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RESUMO 

As lâmpadas fluorescentes são constituídas por uma mistura de halofosfatos, usualmente fosfato de 

cálcio, e de compostos fosforados formados por terras raras, (ítrio, európio, lantânio, cério, térbio e 

gadolínio). Apesar de já existirem várias instalações de reciclagem de lâmpadas fluorescentes, a 

grande maioria ainda não está preparada para recuperar terrar raras, devido à complexidade e custo 

dos processos disponíveis atualmente. 

Este trabalho tem como objetivo a otimização da solubilização de terras raras provenientes de 

lâmpadas fluorescentes esgotadas, através de um processo, constituído por 3 passos individuais de 

lixiviação com ácido clorídrico, efetuando-se um tratamento térmico antes do último passo de lixiviação. 

O lixiviado foi caracterizado quimicamente, e o resíduo sólido foi caracterizado estruturalmente e 

morfologicamente, para avaliar a evolução das amostras ao longo do processo. 

A realização do processo em vários passos permitiu efetuar a solubilização sequencial dos compostos 

fosforados. No primeiro passo, a solução 2 M de HCl, a 25ºC durante 1 h, solubilizou praticamente 

100% do fosfato de cálcio, e menos de 15% de ítrio e európio. No segundo passo, a solução 2 M de 

HCl, a 60ºC durante 1 h, solubilizou mais de 90% do YOX, e aproximadamente 25% de gadolínio. A 

realização de um tratamento térmico a uma temperatura superior a 200ºC aumentou a solubilização do 

La, Ce, Tb. Realizando um tratamento térmico a 200ºC seguido de uma lixiviação com a solução 6 M 

de HCl, a 90ºC durante 9 h, permite solubilizar acima de 90% de todas as terras raras.  

Palavras Chave: Lâmpadas fluorescentes; Terras raras; Reciclagem; Lixiviação; Tratamento térmico. 
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ABSTRACT 

Fluorescent lamps have in their constitution a mixture of halophosphates, usually calcium phosphate, 

and of phosphors formed by rare earth elements (yttrium, europium, lanthanum, cerium, terbium and 

gadolinium). Despite multiple industrial plants of fluorescent lamps recycling already exist, most of them 

are still not capable of recovering rare earths, due to the high complexity and cost of the available 

processes. 

This work is focused in the optimization of the solubilization of rare earths coming from spent fluorescent 

lamps, using a process that includes 3 individual hydrochloric acid leaching steps, and a heat-treatment 

before the last leaching step. The leachate was chemically analysed, and the solid residue was 

characterized structural and morphologically to evaluate the evolution of samples along the process. 

The separation of the process in various steps allowed the sequential solubilisation of phosphors. In the 

first step, a 2 M HCl solution at 25ºC for 1 h, was capable of solubilizing almost 100% of the calcium 

phosphate, and less than 15% of yttrium and europium. In the second step, a 2 M HCl solution at 60ºC 

for 1 h, solubilized more than 90% of YOX and around 25% of gadolinium. Heat-treatment at a 

temperature higher than 200ºC increases the solubilization of La, Ce and Tb. After a heat-treatment at 

200ºC and leaching with a 6 M HCl solution at 90ºC for 9 h, more than 90% of the rare earth elements 

were solubilized.   

Keywords: Fluorescent lamps; Rare earth elements; Recycling; Leaching; Heat-treatment. 
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1 INTRODUCTION 

1.1 MOTIVATION OF THE THESIS 

Rare earth elements (REEs) are an important part of today’s society, with most high-tech devices sold 

throughout the world having at least one rare earth in their constitution. Rare earth elements are also 

key constituents in the development of renewable energy, in the manufacturing of batteries and as 

phosphor compounds found in various illumination devices. Due to the special properties of rare earths, 

in most applications, it is difficult to find substitute elements that maintain the same level of quality of the 

final products.  

The demand of REEs has been increasing over the years, growing on average 4.5% in the last few 

years, accompanying the growth of high-tech industries [1]. However, these materials are facing various 

supply problems, the most concerning being the control that China has over extraction and processing 

of rare earth ores. This creates an imbalance in the rare earth market, which led various organizations 

to establish REEs as a critical material. 

As rare earths-bearing products reach the end of their lifetime it becomes important to guaranty the 

valorisation of those resources. However, the available techniques to recover REEs are still complex 

and expensive, resulting in less than 1% of REEs from end-of-life (EOL) products being recovered [2]. 

Fluorescent lamps use rare earth phosphors to produce visible light, being billions of these devices sold 

every year, making EOL fluorescent lamps suitable sources for the recovery of REEs. 

Recycling plants are already processing EOL lamps to recover their primary constituents: glass, plastic 

and metals. Despite that, most are not prepared to process the sludge that remains after crushing and 

separation, where all the rare earths can be found. 

Recycling of REEs is a very discussed topic, and over the years, various techniques have been 

developed to extract rare earths from lamp phosphors. Hydrometallurgical processes, especially acid 

leaching is one of the simplest methods capable of recovering REEs. Nevertheless, this process has 

various weaknesses, one of the most important being the difficulty of extracting all rare earths, as some 

phosphors are more susceptible to the acid attack than others. While more aggressive attacks, such as 

alkali fusion, affect all phosphors, it also solubilizes other elements that become impurities during 

precipitation of rare earth metals. 

A previous work by Fonseca; J [3], detailed the use of a heat-treatment to increase the recovery of rare 

earths from phosphors that were not usually solubilized by acid leaching with hydrochloric acid. This 

thesis will take the findings of that work and aim to improve the efficiency of acid leaching with 

hydrochloric acid of fluorescent lamp phosphors. To achieve this goal, the separability of phosphors will 

be studied by changing the conditions of the acid leaching tests. Furthermore, the effect of the heat-
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treatment will also be studied to determine how it changes the behaviour of the phosphors during acid 

leaching. 

This thesis will focus only on a single unitary operation of the recycling process of lamp phosphors – the 

leaching of rare-earth elements. The operation before acid leaching was carried out by Ambicare 

Industrial S.A., which provided the sludge containing the rare earth phosphors, a by-product of the 

recycling process of fluorescent phosphors. The subsequent operations of purification and separation 

from leachates are also outside the scope of this thesis, as such, the REEs that were recovered during 

leaching were not purified neither transformed into final products.  

1.2 RESEARCH QUESTIONS 

The principal research question guiding the detailed experimental work was: 

Question 1 – How to increase the solubilization yield of rare earth elements coming from spent 

fluorescent lamps by combining leaching with hydrochloric acid and heat-treatment? 

This question establishes the primary objective of this thesis, which will be divided in 3 secondary 

objectives: 

Question 1.1 – Which are the test factors that maximize the leaching yield of rare earth 

elements? 

Question 1.2 – Which are the test factors that maximize the separation of elements during 

leaching? 

Question 1.3 – Which are the modifications in the properties of the rare earth phosphors 

resulting from the use of a heat-treatment?     

1.3 RESEARCH STRATEGY 

The conceptualization of this dissertation started with research of the core problems REEs face in 

today’s market to understand the importance of each element. From there, the constitution and recycling 

process of fluorescent lamps was studied, identifying the various phosphor that are produced, the 

recycling technologies that were developed, and their major shortcomings and advantages. 

The experimental methodology was developed based on the results from a previous work [3]. The first 

experimental tests complemented the results that had previously been obtained, which were then used 

to determine the number of experimental steps required. For each step, various experimental tests were 

carried out varying the parameters deemed the most important, with the intention of finding the 

conditions that allowed maximizing the leaching yield of the REEs while minimizing the consumption of 

acid and energy. 

All liquors obtained during leaching were chemically analysed to determine the effect that parameters 

have in the leaching efficiency. Concerning the structural and morphological characterisation of the solid 
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residues, only those corresponding to the tests with very dissimilar results were selected, but most 

attention was given to samples taken before and after heat-treatment to identify the changes introduced 

by this step.    

1.4 PUBLICATIONS 

The experimental work developed in this thesis lead to the preparation of two publication in journals. 

The publications are listed below, along with a brief description of their contents: 

1) “Characterization of a Phosphor Mixture From Crushed End of Life Fluorescent Lamps”, 

J.M.Duarte, C.A.Nogueira, F.Margarido, M.F.C.Pereira, (2018), Waste Management – 

(Submitting) – This article is focused in the characterization of the initial phosphor sample 

used for the hydrometallurgical recovery of REEs, presenting the determined composition, 

structure and morphology. 

2) “Hydrometallurgical Process for the Selective Leaching of Phosphors from End of Life 

Fluorescent Lamps”, J.M.Duarte, C.A.Nogueira, F.Margarido, M.F.C.Pereira, (2018), 

Hydrometallurgy – (Submitting) – This article presents the experimental results of the 

developed hydrometallurgical process.   

1.5 OUTLINE OF THE THESIS 

The present thesis is divided in 8 chapters, including the introduction. A summary of the subject 

addressed by each chapter is given next: 

Chapter 2 - The chapter starts by describing briefly the history of REEs, which transits to the current 

state of the rare earth market. Collected data referring to supply and demand of the various elements is 

presented, as well as the reasons that lead various organizations to establish REEs as critical materials. 

The chapter ends with the description of their most common applications. 

Chapter 3 - Primary production of REEs is discussed, which includes the description of known rare 

earth ores, and the quantification of the environmental impact caused by their extraction and processing. 

The establishment of new mining operations is explained, detailing the various stages, and their impact 

on the mine surroundings. Products and by-products of mining operations are enumerated, with their 

impact being also explained. 

Chapter 4 - The principles of operation of fluorescent lamps can be found in this chapter, along with the 

identification of the common phosphors compounds and their composition. Data detailing the amount of 

mercury in fluorescent lamps is presented. Information about the lamp market is also shown, based on 

data about market share of fluorescent lamps, and in the management of EOL devices. 

Chapter 5 - This chapter has all information about recycling of REEs, starting with general information 

about the subject. An in-depth analysis of the recycling process of fluorescent lamps is given from 

collection until the rare earth metals are recovered. Various technologies for the valorisation of 
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phosphors are specified, based on research papers written about the subject over the years, followed 

by the identification of the best results achieved by each technique, their major shortcoming and 

advantages over other recycling techniques. 

Chapter 6 - The description of the experimental methods used to answer the research questions is 

shown in this chapter. 

Chapter 7 - The results of the experimental tests and its discussion are here presented.  

Chapter 8 - This chapter presents the conclusions obtained from the experimental results, being the 

answers to the research questions here reported. This chapter ends giving suggestions for future works. 

  

 

 

 

  



5 

 

2 RARE EARTH ELEMENTS 

Rare earth elements were classified by the International Union for Pure and Applied Chemistry (IUPAC) 

as a group of 17 elements, that include the 15 lanthanides, scandium and yttrium, because of their 

similar physical and chemical properties. Because scandium is normally obtained from different REE 

ore deposits, it is normally excluded from the discussion of this subject [4]. The remaining 16 REEs can 

be further divided in two categories as seen in Figure 1 [5]. 

• Light rare earth elements (LREE) – Lanthanum (La); Cerium (Ce); Praseodymium (Pr); 

Neodymium (Nd); Promethium (Pm); Samarium (Sm); 

• Heavy rare earth elements (HREE) – Europium (Eu); Gadolinium (Gd); Terbium (Tb), 

Dysprosium (Dy); Holmium (Ho); Erbium (Er); Thulium (Tm); ytterbium (Yb); Lutetium (Lu); 

Yttrium (Y). 

 

Figure 1 - Position in the periodic table of the REEs: LREEs (green); HREEs (orange) [5]. 

Most REEs have great economic importance, except for promethium, since it only exists as an unstable 

radioactive isotope, and the total amount present in the earth’s crust is estimated to be 21 g [4]. 

The first REE to be discovered was cerium, in 1803, but only later in the 20th century the availability of 

these elements had increased. In 1885, Carl Auer von Welsbach was able to separate neodymium and 

praseodymium using fractional crystallization. Having noticed the strong luminescence of some REEs, 

he developed the cerium/thorium oxides soaked “Auer” gas mantles that started being used in the 

beginning of the 20th century in Europe’s urban lighting. Welsbach was also the inventor of the ductile 

cerium-iron alloy, employed as lighting flint, and still present in today’s cigarette lighters [4]. 

Lutetium was the last REE to be discovered, being obtained in 1907 by a fractional crystallization method 

developed by George Urbain. In 1919, Ubrain was one of the founders of the “Société des Terres Rares”, 
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that aimed to continue the study of rare earths and radioactive materials. This society was responsible 

for the construction of a rare earth processing plant in Serquigny to produce gas mantles and lighting 

flints. Later this plant was relocated to La Rochelle, and today it is one of the largest REE separation 

plants. In 2012, this plant started to recycle REEs coming from end-of-life products, such as phosphors 

from lighting devices and nickel-metal hydride batteries [4]. 

In 1956, a group of scientists working for the Manhattan project were able to increase the separation 

efficiency of REEs by developing the anion exchange-based process. Today, a variety of technologies 

have been devolved, and are used in the extraction and separation of rare earth. However, the 

manufacturing of these elements is still much more complex than other metals [4]. 

REEs are extremely important in technological innovation, being present in most of the high-tech devices 

used in society. They are responsible for the most powerful industrial manufactured magnetic material, 

the Nd2Fe14B alloy, but are also prominent elements in lighting devices and catalysts [4]. 

2.1 SUPPLY AND DEMAND OF REES 

Despite the name, most REEs are not rare, with some existing in a relatively high amount in the Earth’s 

crust [6]. The use of rare to identify these elements is related to the fact that most processes that 

separate them are complex, making them more difficult to obtain than other metals [7]. 

Without considering the economic viability of rare earth deposits, they have been identified at least in 

48 countries, being China the largest producer, consumer and exporter of the raw material. Outside 

China, Asia has 21 countries (Afghanistan, Bangladesh, India, Indonesia, Iran, Kazakhstan, Kyrgyzstan, 

Malaysia, Myanmar, Mongolia, Philippines, Saudi Arabia, South Korea, Sri Lanka, Taiwan, Thailand, 

Turkmenistan, Uzbekistan, Vietnam, Yemen) with REE deposits [8]. In Europe, deposits were found in 

16 countries (Turkey, Sweden, United Kingdom, Norway, Germany, Romania, Spain, Greenland, 

Finland, Czech Republic, Italy, Greece, Belgium, France, Portugal, Poland) [9]. In Australia there are 

various deposits of rare earths. In North America, both the USA and Canada have REE deposits. In 

South America, Brazil is one of the oldest and major producers of rare earths, still with various 

unexplored reserves [6]. In Africa there are 8 countries (Madagascar, Malawi, Namibia, Sierra Leone, 

South Africa, Zambia, Kenya, Tanzania) with identified deposits [10]. The countries with rare earth 

deposits are shown in Figure 2 [9]. 
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Figure 2 - Countries (in green) where rare earth deposits were identified [11]. 

In 2017, the U.S. Geological Survey estimated that the global rare earth reserves were approximately 

120 000 thousand metric tons, and as it is possible to see in Figure 3, most of the reserves are primarily 

concentrated in a small number of countries [12]. 

 

Figure 3 - Estimated worldwide distribution of rare earth reserves in percentage [12]. 

In 2016, the worldwide production of rare earths was estimated to be 126 000 metric tons of rare earth 

oxides (REOs), with 85% of that amount originated from Chinese deposits, and the remaining distributed 

between Malaysia, Brazil, India, Russia, Vietnam and Australia, the latter being responsible for 10% of 

production [13]. 

The rare earth market is less transparent than the market of more common metals, because of the 

smaller number of companies and organizations participating in it. Rare earths are not traded in major 

exchanges, resulting in the lack of a formal spot value. Most of the REEs are traded through contracts 

between the interested parties, limiting price disclosure in the market, and leading to instability in the 

prices, making it difficult for the costumers to adapt [14]. 

Due to the supply instability, a clear trend for the recorded prices of REEs does not exist. In 2006, the 

range of prices was between 30 USD/kg for more abundant elements and 3500 USD/kg for less 

abundant elements [1]. Figure 4 shows the price of rare earths recorded until the 31st of December of 

2017 [15].  
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Figure 4 - Price of REEs at the end of 2017 (Prices are presented in log scale) [15]. 

In 2010, the European Commission classified REEs as critical raw materials due to the following 

determined risks [16]: 

• These raw materials are not produced inside the European Union, with 97% of the world 

production concentrated in China, that started to apply export restrictions and quotas; 

• Other countries are trying to develop new mining projects, but the time span of such investments 

is long and complex; 

• Most of the recovery processes of rare earths are still not commercially viable, and for most 

application, the use of substitutes results in loss of performance. 

Considering all these factors, it is important to guarantee that mining operations outside of China are 

able to thrive and compete, and only recently the extraction of REEs outside china started to increase, 

as it is possible to see in Figure 5 [17]. Other countries, like Greenland, South Africa and Canada are 

trying to establish mining operations, while Japan is looking for partnerships with a couple of Asian 

countries, such as Mongolia, Kazakhstan and Kyrgyzstan [6]. 

However, establishing new rare earth mining operations is extremely complicated, mainly because of 

the high amounts of capital required to start the project. The cost of extraction can vary between 100 

million USD to 1 billion USD depending on the characteristics of the location and mine. The production 

of by-products, such as uranium and thorium can increase the costs significantly [14]. 

In recent years, production of rare earths in China faced some difficulties, related to the stricter 

environmental legislation and the established limit quota for mining, both part of the consolidation plans. 

Another difficulty is associated with problems at the Bayan Obo mine that produces rare earths as a co-

product for low-grade iron extraction, currently facing competition from high-grade iron extracted in 

Australia. However, the rare earth market favours the countries that have the most developed mining 

operations, and highest technological know-how in the high-tech industry, still leaving China in a very 

favourable position [18]. 

 

4
2
0
0

4
0
0

2
3
0

1
5
0

5
2

4
2

3
4

3
2

6

2 2

1
5
0
0
0

5
5
0

3
5
0

8
5

6
0 9
5

5
5

3
5

7 7 7

PRICE OF REES

REO (USD/kg) REM (USD/kg)



9 

 

 

Figure 5 - Production in metric tons of REO from 2012 to 2017 (data from 2017 is an estimative), 
(production data is presented in log scale) [17]. 

The geological condition of deposits outside of china can be summarized in the following points [18]: 

• Despite common, the amount of resources on a single deposit and their grade are usually lower; 

• Various countries are trying to find suitable deposits to explore, with Canada, Greenland, Kenya, 

Tanzania and Malawi finding deposits with 38 Mt, 36 Mt and 10 Mt of rare earths respectively 

(The last value refers to the three last African countries); 

• The prices of rare earths peaked in 2011, and since then they declined. Coupled with the 

stabilization of global production of REEs, results in the decrease of interest in the stocks of rare 

earth companies, negatively impacting the ones that recently started with mining operations 

outside of China. 

During extraction, various REEs are present in the mined ores, with LREEs existing in a larger amount 

than HREEs. For example, to obtain 1 t of dysprosium, 20 t of lanthanum and 35 t of cerium will be 

extracted. This can result in the undersupply of HREEs while also resulting in the oversupply of LREEs 

[4]. 

Observing the available data, it can be noted that lanthanides with an even atomic number are more 

common in the Earth’s crust than other species. Also, lanthanides with lower atomic number are in 

higher concentration on the rare earth ores, than heavier lanthanides [7]. 

The demand for rare earths is technology driven, making more complicated the prediction of what are 

the more valuable rare earths and how much of them is need [4]. Studies have reported growth rates 

for the demand of REEs to be approximately 4.4% when considering the last 12 years, and of 4.8% in 

the last 5 years. The demand growth is expected to continue to increase as high-tech industries also 

continue to grow. For the coming years, it is expected an average annual growth rate of 4.5% with a 

growth rate of 9% being considered the upper limit. This estimated growth shows the same behaviour 

as the analyses of the growth of individual applications of rare earths [1]. 
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In today’s market, dysprosium, europium and terbium are some of the rare earths in lower supply. These 

elements are present in permanent magnets and phosphors, important applications that are difficult to 

replace with other materials [4].  

Risk in the supply of raw materials lead the European Commission to start the Raw Material Initiative, 

aiming to highlight the importance of both primary and secondary production, and based on the principle 

of resource efficiency. REEs are one of the raw materials that require both primary and secondary 

manufacturing, with recycling and extraction individually having difficulties in supporting the current 

demand [19].  

The projected supply of primary neodymium and dysprosium seem not to be enough to support the 

rising demand for these materials. Even when considering the use of secondary elements, in the short 

term, it will not be able to satisfy demand, since both rare earths are present in products with long 

lifetime, leading to a larger period until they appear as wastes. Considering this problem, recycling can 

be considered a long-term investment [20]. 

Despite the supply risk that neodymium and dysprosium are facing, geological analyses show that both 

elements still have enough reserves to ensure primary production for several hundred years. By 2050, 

it is estimated that only 30% of the neodymium and 40% of the dysprosium reserves will be consumed, 

if the recycling of rare earths is not considered. Based on this data it is possible to see that the supply 

risk of neodymium and dysprosium is not related to the rarity of the material, but instead is related with 

the current geopolitical problems REEs are facing. Most mining operations outside China cannot extract 

high amount of dysprosium, creating an imbalanced market that increases the risks for these materials 

[20]. 

Substitutes are also being studied to be able to control the risks of supply of rare earths. For magnets, 

amorphous iron or iron nitride might be able to replace neodymium magnets. Superconductors may 

allow changes in how wind turbines function, replacing the need for magnets. In the case of lighting, 

LEDs require much less REEs than fluorescent lamps [4]. 

Most of the research of substitution materials is focused in permanent magnets, photovoltaics and 

batteries, with considerably less research being done for phosphors. In phosphors the rare earths 

function as activators which are doped into host crystals. To replace REEs in phosphors, the use of 

manganese or of self-activated phosphors is being studied. It is also being considered the replacement 

of terbium, europium and yttrium by cerium that faces less supply risks. Another study tries to increase 

the doping efficiency of REEs in the phosphors, to decrease the amount of rare earths spend [14]. 

2.2 APPLICATIONS 

REEs are present in a variety of areas, and estimates show that globally in 2015, 24% of REEs were 

used for permanent magnets, 19% for petroleum refining and automotive catalysts, 7% in metallurgical 

additives and alloys, 15% for glass polishing, 2% for ceramics, 12% in lighting applications and 12% as 

battery alloys [21]. 
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2.2.1 Catalysts 

Catalysts is one of the primary applications of REEs. These catalysts are mainly used in the treatment 

of vehicle exhaust emissions and in petroleum refining, where REOs are present in the process of fluid 

cracking, that converts heavy hydrocarbons into lighter structures [22].  

In fluid cracking the employed catalyst is based on the zeolite (an aluminosilicate) mineral structure, 

however, it loses aluminium during the process, resulting in the weakening of the catalyst. To avoid this, 

REOs are added through ion exchange, repopulating those positions in the lattice [22]. 

A vehicle filter is normally constituted by noble metals, alumina, stabilizers (like lanthanum, neodymium 

and barium), and oxygen storage promoters. When REOs are used as the latter, they can boost the 

intrinsic activity of the noble metals, improve the thermal stability of alumina, and facilitate the oxidation 

of carbon monoxide, hydrocarbon and the reduction of NOx [23]. 

In vehicles with diesel engines, Diesel Particulate Filters (DPF) can be used to remove particulate matter 

from exhaust gases, however, it is necessary to regenerate them, to avoid the filter getting obstructed. 

Figure 6 shows the operation of ceria-based catalysts added to diesel fuel (Ceria-based fuel borne 

catalysts), that reduce the combustion temperature of the accumulated soot, increasing the regenerating 

capabilities of the DPF system [23]. 

 

Figure 6 - Operation principle of ceria-based fuel borne catalysts (FBC) [23]. 

2.2.2 Glass Industry 

In the glass industry, REEs can be used for both the manufacturing of the glass and in posterior 

processes like surface treatments. Most rare earths are added to the glass composition to change the 

coloration of the glass piece. For example, when neodymium is added the colour of the glass ranges 

from pink to purple, by using praseodymium the glass becomes green, and with erbium the colour of the 

glass changes to light pink. These changes occur due to the characteristic light absorption peaks, unique 

to each element [23]. 

Colouring is not the only propose of REEs added to the glass composition, with REOs having the ability 

of changing the refractive index or avoiding the darkening effect on glasses. These types of additives 

are very common in optical glass, irradiation stabilized glass, laser glass and optical fibres. Outside of 

glass compositions, cerium oxide can be utilized to polish glass, usually added to polishing wheels or in 

the aqueous slurry used by the polishing equipment [23]. 
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2.2.3 Fuel Cells 

Fuel cells, such as the one exemplified in Figure 7, can transform energy generated by electrochemical 

reactions into electrical energy, with the chemical and physical properties of rare earths making them 

suitable to be present in the electrodes, electrolyte or interconnector. One example is doped cerium 

oxide, that can be used either as anode or as electrolyte [23]. 

 

Figure 7 - Representation of a solid oxide fuel cell (SOFC) [23]. 

Rare earth elements generate compounds that have ionic and electrical conductive stability even at high 

temperatures, and when they are used as dopants, it becomes possible to create solid phases with 

higher ion conductivity [23]. 

Recent batteries started to replace elemental metals with mishmetal, an unrefined mixture of cerium, 

lanthanum, neodymium and praseodymium, with a composition related to the ore used as raw material. 

The percentage in weight of REEs in batteries is the 6% to 10% range [24]. 

2.2.4 Battery Alloys 

Rare earth metals can be found in nickel-metal hydride (NiMH) rechargeable batteries, as part of the 

negative electrode, being responsible for the storage of hydrogen in the lattice of the electrode [22]. 

NiMH rechargeable batteries appeared as the replacement of nickel-cadmium batteries, due to having 

a smaller environment impact, while simultaneous generating more energy per volume and weight [25]. 

NiMH batteries are the assembly of two electrodes (positive and negative) in an electrolytic solution and 

separated by a dielectric layer. The positive electrode usually is constituted by a porous nickel plate 

activated by nickel hydroxide, while the negative electrode is formed by an alloy such as mishmetal-

nickel-cobalt deposited on a metal-mesh substrate [26]. 

The principal reason for the use of rare earth oxides in NiMH batteries is related to the ability of some 

metallic alloys to capture and store volumes of hydrogen hundred times larger than its own volume, 

therefore providing larger energy density than previous batteries [27].   

This type of batteries can be found in various portable electric devices, and in some hybrid cars. 

However, the lithium-ion battery is replacing NiMH batteries despite being more expensive, due to its 

superior properties, and lack of REEs in its manufacture [25]. 
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2.2.5 Metallurgical Additives and Alloys 

REEs can be used as additives in iron and steel manufacturing, acting as deoxygenation agents, 

desulphurization agents and surface modificatives. When comparing to other steel additives, like 

calcium and magnesium, REEs can be more easily added to the composition due to their higher melting 

point and lower vapor pressure [23]. 

Some rare earths are suitable for this application since they have strong affinity to oxygen and sulphur. 

When lanthanum or cerium are added to the composition in small quantities it is possible to obtain a 

homogeneous dispersion of REOs, reducing the number of surface defects and increasing the corrosion 

resistance and ductility of the material [23]. 

In the case of surface modification, LREEs can be deposited in the surface of steels to increase the 

corrosion and wear resistance, achieved by changes in the microstructure and texture of the base 

material [23]. 

2.2.6 Weapons and Defence Systems 

The Congressional Research Service estimates that the Department of Defence constitutes less than 

10% of the amount of rare earths consumed in the USA. These elements are present in the following 

defence applications [28]: 

• Fin actuators in missile guidance and control systems, which control the direction of the missiles; 

• Disc drive motors installed in aircraft, tank, missile systems and command control centres; 

• Lasers for enemy mine detection, interrogators, underwater mines and countermeasures; 

• Satellite communications, radar and sonar on submarines and surface ships; 

• Optical equipment and speakers. 

2.2.7 Permanent Magnets 

The neodymium-iron-boron alloy is the most common type of rare earth magnet available. Developed 

independently in 1983 by Sumitomo Special Metals, General Motors and the Chinese Academy of 

Sciences. With this alloy it is possible to decrease the volume of material, while maintaining a high 

magnetic flux density [4]. 

This magnet is composed of a Nd2Fe14B matrix phase, surrounded by neodymium-rich grain boundary 

phases, with a small concentration of elements like praseodymium, gadolinium, terbium and 

dysprosium, with the latter being added to increase the thermal stability of the alloy [29].  

It is possible to find the NdFeB magnet in a variety of equipments, such as electric motors, hard disk 

drives and wind turbines. In the case of the wind turbines, 600 kg of permanent magnets are necessary, 

these magnets having in their composition 27.5% neodymium and 4.1% dysprosium [4]. 
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2.2.8 Rare Earth Phosphors 

The development of luminescent materials stated in the 1960s, with research being dependent on the 

availability of rare earths with enough purity to be used in colour televisions, fluorescent lighting and 

medical X-ray photography. REEs, especially compounds with 0, 7 or 14 f electrons, are suitable due to 

their strong and almost monochromatic emissions. The use of REEs in phosphors allows more varied 

emissions, and for the simulation of daylight, when rare earth phosphors that combine three primary 

emissions at the 450, 550 and 610 mm wavelength are used [23]. 

Tricolour phosphors can be divided in four categories, phosphates, aluminates, borates and silicates. 

The last two categories are the least developed, and so the first two categories represent most of the 

total phosphors used in fluorescent lamps, with phosphates having lower stability and poor colour 

quality, leaving aluminates as the most produced due to their superior properties. In red phosphors, 

emission involves charge transfer from O2- ions to Eu3+ ions, with the charge later returning to the ground 

level from the f levels. In blue phosphors, emission involves photon absorption by Eu2+ that occurs due 

to the transition from 4f to 5d latter returning to 4f with emission of photons. In green phosphors, emission 

involves optical absorption on Ce3+ ions then transferred to emitting Tb3+ ions [30]. 

Coloured television using the cathode ray tube (CRT) was one of the first application of rare earth 

phosphors, equipped with tricolour phosphors (mixture of phosphors that emit blue, green and red light). 

By using the red phosphor Y2O2S:Eu3+ the brilliance of the screen is superior to the previously used 

phosphor ZnS:Ag [23]. 

CRT television were then replaced by televisions with flat screens, these also utilizing rare earth 

phosphors to illuminate the screen. Medical radiography and fluorescent lamps are other applications 

where the use of rare earths is required, with fluorescent lamps being discussed in more detail in chapter 

4. 

Table 1 summarizes some of the used rare earth phosphors in flat screens and in medical radiographies 

[23]. 

 

Table 1 - Some rare earth phosphors used in flat screens and medical radiography [23]. 

Flat screen technology 

Field emission screens 

Y2O3:Eu3+ 

Y2SiO5:Tb3+ 

Y2SiO5:Ce3+ 

Plasma screen technology 
BaMgAl10O17:Eu2+ 

(Y,Gd)BO3:Eu2+ 

Medical radiography 

X-rays 
Gd2O2S:Tb3+ 

LaOBr:Tm3+ 

Electrons ZnS:Tb3+ 

Laser pumping Y3Al5O12:Nd3+ 
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3 PRIMARY PRODUCTION OF RARE EARTH ELEMENTS 

Primary production of rare earths starts with their extraction from mineral ores as oxides. There are 

more than 200 known minerals that contain REEs, however, only a small number of minerals have 

economic interest, the more important being bastnaesite, xenotime and monazite [7]. 

Bastnaesite is a carbonate mineral, and one of the most abundant rare earth ores, having in its 

constitution primarily LREES such as cerium, lanthanum and yttrium. This mineral can be found in vein 

deposits, contact metamorphic zones, and pegmatites [7]. 

Both xenotime and monazite are phosphate minerals that can be found in the same locations, despite 

the different temperatures and pressures that lead to their formation. While it is possible to find all REEs 

on these ores, normally monazite is richer in LREEs and xenotime in HREEs due to the higher 

temperature and pressure where the latter is formed. Both ores can have traces of thorium and uranium, 

creating both an opportunity to obtain them as co-products, and representing an additional challenge 

for the separation process [7]. 

In the USA, euxenite and allanite are also mined to extract REEs, with these 5 mineral deposits being 

the more important reserves in the country. Rare earths can also be obtained as co-products or by-

products of other extraction operations [7]. 

The major problems with primary metal production are the mining wastes, energy costs, greenhouse 

gas emissions, chemical pollution, hazardous wastewater discharges, irreversible land use and 

resource depletion. Extraction of REEs can release hazardous impurities such as uranium and thorium, 

that require additional separation and purification processes, resulting in an overall greater impact of the 

mining operation [31].  

The decrease in ore grade of REE will result in the increase of the environmental impact of REE 

extraction. The production of REE is already more polluting than most common metals, with the refining 

stage being responsible for most of the impact. Figure 8 shows the environmental impact for different 

type of ores [31]. 

A study by Weng, Z. [31] showed that ionic clay, monazite and bastnaesite have an average gross 

energy requirements (GER) of 2324, 1585 and 427 GJ/t and a global warming potential (GWP) of 138, 

115 and 20 t CO2e/t, being the REO with the highest impact for the environment. These values are much 

higher than the values reported to produce more common metals [31]. 

The development of a mining project can be divided in four stages, the first being exploration, followed 

by development, extraction and processing, with the last stage being the closure of the mine. These 

stages are not necessarily linear, with the possibility of cyclic operations occurring during the mine’s life 

cycle. For example, the exploration that occurs in the beginning of a project to identify the economic 

value of a deposit, can also continue during the extraction stage. Reclamation is another operation that 

can occur during different stages of the mine life cycle [7]. 
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Figure 8 - Global warming impact of some ores: Blue – rare earth ores; Green – common metals; 
Orange – precious metals [31]. 

3.1 EXPLORATION 

The exploration stage includes all the processes applied with the intent to discover potential 

economically viable ore deposits for extraction. If the deposit is considered viable, then the staking step 

guaranties the rights to develop a mine.  

When considering the environmental impact of a mining operation, usually the impacts from exploration 

are forgotten. Examples of impacts are excessive drilling and trenching that can produce a considerable 

amount of rock, plus the use of heavy equipment and their associated residues [7]. 

3.2 DEVELOPMENT 

Mine development can be mainly classified as the planning stage of the mining operations, however, 

depending of the entities and regions involved than it can also encompass the construction phase [7]. It 

is also necessary to plan the closure of the mine during this stage to guaranty its success at the end of 

the mine’s lifetime [32].  

3.3 EXTRACTION AND PROCESSING 

The processing of bastnaesite and monazite start with the crushing of the ores followed by the 

separation of the rare earth oxides by gravity, flotation, magnetic or gravimetric separation. This stage 

allows for the increase of the rare earth oxides concentration, in the case of bastnaesite possibly going 

from 7% to 60% [7]. 
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Normally, hydrometallurgical techniques such as leaching, extraction and precipitation are used to 

separate the concentrates into usable oxides. Metallothermic reduction can then be used to refine those 

oxides, transforming them in high purity rare earth metals [7]. 

3.4 MINE CLOSURE 

When the lifetime of the mine reaches its end, it is necessary to proceed with its closure. This is a very 

important stage as it must [32]: 

• Guaranty the safety of public health; 

• Try to remediate the environmental damage that was caused during operation; 

• Return the land to its original state. 

Mine closure starts with the description of the pre-mining landscape, including all surrounding natural 

systems, followed by the calculation of the effects of the mining operation on all the determined systems 

[32].  

To decrease the environmental impacts caused during mining, it becomes necessary to stabilize any 

building or structure (such as pits) to ensure that they will never represent a risk to public safety. All 

wastes and contaminants must be treated or stored in a way that stops them from migrating or leaching 

into the surrounding environment. Finally, the original state of the land should be recuperated as similar 

as possible to the surrounding area, while simultaneously ensuring ecosystem preservation [32]. 

3.5 ENVIRONMENTAL IMPACTS 

A report done by the United States Environmental Protection Agency [7] identified four waste streams 

from the processing stage that could be classified as hazardous [7]: 

• Waste solvent due to ignitability; 

• Spent lead filter cake due to toxicity 

• Waste zinc contaminated with mercury due to toxicity; 

• Solvent extraction (SX) due to ignitability. 

Still the principal impact of mining operation come from tailing, where it is possible to find ore associated 

metals such as aluminium, arsenic, barium, beryllium, cadmium, copper, lead, manganese and zinc. It 

is also possible to find various organic vestiges and radionuclides such as radon, fluorides and 

sulphates. Dust coming from the tailing is potentially hazardous to the surrounding soil and air. During 

precipitation, water runoff can transport hazardous materials to surrounding soil and water [7]. 

Independently of the characteristics of the resultant by-products of the mining operations, all must be 

considered wastes at some point in their lifetime, and so must be treated properly to decrease their 

impact. The mined ore can be stockpiled, to create an ore stock to be processed or sold later. These 

piles are also a source of contaminates [7]. 
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4 FLUORESCENT LAMPS 

The principle of gas-discharge lamps, such as fluorescent lights, is based on the emission of UV rays 

by the atoms of mercury when an electrical discharge occurs in the interior of the lamp. The glass of the 

lamps is coated with phosphors that transform the emitted UV rays in visible light, with the emitted 

wavelengths depending on the composition of the phosphors [33]. 

Fluorescent lamps are primarily composed of glass, followed by plastic, and with only a small 

concentration of metals. The amount of glass in a lamp constitutes at its minimum 50% of the lamp. 

Compared with the amounts of these materials in a lamp, then the quantity of phosphors corresponds 

only to a small fraction [33]. 

Current fluorescent lamps use a tri-chromatic system that produces light with a colour similar to 

incandescent lights, but with a lifetime that is 5 to 8 times longer. The tri-chromatic system is built by 

adding phosphors with blue emission, doped with divalent europium, phosphors with green emission, 

doped with trivalent terbium activated by cerium, and phosphors with red emissions, doped with trivalent 

europium [23]. 

Fluorescent lamps can be categorized as compact fluorescent lamps (CFLs) or linear fluorescent lamps 

(LFLs), each one requiring different amounts of rare earths. Various possible shapes of commercial 

fluorescent lamps can be seen in Figure 9. Generally, CFLs use 1.5g of phosphors in high material 

content bulbs and 1.125g for low material content bulbs. Mostly all phosphors are tri-band, and the 

REOs constitute 60% in weight. LFLs can be divided in low, medium and high efficiency lamps. Low 

efficiency LFLs do not use tri-band phosphors, and so, rare earths are not present. Tri-band phosphors 

constitute 30% of the weight in medium efficiency LFLs, and 100% of the weight in high efficiency LFLs. 

In LFLs, the amount of phosphor that is used is related to the surface area of the lamp, normally 

containing 4 mg/cm2 of phosphor in high material content lamps, and 3 mg/cm2 for low material content 

lamps [14]. 

 

Figure 9 - Some shapes of commercial fluorescent lamps [33]. 

There are a variety of phosphors, each emitting at their respective characteristic colour, with most having 

rare earths in their constitution, those being yttrium, lanthanum, cerium, europium, terbium and 
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gadolinium. Phosphors also contain other elements, such as lithium, magnesium, strontium, barium, 

manganese, antimony, iron, silicon, calcium, phosphate, aluminium, boron and chlorine [33]. 

The most common rare earth phosphors are the red phosphor Y2O3:Eu3+ (YOX), the green phosphors 

LaPO4:Ce3+,Tb3+ (LAP) and CeMgAl11O19:Tb3+ (CAT), and the blue phosphors BaMgAl10O17:Eu2+ (BAM) 

and (Sr,Ca,Ba,Mg)5(PO4)3Cl:Eu2+ [2]. Table 2 shows various rare earth phosphors sometimes present 

in fluorescent lamps [30]. 

Table 2 - Rare earth phosphors [30]. 

Colour Phosphate system Aluminate system Borate system Silicate system 

Red Y2O3:Eu3+ Y2O3:Eu3+ Y2O3:Eu3+ Y2O3:Eu3+ 

Green LaPO4:Ce3+,Tb3+ CeMgAl11O19:Tb3+ GdMgB5O10:Ce3+,Tb3+ Y2SiO3:Ce3+,Tb3+ 

Blue (Sr,Ca,Ba,Mg)5(PO4)3Cl:Eu2+ BaMgAl10O17:Eu2+ Ca2B5O8Cl:Eu2+ BaZrSi3O9:Eu2+ 

 

Some fluorescent lamps also contain the broad-band white emitter (Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+ 

(halophosphate), that is mixed with YOX to obtain better color-rendering. This phosphor has no REE in 

its constitution, and so, its intrinsic value is lower compared to REE bearing phosphors [2]. The oxide 

content from phosphors in a fluorescent lamp are shown in Table 3 [34]. 

Table 3 - Oxide content of new and recovered phosphors [34]. 

Oxides 
Oxide Content (%) 

New phosphors Recovered phosphors 

CaO 50.9 49.5 

P2O5 35.7 34.9 

Y2O3 3.28 3.09 

Al2O3 1.21 1.16 

SrO 1.14 1.13 

Sb2O3 1.04 0.91 

MnO 0.80 0.82 

La2O3 0.79 0.97 

BaO 0.54 0.83 

Gd2O3 0.20 - 

Tb4O3 0.20 0.16 

Eu2O3 0.18 0.19 

SiO2 0.14 1.88 

ZnO 0.10 0.02 

Fe2O3 0.05 0.12 

Na2O 0.05 0.33 

SO3 0.04 0.06 

HgO 0.03 - 

GeO2 0.02 0.02 

PbO - 0.23 

MgO - 0.09 
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China is the major consumer of phosphors, accounting for 80% of the total demand. These phosphors 

are used by major lamp manufacturers to produce components, with most of the production being 

exported. The principal US light manufactures try to maintain the control of this imbalance by holding 

the intellectual property to the formulas of the phosphors [14]. 

All gas-discharge lamps, including fluorescent lamps, require some concentration of mercury for the 

operation of the equipment. Legislation limits the amount of mercury in lamps, establishing a maximum 

value between 2.5 to 3.5 mg depending on the output of the lamps. Most current lamps use between 

1.5 to 2.5 mg. However, in collection the amount of mercury estimated for LFLs is in the range of 80 to 

100 mg/kg, and the estimated value for CFLs is in the range of 50 to 60 mg/kg, that corresponds to 5 

mg/unit [33]. Figure 10 shows the evolution of the average amount of mercury per CFL from 1995 to 

2012 [33]. 

 

Figure 10 - Evolution of the average amount of mercury found per CFL [33]. 

Mercury can be found in both the vapour and liquid phase. Mercury is in the liquid phase when the lamp 

is not operating (the switch is off). When the lamp is switched on, the mercury starts to vaporize, and 

emitting UV rays. As the lamp is working, the mercury vapour slowly starts to self-absorb in the 

phosphors, with absorbed mercury unable to emit UV rays. As the concentration of mercury decreases, 

the quality of the light also decreases, until the lamp reaches the end of its lifetime [33]. 

Mercury can form different chemical compounds, and during operation, it transforms into inorganic 

mercury that concentrates around the metal of the electrodes. The vapours of mercury are the main 

cause for health problems, with about 80% of the mercury breathed being absorbed by the body, where 

it suffers the transformation to its inorganic form Hg2+. It is estimated that the amount of mercury present 

in the air, water and soil increased three times when compared with the natural values, this increase 

caused by anthropogenic releases. Mercury in water transforms into the toxic methylmercury, that easily 

enters the food chain [33]. 
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4.1 IMPORTANCE OF RECYCLING 

Globally, lighting is one of the major sources of energy consumption, corresponding, for example, in the 

USA, to 18%, and only after appears space heating. To reduce costs with energy, all over the world, 

incandescent lamps started being replaced [14]. 

The replacement of lighting sources started with the implementation of fluorescent lamps, and more 

recently by LEDs and halogen incandescent, which might start to decrease the demand for fluorescent 

lamps in the future [14]. Figure 11 shows an estimative for 2020 of the distribution of lighting devices in 

the European market [35]. 

 

Figure 11 - Distribution in percentage of lighting devices in the European market [35]. 

 

Phosphors used in cold-cathode fluorescent lamps (CCFL), plasma displays and LEDs use REEs. 

Normally for CCFL, it is possible to find 4 386 mg/kg of yttrium and 287 mg/kg of europium. Between all 

these devises, LEDs use the least amount of rare earths, with the LEDs of a television having 4.9 mg of 

yttrium, 2.3 mg of gadolinium and with 0.3 mg or less of europium, cerium and terbium [24]. The most 

common white LEDs are based on the combination of Ga1-xInxN LEDs with garnet type yellow phosphor 

Y3Al5O12:Ce3+, with CaSi2O2N2:Eu2+ being an alternative [2]. 

Since LEDs use much less rare earths, and halogen lamps none, it is possible to understand the trend 

observed in Figure 11, but even this replacement, it can be estimated that in the next 20 to 30 years 

there will still exist fluorescent lamps available for recycling [2]. 

Data from the European Lamp Companies Federation says that 1 billion of the lamps sold each year fall 

under the WEEE directive, but this number includes every type of gas-discharge lamps and even LEDs. 

In 2009, the WEEE forum reported around 15 000 t of lamp wastes collected and treated [33]. 
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There exists an interest in recycling REEs from fluorescent lamps that can be explained by the large 

amounts of units sold and disposed each year. For example, in 2007, 397 million CFLs were sold in the 

USA and 288 million were sold in Europe. Recycling of lamps was first established with the objective of 

recovering easily separable components such as the aluminium caps, plastic parts, circuit boards and 

glass, but is necessary to also recover other, more valuable materials [36].  

To recover rare earths, the complexity of the processes must increase, firstly because of the low 

concentration of these elements on the lamp, coupled with the difficulty to separate each individual rare 

earth, and secondly, most of those materials are contaminated by mercury [36]. 

Not all REEs present in fluorescent lamps have the same importance for recovery. Cerium and 

lanthanum are not facing supply problems, which decreases the interest for their recovery, however, 

elements such as europium, terbium and yttrium are rarer, making their recovery more interesting [36]. 

Lamp wastes used for the recovery of REEs contain a variety of impurities, with the one in larger 

concentration being glass, but the wastes also contain plastics, metals, dirt and packaging remains. In 

the case of mercury, in average the waste streams contain 0.7 g/kg of wastes, making the treatment 

and removal of mercury necessary [36]. 

Despite the toxicity of mercury and the importance of recovering REEs, it is still possible to see many 

fluorescent lamps ending in landfills, being estimated that by 2020, 25 000 t of rare earth can be found 

in stockpiled lamp phosphors. Phosphors contain around 20% in weight of rare earths, and between 

40% to 50% in weight of non-valuable halophosphate. The red phosphor YOX holds almost 80% of the 

rare earth contained in the fluorescent lamp, even if this phosphor normally only represents 20% of the 

total phosphor wastes [37]. 
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5 RECYCLING OF RARE EARTH ELEMENTS 

Recycling is a very important method to obtain REEs, with most of the attention being directed at the 

recovery of rarer elements. REEs like cerium and lanthanum are very common in LREE ores, making 

their supply less risky. Gadolinium and samarium do not face high demand, because they are not very 

used in the industry, and so their recycling is also less interesting. Of all rare earths, neodymium, 

praseodymium, dysprosium, europium and terbium are the materials facing the higher risks of supply, 

making their recycling the priority [19]. 

While most of research on secondary methods to produce REEs are associated with today’s insecurities 

over supply and cost, the cost and problems related to primary production of these materials is another 

strong point supporting the research of alternatives [7]. 

Various studies show that in today’s market exists a large amount of rare earths in the form of wastes, 

which could be used to feed the recycling operations. For example, the National institute for Material 

Science estimates that Japan has 300 000 t of REEs as wastes. Another study from Yale University 

estimates that 485 000 t of REEs were used globally in 2007, and market trends show an increase in 

the demand of REEs, leading to the very likely possibility of higher amounts of REEs used in posterior 

years [7]. 

Waste streams reported in 2010, indicated that 10 t of terbium, 580 t of neodymium and 70 t of 

dysprosium were available for processing. It is also suggested that around 2020 the waste stream for 

terbium and neodymium could reach 20 t and 1 000 t respectively. It is expected that in the same year 

it will be possible to recycle 10 t of terbium coming from fluorescent lamps and between 170 and 230 t 

of neodymium coming from permanent magnets [19]. 

These factors lead to the concept of “Urban Mining” that aims to recover elements from consumer 

wastes. In recycling it is necessary to consider the dependence on the life-time of a product, since the 

amount of REEs from end-of-life products might not be enough to suppress the demand of these 

elements, especially considering that products which use larger amounts of rare earths usually have 

much larger life-cycles than small electronics [7]. 

Recycling of rare earths is still a complex problem, in consumer products these elements are usually 

present in low concentrations, and are frequently used as alloys, making the separation and recovery 

of REEs more complicated [1]. 

While the use of secondary production has indisputable advantages, it is important to not forget that the 

described methods consume energy and produce hazardous compounds, both responsible for 

environmental impacts that need to be accounted when discussing the viability of certain technologies. 

Recycling is responsible to a variety of wastes that can be characterized as primary emissions, 

secondary emissions and tertiary emissions. Primary emissions define all the hazardous materials 

contained in the wastes that will be recycled. Secondary emissions are all the hazardous materials that 
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result from poor management of the wastes. Tertiary emissions contain all substances used in the 

treatment of the wastes, that are improperly managed and released for the environment [7]. 

Despite the possibility of hazardous emissions, these are lower than the emission from primary 

production. It is reported that secondary production requires two to ten times less energy when 

compared with primary production. The emissions of CO2 are less significant, while also having the 

benefit of using less land [7]. 

The advantages of secondary production of REEs can be resumed in [7]: 

• Environmental benefits like the decrease of air emissions, improved groundwater protection, 

acidification, eutrophication, and overall climate protection; 

• Economic benefits like the improved supply, making countries less depended of foreign 

providers, with the possibly of lower and more stable prices of REEs. Recycling is also able to 

create new job opportunities, as the importance of this industry increases. 

Compared with common metals, rare earth metals have still extremely low recycling rate, with less than 

1% of the produced REEs being recycling at the end of their life cycle. The reasons for the low recycling 

rates are most likely related to technological difficulties, lack of incentives and the low concentrations of 

these elements in consumer products. For example, mobile phones contain less than 1 g of REEs, in 

the form of permanent magnets, and in conventional pyrometallurgical recycling, like the one used by 

Umicore’s recycling plant at Hoboken, Belgium, is not designed to recover rare earths, with these 

materials ending in the oxide slags. Due to these challenges, recycling of rare earths must have in 

account the products where the materials are present, so that the most efficient processes to recover 

REEs from each individual product are identified [2]. 

In general, secondary production of rare earth elements can be divided in 4 stages: collection; 

dismantling; separation; processing. To make recycling more economical viable it is necessary to first 

focus on the recycling of products with higher amount of REEs, those being fluorescent lamps, magnets, 

car batteries and catalysts [7]. 

In the recycling of fluorescent lamps, high value materials like REEs are in a much lower concentration, 

making the process of dismantling and pre-processing very important in increasing the recycling 

efficiency of those valuable materials. These two processes are constituted by manual or mechanical 

separation of wastes, followed by their manual or mechanical disassembly, later being shredded and 

screened. During this stage it is possible to find hazardous substances, specially mercury, that need to 

be managed and properly treated [7]. A flowchart of the recycling of fluorescent lamps and recovery is 

shown in Figure 12. 
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Figure 12 - Flowchart of fluorescent lamp recycling. 

5.1 COLLECTION OF FLUORESCENT LAMPS 

In the world, two types of fluorescent lamps waste management can be identified. The first is based on 

the extended producer responsibility (EPR) and product stewardship, functioning on the principles 

where producers and retailers accept the responsibility of managing the wastes produced by their 

products. Lamps are prohibited to be disposed of in landfills and incinerators, with the only alternative 

left being recycling programmes, managed by the lamp manufactures. This approach has not been 

widely implemented, but in places where it is applied, the recycling rates are high. The second type of 

waste management function on the principle of consumer and municipality’s responsibility over the 

wastes, without the need for manufacturers and retailers to invest in recycling programmes. This 

approach results in a large fraction of end-of-life lamps being disposed in landfills, resulting in low 

recycling rates. Therefore, a system were all the interested parts are involved in the effort of managing 

and recycling should yield better results, and higher recovery of important materials [38]. 
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5.2 DISMANTLING OF THE COMPONENTS 

Dismantling of lamps consists of two methods, the “end cut/air push method”, normally used for LFLs, 

and crushing. End cut dismantling starts with the removal of the end aluminium caps, followed by the 

extraction of the mercury contaminated phosphor powder through blowing of air at high pressure. 

Mercury can be removed by passing the gas in activated carbon or alkali water. This process is already 

applied by various companies, for example, The Mercury Recovery Technology Company MRT, which 

has already developed machinery that can process 5 000 lamps in 1 hour. The advantage of dismantling 

is that phosphor powder is free of any glass impurities [30]. 

Crushing can be divided in dry or wet methods, with wet crushing normally occurring in liquids such as 

ethanol and acetone, to safely capture mercury vapour. Germany, Finland and Switzerland are some 

examples of countries that already use wet crushing at an industrial scale, while dry crushing can be 

found at an industrial scale in the USA, Canada and UK. Dry crushing needs to be done either in a 

closed environment or in vacuum, to avoid the escape of mercury vapours [30]. 

Crushing processes can be categorized based on the type of equipment that is used. Hammer type 

crusher destroy the whole lamp, with separation of the different materials occurring only in the next 

stage of recycling. Drum type crushers can separate the globe glass and fluorescent lamp glass, so that 

they are destroyed separately. Sorter type crushers can elevate the glass component of the lamp to 

break them individually. Tests made with drum type crushers were able to recover 100% of the 

tricoloured phosphors with a quality of 96% by combining the crusher with a special elutriator [39]. 

When crushing is used, an additional separation step is required to separate metals, glass, plastics and 

phosphors. Phosphor powder are then subjected to chemical separation to remove mercury [30]. 

5.3 DECONTAMINATION OF MERCURY 

The mercury content ranges from 1.5 to 5 mg/lamp, with the limit established by the European Union 

being 5 mg/lamp. Still, analysis of CFLs show in some cases values of 27 mg/lamp. Mercury in lamps 

can have a great impact in public health, since the mercury contaminated phosphor powder can move 

easily through liquid and gaseous phases [40]. 

While mercury is first absorbed by the phosphor powder, the occurrence of oxidative reactions results 

in the transport of mercury to other components of the lamp, such as the caps and glass. The amount 

of mercury present in the phosphor wastes after separation depend on the recycler, with most lamp 

recyclers being unable to fully separate the rare earth phosphors contaminated with mercury from the 

glass of the lamps. This creates a problem for the recycling of the glass, which can volatize the remaining 

mercury, resulting in its emission to the air [41].  

To decontaminate fluorescent lamp wastes of mercury, either thermal treatments or chemical leaching 

methods can be applied. Stabilization, electro leaching and photocatalysis are chemical leaching 

processes suitable to remove mercury, with the last two recording efficiencies of 99.5% and 99.9% 
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respectively. In the category of thermal treatment, thermal desorption has been studied by various 

researchers, with the majority reaching the conclusion that to completely remove mercury from glass, it 

is necessary to utilize temperatures as high as 800ºC. To decontaminate glass, thermal treatments are 

more effective, since chemical leaching has still only been able to reach efficiencies of 36%, while in 

phosphors, chemical leaching becomes much more efficient when strong acids, such as hypochlorite 

acid or nitric acid are used, reaching efficiencies of 99% [42]. 

However, if the crushing method used a stabilization process, such as hypochlorite treatment, to contain 

mercury during the procedure, then the efficiency of the previously described methods might be reduced 

[42].  

Decontamination of phosphors becomes even more complex when it is also necessary to recover REEs 

that are part of their composition. The most common crushing and separation processes normally use 

wet sieving procedures that creates difficulties to thermal decontamination methods, while chemical 

leaching creates problems for the posterior recovery of REEs, and in some situations, some of those 

elements might even be leached along with mercury. To use hydrometallurgical methods for the removal 

of mercury, it is necessary to study what reagents can be utilized, that guaranty that most of the mercury 

is removed, while maintaining suitable REE compounds for posterior recovery of the metals [42]. 

Wet decontamination of mercury can be done simultaneous with the leaching of rare earths. In this case 

hydrochloric acid can be used to recover various REEs like yttrium, europium, cerium, gadolinium and 

terbium while also achieving an 89.6% dissolution of mercury, when the leaching process is aided by 

ultrasound digestion. If instead of hydrochloric acid, nitric acid is used, then the only REEs that are 

reliably recovered are europium and yttrium, both being able to achieve efficiencies of 95% and 97%, 

respectively, and with mercury dissolution recording an efficiency of 23.2%. When nitric acid is used, 

less problems were observed during the precipitation of rare earths, leading to easier recovery of 

elements in the solid state [36]. 

However, when the decontamination and recovery are done simultaneous, recovering the rare earths 

becomes more complex, and additional secondary waste streams are produced, needing to be 

managed. Therefore, there is a greater interest in methods that can decontaminate mercury without 

dissolving REEs [42].  

For the selective removal of mercury, the most studied reagents are ammonium chloride, hydrochloric 

acid, nitric acid, acetic acid and iodine-based leachate, with the later showing the most promising results, 

allowing the removal efficiency to reach 97.3%, without attacking and removing REEs from the 

phosphors [42]. Other alternatives are sodium hypochlorite ultrasound digestion or iodine in potassium 

iodide, that also showed an efficient decontamination of mercury while leaving the REEs intact in the 

residue [43]. After decontamination, mercury and iodine can be removed from the solutions using other 

reagents like Dowex 1X8, CyMe4BTBP, Cyanex 302 and Cyanex 923 [42]. 
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5.4 SEPARATION OF LAMP COMPONENTS 

In the case of fluorescent lamps, three approaches for the recycling of phosphors can be considered. 

The first approach is the reuse of the phosphor mixture for the manufacture of newer lamps. The second 

is based on the separation of the different phosphor compounds present in the lamp phosphor mixture. 

The last approach aims to recover each individual rare earth elements [2]. 

The first approach requires the less amount of processing steps, and in most cases, very limited use of 

chemicals is required. The principal problems of this approach are [2]: 

• The different phosphor mixture used by the various manufactures of fluorescent lamps; 

• The phosphor collected from end of life products have their properties deteriorated, resulting in 

inferior new lamps; 

• The difficulties of removing the phosphor powder from some type of lamps, such as non-linear 

tube fluorescent lamps and CFLs. These lamps require crushing to recover the powder, 

becoming contaminated by glass dust during the process, that is difficult to separate from the 

remaining phosphor powder; 

• The presence of mercury in the phosphor. 

The second approach does not suffer from the first problem of the previous approach, and while the 

separation of phosphors compounds requires more steps, it is not necessary to completely dissolve the 

phosphors, resulting in less generated wastes than in the third approach. The phosphors compounds 

obtained are also purer than reusing the complete phosphor mixture, but the total separation of the 

compounds is impossible, and so, there are still some impurities in the obtained phosphors. The 

following processes can be used to separate phosphor mixtures [2]: 

• Flotation; 

• Pneumatic Separation; 

• Gravity separation by dense liquids; 

• Separation based of magnetic properties. 

The third approach is the most complex, allowing the recovery of high purity REOs that can be used to 

produce new lamp phosphors, or other products. The methods used to recover REEs from phosphors 

are primarily chemical attacks followed by the recovery of elements from solution. In some instances, 

the properties of the phosphor are similar to rare earth ores, such as the dissolution of LAP phosphate, 

which is comparable to monazite [2]. 

REE containing phosphors are easily separated from non-REE containing phosphors, because the later 

phosphors can be dissolved by cold dilute mineral acids, leaving only REE containing phosphors behind. 

YOX phosphor (Y2O3:Eu3+) is the second easiest compound to be dissolved, normally using hydrochloric 

acid or nitric acid at elevated temperatures. This phosphor is considered the most valuable, leading 

some recycling procedures to only focus on recovering the elements present in it. LAP and BAM 

phosphors are very chemically resistant, requiring more aggressive attacks, usually utilizing sulphuric 
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acid at high temperature or molten inorganic salts, with inorganic salts also dissolving small glass 

particles, that can lead to silica impurities in the final rare earth metals [2]. 

The main phases of the phosphors are calcite, fluoroapatite, monazite, quartz, wake-fieldite, vanadium-

yttrium oxide and yttrium oxide. Non-luminescent materials, such as alumina and silica can be mixed 

into the phosphor layer coating the glass to improve the operation of the lamp [44]. 

As for the rare earth elements, europium is present as an ion in yttrium oxide and vanadium-yttrium 

oxide, with cerium, lanthanum and terbium being present in the phosphate. These characteristics, plus 

the very small particle size, allow for the conclusion that the separation of rare earth elements should 

not be done using physical methods, but they could still be used to obtain pre-concentrates [40]. 

Therefore, most physical separation processes like magnetic separation, flotation and centrifugation 

only allow for direct reuse of phosphors, or the increase in rare earth concentration before chemical 

methods are utilized to dissolve phosphors [37]. 

5.4.1 Physicochemical Separation 

5.4.1.1 Flotation 

Separation of phosphor powders using flotation is more complex than when the method is applied in the 

separation of minerals, mainly due to two factors, the first being the intricacy of the phosphors, and the 

second the size of the powders [45]. 

Most studies testing flotation focused on the separation of calcium halophosphate from tricoloured rare 

earth phosphors. The parameters influencing the efficiency of separation are the zeta potential of the 

phosphors and the pH of the solution. Some of the best results registered by this method were obtained 

using dodecyl ammonium acetate (DAA), and sodium dodecyl sulphate (SDS) at pH 2.5 and 9.6, 

respectively [46]. 

A variation of the previous method involves the simultaneous use of two solvents with different polarity, 

being denominated as two-liquid flotation or liquid-liquid extraction. The presence of a polar and non-

polar solvent creates two different phases, allowing the utilization of their interface to separate powders 

with a particle size inferior to 10 µm. Surfactants are used to change the wettability of the compounds 

inside the solution, with the aim of leading the wanted targeted particles to join with the droplets of non-

polar solvent, while the remaining particles stay in the polar solvent [47]. 

The efficiency of this method is primarily affected by the particle properties (wettability; zeta potential; 

size of the particles), the type of solvent and surfactant (ionic; cationic; non-ionic), the concentration of 

solid and surfactant. A study [47] was based on the performance of two different systems, one being 

called the aqueous-organic system, with water as the polar solvent and n-heptane as the non-polar 

solvent, and the other system being called the organic-organic system, that used N,N-

dimethylformamide (DMF) as the polar solvent, and n-heptane again as the non-polar solvent. 

Comparing the results of both systems, a better performance was found for the organic-organic system, 

which was also higher than normal flotation processes because of the common small size of the 
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phosphor particles, making liquid-liquid extraction a more attractive method for phosphor powder 

separation [47].    

5.4.1.2 Pneumatic separation 

Pneumatic separation is based on the principle of differences in terminal velocities of spherical particles 

settling in a gravitational field, as described by the Stokes laws. This principle conditions the separation 

of particles to occur to differences in particle size, instead of particle density, meaning both heavy and 

light particles of the same size would deposit at the same velocity [48]. 

The efficiency of the process is associated with the rotational speed of the rotor, normally set around     

4 000 to 8 000 rpm, and the air flow, set between 0.03 and 0.06 m3/s. Higher rotational velocities result 

in a decrease of efficiency, while increasing the air flow creates the opposite effect. When this method 

is used at optimal conditions it is possible to increase the rare earth content from 13.3% to 29.7% [39]. 

Despite this result, pneumatic separation can only achieve a Newton´s separation efficiency of 0.34, 

while processes like two liquid flotation and dense medium separation show better results. It is theorized 

that the principle of operation is responsible for the poor performance obtained [48]. 

5.4.1.3 Gravity separation 

Dense-medium separation is an alternative that can separate particles simply based on density. The 

principle consists of using heavy media with suitable density (between the particles to be separated), so 

that lower density particles naturally float while denser particles sink. In molecular biology and coal 

mining, a centrifuge can be employed to help the migration of very fine particles into the dense-medium 

until they reach a quasi-equilibrium density layer. This variation is known as dense-medium 

centrifugation, and it is able to separate particles with a size in the range of the 25 to 150 µm [48].  

Rare earth phosphors are relatively dense when compared with calcium halophosphate phosphors, 

which allows dense-medium separation to be used. Due to the high density of the phosphor particles, it 

becomes necessary to use a denser medium, such as di-iodomethane. Using this medium has another 

advantage, as it is possible to recover more than 99.8% of the used di-iodomethane at the end of the 

process [48]. 

The efficiency of the process is affected by the rotation speed of the equipment, being recorded that 

with increasing rotational velocity there exists an increase in efficiency. The effect of centrifugation time 

was also studied, nevertheless, changes in separation characteristics were not observed. Phosphors 

are hydrophilic, with fine particles having the tendency of aggregation, and so requiring the use of 

surfactants to modify the characteristics of the particles surface to obtain higher separation efficiency. 

A study used sodium oleate as surfactant, allowing the process to reach a Newton’s separation 

efficiency of 0.84 [48]. 

5.4.1.4 Magnetic separation 

Magnetic separation is also suitable to separate the various phosphors present in a fluorescent lamp, 

due to their different magnetic susceptibility, specially the relatively large difference between LAP and 

BAM. To exploit the magnetic susceptibly of the materials, High Gradient Magnetic Separation (HGMS) 
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with a suitable liquid medium allows the recovery of the phosphors using a filter, or metallic matrix. In 

the case of YOX and halophosphates, their difference in magnetic susceptibly is very small, resulting in 

difficulties when both need to be separated by HGMS. To solve this problem, it is possible to apply the 

magneto-Archimedes method, as it also uses the differences in density to separate particles. This 

process variation utilizes differences in levitation position, related to the magnetic susceptibility and 

density difference between the particles and medium, become possible the separation of YOX and 

halophosphates [49].   

The previously described method was applied using deionized water containing a polycarboxylic 

surfactant and a lauramidopropyl betaine surfactant. During the procedure, the magnet was repeatedly 

switched on and off, resulting in particles with a lower magnetic susceptibility to fall from the matrix when 

the magnet is switched off, and for particles with high magnetic susceptibility to be attracted to the matrix 

when the magnet is switched on. This method was able to reach a Newton’s separation efficiency 

ranging from 75% to 78% [50]. 

5.4.1.5 Photochemical separation 

Photochemical reduction is a process based on the introduction of photons in a medium with the purpose 

of moving electron from a solution to the rare earth phosphors, resulting in the recovery of REEs [45]. 

Most studies researching this process focus on the extraction of europium, since this element is the only 

to manifest a stable divalent oxidation state, EuSO4, insoluble in water, resulting in its precipitation and 

in the reduction of europium (III) into europium (II). The major parameter affecting photochemical 

reduction is the irradiance (W/m2), a physical quantity that can be increased by using light sources with 

more focused light. Increasing the irradiance leads to faster reaction kinetics, however it may also 

decrease the amount of recovered europium due to back oxidation. Utilizing water as a solvent and ultra 

violet light to reduce europium it is possible to reach efficiencies close to 97.5% [51]. 

5.4.2 Pyrometallurgical Processing 

Pyrometallurgical methods have higher energy requirements because of the use of high temperature to 

chemically transform the wastes and separate them in useful materials. These techniques are more 

difficult to be applied for REEs, due to them being very easily oxidized. Volatile organic compounds 

(VOC) are formed during the processes, existing the need to collect and treat them to decrease their 

environmental impact [34]. 

In the case of fluorescent lamps, recycling using pyrometallurgical methods normally involves melting 

or calcination of phosphors by alkali materials. The processes usually follow the next steps [34]: 

a) Feed preparation; 

b) Blending and pelletizing; 

c) Reduction; 

d) Melting and casting. 
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The major disadvantages of pyrometallurgical processes are the very high consumption of energy and 

alkaline material [52]. A patent from 2010 described a pyrometallurgical technique with a halogenation 

step followed by a reduction step. The first step is done in a molten salt, with the objective of at least 

transforming one of the present rare earth compounds into a soluble rare earth halide. The last step 

reduces the rare earth halide, resulting in attainment of the rare earth element. In some cases, this 

technique can function at temperatures around 500ºC, lower than the temperatures required by common 

processes [53]. Nonetheless, the energy consumption is still high, making other recovery methods more 

desirable [52].  

5.4.3 Chlorination Roasting 

Chloride metallurgy is a technique aimed at the extraction of precious metals, but its application in the 

recovery of REEs from fluorescent phosphors has been the objective of very few studies. This process 

is classified as a pyrometallurgical route, but due to its specific issues is usually described apart. 

Ammonium chloride roasting with a fluorine deactivation process is a suitable method to extract rare 

earths from various sources, such as nickel-metal hydride batteries and phosphors. The process 

consists of the decomposition of ammonium chloride into hydrochloric gas due to heating, followed by 

the reaction between this gaseous compound and the rare earth oxides, ending with the formation of 

rare earth chloride and its leaching with water. To remove any remaining impurity, NH3.H2O and Na2S 

can be added to modify the pH [54]. 

With these procedures, it is possible to obtain high purity yttrium and europium oxides, achieving a 

recovery efficiency of 87.35%, as well as a purity of 99.84%, after adding H2S2O4 to the leachates, and 

calcinating them to precipitate the REOs. The products (Y2O3 and Eu2O3) can be used exactly as 

obtained in the synthesis of new red phosphors [54].  

5.4.4 Hydrometallurgical Processing  

Hydrometallurgical methods use acidic or basic aqueous solutions to dissolve the wastes and recover 

the wanted compounds from leachates. There are differences in these types of processes to 

accommodate all the compounds that need to be recovered. After dissolution by leaching or alkali fusion, 

some of the most common separation techniques are SX, ion exchange and selective precipitation. 

Hydrometallurgical methods used for secondary production are very similar to the methods used in 

primary production and so their environmental impact will not be very different [7]. 

The dissolution of both YOX and LAP require acidic mediums, while BAM and CAT require strong 

alkaline mediums. Halophosphate has a very low economic value, and is easily dissolved, being 

normally considered an impurity that complicates further processing of more economically viable 

phosphors like YOX. Dissolution of halophosphates consumes high amount of acids and forms large 

amount of H3PO4 that can transform into the insoluble precipitates YPO4 and EuPO4 when combined 

with Y3+ and Eu3+ ions coming from YOX, depending on the achieved solution concentrations. Dissolving 

YOX without also dissolving the halophosphate will increase the efficiency of the process [37]. Figure 
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13 shows a flowchart representing a possible hydrometallurgical route for the recovery of rare earth 

phosphors. 

 

Figure 13 - Flowchart of a hydrometallurgical recycling route to recover REEs. 

Presently, one of the few industrial recycling processes was patented and implemented by Solvay in 

2012 that since then can recycle more than 2 000 t of phosphor waste per year. The patent describes 

the use of multiple acidic and alkaline attacks, even including an alkaline fusion at 1 000ºC with Na2CO3, 

to completely disintegrate the phosphors. Solvent extraction is utilized to obtain the individual rare earths 

[37]. 

5.4.4.1 Acid extraction 

Leaching processes are based in the dissolution of phosphors in an acid solution (transfer of rare earth 

ions to the aqueous solution), from where it is possible to individually recover them using precipitation 

or extraction techniques, which will be further discussed. Acid leaching, bioleaching and ionic liquid 

leaching are some of the most known leaching processes. 

Acid leaching 

Acid leaching is the most used method to recover REEs from fluorescent phosphors with the leaching 

efficiency tied to the type of compound used, the temperature of processing, the concentration of the 

acids, and the agitation of the system. Hydrochloric acid, nitric acid and sulphuric acid are some of the 

most studied acids to be utilized in acid leaching, with sulphuric acid achieving the highest efficiency. 

This process can reach efficiencies of 80.4% for yttrium, 82.2% for europium, 81.4% for cerium and 80% 

for terbium. Inorganic acids can be used to easily dissolve phosphate systems, but have more difficulty 

working for aluminates, achieving only partial dissolution of CAT and BAM [30]. 

The used inorganic acids can also dissolve other elements, which negatively impacts the purity of the 

precipitated rare earth. Comparing the three previously mentioned acids, sulphuric acid shows lesser 

amount of dissolved calcium, lead and barium, due to the formation of insoluble sulphates. However, 
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while sulphuric acid avoids the dissolution of some impurities, it also favours the co-precipitation of 

REEs, that leads to the loss of recyclable material [43]. 

To extract the rare earths from the green and blue phosphors it becomes necessary to utilize leaching 

at different temperatures. In the case of halophosphates, these phosphors can be dissolved at a 

temperature below 30ºC, while the red phosphors require temperatures between 60ºC and 90ºC to be 

dissolve, and temperatures between 120ºC and 230ºC (pressure/autoclave leaching) are needed to 

dissolve green and blue phosphors [55]. Otherwise, acid leaching can be combined with alkali fusion, 

the latter transforming the REEs from the blue and green phosphors, so that a posterior leaching step 

is able to dissolve those elements [55]. 

The difference in dissolution temperature between the halophosphate and the tri-coloured phosphors 

can be exploited by two-step leaching to increase the selectivity of the process. In the first leaching step 

a lower temperature or acid concentration is used, so that only the impurity elements found in the 

halophosphate are dissolved, separating them from the REEs, that are leached during the second step 

[43].   

A multi-step leaching procedure [3] consisting of two acid leaching steps, and a heat-treatment. The 

procedure started with leaching using a 4M hydrochloric acid solution at 90ºC to dissolve the YOX and 

halophosphate. The next step involved the heat-treatment of the residual phosphors at 200ºC that 

changed the chemical properties of the powder, and allowed for the solubilization of the remaining REE 

during the second hydrochloric acid leaching. Using this condition, it was possible to recover almost 

90% of yttrium and gadolinium, 60% of cerium, lanthanum and terbium, and only 28% of europium. 

Bioleaching 

Bioleaching is based on the capacity of microorganisms to solubilize and release metal elements from 

a solid matrix by producing mineral or organic acids. When compared with the more common processes, 

it shows promise in lowering costs and environmental impacts, especially because it is much more 

efficient at extracting elements that are in low concentration [56]. 

Organisms that produce mineral acids are very used for the extraction of copper from ores, since they 

promote the transition of insoluble metal sulphides into soluble metal sulphides. For rare earth containing 

wastes it is necessary to use heterotrophic microorganisms that produce organic acids, but this 

organism will need to be supplied with organic carbon to growth, since the wastes don’t contain sulfidic 

material like ores [56]. 

These organisms have been used in various sources of REEs to varying effects. Penicillium tricolour 

RM-10 was able to recover between 20% and 80% of rare earths contained in red muds (by-product of 

aluminium production), while fungi and bacteria were able to extract between 0.1% and 64% of rare 

earths contained in monazite [56]. 

For fluorescent phosphor wastes, microorganisms capable of producing gluconic acid or other organic 

acid can effectively leach REEs, requiring only that the organisms are easily removed from the wastes, 

and tolerant to the metals contained therein. Various strains of organisms have already been studied, 

with G.oxydans being one of the best strains for recovery of REEs from end-of-life products [56]. 
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A mixed culture of “tea fungus” Kombucha was used to recover REEs from fluorescent lamps, instead 

of a single strain, with the advantage to create an acetic environment that can free the “tea fungus” from 

contaminants. It was also observed that shaking the samples lead to better results than stationary 

samples [57]. 

Ionic liquid leaching 

Ionic liquids are more commonly used in SX processes, than used to dissolve rare earth phosphors, 

nonetheless, some compounds show a large solubility selectivity, which could solve one of the major 

problems of inorganic acid leaching, the dissolution of impurities along with the rare earth ions. Other 

advantages of ionic liquids are the decrease in emissions (only produces CO2 as waste) and the easy 

renewal of the compound [37]. 

A study proposed the use of the functionalized ionic liquid betainium bis(trifluoromethylsulfonyl)imide, 

[Hbet][Tf2N] to selectively dissolve the red phosphor YOX, without affecting other phosphors, and even 

silica that could still be present due to the crushing operation. Because only the carboxylic acid group 

of the ionic liquid is responsible for the reactivity that dissolves the wastes, [Hbet][Tf2N] has difficulty 

solvating anions, leading only to the dissolution of metal oxides, and not of metal salts, incorporation of 

impurities in the recovered REEs is reduced. This technique was able to recover around 80% of the rare 

earths present in the fluorescent lamp wastes, with recovery of the remaining REEs requiring harsher 

conditions than the ones specified in this study [37]. 

5.4.4.2 Alkali fusion 

Alkali fusion is a thermal decomposition method used to create soluble substances and is normally 

utilized for aluminium and various precious metals. This process is being studied for rare earths, 

especially for blue and green phosphors, that are difficult to be dissolved by inorganic acids. Alkali fusion 

is affected by the mass ratio of alkali material to REE wastes, the calcination temperature and time, and 

in the right conditions it should be possible to recover almost 100% of yttrium, europium, cerium and 

terbium. Alkali fusion follows the next steps [30]: 

1. An alkali material and the phosphor waste are fired under condition that allow the decomposition 

of the phosphor into a mixture of oxides; 

2. The residue containing rare earth oxides is extracted; 

3. The residue is treated to obtain a solution formed by rare earths in salt form; 

4. Rare earths are separated from the solution. 

Sodium peroxide, sodium carbonate and sodium hydroxide are the most common reagents used in 

alkali fusion. Na2O2 was studied with results showing that higher calcination temperature and alkali ratio 

will lead to an increase in the leaching efficiency, which in this case was 99.5%. The sodium peroxide 

molten salt calcination process results in the conversion of the phosphor wastes in the following species: 

NaYO2; La2O3; Tb4O7; Ce2O3; Na4SiO4 [58]. 

Alkali fusion is very commonly used after the acid leaching process when the objective is to completely 

recover most rare earth elements from the fluorescent phosphors. As a step in two step leaching, the 
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function of alkali fusion is to convert europium, cerium and terbium in soluble oxides, that can be 

posteriorly leached by an inorganic acid [55].   

5.4.4.3 Mechanochemical activation 

Mechanochemical processes involves both the chemical and physicochemical modification of 

compounds stimulated by mechanical energy, being suitable for the extraction of elements from both 

primary and secondary sources. Mechanochemistry has a direct impact in the surface and coherence 

energy of the materials that result in an increase in reactivity, facilitating the recovery of elements [59]. 

Generally, a procedure of mechanochemical separation fluorescent lamp wastes starts with the leaching 

of the phosphors to recover yttrium and europium, followed by wet milling of the remaining residue, 

possibly in a sodium hydroxide solution to transform other REEs into the respective rare earth oxides. 

The obtained oxides can be washed to remove impurities introduced by the process, increasing their 

purity [59].      

It was recorded that the recovery efficiency will increase with increasing milling time and rotational 

speed. A Discrete Element Method simulation of ball milling showed that the extraction of yttrium is 

proportional to the normal impact energy of the balls, independently of the milling condition, and so it 

becomes possible to estimate the recovery efficiency of other similar systems [60]. 

5.4.4.4 Chemical precipitation 

Chemical precipitation is the stage when the rare earth ions are changed into insoluble precipitates, 

usually by adding oxalic acid. This process can be used either after leaching or alkali fusion leading to 

the precipitation of solubilized rare earths as oxalates, that with posterior calcination are converted into 

rare earth oxides [30].   

Studies show a correlation between the acidity of the solution used to dissolve the phosphors with the 

solubility of the rare earth oxalates that are formed, with higher acidity leading to increased solubility. Of 

the discussed inorganic acids, using sulphuric acid results in the lower values of solubility. The solubility 

of rare earth oxalates also increases when their atomic number decreases [30]. 

5.4.4.5 Extraction 

Extraction is a separation technology used to obtain individual rare earth metals, with SX and 

supercritical fluid extraction (SFE) being the principal processes categorized as extraction technologies 

[30]. Depending on the used separation techniques before precipitation or extraction, a considerable 

amount of different elements can be present in the leachates, therefor, if high purity rare earth metals 

are the aim of the recovery procedure, then extraction method are preferred over precipitation [43]. 

Supercritical fluid extraction 

Supercritical fluid extraction is based in the use of gases, at supercritical pressure and temperatures, 

added to the chemical isolates. The supercritical gases have a considerable solubility of solids and 

liquids, allowing for the separation and recovery of elements [30]. 
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A carbon dioxide soluble TBP complex was used with HNO3 and H2O, since the increased mass transfer 

in the supercritical liquid improves the extraction efficiency when compared with the standard separation 

methods. Posteriorly to the extraction, it is then possible to remove the solute from the solvent by 

gasification of the carbon dioxide [61].  

Nevertheless, the study encountered some problems when water was added or created in excess by 

reactions. This excess results in the separation of water, forming water droplets that aggregate metal 

ions, making impossible the extraction of those elements, and consequently, the control of the molecular 

ration of the used compound is very important. This study was able to recover 99,7% of yttrium and 

99,8% of europium [61]. 

Solvent extraction 

The principle of solvent extraction or liquid-liquid extraction comprises the use of two immiscible liquids 

(these being the aqueous leachate and the organic solvent with the extractant agent), and with the 

various compounds or metal ions separating themselves between the two liquids [30]. The main 

advantages of using SX can be resumed in [45]: 

• Simpler equipment; 

• Easier and quicker operation; 

• Higher recovery rate and purity; 

• Wider application range. 

The wide application range of solvent extraction can be observed by the number of reagents and 

compounds already researched for the recycling of rare earths. Table 4 shows a list of some of the most 

reported reagents [34]. 

While all the previous reagents are suitable for SX, the most used extractants are D2EHPA, HEHEHP, 

Cyanex 272 and Cyanex 302, due to being less expensive [62]. However, these organic solvents can 

have a considerable impact on the environment, and so, there is great interest in replacing this 

extractants with other compounds [45]. 

Ionic liquids are an alternative that allow for the decrease of the environmental impact of SX. Examples 

of researched ionic liquids are Aliquat 336, and trihexyl(tetradecyl)phosphonium thiocyanate 

[P66614][SCN], with the latter showing better results. [P66614][SCN] has the ability to remove transition 

metals from solutions with nitrate and chloride salts, permitting the recovery of La (III), Sm (III) and Eu 

(III) [63]. 

The use of [A336][P204] and [A336][P507], bifunction ionic liquids, was attempted to recover REEs, 

obtaining better results than extractants such as P350, TBP and Cyanex 923, but inferior to Aliquat 336, 

reaching a separation efficiency of 95.2% [64]. 
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Table 4 - Examples of reagents used in solvent extraction [34]. 

Metal ions Reagents 

La (III); Eu (III); Lu (III) Bis(4-acyl-5-hydroxypyrazoles). 

La (III); Gd (III); Y (III); Yb (III); Sc (III) bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272); 

sec-nonylphenoxy aceptic acid. 

La (III); Pr (III); Nd (III) di-2-ethylhexylphosphoric acid (DEHPA); 

2-ethylhexylphosphonic acid mono 2-ethylhexyl ester 
[HEH(EHP)]. 

La (III); Ce (III); Pr (III); Nd (III); Sm (III); Gd (III); Dy (III); 
Y (III) 

carboxylic acids in dodecane. 

La (III); Pr (III); Nd (III) 8-hydroquinoline; 

2-ethylhexylphosphonic acid mono 2-ethylhexyl ester 
[HEH(EHP)]. 

La (III); Pr (III); Nd (III) Cyanex 272 mixture with solvating extractants. 

La (III); Nd (III) trioctylphosphine oxide (TOPO); 

trialkylphosphine oxide (TRPO). 

La (III); Yb (III) di(2,4,4-trimethylpentyl)phosphinate of 
methyltrioctylammonium. 

La (III); Nd (III); Y (III); Ce (III) 18-crown-6 (18C6). 

La (III); Y (III); Ce (III) Cyanex 272; 

Cyanex 302; 

TBP (HA). 

Tb (III); La (III); Ce (III); Lu (III); Y (III); Er (III); Dy (III); Ho 
(III) 

TOPS 99; 

di-2-ethylhexyl phosphoric acid (D2EHPA); 

2-ethylhexylphosphonic acid mono 2-ethylhexyl ester (PC-
88A); 

Cyanex 272. 

All except Pm (III) and Y (III) 1-phenyl-3-methyl-4-benzoylpyrazalone-5 (HPMBP,HA); 

sec-octylphenoxyacetic acid (CA12,H2B2). 

La (III); Ce (III); Nd (III); Y (III); Eu (III) Salts of trioctylmethylammonium; 

dialkylphosphinic acids. 

La (III); Gd (III) Aliquat-336; 

Amberlite XAD-4. 

La (III); Sm (III); Er (III) 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester 
(EHPNA). 

La (III); Nd (III) 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (PC88A). 

La (III); Th (III); Eu (III) bis(2-ethylhexyl)phosphoric acid; 

2-nitrobenzo-18-crown-6. 

La (III) 1-phenyl-3-methyl-4-benzoylpyrazalone-5 (HPMBP); 

Triisobutylphosphine sulphide (TIBPS). 

 

To solve some of the problems of SX, functional chemical reactions can be utilized during the process 

to aid in the separation of the elements. This principle can be applied by adding water soluble 

complexing agents, or by promoting the photochemical redox reaction of the rare earth elements that 

need to be recovered [65]. 

The major problems of SX are the toxicity of some of the used extractants, and the relatively high energy 

and resource cost, with most processes recording superior carbon emissions to leaching and 

precipitation methods. Nonetheless, over the years, there has been a push to replace the used 

extractants with better alternatives that both increase the efficiency of the separation, and decrease the 

costs and impacts associated [45]. 
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6 EXPERIMENTAL METHODS 

6.1 PREPARATION OF THE WASTE PHOSPHOR SAMPLES 

The waste phosphor used as samples in this work was provided by the Company Ambicare Industrial, 

S.A., that has a license to treat luminescent discharge lamps, the majority being fluorescent lamps and 

sodium vapor lamps. The recycling process used by the company starts with crushing of the end-of-life 

lamps in a water solution containing additives that oxidize mercury, reducing the public health problems 

and environmental issues. The suspension is then sieved in a rotary screen (trommel), separating gross 

particles (primarily composed of glass and metals) from fine particle (composed by phosphor powder in 

its majority, but also containing a small fraction of glass particles). The metals and glass present in the 

gross fraction are further separated, sending the resulting fractions for valorisation. The fine fraction is 

usually stored, in sludge form, and posteriorly disposed or valorised. Since fluorescent lamp phosphors 

are composed by a considerable amount of REE, Ambicare is trying to find methods to valorise this 

fraction. 

To study procedures suitable for the recovery of REEs, Ambicare provided a sample of sludge (18L) 

that was collected at the company facilities and was subsequently prepared in the laboratory as 

described in [3]. Summarizing, several samples were prepared from the sludge, and then continually 

divided in a lab sampler until the obtained fractions had an approximate weight of 1.25 kg. During this 

sampling, a sieve was used to remove particles larger than 3,15 mm, essentially composed of glass 

fragments. A second sampling reduced the weight of the fractions to 450 g. The resulting samples were 

decanted, filtered and dried at 50ºC to obtain material suitable for the chemical experiments that will be 

conducted. Whenever it is necessary to divide in smaller fractions, a 16-position rotating divider 

(Microscal Spinning Riffler) was used to maintain the homogeneity between them. 

6.2 PARTICLE SIZE DETERMINATION 

To obtain the particle size of the initial phosphor material, the bulk material was sampled in fractions 

with an average weight of 17.9 g. One of the samples was dry sieved using the standard sieve series 

established by the ISO 3310-1. In total nine sieves were used, starting with an aperture of 0.71 mm, 

with the aperture of the remaining sieves decreasing by the square root of 2 until the last sieve, with an 

aperture of 0.045 mm. 

The sieves were electromagnetically agitated (Retsch AS200) for periods of 15 min, until significant 

changes to the weight of powder in a single sieve stopped being observed. Since the wt% of phosphor 

collected in the meshless sieve was superior to 10%, then the fraction of material found in the meshless 

and 0.045 mm aperture sieves was mixed and characterized by laser diffraction granulometry (Cilas 

1064), to obtain more details of the fine fraction (phosphor particles smaller than 0.063 mm). 
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6.3 HYDROMETALLURGICAL RECOVERY OF REES 

The procedure followed during this work consist of multi-step leaching coupled with a heat-treatment 

step, as seen in Figure 14 (characterized samples are in bold). To increase the selectivity of the process, 

the procedure will start with two leaching steps, the first to remove calcium and the second ytrrium. The 

solid material that did not react will pass through a heat-treatment step before being leached again to 

recuperate the remaining REEs. 

 

Figure 14 - Flowchart of the followed experimental procedure. 
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Hydrochloric acid (HCl 37 wt% Sigma-Aldrich) diluted in water was the solution used for all leaching 

steps, with a liquid/solid ratio L/S=10 L/kg, unless specified otherwise. All reagents used on the leaching 

tests and analytical procedures were of pro analyses grade. 

6.3.1 Acid Leaching 

Two different equipments were used in the leaching operation of the phosphors, depending on the 

weight of the tested samples. In the case of samples weighting less than 20 g, the experiments were 

performed in 200 mL glass round flasks, inside an air heated oven with temperature control (+/- 2ºC) 

and orbital shaking (120 min-1). For samples that weighted more than 20 g (essentially used to produce 

larger quantities of material to be tested in the following experimental step), the experiments were 

performed in a glass reactor, heated by an electric mantle (Electromantle), and agitated by a paddle 

impeller connected with an overhead stirrer (IKA). The optimization of the leaching steps consisted in 

the variation of the temperature, time, acid concentration and agitation, until the optimal conditions were 

reached.  

Whenever it was necessary to observe the evolution of the reactions with time, small aliquots of 3 mL 

were taken from the pulp at predetermined intervals. These aliquots were centrifugated for 2 min at 2000 

min-1, to guaranty that 2 mL of dissolved product (clear solution without solid residues) could be collected 

for analysis. Despite the periodic collection of aliquots, the liquid/solid ratio is considered constant during 

the procedure, since in principle, the extracted pulp (dissolved product + solid residue) has the same 

ratio of solid and liquid as the volumes removed from the flask. The dissolved product was then diluted 

with demineralized water and stored in volumetric flasks, before being sent to analysis. 

At the end of every leaching procedure, the remaining solutions were filtered to separate the dissolved 

product and the solid residue. The larger samples were filtered with a vacuum pump (KNF), while gravity 

filtration was used for the smaller samples. The solid residue was washed with demineralized water to 

completely remove the acid and to avoid contamination of the solids by the liquor during any subsequent 

procedure to be applied to these samples (essentially analysis or a posterior leaching step). Before 

using the solid residue in the next stages of the described hydrometallurgical procedure, it was first dried 

at 55ºC for a day. After every step, small samples of the solid residue were stored for analysis. 

6.3.2 Heat-treatment 

Heat-treatment was performed in a ceramic crucible, introduced in a temperature-controlled oven 

(Prolabo). Various samples were tested at different temperatures and times, to determine the effect of 

these parameters on the leached phosphor powder. After the heat-treatment, the samples were placed 

in a desiccator to cool before weighting. The samples were then weighted, to determine weight loss, 

and a fraction of the solid was stored for analysis. 

The effects of the heat-treatment can only be evaluated on the efficiency of the subsequent leaching 

step. This step follows the methodology described in point 6.3.1., using a 4 M HCl solution reacting with 

the phosphors at 90ºC, and an agitation of 120 min-1. 
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6.4 MATERIAL ANALYSES 

Inductively coupled plasma – atomic emission spectrometry (ICP-AES, Horiba Jobin-Yvon Ultima) was 

used to characterize the collected dissolved product in the leachates. To determine the leaching yields 

of each element based on the initial content and the results from ICP-AES, Equation 1 can be used: 

𝜂 (%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑙𝑒𝑎𝑐ℎ𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑖𝑑
∗ 100 =  

𝐶𝑚∗𝑉

𝑚∗𝑥𝑚
∗ 100 (1) 

Where Cm is the metal concentration (mg/L), V is the initial volume of leachate (L), m is the initial mass 

of solid (mg) and xm is the initial weight fraction of metal in the solid. 

To determine the initial composition of the phosphors that are being used for the experiments, two small 

fractions of solid residue, taken from the powder obtained after a complete experimental procedure 

(Figure 14), were weighted, and then digested with sulphuric acid (H2SO4 commercial, 98 wt%) for 1 

hour at 200ºC. After sulphuric acid digestion, the resulting solution was diluted by a factor of 25, and 

stored in a volumetric flask, to be sent for analyses later. Previous investigations showed that this 

procedure is more appropriate than the usually used “aqua regia attack”, found inefficient for some of 

the metals present in the samples. 

The structural characteristics of the initial sample and some selected solid residues was studied using 

X-ray diffraction (PANalytical XPERT-PRO diffractometer) using the flowing parameters: 

• Cu Kα radiation; 

• Scan from 5 to 80° 2θ; 

• Step size of 0.050° 2θ; 

• Step time 99 s; 

• Generator settings of 35 mA and 40 kV. 

The analytical interpretation of results was performed using the X’PERT HIGHSCORE PLUS software 

and the PDF-2® data base (PDF-2). The same samples were also morphologically characterized by 

Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM/EDS, JEOL JSM 7001F 

microscope, 15kV). 

 

 

 

 

 

 

 



45 

 

7 RESULTS AND DISCUSSION 

7.1 PARTICLE SIZE 

The sample used to characterize the particle size of the lamp phosphors weighed 18.3 g. The cumulative 

particle size distribution obtained by dry sieving is shown in Figure 15. 

 

Figure 15 - Cumulative particle size distribution obtained by dry sieving. 

Since 19% of the particles have a size smaller than 45 µm, material with a particle size inferior to 63 µm 

(the second smallest sieve aperture, utilized to decrease the error observed when the data from two 

different techniques are combined) was further characterized by laser diffraction granulometry, with the 

result from this test shown in Figure 16. 

 

Figure 16 - Cumulative particle size distribution obtained by laser diffraction granulometry. 

To assemble both results, the aperture values from the standard sieve series was expanded to values 

below 45 µm. This aperture was divided by the square root of 2, obtaining the aperture of a smaller 
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theoretical sieve. Each new aperture value was continually divided until a theoretical aperture of 1 µm 

was reached. The histogram combining the results from both techniques can be seen in Figure 17. The 

values shown for each series correspond to a range of particle sizes expressed as xi-1 ≤ particle size < 

xi, with xi being the aperture value indicated by the series, and xi-1 being the aperture value of the sieve 

immediately inferior (Example: Series 0.09 had a wt% of 26.9, meaning 27% of the phosphor powder 

has a particle size between 0.063 ≤ x < 0.09). 

 

Figure 17 - Particle size distribution histogram constructed by assembling the results from dry sieving and laser 
diffraction granulometry. 

The assembly of the two techniques creates a small discontinuity in the intersection of the results, also 

seen in the cumulative particle size distribution in Figure 18. However, this assembly can still be viewed 

as an approximate representation of the particle size of the phosphor powder before the 

hydrometallurgical recovery is initiated. 

 

Figure 18 - Cumulative particle size distribution obtained by assembling the results from dry sieving and laser 
diffraction granulometry. 
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Table 5 shows the particle size of the phosphors at 10%, 50% and 90% cumulative weight. 

 

Table 5 - Particle size at 10%, 50% and 90% cumulative weight. 

Diameter @ 10% Diameter @ 50% Diameter @ 90% 

3.3 µm 63.1 µm 122 µm 

7.2 HYDROMETALLURGICAL RECOVERY 

As previously referred, the study of hydrometallurgical recovery of REEs involved the evaluation of the 

selective leaching of several rare earth groups in successive leaching steps. To determine the 

recoveries, the initial composition of the waste material was assessed by combining the leached 

fractions with the one that remained in the final residue. Sulphuric acid digestion allowed the 

determination of the remaining fraction still present in the solid residue after a full experimental 

procedure, which added to the amount of material dissolved during the three leaching operations gives 

the wt% of elements in the initial phosphor samples, with the result being shown in Table 6. 

Table 6 - Weight fraction of REEs, aluminium, calcium and mercury present in the phosphor initial sample. 

Element (wt%) Y La Ce Eu Gd Tb Ca Al Hg 

Initial Sample 13.95 1.50 0.98 0.83 0.33 0.43 13.92 2.17 0.03 
 
 

7.2.1 Optimization of the First Leaching Step 

Leaching tests were carried out by [3] with 0.5 M and 4 M hydrochloric acid solutions both at 25ºC and 

90ºC. Using 0,5 M of HCl was insufficient at both temperatures to significantly solubilize any of the 

phosphors. As for 4 M of HCl, when the temperature of the test was set to 25ºC, more than 90% of 

calcium was solubilized, but the yield of REEs didn’t exceed 15% for a single element. When 

temperature was set to 90ºC the yield of REEs increased, with Y and Gd reaching values superior to 

80%, while the yield of the remaining rare earths didn’t reach 30% [3]. 

Based on these findings, to optimize the conditions of the first leaching step, three tests were prepared, 

to evaluate other combinations of temperature and acidity, using the parameters expressed in Table 7. 

Table 7 – Single-step acid leaching parameters. 

Starting Sample Initial Sample 

Test ref. L1 L2 L3 

Reaction Conditions 2 M HCl @ 60ºC 4 M HCl @ 60ºC 2 M HCl @ 25ºC 
Phosphor Weight (g) 3.4 3.4 3.3 

Liquid/Solid Ratio (mL/g) 10 
Reaction Time (h) 6 
Agitation (min-1) 120 
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Since the previous conditions should only be able to solubilize YOX and halophosphate, the analyses 

of the liquors will focused on the evolution of calcium and yttrium during leaching. In Table 8, the results 

obtained from samples L1, L2 and L3 can be seen. 

Table 8 – Leaching yields obtained for tests L1, L2 and L3. 

Element (%) Y La Ce Eu Gd Tb Ca Al Hg 

L1 (6 h) 110.75 0.57 6.29 98.03 46.58 8.37 78.40 33.52 102.95 
L2 (6 h) 87.05 0.77 10.85 87.75 81.01 14.18 82.89 41.01 138.12 
L3 (6 h) 29.18 0.50 0.93 37.70 4.55 1.42 74.19 12.56 53.36 

 

As expected, an increase in efficiency can be observed when the leachante has a higher acid 

concentration and when the temperature increases. Also, none of the conditions were able to effectively 

attack the green and blue phosphors, with solubilization of Tb, Ce and La reaching only a maximum of 

14%, 11% and 1% in the more aggressive conditions. For those same conditions the recovery of Ca, Y 

and Eu reached almost 100%. Figure 19 and Figure 20 show the evolution with time of the leaching 

yield of Ca and Y in the three prepared reactions. 

  

Figure 19 - Leaching efficiency of Ca for experiments L1,L2 and L3 . 

 

Figure 20 - Leaching efficiency of Y for experiments L1,L2 and L3. 
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Despite oscillations in the results due to experimental errors, it is possible to observe that the maximum 

yield of calcium in the three experiments was close to 85%. In L1 and L2, this value had already been 

reached after 30 min of reaction, while for L3, the maximum was reached after 1 h. As for yttrium, bigger 

differences in the results of the three experiments can be seen. In L1 and L2, the maximum yield of 

yttrium was around 92%, however in L1, this value was reached after 3 h of reaction, whereas L2 

achieved that maximum after 1 h. Experiment L3 was only able to reach a yield of 30%. In all cases, the 

yield of europium after 6 h was very similar to the yield of yttrium, indicating a similar behaviour of the 

two elements, both present in YOX. 

These results show that some selectivity between phosphors is achievable, allowing for the separation 

of halophosphate from YOX, and of these two compounds from the blue and green phosphors. When 

using 2 M hydrochloric acid solution, even with a temperature as low as 25ºC is enough to solubilize 

more than 80% of calcium in 1 h, whilst less than 10% of yttrium and europium are leached. These 

conditions were therefore selected for the first step of the separation process, which were able to 

improve the rare earth grade in the remaining material, due to the removal of Ca. To produce the quantity 

of material required to optimize the remaining operations, three individual initial samples went through 

the first leaching step, the conditions of which are expressed in Table 9. 

Table 9 - Established parameters for the first leaching step. 

Starting Sample Initial Sample 

Test ref. LCa1 LCa2 LCa3 

Reaction Conditions 2 M HCl @ 25ºC 2 M HCl @ 25ºC 2 M HCl @ 25ºC 
Phosphor Weight (g) 88.7 79.95 86.8 

Liquid/Solid Ratio (mL/g) 10 
Reaction Time (h) 1 
Agitation (min-1) 250 

 

At room temperature, the leachate has difficulty wetting the powder particles, and so in the beginning of 

the leaching it was observed a large quantity of agglomerated solids floating in the aqueous solution. 

To solve this problem, after the powder is introduced in the reactor, the agitation is momentarily 

increased to 400 min-1, until it is observed that most particles were incorporated in the solution. After 

drying and weighting, it was determined that during the first leaching step, on average, 42% of the initial 

weight is lost. 

The composition of the solid residue obtained after the first leaching step can be observed in Table 10. 

When compared to the initial solid (see Table 6), an increase in the concentration of REEs (by a factor 

around 1.5) is noticeable. Experimental errors lead to a larger calculated yield of Y and Eu in LCa3, 

resulting in the lower concentration of these elements in LCa3-R.  

Table 10 - Composition of the solid residue obtained from the first leaching step. 

Element (wt%) Y La Ce Eu Gd Tb Ca Al Hg 

LCa1-R 20.39 2.56 1.67 1.23 0.55 0.73 0.15 3.33 0.05 
LCa2-R 20.19 2.54 1.66 1.19 0.55 0.72 1.55 3.29 0.05 
LCa3-R 19.30 2.59 1.69 1.11 0.55 0.74 2.89 3.36 0.04 
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7.2.2 Optimization of the Second Leaching Step 

The second leaching step aims to recover yttrium and europium. Samples L1, L2 and L3 showed that 

2 M HCl solution at 60ºC for at least 3 h should be enough to dissolve most Y and Eu. The conditions 

tested to optimize the second leaching step can be seen in Table 11. 

Table 11 – Second leaching step parameters. 

Starting Sample LCa1-R LCa2-R LCa3-R 

Test ref. LY1 LY2 LY3 

Phosphor Weight (g) 49.2 44.45 48.8 
Reaction Time (h) 3 1 

Reaction Conditions 2 M HCl @ 60ºC 
Agitation (min-1) 200 

Liquid/Solid Ratio (mL/g) 10 
 

Results obtained by ICP-AES analyses of samples, LY1, LY2 and LY3 are present in Table 12. 

 

Table 12 - Leaching yields obtained for tests LY1, LY2 and LY3, and comparison with the previously reported test 
L1. 

Element (%) Y La Ce Eu Gd Tb Ca Al Hg 

L1 (1 h) 56.68 - - - 11.39 - 86.08 15.80 - 
L1 (3 h) 92.62 - - - - - 81.63 - - 
L1 (6 h) 110.75 0.57 6.29 98.03 46.58 8.37 78.40 33.52 102.95 

LY1 (3 h) 98.50 2.71 5.53 94.74 44.43 7.65 74.56 6.86 42.72 
LY2 (1 h) 84.95 0.36 3.53 90.94 25.80 4.59 3.22 4.06 21.87 
LY3 (1 h) 90.51 0.37 1.52 97.78 23.19 5.52 2.32 4.28 25.74 

 

It is observable that removing the halophosphate in the first leaching step increases the solubilization 

speed of the red phosphor. As such, while recovering around 90% of yttrium in L1 requires 3 h of 

reaction, the same amount of yttrium was recovered in 1 h on tests LY2 and LY3. The same behaviour 

can be observed for Ce, Gd and Tb, with the yield of these elements in LY1 being very close to the 

values observed in L1 after 6 h of reaction. The recovery of La also changed from single-step leaching 

to two-step leaching, with L1 reaching a yield of 0.6% after 6 h, that increased to 2.7% in LY1. In LY1, 

Gd achieved a maximum yield of 49% after 3 h of reaction. Under these conditions, the recovery of Gd 

will be split between two steps, which is undesirable when considering the objective of attaining the 

separability of REEs through multi-step leaching. As such, the second leaching step with 1h of residence 

time was selected to proceed with the experimental procedure, which reduces the leachability of Gd, 

and makes its recovery along with La, Ce and Tb the aim of the subsequent leaching step. 

After drying and weighting the solid residue, it was calculated that during the second leaching step the 

solid lost 30% and 27% of its weight, for 3h and 1h reaction respectively. The composition of the solid 

residue is shown in Table 13. Regarding rare earth content, the concentrations of La, Ce and Tb were 

substantially improved (more than twice, when compared with the initial contents). 
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Table 13 - Composition of the solid residue obtained from the second leaching step. 

Element (wt%) Y La Ce Eu Gd Tb Ca Al Hg 

LY1-R 0.44 3.57 2.26 0.09 0.44 0.96 0.06 4.43 0.04 
LY2-R 4.18 3.49 2.21 0.15 0.49 0.95 2.07 4.36 0.05 
LY3-R 2.52 3.55 2.29 0.03 0.41 0.96 3.88 4.41 0.05 

 

7.2.3 Optimization of the Heat-treatment Step 

After two step leaching, a heat-treatment is used to allow the recovery of REEs present in blue and 

green phosphors. Previous work [3] demonstrated that a low-temperature heat-treatment can improve 

rare earth dissolution in the posterior leaching step, but that operation was not studied in detail. LY1, 

LY2 and LY3 were the starting samples for the heat-treatment tests, using the parameters of Table 14. 

Temperatures from 100 to 225ºC were tested, at different residence times. 

Table 14 - Parameters of the heat-treatment tests 

Starting Sample Test ref. Time (h) Temperature (ºC) Phosphor Weight (g) 

LY1-R 

CA1 1 

175 

5 

CA2 2 

CA3 3 

CB1 1 

150 CB2 2 

CB3 3 

LY2-R 

CC1 1 
125 

CC3 3 

CD1 1 
100 

CD3 3 

S1 18 55 (Dried) 

LY3-R 

CE0,5 0.5 
200 

4.4 

CE1 1 16.8 

CF0,5 0.5 
225 

4.4 

CF1 1 4.4 

 

In average, during the heat-treatment the samples lose 0.7% of their weight, which is not enough to 

change their composition considerably. To analyse the effect of this step all samples were leached using 

the parameters shown in Table 15. 

The reaction time for the first twelve samples was set to 6 h, but since the yield of La, Ce, Gd and Tb 

didn’t reach a plateau, the remaining samples were leached for 9 h to see if it was possible to further 

increase the recovery of those elements. 

The heat-treatment duration didn’t produce noticeable differences on the obtained yields, except at 

225ºC, with differences being observed between the 30 min and 1 h heat-treatment. Therefore, for all 

other samples, only the results relative to the 1 h heat-treatment will be shown. Figure 21, 22, 23 and 

24 show the evolution of the yield with leaching time for lanthanum, cerium, terbium and gadolinium, 

respectively. 
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Table 15 - Parameters of the leaching step after heat-treatment, to evaluate the reactivity changes. 

Starting 
Sample 

Test 
ref. 

Reaction 
Time (h) 

Phosphor 
Weight (g) 

Reaction 
Conditions 

Liquid/Solid 
Ratio (ml/g) 

Agitation 
(min-1) 

CA1 LA1 

6 3 

4 M HCl @ 90ºC 10 120 

CA2 LA2 

CA3 LA3 

CB1 LB1 

CB2 LB2 

CB3 LB3 

CC1 LC1 

CC3 LC3 

CD1 LD1 

CD3 LD3 

S1 LS1 

CE0,5 LE0,5 

9 3.1 
CE1 LE1 

CF0,5 LF0,5 

CF1 LF1 

 

 

Figure 21 - Recovery efficiency of La as a function of leaching time during optimization of the heat-treatment. 
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Figure 22 - Recovery efficiency of Ce as a function of leaching time during optimization of the heat-treatment. 

 

Figure 23 - Recovery efficiency of Tb as a function of leaching time during optimization of the heat-treatment. 
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Figure 24 - Recovery efficiency of Gd as a function of leaching time during optimization of the heat-treatment. 

 

For all samples, by increasing leaching time from 6 h to 9 h, it became possible to observe that the yield 

of La, Ce and Tb doesn’t present a plateau after 6 h, and instead continues to increase. The yield also 

doesn’t seem to have a plateau after 9 h, but most of the benefit from a longer leaching reaction would 

be felt in the recovery of La, since both Ce and Tb reached maximum values close to 90%. Only Gd 

present plateaus at 6 h, when almost 100% of the element is recovered. 

The yield of Ce, Tb and Gd during the last leaching after 1 h of reaction is almost identical to the values 

observed after 6 h of reaction during the test L2 (4 M of HCl at 60ºC). As for La, instead of identical, the 

yield during the last leaching is superior to L2. 

Increasing the heat-treatment temperature doesn’t show noticeable increases of the yield of the 

previously reported REEs for 1 h of leaching. This could indicate that by removing the halophosphate 

and YOX during previous steps, facilitates the solubilization of the remaining phosphors. As leaching 

time advances, in the case of Ce and Tb, from drying (55ºC) to heat-treatments of 175ºC, the yield of 

both elements remains identical. For heat-treatments above 200ºC changes start to appear, and the 

yield of Ce and Tb increase with heat-treatment temperature. 

As for the recovery of La, the results for drying and the heat-treatments at 100ºC and 125ºC are similar 

for the 6 h of leaching, only starting to increase for heat-treatments above 150ºC. Variations in the 

temperature of the heat-treatment don’t seem to affect the behaviour of Gd during the last leaching step. 

This agrees with the behaviour of Gd in the previous leaching step (section 7.2.2), where adequate 

conditions could solubilize Gd even before any heat-treatment. For all the previous REEs, the best 

results were obtained for the heat-treatment of 225ºC before leaching during 9 h, with yields of 62%, 

82%, 88% and 99% for La, Ce, Tb and Gd, respectively. 
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Based on the results obtained from the first to the last leaching step, it can be established that, with the 

utilized conditions, halphosphate is the easiest phosphor to solubilize followed by Y2O3:Eu3+ (YOX), 

GdMgB5O10:Ce3+,Tb3+, CeMgAl11O19:Tb+3 (CAT) and finally LaPO4:Ce3+,Tb3+ (LAP).  

7.2.4 Optimization of the Last Leaching Step 

While the yield of the last leaching step can be increased due to heat-treatment of the samples, it is also 

necessary to see if changing the conditions of the last step result in significant changes to the already 

obtained values. Therefore, a larger fraction of material was heat-treated at 200ºC for 1 h. Due to time 

constrains, this step started before the results shown in chapter 7.2.3 were obtained, identifying that 

225ºC allowed for the best results. For this reason, the previous work [3], was used as reference, and 

the temperature of 200ºC was selected. After the heat-treatment, the sample was divided in 4 , one that 

was leached in the standard conditions (LE1), and the remaining using the parameters in Table 16. 

Besides testing higher acid concentrations (5 and 6M), an additional test was used to evaluate the effect 

of decreasing the L/S ratio (from 10 to 5 L/kg) on the leaching yields, presenting the possibility of 

increasing the concentration of rare earth metals in the liquor. 

Table 16 - Chosen parameters for the optimization of the last leaching step. 

Starting 
Sample 

Test 
ref. 

Reaction 
Conditions 

Phosphor 
Weight (g) 

Liquid/Solid 
Ratio (ml/g) 

Reaction 
Time (h) 

Agitation 
(min-1) 

CE1 

LE1.2 5 M HCl @ 90ºC 

3.1 10 

9 120 
LE1.3 6 M HCl @ 90ºC 

LE1.4 6 M HCl @ 90ºC 6.2 5 

 

The yield of La, Ce, Tb and Gd obtained using ICP-AES as a function of leaching time can be seen in 

Figure 25, 26, 27 and 28. 

 

Figure 25 - Recovery efficiency of La as a function of leaching time during optimization of the last leaching step. 
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Figure 26 - Recovery efficiency of Ce as a function of leaching time during optimization of the last leaching step. 

 

Figure 27 - Recovery efficiency of Tb as a function of leaching time during optimization of the last leaching step. 

  

Figure 28 - Recovery efficiency of Gd as a function of leaching time during optimization of the last leaching step. 
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Despite some results being superior to 100% due to experimental errors, a clear increase in the recovery 

of La, Ce, Tb and Gd can be seen when the acid is more concentrated. Leaching with 6 M of HCl after 

heat-treatment at 200ºC can yield more than 90% of the previous elements, meaning the full procedure 

is able to recover more than 90% of each REEs present in fluorescent lamps. Reducing in half the L/S 

ratio (for 6 M HCl leachante) showed the same results as leaching with 4 M and 10 L/kg. Therefore, 

decreasing the L/S ratio proved to be detrimental to the REEs recovery. In average, 14% of the weight 

of the samples is lost during this step.  

7.2.5 Global Procedure Balance 

Based on the previous results, it was determined that the optimal conditions for the proposed 

hydrometallurgical procedure are as shown in Figure 29. 

 

 

Figure 29 - Optimal procedure flowsheet. 

Table 17 shows the composition for each liquor and solid residue for the flowsheet presented in Figure 

29. The yield of each step was also calculated, but this time, it is considered that the mass of REEs 

extracted outside their principal stream are lost. Elements found in a higher concentration than 100 mg/l 

were shaded to identify the major elements recovered on each step. The heat-treatment doesn’t change 

the composition of the phosphors, meaning the values given for residue 2 are the same in residue 3. In 

the case of the first leaching step, the calculated values in Table 17 are based on the average yield from 

tests LCa1, LCa2 and LCa3, while the values for the second leaching step were calculated based on 

the average yield from tests LY2 and LY3. As for the last leaching step, the yield of the best test (LE2.3) 

was used in the calculations. 
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Table 17 - Yield of each step, and composition of the liquors and solid residues from the optimal procedure 
flowsheet. 

Element Y La Ce Eu Gd Tb Ca Al Hg 

Lamp Sludge 
(%) 

13.95 1.5 0.98 0.83 0.33 0.43 13.92 2.17 0.03 

First 
Leaching 

Step 

Liquor 1 
(mg/l) 

2317 6 5 145 10 4 13031 233 3 

Residue 1 
(%) 

19.97 2.57 1.67 1.18 0.55 0.73 1.53 3.33 0.05 

Yield, in 
step (%)1 

14.61 0.40 0.51 17.44 2.93 0.93 93.61 10.73 10.17 

Global 
Yield (%)2 

16.61 0.40 0.51 17.44 2.93 0.93 93.61 10.73 10.17 

Second 
Leaching 

Step 

Liquor 2 
(mg/l) 

17524 9 42 1110 135 37 42 139 11 

Residue 2 
(%) 

3.37 3.52 2.24 0.09 0.57 0.96 2.04 4.38 0.05 

Yield, in 
step (%)1 

87.74 0.37 2.52 94.36 24.50 5.05 2.77 4.17 23.80 

Global 
Yield (%)2 

73.16 0.37 2.51 77.91 23.78 5.01 0.18 3.72 21.38 

Last 
Leaching 

Step 

Liquor 3 
(mg/l) 

409 3436 2261 64 566 962 8 2090 27 

Final 
Residue 

(%) 

3.47 0.12 0.00 0.03 0.01 0.00 2.38 2.70 0.02 

Yield, in 
step (%)1 

12.05 97.06 99.99 70.10 98.46 99.99 0.37 44.33 56.25 

Global 
Yield (%)2 

1.23 96.31 96.98 3.26 72.16 94.06 0.02 40.49 38.51 

Elements in the final 
residue (%) 

8.99 2.92 0.00 1.39 1.13 0.00 6.19 45.06 29.95 

1Yield, in step (%): The recovery of each element during this leaching step, considering the composition of the 
material that feeds it. 
2Global yield (%): Overall recovery of each element, considering the composition of the initial material that feeds 
the first step. Corresponds to the distribution (%) of the elements by the several leachate streams. 
 

Despite the significant separability of elements allowed by the procedure, Al can be found on the three 

liquors, especially in liquor 3, which might create problems during extraction of REEs. Gd in liquor 2 and 

Y in liquor 3 might have the same effect as Al. While the amount of mercury that enters the leachate 

streams is small, due to the toxicity of this element, the liquors and solid residues should be handled 

with care to avoid contamination.  

By considering the losses of REEs during the three steps, the overall yield of the REEs decreased, with 

Y, Eu and Gd showing the biggest decreases. During the first step 94% of Ca is removed along with 

17% of Y and Eu. Due to the previous losses, the yield of Y and Eu during the second step decreased 

from an average of 88% and 94% to 73% and 78%, respectively. As for the last step, the yield of La, Ce 

and Tb remained almost identical, meaning very little mass is lost during previous steps, however the 

yield of Gd decreases from 98% to 72%, since solubilization of the element during the second step is 

significant. 
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7.3 XRD CHARACTERIZATION OF THE SOLID RESIDUES 

Based on the results found in the several operations previously studied, solid samples were selected to 

determine the structure of the phosphors and the changes that occurred during the various steps, 

especially during the heat-treatment. Analysing the diffraction patterns of the tested samples, it was 

possible to identify the crystalline structures expressed in Table 18, which also shows the major peaks 

obtained from the reference diffraction patterns. 

Table 18 - Reference peaks of the crystalline structure found in the phosphor mixture. 

Crystalline Structure  1st Max 
Peak 

2nd Max 
Peak 

3th Max 
Peak 

4th Max 
Peak 

Corundum 

[Al2O3] 

I (%) 100 98 96 - 

2θ 43.341 35.151 57.500 - 

(hkl) (113) (104) (116) - 

Fluorapatite 
[Ca5(PO4)3F] 

I (%) 100 55% 55% 50% 

2θ 31.890 33.065 49.555 32.232 

(hkl) (211) (300) (213) (112) 

Yttria 
[Y2O3] 

I (%) 100 46 31 30 

2θ 29.160 48.541 57.591 33.771 

(hkl) (222) (440) (622) (400) 

Barium Magnesium Aluminium 
Oxide 

[BaMgAl10O17] 

I (%) 100 65 55 50 

2θ 33.216 19.757 35.598 31.704 

(hkl) (107) (102) (114) (110) 

Monazite – (Ce) 

[CePO4] 

I (%) 100 70 70 - 

2θ 28.785 26.931 31.127 - 

(hkl) (120) (200) (012) - 

Magnesium Cerium Terbium 
Aluminium Oxide (CMAT) 

[Ce0.67Tb0.33MgAl11O19] 

I (%) 100 75 65 - 

2θ 36.041 34.089 42.654 - 

(hkl) (114) (107) (205) - 

  

Figure 30 shows the diffraction pattern of the initial sample, along with the identification of the principal 

crystalline peaks.  

 

Figure 30 – Diffraction pattern of the initial sample with the principal crystalline peaks in red (ref: A – Corundum; Y 
– Yttria; B – Barium magnesium aluminium oxide; M – Monazite; F – Fluorapatite; C – CMAT). 
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The peaks with the highest intensity are attributed to yttria, with the remaining structures producing 

smaller intensity peaks that are more difficult to observe. In Figure 31, it is possible to observe the 

differences between the diffraction pattern of the initial sample and the residue from the first leaching 

step.  

 

Figure 31 – Diffraction pattern of the initial sample and of the solid residue after the first and second leaching 
step. 

As seen in the chemical analyses, during the first leaching step almost all halophosphate is solubilized, 

confirmed by the disappearance of the peaks corresponding to fluorapatite. The peaks corresponding 

to yttrium will disappear after the second leaching as seen in Figure 32. 

 

Figure 32 – Diffraction pattern of the remaining experimental steps. 
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lanthanum phosphate (LAP) are very similar, except for the peak at 31.127º in CePO4, that is replaced 

by two peaks, one at 30.895º and the other at 31.016º in LaPO4. Since these peaks are all very close it 

is possible that the used step isn’t enough to distinguish between both. As for the blue phosphors, BAM 

was identified due to the peaks corresponding to barium magnesium aluminium oxide. None of the 

observed crystalline structures has gadolinium in its composition, but its absence is most likely because 

of the low amount present in the phosphor mixture, as determined by the chemical analyses. The 

diffraction patterns also show the existence of alumina in the phosphor mixture, a compound that can 

sometimes be found in the phosphor layer inside the lamp.   

XRD couldn’t detect structural differences between the samples before and after heat-treatment, 

indicating that the different behaviour during leaching of heat-treated and non-heat-treated samples is 

the result of morphologic changes. 

After the last leaching step, it is possible to observe a decrease in intensity of the monazite peaks 

relatively to the peaks of the other crystalline structures. Despite the determined yield of La, Ce and Tb 

by ICP-AES after leaching with 6 M solution, the peaks of the corresponding crystalline structures can 

still be found in the diffraction pattern. This is unlike to what was observed in the case of yttria and 

fluorapatite, as their peaks completely disappeared from all diffraction pattern after the first leaching 

test. 

The decrease in relative intensity of the monazite peaks can also be observed between leached samples 

heat-treated at different temperatures, as show in Figure 33. 

 

Figure 33 - Comparison between the diffraction pattern of leached samples after different heat-treatments. 
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7.4 SEM/EDS CHARACTERIZATION OF THE SOLID RESIDUES 

SEM/EDS was used to observe if there were morphological changes in samples during the heat-

treatment that allowed to solubilize a higher amount of REEs during the last leaching test. The analyses 

focused on the solid samples prevenient from the tests, which were determined to have optimal 

conditions. Figure 34 shows images taken from the initial sample. 

 

  

  

Figure 34 - Four SEM images of the initial sample (Scale: White line corresponds to 10 µm). 

Fourteen EDS spectra were taken from the initial samples, and the results from these spectra can be 

found in Table 19. 
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Table 19 - EDS spectra taken from the initial sample. 

Element 
(at%) 

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 

O 57.6 58.0 66.1 70.8 65.2 63.1 34.7 70.8 64.4 61.8 65.8 56.3 61.6 52.5 
Na 8.2 - 7.9 - - - - - - - - - - - 
Mg 1.6 16.3 1.6 - - - - - - - - - 4.3 3.5 
Al 1.2 - 1.6 0.8 0.6 - 1.2 - 1.3 37.0 2.0 3.2 2.0 4.0 
Si 28.7 - 21.1 0.8 - - - - - - - - - - 
K 0.8 - 0.5 - - - - - - - - - - - 

Ca 1.9 25.8 1.3 10.9 21.1 22.0 47.2 17.8 20.7 1.3 0.6 0.8 2.0 1.2 
C - - - 6.4 - - - - - - - - 2.8 - 
P - - - 10.4 13.1 15.0 16.9 11.4 13.7 - - - 14.5 16.0 
V - - - - - - - - - - 15.5 - - - 
Y - - - - - - - - - - 15.3 38.0 - 1.2 

Eu - - - - - - - - - - 0.9 1.8 - - 
La - - - - - - - - - - - - 7.7 9.4 
Ce - - - - - - - - - - - - 3.6 9.0 
Tb - - - - - - - - - - - - 1.4 3.0 

 

Spectra S1 and S3 shows that even after separating the phosphor mixture from the remaining residues 

contained in end-of-life fluorescent lamps, some glass particles formed during the crushing stage are 

still found in the initial sample. In the SEM images, the glass particles are usually elongated, possessing 

sharp or pointy edges. As seen in XRD, spectra S10 identified alumina, indicating that some of the 

recycled lamps had this compound in the phosphor layer. 

Spectra S4 to S9 showed the composition of fluorapatite, previously identified in XRD, despite fluorine 

not being detected in the spectra. A broad range of geometries can be observed for the particles of 

fluorapatite, ranging from spherical to rectangular, but also including more complex shapes and even 

sharper looking particles, as is the case of S4. In S4, S7 and S8, the at% of Ca, P and O are different 

from the stoichiometric values of fluorapatite. In S4 and S8 is possible to observe a higher at% of oxygen 

than expected accompanied by a lower at% of calcium and phosphor, while in S7, a much higher 

concentration of calcium was found. S4 detected a considerable amount of carbon, despite the common 

phosphors or other constituents of fluorescent lamps not having this element in their constitution. 

The last spectra show the presence of rare earth bearing phosphors. These particles were more difficult 

to find, since most of the taken spectra detected halophosphate. The particles of rare earth phosphors 

are usually smaller than the rest, especially those constituted by La, Ce or Tb. Spectra S11 and S12 

correspond to the composition of YOX, having been found both particles of vanadium yttrium oxide and 

yttrium oxide in the tested samples. 

Spectrum S13 and S14 detected the presence of LAP due to the found at% of La, Ce, Tb, P and O. The 

appearance of Mg and Al in the spectrum could also be interpreted as those particles being CAT, but 

their at% is much lower than the stoichiometric values of the latter phosphor. Therefore, both Mg and Al 

are more likely impurities from the surrounding particles.   

Spectrum S2 only found the presence of calcium, magnesium and oxygen, which doesn’t correspond to 

any constituent of fluorescent lamps. The image was magnified in that zone, as seen in Figure 35, to 

better study the particle. 
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Figure 35 - Magnification of the zone of spectrum 2 found in Figure 34 (Scale: White line corresponds to 1 µm). 

The results from spectra S15 to S18 are shown in Table 20. 

Table 20 - EDS spectra selected from Figure 35. 

Element (at%) S15 S16 S17 S18 
O 46.1 - 34.1 62.6 

Mg 5.6 - - 2.1 
Al 1.3 - 0.7 2.4 
Si 0.6 - - - 
Ca 5.3 - 1.8 3.9 
C 41.1 - 51.4 - 
Y - 100 12.0 29.1 

Despite spectrum S2 only detected oxygen, magnesium and calcium, that same composition was not 

observed on the magnified particle, and instead S15 showed that it is majorly composed of carbon and 

oxygen, with the smaller agglomerated particles having a composition like YOX, but without the 

presence of europium. Spectra S16 and S17 should also correspond to YOX, but showed an unexpected 

composition, the first detecting a particle of pure yttrium, while the second is primarily constituted by 

carbon and oxygen.  

Figure 36 shows the morphologic evolution of samples as the various steps of the experimental 

procedure are performed.  
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Figure 36 - SEM images of the remaining samples: Top left - First leaching step; Top right - Second leaching step; 
Middle left - Heat-treatment @ 125ºC; Middle right - Heat-treatment @ 175ºC; Bottom left - Heat-treatment @ 

225ºC; Bottom right - Last leaching after heat-treatment @ 225ºC (Scale: White line represents 10 µm). 
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Table 21 has the results of spectra S19 to S22. 

Table 21 - EDS spectra selected from Figure 36. 

Element (at%) S19 S20 S21 S22 
O 69.0 68.1 54.7 60.3 

Mg 3.2 13.0 - 2.7 
Al 3.2 5.9 1.9 33.3 
Si - 1.4 - 0.7 
C - - 27.9 - 
P 15.8 - - - 
V - - 5.4 - 
Y - - 9.8 - 
Eu - - 0.3 - 
La 6.9 - - - 
Ce - 2.9 - 1.8 
Tb 2.1 1.7 - 1.2 
Gd - 7.0 - - 

 

Particle 19 has the composition of LAP, already identified in the initial sample. Spectra S20 and S22 

detected new rare earth phosphors, GdMgB5O10: Ce3+, Tb3+ and CAT, respectively. S20 didn’t detect 

boron, but of the common rare earth phosphors, only one has gadolinium in its composition. S21 

detected YOX with lower at% of yttrium and oxygen, probably due to the large amount of carbon that 

appeared in the spectrum. BAM, one of the phosphors identified in XRD, wasn’t found in any of the 

taken spectra.  

Comparing the SEM images of the heat-treated samples at various temperatures, it seems that 

increasing the temperature, deagglomerates the particles, and increases their roughness, being 

possible to observe a decrease in the number of spherical particles. These changes could have the 

capability of increasing the solubility of the particles, allowing recovering larger amounts of rare earths 

even in less aggressive conditions. 
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8  CONCLUSIONS AND FUTURE WORK  

EOL Fluorescent lamp phosphors are a source of yttrium, europium, lanthanum, cerium, terbium and 

gadolinium, and this work develop a four step hydrometallurgical process that not only is able to recover 

high amounts of each element, while simultaneously separating phosphors to different leachate 

streams, which should facilitate the separation of REEs during extraction. 

Based on the chemical composition of the initial phosphor samples, and in and spectra obtained from 

XRD and SEM/EDS, it was determined that the following phosphors compounds are present in the used 

material: 

• Ca5(PO4)3F (halophosphate); 

• Y2O3:Eu3+ (YOX); 

• LaPO4:Ce3+,Tb3+ (LAP); 

• CeMgAl11O19:Tb3+ (CAT); 

• GdMgB5O10:Ce3+,Tb3+; 

• BaMgAl10O17:Eu2+ (BAM). 

The proposed hydrometallurgical procedure starts with a leaching step that uses 2 M of hydrochloric 

acid as the leachant solution, made to react with the initial phosphor mixture for 1 h at 25ºC. This step 

primarily attacks the halophosphate, solubilizing more than 90% of Ca from the mixture. The remaining 

phosphors aren’t as affected, with La, Ce, Tb showing the lowest losses, below 1%, followed by Gd, 

with a yield below 3%, and finally Y and Eu, with a yield below 15%. 

The second leaching step uses the same acid concentration and reaction time, but with a higher 

temperature of 60ºC. This step is aimed at recovering the REEs present in YOX, and the experimental 

results showed that more than 90% of the Y and Eu found in the solid residue obtained after the first 

leaching step were solubilized. If the halophosphate was still present in the phosphor mixture, then the 

previous reaction parameters would only yield 57% of the Y. The losses of La remained below 1% that 

increases to 5% and 6% in the case of Ce and Tb, respectively. The losses of Gd increased the most, 

from less than 1% during the first step, to 26% in the second leaching. 

After two step leaching, the solid product of the second leaching is heat-treated. Temperatures ranging 

from 55ºC to 225ºC were tested, with the phosphor compounds LAP, CAT, GdMgB5O10:Ce3+,Tb3+ and 

BAM showing different behaviours to the applied temperature, observed during the last leaching step 

using reference parameters (4 M HCl at 90ºC). The behaviour of GdMgB5O10:Ce3+,Tb3+, seen by the 

yield of Gd, doesn’t have notable changes with the variation of temperature, and in all prepared samples, 

almost 100% was solubilized after 6 h of leaching. Heat-treatment temperatures ranging from 55ºC to  

200ºC showed a slight effect in the yield of CAT, seen by the yield of Ce and Tb, that remained between 

30% and 45%. The yield only increased in the samples heat-treated at 200ºC and 225ºC, with the latter 

producing the better results, 68% for Ce and 73% for Tb after 6 h of leaching. LAP was the most affected 

by heat-treatment, with the yield of La starting to improve after being heat-treated at 150ºC, up until 

225ºC, when the yield of La reaches almost 50% after 6 h of leaching. During previous steps, LAP was 
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the least solubilized phosphor, followed by CAT and then GdMgB5O10:Ce3+,Tb3+, while the inverse order 

can be observed when characterizing the effect heat-treatment has on the compounds. 

Two mechanisms that increase the yield of more resistant phosphors seem to be in effect after the first 

leaching procedure, the first being related to the sequential recovery of phosphors, and the second with 

the heat-treatment. In single step leaching the acid is consumed during leaching, starting with the most 

reactive materials until the least. By increasing the number of steps, the amount of acid available to 

recover the pretended phosphors also increases, resulting in a noticeable improvement of leaching 

efficiency. 

The XRD patterns didn’t show any structural difference that could explain the observed impact of heat-

treatment on leaching efficiency. The only observed changes after heat-treating the phosphors were 

morphological, detected by SEM. Samples without heat-treatment show small spherical phosphor 

particles, which are usually agglomerated. As the samples are heat-treated at increasing temperature, 

it seems the particles start to deagglomerate, and spherical particles become more irregular. These 

changes could increase the surface area of the particles, improving the reactivity of the remaining 

phosphors with hydrochloric acid. 

Samples heat-treated at 200ºC were leached with increasing hydrochloric acid concentrations, from 4 

M to 6 M, maintaining the temperature at 90ºC, and with one of the 6 M reacting in a liquid/solid ratio of 

5 L/kg that had been established as 10 L/kg for all the previous samples. Decreasing the liquid/solid 

ratio negatively impacted the yield of La, Ce and Tb, with the observed results being similar to samples 

leached with 4 M and 10 L/kg. The increase in acid concentration improved the yield of La, Ce and Tb, 

reaching almost 100% when leaching with 6 M of HCl. 

While each individual step is capable of recovery more than 90% of the phosphors it is aimed to recover, 

if losses of those phosphors during other steps are considered, the overall yield of some REEs will 

decrease. This is the case of Y, Eu and Gd, with the yield of these elements decreasing to 75%, 80% 

and 72% respectively. Also, small amounts of these REEs will be present in the liquor of other leaching 

steps, which could remain a problem during a posterior extraction or precipitation process. 

This work was motivated by one primary and three secondary research questions  that can be 

responded based on the experimental results. Regarding research question 1.1, the maximum yield of 

REEs on each step was on average: Y = 88%, Eu = 94%, La = 97, Ce = 99%, Gd = 98% and Tb = 99%. 

This result was obtained by the following experimental conditions: 

a) Leaching with a 2 M solution of HCl at 25ºC for 1 h, L/S = 10 L/kg; 

b) Leaching with a 2 M solution of HCl at 60ºC for 1 h, L/S = 10 L/kg; 

c) Heat-treatment at 200ºC for 1 h; 

d) Leaching with a 6 M solution of HCl at 90ºC for 9 h, L/S = 10 L/kg. 

As for research question 1.2, the same conditions showed the best separability of elements, therefore, 

the previous conditions were considered optimal to achieve the separability of elements while 

solubilizing almost all REEs present in the phosphor mixture. 
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Morphological characterization of solid residues permitted to respond to research question 1.3, with 

SEM images showing changes to the spherical shape of rare earth phosphor particles, which might have 

increased their surface area, improving reactivity with hydrochloric acid. All these factors were capable 

of increasing the solubilization yield of REEs coming from spent fluorescent lamps, the first research 

question and principal objective of this thesis.  

A deeper analysis of heat-treatment is proposed as future work, since it is still necessary to observe if 

increasing the temperature can continue to improve the yield of La, Ce, and Tb. Simultaneously, the 

parameters of the last leaching step should be adjusted to the used heat-treatment, to maintain the 

yields already obtained, but if possible, decreasing hydrochloric acid concentration, reaction time and 

temperature. 

Further study of the mechanisms in action during heat-treatment might also be important in 

understanding the overall impact of the step during the procedure, as well as creating the possibility of 

applying this process in other recycling methods. 

Despite the almost complete recovery of REEs from the phosphors, the elements remain in solution, 

and not individually, requiring the application of hydrometallurgical operations for their separation, 

involving extraction and/or precipitation processes, to obtain final pure forms with high market value. 

Therefore, it becomes necessary to study and optimize those subsequent operations. 

While recycling of REEs is one solution for the supply problems some of these elements are currently 

facing, it is still necessary to evaluate the costs and impacts of the developed hydrometallurgical process 

and subsequent extraction processes, as such, further work could consist in the life cycle assessment 

of the recovery of REEs from spent fluorescent lamps, which could be then compared with primary 

production.  
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