an electrolytic cell depicted in the Figure 2b using a LiF-NdF3 melt. Ito and Nohira 

(2000) presented the scheme for Fe-Nd production and used an Fe cathode instead of 

NdFeB waste. The idea is that in the cathodic reduction of Nd(III) ions in a Fe 

electrode/NdFeB waste, a liquid Fe–Nd alloy is formed and drops down to the bottom. 

Gaseous CmFn is generated at the graphite anode (Ito and Nohira, 2000). 
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However, the process has following disadvantages.  

(1) It is a highly energy-intensive process. Typical pyrometallurgical temperatures are 

around 1500°C and much fuel is consumed. Heat recovery systems are used but still a 

great deal of energy will be lost. Furthermore, the equipment needed for heat economy is 

bulky and expensive. In hydrometallurgical processes less fuel is needed because of the 

low temperature involved (usually below 100 °C) and heat recovery is usually no 

problem (Habashi, 2018). 

(2) Chlorine gas is formed as a by-product at the anode in a chloride melt and it is a 

dangerous and corrosive substance. 

(3) Glass slag/electroslag refining generates solid waste, (e.g., Fe2O3, Al2O3, CaO, SiO2) 

that cannot be used elsewhere. Many residues of pyrometallurgical processes are coarse 

and harmless. 

(4) Some methods, e.g., direct smelting and liquid metal extraction, cannot be applied to 

oxidized streams.  

(5) Materials handling. In pyrometallurgical processes, molten slag and matte are 

transferred from one furnace to the other in large, heavy, refractory-lined ladles. Besides 

the inconvenience and the cost of handling these materials, there are also inevitable gas 

emissions because they are usually saturated with sulfur dioxide and during transfer they 

cool down a little, resulting in decreased gas solubility and emissions. In 

hydrometallurgical plants, solutions and slurries are transferred by pipelines. 

(6) Dust. The combustion of fossil fuels in a reverberatory furnace results in the formation 

of a large volume of gases that carry large amounts of dust. This must be recovered to 

abate pollution and because the dust itself is also a valuable material. The technology of 

dust recovery is well established but the equipment is bulky and expensive. In 

hydrometallurgical processes material is usually handled in a wet state. 

(7) Economics. The economics of a pyrometallurgical process is usually suitable for large-

scale operations and this requires a large capital investment. Hydrometallurgical 

processes are suitable for small-scale operations and require low capital 

investment (Habashi, 2018).  

(8) A pyrometallurgy process cannot recover metals such as Al and Fe since these are 

oxidized into metal oxides and shifted into the slag (Ramanayaka et al., 2020). 

One key advantage of hydrometallurgy is the possibility to recover individual REEs in 

the presence of a large number of impurities. Hydrometallurgy offers the possibility to 

obtain REE compounds in different chemical forms and emits less gaseous pollution 

compared to pyrometallurgy. Although they are robust, hydrometallurgical processes 

have disadvantages, specifically the consumption of large amounts of chemicals and the 

generation of solid and aqueous secondary waste, which requires adequate treatment. The 

implementation of hydrometallurgical methods to process magnets is simple and the 

processing steps are similar to those encountered in the primary production of REEs. 

Leaching and separation of metal ions are common in both primary and secondary 

production. However, recycling avoids some drawbacks of the primary production EEs. 

This includes environmentally detrimental aspects of mining and beneficiation, e.g., 

releases of radioactive thorium and uranium encountered in REE ores (Tunsu, 2018). Due 
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to the flexibility of hydrometallurgical methods of recycling this route was chosen as a 

promising approach for recycling spent NdFeB magnets.  

2.2.1 Hydrometallurgical methods for REE recycling from NdFeB 

The main steps of hydrometallurgical recycling are shown in Figure 3. They include 

collecting EoL waste and disassembling NdFeB magnets, mechanical or chemical and 

thermal pre-treatment, leaching, precipitation, and solvent extraction/ion exchange with 

further refining producing individual REE oxides. The mechanical pretreatment step is 

needed for isolation of the magnetic fraction before leaching, particularly the removal of 

the epoxy resin, and at the same time it saves chemicals as less materials have to be 

dissolved. Importantly, Figure 3 presents only the preliminary steps and 

hydrometallurgical approaches to magnet recycling and does not include the process of 

electrodeposition of REEs from molten salts. This will be described separately in Chapter 

2.2.2.1 as one of important steps in REE production. 

There are different approaches to the leaching of magnets as depicted in Table 2: complete 

leaching, selective leaching, water leaching after chemical roasting, and bioleaching.  
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Figure 3: Typical hydrometallurgical steps for REE separation from NdFeB magnets. 
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Table 2: Leaching of spent NdFeB magnets. 

Leaching 

agent 

Grinding/ 

Roasting 

Solid/

liquid 

ratio 

Temperature Efficiency 

of REEs 

leaching 

Precipitation 

method 

Reference 

Complete leaching 

4M HCl − 1/20 ambient 88% oxalate (Bandara et 

al., 2016) 

6M HCl roasted 1/5 90 °C 98.28% 1) oxalate of 

REE  

2) oxalate of Fe 

(Liu, Zhou, et 

al., 2021) 

4M HCl, 

H2O2 

− 1/40 40°C ~97% 2 steps (NH3, 

oxalic acid) 

(Lai et al., 

2014) 

1M HNO3, 

0.3 M 

H2O2 

250 μm 1/12 80°C 98% for Nd, 

80% for  Dy 

oxalate (Rabatho et 

al., 2013) 

HCl or 

H2SO4 

jaw 

crushing 

1/2 room ~100% oxalate, 

fluoride, double 

sulfates 

(Lyman and 

Palmer, 1993) 

2M H2SO4 100 μm 1/10 room 97% double sulfates (Abrahami et 

al., 2015) 

2M H2SO4 <500 μm 1/10 room ~100% oxalate  

0.4 M 

CH3COOH 

106-

150 μm 

1/100 80 °C ~100% − (Behera and 

Parhi, 2016) 

1M malic 

acid or 1M 

citric acid 

<400 μm 1/20 90 °C 99% malic 

and 72.8% 

citric acid 

− (Reisdörfer et 

al., 2019) 

6M HCl* <400 μm 1/10 40 °C 99.27% oxalate (Tian et al., 

2019) 

2M oxalic 

acid 

<75 μm 1/60 70 °C 93.17% oxalate (Liu, Tu, et 

al., 2021) 

Selective leaching 

0.5M HCl <149 μm, 

roasted 

1/10 95 °C 98% oxalate (Kumari et 

al., 2018) 

3M H2SO4 9.4 μm, 

5h, 500°C 

1.1/10 70 °C ~100% − (Yoon et al., 

2014) 

1.5M 

H2SO4 

50 μm 1/25 70 °C 95.68% double sulfates (Lee et al., 

2013) 

1M malic 

acid or 1M 

citric acid 

<400 μm, 

roasted 

1/20 90 °C 22.0% 

malic and 

32.1% citric 

acid 

− (Reisdörfer et 

al., 2019) 

HF ultrafine 1/42 25 °C − fluoride (Yang et al., 

2020) 

4M H3PO4 − 1/30 80 °C 1.09% phosphates (He et al., 

2021) 
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Leaching 

agent 

Grinding/ 

Roasting 

Solid/

liquid 

ratio 

Temperature Efficiency 

of REEs 

leaching 

Precipitation 

method 

Reference 

Chemical roasting and water leaching 

Water 

leaching 

(NH4)2SO4  

roasting in 

2 steps 

1/20 1 step (1/3) 

300–500 °C 

96% − (Liu, Chen, et 

al., 2021) 

2 step (1/2) 

500–800 °C 

Water 

leaching 

12–16 M 

H2SO4, 

dried, 

roasted 

1/2, 

1/3, 

1/4, 

1/8 

650–850 °C 

15–120 min 

>95% − (Önal et al., 

2015) 

Water 

leaching 

(Fe)2(SO4)3 

roasting 

1/4 ferric sulfate–

magnet ratio of 

4/1 

>95% oxalate (Van Loy et 

al., 2020) 

Water 

leaching 

NH4Cl 

roasting 

1/10 ammonium 

chloride–

magnet ratio of 

4/1 

300 °C 

− oxalate (Kumari, Raj, 

et al., 2021) 

Electrochemical leaching 

0.5M citric 

acid 

Mechani-

cal 

polishing 

18 

cm2/ 

100 

mL 

soluti

on 

25−70 °C 104.5% solvent 

extraction using 

1M di-(2-

ethylhexyl) 

phosphoric acid 

(D2EHPA) 

(Kumari et 

al., 2021) 

Bioleaching 

2M H2SO4, 

Fe3+, ** 

Acidolysis/

redoxolysi

s 

 25°C Pr 100%, 

Nd 86.4% 

oxalate (Auerbach et 

al., 2019) 

* with hexamethylenetetramine or tartaric acid as the chelating agent, ** Acidithiobacillus thiooxidans and 

Leptospirillum ferrooxidans 

Complete leaching means the full conversion of the solid components of the magnet to 

a soluble species. Acids are typically chosen for the leaching step, particularly, different 

mineral (Kumari et al., 2018; Peelman et al., 2015; Yang et al., 2020) and organic 

acids (Reisdörfer et al., 2019) have been used for the leaching of neodymium magnets. 

H2SO4 (Lee et al., 2013; Yoon et al., 2014), HCl (Kumari et al., 2018), H3PO4 (Rabatho 

et al., 2013), HNO3 (Rabatho et al., 2013) have been proposed for the leaching of NdFeB 

magnets in a hydrometallurgical approach. Yoon et al. (2014) discussed the complete 

leaching kinetics of magnets in 3 M sulfuric acid, while Lyman et al. (1993) have 

developed a process for the recovery of REE materials by leaching in 2 M H2SO4 and 

further precipitation. Mineral acid leaching is an exothermic process and leads to the 

formation of REE3+, Fe2+ and/or Fe3+ ions, and to hydrogen generation (Lyman and 

Palmer, 1993). Fe2+ predominately appears in the solution after leaching with 

hydrochloric acid and sulfuric acid, while nitric acid leads to the predominance of Fe3+ 

(Venkatesan et al., 2015). Bandara et al. (2016) showed inefficiency of organic acids (5M 

acetic, 5M formic, 5M oxalic, 5M lactic acids) as leaching agents. Behera and 

Parhi (2016) used 0.4 M acetic acid to leach neodymium from the scrap magnet powder 
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(106–150 µm size) at 353 K and a 10 g/L pulp density. The recovery of neodymium was 

found to be >99%, and the iron was completely dissolved under this condition. Complete 

leaching can be expressed by following equations. 

REE(s)+3H+(aq) → REE3+(aq)+ 3/2H2(g)   (1a) 

Fe(s)+2H+(aq) → Fe2+ (aq)+H2(g)     (1b) 

Fe(s)+3H+(aq) → Fe3+(aq)+3/2H2(g)     (1c) 

The main disadvantage of complete leaching is the large amount of chemicals needed for 

the dissolution of all the components of the magnet and the treatment of the complex/large 

amount of effluents. Besides, during the REE precipitation step up to lose 20−30% of 

REEs can be lost due to co-precipitation with iron (Kumari et al., 2018). 

Selective leaching of magnets has the advantage that dissolution of some unwanted 

metals, in particular iron, which is the main competing component, can be avoided. 

Selective leaching usually can be achieved by roasting (heating in air atmosphere) the 

magnet before leaching. The purpose of the roasting is to convert the elements present in 

the magnet into their soluble (REE2O3) and insoluble oxides (Fe2O3) according to the 

following reactions. 

4REE(s)+3O2(g)→2REE2O3(s)    (2a) 

4Fe(s)+3O2(g)→2Fe2O3(s)      (2b) 

Moreover, mixed oxide REEFeO3 is obtained according to Eq. (3). 

2REE(s)+2Fe+3O2(g)→2REEFeO3(s)     (3) 

However, the formation of REFeO3 during roasting should be avoided as it suppresses 

Nd extraction (Önal et al., 2015). REEs are highly reactive and strong reductants due to 

their high affinity with oxygen. At room temperature they slowly oxidize in air, while at 

elevated temperatures they oxidize very fast (Eqs (2a) and (3)). Consequently, selectivity 

towards Nd in the subsequent leaching procedure (Reisdörfer et al., 2019) can be 

expressed by following equations. The acid dissolves the oxides of the REEs and Fe2O3 

formed during roasting and FeCl3 easily undergoes hydrolysis (Eqs (6a)−(6c)). The mixed 

oxide of iron (Fe3O4) formed during roasting is practically insoluble in dilute acids. 

REE2O3(s)+6H+
(aq) ⇌2REE3+

(s)+3H2O(aq)     (4) 

Fe2O3+6HCl(aq) ⇌2FeCl3(s)+3H2O(aq)     (5) 

FeCl3(s)+ H2O(aq) ⇌ Fe(OH)Cl2(aq)+HCl(aq)    (6a) 

Fe(OH)Cl2(aq)+ H2O(aq) ⇌ Fe(OH)2Cl(aq)+HCl(aq)    (6b) 
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Fe(OH)2Cl(aq)+ H2O(aq) ⇌ Fe(OH)3(s)+HCl(aq)    (6c) 

Hoogerstraete et al. (2014) have reported the selective dissolution of rare earth metals 

from roasted magnet powder with HCl and HNO3, followed by precipitation of REEs 

with oxalic acid. Sasai and Shimamura (2016) also reported the selective recovery of rare 

earths from scrap magnets using mechano-chemical treatment with HCl and (COOH)2. 

The recovery of rare earths was found to be 95%, but the mechano-chemical treatment 

took around 6–24 h to complete the reaction. 

Main disadvantages of REE extraction via selective leaching are the energy consumption 

of the roasting procedure and its complexity, as any unoxidized iron will dissolve during 

leaching and remain in the solution as Fe2+ up to pH values of 6–8. On the other hand, 

too much oxidation will result in poor REE extraction due to the formation of 

NdFeO3 (Nababan et al., 2021), whereas insufficient roasting will cause poor selectivity 

because of Fe2+ dissolution (Önal et al., 2015).  

Although selective leaching has been extensively studied, mainly low concentration 

hydrochloric acid has been used for industrial applications, while information about the 

use of other minerals and organic acids for the same purpose is missing.  

Simple water leaching can be done after the chemical roasting of magnets, and has been 

suggested to yield iron-free leachates (Liu, Chen, et al., 2021). The magnet can be 

converted to a soluble form using (NH4)2SO4 (Liu, Chen, et al., 2021), (Fe)2(SO4)3 (Van 

Loy et al., 2020), or NH4Cl (Kumari, Raj, et al., 2021).  

Sulfation followed by roasting and water leaching for the selective recovery of REEs from 

NdFeB scraps has been developed and is based on roasting between 750 and 800 °C with 

sulfuric acid to transform REEs or their oxides into soluble sulphate of REEs, whereas 

the impurities become insoluble metal oxides (Önal et al., 2015; Önal et al., 2017). 

Following roasting, a water leaching treatment can be undertaken, which leads to the 

extraction of 95–100% of the REEs from the magnet scrap. Similar treatment can be done 

with nitrates as most nitrates readily decompose at low temperatures. Önal et al. (2017) 

also developed a similar nitrate roasting followed by water leaching process to recover 

REEs. In this case, a similar level (95–100%) of REEs (Nd, Dy, Pr and Gd) can be 

extracted after roasting at 200 °C for 2 h, however, the amount of nitric acid needed is 

still high due to the conversion of all the metals (both target and impurities) to their salts 

using nitric acid. 

Sulfate-based roasting processes have been used for the sulfate transformation of rare 

earth oxides via ammonium sulfate roasting (Liu, Chen, et al., 2021) as a less aggressive 

alternative compared to the combined action of H2SO4 and Fe2(SO4)3. For roasting with 

(NH4)2SO4 there are two stages. During the first roasting stage, the molar ratio of 

ammonium sulfate to raw material used by Liu et al. (2021) was 1:2, the roasting 

temperature was 400 °C, and the roasting time was 1 h. REEs are either predominantly 

converted into soluble REE sulfates or partly into insoluble REEs ammonium sulfates, 
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resulting in 78% extraction of REE materials. The first roasting stage can be expressed 

by Eqs. (8)−(10). 

3(NH4)2SO4+Fe2O3 ⇌ Fe2(SO4)3 +3H2O(g)+6NH3(g)    (8) 

3(NH4)2SO4+Nd2O3 ⇌ Nd2(SO4)3 +3H2O(g)+6NH3(g)   (9) 

6(NH4)2SO4+2NdFeO3 ⇌ Nd2(SO4)3 +Fe2(SO4)3 +12NH3(g)+6H2O(g)  (10) 

In the second roasting stage, at a roasting temperature of 750 °C and a roasting time of 

2 h it is possible to increase the level of REE extraction due the increased level of 

temperature used. Furthermore, impure metal sulfates, e.g., Fe2(SO4)3, CoSO4 and CuSO4 

can also interact with previously unreacted REE-containing oxides (REE2O3) to form 

sulfates (REE2(SO4)3) (Liu, Chen, et al., 2021). 

Nd2O3 +Fe2(SO4)3 ⇌ Fe2O3 +Nd2(SO4)3    (11) 

After the two stages of roasting described above, simple water leaching can be applied. 

Overall, 95–100% of the REEs can be leached, along with some of the metal impurities 

while the iron remains undissolved, as a hematite-dominant byproduct. These chemical 

roasting approaches can enable the production of leachates with at least 98% REE purity. 

The high content of Fe2O3 in the leach residues can be potentially utilized as raw materials 

in iron or steelmaking (Liu, Chen, et al., 2021). 

Bioleaching is another clean and low-cost route for solids dissolution that avoids the use 

of strong mineral acids and decreases the amount of waste and/or pollution (Peelman et 

al., 2015). Bioleaching describes the biological conversion of metals in a water-soluble 

form with the help of micro-organisms. Bioleaching is used industrially mainly for the 

extraction of Cu, Ur or Au from low-grade ores. About 10–20% of the worldwide copper 

production is recovered by bioleaching (Zhang and Schippers, 2022). The dissolution of 

REEs from the solid phase includes biochemical processes namely redoxolysis, 

acidolysis, and complexolysis (Dev et al., 2020). A scheme for bioleaching is depicted in 

Figure 4 that includes inoculum preparation, cultivation in a liquid medium containing 

the necessary nutrients, bioleaching, and separation of solids from the liquid. 
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Figure 4: Scheme of batch bioleaching. 

An example of a medium for Leptospirillum ferrooxidans is (NH4)2SO4, MgCl2, KH2PO4, 

CaCl2, FeSO4 and as a trace solution (ZnCl2, MnCl2, CoCl2, H3BO3, Na2MoO4, 

CuCl2∙2H2O). Such a composition is necessary for redox transformations and as 

nutritional requirements  for all life-forms (Barrie Johnson and Hallberg, 2008). In 

particular, carbon, nitrogen, phosphorus, or sulfur from their nutrient source is needed for 

most microorganisms to produce energy. The pH (2−7) and temperature (20−45 °C) are 

important parameters for bioleaching to keep the micro-organisms alive. These can vary 

widely according to the metabolism of particular strain. 

The bioleaching process has not been utilized for magnets yet, and the mechanism below 

is written for REE minerals that usually are in the form of sulfides or phosphates. 

1. Redoxolysis involves a direct electron transfer from mineral to microbes through 

the oxidation of Fe2+ to Fe3+. Iron (III) formation subsequently results in the 

oxidative dissolution of solid phase REEs and can be explained by the following 

reactions. 

 

4Fe2++ O2+4H+→ 4Fe3++2H2O    (12) 

(REE)FeS2+3Fe3+→4Fe2++REE+
(aq)

 +2S0   (13) 

 

2. Acidolysis includes the acid production reaction, and it is mediated by both sulfur-

oxidizing and phosphate-solubilizing bacteria. 
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4REES(s)+ 2H2O+7O2→ 4REE+
aq+4H++4SO4

2−   (14) 

REEPO4(s)→ REE3+
(aq)+PO4

3−    (15) 

 

3. Complexolysis is carried out through the production of microbial metabolites such 

as organic acids and siderophores (small, high-affinity iron-chelating compounds 

that are secreted by microorganisms such as bacteria). Dissolution can be achieved 

by succinic, fumaric, lactic, malic, citric, oxalic, and acetic acid produced by 

microorganisms. 

Bioleaching experiments were conducted on NdFeB magnets by Auerbach et al. (2019) 

using three different microbial strains namely Acidithiobacillus ferrooxidans, 

Acidithiobacillus ferrooxidans, and L. ferrooxidans. The involved microorganisms have 

several functions in the bioleaching process. Firstly, they generate Fe (III) ions and/or 

protons, and secondly, they concentrate them in the interface between the sample material 

and bacterial cell, thus, leading to an increase of the leaching of the sample material. 

Microorganisms with different metabolisms have been used, on the one hand which 

produce inorganic or organic acids to dissolve the material directly and on the other hand 

microorganisms which use the iron of the magnet as an electron donor. This leads to an 

oxidation of the iron and thereby to the destruction of the matrix, where upon other metals 

can dissolve into the solution. Microbial strains have demonstrated the extraction 

efficiency of Nd at 77.4%, 86.4%, and 91.3%, respectively. In particular, 100% recovery 

of Pr using the three microbial strains has been found. Overall, the application of 

bioprocesses for the recovery of REEs from waste magnets has not been studied 

extensively. 

Electrochemical leaching is a method of dissolution in an electrolytic cell by applying 

an external potential or current where a magnet is used as a sacrificial anode.  

Kumari et al. (2021) studied the electrochemical leaching of spent NdFeB magnets in 

citric acid for the recovery of REEs. The effect of various parameters such as citric acid 

concentration, current density, stirring speed, bath temperature etc. were studied for the 

electrochemical dissolution of spent NdFeB magnets and the mechanism was discussed. 

The anodic dissolution efficiency and energy consumption were also evaluated. A solvent 

extraction method using 1M di-(2-ethylhexyl) phosphoric acid (D2EHPA) as an extractant 

was developed to extract REEs selectively and quantitatively from the electrolytic 

leachate. From the loaded organic phase, mixed oxalates of REEs were recovered 

quantitatively by precipitation stripping using oxalic acid solution as stripping agent. 

Mixed oxides of neodymium, praseodymium and dysprosium with a purity of 99.9% of 

the total REE oxides were obtained via calcination at 1073 K. The calculated leaching 

efficiency was more than 100% in many conditions due to parallel chemical dissolution. 

The enhanced leaching of metals in citric acid under electrochemical effects was 
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mentioned as the main advantage of this electrochemical process. The developed process 

is clean and avoids pre-treatment steps such as crushing, grinding and roasting. 

All leaching methods allow almost 100% yields of REEs. Further separation of the REEs 

from the resulting leachate could be achieved by selective precipitation or solvent 

extraction/ion exchange. The selection between these two approaches depends mainly on 

the amount and type of impurities in the solution, desired chemical form of the product 

(mixed or individually separated REE compounds), and desired purity. Precipitation is 

the easiest hydrometallurgical route to recover dissolved REEs. However, separation is  

carried out as a mixed compound due to the similar chemical behavior of the REEs. 

Possible coprecipitation of impurity ions (lower product purity) and low commercial 

value of mixed REE compounds make the individual separation of REEs 

desirable (Tunsu, 2018). 

If intragroup separation of REEs is needed, a better choice is solvent extraction or ion 

exchange, where the separation involves the transfer of metal ions from the aqueous 

leachate to an organic phase or to an insoluble solid, respectively, with concomitant 

charge neutralization. The separation of individual REEs is possible due to the decrease 

in ionic radii along the lanthanide series, also known as lanthanide contraction. This 

affects the strength of cation-anion, ion-dipole, and ion-induced dipole interactions of 

REE ions. Heavier elements create stronger complexes than lighter ones, facilitating their 

separation. Despite this, the complete separation of adjacent elements is economically 

challenging and requires a large number of separation stages. For this reason, separation 

of REEs with very high purity carries a high burden, both when it comes to cost and the 

environment. Complete separation of individual REEs is a more complicated task and 

requires highly selective reagents and significantly more separation stages (Kołodyńska 

et al., 2019) 

Selective precipitation of REEs after leaching can be done in the form of fluorides, 

oxalates, hydroxides, or double sulphate salts (Figure 2). However, fluoride precipitates 

tend to be gelatinous which makes them difficult to filter, and oxalates are costly to 

produce and must be roasted to yield an oxide product suitable for recycling. A possible 

solution is to generate an intermediate precipitate, which could then be converted to either 

a fluoride or oxalate product depending on industrial demand. One example of such an 

intermediate precipitate is the double sulfate salt of neodymium and sodium which is used 

industrially for the precipitation and storage of REE materials (Lyman and Palmer, 1993). 

Despite the high cost of oxalic acid, the selective precipitation of REEs has predominantly 

been done in the form of oxalates due to the oxalates of REEs having a very low solubility 

constant pKsp = 31–33 (Marins et al., 2020; Zhang et al., 2020).  

2.2.2 Electrolytic approaches for the NdFeB magnet production chain 

Since the electrolytic recovery of pure RE metals cannot be done in an aqueous medium, 

then molten salt electrolysis can be applied instead. This chapter includes different steps 

of REE production chain where electricity is applied. Chapters 2.2.2.1 and 2.2.2.2 discuss 
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molten salt electrolysis and electrolysis from ionic liquids, respectively, which is 

connected to the production of pure REE metals. Chapter 2.2.2.3 presents state-of-the-art 

electrochemical recycling approaches and routes for REE recovery in an aqueous 

medium. 

2.2.2.1 Molten salts (electrodeposition of REE metals or alloys) 

Molten salt electrolysis is a technique that is normally used for REE metal deposition or 

electro-refining of REEs from scrap. The deoxidation of rare earth metals is very difficult 

due to the strong affinity of these metals with oxygen (Abbasalizadeh et al., 2019). An 

example and principles of molten salt electrolytic cell for scrap refining were described 

in Chapter 2.2 (Figure 2). The current chapter will be devoted to the last step of REE 

chain production: the electrodeposition of REE metals or alloys and shown not for 

comparison of similar approaches of REE extraction, but as one electrochemical method 

which is applicable for REEs. 

Molten salt electrolysis for REE electrodeposition can be mainly categorized by the 

electrolytic bath (chloride and fluoride), the raw material (chloride (Fukasawa et al., 

2011), fluoride, and oxide), and the cathode (consumable and non-consumable) (Kwon et 

al., 2020; Takeda et al., 2014).  

 

Figure 5: (a) Typical electrolytic cell for molten chloride (Takeda et al., 2014), and 

(b) fluoride salt (Stefanidaki et al., 2001). 

 

Figure. 5 depicts a typical electrolytic cell for molten chloride (a) and fluoride (b) salt. 

An electrolysis cell with electrodes facing each other at the top and bottom is typical for 

chloride molten salt electrolysis (Figure 5a). Steel, synthetic graphite as well as Mo and 

Ta are used as cathodes, while synthetic graphite is used as an anode. Anhydrous REE 

chlorides mixed with 5–10% of CaCl2, NaCl, or KCl are charged into the electrolytic cell. 

The electrolysis is carried out at 850–950 C and in the range 5–12 V. The electrochemical 

reactions are shown below (Takeda et al., 2014). 
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Cathode: REE3++3e−→REE(l)     (16a) 

Anode: 2Cl−→Cl2
 +2e−     (16b) 

Overall reaction: REECl3→ REE(l)+3/2Cl2(g)    (16c) 

A melt of REE metals forms and accumulates on the cathode, and it works as a liquid 

cathode. Chlorine gas is generated on the anode. The salt level in the bath decreases as 

electrolysis progresses, and more REE chlorides are then added.  

Figure 5b shows an example of an electrolytic cell for molten fluoride salt. Most of these 

setups tend to have the electrodes horizontally facing each other. Mo, W or Ta are used 

as cathodes, while synthetic graphite is applied as an anode. Electrolysis is performed at 

900–1000 °C in the range of 9–12 V. The electrochemical reactions are as 

follows (Takeda et al., 2014). 

Cathode: REE3++3e−→REE(l)     (17a) 

Anode: C(s)+2O2−→CO2(g)+4 e−    (17b) 

Overall reaction: 2REE2O3+3C(s)→4REE(l)+3CO2(g)    (17c) 

Operational results for Nd electrolysis have been shown as follows  (Stefanidaki et al., 

2001): electrolysis temperatures of 1030–1070 °C, an electrolysis voltage of 10 V, current 

efficiency of between 60% and 65%, and a power consumption rate of 8.6 kWh kg−1 by 

using an LiF–NdF3 salt bath and Mo as the cathode. 

By using Fe and Co consumable electrodes as cathodes, a molten alloy is also extracted 

according to the following reaction: 

REE3++Fe(s)+3e−→REE−Fe(l)     (18) 

The electrolysis of molten salts has the following disadvantages: it is a highly energy-

consuming process, highly corrosive chlorides are usually used as a molten electrolyte 

and the evolution of highly toxic chlorine gas decreases the current 

efficiency (Stefanidaki et al., 2001). Traditionally, REE metals have been produced by 

the calcio thermic reduction of REEF3. However, molten salt electrolysis is becoming the 

dominant industrial method for the extraction of REE metals from their oxides in the 

molten salt process (Abbasalizadeh et al., 2019). Despite of the disadvantages, it is the 

last step in the whole REE production value chain and cannot be replaced with other more 

efficient and less harmful or less energy demanded methods (Schreiber et al., 2021).  

2.2.2.2 Electrolysis of REEs from ionic liquids 

Electrolysis of REEs from ionic liquids is a technique used for the electrodeposition of 

pure metals. Ionic liquids (ILs) work at room temperatures and are promising due to their 
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unique physicochemical properties, such as high conductivity, acceptable viscosity, 

reasonable salt solubility, large electrochemical window, stability in the presence of air 

and water, nonvolatility and nonflammability. Legeai et al. (2008) showed that the 

electrochemical window of the 1-octyl-1-methyl-pyrrolidinium bis(trifluoro 

methylsulfonyl)imide (OMPTf2N) IL was 4.8 V (vs Ag/AgCl), and an La film with 350 

nm-thickness was formed by electrodeposition at −1.5 V (vs Ag/AgCl) for 2 h.  

REE metals can be electrodeposited from ionic liquids such as aluminum chloride−1-

ethyl-3-methylimidazolium chloride (AlCl3−EMICl), 1-octyl-1-methyl-pyrrolidinium 

bis(trifluoro methylsulfonyl)imide (OMPTf2N, 1-ethyl-3-methyl-imidazolium 

tetrafluoroborate [EMIM][BF4]−LiCl, triethyl-pentyl-phosphonium bis(trifluoromethyl-

sulfonyl)amide [P2225][TFSA], and [DEME][TFSA] (Liu et al., 2021). Electrodeposition 

of some REEs and many other metals as well as various alloys has been successfully 

demonstrated in ILs as the electrochemical medium (Kondo et al., 2012). Even more 

remarkably, it was recently found that the overpotential of REE deposition in ILs could 

be significantly decreased if they were co-deposited with more noble transition metals 

(TMs), such as Fe-group metals. A model for the co-deposition of Nd-Fe in 

[EMIm][DCA] IL (1-ethyl-3- methylimidazolium dicyanamide) has been proposed to 

explain the induced co-deposition in ILs (Molodkina et al., 2021). Kondo et al. (2012) 

investigated the electrodeposition of fine and uniformly formed neodymium from 

triethyl-pentyl-phosphonium bis(trifluoromethyl-sulfonyl)amide ([P2225][TFSA]) at room 

temperature. The sediment contained mainly metallic neodymium (48%) and oxide of 

neodymium. Ota et al. (2016) studied the details of the reduction behaviour of Nd from 

triethyl-pentyl-phosphonium bis(trifluoromethyl-sulfonyl) amide ([P2225][TFSA]) using 

electrochemical quartz microbalance (EQCM) measurement. Most of the electrodeposit 

obtained from the phosphonium IL was metallic neodymium (Ota et al., 2016). The 

electrochemical deposition of Nd, Fe and co-deposition of Nd-Fe was successfully 

realized at room temperature from the [BMP][DCA] IL with [DCA]− anions, where it was 

found that water slowed down the rate of formation of Nd oxide/hydroxide film and 

inhibited the further reduction of Fe(II). Therefore, the formation mechanism for 

transition-state Fe and co-deposition of Nd-Fe were investigated (Molodkina et al., 2021). 

ILs have following disadvantages: high cost, low moisture tolerance, low bio-

degradability, and the synthesis is mostly based on oil-based chemicals (Esmaeili et al., 

2018). An important disadvantage of room temperature ionic liquids (RTILs) is their low 

electrical conductivity, which is about 10 times lower than in molten electrolytes used in 

the production of nonferrous metals (Bourbos et al., 2015).  

2.2.2.3 Recovery of REEs from magnets from an aqueous medium 

Electrochemical treatment of secondary resources in an aqueous medium can be 

performed directly or indirectly. The chosen method depends on the properties of the 

targeted metals. REEs are very active metals with standard reduction potentials in the 

range from −2.3 V to −2.4 V that makes their direct reduction on a cathode from an 

aqueous medium thermodynamically impossible. Indirect electrochemical treatment 
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means oxidation (e.g., of Fe) or reduction (e.g., of Mn) of not targeted elements in order 

to get by-products.  

There are only a few studies on the recovery of REEs via the electrochemical treatment 

of neodymium magnets (Kumari, et al., 2021; Venkatesan, 2019). 

An example of an indirect electrochemical procedure is the selective electrochemical 

oxidation of Fe(II) to Fe(III)  proposed by Venkatesan et al. (2018) after the complete 

leaching of NdFeB magnets with HCl and depicted in Figure 6a. More than 99% Fe(II) 

was electro-oxidized within four hours from an acidic leachate (pH ≤ 2), whereas less 

than 2% Fe(II) could be oxidized if only air was used. Two different routes were then 

investigated to selectively extract REEs from the electrochemically oxidized leachate. 

The anodic oxidation mechanism of Fe(II) and the role of iron speciation in the selective 

precipitation of REEs with oxalic acid were discussed and a closed-loop process where 

NdFeB magnet waste was directly used with an inert anode was described 

Venkatesan et al. (2015; 2018; 2018) have demonstrated several electrochemical 

technologies, in which REEs have been selectively and efficiently extracted at room 

temperature which are shown in Figure 6b-d. These methods include a dual anode 

strategy  and using two-chambered (Venkatesan, et al., 2018) and three-chambered 

(Venkatesan, 2019) membrane reactors enabling highly efficient and eco-friendly 

recycling of REEs. 

A dual anode strategy (Venkatesan, et al., 2018) was shown to produce mixed REE and 

Fe(III) hydroxides which is identical to a mixed oxide powder obtained after an oxidative 

roasting process. REEs and cobalt are subsequently leached selectively with HCl at room 

temperature. A two-chambered electrochemical reactor was separated by an anion 

exchange membrane for selective REE extraction from NdFeB magnet waste. The 

influence of various critical parameters such as the current density, concentration of NaCl 

in the catholyte and anolyte on the simultaneous selective extraction of REEs and iron 

removal was systematically studied.  

A three-chambered electrochemical reactor with an anion and cation exchange 

membrane, where direct conversion of REE nitrates into nitric acid and REE hydroxides 

by electro-separation was examined by Venkatesan (2019). The kinetics of the process 

were determined by systematically varying the current density. The produced REE 

hydroxides were calcined to obtain pure REE oxides. 
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Figure 6: Electrochemical approaches to recycling neodymium magnets: a) selective 

electrochemical oxidation of Fe(II) to Fe(III) (Venkatesan, Sun, et al., 2018), b) a dual 

anode strategy (Venkatesan, 2019), c) a two-chambered reactor (Venkatesan, et al., 

2018), and d) a three-chambered reactor (Venkatesan, 2019). 

  

As it was demonstrated earlier, REEs are highly reactive elements and cannot be 

recovered from the aqueous solutions directly on the cathode (Bockris and Reddy, 2000). 

Electrochemical methods can be used for an anodic dissolution process as shown for other 

waste (Haccuria et al., 2017). Kumari et al. (2021) proposed the electrochemical leaching 

of spent NdFeB magnets in citric acid for the recovery of REEs and other metals with and 

without electrochemical effects which was discussed in Chapter 2.2.1. There is a research 

gap on studying electrochemical dissolution in other acids. 
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It worth mentioning that special holders (baskets) allow the utilization of large amounts 

of different kinds of waste and without the necessity for pressing or adding electrical 

connections. Besides, the ratio of surface areas between the cathode and anode can be 

changed if needed to influence the speed of dissolution. Moreover, it is possible to add 

waste from the top of the basket without interrupting the process.  

Yang et al. (2020) proposed recovering REEs and iron from ultrafine NdFeB waste, where 

REEs were directly precipitated in hydrofluoric acid and the dissolved iron was 

electrodeposited with a current efficiency of 85.7% and an extraction rate of iron of 92.6% 

from the solution. It was shown that the reaction between Nd(OH)3 and HF can be 

completed in 150 s. The recovered rare-earth fluorides can be used further in molten salt 

electrolysis. The purities of the recovered components were not discussed but the offered 

route has valuable advantages as it produces no waste, and only hydrofluoric acid used as 

a recyclable solvent. 

Electrochemical methods of REE dissolution have the following advantages over 

chemical dissolution. They have the potential (1) to eliminate the milling stage by 

conducting the process of dissolution of REEs directly from bulk waste; (2) to intensify 

the process of leaching; (3) to selectively extract REEs directly during anodic leaching of 

waste; (4) to exclude the additional cost of reagents in comparison to the chemical 

oxidation of the components of the magnets; (5) to prevent the formation of hazardous 

harmful by-products; (6) to reuse working solutions and (7) to automate the leaching 

process. 

2.3 Conclusions 

The composition, properties, and applications of NdFeB magnets have been discussed 

and the heterogeneous and complex structure of alloys has been shown to pose a major 

challenge for the recovery of valuable REEs comprising some 27−30% of the total 

composition of typical magnets. A comparison of recycling methods for magnets showed 

the possibility of REE recovery via direct and indirect treatment with high purity and 

efficiency. The advantages and disadvantages of each method of REE recovery were 

depicted. Environmentally friendly and less energy consuming routes of recycling 

compared to pyrometallurgical methods were chosen. Great attention in the literature 

review was given to the first step of the hydrometallurgical route of recycling—leaching. 

Complete leaching, selective leaching, chemical roasting and water leaching, 

electrochemical leaching and bioleaching were analyzed as possible means of NdFeB 

dissolution. The literature review showed the principles and conditions of electrochemical 

and selective leaching that have been developed in order to overcome the disadvantages 

of complete leaching. The problem of the loss of REEs during iron precipitation, as well 

as reducing the amount of chemicals needed for dissolution can be solved by selective 

leaching processes, while increasing the speed and efficiency of the dissolution of NdFeB 

magnets can be achieved by applying a current or potential from an external source during 

electrochemical leaching.  
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As shown, some studies have been carried out on the electrochemical treatment of NdFeB 

magnets in which REEs have been selectively and efficiently extracted at room 

temperature. Nevertheless, the electrochemical leaching process has been studied only in 

citric acid, which is more expensive compared to sulfuric acid. Therefore, there is still an 

open question of how applied electricity will influence the mechanism and efficiency of 

the dissolution of NdFeB magnets in sulfuric acid. Additionally, there are no studies on 

the electrochemical dissolution of magnets using a mixture of sulfuric and oxalic acid 

(keeping in mind the advantages of oxalic acid as an efficient complexing agent for 

REEs). 

As discussed above, accurate control of the roasting is essential for selective leaching 

processes as insufficient oxidation of the NdFeB causes some of the iron to dissolve into 

the solution as ferrous ion, the good solubility of which subsequently inhibits the selective 

leaching of REEs. On the other hand, excessive roasting leads to the formation of partially 

insoluble ferrites such as NdFeO3 which make the high recovery efficiencies of REEs 

challenging. Consequently, it is very difficult to totally avoid the dissolution of ferrous or 

ferric irons in industrial production with a low concentration acid leaching process. Even 

though selective leaching has been studied extensively, mainly low concentration 

hydrochloric acid has been used for industrial applications (Youli Smelter in China). 

Nevertheless, hydrochloric acid has several disadvantages as it has a highly acute toxic 

effect on all forms of life and can be substituted by sulfuric acid which is more 

environmentally friendly and produces less corrosion and atmospheric pollution in the 

plant. In this line, industrial applications need methods that could be utilized in a large 

scale. Therefore, there is still an essential need to develop efficient and environmentally 

friendly ways of leaching NdFeB magnets. This study attempts to cover the discussed gap 

by focusing on the mechanism of electrochemical and selective chemical leaching. 
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3 Research methodology 

This chapter provides a summary of the research methods used in Publications I-IV, 

including the pre-treatment procedures for electrochemical and chemical leaching, a 

description of the leaching conditions, electrochemical tests, the methods used for the 

characterization of the magnets and the precipitate surfaces at each stage of the 

experiments, as well as the equipment used. 

3.1 Materials and the pre-treatment of magnets 

NdFeB magnets from Webcraft GmbH (Germany) with a diameter of 35 mm and 

thickness of 5 mm, and NdCeFeB magnets from REDMAG JSC (Russia) with a diameter 

of 30 mm and a thickness of 5 mm were used in Publications I, II, IV and Publication 

III, respectively. No contaminated magnet waste was studied. Anti-corrosion coating was 

chemically removed using 1M HNO3 for 30 min, and the samples were demagnetized at 

the Curie temperature of 310 °C for 1 hour in an Entech muffle furnace. Proper 

demagnetization of the working area of the NdFeB samples was possible only by 

separating each piece inside a furnace by some distance. NdFeB or NdCeFeB magnets 

were used as the anode and a copper plate as the cathode in all the experiments with 

electrochemical leaching. Copper was chosen as the cathode due to its high electrical 

conductivity and because it is easier to distinguish from iron in the EDX analysis of the 

cathodic sediment. Anodes were mechanically polished with #500, #900, #1200 and 

#2000 emery paper, then with an Al2O3 suspension, and finally degreased with ethanol.  

For some experiments in Publication I, the magnets were crushed into small pieces, first 

with a hammer and then set between two aluminum metal plates by applying a force of 

10 tons with a hydraulic press. NdFeB magnets are brittle and break quite easily into 

smaller pieces (100−1000 μm). The magnets for Publication IV were milled in a 

planetary ball mill and sieved to obtain particles with a well-defined particle size 

distribution. After milling the powder was roasted in a muffle furnace for 6–48 h at 

850 °C in a ceramic crucible. The roasting temperature was selected to attain a reasonably 

high oxidation rate and to avoid slag formation reported by Jakobsson et al. (Jakobsson 

et al., 2017). After complete oxidation, previously identified by a TGA analysis, the 

weight increased by 27%. The effect of roasting was further analyzed by elemental 

mapping of the particle cross-sections. The pre-treated powders were sieved and two size 

fractions, below 70 μm and between 70 and 185 μm for use in the leaching experiments.  

In order to determine the total elemental composition, 0.1 g of the NdFeB and NdCeFeB 

magnets were dissolved in a mixture of nitric and hydrochloric acids (volume ratio 

HNO3:HCl = 1:4) using a Milestone Ultrawave microwave digestion system. The mixture 

was then filtered through 0.45 μm polypropylene filters (VWR) which is a mandatory 

procedure for the following ICP measurements. Three blank samples containing only 

acids were treated similarly and used as a background. 



3 Research methodology 44 

Sulfuric acid was used as the leaching agent as it is cheaper and less pollutant compared 

to HCl (Song et al., 2022), besides during electrolysis sulphuric acid will not cause Cl2 

on anode (Fan et al., 2021). The sulfuric acid solution was prepared by diluting 

concentrated acid (Sigma-Aldrich, 98%) with MilliQ water (Merck Millipore Q-POD) to 

a desired concentration. Oxalic acid (Sigma-Aldrich, >97.5%) was used as a precipitant 

for the REE ions. 

3.2  Leaching experiments 

Publications I−III. All leaching experiments were carried out at 22 ± 1°C in a glass 

beaker in galvanostatic mode. In the electrochemical leaching experiments with the 

polished NdFeB and NdCeFeB magnets, anodic current densities of 10, 20 and 50 A/dm2 

were used. A schematic picture of the electro-leaching of an NdCeFeB magnet in 

Publication III is depicted in Figure 7a. Half of the magnet was immersed in the 

electrolyte (Figure 7b) in all the experiments and its area was calculated as the working 

area without taking into account passivation due to extremely high applied anodic current 

densities. Partially passivation was eliminated due to the heterogeneous magnet surface 

structure which repeatedly increasing during the dissolution of the Nd-rich phase (Schultz 

et al., 1999). In Publications I and II an NdFeB anode and one cathode were in parallel 

while the opposite non-working area, including the anode edge, were isolated by a 

chemically stable lacquer. In some experiments, the magnet was crushed and a 3D-printed 

titanium basket with 0.05 mm holes was used as a holder (Figure 7c). The anodic current 

density for electrolysis in the basket was calculated according to external cylinder 

dimensions due to the uncertainty of the shape and form of the crushed magnet particles. 

A magnet with a size larger than 0.05 mm was carefully packed in the basket to reduce 

the number of free spaces between particles. A constant voltage was maintained during 

electrolysis in the basket as the surface area of the anode gradually decreased because of 

dissolution. In this case 0.5 M H2SO4 and an anodic current density of 10 A/dm2 was 

used. 

In Publications I and II copper cathode with the dimensions 20mm x 40mm was used. 

Only one side of the cathode was considered as working area and the opposite side was 

isolated with a chemically stable lacquer, while in Publication III electrolysis was 

applied on both sides of the electrode. 

The temperature of the electrolyte was controlled by a water bath (RK8 CS, Lauda). The 

pH and conductivity of the leaching solutions was monitored using standard procedures 

(Radiometer PHM 240 pH/ion pH meter and Knick 703 conductivity meter). Detailed 

conditions of the electrolysis and chemical dissolution in Publications I−IV are depicted 

in Table 3. Mixing of the solution during electrolysis was carried out with a magnetic 

stirrer covered on the top by chemically stable plastic (Publications I−III). 
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Table 3: Conditions of electrochemical leaching and chemical leaching in Publications 

I−IV. 

Publication Type of 

magnet 

H2SO4, 

mol/L 

H2C2O4, 

mol/L 

i, A/dm2 Solid 

(dm2) to 

liquid 

(mL) 

Maximum 

time of 

electrolysis, 

h 

E
le

ct
ro

ch
e
m

ic
a
l 

le
a
ch

in
g

 

I NdFeB 0.05, 

0.1, 0.5 

0.05 0, 10, 

20 

0.05 per 

80 

1 

II NdFeB 0.5 0.05 50 0.05 per 

80 

2 

III NdCeFeB 0.5 0, 0.01, 

0.05, 0.1, 

0.2 

50 0.06 per 

150 

1 

IV (chemical 

leaching) 

NdFeB 0.02−1 − − − − 

 

 

Figure 7: Schematic picture of (a) electro-leaching of an NdFeB magnet (Publication 

III), (b) dimensions of the anode, and (c) the Ti basket. 

 

The maximum time of the leaching in the different experiments was 1 and 2 h (Table 3). 

The magnet samples were weighed before and after leaching. Oxalate precipitates 

obtained during electrolysis in the experiments in Publication III were thoroughly 
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washed with water, dried for 4 h at 80 °C, and weighed. The solution sample taken during 

leaching was diluted with a mixture of 1% HNO3 and 1% HCl (Ultrapure, Merck), and 

the metal concentrations were measured using inductively coupled plasma mass 

spectroscopy (ICP-MS, Agilent 7900) due to its higher sensitivity compared to ICP-OES 

because the concentrations of some REEs were at the ppb level. The relative standard 

deviations of all the ICP measurements were less than 3.6%. 

It is important to note that the values of the weight of the dissolved magnets presented for 

electrochemical leaching in Publications I-III were calculated from the solution 

concentrations and they do not include precipitated species. Additionally, the remaining 

weight of the anode was measured and compared with the ICP analysis results. 

Publication IV. The stirred-tank leaching experiments (depicted in Figure 8a) were 

carried out at 80 °C in a jacketed glass reactor equipped with a stirrer and a recirculation 

pump for online UV–vis measurements. The solid-to-liquid ratio was typically 1 g of 

roasted FeNdB powder per 100 mL of solution and the stirring speed was 800 min−1. The 

concentration of sulfuric acid was 0.02, 0.05, 0.1, 0.5 and 1.0 mol/L. Metal concentrations 

in the leachate were analyzed continuously using an online UV–vis spectrometer (Cary 

8454, Agilent) and by ICP from samples taken at specific time intervals. In the UV–vis 

analysis, wavelengths of 575 nm, 400 nm and 900 nm were used for Nd3+, Fe3+ and Fe2+, 

respectively. In some experiments, Pr was also monitored at 444 nm.  

 

 

Figure 8: Scheme of stirred-tank leaching experiment (a); packed-bed leaching column. 

 

Packed-bed leaching (Figure 8b) was carried out in a jacketed glass column (ID 16 mm) 

with ceramic frits attached at both ends of the bed. All measurements were made at 80 °C. 

The roasted magnet powder was packed as an aqueous suspension (bed volume (BV) 

about 5 mL) and the bed was washed with water. The leach solution was fed from the top 

of column using an HPLC pump and the flow rate was 0.5 mL/min (5.6 BV/h). The outlet 

stream was analyzed online as in the stirred-tank system and the acid concentration was 

monitored using a pH electrode calibrated against known acid concentrations. 



 47 

3.3 Electrochemical measurements 

For Publications I−III potentiodynamic polarization scans were performed using a 

potentiostat-galvanostat (Autolab PGSTAT 302N, Methrom) with a three-electrode glass 

cell. Polarization curves were recorded at a potential sweep rate of 1 mV/s from the open 

circuit potential (OCP) to 1 V. An NdFeB magnet was used as the working electrode, 

while Pt and saturated Ag/AgCl electrodes were used as the counter and reference 

electrodes, respectively. The potentials reported in the thesis were recalculated to the 

standard hydrogen electrode (SHE) scale. Prior to the experiments, working electrodes 

were immersed in the electrolyte for 30 min. The temperature was controlled by a water 

jacket and a thermostat. Cathodic polarization curves at a 5 mV/s sweep rate for 

Publication II were measured for a leaching solution obtained after 1 hour and for 

synthetic solutions of ferrous and ferric sulfate in the presence and absence of oxalic acid 

and/or Nd sulfate. In the synthetic solutions, cFe = 10 g/L and cNd = 2 g/L. 

Publication III: Linear polarization scans were carried out at a sweep rate of 5 mV/s in 

the range of potentials from –300 mV to +300 mV from the open circuit potential (OCP). 

By linearly fitting Tafel E−log i curves (Makarova et al., 2019), the dissolution current 

densities idiss were obtained. The temperature of 22±1 °С was controlled by a water jacket 

and a thermostat. 

3.4 Analytical equipment 

The morphologies of the initial and leached magnet surfaces (NdFeB and NdCeFeB), 

electrodeposited coatings, as well as the morphology of the magnet powder (Publication 

IV) and oxalate precipitates (Publication III) were imaged using a Hitachi SU3500 

scanning electron microscope (SEM). The elemental composition of the initial materials 

and products were measured using energy dispersive X-ray spectroscopy (EDX, Thermo 

Scientific UltraDry SDD). Precipitates obtained after dissolution in a mixture of sulfuric 

and oxalic acids for Publication I were washed thoroughly with water, digested and 

analyzed with ICP-MS. The identification of crystalline phases of the NdFeB and 

NdCeFeB magnets before and after leaching for Publications I and III and the 

identification of crystalline phases of the cathode and anode before and after electro-

leaching for Publication II were further ascertained using X-ray diffraction (XRD) 

(Bruker D8 Advance) with Cu Kα irradiation. The 2Θ range was 10 –70° and the step 

size was 0.02 °/s. 

A scanning Kelvin probe force microscopy (SKPFM) technique for the polished magnet 

samples was used to determine the local Volta potentials of the microstructure and relative 

nobility of the REE-rich regions (Publication I). Volta potential mappings were carried 

out in air using an atomic force microscope (MultiMode 8, Bruker) in a double pass mode: 

the first pass measures the topography (height) and the second pass measures the local 

potential difference in lift mode. The mapped area (40×40 µm) was scanned with a Bruker 

SCM-PIT probe with a spring constant of ~2.8 N/m, resonant frequency of ~75 kHz and 

tip radius of ~20 nm. The tip speed was 8 µm/s, the image resolution was 512×512 pixels, 
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and the tip lift height was 50 nm. AFM data was analyzed using Nanoscope Analysis 

V1.8 software. First order plane fitting and zeroth-order flattening were used to process 

the height maps. The potential maps were neither flattened nor was any filter applied to 

smooth the data. 

Cathode deposits, which were obtained after continuous electro-leaching for 45, 60, 90 

and 120 min in different experiments in a mixture of sulfuric and oxalic acids 

(Publication II), were washed thoroughly with water, removed from the copper substrate 

and digested. Cathodic deposits grew compactly on the copper cathode surface and did 

not drop into the electrolyte. Oxalate precipitates (Publication III), which were obtained 

during electro-leaching in the mixtures of sulfuric and oxalic acids, were filtered every 

15 min and washed thoroughly with water, dried for 4 h at 80 °C, and digested. The 

filtered solution after digestion was analyzed using ICP-MS as explained earlier. 

X-ray photoelectron spectroscopy (XPS) was used for the characterization of cathodic 

deposits after 1 and 2 hours of electrochemical leaching (Publication II). The samples 

were cleaned in deionized water for 10 min and dried. No other treatment was 

implemented in order not to compromise the subtle chemical changes on the surface. 

Spectra were recorded in the Fe2p, Nd5d, B1s, C1s and the O1s binding energy (BE) 

range for each sample to verify their surface chemistry. The measurements were carried 

out using an Escalab 250Xi multi-spectroscope (Thermo Fisher Scientific) equipped with 

an Al Kα monochromatic X-Ray source and had a spot diameter of 0.65 mm. The applied 

pass energy was 10 eV and the energy step size was 0.1 eV. Charge compensation was 

controlled through low-energy electron and low-energy Ar+ ion emission using a flood 

gun (emission current 0.15 mA). The XPS depth of analysis was approximately 5 nm. 

The ζ-Potential of the neodymium oxalate particles was measured to explore the 

mechanism of cathodic deposition using an electro-kinetic analyzer (SurPASS, Anton 

Paar) and a 1 mM KCl solution as the background electrolyte (Publication II). 

Neodymium oxalate particles were obtained by mixing Nd2(SO4)3 (Sigma-Aldrich) and 

oxalic acid in an aqueous solution at a molar ratio of 1:3. The precipitate was thoroughly 

washed, filtered, and packed in a cylindrical cell. The pH range was from 5 to 2 and an 

HCl solution was used in the pH adjustment. 

The ζ-potential of neodymium oxalate particles in Publication III was measured using a 

Zetasizer ZS Nano (Malvern) analyzer. The precipitate was thoroughly washed, filtered, 

and dried. The pH in the analyzed solution was adjusted to 1.0 with a 1 mol/L HCl 

solution. An electrophoretic light scattering method was utilized for the ζ-potential 

measurement according to the methodology developed by Malvern Instruments using the 

surface zeta potential cell (zen1020, Malvern Instruments) and the zeta potential transfer 

standard (DTS1235, Malvern Instruments) as a tracer particle (zeta potential −42.0 

mV±4.2 mV). The Smoluchowski model was used to calculate the ζ-potential values of 

the nanoparticles in the aqueous media (Lu et al., 2018). 
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The particle size distribution was measured with a Beckman Coulter LS 13320 laser 

diffraction particle size analyzer. Thermogravimetric analysis (TGA) was carried out in 

air with a heating rate of 20 K/min (STA 449, Netzsch) to verify the complete oxidation 

of the magnet. 

All experiments were done in triplicate to ensure the statistical reliability of the results. 

3.5 Calculations 

For assessment of the electrodeposition conditions, the current efficiency (ε) was 

calculated. In some cases, ε was more than 100% due to the active dissolution and 

substantial contribution of chemical leaching. The energy consumption W (in kWh/kg of 

NdFeB magnet) was calculated from Eq. (19), where U is the average cell voltage in cell 

(V) and  is the current efficiency. For NdFeB alloy (Publication I and II). 

 

alloy

Fe Nd
alloy

Fe Fe Nd Nd

U
W

q

q q
q

q w q w


=

=
+

     (19) 

 

For iron, qFe = MFe/zFeF = 1.05 g/(Ah) and for neodymium qNd = 1.79 g/(Ah). For NdFeB 

alloy (Publication I and II), qalloy = 1.91 g/(Ah). Boron was not used in the calculations. 

Due to the small amount present in the magnets (1%) it does not change the final value 

of the electrochemical equivalent of the alloy. 

For the NdCeFeB alloy (Publication III) calculations resulted in a value of 

electrochemical equivalent of alloy of qalloy = 1.196 g/(Ah) was obtained from Eq. 20 

using the composition given in Table 4 (see Section 4.1.1) and qFe = 1.05 g/(Ah), qNd = 

1.79 g/(Ah), qCe = 1.74 g/(Ah), and qPr = 1.75 g/(Ah). 
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The current efficiencies of anodic (εa) and cathodic (εc) processes were calculated as 

follows. 

,a
a

a alloy

m

iS q





=

     (21) 

,c
c

c Fe

m

iS q





=

     (22) 

S is the surface area of electrode (Sa and Sc of anode and cathode, respectively); ∆ma and 

∆mc are the weight of the dissolved magnet and cathodic sediment, respectively; τ is the 

time of leaching. The leaching efficiency represents the percentage of dissolved magnet 

or deposited sediment with respect to the total mass. 

The purity of the cathodic deposit for Publication II and the purity of the REE oxalate 

precipitate, P, and REE yield in the cathodic sediment or in the REE oxalate precipitate, 

Y, were calculated from Eqs (23) and (24), where REEm and otherm are the weights of 

REEs and other metals in the cathodic deposit (Publication II) and REE oxalate 

precipitate (Publication III). The superscripts dep and sol refer to the deposit and 

solution, respectively. 
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The purity of the cathodic sediment or oxalate powder represents the percentage of REEs 

with respect to the total mass of the cathodic sediment or oxalate powder, while the yield 

is calculated from the amounts of REEs in the deposit and solution, respectively. 

 



51 

4 Results 

This chapter summarizes the objectives, research questions, results, and contributions of 

the four publications of this dissertation. 

4.1 Electrochemical leaching of NdFeB magnets 

Chapter 4.1 contains the results and a discussion on the chemical and electrochemical 

dissolution of NdFeB and NdCeFeB magnets in sulfuric acid and in a mixture of sulfuric 

and oxalic acids. Firstly, the composition and properties of the initial magnet surface are 

discussed in Section 4.1.1. Section 4.1.2 deals with the dissolution of the NdFeB and 

NdCeFeB magnets including dissolution without electric current and the electro-leaching 

of crushed magnet material. Section 4.1.3 is related to cathodic processes and the 

characterization of the cathodic sediment. Section 4.1.4 describes the characterization of 

oxalic acid precipitate obtained during electrolysis. The efficiency of dissolution 

represented by the energy consumption and mechanism of dissolution are presented in 

Sections 4.1.5 and 4.1.6, respectively. 

4.1.1 Characterization of the polished NdFeB magnet samples 

Overall, the chemical composition of both magnet samples (NdFeB and NdCeFeB 

magnets for Publications I-IV) determined by ICP-MS are reported in Table 4. The 

NdCeFeB magnet was used as a cheaper alternative to NdFeB as it contains 13.58 wt.% 

of Ce. Both magnets have a maximum working temperature of 80 °C, but the NdFeB 

magnet has a higher pull force in the same dimensions. The main application of NdCeFeB 

magnet is electronics, household appliances and magnet fishing (for grabbing ferrous 

metal objects that are hidden or lost underwater), while NdFeB can be used in all 

applications mentioned previously in Section 2. 

 

Table 4: Chemical composition of the NdFeB (Publications I, II, IV) and 

NdCeFeB (Publication III) magnets based on ICP-MS data. 

Element, wt-% 

 Fe Co Cu Ce Pr Nd Gd Others 

NdFeB 59.20 0.50 0.45 0.10 7.44 28.50 1.31 Balance (2.50) 

NdCeFeB 68.25 0.01 0.19 13.58 1.99 8.51 7.39 Balance (0.08) 

 

Microscopic examination of the polished NdFeB magnet’s surface (Figure 9) shows the 

heterogeneous and crystalline structure indicated by XRD pattern depicted in Figure 10b 
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corresponding to Nd2Fe14B. Moreover, the matrix of the alloy is fragile and some of the 

grains ranging from 2 to 15 μm were loosened during polishing and had crumbled. The 

chemical composition of the different domains was analyzed using EDX mapping and the 

results for the major components are shown in Figure 9. The compositions at specific 

locations A, B, and C are listed in Table 5. The maps for the minor additives are given in 

Figure 10. 

 

Figure 9: High-resolution EDX mapping of the main elements on the NdFeB magnet 

surface (Publication I). 
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Figure 10: (a) High-resolution EDX mapping of Nd-rich phases (Publication I), (b) XRD 

pattern of initial NdFeB magnet where all peaks correspond to Nd2Fe14B. 
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Table 5: Composition of domains A-C in Figure 9 determined by EDX (Publication I). 

Element A (light grain) B (bright grain) C (dark grain) 

 wt-% mol-% wt-% mol-% wt-% mol-% 

C 7.3  3.9  2.2  

O 0.8  1.3    

Al 0.3  0.5  0.6  

Si 1.4  −  −  

P 0.6  −  −  

Fe 10.2  12.3 10.3 18.1 67.6 74.6 

Ce 10.2  14.6  4.8  

Pr 15.6  21.1  5.1  

Nd 53.8  25.3 48.3 33.1 18.7 8.0 

Gd −  −  0.6  

Dy −  −  0.3  

Fe : Nd  1 : 2  1 : 1.8  9.3 : 1 

 

The major element in the matrix of the NdFeB magnet is iron, while neodymium and 

praseodymium are concentrated mainly in the grains and on the grain boundaries. 

Dysprosium and cerium are nearly evenly distributed over the surface. Boron was not 

analyzed. It is worth mentioning that carbon, which is evenly spread in this alloy, inhibits 

the leaching process (Bala et al., 1993) because the surface becomes covered with 

graphite. Other impurities, such as Ca, C1, O and Pr, are considered as a starting point of 

leaching (Bala et al., 1993), while Dy and Nb have an opposite influence as they enhance 

the corrosion resistance of NdFeB thus inhibiting its dissolution (Yu et al., 2004). 

According to Table 5 and Figure 10, the mole ratio of Nd and Fe was 1.5−2/14 and 2/1 in 

the ferromagnetic matrix and in the grains rich in Nd, Pr and Ce, respectively. They thus 

represents the -phase (Nd2Fe14B) and Nd-rich n-phase, respectively (Schultz et al., 

1999). The mole ratio between Nd/Fe obtained in the current study is substantially lower 

than the value 4 /1 reported for the Nd-rich n-phase (Schultz et al., 1999).  

The Volta potential indicates the possibility of metals for oxidation and can help to 

analyze the tendency of localized leaching in systems with complex microstructures (Coy 

et al., 2010; Dobryden et al., 2017; Efaw et al., 2019). In a galvanic couple, the phase 

with higher electrochemical nobility and typically a higher Volta potential takes the role 

of the cathode and the phase with the lower Volta potential becomes the anode. SKPFM 

is a powerful technique that allows the capture of the sub-micron or nano-sized structure 

of the alloy, as seen in Figure 11.  
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Figure 11: (a) Topography and (b) Volta-potential map measured using SKPFM in air on 

the surface of a polished NdFeB magnet. The profile analysis in each map is a section 

along the two lines (Publication I). 

 

The potential difference between the Nd2Fe14B -phase and the Nd-rich anodic phases 

presented in Publication I was up to 500 mV, which is usually sufficient to initiate 

selective leaching of anodic spots on the surface. The average potential difference over 

the whole surface was 213 mV ± 50 mV. One of the crucial parameters affecting the 

leaching process is the ratio of the sizes of the different phases. The larger size of the 

cathodic phase enhances leaching due to enhanced oxygen reduction in the galvanic 

pair (Kharitonov et al., 2019). 

4.1.2 Characterization of the milled/roasted NdFeB magnet particles 

Milled NdFeB powder was roasted in a muffle furnace for 48 h at 850 °C in a ceramic 

crucible and the weight increased by 27%. The microstructure of the roasted particles was 

studied with SEM and is shown in Figure 12, where it is can be seen that the particles 

have inner and outer layers. The area marked in Figure 12a in yellow is the porous outer 

layer. The chemical composition of this area corresponds to NdFeO3, while in the inner 

core there is much less oxygen and a higher Fe/Nd mole ratio was observed (Table 6).  
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Figure 12: (a) Cross-section of a milled/roasted NdFeB magnet particle from fraction 

below 70 μm after 6 h roasting at 850 °C, and (b) particle size distribution of milled and 

milled/roasted fraction (Publication IV). 

The particle size distribution of the NdFeB powder after milling and after milling and 

roasting (Figure 12b) show that most particles had the size range of 50−75 μm with the 

maximum at 70 μm for milling powder and 60 μm for powder with additional roasting. 

XRD measurements also verified the creation of NdFeO3. The XRD profiles clearly show 

NdFeO3 in peaks in both milled and milled/roasted samples, while those for Nd2O3 can 

be identified only tentatively (Figure 13). In the conditions of this study (T = 850 °C, pO2 

= 0.21 bar) the predominant phases that were observed were Fe2O3 and NdFeO3. The 

creation of NdFeO3 during the heat treatment of NdFeB magnets at 800 °C (roasting)  has 

also been discussed by Xin et al. (2020). 

 

Table 6: Chemical composition in wt-% of the milled NdFeB magnets obtained by ICP-

MS analysis. The values are for two different samples. (Publication IV). 

Sample Ho Gd Al Fe Ce Pr Nd Cu Ni Mn Co Other 

A 1.2 1.3 0.7 59 0.1 7.4 28 0.4 0.8 0.1 0.5 Balance (0.5) 

B 1.2 1.3 0.6 60 0.1 7.4 27 0.4 0.8 0.1 0.5 Balance (0.6) 
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Figure 13: XRD profiles of (A) milled, (B) milled/roasted and (C) leach residue NdFeB 

magnets. Leaching in 0.10 mol/L H2SO4 at 80 °C is shown here for comparison with the 

initial profiles (Publication IV). 

In summary, EDX, SEM, ICP-MS and SKPFM data confirmed the important impact on 

the leaching process of both domains’ presence with different chemical compositions and 

large differences in the local Volta potential, which will be further discussed in the next 

chapter. The composition and structure of milled and milled/roasted magnets powder was 

presented, and a complex layer structure was identified. The selective chemical leaching 

of roasted powder will be discussed in Chapter 4.2. 

4.1.3 Anodic processes 

The leaching experiments in Publications I-III were made on polished NdFeB magnet 

surfaces using different leaching solutions and current densities. First, the kinetics of the 

dissolution, efficiency and leaching mechanism of NdFeB magnets was studied using 

0.05−0.5 M sulfuric acid and mixtures of sulfuric acid (0.05−0.5 M) and 0.05 M oxalic 

acid. In Publications I-III, the measurements made at i = 0 refer to chemical leaching 

without applied electricity.  

For example, the effect of the current density on the leaching in 0.1 M H2SO4 (a) and 

0.1 M H2SO4 + 0.05 M H2C2O4 (b) is shown in Figure 14. The concentration of dissolved 

iron in the solution is given as the mass by multiplying the measured solution 

concentration by the volume to obtain values that are comparable with gravimetric 

analysis. The concentration of Fe2+ ions in the presence of H2C2O4 was nearly twice as 

low suggesting the formation of insoluble FeC2O4 (Figure 9), which may lead to surface 

passivation. During leaching, there was nearly linear growth of the iron concentration in 



4 Results 58 

the solution, except for the case of the highest applied current density (20 A/dm2), which 

suggests the electrodeposition of iron at the cathode. 

 
Figure 14: The effect of the current density on iron leaching from NdFeB magnets in (a) 

0.1 M H2SO4 and (b) 0.1 M H2SO4 + 0.05 M H2C2O4. Stirring rate 400 rpm, T = 23 °C. 

(Publication I). 

 

The weight loss of the NdFeB magnet during leaching is listed in Table 7. The results 

show a strong dependence on the composition of the electrolyte and applied current 

density. The NdFeB magnet rapidly and effectively dissolved in a 0.5 M H2SO4 solution 

even without applied electricity, while increasing the current density up to 20 A/dm2 

gradually increased the weight loss. However, a further increase of the current density to 

50 A/dm2 clearly decreased the weight loss which can be attributed to the passivation of 

the magnet surface. The presence of oxalate led to the decreasing weight loss of the 

NdFeB magnet at all concentrations, which is most likely due to the formation of 

insoluble oxalates on the surface. It is worth noticing that the weight losses measured in 

Publication I do not match the values calculated theoretically according to Faraday’s law 

because of the highly reactive nature of the NdFeB and mechanical degradation of the 

magnet matrix during the dissolution (Venkatesan, Vander Hoogerstraete, et al., 2018). 

Leaching of individual REEs at different current densities is represented in Figure 15, and 

it shows linear increase of REEs concentration with time during leaching without 

applying of electricity (Figure 15a) and at current density of 10 A/dm2 (Figure 15b). After 

applying electricity, the leached weight of REEs in the solution increased 3.5 times. The 

steady increase in the REE concentration shows that an insignificant amount (Publication 

I) was included in the cathode deposit or in oxalate precipitates. In some cases 

(Publication II and Publication III) the situation was different and this is addressed in 

detail in Sections 4.1.3 and 4.1.4. The presence of oxalic acid strongly influenced the 

behaviour of the REEs (Figures 15b, 15d and 15f) due to the formation of oxalate 

complexes and precipitates (see sections 4.1.3, 4.1.4). 
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Table 7: Loss of weight of the NdFeB magnet during leaching (Publication I). 
 

i, A/dm2 

0.5 M H2SO4 0.1 M H2SO4 0.05 M H2SO4 
Theoretical 

value* 
without 

H2C2O4 

0.05M 

H2C2O4 

without 

H2C2O4 

0.05M 

H2C2O4 

without 

H2C2O4 

0.05M 

H2C2O4 

∆m, g 

Chemical 

leaching 

1.46 ± 

0.03 

1.11 ± 

0.13 

0.45 ± 

0.04 

0.089 ± 

0.08 

0.029 

± 

0.005 

0.009 ± 

0.002 
− 

10 
1.64 ± 

0.11 

1.19 ± 

0.08 

0.74 ± 

0.03 
0.67 ± 0.07 

0.61 ± 

0.04 

0.67 ± 

0.01 
0.76 

20 
1.68 ± 

0.07 

1.48 ± 

0.06 

1.32 ± 

0.05 
0.80 ± 0.07 − − 1.51 

50 
2.97 ± 

0.14 

1.07 ±  

0. 02 
− − − − 3.78 

* ∆m = Iqalloyt , where I is the applied total current (A), qalloy is electrochemical equivalent 

of the alloy, 1.51 (g/Ah) and t is time of current application, (h). 

 

When applying a current density of 20 A/dm2, there was a decrease in the REE 

concentration after 30 minutes of electrolysis which was most likely connected to their 

co-deposition on the cathode (see Section 4.1.3). During the first 30 minutes of 

electrochemical leaching (Figures 15d and 15f), the concentration of REEs remained 

constant while the molar ratio between the REEs and oxalate corresponded to the 

stoichiometry of the complexes. After that, an increase of dissolved REEs was observed, 

but their amount in the solution was insignificant (3−20 times less than in the leaching 

solution without oxalic acid). The oxalate precipitate formed during electrochemical and 

chemical leaching in the solution was analyzed after digestion with ICP-MS (Table 8) 

and the results indicate the formation of Nd2(C2O4)3. 
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Figure 15: The effect of the current density on the leached mass of REEs from NdFeB 

magnets in (a, c, e) 0.1 M H2SO4 and (b, d, f) 0,1 M H2SO4 + 0.05 M H2C2O4; (a, b) 

chemical leaching; electrochemical leaching at current density, (c, d) 10 A/dm2 and (e, f 

) 20 A/dm2 (Stirring rate 400 rpm, T = 23 °C). (Publication I). 
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Table 8: Metal composition of the oxalate precipitate after leaching in a mixture of 

0.1 M H2SO4 and 0.05 M H2C2O4 obtained by ICP-MS analysis. (Publication I). 

 

Fe Cu Nd Ce Pr Gd 

wt.% 

chemical 

leaching  0.28 0.08 29.50 0.07 8.70 7.55 

10 A/dm2 0.31 0.05 29.13 0.07 8.50 7.51 

20 A/dm2 0.31 0.05 28.97 0.07 8.34 7.50 

* The amount of Tb, Dy, Ho, Er, Yb, La, Sm was 0.003−0.009 wt.% 

 

In the presence of H2C2O4 (Figures 15b, 15d and 15f), the REE concentration in the 

solution remained nearly constant for the first half an hour probably because of 

precipitation of the dissolved metals. All REEs form insoluble complexes with oxalate 

with solubility products pKsp = 26 − 33 (Dezhi, 2018) according to Eq. (26d) and the 

solution concentration should remain low. The insignificant increase in the REE 

concentration in the solution that happened after oxalate consumption was most likely 

due to the presence of soluble complexes of oxalate.  

According to the leaching data, sulfuric acid reacted actively with NdFeB even without 

an electric current. Chemical dissolution in H2SO4 can be expressed by the following 

overall reactions, Eq. (25a) (Baumgartner et al., 1983) with further conversion of boron 

into its oxide (B2O3) and sulfur dioxide (SO2) according to Eq. (25b). The presence of 

SO2 was detected via a potassium permanganate solution. Gases formed during 

electrolysis and were passed through an acidified potassium permanganate solution and 

they decolorizes the solution due to reduction MnO4
− ions to Mn2+ ions (Wei et al., 2009).  

 

Nd2Fe14B + 17H2SO4 ⇌ 2Nd3+ + 14Fe2+ + 17SO4
2- + 17H2 +B  (25a) 

2B + 2H2SO4 ⇌ B2O3 + 3SO2 + 3H2O    (25b) 

 

Leaching in a mixture of H2SO4 and H2C2O4 takes place according to the same 

mechanism, but the dissolved metals form stable oxalate complexes and eventually 

precipitate as crystalline hydrates as shown for Nd in Eqs. (26c) and (26d). For ferrous 

oxalate, pKsp = 6.5 and according to speciation calculations (not shown here), most of 

dissolved iron remains in the solution as sulfate and oxalate complexes. Eq. (26) is written 

in terms of oxalate anions but actually oxalic acid exists mainly as H2C2O4 at a pH below 

1.2, whereas HC2O4
− is the most predominant species at pH 2.5−3 (Salmimies et al., 

2016). 
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Fe2+ + nC2O4
2− ⇌ [Fe(C2O4)n]

2-2n  pKsp = 6.5  (26a) 

Fe2+ + C2O4
2− + 2H2O ⇌ Fe(C2O4)·2H2O   (26b) 

Nd3+ + nC2O4
2− ⇌ [Nd(C2O4)n]

3-2n  pKsp = 31  (26c) 

2Nd3+ + 3C2O4
2− + 10H2O ⇌ Nd2(C2O4)3·10H2O   (26d) 

 

In electrochemical leaching, the anodic dissolution of the NdFeB alloy takes place 

according to the reactions shown in Eq. (27). 

 

Nd ⇌ Nd3+ + 3e−    E° = −2.323 V (27a) 

2Nd + 3C2O4
2− + 10H2O ⇌ Nd2(C2O4)3·10H2O + 6e−   (27b) 

Fe ⇌ Fe2+ + 2e−     E° = −0.44 V  (27c) 

Fe + nH2C2O4
2- ⇌ [Fe(C2O4)n]

2−2n + 2nH+ + 2e−   (27d) 

 

Moreover, oxidation to ferric ions (Eq. (28a)) and the evolution of oxygen (Eq. (28b)), 

may take place on the anode. 

 

Fe2+ ⇌ Fe3+ + e−         E° = 0.77 V  (28a) 

2H2O → O2 + 4H+ + 4e−   E° = 1.23 V  (28b) 

 

The studies in Publication II on the electrochemical leaching of NdFeB magnet were 

done in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 at a high current density 

(50 A/dm2) and the results are shown in Figure 16. The data obtained without electricity 

is shown only for comparison. Although chemical leaching is clearly faster in this part of 

electrochemical leaching the focus will be on interesting phenomena that take place on 

the cathode and will be discussed in Section 4.1.4. 
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Figure 16. Amount of (a) iron and (b) neodymium leached from NdFeB magnets in 0.5 

M H2SO4 (blue) and in 0.5 M H2SO4 + 0.05 M H2C2O4 (orange). i = 0 A/dm2 (solid lines), 

50 A/dm2 (dashed lines). (Publication II). 

 

 
Figure 17: Variation of the anode potential during the electrochemical leaching of spent 

NdFeB magnets in 0.5 M H2SO4 + 0.05 M H2C2O4. T = 22 °C,  = 400 rpm, i = 50 A/dm2. 

(Publication II). 

 

The open circuit potential of the anode was 0.56 V (Figure 17) and the sharp increase 

during the first 3 minutes can be explained by the selective dissolution of the more 

reactive components including Nd and other REEs (Eq. 27a) (in the following equations, 

E0 stands for the standard potential on the SHE scale). The subsequent decrease of the 

anode potential indicates a more uniform dissolution of iron, which is a more 

electronegative component in the magnet (Eqs 27c, 28a, 2932).  
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Fe(s)⇌ Fe3+(aq) + 3e−   E° = −0.037 V (29) 

 

In the presence of oxalic acid, anodic oxidation can also proceed according to Eqs 27b, 

30, 31 (Gohr and Lange, 1957; Sato et al., 1974; Sukhotin and Khentov, 1980), which 

results in the precipitation of neodymium and other REEs and the complexation of Fe2+ 

and Fe3+ions. 

 

Fe + nHC2O4
−(aq) ⇌ [Fe(C2O4)n]

2−2n(aq)  + nH+(aq) + 2e−  (30) 

Fe + nHC2O4
−(aq) ⇌ [Fe(C2O4)n]

3−2n(aq)  + nH+(aq) + 3e−  (31) 

 

After the initial period, the anode potential remains more or less constant in the range of 

2.5−3.5 V (Figure 17) and may induce iron  oxidation (Gohr and Lange, 1957; Sato et al., 

1974; Sukhotin and Khentov, 1980). Moreover, the active evolution of O2 due to Eq. 

(28b) was observed, which leads to the active passivation of the anode. During electro-

leaching at 50 A/dm2, the solution pH initially increased due to the consumption of the 

protons in the leaching reactions. In later stages the pH decreased probably because of 

the intensification of the oxygen evolution (Eq. 28b). The solution conductivity decreased 

during electro-leaching as the hydrogen ions were replaced by less conductive 

components released from the magnet (Kuleyin and Uysal, 2020). 

Therefore, anodic dissolution at high current densities and in the presence of oxalic acid 

takes place under highly oxidative conditions and the main products are ferric oxalate 

complexes and insoluble REE oxalates. The composition of the leached magnet residue 

is discussed in the next section.  

The anodic dissolution of NdCeFeB magnets, as cheaper substitutions for neodymium 

magnets, were studied in Publication III. The results for NdCeFeB leaching show Nd3+, 

Ce3+, Pr3+ and Fe2+ ions as the primary soluble species. In the presence of oxalic acid, 

REE ions form insoluble oxalates REE2(C2O4)3·10H2O(s), similarly to the 

electrochemical leaching of NdFeB (Publication I and II), while iron ions form soluble 

complexes [Fe(C2O4)n]
2−2n(aq) and possibly also insoluble compounds (Pliego et al., 

2014; Salmimies et al., 2016). Some solubilization of REEs may occur via mixed oxalates 

of the type REEFe(C2O4)3 (Lin et al., 2012). Thus, the addition of oxalic acid into the 

leachate leads to the formation of poorly soluble oxalates, which can partially block the 

surface of the electrode, thereby increasing the anodic polarization. 

The weight loss of NdCeFeB magnets during chemical dissolution (a) and 

electrochemical dissolution (b) in 0.5 mol/L sulfuric acid solutions with different 

concentrations of oxalic acid is shown in Figure 18. 
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Figure 18: Weight loss of NdCeFeB magnets during (a) chemical leaching and electro-

(b) leaching in 0.5 mol/L H2SO4 with different concentrations of oxalic acid. Dashed lines 

correspond to weight increase on cathode due to iron reduction and the numbers indicate 

oxalate concentration. ia = 50 A/dm2. (Publication III). 

The dissolution rate in chemical (Figure 18a) and electrochemical (Figure 18b) leaching 

was 0.26 g/(cm2h) and 0.59–0.63 g/(cm2h), respectively. This difference in leaching 

values indicates that electrochemical leaching has a higher dissolution rate compared to 

the chemical one, but less than that observed previously (Figure 14) for solutions with 

lower current densities (≤20 A/dm2). The lower dissolution values can be explained by 

the higher share of passivation of the surface due to the more intensive evolution of 

oxygen. Moreover, the results of dissolution are in contradiction with the previously 

discussed electrochemical dissolution in the presence of oxalic acid shown in Figure 16 

(Publication II), where applying electricity led to a decreasing dissolution process. 

Improving the dissolution process for NdCeFeB magnets can be explained by differences 

in the conditions used for Publications I, II and Publication III, particularly, in the 

surface cathodic areas, 0.1 and 0.6 dm2, respectively, and differences in the distances 

between the cathode and anode that also affect electrostatic attraction.  

Increase in the H2C2O4 concentration during chemical leaching to 0.05 mol/L lead to a 

decrease in the dissolution rate to 0.22 g/(cm2h). In the concentration range of 

0.1−0.2 mol/L of oxalic acid, the leaching process was completely suppressed. Under 

these conditions, a significant fraction of the magnet surface became covered with an 

insoluble layer with the following composition (EDX analysis): C – 27.06 mol-%, O – 

60.74 mol-%, Fe – 9.33 mol-%, Ce – 1.62 mol-%, Nd – 0.62 mol-%, Gd – 0.63 mol-%. 

These values roughly correspond to the structure of ferrous (II) oxalate, with some 

inclusion of REE oxalate. In contrast to chemical leaching, the variation of the oxalic acid 

concentration in the range of 0−0.2 mol/L did not significantly affect the dissolution rate 

during electrochemical leaching. The anodic treatment thus promotes the detachment of 

the passive layer of insoluble oxalates from the magnet surface due to intensive evolution 

of oxygen. However, it worth mentioning that the evolution of O2 is a side process that 
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leads to the loss of energy and should be avoided by more careful optimization of 

electrochemical leaching procedure. 

Although there was no evidence of surface passivation during electrochemical 

dissolution, the EDX analysis showed areas rich in oxygen. The oxygen content on the 

surface of the NdCeFeB magnet increased from 4.6 to 30.1 wt-%, when the concentration 

of H2C2O4 increased from 0 to 0.2 mol/L (Table 9).  

Table 9: EDX data for NdCeFeB magnets (anode surface) after electro-leaching for 60 

minutes in 0.5 М H2SO4 and with different concentrations of oxalic acid. 

Element, 

wt.% 

Concentration of oxalic acid, mol/L 

0 0.01 0.05 0.1 0.2 

C 5.49 6.63 3.48 3.20 2.91 

O 4.60 13.54 4.02 8.07 30.05 

Al 1.06 0.97 0.95 1.01 0.57 

Fe 67.66 61.95 66.8 61.01 33.48 

Ce 5.15 − 10.81 13.06 14.81 

Nd 13.43 14.7 7.31 5.94 4.14 

Gd 2.38 1.84 6.36 6.79 3.15 

 

The possibility of surface passivation was also suggested by the OCP measurements and 

by the chronopotentiograms obtained at the anodic current density of 50 A/dm2 

(Figure 19). If the OCP remains stable and does not increase significantly it can be 

concluded that the surface is clear and does not oxidize.  
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Figure 19: Time OCP evolution of (a) NdCeFeB magnets after immersion in 0.5 mol/L 

H2SO4 containing different concentrations of oxalic acid (0−0.2 M), and (b) 

chronopotentiograms of NdCeFeB magnets recorded at an anodic current density of ia = 

50 A/dm2 in 0.5 mol/L H2SO4 with different concentrations of oxalic acid. 

A similar tendency was found for the dissolution rate in solutions with different oxalic 

acid concentrations via linear potentiodynamic polarization measurements of the 

NdCeFeB magnets (Figure 20). The dissolution current densities were estimated via a 

linear fitting from the polarization curves shown in Figure 20.  
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Figure 20: Linear potentiodynamic polarization curves of NdCeFeB magnets in 0.5 mol/L 

H2SO4 containing different concentrations of oxalic acid (0−0.2 M). (Publication III). 

Table 10: The dissolution current density of NdCeFeB depending on the concentration 

of oxalic acid (Publication III). 

c(H2C2O4), 

mol/L 0 0.01 0.05 0.1 0.2 

idiss, 10–2 

А/dm2 7.60 ± 1.10 8.39 ± 0.89 7.11 ± 1.22 6.79 ± 0.83 3.53 ± 0.4 

 

As shown in Table 10, increasing the H2C2O4 concentration from 0.01 to 0.2 mol/L led 

to an almost four-fold decrease in the dissolution current density. 

4.1.3.1 Characterization of NdFeB magnet surface during leaching 

The influence of etching and electrochemical leaching of the polished NdFeB magnets is 

illustrated in Figure 21. 
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Figure 21. SEM images of the spent NdFeB magnet surface (a) initially, (b) after 10 s of 

etching in 1 M HNO3 and (c) after 1 h electrochemical leaching in a mixture of 0.5 M 

H2SO4 and 0.05 M H2C2O4 at i=50 A/dm2 (Publication II). 

 

Commercial NdFeB magnets have a layer of Ni-Cu-Ni coating needed for corrosion 

protection. The composition of the magnet includes several phases: the ferromagnetic 

matrix (f-phase) and an Nd-rich interstitial phase (n-phase), as shown in Figure 21a. 

Before the leaching experiments, the magnets were demagnetized, the coating was 

chemically removed using 1 M nitric acid and surface was mechanically polished. 

Etching in nitric acid (Figure 21b) led to some dissolution because of the high reactivity 

of the n-phase and formation of galvanic pairs between n- and f-phases.  

Electrochemical leaching did not significantly influence the surface characteristics 

(Publication I) both in a sulfuric acid solution and in a mixture of sulfuric and oxalic 

acids. In some cases, the formation of an oxalate layer was observed (Figure 22, h), which 

slowed the mechanical degradation of the surface, thus allowing maintenance of the high 

surface area. 
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Figure 22: Microstructure of initial polished NdFeB magnet (anode surface with total 

diameter of 35 mm and thickness of 5 mm) SE-SEM (a) and BSE-SEM (b) image of the 

surface after leaching in mixture 0.1 M H2SO4 (c-e) and in 0.1 M H2SO4+0.05M H2C2O4 

(f-h): chemical leaching (a, f), electrochemical at current density, A/dm2: 10 (d, g), 20 (e, 

h) (Publication I). 

 

Extensive oxidation of NdFeB magnets and the formation of insoluble products on the 

magnet surface due to anodic passivation were observed in EDX measurements. The 

oxygen content more than doubled from 7.2 to 14.8 wt-% when increasing the anode 

current density from 0 to 50 A/dm2. (Table 11). Furthermore, in extreme conditions of 50 

A/dm2 even the protruding edges started to dissolve, and the iron-rich nodules dominated 

in the residue (Figure 22c). The elemental composition of the NdFeB magnets’ surface 

after leaching under various conditions is provided in Table 11. 
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Table 11: Elemental composition of the NdFeB magnet surface after leaching under 

various conditions without pre-treatment before analysis. (Publication I). 

Leaching  

solution 

Current 

density, 

A/dm2 

Elemental composition, wt% 

C O Al S Fe Cu Zr Pr Nd Gd 

0.5 M 

H2SO4 

0 3.2 7.2 0.3 − 53.8 6.0 1.6 5.6 18.1 4.2 

10 3.2 8.1 0.2 0.3 56.2 3.9 1.3 4.4 18.4 3.8 

50 2.6 14.8 0.3 0.9 56.7 − − 4.2 16.7 3.8 
+ 0.05 M 

H2C2O4 50 
3.7 23.5 0.2 2.1 47.9 − 0.9 3.8 14.9 2.9 

 

4.1.3.2 Electro-leaching of crushed magnets 

For further improvement of the leaching efficiency and to make the process practically 

more feasible, electrochemical leaching of crushed magnets with a particle size larger 

than 0.05 mm to avoid dropping through the basket holes and a shape suitable for compact 

packing was studied in a metallic holder. Iron and REE dissolution from the powdered 

NdFeB magnets at a current density of 50 A/dm2 is presented in Figure 23.  

 

 

Figure 23: Comparison of iron and REEs electrochemical leaching from NdFeB magnet 

powder in a basket (open symbols) and from the surface of polished magnets (solid 

symbols). The distance between the cathode and anode was 4 cm. T = 22 ± 1°C, i = 

50A/dm2, 0.5 M H2SO4 (Publication I). 
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The dissolution rate was significantly lower for the basket leaching. On the time scale in 

Figure 19, the dissolution proceeded nearly linearly in contrast to the leaching behavior 

of the polished magnets. A significant increase in the cell voltage during electrolysis was 

observed which may be due to the diminishing surface area during the leaching. However, 

the voltage increase can be eliminated by adding fresh magnet powder to the holder 

during the dissolution process or by keeping a constant voltage by gradually reducing the 

current density during electrolysis. 

4.1.4 Cathodic processes 

The cathodic process in any conditions during electrolysis represents evolution of 

hydrogen by Eq. 32. 

 

2H+ + 2e− ⇌ H2     (32) 

 

As the protons were reduced on the cathode, this caused the evolution of H2 due to 

reaction 32 described above, and an increase of the pH in the solution was observed 

(Figure 25). In the solution with a low amount of acid, e.g. 0.1 M H2SO4, the increase 

was more pronounced and after an hour the pH reached 3.8 and a reddish insoluble 

sediment containing most likely hydroxides and oxides of Fe3+ was formed. However, for 

0.5 M H2SO4 solutions at all studied current densities the pH slightly increased up to 1 

after 1 hour of electrolysis (Table 12). This could be connected to the impact of the 

oxygen evolution process which provided the extra H+. One of important roles of H2C2O4 

is to act as a buffering agent, thus keeping the pH more or less constant. Moreover, in the 

presence of oxalic acid, REE oxalates are formed and this will be discussed in more detail 

in Section 4.1.5. 

After half an hour of electrolysis, the reduction of iron Fe2+→Fe, Fe3+→Fe2+, and 

Fe3+→Fe starts in addition to the evolution of hydrogen, (Eqs. (27c), (28a) and (29) show 

the same processes but are written as oxidation reactions). The microstructure of changes 

on the cathodic surface at different current densities and different solutions will be 

discussed in connection with Figure 25. 
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Figure 24: The evolution of the pH at different current densities for 0.1 M H2SO4 and a 

concentration of H2C2O4, mol/l: 1 – 0, 2 – 0.05 (Publication I). 

 

Table 12: The evolution of the pH at different current densities for 0.05, 0.1, 0.5 M 

H2SO4 and in a mixture with 0.05M H2C2O4 (Publication I). 

Electrolyte 

   i, A/dm2  

initial 

chemical 

dissolution 10 20 50 

0.5 M H2SO4 0.40 0.78 0.85 0.93 0.79 

0.5 M H2SO4+0.05 M H2C2O4 0.42 0.68 0.67 0.82 0.66 

0.1 M H2SO4 0.96 1.39 2.78 3.80 − 

0.1 M H2SO4+0.05 M H2C2O4 0.91 0.91 1.20 1.75 − 

0.05 M H2SO4 1.55 1.68 3.25 − − 

0.05 M H2SO4+0.05 M H2C2O4 1.52 1.09 2.86 − − 

 

The results of the scanning electron microscopy and EDX analysis of the coatings on the 

cathode are presented in Figure 25 and Table 13. The most compact coating with strong 

adhesion was obtained from an electrolyte that contained only sulfuric acid at a current 

density of 10 A/dm2 (Figure 25a). Cracks can be seen which are distinctive for Fe 
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deposits. The coating formed in a mixture of 0.1 M sulfuric acid and 0.05 M oxalic acid 

at a current density of 20 A/dm2 (Figure 25b) and showed cornflower-like structures. 

Increasing the current density in 0.1 M H2SO4 led to the creation of easily removable 

dendrites. 

 

 
Figure 25: Micrographs of the cathode surface after 1 hour of electrolysis (a, b) in 0.1 M 

H2SO4, (c, d) in a mixture of 0.1 M H2SO4 and 0.05 M H2C2O4 at a current density (a, c) 

of 10 A/dm2 and (b, d) 20 A/dm2. (Publication I). 

 

As mentioned above, REEs have highly negative reduction potentials and cannot be 

reduced in aqueous solutions, however, interestingly EDX data indicated a substantial 

amount of these elements in the cathode deposits. These were most probably attached 

mechanically in the growing deposit layer in the form of REE oxalates. A large amount 

of oxygen shows that oxides of neodymium and praseodymium were included in the iron 

coatings and in the presence of oxalic acid. Oxalates of these metals seemed to be 

included in the coatings. At a current density of 10 A/dm2, only a small amount of coating 

was obtained from the mixture of 0.1 M sulfuric acid and 0.05 M oxalic acid. 
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Table 13: EDX analysis of the cathodic deposit (the values are in wt-%) 

(Publication I). 

 

 0.1 M H2SO4 0.1 M H2SO4 and 0.05 M H2C2O4 

10 A/dm2 20 A/dm2 10 A/dm2 20 

A/dm2 

C 2.9 3.9 12.8 11.7 

O 17.0 28.3 19.0 24.1 

Al 0.5 0.3 − − 

S 1.4 0.9 − − 

Fe 62.0 44.7 5.3 30.3 

Ce − 4.0 − − 

Pr 2.9 3.2 2.7 6.4 

Nd 13.2 14.7 10.6 27.4 

 

During electrochemical leaching of the NdFeB magnets, compact and uniform deposits 

at the cathode were observed only in a mixture 0.5 M sulfuric acid and 0.05 M oxalic acid 

at i = 50 A/dm2 (Publication II). SEM images of the coating are shown in Figure 26.  

 

 

Figure 26: SEM images of the cathode deposit obtained during the anodic dissolution of 

NdFeB in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 at 50 A/dm2. The time of 

electrochemical leaching was (a) 1 hour, and (b) 2 hours (Publication II). 

 

The surface of the deposit on the cathode after 1 h of electrolysis had a lot of cracks 

(Figure 26a) due to the active evolution of H2, however, after 2 h, a fibrous structure 

developed. An EDX analysis (Table 14) revealed that the composition of the sediment 

significantly changed during electrochemical leaching. After 1 h of electrochemical 

leaching, the cathode was mainly coated by metallic iron (75.4 wt-%) with some 
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incorporation of REEs, whereas after 1.5 h the iron content reduced to about 1 wt-% 

suggesting that the reduction of Fe2+ was displaced by other reactions. It is worth 

mentioning that during the accumulation of Fe2+ in the electrolyte, the oxidation of Fe2+ 

to Fe3+ may also take place. During a further 30 minutes of dissolution (1.5−2 h), the 

cathodic sediment was mainly composed of compounds of neodymium and other REEs 

(Pr, Gd) with a high carbon content. The XRD patterns (Figure 27) show that after 2 h 

the main phases in the cathodic deposit were Nd2(C2O4)3·10H2O and Fe. 

 

Table 14: EDX analysis of the cathodic deposit (in wt%) obtained during the electro-

leaching of NdFeB magnets in 0.5 M H2SO4 and 0.05 M H2C2O4 at i=50 A/dm2 

(Publication II). 

 1 hour 1.5 hours 2 hours 

C 2.9 11.2 11.2 

O 15.0 33.6 27.1 

S 0.3 0.4 0.4 

Fe 75.4 1.0 0.6 

Pr 1.3 9.3 8.6 

Nd 4.5 34.0 50.3 

Al 0.5 − − 

Gd − 7.0 − 

Cu − 3.5 1.9 

 

 



 77 

 

Figure 27: XRD patterns of the cathode deposit after 2 hours of electrochemical leaching 

of NdFeB magnet. Leaching was done in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 

at 50 A/dm2 (Publication II). 

 

The elemental distribution in the deposit was quite homogeneous for Fe and Nd as shown 

in Figure 28. After 1 hour the deposit consisted mainly of iron with dots of neodymium 

(Figure 28a). Further continuation of electrolysis led to decreasing iron content in the 

surface and the formation of a full and compact neodymium oxalate layer. 
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Figure 28: High-resolution EDX mapping of the cathode deposit after electro-leaching 

(a−c) for 1 h, and (d−f) for 2 h. ia= 50 A/dm2. (Publication II). 

 

A more detailed surface composition of the cathodic deposit was performed via an XPS 

analysis. The raw spectra were deconvoluted into main components and the results are 

depicted in Figure 29. 

 

 

Figure 29: High-resolution XPS spectra registered in the binding energy range of a) Fe 

2p; b) Nd 3d5/2; and c) B 1s for the cathodic deposit obtained after 1 hour and 2 hours. 

(Publication II). 
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Fe2+ and Fe3+ species were identified from the peaks of iron Fe 2p as two chemical states 

with a binding energy of 710.6 ± 0.1 eV and 712.4 ± 0.1 eV (Figure 29a), respectively. 

The ratio between Fe2+ and Fe3+ slightly increased with time: from 2.1 after 1 hour to 3.0 

after 2 hours of electrolysis, which is understandable given the occurrence of reduction 

processes at the cathode. Based on the obtained results iron was most probably present as 

a mixture of FeO and Fe3O4 (Grosvenor et al., 2004; Mansour and Brizzolara, 1996a, 

1996b; Yamashita and Hayes, 2008). This was in contrast with the XRD analysis (Figure 

27), where the only peak corresponded to pure iron. Such differences can be explained 

by the lower sensitivity of the XRD analysis compared to XPS. 

The Nd 3d5/2 spectra (Figure 29b) show a peak corresponding to oxide of neodymium 

(Nd2O3) and a satellite peak observed at about 10 eV higher. The latter most probably 

represents Nd bound with oxalic acid. Moreover, the XPS analysis indicated the absence 

of Pr on the surface of the cathodic sediment, while plenty was found inside the deposit 

in the EDX and ICP analyses. The EDS and XPS results differ due to the low depth of 

analysis of the latter technique, which is only up to 5 nm. It should be noted that the 

surface of both deposits consists mostly of hydroxide and carbon-containing species 

(oxalates).  

Another difference in these two analyses is seen in the case of boron. The EDX technique 

is not sensitive enough to detect boron due to the very small kinetic energy of the boron 

Kα signal, determined by the low atomic mass of this element. On the other hand, the 

XPS B1s spectra reveal the presence of this element (Figure 29c). The established boron 

peak was centered at a binding energy of (191.5 ± 0.1) eV after 1 h of electrolysis and 

corresponds to B2O3 (Banerjee et al., 2020; Zhu et al., 2019). Increasing the time of the 

electrolysis to 2 h led to the disappearance of boron from the surface. 

In view of Eq. (4), the deposition of Nd on the cathode is quite surprising and therefore 

other experiments were attempted in order to reveal the deposition mechanism. 

Electrochemical measurements were taken to clarify the reduction of iron from different 

solutions. Polarization curves for synthetic Fe(II) and Fe (III) sulfate solutions and from 

a solution obtained after 60 minutes of electrochemical leaching are depicted in Figure 

30. 
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Figure 30: Linear polarization curves of synthetic solutions (cFe = 10 g/L and cNd = 2 g/L) 

and a leaching solution obtained after 60 minutes of electrochemical leaching. The insert 

shows the initial part of Fe2+ reduction curves (Publication II). 

 

The reduction of Fe2+ ions (Eq. (29)) began at E =  −0.32 V and the addition of oxalic 

acid shifted it to more negative values (E = −0.39 V) because of complexation with 

oxalate. The addition of Nd3+ did not significantly affect the reduction overpotential and 

the curve matches with that of the solution that contained only Fe2+ and oxalic acid. At a 

current density of 0.6 A/dm2 the evolution of hydrogen started. As expected, a reduction 

of Fe3+ ions took place stepwise according to Eqs (29) and (27a), and the polarization 

curves showed two separate waves. The reduction began at E = −0.04 V and at around 

E=−0.5 V, it was accompanied by the evolution of hydrogen (Eq. (32)). The presence of 

oxalic acid again shifted the Fe2+ reduction wave to more negative potentials, while the 

effect on the reduction of Fe3+ was very small.  

The polarization curve of the leach solution suggests that iron was present mainly as Fe3+. 

The iron concentration in the leach solution was 8.6 g/L and was identified by ICP 

analysis. Moreover, the wave representing the hydrogen evolution was substantially 

stronger due to increasing acidity due to the anodic process of the oxygen evolution and 

hydrolysis of Fe3+. 
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The amount and composition of the deposit are shown in Table 15. The REE yield and 

purity were calculated using Eqs (23) and (24) and the results are depicted in Figure 31. 

In this route of REE recovery, oxalates preferably form a compact deposit on the cathode, 

which is then mechanically removed and sent to the next purification step. 

 

Table 15: Content of the main components in the cathodic deposit and in the solution 

during electro-leaching. T = 22 °C, ia = 50 A/dm2,  = 400 rpm). (Publication II). 

Time, 

min 

∆manode, 

g 

∆mcathode, 

g 

Concentration of metals in 

deposit, mg/g 

Weight in 

deposit, g 

Weight in 

solution, g 

Fe Pr Nd Gd Fe Nd Fe Nd 

0 − − − − − − − − − − 

10 

0.267 

±0.008 − 

− − − − − − − − 

20 

0.473 

±0.015 

0.020 

±0.003 

− − − − − − − − 

30 

0.558 

±0.031 

0.027 

±0.004 

− − − − − − 

0.290 0.054 

45 

0.984 

±0.206 

0.200 

±0.051 

241.8 ± 

43.8 

46.0 ± 

5.5 

166.5 ± 

25.1 

41.6 

± 6.6 0.003 0.051 0.420 0.105 

60 

1.047 

±0.153 

0.231 

±0.027 

34.3 ± 

10.9 

69.3 ± 

0.5 

247.9 ± 

1.9 

60.1 

± 1.8 0.008 0.057 

0.550 0.112 

90 

1.507 

±0.111 

0.412 

±0.061 

35.0 ± 

9.2 

68.2 ± 

0.2 

247.5 ± 

1.9 

60.7 

± 1.1 0.014 0.102 

2.195 0.442 

120 

2.735 

±0.009 

0.686 

±0.130 

13.2 ± 

0.06 

74.2 ± 

1.7 

254.0± 

16.3 

61.0 

± 5.1 0.143 0.133 

2.449 0.765 

 

 

Figure 31: The yield and purity of REEs in the cathodic deposit during electro-leaching 

of spent NdFeB magnets in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 at 50 A/dm2. 

(Publication II). 
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As shown in Table 15, electrochemical leaching for 2 hours in a mixture of 0.5 M H2SO4 

and 0.05 M H2C2O4 at 50 A/dm2 dissolved 2.74 g of the NdFeB magnet and 0.69 g were 

deposited on the cathode. About 0.20 g of neodymium, praseodymium and gadolynium 

were found deposited on the cathode and mass balance calculations showed that they were 

in the form of oxalate (REE2(C2O4)310H2O).  

After about 1 hour, mainly REE complexes were electrodeposited on the cathode and the 

purity on a metal basis was 86−88% (Figure 31). After another half an hour, dissolution 

led to a decrease in the purity, probably because of the exhaustion of oxalic acid in the 

solution and subsequent increase in iron reduction. The amount of oxalate of the REEs 

deposited after 2 hours corresponds to about 60% of the oxalic acid added initially. Part 

of the oxalic acid was bound as iron complexes and part decomposed at the electrodes. 

Under the studied conditions, the REE yield was low (Figure 31) and further studies are 

needed to find an optimal method for the addition of oxalic acid. Continuous addition 

may be advantageous in order to minimize decomposition in the electrode reactions. 

Cathodic processes during the electrochemical dissolution of NdCeFeB magnets in 0.5 

mol/L sulfuric acid were studied with varying concentrations of oxalic acid. Deposition 

of iron on the cathode occurred. During the first half an hour, only the evolution of 

hydrogen occurred, while a slight weight gain after 30 minutes was observed at the 

cathode mainly due to the reduction of Fe2+ ions. An increasing time of electrolysis led 

to a gradual growth of the electrodeposition rate of iron (II) ions. An increase of the 

H2C2O4 concentration led to a decrease of the mass of the cathode deposit. Surface 

changes at the cathode during electrolysis were similar to those shown in Figure 25.  

The Faradic current efficiency of the reduction process is shown in Table 16. A lower 

amount of the consumed current for the cathodic reduction of iron at lower concentrations 

of H2C2O4 may be the result of the following factors. 

 

Table 16: Cathodic current efficiency of iron deposition on a copper electrode 

depending on the concentration of oxalic acid and time of electro-leaching (Publication 

III). 

 Cathodic current efficiency, % 

c(H2C2O4), 

mol/L 0 0.01 0.05 0.1 0.2 

30–45 min 18.0 17.0 9.0 0.4 0.2 

45–60 min 73.5 62.7 58.6 39.0 13.4 

 

1. The oxalate complexes [Fe(C2O4)n]
2-2n and [Fe(C2O4)n]

3-2n reduce at more 

negative potentials than the uncomplexed Fe2+ and Fe3+. Thus, the binding of iron 

ions into complex compounds increases the fraction of the current that is spent on 

the reduction of hydrogen ions. 
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2. The pH of the electrolyte can also directly influence the cathodic current 

efficiency of the reduction of iron ions. On the one hand, alkalization of the 

solution leads to a decrease in the proportion of current spent on the reduction of 

H+ ions, while on the other hand, the formation of poorly soluble REE-oxalates 

leads to acidification of the solution (pH decrease), Eq. 27d, which intensifies the 

process of the cathodic evolution of H2. 

3. Shifting the surface charge of the oxalate precipitate to more positive values might 

have led to a substitution of the iron reduction with the selective adsorption of 

REE-oxalates as discussed in Publication II. 

4.1.5 Oxalate precipitates formed in solutions 

In Chapter 4.1.4, the possibility of REE oxalate recovery due to electrostatic attraction on 

the cathode was discussed. However, the selectivity of the process was low and more than 

60% of the REE oxalates were still in the electrolyte. As powder is the easiest means of 

separation by filtration, further study (Publication III) was devoted to the suppression of 

electrostatic attraction to the cathode. The leaching efficiency, purity, and surface charge 

of REE oxalates obtained during the electrochemical leaching of NdCeFeB magnet were 

studied in the presence of different concentrations of oxalic acid. 

When the magnet was electrochemically dissolved in the presence of oxalic acid in 

Publications I-III, REE oxalates precipitated as elongated crystals with an average size 

around 1−2 µm. The shape of the crystals obtained after electrochemical leaching of 

NdCeFeB magnets is shown in Figure 32. The color of the crystals varied from light pink 

to yellow. 
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Figure 32: SEM images of REE oxalate crystals obtained during the electrochemical 

dissolution in 0.5 mol/L H2SO4 solution with different concentrations of H2C2O4: (a) 0.01 

mol/L; (b) 0.05 mol/L; (c) 0.1 mol/L, (d) 0.2 mol/L. (Publication III). 

 

The amount of the precipitate strongly depends on the initial oxalic acid concentration as 

shown in Figure 33. Here, the y-axis gives the weight of the metal oxalate produced per 

unit area of the magnet surface. In the presence of 0.01 mol/L oxalic acid, 0.028 g/cm2 of 

the precipitate was formed after 15 min and a further increase in the duration of 

electrochemical dissolution insignificantly increased the amount of the formed 

precipitate. An increase in the initial concentration of H2C2O4 led to a significant weight 

gain of the formed precipitate. The values at 1 hour depended nearly linearly on the 

oxalate concentration suggesting that the amount of oxalate is the limiting factor.  
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Figure 33: Precipitation of REE oxalates during electro-leaching of NdCeFeB magnets in 

0.5 mol/L H2SO4 solutions with different concentrations of oxalic acid, ia = 50 A/dm2. 

(Publication III). 

 

According to the mass balances in the case of 0.05 mol/L oxalic acid, H2C2O4 should be 

fully consumed in around 1.5 hours. Nevertheless, according to the experimental data 

(Figure 33), a constant weight of the precipitate was achieved already after 45 min. This 

indicates that part of the oxalate ions were consumed by the formation of soluble 

complexes with iron. 

The metal distribution in the precipitate at different times of dissolution and concentration 

of oxalic acid in the electrolyte is depicted in Figure 34.  
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Figure 34: The concentration of metal ions in the oxalate precipitate depending on the 

leaching time in 0.5 mol/L H2SO4 containing (a) 0.1 mol/L H2C2O4 and (b) 0.2 mol/L 

H2C2O4; (с) concentration of oxalic acid (after 15 min of electrolysis). (Publication III). 

 

According to Figures 34a and 34b, an almost constant REE distribution was found in the 

precipitate, and it was identical with the distribution in the magnet. The only exception 

was Ce, which appeared to follow the opposite trend with iron; in Figure 34a the iron 

content increased with time and the Ce content decreased, while in Figure 34b the 

opposite was true. At very low concentrations of oxalic acid, some REE selectivity was 

observed. In a solution containing 0.01 mol/L H2C2O4, neodymium and praseodymium 

oxalates were preferentially precipitated. The concentration of Nd2(C2O4)3 decreased 

approximately 2 times by increasing the concentration of oxalic acid and starting from a 

concentration of 0.05 M, Ce(C2O4)3 became the major component of the precipitate. The 

same trend was observed by Ni et al. (Ni et al., 2016) and it is probably due to the 

distribution of the metals in the magnet structure. Nd and Pr are located in the REE-rich 

phase, while Ce is concentrated in the Fe-rich phase. Increasing the time of electrolysis 

(Figure 34a) and the concentration of oxalic acid (Figure 34c) leads to decreasing the 

purity of the oxalate precipitate (Table 17) as the amount of iron in the precipitate 

increases up to 10 wt.%. 
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Table 17: The REE purity (P, %) and precipitation yield (Y, %) in the leaching of 

NdCeFeB magnets in 0.5 mol/L sulfuric acid containing different concentrations of 

oxalic acid. 

Time, 

min 

Electrochemical leaching 

Chemical 

leaching 

Concentration of H2C2O4, M 

0.01 0.05 0.10 0.20 0.05 

P, % Y, % P, % Y, % P, % Y, % P, % Y, % P, % Y, % 

15 96.7 30.5 97.2 96.4 96.7 99.7 94.2 96.1 − − 

30 − − 95.7 97.2 97.2 95.6 94.1 93.4 96.8 97.1 

45 − − − − 86.4 95.2 97.2 97.3 90.5 96.6 

60 − − − − 85.4 − −  86.8 95.2 

 

The REE purity of the oxalate precipitate varied from 85 to 97 %. Increasing the 

electrolysis time from 15 to 60 min decreased the purity of the precipitate by 5−10% 

under all examined conditions because the solution accumulated iron ions. The yield of 

the REE oxalate precipitate was more than 95% for solutions with a concentration of 

H2C2O4 from 0.05 to 0.2 mol/L and 30.5% for 0.01 mol/L of H2C2O4. 

The purity of the oxalate precipitate is linked to the surface charge of the precipitate, as 

part of it may be lost by inclusion in the cathodic iron deposit as was shown in 

Publication II. The zeta-potential of the oxalate precipitate depended on the leaching 

time and on the concentration of oxalic acid as depicted in Figure 36. 
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Figure 36: The dependence of the zeta potential of the oxalate precipitate on the 

concentration of oxalic acid at t = 15 min and on the leaching time at 
2 2 4H C Oc  = 0.2 M. 

(Publication III). 

 

The zeta potential of the REE-oxalate precipitate became more positive at low 

concentrations of oxalic acid, for example at a concentration of 0.05 mol/L H2C2O4, in 

the solution the oxalate particles has the value ζ = 11.1 mV. Positive values of oxalates 

could lead to attraction and specific adsorption of the oxalate precipitate on the cathode, 

which was shown in Publication II. Increasing the time of electrolysis from 15 to 45 min 

led to increasing the negative charge of REE oxalate from −12.5 to −4.8 mV. 

 

4.1.6 Efficiency of electrochemical leaching 

The cell voltages measured during the electrolysis in different conditions are presented in 

Figure 37 and the calculated energy consumptions are listed in Table 18. At the current 

density of 10 A/dm2, an insignificant increase in the cell voltage was observed. Increasing 

the current density up to 20 A/dm2 led to voltage values of 20 and 15 V in sulfuric acid 

and a mixture of sulfuric and oxalic acid, respectively.  

0

10

20

30

40

50

0

0.05

0.1

0.15

0.2

0.25

-20 -10 0 10 20

ζ, mV

T
im

e,
m

in

c(
H

2
C

2
O

4
),

m
o
l/

L



 89 

 

Figure 37: Cell voltage during electrolysis: (1, 2) 0.1 M H2SO4, (1', 2') 0.1 M H2SO4 + 

0.05 M H2C2O4; current density (2, 2') 10 A/dm2 and (1, 1') 20 A/dm2. (Publication I). 

 

Table 18: Energy consumption (kWh/kg magnet) of electro-leaching. 

i, A/dm2 0.1 M H2SO4 0.1 M H2SO4 + 0.05 M 

H2C2O4 

10 6.0 0.91 

20 15.0 8.8 

 

In order to calculate the energy consumptions in the electrolyte (0.5 M H2SO4 + 0.05 M 

H2C2O4) the cell voltage was monitored. The results are shown in Figure 37.  



4 Results 90 

 
Figure 37: Variation of the cell voltage during the electro-leaching of spent NdFeB 

magnets in 0.5 M H2SO4 + 0.05 M H2C2O4. T = 22 °C,  = 400 rpm, i = 50 A/dm2. 

(Publication II). 

 

The calculated energy consumption during 2 hours of electrolysis is presented in 

Table 19. During an increasing electrolysis time from 10 minutes to 2 hours the average 

energy consumption increased from 11.9 to 34. 0 kWh/kg 

 

Table 19: Voltage (Ucell), energy consumption (W) and current efficiency (CE) during 

leaching in 0.5 M H2SO4 + 0.05 M H2C2O4. T = 22 °C, ia = 50 A/dm2,  = 400 rpm). 

Time, min Ucell, V CE, % W, kWh/kg 

0 3.2  − 

10 7.6 33.5 11.9 

20 7.6 29.7 13.4 

30 7.7 23.4 17.2 

45 8.0 27.5 15.2 

60 8.7 21.9 20.8 

90 11.9 21.0 29.6 

120 18.6 28.6 34.0 
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The addition of oxalate at lower current densities allowed a lower cell voltage, which 

respectively reduced the energy consumption. The decreasing voltage was related to 

blocking the surface, which inhibited the mechanical degradation of the matrix. This on 

its behalf led to the growth of the electrode surface area, which reduced the voltage. 

4.1.7  Leaching mechanism of the NdFeB magnets 

The mechanism of dissolution in sulfuric and mixture of sulfuric and oxalic acids can be 

explained and interpreted according to Figure 38. Due to the uneven multi-phase structure 

of the NdFeB alloy, fast and preferential leaching takes place from Nd-rich phases that 

are less noble and are located around the Fe-rich Nd2Fe14B grains (-phase). Such focused 

leaching is reasonable taking into account that the REEs represent some of the most active 

metals with standard reduction potentials ranging from −2.2 to −2.5 V. Consequently, 

during leaching whole grains of the -phase break off from the surface of the NdFeB 

magnet material (Figure 38). Falling particles continue to dissolve chemically in the 

solution. Schultz et al. (Schultz et al., 1999) suggested a composition-based mechanism 

and presence of two different intergranular phases: η-phase is B-rich and n-phase is Nd-

rich phase (Nd4Fe).  

 

 
Figure 38: Schematic illustration of leaching process on the surface of a spent NdFeB 

magnet in a) H2SO4, b) in a mixture of H2SO4 and H2C2O4 (Publication I). 

 

The mechanism of the electrochemical leaching and cathodic deposition in a mixture of 

0.5 M H2SO4 and 0.05 M H2C2O4 studied in Publication II is illustrated schematically in 

Figure 39. As the anodic process was explained in detail in Publication I this scheme 

focuses on the cathodic process.  
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Figure 39: Proposed mechanism for electro-leaching of spent NdFeB magnets in a 

mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 (a–d) and appearance of the cathode (a’ – 

d’). (Publication II). 

 

During the first half an hour, the concentration of metal ions in the electrolyte was quite 

low and no reduction of iron on the cathode took place. However, the presence of H2C2O4 

allowed the formation of fine REE oxalate (REE2(C2O4)3·xH2O) particles. The solubility 

product of REE oxalates is very low, pKsp = 31 – 33, and the dissolved metals are 

effectively precipitated. The particles were characterized using XRD and zeta-potential 

measurements. As shown in Figures 40 and 41, the XRD peaks can be assigned to REE 

oxalates, and the particles are positively charged under acidic conditions. 
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Figure 40: XRD patterns of a powder obtained after 20 min of leaching of an NdFeB 

magnet in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 at 50 A/dm2 (Publication II). 

 

Figure 41: Zeta potential versus pH for oxalate of neodymium. (Publication II). 
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It is proposed that the positively charged REE oxalate particles moving with the liquid 

flow collided and stuck to the cathode thus forming the REE-rich deposit. It is not yet 

clear why this process displaced the iron reduction and inhibited the Fe deposition. This 

may be related to the stabilization of iron (II) ions by complexation with oxalic acid and 

therefore the reduction to metallic iron was less favored. 

After 15 minutes, the color of the solution became strongly yellow indicating the 

oxidation of iron from Fe2+ to Fe3+ and the formation of soluble oxalate complexes of iron 

(III). Eventually, the cathodic deposition of iron was effectively suppressed and the 

positively charged REE oxalate particles started to deposit. Hindering the metallic Fe 

formation on the cathode can be connected to the process of re-oxidation of Fe2+ on the 

anode. Details of the process are not known but possible cathodic deposition can be 

described by Eq. 33.  

 

2[NdC2O4]
+ + H2C2O4 + 10H2O + 2e−→ Nd2(C2O4)3·10H2O + H2  (33) 

 

The electrochemical dissolution of NdCeFeB magnets discussed in Publication III is 

schematically illustrated in Figure 42. The scheme focuses on the influence of H2C2O4 

concentration on the physico-chemical properties and composition of the REE oxalates 

obtained in the process. 
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Figure 42: Proposed mechanism for the electrochemical dissolution of NdCeFeB magnets 

in a mixture of 0.5 mol/L H2SO4 and H2C2O4 (a – d) and appearance of precipitated REE-

oxalates (b” – d”). (Publication III). 

 

The electrochemical dissolution of NdCeFeB magnets in 0.5 mol/L H2SO4 yielded a 

leachate that contained all the valuable metals. The addition of oxalic acid during 

electrolysis intensified the process of the dissolution and separated the REEs in one step. 

The purity of the oxalate sediment during electrochemical dissolution varied from 85 to 

97% and more than 95% of the REEs could be found in the precipitate after 1−2 hours 

electrolysis. Increasing the concentration of oxalic acid increased the precipitation yield 

but also led to a significant passivation of the magnet surface. On the other hand, a low 

concentration of oxalic acid and a long leaching time induced a more positive surface 

charge for the precipitate and, therefore, a tendency to attach to the cathode. Depending 

on the conditions, the REE-oxalates may be recovered in the form of the specifically 

adsorbed precipitate on the cathode or as precipitate formed in the solution. An 

economically feasible route for REE recovery is precipitation in a solution with further 

separation by filtration, due to higher selectivity of process in this case. 
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4.2 Selective dissolution of roasted NdFeB powder 

In this section the results of dissolution of NdFeB powder in sulfuric acid with an adjusted 

concentration for the selective recovery of REEs are presented. A diffusion/reaction 

model was used for the correlation of the leaching data. As modelling is beyond the scope 

of the current thesis detailed procedures of the calculations as well as the used 

assumptions will not be presented here but can be found in the Publication IV. 

4.2.1 Mechanism of dissolution 

The detailed composition of roasted magnet powder was described in Chapter 4.1.2. 

Roasting resulted in the complete disappearance of the NdFe alloy peak in the XRD 

profile (Figure 13) and the formation of new phases: Fe2O3, Nd2O3 and NdFeO3. As 

discussed earlier, neodymium in the roasted sample was mainly found as NdFeO3 and 

only traces of Nd2O3 were detected. Therefore, reactions taking place at the interface 

between solid and liquid phases and the leaching reactions can be described by Eqs. 34a 

− 34c. Simultaneous dissolution of neodymium and iron according to Eq. 34c has been 

verified by Jiang et al. (2019) in experiments with pure NdFeO3. 

 

Fe2O3(s) + 6H+(aq) → 2Fe3+(aq) + 3H2O   (34a) 

Nd2O3(s) + 6H+(aq) → 2Nd 3+(aq) + 3H2O   (34b) 

2NdFeO3(s) + 6H+(aq) → 2Nd 3+(aq) + Fe2O3(s) + 3H2O  (34c) 

No hydrogen was formed during dissolution and Fe3+ is the main product of iron leaching. 

The reverse reaction given in Eq. 35 indicates hydrolysis and re-precipitation of leached 

Fe (Figure 13c).  

 

2Fe3+(aq) + 6OH- (aq) →Fe2O3 (s) + 3H2O
   (35) 

 

4.2.2 Stirred-tank leaching 

Fully roasted magnet powder was used for stirred-tank leaching. The parallel dissolution 

of NdFeO3 and Nd2O3 (Eqs 34b and 34c) explains the Nd leaching process shown in 

Figure 43. The dissolution of iron is more complicated because of the low solubility of 

Fe2O3 , which is a major iron component. The more soluble NdFeO3 contained only about 
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10% total iron. The strong dependence of the leached amount on the acid concentration 

was the other significant difference from neodymium dissolution. When c H2SO4
0 = 

1.0 mol/L, the final mole ratio between Fe to Nd in the solution was close to 7, which is 

the ratio in the main magnet component Nd2Fe14 as discussed in Publications I and II. 

At cH2SO4
0 = 0.02 mol/L, on the other hand, the acid was consumed in the dissolution 

reactions and the re-precipitation of iron brought the iron concentration as low as 0.35 

mmol/L (20 ppm). At the same time a decrease in acid concentration from 0.02 to 0.003 

mol/L during the leaching did not affect the solubility of Nd3+ and re-adsorption on the 

iron precipitate was not identified.  

The selective acid leaching previously proposed by Hoogerstraete et al. (2014) was 

further tested using an initial acid concentration of 0.1 mol/L. Enough roasted magnet 

powder was used to ensure that practically all the acid was consumed by dissolution. The 

results are shown in Figure 43. 

 

Figure 43: Selective leaching of Nd in 0.10 mol/L H2SO4 from fully roasted NdFeB 

magnet powder at 80 oC. H+ (squares), Fe3+ (triangles), Nd3+(circles); ms = 1.97 g, Vliq = 

50 mL. The continuous lines are the diffusion/reaction model calculations described in 

detail in Publication IV. 

 

The final neodymium concentration was cNd=0.036 mol/L (5.2 g/L), while the iron 

concentration was only 0.42 mmol/g (23 ppm) at the end of the run. Figure 40 clearly 

shows the benefit of oxidative pre-treatment for the selective leaching of REEs. 
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4.2.3 Leaching in packed bed 

The selective REE leaching shown in Figure 43 was tested in a packed bed. In preliminary 

tests, small pulses of 0.5 mol/L of sulfuric acid were pumped through the bed of roasted 

magnet powder, and the metal and acid outlet concentrations were measured. 

(Publication IV). A small volume of an Fe-free REE fraction was obtained but the REE 

yield was low because of the rapid flow through of the acid and the dissolution of Fe.  

When a much lower acid concentration (0.02 mol/L) was fed continuously into the bed, 

a substantially larger volume of Fe-free solution was obtained, as shown in Figure 44.  

 

 

Figure 44: Packed-bed leaching of Fe (circles, dashed line), Nd (triangles, solid line) and 

Pr (diamonds, solid line) in aqueous H2SO4 from milled/roasted NdFeB magnet powder. 

The proton outlet concentration is shown by the squares and dotted line. cH2SO4 feed = 

0.020 mol/L, T = 80 ◦C, Vbed = 5.3 mL, Vfeed = 0.50 mL/min. The continuous lines are 

diffusion/reaction model calculations which are described in detail in Publication IV. 

 

However, the iron front was again quite diffuse indicating that the dissolution reaction 

rate is too small for good separation of the un-reacted and reacted zones. As a result, the 

overall yield of Nd in the Fe-free fraction was less than 10%. The results in Figures 44 

demonstrate the possibility of packed-bed leaching, but further studies are needed to 

establish proper operating conditions. For example, substantially higher temperatures 

may be advantageous for increasing the dissolution rates and thereby improving the 

separation of the REE-rich and Fe-rich fronts. 
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5 Conclusions 

The goal of the work presented in this thesis was to find feasible, environmentally friendly 

methods for recovery of REEs from spent NdFeB magnets. 

Characterization of initial surface of magnets by XRD and SEM/EDX analyses showed 

the presence of Nd2Fe14B micrometer-sized ferromagnetic granules surrounded by Nd-

rich phases. SKPFM results revealed the local Volta potential differences of 500 mV 

within the surface structure suggesting the preferential selective dissolution of the Nd-

rich phase and this was proven by chemical and electrochemical leaching experiments 

with 0.05 – 0.5 M H2SO4. Roasting NdFeB magnets is known to improve the selectivity 

of the consequent chemical leaching step. In the results of this dissertation, it was shown 

that the roasting of magnets led to forming two layers: a porous outer layer with a an 

NdFeO3 chemical composition, and an inner core with much less oxygen and a higher 

Fe/Nd mole ratio. The composition changes identified during the roasting of the magnets 

resulted in substantial differences in the leaching rate and selectivity of the leaching 

compared to simply milled or electrochemical leaching. 

The chemical and electrochemical leaching of NdFeB magnets in H2SO4 and a mixture 

of H2SO4 and H2C2O4 acids are summarized in Figure 45. 

 

 

Figure 45: Scheme of electrochemical and chemical leaching. 
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Etching, and electrochemical/chemical dissolution steps were used for all processes in 

which the REE metals were recovered from the NdFeB magnets involving high purity 

demagnetization. Four different routes including electrochemical leaching, 

electrochemical leaching linked to the cathodic deposition of REEs, oxidative roasting 

followed by selective chemical leaching, and the complete chemical leaching of non-

roasted magnets are shown in Figure 45. Complete chemical leaching was discussed 

mainly for comparison of the efficiency of other types of leaching. For complete acid 

leaching, the highest studied concentration of H2SO4 should preferably be used. The 

results indicated that the dissolution of metals was enhanced significantly under 

electrochemical conditions compared to chemical dissolution. The reaction mechanism 

includes both chemical and electrochemical reactions. The investigation of the parameters 

of electrolysis showed that the dissolution was enhanced with an increased acid 

concentration and at a certain current density level. On the other hand, extreme current 

densities led to passivation of the magnet (anode) surface and a decreasing leaching rate. 

The addition of oxalic acid to the leaching solution during electrolysis reduced the energy 

consumption and simultaneously improved the recovery of REEs as solid oxalate 

precipitate or as an inclusion in the cathodic deposits. The positive effect of the applied 

voltage was significant especially at low acid concentrations in contrast to chemical 

leaching, where strongly acidic solutions are needed. Dilute acid has a lower impact on 

the environment, simpler waste processing, and lower raw material costs. Increasing the 

concentration of oxalic acid in the leaching solution had a positive effect on the yield but 

decreased the purity of the oxalate precipitate. Electrochemical leaching allowed higher 

concentrations of H2C2O4 (0.1 and 0.2 M). The concentration of H2C2O4 influenced the 

amount of REE ions both in the solution and in the precipitate. The leaching rate strongly 

depended on the acid concentration and current density. As a step towards a realistic 

separation process, the electrochemical leaching of crushed NdFeB magnets was studied 

using a titanium basket as the holder. The obtained results verify the efficiency observed 

with polished magnets and provide a basis for further development. The purity of the final 

REE-oxalate product was up to 93% and 97.2% for electrochemical leaching and one step 

electrochemical leaching/deposition, respectively. The key finding concerning 

electrochemical leaching/deposition was the electrostatic attraction of the negatively 

charged REE oxalate on the cathode. This possibility has not been published previously 

for recycling spent magnets and it may have potential for future recycling methods. A 

further purification step will be required in order to fractionate the material into individual 

REEs. The leaching solution can be treated for iron recovery as a precipitate in a form of 

iron hydroxide. However, unselective leaching leads to a solution containing high 

concentrations of iron and subsequent REE recovery is difficult. The kinetics of selective 

sulfuric acid leaching of roasted NdFeB magnets was studied in stirred tank and packed 

bed reactors. There were substantial differences in the leaching rate of the oxides formed 

during roasting. The acid concentration is a key factor to achieving selectivity and 

reducing Fe2O3 leaching and the dissolution of Nd. Careful adjustment of the leaching 

acid concentration allowed more selective Nd leaching from roasted magnets. At low 

H2SO4 concentrations, the kinetic selectivity resulted in a high Nd/Fe ratio in the solution, 

but the selectivity vanished as the conversion increased. Leaching with limited amount of 
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acid is preferred because the solution going on to REE separation is only weakly acidic 

and can be precipitated in the form of hydroxide.  

The selectivity of electrochemical leaching with cathodic deposition is lower than the 

selectivity of chemical leaching after roasting and reached only 30%. Thus, the proposed 

technology of selective leaching of roasted magnet powder is more efficient as the purity 

of the REE precipitate is comparable for both methods and can be thus suggested as 

feasible dissolution methods in the hydrometallurgical route of recycling. The 

preliminary results suggest that leaching is also possible in packed-bed operations. 

Electrochemical leaching with the recovery of oxalate precipitate from the leaching 

solution is another efficient technology compared to other leaching procedures discussed 

in this thesis as it allows the complete leaching of the magnet, as well as an increase in 

the rate of dissolution by 2 times and an REE purity up to 97.2%. 
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6 Limitation of study and suggestion for future research 

The present dissertation indicates clear potential for electrochemical leaching methods in 

the recovery of REEs from magnet waste. Therefore, optimizing the leaching conditions 

is highly important to make the new process viable in large-scale applications. Additional 

work should be done on optimizing the processes developed in this thesis. Some of the 

aspects that need further studies are listed below. 

1. Further optimization of the process to increase the REE yield and to minimize energy 

consumption. Selectivity towards REEs in the leaching step considering the presence of 

high amounts of Fe and other impurities should be improved. The focus of this 

dissertation was on new/production magnet waste, however, “contaminated” magnet 

waste leaching should also be studied. 

2. The development of possible actions to minimize the amounts of secondary waste and 

recovery processes, using greener solvents, or finding a route to making a closed loop 

during the leaching recycling process. 

3. The comparative study made in the dissertation and those by other researchers showed 

that leaching efficiencies of different acids are different, and the acid type also has a great 

influence on the mechanism and rate of metal dissolution. Furthermore, the acid 

concentration, temperature, solid-liquid ratio, etc. are usually set as variables to 

investigate the leaching process. Acetic, citric, maleic, glycolic, and ascorbic acids have 

been shown as alternatives to sulfuric acid leaching by other researchers. The widespread 

presence of organic acids in the animal and plant kingdoms is an assurance of its nontoxic 

nature. Most organic acids are known as well-established products of fungal metabolism, 

therefore organic acids not only provide a more environmentally friendly process but are 

also cheaper than other acid leaching processes. Therefore, it is important to compare the 

effects of different organic acids on NdFeB magnet leaching. More comprehensive 

studies can be carried out to see the effect of the leaching rate, selectivity and purity of 

obtained REE metals. Some organic acids, like citric acid, have high effectiveness and 

selectivity for nickel leaching which is usually included in the top coating that protects 

magnets from corrosion. Therefore, citric acid could be offered for the selective removal 

of the top Ni coating. 

In particular, the use of organic acids as leaching agents for electrochemical dissolution 

deserves great attention for NdFeB magnets, because they can create complexes that will 

significantly change the process of dissolution and reduction during electrolysis. 
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A B S T R A C T

Spent NdFeB magnets are highly appealing secondary resources for rare earth elements (REEs), especially for Nd.
The goal of this study was to investigate electrochemical leaching of Fe and rare earths from NdFeB magnets
with sulfuric and oxalic acids at different acid concentrations and current densities and reveal the mechanism of
the leaching in varying conditions. The metals were leached from polished magnet surface and from crushed
magnets using a 3D-printed Ti basket. Electron and atomic force microscopic analysis showed a highly het-
erogeneous structure of the magnets containing on average 60 wt-% of Fe and 25 wt-% of Nd. According to
Kelvin probe force microscopy, the Volta potential difference between the matrix and the REE-rich grains was
over 500 mV. Addition of oxalic acid (H2C2O4) in the sulfuric acid leach solution allows leaching at lower cell
voltage and separation of the REE-oxalate precipitates. Some incorporation of rare-earth element oxalates in the
cathodic sediment was also observed. Finally, the leaching mechanism is discussed.

1. Introduction

The demand for rare-earth elements (REEs) is nowadays higher than
the supply and the prices of these metals are expected to increase in the
near future. Especially, concerns are arising due to a monopoly and
strong export quota on rare earths of China and scarcity of rare-earth
ores in Europe. While new alternative materials do not exist, the most
effective way to solve the problem is developing an affordable recycling
technology (Hoogerstraete et al., 2014; Charles et al., 2019).

Fluorescent lamps (Mio et al., 2001; Rabah, 2008) and permanent
magnets are typical secondary resources of REEs, The last ones are
widely used in electromechanical, magnetomechanical, and electronic
applications (Fidler et al., 2004; Lyman and Palmer, 1993). Currently,
the strongest permanent magnet is a neodymium magnet (also known
as NdFeB, NIB, or Neo magnet). This type of rare-earth magnet is made
from an alloy of neodymium, iron, and boron to form the Nd2Fe14B
tetragonal crystalline structure. The magnetic properties, as well as
corrosion resistance strongly depend on the alloy composition, micro-
structure and manufacturing technique employed (Handbook of Modern
Sensors: Physics, Designs, and Applications, 2010). Also, various dopants
are used to improve the properties of the magnets. Two types of NdFeB
dopants have been mentioned in the literature (). Type (1) dopants are

Al (Fidler et al., 1989; Knoch et al., 1989), Ga (Bernardi et al., 1993),
Cu (Fidler and Bernardi, 1991; Chen et al., 1991), Co (Kirchner et al.,
2004), Ge, Sn and Zn, and type (2) dopants are V (Warren et al., 1993),
Mo (Yan et al., 1997), W (Yan et al., 1997), Nb (Yan et al., 1997) and Ti.
Both types of dopants influence on the microstructure in a different way
and increase the magnetic coercivity or improve the corrosion re-
sistance of the magnet. According to Schultz et al. (Schultz et al., 1999),
however, the alloy modifications improve corrosion resistance only to a
certain degree. Another way is to coat the magnet with Al (Mao et al.,
2011), Zn or NieCu. These metals are important, because they influ-
ence on the recycling technology and purity of the final product.

High concentration of Nd and Dy in the NdFeB magnets makes them
an important material for recycling. Many different technologies for
REEs recovery have been proposed (). Among them are chlorination
(Lorenz and Bertau, 2019), hydrogen decrepitation and direct reuse
(Walton et al., 2015), selective leaching or precipitation (Ni'am et al.,
2019; Gergoric et al., 2018; Avdibegovića et al., 2018; Rivera et al.,
2018; Itakura et al., 2006), glass slag methods (Saito et al., 2006),
solvent extraction (Sanchez-Cupido et al., 2019; Batchu and
Binnemans, 2018; Gujar et al., 2019; Batchu et al., 2017; Tyumentsev
et al., 2016; Xu et al., 2000), electrolysis in molten salts (Xu et al., 2019;
Kobayashi et al., 2011; Hua et al., 2015), gas phase extractions (Jiang

https://doi.org/10.1016/j.hydromet.2020.105264
Received 16 August 2019; Received in revised form 28 November 2019; Accepted 17 January 2020

⁎ Corresponding author.
E-mail address: iryna.makarava@lut.fi (I. Makarova).

Hydrometallurgy 192 (2020) 105264

Available online 22 January 2020
0304-386X/ © 2020 Elsevier B.V. All rights reserved.

T



et al., 1997), and bioleaching (Auerbach et al., 2019). The aim of all
these methods is to maximize selectivity, which is, however, a difficult
task due to similarity of REEs. Furthermore, they have many dis-
advantages such as high cost, high energy consumption for heating, and
difficult utilization of the waste. Among the studied methods, the
simplest way to separate REEs from other metals includes leaching and
chemical precipitation. Hoogerstraete et al. (Hoogerstraete et al., 2014)
showed that it is possible to use oxalic acid, which is a strong com-
plexing agent for Nd, in the leaching process to form precipitates (so-
lubility product of Nd2(C2O4)3 is 1.08·10−33) (Qi, 2018). Another
possible variant is to add an alkali to obtain mixed double sulfate salts
(Lyman and Palmer, 1993; Saito et al., 2006). At the same time Am-
bikadevi and Lalithambika (Ambikadevi and Lalithambika, 2000)
concluded that oxalic acid is also the most efficient for dissolving iron
oxides, so it is possible to use mixture of mineral and oxalic acids in
order to reach a better leaching efficiency.

Besides conventional acid leaching, Parkash et al. (Venkatesan
et al., 2018a; Venkatesan et al., 2018b; Venkatesan, 2019) have de-
monstrated several electrochemical technologies in which REEs have
been selectively and efficiently extracted at room temperature. These
methods include a dual anode strategy (Venkatesan et al., 2018a) and
using two-(Venkatesan et al., 2018b) and three-(Venkatesan, 2019)
chambered membrane reactors enabling highly efficient and eco-
friendly possibility for REE recycling. However, it is necessary to note
that REEs are highly reactive elements and cannot be recovered from
the aqueous solutions directly on the cathode (O'M et al., 2000), but
instead electrochemistry can be used for anode dissolution process as
shown earlier (Haccuria et al., 2017; Pletcher and Walsh, 1993; Gilbert
and Roberts, 1982). As an alternative route, it is quite useful to have
special holders (baskets), which allow the utilization of big amount of
different kind of waste and without necessity for pressing or adding
electrical connections. Besides, ratio of surfaces between cathode and
anode can be changed if needed and respectively it will influence on the
speed of dissolution. Moreover, during electrolysis, it is possible to add
waste from the top of the basket without interrupting the process. It has
also been discovered recently that materials like NdFeB waste
(Venkatesan et al., 2018c), for of which the principal anode reaction is
oxygen evolution may continue to function as anodes when placed in a
titanium basket.

However, it is vitally important to find connection between the
mechanism of NdFeB alloy dissolution and possibility for direct re-
covery of REEs. In this study, dissolution of NdFeB magnets were in-
vestigated both with chemical and electrochemical leaching. Moreover,
the alloy was extensively characterized before and after leaching using
electron (SEM, EDX) and atomic force microscopy as well as chemical
analyses. We were able to show effectiveness of electrochemistry-aided
leaching and the underlying mechanisms were also explored. The no-
velty of our approach in linking understanding of the magnet compo-
sition to the leaching behavior. Furthermore, electro-leaching of the
polished surfaces was extended to a more realistic system, where cru-
shed magnets are leached in a specially designed holder.

2. Experimental

2.1. Materials

Spent NdFeB magnets from Webcraft GmbH (Germany) with the
diameter of 35 mm and thickness of 5 mm were used in all experiments.
The samples were demagnetized at the Curie temperature of 310 °C for
1 h in an Entech muffle furnace. For proper demagnetization of the
working area, the samples were connected by edges. In electrochemical
studies NdFeB magnet was used as the anode and copper plate as the
cathode (0.2 dm2). Anodes were mechanically polished with #500,
#900, #1200 and #2000 emery paper, then with Al2O3 suspension, and
finally degreased with ethanol. Electrolysis was carried out in a gal-
vanostatic mode of PS 3005 power supply. For some experiments, the

magnet was crushed into small pieces, first with a hammer and then set
between two aluminum metal plates by applying a force of 10 tons with
a hydraulic press. NdFeB magnets are brittle and break quite easily into
smaller pieces (100–1000 μm).

In order to determine the total elemental composition, 0.1 g of the
NdFeB magnet was dissolved in a mixture of nitric and hydrochloric
acids (volume ratio HNO3:HCl = 1:4) using Milestone Ultrawave mi-
crowave digestion system. The mixture was then filtered through
0.45 μm polypropylene filters (VWR). Three blank samples containing
only acids were treated similarly and used as background.

Sulfuric acid was used as a leaching agent and it was prepared by
diluting concentrated acid (Sigma-Aldrich, 98%) with MilliQ water
(Merck Millipore Q-POD) to a desired concentration. Oxalic acid
(Sigma-Aldrich,> 97.5%) was used as a strong complexing agent for
the REE ions.

2.2. Methods

All leaching experiments were carried out at 22 ± 1 °C in a 150 mL
glass beaker. In the electrochemical leaching experiments with the
polished magnets, current densities of 10, 20 and 50 A/dm2 were used.
In some experiments, the magnet was crushed and a 3D-printed tita-
nium basket was used as a holder (Fig. 1). In this case 0.5 M H2SO4 and
current density of 10 A/dm2 was used. Height of basket was 15 mm,
diameter 30 mm, and size of the holes 0.05 mm. The temperature of the
electrolyte was controlled by a water bath (RK8 CS, Lauda). The pH and
conductivity of the leach solutions was monitored using standard pro-
cedures (Radiometer PHM 240 pH/ion pH meter and Knick 703 con-
ductivity meter).

In order to choose the optimal leaching conditions, the concentra-
tion of sulfuric acid was varied between 0.05 and 0.5 mol/L.
Concentration of oxalic acid in all experiments was 0.05 mol/L. Solid to
liquid ratio was kept at 0.05 dm2 of NdFeB alloy surface per 80 mL of
solution and magnetic stirring speed was 400 rpm. The samples were
leached for 1 h. The magnet samples were weighted before and after
leaching using Mettler AC 88 analytical scale. The solution sample
leachates taken during leaching were diluted with a mixture of 1%
HNO3 and 1% HCl (Ultrapure, Merck), and the metal concentrations
were measured using inductively coupled plasma mass spectroscopy
(ICP-MS, Agilent 7900). Relative standard deviation of all ICP mea-
surements were< 3.6%.

Potentiodynamic polarization scans were performed using a po-
tentiostat-galvanostat (Autolab PGSTAT 302 N, Methrom) in a three-
electrode glass cell. Polarization curves were recorded at a potential
sweep rate of 1 mV/s from the open circuit potential (OCP) until 1 V.
The NdFeB magnet was used as the working electrode, while Pt and a
saturated Ag/AgCl were used as the counter and reference electrodes,
respectively. The potentials reported in the text were recalculated to the

Fig. 1. Schematic picture of electro-leaching in a Ti basket.
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standard hydrogen electrode (SHE) scale.
The morphologies of the leached magnet surfaces and electro-

deposited coatings were imaged using Hitachi SU3500 scanning elec-
tron microscopy (SEM). Elemental composition was measured by en-
ergy dispersive X-ray spectroscopy (EDX, Thermo Scientific UltraDry
SDD). Precipitates obtained after dissolution in mixture of sulfuric and
oxalic acids were washed thoroughly with water, digested and analyzed
with ICP-MS. The chemical composition and crystal structure of the
NdFeB magnet before and after leaching was further ascertained using
X-ray diffraction (XRD) (Bruker D8 Advance) with Cu Kα irradiation.
The 2Θ range was 10–70° and step size 0.02°/s.

For the optimization of electrodeposition conditions, current effi-
ciency (ε) was calculated. In some cases, ε was>100% due to the ac-
tive dissolution and substantial contribution of chemical process.
Energy consumption W (in kWh/kg) was calculated from Eq. (1)

=W E
q εalloy (1)

where E is the average cell voltage on cell (V). Considering only the
major components Fe and Nd, the electrochemical equivalent of the
alloy qalloy (in g/Ah) was calculated from Eq. (2).

=
+

q
q q

q w q walloy
Fe Nd

Fe Fe Nd Nd (2)

where w is the weight fraction. For iron, qFe = MFe/zFeF = 1.05 g/(Ah)
and for neodymium qNd = 1.79 g/(Ah), where z is the charge of the
product ion and F the Faraday constant.

The scanning Kelvin probe force microscopy (SKPFM) technique of
the polished magnet samples was used to determine the local Volta
potentials of the microstructure and relative nobility of the REE-rich
regions. Volta potential mappings were carried out in air using atomic
force microscope (MultiMode 8, Bruker) in a double pass mode (Kelvin
Probe Force Microscopy): first pass measures topography (height) and
second pass the local potential difference in lift mode. The mapped area
(40 × 40 μm) was scanned with Bruker SCM-PIT probe with spring
constant of ~2.8 N/m, resonant frequency of ~75 kHz and tip radius of
~20 nm. The tip speed was 8 μm/s, image resolution 512 × 512 pixels,
and tip lift height 50 nm. AFM data was analyzed using Nanoscope
Analysis V1.8 software. The first order plane fit and zeroth-order flat-
tening were used to process the height maps. The potential maps were
neither flattened nor was any filter applied to smooth the data.

All the experiments were done in triplicate to ensure statistical re-
liability of the results.

3. Results and discussion

The studied system is composed of highly heterogeneous solid phase
in contact with a solution, where number of dissociation, complexation
and precipitation equilibria are present. The composition of the po-
lished magnet surface is first discussed in Section 3.1. Section 3.2 deals
with dissolution of the metals with/without electric current and in view
of the complex solution chemistry. Electro-leaching of crushed magnet
is finally discussed in Section 3.3.

3.1. Characterization of the polished NdFeB magnet

Microscopic examination of the polished NdFeB magnet (Fig. 2)
shows the heterogeneous structure. Moreover, the matrix of the alloy is
fragile and part of the grains ranging from 2 to 15 μm loosens during
the polishing were crumbled. Chemical composition of the different
domains was analyzed using EDX mapping and the results for the major
components is shown in Fig. 2. The compositions at specific locations A,
B, and C are listed in Table 1. The maps for the minor additives are
given in Fig. 1S in the supplementary material.

The maps clearly show that Fe is most abundant in the matrix, while
Nd and Pr are located in the grains and concentrated on the grain

boundaries. Dy and Ce are nearly evenly distributed over the surface.
Boron was not analyzed. It should be noticed that carbon, which is
evenly spread in this alloy, inhibits the leaching process (Bala et al.,
1993) because the surface becomes covered with a black slime of gra-
phite. Other impurities (e.g. Ca, C1, O and Pr), however, are considered
as a starting point of the leaching (Bala et al., 1993). Dy and Nb, on the
other hand, have an opposite influence as the increase of their con-
centration enhances the corrosion resistance of NdFeB inhibiting its
dissolution (Yu et al., 2004).

According to Table 1 and Fig. 1S, the ferromagnetic matrix consists
mainly of Nd and Fe with a mole ratio of 1.5–2/14 and thus represents
the ϕ-phase (Nd2Fe14B) (Schultz et al., 1999). The grains rich in Nd, Pr
and Ce have a mole ratio of Nd and Fe around 2/1, which is sub-
stantially lower than the value 4 /1 reported for the Nd-rich n-phase
(Schultz et al., 1999).

The Volta potential indicates the relative tendency of metals for
oxidation and can help to assess the severity of localized dissolution in
the systems with complex microstructures (Coy et al., 2010; Efaw et al.,
2019; Dobryden et al., 2017). In a galvanic couple, the phase with
higher electrochemical nobility has typically higher Volta potential and
usually acts as a cathode, whereas that with lower Volta potential acts
as an anode. SKPFM mapping revealed sub-micron or nanometer-sized
structure of the alloy, as seen in Fig. 3. The potential difference between
Nd2Fe14B ϕ-phase and the Nd-rich anodic phases varied up to 500 mV,
which usually is sufficient to initiate selective dissolution of such anodic
sites. The potential difference averaged over the whole surface was
213 mV ± 50 mV. The ratio of the sizes between different phases is
one of the main parameters effecting on in the leaching process (larger
size of the cathodic phase enhances leaching due to enhanced oxygen
reduction) (Kharitonov et al., 2018).

In summary, EDX, SEM, and SKPFM data confirmed the presence of
domains with different chemical composition and high differences in
local Volta potential, which both have important impact on the
leaching process as discussed below.

3.2. Chemical and electrochemical leaching

The leaching experiments discussed in this Section were made on
polished NdFeB magnet surface using different leach solutions and
current densities. Measurements made at i = 0 are referred to as che-
mical leaching. Effect of the current density on leaching in 0.1 M H2SO4

(a) and 0.1 M H2SO4 + 0.05 M H2C2O4 (b) is presented in Fig. 4.
Concentration of dissolved iron in solution is presented as mass by
multiplying of measured by ICP analysis concentration on volume of
used solution to show comparable values obtained by weighing. During
the leaching there was almost linear growth of the iron concentration in
the solution, except for the case of the highest current density (20 A/
dm2). This is connected to a process of cation accumulation and iron
electrodeposition that begins to take place at these conditions. Con-
centration of Fe2+ ions in the presence of H2C2O4 was nearly twice as
low suggesting formation of insoluble FeC2O4 (Fig. 4b) that may lead to
surface passivation. On the other hand, it was observed that increasing
of oxalate-ions concentration to 0.1 M shows similar behavior to 0.05 M
H2C2O4 during leaching process (Fig. 3S). Consequently, during the first
30 min Fe dissolution was low and then increased due to activation of
surface. Similar behavior of REEs in the presence of oxalic acid will be
explained later.

Weight loss of NdFeB alloy during chemical and electrochemical
leaching is listed in Table 2. It is established that a loss of alloy weight
strongly depended on the composition of the electrolyte and the applied
current density. Even without electricity, NdFeB was rapidly and ef-
fectively leached in 0.5 M H2SO4. Increasing of the current density up to
20 A/dm2 led to a gradual increase of the weight loss but in the pre-
sence of oxalic acid even at the current density of 50 A/dm2 the weight
loss was clearly lower. This can be attributed to the passivation of the
alloy surface. Moreover, there is a plateau in iron dissolution curve after
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30 min at current density of 20 A/dm2 in sulfuric acid leaching, but no
passivation was observed at 10 A/dm2. Inhibition of the iron dissolution
at lower current densities can be explained by intensification of
cathodic and anodic processes that can be accompanied by several
chemical transformations. First, we assume that increasing of current
density leads to passivation of the surface. On the other hand, oxygen
gives possibility of changing iron state from Fe2+ to Fe3+, and finally,
significant change in bulk pH during electrolysis leads to formation of
dispersed phases, like Fe(OH)3, that finally precipitate.

In the presence of oxalate, the weight loss of NdFeB alloy was less at
all concentrations, which is most likely due to the formation of in-
soluble oxalates on the NdFeB surface. It should be noticed that the

mass losses during the electrolysis differ from those calculated theore-
tically according to Faraday's law because of the high reactivity of the
magnet and mechanical degradation of the matrix during the leaching
(Venkatesan et al., 2018a).

Fig. 5 shows the leaching data for individual REEs at different
current densities. Concentration of REEs increased linearly with time
during chemical leaching (Fig. 5a) and at current density of 10 A/dm2

(Fig. 5c) and the leaching efficiency increased 3.5 times after applying
electricity. Steady increase of REEs concentration shows that insignif-
icant amount was included in precipitates or in the cathode deposit.
However, when using current density of 20 A/dm2, the concentration of
REEs started to decrease after 30 min. This is probably connected to
their mechanical co-deposition on the cathode (see Section 3.5 and
Table 4) in the form of solid fall-down phase (it would be explained
below in mechanism of leaching process, Fig. 9) or with formed ox-
alates (addition of H2C2O4). Presence of H2C2O4 strongly affected the
behavior of the REEs (Fig. 5b, d and f) which is related to the formation
of oxalate complexes and precipitates (see below). After immersion of
NdFeB alloy in the solution, selective leaching of most electronegative
components takes place first. During the first 30 min of electrochemical
leaching (Fig. 5d and f), concentration of REEs remained constant while
the REE/oxalate ratio corresponded to the forming of complexes. The
REE complexes adsorb on the anode surface and form passive layer.
Besides, it is possible that slightly soluble carbonates form due to oxi-
dation of oxalic acid. After that, an increase of dissolved REEs was
observed, but their amount in the solution was 3–20 times less than in
the leaching solution without H2C2O4. Increasing the oxalate con-
centration from 0.05 to 0.1 M (Figs. 5b and 6S) enhanced dissolution of
REEs, but the behavior around 30 min activation period was similar,
possibly due to formation and dissolution of oxalate species

Fig. 2. High-resolution EDX mapping of the main elements on the spent NdFeB magnet surface showing different chemical composition.

Table 1
Composition of domains A-C in Fig. 1 determined by EDX.

Element A (light grain) B (bright grain) C (dark grain)

wt-% mol-% wt-% mol-% wt-% mol-%

C 7.3 3.9 2.2
O 0.8 1.3
Al 0.3 0.5 0.6
Si 1.4 − −
P 0.6 − −
Fe 10.2 12.3 10.3 18.1 67.6 74.6
Ce 10.2 14.6 4.8
Pr 15.6 21.1 5.1
Nd 53.8 25.3 48.3 33.1 18.7 8.0
Gd − − 0.6
Dy − − 0.3
Fe: Nd 1: 2 1: 1.8 9.3: 1
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(Baumgartner et al., 1983; Salmimies et al., 2016). The precipitate
formed during electro-leaching in the presence of H2C2O4, was ana-
lyzed with XRD and after digestion with ICP-MS (Table 3 and Fig. 4S in
supplementary material). The XRD profile showed formation of
Nd2(C2O4)3·10H2O powder, which is supported by the results presented
in Table 3.

In the presence of oxalic acid (Fig. 5b, d and f), the REEs con-
centration in the solution remained nearly constant for the first 30 min
probably because of precipitation of the dissolved metals as oxalates
(see Eq. (5d) below). After consumption of the oxalate, the REEs con-
centration started to increase. All REEs form insoluble salts with oxalate
with solubility products pKsp = 26–33 (Qi, 2018) and the solution
concentration should be extremely low. The relatively high amount of
REEs in the solution is assumed to be due to the presence of soluble
oxalate complexes.

According to the leaching data, NdFeB alloy is highly reactive with
sulfuric acid even without electric current. Chemical dissolution in
sulfuric acid can be described by following overall reactions
(Parthasarathy and Bulbule, 2019).

+ ⇌ + + + ++ + −Nd Fe B 17H SO 2Nd 14Fe 17SO 17H B2 14 2 4
3 2

4
2

2 (3)

Boron is further converted into its oxide and sulfur dioxide is re-
leased as shown in Eq. (4).

+ ⇌ + +2B 2H SO B O 3SO 3H O2 4 2 3 2 2 (4)

Dissolution in a mixture of sulfuric and oxalic acid takes place ac-
cording to the same mechanism, but the dissolved metals form stable
oxalate complexes and eventually precipitate as crystalline hydrates as
shown for Nd in Eq. (5c). The solubility of Nd oxalate is extremely low
(pKsp = 33 (Qi, 2018)) and precipitation takes place immediately. For
ferrous oxalate, pKsp = 6.5 and according to speciation calculations
(not shown here), most of dissolved iron remains in solution as sulfate
and oxalate complexes. Eq. (5) is written in terms of oxalate anion but
actually oxalic acid exists mainly as H2C2O4 at pH below 1.2, whereas
HC2O4

– is the most predominant species at pH 2.5–3 (Um and Hirato,
2013).

+ ⇌+ − −Fe nC O [Fe(C O ) ]2
2 4

2
2 4 n

2 2n (5a)

+ + ⇌+Fe C O 2H O Fe(C O )·2H O2
2 4

2–
2 2 4 2 (5b)

Fig. 3. (a) Topography and (b) Volta-potential map measured using SKPFM in air on the surface of polished NdFeB magnet. Profile analysis in each map is a section
along two lines.

Fig. 4. Effect of current density on iron leaching from NdFeB magnet waste in (a) 0.1 M H2SO4 and (b) 0.1 M H2SO4 + 0.05 M H2C2O4. Stirring rate 400 rpm,
T = 23 °C, i = 0 A/dm2 (circles), 10 A/dm2 (triangles), 20 A/dm2 (squares).
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+ ⇌+ − −Nd nC O [Nd(C O ) ]3
2 4

2
2 4 n

3 2n (5c)

+ ⇌+ − −Nd nC O [Nd(C O ) ]2
2 4

2
2 4 n

2 2n (5d)

+ + ⇌+ −2Nd 3C O 10H O Nd (C O ) ·10H O3
2 4

2
2 2 2 4 3 2 (5e)

In electro-leaching, anodic dissolution of the NdFeB alloy takes
place according to the reactions shown in Eq. (6). Electrooxidation of
Nd has two following steps with sequential transfer of electrons (Eq.
(6a, 6b)) with obtaining Nd3+. The last one in aqueous solutions forms
slightly soluble Nd2O3 and Nd(OH)3.

⇌ + ° = −+ −Nd Nd 2e E 2.2 V2 (6a)

⇌ + ° = −+ −Nd Nd 3e E 2.323 V3 (6b)

+ + ⇌ +− −2Nd 3C O 10H O Nd (C O ) ·10H O 3e2 4
2

2 2 2 4 3 2 (6c)

⇌ + ° = −+ −Fe Fe 2e E 0.44 V2 (6d)

+ ⇌ + +− − + −Fe nHC O [Fe(C O ) ] nH ne2 4 2 4 n
2 2n (6e)

Moreover, oxidation to ferric ions (Eq. (7a)), evolution of oxygen
(Eq. (7b)), oxidation of oxalate to form carbonic acid or carbon dioxide

Table 2
Weight loss of NdFeB magnet during chemical and electrochemical leaching a.

0.5 M H2SO4 0.1 M H2SO4 0.05 M H2SO4 Theoretical value

− 0.05 M H2C2O4 − 0.05 M H2C2O4 − 0.05 M H2C2O4

i, A/dm2 Δm, g
Chemical leaching 1.46 ± 0.03 1.11 ± 0.13 0.45 ± 0.04 0.089 ± 0.08 0.029 ± 0.005 0.009 ± 0.002 −
10 1.64 ± 0.11 1.19 ± 0.08 0.74 ± 0.03 0.67 ± 0.07 0.61 ± 0.04 0.67 ± 0.01 0.76
20 1.68 ± 0.07 1.48 ± 0.06 1.32 ± 0.05 0.80 ± 0.07 − − 1.51
50 2.97 ± 0.14 1.07 ± 0. 02 − − − − 3.78

a Δm = Iqalloyt, where I is current (A), qalloy is electrochemical equivalent of the alloy, 1.51 (g/Ah) and t is time, (h).

Fig. 5. Effect of current density on the leached weight of REEs from NdFeB magnet waste in (a, c, e) 0.1 M H2SO4 and (b, d, f) 0.1 M H2SO4 + 0.05 M H2C2O4; (a, b)
chemical leaching; electrochemical leaching at current density, (c, d) 10 A/dm2 and (e, f) 20 A/dm2 (Stirring rate 400 rpm, T = 23 °C).
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(Eq. (7c)) may take place on the anode (Vassiliev and Sarghisyan,
1986), especially at the highly noble anode potential (> 0.8 V) during
electrolysis in a mixture of sulfuric and oxalic acid (Fig. 5S). Hydrogen
evolution (Eq. (7d)) takes place on the cathode.

⇌ + ° =+ + −Fe Fe e E 0.77 V2 3 (7a)

→ + + ° =+ −2H O O 4H 4e E 1.23 V2 2 (7b)

⇌ + ++ −HC O H 2CO 2e2 4
–

2 (7c)

+ ⇌+ −2H 2e H2 (7d)

Due to reaction (7d), an increase in the solution pH was observed
during electro-leaching (see Fig. 2S in supplementary material), be-
cause in the beginning protons were reduced on the cathode causing
hydrogen evolution. For 0.1 M H2SO4, increase was more pronounced
and after an hour pH reached 3.8 and a reddish insoluble sediment
containing most likely iron hydroxides and oxides was formed. Addition
of 0.05 M H2C2O4 led to a less significant pH rise as the oxalic acid acts
as a buffering agent thus keeping pH more or less constant.

According to the measured polarization curves shown in Fig. 6, the
only process is metals dissolution up to around −0.5 V(SHE) followed
by nearly constant current density and eventually evolution of oxygen
(not shown in Fig. 6). However, there is no drop in current density that
is typical for passivation cases. For sulfuric acid leaching (Fig. 6a), both
the initial slopes and the plateau current density increase with in-
creasing acid concentration, probably because of the conductivity ef-
fect. As seen in Fig. 6b, the presence of oxalate as a significant effect on
the slopes at the lowest sulfuric acid concentration. This may be ex-
plained by the formation of an oxalate layer (Fig. 7, h), which slows
down the mechanical degradation of the surface thus allowing main-
tenance of the high surface area.

3.3. Electro-leaching of powdered magnet

Electro-leaching of crushed magnet in a basket was studied in order
to further improve the leaching efficiency and to make the process
practically more feasible. Fe and REEs leaching from the powdered
spent NdFeB magnet at different cell voltages is presented in Fig. 8. It is
clear, that leaching was effective up to 30 min and then a plateau was
reached, and leaching was completed. Significant increase of cell vol-
tage during electrolysis was observed (Fig. 6S in supplementary mate-
rial) that could be explained by decreasing surface area during the
dissolution. However, the voltage increase could be eliminated by
adding fresh magnet waste powder into the basket during the leaching
process.

3.4. Leaching mechanism of the NdFeB magnet

Based on the obtained data on chemical and electrochemical

Fig. 6. Linear polarization curves of the polished NdFeB magnet in sulfuric acid solutions (a) without oxalic acid and (b) in presence 0.05 M H2C2O4.

Table 3
Metal composition of the precipitate after chemical and electrochemical
leaching in the mixture of 0.1 M H2SO4 and 0.05 M H2C2O4

a.

Fe Cu Nd Ce Pr Gd

g/kg

Chemical leaching 2.8 0.8 295.0 0.7 87.0 75.5
10 A/dm2 3.1 0.5 291.3 0.7 85.0 75.1
20 A/dm2 3.1 0.5 289.7 0.7 83.4 75.0

a Amount of Tb, Dy, Ho, Er, Yb, La, Sm was 0.03–0.09 g/kg.
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leaching, following mechanism of dissolution can be proposed (Fig. 9).
Due to the heterogeneous structure of NdFeB alloy, fast and preferential
leaching takes place at the less noble Nd-rich phases (Fig. 7) located
around the Fe-rich Nd2Fe14B grains (ϕ-phase). This is reasonable con-
sidering the fact that the rare earth elements represent some of the most
active metals; their standard electrode potentials range from −2.2 to
−2.5 V. As a result, whole grains of the ϕ-phase finally break off from
the surface (Fig. 9). Schultz et al. (Schultz et al., 1999) suggested a
composition-based mechanism and presence of two different inter-
granular phases: η-phase is B-rich and n-phase is Nd-rich phase (Nd4Fe).
Established by EDX analysis in this work; mole ratio of Nd and Fe in the
intergranular phase shows higher amount of Fe.

3.5. Characterization of the cathodic sediment

Micrographs and EDX results of the cathode coatings are presented
in Fig. 10 and Table 4. The most compact coating with strong adhesion
was obtained from an electrolyte that contained only H2SO4 at the
current density of 10 A/dm2 (Fig. 10a). The cracks seen are typical for
iron deposits. The coating formed in the mixture of 0.1 M H2SO4 and
0.05 M H2C2O4 at current density of 20 A/dm2 (Fig. 10d) showed
cornflower-like structures. Increasing the current density in 0.1 M
H2SO4 led to a creation of dendrites that could be easily removed from
the cathode surface.

As mentioned above, REEs have strong negative reduction

Fig. 7. Microstructure of initial FeNdB magnet SE-SEM (a) and BSE-SEM (b) image of the surface after leaching in mixture 0.1 M H2SO4 (c-e) and in 0.1 M
H2SO4 + 0.05 M H2C2O4 (f-h): chemical leaching (a, f), electrochemical at current density, A/dm2: 10 (d, g), 20 (e, h).

Fig. 8. Comparison of iron and REEs leaching from NdFeB magnet waste
powder in a basket and with plate.
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potentials and cannot be reduced in aqueous solutions, but EDX data
indicated substantial amount of these elements in the cathode sedi-
ments. This most probably stem from mechanical inclusion of the REE
precipitates in the growing deposit layer. Large amount of oxygen
shows that oxides of Nd and Pr were included in the iron coatings and
in the presence of H2C2O4, oxalates of these metals seem to be included
in the coatings. Besides, we assumed that formed oxalic complexes of
REEs could be deposited directly on cathode as reduction from com-
plexes could takes place at much more noble potentials as from in-
dividual ions. Another possibility of inclusion at high current density in
0.1 M H2SO4 could be caused by increasing of pH (Fig. 2S) due to
cathodic reaction that leads to precipitation of basic Nd sulfate. The
basic salts of Nd and Nd(OH)3 could be included in cathode sediment.
At the current density of 10 A/dm2, only a small amount of coating was
obtained from the mixture of 0.1 M H2SO4 and 0.05 M H2C2O4. 3.6. Energy consumption

The cell voltages measured during the electrolysis at different

Fig. 9. Schematic illustration of leaching process on the surface of spent NdFeB magnet in a) H2SO4, b) mixture of H2SO4 and H2C2O4.

Fig. 10. Micrographs of the cathode surface after 1 h electrolysis (a, b) in 0.1 M H2SO4, (c, d) in mixture 0.1 M H2SO4 and 0.05 M H2C2O4 at current density (a, c) 10
A/dm2 and (b, d) 20 A/dm2.

Table 4
EDX analysis of the cathodic deposit (the values are in wt-%).

0.1 M H2SO4 0.1 M H2SO4 and 0.05 M H2C2O4

10 A/dm2 20 A/dm2 10 A/dm2 20 A/dm2

C 2.9 3.9 12.8 11.7
O 17 28.3 19 24.1
Al 0.5 0.3 − −
S 1.4 0.9 − −
Fe 62 44.7 5.3 30.3
Ce − 4 − −
Pr 2.9 3.2 2.7 6.4
Nd 13.2 14.7 10.6 27.4
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conditions are presented in Fig. 7S in supplementary material and the
calculated energy consumptions listed in Table 5. At the current density
of 10 A/dm2, insignificant increase in cell voltage was observed. In-
creasing the current density up to 20 A/dm2 led to voltage values of
10 V in sulfuric acid and mixture of sulfuric and oxalic acid. Obviously,
addition of oxalate at lower current densities allows lower cell voltage,
which respectively decreases the energy consumption. Decreasing of
voltage is related to the blocking of the surface, which inhibits the
mechanical degradation of the matrix. This on its behalf led to the
growth of the electrode surface area, which decreases the voltage.

4. Conclusions

In this study we investigated the leaching process of spent NdFeB
magnet via chemical and electrochemical methods for the recovery of
REEs. XRD and SEM/EDX analyses revealed the presence of Nd2Fe14B
micrometer-sized ferromagnetic granules surrounded by Nd-rich
phases. Local Volta potential differences as high as 500 mV within the
microstructure suggests preferential selective leaching of the Nd-rich
phase and this was proven by chemical and electrochemical leaching
experiments with 0.05–0.5 M H2SO4. The leaching rate strongly de-
pends on the acid concentration and current density. The positive effect
of applied voltage was significant especially at low acid concentrations
thus making the leaching process more environmentally friendly.
Addition of oxalic acid in the leaching solution further reduces the
energy consumption and at the same time improves recovery of REEs as
solid oxalates. Some of the REEs were also found in the cathodic de-
posits. Therefore, optimizing the leaching conditions is highly im-
portant in order to make the new process viable in large-scale appli-
cations.

As a step towards realistic separation process, electro-leaching of
powdered NdFeB magnet was studied using a 3D-printed titanium
basket as the holder. The obtained results verify the efficiency observed
with polished magnets and give basis for further development. The
present paper indicates a clear potential for the electrochemical
leaching methods to recover REEs from the magnet waste.
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A B S T R A C T

Recovery of rare-earth elements (REEs) from spent NdFeB magnets is receiving great attention because of high
amount of neodymium and potential risk of environmental pollution. In this study, a novel environment-friendly
hydrometallurgical route is proposed for efficient recovery of REEs during electrochemical leaching with sulfuric
and oxalic acids. With proper adjustment of the electrolyte composition and operating conditions, effective
separation of different elements is observed; a compact layer of REE oxalates in a purity of up to 93% is obtained
on the cathode, while iron remains in the solution and as solid residue for further recovery. The mechanisms
during the electro-leaching process were subsequently investigated and we propose that cathodic deposition of
the REEs is due to electrostatic attraction of the REE-oxalate particles on the cathode. With this finding, selective
recovery of REEs from spent magnets can be achieved. This study provides a new insight on electronic waste
recycling by implementing principles of electrochemistry.

1. Introduction

Over the past decades, consumer demand has led to increasing
amounts of electronic and electrical waste, in which large amounts of
valuable and precious metals are lost [1,2]. On the other hand, some
metals like rare-earth elements (REEs) are difficult to mine. They are
relatively plentiful in Earth’s crust, but because of their geochemical
properties, rare-earth elements are typically dispersed and not often
found concentrated in rare-earth minerals. As a result, economically
exploitable ore deposits are less common [3,4]. All these factors to-
gether with the political aspects concerning with strong quota of REEs
from China have made their recycling one of the predominant and vi-
tally important aims in modern technology [5–10].

Current industries are suffering from lack of REEs. Particularly,
production of hybrid cars, turbines, hard drive disks, and headphones
that use neodymium magnets (NdFeB) [45]. Nowadays such magnets
are the strongest that can be used for miniaturization of electronic
devices [46]. They contain 50–60% of iron, 25–30% of rare-earth ele-
ments (mainly neodymium) and around 1% of B. Other elements, such

as Al, Ga, Co, Nb, Si, Zr, Ni, Cu, Zn are used as minor additives in order
to improve thermal, magnetic or corrosion properties of these magnets
[11–15].

All technologies currently available for recycling of spent NdFeB
magnets can be divided into hydrometallurgical [16–19] and pyr-
ometallurgical [20,21] methods. Pyrometallurgical methods demand a
lot of energy for melting all the components. Hydrometallurgical
technologies are less energy-consuming and can be implemented in
different ways. The main steps include demagnetization, mechanical
pre-treatment, leaching, and precipitation. The REEs can be pre-
cipitated using e.g. oxalic acid. This acid is an effective chelating agent
for metal cations and known as very efficient precipitant for REEs
(pKsp = 31–33) [17,22,23]. Other uses for oxalic acid are waste-water
treatment [24], biosorbents for removing of heavy metals [25], and
fabrication of membranes [26]. Traditionally, used oxalic acid is dis-
posed of as hazardous waste. The reuse of oxalic acid is therefore re-
quired from economic and environmental points of view. Van der
Hoogerstraete et al. [23] showed a process of recycling of NdFeB
magnets that based only on oxalic acid, air, water and as a result
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produced leaching residue and the waste from aqueous stripping. Ita-
kura et al. [27] reported that purity of final neodymium oxalate with
precipitation by oxalic acid from spent magnets was around 99.8%.

Electrodeposition of REEs from aqueous media is impossible due to
their strongly negative reduction potentials [28], however, electro-
chemistry is widely used for treating wastewater and it has potential as
a decreased amount of used chemicals and allows in many cases dis-
solve and recover in a one-step [43,44]. In our previous work, we found
that during electro-leaching electrodeposition of iron was accompanied
by inclusion of REEs in the cathode deposit [29]. Under certain con-
ditions, deposition of REEs becomes dominant and the presence of
oxalic acid in the leaching solution appears to be a crucial factor. To the
best of our knowledge, this effect has not been investigated earlier. Aim
of this study is to clarify the role of oxalate on the mechanism of direct
REE recovery from the electro-leaching solution. For this purpose,
number of analytical methods (SEM, EDX, XRD, XPS) were used to in-
vestigate the composition and structure of the cathodic deposit. More-
over, deposition of iron from synthetic solutions and from the actual
leach solution was studied by electrochemical analysis.

2. Experimental

2.1. Materials

NdFeB magnet Webcraft GmbH (Germany) with diameter of 35 mm
and thickness of 5 mm was used as the anode and copper plate as the
cathode (0.2 dm2). NdFeB spent magnets were demagnetized at the
Curie temperature of 310 °C for 1 h in an Entech muffle furnace.
Electrodes were mechanically prepared by polishing with #500, #900,
#1200 and #2000 emery paper, then with Al2O3 suspension, and fi-
nally degreased with ethanol.

Sulfuric acid (Sigma-Aldrich, 98%), oxalic acid (Sigma-
Aldrich,> 97.5%) and MilliQ water (Merck Millipore Q-POD) were
used for preparing of solutions.

2.2. Electrochemical leaching

All electrolysis were carried out at 22 ± 1 °C in a 150 mL glass
beaker in galvanostatic mode using a PS 3005 power supply at anode
current density i= 50 A/dm2 with the stirring speed ω= 400 rpm. The
pH and conductivity of the leach solutions was monitored using stan-
dard procedures (Radiometer PHM 240 pH/ion pH meter and Knick
703 conductivity meter), the temperature of the electrolyte was con-
trolled by a water bath (RK8 CS, Lauda).

Concentrations of sulfuric and oxalic acids were 0.5 mol/L and
0.05 mol/L, respectively. Working area of NdFeB magnet was kept
0.05 dm2 per 80 mL of solution. Maximum duration of electro-leaching
was 2 h. Mettler AC 88 analytical scale was used for weighting the
magnet samples and copper cathodes before and after electrolysis.

2.3. Electrochemical measurements

Electrochemical measurements were carried out in a three-electrode
cell with saturated silver/silver chloride as reference electrode, pla-
tinum wire as counter electrode, and a copper substrate (exposed sur-
face area 1 cm2) as working electrode using an Autolab PGSTAT 302N
potentiostat-galvanostat (Methrom). Prior to the experiments, working
electrodes were immersed in the electrolyte for 30 min.
Potentiodynamic polarization was carried out at a 5 mV/s sweep rate in
cathodic direction. The temperature was controlled by a water jacket
and a thermostat. Cathodic polarization curves were measured for a
leach solution obtained after 1 h (real solution) and for synthetic so-
lutions of ferrous and ferric sulfate in the presence and absence of oxalic
acid and/or Nd sulfate. In the synthetic solutions, cFe = 10 g/L and
cNd = 2 g/L.

2.4. Characterization methods

Surface morphology and composition were measured using Hitachi
SU3500 scanning electron microscopy (SEM) equipped with an energy
dispersive X-ray (EDX) unit. The chemical composition and crystal
structure of the copper cathode and anode (NdFeB magnet) before and
after electro-leaching were further ascertained using X-ray diffraction
(XRD) (Bruker D8 Advance) with Cu Kα irradiation. The 2θ range was
10–70° and step size 0.02°/s.

Cathode deposits, which were obtained after electro-leaching for 45,
60, 90 and120 min in the mixture of sulfuric and oxalic acids, were
washed thoroughly with water, removed from copper substrate and
digested. The filtered solution was analyzed with inductively coupled
plasma mass spectroscopy (ICP-MS, Agilent 7900) in a mixture of 1%
HNO3 and 1% HCl (Ultrapure, Merck). Relative standard deviation of
all ICP measurements were less than 3.6%.

X-ray photoelectron spectroscopy (XPS) was used for the char-
acterization of cathodic deposits after 1 and 2 h of electro-leaching. The
samples were cleaned in deionized water for 10 min and dried. No other
treatment was implemented in order not to compromise the subtle
chemical changes on the surface. Spectra were recorded in the Fe2p,
Nd5d, B1s, C1s and O1s binding energy (BE) range for each sample to
verify their surface chemistry. The measurements were carried out
using Escalab 250Xi multispectroscope (ThermoFisher Scientific)
equipped with Al Kαmonochromatic X-Ray source and spot diameter of
0.65 mm. Applied pass energy was 10 eV and the energy step size
0.1 eV. Charge compensation was controlled through low-energy elec-
tron and low-energy Ar+ ions emission using the flood gun (emission
current 0.15 mA). The XPS depth of analysis is approximately 5 nm.

ζ-potential of neodymium oxalate particles was measured by an
electro-kinetic analyzer (SurPASS, Anton Paar) using 1 mM KCl solution
as the background electrolyte. Neodymium oxalate particles were ob-
tained by mixing Nd2(SO4)3 (Sigma-Aldrich) and oxalic acid in aqueous
solution at a molar ratio of 1:3. The precipitate was thoroughly washed,
filtered and packed in a cylindric cell. The pH range was from 5 to 2 and
a HCl solution was used in the pH adjustment.

2.5. Efficiency of electro-leaching

For assessment of the electrodeposition conditions, current effi-
ciency (ε) was calculated. In some cases, ε was more than 100% due to
the active dissolution and substantial contribution of chemical leaching.
Energy consumption W (in kWh/kg of NdFeB magnet) was calculated
from Eq. (1), where U is the average cell voltage on cell (V) and ε is the
current efficiency. For iron, qFe = MFe/zFeF = 1.05 g/(Ah) and for
neodymium qNd = 1.79 g/(Ah), where z is the ion charge and F the
Faraday constant.
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Purity of cathodic deposit, P, and REE yield, Y, were calculated from
Eqs (2) and (3), where mREE and mother are weights of rare-earths and
other metals in the deposit. The superscripts dep and sol refer to the
deposit and solution, respectively.
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All experiments were done in triplicate to ensure statistical relia-
bility of the results.
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3. Results and discussion

3.1. Electro-leaching of spent NdFeB magnet

Electro-leaching of spent NdFeB magnet was studied using 0.5 M
H2SO4 and a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4. The results at
other concentrations of sulfuric acid have been reported previously
[29] and only those obtained at high current density of 50 A/dm2 and
in the presence of oxalic acid are shown in Fig. 1. The data obtained
without electricity are shown for the sake of comparison.

Under these rather extreme conditions, dissolution of Fe (Fig. 1a)
and Nd (Fig. 1b) decreased probably due to intensification of compe-
titive processes like oxygen evolution and passivation of magnet surface
by oxidation. It is important to note that the values in Fig. 1 were
calculated from the solution concentrations and they do not include
precipitated species. This is especially true for Nd and other REEs be-
cause of formation of sparingly soluble oxalates [29]. As a result, the
solution concentration of Nd was only a third of the value observed
without oxalic acid after 1 h of electro-leaching.

The focus of this study is on the cathodic deposition taking place
during electro-leaching. The experimental data showing the amount
and composition of the deposit are given in Table 1. The REE yield and
purity were calculated using Eqs. (2) and (3) and the results are shown
in Fig. 2.

As shown in Table 1, electrochemical leaching for 2 h in a mixture
of 0.5 M H2SO4 and 0.05 M H2C2O4 at 50 A/dm2 dissolved 2.74 g of the
NdFeB magnet and 0.69 g were deposited on the cathode. About 0.20 g
of Nd, Pr and Gd was found in the cathodic deposit and mass balance
calculations show that they are in the form of oxalate (RE-
E2(C2O4)3·10H2O).

After about 60 min, mainly REE complexes deposited on the cathode
and the purity on metal basis was 86–88% (Fig. 2). Further leaching
beyond 90 min led to decrease in purity, probably because exhaustion
of oxalic acid in the solution and subsequent increase of iron reduction.
The amount of REE oxalate deposited after 2 h corresponds to about
60% of oxalic acid added initially. Part of oxalic acid is bound as iron

complexes and part is decomposed at the electrodes. Under the studied
conditions, the REE yield was low (Fig. 2) and further studies are
needed to find optimal method for oxalic acid addition. Continuous
addition may be advantageous in order to minimize decomposition in
electrode reactions.

In order to explore the leaching mechanism, cell voltage as well as
anode and cathode potentials were monitored. The results are shown in
Fig. 3 and the electrode potentials are given on the SHE scale. More-
over, bulk pH and conductivity were measured after 1 h of electrolysis
and the results are shown in Fig. 1S (supplementary material).

Open circuit potential of anode was 0.56 V and the sharp increase
during the first 3 min can be explained by selective dissolution of the
more reactive components including Nd and other REEs (Eq. (4)) (in the
following equations, E0 stands for the standard reduction potential on
the SHE scale). Subsequent decrease of the anode potential indicates
more uniform dissolution of iron that is the more electronegative
component in the magnet (Eqs. (5)–(7)).

0

0.5

1

1.5

2

2.5

3

0 20 40 60
time, min

m
Fe

, g
 

a)

0

0.3

0.6

0.9

0 20 40 60
time, min

m
N

d, 
g 

b)

Fig. 1. Amount of iron (a) and neodymium (b) leached from NdFeB magnet
waste in 0.5 M H2SO4 (blue) and in 0.5 M H2SO4 + 0.05 M H2C2O4 (green).
i = 0 A/dm2 (solid lines), 50 A/dm2 (dashed lines).

Table 1
Content of main components in the cathodic deposit and in the solution during electro-leaching. W is the energy consumption. T = 22 °C, I = 50 A/dm2, ω
= 400 rpm).

Time, min Δmanode, g Δmcathode, g Concentration of metals in deposit, mg/g Weight in deposit, g Weight in solution,
g

Ucell, V W, kWh/
kg

Fe Pr Nd Gd Fe Nd Fe Nd

0 − − − − − − − − − − 3.2 −
10 0.267 ± 0.008 − − − − − − − − − 7.6 27.08
20 0.473 ± 0.015 0.020 ± 0.003 − − − − − − − − 7.6 15.57
30 0.558 ± 0.031 0.027 ± 0.004 − − − − − − 0.290 0.054 7.7 13.41
45 0.984 ± 0.206 0.200 ± 0.051 241.8 ± 43.8 46.0 ± 5.5 166.5 ± 25.1 41.6 ± 6.6 0.003 0.051 0.420 0.105 8.0 7.72
60 1.047 ± 0.153 0.231 ± 0.027 34.3 ± 10.9 69.3 ± 0.5 247.9 ± 1.9 60.1 ± 1.8 0.008 0.057 0.550 0.112 8.7 7.44
90 1.507 ± 0.111 0.412 ± 0.061 35.0 ± 9.2 68.2 ± 0.2 247.5 ± 1.9 60.7 ± 1.1 0.014 0.102 2.195 0.442 11.9 6.90
120 2.735 ± 0.009 0.686 ± 0.130 13.2 ± 0.06 74.2 ± 1.7 254.0 ± 16.3 61.0 ± 5.1 0.143 0.133 2.449 0.765 18.6 5.80
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Fig. 2. Yield and purity of REEs in cathodic deposit during electro-leaching of
spent NdFeB magnet in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 at 50 A/
dm2.
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(3) during electro-leaching of spent NdFeB magnet in 0.5 M H2SO4 + 0.05 M
H2C2O4. T = 22 °C, ω = 400 rpm, i = 50 A/dm2.
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Nd3+(aq) + 3e− ⇌ Nd(s) E° = −2.32 V (4)

Fe2+(aq) + 2e− ⇌ Fe(s) E° = −0.44 V (5)

Fe3+(aq) + 3e− ⇌ Fe(s) E° = −0.037 V (6)

Fe3+(aq) + e− ⇌ Fe2+(aq) E° = 0.77 V (7)

In the presence of oxalic acid, anodic oxidation can also proceed
according to Eqs. (8)–(10) [30–32] that result in precipitation of Nd and
other REEs and complexation of ferrous and ferric ions.

2Nd(s) + 3C2O4
2−(aq) + 10H2O ⇌ Nd2(C2O4)3·10H2O(s) + 6e− (8)

Fe + nHC2O4
−(aq) ⇌ [Fe(C2O4)n]2−2n(aq) + nH+(aq) + ne− (9)

Fe + nHC2O4
−(aq) ⇌ [Fe(C2O4)n]3−3n(aq) + nH+(aq) + ne− (10)

After the initial period, the anode potential remains more or less
constant in the range of 2.5–3.5 V (Fig. 3) and may induce oxidation of
iron [30–32]. Moreover, active evolution of oxygen due to Eq. (11) was
observed.

2H2O ⇌ 4H+(aq) + O2(g) + 4e− E° = 1.23 V (11)

During electro-leaching at 50 A/dm2, solution pH initially increased
due to consumption of the protons in the leaching reactions and be-
cause of hydrogen evolution at the cathode (Eq. (12). In principle,
hydrogen can be also formed in the reaction between the acid and the
magnet but because of the high anode potential, this reaction is effec-
tively suppressed.

2H+(aq) + 2e− → H2(g) E° = 0.00 V (12)

At later stages pH decreased probably because of the intensification
of the oxygen evolution (Eq. (11)). Solution conductivity decreased
during electro-leaching as the hydrogen ions were replaced by less
conductive components released from the magnet [33].

Calculated energy consumptions and amount of Fe and REEs in
cathodic deposit and in a solution during 2 h of electrolysis obtained
from ICP analysis are presented in Table 1 and Fig. 2S. During in-
creasing of electrolysis time from 10 min to 2 h average energy con-
sumptions decreased from 27.1 to 5.80 kWh/kg.

In summary, anodic dissolution at high current densities and in the
presence of oxalic acid takes place under highly oxidative conditions
and the main products are ferric oxalate complexes and insoluble REE
oxalates. Composition of the leached magnet residue is discussed in
next Section.

3.2. Effect of electro-leaching on the NdFeB magnets

Influence of etching and electrochemical leaching on the polished
NdFeB magnet is illustrated in Fig. 4.

Commercial NdFeB magnets are coated with a Ni-Cu-Ni layer for the
anticorrosion properties and the main structure consists of the ferro-
magnetic matrix (f-phase) and Nd-rich interstitial phase (n-phase)
[29,34] as shown in Fig. 4a. Before the leaching experiments, magnets
were demagnetized, coating was chemicaly removed by 1 M nitric acid
and surface was mechanically polished. Etching in nitric acid (Fig. 4b)
led to some dissolution because of high reactivity of the n-phase and
formation of galvanic pairs between n- and f-phases.

In our previous work [29], we showed that dissolution during
electrolysis does not significantly influence the surface characteristics
both in sulfuric acid solution and in a mixture of sulfuric and oxalic
acids. However, during electro-leaching at high current densities and
with oxalic acid, magnet surface was more extensively oxidated and
formation of insoluble products might led to passivation of the magnet
surface. When the anode current density was increased from 0 to 50 A/
dm2, the oxygen content more than doubled from 7.2 to 14.8 wt-%.
(Table 2). Moreover, even protruding edges began to dissolve under
these conditions and the Fe-rich nodules dominated in the residue

(Fig. 4c). Regardless of the leaching conditions, the XRD pattern of the
leached NdFeB magnet showed predominance of the Nd2Fe14B phase
[29] (Fig. 3S in supplementary material). As expected, peaks that are
characteristic to ferric oxides are also present in accordance with
Table 1 and with the discussion in the previous Section.

3.3. Characterization of cathodic deposit

During the electrochemical leaching of the spent NdFeB magnet,
compact and uniform cathodic deposit was observed only in a mixture
0.5 M H2SO4 and 0.05 M H2C2O4 at i = 50 A/dm2. SEM images of the
coating are shown in Fig. 5. Under other conditions no deposit was
observed.

After 1 h, the surface of the cathodic deposit had a lot of cracks
(Fig. 5a) due to active evolution of hydrogen but after 2 h, a fibrous
structure was observed. EDX analysis (Table 2S, Supplementary mate-
rial) revealed that composition of the sediment changed markedly
during electro-leaching. After 1 h leaching, the copper substrate was
mainly coated by metallic iron (75.4 wt-%) with some incorporation of
REEs. Iron content reduced significantly to about 1 wt-% after 1.5 h
suggesting that Fe2+ reduction was displaced by other reactions.
During further leaching (1.5–2 h), the sediment was mainly composed
of carbon-containing compounds of Nd and other REEs (Pr, Gd). The
XRD patterns (Fig. 6) shows that the main phases deposited on the
cathode after 2 h were Nd2(C2O4)3·10H2O and Fe.

As shown in Fig. 7 for Fe and Nd and in Fig. 5S (supplementary
material) for other elements, the distribution in the sediment was quite
homogeneous. It is visible that after 1 h of electrolysis matrix consisted
mainly of iron with dots of neodymium (Fig. 8a). Further continuation
of electrolysis led to de-ironing of the surface and formation of full and
compact neodymium oxalate layer.

Next, high-resolution XPS analysis was used to get a more detailed
surface composition of the cathodic deposit. The raw spectra were de-
convoluted into main components and the results are shown in Fig. 8.

Iron is present in two chemical states, with peaks centered at a
binding energy of 710.6 ± 0.1 eV and 712.4 ± 0.1 eV (Fig. 8a),
which correspond to Fe2+ and Fe3+ species, respectively. The Fe2+/
Fe3+ ratio slightly increases with time; from 2.1 after 1 h to 3.0 after
2 h of electrolysis, which is understandable given the occurrence of
reduction processes at the cathode. Based on the obtained results iron is
most probably present as a mixture of FeO and Fe3O4 [35–38].

The Nd 3d5/2 spectra (Fig. 8b) show a peak corresponding to
Nd2O3 and a satellite peak observed at about 10 eV higher. The latter
most probably represents Nd bound with oxalic acid. Moreover, the XPS
analysis indicated absence of Pr on the surface of cathodic sediment,
while plenty of it was found inside the deposit by EDX and ICP analyses.
The reason for differences between EDS and XPS results is the low depth
of analysis of the latter technique, which is only up to 5 nm. It should be
noticed that the surface of both sediments consists mostly of hydroxide
and carbon-containing species (oxalates).

Another difference in these two analyses is seen in the case of boron.
The EDX technique is not sensitive enough to detect boron due to very
small kinetic energy of boron Kα signal, determined by low atomic mass
of this element. On the other hand, the XPS B1s spectra reveals presence
of this element (Fig. 9c). Established boron peak is centered at a binding
energy of (191.5 ± 0.1) eV after 1 h of electrolysis and corresponds to
B2O3 [39,40]. Increasing time of electrolysis to 2 h leads to dis-
appearing of boron from coating surface.

In view of Eq. (4), deposition of Nd on the cathode is quite sur-
prising and therefore other experiments were attempted to find the
deposition mechanism. Electrochemical measurements were made to
clarify reduction of iron from different solutions. Polarization curves for
synthetic ferrous and ferric sulfate solutions and from a solution ob-
tained after 1 h electro-leaching are depicted in Fig. 9.

Reduction of Fe2+ ions (Eq. (4)) began at E=−0.32 V and addition
of oxalic acid shifted it to more negative values (E = −0.39 V) because
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of complexation with oxalate. Addition of Nd3+ did not significantly
affect the reduction overpotential and the curve matches with that of
the solution that contained only Fe2+ and oxalic acid. At a current
density of 0.006 A/cm2 evolution of hydrogen starts. As expected, re-
duction of Fe3+ ions takes place stepwise according to Eqs. (6) and (4),
and the polarization curves show two separate waves. Reduction began

at E = −0.04 V and at around E = −0.5 V, it was accompanied by
evolution of hydrogen (Eq. (11)). The presence of oxalic acid again
shifted Fe2+ reduction wave to more negative potentials, while effect
on reduction of Fe3+ was very small.

The polarization curve of the leach solution suggests that iron is
present mainly as Fe3+. Iron concentration in the leach solution was
8.6 g/L. Moreover, the wave representing hydrogen evolution was
substantially stronger due to higher acid concentration.

3.4. Mechanism of REE recovery on the cathode and scheme of recycling

On the basis of the above data, a mechanism for electroleaching/
electrodeposition was proposed and it is schematically depicted in
Fig. 10. As the anodic process was explained in detail in our previous
work [29], this scheme focuses on the cathodic process.

During the first half an hour, concentration of metal ions in the
electrolyte was quite low (Fig. 1) and no reduction of iron on the
cathode took place. However, presence of oxalic acid allowed to form
fine REE oxalate (REE2(C2O4)3·xH2O) particles. The solubility product

Fig. 4. SEM images of the spent NdFeB magnet surface initially (a), after 10 s etching in 1 M HNO3 (b) and after 1 h electrochemical leaching in a mixture of 0.5 M
H2SO4 and 0.05 M H2C2O4 at i = 50 A/dm2 (c).

Table 2
Elemental composition of spent NdFeB magnet surface after leaching under
various conditions.

Leaching
solution

Current
density,
A/dm2

Elemental composition, wt%

C O Al S Fe Cu Zr Pr Nd Gd

0.5 M
H2SO4

0 3.2 7.2 0.3 − 53.8 6.0 1.6 5.6 18.1 4.2
10 3.2 8.1 0.2 0.3 56.2 3.9 1.3 4.4 18.4 3.8
50 2.6 14.8 0.3 0.9 56.7 − − 4.2 16.7 3.8

+ 0.05 M
H2C2O4

50 3.7 23.5 0.2 2.1 47.9 − 0.9 3.8 14.9 2.9

Fig. 5. SEM images of the cathode deposit obtained during anodic dissolution of NdFeB in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4 at 50 A/dm2. Time of
electro-leaching was 1 h (a) and 2 h (b).
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of REE oxalates is very low, pKsp = 31–33, and the dissolved metals are
effectively precipitated. The particles were characterised using XRD and
zeta-potential measurements. As shown in Fig. 5S and 6S(in supple-
mentary material), the XRD peaks can be assigned to REE oxalates (Nd-
oxalate used here as the model compound) and the particles are posi-
tively charged under acidic conditions. We thus propose that the posi-
tively charged REE oxalate particles moving with the liquid flow collide
and stick on the cathode thus forming the REE-rich deposit [41,42]. It is
not yet clear why this process displaces iron reduction and inhibits Fe
deposition. This may be related to stabilization of Fe2+ by complexa-
tion with oxalic acid and therefore reduction to metallic iron is less
favored.

After 15 min, the color of the solution became strongly yellow in-
dicating the oxidation of iron from Fe2+ to Fe3+ and formation of so-
luble oxalate complexes of iron (III). This result was confirmed by the
polarization measurements shown in Fig. 9. Eventually, iron deposition

on the cathode is effectively suppressed and the positively charged REE
oxalate particles start to deposit. Details of the process are not known
but formally cathodic deposition can be described by Eq. (13).

2[NdC2O4]+ + H2C2O4 + 10H2O + 2e− → Nd2(C2O4)3·10H2O + H2

(13)

The mechanism of electrochemical leaching can be used in the
process scheme outlined below in Fig. 11.

In this study, a proof-of-principle is given for a process, in which the
rare-earths metals are recovered from the NdFeB magnet in high purity
by using only demagnetization, etching, and electro-leaching steps. The
leach solution can be treated for iron recovery. Purity of final REE-
oxalate product is 91–93% (86–88% REEs purity) and further pur-
ification step will be required in order to divide rare-earth elements.

Fig. 6. XRD patterns of the cathode deposit after 2 h of electro-leaching of spent NdFeB magnet. Leaching was done in a mixture of 0.5 M H2SO4 and 0.05 M H2C2O4

at 50 A/dm2.

Fig. 7. High-resolution EDX mapping of the cathode deposit after electro-leaching for 1 h (a − c) and 2 h (d − f). i = 50 A/dm2.
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4. Conclusions

The key finding of this study is deposition of the REEs on the
cathode. On thermodynamic basis, direct reduction to a metallic de-
posit is not possible and the results are explained by electrostatic at-
traction of the negatively charged REE oxalate particles on the cathode.
This possibility has not been mentioned previously for recycling of
spent magnets and it may have potential for future recycling methods.
Further optimization of the process to increase the REE yield and to
minimize energy consumption is currently under investigation in our
group.
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A B S T R A C T

Development of the effective technology for recovery of critical rare-earth elements (REEs) from end-of-life 
permanent magnets is one of the important technological challenges. In this study, chemical and electro-
chemical leaching of NdCeFeB magnets was investigated in 0.5 mol/L sulfuric acid containing varying con-
centration of oxalic acid. The influence of H2C2O4 concentration on leaching efficiency and morphological 
properties of the NdCeFeB surface, as well as on the chemical composition and ζ-potential of the oxalate pre-
cipitate particles was discussed. Efficient separation of REEs can be achieved at H2C2O4 concentrations of 
0.05–0.20 mol/L and the maximum REE purity was 97.2%. In electrochemical leaching, the leaching rate was 
substantially higher than in chemical leaching, where blocking of the magnet surface by precipitate layer was 
observed.   

1. Introduction 

The growth of population and development of advanced technolo-
gies have led to higher and higher consumption of specific elements, so 
called critical materials, which are in high supply risk and of economic 
importance (El Wali et al., 2021; Golroudbary et al., 2020, 2019). Many 
studies have mentioned rare-earth elements (REEs) as critical materials 
due to geochemical (Costis et al., 2021) and political (Ciacci et al., 2019) 
challenges with mining, and to their necessity for a wide range of ap-
plications. The amount of globally mined REEs in 2020 was around 
240 000 t (Ore et al., 2021). Around 23% of the primary REEs are used 
to produce neodymium magnets (NdFeB). So-called NdFeB permanent 
magnets consist of iron (50–70%), boron (1%), and 25–30% of REEs 
(mainly neodymium) (Turpeinen et al., 2019) (Berzi et al., 2019). 
Nowadays, for many magnetic applications, a large part of Nd (from 10 
to 15%) is substituted by Ce, which is the least favorable REE for hard 
magnetic applications, but is widely used because of higher crustal 
abundance and low-cost (Arsad and Ibrahim, 2016; Li et al., 2015; Ni 
et al., 2016; Xu et al., 2016; Yang et al., 2017a). Permanent magnets are 
currently the strongest magnetic materials and found applications in 
audio systems, automotive (conventional and electric vehicles), 

refrigerators, air conditioners, wind turbines, magnetic resonance im-
aging (MRI) machines, etc. (Binnemans and Jones, 2014; Peeters et al., 
2018; Schreiber et al., 2019). In this line, conventional and electric 
vehicles together with wind turbines consume more than 50% of all 
magnets, hence, their end-of-life products can be considered as a valu-
able product for recycling. Currently, around 12 million of electric ve-
hicles − 1 to 5 kg of permanent magnets in each – and around 1 million of 
wind turbines − each containing 1–2 t of permanent magnets − are in 
service globally (Reimer et al., 2020), with the life time ranging 12–15 
and 20–30 years, respectively (Yang et al., 2017b). Even if we consider 
that only 25% of large motor and wind turbines could be collected for 
recycling, ca. 140 000 t of magnets for secondary source would be 
available in near future. For this reason, an effective technology for 
recycling of spent neodymium magnets will allow to bring back useful 
materials, solve the problem of Nd demand, and decrease negative 
ecological impact of these waste. 

Hydrometallurgical technologies for recycling of neodymium mag-
nets are more promising than pyrometallurgical ones due to lower en-
ergy consumption (Liu et al., 2020; Önal et al., 2020; Tian et al., 2019). 
The main hydrometallurgical step is the conversion of solid material into 
a liquid state (leaching). Different mineral (Kumari et al., 2018; Peelman 
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et al., 2015; Yang et al., 2020) and organic acids (Reisdörfer et al., 2019) 
were used for leaching of neodymium magnets. Further treatment in-
cludes precipitation of REEs in the form of oxalates, hydroxides, or 
double salts. It is well-known that oxalic acid H2C2O4 is an efficient 
precipitant of REEs (oxalates of REEs have pKsp = 31–33) (Marins et al., 
2020; Zhang et al., 2020). Oxalic acid can be directly used during 
electrochemical dissolution (Makarova et al., 2020a; Makarova et al., 
2020b) or after leaching step to precipitate a mixture of REEs (Jorjani 
and Shahbazi, 2016; Lai et al., 2014; Önal et al., 2020; Venkatesan et al., 
2018). It was reported (Makarova et al., 2020b) that the addition of 
oxalic acid H2C2O4 to the sulfuric acid solution decreases voltage on the 
bath and increases buffer capacity of the electrolyte. This allowed to 
decrease economic losses and increase operational life of the electrolyte. 
Liu et al. (Liu et al., 2021), proposed to recover REEs and iron from 
neodymium magnets via chemical leaching only in oxalic acid. Before 
leaching, however, mechanical pre-treatment and roasting at 900 ◦C 
were used, leading to high energy consumptions. 

To the best of our knowledge, there are only a few studies on elec-
trochemical treatment of neodymium magnets (Abbasalizadeh et al., 
2019; Venkatesan et al., 2018). Electrochemical methods have the 
following advantages compared to thermal treatment and chemical 
dissolution. (1) to eliminate the milling stage by conducting the process 
of dissolution of REEs directly from bulk waste; (2) to intensify the 
process of leaching (Makarova et al., 2020b); (3) to selectively extract 
REEs directly during anodic leaching of waste (Makarova et al., 2020a); 
(4) to exclude additional cost of reagents in comparison with the 
chemical oxidation of the components of the magnets; (5) to prevent the 
formation of hazardous harmful by-products; (6) to reuse working so-
lutions; (7) to automate the processing of leaching. 

This work is a continuation of our previous studies on chemical and 
electrochemical leaching from oxalate-based solutions (Makarova et al., 
2020a, 2020b), where concentration of oxalate ions in the solution was 
kept constant at 0.05 mol/L. The key finding of our previous study 
(Makarova et al., 2020a) states that in a mixture of 0.5 mol/L H2SO4 and 
0.05 mol/L H2C2O4 during electro-leaching of the spent NdFeB magnet 
at current density of 50 A/dm2, the even and homogenous deposition of 
the REEs on the cathode and anodic dissolution of NdCeFeB can be 
achieved. However, it is worth mentioning that the proposed technology 
suffers from a low efficiency of REEs recovery, and either mechanical or 
chemical removal of oxalate precipitate from the cathodic substrate for 
further purification is required. Moreover, we have shown (Makarova 
et al., 2020b) that it is possible to obtain REEs oxalate not on the surface 
of the cathode but in the volume of the electrolyte, which, in turn, un-
derlines the necessity of examining the influence of oxalic acid con-
centration on the oxalate precipitation during the electro-leaching. 

The aim of this work is to understand the influence of H2C2O4 con-
centration on physico-chemical properties of rare-earth oxalates formed 
during leaching of cerium-neodymium magnets (NdCeFeB) in sulfuric 
acid solutions. Number of analytical and physico-chemical methods 
(SEM, EDX, XRD, ζ-potential) were used to investigate the composition, 
structure, and surface charge of the oxalate precipitate. 

2. Experimental 

2.1. Materials 

Spent NdCeFeB magnets from REDMAG JSC (Russia) with a diameter 
of 30 mm and a thickness of 5 mm were used in all experiments. 

Demagnetization and mechanical/chemical pre-treatment of the mag-
nets are described in detail in our previous study (Makarova et al., 
2020b). The chemical composition determined by inductively coupled 
plasma mass spectrometry (ICP-MS) is reported in Table 1. 

Mixtures of sulfuric (Sigma-Aldrich, 98%) and oxalic acid (Sigma- 
Aldrich, >97.5%) were used as the leaching agent. Solutions were pre-
pared by diluting acids with MilliQ water of 18.2 MΩ cm resistivity 
(Merck Millipore Q-POD). 

2.2. Electrochemical leaching 

The setup for electrochemical leaching of NdCeFeB magnets is pre-
sented in Fig. 1. 

In leaching experiments, an NdCeFeB magnet was used as the anode 
and two copper plates (surface area 3 cm × 5 cm) were used as the 
cathodes as shown in Fig. 1. The concentration of sulfuric acid was kept 
constant at 0.5 mol/L and the concentration of oxalic acid was 0, 0.01, 
0.05, 0.10, or 0.20 mol/L. The solid-to-liquid ratio was kept at 0.06 dm2 

of the NdCeFeB surface per 150 mL of the solution, and the stirring rate 
was 400 rpm. The maximum duration of electro-leaching was 1 h. After 
electrolysis, electrodes and obtained precipitates were thoroughly 
washed, air-dried, and weighted. The precipitates were dried for 4 h at 
80 ◦C before weighting. Detailed description of leaching experiments 
can be found in (Makarova et al., 2020a). 

2.3. Electrochemical measurements 

Electrochemical measurements of the dissolution process of NdCe-
FeB magnets were carried out in a three-electrode cell with the side 
location of the working electrode using a potentiostat–galvanostat 
(PGSTAT 302 N, Methrom Autolab). A saturated silver/silver chloride 
electrode was used as the reference electrode, a platinum grid as the 
counter electrode, and the NdCeFeB magnet with the exposed surface 
area of 1 cm2 as the working electrode. Prior to experiments, working 
electrodes were immersed in the electrolyte for 30 min. Linear polari-
zation scans were carried out at a sweep rate of 5 mV/s in the range of 

Table 1 
Chemical composition of spent NdCeFeB magnets based on ICP-MS data.  

Element, wt% 

Fe Co Cu Ce Pr Nd Gd Others  

68.25  0.01  0.19  13.58  1.99  8.51  7.39 Balance  

Fig. 1. Schematic illustration of the setup for electro-leaching of NdCe-
FeB magnets. 
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potentials from –300 mV to +300 mV from the open circuit potential 
(OCP). By linear fitting of Tafel E − log i curves (Makarova et al., 2019), 
dissolution current densities idiss were obtained. Temperature of 22 ±
1 ◦C was controlled by a water jacket and a thermostat. 

2.4. Characterization methods 

The surface morphology and composition of the NdCeFeB anode and 
the oxalate precipitate were examined using a Hitachi SU3500 scanning 
electron microscope (SEM) equipped with an energy dispersive X-ray 
(EDX) unit. The chemical composition and crystal structure of the oxa-
late precipitates after electrolysis were further ascertained using X-ray 
diffraction (XRD) (a Bruker D8 Advance) with Cu Kα irradiation. The 2θ 
range was 10–50◦ and a step size was 0.02◦/s. 

Oxalate precipitates, which were obtained during electro-leaching in 
the mixtures of sulfuric and oxalic acids, were filtered every 15 min and 
washed thoroughly with water, dried for 4 h at 80 ◦C, and digested. The 
filtered digestion solution was analyzed with inductively coupled 
plasma mass spectroscopy (an ICP-MS, Agilent 7900) in a mixture of 1% 
HNO3 and 1% HCl (Ultrapure, Merck). Relative standard deviation of all 
ICP measurements were less than 3.6%. 

ζ-potential of neodymium oxalate particles was measured by a 
Zetasizer ZS Nano (Malvern) analyzer. The precipitate was thoroughly 
washed, filtered, and dried. The pH in the analyzed solution was 
adjusted to 1.0 with 1 mol/L HCl solution. Electrophoretic light scat-
tering method was utilized for the ζ-potential measurement according to 
methodology developed by Malvern Instruments using the surface zeta 
potential cell (zen1020, Malvern Instruments) and the zeta potential 
transfer standard (DTS1235, Malvern Instruments) as tracer particle 
(zeta potential − 42.0 mV ± 4.2 mV). The Smoluchowski model was used 
to calculate ζ-potential values of nanoparticles in aqueous media (Lu 

et al., 2018). 

2.5. Efficiency of electro-leaching 

For assessment of the electrodeposition conditions, current effi-
ciencies of anodic (εa) and cathodic (εc) processes were calculated. For 
iron, electrochemical equivalent is qFe = MFe/zFeF = 1.05 g/(Ah), for 
neodymium qNd = 1.79 g/(Ah), for cerium qCe = 1.74 g/(Ah), and for 
praseodymium qPr = 1.75 g/(Ah), where z is the ion charge and F is the 
Faraday constant. qalloy = 1.196 g/(Ah) was obtained using the 
composition given in Table 1. 

qalloy =
1

wFe
qFe

+ wNd
qNd

+ wCe
qCe

+ wPr
qPr

, (1)  

εa =
Δma

iSaqalloyτ
, (2)  

εc =
Δmc

iScqFeτ
, (3)  

where wFe, wNd, wCe, and wPr are weight fractions of iron, neodymium, 
cerium, and praseodymium in the magnet, respectively; i is current 
density, A/dm2; S is the surface area of electrode (Sa and Sc of anode and 
cathode, respectively); Δma and Δmc are weight of dissolved NdCeFeB 
magnet and cathodic sediment, g, respectively; τ is time of leaching, h. 

Selectivity of process were considered according to two parameters: 
the purity of the REE oxalate precipitate, P, and REE precipitate yield, Y, 
which were calculated from Eqs. (4) and (5). 

P =
mdep

REE

mdep
REE + mdep

others

⋅100% (4) 

Fig. 2. SEM images of REE oxalate crystals obtained in 0.5 mol/L H2SO4 solution with different concentration of H2C2O4: (a) 0.01 mol/L; (b) 0.05 mol/L; (c) 0.1 mol/ 
L, (d) 0.2 mol/L. 
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Y =
mdep

REE

mdep
REE + msol

REE
⋅100% (5)  

where mdep
REE and mdep

others are weights of REEs and other metals in the 
precipitate, msol

REE is weight of REEs in the solution. 
All experiments were done in triplicate to ensure statistical reliability 

of the results. 

3. Results and discussion 

3.1. Characterization of precipitates formed in solutions 

When the NdCeFeB magnet was electro-leached in the presence of 
oxalic acid, REE oxalates precipitated as elongated crystals with an 
average size around 1–2 µm (Fig. 2). Color of crystals varied from light 
pink to yellow. 

Amount of the precipitate formed during electro-leaching strongly 
depends on the initial H2C2O4 concentration as depicted in Fig. 3. Here, 
the y-axis gives the weight of the metal oxalate per unit area of the 
magnet surface. In the presence of 0.01 mol/L H2C2O4, 0.028 g/cm2 of 
the precipitate was formed after 15 min and further increase in the 
duration of electro-leaching only slightly increased the amount of the 
formed precipitate. An increase in the initial concentration of H2C2O4 
lead to a significant weight gain of the formed precipitate. The values at 
60 min depend nearly linearly on the oxalate concentration suggesting 
that the amount of oxalate is the limiting factor. 

According to the mass balances in the case of 0.05 mol/L H2C2O4, 
oxalic acid should be fully consumed at around 90 min. Nevertheless, 
according to the experimental data (Fig. 3), a constant weight of the 
precipitate was achieved already after 45 min. It indicates that part of 
the oxalate ions is consumed by formation of soluble complexes with 
iron. 

The metal distribution in the precipitate at different time of leaching 
and concentration of H2C2O4 in the electrolyte is presented in Fig. 4. 

According to Fig. 4a and b, almost constant REE distribution was 
found in the precipitate and it is identical with the distribution in the 
magnet. The only exception is Ce, which appear to follow an opposite 
trend with iron; in Fig. 4a the iron content increases with time and Ce 

Fig. 3. Precipitation of REE oxalates during electro-leaching of NdCeFeB 
magnet in 0.5 mol/L H2SO4 solutions with different concentrations of oxalic 
acid, ia = 50 A/dm2. 

Fig. 4. Concentration of metal ions in the oxalate precipitate depending on leaching time in 0.5 mol/L H2SO4 containing (a) 0.1 mol/L H2C2O4 and (b) 0.2 mol/L 
H2C2O4; (c) concentration of oxalic acid (after 15 min of electrolysis). 
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content decreases, while in Fig. 4b the opposite was true. At very low 
oxalate concentrations, some REE selectivity was observed. In the so-
lution containing 0.01 mol/L H2C2O4, neodymium and praseodymium 
oxalates were preferentially precipitated. The concentration of 
Nd2(C2O4)3 decreased approximately 2 times by increasing the con-
centration of oxalic acid and starting from the concentration of 0.05 M, 
Ce(C2O4)3 became the major component of the precipitate. The same 
trend was observed by Ni et al. (Ni et al., 2016) and it is probably due to 
the distribution of the metals in the magnet structure. Nd and Pr are 
located in the REE-rich phase, while Ce is concentrated in the Fe-rich 
phase. Increasing time of electrolysis (Fig. 4a) and the concentration 
of oxalic acid (Fig. 4c) leads to decreasing of the purity of the oxalate 
precipitate (Table 2) as the amount of iron in the precipitate increases up 
to 10 mol%. 

The REE purity of the oxalate precipitate varied from 85 to 97 %. 
Increasing of electrolysis time from 15 to 60 min decreases the purity of 
the precipitate by 5–10% under all examined conditions because the 
solution accumulates iron ions. Yield of the REE oxalate precipitate is 
more than 95% for solutions with concentration of H2C2O4 from 0.05 to 

Table 2 
REE purity (P, %) and precipitation yield (Y, %) in leaching of NdCeFeB magnets by 0.5 mol/L sulfuric acid containing different concentrations of oxalic acid.  

Time, min Electrochemical leaching Chemical leaching 

Concentration of H2C2O4, M 

0.01 0.05 0.10 0.20 0.05 

P, % Y, % P, % Y, % P, % Y, % P, % Y, % P, % 

15 96.7 30.5 97.2 96.4  96.7 99.7 94.2  96.1 −

30 − − 95.7 97.2  97.2 95.6 94.1  93.4 96.8 
45 − − − − 86.4 95.2 97.2  97.3 90.5 
60 − − − − 85.4 − − 86.8  

Fig. 5. Dependence of zeta potential of the oxalate precipitate on the concen-
tration of oxalic acid at t = 15 min and on leaching time at cH2C2O4 = 0.2 M. 

Fig. 6. Weight loss of NdCeFeB magnets during chemical leaching (a) and electro-leaching (b) in 0.5 mol/L H2SO4 with different concentrations of oxalic acid. 
Dashed lines correspond to weight increase on cathode due to iron reduction and the numbers indicate oxalate concentration. ia = 50 A/dm2. Surface scans (c) were 
taken after 60 min of leaching. Expected electrochemical leaching corresponds to theoretical leaching value calculated by the Faraday’s law. 
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0.2 mol/L and 30.5% for 0.01 mol/L of H2C2O4. 
The purity of the oxalate precipitate is linked with the surface charge 

of the precipitate, as a part of it could be lost by inclusion to cathodic 
iron deposit (Makarova et al., 2020a). Zeta-potential of the oxalate 
precipitate depends on leaching time and on the concentration of oxalic 
acid as depicted in Fig. 5. 

Zeta potential of the REE-oxalate precipitate became more positive at 
low concentrations of oxalic acid, which can lead to specific adsorption 
of the oxalate precipitate on the cathode (0.05 mol/L H2C2O4, ζ = 11.1 
mV) (Makarova et al., 2020a, 2020b). Increasing of time of electrolysis 
from 15 to 45 min leads to increasing of negative charge on REE oxalate 
from − 12.5 to − 4.8 mV. 

3.2. Influence of oxalic acid on anodic and cathodic processes during 
NdCeFeB leaching 

The process of recovery of REEs from NdCeFeB magnets in the form 
of oxalates cannot be fully explained without examination of the anodic 
dissolution and the processes of the cathodic reduction. 

Anodic dissolution of NdCeFeB magnets gives Nd3+, Ce3+, Pr3+ and 
Fe2+ ions as primary soluble species. In the presence of oxalic acid, REE 
ions form insoluble oxalates REE2(C2O4)3⋅10H2O(s), while iron ions 
form soluble complexes [Fe(C2O4)n]2− 2n(aq) and possibly also insoluble 
compounds (Pliego et al., 2014; Salmimies et al., 2016). Some solubi-
lization of REEs may occur via mixed oxalates of the type REEFe 
(C2O4)3 (Lin et al., 2012). Thus, the addition of H2C2O4 into the leaching 
solution leads to the formation of poorly soluble oxalates, which can 
partially block the electrode surface, thereby increasing the anodic 
polarization. 

The weight loss of NdCeFeB magnets during chemical leaching (a) 
and electro-leaching (b) in 0.5 mol/L H2SO4 solutions with varying 
concentration of H2C2O4 is shown in Fig. 6. The SEM scans in Fig. 6c 
indicate surface morphology after 60 min of leaching. 

The dissolution rate in chemical (Fig. 6a) and electrochemical 
(Fig. 6b) leaching was 0.26 g/(cm2h) and 0.59–0.63 g/(cm2h), respec-
tively. It shows that the electrochemical leaching has 2.0–2.5 times 
higher dissolution rate of NdCeFeB as compared with the chemical one. 
The anode current efficiency of electro-leaching exceeded 100% and 
varied from 104 to 108%, which could be explained by the contribution 
of chemical leaching. Increase in the H2C2O4 concentration during 
chemical leaching to 0.05 mol/L lead to a decrease in the dissolution 
rate to 0.22 g/(cm2h). The kinetics of leaching of individual elements 
(iron and REEs) is presented in Fig. 2S and 3S in the supplementary 
material. In the concentration range of 0.1–0.2 mol/L H2C2O4, the 

leaching process was completely suppressed. Under these conditions, a 
significant fraction of the magnet surface became covered with an 
insoluble layer with the following composition: C – 27.06 mol-%, O – 
60.74 mol-%, Fe – 9.33 mol-%, Ce – 1.62 mol-%, Nd – 0.62 mol-%, Gd – 
0.63 mol-%. These values roughly correspond to the structure of ferrous 
oxalate, Fe(C2O4), with some inclusion of REE2(C2O4)3. In contrast to 
chemical leaching (22 ± 1 ◦C), variation of the oxalic acid concentration 
in the range of 0–0.2 mol/L did not significantly affect the dissolution 
rate during electro-leaching. The anodic treatment thus promotes 
detachment of the passive layer of insoluble oxalates from the magnet 
surface due to intensive oxygen evolution. 

Although there was no evidence of passivation of the magnet surface 
during electro-leaching, the EDX analysis showed areas rich in oxygen. 
The content of oxygen on the surface of the NdCeFeB magnet increases 
from 4.6 to 30.1 wt-%, when the concentration of H2C2O4 increase from 
0 to 0.2 mol/L (Table S1, Supplementary material). The possibility of the 
passivation was also suggested by OCP measurements and by chro-
nopotentiograms obtained at the anodic current density of 50 A/dm2 

(Fig. 1S, supplementary material). Similar behavior was found by linear 
potentiodynamic polarization curves of the NdCeFeB magnet in the 
mixtures of sulfuric and oxalic acids (Fig. 7). The dissolution current 
densities were estimated by linear fitting from the polarization curves 
represented in Fig. 7. As shown in Table 3, increasing the H2C2O4 con-
centration from 0.01 to 0.2 mol/L led to almost four-fold decrease in the 
dissolution current density. 

Deposition of iron on the cathode during the electrochemical 
leaching in 0.5 mol/L H2SO4 with varying content of H2C2O4 is illus-
trated in Fig. 6. During the first 30 min, only hydrogen evolution occurs, 
while a slight weight gain after 30 min is observed at the cathode mainly 
due to the reduction of Fe2+ ions. Increasing of time of electrolysis leads 
to a gradual growth of the electrodeposition rate of Fe2+ ions. Increasing 
of the H2C2O4 concentration leads to a decrease of the mass of the 
cathode deposit. The Faradic current efficiency (CE) of the reduction 
process is shown in Table 3. A lower amount of the consumed current for 
the cathodic reduction of iron at lower concentrations of H2C2O4 may be 
the result of the following factors.  

(1) Sufficiently stable complex compounds [Fe(C2O4)n]2-2n and [Fe 
(C2O4)n]3-3n are formed in the solution, the discharge of which 
occurs at more negative potentials than in the case of the 
reduction of uncomplexed iron(II) and iron(III) ions. Thus, the 
binding of iron ions into complex compounds increases the 
fraction of the current that is spent on the reduction of hydrogen 
ions.  

(2) pH of the electrolyte has a direct effect on the cathodic current 
efficiency of iron ions reduction. Alkalization of the solution leads 
to a decrease in the proportion of current spent on the reduction 
of H+ ions. The formation of poorly soluble REE-oxalates leads to 
a decrease in the pH of the solution in the range 0.2–0.5, which 
contributes to the intensification of the process of the cathodic 
hydrogen evolution. 

(3) Increasing of positive charge on the surface of the oxalate pre-
cipitate can substitute iron reduction by selective adsorption of 
REE-oxalates (Makarova et al., 2020a). 

Fig. 7. Linear potentiodynamic polarization curves of NdCeFeB magnets in 0.5 
mol/L H2SO4 and different concentration of oxalic acid (0–0.2 M). 

Table 3 
Cathodic current efficiency and dissolution current density of NdCeFeB 
depending on concentration of oxalic acid and time of electro-leaching.  

Time, 
min 

Cathodic current efficiency, % 

0 0.01 0.05 0.1 0.2 

30–45 18.0 17.0 9.0 0.4 0.2 
45–60 73.5 62.7 58.6 39.0 13.4  

Dissolution current density of NdCeFeB, 10–4 A/cm2  

7.60 ±
1.10 

8.39 ±
0.89 

7.11 ±
1.22 

6.79 ±
0.83 

3.53 ±
0.4  
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As a summary of the previous Sections, electrochemical dissolution 
of NdCeFeB magnets can be schematically represented by Fig. 8. The 
scheme focuses on the influence of H2C2O4 concentration on the 
physico-chemical properties and composition of the REE-oxalates ob-
tained in the process. 

The electrochemical dissolution of the NdCeFeB magnet in 0.5 mol/L 
H2SO4 yields a leachate that contains all valuable metals. Addition of 
oxalic acid during electrolysis allows, on the one side, to intensify the 
process of the dissolution and, on the other side, to separate rare-earth 
elements in one step. The purity of the oxalate sediment during 
electro-leaching varies from 85 to 97% and more than 95% of REEs end 
up in the precipitate. Increasing the concentration of oxalic acid in-
creases the precipitation yield but also leads to a significant passivation 
of the magnet surface. On the other hand, low concentration of oxalic 
acid and long leaching time leads to more positive surface charge of the 
precipitate and, therefore, to a tendency to attach on the cathode. 
Depending on the conditions, the REE-oxalates may be recovered as 
specifically adsorbed precipitate on the cathode or as precipitate formed 
in the solution. 

4. Conclusions  

(1) The influence of concentration of oxalic acid that was used in a 
mixture with sulfuric acid during direct electrochemical leaching 
of NdCeFeB magnet on properties of rare-earth oxalate precipi-
tate was investigated. Increasing of concentration of oxalic acid 
has a positive effect on the yield of the REE precipitate but de-
creases the purity of the oxalate precipitate.  

(2) Electro-leaching intensifies the dissolution rate of NdCeFeB 
magnet by more than 2.5 times when compared with chemical 
leaching and allows to use higher concentrations of H2C2O4 (0.1 
and 0.2 M).  

(3) Concentration of H2C2O4 influences the amount of REE ions both 
in the solution and in the precipitate. Efficient separation of REEs 
from other metals in a form of powder in a solution can be 

achieved at concentrations of H2C2O4 from 0.05 to 0.2 mol/L and 
current density 50 A/dm2 (yield and purity up to 99.7% and 
97.2%, respectively) during electrolysis in 0.5 mol/L sulfuric 
acid. The finding of this study provides promising data for the 
scale up experiments. Obtained results will be used in the flow- 
type electrolyzer that is currently carrying out in our research 
group. 
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A B S T R A C T

Acid leaching of Nd and Fe from roasted NdFeB magnet powders was studied in stirred-tank and packed-bed 
reactors. The experimental data at sulfuric acid concentrations of 0.02–1.0 mol/L and at 80 ◦C were corre-
lated using a diffusion–reaction model assuming homogeneous distribution of the constituents in the magnet. The 
results show that the experimental data can be correlated well when formation of NdFeO3 during roasting is 
taken into account. Decomposition of NdFeO3 to Nd3+(aq) and Fe3+(aq) is the main route in neodymium 
dissolution from roasted NdFeB. The model parameters derived from stirred-tank data predict reasonable well 
leaching in packed-bed reactor. In both systems, re-precipitaion of iron due to acid depletion allows selective 
dissolution of Nd and other rare earth elements.   

1. Introduction 

Sustainable technology for recycling of valuable metals back to in-
dustrial use is of utmost importance in circular economy. For example, 
use of permanent NdFeB magnets in wind turbines, hybrid cars and 
electronic devices is widespread [1–3] and they contain large amounts 
(20–30 wt%) of rare earth elements (REEs), notably neodymium. The 
natural resources of these elements are limited [4–7] and recycling is 
thus of high priority. 

Various methods have been proposed for recovering REEs from spent 
NdFeB magnets [8–22]. They can be roughly divided into hydrometal-
lurgical and pyrometallurgical routes. Pyrometallurgical methods are 
energy-intensive whereas hydrometallurgical processes operate close to 
ambient temperature. The latter technology includes several steps, such 
as mechanical and/or chemical pre-treatment, leaching, solution puri-
fication, precipitation and filtration. 

Mechanical pre-treatment operations typically include shredding, 
crushing, milling and pulverization or. Shear forces are likely to result in 
the desired size reduction with minimum energy expenditure and for 
this reason, hammer or ball mills are commonly used in spent magnet 
treatment [25,26]. Typically, the target particle size ranges from 9 to 
180 μm. Chemical pre-treatment usually means reactions at high tem-
perature to render the metal alloy to mixture of metal oxides, hydrides 
or carbonyls. Corrosion in salt solution was also proposed as a method to 
oxidize the iron phase [23]. Most important chemical pre-treatment is 
roasting in air and it has been used to improve accessibility of the 
leaching agent and to allow selective REE leaching by re-precipitation of 

Fe3+ [11,15]. 
Most important step in a hydrometallurgical recycling process is fast 

and efficient dissolution of the NdFeB waste. Acid leaching has been 
studied by several investigators [16–18] and H2SO4 [19–21], HCl [22], 
H3PO4 [23], HNO3 [24] were proposed as the leaching agent. Sulfuric 
acid is most widely used and typical acid concentration varies from 0.02 
to 2 mol/L. However, unselective leaching leads to a solution containing 
high concentration of iron and subsequent REE recovery is difficult. 
Yoon et al. [21] discussed leaching kinetics of magnet in 3 M sulfuric 
acid, while Lyman et al. [17] have developed a process of recovery rare- 
earth material by leaching in 2 M H2SO4 and further precipitation. 

The aim of this paper is to explain acid leaching of Fe and Nd from 
roasted NdFeB magnets using a reaction–diffusion model. The purpose 
of modeling is to create a framework, where all experimental data 
measured under various conditions and in different reactor configura-
tions can be described with a set of physically meaningful parameters. 
Despite the large number of studies on magnet leaching, surprisingly 
little has been done to systemize the results in terms of modeling. The 
classical forms of the shrinking core model have been used by Behera 
and Parhi [18] and Yoon et al. [21] in leaching of spent magnets. Similar 
approach was adopted also by Um [23] in correlation of the leaching 
data from REE-containing wastes. This approach is limited to single- 
component modeling and subject to severe simplifications discussed 
by Wen [27]. In this study, we developed a multicomponent dif-
fusion–reaction model that also includes speciation reactions taking 
place in the solution phase. The experimental data were measured both 
in stirred-tank and packed-bed reactors at different sulfuric acid con-
centrations (0.02–1.0 mol/L) at 80 ◦C. Influence of controlled acid 

* Corresponding author. 
E-mail address: markku.laatikainen@lut.fi (M. Laatikainen).

Contents lists available at ScienceDirect 

Separation and Purification Technology 

journal homepage: www.elsevier.com/locate/seppur 

https://doi.org/10.1016/j.seppur.2021.119571 
Received 4 July 2021; Received in revised form 23 August 2021; Accepted 23 August 2021   



Separation and Purification Technology 278 (2021) 119571

2

dosing and solid/liquid ratio in selective leaching of neodymium are 
known from previous studies but in this study, these findings are dis-
cussed in view of the proposed model. Our contribution is also to 
transfer this idea to packed-bed leaching and to the best of our knowl-
edge, this system has not been studied earlier. 

2. Experimental 

2.1. Materials 

NdFeB magnets (diameter 35 mm, thickness 5 mm) were obtained 
from Webcraft GmbH, Germany. The magnet samples were demagne-
tized at 310 ◦C for 1 h and the anti-corrosion coating was removed by 
treating with 1.0 mol/L HNO3 for 30 s. The magnets were then milled in 
a planetary ball mill for 30 min at a rotation speed of 400 min− 1. The 
elemental composition of the milled magnet powder is given in Table 1. 
Milling (and subsequent sieving, see below) was used in this study to 
obtain particles with well-defined particle size distribution. 

After milling the powder was roasted in a muffle furnace for 6–48 h 
at 850 ◦C in a ceramic crucible. Roasting temperature was selected to 
attain reasonably high oxidation rate and to avoid slag formation re-
ported by Jakobsson et al. [28]. According to thermogravimetric anal-
ysis (not shown here), 48 h at 850 ◦C was sufficient for complete 
oxidation and at that point the weight increase was 27%. The calculated 
average contents of Fe and Nd in the roasted sample were thus 47 and 
22 wt%, respectively. 

Effect of roasting was further analyzed by elemental mapping of the 
particle cross-sections (for details, see Section 2.2). As shown in Fig. 1, a 
porous outer layer was formed and the chemical composition in the 
marked region corresponds to NdFeO3. The inner core has much lower 
oxygen content and the average Fe/Nd mole ratio is much higher. 

Formation of NdFeO3 was also verified by XRD measurements (for 
details, see Section 2.2). Fig. 2 shows the XRD profiles of milled and 
milled/roasted samples and peaks of NdFeO3 are clearly present, while 

those of Nd2O3 can be detected only tentatively. According to the cal-
culations of Jakobsson et al. [28], Fe2O3 and NdFeO3 are the predomi-
nant phases obtained at the conditions of this study (T = 850 ◦C, pO2 =

0.21 bar). Formation of NdFeO3 during roasting of NdFeB magnets at 
800 ◦C was discussed also by Xin et al. [29]. 

The pre-treated powders were sieved and two size fractions were 
used in the leaching experiments; below 70 μm and between 70 and 185 
μm. The average diameters used in calculations were 65 and 140 μm. 

Sulfuric acid was used as leaching agent and it was prepared by 
diluting the concentrated acid (Sigma-Aldrich, 98%) with MilliQ water 
(Merck Millipore Q-POD) to the desired concentration. All other the 
chemicals supplied by Sigma-Aldrich, Fluka, and Merck were of 
analytical grade. 

Nomenclature 

List of symbols 
BV bed volume, mL 
c molar concentration, mol/L 
ds average particle diameter, m 
Dp pore diffusion coefficient, m2/s 
Ea activation energy, kJ/mol 
J flux, mol/(m2s) 
k rate constant, mol/(Ls) 
kp pore mass transfer coefficient, m/s 
Kw ion product of water, mol2/L2 

Lb bed length, m 
m mass, kg 
M molar mass, g/mol 
N number of mixing stages, - 
r reaction rate, mol/(Ls) 
t time, s 
T temperature, oC 
u superficial velocity, m/s 
V volume, L 

Vm molar volume, L/mol 
w content in solid, kg/kg 
z charge number, - 
α, γ reaction order, - 
β stability constant, - 
ε extinction coefficient, L/(molcm) 
εb bed void fraction, - 
εp pore void fraction, - 
τ tortuosity, - 
ν stoichiometric coefficient, - 

Subscripts and superscripts 
0 initial value, standard value 
b bed 
diss dissolution 
feed feed value 
i, j, k index for component, reaction or mixing stage 
p pore solution 
prec precipitation 
s solid 
liq liquid phase  

Table 1 
Elemental composition in wt% of the milled FeNdB magnet. The values are for two different samples.  

Sample Ho Gd Al Fe Sr Ce Pr Nd Cu Ni Mn Co 

A  1.2  1.3  0.7 59 1.4  0.1  7.4 28  0.4  0.8  0.1  0.5 
B  1.2  1.3  0.6 60 − 0.1  7.4 27  0.4  0.8  0.1  0.5  

Fig. 1. Cross-section of milled/roasted NdFeB magnet particles after 6 h 
roasting at 850 ◦C. 
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2.2. Methods 

The elemental composition of the NdFeB magnet was determined by 
dissolving 0.1 g of the milled magnet in 5 mL of a HCl/HNO3 (vol:vol =
4:1) mixture in a microwave apparatus (Ultrawave). After treatment, the 
mixture was filtered through a polypropylene filter (0.45 μm, VWR). The 
solution concentrations were analyzed using ICP-MS (Agilent 7900). 
Relative standard deviation of all ICP measurements was less than 3.6%. 

The morphology of the magnet powder was imaged using scanning 
electron microscopy (SEM, Hitachi SU3500). Elemental distribution was 
measured using energy dispersive X-ray spectroscopy (EDX, Thermo 
Scientific UltraDry SDD). The cross-sections were prepared by grinding 
the particles molded in an epoxy resin. 

The crystalline phases present in the magnet powders were studied 
using X-ray diffraction (Bruker D8 Focus) with Cu Kα irradiation. The 2θ 
range was 10-70◦ and step size 0.02◦/s. The particle size distribution 
was measured with a Beckman Coulter LS 13320 laser diffraction par-
ticle size analyzer. Thermogravimetric analysis (TGA) was made in air 
with a heating rate of 20 K/min (STA 449, Netzsch). 

Stirred-tank leaching experiments were made at 80 ◦C in a jacketed 
glass reactor equipped with a stirrer and a recirculation pump for on-line 
UV–vis measurements. Solid-to-liquid ratio was typically 1 g of roasted 
FeNdB powder per 100 mL of solution and stirring speed was 800 min− 1. 
The concentration of sulfuric acid was 0.02–1.0 mol/L. Metal concen-
trations in the leachate were analyzed continuously by an on-line UV–vis 
spectrometer (Cary 8454, Agilent) and by ICP from samples taken at 
specific time intervals. In the UV–vis analysis, wavelengths of 575 nm, 
400 nm and 900 nm were used for Nd3+, Fe3+ and Fe2+, respectively. 
The molar extinction coefficients were ε(575 nm) = 7.2, ε(400 nm) = 25 
and ε(900 nm) = 1.7. In some experiments, Pr was also monitored at 
444 nm (ε = 9.7). The boron content was not analyzed. 

Packed-bed leaching was made in a jacketed glass column (ID 16 
mm) with ceramic frits attached at both ends of the bed. All measure-
ments were made at 80 ◦C. The roasted magnet powder was packed as an 
aqueous suspension (bed volume (BV) about 5 mL) and the bed was 
washed with water. The leach solution was fed at the top of column 
using a HPLC pump and the flow rate was 0.5 mL/min (5.6 BV/h). The 
outlet stream was analyzed on-line as in the stirred-tank system and acid 
concentration was monitored using a pH electrode calibrated against 

known acid concentrations. The proton concentration was estimated 
from the dissociation constant of the bisulfate anion and by assuming 
activity coefficients equal to unity. 

3. Theory 

3.1. Model development 

The leaching data were correlated using a simplified diffusion/re-
action model, where average metal composition rather than the actual 
heterogeneous alloy structure was used. Because iron and neodymium 
are the main constituents, only they are considered here. Other REEs 
were observed to behave in a similar way as Nd. The basic assumptions 
of the model are as follows.  

1. The particle diameter remains constant, while the porosity increases 
during leaching. The initial porosity was assumed equal to 0.02.  

2. The particles are spherical.  
3. Pore diffusion is the mass transfer mechanism inside the particles.  
4. External film diffusion resistance is negligible.  
5. The elements are present as oxides Fe2O3, Nd2O3 and NdFeO3, and 

the metal/oxide ratio depends on the pre-treatment. The metals in 
the oxide form are indicated as Feox, Ndox and NdFeox. 

The mass balance for the magnet particle is given in Eq. (1) and the 
approximate formulation based on the linear driving force concept is 
taken from Ref. [30]. Here εp is particle porosity, cp is concentration in 
the pore solution, t is time, r is particle radius, J is molar flux, ds is 
average diameter of the magnet particle, ν is stoichiometric coefficient 
and r is the reaction rate. The summations include all reactions taking 
place in pore solution (rp) and solution/solid interface (rs). 

d(εpcp,i)

dt
≈

6
ds

Ji +(1 − εp)
∑

j
νi,jrs,j + εp

∑

j
νi,jrp,j (1) 

The flux inside the particle J was calculated from the approximate 
Nernst-Planck equation as shown in Eq. (2) [30]. Dp is the pore diffusion 
coefficient, z is ionic charge and kp is the pore mass transfer coefficient. 
The overbar and asterisk indicate volume-averaged concentration in the 
pores and the concentration at the pore entrance, respectively. 

Ji = kp,i

⎡

⎣

⎛

⎝c*
p,i − cp,i) − zic*

p,i

∑

j
Dp,j(c*

p,ji − cp,i)

∑

j
zjDp,jc*

p,i

⎤

⎦

kp,i =
4Dp,i

ds

⎛

⎝
c*

p,i

cp,i
+

1
2
+

cp,i

c*
p,i

⎞

⎠

(2) 

The pore diffusion coefficient was estimated from Dp,i = Di/τ, where 
D is bulk diffusion coefficient and τ is tortuosity. Tortuosity was esti-
mated from the Bruggeman correlation τ = (εp)− 1/2. 

The equations for the content w in the solid phase and for the particle 
porosity εp are given in Eqs. (3) and (4), where ρs

0 and ms
0 are density 

and mass of the un-leached magnet particles, M is molar mass and Vm is 
molar volume. 

dwi

dt
=

Mi

ρ0
s
(
∑

reactions
νi,jrdiss,j + νi,jrprec,j)

wi =
mi

m0
s

(3)  

∂εp

∂t
= − ρ0

s

∑

metals

1
ρi

∂wi

∂t
(4) 

Total mass balance for the stirred-tank reactor is given by Eq. (5a), 
where Vs and Vliq are the volumes of the magnet particles and the liquid 

Fig. 2. XRD profiles of milled (A), milled/roasted (B) and leached (C) NdFeB 
magnets. 1: Fe2O3, 2: Nd2O3, 3: NdFeO3, 4: Nd2Fe14. The leaching residue C was 
obtained in 0.10 mol/L H2SO4 at 80 ◦C. 

M. Laatikainen et al.                                                                                                                                                                                                                           



Separation and Purification Technology 278 (2021) 119571

4

phase. The packed-bed reactor was approximated by N stirred tanks in 
series and the mass balance is given by Eq. (5b) [30]. Here u is the su-
perficial flow velocity, εb is bed porosity, Lb is the length of the bed and k 
is the index of the tank (i.e. axial position). At k = 1, the concentrations 
are equal to the feed concentrations. The reaction term includes all re-
actions taking place in the bulk solution and the reaction rate is given by 
rb. 

dci

dt
=

6
ds

Vs

Vliq
Ji +

∑

j
νi,jrb,j (5a)  

dci,k

dt
+

uN(ci,k − ci,k− 1)

εbLb
+

(
1 − εb

εb

)
6
ds

Ji

∑NR

j=1
νi,jrb,j (k = 1,N) (5b) 

In Eq. (1), rS refers to reactions taking place at the solid/liquid 
interface and the dissolution reactions are listed in Eqs. (6a)–(6c). 
Simultaneous leaching of Nd and Fe according to Eq. (6c) has been 
verified by Jiang et al. [31] in experiments with pure NdFeO3.  

Fe2O3(s) + 6H+(aq) → 2Fe3+(aq) + 3H2O                                        (6a)  

Nd2O3(s) + 6H+(aq) → 2Nd 3+(aq) + 3H2O                                     (6b)  

NdFeO3(s) + 6H+(aq) → Nd 3+(aq) + Fe3+(aq) + 3H2O                      (6c) 

The reaction rate per unit volume of the magnet particles was 
calculated from Eq. (7), where kdiss is the apparent dissolution rate 
constant and reaction orders are given by α and γ. Same form of the rate 
law was assumed for both metals and metal oxides. Unit concentration is 
given by c0 = 1 mol/L. 

rdiss,j = kdiss,j(1 − εp)(
cp,H

c0 )
αj (

ρ0
s wj

Mj(1 − εp)c0)

γj

(j = Feox, Ndox, NdFeox)

(7) 

The reverse reactions given in Eq. (8) indicate hydrolysis and re- 
precipitation of dissolved iron. Iron precipitation is a complex process 
involving various basic salts that eventually transform to the trihydr-
oxide (or hydrated oxide) and finally to Fe2O3. In this study, these 
processes are addressed using Eq. (8) only and the reaction is assumed to 
take place in pore and bulk solutions. The re-precipitated ferric oxide is 
considered indistinguishable from the oxide originally present in the 
solid. Under the acidic conditions used in this study, Nd and other REEs 
are not hydrolyzed.  

2Fe3+(aq) + 6OH− (aq) → Fe2O3 (s) + 3H2O                                     (8) 

Precipitation rate was calculated from Eq. (9), where kprec is the 
apparent precipitation rate constant and Kw is ion product of water. 

rprec,j = kprec,j

(
Kw

cp,Hc0

)αj(cp,j

c0

)γj
= k′

prec,j

(
c0

cp,H

)αj(cp,j

c0

)γj (
j = Fe3+) (9) 

Moreover, dissociation equilibrium of the bisulfate anion shown in 
Eq. (10a) and formation of soluble sulfato complexes (Eqs. (10b) and 
(10c) were accounted for. Only 1:1 complexes are considered here. 
Reaction rate expressions were written in the usual way assuming re-
action orders of unity for all species and sufficiently high forward rates 
were used to ensure equilibrium in bulk and pore solutions. 

HSO−
4 (aq)⇄SO2−

4 (aq)+H+(aq) (10a)  

Fe3+(aq)+SO2−
4 (aq)⇄[FeSO4]

+
(aq) (10b)   

Nd3+(aq) + SO4
2− (aq) → [NdSO4]+(aq)                                          (10c)  

3.2. Calculations 

The differential equations were solved as discussed in Ref. [30]. The 

initial and boundary conditions are given in Eq. (11). 

t = 0 : ci = 0, cp,i = 0, wi = w0
i , εp = 0.02, ρ0

s = 7.0 kg/L

t > 0 : c*
p,i = ci

dcp,i

dr

⃒
⃒
⃒
⃒

r=0
= 0

(11) 

The mass transport and equilibrium properties of the components are 
given in Table 2. Diffusion coefficients were estimated using the data of 
Sato et al. [32] and Lapid et al. [33]. No data were available for the 
sulfato complexes and same values were used as for the metal cations. 
The stability constant (inverse of the dissociation constant) for HSO4

−

was taken from Sippola and Taskinen [34]. The logβ values for the 1:1 
sulfato complexes were estimated from the data compiled in Ref. [35] for 
Fe3+ and from Migdisov et al. [36] for Nd3+. 

The adjustable model parameters related to the dissolution reaction, 
Eq. (7), were estimated by trial-and-error and the values are compiled in 
Table 3. The rate constants obtained for dissolution of Fe0 and Nd0 

resulted in apparent activation energies of 37 and 33 kJ/mol, respec-
tively. They are much higher than the surprisingly low values reported 
by Yoon et al. [21]. The roasted magnet powder was leached only at 
80 ◦C and the rate constants for oxides at lower temperatures were 
calculated assuming an activation energy of 40 kJ/mol. The values 
estimated for the oxides (values in parentheses in Table 3) were used 
only for non-roasted magnet, where the oxide content was small. The 
rate constant kprec’ in Eq. (9) was estimated as 7.5 ⋅ 10− 10 L/(mols) and 
the reaction orders were fixed as α = 3.0 and γ = 1.0. 

4. Results and discussion 

The data measured in the stirred-tank reactor are discussed first in 
Section 3.1, because the adjustable model parameters were determined 
from these results. The fully roasted magnet powder was used to obtain 
parameters for Fe and Nd in the oxide forms. The set of parameters was 
then used to simulate leaching of the roasted powder in a packed-bed 
reactor (Section 3.2). 

4.1. Stirred-tank leaching 

As indicated in Fig. 2, roasting results in complete disappearance of 
NdFe alloy peak in the XRD profile and the major new phases are Fe2O3, 
Nd2O3 and NdFeO3. No hydrogen was formed during leaching and Fe3+

is the primary product of iron dissolution. Therefore, its hydrolysis and 
re-precipitation (Eq. (8)) must be included in the model. 

The fully roasted powder was leached in 0.02–1.0 mol/L H2SO4 at 
80 ◦C and the results for H+, total Fe and total Nd are shown in Fig. 3. 
Total metal concentrations include the metal cations and the sulfato 
complexes. Solution concentrations are plotted as a function of t0.5 to see 
more clearly differences in the leaching mechanism. In this data set the 
solid-to-liquid ratio was 1 g/100 mL. The data were correlated using the 
model discussed in Section 2 and the calculated results are shown as 
solid lines. The estimated model parameters are listed in Table 3. 

The leaching curves in Fig. 3 are distinctly different for Nd and Fe. 

Table 2 
Bulk diffusion coefficients D and stability constants β used in model calculations.  

Species D, 10− 9 m2/s logβ 

22 ◦C 50 ◦C 80 ◦C 22 ◦C 50 ◦C 80 ◦C 

H+ 3.0  4.6  6.6  –  –  – 
Fe3+, Nd3+ 0.60  1.3  2.4  –  –  – 
SO4

2− 1.0  2.1  4.0  –  –  – 
HSO4

− 1.0  2.1  4.0  1.9  2.3  2.6 
[FeSO4]+ 0.60  1.3  2.4  2.0  2.4  2.8 
[NdSO4]+ 0.60  1.3  2.4  3.4  3.8  4.3  
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Neodymium follows a “normal” diffusion-controlled mechanism and the 
leaching data in Fig. 3C can be explained by parallel dissolution of 
NdFeO3 and Nd2O3 (Eqs (6b) and (6c)). As discussed earlier, NdFeO3 
appears to be the major Nd compound in the roasted sample and only 
traces of Nd2O3 were detected by XRD. In model calculations, total Nd 
content accessible to H2SO4 was estimated as 15.0 wt% and 75% was in 
the form of NdFeO3. It is also remarkable that the leached amount of Nd 
depends much less on acid concentration than in dissolution of iron. The 
rate of course depends on H+ concentration according to Eq. (7) and the 
reaction order α was estimated as 0.70 for Eq. (6b) and 0.50 for Eq. (6c). 
The final Nd concentration in the leach solution was, however, sur-
prisingly similar for all acid concentrations. The neodymium recovery 
was about 70% in all cases suggesting that this fraction is easily acces-
sible for the acid even at very low concentrations. Formation of a porous 
outer layer that is composed mainly of NdFeO3 was seen in Fig. 1 and 
this may well explain the leaching behavior observed here. 

Behavior of Fe is more complicated. The initially slow dissolution is 

explained here by low solubility of Fe2O3 (Eq. (6a)), which is the main 
iron constituent in the roasted magnet. Iron from NdFeO3 is dissolved 
faster but it constitutes only about 10% of total Fe. The other difference 
from Nd dissolution is the strong dependence of leached amount on the 
acid concentration. When cH2SO4

0 = 1.0 mol/L, the final Fe/Nd mole 
ratio in the solution is close to 7 that is the ratio in the main magnet 
constituent Nd2Fe14 [37,38]. On the other hand, practically no Fe was 
found in the final solution when the initial acid concentration was 0.02 
mol/L. This behavior is related to hydrolysis and, eventually, precipi-
tation of Fe3+ even at moderate acid concentrations. At cH2SO4

0 = 0.02 
mol/L, the acid was consumed in the dissolution reactions and re- 
precipitation of iron brings the iron concentration as low as 0.35 
mmol/L (20 ppm). At the same time, decrease in acid concentration 
from 0.02 to 0.003 mol/L during the experiment did not affect the sol-
ubility of Nd3+ and no evidence was found of re-adsorption on the iron 
precipitate. This is the basis for selective acid leaching of lanthanides 
proposed by Hoogerstraete et al. [12] and it is further explored below. At 
higher acid concentrations, no maxima in the Fe concentration were 
observed but the dissolution-precipitation equilibrium (Eqs (6a) and (8)) 
dictates the final solution concentration of Fe even there. 

Despite major simplifications made in model development, the 
calculated Fe concentrations correlate rather well with the experimental 
results. According to calculations, the total accessible Fe content in the 
roasted powder was 42 wt%, while the experimentally measured total 
content was 47 wt%. According to model calculations, 90% of iron is in 
the form of Fe2O3 and the rest is NdFeO3. The composition of the 
leaching residue was analyzed by XRD and as shown in Fig. 2, only the 
peaks assigned to Fe2O3 were present after leaching with 0.10 mol/L 
H2SO4. 

The parameters estimated from the above data were then used to 
simulate leaching at much higher solid-to-liquid ratio. Initial acid con-
centration of 0.1 mol/L was used to ensure that practically all acid is 
consumed by dissolution. Under these conditions, higher Nd concen-
tration should be attained, while the iron concentration was expected to 
remain very low. The experimental data and the calculated profiles are 
depicted in Fig. 4. 

As expected from the higher solid-to-liquid ratio, the final Nd 

Table 3 
Dissolution rate parameters estimated from the experimental leaching data. The values in parentheses were calculated assuming Ea = 40 kJ/mol.   

kdiss, L/(mols) α, – γ, – 

22 ◦C 50 ◦C 80 ◦C 22 ◦C 50 ◦C 80 ◦C 22 ◦C 50 ◦C 80 ◦C 

Feox (1.8 ⋅ 10− 6) (7.6 ⋅ 10− 6) 2.7 ⋅ 10− 5  2.0  2.0  2.0  1.0  1.0  1.0 
NdFeox (1.7 ⋅ 10− 5) (7.0 ⋅ 10− 5) 2.5 ⋅ 10− 4  0.50  0.50  0.50  1.0  1.0  1.0 
Ndox (3.1 ⋅ 10− 4) (1.3 ⋅ 10− 3) 4.5 ⋅ 10− 3  0.70  0.70  0.70  1.0  1.0  1.0  

Fig. 3. Solution concentrations of H+ (A), total Fe3+ (B) and total Nd3+ (C) 
during leaching of fully roasted NdFeB magnet powder in aqueous H2SO4 at 
80 ◦C. cH2SO4

0 = 0.02 mol/L (triangles, solid line), 0.10 mol/L (squares, dashed 
line) and 1.0 mol/L (circles, dotted line); ms = 1.00 g, Vliq = 100 mL, ds = 140 
μm. In B, the values for cH2SO4

0 = 0.02 mol/L have been multiplied by 10. 
Continuous lines are model calculations. 
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Fig. 4. Selective leaching of Nd in 0.10 mol/L H2SO4 from fully roasted NdFeB 
magnet powder at 80 ◦C. H+ (squares), total Fe3+ (triangles), total Nd3+(cir-
cles); ms = 1.97 g, Vliq = 50 mL, ds = 140 μm. Continuous lines are model 
calculations. 
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concentration cNd = 0.036 mol/L (5.2 g/L) was about 4 times as high as 
the value found in Fig. 3. At the same time, the concentration of iron was 
only 0.42 mmol/g (23 ppm) in the end of the run. Fig. 4 clearly dem-
onstrates the benefit of oxidative pre-treatment and the proposed model 
predicts the observed behavior quite well. 

4.2. Leaching in packed bed 

As shown in Fig. 4, good REE/Fe selectivity can be obtained in 
stirred-tank leaching of the roasted powder, when the amount of acid is 
carefully controlled. The drawback is lowering of the dissolution rate 
with decreasing acid concentration. If leaching is made in a tubular 
reactor packed with the roasted powder, the feed acid front moves 
through the bed and the sharpness of the front depends on the reaction 
rates. If the rates are sufficiently high, an acid-free band containing Nd3+

and other weakly hydrolyzing metals moves before the reaction zone, 
while Fe3+ and other strongly hydrolyzing metals are retained in the 
reaction zone. Moreover, the high solid-to-liquid ratio attained in the 
bed is an advantage as was shown in Fig. 4. 

All packed-bed leaching experiments were made at 80 ◦C to ensure 
high reaction rates. In preliminary tests, small acid pulses were pumped 
through the bed and the metal and acid outlet concentrations were 
measured. The experimental results obtained with 0.5 mol/L H2SO4 are 
shown in Fig. 5 together with the calculated concentration profiles. The 
outlet concentration of Pr is also shown to illustrate similar behavior of 
all REEs. Therefore, no selectivity between the individual elements is 
expected and the desired product is a Fe-free REE fraction. The con-
centration profile for Pr was calculated using the parameters of Nd and 
the overall Pr content of 5.8 wt% in the roasted magnet. 

Fig. 5 verifies the expected results and a high REE concentration of 
0.33 mol/L (50 g/L) was attained in the outlet stream. The REE’s are 
predominantly present as sulfato complexes and their stability together 
with the SO4

2− /HSO4
− ratio determine the maximum REE concentra-

tion. As shown in Fig. 5, the outlet concentration of Nd and Pr is well 
predicted by the model. However, the yield of the pure REE fraction was 
low because of rapid breakthrough of Fe. Iron breakthrough is linked to 
the rapid movement of the acid front through the bed and the calculated 
iron profile agrees only qualitatively with the experimental data. 

When much lower acid concentration was fed continuously to the 
bed, substantially larger volume of the Fe-free solution was obtained, as 
shown in Fig. 6. At the same time, the outlet Nd concentration was lower 
for reasons discussed above. However, the iron front was again quite 
diffuse indicating that the dissolution reaction rate is too small for good 
separation of the un-reacted and reacted zones. As a result, the overall 

yield of Nd in the Fe-free fraction was less than 10%. The model cal-
culations gave only qualitatively correct results and further refinement 
of the model parameters is needed. In any case, the results in Figs. 5 and 
6 demonstrate the possibility of packed-bed leaching but further studies 
are needed to establish proper operating conditions. For example, sub-
stantially higher temperatures may be advantageous for increasing the 
dissolution rates and thereby improving separation of the REE-rich and 
Fe-rich fronts. 

5. Conclusions 

In this study, we have investigated kinetics of sulfuric acid leaching 
of roasted NdFeB magnets. Experimental data obtained in a stirred-tank 
reactor were correlated using surface reaction-pore diffusion model that 
also includes speciation equilibria. The model parameters were then 
used to simulate batch leaching in a packed bed. The proposed model 
adequately describes leaching in a stirred tank, while predictions for the 
packed-bed leaching were only qualitatively valid. 

The results show that there are substantial differences in leaching 
rate of the oxides formed during roasting. The rate constants decrease in 
the order Nd2O3 > NdFeO3 > Fe2O3. Moreover, leaching rate of Fe2O3 
depends strongly on acid concentration and this gives some possibilities 
for selective Nd leaching. At low conversions, kinetic selectivity gives 
high Nd/Fe ratio in the solution but the selectivity vanishes as the 
conversion increases. Careful adjustment of the leaching acid concen-
tration allows more selective Nd leaching from roasted magnets. As has 
been shown in several studies, limited amount of acid leads to re- 
precipitation of iron and the subsequent Nd recovery from the leach 
solution becomes easier. Both kinetic and equilibrium selectivity can be 
well described by the proposed model. Leaching with limited amount of 
acid is preferred because the solution going to REE separation is only 
weakly acidic. The iron precipitate, on the other hand, can be treated in 
a similar way as in other hydrometallurgical processes involving iron 
removal. Both these factors are important when environmentally benign 
recycling process are aimed at. We also demonstrated experimentally 
and by model calculations that REEs can be selectively leached from the 
roasted magnet in a packed bed. 
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[11] M.A.R. Önal, C.R. Borra, M. Guo, B. Blanpain, T. Van Gerven, Hydrometallurgical 
recycling of NdFeB magnets: complete leaching, iron removal and electrolysis, 
J. Rare Earths 35 (6) (2017) 574–584, https://doi.org/10.1016/S1002-0721(17) 
60950-5. 

[12] T. Vander Hoogerstraete, B. Blanpain, T. Van Gerven, K. Binnemans, From NdFeB 
magnets towards the rare-earth oxides: a recycling process consuming only oxalic 
acid, RSC Adv. 4 (109) (2014) 64099–64111, https://doi.org/10.1039/ 
C4RA13787F. 

[13] P. Venkatesan, Z. Sun, J. Sietsma, Y. Yang, An environmentally friendly electro- 
oxidative approach to recover valuable elements from NdFeB magnet waste, Separ. 
Purif. Technol. 191 (2018) 384–391, https://doi.org/10.1016/j. 
seppur.2017.09.053. 

[14] P. Venkatesan, T. Vander Hoogerstraete, K. Binnemans, Z. Sun, J. Sietsma, Y. Yang, 
Selective extraction of rare-earth elements from NdFeB magnets by a room- 
temperature electrolysis pretreatment step, ACS Sustain. Chem. Eng. 6 (7) (2018) 
9375–9382, https://doi.org/10.1021/acssuschemeng.8b01707. 

[15] P. Venkatesan, T.V. Hoogerstraete, T. Hennebel, K. Binnemans, J. Sietsma, Y. Yang, 
Selective electrochemical extraction of REEs from NdFeB magnet waste at room 
temperature, Green Chem. 20 (2018) 1065–1073. 

[16] J.P. Rabatho, W. Tongamp, Y. Takasaki, K. Haga, A. Shibayama, Recovery of Nd 
and Dy from rare earth magnetic waste sludge by hydrometallurgical process, 
J. Mater. Cycles Waste Manag. 15 (2) (2013) 171–178. 

[17] J.W. Lyman, G.R. Palmer, Recycling of rare earths and iron from NdFeB magnet 
scrap, High Temp. Mater. Proc. 11 (1993) 175–187. 

[18] S.S. Behera, P.K. Parhi, Leaching kinetics study of neodymium from the scrap 
magnet using acetic acid, Separ. Purif. Technol. 29 (2016) 59–66. 

[19] A. Kumari, M.K. Sinha, S. Pramanik, S.K. Sahu, Recovery of rare earths from spent 
NdFeB magnets of wind turbine: Leaching and kinetic aspects, Waste Manag. 75 
(2018) 486–498. 

[20] N. Um, T. Hirato, Dissolution behavior of La2O3, Pr2O3, Nd2O3, CaO and Al2O3 in 
sulfuric acid solutions and study of cerium recovery from rare-earth polishing 
powder waste via two-stage sulfuric acid leaching, Mater. Transact. 54 (2013) 
713–719. 

[21] H.-S. Yoon, C.-J. Kim, K.W. Chung, S.-J. Lee, A.-R. Joe, Y.-H. Shin, S.-I. Lee, S.- 
J. Yoo, J.-G. Kim, Leaching kinetics of neodymium in sulfuric acid from E-scrap of 
NdFeB permanent magnet, Korean J. Chem. Eng. 31 (4) (2014) 706–711, https:// 
doi.org/10.1007/s11814-013-0259-5. 

[22] P.K. Parhi, T.R. Sethy, P.C. Rout, K. Sarangi, Separation and recovery of 
neodymium and praseodymium from permanent magnet scrap through the 
hydrometallurgical route, Separ. Sci. Technol. 51 (13) (2016) 2232–2241, https:// 
doi.org/10.1080/01496395.2016.1200087. 

[23] N. Um, Hydrometallurgical Recovery Process of Rare Earth Elements from Waste: 
Main Application of Acid Leaching with Devised τ-T Diagram, https://doi.org/ 
10.5772/intechopen.68302. 

[24] Y. Kataoka, T. Ono, M. Tsubota, J. Kitagawa, Improved room-temperature- 
selectivity between Nd and Fe in Nd recovery from Nd-Fe-B magnet, AIP Adv. 5 
(11) (2015) 117212, https://doi.org/10.1063/1.4935570. 

[25] J. Li, H. Lu, J. Guo, Z. Xu, Y. Zhou, Recycle technology for recovering resources and 
products from waste printed circuit boards, Environ. Sci. Technol. 41 (6) (2007) 
1995–2000. 

[26] A. Veasey, The Physical Separation and Recovery of Metals from Waste, vol. 1, CRC 
Press, 1993. 

[27] C.Y. Wen, Noncatalytic heterogeneous solid fluid reaction models, Ind. Eng. Chem. 
60 (9) (1968) 34–54. 

[28] L.K. Jakobsson, G. Tranell, I.-H. Jung, Experimental investigation and 
thermodynamic modeling of the B2O3-FeO-Fe2O3-Nd2O3 system for recycling of 
NdFeB magnet scrap, Metal. Mater. Transact. B. 48 (1) (2017) 60–72, https://doi. 
org/10.1007/s11663-016-0748-0. 

[29] W. Xin, Y. Deng, Y. Jiang, Y. Yuan, P. Wang, Phase evolution and oxidation 
characteristics of the Nd–Fe–B and Ce–Fe–B magnet scrap powder during the 
roasting process, High Temper. Mater. Proces. 39 (2020) 477–488, https://doi.org/ 
10.1515/htmp-2020-0025. 

[30] Y. Jiang, Y. Deng, W. Xin, C. Guo, Oxidative roasting-selective pressure leaching 
process for rare earth recovery from NdFeB magnet scrap, Trans. Indian Inst. Met. 
73 (3) (2020) 703–711, https://doi.org/10.1007/s12666-020-01888-x. 

[31] M. Laatikainen, T. Sainio, Ion exchange in complexing media – Nickel removal 
from ammoniacal ammonium sulfate solutions, Chem. Eng. J. 373 (2019) 831–839, 
https://doi.org/10.1016/j.cej.2019.05.128. 

[32] H. Sato, M. Yui, H. Yoshikawa, Ionic diffusion coefficients of Cs+, Pb2+, Sm3+, Ni2 
+, SeO2-

4 and TcO−
4 in free water determined from conductivity measurements, 

J. Nuclear Sci. Technol. 33 (12) (1996) 950–955. 
[33] H. Lapid, N. Agmon, M.K. Petersen, G.A. Voth, A bond-order analysis of the 

mechanism for hydrated proton mobility in liquid water, 14506-1–14506-10, 
J. Chem. Phys. 122 (2005), https://doi.org/10.1063/1.1814973. 

[34] H. Sippola, P. Taskinen, Thermodynamic properties of aqueous sulfuric acid, 
J. Chem. Eng. Data 59 (8) (2014) 2389–2407, https://doi.org/10.1021/je4011147. 

[35] J. Perrone (Ed.), Chemical Thermodynamics Vol. 13a, Chemical Thermodynamics 
of Iron, OECD Nuclear Energy Agency Data Bank, OECD Publications, Paris, 
France, 2013. 

[36] A.A. Migdisov, V.V. Reukov, A.E. Williams-Jones, A spectrophotometric study of 
neodymium(III) complexation in sulfate solutions at elevated temperatures, 
Geochim. Cosmochim. Acta 70 (4) (2006) 983–992, https://doi.org/10.1016/j. 
gca.2005.11.001. 

[37] I. Makarova, E. Soboleva, M. Osipenko, I. Kurilo, M. Laatikainen, E. Repo, 
Electrochemical leaching of rare-earth elements from spent NdFeB magnets, 
Hydrometallurgy 192 (2020), 105264, https://doi.org/10.1016/j. 
hydromet.2020.105264. 

[38] I. Makarova, J. Ryl, Z. Sun, I. Kurilo, K. Górnicka, M. Laatikainen, E. Repo, One- 
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