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PREFACE & ACKNOWLEDGEMENTS
Welcome to ERES2017, the second conference on European Rare Earth Resources. The idea of the ERES
conference initiated in 2012, as part of the dissemination effort of the EURARE project. Five years later,
following the first ERES in 2014, we are proud to host the second ERES conference and hopefully not the last.
Since the beginning the idea behind ERES was to help boost research in fields relating to Rare Earth Elements
in Europe and beyond. It is not a conference aiming to profit from a temporal “hot” research topic, but rather
a chance to combine and create an academic fellowship in Europe focusing on the geology and metallurgy of
technologically critical elements.
This present conference would have been impossible without the efforts and support of all the people working
in the EURARE and EREAN project. In addition we would like to acknowledge the help we received from
members of the REEcover, REE4EU, Remaghic, ENVIREE and SCALE projects. We are grateful to our sponsors
and the municipality of Santorini for their support.
Personal thanks to Lucian, Danai, Christina, Maria and Yiota from Heliotopos and of course Rabab.

The EURARE project team in 2013

ERES will return in 2020 organized by the SCALE project and hopefully other REE projects.
Thymis Balomenos, May 2017
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EU POTENTIAL IN THE FIELD OF RARE EARTH ELEMENTS AND POLICY
ACTIONSi
Mattia PELLEGRINI*, Lidia GODLEWSKA*, Patrice MILLET*, Magnus GISLEV*, Lisa GRASSER*
*

European Commission, DG Internal Market, Industry, Entrepreneurship and SMEs, Resource Efficiency and Raw Materials

Unit, Brussels, Belgium
mattia.pellegrini@ec.europa.eu, lidia.godlewska@ec.europa.eu, patrice.millet@ec.europa.eu, magnus.gislev@ec.europa.eu,
lisa.grasser@ec.europa.eu

European REEs resources
Europe has a diverse range of bedrock and consequently has a strong potential for the presence of rare earth
elements (REEs) deposits. The most significant discoveries of REEs deposits were made in the Nordic countries
and Greenland. Smaller REEs deposits were also observed in France, Greece and the Western Balkans. Several
REEs occurrences were identified in the UK, Spain, Portugal, Italy and Germany. It must be noted that the
assessments of the geological and economic potentials to mine such deposits in Europe are not fully
comprehensive, as the European database has been established during the 20th century when the REEs were
not of economic interest. Nonetheless, data collection efforts and exploration projects are spurred since the
2010/2011 spike in REEs prices.
Three advanced‐stage exploration projects are currently undertaken within the European territories. In
Greenland, the Kvanefjeld project is currently being explored by Greenland Minerals and Energy Ltd; the
company believes it will get the permits by 2018 and start the drilling phases by 2020ii. No schedule for the
Sarfartoq project in Greenland (Hudson Resources) is available. The third project, Norra Kärr, located in
Sweden and managed by Tasman Metals has been notified of the withdrawal of its exploitation concession by
the Swedish supreme administrative court in February 2016iii. This project is of particular interest because of
its high HREEs ratio (50.3%)iv.
Since the closure of the Solvay facilities in France in 2016, the European industrial activity on REEs refining is
concentrated in Estonia (operations performed by Neo Performance Materials, launched in 2016 after
financial restructuring of Molycorp).

REEs recycling
Recycled end‐of‐life products are one potential source of rare earth materials. However, despite growing
research efforts, which can be seen in the rapid growth in patents related to REEs recycling, there remains
considerable uncertainty about the recycling supply potential. Some are convinced that systematic recycling
should be the focal point of government and industry efforts, while others claim that recycling can make little
meaningful contribution to securing supplies when economic and other factors are taken into account. We
should acknowledge that there is both a potential and limitations of rare earths recycling.
A mature recycling route for rare earths could offer a number of potential advantages over primary
production. These include, for example, a smaller environmental footprint, shorter lead times and a cheaper
source of material compared to primary production. Moreover, recycling leaves no radioactive elements to
dispose of, and recycling products that contain the most sought‐after rare earths could help alleviate the
balance problem in primary supplyv.
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REEs substitution in relevant applications
One has to realize the enormous impact and pervasiveness the rare earth elements have on our daily lives
with REEs used in many different types of high‐tech applications such as for magnets, batteries, phosphors.
Substitution is recognised as an alternative route to reduce the EU's dependency on imports of raw materials
and therefore to secure raw materials' supply. Materials substitution, either by reducing or eliminating its use,
is also an important response to criticality. However, it is important to note that due to their unique electronic
properties, direct substitution of REEs is not an easy endeavour despite many research efforts in many projects
in past and present EU's Research & Development Framework Programmes.
Substitution substance for substance is difficult but we start to see new developments with substitution of
new technology for substance. It is the case for example in the lighting sector with the shift from fluorescent
to light‐emitting diode (LED) technology or in wind turbine sector with the switch to alternatives turbine
technologies, which rely on less rare earth or none at all.

EU actions on critical raw materials
Securing sufficient resources and ensuring undistorted access to certain non‐energy raw materials for the EU is
essential and has become a growing concern in recent years. This is why, in 2008, the European Commission
launched the European Raw Materials Initiativevi, an integrated strategy to tackle challenges related to access
to raw materials, with a priority action to define critical raw materials (CRMs) for the EU. Consequently, the
Commission adopted the first list of 14 CRMs in 2011 and committed to regularly update the list, at least every
three years, to take into account market and technological developmentsvii. A revised list of 20 CRMs was
adopted in 2014viii. The third criticality assessment is currently ongoing, with a view to publishing a new list in
2017, based on refined methodology.
A Critical Raw Material is one with high risk of a supply disruption and, at the same time, with high economic
importance to the EU economy. High economic importance means that a raw material is fundamental in
manufacturing sectors (in terms of end‐use applications) to create added value and taking into account
availability and performance of existing substitutes. High risk of supply disruption means that supply may not
be adequate to meet EU industry demand. High supply risk can be due to lack of substitutes or their criticality
and/or low recycling rates, possible high country concentrations of supply, high EU import reliance, supplying
country's weak governance performance measured by the World Governance Indicators.
Rare earth elements (REEs) have been considered critical for the EUix. They are used for a wide variety of
industrial applications, such as catalysts, magnets, metallurgy, glass and polishing powder. At the same time, in
most of their applications, REEs are not substitutable without losses in performance. Due to the lack of
internal supply, EU is dependent on imports of these speciality metals, which supply is concentrated in China,
with Russia and the USA having become important suppliers for the EU since 2010x. As for secondary supply
for REEs, very little recycling occurs, which cannot replace and reduce the demand for primary material.
Therefore EU’s industry and economy is reliant on international markets to provide access to rare earths.
To address the issue of rare earth elements' supply, the European Commission has brought together experts to
establish a European Rare Earths Competency Network (ERECON). The three Working Groups of ERECON were
focused on:


opportunities and road blocks for primary supply of rare earths in Europe;



European rare earths resource efficiency and recycling;



European end‐user industries and rare earths supply trends and challenges.

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

13

The work of ERECON was completed in 2014 by issuing a report compiling the network's findings on
strengthening of the European rare earths supply chainxi. The SCRREEN project launched under the R&I
programme Horizon 2020 in 2016, building on experience gathered from ERECON, aims to form an EU Expert
Network covering the whole value chain for present and future critical raw materialsxii.
Substitution of REEs was also an important topic in ERECON and was seen as a mean to help to mitigate supply
pressures. It was also addressed in CRM_InnoNet "Critical Raw Materials Innovation Network"xiii, which
focused on substitution of CRMs and developed research and innovation roadmaps of CRM substitution
Strategies: these roadmaps describing promising pathways for reducing or eliminating reliance on imported
CRMs over the next 10 to 15 years – for example in applications in strong demand of REEs such as motors and
drive (covering wind turbines; hybrid and electric vehicles, permanent magnets materials), batteries and
photonics.
This work was later complemented by a recent study from the Joint Research Centre, which addressed
substitution of CRMs in low carbon technologies: lighting, wind turbines and electric vehicles. The study
evaluated the substitution options of nine critical raw materials among which six are REEs (Eu, Tb, Y, Nd, Pr
and Dy)xiv.
The issue of REEs substitution is addressed in the framework of a series of trilateral EU‐US‐Japan conferences
on Critical Raw Materials which started in 2011, concomitant with the supply crunch in China. Developing
substitutes by accelerating materials discovery in the field of strong permanent magnets and alternate
phosphors for lighting technologies is for example one of the main activities of the Critical Materials Institute
in the USA and of NEDO in Japan
The EU list of Critical Raw Materials has a wide range of uses. It is intended to help boost the European
production of these materials and facilitate launching of new mining and recycling activities. It is also a source
of information on how the security of supply of raw materials can be achieved through supply diversification,
from different geographical sources but also primary sources, recycling and substitution. Moreover, the list is a
supporting element when negotiating trade agreements, challenging trade distortion measures or promoting
research and innovation.
Concerning the latter, the European Commission is directing close to 600 million EUR of funds to research and
innovation projects on raw materials under the "Societal Challenge 5" of its funding programme Horizon 2020
(2014‐2020)xv. So far, out of 40 projects selected in total for funding, 26 projects linked to some extent to
critical raw materials have been launched under this framework.
Finally, the Circular Economy Action Plan of the European Commissionxvi has a special focus on some key
sectors and materials, including actions on critical raw materials for increased recycling of electronic waste and
other complex end‐of‐life products and for their recovery from mining waste and landfills.
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GLOBAL REE SUPPLY CHAINS AND MATERIAL FLOW
Steven M. FORTIER1, Joseph GAMBOGI 1
1

National Minerals Information Center, U.S. Geological Survey, Reston, Virginia, USA

sfortier@usgs.gov, jgambogi@usgs.gov

The diversification of global REE supply options which occurred in the immediate aftermath of the 2010
decision by China to limit exports of these materials has slowed or reversed over the past two years. The major
U.S. supplier at Mountain Pass, CA has filed for bankruptcy and is actively seeking to sell assets. Although
production volumes have increased, supply from mining operations at Mt. Weld in Australia, with processing
in Malaysia is under financial pressure in the current pricing environment. While numerous development
projects are underway, no new major supply has been added to global capacity since Mt. Weld in 2011 and the
short lived resumption of mining efforts at Mt. Pass from 2013‐2015. Metrics developed to calculate mineral
criticality trends over time, utilizing country concentration, governance risk, price volatility, and market
demand, after briefly trending downward, can be expected to reverse if additional capacity comes out of the
market (Figure 1).
Value added mineral processing is also highly concentrated in a few countries and facilities with the result that
supply risks exist and are increasing for REE oxides, metals and other compounds, as well as REE magnet
production. The geographic distribution, production capacities, and country concentrations for the separation
and production of REE compounds, metals, and magnets is examined using USGS, international trade, and
other data.
Figure 2 shows an example of country concentration with regard to the mineral specific and technically
demanding REE separation process step. Global REE separation capacity is heavily concentrated, particularly in
China. The widely used Herfindahl‐Hirshman index for determining concentration of market share yields a
value of 0.53 for this step in the supply chain. Values > 0.25 on a scale from 0 to 1 are considered highly
concentrated.

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

15

Figure 1: Criticality indicators1 for global REE primary mining from 1996 to 2014. R = supply risk; G = Demand growth; M = price
volatility.

Figure 2: Country share of global processing capacity for REE separation expressed as a percentage2, for 2015.

Other examples include but are not limited to an 80% increase in REE metal exports from China3 with rising net
import reliance for more than a dozen importing countries; export share of all REE compounds (excluding
metals) is increasingly concentrated in China and Malaysia, rising from ~40% of global market share in 2013 to
>50% in 20153.
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THE GEOLOGY OF RARE EARTH DEPOSITS AND ITS INFLUENCE ON CHOOSING
THE BEST ROUTES FOR PROCESSING
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Introduction
The aim of this contribution is to review the geology of rare earth ore deposits and discuss how the geology
influences the minerals processing properties. The ability to find economic and environmentally friendly
methods to concentrate rare earth minerals, and then to extract and separate their rare earth elements (REE)
is well‐recognised as one of the major challenges in producing a diverse and secure supply of REE.
Understanding the geometallurgy of REE deposits is a crucial step in exploration and mining. It is important not
only in designing processing routes but also in predicting and mitigating potential environmental problems.
Owing to the large number of exploration projects undertaken, there have been a number of minerals
processing studies recently1,2 and it is timely to review progress.

Geology and relation to processing
The geology of REE deposits is diverse3, ranging from carbonatite‐related deposits, alkaline rocks, mineral
sands and ion adsorption clays to a wide range of deposits with hydrothermally‐precipitated REE minerals,
other placer deposits, potential by‐products from mining of phosphate and bauxite and re‐use of waste
materials. Although processing flow sheets have to be designed carefully for each deposit, it is possible to
make some generalisations (Table 1). The deposits most likely to have the simplest processing routes are (1)
unconsolidated mineral sands, which are amenable to physical methods of processing to produce high quality
concentrates, usually of monazite‐(Ce) and (2) ion adsorption deposits, in which easily leachable REE are
exchanged from clays without the need for crushing, grinding or physical upgrade of any kind. The most
diverse and complex mineralogy is in alkaline rocks, although carbonatites can also have complex, fine‐grained
mineralogy produced by sub‐solidus alteration, including in weathered deposits. There are exceptions, with
coarse‐grained igneous textures, in both cases. Geometallurgy studies are equally important in other deposits
types, including when considering REE by‐products of low REE grade, high volume resources such as
phosphate or bauxite, and for marine resources.
Table 1: Geology and processing of REE deposits

Geology

Processing considerations

Carbonatite

REE minerals: REE fluorcarbonates, ancylite, or monazite (all –(Ce)). Apatite
also a REE host. Properties of less common fluorcarbonates/ancylite not yet
well known; do not behave like bastnäsite. Carbonatites often intrude as
narrow dykes, so likely mixed with fenite (silicate) or earlier carbonatite.
Usually subject so sub‐solidus alteration producing complex textures, often
important in REE‐enrichment. Gravity, magnetic, and flotation methods used
on various carbonatite deposits. Acid leaching of impure concentrates
expensive because of carbonate content. Intrusions open to depth.
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Weathered

Carbonates removed by weathering but often fine‐grained with intricate

carbonatite

intergrowths and grain coatings, including Fe (hydr)oxides. Mt Weld
monazite‐(Ce) concentrate produced by flotation. Will vary markedly with
depth.

Alkaline granite and

Variable complex crystalline textures, with varying degrees of alteration.

nepheline syenite

Igneous textures easier to process than altered assemblages, E.g. REE‐
bearing eudialyte can be pseudo‐morphed by a fine‐grained assemblage.
Multiple possible mineral hosts for REE. Deposits are large albeit with
favourable roof zones and igneous layers and some extend to depth.

Mineral sand (placer)

Grains usually separate and well‐liberated, suitable for physical processing.
Monazite‐(Ce) is main REE mineral, mostly granite‐derived thus contains Th
so radioactivity is an issue.

Ion

adsorption

deposit

Leaching used to exchange REE from clays, including in‐situ leaching, so no
crushing/grinding physical or chemical separation. Low grade so can use high

(‘easily

leachable

deposit’)

amount of chemical reagents. Some REE (up to 50% in deposit defined as
‘ion adsorption’) will be in insoluble minerals, e.g. monazite‐(Ce), xenotime‐
(Y), zircon. Will vary with depth and only part of a profile is amenable to
leaching. Some deposits have shallow weathered profile so need large
lateral amount of land.

References
1.

N. Krishnamurthy and C.K. Gupta, Extractive metallurgy of rare earths, second edition, CRC Press, Boca Raton, USA, 2016.

2.

A. Jordens, Y.P. Cheng, K.E. Waters, “A review of the beneficiation of rare earth element bearing minerals”, Minerals

3.

F.

Engineering, 41 97‐114 (2013).
Wall,

“Rare

Earths”,

in

Critical

Metals

Handbook,

Edited

by

G.

Gunn,

Wiley,

UK,

2014.

Acknowledgement: funding from NERC grant NE/M011429/1 www.sosrare.org

NEW MINES AND INTRA‐LANTHANIDE SUBSTITUTIONS ARE KEY TO A
SUSTAINABLE RARE EARTH SUPPLY CHAIN
Ryan CASTILLOUX
Adamas Intelligence, Sudbury, Ontario, Canada
rcastilloux@adamasintel.com

Introduction
Globally, there is a systemic imbalance between the total annual production and total annual consumption of
individual rare earth elements.
Over the past ten years this malalignment has resulted in pervasive overproduction of certain low‐value rare
earth elements, such as cerium, as a consequence of producers’ collective focus on satisfying rapidly growing
demand for other high‐value rare earth elements, such as neodymium (see Figure 1).
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Figure 1: Estimated global annual production and consumption of cerium oxide and neodymium oxide from 2007 through 2016 1

Over the coming ten years, rapidly growing demand for electric vehicles, wind power generators, energy
efficient appliances, and numerous other end‐uses and applications will drive global demand for neodymium
and praseodymium to unfathomable new heights, while exacerbating the imbalance between production and
demand of other rare earth elements, and ultimately, challenging the long‐term sustainability of the global
rare earth supply chain (see Figure 2).
To satisfy rapidly growing demand for some rare‐earth elements, and simultaneously ameliorate the systemic
imbalance between production and consumption of other rare earth elements, thereby fostering a more
sustainable supply chain, we submit that pro‐action is required on both the supply and demand sides of the
industry.

Figure 2: Forecasted global annual production and demand for cerium oxide and neodymium oxide from 2017 through 2026 1

Supply: Market calls for development of a new mine every year by 2026
From 2017 through 2021 we forecast that global annual demand for neodymium oxide (or oxide equivalent)
will increase by 30%, from 30,015 tonnes to 39,100 tonnes, a modest increase that could be satisfied by
approximately 50,000 tonnes of new total rare earth oxide (TREO) production from existing and emerging
producers globally.
From 2022 through 2026, however, we forecast that global annual demand for neodymium oxide (or oxide
equivalent) will increase by a staggering 45%, from 42,065 tonnes to 61,190 tonnes, and this rate of growth

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

19

will accelerate in the years thereafter, necessitating major increases in global production each year to avoid
potential supply disruptions.
As shown in Figure 3 below, we forecast that global annual demand for neodymium oxide (or oxide equivalent)
will increase by 2,590 tonnes in 2021, and by 2026 this amount will reach 5,915 tonnes, an amount equal to
almost two‐times Lynas Corporation’s annual neodymium oxide production at Mt. Weld mine in Australia.
Over the coming ten years, we believe existing producers in China will capture the majority of new global rare
earth demand but, ultimately, multiple new mines outside of China will also need to be developed to
circumnavigate potential shortages and foster a more sustainable supply chain.

Figure 3: Forecasted global neodymium oxide demand growth in 2021 and 2026 versus estimated annual neodymium oxide production
from the Mt. Weld mine 1

Demand: Intra‐lanthanide substitutions are key to a sustainable supply chain
To cope with the growing imbalances of the rare earth market, and foster a more sustainable future for both
suppliers and end‐users, it is key that the industry finds ways to minimize consumption of certain high demand
rare earth elements, such as neodymium, through partial replacement by abundantly‐available rare earth
elements, such as cerium.
Failure to address the market’s growing imbalances will result in a future with growing neodymium,
praseodymium, dysprosium, and lanthanum shortages, along with ever‐increasing surpluses of cerium, and
ultimately, a lot of unviable end‐users and rare earth producers alike.
In 2016, at the International Conference on Rare Earths in Lanzhou, China, a speaker from China’s largest rare
earth permanent magnet producer, Zhong Ke San Huan, discussed the potential of using cerium or light rare
earth mischmetal in (Pr)NdFeB permanent magnets as a partial substitution for neodymium and
praseodymium. According the speaker, upwards of 20 weight percent neodymium and praseodymium in
NdFeB can be replaced by cerium or rare earth mischmetal and the resultant magnet still bears a high enough
coercivity and maximum energy product for use in many of today’s commercial end‐uses and applications.
Similarly, at the International Rare Earths Conference in Singapore in 2015, we met with a leading global
producer of rare earth catalysts that expressed concerns over the long‐sustainability of lanthanum supplies,
and spoke of their company’s own ongoing efforts to develop ways of using greater amounts of cerium in their
catalyst products in place of lanthanum to help foster a more sustainable supply chain and mitigate long‐term
supply risks.
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The importance of the above‐described intra‐lanthanide substitutions in balancing the future market cannot
be emphasized enough. Without them, the industry is almost certainly facing a future marked by substantial
rare earth shortages, and ever‐increasing prices of certain rare earth products as a means of compensating for
losses associated with their overproduction.
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Introduction
The group of 17 elements including Sc (21), Y (39) and the lanthanides (Ln = La‐Lu, 57‐71) is commonly referred
to as “rare‐earth elements” (REEs)1,2 and features stunning chemical, magnetic and optical properties
conferring it a special status not only in physics, chemistry, and materials sciences but, and most importantly,
in our contemporary highly technical world [1]. Indeed, a growing number of critical technologies are vitally
dependent on these elements, which explains their large strategic importance, as illustrated in the following
discussion.

Rare earth dependence
Because rare earths are essential to all electronic, optical and magnetic applications, no military offensive or
defensive platform can be deployed and maintained without a dependable supply chain of these elements and
their technology. Guidance and control systems relying on rare‐earth lasers and optics, and rare‐earth
containing electronic components are at the heart of unmanned aircrafts (drones), missiles, guided artillery
projectiles, and smart bombs. Communications, detection, surveillance missions, night vision, jamming devices
need fibre optics, displays, radars, sonars, infrared and radiation detectors, and microwave generators, all of
them featuring rare earths in their vital components. Lasers are not only used for targeting and guiding, but,
also, as weapons or mine‐clearing devices. To this list can be added computers and all other devices using
permanent magnets, electric motors and generators or air‐conditioners for instance. Therefore, following the
“rare‐earth crisis” of 2010, most governments have taken action to try securing rare earth supplies.
The impact of rare earths on consumer products is illustrated in the following two examples. Neodymium‐iron‐
boron magnets have the largest coercivity of all known magnets; in particular, they are used in car
loudspeakers, which are usually located into the front and/or back doors. Replacing the miniaturized magnets
1
Radioactive promethium (Pm, 61), with isotopes having very short half‐lives, is absent from rare‐earth ores and will therefore be ignored
in this chapter. In addition, scandium (Sc, 21) has very different geochemical and chemical properties so that it will only be briefly
mentioned.
2
Although corresponding to specific definitions, rare earths, lanthanides (or lanthanoids, La‐Lu), and 4f‐elements (Ce‐Lu, 58‐71) are often
loosely used as synonyms
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with classical iron‐based magnets would considerably increase the size of the loudspeakers, necessitating
wider and therefore heavier doors; in turn, the car structure would have to be strengthened. All this would
result in cars being about 100‐150 kg heavier… The second example pertains to smart phones. They contain
about 150‐250 mg of nine different rare‐earth elements entering into the screen (7 different elements), the
buzzer (3 elements), the loudspeaker (5 elements), and the electronic circuitry (5 elements), not to mention
powders (mainly cerium oxide) used to polish the screen. Without these elements, the value of which can be
estimated to be worth 1‐2 US $ only, the smart phones would be much heavier, and far less performing,
resembling the 20th century clumsy portable phones.
Except for a few applications mostly involving large magnets (e.g. windmills, magnetic resonance imager), a
remarkable feature is that rare earths represent only a fraction of the weight and cost of the consumer
products they are indispensable for: a hard disk drive contains 10‐12 g of Nd2Fe14B magnets translating into
about only 3 g neodymium; the rare‐earth containing phosphors in a modern LED‐based lighting bulb amount
to about 0.1 g; a luminescence‐based bioassay only needs 1 g of europium or other highly emissive
lanthanide. This characteristic, coupled with large variation in prices and problems in the supply chain,
explains why the worldwide annual consumption of rare earths remains small, officially about 125’000‐ton
equivalent rare earth oxides presently, with a moderate predicted growth.

Industrial uses
Industrial uses started in 1891 with Carl Auer von Welsbach (1858‐1929) being granted a patent for producing
incandescent mantles for gas lighting made up of thorium (99 %) and cerium (1 %) oxides. Twelve years later
he invented the “mischmetal – from German Mischmetal”, a mixture of La, Ce, Pr, and Nd to which iron is
usually added and that is used in the manufacturing of flint stones and firesteel, or as additive in metallurgy.
Both products are still in use today. In addition to discovering praseodymium and neodymium (1885,
separated from a didymium mixture), Auer von Welsbach added rare‐earth fluorides in the electrodes of
powerful electric arc lamps used in cinemas or as search lights and also developed tungsten/osmium filaments
for electric lighting. His work resulted in the creation of two companies still alive today: Treibacher Industrie
A.G. (1898), producing RE compounds – including mischmetal – and Osram (1906), focusing on lighting
devices. This early industrial period of rare earths, dominated by the production of cerium oxide and
mischmetal, ended around 1930 when electricity replaced gas lighting.
The second industrial era, between 1930 and 1965, saw expansion of the REE market governed by several
applications of cerium oxide (with some La and Nd oxides), as polishing powder replacing iron oxide, opacifier
in ceramic glazes, additive in optical glasses, and, at the beginning of the 1960s, mixed with lanthanide oxide,
in zeolite oil‐cracking catalysts. Small quantities of cerium oxalate were also used to fight sea sickness and
nausea during pregnancy. All of these applications however resulted in relatively small amounts of rare earths
being consumed, compared to the large quantities generated by the production of thorium oxide from
monazite as catalyst in the Fischer‐Tropsch process and feed material in breeder nuclear reactors. The
situation started to change in the 1940s: atomic programs in the US, England, and USSR generated abundant
rare earths as fission products, encouraging scientists to become interested in their properties. Efficient
separation processes were developed yielding highly pure rare earth oxides and salts which were incorporated
into more sophisticated products. Metallurgical procedures were established to get high‐purity RE metals.
Sensitization of lanthanide luminescence by organic molecules was discovered in 1942 and was a great help in
developing photonic applications since it overcomes the intrinsically faint molar absorption coefficients of
forbidden electric dipole f‐f transitions (antenna effect). Optical applications were also boosted by the advent
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of lasers, successful operation of the first Y3A15O12:Nd (YAG:Nd) laser being demonstrated in 1964. Another
prominent example is the red EuIII phosphors that were introduced in television screens in 1965 and are still in
use today.
Diversification of the use of rare earths in high‐technology products accelerated in the third industrial period,
between 1965 and 1990, with the discovery of (i) optical upconversion (1966) later used in security inks, (ii)
three‐way catalysts for controlling exhaust emission from automobiles (Pt,Rh/Al2O3:CeO2(1‐5%), 1982), (iii)
new fluid catalytic cracking catalysts (CeO2/Mg2Al2O5, 1982), (iv) Nd2Fe14B permanent magnets (1983), (v)
buckeyball, under the form of C60La (1985), (vi) high‐temperature superconductivity in the La‐Ba‐Cu‐O system
(30 K, 1986), (vii) erbium‐doped amplifiers for optical‐fibre telecommunications (1986), (viii) consumer‐grade
nickel hydride rechargeable batteries using mischmetal (1987‐1989). The advent of biomedical applications
such as time‐resolved immunoassays and contrast agents for magnetic resonance imaging (MRI) in the 1980s
can be added to this success list.
The present industrial era of rare earths started around 1990 and has been dominated by growing influence of
China in both extraction/purification of rare earths and manufacturing of raw and finished products that led to
amazing monopoly 15 years later. Despite mainly building on scientific breakthroughs from the previous
period for improving materials, this fourth era has seen its share of novelties. For instance, Er3Ni spheres have
started to be commercially used as component of Gifford‐McMahon cryogenic systems in 1992, allowing
steady development of superconducting magnets, e.g. for nuclear magnetic resonance spectroscopy (NMR)
and associated MR imaging scanners, or for magnetic levitation high‐speed trains that are now operating in
several Asian countries (China, Japan, South Korea). Along similar lines, a major impact for refrigeration
science was the discovery in 1997 of the giant magnetocaloric effect in Gd5(SixGe1‐x)4 compounds along with
the demonstration that magnetic refrigeration is a viable technique, able to compete with vapour‐cycle
refrigeration. The mid 1990’s have also seen the discovery of switchable metal hydride films LnHx (2<x<3),
promising materials for hydrogen sensing and the advent of lanthanide‐based light‐emitting diodes (LEDs). In
the early 2000s, the finding that a mononuclear double‐decker TbIII complex with phthalocyanine exhibits
single‐molecule magnet behaviour opened a new research field; although still confined to very low
temperature, these molecular magnets could play an important role in future data storage materials.
Moreover, optical refrigeration into the cryogenic regime has been achieved with an ytterbium‐containing
crystal in 2010.

What’s next?
While the use of rare earths in given applications is often subject to large variation in time depending on
technological developments and on efforts for replacing them with less strategic elements, their unmatched
properties keep them in the front scene of research and technology. Their contributions to sustainable sources
of energy (solar energy, wind power, thermoelectric converters), lighting, magnetic materials, as well as to
medical diagnosis, imaging, and therapy [2] will continue to make them essential and indispensable elements.
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The EURARE Work Package 1 team has reviewed rare earth element (REE) mineralisation across Europe. Our
review includes deposits that have been the subject of mineral exploration and have code‐compliant resource
estimates, and also a number of other mineralisation localities that have not been explored in detail but have
potential to contain REE resources. Although there is currently no REE production in Europe, the continent is
rich in potential resources. Over 100 REE deposits and occurrences have been identified across Europe (in EU
countries and candidate countries, plus Norway, Switzerland and Greenland). Details of all these localities can
be seen at www.eurare.eu. Examples of further research to characterise these localities will be presented
elsewhere at this conference.
Deposits and occurrences of REE mineralisation in Europe can be divided into a number of groups based on
their deposit type1. Deposits formed by high‐temperature (igneous and hydrothermal) processes can be
associated with carbonatites, alkaline igneous rocks, granites and pegmatites, IOCG‐ and IOA‐type deposits,
and hydrothermal deposits. Deposits formed by low‐temperature (sedimentary and weathering) processes
include placers, ion adsorption clays, bauxites, and other sediment‐hosted/ diagenetic types.
Carbonatites with potential for REE mineralisation occur in many localities across Europe, typically associated
with continental rifting. The majority of known carbonatites occur in Greenland and Scandinavia, where they
have been eroded such that their mineralised levels are exposed at the surface. Examples of carbonatites that
have been explored for the REE include Fen in Norway, Sarfartoq and Qeqertaasaq in Greenland, and Sokli in
Finland. Further south, carbonatites in Germany, Turkey and Italy are typically buried, and can only be
recognised by their volcanic products or by hydrothermal veining at surface. In many carbonatites, the
principal REE minerals are bastnäsite and monazite, for which industrial processing routes already exist.
However, European carbonatites are typically lower‐grade than those mined elsewhere in the world, and have
a high ratio of low‐priced LREE to higher‐priced HREE. They are thus currently not economic to develop for REE
alone, although many contain other commodities such as phosphate, niobium, and iron.
Alkaline igneous rocks represent some of the most important REE resources in Europe. The Norra Kärr syenite
in Sweden, and the Ilímaussaq and Motzfeldt complexes in South Greenland, are examples of highly
peralkaline (agpaitic) syenite intrusions with unusual ore minerals such as eudialyte and steenstrupine. These
deposits are lower‐grade than many carbonatites but have larger tonnage, and also have higher contents of
the more critical REE. They have thus been considered as priority deposits for the EU. Their complex
mineralogy means that processing is a challenge, and so EURARE metallurgical research has focused on these
deposits. Elsewhere in Europe, other less well‐known alkaline complexes also show REE mineralisation, with
ore minerals such as monazite, apatite and allanite; these include Ditrãu (Romania), Galiñeiro (Spain), Loch
Loyal (UK) and Høgtuva (Norway). Some subalkaline granites and pegmatites are enriched in similar REE
minerals. IOCG‐/IOA‐type, and hydrothermal REE mineralisation are less common in Europe. The classic
example of hydrothermal mineralisation occurs at Bastnäs in Sweden, and many of the REE were originally
discovered in samples from this area. Iron oxide‐apatite (IOA‐type) mineralisation at Kiruna in Sweden is
already mined for iron ore.
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REE placer deposits have hitherto not been widely recognised in Europe, but the EURARE WP1 team is
researching these deposits and has recognised that they may be common in Southern Europe, especially in
areas of alkaline volcanism. Placers are low‐grade but mining and production of mineral concentrates is easier
than for hard‐rock deposits. Sediment‐hosted (diagenetic) REE mineralisation occurs particularly as nodular
monazite layers, which have been recognised in Palaeozoic sedimentary basins across central Europe. Around
the Mediterranean, particularly in Greece and Turkey, bauxites are recognised as a resource where the REE
could potentially be produced as a by‐product of aluminium extraction.
In summary, Europe is well‐endowed with REE mineralisation of a range of different types. Further research
should focus on understanding the variety of systems in which the REE can be concentrated, and on improving
beneficiation and processing methodologies to ensure sustainable exploitation.
The EURARE project is funded by the European Community's Seventh Framework Programme (FP7/2007‐2013)
under grant agreement no. 309373.
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Introduction
EURare is a European Union co‐funded project dedicated to the development of a sustainable exploitation
scheme for European REE (Rare Earth Elements, i.e., the 15 elements of the Lanthanides group, plus Scandium
and Yttrium) ore deposits. A goal of the project is to assess REE resources and demand. This is done through
the development of an Integrated Knowledge Management System (IKMS) that gives access to (i) all available
data related to European primary mineral resources containing REE, collected by both EURare and previous
projects, like Minerals4EU, and (ii) data and non‐spatial information related to REE resources exploitation
technologies.

The IKMS characteristics
This Knowledge Management System1 is fully INSPIRE compliant, implementing the INSPIRE MR data model v.
3.0 (for both primary and secondary mineral resources [MR]) and its international equivalent, the
EarthResourceML (ERML) data model v. 2.0.
Data inside the IKMS is always kept up‐to‐date, according to a distributed architecture over which the system
is based. EURare data providers are National Geological Surveys. Their databases are exposed through Web
Feature Services (WFS) so they can be regularly harvested (on a monthly basis). The harvesting system fetches
the data from the WFS and stores it in the Harvesting Database. During the reading of the data, controls are
made to check its coherence (validity of code‐lists, presence of all mandatory fields…). Once this has been
done, the data is forwarded through SQL scripts to a Diffusion DB, optimized to serve it inside the IKMS portal.
The IKMS is also linked to the EU‐ Minerals Knowledge Data Platform (EU‐MKDP) developed in the frame of
the Minerals4EU project. Thanks to this link, the IKMS is able to serve at the same time two variants of data
related to REE: (i) validated data directly produced by the EURare project and concerning well‐
described/known REE deposits, this data forming a reference corpus for all industrialists involved in REE
exploration/processing, and (ii) non‐validated data (data for which quality/accuracy is not precisely known, but
making sense) coming from the EU‐MKDP, and which can be used, for instance, at early prospection stages for
defining permissive tracts. Data of the two different layers is filtered using both ‘nameSpace’ (i.e. the name of
the domain of application of the data) and ‘Commodity’.
Data of the ‘validated’ layer can be queried in various ways. A tool has been developed for selecting different
fields of the Diffusion DB such as ‘Deposit type’, ‘Development status’, ‘Total REE resource category’,
‘Mineralogy’, ‘Specific potential associated product’ (i.e., the commodities that are associated to the REE),
‘Grade’ and ‘UNFC class’ (Figure 1). Selections can be combined (AND operator) to refine the query in the way
the end user sees fit, allowing to really work with the IKMS data, and not only see it in the viewer. The EURare
dataset can also be downloaded for being exploited by external systems.
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If the structured‐data part of the system (i.e., spatial data stored in DB) is obviously essential, the non‐
structured data part (i.e., reports, monographs, theses, articles, statistics, images and videos related to REE, in
various formats) is not less important. A specific tool has been designed in synergy with the H2020 ProSUM
project, allowing importing metadata by ’batch’. This metadata is structured following the Dublin Core model
(http://dublincore.org/).
The Search application benefited from all the attention. It is essential to rapidly retrieve the information and to
be able to refine outputs in a smart way up to the achieving of the expected result. The Search capability thus
performs search in the DB, in the documents ‐ which have been previously fully indexed using Apache Solr ‐
and in the metadata (including spatial extent for documents, i.e., the area covered by the publication). In the
search interface, a small map can be used to draw a polygon allowing retrieving all the information (structured
and non‐structured) related to that area.

Figure 1: Multi‐selection tool operating over the validated REE deposit layer.

Depending on the restriction of access attached to a document, the system can propose a direct download
(the document is stored in the IKMS), a link toward an external (perennial) free access source serving the
document or a link toward an editor fee‐payable site (in case of copyrighted material).
The ambition of the IKMS is thus to provide the end user with the most comprehensive information related to
REE, in a single place and in the smoothest way, in other words to become the REE reference portal. The
architecture of the IKMS is now finalized and the IKMS has been released at the end of 2016. Its web address
is: http://eurare.brgm‐rec.fr/.
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Introduction
With about 27.6 % Si (respectively 59.0 % concerted in SiO2 equivalent) silicon is one of the major components
of the earth crust [1]. As a result silicon occurs in many valuable concentrates for metal extraction. Leaching
with mineral acids is one of the most cost attractive and effective processes to recover valuable metals. But
once dissolute silicon can result in gelling of the whole suspensions and cannot be filtered and processed
furthermore. To overcome this difficulty a detailed study about silica precipitation is carried out in laboratory
and scale up conditions.

Theory of silica precipitation
Silica has a low solubility in aqueous systems. Under standard conditions (25 °C, 1,013 bar) amorphous high
porous silica leads to about 100‐120 ppm SiO2 equivalent in solution. In water based systems at low
concentrations the silicon is present as silica (Formula 1) [2].

1

Higher concentrations can be gathered, if slightly decomposable silicates like sodium silicate are leached. First
precipitations can be observed after an oversaturation of more than 100‐300 ppm of SiO2 equivalent in
solution [2]. In this context, a silicon saturation index (SSI) can be defined to classify the different steps of
silicon colloid formation (figure 1). The SSI defines the ratio of dissolved silicon to the maximum silicon
solubility [3]. One of the main processes to form colloids are the polymerisation via condensation of Si(OH)4
molecules forming a broad network. After the formation of a colloidal solution and at SSI of about one, the
colloids are growing further via Ostwald Ripening or they start to aggregate [3].
The aggregation is the main part to form different types of precipitates. Therefore, four different aggregation
mechanisms are described by Iler [2]:
1. Gelation of the suspension:
Formation of a broad network of silica colloids over the whole volume without any concentration
gradient
2. Coagulation:
Formation of clusters of tightly packed colloids which sediment because of gravitation
3. Flocculation
Formation and sedimentation of clusters using an additional flocculating agent
4. Coacervation
Enclosing of the colloids to minimize the hydrophilic and forming an immiscible phase
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Figure 1: Formation mechanisms of silica colloids depending on silica saturation index (SSI) [3]

The way of the colloid formation and precipitation is a complex process and depending on parameters like
oversaturation of silicon, pH‐value, temperature and the ionic strength of the solution [2‐4]. In this context to
achieve filterable residues the DLVO‐theory named after Derajaguin, Landau, Verwey and Overbeek is used
approximately. This theory describes the repulsive and attractive forces between colloids. In one of its basic
forms it is reduced to the repulsive interaction of the electrolytic double layer of identical colloids and the
attractive van‐der‐Waals‐interaction (formula 2) [5‐7].

Vres:resulting potential energy; VE: potential interaction energy based on
electrolytic double layer; VvdW: van‐der‐Waals interaction energy;

2

Main influencing parameters: h: distance between two colloids; c: ionic
concentration in solution
Because of the contrary forces a characteristic energy graph of a secondary and a primary minimum divided by
an energy barrier depending on the colloid distance h can be observed (figure 1). In the case that the energy
barrier is too high, the stable colloid distance will be in the secondary minimum by a reversible aggregation
like a gelation. To reach a filterable residue an aggregation in the primary minimum is postulated. Therefore,
one option is to minimise the energy barrier by minimising the electrolytic double layer interaction energy.
This can be achieved by a higher ionic strength in solution which leads to a higher shielding probability of the
repulsive charges of the identical colloids [5‐8].
In conclusion higher ionic strength during the digestion of decomposable silica increases the probability of the
aggregation of filterable residues [8].
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Vres(h): resulting potential energy

potential energie Vres(h)

VE(h): electrolytic double layer interaction
VvdW(h): van‐der‐Waals‐interaction

energy barrier

distance (h)

0

secondary minimum
(reversible aggregation)
minimisation of the energy barrier
leads to an irreversible aggregation
primary minimum
(irreversible aggregation)

Figure 2: Outlined graph of the potential interaction energy Vres between two colloids in relation to the colloid distance h assuming the
classical DLVO‐theory [5‐8]

Proof of concept by eudialyte digestion
Our most important aim is to present our gel avoidance strategy in a treatment of high silica containing ores in
laboratory and scale up conditions. Eudialyte belongs to the group of cyclosilicate minerals. The name
eudialyte originates from its easy decomposition by leaching with mineral acids. This leads to high silicon
concentration in solution which starts to precipitate spontaneously to form a gelatinous mass of the whole
suspension. Additionally eudialyte has high concentrations of valuable metals like rare earth elements,
zirconium, niobium and manganese. So it is an ideal source for the verification of a gel avoidance process to
extract valuable metals.
The aim of the leaching process is to decompose the eudialyte, to liberate the value metals and to precipitate
the silica as a filterable residue via two steps. The first step is a “dry digestion” via a mineral acid. The acid
should be added to form a pasty mass to decompose the eudialyte. This leads to very high silicon liberation at
high ionic strengths and pH‐values, which fastens the silicon precipitation additionally. After the precipitation
took place, the valuable metals can be washed out easily while the precipitated silicon keeps in its stable
residue phase.
The developed process is elaborated in different dimensions from batch lab scale to continuous pilot plant
operation at the Department of Process Metallurgy and Metal Recycling (IME), RWTH Aachen University
(figure 3). During experiments it was possible to prevent silica gel formation with silicon contents of < 50 mg/L
in solution. The silicon leaching and precipitation mechanism was determined by phase analysis using XRD,
SEM and QEMSCAN. Detailed process parameter studies lead to extraction yields of valuable metals like rare
earth elements and manganese to more than 90 % [8‐11]. Detailed experimental results and process
parameters will be given by the plenary talk.
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Lab scale (25‐100 g) using lab beaker

First upscaling (0.5‐1.5 kg) in lab mixer

Pilot scale (6‐10kg/h) in automated pilot
plant

Figure 3: Dimensions of the approved silica prevention process using eudialyte concentrates developed at the Department of Process
Metallurgy and Metal Recycling (IME), RWTH Aachen University
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Abstract
Greenland Minerals and Energy is a public company listed on the Australian Stock Exchange. Its only
development project is the Kvanefjeld Rare Earth Project located in Southern Greenland. The company has
been developing Kvanefjeld since 2007 in a methodical manner to ensure a prudent technical design was
achieved and to identify stakeholder considerations.
Environmental and social concerns were identified early on in the project’s inception as important areas of
focus for the company. To address these concerns considerable effort has been taken to ensure these areas are
well studied and mitigations for any issues are developed.
Environmental awareness was started during the first exploration season in 2007 where environmental
baseline studies were commenced to understand the local conditions before mining. These baseline surveys
were performed by world leading independent consultants and continued until 2016. Careful consideration was
given to identifying places to locate tailings facilities in the project area. The company has considered a number
of tailings storage techniques and locations. Public consultation meetings have also been performed to inform
and receive feedback on the tailings dam locations.
Extensive technical studies and environmental testwork were performed to characterise the tailings produced
by Kvanefjeld and to optimise their safe long term storage. Long term tailings stability testwork has been
performed to derive technical information to design a robust long term storage facility. Long term tailings
stability testwork is still on‐going to monitor stability over a number of years. These studies have indicated the
local conditions in Greenland are favourable for long term tailings storage.
The local community was engaged in open discussions during the early stages of project development for
transparency and to discuss controversial aspects of mining. In particular the project contains sufficient
quantities of uranium, which allow it to be profitably produced as a by‐product of rare earth production. The
company conducted a number of open days and community forums in the first years of project development.
Those activities were successful in raising awareness and providing comfort that there are significant net
benefits to the local community. Those activities were also combined with the employment of Greenlanders
directly for exploration programs. In addition local enterprises were engaged to provide goods and services.
This lifted the economic activity levels of the local community and provided meaningful jobs.
The environmental and social studies have culminated in the completion of extensive Environmental and Social
Impact Assessments. These documents were submitted to the Government of Greenland in December 2015 to
allow GMEL to apply for a Mining Licence for the Kvanefjeld Project. The Government of Greenland has
reviewed these initial draft versions and provided feedback to Greenland Minerals and Energy. This feedback
has been incorporated into revised versions which will be made publically available during the public
consultation process. The public consultation process is expected to take at least 8 weeks and provide
transparency to all local stakeholders, non‐ government organisations and other interested parties.
The project will produce close to 30,000 tonnes of rare earth oxide each year in an intermediate product which
is a suitable direct feed for REE separation plants. Light rare earths such as Lanthanum and Cerium are planned
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to be produced directly in Greenland. Other by‐products planned to be produced are uranium oxide, zinc
concentrate, fluorspar and hypochlorite.

1. Introduction
1.1 Greenland Minerals and Energy
Greenland Minerals and Energy Ltd (The Company) is a junior project development company which is listed on
the Australian Stock Exchange (asx:GGG). Greenland Minerals and Energy Ltd owns 100% of the shares in GME
A/S which is a Greenlandic based company which owns the exploration licences for Kvanefjeld. The primary
focus of The Company is the Kvanefjeld Rare Earth project located in the southern tip of Greenland. The
Project area is located in south Greenland approximately 10km from Narsaq and approximately 35km from
Narsarsuaq. The main commodities of interest in the Kvanefjeld orebody are Rare Earth Elements (REE). There
are also sufficient levels of uranium and zinc in the orebody to produce commercially viable by‐products.
Greenland Minerals and Energy completed a Feasibility Study on the project in 2015.[1] This study will form
part of a mining licence application in Greenland allowing the commencement of project construction.

1.2 HISTORICAL PROJECT DEVELOPMENT
Historically the project was known to be a low grade and medium sized uranium deposit which was discovered
by a Danish government department called RISO in the 1960’s. RISO performed a significant amount of
metallurgical testwork with the view to extracting the uranium only. RISO developed two different
metallurgical flowsheets: sulphation roast and high pressure carbonate leach processing. This work culminated
in the production of a high quality prefeasibility study in the 1970’s after which the project was cancelled due
to a lack of government support. Around this time both Denmark and Greenland government’s instituted a
zero tolerance policy towards the mining of uranium in Greenland/Denmark. The deposit sat idle for a number
of decades with little or no development until the mineral rights were acquired by Greenland Minerals and
Energy in 2007.
Greenland Minerals and Energy was able to raise significant funds to continue the exploration for uranium as
the uranium price was enjoying a cyclical high at the time. Modern exploration methods were applied which
analysed the ore for more than just uranium. This was performed to find other values, as the zero tolerance
policy was still in place. After assaying each drill core for 36 different elements it was determined that
Kvanefjeld was actually much more of a rare earth deposit than a uranium deposit. Using current metal prices
the in‐ground value of the uranium is less than 20% with rare earths making up the vast majority of the
balance.[2] The rare earths and the uranium both occurring within the same mineral making their co‐recovery
essential for production of either.
In 2009 Greenland become more independent from Denmark, which included gaining the responsibility for
mineral resources. After this time the Greenland government changed the Kvanefjeld exploration licence to
include radioactive elements. This was the first step forward in allowing the Kvanefjeld deposit to be mined. In
2010 extensive metallurgical studies were commenced to determine the best metallurgical treatment method
to recover both the rare earths and uranium. This resulted in a change of metallurgical flowsheet to
beneficiation and atmospheric leaching. A prefeasibility on this flowsheet was completed in April 2012 [3]
which presented a project which could become one of the world largest and lowest cost rare earth mines. In
October 2013 the Government of Greenland lifted the zero tolerance policy (ban on uranium mining) which
essentially unlocked this deposit and paved the way for commercialization. This opening up of Greenland to
uranium mining was reaffirmed in December 2014 when fresh government elections installed a coalition
government which is pro development and pro uranium mining. In April 2015 Greenland Minerals and Energy
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released a Feasibility Study for the Kvanefjeld Rare Earth project which will form the basis the mining licence
application which was submitted to the Greenland Government in December 2015. In April 2016 the company
released an Feasibility Study update which included a revised project configuration. [13]

Figure 1: Location of the Project Area in Southern Greenland noting location of key Infrastructure

In September 2016 the company entered into a strategic co‐operation agreement with Shenghe Resources.
[14] Shenghe is a leading rare earth producer with experience in all parts of the rare earth value chain. The
relationship is investigating the possibility of optimising the project with the view to jointly developing the
project in the future.

2. Project Setting
2.1 Location in Greenland
The landscape in south Greenland is characterised by relatively high and steep mountains and by low islands
and peninsulas in the coastal areas. This landscape is largely formed through the action of ice, which has
carved the long, narrow and deep fjords. Kvanefjeld is a 690m high mountain, which is situated on the Erik
Aappalaartup Nunaa peninsula. South of Kvanefjeld is the Narsaq Valley and Narsaq River, which drains the
valley and surrounding mountains into the Narsaq Ilua Bay. The Figure 2 below show the Narsaq River in the
Valley area of the project site.
At a regional scale the weather in south Greenland is mainly influenced by the North American continent and
the North Atlantic Ocean. However the local climate is also heavily influenced by the Greenland Inland Ice.
Another key factor is the year round low sea surface temperature, which causes the south Greenland waters
and coastal areas to be part of the arctic climatic zone.
Foehn winds are quite common in southern Greenland, including the Kvanefjeld area. Foehn winds are
outbursts of dry and relatively warm air. Such winds arise through adiabatic compression of the air sweeping
down from the inland ice cap. Its relative humidity drops to 30‐40%, and the temperature rises by up to 15‐
200C within an hour, remaining elevated for a day or two. The effect of the foehn wind is particularly marked
in winter, when it can result in rapid melting of the snow.
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Local climate data is collected from a climate station on Kvanefjeld. Monthly average temperatures range from
minus 80C in January and February, to plus 60C in July and August. Long term time series data for precipitation
gives monthly averages of 73 mm during March, up to 131 mm during the month of September. Annual
average precipitation for the area is approximately 1200 mm.
The Kvanefjeld region is located inside the northwest margin of the Illimaussaq Complex. The region
represents the remains of lava which formed 1.2 billion years ago. Black lujavrite is the rock that hosts REE’s,
uranium, and zinc multi‐element mineralisation.

Figure 2: View of the Narsaq River Valley Located near the Project Site

2.2 Geology
2.2.1. Geology of Ilimaussaq Complex
The Ilimaussaq Complex is one of the intrusive complexes of the Gardar igneous province in South Greenland.
The layered nature of the complex is attributed to four successive pulses of magma. The first pulse produced
an augite syenite, which now forms a marginal shell. This was followed by intrusion of a sheet of peralkaline
granite that is mostly preserved in the roof of the complex. The third and fourth stages make up the bulk of
the intrusion. Stage four produced the agpaitic lujavrites and kakortokites that formed from volatile‐rich
alkaline magmas that were extremely enriched in incompatible elements such as rare earth elements, lithium,
beryllium, uranium, and high‐field‐strength elements such as niobium and tantalum. Minerals containing the
incompatible elements are chemically unstable and suitable for mild metallurgical processes such as
atmospheric leaching.
Black lujavrite is the unit that hosts REEs, uranium, and zinc multi‐element mineralisation. Kakortokite units
host zirconium mineralisation that also contains REEs and tantalum and niobium. The lujavrite series within
the Ilimaussaq Complex is at least 500 m thick and are generally fine‐grained and laminated but there are
locally some medium to coarse‐grained pegmatoidal varieties.
2.2.2. Kvanefjeld Geology
The Kvanefjeld region is located inside the northwest margin of the Ilimaussaq Complex. The region represents
a lujavrite‐rich area that has been unroofed by erosion. Other rock types that outcrop include basalt, gabbro
and sandstone of the Ericsfjord Formation, and augite syenite and naujaite.
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Steenstrupine is the dominant host to rare earth elements and uranium in all mineralisation styles. It is a
complex sodic phospho‐silicate mineral and mineralogical studies suggest that it commonly contains between
0.2 and 1% U3O8, and likely hosts approximately 50% of the uranium at Kvanefjeld. Other minerals that are
important hosts to REEs include the phosphate mineral vitusite, and to a lesser extent, cerite and monazite.
Aside from steenstrupine, uranium is also hosted in unusual sodic silicate minerals that are rich in yttrium,
heavy REEs, zirconium and tin. Minor uranium is also hosted in uranothorite and monazite. Zinc is exclusively
hosted in sphalerite, which is the dominant sulphide throughout the deposit.
2.2.3. Mineral Resources
The current mineral resources were estimated by SRK Consulting (Australasia) Pty Ltd, and categorised in
accordance with the JORC Code (2012). The latest Project mineral resource estimate was publicly released in
February 2015, and was based on drilling completed to the end of the 2011 field season.[5] The Project
consists of three deposits of differing exploration development. The main deposit is the Kvanefjeld deposit
which has the most historical and modern drilling. The other two current satellite deposits (Sorensen and Zone
3) are less developed. The maiden Sorensen and Zone 3 estimates were publicly released in March and June of
2012 respectively, and were based on drilling completed to the end of the 2011 field season [6].
The Kvanefjeld deposit only has a total resource of 673 Mt, and is characterised by thick, mostly sub‐horizontal
slabs of lujavrite. The highest grades occur near surface, with grades of REEs, uranium and zinc decreasing with
depth. Features of the Kvanefjeld resource include:
Kvanefjeld Deposit ‐ global resource for all delineated deposits:
•

Resources of 673 Mt containing 368 Mlbs U3O8, 7.4 Mt TREO

•

Measured resources of 143 Mt @ 303 ppm U3O8, 1.2% TREO and 0.24% Zn.

•

54 million tonnes @ 403 ppm U3O8 and 1.4% TREO.

Global Resources – Across all three deposits:
•

1.01 billion tonnes of ore containing 593 Mlbs U3O8 and 11.13 Mt TREO.

Of the global resources 240 Mt of inferred resources have been established at Sorensen, with another 95 Mt
at Zone 3. Sorensen features many similarities to the Kvanefjeld deposit, including a higher grade upper
section.
Sørensen Deposit‐ higher grade upper lens:
•

119 Mt @ 400 ppm U3O8, 414 ppm HREO, 940 ppm Y2O3, 1.2% TREO, 0.3% Zn

The mineral resources have been delineated by diamond core drilling from surface. The majority of grade
information is based on chemical assaying of half‐core, although 15% of the Kvanefjeld assay data is based on
historical spectral assays. Chemical assays were performed by NATA‐certified laboratories in Australia, using
multi‐acid‐digest and ICP‐OES and ICP‐MS instruments. For the samples with only spectral assay data, REE
grades were estimated from uranium grades using linear models, based on linear regression parameters
calculated from the more extensive set of chemical assays.
The resource definition drilling has been by diamond coring from surface, either NQ or BQ diameter, with HQ
diameter holes utilised for geotechnical assessments and metallurgical sampling. Drill hole spacing is
approximately 70 m x 70 m over the northeast of Kvanefjeld, widening to 140 m x 140 m in the southwest.
Sorensen has a wider hole spacing of between 150 m and 300 m. Drill hole locations are partially constrained
by locally rugged topography, which inhibits drilling on an exact grid spacing. The majority of holes are
oriented vertical, or near vertical, to achieve intercepts that are close to true thickness given the sub‐
horizontal orientation of the lujavrite sills. Recovery is generally 100%, or close to 100%.
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Kvanefjeld has a long exploration history, with 65 holes drilled by Danish institutions in the period 1958‐1977,
and 156 holes completed by the Company in the period 2007‐2010, as summarised in Table 1. Drilling
completed at Kvanefjeld by the end of 2010 totalled 45 000 m of drill core and 23 000 assays.
Sorensen has a recent exploration history, with all but one hole drilled by the Company in the 2010/2011 field
campaigns. The discovery hole was drilled by the Company near the close of the 2008 field season. A total of
23 holes, 10,351 m of core and 4,600 assay samples have been completed to date at Sorensen.
Zone 3 was drilled initially in 2008 (5 holes) and then completed to its current status in 2011 (23 holes). A total
of 6,499 m was drilled in 28 drill holes with the holes going to depths of around 200 m where possible.
Table 1: Summary of Exploration Drilling

Drill Program

Holes

Metres

GMEL resource definition (2007 ‐2010)

130

31,436

GMEL Geotechnical (2009)

12

1,870

GMEL Metallurgical (2009)

14

2,254

Historical (1958‐1977)

65

9,830

3. Mining
Mining studies indicate the suitability of a medium sized, open pit mine at Kvanefjeld. The mine will have a low
strip ratio and, as the highest grades present near‐surface, will generate higher grade run of mine ore in the
early years of production.
A number of mining rate studies have been performed from 3 to 10.8 million tonnes per annum. The
Feasibility Study is based on an initial mining rate of 3.0 million tonnes per year of ore treated.
With a crusher feed target of 3.0 Mt/a and an average waste to ore strip ratio of 1:1, the average total
material movement from the mine is ~6 Mt/a.
The mining study is based on owner mining, with the mining fleet being leased as an operating expense. It is
assumed that the maintenance of all mobile equipment will be carried out by the original equipment
manufacturer (OEM) as part of their supply and maintain contract.

3.1. Mining Fleet
At this stage of the Project, a standard drill/blast/truck/shovel operation would be considered the lowest
operating risk mining method, both in terms of cost and productivity. Therefore this configuration has been
selected as the base case for the mining study.
Equipment selection has determined that 6 x 150 tonne mining trucks and one excavator would be required
for the project.

3.2. Manning Levels
Based on mining equipment proposed and the nature, complexity and location of the Project, it is estimated
that the mining workforce directly involved with the earthmoving component would consist of 44
management and supervision personnel, 62 operators, 18 maintenance and service personnel with blast and
mine service crew estimated at 12. This is a total of 136 employees.

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

37

3.3. Pit Optimisation
Pit optimisation and mine design studies were completed by SRK in April 2015. In the early years of mine life
the grade is expected to be >350 ppm U3O8, >1.4% REO and >0.25% Zn. Based on the ore reserve only the
mine can provide 37 years of feed.
An Ore Reserve estimate developed to JORC 2012 standards has been produced.[7] The contained mineral
inventory is shown in the table below.
Table 2: Ore Reserve Estimate

Classification
(JORC)
Proven
Probable
Total

Inventory
(Mt)
43
64
108

REO
(ppm)
14,700
14,000
14,300

U3O8
(ppm)
352
368
362

Zn
(ppm)
2,700
2,500
2,600

3.3. Mine Design
Higher grade portions of Kvanefjeld (>300 ppm U3O8) the phosphate bearing minerals (e.g. steenstrupine) are
the dominant hosts to REEs and uranium. Mine development is planned in four main stages, with all of the ore
scheduled from the greater than 300 ppm U3O8 resource material that dominates the upper level of the
Kvanefjeld deposit.
Figure 3 shows a long section through the Kvanefjeld resource model, with drill strings coloured by REO grade.
The model generally follows the lujavrite contact. The northern half features zones of black lujavrite over 200
m thick that outcrop at surface. To the south, the lujavrite forms a series of thinner lenses. Highest REO,
uranium and zinc grades occur together in the upper parts of the deposit. Grades begin to decrease below 200
m.

Figure 3: Cross section through the deposit showing mining blocks

The fact that Kvanefjeld is essentially a plateau, with the orebody outcropping at surface and the highest grade
material occurring in the upper zones, means that the waste material moved per tonne of ore (strip ratio) is
low. The expected strip ratio is only 1 tonne waste per 1 tonne ore over the first 39 years of operation, and as
a consequence the mining costs are favourable.[8]
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4 Metallurgy
4.1 Flowsheet Selection
Due to the unique nature of the deposit a customised metallurgical flowsheet was developed by the GMEL in‐
house metallurgical team. This flowsheet was selected after a rigorous selection process in which 6 different
metallurgical flowsheets were assessed in detail.
The selected flowsheet involves beneficiation, atmospheric sulphuric acid leaching, uranium solvent
extraction, caustic conversion, hydrochloric atmospheric re‐leaching, lanthanum and cerium separation and
production of a mixed high value rare earth oxide. The flowsheet has been extensively tested at bench scale,
continuous and pilot plant scale.

4.2 Beneficiation
Ore mined from the open pit is trucked to the concentrator at a rate of 3 million tonnes per year where
beneficiation is performed. The ore is crushed and ground to a particle size of 80% passing 75 microns.
Flotation is used as the beneficiation method to concentrate the value minerals. Flotation of the zinc mineral
sphalerite from the rest of the ore produces the first product for the project. The zinc concentrate contains
0.5% of the total ore mass and 78% of the mined zinc.
The next flotation stage concentrates the rare earth phosphate minerals into 8% of the original ore mass.
Approximately 80% of the rare earths are recovered into the Rare Earth Phosphate (REP) mineral concentrate.
This typically produces 250,000 tonnes of REP mineral concentrate which is sent to the refinery for further
processing.
Water is treated by the concentrator before placement into the fjord to the north of the concentrator site. The
water treatment removes fluoride and solids from the water and recycles most of the water back into the
concentrator. Fluorspar is produced by the water treatment plant as a by‐product of the beneficiation process.

Figure 4: Concentrator Metallurgical Flowsheet
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4.3 Refinery
REP concentrate from the concentrator is pumped via a pipeline to the refinery which is located approximately
1 km away. Here the concentrate is leached atmospherically in a counter current sulphuric acid leaching
circuit. The solution produced by the atmospheric leaching is sent to the uranium circuit for recovery. The
leach residue is treated atmospherically with caustic to condition the solids prior to re‐leaching. The solids are
re‐leached in hydrochloric acid at cool atmospheric conditions to produce rare earth chloride solution.
Lanthanum and cerium are removed from the rare earth chloride solution using solvent extraction to produce
four different rare earth products. These products are:
Lanthanum Oxide 99% grade = 6,100 tonnes per year
Cerium Hydroxide 99% grade = 9,800 tonnes per year
Mixed Lanthanum and Cerium Oxide = 5,300 tonnes per year
Mixed Critical Rare Earth Oxide (Pr to Lu) = 9,900 tonnes per year
All products are transported to Europe for sales and further refining.
A Uranium by‐product is produced from the solution produced from the sulphuric atmospheric leaching.
Industry standard solvent extraction is used to recovery the uranium selectively from the sulphate solution.
Two stages of precipitation are then performed on the uranium solution to further purify the uranium. The
final product is uranium peroxide UO4 which is directly saleable to power utilities.

Figure 5: Simplified Refinery Process Diagram

4.4 Process Plant Design
Key Design information for the processing plants are summarises in the Table 2. Figure 6 shows the overall
simplified blockflow diagram for the metallurgical plant.
Water is recycled within both the concentrator and refinery to minimise water consumption. This includes
recovering decant water from each of the tailings facilities and re‐using in the process plants. Excess water
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produced from the processing plants is treated and pumped into the northern fjord as Treated Water
Placement (TWP).
Raw water is provided by the raw water dam which is located near the Refinery. This dam provides 4 weeks of
water supply of fresh high quality water from the Narsaq river.
Power generation is provisionally based on use of heavy fuel oil fired multiple reciprocating machines. The
heavy fuel oil power station is located at the concentrator site. This is done to capture excess energy from the
off‐gases for process and building heating.
The concept of implementing hydro‐power for Kvanefjeld is possible due a local elevated lake system. Up to 50
MW is available from this system to use for electrical energy for the project.
Due to the large quantity of hydrochloric acid consumed by the REE plant, a chlor‐alkali plant has been
incorporated into the process design for on‐site acid production. This has the added benefit of producing a
caustic soda by‐product, another major REE plant reagent.
Sulphuric acid is also produced on site by treating elemental sulphur which is imported to site. The production
of concentrated sulphuric acid also produces excess energy which is captured to produce electricity and
building heating.
Table 3: Process Design Basis

Units

Value

Operating Schedule
‐

Operating Days/Annum

#

365

‐

Operating Hours/Day

h

24

‐

Operating Hours

h

7 884

t/a Ore

3 000 000

t/h

380.5

Plant Feed, solids
Nominal Plant Feed Grade
‐

U3O8 equivalent

ppm

361

‐

REO

%

1.432

t/a

475

‐ Lanthanum Oxide

t/a

6 077

‐ Lanthanum‐Cerium Oxide

t/a

5 254

‐ Cerium Hydroxide

t/a

9 846

Nominal Plant Production
‐

U3O8 equivalent

5. Tailings Management
The tailings, or residues, arising from the processing plants are fully managed to ensure a negligible impact on
the environment. The tailings management includes the design, operating and closure concepts. The tailings
management design was performed by the independent consultant AMEC Foster Wheeler to Feasibility level
standard.
Three sources of tailings that will require management are as follows:
1.

The major source is produced by the concentrator and stored in the Western end of the Taseq basin
located ~1 km to the south of the Refinery. This tailings facility is called the Flotation Tailings Storage
Facility (FTSF).
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2.

The second source of tailings, from the Refinery, is potentially recoverable for further processing and is
stored in the Chemical Residue Storage Facility (CRSF).

3.

Excess water from the facilities is treated and then placed back into the environment. This release is
placed into the fjord to the north of the project site. This stream is called the Treated Water Placement
(TWP).

For FTSF, the tailings storage concept involves pumping thickened tailings from the plant via a pipeline and
discharging below water into a natural basin. To store the estimated volume of tailings generated over the life
of mine, an embankment will be constructed at the outlet using rock quarried from adjacent slopes. The key
advantages of subaqueous tailings storage include mitigation of radon gas release and mitigation of dust
generation. Based on the information provided, there is sufficient storage in FTSF for the design life of mine
production.
For CRSF, the concept involves pumping slurry from the Refinery, with reclaim water recycled. The CRSF is a
fully lined tailings dam to prevent migration of mildly radioactive solid tailings.

6. Infrastructure
6.1 Regional Communities and Infrastructure
The district and municipality of Narsaq has a total population of more than 2,000, of whom ~1,300 live in the
town itself. The majority of inhabitants are employed in fishing or government/administration. Narsaq is a port
of call for the Arctic Umiaq Line, a passenger and freight shipping line. The sea connection provided by Arctic
Umiaq is a lifeline for the entire western Greenland.
Narsaq Heliport operates year‐round, linking Narsaq with Qaqortoq on the shores of the Labrador Sea and also
linking Narsaq with the nearby Narsarsuaq Airport. Narsarsuaq is a small community with approximately 200
people mainly employed at the airport or the associated hotel. Narsarsuaq has air connections to Nuuk (capital
of Greenland) and to Copenhagen with Boeing 757s. Nuuk has a population of over 17,000.
The Fly In – Fly Out (FIFO) workforce is expected to utilise the Narsarsuaq airport as the Greenland entry point.
This is likely to be the case for the imported construction workforce in addition to the operations FIFO
workforce.

6.2 Accommodation
It is predicted that a total 787 personnel will be required for the project operation and approximately 325 of
these personnel will be recruited locally from within the Southern Greenland municipality. The remaining
project personnel will be accommodated on a temporary FIFO basis in a custom built village to be located to
the North West of Narsaq.
An accommodation village will be provided with an access road off a new road connecting the mine and plant
to the harbour. The village will be supplied with power (from the process plant power station), water and
sewage treatment. A large centre is envisaged, with recreation facilities, meeting rooms, canteen and internet
connections.

6.3 Harbour Facilities
Dedicated new port facilities will be installed at the Tunu peninsula at Ilua Bay for the Kvanefjeld Project. The
new port will handle materials and equipment for the construction of the mine and plant. During the
operational phase the port will handle the ongoing import of fuel, reagents, consumables, and the export of
products. The new facilities will be designed to handle handymax vessels.

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

42

The port is designed with a 200 m quay front with conveyors for bulk cargo, and mobile stackers for
containers. Adjacent to the quay, an area will be prepared for container stacking and covered bulk storage for
both imports and exports.

Figure 6: Overall Kvanefjeld Process Diagram
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6.4 Other Transport Facilities
A new 7 m wide road, approximately 13 km long, will be built to connect the harbour at Ilua Bay, the process
plant, the mine and accommodation village. The new road will follow an existing gravel road along the Narsaq
River. The new road will be for all imports and exports transport between port, plant and mine, as well as ore
transportation from the mine to the plant. Specialised fuel trucks will transport heavy fuel oil (HFO) from the
port to the power plant at the concentrator site.
Personnel will generally commute by bus between the accommodation village and the work sites at the mine,
concentrator and refinery. The existing heliport at Narsaq is considered to require an extension to passenger
facilities, but the airport at Narsarsuaq is considered adequate to handle additional passenger loads resulting
from the Kvanefjeld construction and operation. A chartered flight from southern England will be used on a
twice weekly basis to transport FIFO workers during the operations phase. Additional commercial and
chartered flights between Narsarsuaq and Nuuk, Reykjavik and Copenhagen may be necessary for the
increased volume of passengers.

6.5 Water Supply
The process plant can access raw water from the mine area, Narsaq river, and water resulting from tailings
displacement in Lake Taseq. This engineering study assumes that mine water is not required for processing
and that excess water is discharged to the environment without any contact with the process plant.
Water will be recovered from Lake Taseq, which will perform the dual function of tailings and water reservoir.
It is estimated that a proportion of the recycle decant water will require basic water treatment and filtration
for use in the process plant. Diversion and segregation of a portion of the precipitation run‐off into the lake is
required to satisfy the demand for uncontaminated water.
A preliminary water balance indicates that there will be a net placement of treated water to the Bredefjord to
the north of the concentrator site.

6.6 Hydropower
Although the engineering studies are based on importing and burning HFO to meet the total project energy
requirements, Greenland is well suited for hydro electric power development from both a topographical and a
hydrological point viewpoint. An existing hydropower facility is located in the area north of Narsarsuaq called
Johan Dahl Land. Istak and Verkis of Iceland have completed a study which has evaluated and costed the
establishment of hydropower for the project. There is adequate hydropower capacity to supply the 38.3 MW
electrical requirement for the project. [9]

7. Conclusion
The Kvanefjeld project is a very large and globally significant project for rare earths and uranium. The scale of
the deposit provides greater than 100 years of mining operations with potential for multiple expansions. [10]
The operating cost estimate shows the operation will produce significant quantities of all rare earth products
at one of the lowest operating costs in the world. This will allow the operation to be cash cost profitable during
all economic cycles.
The metallurgical flowsheet is simple and well proven through a range of laboratory tests and studies. [11] The
use of atmospheric leaching and application of previously commercialised rare earth recovery methods,
operating at mild conditions allows for easier operations. This will contribute to a faster ramp up to design
rates and mitigate the risks currently experienced by aspiring western world rare earth producers. [12]
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Lanthanum and cerium, as well as the by‐product materials being uranium oxide, zinc concentrate and
fluorspar will be separated in Greenland and sold directly as products of Greenland.

Figure 7: Overall Layout of Project Facilities

The separation of medium to heavy rare earths into high‐purity marketable products will take place offshore
because of technical issues and the location of final markets. The processing of the uranium, lanthanum and
cerium in Greenland, in accordance with Greenland’s Mining Act is a significant commitment to finalising the
mining license application for Kvanefjeld. Importantly, it allows for all radioactive components to be managed
in the broader mine‐site environment, which conforms to international best‐practice in mine operations.
Shenghe has recognised the potential of the project as it will allow long term and low cost rare earth supply.
This should see Greenland Minerals and Energy become one of the world’s major rare earth producers in
partnership with other rare earth downstream producers.
The Kvanefjeld project will be a major project for Greenland contributing significantly to the economy.
Greenland aspires to become a mining economy, and with continued government support, the jewel in
Greenland’s mining crown can be brought to fruition.
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NdFeB permanent magnet is the largest and fastest growing application in market value among all rare earth
elements (REEs). In Europe there has been no primary production of REEs, and the REEs used for magnet
production or the REE magnets for product manufacturing depend highly on imports. Recycling of REEs in the
permanent magnets from End‐of‐Life (EOL) products will play important and complementary role in the total
supply of the rare earth metals in the future. At this moment, there are no commercial recycling operations
due to both economic and technological challenges. In the past a few years, European Union has put a lot of
efforts in supporting the research and innovation through framework programs (FP7 and Horizon 2020) to
develop efficient REE recycling and recovery technologies, in particular for NdFeB permanent magnet from
various secondary resources. The initiatives and research projects include: ERECON, EURare (www.eurare.eu),
EREAN

(www.erean.eu),

REEcover

(www.reecover.eu),

DEMETER

(etn‐demeter.eu),

and

REE4EU

(www.ree4eu.eu), among others. This presentation will provide an overview about the resource potential,
state‐of‐the‐art technologies, challenges and opportunities in Europe, as well as new efforts in developing
economically and technologically feasible processes for recycling REEs from EOL NdFeB permanent magnet
streams.
New technology has been developed at the University of Birmingham to recover the EOL magnets from pre‐
dismantled large appliances (electric motors, wind turbine, or computer HDDs) back to the new magnets more
directly ‐ the short route, through hydrogen processing (hydrogen decrepitation). For the NdFeB permanent
magnets from small electrical and electronic devices or general consumer products, metallurgical REE recovery
is required due to heavy contaminations of the magnet materials even after mechanical dismantling and
separation. It is also widely recognized that REE recovery from manufacturing scrap and waste (swarf) of the
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NdFeB magnets is already an industrial practice. However, recycling and recovery of REEs (Nd, Pr, Dy, Tb) from
EOL magnets are still challenging and lack of commercial operations, mainly due to their relative small size
used in consumer electrical and electronics, as well as in the conventional automotive industry. Pre‐
dismantling and mechanical separation are expensive, but there are new developments such as Hitachi’s
rotational drum technique to separate the REE magnets from the computer HDDs and air conditioners.
Shredding without pre‐dismantling of the EOL consumer products is the current industrial practice and has
pretended great difficulties for up‐concentration of the permanent magnets. Development of advanced and
low cost pre‐dissembling technologies or equipment and efficient upgrading methods will be crucial for the
metallurgical recovery of these critical elements.
Various types of metallurgical recovery methods are reported in the literature, however, most of them have
been developed for relatively clean and highly concentrated new or manufacturing magnet scrap and waste.
Adaptation of these technologies to the dilute and complex EOL magnet waste streams is highly needed. At
the same time, recovery of the major metals and materials in the dilute magnet waste stream (e.g. shredder
products) is an important economic factor for the total success of the permanent magnet and REE recycling.
Two recent EU‐FP7 funded projects (REEcover and EREAN) are specially focused on the technology
developments for REE recovery from dilute REE magnet waste streams including shredder products from
WEEE. Various new process flowsheets and innovative methods are being developed, and most of these new
developments are going to be presented in this conference. It is expected that through increasing efforts for
the research and development, establishment of technologically and economically feasible REE magnet
recycling industry could be realized in the near future, if the NdFeB permanent magnet market continues to
develop.
Acknowledgments: The author would like to acknowledge the financial support from the European Community’s
Seventh Framework Programme MC‐ITN EREAN: European Rare Earth Magnet Recycling Network (grant
agreement no. 607411), and REEcover (project no. 603564) for the preparation of this abstract and presentation
at the ERES 2017.
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The Rare Earth Elements (REE) in Greece occur in a number of environments and are found in igneous,
sedimentary, or metamorphic rocks of different ages. Enrichments in the REE can be divided into two
classes: primary types, generally formed by igneous or hydrothermal processes; and secondary types, in which
the REE have been further concentrated from a primary enrichment through sedimentary processes or
weathering. The most promising REE sources in Greece may be supergene Al and Ni deposits (i.e. bauxites and
laterites) and black sands with heavy minerals that have been identified along the coastal area of NE Greece.
REEs in black sands are found in the Nea Peramos and Strymonikos Gulf areas in northern Greece (Fig. 1)
derived from the plutonic rocks of the area mainly the Kavala and Symvolon plutons.
The area geologically belongs to the crystalline Rhodope Massif that constitutes a crustal–scale accretionary
wedge of metamorphic stacked nappes which is part of the Alpine–Himalayan orogen in the northern Aegean
region, and comprises parts of southern Bulgaria and northern Greece.
The deposits of the Rhodope metallogenic province were formed during the final stage of the Tertiary
orogenic collapse, which led to the formation of widespread Oligocene‐Miocene silicic to intermediate
magmatism. Magmas were intruded to shallow depths along deep seated detachment faults, forming mafic to
intermediate mantle‐derived plutonic, subvolcanic and volcanic rocks of calc‐alkaline, high‐K calc‐alkaline and
shoshonitic to ultra‐potassic (lamprophyric) affinities 1,3.
Plutonic rocks, most commonly granodiorite and granite with lesser amounts of gabbro, are also widespread in
the Rhodope Massif, although they are most common in the eastern and central parts. The Kavala pluton is
dominantly composed of amphibole‐biotite granodiorite with subordinate amounts of diorite, tonalite,
monzogranite, and monzodiorite. It is medium‐ to coarse‐grained and consists largely of quartz, plagioclase,
K‐feldspar, amphibole, and biotite, with lesser amounts of titanite, allanite, apatite, zircon, and epidote. Based
on textural characteristics epidote is inferred to be of magmatic origin.

Figure 1: Study area and sample locations

Mineralogically the black sands are consisting of quartz, feldspars (sanidine, microcline, albite), micas (biotite,
muscovite and paragonite), titanite, epidote (zoisite and allanite), hornblende, ilmenite, monazite, xenotime,
zircon, and apatite. The REE‐bearing minerals are monazite, allanite, titanite, uraninite, zircon, and apatite.
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Chemical analyses in representative black sand samples showed elevated mean values of La (930ppm), Ce (992
ppm), Nd (318), Y (55) and Pr (98). Chondrite normalized patterns of samples from the Symvolon granodiorite
and patterns of samples from black sands are similar 2.
Beneficiation tests were carried out at Laboratory scale based on the mineralogical composition of the
samples. Based on the mineral properties of the studied ores such as magnetic susceptibility and specific
gravity were carried out dry magnetic separation and Wilfley Shaking Table tests proving the efficiency of the
these processes and obtaining 1,5% REO concentrates. High content of radionuclides is following the high
concentration of REE in the concentrates. Environmental characterization tests of the wastes produced during
the ore processing were performed according to EN 12457 protocol.
Acknowledgement: The EURARE project is funded by the European Community's Seventh Framework
Programme (FP7/2007‐2013) under grant agreement no. 309373.
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Introduction
One of the major strengths of a GIS is the ability to integrate and combine multiple layers of geoscience data.
Once the data is prepared properly, the GIS, jointly with other statistical and geostatistical methods, can be
used to manipulate and visualize them. One obvious geological application for GIS is to produce mineral
potential maps showing favourable areas for mineral exploration [1].
The Bastnäs‐type rare earth element (REE) deposits are magnetite skarn‐hosted silicate mineralisations which
contain Fe oxide‐REE‐Cu‐ (Co‐Au‐Bi‐Mo). This mineralisation type occurs within a c. 100 km long, discontinuous
belt of mostly strongly altered, c. 1.90‐1.87 Ga felsic metavolcanic and meta‐sedimentary rocks in the Nora‐
Riddarhyttan‐Norberg area. The belt was called the “REE‐line” by Jonsson et al. [2]. The REE‐silicate bearing
mineralisations generally occur as seemingly epigenetic, massive to disseminated magnetite‐skarn
replacements in dolomitic marbles [4]. Based on slight local differences in chemistry and mineralogy of the
deposits, Holtstam & Andersson [3]suggested a subdivision of the Bastnäs‐type deposits into two subtypes:
those mainly enriched in LREE and Fe‐rich silicates and those enriched in LREE and HREE+Y together with Mg,
Ca and F[3].
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Another type of REE‐bearing mineralisations in the Bergslagen region are the apatite‐iron oxide deposits. They
have been classified as of Kiruna‐type since they show similarities to the type locality at Kirunavaara in
northern Sweden, both in form of geological features, host rock relations, mineralogy, geochemistry and
geometry. The host rocks are mainly intermediate to felsic metavolcanic to metasubvolcanic rocks. In
Bergslagen, the apatite‐iron oxide mineralisations occur in the western part of the region along a c. 40 km
long, SW‐NE trending zone from Grängesberg through Blötberget to Idkerberget.

Methodology and Results
The present investigation demonstrates a technique to define favourable areas for REE mineralisation
associated with skarn in the Bergslagen region. In this context a weighted overlay technique has been applied,
and favourable layers have been chosen based on a conceptual model with focus on a mineral system
approach using geological (including structures and alteration patterns), geochemical and geophysical factors.
In summary, since most skarn‐related REE‐mineralisations in Bergslagen are localised to this area, and less so
elsewhere, it seems likely that: 1) the presence of BIFs, 2) the phase of intense and wide‐spread hydrothermal
alteration and 3) processes at the time of D2 together somehow were crucial in the formation of REE‐
mineralisations. The BIFs, with local skarns and carbonate rocks, may have served as trap rocks during any
phase of alteration since their formation. The phase of hydrothermal alteration may locally have lead to initial
LREE‐enrichment of the country rocks as described elsewhere (e.g. [5]). Metamorphic to metasomatic
processes during M2/D2 may have formed fluids which released the REEs from the country rocks and then
precipitated them in trap rocks at certain structurally favourable sites.
Acknowledgement: The research leading to these results has received funding from the European
Community’s Seventh Framework Programme ([FP7/2007‐2013]) under grant agreement n°309373. This
publication reflects only the author’s view, exempting the Community from any liability”. Project web site:
www.eurare.eu”.
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REE‐mineralizations in Norway are found in a variety of magmatic and/or hydrothermal settings. For many
mineralizations REE must be considered a by‐product from extraction of other commodities, such as apatite,
beryllium, niobium, scandium, or even uranium. Potential sedimentary REE‐hosts, such as phosphorites, are
small and rare, and their REE‐content so far unassessed. Magmatic and hydrothermal REE‐mineralizations may
be associated with alkaline to peralkaline complexes, pyroxenitic Fe‐Ti‐apatite rocks, and apatite‐rich
monzonitic rock suites as well as carbonatites. Moreover, a number of REE‐enriched pegmatites and pegmatite
fields are known to occur in Norway, and even REE‐enriched granites may contain elevated REE
concentrations.
Apatite mineralizations in the Norwegian part of the Fennoscandian Shield comprise sedimentary, igneous and
vein type deposits. The deposits range in age from Palaeoproterozoic to Permian. However, major resources of
apatite are only found among igneous deposits, comprising alkaline complexes, carbonatites, massif‐type
anorthosite (AMCG) complexes and monzonitic complexes. In a number of these settings, the apatite deposits
are also characterized by elevated and potentially extractable REE concentrations, either with apatite as the
primary REE host phase, or in combination with other REE‐bearing minerals.
The 583 +/‐15 Ma (40Ar/39Ar)1 Fen carbonatite 100 km southwest of Oslo is the most significant carbonatite
intrusion in Norway. The Fen carbonatite is also the most important REE‐deposit in Norway. The carbonatite is
rich in apatite, and apatite was periodically extracted in parallel with niobium during mining at Søve between
1953 and 1965. Three carbonate rock types are present in Fen; the søvites, towards west, consist of calcite and
dolomite carbonates; the rauhaugite in the eastern part of the complex, consists of ankeritic
ferrocarbonatites; and to the far east the carbothermal carbonatites (rødberg) consist of altered hematite‐rich
carbonatite. REE‐grades and tonnages are poorly constrained, but generally increase from søvite through
rauhaugite to rødberg. The company REE Minerals has defined a potential for at least 200 Mt of rauhaugite,
with an average of 1.08 % TREO. The rødberg may constitute a resource of up to 400 Mt containing 0.9 %
TREO2.
(Fluoro‐)carbonate minerals as well as monazite are the main REE‐hosts in rauhaugite and rødberg, whereas
apatite is the most important host in the søvite. Apatite is abundant, in particular in the søvite, but no
systematic studies of the distribution of apatite exist3. The few data on apatite compositions reported indicate
a content of around 0.5 % TREO4. New investigations of the REE potential of the Fen complex have been
initiated through a cooperation between the geological advisor of the Buskerud, Telemark and Vestfold
counties and the Geological Survey of Norway. 40 shallow drill cores extracted in 2015 and 2016, new field
mapping and re‐examination of existing drill‐cores from exploration companies, as well as observations in old
underground mines, have further substantiated the potential for considerable volumes of exploitable REE ores
at Fen.
Other apatite‐rich REE mineralizations in Norway include the Kodal deposit in the monzonitic larvikite plutons
in the Oslo Igneous Province. The Kodal deposit is made up by a 1900 m long ore zone of closely spaced lenses
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of massive oxide‐pyroxenitic ores, 18–20 m thick. In addition to Fe‐Ti oxides, in particular ilmeno‐magnetite,
the Kodal mineralization contains abundant REE‐enriched apatite with up to more than 1 % TREO in the central
ore zone3. Apatite contents locally reach 24 % and the current license holder, Kodal Minerals, has reported
JORC compliant indicated and inferred resources of 49 Mt carrying around 5 % P2O5, equivalent to c. 12 %
apatite. There is a strong zonation of REE‐content in the apatite across the mineralized zone, with a significant
enrichment towards the central part of the ore bodies.
The Silurian Misværdal alkaline‐ultrapotassic complex in North Central Norway is a REE‐enriched apatite‐
bearing clinopyroxenite intrusion. The complex is generally apatite rich and a zone of 200 by 650 m containing
4.1 % P2O5, equivalent to around 10 % apatite, has been identified. The content of REE in the apatites reach
more than 1 % TREO but average around 0.5 %3. The genesis of the complex is somewhat poorly understood.
Apatite‐rich monzonitic rocks associated with AMCG complexes in both North and South Norway have also
been targeted to explore their apatite‐REE potential, and some, mainly ultramafic or nelsonitic rocks
associated with these magmatic systems, seem to have a significant potential for carrying apatite with high
concentrations of REE.
Deposits in which apatite is the main host for REE have generally been investigated for their potential as
phosphate resources, but REE may constitute an important by‐product when present in amounts of more than
half a percent in apatite, or in coexisting REE‐phases. Future phosphate exploitation may depend increasingly
on igneous sources, and the characterization of apatite resources for both valuable and deleterious elements
remains imperative.
The research leading to these results has received funding from the European Community's Seventh
Framework Program ([FP7/2007–2013]) under grant agreement n°309373. This publication reflects only the
author's view, exempting the Community from any liability. Project web site: www.bgs.ac.uk/eurare/.
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Introduction
The Katajakangas rare metal (Nb, REE, Zr, Ta) deposit was discovered through follow‐up of an aeroradiometric
anomaly. The first radioactive boulders were found during a ground radiometric survey made by the
Geological Survey of Finland in 19811. Bedrock mineralization was first intersected during a drilling program by
Rautaruukki Oy in 1983. The indicated resources2 of the deposit are 0.46 Mt of ore at 0.76 wt% Nb2O5, 0.31
wt% Y2O3, 1.13 wt% ZrO2 and 2.4 wt% Ln2O3. Rautaruukki also located another Nb‐REE occurrence (Kontioaho)
1 km north of the Katajakangas deposit. The REE occurrences are hosted by the Otanmäki Complex which
comprises 2.05 Ga gneissic alkaline granites and syenites with minor amphibolites (metamorphic mafic dikes)
and mica gneisses. The Otanmäki Complex is juxtaposed by faulting within western part of the Archean
complex of Eastern Finland, which was extensively reworked during the collisional Svecofennian orogen at
about 1.90‐1.80 Ga ago3. Our current studies of the Katajakangas deposit aimed to characterize the textural
and mineralogical properties of the ore and to provide key information for mineral processing tests.
Petrography, electron microprobe analyses and U‐Pb age dating were carried out on 26 polished thin sections
of drill core samples from six drill holes.

REE mineralogy of the Katajakangas deposit
The Katajakangas deposit is a structurally controlled hydrothermal mineralization confined to 0.1‐1.4‐m‐thick
mineralized zones in the pervasively foliated Paleoproterozoic gneissic granite. The granitic host rock consists
of quartz, plagioclase, K‐feldspar and biotite, with abundant sphene and magnetite disseminations. The main
minerals in mineralized zones are quartz and allanite, accompanied by variable amounts of biotite, pyrite,
calcite, fluorite, zircon, muscovite, fergusonite‐(Y), ferrocolumbite, pyrrhotite, magnetite, yttropyrochlore‐(Y),
K‐feldspar, ilmenorutile, manganoan ilmenite, sphene and chalcopyrite. Ferrocolumbite, fergusonite‐(Y) and
yttropyrochlore‐(Y) are the major carriers of Nb and Ta, whereas HREE are enriched in fergusonite‐(Y), LREE in
allanite, Y in fergusonite‐(Y) and yttropyrochlore‐(Y), and Zr in zircon. Fergusonite‐(Y) and yttropyrochlore‐(Y)
are the dominant hosts to U, whereas Th occurs within allanite and fergusonite‐(Y). The total U and Th
contents of mineralized zones are up to several hundreds ppm.
Allanite consists predominantly of metamict crystals, typically, 50‐150 μm in diameter. Volume increase and
swelling of allanite due to metamictization is accompanied by radial cracks in the quartz grains. Fergusonite is
the dominant host to HREE, containing up to 4.99 wt% Gd2O3, 5.01 wt% Dy2O3, 3.27 wt% Er2O3, and 2.44 wt%
Yb2O3. Ferrocolumbite is compositionally homogeneous and occurs typically with fergusonite‐(Y), zircon,
magnetite and yttropyrochlore‐(Y). Yttropyrochlore‐(Y) is compositionally heterogeneous, with the
abundances of Y, Ca, Ti, Ta and U being particularly variable. Zircon is abundant in the ore, typically 5‐50 μm in
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diameter. Results of U‐Pb dating (90 analysis spots) by laser ablation single collector ICP MS analyses of zircon
grains in polished thin sections show highly variable ages. In addition to the 2.05 Ga age of rock forming
zircons from the gneissic granite host rock, hydrothermal zircons in mineralized zones are characterized by
scattering of ages between 1.95‐1.85 Ga, suggesting that formation of the mineralization was related to
repeated fluid flow events. Variation in temperature, pressure and composition of parent fluids is also
reflected by the differences between the compositions of cores and rims in yttropyrochlore and fergusonite
crystals.
The ore minerals are typically associated with calcite and sometimes with fluorite, suggesting that mineralizing
fluids were enriched in Ca, CO2 and fluorine. The results of our studies show that the enrichments of the high
field strength elements (Nb, Ta, Zr, Th, U) and REE (such as Y, Ce, Dy, Er, Gd) in the Katajakangas deposit can be
related to repeated fluid flow events during the Svecofennian deformation of the Archaean and
Paleoproterozoic basement rocks.
Acknowledgements: Research presented in this paper has been funded by the Academy of Finland and FP7
EURARE project.
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Introduction
The role of REEs, particularly heavy REEs (HREEs), in high‐tech industries has triggered a worldwide scramble
to discover new sources. At present, most REEs are produced from carbonatites and related alkaline rocks, but
other sources must also be considered1. In Italy economic REE deposits are not known so far, even though
several small concentrations have been reported from different types of host rocks1,2. An interesting REE
occurrence (also including Y) has been reported in the Silius hydrothermal vein system in SE Sardinia (Italy)3.
This system has been exploited until 2006 for its CaF2 and Pb resource and is still significant for the remaining
fluorspar and galena tonnage. The mine is currently in maintenance and the measured resources are
evaluated at 2 million tons, at 34.5% CaF2 (727,495 tons of fluorspar) and 3.2% Pb (67,724 tons Pb in galena)3.
To evaluate the average content of REE at Silius, we have conducted a geochemical study on a number of
representative samples of the carbonate gangue associated with the remaining fluorite reserves of the mine,
which should be treated in any future extraction process aimed to fluorite concentration.
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Materials and Methods
The Silius vein system crops out discontinuously for 2–3 km along a NE‐SW strike, between the Acqua Frida
area (39°30’46’’N‐9°15’05’’E), the Muscadroxiu shaft (39°31’00’’N‐9°15’18’’E) and the Genna Tres Montis shaft
(39°31’3’’N‐9°16’00’’E), at an elevation ranging between 600 and 700 m a.s.l. The system consists of two main
veins, called “San Giorgio” and “San Giuseppe”, which have an almost vertical dip (about 75°). Materials
analyzed in this research were represented by 10 bulk samples of carbonates, collected from both veins, along
the two vertical sections of the Muscadroxiu and the Central shafts of the mine (the latter is located between
the Muscadroxiu and the Genna Tres Montis shafts), from 100 m a.s.l. up to 290 m a.s.l. On these samples,
bulk rock ICP‐MS analyses were carried out.

Results and Conclusions
The Silius carbonates are generally far more enriched in REE than fluorites. The most common REE mineral is
the fluorocarbonate synchysite‐(Ce)3, which mainly occurs as filling of intergranular porosity in the carbonate
matrix, and forms aggregates with euhedral laths and tabular habit. The dimension of synchysite aggregates
generally varies between ca. 30 and 100 μm. Subordinate phosphates (xenotime‐Y) also occur. The total
concentrations in REE are in the range of 462‐2071 ppm (951 ppm on average). REE amounts can rise locally
from trace to minor constituents. Considering the average REE concentrations (951 ppm) in the carbonates,
we have calculated that in Silius mine a total REE amount of 505 tons could be present. At Silius the
carbonates were considered so far just useless gangue that, after processing fluorspar and galena by way of
flotation, was discarded into barren dumps. During the 40 years of exploitation of the mine, about 4,700,000
tons of material has been accumulated near the Assemini treatment plant (Cagliari). In this discarded material
the carbonate amounts range between 15% and 17%, corresponding to about 750,000 tons of total
carbonates. Considering again the calculated average REE concentration of 951 ppm, a valuable REE amount
around 710 tons could be present in the discarded carbonates from the flotation plant. The corresponding
total REE amounts currently related to Silius may therefore consist of about 1,220 tons. In our opinion, the
discovery of discrete amounts of REE in the Silius fluorspar mine, added to their probable content in the
discarded material may open interesting perspectives for the exploration of subeconomic REE concentrations
in this type of post‐Hercynian hydrothermal deposits, where REE could be recovered as by‐product of the
fluorite exploitation.
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The ~580 Ma Fen Complexes in southern Norway consists of an igneous carbonatite‐ijolite‐pyroxenite rock
suite. Locally, some of the carbonatitic rocks are highly enriched in REE (>1 wt% REE‐oxide). The Fen Complex
is a key exploration target for REE, and is believed to be one of the largest REE resources in Europe, with an
estimated reserve of >100 MT ore with ~0.9 wt% REE‐oxide. The highest concentrations of REE are found in
the eastern part of the complex within a hydrothermally altered rock referred to as Rødbergite.
Rødbergite is a calcite‐dolomite carbonatite which is stained red by disseminated fine crystals of hematite
(Andersen 1984). At present, detailed knowledge about the mineralogical characteristics of Rødbergite is
lacking and is insufficiently quantitative to fully evaluate the REE potential. Here we report a new geochemical
and mineralogical analysis of the progressive alteration of igneous carbonatite to Rødbergite in the Fen
Complex. We identified, mapped and systematically sampled key transects in the Fen Complex that record the
transformation of primary carbonatite to Rødbergite. The close‐meshed sampling and the subsequent sample
analysis have provided completely new insights into the REE ore‐forming alteration process of the formation of
Rødbergite.
Mineral identification and textural analysis of samples was carried out using scanning electron microscopy
using a JEOL 7001 FEG‐SEM equipped with a fast Oxford Instruments EDS system, which allows taking point
analysis as well as high resolution large area elemental maps. The challenging bulk rock chemical analysis was
carried out on pressed pellets using a Panalytical Axios WD‐XRF, and on solutions obtained by sodium peroxide
sintering digestion using a VG PQA3 ICP‐MS. The bulk chemical analysis allowed us to link the REE
concentration of the rock to the corresponding mineralogy and textural evidence in the field (Fig. 1)
The pristine carbonatites have the lowest concentration of REE and grade into transitional Rødbergites, which
have variable REE concentrations but typically with low proportions (<2%) of the sought‐after Heavy REE
(HREE) compared to Light REE (LREE). Rødbergite itself is strongly enriched in all REE. A partial decoupling and
fractionation of LREE and HREE is clearly detectable throughout the transect: whereas the highest bulk REE
concentrations are found in transitional Rødbergite, the highest concentrations of HREE are found in the fully
altered Rødbergite.
Alongside the change in REE concentrations, we have found clear textural evidence that the primary
mineralogy of the igneous carbonatites is progressively replaced by a secondary mineral assemblage. The main
mineral paragenesis of the pristine igneous carbonatite is calcite, dolomite, apatite, pyrite and magnetite. The
dominant REE‐carriers in igneous carbonatite are REE‐fluorocarbonates (e.g., Ce‐synchysite/bastnäsite). Initial
alteration can be recognized by the development of a fine network of hematite veins along carbonate grain
boundaries. The alteration, recrystallization and replacement of primary minerals leads to a secondary mineral
assemblage of calcite, Fe‐dolomite, barite, biotite and hematite. REE‐fluorocarbonates are almost completely
missing in Rødbergite and transitional Rødbergite samples. The main REE carrier is instead monazite‐(Ce) and
minor allanite. Monazite‐(Ce) can be found as disseminated crystals in the carbonate matrix, or concentrated
in veins and around the rim of apatite‐rich clasts.
ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

57

Figure 1: Provisional alteration scheme of the Bjørndalen transect with HREE and LREE distribution patterns and proportion of REE‐
fluorocarbonates and monazite‐(Ce) along the transect.

Our results suggest that there is a strong enrichment of REE during the Rødbergisation due to the precipitation
of hydrothermal secondary monazite‐(Ce) and allanite. This is not consistent with the existing model for the
Fen REE mineralization that involves a residual enrichment of insoluble REE‐minerals by leaching and removal
of the carbonate minerals during hydrothermal alteration. Instead, we propose a model that involves leaching
of primary REE‐fluorocarbonates from igneous carbonatites by highly oxidizing fluids, and transport,
reprecipitation and concentration of REE in monazite in fluid‐rock interaction zones now marked by
Rødbergite rocks. This REE‐ore forming event may represent late‐magmatic alteration of the Fen intrusion c.
580 Ma ago, or may be related to renewed tectonic and magmatic activity in the area due to the opening of
the Oslo graben at c. 300 Ma Our new findings are important because they help to understand REE
concentration and distribution in the Fen Complex and predict the existence of LREE and HREE enriched zones,
which might not be in the area of the strongest alteration as traditionally believed.
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Introduction
The Ilimaussaq alkaline igneous complex in South Greenland is famous for its variety of rare minerals and the
large content of rare earth elements, zirconium, tantalum and niobium. A general description of the complex
and its rocks can be found in Ferguson (1964)1. Sørensen (1970)2 reviewed the rock types and structure of the
complex. Nevertheless, there are rock types that have not been fully documented and described and their
origin is still debated. They have been called different names, including ‘hybrid rock’3, ‘slumped kakortokite’4,5
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or ‘fine‐grained, grey kakortokite’6. The rock type(s) are found in outcrops and in drill holes of the lower part of
the Ilimaussaq intrusion (Kringlerne area). The current study aims at describing these rocks petrographically
and geochemically and proposes the processes that could have led to their formation.

Local Geology
Two agpaitic nepheline syenites (kakortokite and lujavrite) constitute the lower part of the stratified alkaline
Ilimaussaq intrusive complex7,8. The kakortokite sequence, which represent the lowermost part, is defined by
29 units of arfvedsonite‐rich, eudialyte‐rich and feldspar/nepheline‐rich layers, respectively. The kakortokite
hosts a large rare earth metal occurrence with a global resource of 4.7 billion tons (the Tanbreez REE‐deposit),
with grades of around 1.75% ZrO2, 0.18% Nb2O5 and 0.6% total Rare Earth Oxides including Yttrium9.
The ‘hybrid rock suite’ is contained in the lower part of the kakortokite and is together with green sills and
associated pegmatite, which is exposed in the upper part of the kakortokite sequence, the focus of this work.

Description of the hybrid rock suite and green sill
The majority of the hybrid rock suite consists of a medium grained, grey mesocratic rock with rounded cognate
xenoliths of several varieties a fine‐grained dark‐grey, melanocratic rock. The rocks have a similar mineralogy
and are composed of arfvedsonite, aenigmatite, feldspar‐nepheline and minor amount of sodalite. In addition,
the mesocratic rock contains eudialyte. A reasonable part of the hybrid rock suite is banded especially in the
basal part of the suite where locally rounded inclusions of the underlying kakortokite occur. The banding does
not show the same regularity as in the kakortokite.
The green sill is enveloped by a pegmatite yielding a total thickness of about 6 m of which pegmatite make up
1.5 m. The green sill is porphyritic with 5‐10 % feldspar phenocrysts in a dense green matrix. A flow banded
non‐porphyritic variety with sharp boundaries to the porphyritic sill and kakortokite occur in close association
with the pegmatite, which shows radiating bundless of needle‐shaped aegirine with interstitial feldspar from
both the contact with kakortokite and green sill.

Geochemistry
All three lithologies (outcropping hybrid rock, hybrid rock from drill holes and the green sill pegmatite) can be
classified as phonolites according to the total alkali vs. SiO2 (TAS) diagram. Nevertheless, the green sill is
distinctly separated from the other lithologies in terms of SiO2, Fe2O3 and Zr content. Equally, the pegmatite
related to the green sill is enriched in Fe2O3, Zr and REE compared to the green sill. The chemistry of the
kakortokite that surrounds the green sill shows great similarities to the pegmatite‐ hybrid rock suite.

Discussion
Guttenberg and LeCouteur (1992)6 proposed that the pegmatite zone between the green sill and kakortokite
was formed by recrystallization of kakortokite in relation to the intrusion of the green sill. They describe that
locally in the pegmatite, close to the kakortokite, a fine‐grained zone occurs, which appears to be developed
from the kakortokite and often has a scalloped (wrinkled) upper contact to kakortokite. This fine‐grained
contact zone resembles part of the hybrid rock suite.
Rose‐Hansen and Sørensen (2001)10 found it more likely that the pegmatite was formed in connection with a
later injection of fluids along the contacts between green sill and kakortokite.
The high Fe and Zr content of the pegmatite can be explained because of melting and recrystallization of the
Fe‐rich black kakortokite. Furthermore, the process explains why the pegmatite is enriched in Fe compared to
the hybrid rocks. The pegmatite reflects the local composition of the kakortokite black layer ‘+15 ‘, whereas
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the hybrid rocks reflects the average composition of several resorbed kakortokite layers, including Fe‐poor
layers.
Based on the geochemical similarities of the different occurrences of the hybrid rocks and the flow‐banded
part and associated pegmatite of the green sill as well as textures our interpretation includes the intrusion of
the green sill into a solidified kakortokite (no mush). This caused resorption and melting of kakortokite and the
formation of the hybrid rock suite magma, which floated to the lower part of the kakortokite sequence.
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Introduction
Some of Europe’s major deposits of the rare earth elements (REE) are associated with silica‐undersaturated,
nepheline syenites. In particular, highly‐peralkaline, or agpaitic nepheline syenites are typically associated with
economic concentrations of these elements (e.g. Ilímaussaq in Greenland). Interestingly, less alkaline, miaskitic
nepheline syenites contain much lower REE concentrations and are typically not mineralised to economic
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levels. Therefore mineralisation associated with miaskitic rocks, such as the Ditrău Alkaline Igneous Complex
(DAIC) in Romania, is of real interest to further diversify the REE supply base, and potentially reduce risk to
supply in Europe.
The Triassic DAIC is a layered alkaline igneous body in north‐eastern Romania. The intrusion is tilted so that a
complete cross‐section is exposed, and covers an area of approximately 200 km2[1]. In the north‐west the DAIC
comprises a series of amphibolites, alkali diorites and alkali gabbros, with syenites, nepheline syenites and
alkali granites cropping out in the east. The eastern margin comprises hydrothermally altered, zircon‐rich
nepheline syenite that is considered to represent the roof zone of the complex[2]. The igneous rocks of the
complex have only moderate total REE contents (average 250 ppm), with the highest REE contents (up to
870 ppm) being associated with titanite‐rich amphibolite cumulates at the base of the complex. REE
mineralisation within the DAIC is represented by late‐stage, cross‐cutting, REE‐mineralised veins that contain
predominantly monazite, apatite and allanite in a carbonate and sulfide (pyrite) dominated gangue. Work on
the composition of apatite has demonstrated differences between the fluids associated with hydrothermal
alteration in the roof zone of the complex, and those which formed the late mineralised veins[2]. However, the
source of mineralising fluids associated with the monazite veins remains somewhat enigmatic.
Previous published research has sought to: (a) elucidate the age and petrogenesis of the complex, and (b)
describe in detail the mineralogy of the associated mineralised veins. However, to date there have been
limited attempts to understand the relationship between the two. Here we present new LA‐ICP‐MS
geochronology to investigate that relationship. U‐Pb dating of titanite from both the amphibolite and altered
roof‐zone nepheline syenite, give crystallisation ages of 228 ± 7 Ma and 225 ± 7 Ma, respectively. These are in
good agreement with a previously published U‐Pb zircon age of 229.6

+1.7

/‐1.2 Ma[1]. However, they disagree

with many of the younger dates published in the literature that were derived by either K‐Ar, or Rb‐Sr dating
methods[3][4]. Interestingly a Th‐Pb monazite date of ca. 215 Ma, for the mineralised veins, indicate that
hydrothermal events associated with REE‐mineralisation post‐date crystallisation of the complex.
Large (up to 300 µm), complexly‐zoned crystals of monazite in the mineralised veins have been analysed using
photoluminescence hyperspectral imaging. Initial results show that areas enriched in non‐formula elements,
such as thorium, display greater amounts of structural disorder (i.e. damage), likely caused by irradiation. This
technique has also shown that monazite crystals in the mineralised veins are locally highly‐porous, again
possibly related to the presence of elevated levels of thorium[5]. The complex structures of the monazites, and
the association of thorium, highlight the potential difficulties in processing that would need to be overcome if
the DAIC mineralisation were to be considered for exploitation.
This work was carried out as part of the EURARE project, which is funded by the European Community's
Seventh Framework Programme (FP7/2007‐2013) under grant agreement no. 309373.
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Bauxite is the world’s main source of alumina, with production generating large amounts of waste in the form
of red mud. Both karst bauxites and the resulting red mud contain moderate amounts of the rare earth
elements (REE)1,2,3,4. Since the late 1960s Alumina has been produced from Cretaceous‐aged karst bauxite in
the Seydişehir region in Central Anatolia, Turkey. Previous studies5 have shown the potential REE resources
available in this red mud waste produced from the bauxite. The current global market for REE has created a
challenging environment for the mining industry. It is evident that acquiring REE from alternative sources
where new mines are not necessary or where they are producible as a by‐product is more sustainable, and
potentially more cost effective. This study aims to identify the REE minerals present in the bauxites; to analyse
the morphology, distribution and mineral associations; and to understand the processes controlling
distribution of the REE.
Preliminary analysis, using quantitative scanning electron microscopy (SEM), of eight samples from three
bauxite deposits in Turkey suggests four main styles of REE mineralisation in the bauxites (figure 1a‐d). These
are: 1) cerianite ((Ce,Th)O2) as a botryoidal precipitate on fractures with later calcite infill (figure 1a); 2)
disseminated laths of bastnäsite‐group REE‐minerals in the matrix (figure 1b); 3) amorphous Fe‐oxy‐hydroxide
with adsorbed LREE (figure 1c); and 4) detrital xenotime (figure 1d). Cerianite (figure 1a), usually found in the
upper parts of bauxite deposits, is found almost exclusively along late fractures in the bauxite, indicating a
dissolution, reprecipitation and partitioning of LREE and HREE. The hosts of these HREE have yet to be
identified. Authigenic bastnäsite‐group minerals are disseminated throughout the unaltered bauxite samples.
The adsorbed REE, associated with the Fe‐oxy‐hydroxides, are commonly found along syn‐or post‐lithification
fractures where there is minor alteration. This association is expected where there has been a breakdown of
the primary bauxite forming minerals with the associated release of the Fe‐rich phases or where Fe‐rich fluids
have percolated through the bauxite, as these are known scavengers of REE6. Preliminary semi‐quantitative
SEM data indicates that these adsorbed REE are LREE dominant with rims of a Ce‐Ca‐Ti‐rich mineral. Detrital
xenotime is found in the least altered samples.

a
Cerianite

c

b
Bastnäsite‐group
minerals

Adsorbed REE

d
Xenotime

Ce‐Ca‐Ti rich rim
Figure 1a‐d: a. botryoidal cerianite on fractures with later calcite infill; b. fibrous bastnäsite‐group mineral in the bauxite matrix; c. REE
adsorbed on Fe‐oxy‐hydroxide; d. detrital xenotime in the bauxite matrix.
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The bauxites display systematic differences in the distribution of REE and associated REE mineralisation as
described above. This variable distribution is also seen in the Ce‐enriched Parnassos‐Giona bauxites of Greece,
which is a comparable case study7. This data will be used to create a model for the processes of REE mineral
formation in bauxites.
Acknowledgements: The research leading to these results was funded by the EURARE project, which has
received funding from the European Community’s Seventh Framework Programme ([FP7/2007–2013]) under
Grant Agreement no. 309373.
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Carbonate‐fluorapatite (also known as staffelite and/or francolite) can become a rock‐forming mineral in the
upper levels of some carbonatite complexes. Two such examples where these rocks occur in Europe are at the
Sokli and Kovdor carbonatite complexes, in Russia and Finland, respectively. The carbonate‐fluorapatite rocks
at these localities are principally of interest for their phosphate content. Total REE concentrations in these
rocks are typically low1, despite their relation to carbonatites, a parent rock frequently associated with REE‐
enrichment.
While carbonate‐fluorapatite rocks are recognised as an important phosphate resource, there is little
consensus on their genesis. Two principal models are favoured: (1) a hydrothermal origin, from a late‐stage,
carbonatite‐derived fluid2 and, (2) formation through supergene dissolution of carbonate and re‐precipitation
of apatite1. A third possibility of a combination of both models may also play a role. Recent work at the
Songwe and Tundulu carbonatites, Malawi, indicates that when carbonate‐bearing apatite forms in a late‐
stage hydrothermal environment, small scale fractionation of the REE can occur, leading to passive heavy
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(H)REE enrichment3,4. Such enrichment could increase the economic potential of apatite as a co‐product of REE
or phosphate extraction.
In this contribution we have investigated the composition of successive carbonate‐fluorapatite generations
from both Sokli and Kovdor with the aim of identifying REE fractionation across different generations. The
different generations were divided on the basis of both texture and colour, when imaged using a cold‐
cathodoluminescence microscope. For simplicity, four generations were identified, with Sokli and Kovdor
displaying broadly similar textures and luminescence colours (Figure 1). These are (1) primary apatite grains,
with a rounded/euhedral habit and luminescing purple; (2) strongly luminescent epitactic rims on primary
grains; (3) ‘aggregate’ apatite, forming a fine‐grained groundmass, typically luminescing blue; (4) botryoidal
growth zones, commonly luminescing blue, but in places green or non‐luminescent.
The REE content of the different apatite generations, analysed by in‐situ laser ablation ICPMS, is highly
variable. Primary apatite grains have the highest REE contents, up to 6750 ppm REE in the Sokli samples, while
the Kovdor grains are less REE‐rich, between 1600 to 3400 ppm, and are similar in composition to previously
analysed primary apatite5. Primary apatite grains have a relatively straight, LREE‐rich, REE distribution with a
small negative Y anomaly, which is common for carbonatite‐derived apatite. REE contents in subsequent
generations of carbonate‐fluorapatite are markedly lower, with some analyses below the analytical detection
limit (typically <1 ppm), even with a 100 μm spot size. All of the subsequent carbonate‐fluorapatite
generations exhibit the same straight, LREE‐rich, chondrite normalised distribution as the primary apatite
grains, with no significant HREE enrichment evident. However, many of these analyses exhibit both positive
and negative Ce anomalies, indicative of an oxidising environment.
The low REE, and very low HREE, contents of the different carbonate‐fluorapatite generations at both Sokli
and Kovdor indicates that these localities are not likely to represent a potential HREE source. Furthermore, the
lack of any significant fractionation between the subsequent carbonate‐fluorapatite generations is interpreted
as circumstantial evidence that these rocks did not form through hydrothermal alteration in the same way as
the Songwe and Tundulu localities. This is further compounded by the presence of a Ce anomaly, which is
commonly interpreted as a feature of weathering. While hydrothermal formation under different conditions,
such as complete hydrothermal removal of the REE, cannot be ruled out, we conclude that the locations were,
most‐likely, formed in a supergene environment. Continued investigation of weathered carbonate‐fluorapatite
material from other localities is underway to further check this conclusion.

Figure 1: Cold‐cathodoluminescence image of different apatite habits present in carbonate‐fluorapatite rocks from Kovdor.
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Introduction
Bauxite mining has been an integral part of the Greek economy over the last century. Worldwide, Greece was
ranked 12th in bauxite production in 2015 and 13th in bauxite reserves, and 1st in the EU for both categories1.
The Parnassus‐Giona karst bauxite deposits also contain significant amounts (~500 ppm)2 of rare earth
elements (REE) making them potential alternative REE deposits.

Rare earth elements in bauxite
The large volumes of bauxite produced in Greece offer the potential for REE to be extracted as a by‐product
directly from bauxite or from red mud waste, which is the residue of the Bayer process3,4. REE distribution,
enrichment and formation mechanisms for the various REE‐bearing minerals still remain uncertain. This is due
to the heterogeneity of bauxite and to vertical and spatial fluctuations of REE contents between mines. For
this reason, 37 bauxite samples were collected from the upper parts of four B3 (3rd bauxite horizon) mines
operated by the Delphi‐Distomon S.A. and analysed for their REE contents. Analyses were carried out by ICP‐
MS at Bureau Veritas Mineral Laboratories, Canada.

Results
Per descensum transport of mobile elements results occasionally in high REE concentrations at the lower parts
of karst bauxite deposits3,4. The average ΣREE concentrations in the upper parts of the four bauxite mines
sampled is 369 ppm, with Ce being the predominant REE (230 ppm). These concentrations are significantly
lower compared with those of red mud waste stockpiles4 (Table 1). The average ΣREE enrichment factor of red
mud waste to bauxite was found to be 3, which is significantly higher than the factor of 2 suggested
previously2. Additionally, the highest average enrichment factors for La, Pr, Nd, Sm, Eu and Gd are more than
3, which shows that bauxite samples in this study contain lower amounts of these elements compared to the
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mixed bauxites used for alumina production. On the other hand, the Ce enrichment factor is 1.8, meaning that
this study’s bauxites contain high amounts of Ce, and maybe much more than the average for the bauxite.

Discussion
The enrichment factors for REE, between the bauxite and red mud waste, show that all REE apart from Ce
precipitate to the lower parts of bauxite deposits. In economic terms, given the low price of Ce, REE behaviour
indicates that leaching them directly from bauxite could be viable only in bauxite mined from the base of a
deposit. Alternatively, if all bauxite mined is passing through the Bayer process, REE could be more effectively
leached from red mud.

Table 1: Average concentrations (ppm) of REE in red mud waste (n=3)4 and bauxite (n=37) samples, and their red mud waste to bauxite
enrichment factors.

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Y

Red
Mud
127.3
411.3
28.3
103.9
20.1
4.4
18.9
3.0
19.4
3.9
11.8
1.9
13.0
2.0
98.2

Bauxite
32.3
230
6.8
23.5
5.1
1.2
6.1
1.1
7.6
1.6
5.0
0.8
5.7
0.9
41.4

Enrichment
Factor
3.9
1.8
4.2
4.4
3.9
3.7
3.1
2.7
2.6
2.4
2.4
2.4
2.3
2.2
2.4

ΣREE
ΣLREE
ΣHREE
ΣLREE/ΣHREE
ΣREE+Y
ΣHREE+Y
Mean ΣREE
Mean ΣREE+Y

Red
Mud
769.3
690.9
78.4
8.8
867.5
176.6
54.9
57.8

Bauxite
327.7
297.6
30.1
10.1
369.1
71.5
23.4
24.6

Enrichment
Factor
2.3
2.3
2.6
0.9
2.4
2.5
3.0
3.0
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Alternative supplies of rare earth element (REE) ‐bearing minerals are being heavily investigated across the
globe, with a major focus on production of the REE as by‐products, such as from alumina processing1 or
phosphate production2. One of the largest potential REE by‐product deposits in Europe is Çanakli, a part of the
Aksu Diamas project in western Turkey, owned by AMR Mineral Metal Inc. This has an inferred resource of 494
million tonnes at about 0.07% TREO (total rare earth oxide), where the REEs are a potential by‐product of
magnetite production3. The REE and other heavy minerals are hosted in a placer‐like deposit in Quaternary
sediments situated in an isolated basin in Mesozoic limestones. The heavy minerals occur in lenses and
channels in loosely consolidated sediments. Pilot plant production of the minerals used a simple production
flow sheet, with extraction of the heavy minerals using a monitor and the subsequent slurry processed
through a series of gravity and magnetic separation techniques3. Placer deposits, such as monazite‐bearing
sands, are a common style of REE deposit. Sources are often granitic and easily recognisable in the catchment
area, but in more unusual deposits, such as Çanakli, the source is not always understood. The alkaline Gölcük
volcano, located approximately 20 km north‐west of the deposit, repeatedly erupted during the Plio‐
Quaternary4 and the related ash falls are thought to be the source of the REE mineralisation3.
In order to test this hypothesis, geochemical fingerprinting of the minerals in both the ash layers at the
volcano and the minerals found in the placer have been undertaken. Scanning electron microscopy (SEM)
analysis of heavy mineral concentrates from both areas confirms the presence of REE‐bearing minerals such as
allanite and chevkinite ((Ce,La,Ca)4(Fe2+,Mg)2(Ti,Fe3+)3Si4O22). A combination of LA‐ICP‐MS analysis of major
minerals such as magnetite, and minor REE‐bearing minerals, and quantitative SEM analysis of pyroxene,
apatite and chevkinite indicates the most likely source for heavy minerals in the placer is the alkaline Gölcük
volcano.
Given the distance of the basin from the volcano and the isolated nature of the basin, it is reasonable to
assume that the REE‐bearing minerals were transported in the volcanic ash clouds. Ash layers, considered to
be derived from Gölcük volcano, have been found up to 25 km from the eruptive site so could easily have
reached the Çanakli area. The resulting deposits have subsequently undergone some sedimentary sorting and
processing as indicated by the presence of channels.
If the Çanakli REE deposit resulted solely from the accumulation of air‐fall tuff‐borne minerals in a topographic
depression, with subsequent sedimentary concentration processes, then this is a new style of REE deposit.
Improved understanding of the origin of this deposit could help to identify additional REE resources in similar
settings globally, including those at Monte Vulture, Italy.
Acknowledgements: The research leading to these results was funded by the EURARE project, which has
received funding from the European Community’s Seventh Framework Programme ([FP7/2007–2013]) under
Grant Agreement no. 309373.
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Introduction
Although the majority of the rare earth elements were originally discovered in European outcrops, for example
the Bastnäs and Ytterby mines in Sweden1, there are no recent large‐scale REE mining activities in Europe.
However potential resources are known to be widespread and exploration activities seems to be increasing.
The most important REE metallogenetic provinces in Europe are related to extensional tectonics and mantle‐
derived enriched melts processes, which have produced alkaline silicate and carbonatite magmatism. Another
type of potential REE deposits is associated with magmatic and hydrothermal activities in subduction‐related
environments. As an example, the Bergslagen province in Sweden and possibly Naantali area in Finland may be
good candidates for such a carbonite fluid‐induced REE occurrences.
Very little information is available about REE concentrations in sedimentary sections across Europe. As an
extreme example, probably not as an economically potential resource, are some deposited volcanic ashes in
marine environment. High P and REE concentrations are characteristic for some bentonites (volcanic ash) of
the Baltoscandia region. For example, some thin altered volcanic ash beds, close to the Aeronian/Telychian
boundary of Latvia and Lithuania show anomalously high concentrations of cerium (1%), lanthanum (0.5%),
but also strontium (2.5%) and phosphorus (up to 3%)2. These elements occur as a solid solution of goyazite‐
florencite mineral2. Most likely, these occurrences are related to carbonatitic volcanic eruption in Llandovery,
Silurian, ca 438 Ma ago in Caledonian region.

REEs in sedimentary phosphate rocks
However, there are vast quantities of phosphate material known in Estonian Lower Paleozoic sedimentary
sections. The calculated Estonian phosphate rock reserves are about 3 Billion metric tons (ca 819 Million
metric tons of P2O5), being the biggest in Europe. The shelly phosphate rocks are friable or weakly cemented
bioclastic quartz sandstones with a variable debris content of phosphatic linguloid brachiopod shells3. These
sediments formed approximately 488 million years ago. The content of fossil shells ranges from 5–10% to 80–
90%. Brachiopod shells and detritus contain up to 35–37% P2O5. The P2O5 content in the whole phosphorite
layer is in a range of 6–20%.
Recent studies have revealed relatively high contents of REEs in these phosphate shells (Figure). For example,
the content of La in single shells ranges between 50 to 800 ppm, Ce – 100–3000 ppm, Pr ‐ 10–400 ppm, Nd –
70–1900 ppm, Sm – 15–400 ppm, Eu – 4–85 ppm, Gd – 20–400 ppm, Tb – 3‐56 ppm, Dy – 15‐300 ppm, Ho – 3‐
50 ppm, Er – 8‐115 ppm and Tm – 1‐12 ppm; in addition, Y concentration vary within 100‐1500 ppm. The total
REEs, however, are not very high ranging between 1500 and 2000 ppm in average. Subsequently, at the
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moment the Estonian phosphorites cannot regarded as an economic REE source, but considering REEs as a co‐
product of phosphorous production, it may already be economically feasible.
So far, there is no good scientific explanation about why REE concentrations largely vary between different
shells, sometimes in the same cross section, and what is the origin of REEs. Although the raw ore enrichment
(separating shells from sandstone) and phosphorous extraction are technologically easy, the technology for
REE extraction within the same process needs further developments. Relying on the vast phosphorite reserves
in Estonia, the critical nature of both the phosphorus and REEs for the European economics and security, it
may be a good, worthwhile opportunity to develop these reserves into mine at the European scale.

Figure 1: Recent Lingula ‐ normalized REE concentrations of a single shell analyses of the Estonian Lower Paleozoic sedimentary
phosphorites.
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Rare‐Earth Elements (REE) attract increasing interest in “green technologies” to assist light harvesting of solar
irradiation by spectral conversion processes (e.g.: quantum cutting, up‐conversion, down‐shifting, etc.). In this
respect, REE‐doped luminescent materials are aimed at increasing efficiency in solar‐driven H2 generation,
conversion of anthropogenic CO2 into sustainable fuels and artificial photosynthesis 1. Besides, the exploration
of strategic REE sources, crucial for high‐tech industries, has turned into a challenging issue for European
dependency on imported raw materials. In the light of this precept, we explore subaerial (i.e.: carbonatitic
shear zones and alkaline plutonic rocks in Basal Complex of Fuerteventura Island, alkaline felsic igneous rocks
of Gran Canaria Island and weathering soils) and submarine materials (i.e.: Amanay, Banquete and Conception
Bank seamounts) as potential REE mineral sources based on prior literature 2. Furthermore, in our current
research projects we pose to use the infrastructure of traditional solar‐flats of the archipelago, as slurry‐type
systems of shallow seawater pools operated as solar‐to‐fuel generation plants, for the in‐situ sustainable
generation of H2 and solar fuels by artificial photosynthesis (Fig. 1).
Geological samples are part of the Canary Island Volcanic Province (CIVP): 70 samples of silica‐undersaturated
alkaline rocks (i.e.: lavas, dykes, domes, ignimbrites) and related soils and paleosoils from subaerial
emplacements of the Mio‐Pliocene, intraplate volcanic island Gran Canaria, plus 100 samples of igneous rocks
(i.e.: lavas, dykes), sedimentary rocks (i.e.: carbonated, phosphatized and Fe‐Mn deposits) and deep‐sea
sediments (i.e.: silty‐clayey sands) from nearby seamounts. In general, the methods cover field research (e.g.:
volcano‐stratigraphic columns), sedimentology (e.g.: grain‐size distributions), petrography and mineralogy
(e.g.: SEM‐EDS, XRD, EMPA), and lastly, an overall geochemistry of major, minor and trace elements (i.e.: FUS‐
ICP‐MS, TD‐ICP, INAA), in order to broadly characterize the geochemical nature, to identify high‐REE deposits
and to constrain the signature for REE‐enrichments
REE totals in subaerial and submarine deposits are constrained, in ascending order, as follows: (i) submarine
sediments (<60 ppm); (ii) alkaline picrites, basalts, basanite‐tephrites of seamounts (<400 ppm); (iii) per‐
alkaline syenites, trachytes, rhyolites, haüyne‐phonolites (400‐600 ppm) and phonolite‐nephelinites (<1000
ppm) of Mio‐Pliocene subaerial rocks; (iv) B‐horizon and saprolites (1300‐1600 ppm); and finally, (v)
ferromanganese crusts (1500‐2500 ppm). In general, LREEs are higher than HREEs abundances. REE‐
enrichment is remarkable at marine sedimentary rocks and soils. Indeed, B‐horizon and saprolites increase
20% in terms of percentage change compared to bedrock. Also, positive correlations between REE and Mn‐
oxides are inferred, thus explaining the REE mobility by Mn leaching and precipitation as Mn‐oxides, and Ca‐
phosphates, with granular habits and dendritic textures in soils (e.g.: fluorapatite, brytholite); whereas by ionic
substitutions of incompatible elements in Fe‐Mn‐oxyhydroxides (todorokite, goethite) of submarine
ferromanganese crusts.
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Figure 1: Prospective H2 production by seawater‐splitting in salt‐flats (Canary Islands)
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Raw materials are fundamental to economy, growth and jobs and they are essential for maintaining and
improving our quality of life. Recent years have seen a growth in the number of materials used across a wide
range of new technologies. Securing reliable and sustainable access to certain ‘critical’ raw materials is of
raising concern within the EU and across the globe. The European Union has identified twenty raw materials as
critical (such as the REEs, PGEs, niobium, germanium, indium, gallium, cobalt, borates, tungsten, fluorspar, tin,
molybdenum, and lithium) [1]. Many of these are essential for high‐technology and low‐carbon applications,
but also vulnerable to politically or economically driven disruptions in supply. Based on the mineral deposit
database at the geological survey of Sweden, 29 deposits have been identified as containing elevated contents
of one or several critical minerals and metals, including fluorite, Ge, Pd, REE, W, Co, Li and Sb.
Gallium and germanium are mainly occurring in sulphide minerals, e.g. in sphalerite of lead‐zinc deposits in the
Bergslagen ore province and in the Skellefte district. In addition, younger metasedimentary rocks in
southwestern Sweden host copper mineralisation with elevated concentrations of these elements. They are
also found in polymetallic, vein‐hosted sulphide mineralisations in the western part of Värmland County in
southwest central Sweden. [2]
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Indium occurs as a rare accessory element associated with skarn‐associated, polymetallic Fe/Mn oxide
mineralisation at e.g. Gåsborn, Getön, Långban, and Lindbom in western Bergslagen [3]. In several Zn‐rich
sulphide mineralisations in Bergslagen and the Skellefte district, indium may be locally enriched. Platinum‐
group elements (PGE) are mainly found in association with mafic intrusive rocks in e.g. Norrbotten and
Bergslagen.
Selenium mineralisation is found in the northeastern part of Sweden (Västerbotten) but also associated with
some sulphide ores in Bergslagen and in southwestern Sweden (Värmland‐Dalsland). These particular
occurrences carry metal assemblages with typically elevated Se, Cu, Ag, Te and Au. Tellurium is found in
Boliden's new Au‐Te mine Kankberg and also in several gold‐bearing quartz vein deposits, e.g. at the Björkdal
mine. Sb occurs in several polymetallic sulphide deposits, e.g. at Rockliden and Rakkejaur in the central and
northern Sweden. Baggetorpsgruvan, Yxsjöbergsfältet, Sandudden‐Wigström, and Svärtträsk in Bergslagen and
Västerbotten are the main tungsten deposits in Sweden. Another group of rare and in many cases critical
metals are strongly associated with granites and pegmatites. These are beryllium, boron, cesium, lithium (e.g.
Järkvissle deposit), niobium, rare earth elements‐REE, scandium, tantalum and tin.
REE mineralisation occur mainly associated with Bastnäs‐type iron oxide‐skarn (Bastnäs field and others in the
REE‐line), apatite iron oxide ores (e.g. Kiirunavaara‐Malmberget in Norrbotten, and Grängesberg‐Blötberget‐
Idkerberget in Bergslagen), iron oxide‐apatite veins (the Olserum area), carbonatite complexes (e.g. the Alnö
area), REE‐U rich phosphorites (e.g. Tåsjö), peralkaline nepheline syenite complexes (e.g. Norra Kärr) and
granitic pegmatites containing REE‐rich minerals (e.g. rare metal pegmatites in south central and northern
Sweden) [4] .
Acknowledgement: The research leading to these results has received partly funding from the European
Community’s Seventh Framework Programme ([FP7/2007‐2013]) under grant agreement n°309373. This
publication reflects only the author’s view, exempting the Community from any liability”. Project web site:
www.eurare.eu”.
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Introduction
Rare earth elements (REE) are a group of 17 metallic chemical elements that have relatively similar chemical
and physical properties. They comprise the 15 lanthanides, plus scandium (sometimes excluded) and yttrium.
REE are used in a wide range of manufactured products, especially in green energy and digital technologies,
and are considered as critical raw materials by the European Commission1. China has the most abundant
resources and production of REE in the world, although significant resources, either known or inferred, exist in
other countries. The goal of the present study is to assess REE occurrences in Europe, using a predictivity
methodology developed by BRGM to evaluate the favorability of known mineralization to host a targeted
commodity, the DataBase Querying (or DBQ) method2. Its purpose is not to evaluate the REE endowment of
Europe, but to pinpoint mineral occurrences that may contain REE, in order to identify favorable areas and
help guiding further exploration works.

Data sources and preparation
Data that was used for this work came from both the EURare IKMS (see presentation from Cassard et al. in this
conference) and the ProMine Mineral Deposit (MD) database2. Datasets required by the DBQ method have to
include a large number of occurrences or deposits, and to list their type and the presence/absence of a wide
panel of commodities. The EURare IKMS dataset was extracted and completed to list all contained
commodities (deduced from the mineralogy mostly) and to classify deposits in 17 distinct metallogenic
families (16 from the ProMine project, plus placers, even though it is not a metallogenic type sensu stricto), in
order to apply subsequent processing to coherent deposit populations. Additional information from
publication3,4,5,6 was also included. The resulting ‘augmented’ dataset contained 158 REE deposits, amongst
which 104 were sufficiently documented (in terms of deposit type and contained commodities) to be
processed with the DBQ method. The ProMine Mineral Deposit database was also queried for all deposits
belonging to the identified metallogenic families, with their type and contained commodities. This ProMine
dataset was merged with the 104 IKMS deposits. After removal of duplicates, the final dataset contained 8326
occurrences and deposits, classified in 17 metallogenic families and described for their content in 52
commodities. 244 deposits out of the 8326 contain REE.

Predictive assessment
The DBQ method was developed within the ProMine project2, to perform predictive assessment on datasets
that are not big enough to provide reliable results with “usual” methods (e.g., Weight of Evidence), which is
often the case when targeted commodities are “rare” elements and/or by‐products. The first step of DBQ is to
calculate, for each metallogenic family, an enrichment ratio (ER, or ratio of frequency of REE in the
metallogenic family vs. frequency of REE in the whole dataset). ER>1 indicates a metallogenic family enriched
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in REE, while ER<1 indicates a depleted one. Enriched metallogenic families are (by order of decreasing ER)
alkaline/peralkaline intrusions (ER=26.25), pegmatites (ER=7.36), IOCG (ER=2.59), placers (ER=2.57), igneous
replacement deposits (ER=1.77), residual deposits (ER=1.20), sandstone‐ and shale‐hosted deposits (ER=1.19)
and igneous intermediate deposits (ER=1.11). These 8 families contain a total of 2074 occurrences or deposits,
amongst which 193 contain REE.

Figure 1: Map of kernel density of ponderated REE scores in Europe, obtained by the DBQ method.

For each enriched family, a frequency of occurrence in all deposits containing REE was calculated, per
commodity (Table 1). This spectrum of commodity frequencies per metallogenic family constitutes the
signatures that will be searched for. Note that the “igneous intermediate” and “IOCG” families (in red in Table
1) have only 4 and 5 deposits, respectively, containing REE, therefore their signatures have little statistical
value and must be considered cautiously. All deposits in the dataset are compared to the characteristic
signature of the metallogenic family they belong to and ranked according to their proximity (or similarity) to
this signature, using the following formula:
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where “binary presence value” is 1 if the ranked deposit contains the commodity, or 0 if not.
In order to compare ranks between different enriched metallogenic families, ranks were ponderated by the
enrichments ratios ER. We have then calculated a ponderated rank for each of the 2074 occurrences belonging
to the 8 enriched metallogenic families.
Table 1: Frequencies (in percent) of occurrence of commodities in deposits containing REE, or characteristic signatures per enriched
metallogenic family; in yellow, 10≤frequency<40; in orange, frequency≥40. * note that the “all metallogenic families” column includes
deposits from families that are not enriched in REE (ER≤1).

Number of deposits
REE
Fe
U
Ta
Nb
Al
Zr
Be
Th
Ti
Cu
Fl
Phos
Mo
Au
Cr
Li
Sn
Zn
Pb
Ag
Ni
Mn
Ba
Co
Mg
W
Sr
Bi
As
Sb
Cd
V
Rb
Se

SandStone
and Shale‐ Residual
deposits
Pegmatites Hosted

All
metallogenic
families

Alkaline &
Peralkaline
intrusions

Igneous
Intermediate

Igneous
Replacement

IOCG

244*

40

4

20

5

74

11

18

21

100,00
32,79
23,36
21,72
20,08
18,03
17,62
17,21
15,98
12,30
11,89
11,89
8,61
8,20
6,56
5,74
5,74
5,33
5,33
4,92
4,51
4,51
4,10
3,69
3,69
3,28
3,28
2,87
2,46
2,05
1,64
1,23
1,23
0,82
0,82

100,00
47,50
35,00
35,00
50,00
25,00
37,50
10,00
40,00
20,00
0,00
42,50
22,50
0,00
0,00
2,50
5,00
0,00
15,00
7,50
0,00
0,00
10,00
12,50
0,00
5,00
0,00
15,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

100,00
25,00
25,00
0,00
50,00
25,00
75,00
0,00
25,00
0,00
50,00
0,00
25,00
25,00
0,00
0,00
0,00
0,00
25,00
25,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
25,00
0,00
0,00
0,00
0,00
25,00
25,00
0,00

100,00
95,00
10,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
50,00
5,00
0,00
15,00
10,00
0,00
0,00
10,00
0,00
0,00
5,00
0,00
0,00
0,00
5,00
0,00
0,00
0,00
10,00
0,00
0,00
0,00
0,00
0,00
0,00

100,00
100,00
40,00
0,00
0,00
0,00
0,00
0,00
0,00
20,00
0,00
20,00
40,00
40,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
20,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

100,00
10,81
18,92
44,59
29,73
13,51
2,70
41,89
10,81
1,35
1,35
4,05
2,70
5,41
0,00
0,00
9,46
5,41
0,00
0,00
0,00
0,00
0,00
0,00
0,00
1,35
1,35
0,00
2,70
0,00
0,00
0,00
0,00
0,00
0,00

100,00
18,18
81,82
0,00
0,00
18,18
9,09
0,00
18,18
9,09
18,18
9,09
27,27
0,00
18,18
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
9,09
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

100,00
66,67
0,00
0,00
0,00
94,44
50,00
0,00
0,00
11,11
5,56
0,00
0,00
5,56
5,56
55,56
5,56
5,56
5,56
5,56
5,56
50,00
11,11
0,00
11,11
11,11
5,56
0,00
0,00
11,11
5,56
5,56
5,56
0,00
5,56

100,00
14,29
4,76
0,00
9,52
0,00
47,62
4,76
33,33
42,86
0,00
0,00
9,52
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

Placers

Results and Conclusion
The DBQ method is not spatial in its principle (i.e., the location of a mineralization has no impact on its rank).
However, as we know the geographic coordinates of deposits, it is possible to spatialize the results, for
instance by drawing maps of rank density. Figure 1 is a map of kernel density of ponderated ranks in Europe. It
highlights areas of high density that are a priori favorable for REE. Note that the distribution of results also
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depends on the spatial heterogeneity of records in the ProMine database (e.g., higher density of occurrences
in France that therefore appears more favorable, compared to other countries with less data).
As alkaline/peralkaline intrusions is by far the most enriched metallogenic family, the map closely mimics their
spatial distribution in Europe, highlighting potentially favorable areas, such as the Svidnya‐Seslavtsi region in
Bulgaria, or the Laacher See intrusion in western Germany. In addition, it shows favorable areas related to
other metallogenic families. Examples are for instances IOCG deposits in the northern Svecofennian belt
(northern Sweden), placers in French Britany and Normandy, pegmatites in southern Austria or the Iberian
massif (northern Portugal), or numerous bauxite occurrences in the Delfi region (Greece).
Although the DBQ method is not dedicated to discovering new deposits, it is appropriate to assess favorability
for by‐products commodities in known occurrences where they were not necessarily searched for. The present
study confirms that although REE are not mined in the EU, potential resources exist from a wide range of
metallogenic provinces and geodynamic settings7. It highlights mineral occurrences and areas in Europe that
are favorable for REE, according to their DBQ ranking, and could therefore be interesting targets for future
exploration works.
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Lateritic clay deposits of so called ion absorption deposits (IADs), also known as residual REE‐clays or South
China clays are currently the world’s dominant supply of heavy REE and also an important source of less
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economicly valuable light REE. IADs are currently economically mined only in China, but dozens of deposits are
under exploration in whole world (EU, Brazil, Philippines, Vietnam, Burma, Madagascar). A main concentration
of REE within IADs has been proposed to be a dominantly supergene process, where easily degradable REE‐
minerals (e.g. REE‐fluorcarbonates) break down and release REE that are then adsorbed to clay minerals. Here
we present new results from economically mined profiles in South China and compare them with similar
residual crusts in EU, with the aim of further constraining the formation and REE enrichment processes in IADs.
Bulk rock total REE contents from analysed profiles in representative IADs in South China (provinces of Jiangxi,
Hunan, Fujian, Guangdong and Guangxi) vary from 1800‐16000ppm, with the HREE varying from 15 to 90% of
the TREE. Recent sulphate leaches (designed to remove clay‐adsorbed REE) of laterite show leachable TREE
from 100‐800ppm, with no preferential HREE adsorption. Our detail research of laterite profiles show that the
REE distribution is heterogeneous and not controlled by the X‐ray diffraction proved presence the clay fraction
in all sites (kaolinite and halloysite). This research is consistent with experimental data which show that
kaolinite is only HREE selective in high ionic strength solutions, and suggest that HREE enrichment in lateritic
deposits may be a function of exceptional presence of HREE‐enriched residual and secondary phases
associated with carbonate‐rich areas. These residual and secondary phases (mostly Ca‐REE‐fluorocarbonates
and REE bearing phosphates) associated with carbonate‐rich areas in both parental granites and associated
IADs have been proved and may be a missing information and solution for succesful REE exploration of
residual weathered crusts in EU.

MATERIAL SOURCE ANALYSES AND GEOCHEMISTRY ABOUT TWO REE
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Introduction
In the frame of the ENVIREE project, ERA‐MIN programme (environmentally friendly and efficient methods for
extraction of rare earth elements from secondary sources) a selection of tailings from old mines with
favourable conditions to contain REE was performed. In this work, results from two secondary deposits from
the NW of Portugal are discussed, aiming to characterize their rare earth elements (REE) contents and
suitability for further steps of the project comprising the REE extraction.
The Covas tailing was a mine mainly focused in tungsten mineralization, associated with skarn, massive
sulphides and iron oxides; it occurs in metassedimentary and metaquartzitic formations (Silurian) Scheelite,
ferberite, albite, apatite, quartz, pyrite, pyrrhotite and arsenopyrite. The Cumieira tailing was exploited for Sn
(cassiterite) and Nb‐Ya (Coltan), and it consisted of an alluvial type deposit formed by weathering and
accumulation of the surrounding rocks, comprising schists, quartz, granite and aplite‐pegmatite.
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Methods
Chemical analyses were done by instrumental neutron activation analyses (INAA) at IST‐ID, determining major
and trace elements contents with very good accuracy and precision (in general <5%). The following elements
were determined: Na, K, Mn, Fe, Sc, Cr, Co, Zn, Ga, As, Br, Rb, Zr, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Dy, Yb, Lu,
Hf, Ta, W, Th, U.

Results
The rare earth elements (REE) data and relevant parameters are listed in Table 1.
A rough variation was found for the total REE content (ΣREE), ranging between 49 and 70 µg/g. No distinctive
Ce anomalies were found for all of the samples. In addition, all of them have Eu negative anomalies that range
from 0.38 to 0.72. The characteristics of chondrite normalized REE patterns of samples have steep LREE
distributions, which are generally ascribed to an enrichment of large ion lithophile element caused by partial
mantling of mantle or crustal rocks, and distinctive HREE distributions, between the two mine deposits.
Cumieria deposit is more enriched in Tb and Yb, but less in Lu.

Table: REE contents and relative parameters of bulk samples for Covas and Cumieira deposits, Northern Portugal

PT‐COV B3

PT‐COV B4

PT‐CUM D1

PT‐CUM D2

La (μg/g)

15,6

9,71

13,3

16,1

Ce (μg/g)

27,1

23,1

30,5

23,6

Nd (μg/g)

12,2

11,1

12,1

11,8

Sm (μg/g)

2,09

1,39

1,73

2,43

Eu (μg/g)

0,47

0,30

0,52

0,45

Tb (μg/g)

0,53

0,43

1,39

1,10

Dy (µg/g)

3,09

3,54

1,98

1,13

Yb (μg/g)

2,17

1,31

8,04

6,13

Lu (μg/g)

0,95

1,35

0,46

0,36

Σ REE

64,3

51,9

70,0

63,1

Ce/Ce*

0,83

1,06

1,07

0,71

Eu/Eu*

0,59

0,72

0,45

0,38

(La/Yb)N

4,86

5,00

1,12

1,77

(La/Sm)N

4,71

4,40

4,85

4,16

Σ REE represents the sum of La to Lu.
(La/Yb)N and (La/Sm)N, where N refers to a chondrite‐normalized value.
Eu/Eu* refers to Eu anomaly =
/√([
)).(
)]
Ce/Ce* refers to Ce anomaly =
/√([
)).(
)]
.

Conclusions
Taking into consideration the foreseen objective of ENVIREE project, the geochemical characterization of both
Covas and Cumieira tailings, enabled to select the Covas tailing as the one to be submitted to further steps of
REE extraction on the frame of the project
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Introduction
The Matamulas Rare Earth Project, located in central Spain, is owned by Quantum Minería (QM), a private
mining company based in Madrid, Spain. Matamulas is a placer deposit, comprised of unconsolidated sandy and
clayey alluvium/colluvium. The deposit hosts relatively large‐sized (0.1 to 2.0 mm) monazite nodules,
completely liberated, clean, and free of rock adherences that are comprised of roughly 60% TREO by weight.
In 1990, the Russian Institute of Mineralogy, Geochemistry, and Crystal Chemistry of Rare Elements (IMGRE)
conducted research on a pilot area of the deposit containing 2.9 million m3 of alluvium. The study concluded
that the pilot area contains 1.8 kg of monazite per m3, equating to 5,220 tonnes of monazite in‐situ. Follow‐up
research in 1991 examined sediments to the North and West of the pilot area. A total of 467 small pits (3
meters deep on average) were excavated within an area covering approximately 10 km by 2 km. The study
inferred that an additional 21.2 million m3 of sediment contained 1.98 kg of monazite per m3 of alluvium,
equating to an additional 42,000 tonnes of monazite in‐situ.
To date, 423 new pits have been excavated and sampled from historically‐sampled areas in order to confirm
the resource estimates put forward in the early‐90s. A JORC Preliminary Economic Assessment resource
estimate has been completed for the Matamulas deposit to date; this PEA gives the presence of a 29.9 million
tons deposit grading 0.101% TREO. Collectively, this estimate gives that the ore deposit hosts 30,207 tons of in‐
situ total rare earth oxides (TREO).
This diagenetic origin ‘grey’ monazite is completely different to the common ‘yellow’ thorium‐enriched
monazite. The deposit’s relatively low concentrations of Th and U (collectively around 0.2 weight % of
monazite) should alleviate social and environmental concerns related to development of the deposit, helping
streamline its path to production.
More than one thousand samples were analyzed obtaining a representative distribution of all rare earths
elements highlighting the abundance of Neodymium and Praseodymium. The percentage of the rare earths
elements contained in the monazite nodule is as follows:

17.52% La2O3

45.05% CeO2

5.87% Pr8O11

22.65% Nd2O3

4.48% Sm2O3

0.83% Eu2O3

2.12% Gd2O3

0.21% Tb4O7

0.44% Dy2O3

0.08% Ho2O3

0.03% Er2O3

0.05% Tm2O3

0.05% Yb2O

0.00% Lu2O3

0.64% Y2O3

Preliminary numbers based on underway studies, gives that simple desliming and screening operations and
gravimetric concentration can yield an 80% pure monazite concentrate (approximately 50% TREO by weight)
from the Matamulas ores.
Initial hydromet tests have been conducted to assess the prospect of separating high‐purity REOs from the
Matamulas monazite nodules, 93% TREO recoveries were achieved.
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Figure 1: monazite nodules Nd distribution

Figure2 : Ore deposit REO grades
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INVESTIGATIONS OF REE‐CONTAINING HEAVY MINERAL RESOURCES IN
MARINE SANDS OF SOUTHWESTERN BALTIC SEA – THE JOINT RESEARCH
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“SEEsand” stands for REE production out of running off‐shore aggregate extraction. The challenge is to
separate the REE bearing Zircon‐fraction and to dissolve the REE by means of hydrochemical and biochemical
leaching. “SEEsand” unites an interdisciplinary team composed of geological authorities (1,7), industry (2,4,5),
academia (3), and a triple helix raw material network (6). Heavy mineral enrichments in beach and sea floor
placer deposits are locally very common along the SW Baltic Sea shore. Since 8,500 a the Baltic Sea
transgression related intensive mechanical and mineralogical differentiation of glacigenic sediments e.g. tills or
glaciofluvial deposits with origin from southern Scandinavia, led to separation of heavy minerals. From a
mineralogical point of view, the heavy minerals fraction contains almandite, ilmenite, magnetite, rutile and
zircon with minor contents of monazite. Zircon has been mined in significant amounts from beach placers in
that region until the 1960s for the production of zirconium metal. While LREE dominate in monazite, the zircon
contains 0.7% of REE with 88% of HREE1. The objective of the project is to intersect mechanical processing
steps in the running process on board the dredger and to separate and preconcentrate the heavy minerals
fraction. For the subsequent recovery of zircon a combination of gravity, magnetic and electrostatic separation
will be applied. Biomicrobiological investigations will be carried out in order to free the REE from the zircon in
an environmental friendly and economically viable manner. From literature there is evidence for a selective
bio‐leachability of REE from zircon1, that will be further investigated.Alternatively, various conventional
chemical as well as innovative mechano‐chemical leaching processes will be tested. The resulting leaching
solutions will be processed for recovery of the HREE into a mixed oxide concentrate. Aside precipitation and
solvent extraction processes, innovative methods of biosorption2 will be applied. Leaching residues are
planned to be used as feedstock for refractory zirconia materials. The potential of the transfer of results to
other Zr‐REE minerals will be assessed. A resource estimate will finally lead to an economic evaluation of the
methodologies at market conditions. The SEEsand project is mainly financed by the funding "r4 – Innovative
Technologies for Resource Efficiency" (BMBF grant No. 033R163A).
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Figure 1: The occurrence of heavy mineral placer deposits on Baltic sea coast (a,b), and their microscopic features after first extraction
(c)
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Figure 2: Composition of Rare Earths contained in zircon from Baltic Sea placers1
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Introduction
The increased global interest in rare earth element (REE) resources over the past few years has led to both
new exploration and on‐going re‐evaluation of many previously known mineralisations. In a European context,
one of the premier regions for metal exploration today is the Fennoscandian Shield.
Through the discovery and publication by Finnish‐Swedish chemist J. Gadolin in 17941 of the World´s first
known rare earth element, “yttria” (later yttrium) from Ytterby, north of Stockholm, the history of the REE
became intimately connected to the Swedish part of the Shield. Indeed, during the end of the 18th and most of
the 19th century, Sweden was at the centre of REE discoveries, as both the first light (cerium, at Bastnäs2) and
the first heavy rare earth elements (LREE, and HREE, respectively) were discovered there, together with many
new REE minerals [e.g. bastnäsite‐(Ce), cerite‐(Ce), fergusonite‐(Y), fluocerite‐(Ce), gadolinite‐(Y), lanthanite‐
(Ce), thalénite‐(Y), yttrotantalite‐(Y)]. From the mid‐1800s and up to the second world war, mining activities
were focused on silicate‐bound REE ores in the Bastnäs‐type deposits near Riddarhyttan in the Bergslagen ore
province, south central Sweden, and later REE extraction has so far been limited to (sporadic) by‐product
fluorapatite from apatite‐iron oxide ores in Bergslagen and Norrbotten.

REE mineralisation in the Swedish part of the Fennoscandian shield
Over the subsequent centuries, we have come to know a variety of genetically different types of REE
mineralisations and occurrences that are widely distributed over the Swedish part of the Fennoscandian Shield
and its cover units. The Shield as such is one of the more promising areas in Europe for hard‐rock REE resource
exploration3. In this presentation, the spatial distribution of REE mineralisations in Sweden will be
summarised, based on overall genetic classifications and new information. The major types comprise primary
mineralisations, encompassing both plutonic and volcanic, as well as hydrothermal mineralisations, while
secondary mineralisations are more sparsely represented by sediment‐hosted types, including palaeoplacer
deposits.
The original source of LREE, for e.g. mischmetall production in the 19th century, the Bastnäs‐type deposits in
the ancient and classic Bergslagen Bergslagen ore province, are mostly represented by seemingly small
mineralisations. Yet, the locally high grades combined with the overall extent of the so‐called REE‐line, the
>100 km long linear belt of skarn‐bearing metavolcanic rocks hosting these mineralisations, suggests that it
has some exploration potential. Presently, the most promising projects in Sweden are the nepheline syenite‐
hosted Norra Kärr deposit (presently “on ice”), and the possibility of exploiting by‐product REE‐substituted
fluorapatite and associated minerals (monazite‐(Ce), xenotime‐(Y), allanite sensu lato, and REE
fluorocarbonates4) during mining of apatite‐iron oxide ores, both in active mines such as Kiruna (N Sweden),
and closed mines with the potential for re‐opening, such as Grängesberg‐Blötberget (Bergslagen). The vein‐

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

83

hosted REE mineralisations in the Olserum area, SE Sweden, clearly have potential, but may be hampered by
their contents of uranium and thorium.
During the course of the EURARE project, as well as within projects on critical metals at Uppsala University
(UU), we have also discovered several previously unknown REE mineralisations, mostly linked to different
styles of iron oxide deposits within or near the Bergslagen ore province, which, in the case of the most
extreme example, reached 18000 ppm total REE in a bulk analysis. These findings highlight the potential of
future discoveries in old mine fields; indeed, in many of these cases we are generally dealing with fine‐grained
mineralisations ‐ “invisible REEs” ‐ which explains why they escaped previous attention.
Acknowledgements: EURARE funding from the EC’s 7th Framework Programme (FP7/2007‐2013), grant
agreement n°309373, to SGU, as well as funding from VR to UU, are acknowledged.
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Introduction
After the peak of price in 2011, rare‐earths attracted much attention in Brazil. Brazilian resources on rare‐
earths are significant and can even be larger than those of China. Recently, rare‐earths in Brazil have been
subject of many academic studies, concerning i) catalysis, ii) luminescent phosphors, and iii) magnets.
In this review, it will be briefly described the resources, the industry, the market and the present day research
in Brazil concerning rare‐earths. The economic crisis in Brazil postponed investments on Brazilian rare‐earth
industry, but many stopped projects will be resumed when economy improves in Brazil.
Rare‐earths can be by‐product of niobium, tantalum and tin mines. This means that, in Brazil, it is not
necessary to open new mines. Examples of large mines are CBMM (niobium), Taboca (tin) and AMG
(tantalum). CBMM niobium mine at Araxa has rare‐earth oxide reserves estimated in 22 millions of tons.
Considering the niobium produced per year, CBMM has potential of producing 15.000 ton/year of neodymium
and 5.000 ton/year of praseodymium. The localities indicated in the Figure 1 and in the Table 1 represent sites
with mining activity. In the Goias tin province, projects as Serra Verde and Mata Azul aim to produce heavy
rare‐earths as dysprosium. 100 years ago, Monazite used to be extracted from placers, as in Guarapari and
Prado.
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Figure 1: Some main rare‐earth mining sites in Brazil. See table.

Table 1: Some sites with Nb, Ta, Sn and monazite mining in Brazil

Label

Name

City

State

Type

A
B
C
D

CBMM
Serra Verde
CREC
Taboca

MG
GO
GO
AM

Niobium Mine
Ionic clay
Granitoids
Tin Mine

E
F
G
H

‐
AMG Mibra
‐
‐

Araxa
Minaçu
Mata Azul
Presidente
Figueiredo
Ariquemes
São João del Rei
Guarapari
Prado

Heavy rare
earths
No
Yes
Yes
Yes

RO
MG
ES
BA

Tin Mine
Tantalum Mine
Placer
Placer

Yes
No
No
No

Pitinga mine has xenotime and heavy rare‐earths. Ariquemes is at Rondonia tin province, with also high
potential for heavy rare‐earths. Rare earths already have market in Brazil. Brazilian oil company – Petrobras –
needs around 1,000 tons of lanthanum per year, used in catalysis. Brazilian electric motor industry can use
large amount of magnets in high efficiency electrical motors. Automotive industry uses considerable amount
of small magnets, and common cars have 20‐40 small electrical motors. Besides, Brazilian wind energy can use
large amount of rare‐earth magnets. The wind energy plants are rapidly growing in Brazil. Hydro plants are
preferred in Brazil, but much of the waterfall potential is already in use, and wind energy appears now as the
most interesting option instead of hydro plants. Strong winds at north‐east of Brazil, near Equator line, allow
cheap electrical energy production in that region, and this will motivate the establishment of many industries.
Rare‐earths have big application on luminescent phosphors, in optical fibers, and lasers. However, this
application in phosphors does not drive the market, because in this case rare‐earths are typically used as
dopants. Catalysis makes use of the cheapest rare‐earths, as La and Ce. However, if the rare earth price
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increases, there are other options for catalysis. Thus, magnets have been driving the rare‐earth market in the
last years. Since now it can be forecasted that Ce and La oversupply will also be a problem in Brazil, as already
observed in China. Applications for cerium and lanthanum need to be developed, and one of them is in
batteries, especially rechargeable batteries for hybrid cars. In the last five years, technology for producing
neodymium based magnets has been studied and developed in Brazil. It includes obtaining metallic
neodymium or didymium from oxide, and all the process from casting the NdFeB alloy to obtaining rare earth
magnets.
Summarizing, Brazil has the potential to assume substantial part of the rare‐earth business in the next years.
The present moment offers great opportunity for foreign companies (as European companies) establish
themselves in Brazil.

RARE‐EARTH BRAZILIAN TYPE‐MINERALS
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There are six rare‐earth Brazilian type‐minerals, that is, they were described for the first time from Brazilian
specimens. One is a fluoride [waimirite‐(Y)], one is a phosphate [florencite‐(Ce)], three are carbonates
[lanthanite‐(Nd), lanthanite‐(La), and parisite‐(La)] and one is a silicate [minasgeraisite‐(Y)].
Waimirite‐(Y), ideally YF3, orthorhombic, occurs in thin hydrothermal veins crosscutting the albite‐enriched
granite facies of an A‐type Madeira granite, at the Pitinga mine, Presidente Figueiredo, Amazonas. Directly
associated minerals are dickite and quartz. Other minerals in the albite‐enriched granite are “alkali feldspar”,
albite, riebeckite, biotite, muscovite, cryolite, zircon, polylithionite, cassiterite, pyrochlore‐group minerals,
hydrokenoralstonite, “columbite”, thorite, lead, galena, fluorite, xenotime‐(Y), gagarinite‐(Y), fluocerite‐(Ce),
genthelvite‐helvite, topaz, “illite”, kaolinite and “chlorite” (1). The empirical formula of waimirite‐(Y) is
(Y0.74Dy0.09Er0.07Yb0.06Ca0.04Gd0.02Ho0.02Nd0.01Sm0.01Tb0.01Tm0.01)Ʃ1.08F2.93 (2).
Florencite‐(Ce), ideally CeAl3(PO4)2(OH)6, trigonal, was originally described (3,4) from three Brazilian occurrences:
(i) Tripuí, Ouro Preto; (ii) Mata dos Crioulos, Rio Jequitinhonha, near Diamantina; and (iii) Morro do Caxambu,
a locality known for its yellow topaz, near Tripuí, Ouro Preto; all in Minas Gerais. Chemical data for the first
time distinguishing the different rare‐earth elements and new X‐ray powder diffraction data were published
for
florencite‐(Ce)
from
Diamantina
(5).
Empirical
formula:
(Ce0.40Mg0.28La0.27Nd0.11Sm0.04Gd0.03Ca0.03)Σ1.16Al3.06(P1.96Si0.04)Σ2.00O8(OH)6.31.
Lanthanite‐(Nd), (Nd,La)2(CO3)3.8H2O, orthorhombic (6), and lanthanite‐(La) (La,Nd)2(CO3)3.8H2O, orthorhombic (7),
occur in the city of Curitiba (Paraná State) and the neighboring region where several outcrops have been found in
the sediments of the Guabirotuba Formation of the Curitiba Basin All the chemical analysis for the Curitiba
mineral have a Nd:La ratio of approximately 1:1. In reality, in each crystal there are points that correspond to
lanthanite‐(La)
and
to
lanthanite‐(Nd).
Empirical
formula:
(Nd0.77La0.71Pr0.19Sm0.14Gd0.06Eu0.02Dy0.01Y0.01)1.91C3.00O8.867.53H2O.
Parisite‐(La), ideally CaLa2(CO3)3F2, monoclinic, occurs in a hydrothermal vein crosscutting a metarhyolite of
the Rio dos Remédios Group, at the Mula mine, Tapera village, Novo Horizonte county, Bahia, associated with
hematite, rutile, almeidaite, fluocerite‐(Ce), brockite, monazite‐(La), rhabdophane‐(La), and bastnäsite‐(La).
Parisite‐(La) occurs as residual nuclei (up to 5 mm) in steep doubly‐terminated pseudo‐hexagonal pyramidal
crystals. The empirical formula is Ca0.91(La0.82Nd0.47Ce0.43Pr0.26Sm0.04Y0.02)Σ2.04(CO3)3.03F1.91. (8).
Minasgeraisite ‐(Y) was originally described as CaBe2Y2Si2O10, monoclinic, isostructural with gadolinite‐group
A
crystal
structure
study
revealed
that
minasgeraisite‐(Y)
is
minerals
(9).
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BiCa(Y,Ln)2(□,Mn)2(Be,B,Si)4Si4O16[(OH),O]4, triclinic (10). It occurs as a sparse, accessory, late‐stage mineral, in
small druses in the zoned complex of the Jaguaraçu granitic pegmatite, in the Mr. José Pinto quarry, adjacent to a
soccer field, Jaguaraçu, Minas Gerais. Associated minerals are milarite, agakhanovite‐(Y), albite, quartz, muscovite,
hematite, microcline var. amazonite, adularia, almandine‐spessartine, magnetite, churchite‐(Y), elbaite, pyrite,
cerussite, pyromorphite, and anatase. Empirical formula (10): (Y1.42Ca1.19Bi0.81Er0.58)Σ4.00(□1.37Mn0.63)Σ2.00
(Be3.32B0.40Si0.28)Σ4.00Si4O16[(OH)2.74O1.26]Σ4.00.
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Ion adsorption‐type deposits (IADs) are rare earth element (REE) deposits typically formed under sub‐tropical
climates from the weathering of igneous rocks, which contain primary and/or secondary REE‐minerals. In
these deposits, the REE are mainly adsorbed onto the surface of clays (kaolinite and halloysite) but also
contained in the structures of secondary minerals1. These deposits are low grade, ranging from 300 to 3500
ppm total rare earth oxides, and generally smaller than other REE deposits (0.5 to 0.01 Mt), but have a high
proportion of the most valuable heavy REE2 (HREE). The REE are easily released by low cost ion‐exchangeable
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processes, either by in situ leaching or heap leaching with acid electrolyte solutions. Most of these deposits
are currently mined in Southern China, but recently discovered potential IADs are under exploration in South
America, Africa, and Southeast Asia.
Although it is known that most of the releasable REE are adsorbed onto the surface of clays, the processes of
formation of these deposits are poorly known. Recently, secondary phosphates have been documented in a
regolith overlying a granite in northern Vietnam3. Identification of other REE‐carriers could help to adapt the
procedures of extraction. In this study, we assess a potentially new IAD from north‐west Madagascar, and
compare the data with currently exploited IADs in China. The mineralized lateritic regolith is derived from the
weathering of alkaline igneous rocks from the Ambohimirahavavy alkaline complex4. Representative natural
and core profiles have been selected over the complex for a detailed mineralogical study associated with a
five‐step sequential extraction with the aim of better identifying the REE‐bearing phases. Although no
reference material is presently available to validate the extraction of REE, we used a sediment certified
reference material BCR‐701 with certified extractable concentration of Cd, Cr, Cu, Ni, Pb, and Zn.
X‐ray diffraction and infrared spectroscopy show that kaolinite, together with halloysite, are the main types of
clay in the Ambohimirahavavy regolith. Extraction with ammonium sulphate (pH=4, removes weakly adsorbed
metals retained on the solid surface and dissolves carbonates) shows that, in the different profiles and along a
same profile, the leachable REE content is heterogeneous, ranging from 100 to 800 ppm total REE (TREE), with
10 to 20% HREE. Similar TREE concentrations are released from Chinese profiles but HREE proportion are twice
as high as in Ambohimirahavavy profiles (100 to 1100 ppm TREE, 15 to 45% HREE in Chinese samples).
Leaching with magnesium chloride (pH=6, removes only weakly adsorbed REE) releases similar TREE
concentration, suggesting that most of the leachable REE are adsorbed onto mineral surfaces. The REE
recovery rate from ammonium sulphate leaching decreases from La to Lu, except for Ce, which is mainly
released during the reducible leaching step with hydroxylammonium chloride (removes metals in Fe‐Mn
oxides and oxyhydroxides). Best TREE recovery (up to 60‐70%) is localized at the pedolith/saprolith, and
saprolith/saprock contacts (Fig. 1).

Figure 1: percentage of REE extraction at the pedolith/saprolith contact by leaching using a five‐step sequential extraction. Note the
similar recovery using ammonium sulphate and magnesium chloride.
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Ion Adsorption‐Type Deposits
Ion Adsorption‐Type Deposits (IADs) are the principal source of HREE and yttrium to the global market1. These
supergene deposits contain >50% ion exchangeable REE (+Y) adsorbed to the surface of clay minerals, typically
kaolinite and halloysite. Although these deposits are typically low‐grade with respect to REE contents, it is the
ease of extraction, plus low uranium and thorium contents that makes IADs economically desirable1. Known
IADs are located in southern China, Brazil, Malawi, Madagascar and Southeast Asia, in tropical to temperate
climates. Climate plays an important role in the formation of IADs, providing the temperature and
precipitation required for the intense lateritic weathering. At present, large‐scale economic extraction of IADs
occurs exclusively in southern China1. Heavy REE enriched IADs in China are typically restricted to areas
underlain by muscovite granites, which have undergone a degree of deuteric alteration that formed easily
degradable REE‐minerals (e.g. fluorcarbonates)1. The presence of HREE‐enriched protoliths containing easily
degradable REE‐bearing minerals seems to be the primary control on the formation of HREE‐enriched IADs,
but there has been limited investigation into how these minerals form and evolve. This talk describes ongoing
research on the protoliths of an IAD in Madagascar, and considers the bedrock controls on mineralisation.

Ambohimirahavavy Alkaline Complex
Peralkaline igneous rocks are typically enriched in the HREE, but processing of these ‘hard‐rock’ deposits is
challenging. The Cenozoic‐age Ambohimirahavavy alkaline igneous complex in Madagascar has undergone
intense tropical weathering leading to the formation of easily processed IAD‐type ores within thick weathered
profiles. The Ambohimirahavavy Complex is an eroded caldera, comprising silica‐over‐ and ‐under‐saturated
syenitic and granitic intrusions3, and alkaline volcanic rocks (Fig.). The most REE‐enriched protoliths are
peralkaline granite sheets with grades up to 2.24% TREO2. Ion adsorption‐type ores are distributed unevenly
across the entire complex and carry an average grade of 835 ppm TREO2.
Petrographic analysis of various syenites and peralkaline granite dykes from across the complex has identified
multiple forms of REE‐mineralisation including late‐magmatic (pyrochlore, zircon, eudialyte) and hydrothermal
phases (allanite, REE‐fluorcarbonates). High temperature alteration of REE‐minerals potentially results in the
release of REE into forms more amenable to decomposition during chemical weathering (e.g. REE‐
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fluorcarbonates). Highly altered REE‐bearing minerals are recognised in the peralkaline granites and
pegmatites, and also in the syenitic rocks of the complex. Initial observations indicate that the late magmatic
and hydrothermal development of the system may be critical for the development of an economic supergene
deposit.

Figure: Geological map of the Ambohimirahavavy Complex. Inset: Position of the Ambohimirahavavy Complex within the Ampasindava
Alkaline Province (adapted after Estrade et al.3).
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Content
The rare earth elements (REE) are present in minerals of the eudialyte group5, which are complex Na‐Ca‐rich
zirconosilicates, implying great economic interest from the mining industry that has been investing in the
discovery of new potential economic deposits of these elements in Brazil and worldwide. It is common to
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observe the light rare earth elements (LREE) substitute for Ca2+ and heavy rare earth elements (HREE)
substitute for Zr4+ in eudialyte crystal structure sites. Also eudialytes mineral members exhibit low contents of
radioactive elements such as Th, which is present in monazite ores used to explore REE.
The Poços de Caldas alkaline massif is a famous occurrence for eudialytes1 and there are detailed studies
about its mineralogy3,2. It is the type locality of fluorlamprophyllite6, ideally Na3(SrNa)Ti3(Si2O7)2O2F2 and
manganoeudialyte7, ideally Na14Ca6Mn3Zr3[Si26O72(OH)2]Cl2∙4H2O. The eudialyte crystals (up to 1 cm diameter)
are pink to purple and occur in small lujavrite and khibinite bodies of the alkaline Poços de Caldas massif. The
associated minerals are: K‐feldspar, orthoclase, nepheline, aegirine, analcime, sodalite, rinkite, lamprophyllite,
astrophyllite, titanite, fluorite, and cancrinite.
The mineral samples were identified by single‐crystal X‐ray diffraction and the space group R3m was
confirmed. Electron Microprobe analyses was performed using a JEOL JXA 8600 (wavelength dispersive mode,
20 kV, 20 nA, electron beam diameter 1 µm). We determined and classified the mineral species as eudialytes
according to the scheme proposed by Johnsen and Grice4, Table 1.
Table 1: Chemical formula for eudialyte group minerals

1
Eudialyte

2
Eudialyte

3
Eudialyte

Sites
Na15

(Na9,68Sr0,65K0,39)10,72

(Na13,76Sr0,60K0,31)14,67

(Na12,97Sr0,92K0,48)14,37

[M(1)]6

(Ca5,76Ce0,05La0,04)5,85

(Ca5,56Ce0,01La0,03)5,60

(Ca4,94Ce0,15La0,06)5,15

[M(2)]3

(Mn1,51Fe1,12Mg0,02)2,65

(Mn1,67Fe1,67Mg0,08)3,42

(Fe1,69Mn0,92)2,61

Zr3

(Zr2,83Ti0,17)3,00

(Zr2,87Ti0,13)3,00

(Zr2,80Ti0,20)3,00

[M(3)]

(Si0,87Zr0,13)1,00

(Si0,98Zr0,02)1,00

(Si0,93Zr0,07)1,00

Si25

(Si24,84Al0,16)25,00

(Si24,96Al0,04)25,00

(Si24,79Al0,21)25,00

O71,52Cl1,05F0,19

O73,69 F1,15Cl0,98

O72,49Cl1,24F0,66
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Poços de Caldas complex is one of the largest alkaline intrusions of the world (some 800 km²) and extends into
the states of São Paulo and Minas Gerais. It is a circular structure resembling a collapsed caldera approx. 30
km in diameter. The primary rocks consist of tinguaite/phonolite, nepheline syenites, and various volcanic,
which afforded one of the world's largest baddeleyite deposits, bauxite and uranium mining (now abandoned).
The rocks of the Poços de Caldas Alkaline Complex contain many rare minerals and so far nine rare earth
minerals have been mentioned to be found. Among those minerals are three carbonates [ancylite, bastnäsite
and lanthanite], three phosphates [florencite, monazite and xenotime], two silicates [allanite and mosandrite]
and one oxide [cerianite]. However, not all of them have been completely characterized. In fact, the dominant
REE in those minerals have not been studied, as well crystallographic datas.
Ancylite, ideally REESr(CO3)2(OH).H2O. Found at Prefeitura and Bortolan quarry1,7,12.
Bastnäsite, ideally REE(CO3)F. Found at Morro do Ferro mine and Osamu Utsumi quarry – in Caldas
8,9,10,11,13,14,15,16

.

Lanthanite, ideally REE2(CO3)3.8H2O. Found at Morro do Ferro mine, in Caldas 1,8,9,16.
Florencite, ideally REEAl3(PO4)2(OH)6. Found at Morro do Ferro mine and Osamu Utsumi quarry, in
Caldas8,9,10,11,16,17.
Monazite, ideally REE(PO4). Found at Osamu Utsumi quarry and Morro do Ferro mine, in
Caldas2,3,5,8,9,10,11,16,18,19.
Xenotime, ideally REE(PO4). Found at Osamu Utsumi quarry, in Caldas 11,19.
Allanite, ideally CaREE(Al2Fe2+)[Si2O7][SiO4]O(OH). Found at Morro do Ferro mine, in Caldas2,4,15,21,22.
Mosandrite, ideally (Ca,REE)4(□,Ca,Na)3Ti(Si2O7)2(H2O,OH,F)4.H2O. Found at Prefeitura and Bortolan
quarry1,6,20.
Cerianite, ideally CeO2. Found at Morro do Ferro mine, in Caldas 2,4,9,15,16.
Part of these rare minerals is from primary origin and part is product of subsequent hydrothermal and
supergene processes. They are found inside cavities and in the immediate vicinity of miaroles in the agpaitic
rocks.
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There has been heightened interest in understanding the origin of REE deposits in recent years due to the
growing demand of these strategic elements. Many REE deposits are associated with carbonatites, and these
typically show a Light Rare Earth Element (LREE)‐enriched pattern. Although volumetrically speaking
carbonatites are considered a rare igneous rock, they are the primary source of LREE. Few carbonatite deposits
show a Heavy Rare Earth Element (HREE)‐enrichment, Huanglongpu carbonatite, China and the Lofdal
carbonatite complex, Namibia, are examples1. In order to understand the REE concentrations in these
deposits, we are investigating REE mineralization with contrasting enrichment behaviour. Preliminary data
from the Huanglongpu carbonatite has highlighted the importance of hydrothermal activity for REE
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remobilisation and enrichment2. Here we describe evidence from the Okorusu mine in North‐Central Namibia,
which gives further indication for hydrothermal reworking in a carbonatite‐related REE deposit.
The Okorusu deposit is part of a ring complex consisting of syenites, nepheline syenites, and carbonatite, with
associated fenite and hydrothermal fluorite mineralisation. The fluorite ore formed principally by replacing
carbonatite bodies. Previous work on fluid inclusions hosted in fluorite describes salinities up to 3 wt. % NaCl
eq. and homogenization temperatures around 120°C3. The primary carbonatites show a typical LREE enriched
pattern, but many of the REE‐bearing phases are secondary and are linked to hydrothermal activity. The
influence of hydrothermal processes on the REE reworking in carbonatite remaining at Okorusu is being
evaluated using a combination of complementary techniques including SEM‐EDS and SEM‐Cl imaging, EPMA,
LA‐ICP‐MS on minerals and fluid inclusions, bulk rock chemistry, microthermometry and crush‐leach analysis.
Three main types of carbonatite are present: clinopyroxene calciocarbonatite, pegmatitic calciocarbonatite
and amphibole calciocarbonatite. Primary REE mineralisation in the carbonatites is contained in the magmatic
phases apatite, pyrochlore and calcite, with some rare occurrence of an unidentified strontium‐rich LREE
phase. These magmatic phases have been partially broken down by hydrothermal activity (Fig. 1‐a). Most of
the REE in the carbonatite samples now occur in secondary hydrothermal phases, mainly synchysite‐(Ce), but
also burbankite‐(Ce), and LREE‐bearing strontianite, celestine and witherite. These phases are associated with
the hydrothermal mineral assemblage consisting of dolomite, quartz, hydrated iron oxide, calcite, and K‐
feldspar. The REE occur as synchysite‐(Ce) in the hydrothermal fluorite but REE are also incorporated into the
fluorite structure resulting in cathodoluminescence zoning (Fig.1‐b).
Fluid inclusions are observed in both magmatic phases (apatite, calcite and clinopyroxene) and in
hydrothermal phases (fluorite and quartz). The fluid inclusions associated with secondary REE mineralisation in
fluorite consist of liquid‐vapour inclusion with a constant liquid/bubble ratio and often a small daughter
mineral (no more than 10% of the inclusion volume). This suggests that the REE were transported by an
aqueous fluid. Fluid and melt inclusions hosted in the magmatic phases show a wider range in composition
and in some instances, such as in apatite where they can be observed orientated along the C‐axis, they are of
primary origin (Fig. 1‐c‐d).
REE were leached from the primary magmatic phases and precipitated as secondary minerals by hydrothermal
activity. The Okorusu carbonatite deposit shows primary and secondary features common to carbonatite
deposits worldwide, and so the results reported here may be of wider significance.

Figure: a‐SEM‐EDS image of partially altered magmatic apatite in clinopyroxene carbonatite. Synchysite (white) is intergrown with
quartz (dark grey) in the alteration zone. b‐SEM‐CL image of hydrothermal fluorite. Fluorite shows oscillatory and sector zoning,
probably related to REE‐content, and is corroded and replaced by late quartz and K‐feldspar (dark grey). c‐Primary fluid inclusions in
apatite orientated along the C‐axis; at least two solid phases are present in addition to the vapour bubble. d‐Melt inclusion hosted in
apatite; glass is present to the right, a shrinkage bubble to the left.
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Introduction
There has been a significant growth in exploration activity for rare earth element ("REE") deposits since the
firming of prices in 2003. Numerous deposits have been subject to detailed evaluation, though during this
period only one new operation at Mt Weld, Western Australia has commenced production. One older
operation at Mountain Pass, USA, re‐opened in 2012, but due to low rare earth prices, shut down in 2015.
Chinese production dominates the world rare earth industry.
Resource estimation of REE presents no special difficulties provided care is taken to avoid over‐domaining and
to define domains based on rigid grade‐based criteria that are close to the lower reporting cut‐off grades.
Otherwise overstated grades and understated tonnages are likely to result.
Cut‐off grades used to report resources for most REE deposits are unrealistically low and significantly less than
those used by the only two recent Western operations. These cut‐offs result from attaching notional values on
the basis of available metal prices and unrealistically low production and realization costs.
The Mt Weld deposit was put into production after a 30 year exploration history and was only successfully
drilled after 1991 once the regolith hosting the mineralisation had been de‐watered. This enabled the recovery
of samples that had not suffered the loss of fines. Its first reported resource estimates in 2002 subsequently
achieved close reconciliations within a few percent of actually mined material. Ordinary Kriging was used with
no need to resort to more complicated or advanced methods.
The gradual firming of prices since 2003 with a spike in 2011 has resulted in considerable exploration activity
with numerous deposits having been subjected to exploration and advanced evaluation. This presentation will
provide a background to rare earths and identifies some key issues associated with the evaluation and
resource estimation of typical deposits.

Example of Mt Weld, Western Australia
In 2002, the first rare earth resource for Mt Weld to be reported under the prevailing Australian JORC Code
was released. The Measured, Indicated and Inferred resources for the Central Lanthanide Zone ("CLD") were,
at a 4.0% T(Total)REO cut‐off, 7.7Mt at 11.9% TREO for 920Kt contained TREO. Subsequently in 2008 after infill
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and extensional drilling this increased to 8.6Mt at 12.3% TREO for 1056Kt contained TREO. Since 2008,
reporting has been at a 2.5% TREO cut‐off. 2012 estimates were 14.9Mt at 9.8% TREO (1.5Mt contained TREO)
for the CLD1. Following the recognition of the H(Heavy)REO‐enriched "Duncan Deposit", to the south‐east of
the CLD, an additional resource was defined at 9.0Mt at 4.8% TREO based on a 2.5% TREO cut‐off (43.2Kt
contained TREO).
The first phase of mining commenced in 2007 and was completed in May 2008 with 773Kt of high grade ore
placed in stockpiles at TREO grades between 8% and 26%. Grade control drilling at 10x10m underpinned this
exercise and allowed reconciliation with the 2002 and February 2008 estimates which were based on coarser
drilling patterns of approximately 20m spacing for Measured Resources, 30m‐40m spacing for Indicated and
40m‐80m for Inferred.
Reconciliations based on mining guided by the 10x10m grade control drilling pattern resulted in a 1.5% higher
tonnage and 1.1% more grade than the 2002 estimates. An overall reconciliation for contained REO metal was
+3%. Comparison of the 2008 model with the grade control model resulted in 2.2% higher tonnage and 1.1%
lower grade with an overall increase of 1.1% REO metal.

Conclusions
The significant growth in exploration activities directed at delineating rare earth resources has resulted in a
plethora of low grade deposits that, in general, have grades that fall well below even the lower reporting cut‐
off grades of the only two recent Western producers, Mountain Pass and Mt Weld. Early in the evaluation
process there should be a study of the phase distribution of the REE to help understand the recoverability and
ease of processing of the various ore types. The value of a deposit will be governed by both the distribution of
the individual REE and the host minerals. It is likely that relatively soluble "ionic clay" type deposits are far
more widespread than is currently realised. Although of lower grade, these may prove considerably more
attractive than higher grade deposits containing REE‐bearing minerals that require aggressive leaching
conditions and high capital costs.
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TRACK 2: RARE EARTH ELEMENTS
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Introduction
Currently, bastnaesite, monazite, xenotime and China’s ion adsorption REE ores are the main sources of the
world REE production. As the REE demand is increasing more REE mineral deposit types are expected to be
exploited in the future. For instance, phosphate rocks would become an important potential source of REE as a
by‐product [1, 2].
The Mushgia Khudag deposit, located in South Gobi, some 600 km southwest of Ulaanbaatar, represents an
apatite‐vein and carbonatite type is known to contain high concentrations of light rare earth elements (LREE)
[3, 4]. The estimated amount is over 192,000 t of net rare earth oxides (REO) in the main ore body grading
0.88% REO average. Apatite, cheralite, monazite, bastnaesite, parisite, perrierite, and synchysite were found
to be the most important REE‐bearing minerals in the deposit. In this article, the beneficiation of an apatite
ore from the High Grade Zone prospect site situated in the northern part of the deposit was studied by acid
leaching of phosphorus and REE using H2SO4 and HCl.

Experimental and Methods
The sample weighted over 50 kg was crushed to ‐1.5 mm and further split into 1.5 kg subsamples as the feeds
for beneficiation testwork. One subsample was further split into smaller samples for chemical and
mineralogical analyses. Chemical analyses by ICP‐MS and WD‐XRF were conducted. Quantitative mineralogical
studies were conducted using a FEI MLA Quanta 600 system. Experiments of acid leaching with sulphuric acid
(H2SO4) and hydrochloric acid (HCl) were carried out for the enrichment of REE and P2O5 under the different
conditions of acid concentration, leaching temperature and leaching time. The particle size of feed samples
was 80% passing 71 µm, the volume of leaching tank 1000 ml, the ratio of solid to acid solution 75 g/500 ml
and the agitation speed 180 rpm.

Results and discussion
The chemical analysis showed that the sample contains 20.7% P2O5 and six REEs, La, Ce, Nd, Pr, Sm and Y were
found with the concentration of 5.8% total REE (TREE). Apatite is the main phosphate mineral with
concentration 47.44% in which 77% contains REE. Other phosphate minerals in the sample are monazite‐(Ca)
(11.49%) and crandalite_Sr (1.65%). Monazite‐(Ca) is very finely grained and tightly associated with other
minerals such as celestine, apatite and quartz. EPMA measurement showed that around 98% of REE are
contained in monazite‐(Ca) and remaining 2% of REE is carried by apatite.
As indicated in Fig.1 both H2SO4 and HCl have high leaching efficiencies of phosphorus (P2O5) and low leaching
efficiencies of silicon (SiO3). However, the leaching efficiencies of REEs in HCl are significantly higher than in
H2SO4 in which most (80%) of the REE in solution was lost into the residue due to the precipitation of the
insoluble phosphogypsum.
Mineralogical analyses of the leaching residues showed that apatite was completely dissolved in both H2SO4
and HCl solutions and dissolutions of monazite‐(Ca) were 91.6% and 98.1% in H2SO4 and HCl, respectively.
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Meanwhile, another REE‐bearing mineral steenstrupine was found in the residues with the concentrations of
1.43% in H2SO4 leaching residue and 3.20% in HCl leaching residue.

Figure 1: Comparison of key REEs (La, Ce and Y), phosphorus (P2O5) and silicon (SiO3) leaching efficiencies in H2SO4 and HCl

References
1.

S. Jewell and S.M. Kimball, Mineral Commodity Summaries 2015, U.S. Geological Survey,

Reston, Virginia, 119.
2.

L. Simandl, G.J. Simandl and R. Fajber, "Rare Earth Elements (REE) recovery as a by‐product of fertilizer production from

3.

O. Gerel, REE mineral deposits in Mongolia (Unpublished report), 2010.

4.

B. Munkhtsengel et al., Some notes on the Lugiin Gol, Mushgia Khudak and Bayan Khoshuu

sedimentary Phosphate deposits – Conceptual evaluation", Goldschmidt Conference Abstracts, 2011.

alkaline complexes, Southern Mongolia", International Journal of Geosciences, 4, 1200‐1214 (2013).

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

99

RECOVERY OF RARE EARTH OXIDES (REO) FROM LOW GRADE MINERALS
S. Parirenyatwa, S. Sanchez‐Segado, Y.Hara, A Jha
School of Process and Chemical Engineering, University of Leeds, Leeds LS2 9JT, UK
a.jha@leeds.ac.uk

Introduction
Rare earth elements (REE) are a group of fifteen elements with important applications in hybrid vehicles,
rechargeable batteries, catalytic converters, wind turbines and fluorescent lamps. The use of REE in products
and devices offer reduced energy costs and, therefore lower carbon foot‐prints. The demand of REE has
increased since 2010, as a result the REE are considered strategic materials.
In 2010 crisis of the rare earths caused by the reduction of export quotas and the increase of export taxes for
the main producer, had a negative impact in the European Union and other western economies, which rely on
import from major producers. The research on utilizing the European resources became critical which is the
main theme of this article.This article summarizes the results of Marie‐Curie IIF (E4CritMat), NERC PDRF
fellowships and Stanley Elmore Scholarship, each focussed on critical materials for securing the supply within
EU.
In this work we demonstrate thata novel reductive alkali roasting process can be applied for the beneficiation
oflow gradeilmenites obtaining a valuable rare earth concentrate as a by‐product. The process consists of the
isothermal roasting of the ilmenite mineral mixed with sodium carbonate and activated charcoal at 1050oC for
2 hours.
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Figure 1: Backscattered scanning electron microscopy image with elemental mapping of reduced ilmenite particle.

The SEM micrograph and the elemental maps of the reduced ilmenite (Figure 1) show two distinct atomic
number contrast regions. The elemental mapping of these areas confirms the formation of metallic iron and
sodium titanate phases. After roasting the sample was magnetically separated using water as a washing
medium. The analysis shows that the magnetic fraction contains up to 71%wt of metallic iron, whereas the
non‐magnetic fraction was entirely made up of sodium titanate. A colloidal layer of material was recovered
during magnetic separation. The SEM micrograph (Figure 2) of the colloidal material collected, presents a

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

100

concentration of rare earths elements up to 45%wt of mixed rare earth oxides as it was confirmed by XRF
analysis.

Figure 2: Backscattered scanning electron microscopy image with elemental mapping of the colloidal material obtained after magnetic
separation.
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Introduction
Technological developments and changes in metal market increased the demand for rare earth elements and
their importance significantly. In this content, Scandium became substantial as one of the rare earth element,
which is commonly used in military, fuel cells and aircraft industry.
Geologically, Scandium can be deposited in different formations such as placer deposits and weathered crust
elution deposits (ion adsorbed clay deposits). The objective of this study is determining the possibility of
obtaining a Scandium (Sc) pre‐concentrate from altered serpentinite mineral, which scandium is adsorbed on
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as a result of weathered crust elution, by making attrition scrubbing process. The motivation of obtaining a
pre‐concentrate is preparation of a feed, relatively enriched in scandium content for increasing the efficiency
and effectiveness of subsequent hydrometallurgical processes. Through attrition scrubbing process, the
rejection of gangue minerals that would cause negative impacts during hydrometallurgical treatment, at the
highest possible extent, is also targeted. Pre‐concentration work is focused on application of attrition
scrubbing process to recover scandium at possible highest rate from altered serpentinite mineral.

Experimental
Representative samples are prepared from the original sample by cone and quartering method. For the
attrition scrubbing experiments, laboratory type attrition scrubber with three pieces of propeller on a single
axis is used. Before starting to attrition scrubbing experiments, wet sieving is made from 9.53 mm to 20 µm for
observing the distribution of Scandium at different size fractions. By means of chemical analysis to size
fractions, it is seen that Scandium is enriched at smaller size fractions. So the presence of Scandium with
clayey minerals is verified in terms of chemical analysis.
Distributions of Ca, Sc, Mg and Si in the original sample are given in the following table;
Table 1 : Weight (%) Distributions of Ca, Sc, Mg and Si in the Original Sample

Fraction (mm)
+9.53

Ca (%)
6.79

Sc (%)
2.86

Mg (%)
5.01

Si (%)
4.43

‐9.53 + 6.35

10.49

4.01

7.47

5.32

‐6.35 + 3.35

18.80

7.47

13.69

10.87

‐3.35 + 2.14

4.91

2.11

3.81

3.04

‐2.14 + 1.168

15.83

8.00

13.57

11.98

‐1.168 + 0.85

5.54

2.93

4.91

4.50

‐0.85 + 0.60

3.64

2.00

3.28

3.10

‐0.60 + 0.417
‐0.417 + 0.210

4.43

3.43

4.90

3.80

7.29

7.92

9.07

9.04

‐0.210 + 0.106

4.47

6.96

6.25

6.98

‐0.106 + 0.071

1.62

2.56

2.24

2.74

‐0.071 + 0.053

2.13

3.66

2.96

3.67

‐0.053 + 0.038

1.22

2.52

1.78

2.08

‐0.038 + 0.020
‐0.020

1.62

3.48

2.48

3.18

11.21

40.08

18.57

25.26

During the experiments, clayey minerals are liberated and dispersed in water by making attrition scrubbing.
Then, wet sieving is made for classification.
For an attrition scrubbing process, main parameters that affect the efficiency and recovery are solid to liquid
ratio, rotation speed and conditioning time. Experiments are planned based on experimental design method
which is called as two level full factorial design with two replicates. After each experiment, classification is
made by 417 µm sieve, then ‐417 µm size fraction is taken as concentrate and +417 µm size fraction is
removed as tailings.
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Results and Discussion
For attrition scrubbing process, the conditions and parameters that would enable the most effective means of
Scandium pre‐concentration is determined and discussed. As a result of experiments, the optimum
parameters are found as 25% solid to liquid ratio, 800 rpm rotation speed and 60 minutes conditioning time.
Thus, the sample that initially contains 80 ppm Scandium is enriched to 120 ppm with 86 % recovery. Apart
from that, 27 % of Silica (Si), 31 % of Magnesium (Mg) and 46 % of Calcium (Ca) are rejected.

BENEFICIATION OF GREEN BLACK SANDS FOR REE RECOVERY
Vassiliki ANGELATOU, Evangelos I.P. DROSOS
Department of Mineral Processing, Institute of Geology & Mineral Exploration, (IGME), Sp. Louis 1, Olympic Village,
Entrance C, Acharnae, GREECE

vasaggelatou@igme.gr ; evdrosos@igme.gr
Significant reserves of REE are found in the placer deposits along the coast of Northeastern Greece between
the peninsula of Chalkidiki and Kavala, with 240 km coastal length. Geochemical investigations revealed up to
8000 ppm in REE with about 93.5% consisting of the light REE. For the experimental study of the beneficiation
process of beach black sands, representative sampling across coast line of Kavala Bay, Greece was performed
and samples were submitted for detailed characterization ( mineralogically by Optical Microscopy, SEM‐EDS
and XRD and chemically by ICP‐MS).
Chemical analysis revealed that are rich in light rare earth elements including Lanthanum
(La),Cerium(Ce),Praseodymium (Pr) and Neodymium (Nd). The mineralogical analysis argues that the most
important mineral, as far as its content in REE is concerned, is allanite. From the grain size analysis it was
concluded that the smaller the grain size the higher the content of REE ; thus, a simple screening can achieve
a satisfactory pre‐beneficiation.
In the frame of EURARE Project, for the processing of greek black beach sands , were carried out beneficiation
tests in laboratory scale. Magnetic separation via High Intensity Dry Magnetic Separation (HIDMS ‐ ERIEZ
magnet) was performed, testing several parameters in combination with gravimetric separation by Wilfley
Shaking Table and electrostatic separation. The experimental work revealed that magnetic separation was
proved to be very effective whilst the gravimetic separation was considerably less effective. The magnetic
separation on each grain size separately, improved significantly the recovery of REE ( achieved recoveries of
75 – 90% in the 20% of feed material and production of a concentrate of 1,5% REE ). High content of
radionuclides is associated with the high concentration of REE in the concentrates.
A preliminary experimental study was carried out on the rare earth recovery from the produced concentrate
by leaching or acid baking followed by water leaching. The acids used were HCl , H2SO4 or both ; the
experimental conditions tested were acid type and concentration, temperature , pulp density, etc.; the results
showed that rather low recoveries are possible. In direct acid leaching decreasing pulp density leads to
increasing rare earth recovery whilst the opposite is observed in the recovery procedure with acid baking; an
increasing pulp density at acid baking step at about 15% leads to an increasing recovery tendency of about 15‐
20%. The duration of acid baking test seems to have no effect on the recovery of rare earth elements.
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Figure 1. SEM image of leached residue (allanite present) ( on
the right)
Figure 2. Comparative XRD’s of feed and leached under
different conditions residues (no observable alterations) (on
the left)
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Figure 3. Leaching of trace metals (element concentration

Figure 4. Comparison of the release of DOC and major

based on the dry mass of the original material) based on

trace compounds from the sample GR‐212 based on the

the Batch Leaching Test according to: EN 12457.02

batch leaching test (EN 12457.02) and the percolation test
(CEN/TS 14405), both at L/S 10.

Environmental characterization of the solid wastes from the beneficiation process was carried out according to
European Norms ( EN 12457.2 batch test and EN 14405 percolation test). According to limits set by Directive
2003/33/EC the wastes are classified as inert
The EURARE project is funded by the European Community's Seventh Framework Programme (FP7/2007‐2013)
under grant agreement no. 309373.
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Among the more than 150 known REE‐bearing minerals, bastnäsite, monazite and xenotime account for more
than 80% of global REE production. The balance is attributed to the ion‐absorption type clay deposits in South
China. At least 80% of current global REE supply is produced from minerals hosted by carbonatite rocks such
as the Sichuan (2‐3% TREO), Baotu (1‐6% TREO) and Weishan (1‐3% TREO) deposits in China, and Mount Weld
(7‐11%) in Australia. All of these operations produce very high grade concentrates, 35‐70% TREO, at 60% to
80% recovery.
Canada is believed to have world‐class rare earths deposits accounting for approximately 40% to 50% of the
world’s known REE reserves. However, rare earth deposits that are relatively high grade are scarce in Canada.
Most of these deposits contain mixed rare earth minerals where monazite and bastnäsite are not as dominant
as those deposits currently in production. The Ashram carbonatite‐hosted REE deposit in Quebec where
monazite, bastnäsite and minor xenotime mineralogy account for the approximately 2% TREO head assay is an
exception. The simple mineralogy of this ore has allowed Commerce Resources Ashram Rare Earth Project to
develop a flotation process capable of producing high grade concentrate of 42% TREO at 76% recovery, 46%
TREO at 71% recovery, and 49% TREO at 63% recovery. To‐date no other project has established similar
results and the challenge continues.
This paper provides an overview of process development studies in progress for five Canadian REE ore
deposits (Table 1), one carbonatite and four peralkaline, each of which is characterized by complex mineralogy
containing several unique rare earth minerals. The contribution of monazite, bastnäsite and xenotime in all
cases is comparatively low, making it a challenge to recover the vast number of REE‐bearing minerals in each
ore in a low mass concentrate. A number of unit operations and their combinations were explored to
maximize recovery and minimize the mass pull. All of the REE‐bearing minerals in the five ores responded
favourably to flotation with hydroxamate collectors at pH 8‐9.5. Multiple conditioning and flotation steps with
sodium silicate, Carboxymethyl cellulose (CMC) and collector (in that sequence) are essential. CMC was not
required only for the Peralkaline ore B. In the case of the carbonatite ore, conditioning with collector ahead of
depressants was essential. Results from flotation, gravity and dense media separation as well as magnetic
separation studies are summarized in Table 2, with emphasis on those processes that have resulted in
significant capital and operating cost reduction. Further processing of the carbonatite ore REE concentrate
using magnetic separation after calcination and regrind resulted in 16% TREO concentrate grade at 86% overall
recovery.
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Table 1: Major REE minerals and associated main gangue minerals

Peralkaline ore

Major REE
Minerals

Head
TREO

Carbonatite ore
1.45%

A

B

C

D

1.43%

0.39%

0.87%

1.01%

Burbankite

Allanite

Eudialyte

Y‐(REE)‐Ca‐Si Alanite

Huanghoite

Bastnäsite

Mosandrite

REE‐(Y)‐Ca‐Si Chevkinite

Fergusonite‐(Y)

Synchysite

Synchysite

REE Silicates‐ Monazite
Carbonates

Ancylite‐(Ce)

Monazite

Monazite

Monazite

Major gangue
minerals

Kukharenkoite‐(Ce)

Cerite‐Britholite

Fergusonite
Bastnäsite

Ankerite

Quartz

Clinopyroxene

Quartz

Quartz

Siderite

K‐Feldspar

Amphibole

K‐Feldspar

Feldspar

Strontianite

Albite

Na‐Al Silicates

Aegirine

Muscovite

Nepheline/
Microcline

Albite

Calcite, Dolomite,
Barytocalcite
.

Process

Table 2: Percent TREO Recovery/Percent mass pull (best scenario)

Peralkaline

Carbonatite
A

B

C

D

92/45

90/40

91/35

85/30

90/40

Magnetic Separation

‐

In progress

‐

In progress

Dense Liquid
Separation

‐

83/27
(0.15‐3.5 mm)

‐

88/45
(0.15‐3.5 mm)

‐

Magnetic + Gravity

‐

In progress

‐

‐

92.5/35

Size‐by ‐Size Gravity

‐

In progress

‐

‐

95.6/33.8
‐0.15 mm

Flotation

ASSESSMENT OF BIOLEACH AND SALT LEACH FOR THE EXTRACTION OF RARE
EARTH ELEMENTS FROM ION ADSORPTION CLAYS
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Introduction
Tropical weathering of REE enriched igneous rocks can result in REE rich ion‐adsorption clays (IAC) deposits.
These deposits are considered easily leachable as the majority of the REE are adsorbed to the clay surfaces
rather than remaining within the minerals structure. Commercial leaching of REE from IAC clays has been
conducted using a salt solution, resulting in ion exchange at the surface of clays and release of REE into
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solution. The use of bioleaching, leaching via microbially‐produced solutions, has been proposed as a
sustainable alternative to conventional techniques: microorganisms been reported to concentrate HREE1 and
leaching solutions could be produced from local waste sources e.g. molasses. A few studies have looked at the
potential of bioleaching of REE2, but have not conducted direct comparisons with purely chemical treatments
or tried to understand leaching mechanisms. The work presented here describes laboratory experiments using
biological and chemical leaching solutions to begin to understand the mechanisms of microbial mobilisation of
REE using IAC from North West Madagascar.

Materials and Methods
Two candidate microbial strains isolated from IAC were selected for a bioleaching batch experiment. One
isolate (TD25) was identified as a fungus most closely related to Aspergillus niger and the second isolate
(TD29) was identified as a bacterial Bacillus species. Triplicate batch experiments were set up for each isolate
containing IAC samples in glucose‐rich microbial growth media and incubated at 25˚C for 60 days. Two batch
experiments were set up without microbial inoculation a) media control: IAC plus growth media and b)
ammonium sulphate: IAC and 0.5 M (NH4)2SO4. pH was monitored throughout the experiment and samples
were taken for ICP analysis on days 3, 10, 21 and 60.

Results and Discussion
Throughout the 60 day experiment, the percentage of total REE leached was highest in the ammonium
sulphate leach (ammonium sulphate > TD25 > TD29 > media control), with the exception of cerium where the
greatest amount leached was in TD25 (TD25 > TD29 > media control > ammonium sulphate). The difference
between the best performing microbial isolate (TD25) and ammonium sulphate was most noticeable after 3
days and decreased up to 60 days (Figure 1). The amount of REE leached in all flasks other than the ammonium
sulphate was strongly controlled by pH. To identify the biological molecules responsible for the pH drop,
leachates are being analysed for organic acids.

Figure 1. Total REE recovery for day 3 to day 21. Left ‐ mean leaching efficiency, error bars are 1 standard deviation. Right
‐ pH dependent leaching behaviour in inoculated and control flasks. Least squares fit was applied to data for the media
control, isolate TD25 and isolate TD29 (R2 = 0.91).

Conclusions and further directions
This data shows the potential for a bioleaching approach to mining REE. The differing behaviour of the
ammonium sulphate and bioleaches is likely to be due to different mechanisms of leaching (e.g. ion exchange
for ammonium sulphate and combination of ion exchange, complexation and acidolysis for bioleaching).
Although ammonium sulphate leach acts more rapidly, bioleaching shows a strong dependence on pH which
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also decreases with time, indicating similar results could be achieved if a low pH was attained before contact
with IAC. Additional work is being undertaken to estimate the potential for the microbial biomass to remove
REE from solution.
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The rare earth elements (REEs) are a group of 17 chemically coherent trace elements. Their unique
luminescent, electrochemical and magnetic properties have made them indispensable in low carbon
technologies, in electronic devices and in military applications. The lanthanide contradiction (i.e. the decrease
of ionic radii with atomic number from lanthanum to lutetium) represents predictable chemical variances
through the series. As a consequence, the geochemical behaviour of the REEs can record subtle geochemical
processes in natural systems. This has led to their application as tracers of the genesis of REE‐bearing minerals
and the nature of REE migration under different conditions [1].
Easily leachable deposits such as ion adsorption clays (IACs) are classified as secondary weathered REE ore
deposits. They are formed by the tropical weathering of REE‐bearing host rocks (granitic) which, over
geological timescales, result in aluminosilicate clays. These aluminosilicates are able to chemically adsorb REEs
liberated from the weathered parent rock. In recent years, exploration for these types of deposits has
increased, due to the ease of REE recovery via ion exchange with a concentrated inorganic salt solution of
monovalent cations. An easily leachable deposit known to contain adsorbed REE is the focus of this study. This
deposit originates from the Antsiranana Province of northern Madagascar. It is of particular import because of
its similarities to the IACs heavily exploited in China [2].
Numerical models are invaluable tools, capable of simulating environmental processes of water flow, solute
transport and chemical reactions in complex natural systems. Relevant here is the fact that such models can
simulate the extraction of REEs from a mine site using a mining technology and then test scenarios by which to
optimise recovery. Geochemical and reactive transport modelling of the mass transfer of the REEs from
minerals to aqueous solution relies on the availability of accurate and consistent thermodynamic data. This
data includes equilibrium mass action constants for solubility of REE‐bearing minerals, aqueous REE complexes
and surface complexation reactions. The llnl.dat (a database compiled at the Laurence Livermore National
Laboratory and implemented in PHREEQC [3]) contains the majority of the REE thermodynamic data used
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here. However, the problem facing this study is the lack of equilibrium constants (Kex) of REE/metal ion
exchange reactions on common exchangers like clay minerals and iron oxyhydroxides, because these Kex are
required to model the recovery of REEs from easily leachable deposits.
The purpose of this research is to determine exchange coefficients for the REEs on clay minerals and then,
using the Madagascar deposit as the test case, apply them to simulate REE recovery with a mining technology.
The exchange coefficients will be derived using batch equilibrium experiments. Column desorption
experiments conducted under the same conditions will verify these newly determined exchange coefficients.
Preliminary batch tests using 1 M NH4Cl highlight the desorption of REEs from the Madagascar deposit (Fig. 1).
Fast equilibrium kinetics can be seen, this is consistent with exchange reactions.
Additional thermodynamic data is required to reduce uncertainty in the calculations of REE recovery and
mobility. This research aims to determine equilibrium constants for REE exchange on clay minerals and use the
new data generated in simulations of optimised REE recovery from easily leachable deposits, with a focus on
technological and environmental enhancement.

Fig. 1. REE desorption experiment performed in batch in 1 M NH4Cl (pH 5) using the Madagascar easily
leachable deposit (figure from UIT).

References
1.

Johannesson, K.H., Stetzenbach, K.J., & Hodge, V.F. (1997). Rare earth elements as geochemical tracers of regional groundwater

2.

SRK Exploration Services. (2013). A Competent Persons Report on the Tantalus Project, Northern Madagascar. Available at

mixing. Geochimica et Cosmochimica Acta, 61 (17), 3605‐3618.
http://www.tre‐ag.com/~/media/Files/T/Tantalus‐Rare‐
Earths/Attachments/pdf/2013_01_21_ES7520_SRKES_Tantalus%20CPR_Final_English.pdf [Accessed 14th March 2016].

3.

Parkhurst, D. L., & Appelo, C. A. J. (2013). Description of input and examples for PHREEQC version 3—a computer program for
speciation, batch‐reaction, one‐dimensional transport, and inverse geochemical calculations. US geological survey techniques
and methods, book, 6, 497.

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

109
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Introduction
Rare earth elements + Yttrium (REY) are essential for modern technologies and their exact role in biology is not
well known1. Therefore, understanding REY behaviour in the biological pathways would allow us to generate
strategies to improve its recycling or extraction from sources such as phosphogypsum stacks or mine drainages
with low grade of REY. REY ions have been reported to function as calcium analogs in biological systems2. For
instance, the trivalent REY ions may substitute calcium in many protein and cell membranes2,3. This
phenomenon is termed protein moonlighting, a case where a protein can comprise of a class of
multifunctional proteins in where it can perform multiple physiologically relevant biochemical functions4. Over
the years, harsh environments specialists’ bacteria have shown resistance and developed mechanisms to
thrive irrespective the toxicity that the metal ion exhibits5‐7. To understand the influence of specialists’
bacteria on the fate and sorption of REY in the environment, batch experiments were performed. In this study,
a thermophilic Thermus scotoductus SA‐01, with incredible capabilities to interact with a variety of metal ions
and mesophilic Clostridium sp., isolated from a REY rich waste rock dump deposit, were investigated and the
new REY interactions were characterized. These microbes showed higher tolerance to REY8. The concentration
and ultimately recycling of REY could be achieved by active whole cells. The light rare earth could be
completely adsorbed from the solution. Both microbes adsorbed more La and Eu compared to Y, which
suggests that separation of light and heavy rare earth can be achieved. The inclusion of uranium to the
solution had no effect on the sorption capacity of the light rare earth. When the bacteria were exposed to a
solution with REY and uranium, there was preferential bioaccumulation of light rare earth (99.9% Eu and La,
60% U and 1% Y). The higher toxicity tolerance of La and Eu could also be attributed to the preferential
adsorption of the REY ions. Contrary to passive sorption the stoichiometric coupling of selective electron
donors influenced the REY interactions under non‐growing conditions. This study extends our knowledge of
REY bacteria interaction by describing the interactions of REY with bacterial spheroplasts, thereby excluding
the cell wall functionality. Suggesting cytoplasmic protein involvement in metal reduction, which is indicative
of novel mechanisms and alternative metabolic functionality. Finally, this work provides a clear description of
interaction of REY with bacterial cell wall. The TEM‐EDS profile shows the bioaccumulation of REY by actively
growing cells, showcasing intracellular accumulation of REY ions. FTIR analysis suggested that the absorbed
REY was bound to amino, phosphate and carboxyl groups of bacterial cells. Furthermore, the spectrums
indicate that when the biomasses of the bacterial cells were exposed to REY solutions, the amino acids within
the proteins played a role in the binding and eventual sorbing of REY substances. These findings demonstrate
that the use of indigenous bacteria and other metal reducers can help in the development of a green
technology for the extraction, recycling and separation of low grade ore REY from radionuclides. This study
showcases a green biological technology for the separation and enrichment of REY ions by the bacterial
species.
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Rare earth elements (REEs), including lanthanides, are critical materials for many industrial technologies. As a
result recycling of end‐of‐life products containing REEs might be beneficial, as this could partially satisfy the
growing demands of industry for these elements. However, recycling of end‐of‐life products is often
technically and/or commercially challenging. One possible method for the recycling of such materials is a
hydrometallurgical treatment of wastes, which includes leaching of valuable metals (e.g. lanthanides) with
mineral acids followed by solvent extraction for isolation and separation of the metals. As part of our efforts
towards better REEs recycling, novel polyfunctional amides (polyamides) have been synthesized and tested as
solvent extraction reagents for trivalent lanthanides in this work.
The structure of the polyamide ligands was shown to affect largely the distribution ratios of trivalent
lanthanides. It is very likely that the ability to form chelate complexes with lanthanide(III) ions is an important
feature of the polyamides as solvent extraction reagents.
It was demonstrated that it is possible to increase the distribution ratios of trivalent lanthanides using
malonamides as extractants by increasing the denticity of the ligands. Thus the distribution ratios of
lanthanide(III)

ions

obtained

with

the

tetraamide

2,2’‐(1,2‐phenylenebis(methylene))bis(N,N,N’,N’‐

tetrabutylmalonamide), bearing two N,N,N’N’‐tetrabutylmalonamide units on an ortho‐xylylene platform,
were up to one hundred times greater (under particular experimental conditions) than those with the diamide
– N,N,N’N’‐tetrabutylmalonamide – in two diluents – nitrobenzene and 1,2‐dichlorobenzene. The increase of
the distribution ratios of trivalent lanthanides obtained with this tetraamide can be attributed to the entropic
effect. This conclusion follows from the studies of the stoichiometry of europium(III) extraction with the
tetraamide, from the comparison of the distribution ratios of trivalent lanthanides obtained with the
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tetraamide and its structural isomers, and from the single‐crystal diffraction studies of the neodymium(III)
nitrate complex with the analogue of the tetraamide.
It was shown that solvent extraction properties of the synthesized amides are sensitive to the nature of the
diluent. Polar diluents promote the extraction of trivalent lanthanides with the amides.
It was demonstrated that the use of the extraction chromatography resin with N,N,N’N’‐tetrabutylmalonamide
as an extractant and polystyrene as a support potentially can relieve the complications (e.g. toxicity, the third
liquid phase formation etc.) introduced to the solvent extraction process by diluents. However further studies
are needed to prove the feasibility of this alternative.
Acknowledgements: The research leading to these results has received funding from the European
Community’s Seventh Framework Programme ([FP7/2007‐2013]) under grant agreement no. 607411 (MC‐ITN
EREAN: European Rare Earth Magnet Recycling Network). This publication reflects only the authors’ views,
exempting the Community from any liability. Project website: http://www.erean.eu.

SEQUENTIAL CHEMICAL EXTRACTIONS TO INFORM BIOLEACHING OF LOW‐
GRADE REE DEPOSITS: A COMPARATIVE STUDY OF REE SOLID PARTITIONING
IN TURKISH BAUXITES AND MADAGASCAR LATERITES
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Ore mineralogy is known to play a critical role in designing suitable ore processing techniques for the recovery
of valuable metals. Single or sequential extraction procedures (SEP), widely applied tools for gaining
information on the manner in which an element is bound to the solid components of a soil or sediment1, offer
the potential to gain a better understanding of the ore composition.
In this study we apply a SEP to low‐grade secondary rare earth element (REE) deposits to understand the REE
phase associations and their amenability to bioleaching approaches. Bioleaching, used as an economical
mining technology, is currently mainly limited to the recovery from low grade ores of copper, cobalt, nickel,
uranium and precious metals (gold), and uses acidophilic prokaryotes (bacteria and archaea) to extract the
metals from reduced minerals (sulphides) by oxidative dissolution. Recent research has also shown that
bioleaching could be used to process oxidized ores (lateritic nickel ores).
The deposits studied include both bauxitic and lateritic examples. The bulk mineralogy of bauxites and laterites
is well established with the predominance of iron and aluminium oxides and hydroxides, as well as quartz and
1:1 clay mineral types (kaolinite and halloysite), as a result of prolonged tropical and subtropical weathering of
various igneous rocks, sedimentary rocks, and detrital deposits, as parent materials. The REE content and
association to mineral phases in the weathered profile is, instead, greatly variable and controlled by the REE‐
bearing minerals in the parent rock, their abundance and resistance to weathering.
Karst bauxites are known hosts of REE, which are geochemically contained due to the pH barrier at the contact
with the alkaline limestone below. In Europe, particularly in the circum‐Mediterranean region, karst bauxites
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are commonly extracted for alumina processing, including production from the Seydişehir region of Turkey.
The Turkish bauxites host both authigenic and detrital REE, and show reprecipitation of cerianite2. In the
north‐west of Madagascar, recent exploration works, led by the Tantalus Rare Earth company, have identified
an ion adsorption‐type REE deposit in a lateritic regolith formed by the weathering of igneous rocks from the
Ambohimirahavavy alkaline complex3. The mineralized regolith has bulk total REE concentrations ranging from
100 to 10 000 ppm. The highest REE concentrations (>1000 ppm) are associated with peralkaline pegmatitic
granitic dykes which contain both magmatic and hydrothermal REE‐bearing minerals4.
Results of a pilot study on REE recovery in Greek karst bauxite deposits5, using an ammonium sulphate
(NH4)2SO4 electrolyte solution as leaching agent, indicate a total REE recovery <50 %. Preliminary results from
a complete lateritic profile (pedolith, saprolith and fresh rock) from the Madagascar study area show variable
(NH4)2SO4 leachable REE concentration6, with total REE recovery generally <75 %. Further work is carried out
in the present study to determine the fraction of REE displaced by (NH4)2SO4 electrolyte solution, hence
regarded as being “ion exchangeable”, and differences across the laterite and bauxite samples from the
Madagascan and Turkish study areas, respectively. To understand these differences and characterise the REE
fraction other than the ion exchangeable, further extraction steps are carried out, with i) a reducing agent
such as hydroxylamine hydrochloride to simulate the reductive dissolution of iron and manganese oxides, and
ii) hydrogen peroxide/ammonium acetate to oxidise organic matter present in the sample. The REE
concentrations are analysed in each extraction step.
The results, corroborated by mineralogical and petrographic analysis, will help to identify the most suitable
biomining strategies for the recovery of REE, e.g. through bioleaching with complexing or chelating organic
acids or by more conventional biomining approaches relying on leaching via redox reactions of iron and
sulphur.
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FAME is a research and innovation project of the European HORIZON 2020 programme and stands for Flexible
And Mobile Economic processing technologies. The project contributes to the European Innovation
Partnership on Raw Materials and aims to carry out mineralogical, physicochemical and microbiological
investigations to unlock the wealth of the most promising European domestic ore types with development
potential: greisen, pegmatite and skarn ores. The challenge is to raise efficiency in the exploitation and
processing of rather low ore contents through energy savings, lower emissions, reduced waste and, more than
this, through a consequent by‐product extraction. FAME thus stands also for best‐practise regarding the
today’s paradigm change in modern mining. In this regard, the investigations of the 18 research partners from
academia, research and industry of eight European countries are focused on commodities such as W, Nb, Ta,

In, Be, Ga, Ge, Li and REE that are typically associated to the three ore types under study.
Four European mineral deposits are representative of these three ore types; i.e., greisen (Cínovec, Czech
Republic), pegmatite (Gonçalo, Portugal) and skarn (Tabuaço, Portugal; Hämmerlein, Germany). REE
abundances for each deposit are shown in Table 1 and Figure 1 with the most abundant levels of REE
concentrations in greisen and skarn deposits, at times exceeding 100 times the background values. First results
of deportment research confirm that in the studied ores, beside the rock forming minerals (feldspars, garnet,
amphibole etc.), the accessory minerals such as phosphates (apatite, monazite, xenotime), fluorite, zircon and
thorite are among the main REE carriers. With increasing differentiation of the host granites (Fig. 1, examples
of Cínovec and Gonçalo), their REE abundances decrease, chondrite‐normalized patterns become flat, and
negative Eu anomalies more pronounced. The REE are redistributed into the hydrothermal alteration
assemblages.
Table 1: Modal abundance data of REE‐bearing accessory minerals from greisen, pegmatite and skarn ores from selected European Sn,
W, Li deposits

Cínovec

Tabuaço

Gonçalo

Pöhla skarn

Apatite

Tr.

4.68 vol%

0.22 vol%

0.27 vol%

Pöhla schist
Tr.

REE minerals*

0.01 vol%

Tr.

Tr.

Tr.

0.02 vol%

Zircon

0.01 vol%

0.01 vol%

0.01 vol%

Tr.

0.24 vol%

Uraninite

Tr.

Tr.

Tr.

Tr.

Tr.

* Monazite and xenotime combined.
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Figure 1. Chondrite‐normalized REE patterns of four European deposit representing greisen, pegmatite and skarn ores. Normalization
values after Boynton (1984).
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Introduction
Europe has significant Rare Earth Element (REE) resources. Historically, REE were discovered in Scandinavia
and today REE deposits in Greenland and Sweden are listed among the most interesting deposits in the world,
resources that aim to undermine the Chinese REE monopoly in the coming years.
The European Commission funded the EURARE project which aims to set up the technological background for
the development of a European REE industry.
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Fractional crystallization, ion‐exchange techniques and chromatographic methods are used to separate the
REE in small amounts. Industrial scale separation is generally achieved using solvent extraction. Solvent
extraction is a selective separation procedure for isolating and concentrating substances from aqueous
solutions with the aid of an immiscible organic solvent.
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Figure: General Process Flow Sheet – REE Separation and Purification by Solvent Extraction.

In the EURARE project, MEAB´s experimental work is focussing on optimising a continuous solvent extraction
separation and purification operation for the laboratory demonstration plant design.
Separation processes of REE are using the traditionally and well‐established technology of solvent extraction
and the separation of REE through solvent extraction technology is also one of the key objectives. So far, the
development work has resulted in the separation of heavy (HREE), medium (MREE) and light (LREE) Rare Earth
Elements. The MREE raffinate, containing La, Ce, Pr and Nd was used to separate Pr and Nd from La and Ce.
The commercial available reagent Ionquest 801 (2‐ethylhexyl phosphonic acid 2‐ethylhexyl mono‐ester)
diluted in kerosene was used.
MEAB has performed detailed studies on the effect of pH on the REE distribution ratios between the aqueous
solution and the reagent. Based on these studies in laboratory batch scale, a verification of the results was
performed in a MSU‐0.5 Mixer‐Settler mini‐plant. It was set up and operated in a continuous mode for more
than six weeks. The resulting strip liquor is planned to be used, either to precipitate a mixture of Pr and Nd as
oxalate or to calcine these oxalates to pure Pr‐Nd oxide.
Table: Concentrations of LREE through the process

La

Ce

Pr

Nd

g/L

g/L

g/L

g/L

PLS from Kvanefjeld Carbonates to HREE Extraction

12.6

21.1

4.80

6.81

PLS to MREE Extraction

12.0

20.1

4.68

6.53

PLS to LREE Extraction

9.60

14.9

3.74

4.29

Product 1

0.05

0.23

2.83

16.2

Product 2

0.15

0.70

9.58

29.1

Out of the enriched concentrate from Kvanefjeld ore with 15 % REE, a PLS with 45.4 g/L LREE could be
obtained. Through the process and some changes in operation, two different product solutions could be
acquired. Product 1 with a high content of Neodymium (84 %) and a purity of 99 % and product 2 with a high
value of Praseodymium and Neodymium (38.7 g/L) in the solution with a purity of 98 %.
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Introduction
Rare earth elements (REE) are recognized as critical raw materials for the development of modern
technology.1 High‐tech applications of REE set very strict requirements on their purity, which urges demands
for new cost efficient approaches to their separation from other components in ores and in materials for
recycling. A principally new opportunity in extraction and separation of metal cations is provided by
application of nanostructured solid adsorbents bearing functions possessing high and very specific affinity.2
Original term has been associated with application of materials bearing crown ether functions, with aiming at
heavy main group metal cations. In our recent studies we have focused on application of complexonate amino
carboxylate ligands that revealed high uptake capacity and high affinity towards REE.

Results and discussion
We have applied in this work as ligand carriers the magnetic silica particles produced by deposition of silica
layers on aggregates of magnetic iron oxide nanoparticles using Stöber technique. The particles were surface‐
modified with functional alkyl siloxane ligands. As complexonate functions were used iminodiacetic (IDA),
ethylendiamine triacetic (EDTA), diethylene triamine tetraacetic (DTTA), and triethylene pentamine
pentaacetic (TTPA) residues. Grafting of the residues was carried out in non‐polar medium on gentle heating,
applying initial modification with iodopropyl siloxane for attachment of the iminodiacetic acid residue, and
modifying initially with aminopropyl siloxane for further attaching larger ligands. The produced materials were
characterized by FTIR, TGA, SEM and TEM techniques, confirming formation of a ligand monolayer on the
surface, corresponding to about 0.8 mmol/g for particles with diameter of 80  5 nm.3
All the produced adsorbents demonstrated rather quick adsorption kinetics, achieving at least 80 % of maximal
capacity within some few minutes. The maximal capacity increased rather significantly from IDA to EDTA and
then slightly even more to DTTA and TTPA, which produced results rather close to each other. The selectivity
of adsorption was investigated in pairs, and also in sets of three and five elements in parallel, both in
adsorption at neutral pH and after desorption at selected decreased pH values. Considerable selectivity has
been observed especially on desorption at intermediate pH = 3, favouring retention of heavier REE (Dy in
comparison with Nd and La) with distribution coefficients achieving values over 80:1. The observed selectivity
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could be explained, exploiting the insight into molecular structure of the forming surface complexes provided
by X‐ray single crystal studied of the related molecular models.
Different affinity displayed by REE cations in the complexes with the surface ligands is caused by different
efficiency of their binding. The latter is guided both by the density of the binding sites and their mode of
action, which is the concerted action of carboxylate groups in the particles bearing IDA ligands and chelation
for the ethylenediamine‐carboxylate ones.4
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Introduction
Molecular recognition technology (MRT) is a common name for the processes, applying adsorbents bearing
ligands with specific affinity to metal cations with well‐defined size. Originally proposed for separation of
alkaline metal cations and employing crown ether moieties as active functions, it was then broadened to be
applied to common transition and heavy metal cation solutions.1 Application of MRT to hydrometallurgy in
processing rare earth elements (REE) from both ore leachate and from solubilized components in recycling
processes should offer efficient uptake and controlled release under precisely defined pH conditions. Such
requirements can be more efficiently matched by applying so called complexonate functions based on amino‐
carboxylate active ligands. In the present contribution the focus will be made on the differences in REE affinity
to functional surface layers caused by the different size of the REE cations.

Results and discussion
In the present contribution we will report the results of X‐ray single crystal studies of molecular model
compounds, revealing in a number of cases striking differences in the binding of different REE cations to the
same kind of ligand. For example, the complexation between REE and iminodiacetic acid at neutral conditions
results in complexes with analogous structures of ligand layers but pronounced differences in both
composition and coordination of different metal cations. For example, the lanthanum cations are deca‐
coordinated

in

the
2+

La‐derivative
−

with
−

the

composition

3+

[La(OCOCH2NH2CH2COO)(H2O)4 ]2∙(NO3 )3∙[OCOCH2NH2CH2COO] ∙2H2O, while Nd is nona‐coordinated in the
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[Nd(OCOCH2NH2CH2COO)(H2O)(NO3)2]

complex,

while

Dy3+

are

octa‐coordinated

in

the

[Dy(OCOCH2NH2CH2COO)(H2O)(NO3)]+(NO3−).2
Applying the approaches developed for model materials, the synthesis of derived adsorbents was up‐scaled
using commercially available nanoparticles and ligand precursors. The produced materials were tested on
separation of complex solutions containing REE.

Figure 1: Molecular structures of the model Ln‐IDA complexes.
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Introduction
The development of technologies for extraction and separation of REE is an increasingly relevant research area
due to the great importance of REE as raw materials for many diverse applications and emerging technologies.
This requires efficient and sustainable new technologies for their extraction and separation1. Here is where
solid inorganic adsorbents appear as attractive materials for the purpose, especially silica (SiO2) based
nanoadsorbents. SiO2 is a basic raw material that, in nanoscale, given their small‐diameter particles, offers
many advantages for adsorption applications2. From the industrial point of view emerges the logical interest in
making these materials magnetic, which allows easy removal. This work is therefore focused on the
development of high performance magnetic silica based nanoadsorbents. The material consists on a core of ‐
Fe2O3 nanoparticles covered by a protective thin layer of SiO2. Four different organosilane derivates with
increasing amount of functional groups were attached to the surface and their efficiency in REE uptake was
compared. Three out of these four organic ligands were commercially available, which opens possibilities of
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industrial applications, in terms of easy and upscalable production. Nevertheless, a further step oriented to
industrial application was taken with the development of a novel adsorption method, in which via a careful
control of the adsorption conditions, a hugely enhanced uptake of REE can be achieved without the necessity
of organic ligands. This method improves in up to 20 times compared to the standard mode of action of hybrid
nanoadsorbents.

Results and discussion
The synthesis of magnetic silica based nanoadsorbents was optimized in order to get a stable material under
acidic conditions. The core‐shell ‐Fe2O3‐SiO2 nanoparticles were synthesized using the Stöber technique3 and
they were tested under acid media over long periods of time, showing no leaching of Fe. Four different
organosilanes with increasing number of carboxylic functional groups were attached on the surface of the
nanoparticles via an initial modification with aminopropyltriethoxysilane (APTES), which leaves amino (‐NH2)
groups on the surface, facilitating further reactions with organosilanes. The effective grafting was checked by
13

C and 29Si solid state NMR, FTIR and TGA analysis. Uptake of REE by the different materials was checked by

complexometric titration, and selectivity desorption on 2, 3 and 5‐components mixtures was studied by SEM‐
EDS analysis. This conventional mechanism of hybrid nanoadsorbents offers competitive efficiency, reaching
REE uptakes of around 100 mg REE/g depending on the organosilane used, which is comparable or even higher
than achieved by other methods such as ion‐exchange resins.
Taking a step further, the novel method and main focus of this study, offers an enhanced performance in up to
20 times more compared to our own previously work with iminodiacetic acid (IDA) derivate ligand4,5, with
uptake values up to 900 mg REE/g. In this method, the conditions of adsorption are carefully adjusted so that a
controlled seeding of REE on the surface of the nanoparticles is favoured. The presence of functional organic
ligands on the surface is therefore not crucial in this mechanism, making the whole process much easier and
applicable for industry. This method was tested both for REE model solutions and real extracts coming from
several REE ores in Europe. The mechanism of this method was proved by powder X‐ray crystallography,
EXAFS and HRTEM‐EFTEM mapping.

Figure: Scheme of the conventional proposed mechanism of hybrid magnetic nanoadsorbents.
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The European Union defined the rare‐earth elements (REEs) as critical metals due to their high economic value
(increasing demand in motors, electronics, renewal energy and catalysts) and high supply risks (>95% sourced
from China).1 The most important process for separating mixtures of REEs is the solvent extraction (SX). In SX,
a pregnant leach solution (PLS) derived from the dissolution of a material enriched in REEs, is intensively mixed
with an immiscible organic phase. After phase disengagement, the organic phase selectively extracts the
desired element(s). Then, the process is reversed by contacting the loaded organic phase with a strip solution,
in order to recuperate the element(s) of interest and recycle the organic phase for next SX processes.
Extraction can be carried out from a HCl or a HNO3 solution. Using HCl is cheaper than HNO3, but the chloride
route requires the use of acidic extractants which implies difficult stripping, large consumption of bases for pH
control and strong acids for REE stripping (higher OPEX), and there are issues with gel formation. In that
regard, the preferred alternative are neutral extractants, but these cannot efficiently extract REE from chloride
solutions. The present work studies the extraction of REE with a neutral extractant and from a chloride
medium, using “split‐anion extraction”.2
The organic phase consisted of the neutral extractant Cyanex® 923 (a commercial mixture of four trialkyl
(octyl/hexyl) phosphine oxides) diluted into the water‐saturated ionic liquid Cyphos® IL‐101 in its nitrate or
thiocyanate form (trihexyl(tetradecyl)phosphonium nitrate/thiocyanate). The aqueous phase was a synthetic
feed solution that simulates the composition of a HCl PLS originating from the Kringlerne (Greenland) REE
deposit (77 g/L of REE chlorides) in a 2.5 M CaCl2 matrix. Extraction processes were performed in glass vials in
the millilitre scale, as a function of different parameters, and both organic and aqueous phases were
monitored by total reflection X‐ray fluorescence (TXRF).
Dissolving 20 v% Cyanex® 923 into the ionic liquids substantially increased the loading capacity of the organic
phase (35‐40 g/L) due to the strong interactions of the phosphine oxides (high Guttmann donor number), with
the Lewis acidic REE‐nitrate complex. Furthermore, adding Cyanex® 923 to the nitrate Cyphos® IL 101 changed
the extraction across the lanthanide series from a negative to a positive sequence (i.e. La is less extracted than
Lu), with Y behaving similarly to Pr‐Nd. The fact that La, Ce, Pr, Nd and Y remains in the raffinate after SX is
convenient because these elements make up the 77 w% of the total REE and, therefore, the organic phase and
the extraction stages needed for their full separation from the rest of the heavier REE are reduced. In the case
of the thiocyanate ionic liquid, heavy REE are preferentially extracted with and without Cyanex® 923. The
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separation of REE can be adjusted to a desire group of the heaviest REE by varying/optimizing the volume
phase ratio aqueous:organic in such a way that the loading capacity of the organic phase is equal to the
concentration of the desired heaviest REE. This calculation is based on the feed concentrations and the
availability of extractant and complexing anions. When the organic phase reaches its loading capacity, the
heavier REE (higher distribution ratios) have a significant crowding effect on the extraction of the lighter REE
(lower distribution ratios), displacing them out of the organic phase. Thus, the lower the aqueous:organic ratio
is, the more different REE are being extracted. With regard to stripping, the loaded organic phases can easily
be stripped with water, with >90% recovery of the previously extracted REE after one contact in 1:1 v:v ratio.
Split‐anion extraction with a neutral extractant is a cost‐ and resource‐efficient process for the recovery of REE
from chloride leaching solutions of representative European REE ores. Using quaternaryphosphonium ionic
liquids with nitrate or thiocyanate anions instead of molecular organic diluents (volatile, flammable and non‐
electrically conductive) and stripping with water instead of acids leads to safer and environmentally friendlier
SX processes. Finally, the parameters necessary for upscaling to a pilot plan were calculated for the stages of
extraction, stripping and regeneration. These include the flow sheet, the organic to aqueous ratios, the
number of mixer‐settler stages, operation temperature, mixing time, surface loading and selection of the
continuous phase. This is necessary for further research on developing a system which could be considered for
commercial/industrial operation.
Acknowledgements: These results have received funding from the European Community’s Seventh
Framework Programme [FP7/2007‐2013] under grant agreement n° 309373 (EURARE). This work reflects only
the author’s view, exempting the Community from any liability.
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Introduction
Separation of rare earth elements (REE) has been widely studied during the last years due to the critical role
these elements play in both traditional industries and high technological applications. Solvent extraction is
conventionally used for REE separation but this technique can be constrained by a large solvent inventory and
loading limitations1. In a context in which energy efficiency and environmental safeguard are paramount for
some applications, supported liquid membranes (SLMs) arise as a potential alternative due to their low solvent
inventory, low energy consumption and operational costs, easy scaling‐up, great enrichment ratio and the
combination of the extraction and stripping processes in one single step.

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

122

a)

b)
Figure 1. Diagrams of EPT (a) and HFRLM (b) processes

In a SLM, the feed and the stripping phases are separated by an organic liquid membrane which is held within
the pores of a polymeric support by capillary forces. The organic liquid membrane is formed by a solvent and
an extractant in order to increase process selectivity. The solute diffuses through the organic liquid membrane
and is extracted into the stripping phase. Both flat sheet membranes and hollow fibre modules can be utilised
as support for the liquid membrane. However, hollow fibre modules provide a much higher surface area to
volume ratio and can be used in diverse configurations. The first and most studied configuration is the hollow
fibre supported liquid membrane (HFSLM) in which the pores are impregnated with the organic liquid
membrane and the feed and the stripping phases flow outside the pores of the fibre. Unfortunately, HFSLMs
have not been applied to large scale due to membrane instability problems2.
At this juncture, two configurations have emerged as viable options for the development of stable liquid
membrane processes: the emulsion pertraction technology (EPT) and the hollow fibre renewal liquid
membrane (HFRLM). In EPT, a W/O pseudo‐emulsion containing the dispersed stripping phase into the organic
phase is pumped through the shell side while the feed phase flows through the lumen side of the module. The
pseudo‐emulsion does not need to be very stable since the stripping phase droplets will not penetrate the
module pores due to their hydrophobicity. Once the extraction is achieved, the stripping and the organic
phases are separated. Although this configuration requires a larger organic inventory than the original HFSLM,
it has received great attention and has been successfully tested in both pilot‐plant and large scale
applications3,4. In order to achieve further improvements, HFRLM was devised. This configuration is very
similar to HFSLM with the major difference being the presence of organic droplets dispersed into the stripping
phase. According to the surface renewal theory, this will lead to the formation of a layer of organic
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microdroplets in the lumen side of the module which will progressively substitute the organic that is lost into
the aqueous phases. In this case, the feed phase flows through the shell side of the module and the stripping
with dispersed organics flows through the lumen. Despite of being an insufficiently tested technique, HFRLM
may be a promising method for extraction and recovery of metal ions2,4.
This study analyses the separation of REE by means of hollow fibre liquid membranes with the final objective
of recovering REE from an apatite concentrate5. The treated stream contains a mixture of REE (Nd, Dy and Y)
and certain impurities (Ca and Fe). The membrane phase contains a carrier or mixture of carriers dissolved into
kerosene; and the stripping phase is an acidic solution. The performance and the recovery efficiency of both
processes are evaluated.
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The development of industry using Rare Earth Elements (REE) requires a stable supply of these metals.
Traditional extraction of REE from the REE‐bearing ores is a complex and expensive operation. Therefore,
recycling of electronic scrap can be an interesting alternative, allowing recovery of Rare Earth Elements from
the materials containing higher amounts of these metals. Moreover, the different wastes are the sources of
specific groups of REE, for example, hard disk drive magnets contain mostly Nd, Dy, Pr, and Tb, fluorescent
lamps are composed of La, Eu and Y [1]. In this relation, recycling of electronic scrap can be a process of
selective extraction based on the type of wastes.
Currently, the research is conducted on various methods of recycling and hydrometallurgy seems to be a
promising option. Leaching of the scrap in the aqueous solutions of acids (HCl, H2SO4, HNO3) allows to extract
demanded metals into the solution with satisfying efficiency [1‐3]. Although the leaching rate is an important
criterion, the usability of hydrometallurgical recycling also depends on effective separation processes. Usually,
the pregnant leach solutions (PLS) contain the REEs and other accompanying metals from the recycled
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material. In this connection, the research on separation of leaching products and treating of leaching solutions
is an essential part of investigation.
The aim of this work was to evaluate the efficiency of hydrothermal precipitation of lanthanide (Nd, Dy, Pr)
compounds from sulphate leaching solutions containing iron. The experiments were performed in the
simulated solutions and pregnant leach solutions produced by atmospheric leaching of Nd‐Fe‐B magnets. The
content of the solutions was determined by the composition of magnets used for the leaching. The average
concentration of lanthanides and iron in the solution after leaching was 15 g/L and 42 g/L, respectively. The
concept of controlled hydrothermal precipitation of lanthanide and iron sulphates was based on the distinctive
differences in solubility of these compounds. The tests were performed in a 2‐liter titanium pressure reactor
(autoclave) with 1‐liter working volume, manufactured by PARR Instrument Company. The examined solutions
were gradually heated from room temperature up to 200˚C in two stage process. The samples of the solution
were taken during the experiments and analyzed for the content of lanthanides (Nd, Pr, Dy) and iron. First
stage of precipitation was conducted at temperature reaching 140°C, under vapour pressure of the solution.
The results showed that a precipitation of lanthanide sulphates was observed at the temperature in range
from 90°C to 140˚C (decrease of lanthanide concentration from about 15 g/L to 6 g/L), whereas iron (in the
ferrous state) remained in the solution. After separation of lanthanide sulphate crystals (Fig. 1), second stage
of the process was realized. During this operation, at the temperature of 200°C and oxygen partial pressure of
about 0.5 MPa, Fe(II) was oxidized to Fe(III) and precipitated in the form of alkaline salt (Fig. 1) with efficiency
of 82% (decrease of iron(III) concentration from 42 g/L to 9 g/L). After separation of solid phase and correction
of sulphuric(VI) acid concentration, the solution was recirculated to the leaching process.

Figure 1: Concentration of lanthanides and iron in the solution during two stage hydrothermal precipitation process.
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Introduction
The separation of rare‐earth elements (REE) is complex due to high similarity in its physico‐chemical
properties. Alternative methods for extraction and separation of REE have been studied; e. g. the biosorption
process. The use of microbial biomass for this purpose seems to be an interesting solution, regarding a "clean
technology" and efficient recovery of lanthanides1.
The biosorption uses microalgae, bacteria or fungi biomass for extraction, recovery and/or separation of REE in
diluted solutions, by indirect physico‐chemical interactions that may occur between the lanthanides and
microbial cellular components from biosorbents mainly by complexation with phosphate (PO42‐) or carboxylate
(CO2‐) groups2.
Thus exposed, the objective of this present study was evaluating the pretreated biomass of Bacillus subtilis in
the biosorption of lanthanum and samarium.

Material and Methods
Bacillus subtilis strain was incubated in 500 ml shake flasks containing TSB/YE medium at 30 ºC for 48 h and
150 rpm. Cells were harvested by centrifugation; washed with deionized‐H2O; and pre‐treated with NaCl,
NaOH or HCl 1M, separately, during 30 min at room temperature. The pretreated biomass was re‐washed with
deionized‐H2O and used as biosorbent. The biosorbent was added to 50 ml LaNO3 and SmNO3 solutions (pH 3)
to a final concentration of 1 g/L in 125 ml shake flasks; and were agitated for 20 min at 100 rpm at 30 ºC
followed by centrifugation. La(III) and Sm(III) concentration were analysed by an ICP‐OES. Biosorption capacity
(q0) was calculated as q0= ([REE]initial‐[REE]final in mg/L)x(vol. of solution in L/ dry wt. cell in g).The percentage of
biosorption, corresponded to REE removed (%), was estimated as ([REE]initial‐[REE]final)x100/ [REE]initial.

Results and Discussion
Figure 1 shows that the percentage of biosorption (%) of La(III) and Sm(III) by B. subtilis pretreated cells with
NaCl and HCl decreased with the enhancement of the initial concentration of REE ions in solution. The
maximum biosorption yields was observed to NaOH pretreated cells corresponding to 99.8% to Sm(III) and
97.0% to La(III). Further increasing the initial concentration significantly affect the q0 for all pretreated cells: In
NaCl, the q0 increased from 0.6 to 2.3 ±0.1 mg/g for both La(III) and Sm(III). In HCl, the q0 increased from 0.14
to 0.35 mg/g for La(III) and from 0.18 to 0.65 mg/g for Sm(III). The pretreatment with NaOH increased the q0
from 0.36 to 3.12 for La(III) and from 0.37 to 3.96 mg/g for Sm(III).
The pretreatment of B. subtilis cells with NaOH 1M presented better potential of extraction in comparison to
NaCl and HCl 1M pretreatments as well has shown to be more selective to the separation of light REE La(III)
and medium REE Sm(III), having preference by Sm(III) according to higher distribution cofactor (kD) values.
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Figure 1: Biosorption isotherms of La(III) and Sm(III) by B. subtilis biomass.

Alkaline pretreatment seems enhanced functional groups on the biomass favouring the use of B. subtilis
biomass in the selective separation of REE, which was evidenced in the assays containing higher REE
concentrations.
Acknowledgments: The authors gratefully acknowledge CNPq and FAPERJ for financial support. CS Jordão
gratefully acknowledges the PIBIC/CNPq/CETEM Program for a scholarship.
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REE processing usually involves a step where metal recovery in aqueous solution is carried out by precipitation
of an insoluble salt in oxide, hydroxide, carbonate, oxalate or even metal sulfide form. The choice of
precipitation processes generally proves to be optimal (1) for two main reasons. Firstly, because of the multi‐
component matrix of the solution to be treated, the use of other methods (ion exchange, membrane
processes, electrodialysis, etc.) often proves to be uncertain. Precipitation processes thereby enable the
desired compounds to be separated and recovered efficiently. Secondly, even in cases where other methods
can be used, precipitation is almost always the last operation to convert the dissolved compound into a solid
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product which can then be upgraded. When optimized, this precipitation can be selective and lead to a pure
salt recovery at a lower cost.
Precipitation operation units generally consist of a reactor (usually stirred tank) followed by a liquid‐solid
separation device (decanter) (Figure 1.a). However, due to the low concentration of metal in solution,
precipitated solid concentration is low, leading to a high precipitation reactor volume, and therefore to high
CAPEX. Reducing this volume constitutes one of the main ways to reduce precipitation treatment cost and to
make it more competitive than other processes. In this context, the purpose of the present work is to highlight
the main developments in the field of precipitation engineering which enable a significant reduction of
precipitation installation volume.
To reduce significantly reactor volume, the simplest way is to recycle a substantial fraction of the sludge from
the decanter into the reactor (Figure 1.b). Thus, solid concentration in the reactor increases, increasing
reaction surface, and hence removal rate of the dissolved metal in solution. Mass and population balances
carried out on this unit show that efficiency depends on two main parameters, recycling rate and liquid‐solid
separation rate in the decanter.

QA, CA,in

QB, CB,in
Q, CA,out, CB,out, nout(L), Cc,out
Q-q
q, nf(L)

1.a: Conventional precipitation process (reactor + decanter)
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1.b: Precipitation process involving a recycling step
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1.c: Reactor/decanter hybrid process

1.d: Fluidized‐bed reactor

Figure 1: Schematic representation of precipitation processes
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A hybrid reactor configuration, comprising both a stirred tank precipitation zone and a decanter zone (Figure
1.c) (2), reveals to be very interesting. Clarified liquid is evacuated by the unit overflow whereas solid phase is
kept in the decanter. A purge of the suspension at the bottom of the reactor enables to recover a given
fraction of the precipitate at regular time intervals.
Finally, a fluidized bed combined with a decanter (Figure 1.d) (3,4) proves to be the best configuration, due to
piston flow in the column and precipitate classification. This configuration seems, up to now, to correspond to
the most efficient reactor in view of hydrometallurgical precipitation intensification.
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Introduction
The recovery of resources from waste
streams is becoming more and more
important.

Industries

are

aiming

increasingly at zero‐liquid‐discharge and
circular

economy

solutions.

Nanofiltration (NF) is a well‐known
separation technique and applied in
many sectors such as food and pharma
industry. Recently, NF has become
attractive

for

resource

recovery

applications. For instance, studies have
shown that NF is a suitable technology

Figure 1: Schematic process scheme of combining acid resistant NF with
pre‐/post‐treatment for selective recovery of CRM

for phosphorus recovery from sewage
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sludge [1]. Acid resistant membranes, however, in combination with further purification steps (e.g.
precipitation, liquid‐liquid extraction, sorption) offer options for selective recovery of critical raw materials
from complex secondary sources (Figure 1). The particular advantage of NF lies in the selectivity towards
monovalent and multivalent ions. Previously, we demonstrated that acid resistant NF combined with liquid‐
liquid extraction allows an effective recovery of indium (95%) from photovoltaic cell (CIGS) leachates [2]. In
this study the application of NF was expanded to the recovery of CRM (in particular Scandium) for large scale
applications on promising complex waste streams. In addition to commercially available membranes, layer‐by‐
layer (LbL) modified membranes were tested for scandium recovery. LbL‐modification can be used for tailoring
the filtration properties of NF [3]. A systematic study on the combined use of (LbL)‐NF with different pre‐/post‐
treatment steps was conducted and initial recommendations on the use of acid resistant NF for the selective
and efficient recovery of CRM from secondary sources derived.

Methods
For LbL modification, capillary ultrafiltration membranes provided by Pentair were coated with
polyelectrolytes (polydiallyldimethylammonium chloride/polysodiumstyrenesulfonate). In this case 5 bi‐layers
were chosen. As a benchmark, a commercially available membrane (Duracid, General Electric, Fairfield, USA)
was used. Filtration experiments were carried out using a 1M HCl solution containing 90mg/L scandium and
1’500 mg/L iron. As a pretreatment, the pH was adjusted to pH=1.5. Iron and scandium retention was
determined using ICP‐OES.

Results and Conclusion
During the experimental time, the retention efficiencies
for both Iron and Scandium remained almost constant
over time and both membranes (Figure 2). This
indicates that both membranes were acid resistant.
Noticeably, a low (<10%) iron retention for both the
Duracid and the LbL‐membrane was achieved, hence
iron was not concentrated in the retentate. The
scandium retention for the LbL membrane was indeed
higher (70%) compared to the commercially available
Duracid membrane (30%), resulting in a scandium
enriched retentate (+40%) using LbL membranes in
contrast to commercially available membranes. These
results show the considerate potential for acid resistant
NF in general and LbL modified NF in particular for
many difficult (complex) separation processes. Due to
their unique properties and high resistance towards a
harsh acidic environment LbL membranes can be used to recover CRM from diverse of waste streams.
Acknowledgements: This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement No 730105.
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Introduction
Rare earth elements (REE) are essential for our modern economy, in relation to the development of new
energy and communication technologies, however their recycling from electronic waste and end‐of‐life
products (such as permanent NdFeB magnets, Ni‐MH batteries, etc.) is still not sufficiently developped.1
Although substitution of these materials by less critical ones is growing faster and faster especially in Japan
efficient and eco‐designed recycling processes will be of great importance in a near middle term. Depending
on their technoeconomics efficiency and environmental footprint, hydrometallurgical processes enabling the
recovery of separated elements could be of particular interest.
Typically these processes include a first pretreatment (crushing, milling, sieving,…) followed by an acidic
leaching step (with possibly selective precipitation substeps) and a solvent extraction step (SX) in order to
separate and purify the REE.2 Recently, diglycolamides (DGAs) appeared as a very interesting group of
extractants for the recovery of trivalent lanthanides from nitric acid solutions, particularly in the presence of
metal ions commonly found in waste products.3 The TODGA extractant (N,N,N’,N’‐tetraoctyl diglycolamide)
was successfully used for designing a full REE recycling SX process from used permanent magnets.4
Nevertheless its performances have not yet been validated against upscaling tests.
Most works concerning the group of DGAs dealt with symmetrical extractants exhibiting different separation
efficiencies for REE in nitric acid media. The chain length modification on one side of the DGA (asymmetrical
DGAs) can lead to important variation in selectivity during the Eu/Am separation.5 Recently, new
dissymmetrical DGAs with very short chains were reported for REE extraction, such as for instance MODGA
(N,N’‐dimethyl‐N,N’dioctyl‐diglycolamide),6 however their solubility in industrial diluents is rather limited.
The present work describes the organic synthesis of several novel DGAs and their solvent extraction behaviour
towards REE in several aqueous acid media which could increase the industrial interest of such SX process.
These new ligands displayed a remarkable improvement of REE extraction efficiency compared to reference
TODGA in acid media, while presenting a good solubility in industrial aliphatic diluents. Furthermore, the
separation factors of REE towards major impurities such as Fe3+ are substantially improved.
Nevertheless it will be of primary importance to check whether the REE can be quantitatively de‐extracted
from the organic phase without any impurity. These promising results will also contribute to the design of an
optimized SX process for the separation of REE.
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Figure: Distribution ratio of a novel DGA compared to TODGA in an acid solution
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Introduction
The conventional method of recovering rare earth elements (REE) following leaching of rare earth ores is by
precipitation as mixed REE oxalates or carbonates and conversion to rare earth oxides (REO) via calcination at
around 900°C.1 Oxalic acid (OA) is the preferred reagent due to higher selectivity towards REE leading thus to a
final product of high purity.2
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Previous studies have focused on empirically developing strategies to minimise OA consumption and impurity
co‐preciptation.3,4 The present work investigated the precipitation chemistry of lanthanum oxalate from
ammonium sulphate solutions in the presence of aluminum as the main impurity. A chemical model was
developed on the basis of comprehensive thermodynamics and was validated experimentally by batch
sequential precipitation tests. Additionally, the underlying precipitation kinetics and mechanism were
investigated via a bench‐scale continuous precipitation circuit and compared with crystallization mechanisms
and kinetic models reported in literature.

Results and Discussion
The lanthanum oxalate precipitation is given by the reaction (1):
2 La3+ (aq) + 3 C2O42‐(aq) + 9 H2O(l) = La2(C2O4)3∙9H2O(s)

(1)

A molar ratio of oxalate to La in solution (OA:REE) of 3:2 is the minimum stoichiometric requirement for
complete precipitation of lanthanum. However, the maximum extent of the above reaction depends on the
extent of La3+ and impurity metal complex formation with oxalate ion as well as the degree of OA dissociation.
The presence of high aluminum concentrations in the leachate has a negative impact on the REE recovery
process because aluminum forms soluble oxalate complexes with higher stability constants (log = 7.26) than
lanthanide oxalates (4.7 < log < 5.6),5 leading to excessive reagent consumption.
Figure 1‐a shows the experimental La precipitation results (markers) compared to predictions based on the Chi
and Xu3 model (lines) for various initial La and Al concentrations. The precipitation was significantly delayed as
OA:REE increased and the degree of shift appeared to relate to the amount of initial aluminum. It was thus
hypothesised that there might be more soluble aluminum oxalate formation than previously considered. To
prove this hypothesis and using published data3, 6‐8, a customized thermodynamic model based on the OLI
Mixed Solvent Electrolyte (MSE) framework was built (www.olisystems.com), accounting for the formation of
multiple types of complexes in the system ammonium‐lanthanum‐aluminum‐sulphate‐oxalate‐water. Figure 1‐
b shows that by using the new model, precipitation of lanthanum correlates very well with OA/REE for the
amount of Al in solution as impurity supporting the hypothesis.

(a)

(b)

Figure 1: %La precipitation at various OA additions: (a) experimental data compared to Chi and Xu model; (b) comparison with the
customized model (feed: [La g/L] / [Al mg/L])

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

133

The precipitation kinetics and mechanism were also investigated by means of a bench scale continuous stirred
tank reactor (CSTR). It was found that reaction reaches near completion within 30 minutes whereas the
mechanism was consistent with a heterogeneous poly‐surface nucleation model.
Figure 2 shows the transient response of lanthanum concentration with step feeding the reactor during tests
without seed (C) and seeded (H), respectively. Steady‐state is achieved at mean residence times (RT) greater
than 6 with La concentration remaining just above the equilibrium point. Seeding facilitates the initial La
precipitation rate, but has no impact on the steady‐state La concentration. Figure 3 shows a growing particle
size with increasing mean residence time.

Figure 2: Transient response of the CSTR to lanthanum concentration step change

RT: 10 min

RT: 20 min

RT: 40 min

Figure 3. SEM images of lanthanum oxalate produced at different mean residence times
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Permanent magnets (NdFeB and SmCo) present in motors and generators of hybrid and electric vehicles are
valuable secondary sources of rare‐earth elements and cobalt.1 The temperature stability of SmCo magnets
ranges from ‐300 °C to +550 °C, what makes this type of magnet ideal for the high temperature applications.2‐4
In the presented work, solvent extraction of individual metals from SmCo permanent magnets by using ionic
liquids was investigated. Ionic liquids are organic salts, which consist entirely of ions. In solvent extraction,
ionic liquids are greener and safer alternative to molecular solvents, such as kerosene, toluene,
dichloromethane or diethyl ether.5 The positive aspect to the use of ionic liquids is that no harmful, volatile
and flammable diluents or molecular solvents have to be used.
Presented experiments aim to compare different solvent extraction systems in order to upscale the most
convenient one to a continuous solvent extraction process, which will be performed later in mixer‐settlers. The
ionic liquids investigated in this study were commercially available Aliquat® 336, also known as
tricaprylmethylammonium chloride, and the corresponding ionic liquids with nitrate and thiocyanate ions,
which were prepared from Aliquat® 336 by a metathesis reaction. Three solvent extraction systems have been
studied. The first system contained the commercial Aliquat® 336 with chloride counter ions as the organic
phase, combined with a chloride aqueous phase. As a novel approach, two split‐anion extraction systems were
investigated, which means that there is a different anion in the aqueous than in the organic phase.6 The two
split‐anion extraction systems were Aliquat® 336 with a thiocyanate anion or a nitrate anion, in combination
with a chloride‐containing aqueous phase. The distribution ratios, extraction efficiencies, metal loadings,
volume changes after loading, scrubbing, stripping and reusability of the ionic liquid were carefully
investigated and compared. Conditions for loading, scrubbing and stripping were in all cases the same, the
samples were horizontally shaken at 40 °C, 2000 rpm for 2 h in a Turbo Thermo Shakers TMS‐200. The addition
of extra chloride salts prevented losses of ionic liquid to the aqueous phase and improved the separation
factor between Sm and transition metals, but on the other hand, an excess of calcium chloride caused
unwanted co‐extraction of rare‐earth elements. The optimal calcium chloride concentration for extractions
and scrubbing was determined. The metal concentrations in both phases were analysed by Total Reflection X‐
Ray Fluorescence (TXRF) spectrometry on S2 PicofoxTM (Bruker) spectrometer. The structure of the complexes
in the ionic liquid phase was determined by Extended X‐ray Absorption Fine Structure (EXAFS) spectrometry.
Experiments were performed at The Dutch‐Belgian Beamline (DUBBLE, BM26A) at the European Synchrotron
Radiation Facility in Grenoble (France). Data modelling was done in the program Viper. The phase
disengagement time was studied as a function of different parameters (temperature, stirring power, addition
of salt and kind of stirrer). This information is relevant for the design of the mixing and the settling chamber of
mixer‐settlers, when ionic liquids are used in a continuous mode.
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The summary of the results is shown in the Table 1. A higher viscosity of ionic liquids can be easily overcome
by using slightly elevated temperatures (40‐60 °C). The system with [A336][SCN], despite the high selectivity,
cannot be used in a continuous process, because the thiocyanate anion is not stable and the ionic liquid slowly
decomposes at elevated temperatures. Stripping can be done with ammonium hydroxide, but this leads to
formation of precipitates. [A336][Cl] and [A336][NO3] are stable, so have a potential to be applied in a mixer‐
settler. Moreover, as environmental advantage, stripping is done with water.
Table 1: Comparison of the studied solvent extraction systems

Extraction
system
[A336][SCN]
from chloride
media

[A336][Cl]
from chloride
media

[A336][NO3]
from chloride
media

Extraction results

Complexes formed

Sm

Co, Cu

Sm

Co, Cu

Sm not
extracted,
remains in
the aqueous
phase *
~75% Sm not
extracted

Co and Cu
quantitatively
extracted to
ionic liquid

[Sm(SCN)8]5‐

[Co(SCN)4]2‐

Co, Cu and
~25% Sm
co‐extracted

[Sm(H2O)9]3+

Co, Cu and
~60% Sm
co‐extracted

[Sm(NO3)5]2‐

~40% Sm not
extracted

Associated
problem
poor stability
of ionic liquid

[Cu(SCN)4]2‐

[CoCl4]2‐
[CuCl4]2‐

[CoCl4]2‐
[CuCl4]2‐

poor
selectivity,
necessity of
scrubbing
poor
selectivity,
necessity of
scrubbing

* applies when there are Co and Cu present in the solution (Co and Cu are preferentially extracted)
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Introduction
Neodymium magnets are one of the most important application of the rare earth elements (REEs) to this day.
Over the years, they have become vital components in many environmentally‐friendly and other technologies.
REEs themselves have over the years become crucial in the industrial applications of various kinds. Today,
despite lower prices than in 2011, they are classified as the highest supply risk elements in the EU; thus new
incentives for recycling the REEs out of electronic scrap were brought forth. End‐of‐life neodymium magnets
are a viable source for the recovery of some REEs. Although mainly iron alloys, these materials contain
neodymium, dysprosium and small admixtures of praseodymium and terbium.
Leaching followed by solvent extraction of the REEs out of the leachate is a feasible way of recycling these
elements out of end‐of‐life neodymium magnets. The issues that are encountered along this recycling path are
the separation of the REEs from the other elements that are dissolved with the REEs into the leachate and
achieving high separation factors between the REEs from each other. Extracting agents such as D2EHPA (di(2‐
ethylhexyl) phosphoric acid) and TODGA (tetraoctyl diglycolamide) have been previously used for achieving
good separation of the REEs under specific extraction conditions.
The current work has focused on the small‐scale development and optimization of REEs extraction from real
commercial waste sources, the nitric acid and sulfuric acid media leachates of the neodymium magnet waste,
using TODGA and D2EHPA as extracting agents, respectively. Selective REE extraction from the solution with
minimal or no co‐ extraction of other elements in the leachate is hoped to provide a novel route to a
commercially viable route to recyclable REE products. The composition of the organic phase was investigated
in order to study the effect of the diluent on the overall extraction process, a well‐known optimization
parameter, however infrequently used. The effect of the diluent on the separation factors was also discussed
as well as some characteristics (pH and counter‐ion concentration) of the aqueous phase on the overall
extraction process. The named extractants were used at various concentrations in different diluents like
solvent 70, hexane, octane, cyclohexanone, toluene, 1‐octanol and chloroform.
Both extractants demonstrated good selectivity concerning the extraction of the REEs out of the neodymium
magnet waste leachates. For TODGA, it was found that the concentration of nitric acid should be higher than 2
M for achieving highest distribution ratios for REEs. As expected, the distribution ratios of the REEs increased
with the concentration of TODGA in all the diluents. The highest separation factors for Dy were achieved
using 0.01 M TODGA in Solvent 70. The stripping of these elements out of the organic phase was efficient
using MQ water.
The general extraction order for D2EHPA is HREEs > LREEs, which was expected. The distribution ratios, and
consequently the extraction efficiencies, increased as the D2EHPA concentration increased and the acidity
decreased. It was concluded that the most suitable diluents for the solvent extraction of REEs with D2EHPA
(where aliphatic diluents were used) were hexane, octane, and Solvent 70.

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

137

Figure 1: The dependence of the distribution ratios of Dy, Nd, and Pr after extraction on TODGA concentration Solvent 70, hexane, 1‐
octanol, cyclohexanone, and toluene. The organic‐to‐aqueous phase ratio was kept at 1:1 and the temperature at 25 ± 1 °C. The
‐1
aqueous phase used was 4000 mgL of the magnet leached in 3 M HNO3

Figure 2: The influences of D2EHPA concentrations on the extractions of a) Nd, b) Pr, c) Gd, and d) Dy from the aqueous phase
consisting of 9.11 mm Nd, 2.71 mM Dy, 3.16 mm Pr, 0.69 mM Gd, 0.17 mM Co, and 0.55 mM B, using different concentrations of 0.3,
0.6, 0.9, and 1.2 M D2EHPA, respectively, in Solvent 70, hexane, octane, toluene, cyclohexanone, chloroform, and 1‐octanol. The
temperature was kept at 25 ± 1 °C, and the organic‐to‐aqueous phase ratio was = 1. The error bars represent the standard deviation
of a triplicate test
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Introduction
Importance of laterite nickel ores are increasing day by day because of their nickel, cobalt and scandium
contents. Processing operations of laterite ores generally consist of scrubbing, high pressure acid leaching,
solution purification, ion exchange chromatography, solvent extraction, precipitation, etc. Due to the high cost
of processing operations; maximum amounts of nickel, cobalt and scandium extraction and recovery are
essential. Thus, the use of ion exchange resins is crucial for the recovery of especially scandium from the
pregnant leach solution (PLS) of lateritic nickel ores. The objective of this study was determining the loading
behaviours of Nickel (Ni2+), Cobalt (Co3+) and Scandium (Sc3+) as a rare earth element on different resins from a
pregnant leach solution which contained Nickel (Ni2+), Cobalt (Co2+), Scandium (Sc3+), Manganese (Mn2+), Ferric
Iron (Fe3+), Silica (Si4+) and Aluminium (Al3+). Through ion exchange chromatography, the selective loading of
scandium, nickel and cobalt on ion exchange resins was targeted.

Experimental
Initially, Scandium (Sc3+), Cobalt (Co2+) and Nickel (Ni2+) containing pregnant leach solution was characterised
and ion exchange chromatography experiments were done with that PLS. For determining the loading
behaviours and adsorption isotherms of these valuable elements, resin shaking tests were conducted. During
the experiments, a laboratory type incubator was used as shaking device. For each experiment set, different
amounts of resin were conditioned with the same amount of leach solution for a certain time period. After the
experiments, the representative samples obtained were analysed with ICP‐OES method.

Results and Discussion
For determining the loading behaviours of Nickel (Ni2+), Cobalt (Co2+) and Scandium (Sc3+) in PLS originating
from a lateritic nickel ore on different types of resin, in the experiments resins of different characteristic
properties were used. Resins having aminomethylphosphonic acid, sulfonate, sulfonic acid, D2EHPA functional
groups were used in the tests as different types of resins. As a result of experiments, the removal rates of
selected species were calculated by comparing rest concentrations with their feed solution concentrations.
Then, from the difference of feed concentration and rest concentration after the adsorption and the total
volumes of liquid sample and resin used, the specific take up (loading rate) of the resins were calculated by the
following formula;
Take up (mg/L) = ((C0‐Cr) x V0) / Vresin
V0 = Total volume of liquid sample (mL)
Vresin = Volume of resin (mL)
C0 = Initial concentration (ppm)
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Cr = Rest concentration after adsorption (ppm)
By the calculated take up values for each resin type, the adsorption isotherms of different resins were
determined for each element. By looking at the adsorption isotherms, the operating capacity of each type of
resin for each element was determined. Adsorption isotherm of scandium with Amberlite IRC 747 Resin is
given as an example below in Figure 1;

Figure 1 Adsorption Isotherm of Scandium on DOW Amberlite IRC 747 Resin

ION EXCHANGE BEHAVIOUR OF SCANDIUM(III) ON CRYSTALLINE LAYERED Α‐
TITANIUM PHOSPHATES: EFFECT OF SODIUM NITRATE ADDITION
Wenzhong ZHANG, Risto KOIVULA, Risto HARJULA
Department of Chemistry — Radiochemistry, P.O. Box 55, FI‐00014 University of Helsinki, Finland
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Introduction
Scandium is the 31st most abundant element in earth’s crust. It is, however, sparsely distributed in trace
concentration with other minerals and produced only as by‐product.1 The extraction and separation of diluted
scandium from acidic leaching solutions of industrial wastes provide an alternative way of scandium mining.
Typically, solvent extraction and ion exchange processes are used for its separation. Titanium(IV) phosphates
(TiP) are a class of acid‐stable cation exchangers with a great variety of structures. Lamellar‐type layered α‐TiP
and γ‐TiP are well characterized and studied materials with expandable interlayer distances. This interlayer
cavity functions as potential ion sieve for the separation of metal ions.

Material and Methods
α‐TiP [Ti(HPO4)2∙H2O] was synthesized according to reported methods.2 The structure of the material was
confirmed by XRD (d = 7.60 Å) and the purity by solid state 31P MAS NMR. Batch ion exchange were conducted
with a solid to liquid ratio of 0.1 g/20 mL and equilibrium time of 3 days. Effect of equilibrium pH (1.0‐4.0) on
Sc3+ ion exchange uptake was studied using 10 mM Sc(NO3)3 solution. Effect of NaNO3 concentration (0‐5 M)
on Sc3+ ion exchange uptake was studied at equilibrium pH 3 with 10 mM initial Sc3+ concentration. The
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conversion of α‐TiP to Na+ type was done by titration.3 The Na+‐α‐TiP was tested for the Sc3+ pH‐uptake
behaviour at pH 3‐4.

Results and conclusion
The ion exchange of Sc3+, in principle, competes with that of H+. Therefore, the uptake increases with
increasing pH (Fig. a). When the pH exceeds 4, there might exist a possible Sc(OH)3 precipitation. The uptake
values obtained here (in the range of 0.1‐1.0 meq g‐1) represent only a small fraction of the theoretical
capacity (≈7.7 meq g‐1). Upon the XRD analysis of Sc3+‐exchanged α‐TiP, the interlayer distances remained the
same. The low uptake could be attributed to high diffuse resistance of Sc3+ into the interlayer sites. With the
addition of NaNO3, the Sc3+ uptake increased to 1.46 mmol g‐1 at 1 M of NaNO3 and reached a plateau (Fig. b).
The drastic increase in Sc3+ uptake might be understood from two aspects: the roles of Na+ and NO3‐.

Figure: (a) Effect of equilibrium pH on Sc3+ uptake and (b) effect of NaNO3 concentration on the Sc3+ uptake.

Sc3+ is known to the form nitrate complexes in solution:
Sc3+ + NO3‐ → Sc(NO3)2+
2+

‐

Sc(NO3) + NO3 → Sc(NO3)2
3+

β1= 0.3
+

β2 « β1
2+

In 10 mM Sc system, the ratio of Sc(NO3) complex are 23.1%, 37.5%, 47.4%, 54.5% and 60% in 1, 2, 3, 4 and
5 M nitrate background, respectively. The uptake of Sc(NO3)2+ could potentially lead to the increase of
capacity.
Upon contact with Na+ in the solution, α‐TiP turns into Na+ form with the expansion of the interlayer space.
However, with this increase the Sc3+ still cannot be accommodated into the layers of Na+‐α‐TiP (based on XRD
observation). Simultaneously, the ion exchange selectivity is altered (from H+↔Sc3+ to Na+↔Sc3+). However,
the results showed virtually no uptake of Sc3+ by Na+‐α‐TiP at pH 3‐4 (avoid converting back to H+ form). It is
possible that the kinetic of the reaction is too slow.3
Overall, we have shown that Sc3+ ion exchange uptake is greatly enhanced by the addition of NaNO3, which
could be partially justified by the formation of scandium nitrate complexes. More studies need to be designed
to point out the role of coexisting Na+ in the Sc3+ exchange on α‐TiP.
Acknowledgements: The research leading to these results has received funding from the European
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SUSTAINABLE ELECTROLYTIC PRODUCTION OF RARE EARTH METALS AND
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SOLHEIM, Ole KJOS, Thor Anders AARHAUG and Camilla SOMMERSETH
SINTEF Materials and Chemistry, Sem Saelands vei 12, 7465 Trondheim (Norway)
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Introduction
As in the case of aluminium metal production, some rare earth (RE) metals and RE‐alloys are currently
obtained by electrolysis from molten fluorides using RE‐oxide raw materials. At the present date, no other
modern technology apart from the so‐called "Chinese technology" has been developed, mainly because
several fundamental aspects of the process are not completely understood. Thus the optimization of the
process, mainly in terms of energy efficiency and environmental impact control, is a rather challenging matter.
The "Chinese technology" employs an electrolytic process with a vertical electrode set‐up, using graphite
anodes and molybdenum or tungsten as inert cathode material. Transition metals (Fe) can also be used as a
consumable cathode material. In any case, the RE or RE‐alloy is deposited in a liquid form1. The electrolyte
consists on an equimolar REF3‐LiF mixture and REO is used as raw material at an operational temperature of ca
1100 °C.
Despite the fact that there is limited reliable information on the actual electrolysis technology used in China, it
seems that the process releases large amounts of perfluorocarbon (PFC) gases, mainly CF4 and some amounts
of C2F6, almost continuously. It is believed that conventional electrolytic production of Nd contaminates the
atmosphere with PFC as much as the entire aluminium industry if the off‐gases are not treated. This is of great
concern, as PFC have very high global warming potentials (GWP) mainly due to their long atmospheric
lifetimes2.
Elucidating the optimal electrolysis parameters ensures a stable and environmental friendly operation of the
electrolysis cell. However, firstly knowledge of the oxide saturations levels in the electrolyte at the working
temperature is essential, as the amount of dissolved oxides should match the supply of electrolytic current,
thus avoiding PFC emissions (caused by depletion of oxides) and sludge formation (caused by excess of
undissolved oxides).
The oxide content of the fluoride melts subject of investigation was experimentally determined by
carbothermal analysis of melt samples upon RE‐oxide additions. The results allowed establishing the feeding
rates in the electrolysis process.
Moreover, on‐line gas analysis (FTIR) during electrolysis run at galvanostatic conditions allowed elucidating the
optimal electrolysis parameters to assure stable and environmental friendly operation of the electrolysis cell.
The results showed that two voltage regimes could be observed: the first one giving CO as the main
component of the cell off‐gas. During the second regime, which occurred gradually, PFC emissions (mainly CF4)
could be measured. Stable electrolysis could be achieved while being in this environmental unsafe regime for a
prolonged period before eventually the current was blocked (full anode effect).
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(B)

(A)

Figure: (A) General example of REO analysed by carbothermal reduction of electrolyte samples versus REO added; (B) Electrolysis data
obtained with control of the oxide feed to avoid the anode effect. NdF3‐LiF electrolyte and Nd‐Fe alloy cathode product.
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Separation of neodymium (Nd) and praseodymium (Pr) by solvent extraction is difficult and costly process due
to their similar physical properties. Knowing that praseodymium even improves some magnetic properties of
Nd‐based magnets 1–3 skipping this step and employing directly molten salt electrolysis of their mixed oxides
(didymium) is meaningful.
Due to Chinese monopoly in rare earth metal production, scientists are confronted with the lack of scientific
articles and difficult access. Some known papers4, 5 in English report only viability of the process but without
further explanations and are outdated, whereas accessible Chinese do not offer enough data6–8.
Cell setups and process parameters for neodymium production such as electrolyte electrochemical and
physical properties9–11, neodymium oxide solubility12,

13

, current densities15 and off‐gas evolution14 are

nowadays more‐less known. Although neodymium and praseodymium have similar physical properties
addition of praseodymium impact all mentioned parameters.
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In this study, as the first step toward feasible didymium electrolysis is investigated influence of electrolyte on
the metal composition. Neodymium electrolysis is usually done in NdF3‐LiF electrolyte but didymium
presumably requires electrolyte modifications. The electrolysis of neodymium and praseodymium (didymium)
mixed oxide with a ratio of 66:34 wt% is done in different electrolytes at 1100 °C and the final metal
composition is determined by XRF and ICP analytical methods. The ratio of the oxides used is based on the
solvent extraction results from the Kvanefjeld REE deposit containing mineral steenstrupine

16, 17

obtained

during the EURARE project 18. Chronoamperometry of all electrolytes without and with 1 wt% of didymium
oxide is conducted where process potential window is established. Simultaneously are those measurements
followed by an in‐situ off gas FTIR‐spectrometer where the evolution of CO, CO2, CF4 and C2F6 gasses and
anode effect could be spotted. Electrolyses with anodic current density 0,46 A/cm2 and cathodic 4,5 A/cm2 ran
for couple of hours with a dosage of 1 wt% of didymium oxide as soon as greenhouse gasses are detected and
obtained metal was analysed by X‐ray fluorescence spectroscopy (XRF) and Inductively coupled plasma atomic
emission spectroscopy (ICP‐AES).
Results indicate that the electrolyte composition has insignificant influence on the critical potential/current
process window but the amount of the dissolved oxides does. Pr‐oxide is more soluble in its own fluoride salt
and it led to higher praseodymium amount in metal obtained from electrolyte with high praseodymium‐
fluoride content as can be seen in Table 1. Nevertheless the ratio of Nd/Pr is higher in metal than in the oxide
which can be explained with the fact that neodymium is nobler. Next step of this work will be the long‐term
electrolysis in order to determine the stationary Nd/Pr ratio.
Table 1: Compositions of starting electrolyte and metal content in obtained alloys determined by XRF analysis

Electrolyte composition, wt%

Nd, wt%

Pr, wt%

NdF3-LiF
(87,5 - 12,5)

95,8

2,3

NdF3-PrF3-LiF
(78,75 - 8,75 - 12,5)

85,7

13,9

NdF3-PrF3-LiF
(57,75 - 29,75 - 12,5)

70,4

29,0
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REDUCTION OF DIDYMIUM OXIDE PRODUCED IN ARAXÁ, BRAZIL
J. B. Ferreira NETO1, F. J. G. LANDGRAF1, G. Ett1, C. A. L. SANTOS1, A. L. N SILVA1, J. R. F. SILVEIRA1,
F. Y. M. MARTINS1 and M. S. LUZ1
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Brazil has the second largest known world reserves of rare earths (22 millions of tons). One of the most
important initiatives in Brazil is the project of Companhia Brasileira de Metalurgia e Mineração ‐ CBMM which
explores Niobium in its mine located close to the city of Araxá in the state of Minas Gerais. The mineral
monazite, which is a phosphate of REE, is found in the tailings of the Niobium ore extraction. The content of
monazite in CBMM´s ore is around 4%.
CBMM invested approximately US$ 15 million to develop the step of REE mineral concentration (capacity of
3.000 t/y) as well as to develop the oxides separation in a solvent extraction pilot plant with capacity of around
5 t/y.
IPT (Institute for Technology Research) has investigated the reduction of the Didymium oxide produced by
CBMM by two routes: Metalothermic reduction and Electrolysis both carried out in molten salts. The objective
of this paper is present preliminary results of this study.
Calcium was selected as reducing agent in the metalothermic reduction. The calciothermic reduction of 400 g
of didymium oxide was carried out in a stirred molten calcium chloride (5 kg) to ensure heat dissipation and
dissolution of calcium oxide, preventing its presence in the interface between RE oxide and calcium. In
addition, Calcium is soluble in the molten salt so that its activity can be controlled, avoiding a direct contact of
pure molten calcium and RE oxide.
In order to evaluate the fundamental aspects of the electrolytic reduction of didymium oxide, cyclic
voltammetry experiments were carried out using a high density graphite crucible for molten salts. The
following molten salt mixtures (electrolytes) were studied: LiF‐CaF2‐NdF3‐Nd2O3, LiF‐CaF2‐PrF3‐Pr6O11 and LiF‐
CaF2‐NdF3‐PrF3‐Nd2O3‐Pr6O11. The electrolytic reduction of 500 g of didymium oxide was carried out in 14 kg
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of salt mixtures (LiF‐CaF2‐NdF3‐PrF3) in a graphite crucible at temperatures between 1020 and 1050 °C heated
by an external furnace.
The electrolytic cell was operated at currents between 80 and 150 A, depending on didymium oxide feeding
rates. The cell voltages varied from 3,5 V to 5 V. The current densities varied from 0.3 to 0.5 A/cm² in the
anode and 4 to 6 A/cm² in the cathode.
The yield of the metalothermic was around 90% and 98.5% pure metallic didymium was obtained. The main
impurities of Didymium were Al, Si, Mg, Ca and C. Ca and Mg were partially removed by vacuum treatment.
0,6

LiF-CaF2-PrF3-Pr6O11, (200 mV/s)

0.6

LiF-CaF2-NdF3-Nd2O3, 200 mV/s
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Cyclic voltammogram of LiF‐CaF2‐NdF3‐Nd2O3 system (left) and LiF‐CaF2‐PrF3‐Pr6O11 (right) at 200 mV/s

The cyclic voltammogram of LiF‐CaF2‐NdF3‐Nd2O3 showed a well‐formed reduction peak at ‐1.70 V/Pt, which
indicates Nd ion reduction, whereas the cyclic voltammogram LiF‐CaF2‐PrF3‐Pr6O11 system indicated a not well‐
formed peak at ‐1.55 V/Pt, which corresponds to Pr ion reduction. Pr6O11 is actually composed by Pr4+ and Pr3+
ions, which may be the reason why the reduction peak is not well defined. The cyclic voltammograms showed
Nd ions being reduced through a one‐step process, while Pr ions are probably reduced according to a two‐step
process.
The current adopted during the electrolytic reduction of didymium oxide was stable under a certain oxide
feeding rate to the molten salt. However, the anodic effect, characterized by a sharp current dropping and by
an abrupt voltage increasing, occurred after a certain period of time at the end of the oxide feeding. The
process stability could be achieved again for additional short periods by setting the current to lower values.
This behavior shows how important the oxide feeding rate controlling is to achieve an appropriate electrolytic
process controlling.
The sudden increased in the molten salt resistance is attributed to anodic effect, according to which the low
activity of didymium oxide leads to reduction of rare earth fluorides in the molten salt, consequently forming
perfluorocarbon gases on the anode surface. These gases form a film between the salt and the graphite anode
diminishing the electrical conductivity. Indeed, voltages between 0.8 and 1 V were measured between the
reference electrode and the anode at stable process conditions and these values increased to values greater
than 20 V when the anodic effect occurred, whereas the voltage between the reference electrode and the
cathode remained at 2.8‐2.9 V during stable process as well as during the anodic effect. CO and CO2 gases
were continuously analysed during the electrolytic reduction, resulting in a CO/CO2 ratio of approximately 3
and in a CO2 equivalent production range from 0.18 to 0.3 kg of gas per kg of metal, excluding
perfluorocarbons gases which were not quantified. The reduced metal, analyzed by ICP‐MS, showed purity
greater than 99 %. The Nd:Pr ratio of the metallic didymium was similar to the oxide Nd:Pr ratio if an
appropriate NdF3/PrF3 ratio was adopted in the molten salt.
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Magnesium was the main impurity found in Didymium. Its source is the CaF2, which can be substituted for a
purer CaF2 or even eliminated. Current efficiencies up to 70% were achieved and the energy consumption was
estimated between 3.5 and 4.5 kWh/kg of Didymium, considering the energy supplied by only the DC source.
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In June 2010, the European Commission published a list of 14 raw materials that are critical for many
important emerging technologies. The list was revised in 2014, including 20 critical raw materials. In both list
published, rare earths were identified as critical raw materials, while in the latter one greater detail is provided
for rare earth elements by splitting them into heavy and light rare earth elements, and scandium. Among rare
earths, neodymium gains significant attention, since its production is considered to be a critical technology
metal mostly used for permanent magnets in wind turbines, electric vehicles, hard‐disc drives, mobile phones.
Production of Neodymium (Nd) metal and alloys is conventionally performed by high temperature molten salts
electrolysis, which creates highly corrosive environment and is highly energy demanding. These last years,
ionic liquids have been studied for the electrodeposition of rare earth metals and have shown positive results
as electrolytes [1]. Nevertheless, problems related to the viscosity and metals complexation in ionic liquids are
still of great importance [2]. In order to overcome the difficulties emerged the addition of complexing agents
has been proposed. In the present abstract 2 types of complexing agents, tributyl phosphate (TBP) and
tetraethylene glycol dimethyl ether (Gm4), added to the ionic liquid BMPTFSI containing Nd trivalent cations
have been studied.
These two complexing agents were used in order to alter the speciation of neodymium in ionic liquids with a
final aim to optimize the purity of neodymium electrorecovery and the efficiency of the overall process.
Solutions of ionic liquid (BMP‐TFSI), complexing agent (G4 and TBP) and neodymium salt (NdTFSI3) were
produced in order to be used as catholytes. The first solution was BMP‐TFSI_G4_0.05M NdTFSI3, where the
volume ratio of BMP‐TFSI to G4 is 1/7 and the second solution was BMP‐TFSI_TBP_0.1M NdTFSI3, where the
volume ratio of BMP‐TFSI to TBP is 1/4. The effect of the 2 complexing agents is researched in terms of
viscosity and conductivity of electrolytes produced. Moreover the electrochemical behavior of the electrolytes
containing ionic liquid, complexing agent and Nd cations was studied by cyclic voltammetry and
chronoamperometry.
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Figure1: Solution BMP‐TFSI_G4_0.05M NdTFSI3

Figure 2: Solution BMP‐TFSI_TBP_0.1M NdTFSI3

Figure3: Effect of G4 addition to viscosity

Figure 4: Effect of TBP addition to viscosity

Figure 5: Deposits of system BMP‐TFSI_G4_0.05M NdTFSI3

Figure 6: Deposits of system BMP‐TFSI_TBP_0.1M NdTFSI3

The physicochemical properties of the two solutions (viscosity, conductivity) were studied in order to estimate
the effect of their addition to the electrolytic system. It was derived the addition of the complexing agents in
both cases improved significantly the physicochemical characteristics of the produced solutions, since it
decreased substantially the viscosity of the systems and boosted their conductivity. Potentiostatic polarization
was performed and neodymium electrodeposition was realised. The electrodeposits were examined by SEM‐
EDS analysis.
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Neodymium is regarded to be one of the most critical metals due to expanding usage in clean energy
applications and supply risks

[1, 2]

. Metallic neodymium is primarily produced by electrolysis of neodymium

oxide in fused neodymium fluoride salt.
Two major challenges pertaining to neodymium production are a) low oxide solubility (solubility of
neodymium oxide in molten alkali fluorides is only 2‐4 wt %

[3]

), b) possibility of anodic fluorine‐bearing gas

evolution if the rate of electrolysis exceeds the feeding and dissolution rates of neodymium oxide

[4]

. In this

study we present a two pronged approach to address the problems of low solubility of oxides and anodic
fluorine evolution. A novel method to overcome the former problem is to convert neodymium oxide into
neodymium(III) fluoride using strong fluorinating agents, such as iron(III) fluoride, as the rare earth fluorides
have high solubility in a fluoride bath. Based on the Gibbs energy (∆Go) of this reaction for the pure substances
in their standard state, this conversion is highly feasible:
Nd2O3 + 2FeF3(salt) ⇄ 2NdF3 + Fe2O3

ΔGo [T=950 oC]= ‐222 kJ/mol

(1)

The formed neodymium(III) fluoride is dissolved in the molten LiF and is subjected to electrolysis once the
appropriate voltage is applied. EPMA and XRD results of as‐converted salt show a complete conversion of
neodymium oxide into neodymium(III) fluoride. However, instead of directly using iron(III) fluoride in the
system, the fluorinating agent can be formed in‐situ during the process if a metallic iron anode is used. In the
electrolysis process, iron acts as a reactive anode, promoting electrochemical dissolution of iron into the melt,
thus preventing fluorine gas evolution at the anode. Hence, the fluorinating agent is constantly regenerated in‐
situ, which enables the continuous conversion of neodymium oxide feed. The cathodic product, viz. a Nd‐Fe
alloy, can be directly used as a master alloy for the production of NdFeB magnets. Substituting the
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conventionally used graphite anode by an iron anode also has the advantage of transition to a green, low
carbon process.
In order to study the electrochemical behavior of the proposed system, several molten salt systems were
investigated by cyclic voltammetry, chronopotentiometry and square wave voltammetry. The electrochemical
behavior of the Nd3+/Nd in LiF‐NdF3 and LiF‐Nd2O3 was studied at 950 oC using Mo as working electrode,
graphite as counter electrode and Pt wire as quasi‐reference electrode Pt/PtOx/O2

[5]

. Cyclic voltammetry

results show that neodymium(III) fluoride is reduced to Nd in a one‐step process exchanging trivalent
neodymium ions (Nd3+ + 3e− = Nd). The results show that the Nd3+/Nd system is quasi‐reversible. The
electrode process is shown to be diffusion controlled and the diffusion coefficient of Nd3+ ions can be
quantitatively determined.
Cyclic voltammetry was also performed in order to examine Fe3+/Fe behavior in a LiF‐FeF3 system. The result of
the cyclic voltammetry of a LiF‐FeF3 system shows that Fe3+/Fe reduction occurs in two steps:
Fe3+ + e−= Fe2+

(2)

Fe2+ + 2e− = Fe

(3)

In order to investigate the iron(III) fluoride formation and its effect on the LiF‐Nd2O3 system, the behavior of
this system was first examined using a graphite anode. No reduction peak related to neodymium was
observed. Then the graphite anode was replaced by Fe as a reactive anode. Fe was dissolved in the salt for a
specific time under constant current mode and was subsequently replaced with the graphite anode in order to
perform the electrochemical analysis after Fe dissolution in the salt. The cyclic voltammetry results show the
new peaks which can be related to iron reduction and dissolution on the molybdenum working electrode. This
procedure confirms that the fluorinating agent of iron(III) fluoride is constantly regenerated in‐situ in the salt
bath, enabling the continuous conversion of neodymium oxide feed.
The simplicity of this method based on a single step recovery of the RE metals from the magnet scrap, makes
this process attractive from the industrial point of view with added economic advantage. Furthermore, this
process has the advantage of being environmental‐friendly since the salt bath can be reutilized without
contaminating the environment and this process route has no carbon footprint compared to the conventional
electrochemical extraction processes.
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Neodymium is an important metal in the production of high performance permanent magnets used in electric
cars, other electric motors and wind power generators. Because the production of neodymium is mostly
located in China (85 %)1, recycling processes for end‐of‐live magnets must be developed for a sustainable and
secure supply of neodymium in Europe.2 The recycling of magnet alloys into new magnet powder is not
suitable for high performance magnets due to the loss of magnetic properties by oxidation.3 Therefore, the
recycling process must include a chemical reduction step for best starting materials.
The most important technique for neodymium reduction is molten salt electrolysis in fluoride media. Above
the melting temperature of neodymium, liquid metal is produced.4 In current research, the deposition of small
quantities of solid metallic neodymium on an inert electrode (Mo or W) at around 500 °C in molten chloride
electrolyte has been demonstrated.5,6
This work focuses on the modification of said process to thick deposits of neodymium (gram scale) in KCl‐LiCl‐
NdCl3 electrolyte for use in energy efficient neodymium electrolysis. Different voltages or currents were tested
in potentiostatic and galvanostatic electrolysis for 2 to 12 hours, respectively. The reduction of about 1 gram
of neodymium was achieved. The formation of a homogeneous solid layer on the other hand was not
successful. The formed neodymium metal is obviously not sticking to the cathode surface as a homogenous
solid layer, a dark precipitate was found around the cathode and on the bottom of the crucible instead. The
product was analyzed via SEM and showed small rectangular crystals of neodymium (10 µm) in a matrix of
solidified electrolyte salt (KCl‐LiCl).
For the explanation of the observed results, a mechanism of the electrodeposition was postulated. The form of
product can be explained by a change in the electrodeposition mechanism. After initial electrodeposition of a
thin neodymium layer, intermediate Nd2+ disproportionates adjacent to the electrode surface, thus forming
the observed product (similar to 7). The observed short circuit between cathode and reference electrode due
to loose neodymium metal can also be explained.
Up until now, no usable metallic neodymium product could be retrieved from our experiments. Next steps in
our research are the prohibition of disproportionation via variation of electrolyte composition and the
extraction of neodymium from the fine crystal product, respectively. Possible strategies for the extraction are
washing off electrolyte salt and re‐melting of the electrolyte‐neodymium metal mixture. As a matter of course,
heating to the melting point of neodymium for separation will significantly lower the advantages in energy
efficiency compared to current industrial processes.
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Scandium became one of the important rare earth metals of today as its application in modern technology
increases, especially as alloying element for strengthening aluminium in aerospace industry1–3. Nevertheless its
high price impedes even further increase due to small concentration in ores and quite complicated production
techniques.
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First scandium was produced by electrolysis from ScCl3 in chloride electrolyte resulting in not satisfying purity
and multiple purification steps4, 5. Desired purity was obtained by metallothermy from ScCl3 and ScF3 with
different reduction agents and additives 6–8 but still requiring additional purification steps and using expensive
raw materials.
All known publications depict solely experimental results and all methods are based on empirical indications.

Figure: Tetraedration and subsystems of the Sc‐Ca‐Zn‐O (left) and Sc‐Ca‐Zn‐F (right) system at T > 1300 K without consideration of
CaZn2, CaZn5, CaZn11 with quasi‐binary planes (red and green marked) as faces shared by two sub‐systems.

Considerations concerning possible reduction mechanisms, explanations for the possible concentration ratios
of charge components, as well as reasons for the choice of temperature ranges, are neglected.
In order to determine those data for multicomponent systems, “Klärkreuze” method9 is done, supported by
FactSage® software. This method divides the concentration triangle with connections of quasi‐binary tie lines
into sectional triangles building the series of secondary subsystems displaying equilibrium conditions of basic
substances10. This partition of a ternary systems is called triangulation11 and of quaternary tetraedration12,
which allows conclusions about possible reactions, concentration ranges in which these reactions occur and
possible products forming in multicomponent systems.
In this study, reaction mechanisms during reduction of Sc2O3 and ScF3 by Ca and Al are determined, as well as
the possible temperature and concentration ranges of these reactions. At first, all possible tie lines and
sections between all examined elements, respectively congruent melting components, were calculated.
Subsequently, all possible tie lines and sections between elements, congruent and incongruent melting
compounds were calculating depending on the formation temperature. This allowed for the determination of
quasi‐binary tie lines and sections. The conditions for maximum ensured Sc yield from expensive Sc
compounds are listed to compare potentials of Sc production processes.
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Rare earth elements (REEs) are a group of 17 elements, including 15 lanthanides, plus scandium and yttrium,
which have remarkably similar chemical and physical properties. In recent years, their importance has
increased significantly due to their essential applications in advanced green technologies, such as permanent
magnets, lamp phosphors, catalysts, rechargeable NiMH batteries 1. The criticality of REEs are highlighted in
the landmark report Critical Raw Materials for the European Union 2. They are categorized in the most critical
raw materials group, having the highest supply risk.
Nowadays, the largest amount of rare earth metals, especially light lanthanides, are commercially produced by
oxide‐fluoride electrolysis 3. In the process, the raw material, rare earth oxide, is reduced to metal at the
cathode. The electrolyte is a mixture of fluorides, mostly containing rare earth fluoride, alkali metal fluoride
and possibly small amounts of alkali earth metal fluorides. Prior to electrolytic reduction, the rare earth oxide
(REO) should be dissolved in the molten fluorides. The feeding rate must be well controlled as the deficiency of
oxide can lead to generation of fluorocarbon covering the graphite anode and inhibiting the electrolysis
process – the so called ″anode effect″. On the other hand, overfeeding can cause a sludge of excess oxide at
the bottom of the cell, which is detrimental to the quality of the final products. However, information on
quantitative understanding of the dissolution behaviour of REOs is rather limited. In industrial production,
feeding REO into a fluoride melt merely relies on experience 4.
A systematic study of the dissolution process is of crucial importance for both scientific understanding and
practical application. Confocal scanning laser microscopy (CSLM) enables in‐situ observation of
physicochemical phenomena at high temperature. This advanced technique has been employed in studying
various dissolution phenomena in metallurgical processes

5‐8

. With this technique, the present research is
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carried out as a systematic investigation on the dissolution behaviour of Nd2O3 particles in different melts and
at different temperatures in order to determine the rate limiting step, diffusion coefficient, and activation
energy.
In a stagnant fluid, the dissolution rate can be controlled either by the diffusion of solute in the matrix, or the
interface reaction that transfers atoms or molecules across the phase interface 9. Comparing the experimental
data with theoretical curves shows that the dissolution is a diffusion‐controlled process. The diffusion
coefficient of Nd2O3 in LiF‐23 (mol.%) NdF3 melt increases from 2.5×10‐9 to 6.0×10‐9 m2/s when the
temperature rises from 918 to 1018 oC and the activation energy was calculated to be 73 kJ/mol. This indicates
that increasing temperature can enhance the dissolution process.
The influences of NdF3 concentration and type of alkali metal fluoride (AF) on the dissolution rate are also
investigated in this study. The results show that the dissolution rate increases with NdF3 concentration and
with decreasing atomic weight of AF in the binary AF‐NdF3 melts, i.e. the dissolution rate decreases in the
order LiF, NaF, KF. The effects are attributed to the variation in diffusion coefficients, REO solubility and molar
volume of the melt at different conditions.
Acknowledgements: The authors would like to acknowledge the EU FP7 project REEcover (Project ID: 603564)
for financial support of this study.
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Extractive metallurgy is a multi‐disciplinary research field involving various kinds of unit operations. The metal
production, refining and recycling group (MPRR) of TU Delft deals not only with primary production of metals
such as iron, steel, copper and REEs but also with recycling critical metals from end of‐life waste products
(EOL). Similar to the nature of the classification of metallurgical processes, the group has two separate labs
exclusively dedicated to hydrometallurgy and pyrometallurgy respectively.
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The Hydrometallurgical Lab is equipped with gamut of instruments and set‐ups to cover different unit
operations like – leaching, solvent extraction and electrolysis (Figure 1). Starting with equipment required for
mechanical activation like high energy ball mills, the lab contains a thermoshaker unit with accurate
temperature control and multiple mixer ‐ settler units that can be used for multi stage solvent extraction. Our
group currently deal with variety of extraction processes such as recovering copper from WEEE in
collaboration, recovery of REEs from mine tailings, recovery of REEs from WEEE etc.

Figure 1 Leaching set‐up (left) and a mixer‐settler unit for solvent extraction (right)

Rare earth elements (REEs) are considered to be critical in EU due to fragilities in supply chain (Sprecher et al.,
2017). MPRR group is an integral part of two different European collaborative consortiums (EREAN and
REECover) which are aimed at recovering REEs from different end of life wastes.
In MPRR, special emphasis is provided to leaching and
electrochemical processes. The hydrometallurgical lab is focussed
on traditional processes such as electrowinning of copper from
WEEE leaching and also on electrorefining of magnet waste. In
addition to this, novel membrane based extraction processes are
also

currently

investigated

to

recover

critical

metals.

Electrochemical flow cells with ion exchange membranes offer
unique possibility in metal recycling. One such two compartment
reactor has been constructed and used to successfully
demonstrate selective extraction of REEs from NdFeB waste at
room temperature (Figure 2)
We have two different potentiostats (Versastat V4, PARSTAT
4000) that can be used separately or combined to form a bi‐
potentiostat. The units are capable of reaching ± 1A and ± 4A
respectively with a compliance voltage of ± 10V and ± 48V. The PARSTAT 4000 can be attached to a power
amplifier, which is capable of reaching significant currents (± 20A). This is particularly relevant and sometimes
essential to deal with high energy consuming processes such as REE metal production with molten salt
electrolysis.
The Pyrometallurgy Laboratory deals with high‐end research on primary production processes such as
ironmaking as well as molten salt electrolysis. Our Reduction Softening and Melting (RSM) apparatus (Figure.3)
is developed in house in collaboration with Tata Steel. It has the ability to simulate the real conditions (load,
gas mixture and thermal profile) inside a blast furnace. It is used extensively for the projects dedicated to the
process improvement and innovation in the domain of ferrous metallurgy. For effective ‘nut coke’ (size, 10‐35
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mm) utilisation in the blast furnaces, RSM campaign is in progress. This project is sponsored by the m2i and
Tata Steel. Besides variety of furnaces, the Pyrometallurgy Lab also contains a thermograviemetric analyser
(TGA/DSC) and a glove box to store sensitive chemicals. To study the in‐flight behavior of individual solid
particles in a high temperature atmosphere, high temperature drop‐tube furnace (HTDF) was built to generate
the solid – gas mixtures. It provides laminar flow conditions of gas – particle suspensions to avoid the particle –
particle interactions. With controlled feeding of the solid particles, the high temperature behavior of the
particles such as heating, reduction, gasification and melting can be investigated.

Figure 3 Reduction ‐ softening and melting apparatus (left) and the experimental set‐up of the high temperature drop‐tube furnace
(right)

Moreover, the researchers have access internally to variety of characterization techniques – XRF/XRD,
SEM/EDS/EPMA, ICP‐OES, LECO (carbon and sulphur), UV‐Vis spectrophotometer, Ion chromatography etc.
Overall, the MPRR group has built a conducive environment to effectively carry out multi‐faceted research
projects in extractive metallurgy and metals recycling with specific emphasis on process innovations and
metallurgical fundamentals.
Acknowledgements: The authors would like to thank Dr. Zhiyuan Chen and Mr. Dharm Jeet Gavel of MPRR
group for their contributions in the preparation of the abstract.
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TRACK 4: RARE EARTH ELEMENTS
FROM SECONDARY RESOURCES
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Rare Earth Elements (REE) are essential raw materials for modern technological applications, and finding new
sources has become a pressing need. On the other hand, Acid Mine Drainage (AMD) is commonly considered a
worldwide and long lasting environmental pollution problem. However, REE concentrations in AMD can be
several orders of magnitude higher than in naturally occurring water bodies. The intense acid leaching of REE‐
bearing minerals and the formation of stable REE‐SO4 complexes in solution are the reason for such
enrichment. With respect to shale standards, the REE distribution pattern in AMD is enriched in intermediate
and valuable REE, such as Tb and Dy. This distinct REE distribution in AMD is not completely explained,
although it seems to be controlled by the Fe cycle. Thus, this distribution is consistent with the intermediate
REE‐depleted pattern shown by the Fe‐oxides resulting from supergene alteration of sulphide deposits.
Rare earth elements geochemistry in AMD is strongly linked to pH, and therefore to AMD neutralization
processes. This is illustrated with one example from Odiel river, SW Spain (Figure 1A). Along 6 km, the river
collects several AMD from abandoned mines. When AMD effluents mix with the river, its pH increases and
schwertmannite [Fe8O8(OH)6(SO4)∙nH2O] and basaluminite [Al4(SO4)(OH)10∙5(H2O)] precipitate (Figure 1A).
After several acid tributaries the alkalinity of the river ends up and pH reaches values below 4 (Figure 1B). For
pH values higher than 5.5, REE, Cu, Al and Fe concentrations in the river are lower than expected from a
theoretical mixture because they are trapped in the precipitates (Figure 1C). For pH below 4, only
schwertmannite and no basaluminite precipitate. Then, REE, Cu and Al behave conservatively and Fe does not,
indicating that these elements are trapped in basaluminite but not in schwertmannite.
The REE behaviour in streams indicate two important features: 1) No REE partition between AMD and the
Fe(III)‐precipitates (schwertmannite and goethite) occurs. This means that REY is not partially loosed during
the AMD transit in streams; and 2) REE can be completely retained in the basaluminite if AMD remediation
occurs1. Therefore, REY content from AMD can be entirely recovered.
The Iberian Pyrite Belt (IPB) is one of the major provinces of massive sulphide deposits in the world. More than
150 sites and approximately 1 m3/s can be roughly estimated as the total AMD in the Odiel and Tinto basins.
An ongoing survey of REY concentrations in 60 AMD samples from the IPB reveals a wide range of variation
from 0.2 to 13.5 mg/L, with a flow‐weighted average of 1.14 mg/L of total REY. A rough extension of this rate
to a total of about 150 AMD points would lead to 70 to 90 t REY2O3 of annual reserves for the entire IPB. This
annual inventory is approximately 0.05% of the world annual production and only comparable to the small
production of countries such as Brazil, Vietnam or Malaysia2. However, despite the low rates and annual
production estimated for the IPB, the natural processes that generate AMD are expected to continue for
centuries or thousands of years. In this sense, the IPB could function as a giant heap leaching process of
regional scale, in which rain and oxygen act as natural driving forces with no energy investment. Additional
advantages are that 1) basaluminite residues are easily dissolved in weak acids at pH 4; and 2) no U and Th,
the main environmental concern in conventional REE phosphate ores are detected in the sludge. Finally, as the
main objective of AMD passive remediation systems is to remove acidity and pollutants, the benefits for water
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reserves and ecosystems are obvious. Therefore, recovery from AMD can be considered an environmentally
benign and renewable new source of REY and offers a new avenue to be explored in mining operations.
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Figure 1. A) Schwertmannite (red) and basaluminite (white) precipitates at the mixing zone of Odiel river (left) and an acidic tributary.
B) Sketch of the Odiel River and several AMDs. C) Concentration of REE, Cu, Al and Fe measured in several points from the Odiel River
with respect to that resulting from conservative mixing with AMD tributaries.

Acknowledgements: The work has been funded by the CGL2013‐48460‐C2, CTM2014‐61221‐JIN, LIFE‐ETAD
ENV/ES/000250 and ERAMIN_PCIN‐2015‐256 projects.
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This study focuses on Rare‐metals granites deposit of SW England which lay on the St Austell rare‐metal
granite and is exploited for their industrial minerals1. The by‐product potential of light Rare‐Earth (La;Ce;Nd)
and rare‐metals (W;Nb;Sn) is related to the kaolinisation process, which liberates the accessory heavy minerals
in the clay matrix and allows their separation through the early classification stages of the kaolin production
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route. This leads to a concentration of rare‐metals and light Rare‐Earth in a micaceous residue with LREE
content around 170 ppm (Figure). Thus the micaceous residue is considered as a potential source for these
metals as by product of kaolin production2.

Figure. LREE and rare‐metals contents in the output streams of the kaolin plant and the estimated feed content obtained by
metallurgical accounting.

A statistical analysis, combined with qualitative mineralogy, highlights the main mineralogical associations and
identifies monazite, cassiterite, Nb‐rutile and wolframite as the main heavy minerals. In terms of distribution,
the metals are predominantly in the finest fraction with 95% of the LREE, 84% of the Sn, 87% of the Nb and
83% of the W distributed in the fraction below 100 µm.
An enhanced gravity concentration flowsheet which starts by classification of the residue into 3 size fractions
(+150 µm, 150‐53 µm and ‐53 µm) was experimented. Each fraction was processed separately, using a
combination of spiral and shaking table for the coarsest fraction and Falcon concentrator for the finer fraction.
Additionally, the flotation route for the recovery of LREE from the ‐53 µm size fraction was performed using
sodium oleate and hydroxamate as collectors. The monazite recovery of 47% from ‐53 µm fraction in the
rougher operation was significantly higher compared to those obtained with Falcon concentrator (8 to 15%)
for a concentrate around 10,000 ppm of monazite.
The use of sodium oleate and hydroxamate in the presence or absence of non‐ionic reagent has been
investigated on material de‐slimed with or without dispersant. In the absence of dispersant the best results
were obtained with sodium oleate and hydroxamate alone in the cleaned product with around 3370 ppm and
2500 ppm LREE respectively. LREE recovery with sodium oleate was increased from 30 % to 83% with the
addition of non‐ionic regent at the expanse of LREE grade. The addition of dispersant to remove the adsorbed
clay particles from the surface of heavy minerals allows improving significantly flotation efficiency. The grade
in the floated product obtained with sodium oleate increased to 5350 ppm LREE and the recovery from 30% to
80%. Comparison of flotation performance and concentration of monazite by gravity clearly shows that
flotation of the fine residue is most efficient than using Falcon UF and Falcon SB.
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The preliminary results and an economic evaluation show that LREE and Sn can be easily pre‐concentrated
suggesting that the micaceous residue stream (and the associated tailings dams) could be considered as a
potential resource for these metals.

References
1.

Manning, D.A.C., Hill, P.I., Howe, J.H., 1996. Primary lithological variation in the kaolinized St Austell Granite, Cornwall, England.

2.

Dehaine Q. and Filippov L. (2015). ‐ Rare Earth (La, Ce, Nd) and rare‐metal (Sn, Nb, W) recovery from wastes of a kaolin

Journal of the Geological Society, 153, 827–838.

production plant, Cornwall : Definition and characterisation of the most valuable waste stream. Minerals Engineering, 76, 141‐
153.

VALORIZATION OF RARE EARTH‐CONTAINING LANDFILLED STOCKS OF
INDUSTRIAL PROCESS RESIDUES: PHOSPHOGYPSUM AND RED MUD
Sable REID1, Mugdha WALAWALKAR1, Gisele AZIMI1,2,*
1

Department of Chemical Engineering and Applied Chemistry, University of Toronto, <200 College St., Toronto, ON M5S

3E5>, < Canada >
2

Department of Materials Science and Engineering, University of Toronto, <184 College St., Toronto, ON M5S 3E4>, <

Canada >
g.azimi@utoronto.ca

Introduction
Rare earth elements (REEs) have unique physicochemical properties that make them a critical component of
many technologically advanced products, including wind turbines, hybrid and electric vehicles, and medical
devices1. Because these high‐tech products are dominating the world, the global demand for REEs is increasing
fast. Most of the global reserve of REEs is located in China2. The Chinese’s demand for REEs has also increased
over the past few years, which resulted in export quotas, making the global supply chain vulnerable. To
address sustainability challenges, many courtiers have initiated the technospheric mining of secondary REE‐
containing resources. These activities include: 1) extractions from stocks of landfilled industrial process
residues, and 2) urban mining of end‐of‐life products3.
The current study puts the emphasis on developing novel processes to recover REEs from two major industrial
process residues: phosphogypsum (PG) and red mud. Although the concentration of REEs in these sources is
small, the production volume is extensive. Thus, the total amount of REEs that can be recovered from these
sources is considerable.
PG, the by‐product of phosphoric acid production through sulphuric acid digestion of phosphate rock, is one of
the main REE‐containing residues4. Phosphate rock contains about 0.04−1.57% (w/w) of REEs depending on
the type and source of the rock5,6. It has been reported that, during this process, 70−85% of the REE content is
precipitated with PG6,7. Red mud is the solid residue generated in the Bayer process for alumina production. In
this process, bauxite ore is leached in a concentrated NaOH solution at elevated temperature and pressure.
Aluminium minerals are converted to soluble sodium aluminate. The solid residue is separated and stored in
tailing ponds or landfill stacks near the plant. The annual production of red mud is about 140 million tons8,
while about 3 billion tons were stockpiled by 20119.
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Results and discussions
In the first phase, we performed a thorough characterization of both the PG and the red mud samples, utilizing
various spectroscopy and microscopy techniques, including aqua regia digestion followed by ICP‐OES, x‐ray
fluorescence, secondary electron microscopy (SEM), and scanning transmission electron microscopy (STM).
The characterization results determined the REEs concentration, distribution, and morphology. In the second
phase, we performed systematic leaching experiments, using three acids and investigated the effect of various
operating conditions in terms of leachant concentration, temperature, solid to liquid ratio (S/L), and the
residence time on the leaching efficiency of REEs. In the third phase, we investigated the effect of microwaving
the PG and the red mud samples before leaching in acid. Microwave radiation results in the dielectric heating
of water molecules in the crystals and vaporization, causing the formation of breaks and pores in these
particles as the vapour escapes. The successful implementation and advancement of the proposed REE
recovery processes from the two landfilled industrial process residues can become part of a comprehensive
product‐centric valorisation scheme, which can address the sustainability challenges involved with this class of
the critical materials.
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Introduction
Phosphogypsum (PG) is a waste of the phosphate fertilizer industry, and an underestimated source of Rare
Earth Element (REE 0.14 to 1.0%; Zhang 2014; Christmann 2014) and remaining Phosphorous (P). Common wet
phosphate processing tends to concentrate most REE into PG tailings (75‐90%), and little into phosphoric acid
(10‐20%).
The main REE carrier in PG is fluorapatite [Ca10F2(PO4)6*CaCO3] with total REE contents of typically 1,500‐2,500
ppm, in addition to minor amounts of Al‐phosphate, anatase, magnetite, monazite and barite (Oliveira &
Imbernon 1998). In spite of its economically relevant REE content PG has previously not been considered a REE
resource because of its NORM content which consists of mainly Radium 226Ra, either concentrated in the Fe‐
oxide non‐CaSO4 fraction, or as substitute for Ca in gypsum. NORM is geologically linked to most REE deposits
and needs to be addressed in most REE processing and disposal schemes.
PG presents an economically relevant source of REE as the production of 1 ton of phosphoric acid typically
generates 4‐5 tons of PG tailings. The annual world PG production is 160‐170 million tons (Parreira et al. 2003;
Yang et al. 2009), and growing due to the increasing world population and increasing demand for food and
hence phosphate‐based fertilizer. Therefore, PG tailings form a growing potential as REE resource that could
be recovered at relatively low processing cost in many European countries including Greece (Figure 1), Serbia,
Spain and Bulgaria, but also northern Africa (e.g. Morocco, Algeria) where the phosphate industry is a
backbone of the national economy and where PG tailings are landscape‐forming.
Interestingly, PG tailings not only contain the most critical raw materials (REE) but also NORM with the most
relevant radionuclide being 226Ra (Rutherford et al. 1994). The 226Ra activity in European PG tailings typically
ranges between 0.18 and 0.60 Bq/g. The PG NORM content has led to their classification as Technologically
Enhanced Naturally Occurring Radioactive Material (TENORM, USEPA 2002), which has prevented PG recycling
as gypsum‐based construction and building materials. This PG NORM content is attributed to the nature of the
phosphate rock, the depth of sampling, and some 226Ra migration (Dueñas et al. 2007).
The paper states that both REE and P, but also NORM can be extracted from PG by innovative hydro‐, iono‐
and solvometallurgical methods, and be processed into marketable products. Upon dissolution, REE and P can
be separated by classical solvent extraction or magnetic nanoparticles which produces a mixed REE
concentrate as a marketable concentrate. This would help to reduce REE criticality as a raw material in Europe.
Extraction of NORM from PG (Radium 226Ra) is of particular interest as it forms a highly sought‐after resource
for medical cancer treatment applications. 226Ra can be converted into 223Ra by neutron irradiation to generate
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227

Ac as a precursor of

223

Ra which may then be used for effective prostate and breast cancer treatment

medication (e.g. 223Ra‐bearing Xofigo by Bayer Pharmaceuticals).
Importantly, extraction of NORM from PG tailings also removes the criteria for TENORM classification so that
NORM‐free PG tailings can be zero‐waste recycled to gypsum‐based construction materials (e.g. boards,
cement). Zero‐waste recycling of PG tailings sites are particularly effective in countries where phosphate
processing forms a backbone of the national economy (e.g. Morocco). Large‐scale zero‐waste PG recycling will
enable land recycling and re‐use into income‐generating areas for tourism and agricultural purposes.
In summary, extraction of REE, P and NORM from PG is perhaps the most elegant and environmentally
sustainable approach as it (1) reduces criticality for raw materials in Europe and, at the same time, (2) recovers
precious resources for life‐saving medical applications, and (3) allows zero‐waste recycling of large‐scale PG
tailings. REE, P and NORM recovery is likely to be economic and provides a major contribution to the global
target of a circular economy, with vast multiplicator potential for PG stakeholders worldwide, and also eases
the major worldwide concern of phosphorous depletion and its extreme impact on food supply including
reduction of oversupply in K to oceans and N to the atmosphere.
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Introduction
The 2010 and 2014 reports on the EU most critical raw materials1,2 have shown that the rare earth elements
(REEs) have the highest supply risk amongst all the critical materials. This supply risk originates from a lack of
domestic production, resulting in a dependency on imports from China to meet the EU’s REE demand.
Recycling of REE containing waste streams is being considered in an effort to alleviate this dependency. Initial
steps have already been taken and technologies to recycle some specific REE waste streams have been
successfully developed (e.g., lamp phosphors3 and scrap magnets4). However, these streams, while having a
high REE content, represent only a small fraction of the REEs present in waste material. Other more
voluminous waste streams need to be considered for recycling in order to recover a sufficient amount of REEs
for the EU. The REEcover project5 was started to evaluate two of these high‐volume waste streams: iron ore
mine tailings from the LKAB mine in Kiruna, Sweden and shredded “Waste Electrical and Electronic Equipment”
(WEEE) from INDUMETAL RECYCLING, Spain.

Approach
Both streams were analysed and their REE carrying components were identified. For the mine tailings
monazite and apatite were identified as the REE carrying components, and in the WEEE the REEs were traced
to magnet particles adhering to steel scrap in the ferrous fraction of the shredded WEEE. Based on this
knowledge both streams were first physically upgraded by our partners at Luleå University of technology
(LTU)6.7 to produce two input materials, with a REE content of 5000 ppm for the upgraded tailings and 9000
ppm for the upgraded WEEE, ready for REE recovery. A hydrometallurgical recycling process was developed for
both these input materials to recover the REEs, based on the primary REE component in the materials. The
process developed for the mine tailings, whose primary component after upgrading is apatite, is based on the
Norsk Hydro process8 and aims to recover both the REEs and the phosphorous, also a critical raw material,
present within the tailings. The developed process uses HNO3 to dissolve the input material and produce a
solution of impure H3PO4 and dissolved REE. This solution is then cooled to ‐5°C, removing Ca, followed by
solvent extraction to separate the REE and purify the H3PO4.
Two different processes were developed for the shredded WEEE: a purely hydrometallurgical approach and a
combined pyro‐hydrometallurgical one. The purely hydrometallurgical process is based on previous magnet
recycling research, where magnet scrap is first roasted and then leached to selectively dissolve the REEs4.
However, here instead of roasting, water‐based corrosion is used to oxidise the iron fraction of the WEEE. This
is possible due to the physical upgrading, which reduced the particle size of the shredded WEEE to below 75
µm, allowing for fast oxidation of the iron in water. After oxidation, the material is leached with diluted H2SO4
to extract the REEs, followed by a precipitation treatment with Na2SO4 to recover the REEs as double
sulphates. On the other hand, the pyro‐hydrometallurgical process, designed in collaboration with our project
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partners at the Norwegian University of Science and technology (NTNU), uses the extremely high oxygen
affinity of the REEs to separate them from Fe. By using an iron bath, all elements less noble than Fe are
oxidised and report to the slag, while Fe and the more noble elements form a metallic alloy. The produced
slags are then leached using HNO3 to extract the REEs, followed by solvent extraction with D2EPHA to extract
the REEs from the leach liquor. Finally the REEs were recovered as oxalates from the solvent extraction strip
liquor using precipitation. An overview of the proposed processes is presented in the flowsheets of Figure 1.

Figure 1: proposed flowsheets for the three processes: apatite hydro (left), WEEE hydro (centre) and WEEE pyro‐hydro (right)

Result highlights
All the developed processes successfully recover most of the REEs present in the materials. For the mine
tailings, REE extraction rates vary from 40‐50% for light REEs (Ce and La) to 75‐100% for heavy REEs (Y, Gd and
Dy), and the phosphorous recovery is above 95%. A by‐product of Ca(NO3)2 is also produced as a result of the
cooling step in the process. The light REE recovery is low due to the difficult dissolution of the monazite, which
reports to the residue. For the shredded WEEE stream, the purely hydrometallurgical process successfully
leaches 90% of the REEs after oxidation, while iron co‐dissolution is limited to less than 25%. The precipitation
process produces Fe‐free double sulphates and has a recovery of 92%. In the pyro‐hydrometallurgical process,
more than 95% of the REEs can be successfully leached from the slag with diluted HNO3, and solvent extraction
recovery is over 95%, leading to pure REE oxalates, which are calcined to pure REO.

Conclusions
The three developed processes offer a way to recover REEs from previously neglected industrial waste
streams. While still facing challenges of economic feasibility due to low REE market at this moment, they are
technically feasible and can serve as a baseline for future developments. The mine tailings represent a
substantial resource of REE and phosphorous and the developed process can serve as an excellent way to
produce heavy REEs. However, the economics of the process are still suspect, mainly due to the cost of
excavating the tailings dam, and viability will largely depend on how the phosphorous market will evolve. The
purely hydrometallurgical process for recycling the WEEE is a low cost technology to recover REEs. While this
process currently only recovers REEs it can be incorporated into a larger flowsheet to recover other valuable
elements (e.g., Cu, Ni and Zn) present in the WEEE stream as well. The main strength of this process is its
simplicity, and the main drawback is the generation of Fe(OH)3 as waste. The pyro‐hydrometallurgical process
on the other hand offers a method to recover Fe as ferrous scrap as well as REEs, but this also eliminates the
possibility of recovering other valuable elements such as copper and nickel.
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There is a growing interest in using microorganisms to extract rare earth elements from ores1,2. At an industrial
scale, the use of microorganisms for the recovery of metals from ores is predominantly limited to the recovery
of metals such as copper, cobalt, zinc, nickel and gold. Most commonly these biomining processes are carried
out on reduced minerals using well characterised acidophilic microorganisms that couple the oxidation of
sulphur compounds to the reduction of ferric iron, and releases the associated metal of interest. More
recently, research has been carried out on reversing this process for reductive dissolution of oxidised ores (e.g.
lateritic nickel ores)3. However, the approach of using these autotrophic acidophilic microorganisms for
recovery of metals is only appropriate where the target metal is predominantly associated with iron minerals.
Instead, new approaches are required for REE bioprocessing that harness some of the diverse metabolic
capabilities of microorganisms to solubilise a diverse range of minerals. This is likely to require bioprocessing
by heterotrophic microorganisms which is a far less developed process than the traditional autotrophic
bioprocessing.
To develop suitable methods for the bioprocessing of REE, a greater understanding and exploration of
microbe‐mineral interactions is required. Although REE serve no known biological function in microorganisms
(with the exception of an intriguing requirement for REE in certain enzymes involved in oxidation of methyl
compounds4) observations from the natural world and laboratory experiments have demonstrated that
bacteria can use a variety of mechanisms to solubilise REE, chelate them and selectively remove them from
solution through redox reactions, acidolysis, enzyme activity, biosorption, bioaccumulation etc. Microbial
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processes have often been observed to fractionate REE, particularly by sorption which opens the possibility
that microorganisms could be used both in the leaching and separation or recovery of REE.
As part of the SoSRARE project we are investigating microbe‐mineral interactions to identify behaviours that
could be beneficial for the processing of REE. Beginning by considering a range of REE minerals and exploring
the metabolic capabilities of microorganisms, we aim to develop new bioprocessing methods that can be used
for leaching, fractionation and separation of REE. This is likely to require an approach that is tailored to the
type of REE deposit and minerals being considered for bioleaching. As a step towards this goal we have been
isolating microbial strains from different sources (Madagascan and Chinese IACs and Turkish red muds) and
screening them for useful properties, such as the ability to change local pH, phosphate solubilisation or urease
activities. Initial experiments (presented elsewhere) have looked at microorganisms that produce large
quantities of organic acids as a means of leaching REE, but other mechanisms are likely to be beneficial in
different situations. For example, microbial acquisition of phosphates has been reported to release REE from
apatites5, siderophores (metal chelating biochemical) may be responsible for releasing REE from volcanic ash6.
These behaviours could be used to leach REE from suitable minerals.
By exploring the interactions of microbes and REE we aim to contribute to the development of
biotechnological approaches that will allow selective recovery of REE from a range of deposits.
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Phytoremediation refers to the technologies that use living plants to clean up soil, air, and water contaminated
with hazardous chemicals. It is a cost‐effective approach which takes advantage of the ability of plants to
concentrate elements and compounds from the environment and to metabolize various molecules in their
tissues. Some of them (especially some ferns) are able to extract REEs at concentrations higher than 0.1% of
dry biomass. They are called “metallophytes” or “hyperaccumulator”. Agromining (also named phytomining)
consists in developing (i) agronomic practices for these particular species (multiplication, amendments,
density, harvesting etc.) and (ii) metal recovery processes from the biomass (by hydro‐ or pyro‐metallurgy)
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(Figure 1). This specific phytoremediation technology aims at synthetizing REE compounds from little
concentrated secondary resources, like tailings, sterile heaps or industrial wastes (e.g. phosphogypsum from
phosphoric acid production or red mud from bauxite).
The first experiments of REE agromining were done with Dicranopteris dichotoma, a natural fern growing in
acidic soils in southern China (Jiangxi province), and especially in tailings of former REE mines. This plant is
known for its large accumulation capacity of REES (to 0.35%) but also of silicon (3.53) aluminum (1) and
manganese (0.12). The mains elements found are lanthanum, neodymium, cerium and praseodymium at 0.14,
0.07, 0.05 and 0.02 % respectively. Two different approaches were designed to recover these elements from
this new starting material which is made up of organic matter: (i) a combustion step following by an acidic
leaching of ashes and (ii) a direct extraction with a purification of the extract by selective precipitation or by
ionic exchange.
For the first part, results showed that the organic matter is easily removed during combustion under oxygen.
But the residue is almost totally amorphous and is very difficult to digest in strong acid conditions. This
indicates that the high content of silicon in ashes (50%) give a silica glass trapping the REEs. For the second
part, different extracting agents were tested, chosen among very common complexing molecules (e.g. EDTA)
or natural metabolites identified into the plant (e.g. citrate, glutamate). EDTA shows a very good ability of
transferring REEs in the aqueous phase, with a yield higher than 80%. Different options are considered to
isolate the targeted elements from the others found in solution (mainly calcium, potassium, magnesium,
phosphorus and aluminum), like a selective precipitation with oxalic acid or a selective adsorption with a
cationic resin. Precipitation equilibria are currently modelled, and breakthrough curves are recorded.

Figure 1 ‐ Agromining of REEs: from secondary resources to commercial compounds

This work is made in the context of the agromining development for other metals in Europe and especially for
nickel. The goal is to propose in the short term a sustainable process for REE recovery from secondary
resources thanks to the hyperaccumulating plants.
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Phosphate minerals, such as apatite, are one of the main sources for the production of fertilizer and
phosphoric acid. These minerals are also considered as a secondary source for rare earth elements (REEs)
extraction1. After processing of iron ore in Kiruna and Malmberget in northern Sweden, an apatite concentrate
containing 0.5 % by mass of rare earth elements and 37 % by mass P2O5 is obtained. The nitrophosphate
process of fertilizer production is a viable alternative to recover both the phosphorous and the REEs from the
apatite concentrate2. In the nitrophosphate process of fertilizer production the apatite is first digested in nitric
acid and then Ca(NO3)2.4H2O is separated by cooling crystallization. Thereafter the REEs can be recovered by
precipitation with ammonia. Based on the precipitation conditions, the obtained rare earth phosphate
concentrate consists of 7–15% total REEs, 10–16% phosphorus, 4–10% calcium and 1–10% iron3. The dominant
phases in the REE concentrate are CaHPO4.2H2O, Ca5(PO4)3OH, REEPO4.nH2O, and FePO4.2H2O3.
The present work concerns a method to further purify the REE concentrate and to obtain the REEs in a liquid
phase suitable for further processing. In the proposed process (Figure 1), the REE concentrate is thermally
treated with NaOH at 400 ˚C (reaction 1). It has been shown previously that the REE phosphates (monazite
mineral) are converted to hydroxide by thermal treatment with NaOH 4.

4 CaHPO4 + REEPO4 + 15NaOH

REE(OH)3 + 4 Ca(OH)2 + 5 Na3PO4 + 4 H2O (1)

Figure 1: Process flow‐sheet for dephosphorization and impurity removal of the REE phosphate concentrate

The solid phase remaining after the roasting step is washed with water in order to separate sodium
phosphate, which is a valuable compound to be used as fertilizer. It was verified by XRD that the solid phase
remaining after washing mostly consist of rare earth (III) hydroxide, calcium hydroxide and iron(III) oxide. By
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selective dissolution of impurities from the solid phase followed by a selective dissolution of the REEs from the
remaining solid phase a liquid phase suitable for separation of the individual REE is obtained.
After thermal treatment with NaOH 1:1 mass ratio at 400 ˚C, 95% of total phosphorous initially present in the
REE phosphate concentrate is removed. Selective dissolution of the rare earth hydroxide concentrate in nitric
acid at a pH of 3 demonstrated the possibility to obtain a solution with about 4 g/l REEs. 70% of the total
dissolved REEs were heavy REEs.
Acknowledgments: The authors would like to acknowledge the Swedish Foundation for Strategic Research
(SSF) for funding this work.
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Introduction
Many wastewaters contain rare earth elements (REEs) and other valuable metals in such low concentrations
that conventional processing is not feasible any more [1]. Due to the broaden use and laborious mining of the
REEs our work aims to use selective biosorption abilities of photoautotrophic species to bind REEs [2] from
highly diluted aqueous solutions (Figure 1). In order to facilitate recovery of REEs from unconventional
sources, aqueous solutions such as seepage, mining, drainage waters or electrical waste after decomposition
[3] can be taken into consideration in the project. Photoautotrophic species i.e. microalgae or mosses can be
cultivated in so called photobioreactors and need only light, carbon dioxide and elementary aqueous media for
their growth, that makes utilizing of their biomass as adsorber material very feasible and sustainable.

Experiments and Results
In a first step a screening of 33 biological species, consisting of 29 microalgae, one yeast species, one diatom,
one moss and the exoskeleton of a coccolithophore was performed in regard to their biosorption abilities for
neodymium (Nd) and europium (Eu) on the lyophilized biomass. Maximum sorption capacity (qm) of the
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examined species was determined after incubation with Nd3+/Eu3+‐solution for 3 h at room temperature,
centrifugation, removal of the biomass and quantification of the remaining REE‐ions in the supernatant via a
spectrophotometric assay. The obtained qm values ranged from 0.05 mmol Nd*g‐1 (Nostoc commune) up to
0.75 mmol Nd*g‐1 (Physcomitrella patens) and from not detectable Eu amounts (e.g. Chlamydomonas
reinhardtii, Chlorella kessleri, Chlorella sorokiniana) up to 0.48 mmol Eu*g‐1 (P. patens) [4]. Next, the influence
of various pH‐values on the sorption capacity of selected species was tested. Adsorption isotherms registered
for P. patens and Calothrix brevissima showed very effective sorption at low Nd‐concentrations further
confirming the applicability of the desired biosorption to highly diluted solutions.

Figure 1. Highly diluted REE solutions are purged through a metal adsorbing column containing immobilised bioadsorber material. In a
second step, REE can be desorbed from the column or the biomaterial has to be combusted to reach REE‐oxides.

In addition, a selective sorption behavior regarding Nd and Eu in presence of Ni and Cu could be identified for
P. patens, C. kessleri and C. brevissima, where only Pb and Fe provided competing perturbances. Finally,
dynamic experiments with a metal binding column were performed, where the lyophilized biomass was
immobilized in the cartridge utilizing white quartz. This very simple first approach towards a continuous metal
binding process showed sorption capacities at breakthrough point of up to 0.18 mmol Nd*g‐1 for P. patens and
recovery rates of REEs from model samples of up to 81 % indicating high potential of the investigated process
for recovery of target metals from wastewaters.
Acknowlegment: This work was financially supported by the Bavarian State Ministry of the Environment and
Consumer Protection (StMUV), grant number BAF01SoFo‐66947.
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Introduction
Acid mine drainage (AMD) poses severe environmental pollution problems due to its high acidity and toxic
metals contents. There are two major categories of AMD treatment options to clean‐up AMD, namely active
and passive. The active treatment methods include the direct and dosed application of alkaline chemicals
(Ca(OH)2, CaO, Na2CO3, CaCO3) to neutralize acidity and precipitate metals. Many passive treatment methods
consist of a permeable barrier of an alkaline reactive (CaCO3, MgO) included in the AMD natural flux1,2. As
water flows through it, the reactive dissolves, increases the alkalinity of water and metals precipitate. Both
active and passive remediation systems leave behind high amount of sludge which has to be managed.
REE and Yttrium (REY) contents reported in acid mine waters consistently show a range between 4 and 80
µmol/L, several orders of magnitude above the median of natural waters. From the observations on REE
behaviour in rivers, it is expectable that an increase in pH above 5.5 will lead to the removal of REE form
solution3.
The purpose of the present work was to study the behaviour of REY in a passive treatment of AMD: (1)
determining how much was removed from the solution; and (2) identifying the solid phases accounting for REY
retention. To this end, AMD from a mine gallery (rock leaching) was treated with calcite column over 30
weeks. Both the pore‐water and solid phases were analysed.

Results and discussion
Three main zones were visually distinguished in the column at the end of the treatment. From the input
downstream, these zones are as follows: a red zone characterized by schwertmannite precipitation, a white
zone characterized by basaluminite formation, and a grey zone consisting of gypsum and unreacted calcite
remaining from the original reagent (Fig. 1A).
REY were removed below detection limits (Fig. 1B) in the calcite column. The first REY decrease coincided with
the Al precipitation front, at pH close to 5.5. Thus, approximately 35% of the REY were captured by the Al rich
solid phase. Then, a second depletion occurred along the transit through the unreacted calcite section of the
column: 15%. A third drastic removal of REY occurred in the decantation vessel: 40%. Among the other trace
elements analysed, only Cu showed a removal pattern very similar to that REY (Fig. 1B).
In the solid phase, analysed via sequential extraction, Fe was mainly found in low crystalline and crystalline
oxides. Aluminium was extracted in dissolution at pH 4.5 and 3. REY and Cu match the Al zone and were also
present in the lower part of the calcite column and in the decantation vessel, where Al is absent, suggesting
that a mechanism of REY retention other than basaluminite precipitation was occurring. REY seemed to be
sorbed into basaluminite as can be seen by SEM‐EDS observations (Figure 2A), where gypsum and an Al‐
hydroxysulfate appear to be closely precipitated around calcite grains. The high correlation of REY and Al in
these Al zones supports this hypothesis. In contrast to the basaluminite samples, samples from the end of the
calcite columns and decantation vessels showed no correlation between REY and Al. Indeed, DRX and SEM‐EDS
observations showed the precipitation of gypsum and spherical aggregates and plates of REE−Ca‐bearing
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phase (fluorite?) were also observed together with bechererite in samples from the end of the calcite column
and the decantation vessel (Fig. 2B, C, D).

Figure 1: A) Zonation of the column at the end of the experiment. B) Depth profiles of pH and dissolved concentrations of the column.
The numbers in the horizontal axes indicate the depth with respect to the calcite column water−solid interface and D1 is the
decantation vessel. The fractions in the vertical axes indicate the concentrations normalized to the inflow water.

Figure 2: Scanning Electron Microscope observation of precipitates from the calcite column: A) basaluminite aggregate; B) bechererite,
(Zn,Cu)6Zn2(OH)13[(Si,S)(O,OH)4]2 aggregates of monoclinic crystals together with fluorite spheres on gypsum; C) detail of a fluorite
spherical aggregate; D) crystals of gypsum (g), massive precipitate of bechererite (b), fluorite (white inclusions, f) and epsomite (e) from
the decantation vessel.
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Laboratory column experiments indicate two important features: 1) No REY partition between AMD and the
Fe(III)‐precipitates (schwertmannite and goethite) occurs. This means that REY is not partially loosed during
the AMD transit in streams or pre‐treatments steps, and all dissolved inventory reaches the remediation
system. 2) REY can be completely retained in the basaluminite layer and the decantation residues of the
calcite‐DAS passive remediation systems. Therefore, REY content from AMD can be entirely recovered
Acknowledgements: The work has been funded by the CGL2013‐48460‐C2, CTM2014‐61221‐JIN, LIFE‐ETAD
ENV/ES/000250 and ERAMIN_ PCIN‐2015‐256 projects.
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Introduction
Igneous apatite minerals which are industrially utilized for manufacturing phosphate fertilizers represent a
potential secondary source of rare earth metals. The rare earth metal (REM) content of apatites vary between
0.5‐1 % as oxides. In the concurrent phosphate fertilizer manufacturing process, even 85 % of this critical
metals content will end up in the phosphogypsum (PG) side product. In uranium production, in‐situ leaching
(ISL) with its relatively low cost has become an important technology. As the orebody containing uranium most
often contains considerable value of other metals, particularly rare earth metals it has rendered feasible to
recover the REM from the barren ISL lixiviant solutions, from which the major uranium content has been
removed.
Ural Federal University (UrFU) and VTT have performed joint research on development of industrial
technologies for the extraction of REM and Scandium compounds from phosphogypsum and Uranium ISL
leachate solutions.

Results
Recovering REE from PG
So far economical means of recovering REE from apatite or PG has not been found. Novel active extraction or
ion exchange methods have been recently examined by partners. Sorption and extraction are currently the
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most promising methods for extracting REEs from dilute solutions, since they have a high‐performance, and a
simple hardware design and are selective and well suitable for construction of closed circulation. REE from
phosphogypsum have been recovered by counter current acidic sorption leaching as described in figure 1.
With sulfuric acid leaching and commercial cationites as sorbents extraction efficiency of 60‐65 % has been
gained. The respective minipilot has been operated continuously to process a batch of 45 tonnes PG. The REE
concentrate obtained was ca 100kg’s with 48‐54 % of rare earth elements.
With this treatment, a recovery rate of 75‐80 % of REE as Ce2O3 and light and heavy REM carbonate
concentrates has been achieved with purity exceeding 99 % when up to 50 kg’s of original REE concentrate
solution has been treated.

Recovering REE and Sc from uranium ISL solutions
Uranium underground leaching is carried out by sulfuric acid solutions. Presence of large amounts of ferric and
aluminum ions in uranium sulfate solutions constitute the most serious problem for separating REEs by the ion
exchange. Similar chemical features of REEs, ferric and aluminum ions result in the difficulty of choosing
optimal conditions for their separation by ion exchange. In a series of experiments on the extraction of REE
from uranium in‐situ‐leaching solutions concentrates were obtained as REE carbonates containing 50‐55% (98‐
99% of oxides). The content of all impurities was not more than 1%. According to the results of the first
experiment was prepared concentrate containing 30‐40% Sc. The average specific activity in the concentrates
was 1000‐1500 Bq/kg.
sorption leaching of phosphogypsum
IE Resin
Filtering pulp

milling
(mechanical
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phosphogypsum for
the production of
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precipitation of the
rare earth elements
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( REE  50%)
Ce2O3  99%

Extraction of
cerium

REO light  99%

Extraction of light
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REO heavy  99%

Extraction of heavy REE
group
Figure 1. The technological scheme of countercurrent REE recovery from PG

REE extraction process model
A process model of the rare earth elements (REE) fractionation process was developed, see Figure 2. Model is
divided in two parts: i) Adsorption‐desorption where the respective phenomena are modelled based on the
reaction equations, and ii) Precipitation where the equilibrium chemistry of aqueous water solution is
modelled by applying Pitzer model. The applied tools for modelling are Balas [1] for the mass and energy
balance and ChemSheet/ChemApp [2] for the thermodynamic calculations.
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Adsorption‐desorption model is based on the experimental measurements. Precipitation model is
parametrized based on the chemical feeds and pH values of the process. The model itself is able to predict the
Fe‐Al‐Sc precipitation and recovering La and Eu at the final stage.

Figure 2: Fractionation of REE from solution. Adsorption‐desorption model is based on the reaction equations and Precipitation model
is based on the aqueous Pitzer model.

Conclusions
The inorganic waste heaps being compiled in large volumes in the metallurgical and fertiliser industries
provide both environmental challenge in their storage and a potential urban mine having the “concentrate”
already in a ready processed form for recycling their contents. Thus in environmentally conscious world
striving for available sources of precious and critical metals the waste stacks appear as a rewarding target. The
objective is to find means to reduce or remove the environmental footprint of problem waste storage and to
find technically and economically viable means to recover their value‐added contents. Uranium ISL solutions
and phosphogypsum are among the foremost examples of such utilisation.
For the phosphogypsum processing, the PG treatment by countercurrent absorption allows the recovery of
valuable rare earth metals. he absorption technique is attested robust, combining the best practices of
modern resin‐in‐leach and conventional selective precipitation techniques. The operated minipilot appears as
‘proof‐of‐concept’ while giving fractionated REE concentrates. The economic operation of the rather complex
process will depend of demand and price levels of rare earth applications. Yet, with their wide range of
established uses in new energy techniques, mobile electronics, lasers, lighting and photonics, power
transmission etc. the global demand most likely will but increase.
Both Uranium ISL solutions and PG treatments rely mostly on unit processes, whose technical feasibility has
been proven in many applications before. Thus, with appropriate references gained in the ongoing research,
the concepts can also be copied to treat the multiple similar sources around the globe.
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Introduction
This research was executed in order to obtain rare‐earth metals from technogenic raw materials such as:
‐ luminophor waste, accumulated as a result of country’s industry modernization;
‐ phosphogypum, after production of mineral fertilizers from apatite.
The research was executed in scientific institution “GIREDMET” which has longstanding experience in
development and realization of technologies in Russia’s metallurgic industry. Among successful achievements
– integration of chloride technology of loparite and zirconium concentrates dissection; obtainment of high‐
purity rare and rare‐earth compositions (> 99,999 %); obtainment of nanoscale oxides of rare‐earth metals
(from 10 nm); development of unique extraction technology of platinum metals affinage. High skill of our
scientific staff enabled to realize unique solutions in order to extract rare‐earth elements from
phosphogypsum and luminophor waste with receiving: high‐purity individual oxides of yttrium, europium,
cerium, including in nanoscale size; as well as rare‐earth concentrates, polishing materials based on cerium,
unique rare‐earth compositions of required quality.

Experimental
As starting raw material In order to get yttrium and europium is we explored luminophores waste based on
zinc sulphide. The composition is given in table 1.
Table 1 – Composition of technogenic raw material – luminophores waste

%

Zn

S

Y

Cd

Fe

Eu

Al

P

Ca

Si

Mg

Cr

Co

46,6

20,1

14,15

1,5

0,95

0,65

0,55

0,4

0,4

0,3

0,2

0,2

0,06

We developed two technological decisions of raw materials procession (figure 1).
-

The first one, figure 1 (1), allows to get products: technical zinc and separated Y2O3 and Eu2O3, as well as
in nanoscale quantity (20‐100 nm) by methods: 1) сhlorination on the stage of raw material dissection; 2)
extraction oleic acid in order to get separated oxides of Y and Eu.

‐ The second one, figure 1 (2 ), metallothermic technology based on yttrium and europium separation, due to
formation of metal alloy of yttrium and slag, containing europium because of restoration temperature
difference.
Also we developed methods of rare‐earth elements extraction from phosphogypsum waste, which contains
0,4‐0,5% REE, based on cerium (apr. 50%), by methods of sorption concentrating of REE (extraction > 80%) and
selective precipitation (extraction apr.60%). We developed unique technology of cerium extraction from group
REE concentrate by extracting and electrochemical methods. The method allows to separate REE procession
scheme more than 95% cerium by effective easily automated method. From group concentrate extracted from
phosphogypsum using this scheme obtained:
‐ REM concentrates for separation;
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‐ polishing powders based on cerium;
‐ Ce oxides of demanded quality (purity, size of the particles from nm to mkm).
(1)

(2)

Figure 1: Technological schemes of luminophores waste procession: (1) chlorine‐extraction; (2) metal thermic

Сonclusions
Developed the technology for production of REE from technogenic raw material with application of methods
of chlorination, metallothermy, electrochemical oxidation and extraction separation.
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Introduction
Rare earth elements (REEs) present a wide range of properties and applications in modern technology. Due to
thorium co‐existence in their main ores, attention has been drown to exploitation of alternative resources
such as apatite, bauxite, red mud, phosphates, mine tailings, etc. Red mud (RM), the byproduct of alumina’s
production from bauxites by Bayer process, is a material produced in huge quantities up to 750.000 tons/year
from Aluminum of Greece (AoG) with a content of ~1kg REEs/ton RM, including about 190 g scandium
oxide/ton RM. A novel integrated procedure for the selective separation of REEs has been performed based on
an over 20 years of experience 1, 2. In this study leaching experiments aiming to the selective recovery of REEs
were conducted and co‐evaluated with previous research in order to optimize the process.
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Results and Discussion
Different acids such as HCl, HNO3, aqua regia and H2SO4 were tested as leaching solutions. The extraction yield
of REEs varied from 30% to 90% depending on the element, the conditions and the acids used. The effect of
several variables on the leaching efficiency was thoroughly investigated by determining representative REEs,
as La (for light REEs), Yb (for heavy REEs), Y and Sc. Iron recovery was also tested. Percent recoveries for
selected acids concentration as well as liquid to solid ratios are presented in Table 1. As it resulted, using aqua
regia and HCl as leaching agents the high recoveries of REEs were associated with an increased dissolution of
iron, rising up to 16 and 12% respectively. Sulfuric acid, although more environmentally friendly, revealed
lower yield of REEs. Nitric acid was considered as the most suitable agent combining high recovery of REEs
(80% for Sc) with low amount of Fe (up to 4%).
Liquid to solid ratio was proved quite important since it affected the % recovery but also the concentration of
the final leachate solution. Acid concentration was tested within a wide range for all acids . Final pH of the
leachate solution seems to be the decisive parameter even when using different acid concentration and L/S
ratio. Final pH value has to fall within the range of 0 to 0.5 in order to obtain high % recoveries. The results
presented, refer to tests conducted in ambient conditions for 60 min. Higher temperature, longer reaction
time and different agitation modes showed no significant improvement.
The whole process was also scaled up to a pilot plant using HNO3 as leaching agent, with comparable results 3, 4
. Subsequent leaching stages applied on large scale using HNO3, improved the recovery resulting to more
concentrated leachate solutions. Sc showed the highest increment of 50% additional recovery after two
leaching stages. Comparing the results achieved during the over 20 year ongoing investigation it was
concluded that the initial composition of red mud had a crucial impact on REEs recovery, which depends not
only on the Bayer process but even more on the bauxite deposit used as raw material. Nitric acid leaching
process led to higher recovery when applied on RM samples produced prior to 1991 when the raw bauxite was
originated from the 3rd bauxitic horizon of the Parnassos‐Giona mountains without any addition of tropic
bauxite.
Table 1: Recovery of iron and REEs for different acids concentration and liquid to solid ratio. Reaction time 60 min, ambient conditions,
lab scale

Acid

Liquid /Solid

Concentration(M)

% recovery
La

Yb

Y

Sc

Fe

HNO3

10

0.5

22

44

64

43

3

HNO3

50

0.5

34

67

88

78

3

HNO3

50

1.5

32

72

88

79

4

HCl

10

0.5

17

29

25

40

10

HCl

50

0.5

37

57

80

68

11

HCl

50

1.5

46

54

75

77

12

H2SO4

50

0.5

32

52

77

55

3

aqua regia

3

N/A

68

74

68

79

16
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Introduction
The world economy is confronted with an increasing supply risk of critical raw materials (CRMs). These are
defined as materials with high supply risk and above average economic importance compared to other raw
materials [1]. Rare earth elements (REEs) have received considerable attention in the past years, partly as a
result of the dramatic REE price surge when China – producing more than 95% of the annual world supply of
REEs – had introduced tight export quota for REEs, because of the domestic demands [2]. Though in 2011 the
quotas and the export tariffs were eliminated, prices are still above pre‐2011 values [3]. The supply risk can be
reduced, if so far untapped sources (primary, secondary) can be exploited in the future. One such untapped
secondary source for CRMs is so called red mud. Red muds are the residues generated from alumina
production where bauxite is digested in hot sodium hydroxide solution by the Bayer process. Currently, an
estimated 2.7 billion tons worldwide is produced every year, and is expected to increase by approximately 120
million tons per annum [4]. Alternative uses for red mud have so far not found an industrial application
besides use in cement and ceramic production. Red mud can contain considerate amounts of CRMs and
further raw materials with high relative economic importance. Extraction of such metals from red mud can be
economically feasible [5]. However, a detailed inventory of economic value in red muds of different origin
does not exist so far. This research, therefore, discusses the possibilities to recover economically interesting
elements from Hungarian red mud.

Materials and Methods
Here, for the first time exhaustive inventory of valuable elements (CRMs including REEs) in Hungarian red
muds was created using both X‐ray fluorescence spectroscopy (XRF) as well as microwave assisted aqua regia
digestion with subsequent Inductively Coupled Plasma‐Mass Spectrometry (ICP‐MS) analysis. Next, a number
of conventional extracting agents (H2SO4, HCl, HNO3) were evaluated for their REE recovery potential. Small
molecular weight organic acids (citric acid, oxalic acid) were benchmarked to evaluate the potential of
heterotrophic bioleaching as green alternative to chemical leaching [1]. Also, the optimal extraction conditions
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maximizing the overall economic potential of minor metals (and not mere metal concentrations of a limited
number of elements) were determined using a design of experiment approach. Finally, a 2 step downstream
purification (precipitation + LLE) of CRM (in particular REEs) from red mud hydrochloric acid leachates was
developed. After initial evaluation of LLE efficiencies using four explanatory variables (i.e. LLE organic/aqueous
ratio; D2EHPA concentration, stripping organic/aqueous ratio, HCl concentration) the optimal extraction
conditions maximizing the economic potential of CRMs were determined using a design of experiment
approach. The accuracy of design of experiment predictions was verified by laboratory tests.

Results
Comparing different acids, hydrochloric acid (HCl) yielded the highest REEs efficiency (Table 1) [6].
Table 1 Extraction efficiencies for HCl, H2SO4, HNO3, C6H8O7 and H2C2O4 at a normality = 2; 24h; 60°C and 100 g L‐1 slurry concentration.

Aqua regia
Element

accessible
[mg kg‐1]

H2SO4

HCl
‐1

‐1

C6H8O7

HNO3
‐1

‐1

H2C2O4

[mg kg ]

[mg kg ]

[mg kg ]

[mg kg ]

[mg kg‐1]

Al

56401

47508

47453

51541

45230

5054

Cr

646

73

61

64

74

204

Fe

214175

6529

4130

2502

6083

4389

Co

60

19

15

15

17

39

Ga

27

12

9

11

8

16

In

1

0

0

0

0

0

Total REEs

1082

475

289

367

372

2

Increasing HCl concentrations from 0.5 to 6 M led to considerably increased extraction efficiencies of REEs.
The best results regarding contact time were achieved at 3 hours. Significant (p<0.05) differences in the
extraction efficiencies were observed between 22 °C, 50 °C and 60 °C for REEs. A slight but significant (p<0.05)
decrease was detectable at increasing slurry concentration from 10 to 100 g L‐1 for REEs. Regarding
downstream processing, we could show efficient separation of Fe by pH induced precipitation and removal of
Al with the raffinate during subsequent LLE. Ultimately, more than > 40% of the overall REEs (> 62% of the
leachable REEs) in red mud could be purified using LLE, whereas Al + Fe were successfully rejected from the
concentrate (~5% of the overall Al and 7% of the overall Fe present).
Acknowledgements: The support of the Scientific Exchange Programme between Switzerland and the New
Member States of the EU (Sciex‐NMSch 11.044), TÁMOP 4.2.1/B‐09/1/KMR‐2010‐0002 BME R+D+I and the EC
(SCALE, 730105) is acknowledged.

References
1.

T. Hennebel, N. Boon, S. Maes and M. Lenz, “Biotechnologies for critical raw materials recovery from primary and secondary
sources: R&D priorities and future perspectives“, New Biotechnol., 32 (1) 121–127 (2015).

2.

K. Binnemans, P.T. Jones, B. Blanpain, T. Van Gerven and Y. Pontikes, “Towards zero‐waste valorisation of rare‐earth‐

3.

A. Rollat, D. Guyonnet, M. Planchon and J. Tuduri, “Prospective analysis of the flows of certain rare earths in Europe at the 2020

4.

G. Power, M. Gräfe and C. Klauber, “Bauxite residue issues: I. Current management, disposal and storage practices“,

5.

Y. Qu and B. Lian, “Bioleaching of rare earth and radioactive elements from red mud using Penicillium tricolor RM‐10“,

containing industrial process residues: a critical review“, J. Clean. Prod., 99 17–38 (2015).
horizon“, Waste Manag., doi: 10.1016/j.wasman.2016.01.011. (2016).
Hydrometallurgy, 108 (1–2) 33–45 (2011).
Bioresour. Technol., 136 16–23 (2013).

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

185

6.

É. Ujaczki, Y.S. Zimmermann, C.A. Gasser, M. Molnár, V. Feigl and M. Lenz, “Red mud as secondary source for critical raw
materials. Part A: Extraction“, J. Haz. Mat., (2016a).

IONOMETALLURGY APPLIED ON LOW GRADE EUROPEAN REE RESOURCES.
CASE STUDY OF LEACHING BAUXITE RESIDUE FROM GREECE AND RÖDBERG
ORE FROM NORWAY WITH THE IONIC LIQUID HBETTF2N
Panagiotis DAVRIS1, Danai MARINOS1, Efthymios BALOMENOS1‐2, Alexandra ALEXANDRI1, Maria
GREGOU1, Dimitrios PANIAS1 and Ioannis PASPALIARIS1
1

School of Mining and Metallurgical Engineering, NTUA, 15780 Zografou, Greece

2 Aluminium

of Greece, Ag. Nikolaos Plant, Viotia, Greece

panosdavris@metal.ntua.gr, thymis@metal.ntua.gr

Mineral processing with ionic liquids (Ionometallurgy), is growing in interest on treating low grade metal
resources. Ionic liquids (IL’s) are versatile solvents consisting solely of ions that can be used as alternatives in
the field of hydrometallurgy. In this study a leaching strategy applied based on the special properties of the
functionalized ionic liquid betainium bis(trifluoromethylsulfonyl)‐imide (HbetTf2N).
The main approach upon leaching focused on:
•

Selectively dissolving REE from low grade resources.

•

Extracting metals from the generated ionic liquid pregnant solution.

•

Producing an acidic solution for further purification.

•

Recycling the IL for reuse.

In this paper benefits and drawbacks are addressed on applying this leaching strategy on low grade European
REE resources such as Bauxite residue and Rödberg ore.

Bauxite residue (BR), is the major solid waste generated from the alumina production through the universally
applied Bayer process. Investigations by NTUA have shown that Greek BR (originating mainly from Greek
bauxites) contains 0.14% of rare earth oxides (REO) whereas the base elements present are mainly Fe, Al, Ca,
Si and Ti.
Furthermore Rodberg ore is a European REE deposit from the Fen carbonatite complex located in south
Norway. It is comprised by hematite‐calcite‐dolomite minerals. REEs of Rodberg ore are found in synchesite‐
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parisite minerals of the bastnäsite group and low‐thorium monazite minerals. NTUA measurements on
Rodberg indicate a 1.04 % REO mainly as La, Ce and Nd.
Neither the Greek BR nor the Rodberg ore can be treated with available mineral beneficiation technologies to
produce REE concentrates. Extracting the REE from these low grade resources requires therefore innovative
technologies.
Ionometallurgical route for extracting REE from low REE grade resources:
Selectivity in leaching, especially against the major elements such as Fe‐Al‐Si and Ti is crucial for producing a
pregnant liquid solutions (PLS) stream from which REE and Sc can be economically extracted with established
solvent extraction or ion‐exchange technologies. To achieve selectivity and high metal recoveries upon
leaching, a new treatment is proposed by leaching BR and Rödberg directly with the ionic liquid HbetTf2N.
REE recoveries from BR reach up to 70% selectively against Fe, Ti and Si and moderate recovery of Al.
Scandium appear to have different leaching behaviour from the other REE whereas Ca and Na almost totally
dissolved.
REE recoveries from Rodberg ore reach up to 60‐100% selective against Fe and Si but high dissolution yields
obtained for Ca and Mg resulting to almost total dissolution of calcite and dolomite.
After filtration of the pulp the HbetTf2N leachates are stripped with HCl in order to extract metals dissolved
into IL and regenerate the ionic liquid for reuse. During stripping the REE concentration is more than doubled
in the final aqueous solution for further purification.
Conclusions:
HbetTf2N special properties enable the selective dissolution of REE against metals such as Fe, Al, Ti and Si
whereas the subsequent stripping of REE with an acidic medium result to an upgraded solution for further
treatment. This leaching approach has be applied in two low grade REE resources: a metallurgical by product
and an enriched REE ore. A conceptual flowsheet treatment with this innovative ionic liquid is proposed.
Regeneration of the IL with an acidic medium produce an enhanced REE solution for further purification
whereas further characterization of the produced leaching residues is addressed. Through the unique
properties of the functionalized ionic liquid HbetTf2N, a new REE selective extraction process is developed on
treating low grade secondary REE resources producing less acidic wastes and recycling of the leaching agent.
Acknowledgements: This work was carried out within the frame of EURARE (The European project contract
309373). The authors acknowledge the financial support given to this project by the European Commission
under the Seven Framework Programme for Research and Development
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Introduction
The exploitation of Bauxite Residue (BR) of Aluminium industry as a resource for production of Rare Earth
Elements (REEs), with main focus on Scandium (Sc), seems to emerge as a well promising perspective for a
new symbiotic era in the metallurgical processes. Within the European Union (EU) context, this concept is fully
aligned with the EU’s target for sustainable access to critical raw materials as being of high importance for
economy, competitiveness and the environmental protection.
BR, either as alkaline wet red mud, or as dried ferroalumina, has to be treated with a leaching process of
enhanced selectivity for REEs and of the lower possible yield for the main elements. The liquid leachate
product of this process is led to other advanced extraction methods that could enhance their concentration
from ppm level to higher percentages.
This work presents the investigation of design aspects for an acidic selective leaching process, which is based
on sulphuric acid as leaching agent and it is focused on Sc, because it is the far most valuable trace element of
BR and the maximization of its specific recovery (mg Sc/ L of used acid) has been proven to be critical for the
process [1]. Simultaneously, the experimental investigation aimed at the lower possible iron (Fe) leaching
yields, as long as it is the most abundant cationic element in most of BRs, and especially in examined Greek BR
(Aluminium of Greece S.A.), in such an extent that imposes complications to the following enrichment stages.
Furthermore, this process preserves the bulk quantity of BR metallic content in precipitated solids and
therefore it allows its further metallurgical exploitation.

Design Aspects
The design aspects that have been investigated are analyzed as follows: (i) The selection of process parameters
that are considered to affect Sc recovery, (ii) The kinetic investigation for different acid concentrations, (iii) The
impact of Liquid to Solids ratio to the Sc leaching yield and its interpretation in the context of chemical
reaction engineering, (iv) The experimental verification of the upper limits of Sc specific recovery with
recycling of the leachate in the leaching chemical reactor, and (v) The development of a unified mathematical
expression for the Sc leaching yield.
The laboratory experimental investigation of Sc leaching yield with H2SO4 solutions has proven significant
impact from: (i) Acid feed concentration and the consequently dependent pH value of leachate, (ii) Mixing
residence time, if it is lower than 1 hour, and (iii) Liquid to Solids ratio (L/S) in the leaching reactor. However,
temperature variation, different agitation modes and selected particle size fractions did not show any
significant variation within the investigated range.
The kinetic interpretation of Sc yield data ‐ that were acquired with the use of 12 different acid concentrations
and of 5 different mixing times (≤1h) ‐ showed that a first order kinetic approach is valid with sufficient
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accuracy. The first order kinetic behavior is in accordance with the general thin film diffusion mechanism ([2],
eq.(2)).
The impact of L/S to the Sc leaching yield was also experimentally investigated, while the interpretation of
these data was based on an already proposed mechanism from the field of chemical reaction engineering ([2],
eq. (3),(4) and (5)), which combines: (i) The standard mass transfer rate for diffusion of substances (metallic
elements) from solid particles to bulk volume of a liquid solvent (i.e., thin film diffusion pattern), and (ii )The
un‐reacted shrinking core model that is commonly valid in solid particles chemical reactions, with
approximately constant external surface area.
The theoretical maximum possible concentration of Sc in the leachate (ppm), for a given Sc concentration in
the BR, is a model parameter and a significant process limit, which is estimated by an optimization algorithm
to fit to experimental data.
The experimental verification of model predictions, when Sc specific recovery approaches its limits, was
implemented by the means of leachate recycling onto fresh BR. These data allowed the further model tuning
and led to the development of a unified equation for Sc leaching yield, which shows a quite sufficient
predictability level for processing of a raw material (BR) with broadly variable Sc composition.
Acknowledgment: The research leading to these results has been performed within the SCALE project and
received funding from the European Community's Horizon 2020 Programme (H2020/2014‐2020), under Grant
Agreement No. 730105. The authors, also, gratefully acknowledge the company II‐VI Incorporated for the
fruitful collaboration and cooperation in the context of SCALE, as well as in a previous joint project [1].
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Introduction
Scandium (Sc) is enriched in some bauxites of karst type1,2 compared to its crustal average concentration (13.6
mg/kg)3. The Bayer process uses bauxite as raw material for alumina production and discards bauxite residue
(BR) as a by‐product, in which insoluble compounds are roughly doubled compared to their original
concentrations. Sc is also enriched into BR and can be extracted from it4. Sc has been estimated to comprise
over 95% of the commercial value of BR5.
Our aim is to clarify the fate of Sc during the entire flowsheet of Bayer process, to understand its distribution
behaviour between products and by‐products and mineralogical nature before and after the process. The
present work will build upon and develop the understanding of Sc distribution previously explained by
Derevyankin et al6.

Materials and methods
The present study was performed on the example of Aluminium of Greece. Feed bauxites, BR and calcined
alumina as well as other minor by‐products were analysed for Sc concentrations and combined with mass flow
data. Bulk and in‐situ analysis using inductively coupled plasma mass spectrometry (ICP‐MS), former coupled
with laser ablation unit (LA‐ICP‐MS), X‐ray diffraction (XRD) and scanning electron microscopy coupled with
energy dispersive X‐ray spectroscopy (SEM‐EDS) were performed.

Modes of Sc occurrences in bauxite and BR
In Greek bauxites of Parnassos‐Ghiona unit horizon B3, Sc was found in the composition of zircons with
concentrations up to 1 wt%. Zircon grains exhibit a zonation with higher Sc concentrations that correlate
positively to the distribution of calcium and they also contain hafnium and uranium. Similar zircons have been
identified in the bauxites of Southern Apennines, Italy7. Sc‐bearing zircons were also documented to be
present in BR.
Iron‐rich clusters (>90% FeO) of Parnassos‐Ghiona bauxite were shown to be enriched in Sc based on in‐situ
LA‐ICP‐MS measurements. Iron appears in trivalent form either as goethite (3 – 4.5%) or haematite (17%) in
the studied Greek bauxite samples. Sc concentrations of 146 – 215 mg/kg were identified in iron‐rich areas
compared to bauxite matrix areas containing 46 – 64 mg/kg Sc. Aluminium oxide rich areas were depleted in
Sc (10 – 23 mg/kg). This observation represents the close relation of Sc with iron oxide phases. Sc could either
substitute Fe3+ in iron oxide phases or be absorbed on the surface of these mineral phases8. As iron oxides are
insoluble in the Bayer process, a similar form of Sc occurrence is expected in BR.
Previous authors have proposed that in bauxites, Sc should occur in titanium oxide phases2,6. The present
study proposes that Sc could be found in perovskite, based on analysis performed on BR and the scale built up
on the autoclaves in the Bayer process.
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Sc is dispersed between several mineral phases. Mass balance calculations indicate that 43 – 66% of Sc
presence in BR can be attributed to appearing in iron oxide phases. The remaining part of Sc is probably found
in titanium phases and a minor fraction in zircons.

Sc mass distribution in the Bayer process
In Aluminium of Greece, primary feed bauxite as well as principal source of Sc is Parnassos‐Ghiona karst
bauxite. Its typical concentration is 70 – 75 mg/kg Sc, while the mean concentration of all feed bauxites is 65
mg/kg Sc (Figure 1). This decrease is due to dilution effect of lateritic bauxite addition to the plant feed with
low Sc grade (22 mg/kg). The major proportion of Sc — 80% — is separated from the process in the
composition of BR giving rise to a concentration of 131 mg/kg Sc. During precipitation of aluminium hydroxide
from pregnant liquor, 16% of Sc is co‐precipitated and enters to the composition of precipitate. Therefore, Sc
is soluble in the caustic process liquor in minor extent. Mass balance calculations indicate that pregnant liquor
should contain at least 1.9 mg/kg Sc to allow Sc to be precipitated with the aluminium hydroxide. The
described distribution results in the enrichment of Sc 1.9 times into residues compared to feed bauxite.

79%

karst bauxite
60
21% lateritic bauxite
5
lime
0

SL (0)
Digestion
Settling

Precipitation
PL (11)
(11) Al(OH)3

bauxite residue Al2O3
55
11

Calcination

material

mg/kg

karst bauxite

75

lateritic bauxite

22

alumin. hydroxide

(19)

calcined alumina

28

bauxite residue

131

Figure 1: Distribution of Sc on the simplified flowsheet of Bayer process. Concentrations are normalised to the mass of feed bauxite,
expressed in mg/kg of feed bauxite. Percentages in italics represent the proportions of lateritic and karst bauxite feed. Figures given in
brackets are based on calculations. PL — pregnant liquor; SL — spent liquor.
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Introduction
Due to lack of affinity to common ore forming anions, scandium was usually obtained during processing of
various ores, tailings and residues from previously exploited mines as a by‐product. Historically, scandium was
first discovered and named in 1879 while extracting ytterbium from the minerals of euxenite and gadolinite
originally found in Scandinavia. Then, the applications of scandium were not developed until the 1950s [1].
Scientists in the Soviet Union were the first to recognize the metal's remarkable properties when alloyed with
aluminium. It was found that addition of 0.2‐0.8% scandium could enhance the mechanical properties of
aluminium drastically. Later, scandium’s first applications were developed in the Soviet military aircraft and
weaponry industry. From 1960 through 1990, the Soviet Union produced the vast majority of the world's
scandium concentrates and other scandium compounds, mainly as a by‐product from the processing of iron‐
uranium ores located in Russia, Kazakhstan, Uzbekistan and Ukraine. During this period, small amounts of
scandium from fluorite, uranium, tungsten and titanium ore processing were also produced as a by‐product in
the USA, in Japan and Australia. Chinese scandium supply was mainly provided from mine tailings and existing
production streams of niobium, iron, tin, tungsten and REEs. Thus, up to now, iron‐uranium, titanium,
niobium, tin, tungsten and REE resources have become the main source of scandium as a secondary product
[2].
Despite the fact that the first scandium demand started with the requirements for military applications, it was
also used in the production of high performance sporting goods such as bicycle frames, ski poles, baseball bats
and golf clubs where the performance is much more important than the costs. And now, there is also a huge
and urgent demand of scandium for the civil aviation industry. According to the estimates, aircrafts made from
welded aluminium scandium alloys would be 15% lighter and 15% cheaper to build compared to present
materials. This explains why pioneers like Airbus and Boeing conduct and announce very critical reports
regarding the acceptance of scandium use in aircraft body [3].
Due to the strict limitations in emissions and fuel efficiency, the automotive industry is another critical area
urgently demanding scandium at an acceptable price. In addition to the demand for the aerospace and the
automotive industry, there is an enormous potential for the use of scandium in the marine industry.
Moreover, it was reported that the use of Al‐Sc alloys in the construction of transmission lines for electricity,
will provide several benefits in terms of cost and efficiency. Additionally, because of enhancement in
weldability of aluminium alloys after alloying with scandium, it seems that the use of Al‐Sc alloys with the
latest state‐of‐the‐art additive layer manufacturing technology could bring a breakthrough in the production
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of precise and complex metal shapes with minimum material losses and maximum efficiency. In short, the
aluminium alloy industry is ready and waiting for consistent, reliable, substantial and reasonably priced
sources of scandium to be available in the market.
Currently, scandium containing solid oxide fuel cells is also available in the market and proved its outstanding
performances when compared to the conventional YSZ (Yttrium Stabilized Zirconia) solid electrolytes. Upon
replacing the YSZ solid electrolytes with scandium stabilized ones: it could decrease the operating
temperatures, increase ionic conductivity, cell efficiency and operating life of the fuel cells. Thus, similar to the
huge and urgent demand in the aluminium alloy industry, a superior contribution of scandium during greener
energy production also necessitates a remarkable need of scandium in the solid oxide fuel cell manufacturing
process.
Finally, about the use of scandium in electronics, it is worth mentioning: Sc‐Ti carbide tools, Gd‐Sc‐Ga garnet
lasers and lighting applications. It was reported that scandium compounds used in high intensity vapour lamps
resembles and replicates the sun light very effectively. This is the reason why they are used in stadium lights,
cameras, the film and television industry for good colour reproduction.
Although, there is a huge demand of scandium in various areas of the industry, the global supply of scandium
oxide was reported to be only in the range of 5‐12 tons annually from the afore‐mentioned sources [4].
In the light of the up‐to‐date information given by the literature and industry, besides the afore‐mentioned
resources, industrial wastes from aluminium and lateritic nickel‐cobalt processing seem to be a new, very
important and promising source for the huge and urgent scandium need of the industry. Thus, the objective of
this work was defined to give information and perspective about the recent developments of the companies
and research organisations to produce consistent, reliable and reasonably priced scandium compounds in the
near future.
Acknowledgements: The research leading to these results has received funding from the European Union's
Horizon 2020 research and innovation programme under Grant Agreements No.730105 – SCALE.
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Introduction
South African carbonatites deposits are characterized by high concentration of Rare earth and Yttrium (REY)1.
The main carbonatite deposit is located in the Alkaline Phalaborwa Complex and this complex is mined for
copper, phosphate and magnetite. The REY is not mined since the low grade ore is not economically viable.
The mining activity has produced waste rock that has higher concentrations of REY than the mineral deposit.
Given the REY content in a) the gangue materials accumulated in the waste rock dump, b) the processed
material deposited in the tailings storage facility and c) the acidic drainage produced during the processing of
the phosphate rock, one could concentrate REY from these by‐products and get a valued commodity.
The objective of this study is to create a REY concentrate by dissolving the alkaline rock with the acidic
drainages in a passive system, thereby also remediating and improving the quality of the drainage while
retrieving a value added product.
The sequential extractions of the samples from waste rock dumps and tailings showed high neutralization
capacity and high concentration of REY (Figure 1 left).
A lab scale system based on the BDAS2 was set up to neutralize the acidic drainage. A sample of carbonatite
(Carb C) was selected as reagent for the first stage (column A). A second stage, containing witherite, improved
the quality of the water.
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Figure 1: concentration of REY in the Tailing, Carbonatite D and Carbonatite C (left graph) and concentration of REY in the drainage
(inlet) and its depletion throughout the water treatment (right graph).
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Introduction
Red mud – an alkaline, iron and aluminium rich material – is a by‐product resulting from alumina extraction by
the Bayer process from bauxite. Often it is regarded as waste, but may rather be a potentially valuable
resource of critical raw materials (CRMs) and other elements [1]. Spillage of disposed red mud may pose
considerable risks to the local environment due to its alkalinity (pH usually ranging from 10 to 13), high sodium
concentration (>50 g L‐1), fine grained nature, and the release of metals and metalloids (e.g., Al, As, Cr, Mo,
and V) to the soil‐water environment [2]. There are many applications which have been investigated in the
context of red mud reuse: as a stabilization material in building construction [3] or for improvement of acidic
sulphate soils [4], for instance. As for other secondary sources, CRM extraction efficiencies may depend on a
number of variables (e.g. acid strength, contact time, slurry concentration, etc.) that may be interdependent.
This results in a high number of experiments to be conducted. In addition, some CRM are orders of magnitude
more expensive than others and may drive economic feasibility though low concentrated. In consequence,
considering total extraction yields (e.g. g/ton) may be misleading in terms of feasibility. Here, we developed an
experimental design approach to determine optimal conditions for CRMs extraction. Instead of maximizing the
extraction of a number of selected metals, the maximal economic potential for all metals extracted (total
metal extracted × economic value of the respective metal) was chosen as the application relevant response
variable.

Materials and Methods
A design of experiment approach (Design Expert 8 Software) was used to strictly limit the number of
experiments and to eventually derive an empirical model describing the data within the experimental
conditions (0.5–6 M HCl, 1–24 hours, 50–80 °C, slurry concentration 10–100 g L‐1). The response surface
reduced quadratic model considered both linear effects and interaction effects between HCl concentration,
contact time, temperature, and slurry concentration. Total economic potential of extracted CRM was
calculated as the sum of the economic value multiplied by the amount of respective element extracted.
Economic values (for pure elements) were taken from USGS [5].

Results
All linear effects of the four tested factors had a significant (p≤0.05) effect on the total economic value.
Furthermore, the two‐factor interactions between HCl concentration and contact time, HCl concentration and
slurry concentration, contact time and temperature, and temperature and slurry concentration were
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significant (p≤0.05). In addition, the quadratic effects of HCl concentration and temperature were also
significant (p≤0.05) (Figure 1).
In contrast to any previous study, here also minor effects became clearly visible when one considers the
maximal economic value of CRM extracted instead of considering a limited number of single elements. For
instance, the effect of temperature may indeed be hard to distinguish for certain (easily acid available)
elements (REE in Figure 1A), using the maximal economic value of a high number of elements allowed to
identify an optimum at intermediate temperatures (Figure 1B). Certainly the maximal economic value is not to
be seen as a value that can actually be recovered (since based on pure, refined metals), however it allows to
weighted consideration also of minor amounts of CRM, if they are of high economic value. Further, opposite
effects (i.e. one set of element being more whereas another set of element being less efficiently extracted) are
considered maximizing the overall value.
Optimal conditions maximizing the economic potential were predicted for 5.60 M HCl, 24 h contact time, 73.4
°C, and 100 g L‐1 slurry concentration. Indeed, experimentally determined economic potential corresponded
well (96 % of predicted) to the predictions, allowing a maximum recovery of 40.95 ± 0.90 US $ t‐1. The studied
Hungarian red muds were relatively low in CRM concentrations and thus feasible CRM recovery appears
unfavourable. Nevertheless, the systematic approach (design of experiment using the max. economic potential
as variable) developed here allows straightforward transfer to any other secondary source.

Figure 1 Two‐factor interactions on the total economic value of extracted elements. Factors that are not shown in the graphs were held
constant at the predicted optimal values (details in text) [6].
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Introduction
Scandium (Sc) is an extremely expensive element for industrial usage at the moment. However, despite its
price, the demand of Sc is increasing worldwide owing to the recent developments of a wide range of
promising applications, e.g. as strength tuning element in Al‐Mg‐alloys [1]. Due to rare direct resources of
scandium, it is obtained as a by‐product and bauxite residue is one of the promising sources to recover Sc [2].
The present project is part of the EU H2020 ETN Red Mud consortium which aims to recover valuable
constituents of bauxite residue (BR) and targets on zero‐waste strategy. This research presents an innovative
direct precipitation process for scandium recovery from impure bauxite residue (BR) leach solutions containing
Fe(III), Al, Ca, Nd, Y and Sc through the use of hydroxide and phosphate precipitation.

Figure 1. Selective 3‐step precipitation process in synthetic sulphate media leachates [3]

Precipitation of the major impurities prior to the purification step not only concentrates the targeted element
but also drastically decreases the costs of purification. Originating from this idea, various precipitation agents
were tried and it was found that Fe(III) and Sc in the leachate can be selectively precipitated. These findings
were combined to design a successive precipitation process to synthesize a Sc concentrate [3].
Fig. 1 shows the change in concentration of the elements in the leachate with the addition of precipitation
agents. As it can be clearly seen, Fe(III) in the system was almost completely removed by hydroxide
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precipitation while the co‐precipitation of the others remained in negligible levels with the control of pH (this
dual‐stage Fe‐removal steps are represented as area 1&2 on Fig. 1). In order to avoid unwanted precipitation
in final Sc recovery step (denotes as the area 3 on Fig. 1), pH was arranged and subsequently the dibasic
phosphate salts were introduced. With this proposed three‐step selective precipitation route, Sc can be taken
out from the system as a highly concentrated Sc phosphate complex.
Since, the behaviour of the formed complexes are depending on the acidic media during precipitation, the
effect of these aqueous media on efficiency and selectivity will be observed and compared during recovery of
Sc. Best ranges and process parameters for high Sc precipitation yield with low co‐precipitation of the impurity
ions will be presented. Experimental findings will be used for a preliminary design of a Sc recovery process in
various aqueous media.
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Introduction
Bauxite residue (BR) is the solid waste generated from alumina production through the Bayer process. About 1
to 1.5 tonnes BR is generated per tonne of alumina,1 which leads to 150 million tonnes of bauxite residue
annually2. BR composition can vary depending on the type of the ore from which alumina is produced. The
main purpose of this work is to study the behaviour of scandium and titanium leaching using an imidazolium‐
based ionic liquid, i.e. 1‐ethyl‐3‐methyl‐imidazolium hydrogen sulphate [Emim][HSO4]. [Emim][HSO4] is a
Brønsted acidic ionic liquid with high thermal stability (decomposition temperature > 250 °C).

Bauxite residue characterisation
The BR sample was provided by Aluminum of Greece (AoG) and characterised via fusion method. Titanium and
scandium were analysed by inductively coupled plasma optical emission spectrometry (ICP‐OES), rare earth
elements by inductively coupled plasma mass spectroscopy (ICP‐MS) and base metals by atomic absorption
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spectroscopy (AAS); calcium and sodium were determined with X‐ray fluorescence spectroscopy (XRF).
Chemical analysis results are shown in Table 1.
Table 1 BR chemical analysis

% wt.

REO

Fe2O3

Al2O3

SiO2

TiO2

CaO

Na2O

42.34

16.25

6.97

4.27

11.64

3.83

0.19

Ce

La

Sc

Nd

Y

402

195

140

127

111

mg/kg

LOI
12.66

Mineralogical phases of BR, identified by X‐ray diffraction (XRD), are hematite (Fe2O3), goethite (Fe2O3∙H2O),
boehmite (AlOOH), diaspore (AlOOH), gibbsite (Al(OH)3), calcite (CaCO3), anatase (TiO2), rutile (TiO2),
perovskite (CaTiO3), cancrinite [Na6Ca2(AlSiO4)6(CO3)2], calcium aluminium iron silicate hydroxide
[Ca3AlFe(SiO4)(OH)8]. A quantitative analysis was performed using XDB software3 where it was found that 14%
of titanium contribution in BR comes respectively via the anatase and rutile phases, whereas perovskite phase
with calcium incorporated contributes 72.5% of the titanium phase balance.

Experimental set‐up
Experiments have been carried out by direct leaching of BR with [Emim][HSO4] at 5% pulp density (w/v),
exploring different stirring rates (200, 400 and 600 revolutions per minute (rpm)) and temperature (125, 150,
175, 200 °C). From the obtained results, there were a few observations that were noted to be significant in the
extraction of scandium and titanium elements.
As the stirring rate decreases (Figure 1), scandium and titanium extraction is observed to linearly increase,
from 37% and 46%, respectively, at 600 rpm to 67% and 72%, respectively, at 200 rpm. Iron leaching, however,
follows a sharper linear trend of increase, with only 9% of iron leached at 600 rpm and when stirring rate is
decreased to 200 rpm, 75% of iron leaching is reached.

Leached, %

Stirring rate trend
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Figure 1 [Emim][HSO4] leaching of BR at 200, 400 and 600 rpm, 150 °C, 24 hours, 5% pulp density
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Figure 2 [Emim][HSO4] leaching of BR at 125, 150, 175, 200 °C, 200 rpm, 12 hours, 5% pulp density

When compared to the temperature effects on the system (Figure 2), scandium and titanium tendency is again
similar, starting with an extraction of 30 and 40%, respectively, at 125‐150 °C and reaching almost 80%
dissolution for scandium and above 90% for titanium at 200 °C. Iron leaching percentages are slightly affected
by low temperatures (until 150 °C) while increasing temperature over 150 °C, iron dissolution rapidly
increases; at 200 °C, all the iron within the bauxite residue is totally dissolved.
As other authors have suggested previously4, these preliminary data indicate that titanium and scandium
coexist in the same mineralogical phases in BR, but further studies are needed to support this claim.
This study is a part of a broader research work, aiming to find the whole process being able to recover and
separate scandium and titanium from BR.
Acknowledgements: The research leading to these results has received funding from the European
Community’s Horizon 2020 Programme ([H2020/2014–2019]) under Grant Agreement no. 636876 (MSCA‐ETN
REDMUD). This publication reflects only the authors’ view, exempting the Community from any liability.
Project website: http://www.etn.redmud.org.

References
1.

R. Zhang, S. Zheng, S. Ma and Y Zhang, "Recovery of alumina and alkali in Bayer red mud by the formation of andradite‐

2.

K. Evans, “ Management and use of bauxite residue”. Aluminium International Today www.aluminiumtoday.com (2016).

3.

I.E. Sajò, “XDB powder diffraction phase analytical system, version 3.0, user’s guide” (2005).

4.

M. Ochsenkühn‐Petropulu, T. Lyberopulu and G. Parissakis “Direct determination of landthanides, yttrium and scandium in

grossular hydrogarnet in hydrothermal process", J. Hazard. Mater. 189 (3) 827‐835 (2011).

bauxites and red mud from alumina production”, Anal. Chim. Acta. 296, 305–313 (1994).

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

201

RE‐USABILITY OF CRITICAL RAW MATERIALS RECOVERY RESIDUES FROM
HUNGARIAN RED MUD
Viktória FEIGL1, Éva UJACZKI1,2,Éva FARKAS1, Mónika MOLNÁR1, Markus LENZ2,3
1Department

of Applied Biotechnology and Food Science, Faculty of Chemical Technology and Biotechnology, Budapest

University of Technology and Economics, Műegyetem rkp. 3, 1111 Budapest, Hungary
2Institute

for Ecopreneurship, University of Applied Sciences and Arts Northwestern Switzerland, School of Life Sciences,

Gründenstrasse 40, 4132 Muttenz, Switzerland
3Sub‐Department

of Environmental Technology, Wageningen University, 6700 AA Wageningen, The Netherlands

vfeigl@mail.bme.hu

Introduction
Red mud, the by‐product of alumina production from bauxite, is a source for CRM, including REEs1. Ujaczki et
al.2 applied hydrochloric acid to extract REEs from a red mud efficiently, leaving an acidic, REE depleted
residue. As an innovative solution this leaching residue as such may be re‐used as amendment to the red mud
itself to reduce its highly alkaline pH and to mitigate the risks posed by tailing deposits. It may also be applied
as soil ameliorant to alkaline or nutrient deficient soils. We performed an ecotoxicity study with leaching
residues mixed with the original red mud or soil in various concentrations.

Materials and Methods
The leaching residue (LR) resulted from the treatment of the Ajka (Hungary) red mud (RM) with 6 M
hydrochloric acid for 24 h at 80 °C2. The LR was washed with distilled water three times to remove excess acid
after the extraction. RM was mixed with LR at 5%, 25%, 50% and 75% by weight. A carbonated sandy soil from
Hungary was also mixed with LR at 5%, 10%, 25% and 50% by weight. Chemical composition of the RM and the
LR was measured by X‐ray fluorescence spectroscopy. The ecotoxicity of the mixtures was assessed with the
Sinapis alba root and shoot elongation and the Folsomia candida (Collembola) mortality tests. The sandy soil
was used as control.

Results
The leaching residue contained ~40% of the original RM metals and metalloid (As, Co, Cr, Cu, Ni, Pb, Se, Zn)
content. The pH of the RM was 8.6 and that of the LR was 2.9, the soil had a pH of 7.2. As expected, LR
addition decreased the pH of the soil to 6.0 at 25% LR and 5.5 at 50% LR and of the RM to 7.1 at 25% LR and
6.5 at 50% LR content. Both original RM and LR was toxic for S. alba plant, resulting in minor root and shoot
elongation (<1 mm, Fig. 1). LR was toxic for F. candida resulting in the death of all test animals, but RM was not
toxic in this case. When added to the sandy soil LR had no effect on plant growth or animal survival at up to
25% addition. In the RM LR treatment increased plant elongation 4–11 times, still remaining below 5 mm.
Higher than 5% LR addition resulted in 100% mortality of the test animals compared to the control and the
RM.

Conclusions
The leaching residues stemming from red mud critical raw materials extraction may be re‐usable for the
treatment of the original red mud to reduce its pH and toxicity.
Acknowledgement: The support of the Scientific Exchange Program between Switzerland and the New
Member States of the EU (Sciex‐NMSch 11.044), TÁMOP 4.2.1/B‐09/1/KMR‐2010‐0002 BME R+D+I, OTKA PD
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Figure 1. Sinapis alba root and shoot elongation on red mud and leaching residue mixtures

References
1.

C. R. Borra, B. Blanpain, Y. Pontikes, K. Binnemans, T. Van Gerven, “Recovery of Rare Earths and Other Valuable Metals From

2.

É. Ujaczki, Y. S. Zimmermann, V. Feigl, M. Lenz, “Recovery of rare earth elements from Hungarian red mud with combined acid

Bauxite Residue (Red Mud): A Review”, J. of Sustain Metal, 2 (4) 365–386 (2016)
leaching and liquid‐liquid extraction”, Proceedings of the Bauxite residue valorization and best practices conference, Leuven,
Belgium, 339–346, 2015.

MOBILE HYDROMETALLURGY TO RECOVER RARE AND PRECIOUS METALS
FROM WEEE
Bernd KOPACEK1
1

Austrian Society for Systems Engineering and Automation, Beckmanngasse 51/28, A‐ 1140 Vienna, Austria

bernd.kopacek@sat‐research.at

Introduction
Waste from Electrical and Electronic Equipment (WEEE) is the fastest growing waste stream in Europe.
Electr(on)ic products that contain a high amount of valuable metals. For example, mobile phones have a metal
content of 25 %, mainly copper, iron, nickel, silver and zinc. Though the absolute amounts of each device
regarding the most valuable elements are low (16 g Cu, 0.35 g Ag, 0.0034 g Au, 0.015 g Pd, and 0.00034 g Pt)
this adds up to e.g. 0.35 t of platinum based on estimated 1 billion of cell phones in 2010. Regardless of their
low amount in specific electronic components there are some metals which are highly preferred or are even
essential for the present technology. In 2010, the Raw Materials Initiative of the European Commission
defined 14 critical raw materials, most of rare metals which are used for electr(on)ic devices belong to this
category.
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Hence the previous FP7‐Research for SMEs project HydroWEEE (2009 – 2012) dealt with the recovery of rare
and precious metals from WEEE including lamps and spent batteries. The idea has been to develop a mobile
plant using hydrometallurgical processes to extract metals like yttrium, indium, lithium, cobalt, zinc, copper,
gold, silver, nickel, lead, tin in a high purity (above 95%). By making this plant mobile (in a container) several
SMEs can benefit from the same plant at different times and therefore limit the necessary quantities of waste
as well as investments. By making the processes universal several fractions (lamps, CRTs, LCDs, printed circuit
boards and Li‐batteries) can be treated in the same mobile plant in batches. This reduces the minimum
quantity per fraction per recycler even more. In addition these innovative processes produce pure enough
material that they can be directly used by end‐users for electroplating and other applications. This will make
the SMEs much more competitive and reverse the general trend to bigger companies.
In addition, this will decrease the environmental impact substantially as


on the one hand the mobile plant will be transported to the recyclers´ locations instead of shipping
large quantities of materials through whole Europe as it is done today and



on the other hand increase substantially the resource‐efficiency in Europe as a lot more precious and
rare metals will be recycled economically and by that decrease the amount of mining as well as
landfilling.

The objective of the follow‐up FP7‐Environment project HydroWEEE Demo (2012‐2016) has been to build 2
industrial demonstration plants (1 stationary and 1 mobile) in order to test the performance and prove the
viability of the processes from an integrated point of view (technical, economical, operational, social) including
the assessment of its risks (incl. health) and benefits to the society and the environment.
Finally, the previously developed processes of extracting yttrium, indium, lithium, cobalt, zinc, copper, gold,
silver, nickel, lead, tin will be improved and new processes to recover additional metals which are still in this
fractions (Cerium, Platinum, Palladium, Europium, Lanthanum, Terbium, …) as well as the integrated treatment
of solid and liquid wastes will be developed.
Currently the first industrial HydroWEEE plants – one stationary in Italy and one mobile – have been set up and
started operation. The results of operation in Italy and Romania will be presented.

Figure: Stationary plant at Relight in Rho (MI), IT

Figure: Mobile plant at Greentronics in Alexandria, RO
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HIGH‐PERFORMANCE REE‐Mg ALLOYS
Lourdes YURRAMENDI1*, Federica FORTE2, Carmen DEL RÍO1, Rocco LAGIOIA3, Torsten MÜLLER4,
Serena SGARIOTO5, Koen BINNEMANS2
1

TECNALIA, Parque Tecnológico de San Sebastián, Mikeletegi Pasealekua 2, E‐20009 Donostia‐San Sebastián ‐ Gipuzkoa

(Spain)
2 KU

Leuven, Department of Chemistry, Celestijnenlaan 200F, bus 2404, B‐3001 Heverlee (Belgium)

3

ITRB Group, 2‐4 Arch. Makarios III Avenue, Capital Center, 9th Floor, Nicosia 1505,Cyprus.

4

Fraunhofer Institute for Chemical Technology (ICT), Joseph‐von‐Fraunhofer Straße 7, 76327 Pfinztal (Germany)

5

RELIGHT srl, Via Lainate 98‐100, 20017 Rho, Milan (Italy)

lourdes.yurramendi@tecnalia.com

This paper describes first outcomes from the research activities of the REMAGHIC project, funded by EU under
program H2020 SPIRE 2015 (Grant Agreement No680629)1. The specific target of the project is the recovery of
rare‐earth elements (REEs) and magnesium from a selection of residues in order to provide critical secondary
raw materials to produce magnesium alloys with improved properties and reduced price for several industrial
sectors such as the automotive, aeronautic and biomedical industries in particular. The aim is to reduce the
European dependency of critical raw materials (REEs and Mg) from non‐European countries and to partially
mitigate the so‐called “Balance Problem”2,3, that is the balance between the demand by the economic markets
and REEs in ores. The Balance Problem implicates that the rare‐earth industry has to find new applications for
REEs that are available in excess. A detailed research carried out at early stage in the project shows that
magnesium alloys offer an excellent opportunity to mitigate the Balance Problem.
Three waste residues were selected as potential source of REEs: spent lamp phosphors, cathode ray tube (CRT)
phosphors and nickel‐metal hydride (NiMH) batteries. Samples from industrial source were characterized by
ICP‐OES, SEM/EDS and XRD in order to gather information about their chemical and mineralogical
composition. The analysis of CRT phosphors showed yttrium in concentration around 15% together with 1% of
europium. In regards to lamp phosphor waste, this residue contains significant amounts of Y (6%), La (0.9%),
Ce (0.7%), Eu (0.4%), Tb (0.3%) and Gd (0.1%). The electrode active parts (black powder) of the NiMH batteries
contain La (13%) and Ce (2%). Recycling of REEs from above residues will generate a supply of lanthanum,
europium, terbium, yttrium, cerium and gadolinium. Most of these REEs can also be used in applications
different from their recovery source. Lanthanum, cerium and especially yttrium can find new uses in
magnesium alloys and, consequently, is the main focus in the REMAGHIC project.
REEs recovery from the selected waste residue is investigated through a combination of different techniques,
namely hydrometallurgical processes, solvometallurgical processes, high‐temperature molten salts and high‐
temperature processes.
REEs recovery from the lamp phosphor waste is performed by leaching with H2SO4 followed by precipitation
with oxalic acid in the HydroWEEE process; the recovered product is a mixed REE oxalate which can be further
treated by calcination to obtain a mixed REE oxide.4 To verify the possibility of enhancing the REEs leachability
(mainly Tb) by hydrometallurgy, a thermal treatment (roasting in the presence of Na2CO3) was researched
(high‐temperature process). Y/Eu separation from the mixed REE oxide was investigated by solvent extraction
with the ionic liquid Cyphos IL 101 in thiocyanate form . Regarding the CRT phosphors, HydroWEEE process can
also be applied for REE recovery. A thermal pretreatment will here be considered to oxidise the ZnS contained
in the CRT powder (ZnS, the host matrix of the green and blue phosphors) to ZnO, thus avoiding H2S release
during the leaching step. The possibility of selectively removing zinc from the roasted CRT phosphors was
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investigated by employing acetic acid as leaching agent in the solvometallurgical process; Y and Eu recovery
from the leaching residue was then studied by employing methanesulfonic acid. The reduction in the sulfur
content of the CRT powder will also be studied through treatment with molten salt processes, which are also
promising in terms of REEs enrichment in the solid phase. Several salts mixtures were investigated, such as
formate, acetate, carbonate, hydroxide or nitrate salt mixture.
Concerning NiMH batteries, the black electrode powder is treated by a leaching step with HCl; REEs recovery
from the leachate is investigated through solvent extraction with ammonium and phosphonium ionic liquids in
an solvometallurgical process.6 The HydroWEEE process will be tested as well. With the pyrometallurgical
method, a metal phase rich in nickel and other minor metallic compounds is obtained, whilst the REEs
concentrate in the slag phase as oxides. Molten salt processes are also tested to achieve an enrichment of
REEs in the solid phase.
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Introduction
With the promoted use of compact fluorescent lamps (CFLs) and the increasing amount of stockpiled CFL
waste, lamp phosphors have become an interesting secondary source for critical metals (Y, Eu and Tb).
Phosphors for fluorescent lamps and compact fluorescent lamps are an important application of rare‐earth
elements (REEs), accounting for more than 30% of the total REE market by value. These phosphors consist of a
mix of a red Y2O3:Eu3+ (YOX), green LaPO4:Ce3+,Tb3+ (LAP) or CeMgAl11O19:Tb3+ (CAT), and blue
BaMgAl10O17:Eu2+ (BAM) phosphor. Besides the rare‐earth bearing phosphors, lamp phosphor waste consists
up to 50% of Ca4.86Mn0.10Sb0.04Sr0.004(PO4)3Cl0.10F0.90 halophosphate phosphor (HALO) which has low intrinsic
value and contains no REEs1.
Most studies focus on the recovery of yttrium and europium from the red phosphor YOX, because these are
the elements that are easiest to recover and they represent the highest value in the phosphor waste1,2.
Recycling of the green phosphors (LAP, CAT) is also very interesting due to the high concentration of the
critical and expensive terbium. However, the green phosphors are much more difficult to dissolve than YOX or
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HALO, and often high concentrations of mineral acids in combination with high temperatures (e.g. 18 M H2SO4,
120 ‐ 230 °C) or cracking in molten sodium hydroxide or sodium carbonate is required3. Therefore the use of
an efficient and environmental friendly method for the recovery of LAP is necessary.
To improve this recovery efficiency of rare‐earth elements (REEs) from the green phosphor LaPO4:Ce3+,Tb3+ by
a hydrometallurgical process, mechanical activation (MA) was used as a pretreatment step prior to leaching.
Valuable information on the mechanism of MA of lamp phosphors can be obtained from the characterization
of the leaching process of LAP after milling. Emphasis is put on two aspects: the effect of the mechanical
activation parameters on the leaching process of LAP and the characterization of the physicochemical changes
during the milling process.

Results
MA applies an intense frictional action which enhances the leaching yield of REEs, improving the leaching yield
by 80% at room temperature, compared to unactivated sample where the leaching yield was below 1% (Fig 1).
Kinetic modeling was employed for the calculation of the apparent activation energy of the unmilled and
milled samples. The physicochemical changes, including structural decomposition, specific surface area
increase and particle size reduction were related to the corresponding leaching pattern. The structural
decomposition causing amorphization and changes in the crystal lattice was shown to be the main driving
force of the improved reactivity (Fig 2). The optimized mechanical activation procedure was successfully
applied to lamp phosphor waste, containing a mix of different phosphors. After sequential removal of the
halophosphate phosphor and the red YOX phosphor, 99.0%, 87.3% and 86.3% of La, Ce and Tb present in the
LaPO4:Ce3+,Tb3+ phosphor could be dissolved. These observations provide more insight in the mechanical
activation process and may contribute to a more sustainable alternative route to the rare‐earth element
recycling industry.

Figure 1: Changes in the leaching yield (%) of REEs (by 4N HNO3) from unmilled and milled (600 rpm, 60 min) LAP phosphor as a function
of leaching time. Note the break in the Y‐axis.
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Figure 2: Changes in the XRD pattern of the LAP phosphor for different activation times (Ø = 1 mm grinding balls, rotational speed 600
rpm).
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RECOVERY OF RARE EARTH PHOSPHORS FROM RESIDUAL GLASS POWDERS
OF WASTE FLUORESCENT LAMPS
Inna FILIPPOVA and Lev FILIPPOV
GeoResources Laboratory, University of Lorraine, ENSG – 2 rue du Doyen Marcel Roubault, TSA70605, 54518 Vandoeuvre‐
les‐Nancy, France.

Introduction
At the end of the life cycle the tri‐chromatic fluorescent lamps have usually been discarded. Because of
mercury used to produce under electric current short‐wave ultraviolet light exciting the trichromatic coating,
the recycling of waste fluorescent lamps involves the removal of mercury. Next step of recycling system
consists in recovery of metallic ends of the lamp followed by a fine grinding that produces a powder containing
the phosphors, actually discarded as hazardous wastes. Alternative option is to subject these wastes, which
represent approximately 3 % of the initial lamp volume, to a cost‐intensive chemical process aimed at
recovering the REE such as Eu, Ce, Tb, La, Y, Gd, etc. To reduce the cost of chemical treatment, a physical
separation of phosphors from glass fraction and/or the phosphors between them can be carried out. However,
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state of art highlights the small size of phosphors particles as a limiting factor of the efficiency of all tested
separation processes.
A flocculation study using laser sizer was carried out in this work. The goal of the study was to find efficient
surfactant allowing an increase in particle size to enhance the physical separation by density or flotation.

Experimental
The results of zeta potential measurements on the pure phosphor samples were used to find the surfactants
for selective flocculation. Zeta potential was negative throughout the tested pH range (2 to 12) for white
phosphor (halophosphate) while other phosphors such as Y‐oxide Y2O3:Eu3+ (YOX), Mg‐aluminate
Eu2+BaMgAl10O17 (BAM) and La‐monazite LaPO4:Ce3+,Tb3+ (LAP) or (Ce, Tb)MgAl11O18 (CAT) have their
isoelectric point (IEP) measured in a 10‐3 M/L of KCl solution at pH 9.0, 7.8 and 6.2 (7.0), respectively.
The use of cationic collector dodecyamine (DDA) does not lead to any contrast in particle size behavior (Figure
1a). The use of the non‐ionic surfactant from alcohol family at the same conditions showed a contrast in
particle size for the couple of phosphors LAP+BAM and CAT+YOX (Figure 1b), while the blend of dodecylamine
and alcohol allows the growth of LAP only (Figure 1c). Flocculation kinetics using 5 10‐5 M/L of cationic alkyl
monoetheramine at pH 9 allows deduce the successive growth of mean particle size for LAP from 5 µm to 80‐
90 µm (400 s conditioning) and then for BAM up to 60 µm (900 second of stirring), while the size of other
phosphors varies slightly (from 6‐9 up to 25‐30 µm). The anionic surfactants show a reverse behavior at pH 9.

Figure 1: Effects of surfactants on the kinetics of aggregation of phosphor powders

The LAP is preferentially floated with monoetheramine for a concentration starting from 1.0 × 10 ‐4 mol / L
with an optimum at 2.5 × 10 ‐4 mol / L. This result corroborates well with the results of the kinetic study on
aggregation (see Figure 2a).

Conclusion
The experimental results obtained are interesting enough to contemplate a preliminary separation of
phosphors by sedimentation or flotation to apply chemical treatment separately, adapted to the nature of
phosphors such as acid consuming (halophosphate) or refractory (monazite).
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b)
a)

Figure 2: Effects of surfactant Ether Amine (C10) (pH 7) on the kinetics of aggregation (a) and flotation (b) of phosphor powders.

HIGH PURITY Y2O3 RECOVERY FROM SPENT INVESTMENT CAST LININGS
Srecko STOPIC, Bernd FRIEDRICH
IME Process Metallurgy and Metal Recycling , Intzestrasse 3, 520156 Aachen, Germany
Email: sstopic@ime‐aachen.de, bfriedrich@ime‐aachen.de

Introduction
Because of his thermal stability in the presence of titanium and aluminium, yttrium oxide is an important and
useful metal casting refractory. Crucibles and other casting materials made from Yttrium oxide are used by
the aviation industry (“engine turbine blade”) for the manufacture of titanium‐aluminium alloys. During the
production of the engine turbine blade different waste materials are formed. This is desirable for the both
financial and environmental reasons. Monk and al.1 patented a method for recovering yttrium oxide from
casting waste and slurry. This method contains milling of the yttrium‐containing casting material to obtain a
flowable granular material, sieving the resultant granular material to separate bulk pieces of casting waste and
metal, contacting the granular material with at least one acid, adjusting the pH of the soluble fraction to
achieve a pH of 0.25‐1.0 and recovering the yttrium from the solution via chemical precipitation with oxalic
acid. But the selective separation of yttrium from other elements is one of most difficult methods in inorganic
chemistry and both Panturu et al. as well as MIchelis have proposed solvent extraction2,3
This study aims on validation of the published concepts both in laboratory scale and in a demonstration unit.
Metals (Y, Ti, Al, Fe) are leached from spent investment casting wastes using hydrochloric acid at different pH‐
values, temperatures and retention times. A hydrometallurgical process is developed to recover yttrium oxide
with a final step involving thermal decomposition of the recovered yttrium oxalate.

Results and Discussion
XRF‐Chemical analysis of used sample for the leaching was presented in Table 1:
Table 1: Chemical composition of a chosen containing waste fraction for the leaching

Material<45

Y2O3

Fe2O3

Al2O3

SiO2

TiO2

In %

20,52

1,14

69,53

6,72

0,59
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The investigated process involves the leaching with 1M HCl and an intensification of yttrium dissolution using
air, neutralisation with sodium carbonate, filtration, precipitation with an oxalic acid and final thermal
decomposition of yttrium oxalate at 850°C in order to produce pure yttrium oxide. Firstly our experiments
were performed in laboratory scale with 100 g of fraction <45µm and <250µm, both at 25‐75 °C and in large
scale using 20 kg of material <250µm in two separated leaching reactors of 100 l at 75 °C.

Figure 1: Process for recovering of Yttrium oxide from spent investment cast lining with a leaching reactor in laboratory conditions

The investigation of the effective process parameters shows that an increase in leaching time, temperature
and injection of oxygen accelerated the yttrium dissolution. The detailed description of performed lab‐scale
experiments and used parameters was already presented in a previous published conference paper4. High
purity yttrium oxide recovery (99,997 %, 6 ppm Al, and smaller than 5 ppm of Si, Ti, Fe), as shown at Figure 2b,
was reached in laboratory and scale up conditions.

Figure 2: a) spent investment cast linings b) pure yttrium oxide
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Conclusion
A whole improved process for the recovery of yttrium oxide from spent investment cast lining was successfully
carried out at laboratory scale with 100 g and in large scale up using 20 kg of waste material. An intensification
of leaching process was reached using an injection of air and intensive mixing in aqueous system. Y‐recovery
yielded more than 85 % with a purity >4N
Acknowledgement: Within the scope of the aviation research program (LuFo) of the BMWi, the results of the
co‐operative project TiAl‐2020 “Increase of the raw material efficiency with the production processes of TiAl
components” are presented. We thank the BMWi for financing of the project 20T1319A between 7/1/2015
and 12/31/2016.
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In this paper we describe the recovery of rare‐earth elements (REEs) from spent lamp phosphors and cathode‐
ray tube (CRT) phosphors through a combination of different techniques, namely pyrometallurgical,
hydrometallurgical and solvometallurgical processes. The results presented here are part of the experimental
activity carried out within WP1 of the REMAGHIC project (EU H2020 SPIRE 2015, Grant Agreement No680629),
which focuses on the recovery of REEs and magnesium from secondary sources to produce new high‐
performance and low‐cost REE‐Mg alloys for the automotive, aeronautic and biomedical sector.1
CRT powder is rich in yttrium and europium which are present as yttrium europium oxysulphide (Y2O2S:Eu3+,
red phosphor). Zinc is also present in the powder as zinc sulfide (ZnS, as host matrix of the green and blue
phosphors). In order to avoid H2S release during the leaching step, the CRT powder was treated through
several pyro‐treatment processes. By roasting, ZnS is transformed into ZnO (oxidising and sulphating roasting)
or volatilized as ZnCl2 (chloridising roasting). The laboratory tests concluded that oxidising roasting at 850 C
gives the best performance without the need of any added reagent in the process. During the trials performed,
XRD analysis on the products obtained at different furnace residence time showed the formation of yttrium
europium oxysulphate at early stages; this compound decomposed into yttrium and europium oxides at longer
times.2 However roasting for extended time generated also yttrium and zinc compounds based on silicates and
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oxysilicates that may reduce the performance in further leaching process. In order to optimise the process and
to increase roasted material production for research purpose, the oxidising roasting treatment was scaled up
from a laboratory muffle furnace to a continuous pilot rotary tubular furnace (up to 5 Kg/h production).
The possibility to selectively remove zinc from the roasted CRT phosphors was investigated by employing
acetic acid as leaching agent in the solvometallurgical process. The leaching tests were performed on samples
roasted at different furnace residence time (1h, 7h and 24h). Several operative parameters (such as lixiviant
concentration, contact time, liquid/solid ratio and temperature) were varied in order to define the optimal
operative conditions in terms of high Zn leaching efficiency combined with low coextraction of Y and Eu. REEs
recovery from the leaching residue was then studied by employing both inorganic (HCl, HNO3, H2SO4) and
organic acids (methanesulfonic and triflic acid) and the best operative conditions were defined as well. Y and
Eu recovery from the leach liquor was finally performed through precipitation with oxalic acid followed by
calcination, which gives a mixed REE oxide.
REEs recovery from lamp phosphor waste type can be performed by leaching with mineral acids giving high
recovery yields (>95%) for some REEs. However, it was experimentally proven that Ce, La and Tb recovery
yields were below 20%. This can be explained because of the fact that phosphate compounds are not easily
leached by acids. In order to improve those REEs leaching, a pyrometallurgical treatment based on roasting the
waste with Na2CO3 at about 900 C was studied. The target of the roasting is to convert REE phosphates into
REOs which are more easily leachable. Temperature, Na2CO3 to lamp phosphor waste ratio and residence time
were evaluated at several laboratory furnace roasting tests until reaching recovery yields above 99% for all
REEs when acid leaching was later applied.
Y/Eu separation from a mixed REEs oxide obtained by a hydrometallurgical process was studied by solvent
extraction with several ionic liquids, such as Cyphos IL 101 thiocyanate and Aliquat 336 thiocyanate.
Preliminary tests were performed on synthetic chloride solutions, in order to define the best operative
conditions. The investigated process parameters were the equilibrium time, pH, temperature, chloride and
thiocyanate concentration. The optimal conditions were then employed for the treatment of the real lamp
phosphor leachate. The treatment of the Tb‐rich residue was investigated as well. This step involves the attack
of the very resistant phosphate and aluminate phosphors (LAP, CAT, BAM phosphors). The recovery of La, Ce
and Tb from this residue was tested by using strong organic acids as lixiviants. REEs recovery from the leachate
was investigated through solvent extraction with D2EHPA followed by precipitation with oxalic acid.
Preliminary tests were first performed on synthetic LAP phosphor; once the optimal conditions were defined,
they were applied on a real lamp phosphor residue.
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Introduction
Nickel metal hydride (NiMH) batteries is one of the common types of batteries in the market of hybrid electric
vehicles (HEV). These batteries contain large amounts of nickel, cobalt and rare earth elements (REE). Both
pyrometallurgical and hydrometallurgical processes for recycling the valuable elements from NiMH batteries
have been suggested (Fernandes, Afonso, & Dutra, 2013; Müller & Friedrich, 2006; Pietrelli, Bellomo, Fontana,
& Montereali, 2005). The high mass content of nickel compared to rare earth elements makes the processes
complicated and decrease the final REE product purities. In this study Ni, Co and REE recovery from the
electrode material of a Panasonic Prismatic Module 6.5 Ah NiMH HEV battery was investigated. The REEs are
separated from the Ni and Co oxides by employing a selective roasting technique followed by water leaching.

Figure 1: Concentration of elements with respect to sulphuric acid concentration used in sulfation stage after 24 hours of water
leaching

The electrode material is first sulfated and then roasted at a specific temperature where the REE are kept in
sulfate form while the Ni and Co is turned into oxide form. The REE can then be separated from the Ni and Co
by water leaching. In the present study the effects of initial acid concentration in the sulfation step and the
temperature and time of roasting were investigated. The experiments were evaluated by measuring the
concentration of REE, Ni and Co as a function of time during water leaching, and by analysing the solid phases
by powder‐XRD, SEM‐EDS, DSC and TGA.
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In the following graph, the concentration of the rare earth elements as well as nickel and cobalt can be seen
after 24hours of water leaching for experiments where different concentration of sulphuric acid was used in
the sulfation step.
Under optimum conditions 0.01% of Ni, 0.3% of Co and 95% of the REE were extracted to the aqueous phase
in the water‐leaching step. The leach residue consisted of the oxide forms of nickel, cobalt and the rest of the
metals found in the electrode material.
Acknowledgments: The authors would like to acknowledge the Swedish Energy Agency for funding the project
and Chalmers University of Technology, Department of Chemistry and Chemical Engineering for supplying the
battery modules.
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Introduction
Ceria is the principal compound in glass polishing powder because of its chemical and mechanical properties.
After several cycles of polishing, this powder either enriches with impurities (glass, flocculants etc.) or changes
its particle size distribution. Hence, it can’t be further used due to poor polishing properties and ends up in
landfills. The present work describes the characterisation of the two different polishing waste samples, which
will help in designing the subsequent recovery processes. The samples were analysed with laser diffraction,
XRD, XRF, TGA, and SEM.

Characterisation of polishing waste samples
Chemical analysis (from XRF) of the two samples is shown in the Table 1. It shows that sample A contains high
amount of impurities like CaO, SiO2 and alumina. On the other hand, sample B contains very less amount of
impurities. It is almost like pure polishing powder.
XRD analysis of the two samples are shown in Fig 2. It shows that sample A contains compounds of CeO2,
CaCO3, LaO0.65F1.7 and LaPO4. However, the sample B doesn’t contain any CaCO3. High amount of LOI (loss on
ignition) is present in sample A due to the presence of CaCO3. It was also confirmed with TGA. Silica, alumina
or alumino‐silicates were found in SEM‐EDS analysis of sample A. However, these compounds are not found in
XRD pattern, which may be due to the presence of amorphous compounds.
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Table 1. Chemical analysis of polishing waste samples

(wt. %)
CeO2
La2O3
F
SiO2
Al2O3
CaO
Fe2O3
P 2 O5
LOI

A

B
22.1
12.7
3.2
5.7
4.3
27.9
0.4
0.8
21.5

55.3
29.5
8.3
0.4
‐
0.2
0.7
2.2
1.7

The particle size analysis (Fig 2) shows that sample B is very fine material (<10 µm) compared to sample A
(<100 µm). High amount of submicron particles were observed in sample B and the particle size was decreased
compared to the original polishing powder. This may be the reason for discarding sample B. On the other
hand, increasing in impurity concentration may be the reason for discarding sample A. Particles coarser than
10 µm in the sample A are mainly clacite and alumino‐silicates, which was revealed by SEM‐EDS analysis.
These compounds are also observed in finer particle (<10 µm) range.

Fig 1. XRD analysis of polishing waste samples

Fig 2. Particle size distribution of polishing waste samples
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Oliver DIEHL1, Eva BROUWER1, Mario SCHÖNFELDT1, Almut DIRKS1, Karsten RACHUT1, Jürgen
GASSMANN1, Konrad GÜTH1, Alexander BUCKOW1, Rudolf STAUBER1, Oliver GUTFLEISCH1,2
1

Fraunhofer ISC – Project Group Materials Recycling and Resource Strategies IWKS, 63457 Hanau, Germany

2

Technische Universität Darmstadt, Functional Materials, 64287 Darmstadt, Germany

oliver.diehl@isc.fraunhofer.de

Rare earth permanent magnets (REPM) based on Nd2Fe14B exhibit the highest energy densities of all magnets
and are therefore key components in numerous applications of today and also of strategic relevance for
emerging technologies of tomorrow1. For this reason, the demand for fresh magnet material remains on a high
level and will increase even further, especially since in premium products REPM are often non‐substitutable.
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Of course one could argue that the need of rare earth metals could be met by intensified mining of the
required elements ‐ Neodymium, Praseodymium, Dysprosium and Terbium, which are already rated as highly
critical resources2. However, mining of these metals implies a number of drawbacks such as the environmental
footprint or the so‐called balance problem3. One answer to this dilemma is the effective exploitation of the
urban mine, where the number of end‐of‐life products containing Nd‐Fe‐B magnets is continuously rising.
Currently less than 1% of the rare earths present in this source are being recycled though4, which is due to
technical as well as economic reasons. Mostly, focus is on elemental recycling targeting at extracting only the
RE metals out of the magnet alloy.
In this study, we present auspicious approaches that aim at refeeding the entire REPM alloy back into the
process chain to avoid cost and energy‐intensive separation steps. Recycling of the magnet alloy as a whole is
beneficial due to the fact that the above mentioned rare earth elements are almost exclusively used for the
production of permanent magnets5.
Sintered magnets mainly coming from end‐of‐life electrical motors served as starting material for various
recycling routes. One of the momentarily most promising concepts regarding cost‐effectiveness and
implementation is by hydrogen decrepitation (HD) treatment of the scrap magnets6 in combination with jet‐
milling, pressing and sintering into anisotropic sintered magnets. Following this route, the original chemical
composition and microstructure of the grains of the initial magnet is preserved and re‐used, an approach that
is clearly advantageous regarding scrap magnets having high heavy rare earth (HRE) and low oxygen contents.
With no further addition of any elements, a 100% recycled magnet could be produced showing very good
magnetic properties as depicted in figure 1. In another experiment, recycled magnet powder (~ 5% Dy) was
mixed in different ratios with HRE‐free primary Nd‐Fe‐B material in order to account for possible RE losses due
to oxidation. With no further addition of rare earths, mixing of 30% of recycled with primary powder led to a
lower performance in Jr (‐ 6%), an increase in Hc (+ 42%), resulting in a total loss in (BH)max of about 11%.
Another very promising recycling approach is melt‐spinning of the scrap magnets to obtain powder particles
for either resin bonded or hot‐deformed magnets. Melt‐spinning offers the possibility to optimize the chemical
composition as well as the microstructure of the alloy while simultaneously reducing the oxygen content, a
feature that is particularly important for highly corroded scrap magnets.

Figure Left: Demagnetization curves at 80°C for a scrap sintered magnet and thereof made 100% recycled sintered magnet; Right:
Demagnetization curves at room temperature (23°C) for sintered magnets with different mixing ratios of recycled material with
primary material.
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The rapidly solidified flakes were milled, hot‐compacted and finally hot‐deformed. The production of
permanent magnets either by sintering or melt‐spinning route is well‐established for primary production, this
allows a comparison and classification of the recycled products as well as an easy up‐scaling of the recycling
processes in the future.
For either recycling route, close track on the oxygen contents of the magnet materials was kept during all
processing steps by hot‐extraction technique. Additionally, the chemical stability regarding oxygen uptake of
magnet material (sintering powder, melt‐spun) in various states (as‐is, dehydrated, hydrated) was
systematically investigated and it was proven that especially sintering powder in hydrated state is very
sensitive to oxygen containing atmosphere.
For both recycling routes the microstructural and the resulting magnetic properties will be presented.

References
1.

O. Gutfleisch, M. A. Willard, E. Brück, C. H. Chen, S. G. Sankar and J. P. Liu, “Magnetic Materials and Devices for the 21st

2.

European Commision, “Critical raw materials for the EU, Report of the Ad‐hoc Working Group on defining critical raw

3.

K. Binnemans, P. T. Jones, K. Van Acker, B. Blanpain, B. Mishra and D. Apelian, “Rare‐earth economics: the balance problem“,

4.

J. Kooroshy, G. Tiess, A. Tukker und A. Walton (eds.), “ERECON, Strengthening the European Rare Earth Supply Chain:

Century: Stronger, Lighter, and More Energy Efficient“, Adv. Mater., 23 821‐842 (2011).
materials,“ 2010.
JOM, 65 846–848 (2013).

Challenges

and

policy

options“,

2015.

http://www.mawi.tu‐

darmstadt.de/media/fm/homepage/news_seite/ERECON_Report_v05.pdf [Retrieved 2016, January 10th].
5.

U. Bast, R. Blank, M. Buchert, T. Elwert, F. Finsterwalder, G. Hörnig, T. Klier, S. Langkau, F. Marscheider‐Weidemann, J.‐O.
Müller, C. Thürigen, F. Treffer and T. Walter, “Recycling von Komponenten und strategischen Metallen aus elektrischen
Fahrantrieben“,

2014.

http://www.ifa.tu‐

clausthal.de/fileadmin/Aufbereitung/Dokumente_News_ETC/MORE_Abschlussbericht.pdf [Retrieved 2016, January 10th].
6.

A. Walton, H. Yi, N. Rowson, J. Speight, V. Mann, R. Sheridan, A. Bradshaw, I. Harris and A. Williams, “The use of hydrogen to
separate and recycle neodymium‐iron‐boron‐type magnets from electronic waste,“ Journal of Cleaner Production, 104. 236‐241
(2015).

RECYCLING OF Nd‐Fe‐B SCRAP PERMANENT MAGNETS VIA HYDROGEN
PROCESSING
Alexandru LIXANDRU1,2, Iuliana POENARU1,2, Konrad GÜTH1, Roland GAUß1, Oliver GUTFLEISCH1,2
1

Fraunhofer ISC – Project Group Materials Recycling and Resource Strategies IWKS, 63457 Hanau, Germany

2

Technische Universität Darmstadt, Functional Materials, 64287 Darmstadt, Germany

Nd‐Fe‐B permanent magnets are a strategic material for a number of emerging technologies. They are a key
component in the most energy efficient electric motors and generators, thus, they are vital for energy
technologies, industrial applications and automation, and future forms of mobility. Rare earth elements such
as neodymium, dysprosium and praseodymium are also found in WEEE in volumes that grow with the
technological evolution, and are marked as critical elements by the European Commission due to their high
economic importance combined with significant supply risks1,2. Appliances containing Nd‐Fe‐B comprise a
significant environmental footprint, which comes with the use of rare earth metals, most importantly Nd, Pr,
Dy and Tb. However, recycling of these “metals” is not yet commercially conducted. In fact, less than 1 % of
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the rare earths are currently being recycled mainly due to low collection rates and lack of mature and
economically feasible technologies3.
In our work, a combination of low and high temperature hydrogen treatments ‐ hydrogen decrepitation and
dynamic hydrogenation disproportionation desorption recombination (d‐HDDR) ‐ was used to produce new
anisotropic magnet powders from scrap sintered Nd‐Fe‐B magnets for resin‐bonded magnets4. This study
covers 4 different types of permanent magnets from different electrical motors and 2 mixtures of scrap PM,
one made of permanent magnets from electrical motors and one of Nd‐Fe‐B magnets from waste electrical
and electronic equipment’s. The main elements of these types of scrap magnets are (Nd,Dy,Pr)‐(Fe,Co)‐B, with
small additions of Cu, Al and Ga. Due to the sensitivity of the d‐HDDR process to additives such as Co and Dy,
the process parameters were optimized for each type of alloy. Anisotropic or isotropic powder is obtained by
applying different H2 pressures and/or H2 desorption rates. The variations of the process parameters also have
a strong impact on the magnetic properties of the final powder. All the changes and the behavior of these
scrap Nd‐Fe‐B magnets regarding their exposure to carefully controlled H2 pressure, temperature and H2
desorption rate will be discussed.
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The rare earth elements are at the top of the critical material list in the EU, and the ERECON report1
highlighted recycling of Nd‐Fe‐B magnets as a priority in order to provide a strategic supply of especially
neodymium. Dysprosium could also be supplied this way when the automotive sector is considered, where the
magnets contain up to 10 wt.% Dy to increase the coercivity at higher temperatures.
Researchers at the University of Birmingham have developed a recycling process called HPMS (Hydrogen
Processing of Magnet Scrap)2. This process utilises hydrogen to extract Nd‐Fe‐B magnets from hard disk drives
(HDDs) in the form of a demagnetised hydrogenated powder that can be used to produce new permanent
magnets in a direct recycling approach3. The present study investigates how the HPMS process could be
applied to automotive rotors.
Initial HPMS experiments on automotive rotors highlighted many similarities to the processing of HDDs. The
magnets need to be damaged in order to react with hydrogen, mechanical liberation of the reacted powder is
needed in‐situ to extract the powder from the assemblies, and auxiliary materials needs to be removed from
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the extracted powder before any further processing. Among the differences it was found that the large size of
the motors, and the strong magnetic fields causes handling issues during sample preparation. The variety of
motor designs is another issue that makes it difficult to create a simple extraction process. This study focused
on one specific axial‐flux motor (with 3 rotors), and as a first approach, pre‐separated rotors were studied. The
magnets (of much higher Dy content than HDDs) were epoxy‐coated (Ni in the case of HDDs) and were either
embedded in carbon fiber or surface‐mounted onto the back‐iron.

Figure 1. A) Rotor with magnets surface mounted and B) embedded in carbon fiber. C) Extracted powder with glues and binding
materials, D) Epoxy coating on extracted powder particle.

The hydrogen decrepitation (HD) reaction was very slow for the rotors compared to HDDs. Previous
observations in the authors’ lab has indicated that Dy slows down the HD reaction. Gravimetric studies were
carried out to investigate this further, by exposing Nd‐Fe‐B magnets with varying Dy contents (1.0, 6.8 and 8.5
wt.%) to the typical HPMS processing conditions of 1.2 bar hydrogen at room temperature. This was done on
an accurate microbalance (Hiden IGA), which measured the mass (150 mg initially) of the sample during
hydrogen exposure.
It was found that with increasing Dy content the initiation of the reaction was delayed, and the absorption
time – from initiation to saturation – was extended. In subsequent experiments, high Dy content magnets (8.5
wt.%) were exposed to 2.5, 5.0 and 10.0 bar hydrogen at room temperature. It was evident that the reaction
kinetics could be increased substantially with increasing pressure, following the same pressure dependence
that has been reported for cast material4. The kinetics of HDD magnets and rotor magnets were compared on
both the IGA and on a 20 g batch, showing that the HDD magnets react quicker, but the difference was smaller
than observed in the full‐scale extraction from HDDs and rotors. It is possible that other factors may contribute
to the slower extraction from the rotors, such as the embedding of the magnets.

Figure 2. The absorption time vs. hydrogen pressure for magnets of varying Dy content.
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Introduction
Currently, the strongest magnets available belong to the NdFeB magnet family. NdFeB magnets are composed
of 25‐35 wt. % rare earth elements (REE) with ca. 1 wt. % B and the rest being Fe and other minor exogens.
REE other than Nd (Dy, Pr, Tb and Gd) and other elements can also be used as minor admixtures (e.g. Al, Co,
Ga, Nb, Si) or as coating material (e.g. Ni, Zn) for improving the properties of the magnets [1,2]. On considering
the instabilities in the supply chain of certain REE including Nd and Dy and the fact that these metals are
important constituents of NdFeB magnets, recycling of both pre‐ and post‐consumer magnets is still one of the
few solutions to decrease their supply risk [3].
In our previous work [4], we have shown that it is possible by sulfation roasting followed by leaching to obtain
more than 95 % extraction efficiencies for Nd, Dy, Pr, Gd and Tb, giving a very pure (≥ 98 % REE) solution that
is suitable for all possible downstream processes (e.g. solvent extraction) where REE can be separated from
each other to obtain pure REE. Meanwhile, the major impurity (Fe) and other minor impurities (e.g. Al could
be collected in a potentially useful hematite‐dominated secondary resource. The acid after use in sulfation of
Fe and other impurities could also be recycled by treating the by‐product gases (SO2/SO3 and H2O) in a nearby
acid plant. The process was proven to be efficient and it is potentially environmentally‐friendly and cost‐
effective and applicable to all sorts of magnet types. However, one disadvantage is the relatively high
temperature (750‐800 °C) required for thermal decomposition of sulfate impurities in the roasting stage.
Another disadvantage is correlated with the low solubility of REE sulfates that could negatively impact capacity
of the process. More importantly, these limited solubilities could also set problems in the subsequent
downstream processes where organic/inorganic solvents are introduced to the leachate at higher
temperatures (e.g. 60‐80 °C).
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Figure 1. Effect of calcination temperature for 1 h calcination (bottom) and calcination duration at 200 °C on metal extractions (up)

In this work, it was attempted to test a similar flowsheet, but now replacing sulfuric acid by nitric acid. After
completely transforming powdered samples into a metal nitrate mixture at room temperature for 1 h, a low‐
temperature (200 °C) calcination and water leaching treatment resulted in 95‐100 % extraction efficiencies for
Nd, Dy, Pr and Gd (Figure 1). The major impurity Fe (63.9 wt. %) almost completely remained in the residue (<1
% extraction) forming a mixture of hematite and goethite as a useful by‐product for iron industries. More than
half of Al and Co, representing minor impurities with individual concentrations <2 wt. %, also remained in the
residue (<40 % extraction), thereby enabling the formation of a leachate with very high REE purity. Such a
solution then can be directly treated with subsequent shortened downstream processes without pre‐
treatments required for impurity removal. In this process only acid is consumed. Due to decomposition
reactions of the impurities (including Fe) during the low‐temperature calcination stage, the majority of this
acid is theoretically recyclable via simple condensation, resulting in a potentially environmentally‐friendly and
cost‐effective closed‐loop flowsheet.
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Introduction
Nowadays, permanent magnets production is the application with one of the highest consumption of rare
earth elements [1‐2]. According to European Commission about 13% of the worldwide mining output of
neodymium is used for the manufacturing of permanent magnets [3]. Due to the neodymium magnets
superior magnetic flux density the neodymium‐iron‐boron magnets (NdFeB magnets) are the most widely used
in hard disk drives (HDDs), stereo speakers, wind turbines generators and hybrid electric cars [1]. It is evident,
that computer hard disk drives (HDDs) are the most important source of permanent magnets scrap today [2].
Therefore, recycling of NdFeB magnets from HDDs is a potential method of neodymium and other lanthanides
recovery.
The hydrometallurgical method is traditional route for recovery of rare earth elements from permanent
magnets [4]. The magnet alloys are dissolved in strong mineral acids and the REEs are selectively precipitated
as double sulfates, oxalates or fluorides [5]. One of the crucial step in a process of metals recovery by
hydrometallurgy is the leaching process. The high leaching efficiency is important for developing a good
method of lanthanides recovery. In present work the leaching process of NdFeB magnets with leaching
reagents such as HNO3, HCl, and H2SO4 was studied. Usually several physical and chemical methods such as
demagnetization, grinding, screening, and leaching processes are adopted to investigate the recovery of Nd
and other metals from scrap Nd‐Fe‐B magnets by hydrometallurgical process. In our experiments only
demagnetization and leaching were adopted. The leaching processes were conducted for both demagnetized
and not‐magnetized magnets. During demagnetization all magnets were separated from the metal plates and
there were only a little remains of glue on them. They were subsequently broken into pieces and used in such
form in leaching experiments. It was assumed that during leaching process all materials contained in magnet
material will be dissolved with exception of nickel layer covering magnets. Experiments with HNO3 were not
successful because nickel layer was dissolved together with magnets. Therefore we decided to perform
experiments with hydrochloric and sulfuric acids only.
The presented studies were conducted to optimize the leaching operating conditions with respect to leaching
time, concentration of leaching reagent, temperature, and solid/liquid ratio for both HCl and H2SO4 leaching
reagents. The results our previous study focused on material characterization of NdFeB permanent magnets
showed that the chemical composition of these magnets changes in the wide range and does not depend on
the HDDs.
The results of experiments showed that it is possible to leach completely NdFeB magnets without transferring
nickel into solution by using the HCl (2 – 4 M) or H2SO4 (1 – 2 M) solutions during 6 – 8 hours. The application
of higher temperature (313 ‐ 333 K), in the case of H2SO4 used as leaching agent, allows to achieve shorter
time of leaching process. Experiments in large laboratory scale (about 80 g of magnets per batch) were also
performed. They confirmed results obtained in laboratory scale (about 13.89 ± 0.37 g of magnets).
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Figure: Dependence between the time of leaching process and the concentration of: leaching agent (left side); Neodymium ions in the
leach solution (right side).
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This Rare earth elements (REEs) are considered to be critical metals due to uncertainties in supply chain and
increasing demand of clean energy applications.1 NdFeB magnets are one of the important applications using
REEs and are hence considered to be potential secondary resource for recycling. Hydrometallurgical recycling
routes operate at room temperature and consume considerably less energy than the pyrometallurgical
recycling processes. However, hydrometallurgical routes pose major challenges such as excessive acid
consumption, generation of solid waste, involving multiple steps and consumption of non‐recyclable chemical
agents

ERES2017: 2nd European Rare Earth Resources Conference|Santorini|28‐31/05/2017

224

We propose an alternative electrochemical route in which in‐situ electrochemical oxidation approach is
developed to selectively oxidize Fe(II) to Fe(III) after the magnet scrap is completely leached with acid. Fe(II)
tends to be stable in the solution for pH < 6 and Fe(II) oxalates are highly insoluble. In contrast, Fe(III)
precipitates at a pH ≈ 2‐3, and Fe(III) oxalates are highly soluble.2 This difference was efficiently exploited in
designing a room temperature recycling route to recover REEs. Importantly, we show that the speciation of
iron in the solution is one of the most important parameters determining the efficient recovery of REEs. The
flowsheet for the complete process is illustrated in Figure 1.
After completely leaching the magnet with acid HCl, an undivided electrochemical reactor with concentric
cylindrical electrodes was used to oxidize Fe(II) to Fe(III). A very large anode to cathode area ratio was
employed to effectively curb the cathodic back reduction of Fe(III) to Fe(II). The speciation of iron in the
solution was determined by modified ferrozine method 3using a UV‐Vis spectrophotometer to determine Fe(II)
concentration and ICP‐OES to determine the total iron concentration. A control experiment with no
electrolysis but just air oxidation showed that more than 98% of iron remained as Fe(II) in the solution.
Galvanostatic electrolysis at different current densities were performed and the evolution of anode potential
was monitored over time. An abrupt increase of anode potential to a plateau was observed which coincided
with more than 90% of oxidation of iron in the leachate. The transition of anode potential from a sloping
profile to a plateau showed the change of anodic reaction mechanism from anodic oxidation of Fe(II) to
electrolytic oxidation of water. At an anodic current density of 136 Am‐2 more than 99% of Fe(II) was oxidized
to Fe(III) within four hours and an electro‐oxidized leachate was obtained.. The energy consumed for the
whole process was calculated to be 1.4 kWh/kg of iron.
The electro‐oxidized leachate was then subjected to two different routes to selectively recover REEs. In the
first route of direct precipitation, oxalic acid was used as a selective precipitation agent. More than 97% of
REEs were precipitated as rare‐earth oxalates. The rare‐earth oxalates were calcined at 950 oC and produced
mixed rare‐earth oxides with a purity of 99.2 %. The remaining Fe(III) solution is a valuable by‐product for
metal etchant and water treatment industries and can be directly sold. Overall, this environmentally friendly
route consumed only electricity, oxalic acid and produced no waste.

Figure.1: Process flowsheet of electrochemical recycling of NdFeB illustrating the two different routes
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In an alternative second route, ammonia was added as neutralization agent to selectively precipitate iron. An
iron free leachate rich in rare earths and cobalt was obtained. Oxalic acid was then used as selective
precipitation agent to obtain 99.99% pure rare earth oxides leaving a pure cobalt solution as end product.
Subsequently with electrowinning studies we also show the feasibility of obtaining pure metallic cobalt from
the remaining cobalt solution.
In conclusion, the developed in‐situ electro‐oxidation process selectively oxidized Fe(II) to Fe(III).
Subsequently, the Fe(III) speciation of iron made two different recycling routes possible. The suitability of one
route over the other depends upon whether the feed contains substantial amount of cobalt worth of recovery.
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Community’s Seventh Framework Programme ([FP7/2007‐2013]) under grant agreement n°607411 (MC‐ITN
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Introduction
Recycling of REEs is of importance from an economic, industrial and environmental point of view. For
instance, the mining, transportation, processing and waste disposal of REEs have very serious
environmental and occupational risks,_ENREF_1 besides consequences on the surrounding ecosystems
and human health._ENREF_2 Indeed, most of the rare‐earth deposits contain harmful radioactive
elements (e.g. thorium and uranium).1 Moreover, in 2010, the European Commission published a list
of critical raw materials at the EU level,2 where valuable elements such as neodymium, dysprosium
(both critical at short and middle term) and cobalt (not critical at short nor at middle term) can be
found.
Ionic liquids (ILs) are organic salts which consist entirely of ions and with a melting point that is
generally lower than 100 °C.3‐5 Some of the most interesting properties of the ILs are their chemical
and thermal stability, high ionic conductivity and wide electrochemical potential window. Due to their
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negligible vapor pressure and low flammability, ionic liquids have been usually labeled as “green
solvents”.6 They have emerged as a green alternative for the replacement of the conventional organic phase
in solvent extraction processes. Advantages of the use of ionic liquids over typical conventional extractants are
low vapour pressure, low flammability and high chemical stability.

Discussion and conclusions
Rare earths and other valuable metals such as cobalt can be recovered from end‐of‐life NdFeB permanent
magnets through liquid‐liquid extraction.7 Ionic liquids are solvents that consist entirely of ions. Moreover due
to the very high concentration of anions, the mechanisms of extraction can be different from the ones with
conventional extractants in molecular solvents. In this work, solvent extraction from nitrate media is
presented.8 Neodymium and dysprosium are separated from cobalt by extracting them to the ionic liquid
trihexyl(tetradecyl)phosphonium nitrate which can be easily prepared from the commercially available ionic
liquid trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 101). Afterwards neodymium and dysprosium are
separated using ethylenediaminetetraacetic acid (EDTA) as a selective stripping agent. Different parameters of
the separation process such as contact time, temperature, pH effect and concentration of complexing agents
and nitrate salts in the aqueous phase were optimized. The designed process allowed separating cobalt,
dysprosium and neodymium efficiently in few steps (Fig.1). The ionic liquid can be easily recycled and
efficiently reused again for further separations.

Figure 1. General scheme of the recycling of rare earth metals by using ionic liquid technology.
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Introduction
Rare earth elements (REEs) are becoming more and more important in the transition to a green, low carbon
economy because of their critical roles in permanent magnets, rechargeable batteries, catalysis, lamp
phosphors and so on.1 Presently the supply risk of REEs is mainly due to limited Chinese exports, which has led
EU and U.S. to label some REES as critical materials, such as neodymium (Nd) and dysprosium (Dy).
Furthermore, it is estimated that the demand for the Nd and Dy will increase 200% and 2600%, respectively,
over the next 25 years.2 At present, Nd is mainly used in the manufacturing of permanent magnets whereas
the Dy is an additive to improve the magnets performance at high operating temperatures.3
The purpose of this study is to find means to recycle Co, Nd and Dy from ternary Co‐Nd‐Dy system by ion
exchange method. Inorganic amorphous zirconium phosphate (ZrP) was employed as the ion exchanger, and
the whole separation process was conducted in a single column.

Experimental
Column tests were performed in a minicolumn with an inner diameter of 10 mm at ambient temperature
(22°C). The column was filled with 0.928 g of amorphous ZrP material equivalent of 2.2 ml as bed volume (5.5
cm in column high). The feed solution was a ternary Co‐Dy‐Nd solution with a pH of 1.8 and equimolar metal
concentrations of 1.0 mmol/L. After loading the column was washed with 2 BV of HNO3 (pH 1.8), and then the
stripping of the metals was done with a mixed solution of 0.16 M HNO3 and 0.05M H3PO4 acids. The speed of
loading was around 4 BV/h while for stripping a speed of 2 BV/h was used.

Results and discussion
During the loading process (Figure), the Co(II) was the first metal to break through the column at the point of
16 BV. Between 16 and 77 BV only Co(II) was found in the effluent and where its concentration surpassed the
eluents concentration i.e. Co was also eluted from the column with the loading solution. This way, about 70%
of the Co was recovered with high purity before any REEs breakthrough. After the 77th BV, the Co(II) and
Nd(III) were found together in the effluent. Between 77 and 114 BV, 35% of the ion exchanged Nd(III) was
eluted by the loading solution. In the whole stripping process, 91% of Dy(III) and 61% of Nd(III) could be
leached out by the stripping solution. Finally, after the mass balance calculation, total of 91% of Co(II) and
Dy(III) and 97% of Nd from the loading solution was recovered by the single column process.

Conclusion
Amorphous ZrP is a good candidate for the recovery of Co(II), Dy(III) and Nd(III) from ternary Co‐Nd‐Dy system.
91% of Co(II), 91% of Dy(III) and 97% of Nd can be recovered in the single column test, which also shows
promising Dy/Nd separation. Further experiments utilizing multiple column test are needed for further
separation.
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Figure: The loading process of the column filled by amorphous ZrP with the feed solution of ternary Co(II), Nd(III) and Dy(III) system.
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Introduction
Securing access to raw materials is of particular importance for countries highly dependent on imports. This is
the case of many European Countries. As a consequence, the European Commission (EC) has identified a list of
Critical Raw Materials based on their supply risk and economic importance.1 High criticality results were
computed for elements such as rare earths and specialty metals. The continued growth of global population in
terms of size and affluence has arisen concerns regarding future availability of these materials: because of
scarcity of natural reserves in the region, if the global demand of critical materials increases at current rates
strong limitations could prevent Europe to access essential raw materials for the domestic industry.
In this scenario, recycling of above‐ground deposits of metal‐bearing waste (also named as “urban mines” or
“in‐use stock”, IUS) will become an increasingly relevant means of securing resources to provide building
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blocks to the European industry. Recycling of IUS has the further potential of avoiding the use of large
amounts of energy, which would be required in primary metal production, because recycling is often
significantly less energy‐intensive.2,3 Currently, however, because of metal losses due to dissipative uses and
inefficiency during old scrap collection and separation, end‐of‐life recycling rates (EOL‐RRs) for many metals
are often very low;4‐6 thus, potential for improvements are of great relevance.
A comprehensive approach is proposed to derive the potential to which recycled metal can substitute for
virgin metal, and the degree to which such action could mitigate carbon emissions from the metal industry
sector. Neodymium and europium are selected as target metals in virtue of the considerable insights that will
provide into the general potential for improvement in recycling. More in detail, Neodymium (Nd) is a rare
earth element that is the principal component of the modern high‐strength magnets widely used in
technologies as diverse as wind turbines, hybrid automobiles. Its current EOL‐RR worldwide is estimated to be
<1%.6 Inclusion of this metal addresses issues related to the product design and collection, future of low‐
carbon energy systems, and evolving recycling technologies. Europium (Eu) is a rare earth element and is one
of the principal phosphors used in modern high‐efficiency lighting and in electronic display screens. Its current
EOL‐RR worldwide is also estimated to be <1%.6 Inclusion of this metal addresses issues related to the future
of energy‐efficient lighting and of display technology. For each metal of focus, our aims are to quantify current
and future recycling potentials, energy and carbon emission savings associated with urban mines in Europe.

Methodology and expected results
A pre‐condition for efficient recovery of metals at end‐of life is the quantitative estimate of the outflows from
use of metals contained in products when those products are discarded at obsolescence. Material flow
analysis7‐9 techniques are applied to characterise the life cycle of each target metals and to balance for
material flows and in‐use stocks in Europe (EU‐28). A further activity related to this research is to combine life
cycle assessment data with Nd and Eu cycle flow information to generate carbon emission results. To this aim,
(i) the appropriate recycling technologies in common practice for the two metals and (ii) the degree to which a
regional‐wide implementation of Best Available Technologies could improve EOL‐RRs are used as basis to
estimate energy savings and carbon emissions associated with Nd and Eu recycling.
The selection of metals of focus enables to unveil related implications on metal, energy, and climate change
from a perspective of nexus analysis. Nd, and Eu are essential components in energy systems applications such
as wind power plants, permanent magnets, and lighting devices. Thereby, the results of this study can be used
as a foundation to derive (i) potential impacts of recycling on future secondary metal supply to provide
materials for greener energy systems, and (ii) potential impacts of energy savings and carbon emissions
reduction associated with recycling of particular type of discarded products such as waste of electrical and
electronic equipment. We expected that major outcomes of the study provide novel prospective to the
European recycling industry and policy actors.
Acknowledgement: This project has received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska‐Curie grant agreement No. 704633.
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The industrial demand of rare‐earth elements (REEs) is increasing, especially that of the critical rare earths like,
e.g., neodymium (Nd) or dysprosium (Dy), because of their use in permanent magnets. Recycling of rare earths
from magnet‐containing urban waste could generate an independent supply of these elements outside China.
Recycling is also of interest to mitigate the so‐called Balance Problem, since it avoids producing excesses of
lanthanum and cerium from mining primary rare‐earth ores. Stockpiling a resource has relevant costs that the
producer try to compensate by increasing the price of the more required resources, Nd and Dy in this case.1, 2
Ionic liquids are solvents that consist entirely of ions. They could contribute to the development of sustainable
recycling routes. They have been used as alternatives to molecular solvents in solvent extraction processes.
Ionic liquids functionalized with an acidic group can be useful for selective dissolution or leaching of metals
from complex solid materials.

Fig. 1: Leachates from milled and roasted NdFeB magnets at the end of a test of 96 hours with dried [Hbet][Tf2N] as lixiviant.

In this work, the ionic liquid betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf2N] was used to leach the
valuable metals neodymium, dysprosium and cobalt from end‐of‐life NdFeB magnets and NdFeB production
scrap. The leaching process was carried out at high temperatures (>100 °C) to increase the kinetics. This is an
innovation in the application of ionic liquids, which have mostly been used to work at low temperatures.
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The solid materials were milled to reduce the particle size and roasted to oxidise the metals. The dissolution of
oxides can be more selective than the dissolution of the alloys. A physical and chemical characterization of the
powders (particle sizes, molecular structure of the roasted material and elemental analysis) was performed.
Leaching performances of dry [Hbet][Tf2N] were tested at 175 °C, for 24 and 48 h.
The leaching efficiencies were very low, <10%, even after 48 h of leaching at 175 °C. However, the dissolution
of pure metal oxides in [Hbet][Tf2N] at 175 °C resulted in recovery efficiencies close to 100%. The difference is
due to different molecular structure of the powders: the roasted magnets revealed to contain a ternary oxide
of neodymium and iron, FeNdO3. The ternary compound is more difficult to leach than the pure metal oxides.
The results from the leaching process were also compared to the ones previously obtained by Dupont and
Binnemans in a similar process.3 It was proved that water‐containing [Hbet][Tf2N] can be used to recover Nd,
Dy and Co from NdFeB magnets at 90 °C. Water has a crucial role in driving the leaching mechanism. The effect
of water on the mass transfer and metal coordination was investigated. The viscosity of dried [Hbet][Tf2N] at
175 °C is very close to the viscosity of water‐saturated [Hbet][Tf2N] at 90 °C. However, it was proved that there
are no water molecules coordinating to the rare‐earth ions after leaching with the dry ionic liquid at 175 °C.
The dried [Hbet][Tf2N] is not able to efficiently saturate the coordination sphere of the rare‐earth ions in
contrast to water‐containing [Hbet][Tf2N].4
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TRACK 5: RARE EARTH ELEMENTS
ANALYTIC TECHNIQUES &
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Introduction
Thermodynamic modelling is an efficient and robust technique to understand production processes. It
provides a framework in which reactions, phase formation, and their energetic impacts can be predicted with
a high accuracy. This allows to reduce the number of experiments or to optimize settings without unnecessary
trial and error. Especially for high‐temperature processes, relatively simple equilibrium assumptions allow to
understand and predict the behaviour well. Therefore, it is advisable to consider the use of thermodynamics to
study new processes in rare earth production and recycling, or to develop sustainable recycling solutions.
In this paper, we discuss the state of the thermodynamic databases for systems with rare earth elements.
Indeed, thermodynamic databases are not yet available for any imaginable system, as they need to be
constructed based on experimental results. These results need to provide information about phase diagrams,
activity coefficients, enthalpies of solution, heat capacities, etc. Consequently, the modelling database can
only become available after a certain interest in the systems has led to the finalization of a number of
experiments and subsequently to database construction work.

Rare earth alloys
As far as the metal phase is concerned, several databases are available. These originate from the application of
rare earths in alloys, but also from the search for recycling of rare earths. As a result, databases have been
built for aluminium and magnesium alloys. Certain interactions have also been described for iron alloys and
zinc based systems.
For magnet production, the understanding of the Nd‐Fe‐B system is an important basis, and models have been
described, which can serve to study melt‐spinning and the formation of the magnetic Nd2Fe14B phase.
However, the interaction with hydrogen, which is important to decrepitation‐based production and recycling
processes1, or the interactions with Ce, important for substitution2, are not described in much detail. Also,
there are gaps between the status of publications, commercial databases and private databases.

Rare earth oxides and other compounds
For recycling from mixed streams, the oxide system has been under investigation. The behaviour of Nd2O3 in
slags3,4 based on CaO, SiO2, and Al2O3 has been studied and modelled. For other rare earths, mainly the
interactions with Al2O3 have been described. The application to a potential precipitation and concentration
process from slag will be discussed.
Apart from the metal and oxide systems, this paper briefly discusses other available databases, such as salts,
gases, and aqueous databases. An aqueous database is available, originating from nuclear energy research,
and therefore aiming at heavy rare earths. Sulphate and similar phases, relevant to potential roasting
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processes, are practically unavailable. Salt systems are, except for cerium, still a rather blank page, although
they may be very relevant for high‐temperature electrolysis.
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Introduction
Rare earth elements play an important role to move towards a sustainable society concept due to their use in
the manufacturing of batteries for electrical vehicles and other high‐tech applications. However, their
beneficiation and refining from minerals bodies incur in serious environmental problems and energy
inefficiency. These issues are forcing to look into the design of novel processes for their extraction and
recovery.
One of the main problems founded for the selection of suitable processing routes, is the lack of
thermodynamic data available in the literature for some complex rare earth salts. In this work a review of the
experimental data available for the enthalpies of formation of phosphates, chlorides and oxy‐chlorides have
been carried out. It was found that a linear relationship can be establish between ∆H0foxides and the difference
∆H0foxides‐ ∆H0fRESalts where ∆H0foxides is the enthalpy of formation of the rare earth oxides (RE2O3) and ∆H0fRESalts
is the enthalpy of formation of the rare earth salts considered in this study. The proposed model has been
validated using density functional theory (DFT) calculations, the volume‐based‐ thermodynamic (VBT) model
developed by Glasser and Jerkins1,2 and the group contribution method (GC) established by Mostafa and
Eakman3.
In Figure 1 it can be observed that there is a reasonable linearity between the enthalpy of formation of rare
earth oxides and its difference with the enthalpy of formation of the rare earth chlorides, oxy‐chlorides and
phosphates for the experimental values (exp), the group contribution method (GC) and the density functional
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theory (DFT) calculations. The volume‐based‐ thermodynamic (VBT) model gives a good linearity for chlorides
and oxy‐chlorides. However, the estimated values are far below of their experimental analogues due to the
VBT model was designed to be used with strictly ionic compounds, that is why these differences might be
attributed to the partial covalent character of the rare earth compounds.

b)

a)

c)

Figure 1: Linear relationship between the enthalpy of formation of rare earth oxides and its difference with the enthalpy of formation
of a) rare earth chlorides, b) rare earth oxy‐chlorides and c) rare earth phosphates.

Acknowledgements: The authors acknowledge the financial support from the NERC SoS RARE grant
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Introduction
The rare earth elements (REEs) are a group of 17 elements from the lanthanide series including scandium and
yttrium that share similar physical and chemical properties. They are progressively important for transition to
a green, low‐carbon economy due to their vital role in electric cars, permanent magnets, fluorescent lamps,
rechargeable NiMH batteries, catalysts and other applications. In reality, the term “rare” is misleading as these
elements are widely present in the earth’s crust. However, even if not rare, REEs have a high supply risk due to
the geopolitical situation e.g. resulting from limited Chinese exports. This, along with their importance in
various clean and high‐tech applications, has led the EU and the U.S. to label certain REEs, especially
europium, terbium and yttrium as critical elements. Recycling is often considered as one of the ways to reduce
REEs criticality, especially the import dependency.
A recycling strategy for REE requires reliable analytical data of different types of waste streams. The REE
bearing waste matrices can be completely different depending on its origin. Digestion methods prior to ICP‐
OES / ‐MS analysis must be optimized for the different matrices to guarantee reliable results. We present two
examples of different REE bearing waste streams ‐ fluorescence lamp shredder waste and red mud ‐ and show
how the analytical procedures were optimized.

Analysis of REE in crushed end‐of‐life fluorescence lamp waste
REE can be found in end of life electronic devices such as fluorescence lamps. In this case, high mass fractions
of Y, La, Ce, Eu, Gd and Tb can be expected. In many cases end‐of‐life lamps are dismantled and crushed.
However, the current focus is on glass recycling and rendering harmless the containing mercury but not REE
recovery. Consequently, the separated phosphor powders contain impurities such as glass fractions, mercury
and dust.
We tested seven different reagent mixtures for microwave‐assisted digestion of fluorescence lamp shredder,
including hydrofluoric acid, perchloric acid, and hydrogen peroxide. We determined the mass fractions of 25 of
the most relevant rare earth and other trace elements (Al, P, Ti, V, Cr, Fe, Ni, Cu, Ga, Ge, As, Y, Ag, Cd, Sn, Sb,
La, Ce, Eu, Gd, Tb, W, Au, Hg, and Pb) in the respective dilutions. Two independent digestions, one a mixture of
perchloric/nitric/hydrofluoric acid (Per) and the other aqua regia, showed together the highest mass fractions
for 23 of these elements, excluding only Sn and Tb. The REE concentrations in the tested lamp shredder
sample (stated in g/kg) were 10.2 (Y), 12.1 (La), 7.77 (Ce), 6.91 (Eu), 1.90 (Gd), and 4.11 (Tb) [1]. In Figure 1 the
results of different digestion methods are displayed for some REE and selected trace elements as well. It can
be clearly seen that the procedure of “total digestion” with HClO4/HF (Per) was not applicable to this matrix
for the determination of the rare earths. In contrast, the digestion including HF (Per) was mandatory for some
of the trace elements such as Pb, Ag and Sb.
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Figure 1: Mass fractions of REE (left) and selected trace elements (right) determined by ICP‐OES and MS after application of different
microwave assisted digestion methods

Analysis of REE in red mud and recovery potential in Germany
The alumina production via the Bayer process is associated with a huge amount of industrial waste. This so
called red mud is currently disposed of in landfills, but contains significant amounts of raw materials that
might be recovered. In the 1990s Ochsenkühn‐Petropoulou et al. [2] investigated lanthanides, yttrium and
scandium in Greek red mud in terms of analysis, selective separation and recovery.
We investigated the methods for element analysis of German red mud including REE. The digestion
performances of three different approaches (after excluding aqua regia due to worse performance in pre‐
investigations) were compared to each other for 43 elements of interest: TD: HNO3/HCl/HF (post treatment
with H3BO3); PD: HNO3/HClO4/HF (post treatment with H3BO3); FD: fusion with NaKCO3‐Li2B4O7. The element
mass fractions were then analyzed by ICP‐MS. Perchloric acid/HF digestion (PD) and fusion digestion (FD)
showed the best performances (see Figure 2). Based on the determined mass fractions of REE in red mud and
the annual output of the German alumina production (650,000 t red mud), a recovery potential of 609 t of rare
earths can be expected per year and an amount of 16,000 t REE is accumulated at the landfill site (17 Mt of red
mud). The annual total recovery potential of elements present in German red mud is shown in Figure 3.

Figure 2: Mass fractions of elements in German red mud measured by ICP‐OES or –MS after application of different digestion methods
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Figure 3: Total mass flows of some elements present in German red mud
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Introduction
Ionic liquids (ILs) are salts composed of bulky organic cations and much smaller organic or inorganic anions, a
structure that provides them with melting points at low temperatures, below 100 oC. The unique properties of
ILs, in combination with their low toxicity and the non‐flammability, make them promising alternatives to be
used as leaching agents for the extraction of Rare Earth Elements (REE) and as electrolytes for REE
electrowinning1‐2. Because of the very low concentration levels of REE in the different ores, minerals and solid
wastes (ppm range) and the very similar chemical properties, the analytical method of ICP‐MS is the most
suitable due to the high sensitivity, the low detection limits (ng mL−1) and the small range of interferences3‐4.
However, samples of ionic liquids cannot be analysed directly in ICP‐MS because of their high viscosity and the
difficulty to have diluted sample of ILs, as a large number of ILs are hydrophobic and thus, dilution in water is
impossible; organic solvents are dangerous to be used due to properties like flammability, or are non‐
compatible with the operating conditions of the method, or have a high vapour pressure rendering unsecure
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the accuracy of the dilutions, or react with ILs and/or the dissolved metals, resulting in precipitants / bi‐phasic
systems. This study aims at developing a simple and effective method that transfers IL / REE sample to aquatic
solutions of REE, which can be subsequently analyzed by ICP‐MS. The method is based on aqua regia digestion
of the IL / REE samples, targeting to the destruction (oxidation) of the IL’s organic components and the
liberation of REE in the resulted aquatic solution.

Experimental – Results and Discussions
Two different ILs used in the experimental procedure: (i) the hydrophobic 1‐Butyl‐1‐methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP‐TFSI) and (ii) the hydrophilic 1‐Butyl‐3‐methylimidazolium methyl
sulphate (BmimHSO4). Neodymium was selected as the case study of REE. Samples of both ILs with
concentration in Nd 0.025 M and 0.05 M were prepared by dissolving the appropriate quantities of pure Nd2O3
(BmimHSO4) and Nd(TFSI)3 (BMP‐TFSI). Totally, 10 samples of each IL and of each Nd concentration were
prepared and analysed. Pure neodymium oxide was also digested with aqua regia (2 samples) and analysed by
ICP‐MS, for the method evaluation reasons. Figure 1 presents the evaluation of the experimental results taken
from the analysis of BMP‐TFSI / 10.5 M Nd and of BmimHSO4 / 0.025 M Nd.

Figure 1: Evaluation of the experimental results of analysis on ICP‐MS of 0.05 M Nd in BMP‐TFSI (left) and 0.025 M Nd in BmimHSO4
(right)

As shown in Figure 1, the analyses of Nd performed after aqua regia digestion of the ILs samples confirm the
accuracy of the proposed method for the determination of REE in ILs. The precision of the proposed method
was statistically investigated and the obtained standard deviation of the values taken from the analysis of
BMP‐TFSI / Nd samples ranged from 0.22 to 0.23, while the standard error of the average value, from 2.21 to
2.47%. In the case of BmimHSO4 / Nd samples, standard deviation of the results from analyses was from 0.20
to 0.23, while the standard error of the average value, from 1.50 to 2.56%. These results are in good
agreement with the actual concentrations of the solutions, indicating that the developed analytical method is
effective for the determination of trace metals in ILs samples by ICP‐MS. The concentrations of Nd in the
digested samples of ILs compared to those of the pure oxide aquatic solutions showed that aqua regia
digestion achieves to break‐down completely ILs. In addition, the level of the total organic carbon in all the
investigated samples was lower than the detection limit of the analytical method (0.3 mg/L).
This work comprises the basis for further studies of REE and other trace metals in Ionic Liquids. The validity of
the proposed analytical method has to be assessed by the analysis of ILs samples that contain more than two
REE at least, ideally derived from well characterized Reference Materials, for which the measured amounts
should be in good agreement with the certified concentrations.
Acknowledgements: The research leading to these results has received funding from the European
Community’s Seventh Framework Programme ([FP7/2007‐2013]) under grant agreement n°309373. This
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The Bayan Obo deposit is world‐renowned for its reserves of rare earth resources, in which 71 kinds of
elements and 170 kinds of minerals were discovered1. Currently, high intensity magnetic ‐ low intensity
magnetic ‐ flotation – anti‐flotation separation processes were taken to separate the rare earth from Bayan
Obo Ore. Rare earth elements were extracted from the rare earth concentrate ore. Moreover, steel materials
were produced by using the iron concentrate ore. However, most of the rare earth minerals remain in the
tailings or flow into blast furnace slags. Recently, there were a lot of low grade rare earth tailings which should
be utilized. Crystallization was an effective method to collect the rare earth elements, therefore it is extremely
important to explore the crystallization behavior of rare earth phase. The confocal laser scanning microscopy
(CLSM) is a recently developed approach and it has been used successfully to study the high temperature
behavior of slag systems2. To simulate the slags of Bayan Obo Ore feasibly, CaO‐SiO2‐CeO2‐CaF2 system was
chosen.
In the experiment, the analytical reagents were used to synthetize slags. The content of CeO2 and CaF2 were
16% and 20%, respectively. Meanwhile, The basicity was 1. Samples were prepared from analytically pure
powders, then melted and cooled to designed temperature, after that held for minutes. The melted slag was
transparent that the system was clearly observed and recorded via CSLM. To acquire the accurate values, the
start and end temperature of crystallization were defined when the area of crystal is 0.1% and 99% of the final
crystal image, respectively. The crystals were elongated needle‐like, as shown in Figure 1.
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Figure 1. Image of crystals via CLSM

Figure 2. TTT diagram for the crystallization

Diagram of time temperature transformation (TTT) for the slag system was constructed to characterize the
crystallization behavior of the slags. The results were shown in Figure 2. It was obvious that the processes of
crystallization were much longer than that when the temperature was lower. In order to determine the crystal
phase, the slag was prepared for SEM‐EDS. Then the solidified slag was mounted in resin, grinded and
polished. The SEM‐EDS morphological observation confirmed that the crystals were hollow hexagonal prisms
and the primary crystalline phase was rare earth‐rich phase without fluoride. In addition, growth kinetics of
the primary crystals was discussed based on the in‐situ CLSM observations.
To obtain the rate of crystal growth, image analyses were performed for the isothermal experiment. The rate
of crystal growth was evaluated by the volume fraction of crystals evolved as the function of time. In order to
clearly recognize the shape of crystal, the edges of crystal were outlined manually in frames with interval of 10
seconds and their areas were counted. The variation of volume fractions X could be represented by Avrami
Equation(1)[3]：
(1)

where n represents the mechanism of crystal growth, k is a coefficient corresponding to the nucleation and
growth mechanism. After measured and calculated, the results were shown in table.
Table: Avrami exponent n and k

T/K
1623
1573
1523
1473
1423

n
2.14
1.56
1.46
1.56
1.80

k
2.29×10‐3
4.25×10‐3
6.74×10‐3
7.67×10‐3
4.55×10‐2

The calculated results of crystal growth rate were agreement with the observation. It is obvious that the JMA
equation appears to be highly accurate for the entire crystallization.
Acknowledgment: This study has been supported by Program of National Natural Science Foundation of China
(No. 51464040) and Program of Major Fundamental Research Open Foundation of Inner Mongolia
Autonomous Region (No. 20140201).
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Polymer (resin)‐bonded NdFeB magnets are typically obtained by mixing NdFeB powder with a binder such as
a polymeric binders at an appropriate mixing ratio in a mixer or extruder and subjecting the pellet‐shaped
extrudate to injection molding or compression molding.1 Imbedding the magnet powder within a polymer
matrix facilitates the formation of complex shaped magnets. Hence, bonded magnets are currently used in
various fields, the scope of which is constantly expanding. The demand for polymer‐bonded NdFeB magnets
has increased because of their superior mechanical characteristics, corrosion resistance, magnetic properties,
and facile processing condition.2 The polymeric binders that shape the NdFeB permanent magnets can be
composed of different materials: thermoplastic polyolefin; polyphenylene sulphide (PPS), polyvinyl chloride
(PVC), latex or rubber, polypropylene (PP), polyethylene (PE), high density polyethylene (HDPE), polyamide or
thermosetting epoxy resin, nitrile rubber or other elastomers. Bonded magnets provide an almost infinite
variety of combinations of mechanical, physical, chemical, thermal and magnetic properties due to various
kinds of polymeric matrices.3 For instance, epoxy resins may be reacted (cross‐linked) either with themselves
through catalytic homopolymerization, or with a wide range of co‐reactants including polyfunctional amines,
acids (and acid anhydrides), phenols, alcohols and thiols (Figure 1).
The market share of resin‐bonded magnets demands for efficient recycling processes enabling to separate the
polymer matrix from the magnetic powder from end‐of‐life products. Compared to recycling of sintered NdFeB
magnets, very little research efforts have been invested in the recycling of polymer‐bonded NdFeB magnets.4
This research focuses on the characterization of different resin‐ bonded magnets and their additives using
methods such as infrared and Raman spectroscopy, thermal analysis (DSC and TGA), determination of
elemental composition (CHN, TXRF, ICP‐OES).

Fig. 1 Example of constituents of an epoxy resin (pre‐polymer and hardener) before a curing reaction occurs.
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This study will serve as an aid to select the solvents and catalysts that are able to cleave the bonds of the
different polymer matrixes. A next step would be optimizing a solvolysis process as a first step in the total
recycling of resin bonded magnets. It is understood that powerful solvents and/or increased temperature and
pressure is need to break up such the resin. Knowledge on polymer and metal alloy dissolution must be
combined to develop a process that selectively dissolves the resin.
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Dogs nose, at our service in the society
For thousands of years’ dogs have fulfilled our needs for work and companionship. Humans have long enjoyed
a reciprocal working relationship with canines. In the 1940s American official bomb dogs came into use for the
purpose of detecting German mines in North Africa. Around the same time the United States was training dogs
to identify explosives and illegal substances, notably marijuana, heroin, and cocaine. Israel is believed to have
been the first country to utilize dogs to sniff and detect hidden contraband, with the French following soon
after. “In France, the national police started using anti‐drug dogs in 1965,” reports the Royal Canine Scientific
Library of the United Kingdom. The practice was also employed by military police during the Vietnam War to
minimize smuggling of drugs back to the United States. At present, the Police Force and Custom authorities all
around the world are using Detection Dogs to find all kind of illegal drugs, firearms, explosives, food and so on.
The first dog trained for mineral prospecting was done upon request by the Geological Survey of Finland to
find sulphide boulders hidden beneath the overgrowth of peat. A program was undertaken in 1962 by the
Geological Survey of Finland (under the direction of A. Kahma and T. Mustonen). Some Assistant Dogs are
trained to detect and alarm their owner with Diabetes, for high and/or low blood sugar. And today dogs are
even

used

to

detect

urological

cancers,

breast

cancer

and

ovarian

cancer.

In recent years, Bed Bug Dogs have received a great deal of attention due to their efficient detection abilities.
In 2011, the National Pest Management Association determined that the utilization of trained dogs is a best
practice in bed bug management and set industry standards for the training and certification of canines.
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The Mine Industry and detection Dogs
In the 60s and 70s Sweden, Russia and Finland were the foremost players in the game of ore dogs. They were
run by state agencies searching for nickel for the steel industry. The first dog trained for mineral prospecting
was Lari, owned and trained by Pentti Mattsson in Finland by request of the Geological Survey of Finland to
find sulphide boulders hidden beneath the overgrowth of peat. The program was undertaken in 1962 by the
Geological Survey of Finland to determine if specially trained dogs could be used to detect on‐ or near‐surface
mineral deposits. The work concentrated on sulphide‐bearing ores such as pyrite because of the unique aroma
produced by the sulphide compounds. A series of experiments determined that the dogs were significantly
better at finding ore‐containing boulders than human prospectors. Following the initial experimental success,
the program was put into full production, using sixteen dogs over the course of 30 years (1964 to 1994). At its
peak in the mid‐1980s, the program was employing eight dogs simultaneously. When the metal and steel
industry went belly‐up because of the financial crisis at the beginning of the 80s, these countries abandoned
all exploration and this technique died out, more or less.

The Amazing dogs ‘nose
Alexandra Horowitz wrote in her book Inside of a dog,“We might notice if our coffee´s been sweetened with a
teaspoon of sugar; a dog can detect a teaspoon of sugar in a million gallons of water: two Olympic sized pools
full”. The dogs´ nose is a complexly detailed thing, allowing them to pick up scents we cannot. The humans
have up to 5 million olfactory receptors, whereas the dog has up to 300 million. Possibly 30% of their brain is
dedicated to analysing odour. The nose of a dog is formed by bones, muscles and soft tissues and includes a
blood supply of arteries and veins plus nerves, which are connected to specialised areas in the brain. Inside the
nose of both humans and dogs are bony scroll‐shaped plates, called turbinates, over which air passes. A
microscopic view of this organ reveals a thick, spongy membrane that contains most of the scent‐detecting
cells, as well as the nerves that transport information to the brain. In humans, the area containing these odour
analysers is about one square inch, or the size of a postage stamp. If you could unfold this area in a dog, on the
other hand, it may be as large as 60 square inches, or just under the size of a piece of typing paper.
Once an odour is recognized, a pathway of tiny nerves relay signals to the brain area dedicated to olfaction
(the olfactory lobe), situated in the back of the nasal cavity and where most of the scent analysis takes place.
which then interprets the odours in combination with other special areas of the brain. Trigiminalis is scattered
around the nasal cavity. It reacts to strong or “stycky” fragrances and triggers mechanisms of defence.
Vomeronasale is situated between the mouth and the nasal cavity. It comprises of blisters and register sex and
hormones

and

analyses

pheromone.

As part of the olfactory anatomy there is a basal plate of bone known as the Lamina Transversa (not seen in
humans) which creates an olfactory shelf or recess separated from the respiratory section. This allows odours
to

accumulate

and

be

held

for

recognition

even

while

air

is

exhaled.

During sniffing the inhaled air in the dog separates into two distinct pathways. The upper flow path,
approximately 12 % of each breath, passes straight to the olfactory region, which is connected to the olfactory
bulb portion of the brain. The rest of the air in the lower pathway, flows down the pharynx into the lung.

Detection Dogs no limit
The extraordinary capacity of a dogs´ ability to detect opens a window of opportunities.
A scent consists of molecules, fat molecules and liquid molecules. For the dog the scent appear as a “molecule
picture”. Any scent, natural or synthetic has a given “molecule picture” and can be detected by the dog. In
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training, we work with scent‐discrimination. The dog is taught to “pick up” a certain “molecule picture” from
all other scents by discrimination. In discrimination‐training the dog is taught to choose one scent over
another as well as what to do with it. "Discrimination" simply means a choice made on the basis of established
criteria. This is done in a set, called a scent line up, a scent wheel or a scent wall. The discrimination is usually
worked in three steps; 1) reinforcing the target scent, 2) discriminating the target scent from other scents and
3) stimulus control. Reinforcing the target scent is an exercise where only the target scent is placed in one or
more spots of the setting. The dog searches for the target scent that can be placed anywhere in the setting.
The other spots can be controls or they can just be left empty. Control scent is usually a scent that is often or
always present with the target scent, in practise and/or in real situations, but by itself is not relevant. When
the dog has learned the target scent, discrimination exercises can contain any of the other scents that might
distract the dog while its doing a search. The last is stimulus control. When the dog is trained long enough and
thoroughly enough it should only alert the target scent. Stimulus control in scent work means that the dog
alerts only the trained target scent/s, only when the target scent/s are present and never when it is not.
As mentioned, any scent, natural or synthetic can be detected by the dog. When given a scent criteria the dog
will get trained to discriminate that scent criteria from any other scents. The fewer criteria given to the dog to
detect, the reliability will increase. At present and for the future Detection Dogs can and will be used for any
purpose that society will have a need them for.

Mining‐dogs.com
Mining‐dogs are extremely interested and dedicated to the capacity of Detection Dogs and their usefulness for
society. In the strive to develop dogs for the society we came to learn about the demands for REE, EUs
investment in becoming less dependent of the Chinese market. In 2015 a Pilot Study took place together with
Hundcampus, Bergskolan and Luleå University of Technology in Sweden. In the study, Detection Dogs marked
Yttrium content over 50 ppm with 80% precision. Considering the need for REE together with the cost as well
as the environmental challenges we believe that using special trained REE‐Dogs in detection, REE‐Dogs could
become a fantastic asset for the mining industry. As described previously, there is no known limitations of a
Detection Dog so it doesn’t have to stop with REE. Many areas of use within the mining industry are feasible;
minerals, substances, in laboratories, discriminating dust etc. The mining industry knows its need and will
identify what it would like to have detected, discovered, identified etc. We know the dog and how to utilize its
detection capacity. When the substance or material is presented to us we will have a special trained Detection
Dog to do the work.
We hope this initiative will spark an innovative chance to initiate a Pilot project, regular project or mission,
between the mining industry and the use of Detection Dogs.
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NORTH WESTERN REGION OF IRAN BY ICP‐MS AND DISCUSSING THE
DISTRIBUTION BY GEOCHEMOMETRICS
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In this research distribution and effect of Rare Earth Elements, Ce, Dy, Er, Eu, Ga, Gd, Hf, Ho, La Lu, Nb, Nd, Pr,
Sc, Sm, Ta, Tb, Th, Tl, Tm, U, W, Y, Zr, Yb, in soil sample of Zanjan , north western region of Iran, was
investigated. 73 soil sample was gathered in Zanjan province. After sample preparation Fusion digestion
method was done for the samples then, Geochemometrics methods like PCA, T2 Hoteling and KNN were
applied on them. Results were applicable in different fields like Medical Geology, Environment Geology and
mineral investigation in order to have a better classification of elements, looking for the mineral or
contamination source of sample detection of departed or anomal sample.
According to ICS mathematical, Statistical and Graphical methods which help to improve Chemical information
of the system are called Chemometrics[1]. Chemometrics is applicable in experimental desin, Modelling,
multivariate calibration, differentiation and separation of multivariate curve, classification, etc[2]. PCA is the
most applicable method in Chemometrics which improve accuracy, validity and interpretation of
Determination by omitting the noise. The result of PCA algorithm score and loading is Biplot diagram which
helps to have a good interpretation of resulted data. KNN is used for classification and measuring the unity of
species [3].
Geochemometrics is a combination of Geo and Chemometrics which means Earth, Chemistry and
measurement and is a new method for extraction of profitable data by interpretation of Geological data by
advanced analysis, software and computer [4]. Geochemometrics is used in quality control sample modeling,
instrumental calibration of Geological, marine geological and medical analysis [5].
Zanjan province contained 8 cities and located at the north western part of Iran. Zanjan contained a
mountainous part at the north eastern part known as Tarom and a shallow part between mountainous parts at
the central and western parts[7]. The Geological state of province is appropriate for mineralization. There is a
huge variety of mineralization in the field as Copper, Ferous, Mercury, Zinc, Gold, Silver and Rare Earth
Elements extraction and processing in progress[8‐9].
Sampling was done according to urbane, agricultural and city systematic gridding. For sampling 200 gram of
filtered soil for 20 mesh

from 15‐20 cm depth was taken for Analysis[10]. Fusion digestion was done

according to ASTM D4698 Standard method. In this procedure after Calcination in 1000 centigrade degree
heat, metaborate ,tetraborate, NH4NO3 and LiBr were added and placed in oven for 15 minutes. Next water
was added to the mixture to get the appropriate volume[11].
ICP‐MS is an atomic spectroscopy method for determination of metal and semi‐metals in trace amount,10‐12
ppt. elements were atomized by Argon atmosphere.then ions were separated according to the mass to
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charge ratio.ICP‐MS has got higher speed, accuracy and sensitivity and applicable in nanotech hnology and
simultaneous measurements of soil and water samples[12].
In this research, Eigen value digram was prepared according to number of Principal components and T2‐
Hotelling test. Ten variables are effecting measurement and three first species PC1=61.66% , PC2=12.12% and
PC3=5.01% has got 78% of the changes. Results show that Mor.6, a sample taken from a deposit in Morvarid
1 region, has got high value of Sc and Nb and Mor.2.10 was taken from Magnetite‐apatite deposit in Morvarid
2 region has got the highest degree of Rare Earth Elements for 55%. Sor.2 sample from Sorkhe dizaj and
Apatite containing Crystals from Golestan region specially Gol.7 has got high degree of Rare earth elements
due to Apatite. Da.1 and Da.2 were taken from Laterite‐Bauxite horizon in Dash aghol and has got high
degree of Nb and Ta. Also Zr is in high degree in Da.2.
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TRACK 6: RARE EARTH ELEMENTS
SUSTAINABILITY
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RESOURCE ABUNDANCE & ESTABLISHING A MULTI‐NATIONAL RARE EARTH
VALUE CHAIN - 120
James KENNEDY
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Introduction
This paper outlines a solution to the historical and geopolitical issues that have resulted in a 'market failure' as
it relates to rare earths and the establishment and maintenance of a fully integrated value chain outside of
China. Specifically, the paper will demonstrate that resources are not the problem: the problem is related to
collateral liabilities, the absence of a value chain and 'non‐market' factors that currently make establishing a
value chain outside of China impractical.

Abstract
Resource scarcity is a terminal mirage. Since 2010 over $10 billion in capital has evaporated in various rare
earth resource mining projects. It was all for naught.
Historically direct rare earth mining played an insignificant role in the supply chain for value added rare earth
materials, metals, alloys and magnets for the technology sector. Nearly all heavy rare earths originated as a
byproduct of some other commodity. These heavy rare earth bearing resources are always mineralogically tied
up with thorium.
Rare earth resources are abundant, available and easily recoverable from the mining waste of a diverse list of
commodities such as titanium, zircon, phosphate, iron, aluminum and others.
A dozen or so existing non‐rare earth mining operations could meet or exceed 100 percent of global rare earth
demand. New mining ventures are not necessary and have proven economically impractical.
These recoverable resources, rich in heavy rare earths, are currently treated as waste by many existing and
operating mining operations across the world to avoid costs and liabilities resulting from a modification in the
application and enforcement of regulations pertaining to “source material”.
Source material is the technical term to describe the primary feed‐stock for nuclear fuel; used in the production
of nuclear energy or nuclear weapons.
Prior to 1980 the application and enforcement of these regulatory guidelines was exclusively applied to the
uranium mining and refining industries. Beginning in 1980 the IAEA and NRC agreed to enforce the regulatory
definition of source material across all mining operations and sectors under their authority.
The IAEA and NRC threshold definition of source material is any material with a concentration of uranium and /
or thorium above .05%.
Thorium, typically a companion element associated with most heavy rare earth deposits, is the main culprit
(uranium is also problematic for some potential byproduct producers like rock phosphates). Thorium is a
companion element to nearly all heavy rare earth deposits. Because thorium has no market value or market,
its accumulation represents a substantial liability. Historical byproduct producers of heavy rare earths elected
to dispose of these thorium bearing resources in order to protect their primary businesses.
Ultimately this IAEA / NRC regulatory modification resulted in the termination of all heavy rare earth byproduct
production and the atrophy, closure or relocation of much of the world’s rare earth value chain technologies
and assets to China.
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Any forthcoming solution must be based on utilizing these thorium and uranium bearing byproduct resources.
The fundamental reasons for this are that 1) China’s rare earth industry is largely based on byproduct
resources, 2) direct mining efforts will not prove competitive, 3) targeting low thorium rare earth resources
typically yield low value light rare earth distributions, 4) low thorium deposits like Molycorp have proven
uneconomical, 5) many advanced technologies and thus economies are dependent on heavy rare earths.

Identifying the Current Problem
A decade has been lost as governments, technology industries and the mining and financial sector have
focused on the resource problem and the promotion and financing of numerous rare earth mining projects.
Resources are not the real problem facing the E.U., U.S., Japan, Korea and other non‐Chinese industrial
nations. The real problem is the absence of a robust and fully integrated value chain with sufficient capacity
and willingness to supply Original Equipment Manufacturers (OEMs) outside of China.
The financial risks associated with establishing a traditional ‘market based’ rare earth value chain are
substantially greater than solving the current resource issue. No one company, industry or nation can do it
alone.

A Solution Is On the Horizon
There is an effort underway to establish a multi‐national rare earth cooperative value chain, owned and
operated for the benefit of OEM investors (and/or various government agencies) that could accept the existing
and abundant thorium / uranium bearing rare earth resources that are currently being disposed of.
The cooperative would transfer all thorium, uranium and related radiological liabilities to a thorium storage
and energy corporation that would act as a multi‐national investment platform for the commercial
development of thorium based alloys, medical isotopes and energy systems.
The cooperative would pay storage fees for the thorium. The uranium and other valuable actinides would be
sold to cover cost and finance the development of uses and markets for thorium, including energy.
The proposed solution would guarantee the uninterruptable flow of high value heavy rare earth resources into
a cooperatively owned value chain.
The capital cost of the cooperative would be spread across many nations, industries and companies. The value
added rare earth oxides, metals, alloys, magnets, garnets and other materials needed by the OEMs would be
transferred at‐cost to the OEMs or their designates (in proportion to direct investment). Surplus materials
would be sold at ‘market prices’ to rare earth end‐users outside the cooperative. Any profits would be
distributed back to the cooperative owners.
The cooperative would be managed and controlled by its OEM owners / investors and exist and operate for
their benefit: allowing corporations and nations full control over their IP, manufacturing and supply chains as it
relates to rare earth dependent technologies.
The proposal is under review by the current Administration.
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Introduction
Rare earth elements (REE) have an extensive and expanding range of uses in modern technology, particularly
in the low carbon economy. Reliance on specific REE, such as neodymium for use in high strength permanent
magnets, has increased with the global proliferation of these technologies, whilst supply for REE remains
constrained to a handful of locations. China has a near‐monopoly on REE production, accounting for roughly
90% of global production1. The combination of China’s production dominance and REE economic importance
has led to a number of studies identifying REE as critical metals2, 3. A number of projects have started outside
of China in recent years and are now at various stages of exploration, financing or development. These
projects have bespoke production routes and plant configurations depending on the desired end product(s) as
well as the geology and available technology. The LCSA methodology is considered the best current method
for a comprehensive environmental, social and economic assessment, including environmental, social,
economic, technological and geopolitical factors, and is useful in supporting sustainability of resources into
design, innovation and evaluation of products and services4. LCSA is formed through the amalgamation of
environmental life cycle assessment (LCA), social and socio‐economic LCA and Life Cycle Costing (LCC). A LCA is
a quantitative assessment of the environmental performance of production, accounting for all the energy and
material inputs and the associated emissions and waste outputs5. A social LCA uses a similar method to
environmental LCA, capturing social and socio‐economic impacts, whilst LCC examines the economic cost of
production during the life cycle6. LCSA results for REE projects can be useful for strategic planning and public
policy making, but also highlight sustainability hotspots at the individual project level. However, a number of
challenges exist when applying the LCSA methodology to REE production.

Challenges for application of LCSA to REE projects
The first challenge is that individual REE vary considerably in criticality and economic importance. Neodymium
is the most sought after element, for use in high strength NdFeB permanent magnets. Cerium also has many
uses but is in oversupply so is less expensive, Eu is used in much smaller amounts but available from fewer
sources so orders of magnitude more expensive Consideration of the relative contribution of individual REE at
distinct projects needs to be incorporated along with other production data, such as grade and deposit size.
Consideration of an individual REE, usually Nd, as the main product and other REE as by‐products seems to be
a useful approach for light REE projects.
The second challenge is that although a number of individual REE are classed as critical by most criticality
assessment approaches, current LCSA methodologies fail to take into account resource criticality. Instead they
opt to measure resource depletion, even though there is no deficiency in the earth’s crust of REE; REE scarcity
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is driven by the economic accessibility rather than geological factors. Limited research has been completed
considering geopolitics and supply constraints during a LCSA for REE production or other commodities. A 3‐
dimensional criticality space, which includes supply risk, vulnerability to supply risk, and environmental
implications was examined by Graedel et al in 20157. It is possible to modify this to include metrics for social,
regulatory and geopolitical data under the broader concept of supply risk. This includes material importance in
addition to substitutability in the concept of vulnerability to supply restriction. It is then possible to use these
metrics as a weighted measurement against the environmental performance for the LCSA, and thus provide
results that better reflect the complex forces that drive REE production.
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The global rear earth element (REE) reserves were estimated at 120 million metric tonnes and the total global
production / processing capacity was approximately 126,000 metric tonnes in 20161. The annual demand for
REEs is projected to reach approximately 210,000 tons by 20252.
The size of the global REE market is approximately $3‐4 billion3. This is considered low compared to the market
of other metals (gold, iron, copper, etc.). On the other hand, the global market size of REE‐based end‐products
is approximately $5 trillion4. In accordance to market experts5 the global market size is estimated to $7 trillion
in REE value added goods when the processing and production of petroleum products that utilize lanthanum
catalysts is included. This means that the value added from the mine to the end‐product is approximately
1666% and that for every single dollar earned by REE‐mining companies the manufacturers and/or users of
REE‐based end‐products earn 1666 dollars. Other references report that the value of REEs from the ore to
their refined state increases by 1000%.
China controls the 95%‐99.8% of the global production / market of REEs. The neodymium‐iron‐boron magnet
was invented in the early 1980s6. During that period the US was the dominant player in the extraction and
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processing of REEs and controlled the entire production chain from mine to end‐products7. The US was also
the leader in innovation, trade and academic research in REEs8. This changed rapidly since the early 1990s and
today China controls both the extraction (mining) and processing of REEs. As a result, REE end‐users may be
vulnerable to price manipulation by China.
The first step in order to avoid repetition of past deficiencies is to reduce the risk of manipulation of the REEs
market. Euripides (480‐406 BC), an ancient Greek historian, used to say that “lucky is the one who has been
taught history”. The control of supply of REEs by only one dominant player may harm the global economy. In
addition, the manipulation of the REEs market could raise global security issues through sudden increase of
REEs prices, or by the complete domination of the REEs market by China. The rising demand for REEs will
increase the uncertainty for the supply of REEs as well.
Thus, it is interesting to analyze the REE market manipulation mechanism(s) that may clarify and quantify the
above mentioned risks. The main stakeholders in the production of REEs include the mining companies, the
governments / local societies / NGOs, the markets and the media. The REEs market may be manipulated
directly or indirectly through several ways by some stakeholders. The assessment of the most important
stakeholder’s involvement in the sustainable development of REE mining projects is considered a critical
process.
This presentation will cover two issues. In order to better understand the way that China became the
dominant player in the REE industry a historical comparison between 1980 and today will be presented using
19 comparatively similar conditions. In addition, the market manipulation mechanism of REEs is analyzed.
Several favoritisms that may lead to the creation of multiple interconnected/synergistic mechanisms and the
manipulation of the REEs market are identified. In order to avoid such a manipulation, two anti‐favoritism
“defense” mechanisms / models are proposed. These mechanisms may include the synergistic action of
several stakeholders which if fully implemented may provide important benefits that will minimize the
probability for REEs market manipulation.
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Introduction and Relevance
Criticality of rare earth elements (REE) has resulted in mitigation strategies that are pursued worldwide in
order to decrease the high dependency on China. Among these strategies is the diversification of supply to
secure rare earths for applications mainly in the fields of renewable energies, automotive, and future
technologies. With leading companies in the field of hybrid and electric vehicles, robots, and consumer
electronics, Japan is particularly vulnerable to REE supply disruptions. The country has a long tradition in
producing rare earth magnets, the main application of rare earths, and is the major importer and largest
demander of rare earths outside of China. Hence, supply dependence is especially problematic and mitigation
strategies like the development of mining projects are much more crucial as in other countries. According to
Tukker, REE containing products contribute 22% to Japans total export value, twice as much as in the United
States.1 Access to REE is consequently vital for Japan’s industry. In 2010, due to a political crisis caused by the
dispute about the Senkaku islands, the supply from China was temporarily interrupted. Further reductions of
the overall export quota tightened the situation and led to price increases in 2011. As China’s export quota
only affected companies outside of China, overall competitiveness was challenged. Japan reacted promptly
and aimed to diversify its supply structure in order to reduce dependency from China.
This contribution examines those reactions of both politics and the economy in Japan on the rare earths crisis
that aim for a diversified supply structure by promoting and establishing rare earths production and supply
chains outside of China. The in‐depth analysis focusses on the evolution of Japan’s supply structure through
the involvement of companies and politics in rare earths projects worldwide. Effects and results of these
measurements are evaluated. By doing so, this paper attempts to answer the question, if and how Japan is
gaining independence in the supply with rare earths.

Results and Conclusion
The analysis is based on data by UN comtrade,2 USGS,3 and research on project involvements through
monitoring of company and government publications.
Results show fundamental changes in Japan’s rare earths supply structure. Whereas in 2011, more than 80%
of the total import value and 70% of Japan’s total import amount of rare earth metals and compounds were
imported directly from China, these numbers significantly dropped in the following years. In 2015, only 37% of
the imports in terms of value and 53% in terms of weight came from China. The supply structure shifted from a
high share of imports from China to a relatively well‐balanced structure with supply from different countries,
especially Vietnam and Malaysia. The Herfindahl‐Hirschman‐Index as an indicator for the country
concentration in the supply, shows significantly declining dependence on China. The race for independence
has led to an overall diversified and therefore more secure supply structure. The increased independence is a
result of numerous activities as a reaction on the supply disruptions in Japan. For project funding, research
grants and further measures of economic policy, the government of Japan resorts to a well‐established
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institutional framework. These organizations and Japanese companies are involved in various projects all over
the world, securing a high share of rare earths production outside of China. Network analysis identifies key
players, shows the important role of politics, the linkage between project activities on a corporate and a
political level, and the interrelation between both actors.
Although there is an enormous amount of activities by an extensive network of actors and effects are
remarkable, sustainability of rare earth projects outside of China remains a challenge.
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Six years after the REE crisis much has been said and written regarding the future perspectives of the global
REE industry; yet little has changed. The REE price spike in 2011 initiated a spur in exploration activities, which
in turn resulted in a remarkable increase of the total number and diversity of rare earth resources
worldwide1,2,3. In fact, the identified geological resources of rare earths around the world appear adequate to
secure supply for several centuries1,4. However, China still has the monopolistic control of the REE market,
indicating aptly that merely the geological availability of resources does neither automatically solve the supply
problem nor the complexity of the situation.
Mining does not react as quickly as exploration activities to market demands; in fact it typically takes at least a
decade to advance an exploration project from discovery through permitting and construction to active
exploitation. Of the hundreds of potential rare earth projects, only few are in an advanced stage and may
commence mining operations within the foreseeable future. Surprisingly, this was to the benefit of many
potential REE producers, since the drop in prices led to second thoughts and a re‐evaluation of the prospects
of their projects. The emphatic failure of Molycorp in the United States5,6, and the fact that Lynas in Australia is
struggling to sustain itself made it clear that the world of rare earths is far more complicated than many
analysts first thought. In the interim, the prices of the individual REE are currently as low as the 2005‐2009
average. Most forecasts made from market analysts, exploration companies and consulting groups proved to
be wrong; despite a disproportion in the supply of individual rare earths, and the high demand for some
critical rare earths, no actual supply chain disruption has occurred5,7.
Nevertheless, several analysts insist on forecasting increases of REE prices, while many potential producers
insist on believing that they are holding the key to success, and by success they mean that they can produce
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significant amounts of REE, solve the issue of supply and break the monopoly of China. Such optimism usually
is viewed as a desirable attribute, but it is really only helpful if it is realistic.
Undoubtedly, there is a significant number of interesting and noteworthy explorations projects worldwide, but
any attempt to enter the market will place them in direct competition with a mature Chinese mining and
processing sector with much higher expertise and much lower costs2,5,8. Given the size of the market and the
special boundary conditions of the REE industry, just a handful of the exploration projects will actually become
mines; which ones go into production is also difficult to predict. Hence, in this study an effort is made to
investigate the realistic perspectives of the REE industry, and especially of the REE mining sector around the
world.
To be able to identify the factual potentials of the REE mining sector outside of China, a thorough analysis is
made of technical reports, pre‐ and final feasibility studies that have been published regarding advanced REE
exploration projects around the world. The findings are evaluated with respect to the status quo of the REE
market and the special boundary conditions of the REE industry. The detailed analysis reveals misleading and
in some cases fallacious reporting practices, which result in erroneous calculations and wrong conclusions. All
these features are taken into consideration, and thus a re‐assessment is made of the feasibility of future rare
earth mining projects.
Of course, not all potential market entrants are expected to succeed. However, the scope of this study is not
to name the winners and who will be the losers amidst the development of the global REE market. Besides,
predictions are difficult to make when the situation is subject to constant changes and the prices are
fluctuating rapidly. In addition to this, the decision does not simply narrow down to who has the biggest
deposit and can produce the most rare earths; each project entails unique intricacies that make evaluation and
cross‐comparison with other projects an intimidating and thought‐provoking challenge. For the above reasons,
evaluations are made and guidelines are suggested for the identification of the realistic perspectives of the
global rare earth mining industry.
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Rare earth elements (REE) play a key role for the advancement of green technologies. Permanent (Nd‐Fe‐B)
magnets for efficient motors accounting for one of the most important applications in terms of REE market
value. Recent geopolitical REE supply risks have triggered an interest in their recycling, amongst other
strategies followed to alleviate potential supply risks1. Whilst REE recycling from Nd‐Fe‐B magnets has not yet
been widely implemented, this could change in the near future, given the growing market for Nd‐Fe‐B
magnets.
Researchers at TU Delft are developing a new recycling process that is based on the direct extraction of rare
earths from EOL magnet material in a molten salt electrolysis bath, thereby omitting the need to conduct a
more complex, multi‐stage process. The process development is technologically very challenging, but
attractive from an industrial implication point of view2. The process has already been shown to work on a
laboratory scale.
Life cycle assessment (LCA) is generally well‐recognized method used to assess the environmental impacts of
products and processes. LCA studies can be used to support process development into an environmentally
favourable direction3. The goal of our study was to estimate the process‐specific environmental impacts
associated with energy and material requirements, emissions and waste of the process being developed. To
enable a comparison with the primary production route, we include not only the molten salt electrolysis step,
but also the preparation steps into our assessment, namely the extraction of the magnet from the compound,
demagnetization, cleaning and milling of the material (Figure1).

Figure 1: Process steps included in the life cycle assessment study

Since the recycling process is at an early development stage, a range of possible life cycle inventory values is
presented. We show the contribution of the different processing steps to the impact assessment results.
Furthermore, we test the influence of different assumptions to show which factors are likely to be important
for the overall process impact. Results show that the process has the potential to produce secondary rare
earth metals with a lower environmental impact than rare earths produced through the primary route, and
that the achievable rare earth recovery rate is a crucial factor for the impact associated with this route.
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Introduction
Mining and the processing of magnets are polluting
industries. Moreover, the transportation industry, another
CO2 fueled sector, relies on these permanent magnets to
power hybrid and electric vehicles. Currently, NdFeB magnets
are used for these applications but SmCo have also been
employed in the past. In this study, the authors perform an
updated comparison between motors using respectively
SmCo and NdFeB, in view of determining the most
sustainable magnet to use in these applications. The authors’
main goal is to update an existing life cycle inventory on the
production of NdFeB, and to compare it with a newly
constructed life cycle assessment of SmCo. The authors show
a significant difference from the original study of NdFeB
perfomed by Sprecher in 20141. This recreation of the LCA
will serve as a guide for those who wish to determine if
substituting between different magnets and production
routes significantly affects sustainabilty of electric vehicles.

Figure 1: The figure shows the flowsheet for the modelled production/processing route of the two rare earths magnets, SmCo and
NdFeB.
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Flowsheet of Production Routes for SmCo and NdFeB
Results of Comparative LCA
The below non normalized results are based on a functional unit of the amount of rare earth permanent
magnet needed to power 1 electric traction motor in an electric vehicle. For a neodymium iron boron magnet
motor, that is a 1 kg magnet. For a samarium cobalt magnet motor, that is a 1.9 kg magnet.
Table: Life Cycle Impact Assessment CML 2001 – April 2015, SmCo Production and NdFeB Production Results

Impact Category and Units

SmCo

NdFeB

Magnet

Magnet

Abiotic Depletion (ADP elements) [kg Sb‐Equiv.]

0,00482

0,000215

Acidification Potential (AP) [kg SO2‐Equiv.]

1,53

0,506

Eutrophication Potential (EP) [kg Phosphate‐Equiv.]

0,158

0,0436

Freshwater Aquatic Ecotoxicity Pot. (FAETP inf.) [kg DCB‐Equiv.]

51,6

5,25

Global Warming Potential (GWP 100 years) [kg CO2‐Equiv.]

116

50,3

Human Toxicity Potential (HTP inf.) [kg DCB‐Equiv.]

135

276
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Nd2Fe14B‐based permanent magnets are vital for the automotive industry including for green technologies like
electric/hybrid vehicle motors and wind power generators.1 The market availability and cost of Neodymium
have suffered great fluctuations which make it a highly critical element alongside Dysprosium and other
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strategic elements. However, Cerium and Lanthanum have a low price and are highly abundant being a by‐
product of Nd separation process and in significant lower demand in comparison.

2, 3

They are seen as

potential alternative materials to be used for permanent magnets production. The partial substitution of Nd
with Ce and/or La or the magnetic hardening of Ce2Fe14B phase by alloy phase composition and microstructure
tailoring have been taken as alternative approaches aiming at the development of cost and resource‐efficient
Nd‐Fe‐B permanent magnets. 4, 5, 6
In this work two processing routes have been adopted for the fabrication of permanent magnets using rapidly
solidified Nd2Fe14B‐based alloys:
(i) Melt‐spinning of (Nd1‐xRx)13.6Fe73.6Co6.6Ga0.6B5.6 composition where R = Ce, La and
x = 0, 0.1, 0.2 ... 1 (for R = Ce) and x = 0, 0.1, 0.2 ... 0.5 (for R = La). Melt‐spun ribbons were obtained by
induction melting master alloy ingots prepared in an arc‐melter in argon atmosphere. The melt is ejected on a
rotating chilled copper wheel at 30 m/s tangential speed.
(ii) strip‐casting followed by hydrogen decrepitation (HD) and dynamic hydrogenation disproportionation
desorption recombination (d‐HDDR) of (Nd1‐xCex)15Fe79B6 base composition where x = 0, 0.1, … 0.6. Strip‐cast
flakes were obtained by induction melting of pure elements and FeB pre‐alloy in argon atmosphere and
pouring the melt through a round nozzle on a chilled copper disk rotating at 7m/s tangential speed. The HDDR
process for grain refinement was conducted in a dynamic controlled H2 pressure at 30 kPa with a process
temperature at 840 °C during disproportionation and recombination.
The phase composition of all processed alloys was determined by X‐ray powder diffraction (XRD) while
morphology was investigated by scanning electron microscopy (SEM). Room temperature magnetic properties
were determined using a Quantum Design Inc Physical Property Measurement System (PPMS). The Curie
points were determined from magnetization vs. temperature M(T) curves and differential calorimetry scans
(DSC). The composition of the strip‐cast flakes constituting phases was checked at the different treatment
stages by wavelength‐dispersive spectroscopy measurements performed on an electron probe micro‐analysis
instrument (WDS‐EPMA).
The melt‐spun ribbons are nanocrystalline in as‐spun state with a grain size of 20‐30 nm. Ce and La had
different impact on the alloy phase configuration and the resultant Nd2Fe14B phase crystal properties. Cerium
steadily decreased the magnetic properties after an initial improvement in (Nd0.9Ce0.1)13.6FebalCo6.6Ga0.6B5.6 alloy
with a coercivity (µ0Hc) of 1.54 T and a remanence (Br) of 0.81 T. The coercivity drop with increasing La
concentration was slightly steeper but remanence improved from 0.73 T in the base composition to 0.88 T at x
= 0.3. The strip‐cast flakes are composed of the Nd2Fe14B phase and the rare‐earth rich phase while CeFe2
phase segregation was found at 0.3 Ce atomic fraction. XRD scans showed less intense CeFe2 peaks after the
HDDR treatment indicating that the phase may have been diminished or more finely redistributed. The HDDR
powders are composed of equiaxed, faceted grains within a size range of 200–500 nm. Coercivity and
remanence dropped in the substituted samples but a certain degree of texture was preserved regardless of Ce
content.
Phase evolution and morphology are followed at every major processing step and a detailed comparative
analysis of the impact of Ce/La substitution upon the structural features and the corresponding magnetic
properties of the studied materials will be presented.
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