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Abstract	

	 Rare	earth	elements	play	a	critical	role	in	creating	a	sustainable	society	because	they	

compose	vital	components	of	sustainable	technologies	such	as	wind	turbines,	electric	and	

hybrid	cars,	and	fluorescent	lights.	Despite	their	positive	influence	on	the	environment,	their	

extraction	and	production	is	extremely	environmentally	hazardous.	It	produces	more	

greenhouse	gases	per	kg	of	oxide	than	many	other	ores,	and	uses	chemically	intensive	methods	

that	creates	wastewater	issues	and	environmental	contamination.	Furthermore,	without	the	

availability	of	these	minerals,	the	production	and	advancement	of	these	technologies	would	be	

reduced.	The	market	is	currently	experiencing	a	gap	in	supply	due	to	the	decreased	export	

quota	from	China.	Technospheric	mining	provides	an	opportunity	to	reduce	the	environmental	

impact	of	the	production	of	rare	earth	elements,	as	well	as	increase	the	supply	for	further	

development	of	sustainable	technologies.		

	 Technospheric	mining	looks	at	three	main	categories	of	stocks	as	a	resource	for	rare	

earth	elements;	pre-consumer	fabrics,	post-consumer	products,	and	historic	urban	and	

industrial	landfills.	These	three	categories	provide	numerous	options	for	rare	earth	recovery	

and	large	amounts	of	rare	earth	elements	are	associated	with	each.	However,	unless	

advancements	in	processing	technologies	are	made,	the	production	of	recyclates	will	have	the	

same	negative	processing	effects	as	virgin	ores.	Each	resource	has	very	different	properties	and	

the	technologies	must	address	this.	Furthermore,	if	this	technique	is	to	be	successful,	legislation	

encouraging	recycling	needs	to	be	applied.	
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Chapter 1: Introduction 

 The rare earth industry is beginning to experience a scarcity of rare earth element (REE) 

resources. The source of these difficulties is multi-fold, however; recycling is a solution that 

must be considered. If applied successfully, recycling can be used as a tool to increase supply in 

accordance with the balance problem, as well as function in an environmentally sustainable 

manner.  

Technospheric mining is a model for which rare earth element (REE) recycling can be 

done in a resourceful and sustainable way. It has the ability to be sustainable as well as take into 

account the complexity of the issue, including human health affects associated with REE, and 

balancing the supply and demand. Technospheric mining requires innovation to discover new 

stocks that have otherwise been regarded to as waste, and harvesting the minerals in these stocks 

to provide resources to the industry (Johansson, Krook, Eklund, & Berglund, 2013). It takes into 

consideration three sources of resources; pre-consumer fabrics such as scraps and residues, post-

consumer end-of-life (EOL) products, and historic urban and industrial waste residues containing 

REEs (Figure 1) (Jones et al., 2013). The goal is to reach a closed-loop system; a system of 

minimal waste and lengthened life cycles of rare earth elements and alloys.  

Figure	1:	The	different	loops	involved	in	technospheric	mining	of	rare	earth	elements	(Binnemans,	Pontikes,	Jones,	Van	Gerven,	
&	Blanpina,	2013). 
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Objectives 

The purpose of this research is to outline the application of technospheric mining as a 

supplementary method of recovering rare earth resources for sustainable technologies as a 

solution to environmental degradation and resource management. This paper will primarily 

discuss technospheric mining method in terms of implementation strategies and technology. This 

thesis aims to provide a well rounded analysis for the industrial sector to enable alternative 

decisions for REE resources.  

Background	 

The title ‘rare earths’ is misleading because these minerals are not actually rare at all.  

The elements were deemed ‘rare’ in the nineteenth century because chemists were experiencing 

difficulty separating the elements (Wall, 2014). The most common rare earth element, cerium, is 

as common in the crust as copper, and the rarest elements, thulium and lutetium, are still 100 

times more common in the crust than gold (Tunsu, Petranikova, Gergorić, Ekberg, & Retegan, 

2015; Wall, 2014). They are defined by the International Union of Pure and Applied Chemistry 

as 15 lanthanides; lanthanum, cerium, praseodymium, neodymium, promethium, europium, 

gadolinium, terbium, holmium, erbium, thulium, ytterbium, lutetium, plus two other elements; 

yttrium and scandium (Figure 2). Scandium is not a lanthanide but is considered a rare earth 

element because it has similar physical and chemical properties, and is often found in the same 

deposits (“Rare Earth Elements,” 2015). Yttrium and scandium are often found in the same 

deposits and therefore are historically considered rare earths (Wall, 2014). The REE are broken 

down into light (La-Sm) and heavy (Eu-Lu, Y) categories.  

 The abundance of each element varies within the crust. Heavy rare earth metals are less 

common than light, and even number elements are more common than odd number elements. 



	 8	

The even-odd relationship is due to a phenomenon called lanthanide contractions. This is when a 

cation decreases in size with increasing atomic number. This occurs due to the electrons in the f-

orbital not blocking the other electrons from the pull of the nuclear protons, causing contraction. 

This effect increases as the number of protons increases. This variation in abundance in the crust 

creates an complicated dynamic in terms of what is available and what is needed (Wall, 2014).  

 

Figure 2: Periodic Table of Elements, highlighting the name and the symbol of each element. Image taken from 
http://www.rareelementresources.com/rare-earth-elements#.VvATLRIrLYw. 

REE ore deposits are not only relatively common in abundance, but also fairly wide 

spread in distribution (Walls, 2014). The deposits are widespread across the globe (Figure 3); 14 

deposits in Asia, 6 in Europe, 10 in Africa, 2 in the U.S. ands  1 in Canada (Chen, 2011). 

However, it is important to note that a deposit is not the same as a reserve. A rare earth reserve is 
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defined as a deposit that has industrial potential (Chen, 2011). The USGS 2015 rare earth survey 

indicated that the main REE reserves are: China, 43%; Brazil, 17%; Australia 2.5%; India, 2%, 

U.S., .3%; and other, 31.6%. It further showed that China produced 85% of REE in 2015, despite 

only having 43% of the reserves.   

 

Figure 3: Global Rare Earth Resource Disruption. Image taken from CHEN (2011). 
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 The historical production 

for REE has averaged a growth 

rate of 6.5% since 1970  (Alonso 

et al., 2012). While these rates do 

not demand a similar increase in 

the future, an increase of this size 

would not be unexpected. Alonso 

et al (2012) have studied multiple 

possibilities of growth for various 

different scenarios and every 

value indicates an exponential increase in demand. Figure 4 shows these various scenarios, with 

scenarios A, B, and C referencing historical trends.  

Supply issues are further exacerbated by the recent restrictions that China has 

implemented for their REE export (Du & Graedel, 2011). China has been the major supplier for 

most countries, however they recently increased their quota for processed REEs products, 

causing a decrease in their exports from 50,150 t in 2009 to 30,250 t in 2010, creating a gap in 

supply (Du & Graedel, 2011; Massari & Ruberti, 2013). The demands for REE are increasing 

due to an increase in the market in for green technologies that require REEs that will be outlined 

below. The functions provided by REE’s in modern technology is currently unparalleled by 

alternate materials, and there are not substitutes (Alonso et al., 2012).  

 The gaps in supply and demand require a solution that considers new sources of material. 

Rare earth recycling offers a potential solution to the lack of resources through opening up 

various new types REE stocks worldwide. Technospheric mining is one approach to harvesting 

Figure	4:	Demand	projects.	Image	taken	from	Alonso	et	al.,	2012.	
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from these sources. Technospheric mining is the extraction of minerals from material stocks 

originating from technology that have been excluded by ongoing anthropogenic material flows 

(Johansson et al., 2013). This sustainable approach can be used to stabilize the market, and 

provide resources for numerous important technologies. 

 The main technologies that use REEs are permanent magnets, metal alloys, catalysts, 

polishing powders, phosphors, glass additives, and ceramics (Hatch, 2012). Specifically to green 

technologies: permanent magnets are used in electric and hybrid vehicles and wind turbines, 

REE alloys are used to compose nickel-metal hydride batteries used in electric or hybrid 

vehicles, and phosphors are used in fluorescent lighting ( Binnemans et al., 2013).  These 

markets make up 80% of the total rare earth industry ( Binnemans et al., 2013). Permanent 

magnets, known as Neodymium Iron Boron (NdFeB) magnets, require a large amount of 

dysprosium, thulium, neodymium and praseodymium; Nickel Metal Hydride (NiMH) batteries 

require lanthanum, cerium, neodymium and praseodymium; and lamp phosphors require 

europium, thulium, yttrium, cerium, gadolinium and lanthanum (Binnemans, Jones, et al., 2013). 

However, complimentary to consuming these REEs, they can also be used as sources of REEs. 

Europium, thulium, yttrium, neodymium and dysprosium are all considered high risk in terms of 

adequate supply for application to clean energy technologies (Binnemans et al., 2013). 

Table	1:	Green	technologies	and	the	REEs	that	they	use	(Binnemans	et	al.,	2013)	

PRODUCT TECHNOLOGY REE USED 

Electric and hybrid cars 

Wind turbines 

Permanent magnets (Neodymium iron boron) Neodymium 

Dysprosium 

Thulium 

Praseodymium 



	 12	

Electric and hybrid cars Nickel-metal hydride batteries Lanthanum 

Cerium 

Neodymium 

Praseodymium 

Florescent Lighting Phosphors Europium 

Thulium 

Yttrium 

Cerium 

Gadolinium 

Lanthanum 

 

An increase in availability of these elements would allow these green technologies to 

develop and help to further prevent climate change (Reisman et al., 2012). For example, wind 

turbines provide an alternate energy source that is renewable and has virtually no carbon 

footprint (Crawford, 2009). Hybrid electric vehicles reduce the amount of carbon combustion by 

allowing the vehicle to charge on other sources of energy such as natural gas and renewable 

resources as opposed to oil (Hawkins, Gausen, & Strømman, 2012). The NiMH batteries replace 

more dated batteries that contain harmful metals such as lead and cadmium (Binnemans et al., 

2013).  

Despite the numerous environmental benefits associated with their uses, there are many 

documented concerns associated with rare earth mining, and especially with processing. 

However, it is difficult to assess the environmental impacts because each REE deposit has a 

different host rock, mineralogy and different mineral associations (Weng, Jowitt, Mudd, & 

Haque, 2013). 
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Many of the environmental concerns surrounding the mining of REEs are still highly 

debated topics.  Environmental effects related directly with REE extraction have not been widely 

studied. However, Liang et al (2014) study showed that mining of REE has negative effects on 

biota in the area. Normally, REEs exist in inert, immobile forms and have little to no 

bioavailability. They are found mostly as residues in soils, sediments, and suspended particulates 

in water bodies. However; in mining areas, the forms of REEs found are significantly different, 

and have increase bioavailability. The REE’s mostly exist as organically bound and 

exchangeable in mining area, causing them to be increasingly mobile, and increasingly 

hazardous. Although inert forms still dominate the soil, the portion of mobile REEs increased 

from 14% to 44-52% from non-mining to mining areas. The study further showed that 

bioavailability increased with mining activities as the REEs had been taken up by the plants in 

the area. However; due to a lack of analytical techniques and sensitive instrumentation, 

speciation analysis is limited (Liang, Li, & Wang, 2014). 

It is important to note that the toxicity and bioavailability of varies between individual 

REEs (Xinde, Xiaorong, & Guiwen, 2000).The release of REEs from the soil is dependent on pH 

and Eh as well as the dissolution of Fe-Mn hydroxides. Results from a study done by Cao et al 

(2001) indicate that REEs are released in acidic and reducing conditions. It was further 

concluded that the alteration of pH and Eh changed the species of the REEs in suspension, 

potentially producing bioavailable forms (Cao, Chen, Wang, & Deng, 2001). 

The toxicity of rare earths causes negative effects on the human body. One study shows 

that it can accumulate in bones and cause negative changes in bone tissue (“Accumulation of 

Rare Earth Elements in Bone and Its Toxicity and Potential Hazard to Health.--《Journal of 
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Ecology and Rural Environment》2008年01期,” n.d.). A different study looked at long term 

ingestion of low concentration REEs caused negative effects to the test animals (Zhang et al., 

2000). Zhang et al. (2000) deduced that the negative effects to humans would  include harm to 

the liver and kidneys, as well as reduced immunity. 

Many of the adverse effects of mining are not directly from the REE themselves, but 

from the association with other elements such as radioactive thorium and uranium (Wall, 2014). 

This association poses human health risks during extraction,  processing, and waste management 

(Wall, 2014). At Mountain Pass Mine, USA, health risks due to radioactive uranium content in 

the ore caused production to be temporarily shut down (Tunsu et al., 2015; Weng et al., 2013). 

Furthermore, the greenhouse gases that are liberated during extraction must also be taken into 

consideration (Weng et al., 2013). The majority of extraction is within Chinese borders and 80% 

of their energy is sourced from coal which produces a significant amount of CO2 and SO2 

emissions into the atmosphere (Shealy & Dorian, 2010; Weng et al., 2013). Also, anomalously, 

REEs can be associated with sulfides and acid mine drainage (AMD) and can cause harmful 

environment effects as well as negatively affect the water systems nearby  (Protano & 

Riccobono, 2002). 

  Although mining poses many challenges, the larger problem lies with the processing of 

the ores. Processing steps for REE are more energy and chemically intensive than many other 

metals because of the variability of the host rock, the demand for pure single element form, and 

the difficulty associated with the separation of the different REE due to their similar 

characteristics (Weng et al., 2013). The main issues of concern are the substantial use of acids 

and alkalis solvents, and fluorine-bearing gases; gaseous and particulate matter; and liquid 

wastes treatment and management (Weng et al., 2013). Furthermore, processing steps often 
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cause the REEs to become more reactive by removing them from their stable form and 

increasing surface area and solubility (Weng et al., 2013). As well, crushing of material 

containing radioactive elements such as uranium, potassium and thorium can cause increased 

risk of lung cancer, negative effects on the kidney, and increased chance of birth defects as well 

as negative effect on the local biota (“Health Effects of Uranium Mining,” 2010). With respect to 

GHG emissions, processing is also a very intensive process. In a comparison done by Weng et al 

(2013), they  indicate that the processing of REE is more GHG intensive than common metals 

such as copper and iron (Weng et al., 2013). Figure 5 shows the CO2 production of the three ores 

from both the mining and processing phases.  

	

Figure	4:	The	amount	of	greenhouse	gas	emissions	produced	with	the	production	of	various	oxide	products.	Sourced	from	Weng	
et	al.,	2013.	

 Many of these environmental concerns have caused major difficulty in opening new 

mines as well as the closure Mountain Pass Mine USA (Tunsu et al., 2015). This lack of global 

development has caused China to have a monopoly and currently has 86% of world production, 

as defined by the USGS REE survey of 2014. However, China has recently decreased their 

export quota due to increasing domestic demands ( Binnemans et al., 2013). This, along with the 

increase in global demands suggests that we could be in a REE supply risk.  

 Overall, REE are an important resource for the future, but they are becoming harder and 

harder to find on the market. This is due to the increasing demand for the purpose of sustainable 
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technologies, matched with the decreasing supply. The question is how do we increase REEs for 

the sustainable technology industry without harming the environment in the process? Mining 

does not seem to be the most feasible solution, and so many geologists, industries and scientists 

have been investing in recycling. With technospheric mining, many sources become available 

and many industries are beginning to take advantage of these. For example, Hitachi is reusing 

rare earth magnets from air conditioning compressors and hard disk drives, and Toyota is 

recycling hybrid car batteries. Furthermore, companies such as Umicore as well as Universities 

such as Birmingham are researching new processing methods to decrease the ecological footprint 

of recycling. abundant solutions within the rare earth industry (Reisman et al., 2012). 

There are many advantages of recycling rare earths rather than mining virgin resources. 

These include: 

• Reducing the risk of radioactive exposure to people who work with REE. Many 

primary deposits include radioactive minerals that would not be present in the 

processing of secondary deposits (Schüler, Buchert, Liu, Dittrich, & Merz, 2011) 

• Recycling of REE reduces primary processing of virgin ores which reduces 

negative atmospheric pollution, groundwater pollution, lake pollution and 

eutrophication and mitigates climate stability induced by mining practices 

(Schüler et al., 2011) 

• Decreasing destructive mining processes, causing environmental disruption and 

damage of the biosphere when building mine sites, processing plants, mining 

roads etc.  
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• Could increase our overall knowledge of metal recycling and be applied to other 

types of metals  

• Reduction of mining tailings and landfill sites (Tunsu et al., 2015) 

• Conserving natural deposits for later extraction (Tunsu et al., 2015) 

• Decreasing Canadian dependence on foreign resources (Schüler et al., 2011). 

Chapter 2: Pre-Consumer Residues and Scrap as a REE resource 

Pre-consumer materials are waste products or by-products from industrial processing. 

Industrial waste residues contain a much lower concentration of REE when compared to end-of-

life (EOL) products, but exist in such great volume that the total amount of REEs available is 

significant (Binnemans, Pontikes, Jones, Van Gerven, & Blanpain, 2013). These deposits include 

slag, bauxite, phosphogypsum, mine tailings, and wastewater from mining operations 

(Binnemans et al., 2013). Du and Graedel’s (2011) life cycle analysis of REEs indicates that 30% 

of REEs end up in preconsumer scrap; 20% in mining tailings and 10% as slag (Du & Graedel, 

2011) 

Bauxite 

 

 Bauxite is an aluminum ore that is considered the most important ore in the aluminum 

industry. Through the Bayer process of purifying the alumina to create aluminum metal, a 

solution is produced involving a solid component known as bauxite residue or “red-mud”. 120 

million tonnes of red mud is produced globally each year, providing the world with 2.7 billion 

tonnes of red mud being stored in holding ponds. The name red-mud is given to it by its colour 

due to its high hematite content.  
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These red muds are two times more enriched in REEs than the bauxite phase. Although 

rich in a multiple REEs, it is most enriched in scandium. As seen in figure 6, the concentration of 

REEs in red mud is at least five times more intense than the naturally occurring scandium. These 

red muds could be considered as a resource for scandium.  However, the extraction methods used 

to remove scandium from red muds are the same processes as removing scandium from virgin 

ores. These methods involve chemically intensive methods such as hydrometallurgy and 

pyrometallurgy (Binnemans et al., 2013).   

Scandium, however is not widely used in the environmental industry  (Binnemans et al., 

2013). For the intensive purposes for this study, bauxite would not provide a resource for 

environmental technologies. 

 

Figure 5: Concentration of scandium in different red muds compared to in the earth's crust. Values from Binnemans, Pontikes et 
al. 2013.  
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 Phosphogypsum is a bi-product of the acidic digestion of phosphate rock to create 

phosphoric acid that is used in fertilizer (Schrödter et al., 2000). This waste phosphogypsum is 

composed of mostly calcium sulphate dehydrate, CaSO4⋅H2O that contains ~ 0.4wt% of rare 

earths (Binnemans et al., 2013). Phosphogypsum is produced 4.5-5.5 times more than the actual 

phosphoric acid (Binnemans et al., 2013). Depending on the leaching method used, 75%-80% of 

the original rare earths will remain concentrated in the phosphogypsum (Binnemans et al., 2013). 

This creates significant quantities of REEs that become readily available. The rare earth 

composition is 80% cerium, lanthanum and neodymium (Binnemans et al., 2013).  

 About half of the rare earths in phosphogypsum can be retrieved using standard leaching 

methods (Binnemans et al., 2013). Several other methods have been introduced to increase the 

efficiency to ~75% (Binnemans et al., 2013). One of these studies involves gravity flow of 

H2SO4 through a packed column and mechanical activation through ball-milling (Binnemans et 

al., 2013). Also, using selective precipitation and solvent extraction, rare earths are able to be 

more efficiently recovered from the leachate (Binnemans et al., 2013). Jarosink (1993) outlined a 

full method with zero waste  involving the 3 basic steps: (1) phosphogypsum leaching with dilute 

sulphuric acid; (2) separation of rare-earths from leachate by vaporization, solvent extraction or 

selective precipitation method; (3) and anhydrite production from purified recrystallization of 

phosphogypsum in a sulphuric acid solution (Jarosiński, Kowalczyk, & Mazanek, 1993). 

 There are also considerable REEs in the phosphoric acid product that can be recovered. 

Most methods investigated involve solvent extraction or ion exchange with an overall conclusion 

that lower temperatures, higher concentration sulphuric acid, and increased liquid to solid ratios 

allow for the greatest efficiency in recovery. Binnemans (2013) says that the best process is a 

two-phase hemihydrate-dihydrate process. In this process the calcium sulphate hemihydrate is 
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precipitated and filtered from the phosphoric acid, and contains the REE (Binnemans et al., 

2013). Then the calcium sulphate hemihydrate is hydrated to calcium sulphate dihydrite via 

dissolution, and the rare earth ions in solution must be removed to allow for the crystallization of 

dihydrite (Binnemans et al., 2013). 

Mine Tailings 

 

 Tailings from rare earth mines are a significant source of rare earths that must be 

seriously considered when discussing pre-consumer fabrics. Older processing methods were not 

sufficient at retrieving the REE and therefore these deposits are very rich in resources. These 

deposits are considerable both in size and concentration. Binnemans et al (2013) say that these 

tailing deposits are so rich in REE that they can be considered “genuine rare earth deposits”. 

“…the tailings at Mountain Pass Mine in California are considered the second largest rare-earth 

deposit in the United States (the largest being Mountain Pass itself),” Binnemans et al (2013). 

These tailings contain 3-5% weight oxides, the largest of any technospheric waste (Binnemans et 

al., 2013).   Du and Graedel state that approximately 20% of REEs end up in mining tailings.  

 Rare earth mine tailings are not the only tailing to be considered. Many uranium mines 

have tailings rich in REEs (Binnemans et al., 2013). Although this increases the tailing stocks 

available, these deposits introduce additional challenges in processing and recovery. As 

previously stated, uranium, as well as thorium, produces radioactive bi-products with significant 

negative environmental and human health effects (Weng et al., 2013). In some instances, such as 

Batou China, the use of tailings would help relieve the environment of radioactive pollution 

(Binnemans et al., 2013). But in other cases, it could further release radioactive waste. In 

Indonesia at the Bangka cassiterite mine, Szamalak (2013) analyzed the tailings and found that 



	 21	

they contained a considerable amount of the rare earth minerals monazite and xenotime. 

However, these tailings also contained radioactive uranium and thorium (Szamalek, Konopka, 

Zglinicki, & Marciniak-Maliszewska, 2013). This resource must be considered carefully, 

although plentiful and rich in resources, it is a possible contaminant to both the environment and 

human health with considerable negative outcomes.  

Waste Water 

 

 Another source of rare earths is the waste water produced from mining operations. This is 

a new area of research that has not been broadly explored (Binnemans et al., 2013). Rare earths 

can be in very high concentrations of AMD, as high as 928 µg/L in cases reported by Protano 

and Riccobono (2001). Merten et al (2004) applied bacterial absorption of acid mine drainage 

and found that a significant amount of REEs were able to be removed from the water (Merten, 

Kothe, & Büchel, 2004). Other experiments have looked at binding functional groups of rare 

earths together on mesoporous silica surfaces (Yantasee et al., 2009). Bioabsorption has been 

explored for many precious metals, however this technology is yet to be applied to the recovery 

of rare earths (Binnemans et al., 2013). 

 A recent paper by Ayora et al (2015) presented at the Goldschmidt Conference in Prague 

outlined AMD remediation systems that precipitate REE-rich aluminum residues.  The 

precipitates contain between 0.03-8% REE and, depending on the type of mine drainage, are 

high in various REE including yttrium (Ayora et al., 2015). 
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Chapter 3: Post Consumer, End-of-Life Products 

At current global rates as defined by the United Nations, REEs are recycled at a rate of 

less than 1%. This small value is due to inefficiencies in collection methods, lack of technology 

and lack of incentive to improve outcomes (Reck & Graedel, 2012).  Recycling EOL products 

involves three steps: (1) collection; (2) pre-treatment and dismantling; and (3) processing 

(Reisman et al., 2012).  

Management Issues and Opportunities 

Management inefficiencies are one of the many issues with room for improvement in 

metal recycling. There are many methods and incentives that are applied to the recycling of other 

goods that can be applied to increase the collection and recycling of rare earths (Reck & Graedel, 

2012).  

There are three main organizational issues that prevent successful recycling. These issues 

are:  

• minimal awareness about how to recycle, 

• lack of incentives and legislation for public and private recycling, 

• and, mobility of waste causing loss of resources (Graedel et al., 2011). 

A lack of awareness about how to recycle EOL  products containing REEs and the 

importance of recycling needs to be made apparent to the public  (Graedel et al., 2011). Vicente 

and Reis’s (2008) study was about curbside recycling, but many of the principles are similar and 

can be applied here. The most effective method to increase knowledge on recycling is through 

communication using mass media and direct communicative actions (Vicente & Reis, 2008). 
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“…citizens who are better informed about recycling have a greater propensity to participate in 

recycling than those who are not so well informed.”(Vicente & Reis, 2008).  

Information in the form of a mass media campaigns and neighbourhood workshops could 

be held to inform the public on where to recycle their products and which products can be 

recycled. These methods would likely increase the amount collected. Furthermore, an effective 

tool is instilling people with a strong sense of responsibility. This can be done simply through a 

positive attitude towards recycling, and improved knowledge of the overall benefits (Vicente & 

Reis, 2008).  

The private sector and the government also have key roles to play in increasing the 

collection of these goods. It is important that incentives are put into place that encourage 

companies to manage their EOL products (Graedel et al., 2011). The net value of the recycling 

waste material must overcome the value of using virgin resources (Graedel et al., 2011). If this is 

not the case then legislation can be used to create subsidies to equalize the cost difference, as 

well as tax on the consumption of the goods (Eichner & Pethig, 2001; Graedel et al., 2011).  

Additionally, take-back programs can be implemented to provide easy access recycling depots 

(Ongondo, Williams, & Cherrett, 2011). Extended Producer Responsibility or “Producer 

Takeback” has been implemented in Europe, Japan and 25 of the U.S. states. It forces 

manufactures to take responsibility for the collection, recycling and management of their product 

(Leonard, 2014). Forcing the manufacturers to do this creates an economic incentive to use more 

environmentally safe material, design easily recyclable products, create efficient recycling 

systems, and create products that can be easily repaired (Leonard, 2014).  
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The high mobility of products and unclear material flows create a gap in the attempt to 

close the material cycle. There are many technologies involved in recycling, and many 

companies have to outsource their waste to locations that have the capabilities. In many 

instances, technologies are not made available to companies due to miscommunication or 

localization of waste. Increased international cooperation in the issue of REE waste will create 

more connections, and allow for increased recycling rates. However, localization and decreased 

mobility is an even better solution in many situations.  Having the technology onsite of the 

collection facilities would increase recyclability of material. The subsequent challenge would be 

to increase motivation for companies to invest in this, this topic will be discussed further in the 

study (Graedel et al., 2011). 

Collection 

Effective collection methods must include the separation of the different kinds of 

products and specific elements and metal alloys (Tunsu et al., 2015). Collection and separation is 

a precursor that allows for efficient assay, pretreatment, and recycling procedures to occur 

(Tunsu et al., 2015). For example, the European Union created the Waste Electrical and 

Electronic Equipment (WEEE) directive creates legislation that regulates collection of these 

products. In the United States, 75% of WEEE is put into storage (Ongondo et al., 2011). 

Ongondo et al (2011) says” WEEE can be regarded as a resource of valuable metals”. The EU 

has created an incentive to inform people about the environmental impacts of not recycling as 

well as collection and separation methods for different WEEE (Ongondo et al., 2011). 

Collection is the sector with many opportunities	for improvement and success. With 

increased incentives, programs, education for both public and private sector, we can begin to 

bridge the gap between open and closed-loop metal lifecycles.  
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Dismantling 

 

 Dismantling is a simple, but critical step in allowing optimal recovery of REEs, 

especially when dealing with the low concentration of REEs in products (Tunsu et al., 2015). It 

allows for the removal of non-metal parts and the separation of different types of metals to 

increase yield of the steps to follow (Tunsu et al., 2015). Dismantling and pretreatment steps are 

often done manually which creates an economic barrier, increases worker risk of exposure to 

dangerous chemicals, and is a slow process (Reisman et al., 2012; Tunsu et al., 2015). Hitachi 

addresses these issues by using the forces of shock and vibration to dismantle hard-drive disks 

for recycling purposes (Reisman et al., 2012).  

 If a component involving REEs is able to be transferred directly to a new device, this 

would be a complete cycle for this fragment. However, this simple recycling step is not often an 

option. Designers do to not take into consideration the recycling portion of the products lifecycle 

designing their product. The component involving REEs often changes shape or size, preventing 

the reuse without further processing steps. Annie Leonard (2014) refers to this as “designed for 

the dump”, a concept more widely known as “planned obsolescence” (Herndl, 2013). According 

to Leonard, “Planned obsolescence is designing and producing products with limited lifespans so 

that they stop functioning or become undesirable within a specific time period” Leonard (53).  

 Consumers and designers are now advocating for products that are modular, or products 

where parts can be reused in the new design of a product (Herndl, 2013). It would simplify 

recycling if a simple parameter such as shape or size remained the same and was able to be 

reused in different models as other parts became obsolete (Binnemans et al., 2013). In the case of 

REEs this often not an option. Many technologies involve very small amounts off REE mixed 
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with other metals, and so recovery of these becomes increasingly technologically and 

economically challenging (Reck & Graedel, 2012). However, in some cases, such as with lamp 

phosphors, systems to support this are being used (Binnemans & Jones 2014). 

Processing 

 

 Following the preprocessing steps, and if direct re-use is not possible, there are three 

main methods that can recover REE’s; pyrometallurgy, electrometallurgy, and hydrometallurgy. 

Each technique has variable results depending on the type of REE, the chemical constitution of 

the matrix and the stream being processed (Tunsu et al., 2015).  

 Pyrometallurgy is very energy and chemically intensive, using high temperatures to 

separate the valuable metals (Reisman et al., 2012). It is mostly used on high grade ores, because 

with low grade ores the high energy input is not worth the small outcome (Tunsu et al., 2015). In 

the case of REE’s, pyrometallurgy often causes oxidation and invokes a secondary processing 

step to be required, causing further issues (Reisman et al., 2012; Tunsu et al., 2015). Although 

not favourable with the current techniques, companies such as Alcoa and Umicore are doing 

research that will allow this method to function at a higher efficiency (Reisman et al., 2012). 

Emissions such as volatile organic carbons and dioxins can form during treatment of REE, 

therefore facilities need to have regulated gas treatment facilities installed before operation 

begins to ensure environmental safety (Reisman et al., 2012).  

 Electrometallurgy involves electrowinning and electrorefining of chemical methods using 

molten salts. This method involves currents passing through a solution to dissolve REEs into 

solution, that are later precipitated onto an anode. Chemical and particulate air emissions, as well 
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as slag material from smelting are all expected to be potential pollutants associated with this 

method which need to be controlled (Reisman et al., 2012). 

 Current researchers agree that hydrometallurgy has multiple benefits when applied to 

recovery of REE. It uses strong acids and bases to dissolve the metal then separates using either 

leaching, solvent extraction or selective precipitation to separate the metal ions. They are able to 

produce high purity metals from both small concentrations and from complex matrixes. 

However, the large amount of solvent required introduces large volumes of waste that requires 

treatment and processing before it can be safely disposed (Reisman et al., 2012). The possibility 

for release due to inadequate handling causes major challenges (Reisman et al., 2012).  

 Hydrometallurgy is also used in processing of virgin REE ores, and involves the same 

types of pollution and environmental risks such as dangerous reaction products and harmful  

contamination (Reisman et al., 2012; Wall, 2014). However, there are overall benefits to 

recycling. In a report done by Schuller (2011), REE recycling will reduce negative air emissions, 

eutrophication and acidification, and increase groundwater and climate protection, as well as 

minimalizing the amount of water used in processing (Pietrelli, Bellomo, Fontana, & Montereali, 

2002; Reisman et al., 2012). 

New studies have introduced an alternate solvent called “ionic liquids” (Reisman et al., 

2012). Ionic liquids are solutions that are close to liquid at room temperature and are composed 

of asymmetric organic cations, or polyatomic organic or inorganic anions (Reisman et al., 2012). 

These solutions are proved to be more environmentally friendly than other extractants because 

they can be contained easily due to their low volatility, miscibility, high conductivity and 

polarity (Tunsu et al., 2015). “….[the] green character [of ionic liquids] is largely related to their 
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negligible vapour pressure and inability to produce air pollution” (Cevasco, 2014). The inventor, 

Cevasco, guarantees “high performance and sustainability” (Cevasco, 2014). 

 Furthermore, these methods can be industrially applied using mixer-settlers and pulse 

columns, all infrastructure that processing plants already have. This provides an advantage as 

this technology can be applied to both the mining and recycling sectors (Tunsu et al., 2015). 

 

Current Advancements 

	

 Other technologies are surfacing that offer solutions to the mass amount of pollution 

caused by electro-, pyro- and hydrometallurgy. One of the processes being studied at the 

University of Birmingham simply involves the use of hydrogen gas at atmospheric pressure to 

turn neodymium magnets into a powder that can be used to form new magnets. Although the 

magnets produced are not of the same quality, they are still of a functioning level in motors. A 

second method focuses uses microbe-filled capsules to absorb rare metals as a method of 

filtering. Although not specifically for REE, there is thought that this technology could be 

transferable. A third process was discovered by accident when researching how to extract higher 

yields for titanium oxide and found that they were able to recover significant amounts of rare 

earth oxides in titanium dioxide. Although these applications are still in the research phase, they 

could be significant processing techniques for future EOL recycling (Reisman et al., 2012).  

There are multiple companies who are taking the initiative to recycle REEs. Hitachi says 

programs such as its own will provide security and benefit economics in the “medium-term” time 

period. Hitachi has developed a method to recycle rare earth magnets from hard disk drivers and 
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energy-efficient air conditioners using dry extraction processes (Baba, Hiroshige, & Nemoto, 

2013). Another companies such as Umicore and Rhodia, and Kosaka, Dow Holdings are also in 

the midst of commercializing the technologies they have adapted to REE recovery (Reisman et 

al., 2012). 

 

Potential EOL Resources 

 

 NdFeB magnets account for 21% of all the REEs used in terms of volume and constituted 

11% of terbium use, 76% of neodymium use, and 100% of dysprosium use in 2008. Although 

terbium and dysprosium are not the main constituents of the magnets, they use significant 

amount with respect to overall global use. Due to the high concentration of REEs in the magnets, 

they are also very valuable resources upon life cycle completion. Rademaker et al (2013) 

concluded that by 2030, the recycling resources will increase and NdFeB magnets will be a 

considerable resource, providing most of REO demand for neodymium and 7% of the REO 

demand for dysprosium. Furthermore, with neodymium use increasing, there is a further increase 

in EOL stocks available as a resource (Rademaker, Kleijn, & Yang, 2013). 

 Large NdFeB magnets can be recycled directly when applied to technologies such as 

windmills and electric or hybrid vehicles. This simplifies the process of recovery enormously. 

Other options include minimal processing if the composition of the REE alloy is simple enough. 

These magnets can be processed into fine alloy powders or remolded for reuse. In many cases, 

however, complete separation and processing of the REEs is required, and this involves many 
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steps. Hydrometallurgy is effective in recovering the REEs in this case, unfortunately, 30% of 

REE are lost to slag (Binnemans et al., 2013)  

 Nickel-metal hydride (NiMH) batteries are also a significant source of REEs. These 

batteries have been used to make stainless steel, but have just recently have they been used for 

their REEs ( Binnemans et al., 2013). From a study done by Pietrelli et al (2002) study, it was 

shown that for every 1 ton of batteries recycled, 37.5kg of REEs are available at 80% purity 

including lanthanum, cerium, praseodymium, and neodymium. This is comparable to the 

bastnaesite ore compositions, which is one of the largest mineral sources for cesium and other 

REEs. Most of the processing methods involve pyrometallurgy which is unfavorable for REE’s 

however recent developments have adjusted hydrometallurgy to be more applicable for these 

batteries (Pietrelli et al., 2002). Binnemans et al (2013) outlines several methods of 

hydrometallurgy that are being studied to increase the amount of REE recovered, with purities of 

up to 97.8%. 

 Lamp phosphors also provide an important resource for lanthanum, cerium, terbium, 

gadolinium, europium and yttrium. In 2011, it was shown that 1600 million dollars of rare earths 

were disposed in lamp phosphors (Wu, Yin, Zhang, Wang, & Mu, 2014). Direct reuse of lamp 

phosphors is a much more feasible option than magnets and batteries, however; there are still 

many technological barriers ( Binnemans & Jones, 2014; Binnemans et al., 2013). Different 

companies use different mixes of phosphors, and collection methods are currently lacking in 

being able to prevent mixing of these specific blends (Binnemans & Jones, 2014).  If they are 

mixed, it causes reduced effectiveness that many companies are not willing to compromise for 

(Binnemans & Jones, 2014). Studies are being done to develop sorting methods to reduce these 

collection issues, and separation technology to prevent contamination is also being employed 
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(Binnemans & Jones, 2014). Such methods include flotation, gravity separation by dense liquids, 

pneumatic separation, liquid-liquid separation, and separation using their respective magnetic 

properties (Binnemans & Jones, 2014).  

The more common method of recycling phosphors for REEs involves many of the 

processes detailed above, such as dissolution and leaching (Binnemans & Jones, 2014). 

However, lamp phosphors also include mercury, causing hazardous chemicals to workers and the 

environment. (Binnemans & Jones, 2014). Binnemans et al indicates that by passing the 

dissolved phosphors through a column full of ‘chelating resin beads’, they are able to remove the 

mercury and continue processing (Binnemans & Jones, 2014).  

 

Initiatives and Legislation for EOL Products 

 

 Currently in the United States, they are making headway in becoming more self-

dependent for rare earth resources. In 2011 they introduced the “Responsible Electronics 

Recycling Act” that prohibits the export of certain e-wastes. This plan also implements a Rare 

Earth Materials Recycling Initiative. This initiative funds research on collection, pretreatment 

and recycling, and sustainable design.  The U.S. also introduced the “Critical Minerals Policy 

Act” which supports the growth of production, processing, manufacturing, recycling and 

environmental protection of critical elements, such as REEs (Reisman et al., 2012). 

 The European Union is at the forefront of rare earth recycling, and has recently created a 

law that requires e-waste producers to recycle the REEs in their products (Reisman et al., 2012).   
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Chapter 4: Historic and Urban Waste 

 

 The mining of historic and urban waste is more commonly known as landfill mining and 

can be defined as “a process of excavating a landfill using conventional surface mining 

technology to recover e.g. metals, glass, plastics, soils and the land resource itself” (Krook, 

Svensson, & Eklund, 2012). Landfill mining has many environmental and economic benefits 

including: conserving landfill space, reducing the landfill area, eliminating risk of contamination, 

mitigating contaminants present, reducing costs of management and site-redevelopment, energy 

recovery from waste, and reuse of recovered minerals (Krook et al., 2012). Landfill mining is 

predominantly applied to recovering cover soil and waste fuel, however it is a potential source 

for rare earth elements as well (Gutiérrez-Gutiérrez, Coulon, Jiang, & Wagland, 2015; Krook et 

al., 2012). Although not widely discussed, there are new investigations into landfill mining of 

rare earths that evaluate the quality of the source.  

The uses of rare earth elements in everyday products has made them present in municipal 

solid waste (MSW), and therefore a possible source for recovery (Gutiérrez-Gutiérrez et al., 

2015). Many of the same sources that are outlined in chapter 3 can be found as resources in 

historic and urban landfills. Other sources include ash from waste incineration, as well as sewage 

sludge and food industry sludge from water treatment plants (Gutiérrez-Gutiérrez et al., 2015). 

For this waste to remain a resource, the metals must be immobile throughout their lifecycle in the 

waste/storage phase (Gutiérrez-Gutiérrez et al., 2015). Organic humus greatly affects the 

mobility of the ions, causing them to become mobile and harder to extract (Gutiérrez-Gutiérrez 

et al., 2015).  With respect to historic landfills, this can decrease the value of the landfill 
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significantly. With new, urban landfills, we can change the storage capabilities to prevent the 

metals from moving, by preventing water to enter the storage facility (Jones et al., 2013). Storage 

technologies must involve keeping the landfills environmentally and structurally safe, as well as 

allowing for resource recovery (Jones et al., 2013). 

Jones et al (2013) researched the amount of REEs in 4 different closed landfills in the 

UK, each with a different percent of industrial and municipal waste (Jones et al., 2013). Figure 7 

shows that cerium, neodymium, lanthanum, yttrium and scandium are the most available REE’s 

found in these landfills. Additionally, their data showed that the values did not often change from 

site to site regardless of the difference in waste type (Jones et al., 2013).  

 

Figure 6 The average amount of different REEs of 4 landfill sites in the UK. Sourced from Jones et al (2013). 

 

 The challenge of resource extraction from landfills is one of technological and legislative 

nature.  The technologies currently employed are not adequate for landfill mining of REEs to be 
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economically viable (Gutiérrez-Gutiérrez et al., 2015). However, if paired with other critical 

metal recovery such as copper, zinc, aluminum, etc., the project can be more cost efficient 

(Gutiérrez-Gutiérrez et al., 2015). The primary issue is separating REEs from soils, organics and 

combustible materials which make up about 80-90% of the waste (Gutiérrez-Gutiérrez et al., 

2015). Technologies such as wind shifters that separates light and heavy components, and 

magnet separation have proven to be the most effective (Gutiérrez-Gutiérrez et al., 2015). A 

more advanced in-situ process tailored to these issues to increase efficiency must be researched 

(Gutiérrez-Gutiérrez et al., 2015). Two categories for separation include ex-situ and in-situ types 

of resource recovery (Jones et al., 2013). In-situ does not require the removal of the waste 

streams prior recovery, whereas ex-situ can involve partial or full removal prior to recovery 

(Jones et al., 2013). 

 Jones et al (2013) describes an ex-situ process known as Enhanced Landfill Mining 

defined as “the safe condition, excavation and integrated valorization of (historic and/or future) 

landfilled waste streams as both materials and energy, using innovative transformation 

technologies and respecting the most stringent social and ecological criteria”. This requires the 

use of the temporary storage concept as mentioned earlier.  They also found challenges in 

separating the metals and suggested that with respect to slags, separation as fines is the most 

viable technique (Jones et al., 2013). As well, processing steps involving a drum screen, screen, 

wind shifter, washer and dense medium separation barrels were implemented (Jones et al., 2013). 

The secondary processes are similar to those of EOL products. Critical metal extraction 

in the form of ion-exchange, solvent extraction and selective precipitation. These processes, 

challenges, and benefits are outlined in the previous chapter (Gutiérrez-Gutiérrez et al., 2015). 



	 35	

There are also social and environmental barriers that need to be resolved. Issues such as: 

contamination of hazardous chemicals, slope stability of the landfills, possible explosive 

conditions as well as air pollution have been outlined. These barriers cause society to perceive 

landfill mining as negative, and result in a lack of support and investment in these projects. Many 

of these concerns are justified, however solutions in the form of legislation can guarantee the 

safety of both the population and the environment (Gutiérrez-Gutiérrez et al., 2015).  

Chapter 5: The Balance Problem 

 

 Another challenges facing the rare earth industry that ties into recycling is an issue 

known as the Balance Problem (Binnemans, 2014). The problem is to secure a balance between 

the demand of individual REEs and the availability of these REEs to allow for stable, affordable 

market prices. An imbalance in the market is created by the overproduction of some REEs due to 

their natural abundance, mineral associations, and variability in the earth. The ideal situation is a 

perfect match between the demand and production of REEs, so that that there are no surpluses or 

deficits of any of the REEs. In this situation, the production costs of REEs would be shared by all 

commodities and the market prices would be the lowest. Binnemans (2014) thinks this is the 

biggest problem facing the rare earth industry. The increase in market prices will prevent the 

industry form investing in clean technologies and slow down the production of sustainable 

technologies. Therefore, the issue of balance and sustainability go hand-in-hand.  

 This issue is highly dependent on the market of the technologies that use REEs. With 

these technologies constantly advancing and changing, the issue becomes very complex 

(Binnemans, 2014). For example, lamp phosphors make up 1/3 of the REE market, however, this 
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market is currently being phased out by the LED lighting. This could lead to an excess of 

europium, gadolinium and terbium (Binnemans, 2014).  

 LREEs and HREEs are found as separate mineral associations, and therefore have 

separate relationships in terms of balance. The LREE balance is mainly driven by the NdFeB 

magnet market. In 2011 NdFeB magnets required 25000 tonnes of neodymium compared to the 

1600 tonnes of dysprosium. This caused the LREEs cerium, praseodymium, and samarium to be 

produced in excess, and stockpiled. However, currently the demand for NiMH batteries and 

optical glasses has balanced the LREEs (Binnemans, 2014). 

 The HREEs are driven by the demand for dysprosium for NdFeB magnets. This causes 

an overproduction of gadolinium, holmium, ytterbium and lutetium. This stockpiling causes a 

loss in profits for the HREE market (Binnemans, 2014). 

 Fortunately, recycling is one way to diminish the issue. By closing the loop, the industry 

opens up a source that has the exact the elements that are in demand. This will prevent an 

oversupply of REE that are not needed, and will provide a source for the in demand, but less 

common, REEs. Life cycle analysis needs to be taken into consideration when using this as a 

balancing tool. The demand vs. the lifetime of a product will significantly impact weather this is 

a viable source for various elements and technologies (Binnemans, 2014).  

Conclusion 

• Bauxite is a numerous resource and is expansive across the globe, however many of the 

environmental technologies are not in need of the rare earth element Scandium, therefore 

it is not a valuable resource for green technologies. 
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• Phosphogypsum is a good source of cerium, lanthanum and neodymium, used in many 

products such as NiMH batteries, and should be further explored.  

• Mine tailings associated with radioactive elements pose a significant risk on human 

health and should be considered as a last resort.  

• Mine tailings not associated with radioactive elements should be investigated as they 

often have high concentrations of REEs. 

• Mine drainage is a new and exciting prospect, and with further research would be an 

excellent way to recover minerals needed. 

• Collection improvements through initiatives, mass media, and legislation could 

significantly increase EOL recovery resource potential.  

• REE processing for recyclates and for virgin ores involve the same chemically intensive, 

and environmentally damaging processes. Henceforth, to improve the REE industry’s 

impact on the environment, recycling initiatives alone are not a solution. Further 

scientific research on processing is required to reduce the environmental impacts of 

hydrometallurgy, including projects such as Jarosink (1993), so that the contribution of 

REE to environmental technologies is not revoked by the effects of REE processing. 

• Research initiatives should be encouraged involving the valuation of Canadian landfill 

mining in terms of REEs as well as other metals such as copper and nickel. Including 

other metals is necessary, as studies in the UK have proven that it is not economically 

feasible for projects to simply recover REE.  

• Legislation is a key to success in increasing EOL resources and increasing industrial 

recycling programs. Canada should consider implying directives and policies such as the 
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WEEE and the United States’ Responsible Electronics Recycling Act. Canada can still 

become a leader in REE recycling however these initiatives are an excellent start.  
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