Processing the ores of rare-earth
elements
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Significant academic research and moderate commercial process innovation on rare-earth
element (REE) processing have been underway for decades. The last several years have seen
exponential growth in research due to growth in demand of REE that is threatened by supply
risks and environmental obstacles. The REE industry appears to be at the intersection of
strong, but conflicting forces, including public and political support for a Green Revolution and
sustainability, as well as the need for a clean, reliable, and socially responsible supply chain.
REE recoveries from ore are limited by current technology and plant practice to 50-80 percent.
Increasing demand can be partially satisfied by recycling, but reliable and continuous increases
in supply will also require new mineral resources, improved process efficiency, and lower
production costs. This article reviews and summarizes the past and current REE processing
technologies, commonly employed REE separation routes and methods, and suggests ways
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Introduction

Rare-earth elements (REEs) are required for use in modern
high-tech applications and demand has increased significantly
over the last decade.! However, processing of REE ores poses
potential hazards to human health and the environment due to
challenges in the management of thorium (Th) and uranium
(U) in waste products.” If well managed, REE can play a piv-
otal role in the Green Initiative movement to offset the accu-
mulation of greenhouse gasses, including their indispensable
role in wind turbine generators and electric vehicle motors.?
In this article, we summarize the technologies currently being
researched and implemented for processing of REE ores. A
better understanding of ore treatment processes and forthcom-
ing improvements is beneficial to extractive metallurgists and
materials scientists as it contributes to more efficient produc-
tion of REE. We will begin by discussing the classification of
REEs, as that sheds light on their chemical behavior.

Classification of REE

The REE comprise the 15 elements in the atomic number
range 57 to 71, defined as “lanthanoids” plus scandium and
yttrium. Scandium and yttrium are included because they

to increase efficiency in future REE processing.

share Group IITA in the Periodic Table with lanthanum
(atomic number 57) and have similar properties. Among the
15 lanthanoids, promethium (Pm) does not occur in nature,
so the REE series contains 16 elements. These are scandium
(Sc), yttrium (Y), lanthanum (La), cerium (Ce), praseodym-
ium (Pr), neodymium (Nd), samarium (Sm), europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium
(Ho), erbium (Er), thulium (Tm), ytterbium (YD), and lute-
tium (Lu).

The REE are divided into light REE (LREE) and heavy
REE (HREE). The former includes those elements from La
through Gd, and the latter includes Tb through Lu. Along with
the actinides, the lanthanoids are members of the “f elements”
or f'block in the Periodic Table. At the electronic structure
level, the LREE are those in which the number of unpaired
4f electrons increases as electrons are added to the 4f lev-
els, whereas the HRE are those that experience decreases of
unpaired 4f electrons. Yttrium has no 4f'electrons, but behaves
similar to an HREE. The progressively added electrons are
all distant from the valence electrons, resulting in the REE
having very similar chemical behavior, especially in aqueous
solutions.*
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History of REE separation and isolation

Early separation and isolation processes for REE were aca-
demic exercises aimed at identification of new elements. The
history dates back to 1787 when a Swedish Army Lieutenant,
C.A. Arrhenius, collected an unusual black mineral near the
Swedish town of Ytterby.? That specimen was given to Gado-
lin, a chemist at the University of Abo in Finland, who inves-
tigated a sample of the specimen and isolated two compounds,
one that Gadolin named yttria after the specimen’s origin and
another that was later named gadolinium.>

In 1803, Berzelius and Hizinger studied a mineral discov-
ered at Béstnds in Sweden and extracted a metal oxide that
they named ceria.’ Hizinger first described another REE min-
eral, the bastnisite mineral type, in 1838.5 Concurrently, others
studied the crude metal oxides, y#tria and ceria, and found that
they were mixtures of the oxides of other, yet unknown, ele-
ments.® In 1843, C. Mosander found that crude yttrium oxide
also contained the oxides of Tb and Er. The techniques initially
used by the early discoverers relied on oxidation/reduction
reactions (e.g., with atmospheric oxygen or elemental carbon,
and reduction of chlorides with more electropositive metals
such as elemental potassium).’ Rather than processes, these
were simply qualitative analytical techniques.

The first true separation process was performed in 1907
when G. Urbain isolated Lu from crude Yb by conducting
15,000 sequential nitrate crystallizations.5 Later, scientists
discovered that the crude oxides that were initially produced
were mixtures of other elemental oxides.

These early separation processes were unsophisticated but
sufficient to supply the low demand for REE during the pio-
neering years in the first half of the twentieth century.’ During
the 1950s, many plants produced REE by resin ion exchange,
followed by chromatographic elution.’ This technology was
replaced during the 1960s by liquid-liquid extraction, as dis-
cussed later in the “Hydrometallurgy” section.

A large number of REE refineries continued operations as
late as the 1970s in the United States and Europe, but they
had been decommissioned by the 1980s for a variety of rea-
sons, including obsolescence, loss of economic viability, and
pressure from new health and environmental regulations.’ A
popular early product, and one that is still made for applica-
tions such as cigarette lighter flints, is misch metal, an REE
alloy containing about 50% Ce, 25% La, 15% Nd, and 10%
other metals, including iron.>

Economic fundamentals

As is the case with all enterprises that extract natural
resources, business success depends on having a predictably
positive margin of revenues minus the total production costs.
This simple economic model is complicated by China’s quasi-
monopoly of the market, as it produces more than 85% of
refined REE.>® A typical mineral deposit only contains up to
five REE at relatively high concentrations (e.g., Ce, La, Nd, Pr,
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and Sm), and the most abundant elements are usually the least
expensive, making it hard to compete with China.*™¢

Today, price volatility of the REE results from fluctuations
in demand, China’s influence on supply, and obsolescence or
emergence of end uses.’ The volatility has discouraged many
investors from financing new projects. Table I summarizes
ranges of average annual prices during the period 2015-2020,
and 10-year highs, in US$/kilogram, for various products.®”
Prices for all REE products and “misch metal” were very high
from the early 1990s until they peaked around 2011 and began
to decline.® All 10-year highs were achieved during 2011.%

Geology, deposit types, and ore minerals

There are more than 200 minerals that contain REE.”® The
most common rare-earth minerals are monazite and bastnésite
(Figure 1a—b and Table IT). Monazite exists as a group of
arsenates, phosphates, and silicates, but the primary REE-
bearing monazite is a complex phosphate.’ Bastnisite, also
known as bastnaesite and bastnasite, is a fluorocarbonate.
Table II contains some of the more common REE minerals
and their chemical formulas.>'?

REE mineral species are found in carbonatites, pegmatites,
and other igneous rocks, and placers (paleoplacers and current
marine beaches) derived from weathering of hardrock depos-
its.>!1=13 A carbonatite is a high-carbonate rock derived from
hot magmatic fluids, whereas a pegmatite is a coarse-grained
rock found near igneous rocks and at the outer margins of
intrusive masses. To a lesser extent, REE are also recovered
as co-products with other minerals and can be recovered from
non-ferrous mineral tailings and industrial wastes.’

The type of deposit has implications on the size of the min-
eral resource and its REE content. For instance, the carbon-
atites at Mountain Pass, Calif., Mt. Weld, Australia, and in
China (Inner Mongolia) at Bayan Obo are extensive with total
REE concentrations in the range 2—10 wt%.'4"'® Placers are
large in size but have low REE concentrations that are typi-
cally less than 0.5 wt%. The largest commercial placers are

Table I. Commercial purities and price ranges during the period of
2015-2020.34

Element Form Purity (%) Pricerange, 10-
US$/kg year
high,
uUs$/
kg
Cerium Ce0, >99.5 2-3 40-45
Dysprosium Dy,04 >99.5 179-279 1420
Europium Eu,0, >99.9 35-344 3800
Lanthanum La,0; >99.5 2-3 52
Neodymium Nd,0, >99.5 45-50 200
Praseodymium Pr,05 >99.5 50-60 2040
Terbium Tb,0; >99.99 415-564 2820
Various Misch metal A mixed alloy 5-7 49
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Figure 1. (a) Example of a bastnasite from the Mountain Pass Mine, California. Collection from Stan-
ford University. (b) Monazite concentrate from the Manchester mine, New Jersey. Collection from Hazen
Research.

close attention due to
their low radioactiv-
ity,!” which can help
minimize the envi-
ronmental issues sur-
rounding management
of U- and Th-bearing
wastes from process-
ing of monazite and
bastnésite (see later
discussion sections).

Beneficiation
In extractive metal-
lurgy, concentration,

Table Il. Common REE mineral names and chemical formulas.

Mineral Name Chemical Formula

Monazite (Ce, La, Nd,Th,Y) PO,

Bastnésite (Y,Ce)CO4F

Synchisite (Ce,La)Ca(CO,),F and substitution
for Ce by Nd and Y

Gadolinite (Ce,La,Nd,Y),Fe*?Be,Si 01,

Samarskite (¥,Ce,U,Fe*3)4(Nb,Ta,Ti);0;6

Euxenite (Y,Ca,Ce,U,Th)(Nb,Ta,Ti),04

Pyrochlore (Na,Ca,U),(Nb,Ta,Ti),05(0H.F)

marine beaches found in many parts of the world. The major
localities include (1) the states of Orissa and Kerala in India;
(2) the beaches at Pulmoddai in northeastern Sri Lanka; (3)
the beaches at Eneabba and Jangardup, near Perth in Western
Australia; and (4) coastal deposits in the southeastern United
States (e.g., Green Cove Springs, Fla).!”

Less common occurrences of REE are ionic clays or “ion
adsorption clays,” which contain REE ions in structural sites
that are readily exchangeable with other cations, especially
those in weak electrolytes such as ammonium sulfate.>'® The
mineralogy of these clays has been described by Borst!” as «. .
leachable 8- to 9-coordinated outer sphere hydrated complexes
adsorbed (mainly) onto kaolinite.” Commercial ionic clay
deposits are most common in China, Brazil, and Madagascar,
but deposits are now being evaluated elsewhere, including
Chile.'®? Tonic clays appear to be especially enriched in Y,
La, Nd, Gd, Er, and Yb. However, sampling of in situ clays
has not been widely reported. The most reliable data today
are for the recovered elements, which means that the apparent
relative concentrations may be distorted by the extent to which
the REE are displaced from the clays by the leaching solutions.

Many low-grade, but potentially important REE ionic
clay resources, are also being studied globally, especially in
Canada and the United States. These clay-type deposits merit
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beneficiation, and
physical separation are used interchangeably to describe the
treatment of an ore to increase the fraction of the desired
mineral(s)’ total solids weight. Beneficiation is done by remov-
ing undesired ore constituents (“gangue”) that are associated
with ore, but have no commercial interest. Quartz is a typical
example, except where quartz itself is desired. Clay usually
is another example.

REE minerals can be concentrated in several ways based
on physical and/or chemical properties that differ from those
of unimportant ore constituents. Compared with the gangue
minerals that usually dominate rare-earth ores, the REE miner-
als generally differ significantly in specific gravity, magnetic
susceptibility, and electrical conductivity.>*' The REE miner-
als also differ in their response to a common physical/chemical
technique, “froth flotation.”'® In almost all cases, the efficiency
of the concentrating technique is improved by “comminution,”
(i.e., the unit operations of crushing and grinding of ore to a
fineness that enables physical “liberation” of the REE minerals
from gangue mineral grains).

The following paragraphs briefly summarize the underlying
features of the principal beneficiation technologies. These
descriptions are offered to provide the reader with an appre-
ciation of the ways REE minerals differ from the gangue and
from each other. A typical deposit may contain 1-10 wt%
REE and the concentrate usually will contain 50-60 wt%
REE, with an overall recovery from ore of 50-80 percent.’

e Gravity concentration takes advantage of the high specific
gravity range, 2.9—7.2, of the REE minerals, compared
with 2.5-3.5 for most accessory gangue minerals.’ The
technology is exemplified by the classic gold prospector’s
pan, wherein worthless sand grains can be washed away
from heavier gold particles by applying a gentle shaking
motion to a pan loaded with a suspension of “pay dirt” and
water. There are many commercial gravity concentration
devices, including some that amplify specific gravity dif-
ferences with centrifugal force.'®



e Magnetic separation depends on applying a magnetic
field to a moving stream of gangue and liberated para-
magnetic or ferromagnetic minerals, either as a dry
powder or as a suspension in water.'® In practice, mag-
netic particles are attracted to a permanent magnet or
electromagnet, usually inside a conveyor head pulley.
Non-magnetic particles fly off the end of the head pul-
ley and are discarded, while magnetic particles adhere
to the conveyor belt until the space between the pulley
and the moving conveyor diminishes the magnetic field’s
influence and the particles drop through a chute onto a
transfer conveyor.

Many types of devices are available and they are classi-
fied as low-intensity and high-intensity magnetic separa-
tors, LIMS and HIMS, respectively.”’ A choice can also
be made between dry separation and wet high-intensity
magnetic separation (“WHIMS”). The efficiency and sen-
sitivity of the separation depends on field strength, particle
size distribution, and the depth and velocity of the moving
stream of ore particles.!®2¢

Magnetite, Fe;0,, is often present in REE deposits and
its high magnetic susceptibility enables removal with
LIMS equipment, either wet or dry, depending on process-
ing requirements. Subsequent separations are usually more
subtle and require distinguishing between REE minerals
that all have only relatively weak responses to magnetic
fields. During the last decade, the use of stronger REE-
based magnets has reduced both capital costs and energy
requirements. '®

e [Electrostatic separation takes advantage of differences
in electrical conductivity between particles. One type
of separator applies a positive static electrical charge to
a moving stream of dry particles passing over a rotating
horizontal metallic cylinder.'®?>?* Conducting particles
quickly lose their induced charge to the grounded cylinder
and leave at a high trajectory, whereas the less conductive
particles (electrical insulators) temporarily remain stati-
cally attracted to the cylinder and leave at a lower trajec-
tory.!®?324 The two product streams are directed by chutes
onto transfer conveyors that deliver them to appropriate
points in the process. There are several commercial varia-
tions of this basic concept.

e Froth flotation, a widely used technique for concentrating
the ores of most metal sulfide minerals and many non-
metallic minerals, is also effective for concentrating some
REE minerals.?> Flotation is conducted in an aqueous
suspension of ore and gangue particles and the technique
relies on several steps. The process begins with addition
of reagents that (1) serve as “collectors” that attach selec-
tively to specific mineral grains, either by electrochemical
attraction or by chemical adsorption; (2) act as “frothers”
by lowering the surface tension of the water; and (3) act
as “modifiers” used to depress the flotation response of
undesirable minerals such as clays.2®
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For many years, a popular collector for separation of mona-
zite and bastnésite from quartz has been a fatty acid derived
from tall oil, a residue from the processing of coniferous trees
to make wood pulp for paper manufacturing.?® Recently, aryl
hydroxamic acids are attracting attention.’

When air bubbles are introduced into the mechanically agi-
tated suspension, each collector molecule acts as a bridge with
one end attaching to the surface of the desired mineral grain,
while the other end is hydrophobic and attaches to an air bub-
ble. In this manner, liberated grains of REE minerals can be
selectively transported to the top surface of the slurry, where
the bubbles are stabilized into a persistent froth by frothers.
The froth, containing the desired minerals, is removed from
the flotation cell as it overflows one edge of the cell into a col-
lection chute or “launder”. Frothers, if needed, include alco-
hols and plant-based oils. Typical modifiers include several
phosphate reagents.’

Beneficiation process flow sheets cannot readily be
standardized because the unit operations and equipment selec-
tion are dependent on the mineral assemblage being treated,
the recommendations of a laboratory-scale process develop-
ment program, and the preferences of both designer and pro-
ject owner. REEs are currently recovered commercially from
hardrock, usually bastnésite or monazite, marine placers, and
ionic clays.’ Hardrock ores must be comminuted in closed
circuit with screens or mechanical classifiers that remove lib-
erated grains before overgrinding occurs. Overgrinding wastes
energy, but also may reduce recovery of brittle minerals that
are easily ground too finely for efficient beneficiation. Usually,
the ore is “deslimed,” a step that typically involves mechanical
scrubbing to disaggregate clumps of small particles. Heavy
mineral sands from both old and fresh placer deposits may still
need feed preparation such as attrition scrubbing and deslim-
ing, but comminution is not necessary. Figure 2 is a simplified
schematic of REE ore treatment.

Recovery of monazite concentrates from unconsolidated
beach sands requires removal of accessory heavy minerals,
including ilmenite, leucoxene, magnetite, rutile, and zircon.
This typically involves the application of wet gravity con-
centration, as well as wet and dry magnetic and dry electro-
static separation. Historically, significant REE production
has derived from monazite recovered from heavy mineral
sands, but current REE production is almost exclusively from
hardrock. Due to economics and environmental issues, the
monazite currently recovered from beach sand heavy mineral
mining operations is being stockpiled or returned to exhausted
excavations. See the “Environmental concerns” section.

Hydrometallurgy

The hydrometallurgical treatment technology used by cur-
rent plants in China and Australia/Malaysia employs vari-
ations on baking and/or acid digestion to “crack” the REE
minerals, followed by leaching and solvent extraction (lig-
uid ion exchange).’ The term “cracking” is exclusive to REE
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Figure 2. Schematic of REE ore treatment.
nomenclature and reflects the extremely refractory nature of Concentrate leaching

the entire REE mineral family. Nearly all of current global
REE production is from the following five deposits or districts,
and the mining, beneficiation, and concentrate pretreatment
techniques can be classified as summarized in Table III, as
given by Goode.’

Among the five locations, Mountain Pass in California
was in full operation until 2003, when it was placed on care
and maintenance pending modernization and resolution of
waste treatment issues.’ The mine and processing facility
were reactivated by new owners in 2013, but cost overruns
and depressed prices drove the resurrected Mountain Pass
venture into insolvency and processing operations closed in
2015. In 2017, the project was sold to a new entity called
MP Mine Operations, LLC, which later became MP Materials
Corp. The company resumed mining and refining operations in
2018, though the concentrate is exported to China for further
processing.®

Most REE minerals, especially bastnésite and monazite, must
be decomposed prior to leaching. Decomposition is commonly
done by roasting or baking the concentrate in acid-proof kilns
at 200—600°C, the optimum temperature being dependent
on mineralogy. Strong sulfuric acid (H,SO,) is blended with
concentrates in the feed to the kiln. Caustic cracking of con-
centrates has also been accomplished using strong caustic
solutions containing 50-70% sodium hydroxide (NaOH) at
140°C or higher.>?’ Some minerals require a less aggressive
treatment, and ion adsorption clays only require a dilute acidic
electrolyte. All current operations treating hardrock concen-
trates require thermal treatment.

Although bastnésite can be treated with dilute H,SO,, it
is a fluorocarbonate and the REE fluorides are insoluble in
water or aqueous acid, so they immediately re-precipitate.
Therefore, it is necessary to roast bastnasite concentrate at
about 650°C to decompose the mineral sufficiently to drive

Table IIl. Current production locations and technologies.’

Deposit/owner Location Mine type

Bayan Obo Inner Mongolia Three open pits

Mianning-Dechang China (Sichuan Province) Multiple open pits

Mainly small firms Various in five Chinese Prov- Heap or in situ

and artisanal inces and Regions leaching
miners
Lynas/Mt. Weld Mine and flotation in Australia, Single open pit
with concentrate treatment in
Malaysia
MP Materials California Single open pit

(Mountain Pass)
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Mineralization Beneficia- Pretreatment
tion
Carbonatite with bastnasite and ~ Magnetic sepa-  Sulfuric acid bake
monazite ration and
flotation
Carbonatite with bastnésite Gravity and Sulfuric acid bake
magnetic
separation
and flotation
lonic clays NONE NONE
REE compounds are precipi-
tated from leach solutions
Weathered carbonatite Flotation Sulfuric acid bake
Carbonatite with bastnasite and Flotation NONE
monazite Concentrates are shipped
to China



off fluorine, while oxidizing Ce to the tetravalent state. The
fluorine gas must then be captured and immobilized.”® One
resolution is to pelletize the concentrate with sodium carbon-
ate and roast at 600-700°C, followed by chlorination with
ammonium chloride at around 325°C to convert the REE to
water-soluble chlorides.’

The current preferred commercial route is baking the REE
concentrate at elevated temperatures with excess H,SO,,
evolving hydrogen fluoride, which can be absorbed in water
to produce hydrofluoric acid. A baking temperature of 600°C
or hotter has been reported for Lynas, a REE producer based
in Australia,” but no open-source information is available for
the other operations. The resulting REE sulfates are water-
soluble and can be separated into individual species. Residual
impurities, including the sulfates of Fe, Al, U, and Th can be
rejected during solvent extraction, which is further described
in the “Separation and refining of REE” section. Specific rem-
edies for the removal of other trace elements may be required.

Precipitation

The aqueous liquid that is produced by leaching the cracked
concentrate minerals is called pregnant leach solution (PLS).
Residual solids are removed by standard dewatering equip-
ment, usually sedimentation thickeners or centrifuges, fol-
lowed by vacuum or pressure filtration.’ The filtered residue
is washed and filtered again to maximize recovery of soluble
REE sulfates. The PLS is clarified by additional settling and/or
filtration to remove fine residue particles that otherwise would
contaminate the subsequent REE precipitate.

Separation and refining of REE

Until the 1960s, many REE plants constructed in the US, UK,
USSR, and France performed separations using column ion
exchange, followed by chromatographic elution. These facili-
ties satisfied the low demand for REE and REO (rare-earth
oxides) at the time and provided adequate purity for appli-
cations such as igniter flints, glass polishing, and catalysts.
However, those processes were replaced by liquid-liquid
extraction in the 1960s, concurrent with the growing need for
Y and Eu in red phosphors for television tubes and Sm, Nd,
Dy, Tb, and Pr in various high-performance permanent magnet
formulations.*’

Liquid-liquid extraction, commonly known as solvent
extraction, or SX, is inherently simpler and more efficient, and
was rapidly adopted globally. SX is a way of treating a dilute
and impure solution, the PLS, to concentrate and purify one
or more dissolved constituents. SX is done by contacting the
PLS with an organic fluid containing a mixture of a specially
developed chemical, called the extractant, and a diluent. The
extractant forms complexes with the metal ions while releas-
ing cations into the aqueous solution.*

The resulting organic phase is referred to as “loaded”
and is usually “scrubbed” with another aqueous solution to
remove impurities that otherwise would accumulate in the
organic and reduce its loading capacity. Following scrubbing,
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the organic fluid is “stripped” by contacting it with an aque-
ous solution from which the desired REE cations have been
partially removed. This stripping solution derives its capability
from having been enriched in the cation that originally was
exchanged with the PLS during extraction.

REE-bearing PLS is treated in this fashion to yield an
enriched extract from which REE can then be precipitated.
In practice, though, the partitioning coefficients of individual
REEs are nearly identical, so the extraction/stripping cycle
must be duplicated many times to achieve acceptable recover-
ies and purities of the desired REE product. An SX plant for
REE production may contain well over 1500 total stages of
extraction, scrubbing, and stripping.

There are stringent chemical and physical requirements
for the organic phase. The diluent is selected for reasons
that include immiscibility with aqueous solutions, low vapor
pressure, high flash point (to reduce risk of fire), low toxic-
ity, and minimization of reagent cost. It is the main organic
component and is a petroleum distillate, often a kerosene.
The extractant usually contributes only 3—-10 vol% to the
organic phase and is an expensive specialty chemical. The
chemical most commonly selected for REE processing is a
phosphonic acid, named P 507, that functions as a cationic
exchanger.*’

Separation circuits based on P 507 as the extractant use
hydrochloric acid (HCI) to dissolve the mixed REE feed and
also use HCI for both stripping and scrubbing of the loaded
organic. Adjustment of acidity is then accomplished with an
alkali, usually sodium hydroxide. This results in a sodium
chloride (NaCl) brine, which is the primary refinery effluent.
This can be a problem because NaCl is almost impossible to
remove from groundwater, requiring expensive treatment like
reverse osmosis, which still produces a brine. Various extract-
ant and stripping reagent combinations are under constant
evaluation for mitigating effluent management challenges. A
schematic diagram for leaching, purifying, and precipitating
REE is illustrated in Figure 3.

Precipitation and semi-refining of REE salts

from the aqueous extract

The semi-purified mixed REE can be precipitated as carbon-
ates or evaporated to yield chloride salts. However, a dominant
practice is precipitation with oxalic acid, C,H,0,. The REE
oxalates are then calcined at approximately 900°C to drive
off water and carbon dioxide, leaving the mixed oxides, REO.
Although the aqueous REE solution after SX can be evapo-
rated and the solids sold directly as chlorides, they are often
sold as carbonate or oxalate precipitates. Depending on mar-
ket requirements, the oxalate or carbonate precipitates can be
calcined to REO. Some applications may also require specific
mixtures or particle size distributions.

REE refining and metal production

While extractive metallurgical processing of ores is influenced
and complicated by the similar chemical properties of REE
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Figure 3. Schematic of leaching, solvent extraction, and precipitation.

species, refining is made easier by the rather broad variations
in physical properties.?’

REE that have been reduced to metals by either fused-
salt electrowinning or electrothermic methods at tem-
peratures above 1000°C are only 98-99% pure. It seems
reasonable to assume that higher purity will lead to better
performance in critical applications. Impurities in REE are
dependent on the preparation method. Close control of raw
materials and process variables can yield 99.99% purity
with respect to other metallic elements. However, the REE
attract crucible elements as well as oxygen, nitrogen, car-
bon, hydrogen, and the halides. Producing an REE metal
that contains less than 0.1% of these non-metallics is very
challenging. Naturally, the best way to minimize the impu-
rity problem is to avoid contamination at the outset.

For industrial-scale production, the refining technique must
be compatible with many criteria, including product form,
metal yield, batch size, operational simplicity, and econom-
ics.”” For research and development purposes, REE must have
the highest achievable purity. Impurity removal practices are
dominated by vacuum refining, vacuum distillation, and sub-
limation. Ultra-purification typically involves zone refining
and electro-transport.”” These unit operations have been uti-
lized for decades, but the significant demand for high-purity
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REE for research purposes requires more selective techniques,
easier scalability, and improved amenability to automation.

The future of ore processing and REE refining
Current mining and processing operations tend to have low
recoveries, on the order of 50-80%, from ore to high-purity
REE compounds.’ Inefficient recovery is partly due to the low
intrinsic value of the geologic resource compared with the
processing costs. The processes for REE ores have been char-
acterized by occasional major developments (e.g., SX, and
gradual adoption of new techniques and evolutionary improve-
ments). Today, new research is revealing ways of improving
recoveries through development of more powerful and selec-
tive reagents,”® more efficient concentrating devices,'>>* and
models that fully integrate processing flow sheets.’

While improvements in REE processing have persisted
through evaluation and adoption of improved flotation
reagents and solvent extractants, the marginal benefits
have been small. Further improvements in efficiency can
be made by focusing on applying technologies such as
ionic or molecular separation with membranes including
the microporous hollow fiber contactor,’"*? emulsion lig-
uid membrane extraction,’*> and molecular recognition



technology (“MRT”).3%3% Examples of these technologies
include electrically enhanced extraction,® phase transition
extraction, “tunable” solvents,*’ ionic liquids,*'™* deep
eutectic solvents,*** and miniaturized extraction.*®

While recycling and re-use of end-of-life REE products
are possible, the processes are energy-intensive and com-
plex. Recycling of REE products is complicated by the fact
that only a small quantity of REE is incorporated in most
recyclable or re-useable materials and that the performance
of recycled materials can be impaired.*” However, recycling
of manufacturing scrap is much easier than processing end-
of-life (EOL) scrap, as the challenges of EOL scrap include
collection and dismantling.?%*’

Environmental concerns

An over-arching challenge regarding REE mines and pro-
cessing is that all REE deposits contain Th and U, with
lesser concentrations in ionic clays. On-site disposal options
are usually limited and subject to strict regulations, whereas
transportation to and impoundment in a public landfill are
exorbitantly expensive or impossible. Left unmitigated,
these radioactive materials can pose human health risks, for
example, through breathing of contaminated dusts.

Among the REE minerals, monazite is the primary source
of Th.® A typical composition of monazite from the Kerala
deposits in India is 57.5% REO and 7.96% thorium oxide
(ThO,).*® Th or U recovered from REE minerals could be
used for nuclear power generation. For example, govern-
ment-supported projects on Th-based nuclear power in India,
China, France, Norway, and Brazil could benefit from stock-
piling Th extracted from REE processing.*’ In the United
States, monazite is blended with waste sands and silts and
buried in excavations, rather than being stockpiled for poten-
tial use in nuclear reactors.*

The separation and removal of U and Th from REE can
be done either with SX or by selective precipitation. One
approach to removal of U and Th from bastnésite concen-
trates is discussed by Zhu.? In the example cited, the REE
concentrate is digested with weak sulfuric acid at pH 1.9 and
95°C and the leach liquor containing most of the uranium
and some of the thorium is treated by SX using a tertiary
amine extractant. The residue is re-leached with strong (10
wt%) H,SO, at 95°C, converting most of the REE to their
double salts by maintaining a high concentration of sodium
in solution. (A double salt is a solid that contains either two
different cations or two different anions.) Some of the Th and
U dissolve and are recycled to the weak acid leach. The REE
double salts are converted to REE hydroxides and then dis-
solved in HCI, leaving Th in the solid residue for stockpiling
or solid waste disposal. Traces of Th and U remain in the
REE solution and are removed by resin ion exchange. It is
important to note that several techniques are available, but
they must be applied after the REE have been extracted into
a concentrated solution. There is not yet a way of removing
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U and Th from monazite-containing mineral concentrates
because the monazite must first be chemically “cracked.”

Chu and Serpell®! have observed that the ratio of REE
product to waste is about 0.0005, or 2000 tons of solid waste
per ton of total recovered REE. They concluded in a July
2021 podcast that “Rare-earth elements are essential to many
clean energy policies, yet their production can bring severe
environmental impacts.” Chu and Serpell further concluded
that “Just as a disruption in supply from China would impact
defense preparations, it could also impact domestic clean
energy industries. This would be especially troubling if lim-
ited supply forced competition between, for example, US
defense and domestic energy investments.” This conclusion
emphasizes the pressing need for development of Western
REE resources and processing technologies.
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