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Abstract

The first applications of the rare earths appeared
at the end of the last century. During the nearly
hundred years that have followed a wide range of
uses has emerged but still about 90% of the rare
earths are being used as concentrates and mixtures.
The bulk of present consumption of approximately
25000 tons is divided between three major areas:
catalysis, glass/ceramics and metallurgy. Applications
in electronics, magnets etc. represent only a few per
cent by volume but since they require individual high-
purity rare earths the value is significant or around a
quarter of the total sales. Some examples of current
applications are given with special emphasis on the
opportunities which lie in the utilization of the
chemical properties of the individual rare earths.

1. Introduction

After the discoveries of the first rare earths,
yttrium by Gadolin in 1794 and cerium by Berzelius,
Hisinger and Klaproth in 1803, it took nearly a
hundred years before practical applications in
industrial scale emerged. Austrian scientist Carl Auer
von Welsbach (1858—1929) made at the turn of the
century the important inventions which marked the
beginning of the rare earths industry.

Auer von Welsbach was one of the most prominent
rare earth chemists in the last century. He was the
discoverer of the elements neodymium and praseo-
dymium and he also nearly became the first to
separate the element 71. In 1891, a patent was
granted to him for a new type of incandescent gas
mantle containing thorium and cerium. The role of
cerium (1%) was minor in this application but,
nevertheless, due to the superb properties of the
mantle, the production scale was enormous: by 1930
more than 5 billion Auer mantles had been sold. The
second invention of Auer von Welsbach, flints based
on pyrophoric alloy of mischmetal, turned equally to
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a success and led to the expansion of the industry
and search for new rare earth raw materials outside
Europe [1, 2].

Table 1 lists the applications of rare earths by 1920
[3]. Considering the low toxicity of the rare earths
[4, 5] it is not surprising to find some medical appli-
cations in the list, too.

TABLE 1. Early Applications of the Rare Earths |3, 7]

In use by 1920

Incandescent mantles
Pyrophoric alloys

Cerium in arc carbons
Colorants in glass and enamel
Various catalysts

Ceric salts as oxidants

Medical applications
Applications in textile industry

Additional uses by 1950

Ceria for glass polishing

Glass decolorizing (CeO, + Nd,03)
Cerium (mischmetal) in ferrous metallurgy
Applications in nonferrous metallurgy
Activators in phosphors

The first applications were based on rather impure
rare earths or mixtures, which is understandable in
the light of the separation processes available at that
time. For most rare earths only the very tedious frac-
tional precipitation and crystallization processes
could be used. However, oxidation of trivalent cerium
to the tetravalent state provided a simple way to
fairly pure cerium salts. In 1930 an electrolytic reduc-
tion process was developed for europium, ytterbium
and samarium [6] and this provided a shortcut in the
separation of the reducible metals. It was not until
1950s that separation processes based on ion ex-
change and complex formation reactions made rare
earths of high purity (>99.9%) commercially avail-
able in quantity [8—10]. However, the prices
remained prohibitive for many applications. For
instance, in 1956 100 grams of europium oxide (99%)
costed 9000 § and even the prices of dysprosium and
erbium oxides were 5000 $/100¢g [11].
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2. Applications Today

In the eighties the annual consumption of rare
earths, calculated as oxides, has been around 25 000
tons [12—15]. The growth rate is now very slow com-
pared to that of ten years ago when the consumption
rose from 15000 tons in 1970 to 23000 tons in
1974. This slow down is largely due to the diminish-
ing use of rare earths in the steel industry where
calcium and magnesium have partly replaced them.

Nevertheless, metallurgical applications are still
one of the three major areas of applications. The two
others — catalysis/chemical and glass/ceramics — have
gained in importance in past years although there are
differences between the major markets (Figs. 1
and 2). It is interesting to note that these major
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applications were known already forty years ago
(Table I).

The percentage of rare earths used in electronic,
magnetic, optoelectronic and in highly specialized
applications is small (2—4%) but growing at a rate of
15% [13]. As these applications usually demand
separated high purity elements other than lanthanum
and cerium, the value of this group is significant or in
the order of 25% of the total sales.

Taking a closer look at the various applications,
the utilization of the unique optical properties of the
rare earths ions could be taken as an example.
Table II lists the applications where absorption or
emission of electromagnetic radiation is involved.
Besides traditional uses in the glass industry as
colorants and decolorants, there are interesting new
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TABLE II. The Applications of Rare Earths Based on
Absorption and Emission of Radiation

Application Example Reference
Glass color Nd,03 33,34
Glass decolorizing Ce0O, + Nd,03 33,34
IR transparency LayCaS4 35
Optical glass La,03 34
UV, X-ray, y-radiation

protection Ce 33,34
Pigment Z1Si04 :Prt* 41
Lasers Y3Als04,:Nd3* 42
Phosphors:

color TV Y,0,8:Eu3* 36

fluorescent lamps BaMgAl;g0,¢:Eu?* 37

X-ray intensifying screens LaOBr:Tb3* 38,39

electroluminescent devices ZnS:Tb3* 40

temperature sensors La;0,8:Eud* 43
Microwave absorption Y;3Fes0 ), 44

IR up-conversion YF3:Yb3* Erd* 45

applications in such areas as electroluminescent dis-
plays, fluorescent lamps, IR up-conversion systems
and temperature sensors.

The development in many applications has fol-
lowed the same pattern: classical materials have been
replaced by rare earth based materials which are
usually more expensive but have superior properties.
Later second or even third generation rare earth
products have appeared on the market. Examples of
this kind of development include TV and X-ray
phosphors as well as magnets where the SmCos ma-
terial is now being replaced by Nd-Fe—-B alloys
[16].

3. Outlook

3.1. Availability

The world rare earth reserves are now estimated
to be 45 Mtons out of which 80% are located in
China [14]. Even if the full production capacity of
the industry would be utilized, the reserves would last
hundreds of years.

Another question is at what price the elements and
their compounds are available. The current prices
roughly fall into three groups which reflect the distri-
bution of the elements in nature and their current
demand. Lanthanum and cerium oxides are relatively
inexpensive. Their list prices in small quantities
(1-20 kg, 99.9%) are around 20 $/kg while the
metals cost 5—6 times more. The oxides Pr, Nd, Sm,
Gd and Y cost 80—140 $/kg, those of Er, Yb, Ho are
2—4 times more expensive. The price range for Tb
and Eu oxides is 1200—1900 $/kg while the very
scarce thulium and lutetium cost up to 8000 $/kg as
oxide [17]. Most rare earths (around 90%) are still
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used as concentrates or mixtures, however, and the
prices are significantly lower than those quoted
above,

An interesting case is scandium which is produced
only on the kg scale, the world production being
around 25 kg [18]. The availability is at the present
poor even at the high prices asked. There seems to be
no exploration or mining specifically for scandium
but it is recovered as a by-product from several non-
rare earth sources such as uranium and tungsten con-
centrates. The current interest in scandium is partly
due to the fact that it is used to partially replace
gallium in gadolinium gallium garnets (GGG) [46].

It may be concluded that should a higher demand
develop for any of the rare earths due to novel
applications, for instance, the industry could
probably step up the production and meet the market
requirements in a relatively short time. This also
applies for scandium because the known reserves
would allow a level of production several times higher
than the present, apparently insufficient one.

3.2. Chemical Applications

Some interesting applications have already been
obtained by utilizing a specific chemical property of
a rare earth or combining two properties to obtain
the desired effect. This approach obviously offers
many additional, still unexplored opportunities. In
the following some of the unique properties are listed
and relevant application examples given.

Oxidationfreduction potential

The Ce**/Ce® couple is a powerful oxidizing agent
where the potential can be regulated by the media (in
1 M HCIO, 1.70 V,in 1 M H,SO,4 1.44 V [19]). It
has been used in volumetric analysis since the last
century and also in organic oxidations for decades
but only recently the reactions have been sys-
tematically studied [20,21]. Besides the classical
ceric ammonium nitrate (CAN), several other com-
pounds are now available for selective oxidations
[22]. The ceric ions can be electrochemically
regenerated in situ [23]. The divalent oxidation states
especially Sm(II) and Yb(II) are also increasingly
utilized in organic synthesis {20].

Solubility

Rare earth fluorides are sparingly soluble and
CeF3 has been used to control the fluoride concentra-
tions in chromium electroplating baths. Addition of
rare earths affects also favorably the dissolution of
potassium feldspar possibly through the formation of
CeF; or CeOF and slow release of HF from it [24].

Coordinating ability

The fairly large ionic radii and electrostatic nature
of the bonds leads to high coordination numbers
(8-12) when steric factors permit. Scandium differs
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by having an octahedral coordination in most of its
compounds [25].

A recent example of the application in coordina-
tion chemistry is offered by the use of paramagnetic
Gd complexes in the enhancement of medical NMR
imaging. Diethylenetriaminepenta-acetic acid (DTPA)
forms a strong chelate with Gd in aqueous solution
(log K = 22.5) which can be used to transport Gd in
the body [26]. Another example is the phytate
ligand which has six oxygen donor sites to coordinate
Gd [27]. Besides the thermodynamic and kinetic
stability of the complex, toxicity and selectivity are
important factors. In the case of the Gd-phytate
complex intravenous injection experiments with rats
have shown its enhancing power on liver NMR image.

Reactivity

Rare earth metals are very reactive forming
thermodynamically stable compounds especially with
oxygen. Examples include the well-established use of
mischmetal in the steel industry |28], and the
exceptional stability of Y,03 up to its melting point
of 2430 °C.

Catalytic properties

In addition to the traditional application in crack-
ing catalysts, the rare earths have several other
applications in heterogeneous catalysis [29, 30]. The
catalytic activity is in most cases probably a complex
effect of several factors including surface properties,
redox potential, non-stoichiometry, ionic size etc.

Recently, there has been considerable interest in
homogeneous  polymerization  catalysts where
neodymium complexes with organic ligands and
organolanthanoid compounds have been studied
especially [31,32].

4. Concluding Remarks

The rare earths are clearly the largest group in
the periodic table comprising one quarter of the
stable metallic elements, Many of their properties are
largely similar and thus one element in bulk applica-
tions can be replaced by another. However, most of
the novel high-technology uses are based on dif-
ferencies in properties rather than in similarities. The
availability of the 16 stable elements — many of then
at reasonable prices and in sufficient quantities —
should provide challenging opportunities for basic
and applied research to find new applications.
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