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Rare earth elements (REEs) are essential for consumer electronics due to their unique 

properties. Their demand is constantly increasing, which increases the need for a better 

understanding of their material flow and recovery potential. The thesis first investigates the 

elemental flow of REEs in consumer electronics through a quantitative literature review. 

Later, the recovery possibilities of REE from waste electrical and electronic equipment 

(WEEE) are addressed.   

According to the elemental analysis section, neodymium is the most abundant REE across 

nearly all device categories due to the wide application range of NdFeB permanent 

magnets. High relative deviation reflects heterogeneity in REE content between devices.  

Pyrometallurgical, electrochemical, biometallurgical, and hydrometallurgical recovery 

methods are reviewed, with hydrometallurgical being found to be the best, achieving the 

highest recovery rates. However, these results are only laboratory-scale, and industrial 

implementations are yet to be developed.   



SYMBOLS AND ABBREVIATIONS  

Symbols 

Ce Cerium 

Dy Dysprosium 

Er Erbium 

Eu Europium 

Gd Gadolinium 

Ho Holmium 

La Lanthanum 

Lu Lutetium 

Nd Neodymium 
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Sc Scandium 
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Abbreviations 
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1  Introduction 

Rare Earth Elements (REE) were first identified in the 18th century, and their classification 

has remained the same since then. They consist altogether of 17 elements (Table 1) from 

which 15 are metallic elements from the lanthanide series, while yttrium and scandium are 

also classified as REE due to their similar geochemical properties (Dushyantha et al., 2020). 

Promethium is an exception, and it is commonly neglected in research since the element 

does not occur naturally, and it is the only REE that is radioactive (De Lima and Filho). 

REEs are sometimes further distinguished as light REEs (LREE) and heavy REEs (HREE), 

however the division of elements differs among authors. “Rare” in their name refers to 

something more like unusual, since some of them are more frequent in Earth’s crust than 

gold or silver. (Erust, Karacahan and Uysal, 2023) 

 

Table 1 Rare Earth Elements and their properties (Dushyantha et al., 2020) 

Rare Earth Element Symbol Atomic number 
Abundance in the 

 upper crust (ppm) 

Scandium Sc 21 14 

Yttrium Y 39 21 

Lanthanum La 57 31 

Cerium Ce 58 63 

Praseodymium Pr 59 71 

Neodymium Nd 60 27 

Promethium Pm 61 - 

Samarium Sm 62 4.7 

Europium Eu 63 1 

Gadolinium Gd 64 4 

Terbium Tb 65 0.7 

Dysprosium Dy 66 3.9 

Holmium Ho 67 0.83 

Erbium Er 68 2.3 

Thulium Tm 69 0.3 

Ytterbium Yb 70 2.2 

Lutetium Lu 71 0.31 
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It is estimated that Earth’s crust contains about 169.1 ppm of REE reserves, 137.8 ppm of 

LREEs, and 31.3 ppm of HREEs, respectively (Dushyantha et al., 2020). The distribution of 

many of these reserves is shared between China, Brazil, and Vietnam, accounting for 36.6%, 

18.3%, and 18.3% (Ramprasad et al., 2022). Most industrial materials have similar 

abundance to LREEs, such as nickel, copper, zinc, or lead. Therefore, their name implies 

that they are “rare” to find in high concentrations in one location but are spread across the 

world in small quantities. (Haxel et al., 2002) 

 

REEs are hardly ever found as native elements. They bond with other elements in the form 

of minerals, such as halides, phosphates, oxides, and silicates, and are often referred to as 

rare earth oxides (REO). REE deposits are formed both via primary and secondary processes. 

Primary deposits can be either alkaline (peralkaline) igneous rocks or carbonatites, while 

secondary deposits are placer and ion adsorption deposits. Their formation processes range 

from magmatic, metamorphic, or hydrothermal to weathering and sedimentary transport. 

(Zhou, Li and Chen, 2017) Carbonatite deposits are the most common. Figure 1 

demonstrates the global distribution of carbonatite.   
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Figure 1 Global distribution of carbonatite deposits (Goodenough, 2017) 

 

Since the 1950s, the importance and consumption of REEs have been steadily growing, 

becoming significant economic drivers in countless technological fields. Initially, in the 

1960’s, the spread of colour TVs resulted in increased demand. Nowadays, the highest 

drivers of production are the renewable energy industry, electronics and microelectronics 

manufacturing, medical science, and military equipment manufacturing. According to 

different sources, the expected annual increase in demand will vary between 5-8% in the 

upcoming years. (Kingsnorth, 2016)(Dutta et al., 2016) Figure 2 illustrates the production of 

REE over the last 74 years. As the figure shows, China is a major factor in sourcing REE 

worldwide. The Asian country accounts for 85-90% of the total REE market, while the US 

and Australia make up the remaining 10-15%. This puts China in a position where they have 

almost total control over the global REE market.  
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Figure 2 Rare earth production from 1950 to 2024 (Ritchie and Rosado, (a) 2024) 

 

As for the price of these elements, back in 2010, China adopted a new market strategy and 

decided to stockpile tactical REE, aiming to reduce environmental degradation due to mining 

and refining. This shift escalated into a sudden spike in REE prices and reminded 

stakeholders how fragile the supply chain was. Figure 3 shows the unit price from 2000 until 

2020, illustrating this sudden price peak in the early 2010s. This so-called “Rare Earth 

Crisis” drove the EU, the US, and Japan to consider opening new mines and to look for other 

supplier for their demand from other countries. China, as a response by 2013, started to 

increase its production and removed its export quotas. Illegal REE trading was noticeable 

from the Asian country since 2007, and by 2015, it accounted for 25% of the total market. 

(Nguyen and Imholte, 2016) As a result, REE prices started to decrease at a high rate, which 

forced the legal operations to keep up with the lower prices as well. However, since 2016, 
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due to the Chinese government’s close monitoring, these illegal activities have been 

eliminated (Dushyantha et al., 2020). 

 

 

Figure 3 Rare earth unit value (2000-2020) (Ritchie and Rosado, (b) 2024) 

 

The purpose of this study is to analyse the REE material flow in consumer electronics. At its 

core, it is a literature review that provides a general overview of the topic. It aims to 

investigate the manufacturing of consumer electronics from the perspective of REEs used in 

the process, and provides an overview of the potential of REE recovery from waste electrical 

and electronic equipment. Several studies have been conducted on REEs, but only a handful 

from the perspective of the materials flow of REEs in consumer electronics such as phones, 

printers, ethernet hubs, printed circuit boards, or hard drives. The main scope of this study, 

besides the analysis of the REE material flow, is to provide information about possible 

material recovery methods from WEEE.  
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2  Methodology  

This report mainly focuses on giving a comprehensive literature review on the element flow 

of rare earth elements in consumer electronics. The processed literature covers areas from 

estimates of how much of each REE element is present in our consumer electronic devices, 

to the end-of-life stage, which details possibilities of recycling of this equipment through 

discussing recycling methods. According to existing literature, certain parts of the study rely 

on a limited number of sources, while other areas have a significant amount of supporting 

research literature. Areas that have been studied for decades include the recovery of REE 

and their minerals, and the supply chains of certain countries or continents. End-of-life and 

material recycling became a matter of interest more recently as the West started to adopt 

environmental protection programs or laws, and the overwhelming supply dependency from 

China started to show its drawbacks. 

 

The report can be considered as a quantitative literature review. This branch of literature 

originates from medical sciences and includes an execution that is structured to make results 

traceable and easier to understand for the reader (Martin, 2023). In our case, it aims to answer 

and provide data on a research question, which in this case is how the REE material flow 

‘inside’ consumer electronics is built up. The paper aims to encompass a wide range of 

appraisal of evidence, securing a non-biased approach for the topic (Taherdoost, 2023). 

During the data collection phase, as much critically appraised and evidence-based literature 

as possible was used. The selected literature approaches the research question from different 

angles, contributing to the complexity of the retrieved data.  

 

The report established a global investigation on the topic, considering that the different life 

cycle stages of raw materials and the final products are distributed worldwide. Moreover, 

the industry built around REEs is spread across multiple continents, with China acting as the 

main raw material supplier to a couple of other Asian countries, to the US, and to Europe. 

Focusing only on a single country or region could have resulted in a biased, incomplete 

overview of the project. 
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The source of literature for the study was LUT Primo and Scopus. These are databases that 

are widely used to access peer-reviewed literature in countless academic fields. The use of 

these databases ensured that the sources met established academic standards. The literature 

search focused on journal articles, books, and reviewed publications. The different articles 

were meticulously chosen based on their relevance, methodological quality, and contribution 

to the research topic, and those that have been frequently cited were prioritized. This 

selection process ensures the reliability of the literature used in the research and establishes 

a solid theoretical and analytical foundation for the study.     

 

During the research phase, keywords like ‘REE in consumer electronics’, ‘REE recycling 

methods’, and ‘WEEE recycling’ were most commonly searched. These were selected to 

lead to academic literature that covers my topic the most. After identifying literature that 

related to this thesis the most, their sources were carefully analysed and used as a research 

string to access further information.  
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3  Integrated REEs and their recycling possibilities  

A wide variety of raw materials are processed during the manufacturing phase of consumer 

electronics. During the use phase of the devices, these building elements remain in the same 

physical and chemical shape and quantity; therefore, knowing the list of elements that are 

consumed for manufacturing can provide valuable information for estimating the recycling 

value of a specific product. Furthermore, when the quantity of the consumed raw material is 

not available, the amount of recovered elements from disposed electronics can serve as an 

estimate for determining the initial manufacturing material need. The following two sections 

utilise this property of consumer electronics as well, by first setting quantified results on the 

integrated REE in consumer electronics and later detailing the recycling processes and their 

success rate in recovering REE from these devices.  

3.1  Integrated REE analysis of consumer electronic devices  

The following section of the text reports on the REEs used in our everyday consumer 

electronics. Unfortunately, the elemental content of electronic devices is not readily 

available to people outside of the manufacturing companies. The best chances of quantifying 

the base elements used to manufacture these devices, as previously mentioned, are to recover 

them after the products reach the end of their life.  

 

Due to the difficult nature of data collection on the topic, the available literature is very 

limited. Most of them collect information on all the elements contained in consumer 

electronics and do not focus primarily on REE elements, but rather on other elements that 

are present in the largest quantities or have some special relation to them. A study by 

Bookhagen et al. (2018) provides information on the elemental composition of smartphone 

compartments and printed circuit boards; however, it only mentions REEs as materials 

present in the devices, but does not give any detailed, qualified review of them (Bookhagen 

et al., 2018). The same can be said about a study by Kohl and Gomes (2018), who were 

investigating the physical and chemical characterization and recycling potential of desktop 

computer waste. Their research included a more detailed review of the REEs, but the detail 
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that they provide is still not sufficient for our topic. (Kohl and Gomes, 2018) The only 

existing literature managed to be found that provides quantified results for the REE analysis 

of consumer electronics is a study by Li et al. (2019), who created a comprehensive 

elemental analysis of consumer electronic devices focusing on rare earth, precious, and 

critical elements. Due to the previously mentioned limited amount of information on the 

topic, the following sub-section is mainly based on this study and its findings. This lack of 

publications on this topic highlights the urgent need for further research in this scientific 

area. (Li et al., 2019)           

  

The study by Li et al. (2019) used a collection of electronic devices containing desktop PC 

towers, printers, iPods, mobile phones, Bluetooth earpieces, answering machines, display 

ports, adapters, ethernet hubs, DVD players, and hard drives. During the preparation process, 

they removed casings and plastic parts, stripping away everything that was considered 

unnecessary for the scope of the project. Similar devices were grouped, and all the samples 

were reduced to a size below 1.18 mm. The moisture and volatile fractions of the samples 

were below 1% and, in general, did not contain much combustible material; however, the 

samples were still heat-treated to remove as much excess material and moisture as possible. 

The decomposition of solid materials was caused by microwave radiation. Eventually, the 

researchers used Coupled-Plasma-Optical Emission Spectroscopy (ICP-OES) to analyse the 

surface elemental composition. (Li et al., 2019) Their findings can be found in Table 2. In 

the table, RSD is the abbreviation of relative standard deviation. The quantity of the 

materials is determined as mg of element in 1 kg of sample. Other abbreviations include D 

(detected by ICP-OES but not quantifiable), ND (not detected by ICP-OES), and N/A (not 

applicable, no RSD). 



17 
 

 

Table 2 Average concentration and relative standard deviation of REEs (Li et al., 2019) 

Element Hard Drive Ethernet Hub iPods Printer Answering 

Machine 

Phones DVD Player Computer 

Wiring 

Low Grade 

Scrap 

PCBs 

mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% mg/kg|RSD% 

Ce 51.64|71.49 113|N/A 34.95|13.89 D|N/A 41.65|9 26.11|6.85 49.12|3.92 D|N/A ND|N/A D|N/A 

Dy 105|22.32 4.54|35.7 42.72|26.91 2.33|30.79 6.44|16.36 86.39|16 14.63|22.61 1.82|2.85 9.25|33.52 13.33|49.57 

Er D|N/A D|N/A D|N/A D|N/A D|N/A ND|N/A D|N/A D|N/A D|N/A D|N/A 

Eu 1.15|31.94 D|N/A 3.01|31.74 0.06|N/A D|N/A 2.42|9.93 1.12|14.21 ND|N/A D|N/A ND|N/A 

Gd 17.27|13.45 9.69|38.88 12.55|27.7 1.97|24.51 7.98|7.04 19.26|10.93 4.14|31.05 D|N/A 7.33|9.22 18.92|18.86 

Ho D|N/A D|N/A D|N/A ND|N/A ND|N/A D|N/A D|N/A 4.68|3.91 D|N/A D|N/A 

La 449|15.53 3.331|55.45 10.91|49.8 3.37|25.18 44.69|17.58 D|N/A 4.64|60.15 1.38|18.19 4.35|17.69 13.14|38.7 

Lu 0.91|44.51 0.88|62.62 1.2|26.32 0.17|19.41 0.57|3.55 0.74|18.32 0.43|18.99 D|N/A 0.58|9.64 1.77|13.61 

Nd 1992|17.96 278|23.99 2019|30.09 59.13|10.54 203|13.49 1372|19.39 698|45.51 1947|N/A 105|27.55 155|15.86 

Pr 332|21.41 ND|N/A ND|N/A D|N/A 12.47|9.25 169|16.17 43.77|27.9 ND|N/A D|N/A 7.69|13.8 

Sc 11.55|17.61 11.76|19.75 5.73|22.08 1.2|16.29 D|N/A 6.25|11.67 3.14|17.46 13.01|9.76 14.7|11.9 11.16|18.08 

Sm D|N/A ND|N/A D|N/A ND|N/A 12.64|2.08 9.81|N/A D|N/A ND|N/A D|N/A ND|N/A 

Tm D|N/A D|N/A ND|N/A D|N/A D|N/A ND|N/A D|N/A D|N/A D|N/A D|N/A 

Yb D|N/A D|N/A 0.83|26.19 0.11|24.98 0.38|5.65 0.69|22.91 0.48|26.41 ND|N/A 0.54|11.26 1.27|14.81 
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3.2  Recycling of REEs from waste electrical and electronic equipment  

Consumer electronics, as a group, contain traces of all REEs, some more, some less, and 

after being disposed of, they become waste electrical and electronic equipment (WEEE). 

There are 4 different recovery methods used nowadays for REEs, namely, electrochemical 

(electrical potential treatment), biometallurgical (microorganism and metal treatment), 

pyrometallurgical (thermal treatment), and hydrometallurgical (aqueous treatment) 

processes. The following subsections provide information on each method. 

Hydrometallurgical method is most commonly used due to operating at low temperatures 

and the ease of separation from the base material. (Ramprasad et al., 2022) 

3.2.1  Pyrometallurgical method 

Pyrometallurgical method has gone through significant development, making it a well-

industrialised method. Its popularity has since increased as integrated lead and copper 

smelters have been in operation for over two decades. Although this method was not 

originally developed for recovering REEs from WEEEs, it has potential for recovering other 

kinds of metals as well. (Li et al., 2019) During this process, WEEE is first dismantled, 

ground or shredded, and later the enriched metals end up in a furnace. The furnace volatilizes 

the REEs by chemical reaction while impurities become slag. Pyrometallurgical extraction 

methods include several other techniques in processing REEs, such as molten salt extraction, 

electrochemical processing, smelting, gas-phase extraction, liquid-metal extraction, gas-

solid and solid liquid, gas slag process, molten slag extraction, and roasting. (Ramprasad et 

al., 2022) From the mentioned processes, smelting is the most used method for the recovery 

of a range of REEs from WEEEs such as printed circuit boards, NdFeB permanent magnets, 

and fluorescent powder lamps. Despite the pyrometallurgical process being a mature 

technology, there are still issues with controlling the flue gas created by organics, for 

example, furans, phenolics, dioxins, and most importantly, flame retardants (Zhang and Xu, 

2016). The process also comes with corrosion problems, high energy demand, and, most 

importantly, it is quite costly.  
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3.2.2  Electrochemical recovery process 

To combat the high energy and chemical reagents demand of the commonly used REE 

recovery processes, researchers tried to come up with a sustainable and energy-efficient 

recovery method. An electrochemical recovery process could be a possible solution, being 

capable of selective recovery of the elements from leachates.  

 

REEs are highly reactive materials, so the separation of them to the cathode is not possible, 

but instead, anode dissolution methods can be applied. Several electrochemical technologies 

can be utilized for this purpose. In the research conducted by Ramprasad et al. (2022), they 

used molten salt electrolysis in two different approaches. During the first experiment, they 

tried to react REEs with fluxes such as AlCl3, AlF3, FeF3, MgCl2, ZnF3. Via electrolysis, 

they managed to extract molten metal halides from WEEEs. The main drawback of the 

process was the notable contamination from flux alloys such as Al, Fe, Mg, and Zn due to 

these elements having a higher positive reduction potential than REE, which means further 

separation is needed after the reaction. (Ramprasad et al., 2022) As part of another approach, 

WEEE were directly used as an anode during the electrolysis. This caused the REEs to 

become oxidised and eventually dissolve as ions and deposit on the cathode. This method 

was applied to NdFeB permanent magnets, and the result was the selective recovery of Nd 

and Pr from the magnets. During the process, the cathodic deposition of Nd reached 13.2-

14.7% with H2SO4 electrolyte alone and 10.6-27.4% H2SO4 and oxalic acid electrolyte. 

(Makarova et al., 2020) (Yang et al., 2020) A further study by Li et al. (20119) suggests that 

a process based on Fe3+ oxidant reduces the chemical consumption, makes control easier, 

and uses less energy (Li et al., 2019).     

 

Overall, the electrochemical separation process is beneficial since it has high chemical 

stability and conductivity, the reaction kinetics are fast, and efficiency is high across a wide 

range of temperatures. The main disadvantage of the process is its being extremely 

expensive, making it unattractive for investors. (Ramprasad et al., 2022) 
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3.2.3  Hydrometallurgical methods 

Several hydrometallurgical processes exist, such as liquid metal extraction, molten salt 

extraction, liquid media extraction, and supercritical fluid extraction. There are several 

techniques, of which solvent extraction is one. It is a widely used method for REE separation 

due to cost-effectiveness. During the process, REEs are recovered by stripping them from 

WEEEs using acid, base, or water. Alternatively, other solvents, for example, 2.4-

pentaneodione/ethanol mixtures or ionic liquids, have been studied. All in all, solvent 

extraction has its limitations due to the generation of large amounts of sludge, which causes 

secondary pollution. (Pavón et al., 2021) (Jyothi et al., 2020) Crystallization and ion 

exchange are like solvent extraction in resulting in high-quality pure REEs, but all three 

methods are labour-intensive and costly.  

 

The most promising method is adsorption since its efficiency is relatively high, the process 

is eco-friendly, quite simple, and has a broad applicability. Previously investigated 

adsorbents included activated and nanotube carbon, nanocomposites, silica, zeolites, 

metallic polymers, and dried biomass. A study by Kavun et al. (2021) used 

organophosphorus-modified metal organic framework and managed to achieve an 

adsorption rate of 37.2-57.5% of Er3+ at pH 5.5 (Kavun, van der Veen and Repo, 2021). 

Adsorption with modified nanoparticles showed improvement in adsorption performance. 

This process is called biosorption, but it is still in an experimental stage, and parameters such 

as pH, adsorbent dosage, ionic strength, and extraction temperature can greatly influence 

results. (Lukowiak et al., 2020) 

 

Membrane-based methods of REE recovery also belong to the hydrometallurgical methods, 

offering high selectivity and combining extraction and stripping in a single step while 

requiring low added energy and chemicals. Supported liquid membranes have been 

successfully tested for permanent magnets, recovering 15.21% of Dy, 63.13% of Nd, and 

56.29% of Pr, and for fluorescent lamp waste, recovering 40% of Y (Ni’am et al., 2020) 

(Pavón et al., 2021). Diffusion dialysis is also a membrane-based method that uses the 

concentration gradient between two compartments separated by a membrane. With this 
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method, selectivity factors up to 140 Pr and 3706 Nd from hard drive disks have been 

achieved. The favourable characteristics of diffusion dialysis are its environmentally friendly 

nature, uses no excess chemical reagents, and its low energy demand. (Hammache et al., 

2021)      

 

Hydrometallurgical methods enjoy several advantages over other REE recovery methods. 

Hydrometallurgical processes are less energy intensive, easier to control, produce high-

purity REEs, and generate lower volumes of waste. Moreover, they have lower production 

costs, and they emit significantly less noxious gases such as CO, CO2, NOx, and SOx. 

Overall, hydrometallurgical recovery methods are the most preferred recycling methods of 

REEs from WEEEs. (Ramprasad et al., 2022) 

3.2.4  Biometallurgical process 

A lesser-known complementary recovery method of hydrometallurgical and 

pyrometallurgical methods is the so-called biometallurgical recovery method. It utilises eco-

friendly microorganisms to solubilize REEs from the leaching step of the previous two 

methods (Zhang and Xu, 2016). The process is built on the metabolic process of a bacterium, 

which most of the time produces and releases organic acids. These acids facilitate the 

dissolution, and the binding molecules chelate the REEs out of the solution. When REEs 

enter the aqueous phase, the recovery mechanism happens through biosorption by the 

microbial cell. (Dev et al., 2020) The mobilization can happen through acidolysis, 

complexolysis, and a two-step redoxolysis process to achieve a solid state again (Ramprasad 

et al., 2022). 

 

The efficiency driving factors of biometallurgical recovery are pH, temperature, pulp 

density, toxicity, redox potential, and aeration of the mixture. Biometallurgical process has 

high efficiency at lower REE concentrations and low-grade WEEEs compared to 

pyrometallurgical and chemical methods. (Dev et al., 2020) Other positive aspects of 

bioleaching are eco-friendliness and cost-effectiveness. The major drawback of the process 



22 
 

 

is its low reaction kinetics, in general, lower recovery results, and a large industrial 

infrastructure (Ramprasad et al., 2022). 

 

3.2.5  Comprehensive overview of recycling possibilities 

Most of the recovery methods performed on REEs from WEEE have only been at a 

laboratory scale, making the prediction of their feasibility on the market hard to estimate. 

Nevertheless, a study by Ramprasad et al. created a comprehensive table listing the 

possibilities to recover a wide range of REEs from different consumer electronic devices 

(Ramprasad et al., 2022). Table 3 shows these findings.  
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Table 3 Recovery of REEs from WEEEs using different methods (Ramprasad et al., 2022) 

Consumer 

electronics waste 
Method Extracted REEs 

Recovery 

rate 

Fluorescent powder Hydrometallurgical 

CeO2, Eu2O3, 

Er2O3, Tb4O7, 

Y2O3, 

99.8% 

Cathode ray tube 

phosphors 
Hydrometallurgical Eu, Y 99% 

Phosphor waste Hydrometallurgical/pyro-hydrometallurgical Ce, La, Tb 

82% Ce, 

75% La 

82% Tb 

Cathode ray tube 

phosphors powder 

Integrated thermal treatment into 

hydrometallurgical process 
Ce, Eu, Sm, Y 

58% Y 

90% Eu 

90% Sm 

87% Ce 

Fluorescent powder Mechanical activation and leaching Tb 98.3% 

Phosphogypsum Hydrometallurgical 

Sm, Eu, Gd, Tb, 

Dy, Ho, Er, Tm, 

Yb, Lu 

94% 

NdFeB magnets Hydrometallurgical / Electrochemical Nd, Gd, Pr 88.4% 

Nickel-metal hydride 

batteries 
Hydrometallurgical La, Ce, Nd, Pr 

97.84% La 

100% Ce 

100% Nd 

99.77% Pr 

NdFeB battery Hydrometallurgical/leaching Nd, Pr, Dy 98.76% 

Permanent magnets 
Membrane technology /Integrated thermal 

treatment into hydrometallurgical process 
Nd, Pr, Dy 

63.13% 

/78% Nd 

15.21% 

/76% Dy 

56.29% / 

83%Pr 

Computer monitors Hydrometallurgical Eu, Y >97% 

NiMH batteries Biometallurgical 
Y, La, Ce, Pr, Nd, 

Sm, Gd, Er, Yb 
43-95% 
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4  Discussion 

The discussion section is divided further into two sub-sections, reflecting both on the rare 

earth elemental analysis of consumer electronics and on the recycling of REEs from waste 

electrical and electronic equipment.  

4.1  Discussion of integrated REE analysis of consumer electronic devices  

The findings of the study by Li et al. (2019) present a certain pattern across the integrated 

REEs in consumer electronics, demonstrated by Table 2. Neodymium (Nd) was the element 

that was found with the highest concentration across almost all the devices, in certain cases 

up to 2019 mg/kg in iPods and 1992 mg/kg in hard drives. This is due to the prevalence of 

NdFeB permanent magnets in electric motors, speakers, and hard drive accelerators. 

Lanthanum (La) also had a high concentration in hard drives due to being widely used in 

optical glass and specialty alloys within components. Dysprosium (Dy) and praseodymium 

(Pr) were detected in significant concentrations in hard drives and phones. These are 

elements that are added to NdFeB magnets to improve coercivity and thermal stability at 

higher operating temperatures. These numbers show that REEs play a significant role in the 

manufacturing of electronic devices, and if their supply chain remains vulnerable, it can 

create delays in production or drive up the prices of electronic devices.  

 

Li et al. (2019) also reported on a high relative standard deviation, ranging between 20-60% 

and sometimes even exceeding this range. This shows how heterogeneous the REE content 

of consumer electronics is. For example, in the same category of hard drives, a model from 

2005 and one from 2015 can have notable differences in their Nd content, indicating that the 

manufacturer may have used a significantly different magnet assembly.  

 

In Table 2 several REEs were mentioned as detected but not countable. These included 

erbium (Er), thulium (Tm), and holmium (Ho). This fits the narrative that heavy lanthanides 

are present in only limited quantities in consumer electronics, and have comparatively niche 
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applications and much lower concentration numbers compared to Nd, Dy, or La. Their 

detection at the trace level nonetheless implies that they are present as subcomponents, and 

the need for more sensitive analytical studies.  

 

The method used by Li et al. (2019) is well-suited for reproducible and comparative analysis, 

but by reducing particle size below 1.18 mm before the ICP-OES analysis, it creates 

concentration values for a device-wide average. This does not provide information on the 

spatial distribution of REEs within a device, leading to potential underestimation of the REE 

richness of given subcomponents. For example, in the case of Nd, it is highly concentrated 

in the magnet assembly of a hard drive, but it is negligible in the PCB. For recycling, this 

limitation is significant, since dismantling or component-level separation is often more 

economically viable than processing the whole device. 

 

The major issue with the research on the phase of rare earth elemental analysis of consumer 

electronic devices was the lack of literature on the topic. No research has been conducted on 

the topic except the study by Li et al. (2019). This is a common issue when researching the 

exact material composition of current electronics and other kinds of goods as well. They 

have a complex material composition, and manufacturers do not publish the numbers of how 

much their material consumption was to produce the given product. Manufacturers are under 

no obligation to publish material composition since there is no framework in place, such as 

the RoHS Directive in the EU for hazardous substances, to pressure them to disclose their 

products' critical material content. Without such policies and regulations, characterising the 

material content, including REEs, of consumer electronics will remain dependent on end-of-

life studies, which are inherently slow and tedious procedures, and potentially lead to 

inaccuracies. The data gap is not only a research need but also more of a policy need, which, 

if addressed, could significantly improve ‘urban mining’ methods and circular economy 

planning in the electronics sector.   
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4.2  Recycling of REEs from waste electrical and electronic equipment 

The four reviewed recovery methods, namely pyrometallurgical, electrochemical, bio-

metallurgical, and hydrometallurgical, have different approaches to the extraction of REEs 

from WEEE, having their own advantages, limitations, and maturity. The major problem 

with all four technologies is that they have only been demonstrated on a laboratory scale so 

far. Adopting these to become industrial processes brings significant challenges in terms of 

process control, reagent consumption, and most importantly, economic viability. This 

difference between laboratory and commercial performance is crucial to keep in mind when 

assessing the data in Table 3 meaning the findings are not representative of what is currently 

achievable on an industrial scale.  

 

Currently, all four methods are battling with a cost barrier between technical performance 

and economic viability (Jonovan Van Yken et al., 2021). Pyrometallurgical processes 

operate at high temperatures, making them energy-intensive and prone to corrosion issues 

and flue gas management challenges. Electrochemical recovery can achieve high 

efficiencies, but it is also the costliest, substantially lowering its attractiveness. Even 

hydrometallurgical methods, which are the dominant and most promising ones, due to their 

cost-effectiveness, involve labour-intensive separation processes, and a significant amount 

of sludge is created during solvent extraction, creating significant secondary waste streams. 

These challenges imply that no current recovery method is offering a straightforward 

solution. (Fujita Yoshiko, McCall and Ginosar, 2022) They all require further process 

innovation, policy incentives such as producer responsibility schemes, and increasing the 

price of primarily REE to make recycling more attractive and competitive (Rizos, Righetti 

and Kassab, 2024). 

 

Based on most of the existing research on the recycling of REEs from WEEE, 

hydrometallurgical recovery methods are considered the most practical and widely 

applicable. They offer a lower energy need compared to pyrometallurgical processing, 

generally lower emissions, and easier process control while producing high-purity REE 

output. According to Table 3, Hydrometallurgical processes had the highest recovery rates, 
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achieving, in certain cases, more than 97%. This was achieved with the recovery of Eu and 

Y from computer monitors and cathode ray tube phosphors. Hybrid processes like 

hydrometallurgical, including solvent extraction, adsorption, and membrane-based methods, 

offer a well-integrated and efficient recovery system.  

 

The data in Table 3 reveals that different types of WEEEs have a significant difference in 

the potential of material recovery. Fluorescent powders and cathode ray tubes have the 

highest material recovery potential under hydrometallurgical treatment, achieving close to 

99%. This is mostly due to these WEEEs containing the chemicals in a relatively accessible 

form compared to other cases where REEs are embedded in complex alloy matrices, for 

example, permanent magnets. This implies that WEEE pre-sorting and component-level 

dismantling could significantly improve the recovery efficiency. On one hand, this would 

require further investment in automated technologies; on the other hand, it could have a 

meaningful impact on the overall recovery chain.  

 

Finally, it is worth situating the recycling scene within a regulatory framework such as the 

European Union. The EU has established collection and recycling targets for the recycling 

of WEEE, but it does not have any specifications for REEs, and unfortunately, the general 

collection rates remain below the expected target numbers (Horta Arduin et al., 2020). 

Without specific policies that incentivize REE recovery, such as mandatory REE recovery 

targets, requirements for design-for-disassembly in new electronics, or financial support for 

pre-commercial recycling technologies, the market alone is highly unlikely to drive 

investment into the recovery infrastructure vital for making REE recovery economically 

viable. This review therefore high points the necessity of targeted policy interventions and 

research investment in scaling up the most promising hydrometallurgical technologies or 

any emerging new hybrid solutions.  
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5  Conclusions 

This thesis examined rare earth elements in consumer electronics through two 

complementary lenses: the elemental composition of devices and the feasibility of 

recovering these elements via existing recycling technologies. The two areas of investigation 

showcase the strategic significance of REEs embedded in everyday electronics and the 

current limitations in reclaiming them from WEEEs. 

 

The elemental analysis, which was based primarily on the study by Li et al. (2019), 

confirmed that Nd is the element that is present in the highest concentration across all 

consumer electronic devices, particularly in hard drives and iPods. NdFeB permanent 

magnets are responsible for such a high presence of Nd, and their popularity seems to be 

increasing. La, Dy, and Pr were detected in notable quantities as well, while other heavier 

lanthanides such as erbium, thulium, and holmium were only found in really small, 

unquantifiable quantities. The relative standard deviation was consistently high across the 

device categories, which is due to the heterogeneity of REE content in consumer electronics. 

This phenomenon underscores the difficulty of building a reliable value recovery model 

from only end-of-life analysis alone. The study identifies a critical data gap, which is the 

need for more academic research on the topic and setting regulatory frameworks for 

manufacturers for material composition disclosure on their products.  

 

Regarding the recovery of REEs from consumer electronics, the review of four recycling 

methods, namely pyrometallurgical, electrochemical, biometallurgical, and 

hydrometallurgical, reveals that hydrometallurgical processes are currently the best options 

for REE recovery from WEEEs. They achieve their superiority by offering lower energy 

requirements, better process control, reduced emissions, and high-purity outputs. Table 3 

summarises results, which in certain cases look promising, such as the recovery rate of Eu 

and Y being 97-99% from fluorescent powder and cathode ray tube phosphors. However, 

virtually almost all these methods have only been demonstrated at laboratory scale, and the 

actual recovery of REE from WEEEs is less than 1% of what could be achieved. The 
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industrial-scale implementation of recycling REEs has major hurdles in terms of economic 

viability, process consistency, and secondary waste management.  

 

The two main topic areas of this study ultimately end up with the same conclusion. Even 

though the technology for the elemental analysis and for the recovery of REEs exists, 

systematic change is required for their manifestation. On the research side, component-level 

studies and standardised analytical protocols are needed to improve the element-specific 

data. On the policy side, mandatory material disclosure requirements, REE-specific 

recycling targets, and financial support for scaling up recovery technologies are the 

necessary steps. The demand for REEs in several industries is growing, so the development 

of a steady urban mining infrastructure is not simply a supply chain goal but also an 

important step towards enhancing circular economy in these industries as well.  
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