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Rare earth metals are a group of elements widely used in
high technology products. They are included in the group of
critical mineral resources for the EU economy. Rare earth
elements are found in computers and mobile phones, as well as
in low-emission energy technologies. They are also applied in
chemical processes as catalysts in the oil refining. Some of them
occur even in considerable quantities in the earth's crust but
not very often in the concentrations justifying the profitability
of their extraction. Additionally, the constantly growing
demand and the current market situation cause that alternative
resources of rare earth elements recovery are sought after.
Therefore, the recovery and separation methods as well as
recovery from the secondary sources are becoming more and
more important. The following paper presents the possibilities
of recovery and separation of rare earth elements from primary
and secondary sources.
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1. INTRODUCTION

Rare Earth Elements (REE) is the common name of seventeen
elements belonging to the groups of lanthanides and scandium. The
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lanthanides include elements with the atomic numbers from 57 to 71,
i.e. from La to Lu, as well as the scandium group, with scandium (Sc)
and yttrium (Y) [1-5]. These elements can be divided into two
subgroups: light rare earth elements (LREE) from lanthanum to
europium and heavy rare earth elements (HREE) from gadolinium to
lutetium along with yttrium. Rare earth elements are relatively more
abundant in the earth's crust than the other commonly used
elements, but are not concentrated enough to be easily applied. This
is due to the similarity of their ionic radii which in turn, causes
difficulties in their separation. Geochemical studies have shown that
these elements occur in the earth's crust in larger quantities than, for
example, bismuth, iodine and silver. Cerium, whose average content
is 6.0 -10-3 %), is the most widespread in the group of rare earths. In
the earth's crust there is more of it than of lead and tin. These
elements are present in minerals, such as silicates, oxides,
carbonates, phosphates but never occur as pure metals. Silicates
represent about 43% of REE minerals, carbonates about 23%, oxides
about 14% and phosphates about 14%. The total mean content of
rare earth elements in the earth's crust is estimated to be 164 ppm.
Currently, there are more than 250 rare earth minerals, but in most
of them the concentration of rare earth elements is very low and
ranges from 10 to 300 ppm [6-11].

Due to their unique magnetic, luminescent and electrochemical
properties rare earth elements are essential and irreplaceable in
technologically advanced industries and are widely used in
environmental research. They are mainly applied in metallurgy,
electronics, glass and ceramics, petrochemical industry, agriculture,
medicine, nuclear energy production as well as renewable energy
sources. These metals and their compounds are employed for the
production of permanent magnets being part of computer disks,
satellite set-top boxes, hybrid car engines, lasers, biodegradable
implants and nickel-metal hydride batteries [12-16].

Extensive use of rare earth elements increases their global
demand, which in 2010 was estimated at 136 000 tons per year, with
world production of 133 600 tons. According to U.S. Mineral
Commodity Summaries from 2018, global mining of rare earths
(Fig. 1) is 130 000 tons and the total reserves are 120 000 000 tons
[17, 18].
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Fig. 1. World production of rare earth elements in different countries (the
own elaboration based on [18]).

Currently, China as a global producer of rare earth elements
satisfied about 97% of global demand. The availability of rare earths
is declining, mainly due to the costs imposed by the Chinese
government in connection with exports and actions against illegal
mining operations. The reduction of availability combined with the
increase in demand leads to an increase in the prices of rare earth
elements. There are around a thousand identified deposits of rare
earths in the world, but only a few mines exist. They are Bayan Obo in
China, Mountain Pass in the USA and the recently opened Mount
Weld in Australia [7,19].

2. PRIMARY AND SECONDARY SOURCES OF RARE
EARTH ELEMENTS

Among the primary sources of rare earth elements, minerals
such as bastnaesite, monazite and xenotime should be mentioned.
Bastnaesite of the general formula (La,Ce)COsF and monazite of the
formula (Ce,La)PO4 are the main sources of the elements belonging to
the LREE group, mainly cerium, lanthanum and neodymium.
Bastnaesite, a carbonate mineral, contains about 70% of rare earth
oxides. It occurs in igneous and metamorphic rocks and is obtained
mainly from the two largest mines in the world, i.e. Mountain Pass in
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the USA and Bayan Obo in China. This ore is processed using various
ways, including gravity and magnetic separation, to produce
intermediate rare earth concentrates and then purified using solvent
extraction as well as selective precipitation [20-22]. Monazite is a
mineral from the phosphates group characterized by a slightly larger
amount of HREE than LREE. In contrast to bastnaesite, monazite
contains a large content of the naturally occurring radio
active element, thorium (4-12 wt.%) and a variable amount of
uranium, which is a negative aspect of mining and processing. It
occurs all over the world in beach sands and in the Bayan Obo Mine
where it is excavated. It is recovered as a by-product during the
processing of ilmenite, rutile and zirconium [8, 23]. Xenotime of the
general formula (Y)PO4 is the main source of elements from the HREE
group, including ytterbium, dysprosium, erbium, terbium and
holmium. Its formula results from the large content of yttrium in this
mineral. It is a phosphate mineral containing about 67% rare earth
metal oxides. It occurs in Minas Gerais in Brazil, Hittero, Moss
pegmatites in Norway, as well as crystalline metamorphic rocks.
Xenotime is recovered as a small ore during mining operations of
beach sand, mainly from monazite in Brazil, India, South Africa and
Australia. Limited research focuses on the extraction of xenotime
from monazite by means of flotation and magnetic separation
[20, 21, 24].

The declining sources of primary deposits and difficulty in
obtaining them force many countries to look for alternative sources
of rare earth elements. In recovery of rare earth metals various types
of secondary and waste materials, which are considered as
alternative sources, are more and more important. An alternative
secondary sources of rare earth elements are magnets, fluorescent
lamps, spent nickel-metal hydride batteries, phosphors,
phosphogypsum or fly ash from bituminous coal combustion.

Neodymium-iron-boron (Nd-Fe-B) alloys are the basis of
magnets commonly known as NdFeB magnets composed of Nd;Fe14B
matrix containing large amounts of neodymium with small additives
of gadolinium, praseodymium, dysprosium and terbium and other
elements such as cobalt, titanium, vanadium, niobium, zirconium or
molybdenum. The content of neodymium in this magnet is
determined to be 24%, whereas dysprosium is less than 5%. This
material is found in hard disks, hybrid or electric car engines and
other electronic devices such as loudspeakers or cell phones. On
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a global scale, about 600 million hard drives are produced,
consuming from about 6 000 to 12000 tons of Nd-Fe-B alloys
[25, 26].

Another alternative source of rare earth elements are fluorescent
lamps. These are gas discharge lamps consisting of a glass tube filled
with inert gas and coated internally with a phosphor. Longer life of
these lamps and low energy consumption significantly increased
their use. The fluorescent lamp includes 88% glass, 5% metal, 4%
plastic, 3% fluorescent powder (phosphor) and 0.005% mercury. The
fluorescent powder obtained after lamps treatment contains mainly
halophosphates (45 wt.%), fine particles of glass and silica
(20-30 wt.%), aluminum oxide (12 wt.%), phosphors (10-20 wt.%)
and residual fraction (5 wt.%). This powder is used directly in new
lamps or it is subjected to the separation process into individual rare
earth metals, which is used for further applications [27].

Nickel-metal hydride battery, abbreviated as Ni-MH, is a type of
battery in which the cathode is a porous polymer impregnated with
a paste containing active nickel compounds (Ni(OH)2/NiOOH) and
other additives stabilizing the electrode and improving its
conductivity. The anode like the cathode, consists of a porous
polymer impregnated with a mixture of many metals which include
rare earth elements such as: lanthanum, cerium, praseodymium and
neodymium, and other metals mainly iron, nickel, cobalt, copper and
zinc, capable of hydrogen storage. To reduce the price of this type of
batteries, instead of the rare-earth alloy, a mischmetal (a mixture of
light rare earth elements, LREE) is used in a metallic state. Spent
batteries contain 36-42% nickel, 3-4% cobalt and
8-10% mischmetal containing lanthanum, cerium, praseodymium
and neodymium. Research on the methods of rare earth metals
recovery from Ni-MH batteries is being carried out [28, 29].

An alternative source of heavy rare earth elements, mainly
yttrium and europium are phosphors. Attempts have been made to
recycle phosphor in the cathode-ray tubes used in color TVs and CRT
monitors of computers. The fluid catalytic cracking (FCC) catalyst
widely used in the petrochemical industry is another source
containing about 3.5 wt.% rare earth oxides, mainly lanthanum and
a small amount of cerium, praseodymium and neodymium. Optical
glass, whose total global production is about 20 000 tons per year, is
used for the production of camera lenses, microscopes, binoculars or
microscopes with the high refractive index and low dispersion. It
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contains more than 40 wt.% of La203 together with Y203 and Gd20s.
The recycling of spent optical glasses can contribute to the recovery
of approximately 1 600 tons per year of rare earth metal oxides
[26, 30, 31].

Alternative waste materials rich in REE are fly ash and slag
coming from the bituminous coal combustion. These raw materials
contain not only the main slagging components, i.e. aluminum, iron,
silicon, calcium compounds in various proportions, but also other
compounds, for example rare earth elements, such as lanthanum,
cerium, neodymium and yttrium. Particularly rich in REE are
bituminous coals from Russian and Chinese deposits. The sources of
these metals in the national bituminous coal deposits are estimated
to be 1 400 tons, and the average total REE content is 114 ppm
[31-34].

3. SEPARATION OF RARE EARTH ELEMENTS
FROM DIFFERENT SOURCES

After proper preparation and processing of primary or
secondary sources of rare earth elements, they are subjected to
hydrometallurgical treatment using strongly acidic or alkaline
solutions for selective dissolution and precipitation of valuable
metals. A variety of procedures are used for the separation of rare
earths using the differences in physical and chemical properties of
both simple compounds and complexes. Typically, separation
methods of rare earths are divided into two groups. The first group
includes fractional crystallization, fractional precipitation or
oxidation and reduction methods. The second group includes
physicochemical methods, such as solvent extraction or ion exchange.
They are considered to be excellent methods of metal separation with
similar physicochemical properties.

Many scientists have focused on recycling REE from Ni-MH
batteries by acid leaching with H2SO4 or HCI [29, 35-42]. Lyman and
Palmer [43] investigated recovery of REE from spent Ni-MH batteries
using different acids (HCIl, H2SO4, HNO3) and found that 4 M HCl is the
optimum to achieve maximum amounts of REE after leaching. The
hydrometallurgical process of recovery and separation of nickel,
cobalt and REE from Ni-MH accumulators has been developed [44].
The electrode material was dissolved in the 2M H2SO4 solution or
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3M HCI solution at 368 K. Rare earth elements were separated from
the leached solution by solvent extraction using 25% D2EHPA in
kerosene, and then these elements were separated from the organic
solution and precipitated using oxalic acid. Provazi et al. [45]
reported the recycling of various metals, including Ce and La, from a
mixture of different types of batteries in 2011. Umicore and Rhodia
developed in 2011 a recycling process for REE from Ni-MH batteries
[46, 47].

Jiang et al. [48, 49] described a hydrometallurgical process for
the recovery of rare earth metals from spent borosilicate optical glass
containing 43.12 wt.% of La203, 9.37 wt.% of Y203 and 4.60 wt.% of
Gd203. The optimized process involved the conversion of rare earth
metals contained in glass to insoluble rare earth hydroxides using the
hot concentrated NaOH solution (55 wt.%) at 413 K and then
leaching rare earth hydroxides with the hot 6 M HCI solution at
temperature above 363 K, obtaining an aqueous solution of rare
earth chlorides. The REE recovery amounted 99.4% for La, 100% for
Y and 100% for Gd. The other studies have shown that selective
leaching of neodymium from the roasted NdFeB magnets was
possible using 0.02 M HCI in an autoclave at 453 K. Over 80% of
neodymium and dysprosium appeared in the leach solution [50].

Solvent extraction is a classic technique used mainly to separate
individual metals from a mixture of compounds. Depending on the
extraction mechanism associated with the type of complex that forms
in the organic phase, cationic, anionic and solvating extractants are
distinguished. These include di-(2-ethylhexyl)phosphoric acid
(D2EHPA), bis(2,4,4 trimethylpentyl)phosphinic acid (Cyanex 272),
tri-n-butyl phosphate (TBP), 2-ethylhexyl 2-ethylhexyl phosphate
(PC88A), neodecanoic acid (Versatic 10) and tricaprylylmethyl-
ammonium chloride (Aliquat 336) [51-54]. Shimizu et al. [55]
conducted REE recovery from the used fluorescent lamps by means
of supercritical extraction with carbon dioxide and a mixture of nitric
acid solution(V) with tri-n-butyl phosphate (TBP). Over 99.5% of
yttrium and europium present in the mixture was extracted after 2
hours of leaching at 15 MPa and a temperature of 333 K. Extraction
was also carried out using a TBP/HNO3/H20 mixture at atmospheric
pressure. However, a lower extraction efficiency of 40% for europium
and yttrium was obtained. Banda et al. [56] performed a solvent
extraction to separate La from a solution containing Pr and Nd and
they used D2EHPA, Cyanex 272, Cyanex 301 and PC88A as
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extractants. Cyanex 272 has been shown to have the best properties
of selective separation of La from Pr and Nd among the tested
extractants at an initial pH of 4.94. The percentage of La, Pr and Nd
extractions with Cyanex 272 was 4.9%, 96.6% and 98.7%,
respectively.

The ion exchange is an extremely effective process for obtaining
rare earth metals of high purity. During the ion exchange process,
various cationic or anionic ion exchangers are used to extract metals
from the leach solutions. The affinity of exchanged ions for the ion
exchangers depends mainly on the ion size and charge. Ion
exchangers have generally higher selectivity for ions with the
increasing valency or charge. Among the ions with the same charge
there is a greater affinity for those with a higher atomic number.
Many researchers have focused on rare earth metal recovery studies
using various types of ion exchange resins, such as Tulsion CH-96,
Tulsion CH-93, T-PAR and IR-120P. Kumar et al. [57] conducted
a solid-liquid extraction of rare earth elements such as Tb, Dy, Ho, Y,
Er, Yb from the phosphoric acid(V) solutions using the Tulsion CH-96
and T-PAR resins. On the basis of the obtained results, they found the
possibility of using the Tulsion CH-96 resin in the Lu separation
process from the Tb/Dy system and Yb from the Tb/Dy system, as
well as Tb/Dy separation from the phosphoric acid(V) solution
containing Lu or Yb. Wang et al. [58, 59] investigated the extraction of
rare earth elements from the hydrochloric acid solutions using the
extractive ion exchangers containing Cyanex 272 and the extractive
resin containing 1-hexyl-4-ethyloctyl isopropylphosphonic acid
(HEOPPA). Adsorption of rare earth elements on this type of ion
exchangers as a function of pH was in the order of: Lu(III) > Yb(III)
> Tm(III) > Er(III) > Y(III) > Ho(III). Preconcentration and separation
of La(Ill), Nd(III) and Sm(III) from the synthetic solution were also
carried out using Amberlite XAD-4 with crown ether (dibenzo-18-
crown-6). The adsorbed rare earths were washed with 2 M HCI [60].

The recovery and separation of rare earth elements can also be
made by means of a precipitation process using various precipitating
agents, such as oxalic acid, sodium sulfate, sodium hydroxide or
ammonia. Innocenzi and Veglio [61] conducted a selective
precipitation of the solution after sulfuric acid leaching of spent
Ni-MH batteries using sodium hydroxide. 99% recovery of rare earth
elements at pH < 2 was obtained. A sediment composed of about 64%
of lanthanum sulfate and 28% of cerium sulfate was prepared. In the
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paper [62] by Soe et al, ammonium hydroxide was used to
precipitate lanthanum from monazite originating from Moemeik
Myitsone. The lanthanum was precipitated in the form of hydroxide
at pH values ranging from 7.9 to 9.6. Precipitation resulted in
recovery of about 96% of lanthanum oxide.

Depending on the composition of the separated mixture,
combination of several methods is used, selecting the separation
technology for the type of used raw material. The use of combined
methods makes it possible to obtain rare earth metals with the
highest degree of purity.

4. CONCLUSIONS

Rare earth elements are key materials for many developing
technologies and products. A significant part of them is associated
with the so-called green technologies that are to reduce the negative
impact of the economy on the environment. The examples include
alternative energy sources and electric vehicles. Due to the observed
and predicted increase in the REE demand and the centralization of
production of these materials in China, there is concern about their
supply stability. Recycling of rare earths can play an essential role in
solving a number of problems related to these elements, including
satisfying the increased demand, increasing their security of supply
and overcoming the problem of the balance between the demand for
rare earths and their extraction from primary sources from the mine.
There is a considerable REE recycling potential from such products as
permanent magnets, fluorescent lamps, batteries and catalysts,
however, in all these areas a significant amount of research is needed
to increase its effectiveness.
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