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Preface
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gratitude and appreciation to the contributors of individual chapters and to many 
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many thanks for the assistance received from the Springer Nature book publishing 
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Yellapu V. Murty
Mary Anne Alvin

Jack P. Lifton 



vii

Contents

 1   Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    1
Yellapu V. Murty

Part I  Upstream Primary Operations

 2   Conventional Rare Earth Element Mineral Deposits—The Global 
Landscape  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   17
Nora K. Foley and Robert A. Ayuso

 3   Energy-Related Rare Earth Element Sources  . . . . . . . . . . . . . . . . . . .   57
Allan Kolker, Liliana Lefticariu, and Steven T. Anderson

 4   Rare Earth Ore Flotation Principles and Kinetics: Significance  
of Collectors and Application of Novel Depressants  . . . . . . . . . . . . . .  103
Courtney A. Young, Peter A. Amelunxen, and Richard LaDouceur

 5   Rare Earth Extraction from Ion- Adsorption Clays in U.S.  
Coal By-Products  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  123
Roe-Hoan Yoon

 6   Solvent Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  149
Alain Rollat

 7   Continuous Ion Chromatography . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  179
Richard Shaw and David Dreisinger

 8   Ionic Liquids for the Processing of Rare Earth Elements . . . . . . . . . .  195
Tommee Larochelle

Part II  Metal Refining

 9   Reduction of Rare Earth Elements Through Electrochemical  
and Metallothermic Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  235
Patrick R. Taylor, Matthew Earlam, and Sridhar Seetharaman



viii

 10   Rare Earth Element Reduction to Metals. . . . . . . . . . . . . . . . . . . . . . .  257
Tommee Larochelle

Part III  Applications – Product Manufacturing

 11   Rare Earth Markets and Their Industrial Applications . . . . . . . . . . .  273
Gaétan Lefebvre and Nicolas Charles

 12   Rare Earth Magnets: Manufacturing and Applications . . . . . . . . . . .  295
James Bell

 13   Role of Rare Earths as Catalysts in the Chemical, Petroleum  
and Transportation Industries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  319
Aaron Akah

 14   High-Performance Aluminum Castings Containing Rare  
Earth Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  343
David Weiss

 15   Scandium in Commercial Wrought Aluminum Alloys  . . . . . . . . . . . .  359
Timothy J. Langan and Thomas Dorin

 16   Rare Earth Oxide Applications in Ceramic Coatings for Turbine 
Engines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  391
David L. Poerschke and Jessica A. Krogstad

Part IV  Recycling

 17   Value Recovery Pathways for Rare Earth Elements and Nd-Fe-B 
Magnets from End- of- Life Products . . . . . . . . . . . . . . . . . . . . . . . . . . .  423
Nighat Afroz Chowdhury, Ikenna C. Nlebedim, Daniel M. Ginosar, 
Carol Handwerker, and Hongyue Jin

 18   Recovery of Rare Earth Metals from Waste Fluorescent Lights  . . . .  447
Brajendra Mishra, Mark Strauss, and Manish Kumar Sinha

Part V  Economics and Regulatory Issues

 19   Fundamental Perspectives on the Economic Analysis of Rare  
Earth Processing from Various Feedstocks  . . . . . . . . . . . . . . . . . . . . .  457
Aaron Noble

 20   Rare Earth Element Mining and Recovery: A Regulatory  
Overview  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  485
Larry Long

  Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  505

Contents



ix

About the Editors

Yellapu V. Murty, Ph.D, FASM, a Fellow of ASM and currently the President of 
MC Technologies LLC., provides materials consulting services. He is also an 
adjunct faculty staff member in the University of Virginia’s Mechanical and 
Aerospace Engineering Department. Dr. Murty, with about half a century of indus-
trial exposure, has been active in the RD&E aspects of engineered materials, their 
manufacturing, and final applications. His main interests through the years focused 
on multifunctionality packaging optimum properties such as conductivity (electri-
cal and thermal), corrosion/oxidation, light weight, magnetic, strength and tough-
ness (ambient and harsh environments), super elastic, superplastic, shape-memory, 
and resistance to high velocity penetration/shock waves, to meet final product’s 
functional features. His industry exposure spans across electronics, energy, trans-
portation, and industrial sectors. He has worked for fortune 100 companies such as 
Carpenter Technologies, NGK Insulators, Tyco Electronics, as well as leveraging 
academia and government laboratories such as MIT, University of Illinois, and 
Sandia and Oak Ridge National Laboratories where he was instrumental in identify-
ing key materials technologies and transitioning them into successful commercial 
products.

Mary Anne Alvin currently serves as the Critical Minerals Processing Program 
Manager at the Department of Energy’s Office of Fossil Energy and Carbon 
Management. She previously served as the Rare Earth Element Technology Manager 
at the National Energy Technology Laboratory. Prior to joining NETL, Ms. Alvin 
was employed at the Westinghouse Electric Corporation and at Siemens 
Westinghouse Power Generation, working in the area of advanced energy systems. 
As a Fellow Scientist, she was internationally recognized for her contributions in 
the area of high temperature porous ceramic materials, ceramic matrix composites, 
intermetallics, advanced alloys, and metal media for hot gas filtration use in the 
electric power generation industry. She holds 28 patents in these areas.



x

Jack P. Lifton is currently an industrial consultant providing evaluation and due 
diligence studies of business operations in mining, refining, fabrication, and manu-
facturing in the metals and materials area. As a research scientist, technical opera-
tions/sales manager, a plant manager, and the CEO in the OEM automotive 
electronics and minor metals industries with over four decades of direct experience, 
he gained worldwide reputation as an expert in this area. He has been a respected 
member of this community with a distinction among his peers.

About the Editors



1© The Editor(s) (if applicable) and The Author(s), under exclusive license to 
Springer Nature Switzerland AG 2024
Y. V. Murty et al. (eds.), Rare Earth Metals and Minerals Industries, 
https://doi.org/10.1007/978-3-031-31867-2_1

Chapter 1
Introduction

Yellapu V. Murty

Minerals, metals, and materials are essential for manufacturing products that are 
vital to the global economy, creating advanced technological innovations and rais-
ing the standards of our daily way of life. The advent of electricity, telephones, 
locomotives, internal combustion engines, the radio, television, air, and space 
travel are some of the cornerstones of modern society that were propelled into 
many day- to- day consumer products. While the discovery and mass production of 
iron (Fe), copper (Cu), aluminum (Al), and their alloys became the pillars of these 
underlying innovations, the readers of this book will realize that rare earth ele-
ments (REEs) have played a critical role in advancing the manufacturing of numer-
ous commodity, energy, and defense products and their derivatives. These and 
other critical or advanced metals are needed to improve the functional features and 
unique characteristics of these components or devices. Now, we are well into the 
modern data- driven information age, having an abundance of Internet-connected 
devices that use components that are manufactured with specialty, critical, and/or 
engineered materials.

This publication focuses on one class of those materials—the rare earth elements 
which are also referred to as the lanthanides. Our objectives for this publication 
were to provide a comprehensive review of the past, the current, and the expected 
future of REEs, spanning their entire lifecycle. A detailed understanding of the min-
erals containing REEs, the extraction and production of rare earth oxides (REOs), 
and refining to high-purity rare earth metals (REMs), their applications, and the 
challenges facing the industry are covered emphasizing the progress in research, 
development, and manufacturing, highlighting future needs and potential 
opportunities.

Y. V. Murty (*) 
MC Technologies LLC, Charlottesville, VA, USA
e-mail: ymurty@mctechnologies.us  
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The content of this book is divided into five sections, with each section address-
ing a specific REE topic area as follows: (1) upstream primary operations; (2) metal 
refining; (3) applications and product manufacturing; (4) recycling; and (5) eco-
nomics and regulatory issues. It is our hope that this publication will provide a bet-
ter understanding of the origin of rare earth minerals and materials (REMMs), their 
extraction and separation into respective oxides and/or metals, their applications 
and recycle recovery potential, and the economic, regulatory, and sociopolitical 
impact. This publication also attempts to provide the reader with a better apprecia-
tion of REE contributions to the energy, medical, industrial, consumer, and defense 
sectors. Based on the content assembled by experts in these fields, it is clear that the 
future for REEs is astonishingly bright and is expanding at sonic speed.

Over 1500 references capture information pertinent to the REE resource land-
scape, their concentration in mineral deposits, production yields, consumption vol-
umes, commodity pricing, cost of goods, supply chain inequalities, and so on. 
Infrequently, there are differing statistics presented within the chapters which 
resulted from citing various reference sources or occurred due to the manner in 
which data were collected or to the technology advancements that have been made 
over time. Similarly, acronyms are used interchangeably by the authors for REE 
complexes. The reader is asked to reserve judgment, and view what is presented in 
this book as information that is currently known and which can be open for further 
interpretation and discussion. The fact that several figures are duplicatively pre-
sented underpins their technical importance to the chapter’s narrative and illustrates 
the interdependence of the mining, geology, metallurgy, chemical engineering, and 
materials science disciplines for successful recovery of REEs and their utilization.

1.1  What Are Rare Earth Elements?

Fifteen lanthanides with atomic numbers ranging from 57 to 71 on the periodic 
table and scandium (Sc) with atomic number 21 and yttrium (Y) with atomic num-
ber 39 form what is commonly known as the assemblage of REEs. The lanthanides 
are further grouped into light REEs (LREEs) which include lanthanum (La), cerium 
(Ce), praseodymium (Pr), neodymium (Nd), and promethium (Pm); medium REEs 
(MREEs) which include samarium (Sm), europium (Eu), gadolinium (Gd), terbium 
(Tb), and dysprosium (Dy); and heavy REEs (HREEs) which include holmium 
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu). Alternately, it 
has been the practice to simply classify REEs as LREEs and HREEs in which case 
LREEs include elements with atomic numbers 57–64 (La, Ce, Pr, Nd, Pm, Sm, Eu, 
and Gd) and HREEs include elements with atomic numbers 65–71 (Tb, Dy, Ho, Er, 
Tm, Yb, and Lu). Scandium (Sc) is usually considered as a LREE, while Y has 
been designated as a HREE primarily due to their elemental association with the 
corresponding REE group.

Y. V. Murty
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As the lanthanide elements have extraordinary similarities in atomic, electronic, 
ionic, and chemical structure, they typically occur as a single group of elements that 
are present in the earth’s upper continental crust (UCC). Rare earth elements are 
found either in a crystalline mineral form as complex carbonates, phosphates, 
oxides and silicates, and so on, and in adsorbed states as ion exchangeable clays in 
the soil regolith. Rare earth elements are more easily extracted from clays in com-
parison to their crystalline counterparts where the REEs are more tightly bonded 
within complex crystalline mineral structures.

As a group of disproportionally distributed elements, REEs are often associated 
with other metallic species as a result of their natural formation over millions of 
years, being exposed to myriads of geological, physical, and environmental condi-
tions. Therefore, identifying an individual element for extraction becomes a chal-
lenging task which is often governed by process economics and the economic value 
or demand of the specific element of interest. As a result of extraction and use of 
select elements as Nd and Pr for magnet production, undervalued REEs remain in 
tailings that are possibly stockpiled for future reclamation, or even more unfortu-
nately, shipped to landfill sites.

1.2  The Origin of Rare Earth Elements

Rare earth elements have been known for over 200 years. They were first discovered 
in 1778 in Sweden and later studied in Finland, where the REE mineral was named 
gadolinite after the scientist J. Gadolin. With time, the nomenclature shifted to rare 
earth, then black earth, and then to lanthanides when the fifteen elements were finally 
recognized as individual elements, each with an elemental name and chemical symbol.

Despite the acronym, REEs are not rare. What makes them rare is the difficulty 
of extracting and separating them efficiently and economically, without creating 
environmental issues. Cerium is the most abundant REE element with a total esti-
mated availability equal to that of copper (Cu) in the earth’s UCC. Lanthanum and 
Y are next in line in terms of REE abundance in ore bodies. The next industrially 
important REE is neodymium (Nd) which has a resource availability comparing 
well with known cobalt (Co) reserves. The least abundant REE is lutetium (Lu) with 
reserves estimated at slightly exceeding that of gold (Au) (Chap. 2).

The use of REEs in various applications is discussed in Chaps. 11–16. As REEs 
are finding their use in more applications, such as solar panels, medical diagnos-
tics, batteries, and others, their demand continues to grow, attracting new invest-
ments and interests by both public and private sectors, which is a hallmark of a 
growing industry.

1 Introduction
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1.3  How Rare Earths Are Extracted

In general, REEs exist in two types of natural resources deposits—a crystalline state 
within the ore deposit mineral structure and an adsorbed state within ion exchange-
able or adsorption clays (IACs). While hundreds of REE ore deposits have been 
identified (Chaps. 2 and 3), only a limited number of these deposits have been com-
mercially exploited.

As crystalline minerals, REEs are present as fluorocarbonates (e.g., bastnaesite), 
as phosphates (e.g., monazite and xenotime), or as complex mixtures of oxides 
(e.g., loparite). The concentration of REOs in the heterogeneous crystalline mineral 
ores can be as high as or greater than 30%, while within the clays (IACs), the REO 
concentration may be limited somewhat greater than 10%. However, IACs contain 
rich concentration of commercially significant REEs like Nd, Pr, Sm, Gd, and Dy. 
To emphasize this point, the distribution of the relative REO concentration in popu-
lar bastnasite mineral bodies averaged at 28% La, 50% Ce, 5% Pr, 15% Nd, and 1% 
Sm oxide equivalent. In contrast, IACs averaged at 37% Y, 5% Pr, 17% Nd, 3% Sm, 
5% Gd, 3% Dy, 2.5 Er. 1.% Y, and 1.5% Ce. Notably, the Ce-rich crystalline mineral- 
based ore bodies contain predominantly LREEs, while IACs are enriched with Y 
tend to contain higher HREE continents.

Conventional hard rock ore bodies as monazite and bastnaesite are obtained by 
ground blasting followed by crushing and then dry/wet grinding to form a slurry. 
The final slurry size is generally optimized to maximize the yield of REE minerals. 
Processes as gravity and magnetic separation are employed in handling and grading 
these ore bodies. These operations are followed by hydrometallurgical operations as 
flotation, roasting, leaching, and molten salt electrolysis (also known as electrowin-
ning) to obtain REO concentrates and REE mixtures. These primary upstream pro-
cesses, including extensive details on hydrometallurgical flotation operations, are 
reviewed in Chap. 4. The hydrometallurgical operation of flotation, which is some-
times referred to as froth flotation, is a complex process that uses many inorganic 
solvents and organic surface-active reagents including collectors, activators, depres-
sants, modifiers, and frothers to maximize extraction of critical REEs for generation 
of valuable mixed RE concentrates.

The clay minerals have been selective adsorbents (or collectors) of HREEs over 
geological time. As ion-adsorbed clays (IAC), these materials are leached with acids 
generating heavy mixed rare earth oxide (HREO) concentrates. The leached solu-
tion can then be reacted with oxalic acid, precipitating RE oxalate solids, which 
when roasted at 900  °C yields REO solid concentrates (Chap. 5). In contrast to 
monazite and bastnaesite, minimal to no thorium (Th) or uranium (U) is present in 
the IAC leach liquors or REO solid concentrates.

Unconventional and secondary sources have recently been considered for extrac-
tion and recovery of REEs. These include abandoned tailings from coal preparation 
site (e.g., fine coal wastes, partings, underburden/overburden clays, waste rocks), fly 
ash and/or bottom ash from power generation facilities, legacy ash ponds, coal and 
mineral mine acid drainage (AMD), iron metal production scrap/dross, recycled 

Y. V. Murty
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fluorescent lamp phosphor dust, and electronic scrap. The REE content is these 
materials are often substantially lower in comparison to the REE concentration in 
monazite and bastnaesite ore bodies (Chaps. 3 and 5). Economic and sustainable 
processing of these unconventional resources remains to be determined. Efforts 
have additionally focused on recovering REE from electronic waste material as end-
of-life (EOL) hard drives and spent fluorescent lamp phosphors (Chaps. 17 and 18).

1.4  How Rare Earth Elements are Separated and Refined

The performance and cost of intermediate and/or consumer end products are criti-
cally dependent on the unique physical and chemical properties and purity of their 
contained REEs. As previously noted, separation of the mixed REEs into individual 
or binary high-purity elements is challenging as this series of elements is atomi-
cally, electronically, and chemically closely aligned. The most widely used method 
for elemental separation and purification is solvent extraction (SX) (Chap. 6). 
Typically, hundreds of mixer–settler separator stages and large volumes of organic 
solvents are needed to separate MREO concentrates into individual high-purity 
materials. Consequentially, SX is capital (CAPEX) and operating (OPEX) cost-
intensive. Irrespective of these issues, SX remains as today’s industry standard for 
REE separation.

To overcome these issues, other processes as continuous ion exchange (CIX) or 
continuous ion chromatography (CIC), ionic liquid separation, and other molecular 
methods are being developed, but to date, no industrial scale operation using these 
separation processes has been reported (Chap. 7). Continuous ion exchange chro-
matography is used as an analytical chemistry tool and to a limited extent used in 
high-purity REE refining operations. It is claimed to have a smaller operational 
footprint in comparison to SX, using less harsh chemicals, and has the hallmark of 
being a cheaper operation. Alternately, molecular recognition technology (MRT) is 
being developed that is based on solid-phase extraction using ligands grafted onto 
nanophase particles, thus eliminating the extensive use of solvents. Details of 
MRT’s process have yet to be published and are kept as proprietary (Chap. 6).

Ionic liquids (ILs), another newcomer to the field of REO separation, is receiving 
significant academic attention. Most ILs, due to their ionic nature, tend to be more 
soluble in aqueous phases than their molecular organic counterparts. Other advan-
tages of ILs as an alternative to organic solvents are their versatility with respect to 
manipulating solution viscosity, polarity, solubility, and coordination ability allow-
ing for their optimization regarding specific REE cation/anion extraction through IL 
molecule design and engineering. The status of ILs and their applicability in the 
widely accepted SX process and in other hydrometallurgical operations as leaching 
are presented in Chap. 8.

The next step of REE refinement is reduction to their respective metallic state for 
downstream alloying. Reduction to metals has conventionally been achieved by 
high-temperature electrolytic methods using molten salt electrolytes and by 

1 Introduction
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metallothermic reduction methods using thermodynamically favorable reductants 
as calcium (Ca), lithium (Li), La, and zinc (Zn). Rare earth oxides, fluorides, and 
chlorides are used as precursors in these processes with each contributing both posi-
tive and negative environmental, energy, and cost benefits (Chaps. 9 and 10). Other 
RE metal production efforts as the FFC Cambridge process, Infinium’s fueled anode 
molten salt electrolysis process, and the carboxylate reduction process (CRP) devel-
oped by Hela Novel Metals are under active consideration as future viable candi-
dates for refining to metals (Chap. 10).

1.5  How Rare Earth Elements Came to Light

The first known application for REEs can be traced back to 1885 when Ce was used 
in urban lighting in Vienna, Austria—a millennium after their discovery in 1778. As 
the REE journey slowly continued, the unseparated mixture of lanthanide metals or 
mischmetal was produced in Germany, the United States, and China, which was 
used in the production of many metallurgical products (Chap. 11), Fig. 1.1.

Progress continued during the first half of the nineteenth century which saw the use 
of REEs not only in lighting, but also in glass and ceramics manufacturing. Synthesis 
and processing of high-purity chemical compounds as REE color phosphors, catalysts 
for cracking hydrocarbons, glass dopants, isotopes for medical diagnosing, and 
nuclear fuel rod applications further accelerated interest in REEs. The development of 
samarium–cobalt (SmCo) permanent magnets in the United States in 1966 is yet 
another cornerstone in the use of REEs leading to further accelerate REE market 
growth and production volumes and to expand mineral resource availability.

Fig. 1.1 Major historical technological innovations that have driven REE consumption over the 
past 150 years. (Reproduced from Chap. 11)

Y. V. Murty
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1.6  The Rare Earth Landscape

The landscape of known global mine deposits, their estimated reserves, and current 
mining volumes along with their historical perspectives including forecasts for the 
future are discussed in Chap. 2. According to a 2020 estimate, China has the highest 
known number REE deposits, followed by Brazil and Vietnam, Russia, and then the 
rest of the world including the United States, India, Australia, and Greenland.

In 1970, the United States was the largest global producer of REOs, using bastnae-
site from its Molycorp mine in Mountain Pass, California. By 1990, China became the 
largest producer of REOs, similarly using bastnaesite ore, but additionally used ionic 
clays. In 2020, China’s strong REO market share had dropped to an estimated 60%. In 
2021, mine production worldwide reached an estimated 280,000 metric tons of REO 
equivalent, with production of final products derived from REEs being disproportion-
ally distributed in Asia. This highlights the existing global supply chain disparities.

Revitalization efforts started in the beginning of this century and have continued 
during the past two decades to restore the RE production capability in the United 
States. Besides the United States and its allied countries France, Germany, the United 
Kingdom, Brazil, and Japan, Australia maintains partial capability to process certain 
REEs and finished products in a limited capacity. Australia is also renewing its efforts 
to build its REE infrastructure. To date, no single nation has fully integrated facilities 
for mine-to-metal production operations other than China. During 2014–2020, the 
United States, Australia, Brazil, Burma, Vietnam, and Russia have been increasing pro-
cessing capacity of REO mineral concentrate; however, they have not yet reached a 
significant production scale to meet the current market or forecasted future demand.

1.7  Rare Earth Element Applications

Rare earth elements are essential alloying/trace elements that can be found in inter-
mediate components and manufactured end-products in the agriculture, chemical, 
electronics, clean energy, defense, medical, industrial, and transportation markets, 
with their demand projected to significantly increase as the world moves toward 
electrification. The physical and chemical properties of the REEs provide vast 
improvement in magnetic, catalytic, optical, chemical, nuclear, and structural per-
formance. As integral to today’s products, with no known near-future substitution, 
weight reduction, miniaturization, high-temperature stability, corrosion and oxida-
tion resistance, optical wavelength and light intensity control, magnetic strength, 
abrasion resistance, and microstructure control are some of the key features making 
REEs unique. Listed below, covered in this book, are four major application areas 
where REEs play a significant role in the manufacture of consumer, energy, and 
defense industry products.

1 Introduction
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1.8  Magnets

Permanent magnet applications are numerous as they are utilized in a broad spec-
trum of market sectors. The RE magnet industry may account for the largest con-
sumption of REEs today. Their penetration into the electronics, automotive, defense, 
blue tooth connectivity, and energy markets is a clear testimony to this fact. Rare 
earth elements have not only enhanced component and end-product performance 
features as switching, wireless connectivity, and linear motion control (Chaps. 11 
and 12), but also paved a revolutionary pathway for miniaturization and significant 
weight savings when compared to traditional magnet architectures (Fig. 1.2).

In contrast to traditional ferrite magnets, REEs in permanent magnets provided 
substantially improved high remanence (field strength), very high coercivity (resis-
tance to demagnetization), stability at high temperatures with respect to magnetic 
properties, and environmental stability—all of which propelled the explosive growth 
of magnet applications.

As a major hallmark in technology development, samarium–cobalt (SmCo) mag-
nets that were manufactured in 1975 were thirty-two times smaller in volume than 
the same 1940’s performance level Alnico 9 magnets. Notably, the SmCo magnets 
retain their stable performance capability at high temperature (e.g., 550 °C).

While the cost of SmCo magnets is relatively high, research in the United States 
in the 1980s led to the development of the lower cost neodymium–iron–boron 
(NdFeB) family of magnets. With enhanced design flexibility, the addition of small 
amounts of dysprosium (Dy) and praseodymium (Pr) increased coercivity and cor-
rosion resistance, while terbium (Tb) increased the operating temperature of the 
NdFeB magnets.

With growing interests in renewable energy and decarbonization technologies 
since 2012, the market for electric vehicles (EVs) using traction motors and off-
shore wind turbines requiring permanent magnet generators became apparent, 
which in turn increased the need for REE permanent magnets. All together, the 
demand for Nd, Pr, Dy, Tm, and Sm is projected to far exceed resource availability 
in the 2025–2030 timeframe.

Fig. 1.2 Magnet 
development. (Reproduced 

from Chap. 11)

Y. V. Murty
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1.9  Catalysts

The second largest product sector for REEs is catalysts. Rare earth elements are 
used to support and enhance catalytic reactions and their kinetics. Attributed to their 
unique ability to influence the chemical and surface properties of the catalyst sub-
strate, REEs have become essential in petroleum refining, in pollution control, in 
chemical industry, and are as critical fuel additives (Chap. 13). Notably, fluid cata-
lytic cracking (FCC) is a process in petroleum refining to produce high- octane gaso-
line, light fuel oils, and olefin-rich gases, using La-impregnated porous zeolite 
catalysts in fluidized-bed reactors to remove hydrocarbons (HCs) or coke and to 
trap vanadium (V) and nickel (Ni) impurities.

Rare earth elements are critically essential in the transportation industry. 
Catalysts in automotive catalytic converters contain precious metals (platinum (Pt), 
palladium (Pd), and rhodium (Rh)—also known as platinum group metals (PGMs), 
alumina (Al2O3) substrates, and RE-based materials that enhance PGMs catalytic 
activity. Rare earths promote noble metal dispersion, increase the thermal stability 
of the alumina support, and offer excellent completion of redox conversion reac-
tions. Cerium in combination with Pt/Pd enhances the efficiency for conversion of 
fuel-based HCs and greenhouse gas emissions (e.g., carbon monoxide (CO) and 
nitrogen oxides (NOx)) to ecosystem-friendly carbon dioxide (CO2), water vapor 
(H2O), oxygen (O2), and nitrogen (N2).

Another area that is beginning to see the emergence of catalysts containing REEs 
is chemical processing where REEs enhance catalytic performance, as, for example, 
in the production of methanol (CH3OH). Methanol is an important industrial chemi-
cal that is used to produce organic raw materials. Methanol derivatives are found in 
products as paints, solvents, engineered wood, plastics, polyethylene terephthalate 
(PET) bottles, safety glass, carpets, mattress foam, fertilizer, and furniture resins.

Rare earth elements are also being studied for incorporation into metal–organic 
frameworks (MOFs) for a wide variety of potential applications including sensing, 
gas adsorption, chemical separations, catalysis, drug delivery, near-infrared emis-
sion, proton conductivity, single-molecule magnets, and lighting (Chap. 13).

1.10  Metallurgy and High-Temperature Coatings

In contrast to the anticipated high-volume demand for REEs in the future magnet 
and electric vehicle (EV) industries, the use of minor quantities of REEs as alloying 
elements that modify the structure and properties of metals and ceramics is another 
major growth area for REEs.

The use of pyrophoric mischmetal in flint lighters was one of the earliest REE 
applications in metallurgy (Chap. 11). Subsequently, research efforts demonstrated 
the beneficial use of minor additions of mischmetal to iron (Fe), steel, and other 
metals production. Modification of graphite flakes to a spherical morphology 
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resulted when Ce and magnesium (Mg) were added to molten cast Fe, which 
enhanced the cast iron overall ductility. Mischmetal had also been shown to remove 
unwanted alloy impurities such as sulfur (S) and controlled the size and shape of 
manganese sulfide (MnS) inclusions which resulted in higher metal strength, frac-
ture toughness, and fatigue properties.

Similar to mischmetal, REEs were used to remove arsenic (As) and lead (Pb) 
impurities in molten metals and to have deoxidation characteristics that are critical 
for removal of O2 during steel solidification. The reactive ionic/atomic affinity of 
REEs to other alloying elements leads to the formation of stable compounds with 
improved bulk material properties. This feature has been used extensively in devel-
oping commercial alloys and ceramic coatings (Chaps. 14–16).

Alloy design concepts using REEs fostered the development of light metal Al 
and Mg alloys and a new series of Al-Sc alloys that were developed for the aero-
space industry. A remarkable improvement of strength, corrosion resistance, weld-
ability, and formability had been demonstrated in a select number of Sc-containing 
alloys (Chap. 15). Significant barriers for implementing the use of these advanced 
alloy systems are the apparent price of Sc, its current limited availability, and the 
lack of a potential, long-term, and future sustainable supply.

Cerium as an alloying element in Al alloys was studied extensively due to its 
abundant availability along with La as a co-product during the separation of LREEs 
from ore body concentrates. Currently, the Al-Ce family of alloys is targeted for 
automotive castings and other wrought alloy applications (Chap. 14). Addressing 
new applications where Ce and/or La could be beneficially utilized would ultimately 
support an improvement to the overall REE processing economics.

Magnesium alloys containing Y, Nd, and Gd have been studied for use in aero-
space applications. As certified by the U.S. Federal Aviation Administration (FAA), 
these alloys have ideal strength-to-weight ratios and flame-retardant properties and 
are incorporated as commercial material systems into today’s aircraft passen-
ger seats.

Additionally, optimized nickel-based superalloys and ceramic thermal barrier 
coatings (TBCs) have expanded the operational space of both jet and gas turbine 
engines. The Y-stabilized zirconia (ZrO2) (YSZ) TBCs are known to improve the 
high-temperature thermal shock resistance of ceramic coatings due to their inherent 
ability to undergo phase transformation at temperatures around 1500  °C.  High- 
temperature TBCs and environmental barrier coatings (EBCs) are routinely used in 
most aero and ground-based power generation turbine engines (Fig. 1.3). Details of 
current coating applications, relevant RE-containing coating material families, coat-
ing development trends, and anticipated impact on REO utilization are discussed in 
Chap. 16.

Y. V. Murty
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Fig. 1.3 TBC and EBC coating architecture. (Reproduced from Chap. 16)

1.11  Rare Earth Element Recycling  
and End-of-Life Products

Rare earth elements are incorporated into many of today’s consumer electronics, 
household appliances, transportation vehicles, and industrial machinery, as well as 
in utility and electric power generation systems. Typical products as laptops, cell 
phones, televisions, light bulbs, batteries, headphones, earbuds, audio sound bars, 
washing machines, automobiles including EV, wind turbines, airplanes, and robots 
have life cycles that range from two to twenty years. Notably, most consumer prod-
ucts are portable and/or are disposable. At the end-of-life (EOL), these products are 
destined for landfills, junk yards, or other designated collection points or entities.

There is a robust infrastructure in place to recover bulk commodity product 
materials as Fe, Al, Cu, and plastics. Many of these commodity products are recy-
cled and serve as the primary base metal resource used by industry for subsequent 
alloy production. There is, however, no such infrastructure in place for REE recov-
ery. Critical minerals projections indicate that the demand for Dy, Tb, Eu, and other 
rare earths is destined to exceed their availability by 2025. Also known is that the 
reserves of the most value-added HREEs are much lower than the LREEs reserves 
as these elements occur disproportionally in nature. For these reasons, significant 
efforts are underway globally to recycle EOL components from nickel–metal 
hydride (Ni-MH) batteries as those used in EVs, fluorescent lamp phosphors, mag-
net swarf, and neodymium–iron–boron (NdFeB) magnets. Chapters 17 and 18, 
respectively, discuss REE separation and recovery pathways for NdFeB magnets 
extracted from EOL electronics (e.g., computer hard drives) and spent fluorescent 
lamp (FL) phosphors.

1 Introduction
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For EOL NdFeB magnets, the advantages and disadvantages of magnet assembly 
reuse, magnet recycling, and REE recovery were explored with respect to the qual-
ity and performance of the recycled component. Clearly industry has yet to establish 
compliance standards and practices that lead to a successful resolution of the recy-
cle/reuse paradigm. With environmentally benign and economically profitable recy-
cling practices, precious raw material REE resources would be preserved for 
future use.

Recovery of REEs from spent lamp phosphors is perhaps the most advanced 
recycling process available to date. This has been catalyzed by the increased use of 
color phosphors in light-emitting diode (LED) devices, flat panel displays, and cell 
phones. These phosphors use expensive high-purity Eu, Tb, and Y which exist glob-
ally in limited quantities. The high cost of these elements coupled with supply chain 
disruptions have motivated REE recovery from spent waste phosphors. Novel, high 
recovery rate, and reduction–precipitation processes are being developed to produce 
high-purity Eu from waste phosphor powders.

1.12  Economics and Regulatory Issues

The fundamental perspectives on the economic evaluation of both conventional and 
unconventional REE resources as viable commercial operations are discussed as a 
benchmark study in Chap. 19. The economic viability or lack thereof is estimated 
for unconventional coal-based resources, sea-floor sediment, and monazite sands 
and compared to other REE projects using an alternate basket or contained value 
approach akin to the ones used in evaluating conventional hard rock mines. A real-
istic economic evaluation of REE sources is often complicated by the lack of trans-
parency of commodity pricing history, lack of clarity with respect to the destined 
process streams (e.g., whether they are limited to mixed oxides or individually sepa-
rated oxides), and to the purity of the final REE end-products. The most interesting 
historically proven production and manufacturing data remain with the offshore 
private sector. In general, REE extraction involves several co-products and by-prod-
ucts that further complicate cost estimates, as not all REEs processed from a single 
mining source carry the same pricing weight due to supply–demand scenarios. 
Generally, the value of any REE operation is strictly a function of the yield of its 
high value-added commodities. The economic analysis is highly sensitive to the 
operational stream which may be limited to processing and refining, with some 
processes ending at the production of mineral concentrates, mixed rare earth oxides 
(MREOs) or mixed rare earth salts (MRESs), partial elemental separation of target 
elements, or full elemental separation of all REEs.

The benchmark study used publicly available data from published sources and 
metadata was compiled to assess different REE mine/ore starting resources, Chap. 
19. The economic viability of prior REE projects used in this study varied by a wide 
margin. It was shown that process operations using ore deposits that contain a 
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0.5–2% total REO content can be economically viable if sufficient ore reserves are 
known or projected. Analysis of unconventional resources showed that while the 
REE resource is vast in most cases, the contained values of REOs in some cases 
were estimated to be quite low (around <500 ppm), but still were within the range 
of economic viability. Coal-based materials typically contain a higher concentration 
of HREEs and are generally considered as waste materials (i.e., coal prep plant 
refuse, fly ash, ash ponds, acid mine drainage). There are virtually no mining costs 
associated for REE recovery from coal-based wastes. These materials contain low 
to negligible concentrations of radionuclides, and there is the potential to mitigate 
or eliminate legacy environmental issues.

To mitigate supply chain interruptions and price volatility, the industrialized 
countries are taking steps to strengthen and/or re-establish REE operations includ-
ing mining, processing and production, manufacturing, and recycling to levelize the 
playing field. Significant investments have been made both by private and public 
sectors in the past two decades. The regulating bodies controlling the underlying 
processes to produce critical materials including REEs have been engaged in estab-
lishing the guidelines that prevent global REE monopolies and protect the environ-
ment (Chap. 20). The overseeing governing bodies including the Chinese 
Government, European Commission (EC), Australian Governing agencies, and the 
U.S. Administrative Procedure Act (APA) along with the United Nations 
Environmental Agency (UNEA) are taking steps in their own way to establish regu-
lating policies. While the individual regulatory perspective differs greatly from 
country to country, most programs share common goals and objectives for the pro-
tection of human health and the environment. The U.S. Presidential Executive Order 
(EO) 13817 was issued in 2017 to ensure secure and reliable supplies of critical 
materials that extend beyond REEs. Similarly, a charter-based United Nations 
Convention on the Law of the Sea (UNCLOS) was issued to cover many issues that 
focused on deep-sea mining of RE minerals in ocean basins.

Regulations for new construction or expansion of current REE recovery facilities 
are no different from regulations that govern other typical mine-to-metal operations. 
They are based on the source materials, the recovery process (i.e., chemical, physi-
cal or biological), the surrounding geographical landscape and the type of ground 
and air discharges, and the storage of hazardous materials located on or at the REE 
recovery facility. The facilities must satisfy federal, state, and local environmental 
regulatory agency guidelines along with tribal and local governances.

1.13  Future Prospects

Throughout this book, the importance and unique features of REEs in making 
devices smaller, lighter, and cost-effective are emphasized. The critical importance 
of REEs in magnets, catalysts, color phosphors, dopants, and other metallurgical 
products in energy, medical, electronics, and industrial products is discussed with 
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an emphasis on resource availability, manufacturing, future growth drivers, and 
needs. Historical supply chain issues and the lack of a global levelized field for 
industry participation are obvious, leaving an immediate opportunity to develop a 
comprehensive global strategy supported by local policies and plans. Resource con-
servation, resource recoveries through recycling and the use of unconventional 
resources, development of suitable REE alternatives, cost-effective processing, and 
manufacturing methods to extract and refine REEs are necessary critical elements 
of this strategy, so that a healthy and prosperous REE market base can be realized 
indefinitely.

Y. V. Murty
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Chapter 2
Conventional Rare Earth Element Mineral 
Deposits—The Global Landscape

Nora K. Foley and Robert A. Ayuso

2.1  Introduction

The unique properties of rare earth elements (REEs) (Fig. 2.1) make them useful in 
a wide variety of applications, such as alloys, batteries, catalysts, magnets, phos-
phors, and polishing compounds. The REEs and their primary uses by manufactur-
ing sector are covered in Table 2.1. Four main geologic types of REE resources 
supply REEs and rare earth oxides (REOs) that are vital to modern life. These are 
(1) carbonatite and (2) alkaline igneous deposits; (3) heavy mineral placer/paleopla-
cer (mineral sand) deposits; and (4) regolith-hosted ion-adsorption clay (IAC) 
deposits. Carbonatite is generally defined as an igneous rock composed of greater 
than 50% by volume of primary carbonate minerals (mainly calcite and/or dolo-
mite). Alkaline and peralkaline igneous deposits are hosted by igneous rocks of 
nepheline syenite (a silica (Si)-poor, sodium (Na)–potassium (K) feldspar-rich 
rock) and peralkaline granitic (a rock with Na+K in excess of aluminum (Al), so 
that other Na-K minerals are present in addition to Na-K-feldspar) and, more rarely, 
trachytic (a low Si volcanic rock with abundant Na-K feldspar) compositions. 
Mineral sand deposits form from dispersal and sorting of refractory minerals that 
are derived from weathering diverse types of igneous and metamorphic rock debris; 
the mineralogy reflects the source rock. Ion-adsorption clay deposits form when 
high concentrations of REEs are adsorbed to newly formed clay minerals in regolith 
derived from intense weathering of REE-enriched granitic rocks. Carbonatite, alka-
line igneous, and mineral sand deposits typically contain enrichments of the lighter 
REEs, for example, lanthanum (La), cerium (Ce), praseodymium (Pr), and 
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Fig. 2.1 Periodic table [1]

Table 2.1 Rare earth elements and their primary applications

Element Symbol Primary uses by market sectors and application

Lanthanum La Catalysts, ceramics, glass, polishing compounds, metallurgy, and 
batteries

Cerium Ce Catalytic converters, ceramics, glass, metallurgy, and polishing 
compounds

Praseodymium Pr Permanent magnets, batteries, aerospace alloys, ceramics, and 
colorants

Neodymium Nd Permanent magnets rubber catalysts and in medical and industrial 
lasers

Samarium Sm Permanent magnets as an absorber in nuclear reactors and in cancer 
treatments

Europium Eu Phosphors and nuclear control rods
Gadolinium Gd Medical imaging, permanent magnets, and steelmaking
Terbium Tb Permanent magnets, fiber optics, lasers, and solid-state devices
Dysprosium Dy Permanent magnets, data storage devices, and lasers
Holmium Ho Permanent magnets, nuclear control rods, and lasers
Erbrium Er Fiber optics, optical amplifiers, lasers, and glass colorants
Thulium Tm Various metal alloys and in lasers
Ytterbium Yb Catalysts, scintillometers, lasers, and metallurgy
Lutetium Lu Scintillators for medical imaging, electronics, and some cancer 

therapies
Scandium Sc Alloys, ceramics, and fuel cells
Yttrium Yb Ceramic, catalysts, lasers, metallurgy, and phosphors
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neodymium (Nd), whereas regolith-hosted IAC deposits are the primary source of 
the scarcer heavy REEs, such as dysprosium (Dy) and terbium (Tb).

This chapter provides an overview of the geochemical behavior and mineralogy 
of REEs for the most important geologic REE sources, a summary of estimated 
global resources and production data, and an analysis of the geochemical and geo-
logical attributes of conventional deposit types. Other mineral deposit types that 
may have future economic potential to be exploited for REEs as a principal com-
modity, by-product, or co-product commodity are also briefly examined. The main 
goal of the chapter is to provide a conceptual scheme for REE mineral systems and 
to provide information on the primary conventional sources of the REEs and REE 
compounds used in various applications, in comparison with unconventional-type 
REE resources (Chap. 3). Readers are also referred to comprehensive reviews of 
individual REE deposit types and mines referenced in this chapter. These reviews 
provide extensive information on historic mining activity, detailed deposit descrip-
tions, and summaries of past and current exploration and extraction activities for the 
diverse REE mineral deposits currently under study. From our examination, we 

Table 2.2 Minerals commonly associated with conventional REE resources

Mineral name General chemical formula

Alkali feldspar (K, Na) AlSi3O8

Allanite (Ce, Ca, Y)2(Al,Fe3+)3(SiO4)3(OH); up to 20% of REE by 
weight

Ancylite-(Ce) CeSr(CO3)2(OH) ·H2O
Ancylite Sr(REE)(CO3)2(OH)-H2O
Apatite Ca5(PO4)3(OH)(F,Cl)
Bastnäsite (M)(CO3)F; M=LREE, Ca
Biotite K(Mg,Fe2+)3[AlSi3O10(OH, F)2

Brannerite (U, Ca, Y, REE) (Ti, Fe)2O6

Britholite (REE, Ca, Th)5(SiO4,PO4)3(OH, F)
Burbankite (Na, Ca)3 (Sr, Ba, Ce)3(CO3)5

Cerianite-(Ce) (Ce4+, Th)O2

Chevkinite (Ce, La, Ca, Th)4(Fe2+,Mg)2(Ti,Fe3+)3Si4O22

Diamond C
Doverite (Y, Ca, HREE)F(CO3)2

Eudialyte Na4(Ca, REE)2(Fe2+,Mn,Y)ZrSi8O22(OH, Cl)2

Euxenite (Y,HREE, Ca, Ce, U, Th)(Nb, Ta, Ti)2O6

Fergusonite (Nd, Ce)(Nb, Ti)O4

Fergusonite-(Y) YNbO4

Florencite CeAl3(PO4)2(OH)6

Fluorapatite (Ca, REE, Na)5(PO4)3(F,OH)
Francolite Ca5(PO4,CO3)3F
Gadolinite (REE,Y)2Fe2+Be2Si2O10

Garnet (Fe, Ca, Mg, Mn, REE)3(Fe, Al, Cr)2Si3O12

Gittinsite CaZrSi2O7

Gorceixite (Ba, REE)Al3(PO4)2(OH5·H2O)

(continued)
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Table 2.2 (continued)

Mineral name General chemical formula

Goyazite (Sr, REE)Al3(PO4)2(OH5·H2O)
Halloysite Al2Si2O5(OH)4

Iimoriite-(Y) Y2SiO4CO3

Ilmenite Fe2+TiO3

Kainosite Ca2(Y,REE)2Si4O12CO3·H2O
Kaolinite Al2Si2O5(OH)4

Leucoxene Variable, a mixture of Fe-Ti oxides
Loparite-(Ce) (Na, Ce, La, Ca, Sr)(Ti, Nb)O3

Magnetite Fe2+Fe3+
2O4

Monazite (M)PO4; M= Ce, La, Nd, Th
Montmorillonite (Na, Ca)0.33(Al, Mg)2(Si4O10)(OH)2 · nH2O
Mosandrite (Ca, Na, REE)12(Ti, Zr)2Si7O31H6F4

Niobite Nb2 O6

Nontronite Na0.3Fe2((Si, Al)4O10)(OH)2 · nH2O
Parisite Ca(REE)2(CO3)3F2

Rhabdophane (REE)PO4·H2O
Rutile TiO2

Saponite Ca0.25(Mg, Fe)3((Si, Al)4O10)(OH)2 · nH2O
Sapphire Al2 O3

Staurolite Fe2+
2Al9O6(SiO4)4(O,OH)2

Synchysite Ca(REE)(CO3)2F
Thalenite-(Y) Y3Si3O10OH
Xenotime YPO4

Zircon (Zr, REE)SiO4; rarely up to a few % REE by weight

conclude that the need for both conventional and unconventional REE mineral 
sources will continue to expand to meet the demands of modern society. Readers are 
referred to Table 2.2 for REE mineral formulae.

2.2  Lanthanide Behavior in Natural Systems

2.2.1  General Concepts

The lanthanide series of REEs consists of fifteen elements that range in atomic 
number from 57 to 71 and include La to lutetium (Lu) (Fig.  2.1). The series is 
named after the first and lightest element—La [1]. All elements of the lanthanide 
series are chemically like La, which was named after the Greek word lanthanein 
meaning “to escape detection.” Like most of the light rare earth elements (LREEs), 
La was first discovered in mixtures with Ce. The metals scandium (Sc, atomic 
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number 21) and yttrium (Y, atomic number 39) are often included in the group 
because they can occur together with the lanthanides in minerals due to similarities 
in ionic size and other geochemical properties. The REEs are relatively abundant in 
nature [2]. Cerium, at 60 ppm (or mg-kg−1), has the highest abundance in the earth’s 
crust, comparable to that of copper (Cu), while Nd at about 28 ppm has a crustal 
abundance like that of cobalt (Co). Thulium (Tm) and Lu, the least abundant lan-
thanides at 0.5 ppm, have a crustal abundance that exceeds that of gold (Au). For the 
REEs, similar attributes such as ionic radii and their typical trivalent (+3) charge 
result in an overall geochemical affinity among the lanthanide series. In natural 
systems deviations from the typical trivalent charge are best documented for euro-
pium (Eu2+) and Ce4+ depending on the availability of oxygen in igneous and miner-
alized systems; however, valences of +2 (Nd, Dy, Tm, ytterbium (Yb), Eu, and 
samarium (Sm)) and +4 (Ce, Pr, and Tb) have been reported to occur in some miner-
als. These charge differences can result in anomalies in some types of geochemical 
plots when the contents of these elements deviate from the overall regular distribu-
tion typically shown by the trivalent lanthanides.

For descriptive purposes, the lanthanides can be discussed as belonging to three 
geochemically coherent groups: The light REE (LREE) generally includes La 
through Nd (atomic numbers 57 through 60), the middle REE (MREE) includes Sm 
through Dy (atomic numbers 62 through 66), and the heavy REE (HREE) includes 
holmium (Ho) through Lu (atomic numbers 67 through 71) [2]. There are alterna-
tive ways that the REEs are subdivided. For example, La to Sm can be classified as 
LREE and elements from Eu to Lu and Y grouped as the HREEs. A subdivision 
between LREE and MREE is used in a variety of applications (Table 2.2), most 
notably in the manufacture of permanent magnets. The HREE group is particularly 
important to emerging technologic requirements of the green energy, defense, and 
electronic industries [3]. Locating new HREE deposits and expanding their avail-
ability are critical to the economies of modern societies.

2.2.2  Mineralogy

Rare earth elements share many geochemical and physical properties under natural 
conditions [4]. This geochemical similarity depends on the electronic configuration 
of elements in the lanthanide series and on a small but consistent decrease in ionic 
radius with increasing atomic number for a given coordination number (number of 
atoms or ions around an atom in a mineral). Lanthanum, the lightest of the REEs, 
has an ionic radius of ~1.061 Å, and Lu, the heaviest of the lanthanides, has an ionic 
radius of ~0.848 Å. Most importantly, the ionic radius of lanthanide elements is 
similar to that of many elements that are widely distributed in the earth’s crust (e.g., 
calcium (Ca), strontium (Sr)), which allows them to substitute in various minerals.

The lanthanide series is particularly important in understanding geologic pro-
cesses because depending on the type, size, and electronic requirements of various 
minerals, lanthanides are fractionated by mechanisms that result in relative 
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enrichments and depletions of LREEs, MREEs, and HREEs in bulk rocks. Rarely 
do minerals contain a single REE. The main exception is Ce which can be fraction-
ated from other REEs at the earth’s surface as the mineral cerianite (CeO2) due to 
the ability of Ce to be oxidized to a stable 3+ quadrivalent state. Scandium (ionic 
radius 0.745 Å) is another example that exists in major amounts in only a few min-
erals. The main Sc ore mineral is thortveitite, a Sc-Y silicate. Scandium also occurs 
in minor amounts in euxenite and gadolinite and in trace amounts in many minerals. 
Yttrium (ionic radius of 0.9 Å) is typically found with the HREEs in various miner-
als, and it is also the main component of xenotime (YPO4) which is widely dissemi-
nated in many rock types.

Hundreds of minerals containing REEs are known to occur in nature [5]. Most 
REE minerals contain mainly LREEs (the larger ions), a mixture of all the REEs, or 
only heavy REEs (the smaller ions). These differences reflect the site requirement 
with the crystal structure of the mineral. The REEs can substitute for a similar-sized 
element within a mineral’s crystal structure or occur as adsorbed ions on a suitable 
mineral substrate such as clays or iron oxides. The majority of REE minerals con-
tain LREEs (La, Ce, Pr, and Nd), while the remaining minerals, most notably the 
HREE-enriched minerals, typically contain one or more lanthanides [6]. In general, 
fluorocarbonate/carbonate, complex oxide, phosphate, and silicate mineral groups 
(Table 2.2) contain the minerals of most interest to mining geology because of cur-
rent knowledge of discovered deposits, advances in exploitation and beneficiation 
processes, and overall economic and environmental constraints.

Out of the hundreds of minerals that contain REEs, only a limited number are 
commercially exploitable under current economic and sociopolitical conditions. 
These include bastnäsite, monazite, loparite, and the ion-adsorption clays described 
below. Some potentially important sources of REE cannot be currently utilized 
because extraction technologies are lacking. In the following sections, we will dis-
cuss in more detail the occurrence of such minerals in economic ore deposits 
exploited today.

Bastnäsite (MCO3F) is a fluorocarbonate mineral group that contains Ca and up 
to approximately 65% LREEs (La-Nd) in the M site of the mineral structure. There 
are three main variations of bastnäsite-(M), where La, Ce, or Nd dominates the M 
site. Figure 2.2 shows the arrangement of atoms for bastnäsite-(Ce).

Monazite [MTO4-(M)] belongs to a group of phosphates and arsenates where 
LREEs and thorium (Th) fill the M site, and phosphorous (P) or arsenic (As) and 
less commonly Si fill the T mineralogical structural site. Varieties of phosphate have 
either La, Ce, Nd, or Sm as the dominant cation in the M site (Fig. 2.3). In deposits 
hosted by carbonatite igneous rocks, bastnäsite-(Ce) and monazite-(Ce) are the 
most typical compositions [8]. In heavy mineral sand placer deposits, detrital mona-
zite sourced from weathered igneous rocks is also generally LREE-enriched (La, 
Ce, Pr, Nd) as well as Th-bearing [9].

Loparite (ABO3) is a complex oxide in which LREEs, Na, and Ca generally 
occupy the A-site, and titanium (Ti), niobium (Nb), or iron (Fe+3) occupy the B site. 
Loparite occurs as a primary mineral in differentiated nepheline syenite massifs 
which are silica-poor igneous rocks composed of the minerals nepheline and alkali 
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Fig. 2.2 Ball-and-stick representation of bastnäsite-(Ce). (This figure is modified from 
A.G. Christy (unpubl., 2022), created using CrystalMaker software based on the atomic coordi-
nates of Ni et al. [7]. Bastnäsite consists of REE-F sheets separated by carbonate ions and is char-
acterized by a hexagonal crystal structure. In this example, the Ce atom (beige) is coordinated by 
three F atoms (green) within Ce-F sheets and six O atoms (black) in CO3 sheets; the Ce-F sheets 
are bonded to adjacent CO3 (C shown in red) sheets by Ce-O bonds)

Fig. 2.3 A polyhedral representation of the monazite structure [10]. (a) Isolated PO4 tetrahedra 
and CeO9 polyhedra that share edges or corners to form chains parallel to the c-axis; (b) CeO9 
polyhedra share common edges along the a-axis, whereas PO4 tetrahedra and CeO9 polyhedra 
share corners along the b-axis. This study investigated the crystal chemistry of detrital monazite 
from two beach placer sand samples collected from Cox’s Bazar, Bangladesh [10]. The elements 
Th and U commonly substitute in the Ce site in the crystal structure
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Fig. 2.4 A new structural variety of loparite—acentric loparite from the Khibiny alkaline massif, 
Kola Peninsula, Russia [12]. The crystal structure of loparite is shown in polyhedral and ball-and- 
stick representations projected onto the ab (a, b) and bc (c, d) planes. The polyhedral view shows 
the BO6 (TiO6 and NbO6) octahedra in gray and the A cations (the REEs) as black spheres. The 
acentric behavior is due to the rotation and tilting of chains of octahedra with respect to the c-axis 
(compare Figure (a) and (b) with (c) and (d), respectively). As seen in Figure (d), the -O2-B-O2-B- 
bond chains running along the c-axis form a zigzag chain within the bc projection

feldspar. It also occurs in some pegmatites, in particular those that are silica-poor 
and contain alkali (Na-K) feldspar and as a replacement of perovskite (CaTiO3) in 
carbonatites. Studies show that loparite composition is highly variable due to cou-
pled element substitutions, polymorphism, and defects in element distribution in the 
mineral and from radioactive decay of incorporated uranium (U) and Th [11]. The 
different structural models for loparite likely result from the dependency of mineral 
structure on composition. A new “acentric” structural variety of loparite from the 
Kola Peninsula (Fig. 2.4) has been recently described [12]. This type of loparite is 
thought to be the result of higher contents of Ti compared to other loparites. 
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Variations such as these in crystal structures can impact strategies for extracting 
REEs from loparites.

During formation of IAC deposits from source bedrock, REE ions or hydroxides 
can be adsorbed onto suitable substrates in a developing soil profile within a rego-
lith. Typical substrates consist of clay minerals, iron-manganese oxyhydroxides, 
and organic material (such as humic acid). Precipitation of new, secondary REE 
minerals also commonly occurs under these geologic conditions. Local differences 
in pH, redox state, and complexing agents within the soil profile control whether 
separation of REEs occurs by adsorption on to substrates or precipitation of new 
REE minerals such as phosphates (e.g., monazite) or fluorocarbonates (e.g., synch-
ysite, doverite). Weathering of igneous rocks converts constituents such as volcanic 
glass, feldspars, and other common rock-forming minerals (e.g., amphiboles, epi-
dotes, micas, and pyroxenes) to clay minerals. These mainly include kaolins (kaolin-
ite and halloysite) and smectite-group (montmorillonite, nontronite, and saponite) 
minerals (Table 2.2). Kaolinitic layers typically form within the middle part of a soil 
profile (“B and C” layers), whereas smectites which are chemically more complex 
than kaolins are typically found in lowermost parts of weathering profiles, nearer 
the source bedrock where availability of Fe and magnesium (Mg) exerts strong con-
trol on mineralogy. Thus, adsorption of REEs to newly forming clay minerals in a 
regolith deposit can be an intricate function of particle size (surface area) and reac-
tivity of the substrate, pH, redox state, and presence or absence of complexing 
agents in the aqueous fluid, in addition to the original REE and silicate mineralogy 
of the source rock [13]. Two main types of IAC deposits are identified in China: (1) 
enriched in LREE with Y2O3 <50% of the total REE+Y resource and (2) enriched in 
HREE with Y2O3 >50% of the total REE+Y resource [14].

The crystal structure of clays results in two distinct types of surfaces capable of 
binding ions—basal surfaces and edge surfaces (Fig. 2.5a). Basal (and interlayer) 
surfaces have generally been thought to be independnt of changes in pH, while edge 
surfaces which result from broken bonds are pH dependent [15]. A recent study [16] 
employed high-energy synchrotron radiation to address the distribution and local 
bonding environment of REEs on kaolinite (Fig. 2.5b). They used Y and Nd as prox-
ies for HREE and LREE adsorption to investigate possible mineralogical analogs to 
deposits currently mined in China. This study provides a significant advance in 
understanding REE adsorption onto clays in regolith. The authors [15] showed that 
REEs in Malagasy clays (Madagascar), which formed from regolith developed on 
peralkaline rocks, occur as leachable hydrated complexes adsorbed onto kaolinite. 
The study confirms that the adsorption process operates globally in lateritic weath-
ering profiles and encourages the search for IAC REE deposits in supergene 
environments.

2 Conventional Rare Earth Element Mineral Deposits—The Global Landscape
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Fig. 2.5 A schematic adsorption model for REE onto kaolinite [16]. (a) The 1:1 stacking of 
Al-octahedral (O) and Si-tetrahedral (T) sheets, forming TO layers with aluminol and siloxane 
external basal surfaces, edge, and interlayer surfaces; (b) an REE sorption model indicating that 
LREE and HREE complexes can occur as eight- to nine-coordinated inner-sphere (basal surface or 
edge) complexes or loosely adsorbed as eightfold or ninefold hydrated outer-sphere complexes 
[16]. https://creativecommons.org/licenses/by/4.0/ [16]

2.3  Global Resources, Production, and Consumption

Rare earth elements are relatively abundant in the earth’s crust, but minable concen-
trations are less common than those for many other mineral commodities [17–19]. 
Global resource estimates of REEs (and other mineral commodities) typically 
include both discovered and undiscovered deposits, and these resource types are 
generally categorized with increasing geologic confidence as inferred, indicated, or 
measured. Geologic classification for reserves of REEs includes those deposits that 
are either probable or proven [18]. The guidelines listed are set out by the Society 
for Mining, Metallurgy, and Exploration (SME) in the United States. Mineral 
reporting codes and guidelines for most parts of the world (Australia, Asia, Canada, 
Chile, Europe, South Africa, and the United States) are set by the Committee for 
Mineral Reserves International Reporting Standards (CRIRSCO). China, Russia, 
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Fig. 2.6 Global distribution of active REE deposits and advanced projects by deposit type. 
(Compiled for 2017 [20])

and India use similar classification schemes. In general, global resource estimates 
offer a view to the future, whereas reserve estimates provide a snapshot of the cur-
rent global picture. Figure 2.6 shows a snapshot of the global distribution of conven-
tional REE deposits by type and status around 2017.

Bastnäsite deposits in alkaline rocks and carbonatites of China and the United 
States [3, 14, 21, 22] constitute the largest percentage of the world’s economic 
resources. Monazite-bearing mineral sands in Australia, Brazil, China, India, 
Malaysia, South Africa, Sri Lanka, Thailand, and the United States make up the 
second largest segment [23–25]. These two deposit types primarily produce LREEs. 
Loparite which is also a source for LREEs is mined from a small number of deposits 
in layered alkaline rocks of the Kola Peninsula, Russia [12, 26]. Most of the remain-
ing economic resources of REEs are contained in regolith-hosted ion-adsorption 
clays which are mainly kaolinite and halloysites [27]. Regolith-hosted REE 
resources of the IAC type found in China and Southeast Asia are especially impor-
tant because they currently are the source of virtually all HREEs, Y, and a large 
proportion of LREEs reaching global markets [14, 21, 28]. World reserves of most 
REEs are thought to be sufficient to meet forecasts of world consumption well into 
the twenty-first century (Fig. 2.7); however, their global distribution varies widely.

Prior to the discovery and exploitation of the REE ion-adsorption clay deposits 
of China in the 1970s, essentially all REEs were produced from either bastnäsite 
mined from carbonatite at Mountain Pass, California, or derived from monazite 
from heavy mineral sand deposits primarily located in Australia. The production of 
REEs from bastnäsite, monazite, and loparite ores by conventional methods is 
energy intensive and involves multiple chemical processing steps tailored to the 
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mineral composition. These include electrochemical extraction (heating the mineral 
to its melting point) and leaching the resulting glass with sulfuric acid (H2SO4) or 
sodium hydroxide (NaOH) [29]. Recent advances in separation and extraction tech-
nologies for bastnäsite [30, 31], monazite [32], and loparite [33] have led to more 
environmentally sustainable approaches to recovery of REE from bulk ore having 
more complex mineral compositions. The production of REEs from low-grade ores 
containing ion-adsorbed clay minerals employs bulk mining of clay deposits from 
open pits and extraction of REEs by ion exchange using a dilute electrolyte solution 
[34, 35]. Previous approaches focused mainly on REE adsorbed to kaolins. The 
knowledge that REEs can have multiple modes of occurrence such as soluble fluo-
rocarbonate minerals has led to newly developed approaches aimed at liberating 
encapsulated REE-bearing minerals through expansion of kaolinite aggregates and 
converting REE-bearing minerals into more soluble forms [36].

The global production status has changed drastically since the 1970s when the 
main supplier was the United States. By 1990, China had become the main global 
supplier of REEs. China continues to hold that position today mainly by producing 
REEs both from bastnäsite mineral deposits and REE-adsorbed clays. Global mine 
production [18] has almost doubled since 2014 to an estimated 280,000 metric tons 
of rare earth oxide (REO) equivalent in 2021. Data for recent years show changing 
production of REEs in many countries (Fig. 2.7). For example, the production of 
REO derived from concentrates mined in Australia, Burma, and the United States 
increased by about 60% from 2014 to 2020. In comparison, China supplied about 
60% of the total global REO production in 2020, a drop of about 25% since 2014. 
China continues to dominate REE production by balancing excess global supply 
with changing mining production quotas. China’s Ministry of Industry and 
Information Technology [18] reports the mine production quota for 2020 was 
140,000 metric tons (an increase of 16% over 2019) with 120,850 metric tons allo-
cated to LREEs and 19,150 metric tons allocated to ion-adsorption clays. Overall, 
these data emphasize the continued dominance of China in supplying global needs 
for REEs. Global efforts are underway to expand exploration, discovery, economic 
assessment, and feasibility studies and novel extraction procedures applied to both 
conventional and unconventional rare earth resources. For example, the Critical 
Minerals Mapping Initiative (CMMI) is a joint effort by Australia, Canada, and the 
United States to identify and ensure the supply of critical minerals [37]. The result-
ing geochemistry database—along with basic query, statistical analysis, and display 
tools—will be served to the public through a Web-based portal managed by 
Geoscience Australia. A searchable database on critical mineral resources of the 
world is currently under development by the CMMI [37].

Magnets, catalysts, polishing, and metallurgical applications consumed the bulk 
of global REE production, while other uses included ceramics, glass, phosphors, 
and pigments [19]. These distinct market sectors and applications differ signifi-
cantly in the amount and type of REEs used (Table 2.1). For example, consumption 
in the magnet sector includes light, middle, and HREEs with the REEs varying 
depending on the type of permanent magnet. Neodymium–iron–boron (NdFeB) 
magnet technologies currently use primarily Nd and Pr with lesser amounts of Dy, 

2 Conventional Rare Earth Element Mineral Deposits—The Global Landscape



30

Gd, and Tb. Samarium–cobalt (Sm-Co) magnets use Sm and lesser amounts of gad-
olinium (Gd). Lanthanum has limited use in certain ferrite-type magnets. Ferrite is 
a ferrimagnetic ceramic compound derived from iron oxides. These types of strong 
permanent magnets are used in missile guidance and control systems, disk drive 
motors installed in aircraft and tanks, satellite communications, and radar and sonar 
systems. Certain types of high-unit-value applications impact consumption of 
HREE. For example, laser crystals based on Nd and Y are doped with HREE (e.g., 
Dy, Er, Tm, and Yb), and positron emission tomography and scintillometers for 
medical imaging and cancer therapies use Lu.

Demand for REEs is expected to continue to grow due, in large part, to the 
expanding market needs for permanent magnets, electric vehicles, and materials 
used in energy-related sectors such as energy-efficient lighting and wind turbines 
and other products related to cutting carbon emissions. Industry estimates of the 
global consumption of REEs, as summarized by the U.S. Geological Survey [17, 
18], have varied significantly in recent years from about 140,000 to 170,000 metric 
tons of REO equivalent. Consumption varies widely on a global scale primarily as 
a function of REE needs based on individual countries’ manufacturing requirements 
and production capabilities in distinct REE market sectors and required applica-
tions. For example, apparent consumption of REEs in the United States was esti-
mated to be 9100 metric tons of REO equivalents in 2017 [19]. The United States as 
reported in 2020 for 2017 [18] has limited capabilities to produce battery alloys, 
magnet alloys, and phosphors. As a result, most current LREE consumption is in the 
form of Ce and La compounds used to produce catalysts, ceramics, glass and polish-
ing compounds, and ferrocerium and rare earth metals used for alloys and other 
metallurgical applications. Moreover, consumption of HREE (Tb, Dy, Ho, erbium 
(Er), Tm, Yb, and Lu) has been estimated to contribute less than 2% to the total U.S. 
consumption.

2.4  Rare Earth Element Deposit Types and Their 
Geochemical Characteristics

2.4.1  Rare Earth Mineral Systems

Rare earth deposits are found in specific rock or deposit types that occur in certain 
geological settings. The growing demand for critical minerals such as the REEs has 
resulted in advances in understanding and predicting how, why, and where eco-
nomic mineral systems might occur [37]. One ongoing effort by the CMMI to 
advance knowledge about the abundance of critical minerals, such as REEs, has 
resulted in a revised classification of ore-forming settings based on certain essential 
characteristics that include the larger-scale geologic environment in which deposits 
form (i.e., the deposit environment (Table 2.3)). A “deposit environment” is akin to 
a geologic setting having a distinctive set of physical and chemical attributes and 
crustal processes, such as magmatism, metamorphism, and weathering. The 
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Table 2.3 Mineral systems for conventional rare earth element deposits

Depositional 
environment

Deposit
group

Deposit
type Examples References

Magmatic Carbonatite Carbonatite REE Mountain Pass, 
California, United States

[3, 20]

Bayan Obo, Inner 
Mongolia, China

[14, 44, 47, 
49]

Khanneshin, Helmand 
Province, Afghanistan

[50, 51]

Alkaline/
peralkaline 
igneous

Layered alkaline 
igneous

Lovozero and Khibiny, 
Kola Peninsula, Russia

[55, 56]

Norra Kärr, Sweden [56]
Peralkaline igneous 
high field strength 
element 
(HFSE)—REE

Toongi, Dubbo, New 
South Wales, and 
Brockman/Hastings, New 
South Wales, Australia

[56, 57]

Bokan Mountain, Alaska, 
United States

[20, 56]

Pegmatite Abyssal pegmatite 
REE

Fraser Lakes, 
Saskatchewan, Canada

[76, 93]

Apatite 
intrusion

Apatite intrusion 
REE/apatite vein

Nolans Bore, Northwest 
Territories, Australia

[45, 77]

Magmatic–
hydrothermal

Breccia pipe Breccia pipe REE Pea Ridge REE, 
Missouri, United States

[78–80]

Skarn Skarn uranium-REE Mary Kathleen REE-U, 
Queensland, Australia

[93]

Erosional Placer Heavy mineral 
sands/mineral sands/
placers

WIM150, Victoria, 
Australia

[9, 25, 60, 
61]

Boise REE-Th-Ti-Nb-Ta, 
Idaho, United States

[9]

Carolina Piedmont, 
Southeastern United 
States

[9]

Supergene Clay Ion-adsorption clay 
REE/regolith-hosted 
REE

Grande-Vallée, Quebec, 
Canada

[27]

Jiangxi, Guangdong, 
Fujiang, and Guangxi 
provinces, China

[14]

Stewartsville IAC, 
Virginia, United States

[70]

Liberty Hill IAC, South 
Carolina, United States

[74]

Laterite Carbonatite laterite 
REE

Mt. Weld laterite, 
Western Australia, 
Australia

[8, 64, 67]

Basin 
hydrothermal

Unconformity- 
Related

Unconformity- 
related REE

Browns Range, Western 
Australia, Australia; 
Maw zone, 
Saskatchewan, Canada

[89]

Basin 
chemical

Phosphorite Phosphate (REE in 
carbonate–
fluorapatite)

Athabasca Basin, 
Saskatchewan Canada; 
Phosphoria Fm., 
Montana-Idaho- 
Wyoming, United States

[83–85]
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Fig. 2.8 Chondrite-normalized REE patterns showing published compositions of bulk REE from 
conventional REE deposits and occurrences [19] normalized to chondrite values [38]. Note: These 
patterns differ from typical REE patterns for minerals. The sharp inflections (e.g., shown for Yb for 
monazite (line 8), loparite (line 6), xenotime (line 14); Tm in bastnaesite (line 4) may result from 
analytical error or impure mixtures. Normalization removes the Oddo–Harkins effect which 
reflects the greater abundance of even-numbered versus odd-numbered REE and results in gener-
ally smooth patterns. Only Ce (e.g., REE clay, lines 11, 12) and Eu (monazite, lines 8, 9) are 
expected to show enrichment or depletion anomalies. (Location number and data source [19]

conventional types of REE deposits currently being mined occur in a small number 
of deposit environments as exemplified by (1) magmatic (igneous) settings, such as 
the deposits associated with carbonatites and alkaline and peralkaline igneous 
rocks; (2) supergene (or chemical weathering) settings where enrichment of mineral 
deposits by solutions can lead to formation of regolith-hosted IAC and carbonatite 
laterite deposits; and (3) erosional environments which involve a combination of 
chemical and physical weathering processes and can produce different placer-type 
mineral sand deposits (Table 2.3).

Within a given deposit environment, mineral deposits can be grouped by key 
attributes. For REE deposits, mineralogy is perhaps most important attribute because 
REE availability and cost of extraction are mineral-dependent. Moreover, mineral-
ogy controls the specific groups of REEs—light, middle, or HREEs, which likely 
can be produced from a deposit type. Where REE distributions are normalized to 
those in chondritic meteorites which is a common approach used by geochemists, 
mineralogically controlled differences in deposit types can be seen (Fig. 2.8). The 
mineralogy of each of these deposit types illustrates the range of light, middle, and 
heavy REEs that can be recovered depending on the mineral hosts of REEs in the 

N. K. Foley and R. A. Ayuso



33

different deposit types. These REE minerals are part of distinctive mineral assem-
blages that are characteristic of specific deposit types. Mineral assemblages include 
all of the minerals that compose a given rock type and their relative abundances. 
Assemblages consist of the major rock-forming minerals, such as quartz, calcite, 
and feldspars, and minor, accessory-type, minerals that are present in small 
quantities.

2.4.2  Deposits Associated with Igneous Rocks—Magmatic 
REE Deposits

 Carbonatite

Carbonatite is generally defined as an igneous rock composed of greater than 50% 
by volume of primary carbonate minerals (mainly calcite and/or dolomite) [39]. 
Rare earth-enriched deposits hosted by carbonatites (Table 2.3) are a major global 
source of LREEs. Bastnäsite-Ce and monazite-Ce are the dominant REE minerals 
in most carbonatite deposits, and they can occur as both coarse-grained euhedral 
grains (showing a crystal outline) and as interstitial grains that fill in around other 
minerals. Bastnäsite typically contains approximately 75% REE oxides. Other REE 
phases include light rare earth-enriched carbonate and fluorocarbonate minerals 
(e.g., burbankite, parisite, and synchysite), hydrated carbonates (e.g., ancylite 
group), and phosphates (Table 2.2). Carbonatites can also host significant amounts 
of other economically important mineral resource commodities, including Cu, Fe, 
Nb, Th, Ti, U, calcium carbonate, fluorite, phlogopite, sodalite, vermiculite, bad-
deleyite, Zr-Nb minerals, and pyrochlore group minerals [40, 41].

Carbonatites from more than 600 localities are currently known, occurring 
mostly on cratons (ancient, stable areas of continental crust) and varying widely in 
age over a large portion of earth’s history [40–44]. Currently, only a small number 
of carbonatites are being mined for REEs; these include Bayan Obo, China (REE- 
Nb- Fe), the Maoniuping and Dalucao deposits, China, and Mountain Pass in the 
United States. The origin of carbonatites is currently thought to be closely linked to 
melting of the earth’s mantle or evolution of mantle-derived materials. Carbonatites 
are found associated with various tectonic settings [45]. These settings include 
intracontinental, the old, and stable parts of continents (e.g., Mt. Weld carbonatite, 
Australia); collisional where episodes of magmatism and mountain building are 
related to colliding continental plates; post-collisional or the “relaxation phase” fol-
lowing collision (Miaoya carbonatite, Mianning–Dechang belt, China) and during 
active continental rifting (Bayan Obo REE-Nb-Fe deposit). For example, a recent 
review of syn- to post-collisional alkaline igneous and carbonatite complexes world-
wide [46] used trace and rare earth element data for carbonatite and associated 
alkaline igneous rocks to construct a broadly based model for REE mineral systems 
expected to develop in such environments (Fig. 2.9).
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Fig. 2.9 Schematic illustration—A postulated structure for an upper crustal, post-collisional alka-
line-carbonatite system capable of producing LREE, barium (Ba)-, and fluorine (F)-rich carbon-
atitic melts. https://creativecommons.org/licenses/by/4.0/ [46]

Magmatic processes responsible for REE enrichment include fractional crystal-
lization (removal and segregation of crystals from a melt, changing the composition 
of a magma) which enriches the carbonatitic magma in REEs, and later hydrother-
mal processes that lead to precipitation of REEs. These processes have important 
roles in upgrading carbonatite REE resources. For example, a study of the Bachu 
carbonatites, NW China [47], showed that fractional crystallization of carbonates 
resulted in elevated REE concentrations in the residual magma. The late REE- 
enriched veins resulted from hydrothermal processes. Thus, like most carbonatite- 
related deposits, the Bachu REE deposit formed by a multistage model involving 
fractional crystallization and hydrothermal fluids. Modeling the evolution of chemi-
cal characteristics of carbonatite systems will be fundamental to further understand-
ing how REEs are partitioned in these complex magmatic-to-hydrothermal systems. 
Comparative studies of the metallogeny of fertile and barren carbonatites may lead 
to advances in identifying factors controlling the fertility of carbonatite mineral 
systems [47, 48]. For post-collisional carbonatite complexes (Fig. 2.9), immiscibil-
ity (separation of immiscible liquids) of carbonate-rich magmas and fluids in gener-
ating mineralization partitions REE, Ba, and F into the carbonate-rich phase. This 
partitioning leads to the potential for by-products such as barite, fluorite, and man-
ganese oxides. In post-collisional settings, shallow-level carbonatite intrusions have 
been identified as most significant for REE deposits, but deeper carbonatite bodies 
and associated alteration zones may also have REE enrichment [46].
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Of relevance to exploration geologists interested in REEs associated with car-
bonatite genesis and mineralization are two published papers identifying ~527 
known global occurrences of carbonatite with detailed attributes for 477 of these in 
a searchable and updatable database [42, 44]. A recent review of the definition and 
classification of carbonatites and a summary of information germane to exploration 
efforts such as resource characterization, exploration methods, and prospectivity 
[40] suggests that intracratonic rift (extensional) settings are most favorable explo-
ration areas for carbonatite and related deposits. Intense exploration efforts in such 
settings, however, have likely identified most shallow or exposed intrusive carbon-
atites and alkaline-carbonatite complexes. Thus, most new carbonatite discoveries 
will probably be in the collisional-type settings. Examples of carbonatite complex 
mineral systems include such diverse deposits as Bayan Obo [14, 47–49], Mountain 
Pass [3, 20] and Khanneshin, Afghanistan [50, 51].

The genesis of Bayan Obo, the world’s largest known REE-Fe-Nb deposit, has 
been the subject of study for decades [49], and the deposit is reported to contain 118 
million metric tons of ore having 6% total REO [14]. Past models to explain its 
genesis have varied widely [52]. A recent model has proposed that the Bayan Obo 
Fe-REE-Nb ore deposits and the barren host, a dolomite, were generated when flu-
ids expelled from a mantle-derived carbonatite magma interacted with sedimentary 
carbonates [52]. The genetic complexity and extended timescale of the Bayan Obo 
carbonatite deposit were likely important factors in its large size and significant 
REE content.

The Sulfide Queen carbonatite in California hosts Mountain Pass which is the 
largest known REE deposit in the United States [3]. Other smaller REE-rich car-
bonatites in the United States include the Bear Lodge deposit in northeastern 
Wyoming and the Elk Creek deposit in southeastern Nebraska [3]. Prior to 1995, 
the Mountain Pass deposit was the world’s leading source of REEs. After operating 
intermittently in the 2000s and 2010s, the Mountain Pass mine reopened in 2018, 
with proven and probable reserves totaling 18.4 million metric tons of carbonatite 
ore averaging 7.98% REE oxide (REO) using a cutoff grade of 5% REO [53]. The 
geologic setting of the Mountain Pass carbonatite and related alkaline silicate 
rocks represents a classic carbonatite model related to a mantle source [54]. 
Evidence of primary magmatic textures includes euhedral bastnäsite in association 
with calcite, barite, and dolomite [8]. The mine currently produces a bastnäsite 
concentrate. Other REE- bearing minerals include parisite, synchysite, and mona-
zite, and many less abundant REE phases. Alkaline intrusions are associated in 
time and space with the carbonatite rock that hosts REE ore at Mountain Pass. A 
recent age-dating study of zircon in associated alkaline igneous rocks at Mountain 
Pass [55] supports a model in which alkaline and carbonatite magmatism occurred 
over tens of millions of years. Repeated tapping of a mantle source altered by fluids 
and assimilation of older igneous, metaigneous, and metasedimentary crust to the 
magma endowed the magmas with high contents of REEs and other elements 
(e.g., F, Ba).
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Fig. 2.10 Epsilon Nd versus 87Sr/86Sr(i)—base diagram for post-collisional settings [46] showing 
data for Mountain Pass, with the addition of a data field for the Khanneshin carbonatite, 
Afghanistan, shown in red [50]. This figure shows the relatively tight coherence between Sr and Nd 
isotopic systems and mantle source for Khanneshin, an example of a young carbonatite derived 
from enriched mantle (EM) sources which may also be post-collisional in nature [50]. In compari-
son, Maoniuping–Dalucao carbonatites (blue dots), which are part of the Mianning-Dechang belt 
of China, a type locality for post-collisional alkaline-carbonatite systems, show a widespread in 
EM sources (EMI and EMII type mantle end members). https://creativecommons.org/licenses/
by/4.0/4 [6]

An example of a geologically young carbonatite is Khanneshin in Afghanistan 
[51]. Geological studies have suggested that mineralized rocks of the Khanneshin 
carbonatite, a LREE-enriched carbonatite complex of Quaternary age (formed 
within the last 2.6 million years), may be comparable in grade to Bayan Obo, China, 
and Mountain Pass [51]. Based on radiogenic isotopes of Nd, Sr, and lead (Pb) in 
the Khanneshin carbonatite, a mantle source was established for the deposit [50]. 
The study [50] also demonstrated that isotopic signatures of carbonatite can aid 
regional exploration efforts to identify other mineralized systems that share the 
same source reservoirs, origins, and evolution (Fig. 2.10).

 Alkaline/Peralkaline Igneous

Alkaline/peralkaline igneous complexes (Table 2.3) that host REE deposits are gen-
erally thought to form within continental plate tectonic settings that are associated 
with rifts, faults, or hotspot magmatism [56, 57]. The REE ores occur in layered 
alkaline complexes of nepheline syenite, peralkaline granitic stocks and late-stage 
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dikes, and more rarely, trachytic, peralkaline volcanic and volcaniclastic deposits. 
The mineralization is thought to be the result of extensive fractional crystallization. 
Typically, late-stage fluorine-rich fluids are thought to increase the rare metal con-
centrations by overprinting primary ore minerals with additional REE minerals. 
This is consistent with suggestions by Goodenough and others [48] who note that 
the most significant REE grades in alkaline igneous complexes are typically found 
in the “agpaitic” peralkaline lithologies. Agpaitic rocks represent the most evolved 
and latest stages of peralkaline systems and can also contain potentially economic 
concentrations of U, Be, and other rare elements. These complexes typically are 
relatively small compared to other types of alkaline complexes and can have 
extremely complex mineralogy and geometallurgy [58].

Deposits associated with layered alkaline igneous suites that include nepheline 
syenites (alkaline igneous rocks that lack quartz) are important exploration targets 
because they are known to contain REE deposits enriched in HREE and Y [56, 57]. 
The host rocks and ore layers typically show cumulate (layered) textures which 
form by crystal settling within a magma chamber. The REE minerals accumulate in 
portions of the magma chamber that have undergone fractional crystallization to a 
great extent. Ore layers are often enriched in eudialyte, loparite, and apatite and 
contain Y, Zr, Nb, tantalum (Ta), and P.  Examples of these deposits include 
Ilimaussaq (Greenland), Lovozero, and Khibiny (Kola Peninsula, Russia), and 
Norra Kärr (Sweden). The only REE deposit of this type currently being mined is 
Lovozero. Loparite has been mined for about 50 years at Lovozero, with a reported 
annual production in 2012 of approximately 6000 metric tons of loparite concen-
trate that contained about 30–35% REE2O3 [26].

Peralkaline igneous deposits containing both high field strength elements 
(HFSE—those elements whose ions have a small radius and high charge, such as 
Hf, zirconium (Zr), Ti, Nb, and Ta) and REEs occur in pegmatites (in two types: 
Li-Ce-Ta and Nb-Y-F) hosted by peralkaline granites, e.g., Strange Lake, Quebec- 
Labrador, Canada [56], or as hydrothermal disseminations and/or structurally con-
trolled late-magmatic-to-hydrothermal quartz-feldspar dikes related to small, highly 
evolved peralkaline granitic stocks, e.g., Bokan Mountain, southeastern Alaska [20, 
56]. Neither the deposit type nor its host rocks show features of crystal accumula-
tion. Strange Lake is hosted by a circular ring complex composed of peralkaline 
granite with mineralization occurring both as low-grade disseminations in granite 
and as high-grade ore in pegmatites. Hydrothermal overprinting played a significant 
role during the formation of ore minerals which are of primary magmatic and sec-
ondary hydrothermal origin. The dominant REE-bearing mineral is gittinsite which 
is likely an alteration product of eudialyte. Other important minerals include bast-
näsite, monazite, kainosite, thorite, pyrochlore, and gadolinite (Table 2.2). At Bokan 
Mountain, the Dotson vein system has a combined inferred resource of 5.275 mil-
lion metric tons of rock averaging 0.262% HREE oxides and 0.392% LREE 
oxides [59].

Rarely, peralkaline felsic volcanic rocks (mainly trachytes) with HFSE and REE 
contain disseminations of fine-grained REE-bearing minerals (as well as a high 
abundance of HFSE) [57]. Examples of these mineralized peralkaline felsic 
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volcanic rocks are Toongi (Dubbo Zirconia) and Brockman/Hastings, both located 
in Australia. At Toongi, the mineralization includes ores of eudialyte, niobite, and 
bastnäsite. Primary interstitial REE phases were enriched by late-magmatic-to- 
hydrothermal fluids. The Brockman/Hastings deposit is hosted by fluorite-bearing 
felsic volcaniclastic rocks that form the lowermost unit of the early Proterozoic 
Brockman volcanic suite, a sequence of trachytic and rhyolitic volcanic rocks, and 
shallowly emplaced intrusive rocks. The fluorite-bearing volcanic rocks are dis-
tinctly enriched in HFSE and HREE and include fine-grained disseminated ore 
(e.g., zircon, bastnäsite, parasite, and synchysite).

2.4.3  Deposits Associated with Physical 
Weathering Environments

 Heavy Mineral Sands/Mineral Sands

Placer deposits are a subset of supergene deposits that undergo processes of phys-
ical erosion in addition to chemical weathering. Ancient (paleoplacer) and mod-
ern sedimentary placer deposits can be significant sources of REEs [9]. The terms 
heavy mineral sands and minerals sands are used interchangeably to describe 
placer deposits that contain abundant minerals that have high densities and are 
resistant to chemical and physical erosion. These minerals include ilmenite, zir-
con, leucoxene, rutile, the REE minerals monazite and xenotime, and less com-
monly, garnet, magnetite, sapphire, diamond, and staurolite (Table 2.2). Placers 
form from mechanical concentration of minerals from weathered rock debris. 
Because these minerals are strongly resistant to chemical weathering due to their 
low solubility in surface waters, they endure transport by wind or water and sub-
sequent deposition in modern sedimentary environments and persist in ancient 
(paleo) deposits.

In fluvial (transported by surface waters) settings, slope is an important factor 
for the concentration of heavy minerals from material transported in riverbeds. In 
areas of high topographic relief, the action of erosional processes (such as min-
eral abrasion and transport) on exposed bedrock transports resistant minerals 
downslope through networks of natural drainage channels to depositional sites in 
topographically low-lying settings. These include deltas, the beach face, the near 
shore, barrier islands or dunes and tidal lagoons, as well as channels and flood-
plains of streams and rivers. In near-coastal settings, waves, currents, tides, and 
the wind sort and concentrate mineral particles based on size and density. So, 
monazite, xenotime, and other heavy mineral placers typically are found in zones 
where minerals that survive the weathering process are concentrated, such as 
beaches, rivers and streams, dunes, and offshore areas. Bedrock terranes contain-
ing abundant high-grade metamorphic rocks or igneous rocks are suitable source 
rocks for primary monazite- bearing placer deposits. Recovery of monazite or 
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xenotime as a low-cost co-product of heavy mineral sands may accompany pro-
duction of other industrial minerals (e.g., ilmenite, rutile, zircon, sillimanite, gar-
net, and staurolite) [9]. The high density of monazite and xenotime makes them 
relatively easy to separate from other minerals in placers by low-cost mechanical 
techniques.

Monazite-bearing placers occur widely across the globe. Australia, Brazil, 
China, Indonesia, Korea, New Zealand, the United States, and Zaire have pro-
duced monazite from placers in the past with significant amounts remaining in 
place [9, 25]. For example, the WIM150 mineral sands deposit in Australia 
within the Murray basin of western Victoria contains substantial resources of 
monazite (580,000 metric tons) and xenotime (170,000 metric tons) which are 
associated with economic amounts of Ti minerals and zircon in the heavy min-
eral suite [60]. The high concentrations of heavy minerals in placers in the 
Murray Basin are linked to the formation of barrier sand complexes during the 
Pliocene (from about 5.4 to 2.4 million years ago) as the shoreline grew seaward 
[61]. Thus, the heavy mineral sand deposits formed by reworking of older under-
lying heavy mineral-rich sands. More recently, monazite has been recovered 
from coastal and alluvial placers in India, Malaysia, Sri Lanka, Thailand, and 
Brazil [9]. Only India and Brazil currently produce monazite from mineral sands. 
Major monazite placer concentrations of India are located along both the south-
western and southeastern coasts of India, where heavy mineral sand beach depos-
its are undergoing renewed exploration and development. The exploration plan 
for these deposits is to recover monazite for REEs as well as its Th, which can be 
stored for later use as a nuclear fuel source [9].

Monazite in heavy mineral placer deposits typically has high Th content. Both 
Th and U substitute readily into the crystal structure of monazite (Fig. 2.3). Only 
the most refractory and least metamict minerals (high Th, low U) are sufficiently 
robust to survive transport. The abundance of Th in some monazite can make the 
mineral concentrate too radioactive for storage, shipping, or processing in many 
countries [62]. For example, the radioactivity of monazite concentrates from 
heavy mineral placers limits further development of this resource in the 
United States.

Some of the mineral sand districts in India and Brazil are areas of high back-
ground radiation with potential dose exposure, primarily due to the Th and U in 
detrital grains of monazite and zircon [9]. Several recent studies of heavy mineral 
sand deposits have clarified the environmental issues that can be associated with 
monazite-bearing placer deposits. High background radiation from U occurs in 
groundwater sampled near monazite placer deposits in the Kanniyakumari District, 
Tamil Nadu, India [63]. The spatial variations in U content are seasonal and related 
to pre- and post-monsoon weather patterns.

Coastal belts of Kollam District, Kerala, India, are also enriched in naturally 
occurring radionuclides (40K, 226Ra, and 232Th) in sand samples [64]. This study 
compared local variations in radiological parameters with Indian and world average 
values. By using geospatial techniques, the local variations of radionuclide enrich-
ment were then connected to local lithology, drainage conditions, and sea wave 
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directions in order to establish the source and paths of distribution. The study of the 
Kollam District provided details on source and locations of the parent material for 
the heavy mineral sands.

Another study [65] investigated radon (Rn) in residential indoor spaces in house-
holds surrounding the Ban Gie monazite mine in the Quy Hop District, Nghe An 
Province, Vietnam. The study focused on 222Rn because of its impact on human 
health and environment. They identified high levels of 222Rn indoor concentration in 
households and showed that residents in the survey area may be exposed to an aver-
age dose of radon nearly 3.5 times the world average.

2.4.4  Deposits Associated with Chemical 
Weathering Environments

 Carbonatite Laterite Deposits

Surficial chemical weathering processes acting on carbonatite intrusive complexes 
can result in significant enrichment in REEs in shallow laterite-type deposits. 
Weathering can also enhance the prospectivity of otherwise low-grade carbonatite 
deposits. Supergene enrichment in REEs in weathered horizons reflects breakdown 
of primary minerals in the carbonatite by chemical weathering and sequestration of 
REEs in either secondary rare earth minerals or in association with clays or organ-
ics. Carbonatite-derived laterite deposits are known to have significant amounts of 
REEs, Nb, and a variety of other elements and minerals of economic interest includ-
ing phosphate, Fe, fluorite, Cu, V, Ti, U, and calcite. Examples of carbonatite- 
derived laterite deposits include Mount Weld in Western Australia, which currently 
produces REEs, and the Araxá deposit, Minas Gerais state, Brazil, which currently 
produces Nb, but is also enriched in REEs [8].

The Mount Weld deposit is a world-class carbonatite-derived lateritic REE 
deposit and has been an important source of REE since the mine opened in 2011 
[66]. The deposit has an average REE grade of 9.8% total REE2O3 with locally con-
centrations reaching 45% total REE2O3 [23]. The laterite deposit is fully contained 
within the weathered cap of an intrusive carbonatite plug within the Mount Weld 
carbonatite complex that is a part of the alkaline Eastern Goldfield Province of the 
Yilgarn Craton of Western Australia [66, 67]. New data on bulk geochemistry, min-
eralogy, and geochronology of the deposit [67] have established the role of mag-
matic and supergene processes in the genesis of the REE deposit. For example, 
monazite-(Ce) and apatite in the regolith is chemically identical to monazite and 
apatite in the carbonatite, thus establishing a strong genetic link. High-REE regolith 
(with 51.8% total REE2O3) has a negative Ce anomaly (interpreted as indicative of 
intense weathering) and contains monazite within a cement matrix of florencite-
(Ce) and rhabdophane-(Nd) (Table 2.2). The rhabdophane has textures resembling 
casts of plant material suggesting that bio-assisted processes contributed to the 
extreme fractionation of LREEs. Bacteria- and plant-mediated processes likely 
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played a significant role in REE redistribution during supergene stages of develop-
ment of regolith-hosted carbonatite-related laterite deposits [67].

2.4.5  Regolith-Hosted Ion-Adsorption Clay (IAC) 
REE Deposits

Regolith-hosted IAC deposits are of global importance because they currently pro-
vide virtually all HREEs, Y, and a significant portion of LREE to global markets. 
General stages of formation of IAC deposits [28] include (1) emplacement of gran-
ites containing precursor source minerals (e.g., apatite, allanite and REE fluorocar-
bonates); (2) development of thick overlying in-situ regolith with adsorption of 
liberated REEs onto newly formed kaolinites in clay-rich zones; and (3) preserva-
tion of the ore bodies. The IAC deposits generally are thought to occur in temperate 
and tropical regions of the globe where regions afford high temperatures and pre-
cipitation rates that induce chemical weathering in granitic rocks [27]. Engineering 
and environmental considerations associated with developing IAC deposits include 
a large stripping ratio, large leach residue, overexploitation, and environmental res-
toration [68]. The best-known deposits and occurrences of this type occur in parts 
of Brazil, China, Madagascar, Malawi, and Southeast Asia [27]. Currently, virtually 
all mined deposits [14] are in southern China in the Jiangxi, Hunan, Guangdong, 
Guangxi, and Fujian provinces and a few in Guizhou and Yunnan provinces. Minor 
deposits are reported in Inner Mongolia, Shandong, and the Shanxi provinces of 
northern China. Exploration for deposits and occurrences of this type continues 
globally due to their high economic importance.

Economic deposits typically occur as small, disseminated ore bodies that when 
combined make large tonnage, low-grade deposits. Available data on ore reserves of 
IAC deposits indicate they range in size from greater than >0.5 million metric tons to 
less than 0.01 million metric tons [69]. The ore bodies generally have over 50% ion-
exchangeable REEs+Y occurring as adsorbed ions on clay surfaces (mainly kaolinite 
and halloysite [28]. The REE+Y contents in parent source rocks of China range from 
110 to 590 ppm. The highest REE+Y contents are found in alkali granite and alkali 
granite porphyry [14, 28]. The total REE+Y contents of mined IAC deposits of China 
range from 140 to 6500 ppm, and thus, the deposit can contain up to six times the 
amount in the parent rock [28]. Due to deep weathering of the precursor rock, IAC 
deposits typically contain relatively low amounts of Th and U compared to many 
other REE deposit types, making IACs an attractive exploration target.

The IAC deposits of China are genetically linked to weathering of granitic rocks 
and less commonly to weathering of volcanic rocks and some low-Si, high-K igne-
ous rocks [14]. The most important age of parent rocks in China is early to late 
Mesozoic (younger than approximately 250 million years), although mineralized 
regolith is also known from older granites. Although all weathered igneous rocks 
can contain some exchangeable REEs, weathering of REE-enriched granitic rocks 
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Fig. 2.11 Chondrite-normalized granite–regolith patterns (left panel) and granite-normalized pat-
terns for regolith (right panel). (a) the LREE-enriched Heling IAC deposit, Xunwu County, Jiangxi 
Province, China (in purple), and (b) the HREE-enriched Longnan REE+Y deposit, which occurs 
in the weathering profile of the Xinxiu Granite, Longnan County, Jiangxi Province, China (in 
green). (Data from Bao et al. [28]). The left panel show showing increases in REE concentrations 
in saprolite and overlying soils compared to granite (black), normalized to chondrite values [38]. 
The tetrad behavior is shown by the subtle convex upward curves corresponding to quarter (Nd/
Pm), half (Gd), three-quarter (Ho/Er), and complete (Lu) filling of the 4f electron shell. The right 
panel shows clay-bearing regolith samples from bedrock soil profile over the granitic precursors, 
normalized to average REE values for granitic bedrock at the sites. Also shown for comparison are 
(c) chondrite- and bedrock-normalized REE patterns for Stewartsville, VA, site [70]
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(originally enriched by magmatic processes) best provides a source for further accu-
mulating REEs in regolith during weathering [70]. Moreover, alkaline and 
peralkaline- type granites with primary middle and heavy REE enrichment are key 
targets for exploration [14]. One prominent feature recognized in many granites and 
related IAC deposits [70] is tetrad behavior of the lanthanides. This is displayed in 
REE patterns as distinct discontinuities (Fig. 2.11) corresponding to quarter (Nd/
Pm), half (Gd), three-quarter (Ho/Er), and complete (Lu) filling of the 4f electron 
shell [71]. Tetrad patterns in granite and regolith are thought to result from pro-
cesses that promote the redistribution, enrichment, and fractionation of REE, such 
as alteration of granite in the regolith. Thus, REE patterns identify source rocks and 
regolith that are good candidates for IAC deposits. Tetrad behavior is well docu-
mented for rare metal granites of South China [72].

Two main types of IAC deposits are identified in China (see examples shown in 
Fig.  2.11). These include HREE-enriched material containing >50% Y2O3 and 
LREE- enriched material containing <50% Y2O3 [14]. Parent granites of HREE-rich 
deposits are typically highly evolved by fractional crystallization and have abundant 
alkali feldspars with SiO2 contents of approximately 75% and low contents of P2O5 
(<0.02%) which limit sequestration of REEs in phosphates like monazite [28]. The 
first recognized IAC deposit in China was the Zudong HREE deposit which was 
discovered in South Jiangxi Province in the 1960s [14]. The ore occurs in the weath-
ering profile of the Zudong granite, a medium-grained, muscovite-, K feldspar-, and 
alkali feldspar-bearing granite. The parent granite was enriched initially in HREEs 
where hydrothermal alteration converted the original minerals to F-bearing, HREE- 
rich carbonate minerals. The deposit contained a total REE+Y resource of 131,000 
metric tons at an average grade of 0.048  wt.% of Y2O3, with Y estimated to be 
35.8% to 62.5% of the total resource. Parent rocks of LREE-enriched deposits typi-
cally consist of peralkaline biotite granite having high contents of REEs and 
HFSE.  In 1972, the LREE-enriched Heling deposit also was identified in South 
Jiangxi Province. Accessory minerals in the granite porphyry include apatite, bast-
naesite, and Ce-apatite, while those in the volcanic rocks include monazite, bastn-
aesite, chevkinite, and minor apatite. The deposit has a total REO resource of 
239,000 metric tons and REE-Y grade averaging 1350 ppm with >60% recovery of 
exchangeable REE+Y [14].

Regolith-hosted IAC REE deposits form by the chemical weathering of a source 
rock containing a relative high abundance of REEs in minerals that are not resistant 
to weathering. In granitic rocks, fluorine-bearing biotite or muscovite can foster 
formation of soluble REE fluorocarbonates (Table 2.2) in the overlying regolith. 
Decomposition and dissolution of magmatic REE-bearing minerals (e.g., allanite, 
soluble fluorocarbonates, titanite, garnet, apatite) during regolith formation release 
REEs from the original mineralogical sites, enrich aqueous fluids, and through 
fluid–mineral reactions the REE are subsequently adsorbed to receptive surfaces in 
available secondary minerals within the residual profile. Kaolinite, halloysite, and 
other clay minerals formed by weathering of silicate minerals (e.g., biotite, feld-
spars, and allanite) are thought to be the most receptive substrates in this process. 
Whole rock REE patterns of both regolith-hosted ion-adsorption deposits and 
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Fig. 2.12 Stewartsville regolith samples. (a) Intensely weathered allanite crystal from granitic 
regolith profile. Paired backscatter electron SEM and electron microprobe images of areas marked 
in (a): (b) and (d) Fe-Al clays (dark layers) decorated with REE (La, Nd, Sm, Gd, Dy) oxides 
(bright areas) showing distributions of (c) La and (e) Nd. Areas (f) and (g) show synchysite infill-
ing open spaces and (h) and (i) show doverite cementing quartz grains within the regolith

occurrences commonly show negative Ce anomalies due to oxidation within the 
developing regolith [27, 70].

Many studies have shown that a significant portion of the REEs within a regolith 
can also precipitate as either soluble or insoluble minerals, typically carbonate or 
phosphates. This association between amorphous phosphates and kaolin group min-
erals has been identified in deeply weathered metavolcanic rocks of the Carolina 
Slate belt, United States, where clay layers in a kaolin pit were found to contain 
secondary amorphous phosphates of monazite in addition to leachable REEs [73]. 
Chemical environments favoring formation of soluble HREE fluorocarbonate min-
erals, like doverite, can result in regolith deposits that have higher amounts of ion- 
exchangeable HREEs. Figure 2.12 illustrates mineral weathering in a granite-derived 
regolith overlying peraluminous-to-peralkaline granite, Stewartville regolith, 
Virginia, United States.
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Exploration for regolith-hosted IAC REE deposits continues in many regions of 
the globe, particularly in areas identified as having paleogeography akin to that of 
southeast China. For example, occurrences of IAC REEs have been identified in 
belts of weathered peralkaline granite and highly fractionated igneous rocks in the 
Southeast United States [73, 74]. The granitic rocks have highly silicic composi-
tions and high contents of HFSE, Ga, F, Nb, Sn, Ta, Y, and Zr, and high total REEs. 
Granite outcrops in the Piedmont region of Virginia are commonly intensely weath-
ered and overlain with thick layers of saprolite regolith of extending to depths of 
tens of meters. Geochemical and mineralogical comparisons of regolith formed on 
the Stewartsville and Striped Rock plutons and the Robertson River batholith [73] 
demonstrate REE grades comparable to some IAC REE deposits mined in China. 
For example, the Stewartsville pluton is a biotite granite containing abundant alla-
nite and fluorite, inclusions of synchysite-(Nd) and fergusonite in feldspar, and 
gadolinite. The fraction of readily extractable REE in the bedrock soil profile varied 
from 30 to 70%, with an average yield of 900 ppm REE. A negative Eu anomaly 
present in the granite is retained in weathered alluvium where the uppermost soil 
samples show a pronounced negative Ce anomaly (Fig. 2.11c). Normalized to aver-
age values for bedrock, the deposits show increases in REE (La-Dy) relative to 
bedrock.

These results compare favorably with LREE-enriched deposits of China (e.g., 
Heling (Fig. 2.11a)) and highlight the importance of paleoclimate in global explora-
tion models for deposits of this type. Granites of the southeastern Unites States were 
emplaced during crustal extension related to opening of an ancient ocean that 
existed before the Atlantic Ocean. Later, assembly of the supercontinent Pangaea 
positioned the Appalachians at tropical to subtropical latitudes. The Appalachians 
remained under tropical to subtropical conditions until the opening of the Atlantic 
Oceans which began about 200 million years ago. This provided moisture adjacent 
to the Appalachians and promoted high rainfall conditions which led to weathering 
under subtropical conditions. Geologic evidence for the warm and humid conditions 
is present in the extensive kaolin and bauxite deposits of the southeastern United 
States, which match the distribution of bauxite and kaolins in China [73]. Thus, 
globally distributed granitic rocks of any age that have undergone a history of 
weathering under subtropical to temperate conditions comparable to those of China 
can be highly prospective for regolith-hosted IAC REE deposits.

2.4.6  Other Magmatic-Related Deposit Types

 Abyssal Pegmatite REE

Abyssal pegmatites typically have relatively simple major mineral assemblages 
(e.g., quarts, mica and feldspar) and highly variable accessory mineral assemblages 
which contain the rare metals. Most abyssal pegmatites are thought to have formed 
through partial melting of surrounding metamorphic rocks [75]. The Fraser Lakes 
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area in the Wollaston Domain hosts several U- and Th–REE-bearing granitic peg-
matites and associated rocks containing Li, rubidium (Rb), cesium (Cs), beryllium 
(Be), tin (Sn), Nb, Ta, Zr, Y, REE, and U. They are NYF-type (Nb–Y–fluorine (F)) 
pegmatites and are interpreted to have formed in a late syn- to post-collisional tec-
tonic setting [76]. The pegmatitic melts were generated by partial melting of 
metasedimentary rocks with slightly elevated U and Th concentrations. The melts 
entrained Th and REE-bearing accessory minerals from the metasedimentary rocks. 
Subsequently, the melts underwent fractional crystallization processes during trans-
port to the crystallization site. The U, Th, REE, Zr, Y, and Nb contents of the resid-
ual magma were high enough to enable thorite, allanite, xenotime, monazite, apatite, 
rutile, garnet, and zircon (Table  2.2) to form. Pegmatites of this type have been 
mined for REE in the past, and they also have potential for Zr, Nb, and U production.

 Apatite Intrusion REE/Apatite Vein Deposits

Apatite intrusion REE and apatite vein deposits consist primarily of fluorapatite and 
alteration products that fill veins and structures in high-grade metamorphic rocks. A 
classic example is the 1525 Ma old REE-P–Th apatite vein deposit at Nolans Bore 
in the Aileron Province, Northern Territory, Australia [77]. The ore grade ranges up 
to 5% REO. Recent studies [45] suggest that the vein structures formed by a com-
plex process involving carbonatite magma intruding into silica-rich rocks (e.g., 
granites). The magma assimilated silica from the granite to form REE- and 
F-enriched apatite. The studies at Nolans Bore demonstrate that carbonatites can 
undergo modification and in turn modify the composition of the silicate rocks with 
which they interact. In effect, Nolans Bore and similar deposits are likely remnants 
of chemical alteration caused by carbonatitic magma traversing silicate-dominated 
rocks. The resulting mineral assemblage (other than fluorapatite) consists of miner-
als commonly associated with granulite-facies rock. Evidence for carbonatite can 
be overlooked if distinctively carbonatitic minerals are not present. Thus, explora-
tion models for carbonatite and related deposit types incorporate models for apatite 
vein deposits to provide a more complete understanding of the behavior of carbon-
atite melts in the crust.

 Breccia Pipe REE

Iron oxide apatite (IOA) constitutes an important REE resource. The deposits are 
characterized by large bodies of generally Ti-poor iron oxides that are hosted in 
volcanic and intrusive subalkaline to alkaline rocks. They have extensive marginal 
breccia zones and pervasive Na-K alteration, which can be identified at regional 
scales [78]. The type locality for the IOA group is Kiruna, Sweden. The IOA depos-
its often occur with iron oxide–copper–gold (IOCG) deposits. For example, IOA 
and IOCG deposits at Pea Ridge, Missouri, United States, occur within 1.48 to 
1.47-billion-year-old alkaline volcanic rocks of the St. Francois Mountains terrane 
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Fig. 2.13 Pea Ridge IOA-type deposit, Missouri [82]. Trace element (a, c) and rare earth element 
(b, d) abundances for felsic and mafic to intermediate composition rocks, breccia, and ore. (a) and 
(b) Pea Ridge rhyolite and REE-rich breccia. The majority of REE breccia samples are monazite- 
rich. Data for one molybdenite-rich breccia sample are shown as dotted line. (c) and (d) show data 
for REE breccia, magnetite ore, and specular hematite rocks. Normalized to primitive mantle and 
chondrite [38]

[79] near a regional boundary separating crustal blocks [80]. The IOA group contain 
monazite, xenotime, allanite, apatite, and minor amounts of fluorocarbonate miner-
als in a REE breccia. Pea Ridge has high concentrations of REE in breccia pipes that 
crosscut the IOA deposit. The breccia pipes average 12% REO [78]. The tonnage of 
known REE-rich breccia pipes is on the order of 200,000 metric tons [78].

Major trace element and Nd-Pb-Sr isotopic compositions suggest that the deposit 
reflects a magmatic–hydrothermal origin [80]. The deposit likely formed because of 
extensional tectonics occurring in a rift setting where mafic magmas added to the 
base of the continental crust remelted rocks and enriched the Pea Ridge magmas in 
distinctive geochemical features (Fig. 2.13) [80] with very high chlorine (Cl) in the 
least evolved and most alkaline magmas [81]. Magmatic fluids leached metals from 
Si-rich volcanics, which provided the metal source reflected in the REE-rich brec-
cias and mineralized rocks (Fig. 2.13). Ore fluids derived from the Cl-rich melts 
transported Fe and REEs in a long-lived hybrid, magmatic–hydrothermal system. A 
study of F-rich apatite from Pea Ridge identified many shared geochemical features 
and also showed that ore-stage apatite likely crystallized from mixed magmatic- 
hydrothermal fluids [82]. These authors concluded that apatite chemistry is not able 
to distinguish IOA from related IOCG-type deposits but can be useful to distinguish 
IOA and IOGC deposits from other types of mineral deposits (e.g., gold, base metal).

2 Conventional Rare Earth Element Mineral Deposits—The Global Landscape
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2.4.7  Deposits Associated with Basin Hydrothermal 
and Basinal Chemoclines

 Phosphorite Deposits

Phosphate-rich sedimentary rocks (phosphorites) can host significant concentrations 
of REE and Y in the carbonate–fluorapatite mineral francolite. Enrichments of REE 
in phosphorites have been found in the United States and globally [83–85]. 
Phosphorite formation occurs in a variety of marine settings, including continental 
shelves and slopes, oceanic islands, atop seamounts, and shallow sea environments. 
The processes linked to phosphorite formation include direct precipitation from sea-
water; degradation of organic matter; desorption of phosphate from Fe-Mn hydrox-
ides minerals in bottom sediments; conversion of pre-existing carbonate grains and 
muds to phosphate during diagenesis; and direct precipitation of francolite from pore 
waters [86]. Extraction issues and obstacles to exploiting these potentially significant 
sources of REE include scalability of the process and insufficient knowledge of the 
chemical behavior of REEs within phosphoric acid-producing plants [84, 87].

An inventory of REE hosted in global phosphorites, based in part on the assump-
tion that horizons of the same age are relatively uniform in their REE content [83, 
84], has suggested that the world’s major phosphate-producing districts contain on 
the order of 70 million metric tons total REE, including 30 million metric tons 
HREE. Phosphorite deposits of Upper Mississippian, Devonian, Ordovician, and 
lower Silurian age were identified as being particularly prospective, in contrast to 
Cambrian and Proterozoic phosphorites. A more recent study [86] found that global 
secular changes of seawater chemistry through time are unlikely to be the dominant 
control on the REE content of phosphorites in the Georgina Basin, Australia 
(Fig. 2.14). Higher concentrations of REE in some prospects could be explained by 
surface and groundwater interaction with granite and mica-bearing metamorphosed 
sedimentary basement rocks. Thus, they concluded that REE prospectivity of phos-
phatic sedimentary rocks is not primarily controlled by age or temporal variations 
in global seawater chemistry, but rather by local sedimentological and source region 
factors. Further research to identify sources and processes leading to the accumula-
tion of high concentrations of REE, especially HREEs, in phosphorites will help to 
inform exploration strategies for this global resource.

2.4.8  Unconformity-Related REE

Unconformity-related REE deposits represent a new type of HREE mineralization 
that is entirely hydrothermal in origin with no demonstrable links to magmatism or 
weathering processes [89]. The mineralization is associated with a regional uncon-
formity (i.e., a surface separating rock strata of different ages, indicating that sedi-
ment deposition was not continuous) between Archean (approximately 2–2.5 billion 
years old) metamorphosed sedimentary rocks of the Browns Range and overlying 
Proterozoic (approximately 250–550 million years old) sandstones of the Birrindudu 
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Fig. 2.14 Comparison of the means for the Cambrian Georgina Basin phosphorites with means 
from younger and older phosphorites from across the globe [86]. Additional data and references 
compiled in Emsbo et al. [83]. Shaded fields encompassing average values of deposits: (upper left) 
Miocene to Ordovician phosphorites of the United States; (lower left) Eocene to Upper Cretaceous 
phosphorites of the North Africa and Arabian Peninsula (Togo, Tunisia, Algeria, and Morocco, 
Egypt); (upper right) Cambrian phosphorites of China, Mongolia, and Kazakhstan. Normalized  
to Post-Archean Australian Shale (PAAS [88]). https://creativecommons.org/licenses/by- 
nc- nd/4.0/ [83]
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Group in Australia. The deposits formed 1.65–1.61 billion years ago along steeply 
dipping faults and are spread across a large area of northern Australia. Ore consists 
primarily of HREE-enriched xenotime (Table 2.2) in vein and breccia ore bodies. 
The genetic model proposed for the veins and breccia fill involves mixing of two 
fluids: (1) a fluid that leached HREE from rocks of the Browns Range and (2) an 
acidic P-bearing fluid that was generated from the overlying sandstones. The xeno-
time ore precipitated from the mixed fluids in extensively distributed fault zones 
near the unconformity by coupling of P and HREEs. Chondrite-normalized plots for 
bulk ore show distinct enrichment in MREE and HREE (Gd-Lu) in xenotime [89]. 
The HREE deposit type is likely an analog of unconformity-related U deposits of 
northern Australia and the Athabasca basin, Canada, and as such, can be expected to 
occur near regional unconformities within Proterozoic intracontinental sedimentary 
basins across the globe.

2.5  Outlook

The outlook for expanding accessible reserves of REE in the future is decidedly 
positive considering the forward-thinking research and exploration efforts described 
here that have come to fruition in recent years. Global resource estimates of mine-
able REE are large. For example, North America alone is estimated to contain mea-
sured and indicated resources of REE exceeding 17 million metric tons [19]. The 
global production picture has changed significantly since the 1970s, and more 
recently since 2017, with a significant increase in the number of countries produc-
ing REEs (Fig. 2.7). Although China remains the dominant supplier of REE, contin-
ued research, exploration, and development efforts across the globe will likely result 
in better defined REE reserves and increased production of REE from a more diverse 
group of conventional and unconventional mineral deposit types, including energy-
related sources. The United States currently produces under 50,000 metric tons of 
REO [18, 19]. However, expectations are that this will increase in future years. 
Exploration activities aimed at identifying additional deposits of HREE resources 
(e.g., IAC deposits and the promise of new deposit types, such as Unconformity 
HREE) are critical to meeting growing global demands. Mineral deposit types that 
have the economic potential to be exploited for REEs as a by- product or co-product 
commodity [9, 78, 83], and burgeoning efforts to extract REE from waste [90], offer 
additional avenues leading to global expansion of REE production.

2.6  Summary

Four conventional REE mineral deposit types—carbonatite, alkaline igneous, heavy 
mineral sand, and regolith-hosted IACs—currently supply global markets with the 
REE and RE oxides necessary to meet technological requirements that sustain 
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modern economic communities. REE production is currently limited by host miner-
alogy of the known deposits, geometallurgy constraints, environmental consider-
ations, and overall economic conditions associated with REE exploration and 
exploitation. Modern economies require that REE production supply the full range 
of light, middle, and heavy REEs. Predicted technological advances will require 
even higher availability of REEs than possible now. In order to meet these needs, 
REE production from both conventional REE mineral deposit types and other alter-
nate REE sources such as unconventional resources (Chap. 3) is likely required.

Processes that promote redistribution, enrichment, and fra.ctionation of REEs 
such as hydrothermal alteration, supergene or lateritic weathering, and physical 
transport of REE-rich minerals aid in developing mineable deposits. Alteration of 
granitic rocks originally enriched in REE by magmatic processes best provides a 
source for further accumulating REEs in these settings. Because of this, alkaline 
and peralkaline-type granites represent significant potential source rocks for depos-
its formed by post-magmatic alteration processes. Consequently, the knowledge of 
tectonic setting, typical rock associations, deposit morphology, and deposit genesis 
has led to the discovery of many conventional REE deposit types. Recent develop-
ments on this front are expected to result in further discoveries. Advances in exploi-
tation and beneficiation processes are necessary for ensuring a wider availability of 
all REEs, especially for the HREE. Recent efforts to improve separation and extrac-
tion technologies are also leading to more environmentally sustainable approaches 
to recovery of REE from traditional types of bulk ore and from ores having complex 
mineral compositions. Underlying this are advances in understanding how REES 
are incorporated in crystal structures and how variations in compositions impact the 
potential of a REE deposit [91]. Technological advances can improve access to sig-
nificant known, but not-yet-utilized resources of REE because extraction technolo-
gies are lacking for some exceptionally complex minerals and previously unmineable 
resources of REE. Underlying these efforts is a need for fundamental studies, both 
experimental [92] and field-based [93] types, aimed at quantifying the geochemical 
processes that redistribute REEs in surface environments and advancing knowledge 
of the behavior of REEs in both natural and anthropogenically modified surfi-
cial system.
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Chapter 3
Energy-Related Rare Earth Element 
Sources

Allan Kolker, Liliana Lefticariu, and Steven T. Anderson

3.1  Introduction

Rare earth elements (REEs) are needed globally in a wide range of applications, 
including electronics, communications, medical science, manufacturing, and trans-
portation [1–6]. Increasingly, REEs are required in clean energy applications, for 
example, through use of neodymium (Nd) magnets in wind power generation [7]. In 
the transportation sector, projected conversion to a fleet of non-polluting vehicles 
will also require REEs, as well as elements such as lithium (Li), manganese (Mn), 
cobalt (Co), and nickel (Ni), in batteries to power these vehicles [8]. In 2020, China 
accounted for approximately 60% of global REE production and while the most 
recent compilation [9] indicates that this proportion has decreased slightly in recent 
years, China still exerts considerable control over REE markets. Given this depen-
dence, the United States continues to seek greater domestic production of REEs, 
including development of unconventional sources such as coal and coal combustion 
products [10]. While development of coal-related REE sources is primarily a 
domestic effort, technologies introduced to extract REEs from these materials have 
the potential to be applicable globally, wherever coal is mined and used for power 
generation.

Coal is a complex natural material, derived from peat, which consists of loosely 
consolidated layers of mixed plant material and mineral matter [11, 12]. 
Accumulation of peat in landforms known as mires, bogs, or swamps is favored by 
a persistent wet climate, stable to slowly sinking land surface, and protection from 
erosion by rivers and ocean waves. Over millions of years, burial, compression by 
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overlying sediments, and the effects of heat within the Earth cause peat to transform 
to coal, a layered organic-rich sedimentary rock. Chemical constituents of coal, 
including REEs, reflect constituents inherited from peat-derived plant material, 
together with those present in mineral matter deposited in the mire by wind or water. 
Within a given coal bed, organic-rich horizons are commonly separated by clay-rich 
zones called partings, and the entire bed is typically underlain by a clay-rich horizon 
known as an underclay. Partings and underclays are recognized as zones of REE 
enrichment and therefore have attracted interest as exploration targets.

When coal is burned for electric power generation, inorganic portions that do 
not burn are retained as solid coal combustion products, of which fly ash is the 
largest fraction. Recovery of valuable constituents from fly ash, including REEs, 
has been considered since the 1930s [13]. As of 2019, coal use accounted for 
approximately 21% of electric power generating capacity in the United States, a 
proportion that has been steadily declining as gas-fired generation and renewables 
make up an increasing share of the U.S. energy market [14]. Despite this trend, fly 
ash currently generated and not already used in other beneficial applications 
remains a vast resource of potentially recoverable REEs, supplemented by fly ash 
already in storage [15–18]. Globally, coal accounts for more than one-third of elec-
tric power generation [19]. In the short term, global coal use is expected to remain 
relatively flat, with reductions in the United States, the European Union, and Japan 
being offset by continued reliance on coal in China, and increased usage in India 
and South Asian countries [19].

In projects supported by the U.S. Department of Energy [10], four coal-related 
sources showed promise at or reaching the pilot scale for recovery of REEs. These 
are (1) coal combustion fly ash; (2) waste coal from coal mining and preparation 
facilities; (3) coal in place, including delineation of specific REE-enriched hori-
zons; and (4) coal-based acid-mine drainage (AMD). Each of these four sources 
will be discussed in detail in this chapter. Rare earth elements in materials 1–3 are 
primarily in solid form, whereas in AMD, REEs are dissolved or in colloidal form. 
De-watering of AMD leaves behind solids from which REEs can be recovered. In 
addition to these coal-related sources, oil shales [20] and geologic formation waters 
extracted during oil and gas production (produced waters [21]) are other potential 
energy-related REE sources, but these have not been developed to the pilot scale 
and are not considered further here.

The goal of this chapter is to present an overview of energy-related materials that 
could substantially augment domestic REE resources. In addition to providing a 
detailed review of the characteristics of these materials, this chapter highlights key 
factors influencing recovery, including REE enrichment and extractability, as well 
as economic concerns and implications for each material. Readers are referred to 
the summary by Zhang et  al. [22] for a more detailed discussion of extraction 
approaches. As discussed in this chapter, each coal-related source has advantages 
and disadvantages. Which among them proves to be the most economically advan-
tageous remains to be determined, as the landscape for unconventional REE sources 
is rapidly evolving. In this effort, coal-related materials have the potential to benefit 
society by providing critical resources from energy waste products.
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3.2  REE Distribution in Coal-Related Sources

Rare earth element ores, discussed in the Chap. 2 [23], reflect the concentration of REE- 
bearing minerals by geologic processes, and hence, considerable enrichment relative to 
overall REE concentrations found in the Earth’s crust. Distribution of REEs present in 
these ores is strongly controlled by the ore minerals present, such as bastnäsite ((REE)
(CO3)F), monazite ((REE)PO4), or xenotime (YPO4), the three most commonly 
extracted REE minerals [23, 24]. In coal-related sources such as fly ash, waste coal, and 
sludge from AMD, overall REE concentrations are much lower, posing challenges for 
their economic recovery. Additionally, the distribution of REEs in these energy-sourced 
materials is similar to the average reported values for the Earth’s upper continental crust 
(UCC) [25–28], rather than those of REE ores. Relative to the Earth as a whole, UCC is 
enriched in light rare earths (LREE). Coal and coal-related REE sources also show this 
predominant LREE enrichment, but REE contents and LREE proportions are much less 
than those of ores containing REE minerals such as bastnäsite [23] (Table 3.1).

Table 3.1 Characteristics of coal-related REE source materials

1 2 3 4 5

Material
REEs total 
(ppm)

Percent 
HREE

Percent 
LREE

Percent 
critical REE

Ce/
YbN Reference

MREE-enriched 
coal Xian’an 
Coalfield,
China (average of 4 
samples)

1020 19.6 80.4 32.7 1.39a [29]

HREE-enriched coal
Xian’an Coalfield,
China (average of 4 
samples)

198.7 41.8 58.2 42.7 0.35 [29]

World average fly 
ash

426.5 29.3 70.7 33.3 0.72 [30]

“300 ppm” reference 300.0 27.2 72.8 30.4 1.0 [27]
×1.65
Table 3.2

Upper continental 
crust

182.0 27.2 72.8 30.4 1.0 [27]
Table 3.2

World average hard 
coal

72.1 27.8 72.2 33.3 0.79 [30]

U.S. average coal 66.3 29.1 70.9 32.6 0.76 [31]
Table 3.2

(1) Includes lanthanide series plus Y and Sc; (2) HREE include scandium (Sc), yttrium (Y), gado-
linium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium 
(Yb), lutetium (Lu); (3) LREE include lanthanum (La), cerium (Ce), praseodymium (Pr), neo-
dymium (Nd), samarium (Sm), europium (Eu); (4) critical REEs include Y, Nd, Eu, Tb, Dy, and Er; 
(5) Ce/Yb normalized to UCC of Taylor and McLennan [25, 26] and McLennan [27]
aMREE-enriched samples show a slight positive Ce anomaly. Ce anomalies occur rarely where Ce 
is fractionated from the trivalent REEs due to formation of Ce4+ from interaction of coals with 
fluids in highly oxidizing environments [32]. Yb is not subject to this anomalous behavior or to 
non-redox sensitive anomalies recognized in some other REE (La, Gd, Y) [32]
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REEs, as defined by the International Union of Pure and Applied Chemistry 
(IUPAC) [33], consist of the lanthanide series, plus yttrium (Y) and scandium (Sc), 
which have chemical properties in common with the lanthanides, but are lighter. 
Yttrium occurs together with the lanthanides whereas Sc generally does not [34]. 
Scandium is, nonetheless, very important due to its high economic value among the 
REEs [35, 36]. In this chapter, unless otherwise designated, total REEs include Y, 
Sc, and the lanthanides, whereas REY, or REE + Y refer to the lanthanides and 
yttrium only. As the lanthanides are a continuous series from lanthanum (La, atomic 
number 57) to lutetium (Lu, atomic number 71), geochemists have traditionally 
divided the series into light rare earths (LREE: La, Ce, Pr, Nd), middle rare earths 
(MREE: Sm, Eu, Gd, Tb, Dy), and heavy rare earths (HREE: Ho, Er, Tm, Yb, Lu), 
or similar divisions [25, 32, 37–40]. Among the lanthanides, a simple way to indi-
cate relative HREE enrichment is to consider the ratio of cerium (Ce, a LREE) vs. 
ytterbium (Yb, a HREE), either in absolute, or relative to a reference such as UCC 
(normalized) [41–43] (Table 3.1). Despite overall LREE enrichment, many coals 
have a Ce/Yb less than UCC (i.e., less LREE-enriched), due to a partial organic 
association of HREEs, which is especially apparent in low-rank coals [41, 44–50] 
(Table 3.1).

An alternative classification is to consider the REEs only as LREE (La to Eu) and 
HREE (Gd to Lu plus Y and, if available, Sc [22, 51], or similar groupings [2, 52]). 
In this approach, some elements that would alternately be considered MREE (Sm, 
Eu) are included with the LREE and others (Gd, Tb, Dy) are included with the 
HREE. Yttrium, which is not part of the lanthanide series, is sometimes considered 
separately as REE + Y or REY and placed between the MREE dysprosium (Dy) and 
the HREE holmium (Ho) [38, 53, 54]. Alternately, Y is grouped with the HREE [2, 
22, 51]. Inclusion of Y with the HREEs gives the largest proportion of heavy rare 
earths, as Y is more abundant in crustal materials, including coal, than the lantha-
nide HREEs combined [25, 38, 55]. Counting Y as an HREE can be somewhat 
misleading, as HREE enrichment becomes strongly dependent on this one element. 
Beyond this, equating a high proportion of HREEs with high economic value is an 
oversimplification, as not all HREE are equally valuable. For example, the price per 
kg of yttrium oxide ($3/kg for 99.999% purity) is only marginally above that for 
lower-valued oxides of the LREE, such as La and Ce (each $2/kg for 99.5%+ 
purity), whereas higher-valued HREE oxides such as Dy and terbium (Tb) have 
values in the $100s per kg [9, 56]. Despite these complexities, classifying all REEs 
as either LREE or HREE and considering their relative proportions is gaining 
acceptance as a reference for comparing samples with different REE distributions.

As an alternative to the above approaches, Seredin and Dai [38] introduced a 
classification of the rare earths in coal-related materials based on their economic 
prospects, rather than their atomic weight. In this approach, Nd, Eu, Tb, Dy, Y, and 
Er are considered critical rare earths; La, Pr, Sm, and Gd are considered uncritical; 
and Ce, Ho, Tm, Yb, and Lu are excessive. Although this classification is based on 
economic considerations at the time of its introduction, and Sc is omitted, critical 
designations are largely applicable using present valuations [9, 35, 56]. Importantly, 
this classification recognizes that not all HREE are critical (e.g., Ho, Tm, Yb, and 
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Lu are excluded), and not all LREE are uncritical or excessive (e.g., Nd is critical). 
This classification has been adopted together with REE distribution by atomic 
weight in many subsequent studies of coal and coal ash [3, 16, 39, 40, 57]. Because 
La and Ce, the two most abundant LREEs, are excluded, except in unusual circum-
stances, the proportion of critical rare earths in energy-derived materials is no 
greater than about 40% on a weight concentration basis, with Y and Nd being the 
two most abundant critical rare earths (Table 3.1).

3.3  Coal Combustion Fly Ash

Among materials derived from coal use, fly ash is consistently the most REE- 
enriched and therefore has attracted considerable attention as an unconventional 
REE source [3, 8, 16, 18, 38, 58–64]. When coal is burned, relative REE distribu-
tions are carried over into corresponding coal combustion products at higher con-
centrations [16, 39, 65, 66]. Rare earth elements are highly refractory (resistant to 
decomposition by heat) and are therefore strongly retained in solid coal combustion 
products, unlike volatile elements such as mercury (Hg) and selenium (Se) which 
are carried in power station flue gas when coal is burned [67, 68]. These solids, 
including fly ash and bottom ash, are primarily derived from non-combustible min-
eral matter in coal.

3.3.1  REE Variation in Fly Ash

Key factors in determining the REE content of fly ash are the REE content of the 
coal burned and its ash yield, which is the proportion of mineral matter present in 
coal (Fig. 3.1). Due to their refractory behavior, large proportions of the REEs origi-
nally present in coal are retained in a smaller mass fraction, leading to REE enrich-
ment of solid coal combustion products. In general, coals used for power generation 
have REE abundances below those of UCC, but concentration of REEs by combus-
tion leads to REE enrichment in fly ash to values above UCC, typically in the 
200–600 ppm range [30, 57, 58, 63, 69–71]. As such, many fly ash samples meet the 
minimum interest level for total REEs (≥300 ppm) set by the U.S. Department of 
Energy (DOE) [72] in their initial evaluation of U.S. energy- related REE sources 
(Fig. 3.2). Higher REE values in coal combustion products may result where the 
coal combusted is unusually REE-enriched [38, 43, 52, 73, 74], has a low ash yield 
[38, 75], or both. The inverse relation between ash yield of the feed coal and REE 
content of the fly ash results because a high proportion of REEs originally present 
is retained in a much smaller mass, thereby concentrating the REEs (Fig. 3.1).

Enrichment factors in fly ash of approximately 3–8 times whole-coal values are 
common, as would be predicted for commercial or export coals having ash yields of 
approximately 25–10%, respectively, assuming REEs are nearly or entirely retained 

3 Energy-Related Rare Earth Element Sources



62

Fig. 3.1 Calculated enrichment of REEs in coal fly ash assuming 100% retention from coals hav-
ing 50 to 200 ppm total REEs and ash yields ranging from 50% to 5%. Calculations further assume 
a 75:25 proportion of fly ash to bottom ash such that 75% of total REEs from coal are retained in 
the fly ash. This figure shows that fly ashes typical of commercial coals (ash yield 10–20%) have 
total REEs in the hundreds of ppm and that low ash coals with average to below average REE 
contents can produce fly ash approaching or exceeding 1000  ppm REEs. U.S.  Average Coal 
(66.3 ppm, including Y and Sc) from Finkelman [31]

Fig. 3.2 UCC-normalized lanthanide distributions. (1) U.S. Average Coal (Finkelman [31]); (2) 
Upper Continental Crust Reference (UCC; Taylor and McLennan [25, 26] and McLennan [27]); 
(3) average of 8 samples of Herrin #6 waste coal from the U.S. Illinois Basin (Herrin Waste; Kolker 
et al. [40]); (4) calculated DOE 300 ppm interest level (300 ppm; this study); (5) Powder River 
Basin fly ash (PRB Fly Ash; Deonarine et  al. [81], Kolker et  al. [39], Lu not determined); (6) 
Illinois Basin fly ash (IL Fly Ash; Taggart et al. [60]); and (7) Appalachian Basin fly ash (Ap Fly 
Ash; Taggart et al. [60])
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(Fig. 3.1). But in coals of poorer quality, having higher ash yields, REE enrichment 
in the fly ash, relative to the feed coal, will be lower because REEs from the feed 
coal are distributed over a larger mass fraction (Fig. 3.1). Using global averages for 
hard coal (anthracite, bituminous, and subbituminous A, B) and hard coal ash [30], 
an enrichment factor of 6.5 is indicated for total REEs in the ash. Patterns in the 
distribution of lanthanides have been noted where plots for coals and fly ashes devi-
ate from a crustal distribution, showing preferred enrichments in MREEs (M-type), 
LREEs (L-type), or HREEs (H-type) with respect to the UCC distribution [32, 38, 
58, 61, 62, 76]. These characteristics are especially common in highly REE-enriched 
coal-derived materials [29, 32] and have begun to be used to distinguish ashes from 
specific coal basins [61, 62, 77, 78], or derived from coals containing REEs bound 
to specific mineral assemblages [79, 80].

Within coal-burning power stations, factors that influence trace element content 
of fly ash captured by air pollution control devices such as electrostatic precipitators 
(ESPs) and fabric filters include temperature of the flue gas and size of particles 
captured. Both parameters decrease in successive rows of ESPs downstream of the 
boiler [76, 82, 83]. In general, this distribution leads to an increase in the content of 
volatile and partially volatile trace elements in fly ash captured by successive ESPs 
[75, 84, 85]. Mercury, capture by ESPs, is also determined by the amount of 
unburned carbon in the ash [82, 83, 86, 87]. Unlike the more volatile elements, 
refractory elements such as REEs and associated elements with similar behavior, 
including scandium (Sc), rubidium (Rb), zirconium (Zr), hafnium (Hf), and thorium 
(Th), are not strongly partitioned, either between fly ash and bottom ash, or within 
successive rows of ESPs [67, 68, 76, 83, 87]. However, in some cases, decreases in 
the proportion of LREEs were found in finer ash fractions collected in the most 
downstream hoppers [76, 87].

3.3.2  Occurrence of REEs in Fly Ash

Understanding how REEs in fly ash occur is essential to developing suitable 
approaches for their extraction. The host of REEs in fly ash has been somewhat of a 
puzzle. Despite having lower bulk REE contents, in many commercial coals, com-
mon REE-bearing minerals such as monazite or its hydrated equivalent, rhabdo-
phane (REE)PO4·H2O, xenotime, other REE-bearing phosphates, apatite 
(Ca5(PO4)3(OH,F,Cl)), and crandallite (CaAl3(PO3.5(OH)0.5)2(OH)6 and the silicates, 
allanite (Ca(REE,REE)Al2Fe2+[Si2O7][SiO4]O(OH)), and zircon (ZrSiO4) are 
observable as trace phases by optical and scanning electron microscopy [32, 48, 88]. 
These REE minerals are less apparent in fly ash, and where present, tend to occur as 
smaller particles than those in the corresponding feed coal [18, 39, 89].

To help resolve this apparent contradiction, recent investigations have used a 
range of modern analytical approaches to show the distribution of REE in fly ash at 
the micrometer (micron or μm) and (or) even the nanometer (nm) scale. At boiler 
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temperatures (1400–1500 °C), major clay minerals present in coal such as kaolinite 
(Al2Si2O5(OH)4) and illite-smectite (a series of potassium (K), sodium (Na), iron 
(Fe), magnesium (Mg) aluminosilicates) are melted. Upon rapid cooling in combus-
tion systems, this melt quenches to form aluminosilicate glasses that comprise the 
largest portion of fly ash. Analysis of these glasses at the scale of individual grains 
[39] showed that lanthanide REEs are present at a range of concentrations which 
overlaps that of the bulk fly ash. In addition, Kolker et al. [39] found that calcium 
(Ca)- and Fe-bearing glasses had higher lanthanide contents than those of pure alu-
minosilicates lacking other major elements. And, as also noted by Yang et al. [90], 
co-occurring Fe-oxide magnetospheres are REE-bearing. Quartz, which survives 
combustion but is transformed to a high-temperature Beta form, contains little or no 
REE and is essentially a diluent [39]. Extracting REEs from fly ash glasses poses a 
particular challenge because their digestion on a commercial scale is difficult.

Whereas partitioning of REEs into aluminosilicate glasses helps explain the pau-
city of observable REE minerals in fly ash, it is not the whole story. Using scanning 
electron microscopy [63, 91, 92], synchrotron-based approaches [63, 65] or high- 
resolution transmission microscopy [18, 92], discrete REE-enriched domains (min-
eralogical host uncertain or undetermined) or phases (with a specific mineralogical 
host) have been shown to persist as inclusions within fly ash glasses, or separately, 
at the micron to sub-micron scale. REE-bearing trace minerals such as monazite 
(approximately 2000 °C) [93] and zircon (1690 °C) [94] have melting temperatures 
for pure phases that are above normal combustion temperatures. As such, these and 
other refractory phases are expected to persist in fly ash [18, 91]. But upon heating, 
monazite will shatter at approximately 1400 °C, that is, below its melting tempera-
ture, due to thermal expansion of helium (He), present from radioactive decay of Th 
[87, 95, 96]. This phenomenon may explain the apparent size reduction of monazite 
in fly ash. A similar process, or simply shock from rapid heating, could apply to 
other He-diffusing REE trace phases, such as apatite and zircon [18, 97]. Recognition 
that fine-scale REE-enriched domains or mineral inclusions persist in fly ash is an 
important advance, and these forms must be considered in determining the overall 
distribution of REEs in fly ash. But the finding that REE distributions for specific 
glass compositions are relatively constant throughout a fly ash sample argues against 
randomly distributed finer-scale REE-bearing domains or inclusions as the primary 
REE host. These forms are therefore considered additional to REEs contained in fly 
ash glasses [39, 65].

3.4  Coal Resources

Rare earth element data for U.S. and international coals are available in a growing 
number of sources and databases, in response to international demand for REEs, 
and widespread interest in their extraction from energy-related sources. The largest 
sources, in terms of number of samples determined, are for world coals [30], 
U.S. coals [31, 51, 55, 98], and Chinese coals [32, 99, 100]. Mean total REE 
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contents of world hard coals (72.1 ppm) [30] and U.S. coals (66.3 ppm) [31] are 
similar. Each of these REE totals is less than half that of UCC [27] and less than a 
quarter of the 300 ppm DOE interest level (Table 3.2). Compilations for Chinese 
coals indicate a somewhat higher overall REE content, on average approaching that 
of UCC [32, 99, 100]. REE enrichment in Chinese coals is likely explained by 
inclusion of coals that have become relatively REE-enriched by one or more of the 
processes discussed below, together with coals having more typical REE contents. 
Recent publications highlight the REE potential of various international coals, 
including those in Australia [101], Colombia [102], India [103], Indonesia [104], 
and South Africa [57]. Overall, these studies are consistent with trends shown for 
U.S. and world coals in which REE contents of coals produced for commercial 
power generation are generally lower than crustal abundances and much lower than 
300 ppm DOE interest levels (Table 3.2 and Fig. 3.2).

A primary source of REE data for U.S. coals is the U.S.  Geological Survey 
(USGS) COALQUAL database, an inclusive compilation containing records for 
more than 7500 samples [98]. Sample distribution in COALQUAL is weighted 
toward U.S.  Eastern bituminous coals from the Appalachian Basin, reflecting 

Table 3.2 Reference REE distributions relative to the upper continental crust (UCC) Values in 
parts per million (ppm)

1 2 3 4 5 6
REEs U.S. coal World coal UCC [25, 26] UCC [27] UCC [28] “300 ppm”

Sc 4.2 3.7 11 13.6 14.0 22.42
Y 8.5 8.2 22 22 21 36.27
La 12 11 30 30 31 49.46
Ce 21 23 64 64 63 105.51
Pr (2.4) 3.4 7.1 7.1 7.1 11.71
Nd [9.5] 12 26 26 27 42.86
Sm 1.7 2.2 4.5 4.5 4.7 7.42
Eu 0.40 0.43 0.88 0.88 1.0 1.45
Gd [1.8] 2.7 3.8 3.8 4.0 6.26
Tb 0.30 0.31 0.64 0.64 0.7 1.06
Dy 1.9 2.1 3.5 3.5 3.9 5.77
Ho [0.35] 0.57 0.80 0.80 0.83 1.32
Er 1.0 1.00 2.3 2.3 2.3 3.79
Tm [0.15] 0.30 0.33 0.33 0.30 0.54
Yb [0.95] 1.0 2.2 2.2 2.0 3.63
Lu 0.14 0.20 0.32 0.32 0.31 0.53
SUM 66.3 72.1 179.37 181.97 183.14 300.00
% UCC 36.4 39.6 100.00 164.86

(1) U.S. Average Coal (Finkelman [31]). Bracketed values are calculated, and those in parentheses 
are estimated (see text); (2) World Hard Coal (Ketris and Yudovich [30]); (3) Upper Continental 
Crust (UCC) of Taylor and McLennan [25, 26]; (4) UCC of McLennan [27]; (5) UCC of Rudnick 
and Gao [28]; (6) Calculated 300 ppm enrichment having UCC proportions of McLennan [27]. To 
convert to REE oxides, multiply by 1.53 (Sc), 1.27 (Y), and 1.17–1.14 (La to Lu)
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U.S. coal production at the time this compilation began. Characteristics of the 
COALQUAL database and its limitations are discussed in detail by Lin et al. [55] In 
short, results for REE concentrations vary in quality depending on the analytical 
method used, and in many cases, censored values (less than a stated value) are 
given. Lin et al. [55] devised an approach to adjust for censored values and com-
pared it to the approach used by Finkelman [31], who in determining a U.S. average 
from these data, assumed a crustal distribution or otherwise estimated values for 
elements having the greatest proportion of censored values (e.g., Pr, Tb, Ho, and 
Tm). Results for “U.S. average coal” obtained by these differing approaches are 
similar. Despite its shortcomings, COALQUAL is a useful starting point for charac-
terizing REE distribution in U.S. coals. Data from COALQUAL, together with 
other recent compilations, indicate that among U.S. coals, Eastern bituminous coals 
in the Appalachian Basin have somewhat higher overall REE contents than lower 
rank Western coals [55, 60, 78], reflecting an Appalachian regional sediment source 
terrain that is relatively REE-enriched [105, 106]. This apparent advantage is offset 
by the fact that, in general, REEs from Eastern bituminous coals and their ashes are 
less readily extractable than those from Western coals having lower REE contents 
[47, 60] (Sect. 3.4.2 on Low-Rank Coals).

3.4.1  REE-Enriched Coals, Coal Zones

While overall REE contents of many commercial coals are below crustal averages, 
in certain cases, coals can become unusually REE-enriched. Geologic processes by 
which coal beds become REE-enriched are summarized by Seredin and Dai [38]. 
These include: (1) deposition of sediment-derived REE minerals, with sediment 
carried primarily by surface waters (terrigenous type); (2) REEs derived from air 
fall and leaching of volcanic ash (tuffaceous type); (3) enrichment associated with 
thermal waters or deep fluids (hydrothermal type); and (4) REEs from ground water 
that infiltrates coals (infiltrational type). One or more of these enrichment types may 
be operative at a given location [3, 38, 43, 51, 52, 107, 108]. Furthermore, variations 
within coal beds have been noted and these REE-enriched zones are recognized as 
areas for exploration.

 Terrigenous REE Enrichment

REE distribution in coal can reflect characteristics of sediment contributed to the 
mire during coal formation. REE minerals such as zircon, monazite, and allanite are 
very stable in the sedimentary environment, persisting during sediment transport. 
Terrigenous REE enrichment can result where REE-enriched source areas contrib-
ute sediment to a coal basin or where stable REE minerals are concentrated by re- 
working of these sediments prior to deposition. In Appalachian Basin coals, relative 
REE enrichment of coals occurs over a wide geographic and stratigraphic interval 
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suggesting REE-enriched source rocks were exposed regionally and for an extended 
period [105, 106]. While development of the Appalachian Basin reflects a complex 
series of tectonic events, the adjacent Grenville Province, in which monazite- and 
zircon-bearing granitic source rocks are common, is indicated in studies of the ori-
gin (provenance) of Appalachian Basin sediments [109–112]. Terrigenous REE 
enrichment is also recognized in the Jungar coalfield, Ordos Basin, China, where 
the No. 6 coal shows enrichment in REEs (193.3 ppm) and Zr (234 ppm) due in part 
to zircon derived from adjacent sediment source areas [38, 99, 113].

 Tuffaceous REE Enrichment

Air fall deposition of volcanic ash concurrently with coal formation is recognized as 
the source in some of the most REE-enriched coals, contributed both from the ash 
itself and from leaching of the ash in portions of coal that immediately underly these 
horizons [16, 43, 73, 77, 104, 114–116]. Where continuous volcanic ash beds are 
recognized within coal, these are termed tonsteins. Evidence for tuffaceous deposi-
tion is given by the presence of volcanic-derived high-temperature mineral phases 
and horizons enriched in aluminosilicate clay minerals such as kaolinite that is 
derived from decomposition of volcanic glasses [73, 116–121]. The most extreme 
REE enrichment is generally limited to the immediate vicinity of tonstein-bearing 
horizons and this localization may limit commercial scale development [16]. Apart 
from their role as a source of REE enrichment, tonsteins are also very useful to 
geologists to correlate coal-bearing sequences separated over broad geographic 
areas [117, 120, 122].

Input of volcanic ash contributed to REE enrichment seen in the Fire Clay coal 
of Eastern Kentucky and adjacent parts of Tennessee and West Virginia, making it 
one of the most promising U.S. sources of REE-enriched coal [43, 73, 74, 77, 123]. 
The Fire Clay coal is notable for containing a prominent tonstein either within it or 
in close association with the coal [73–75]. Elsewhere, dispersion of volcanic- 
derived material contributed to mineral matter within the coal. A recent study gives 
mean total REEs of 797 ± 27.2 ppm for eight samples of fly ash derived from Fire 
Clay coal, compared to a mean of 564 ± 28.8 ppm for nine samples of fly ash from 
other Central Appalachian Basin coal sources [61].

Other examples of tuffaceous REE enrichment include the Banko coalfield, 
South Sumatra Basin, Indonesia, where at least six tonsteins are recognized, and 
coals beneath the tonsteins show REY enrichment to as much as 118 ppm [104]. In 
the Azeisk deposit of the Irkutsk Coal Basin of Siberian Russia [113], enrichment 
of REEs and associated trace elements occurs in narrow zones both above and 
below tonstein layers. This occurrence is one of a large number of cases where vol-
canic input influenced REE distribution of coals in the North Asian region [115]. As 
tonsteins occur widely, and interest in coal-related REE sources remains high, new 
sources of coal with tuffaceous REE enrichment and other REE-enriched modes 
continue to be demonstrated.
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 Hydrothermal REE Enrichment

Hydrothermal enrichment of REEs in coal is analogous to processes by which 
hydrothermal ore deposits are formed, as discussed in the Chap. 2 [23]. In this pro-
cess, REE enrichment results from interaction of coal with hydrothermal fluids such 
as thermal waters emanating from heat sources regionally or in the immediate prox-
imity of coals [38, 43, 52, 124–126]. As is the case with coals influenced by input 
of volcanic ash, mineralized coals are restricted to regions where the appropriate 
geologic conditions for this enrichment existed. Hydrothermal REE enrichment 
may be concurrent with coal formation (syngenetic) or postdate it (epigenetic). A 
well-known example of hydrothermal element enrichment described by Seredin 
[52] is in thinly bedded Cenozoic coals of the Russian Far East, (Kuznetsk Basin 
and vicinity) in which hydrothermal alteration (as well as volcanic input) were 
simultaneous with coal accumulation, giving rise to coals having REY contents in 
the 300–1200 ppm range. Similar hydrothermal (or mixed hydrothermal-tuffaceous) 
mineralization styles have been recognized in other REE-enriched East Asian min-
eralized coal occurrences including the South Primorye area of Russia and analo-
gous occurrences in southwestern China [29, 126]. In addition to the REEs, a range 
of other valuable metals may be enriched in these deposits, including germanium 
(Ge) which is present at economic levels in some mineralized coals of the Russian 
Far East and in Inner Mongolia, China [32, 124, 126–129].

 Infiltrational REE Enrichment

Trace elements, including REEs, may be carried in solution in groundwater where 
these waters have passed through REE-bearing sources prior to interacting with 
coal. This phenomenon may cause REEs and other constituents carried in solution 
to become incorporated in the coal [38, 53, 124]. This process primarily occurs after 
coal formation; however, influx of seawater earlier on, during coal formation can 
similarly impact the distribution of REEs. This is shown by an association of REEs 
with portions of the coal having the greatest marine influence and correspondence 
of REEs with other marine-derived elements, such as sulfur (S), Na, and Mg [130]. 
In addition, redistribution of REEs having a tuffaceous source, such as in REE-
enriched zones beneath tonsteins, is an example of infiltrational REE redistribution 
within a coal bed [43].

 Within-Bed REE Variation

Localized REE enrichment within coal beds is an area of active research. Where 
coal beds have been sampled in detail, certain zones show preferential REE enrich-
ment. Examples of such enrichment noted in recent studies include underclays 
[131–133], coal partings [134, 135], and roof zones [132, 135]. In general, these 
zones show higher contents of mineral matter which are correlated with increased 
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REE contents [48, 135]. Underclays and, to some extent, roof material, are of fur-
ther interest because of their potential for easily recoverable REEs that are ion- 
adsorbed on clays that are enriched in these zones [136]. Yang et al. [133] reported 
total REE contents ranging from 235 to 399  ppm for fourteen samples of 
U.S. Appalachian Basin coalbed underclays from commercial coals. Detailed site- 
specific characterization of coal beds is needed to take advantage of within-bed 
REE variation, with selective mining required for the most promising zones.

3.4.2  Low-Rank Coals

In the United States, vast low-rank (lignite or subbituminous) coal resources are 
present in the Powder River Basin of Wyoming and Montana [137], in the Williston 
Basin of North Dakota [47, 51] and along the Texas Gulf Coast [138] (Fig. 3.3). 
These low-rank coals generally have lower REE contents than bituminous coals of 
the Appalachian Basin and the Illinois Basin, which together, are considered Eastern 
bituminous coals [98]. Despite having lower REE contents, U.S. low-rank coals 
have raised interest as potential REE resources due to the relative extractability of 
their REEs compared to Eastern bituminous coals, resulting from a greater propor-
tion of REEs as organic complexes, and for LREEs in acid-soluble mineral forms 
such as carbonates, sulfates, and some oxides [47, 139].

Fig. 3.3 Map showing conterminous U.S. coal basins, including location of Appalachian Basin, 
Illinois Basin, Power River Basin, Williston Basin, and Gulf Coast Basin. (Map is modified after 
East [140], USGS)
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In a nationwide survey comprising 609 samples of U.S. coal and coal combus-
tion products, Zygarlicke et al. [51] sought to identify coal-related materials con-
taining greater than the 300 ppm U.S. DOE interest level for REEs, and compare 
analytical approaches used in REE determination. The sampling emphasizes 
Western U.S. coals which are underrepresented in COALQUAL. The study shows 
that coals containing more than 300  ppm total REE are uncommon but present 
locally at the top or bottom of coalbeds, even in coals having relatively low REE 
contents. This study also noted a significantly higher concentration of Y in the 
Williston Basin of North Dakota compared to other U.S. sample regions. Enrichment 
in Ge, which associates with organic constituents of coal, has also been reported in 
some low-rank coals of this region [141, 142]. In some low-rank coals, there is no 
clear correspondence between ash yield and REE-enriched zones seen in higher 
rank coals, further indicating organic association of the REEs [51].

Importantly, recent studies have determined that while lower relative REE 
enrichment found for Powder River Basin coals extends to fly ash derived from 
these coals [61, 143], so too does greater REE extractability from these ashes [60, 
144, 145]. Given the widespread use of Powder River Basin coals in North America 
and increasingly for export, fly ash from these coals could be a significant resource 
requiring less pretreatment to release REEs compared to ashes from U.S. Eastern 
bituminous coals.

3.5  Coal Mining and Coal Preparation Wastes

Among solid waste products from coal use, waste from coal mining and coal prepa-
ration (waste coal) is second only to coal combustion products in terms of REE 
enrichment. During coal preparation, major mineral constituents, such as clays, are 
concentrated in waste coal together with REE-bearing trace minerals such as mona-
zite, xenotime, zircon, and allanite. Concentrating these major and trace constitu-
ents in waste coal leads to REE enrichment at or above UCC levels, exceeding that 
in corresponding raw and prepared coals [40] (Fig. 3.2).

3.5.1  Pyrite in Coal, Waste Coal

During coal preparation, sulfide minerals, primarily pyrite (FeS2), are concentrated 
in waste coal together with more abundant waste constituents such as clays [40, 
146]. Removal of FeS2 before it reaches the boiler has beneficial effects in plant 
operation, as well as reducing the load of sulfur and harmful trace elements cap-
tured to meet emissions regulatory standards. A downside of waste coal is that 
harmful minor constituents in FeS2, such as arsenic (As), Hg and Se, are also con-
centrated in these wastes [40, 147]. Based on its crystal chemistry, FeS2 is not 
expected to contribute significantly to the proportion of REEs in coal or waste coal 
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[40, 48, 147, 148]. And while direct determinations of REEs in coal FeS2 are lim-
ited, several studies have shown that REE contents of FeS2 are negligible or less 
than that of the host coal [149–151], consistent with expected exclusion of REEs 
from the FeS2 structure.

3.5.2  Other Elements of Interest

Just as REEs are concentrated in waste coal, so are a suite of elements having simi-
lar lithophile characteristics, including Li, aluminum (Al), phosphorous (P), tita-
nium (Ti), Sc, rubidium (Rb), zirconium (Zr), niobium (Nb), cesium (Cs), barium 
(Ba), Hf, Th, and uranium (U), which are present in aluminosilicate mineral matter 
concentrated in waste coal [40, 48]. Of these, all but P, Th, and U are currently 
included as U.S. critical minerals [152–154]. Barium is included as the mineral 
barite. Therefore, if any other critical minerals could be extracted together with the 
REEs, they may contribute to the economic success of the extraction operation. 
Kolker et al. [40] found that lithophile elements Rb, Cs (and U) all showed enrich-
ments of five times or greater in the mean of twelve Illinois Basin waste coal sam-
ples, relative to the averages for these elements in hard coals [30]. Similar 
enrichments were found for chromium (Cr) and vanadium (V), which have mixed 
organic-inorganic associations. There are currently no U.S. mines for Rb or Cs, and 
they are among the most valued non-REE mineral commodities [155, 156].

3.6  Coal-Based Acid-Mine Drainage

Coal-based acid-mine drainage (AMD) includes waters associated with inactive and 
abandoned coal mining operations, often characterized by high acidity (pH <5) and 
elevated concentrations of sulfate (SO4) and metals—primarily Fe, but also Al, 
manganese (Mn), Ca and trace metal(loid)s (e.g., zinc (Zn), nickel (Ni), cobalt (Co), 
copper (Cu), cadmium (Cd), Hg, As, Se, antimony (Sb), and REE) [149, 157–164]. 
Due to its acidity and high concentrations of harmful dissolved constituents, AMD 
is known to cause substantial environmental damage in coal mining regions of the 
United States [165, 166] and throughout the world [167–170]. There are many com-
monalities between coal-based AMD and AMD generated at metal mining opera-
tions in terms of their generation, geochemical characteristics, and REE contents 
[157, 171, 172]. Therefore, the discussion presented in this section is highly relevant 
not only to coal-based AMD but also extends to AMD sourced from mining of mas-
sive sulfide deposits [173–175] and other mineralization types such as porphyry 
Cu-Mo [167], tungsten (W) [176], and oxide-apatite mineralization [177].

Coal-based AMD is generated during weathering of coal mining waste (waste 
coal or CMW) deposited at operation sites during mining and processing of coal 
[157, 161, 178, 179]. These materials typically include overburden and underlying 
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rocks, coal partings, and other high-ash materials that do not meet coal quality spec-
ifications for power generation [16, 54]. Additional CMW is generated at coal-mine 
sites where beneficiation (coal cleaning) approaches such as froth flotation and den-
sity separation are used to produce clean coal with higher caloric value and lower 
contents of S, Hg, and other potentially toxic elements [180].

3.6.1  AMD Generation

The most relevant mineral to AMD generation is FeS2 which is the main sulfide 
mineral both in coal and in CMW [3, 38, 40]. Other metal sulfides (i.e., sphalerite 
(ZnS); galena (PbS)) may be present, but in much smaller amounts and their weath-
ering does not contribute to production of acidity [181, 182]. Pyrite, when exposed 
to water and oxygen at the Earth’s surface, produces acidity and dissolved SO4

2− and 
ferrous iron (Fe2+), through a series of weathering reactions shown below (3.1–3.3), 
catalyzed by microorganisms [171, 183, 184]. Microorganisms can further oxidize 
Fe2+ to ferric iron (Fe3+) which in turn acts as an effective oxidant back-reacting with 
any residual FeS2 to produce even more acidity, further increasing Fe and SO4 in 
solution [185]. This reinforcing positive feedback mechanism depicted in reactions 
(3.1–3.3) greatly increases the rate and degree of FeS2 weathering, thus promoting 
the formation of acidic drainage [168]. Additional acidity is produced when aque-
ous Fe3+ hydrolyzes to ferric hydroxide Fe(OH)3 (reaction 3.4, [186, 187]) which 
occurs at higher rates at pH >4 [188–190].

 FeS O H O Fe SO H2 2 2
2

4
27 2 2 2� � � � �� � �/  (3.1)

 Fe O H Fe H O2
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The resulting acidic solutions interact with and increase the weathering of organic 
and inorganic matter of CMW producing drainage that contains not only high levels 
of acidity, SO4 and Fe but also various dissolved metals leached from CMW con-
stituents, including Al, Si, Ca, Mn, Zn, Ni, and the REEs [157, 163]. Once the 
weathering of FeS2 mine wastes starts, it is very difficult to control the generation of 
acidic AMD [151, 178, 191], which can continue for decades and even centuries 
after mining operations have ceased, degrading water quality, impacting aquatic 
ecosystems and corroding infrastructure [168, 171]. AMD is generated throughout 
the world including the U.S. Appalachian Basin [159, 192] and Illinois Basin [163, 
193] as well as Canada [194, 195], China [149, 151, 158, 164], Brazil [196], Iran 
[197], and India [160]. The main control parameters on the forms and the amount of 
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total REEs transported by AMD include the following: (1) hydrologic (i.e., water 
supply, flow rate), (2) physical (i.e., temperature), and (3) chemical (i.e., pH, redox 
conditions, chemical composition of AMD), as well as (4) biogeochemical pro-
cesses. All these parameters interact in a dynamic, complex manner which can vary 
on daily, seasonal, or annual/multi-annual timescales [168] Therefore, the concen-
tration patterns of REEs and other metals can exhibit significant changes in space 
and time within any AMD system [163, 172].

3.6.2  Advantages of REE Recovery from AMD

Although the contents of many economically relevant constituents (i.e., REEs) in 
AMD are relatively low compared to commercial ores [2] and solids from coal use 
(described in Sects. 3.3, 3.3.1, 3.3.2, 3.4, 3.4.1, “Terrigenous REE Enrichment”, 
“Tuffaceous REE Enrichment”, “Hydrothermal REE Enrichment”, “Infiltrational 
REE Enrichment”, “Within-Bed REE Variation”, 3.4.2, and 3.5), there are several 
advantages to recovering REEs from AMD including: (1) AMD are enriched in 
critical REEs (Nd, Eu, Tb, Dy, Er, and Y) and other energy relevant elements such 
as Li, Zn, Ni, Cr, Co, V, and Cd [159, 161, 192, 193] compared to natural water 
types (ground, ocean, river, and lake water [198]); (2) AMD has very low contents 
of radionuclides (i.e., U and Th [157, 193]) when compared to traditional REE ore 
deposits [199, 200]; (3) the elements of economic interest in AMD are already in 
solution and thus their extraction does not involve additional mining costs [201]; 
and (4) the extraction and commercialization of these by-products could help cover 
the cost of AMD treatment [162, 202–204]. Despite the above-mentioned advan-
tages, there are many technical, economic, and environmental problems left to be 
resolved to fully validate existing extraction technologies [201, 205].

3.6.3  Major Constituents of AMD

AMD geochemistry is exceedingly diverse ranging from highly acidic (pH <3) to 
circumneutral (pH ~7) and even alkaline (pH >8). Sustained FeS2 weathering is a 
common characteristic producing SO4 and Fe as the two major components of all 
mine drainages, including coal-based AMD [168] (Fig. 3.4a). Sulfate is the domi-
nant negatively charged ion (anion), typically >90%, followed by chloride (Cl−), 
fluoride (F−), phosphate (PO4

3−), and, potentially, bicarbonate (HCO3
−) in AMD 

with pH >4.5 (Fig. 3.4b). Iron is the prevalent positively charged ion (cation) fol-
lowed by other major cations (i.e., Al, Ca, Mn, silicon (Si) and trace metals) 
(Fig. 3.4c). The identity and concentrations of trace metals (i.e., Zn, Li, As, Cu, Ni, 
Co, lead (Pb), Cd, Se, Hg) (Fig. 3.4d), including REEs (Fig. 3.4e), vary widely and 
are mostly controlled by the chemical and mineralogical constituents of weathering 
CMW [172].
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Fig. 3.4 Molal fraction distribution of (a) total ions, (b) major anion, (c) major cation, (d) trace 
metals, and (e) REEs in a typical AMD drainage sample from Tab Simco (main seep; sample SIU 
5 in Lefticariu et al. [193] U.S. Illinois Basin). The molal fraction is defined here as the amount of 
a constituent (expressed in moles) divided by the total amount of all constituents (expressed in 
moles) in solution

In general, the most highly acidic AMD (pH <5) has a substantially higher load 
of dissolved constituents than less acidic AMD (pH >5) [159, 164, 172, 193, 205], 
indicating that acidic waters react more vigorously with CMW materials producing 
more ions in solution [185]. Conversely, as pH increases to values >5, precipitation 
of solid phases from solution significantly decreases the AMD ion load [188, 194, 
195]. Beyond this, the proportions of dissolved constituents in AMD depend on 
many parameters that do not correlate with pH, but rather with the overall composi-
tion of the weathering bedrock and/or CMW materials, as well as the treatment 
approaches applied to an AMD system such as addition of alkalinity producing 
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materials, bioreactors, etc. [172, 193]. Notably, geochemical surveys of AMD in the 
Appalachian Basin [157, 159, 161, 162], Illinois Basin [163, 193], or Guizhou 
Province of China [151, 164] have shown that basin-wide, AMD exhibits diverse 
geochemical attributes in terms of total load and the contents of major and trace 
elements, including REEs. The inherently wide range and site-specific geochemical 
attributes of AMD can significantly impact the type and efficiency of technologies 
designed for both AMD remediation [159, 163, 166, 206] or secondary resource 
recovery [175, 192, 201, 205, 207]. While many of the main AMD constituents are 
major contaminants in the environment [157, 208], some of these potentially have 
economic value and new technologies are being developed for their recovery and 
commercialization [192, 201].

3.6.4  Rare Earth Elements in AMD

Knowledge of the behavior of REEs in solution is needed to understand the REE 
distribution in AMD and geochemical processes for their extraction. This topic is 
primarily covered elsewhere [209–216]. And while REEs are defined to include Y 
and Sc, few AMD studies measure Y and almost none have determined Sc, so the 
subsequent discussion applies mostly to the lanthanides. Nonetheless, recent work 
suggests Y is the chief REE in AMD, comprising 20–50% of total REE content, fol-
lowed by Nd, Ce, Gd, Dy, and Sm (Fig. 3.4e). Critical REEs, with Y and Nd being 
the two most abundant, are also enriched in AMD as they account on average for 
>50% of total REEs, with reported values up to 70% [159, 164, 179, 193]. This 
enrichment is a remarkable feature of AMD as the fraction of critical REEs in most 
AMD is substantially higher than that reported in coal (typically <30%) and CMW 
materials (typically <40%) [179] or conventional REE ores, such as those domi-
nated by bastnäsite (typically <15%) [2, 199].

Concentrations of lanthanide REEs in AMD, expressed in moles per liter (mol/L), 
span over four orders of magnitude (10−3–10−7 mol/L) reflecting the geochemical 
diversity of AMD [149, 151, 157, 159–161, 164, 193, 217]. These values are several 
orders of magnitude higher than those for most continental waters (i.e., rivers, lakes, 
and groundwaters) and seawater (10−6–10−9 mol/L) [198] due to the low solubility 
of REEs in neutral and alkaline waters [218]. Rainwater is the primary carrier of the 
AMD dissolved load. The average REE concentration in rainwater (<10−10 mol/L) 
is substantially lower than that of a typical AMD [219, 220], making its contribution 
to the AMD ion load trivial. Acidity is the key controlling parameter on the REE 
load, such as the acidic (pH ≤5) drainages have the highest REE contents (Fig. 3.5). 
The main source of REEs in AMD is REE-bearing parts of the weathering CMW, 
including organic matter (i.e., coal macerals) and REE-bearing minerals [3, 16, 48, 
49, 73, 116, 217, 221]. Weathering of REE-enriched CMW materials [16, 78] can 
also contribute to higher REE contents in AMD, regardless of the solution pH [159, 
193]. The contents of total REEs and many trace metals (i.e., Zn, Ni, Co, Li) are 
often correlated, supporting the idea that acidic, metal-rich AMD holds potential for 
recovering multiple constituents.
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Fig. 3.5 Rare earth element patterns of coal-mine drainage (AMD) from the U.S. Appalachian 
Basin (Ap) and Illinois Basin (IL) normalized to UCC. Average REE concentration values in AMD 
with low (pH <5) and high (pH >5) values from Lefticariu et al. [193] for the U.S. Illinois Basin, 
and Stewart et al. [159] and Hedin et al. [205] for the U.S. Appalachian Basin. Except for the low-
est concentration samples, most AMD exhibits MREE enrichment. Low-pH samples tend to have 
higher total REE concentrations than high pH samples. Median total REE concentrations of sea-
water and groundwater samples are from Noack et al. [198] These waters display a characteristic 
Ce and LREE depletion and a distinct HREE enrichment. Upper Continental Crust Reference 
(UCC; Taylor and McLennan [25, 26] and McLennan [27])

A compilation from several AMD sites shows that total REE contents in AMD 
with pH ≤5 range from 23.4 to 9879.2 micrograms per liter (μg/L; equivalent to 
parts per billion in solids), with a median value of 750 μg/L [151, 159, 161, 164, 
193, 197, 217]. In contrast, the aforementioned studies also found that in circum-
neutral and alkaline AMD, total REE contents were consistently less than 
50 μg/L.  This bimodal distribution of REE contents in AMD is due to: (1) pH- 
dependent weathering capacity of AMD [159, 193] and (2) limited REE mobility in 
solutions with neutral or alkaline pH values, where REEs are often sequestered in 
solids by sorption on or coprecipitation with Fe, Al, Ca, and Mn phases and clay 
minerals [170, 194, 195, 222, 223].

 Dissolved Versus Particulate REEs

A significant fraction of the total REEs carried in AMD is in fine suspended parti-
cles including colloids that can partition the REEs between a truly dissolved frac-
tion and the solid phases [224–226]. The suspended or colloidal phases may include 
common REE-bearing minerals of the weathering CMW (i.e., apatite, monazite, 
clay minerals, zircon) as well as the newly formed Fe-, Al- and/or Mn-colloidal 
phases onto which REE can adsorb or coprecipitate [162, 205, 213, 217].
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 MREE Enrichment

Aside from their total amount, REE patterns in mine drainages often exhibit a dis-
tinctive convex curvature (on a plot of lanthanide REE vs. abundance) indicative of 
an enrichment in MREE (including Nd) with respect to both LREE and HREE, in 
relation to crustal averages, such as UCC (Fig. 3.5) [218, 223, 224, 227, 228]. The 
distinctive MREE enrichment of AMD [149, 159, 160, 164, 193, 229] is still not 
fully explained and may be related to multiple processes in the aquatic environment 
[167, 218, 230, 231]. Even though MREE enrichment has been described in many 
low-pH settings [200, 223, 232], it is not exclusive to acidic environments, having 
also been noted in some river systems [233].

3.6.5  AMD Treatment Approaches

Effective treatment approaches are required to address the environmental impacts of 
AMD, often at high costs [166, 234–236]. Recently, it has been suggested that AMD 
as well as precipitates and treatment waste produced in AMD systems represent a 
promising secondary economic resource for metals, especially for certain critical 
elements such as REEs [174, 192, 204, 205, 222, 229]. In terms of remediation 
approaches, two main categories have been widely utilized to treat AMD, namely 
(1) active and (2) passive treatment technologies [234, 237].

 Active Treatment Approaches

Active treatment technologies are often employed where large amounts of AMD are 
generated. These technologies involve the addition of chemicals (i.e., soda ash or 
sodium carbonate (Na2CO3), hydrated lime or calcium hydroxide (Ca(OH)2), quick-
lime or calcium oxide (CaO), caustic soda or sodium hydroxide (NaOH), and 
hydrogen peroxide (H2O2) [238]), in conjunction with other approaches such as 
reverse osmosis, evaporation, ion exchange, and magnetic separation [239]. During 
treatment, as AMD acidity is neutralized, the dissolved metals are oxidized and/or 
hydrolyzed promoting precipitation of Fe, Al, and Mn minerals such as gypsum, 
calcite, and dolomite. The resulting sludge accumulates in settling ponds containing 
a mixture of metal precipitates and unreacted caustic agents or mechanical clarifi-
ers. To limit sludge build-up, the ponds need to be cleaned regularly. Active systems 
are expensive to set up and operate and require safe disposal of treatment sludge 
which contain large quantities of toxic metals [237]. Due to the large volume of 
AMD precipitates and added chemicals, the overall REE concentration in the final 
sludge is inconsequential.
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 Passive Treatment Approaches

Passive remediation technologies rely on gravity flow and biogeochemical pro-
cesses for AMD treatment [163, 237, 240]. Their distinguishing feature is the use of 
biological treatments based on enhancing the activity of selected microbial com-
munities in order to generate alkalinity and promote reduction of sulfate and ferric 
iron with subsequent precipitation of sulfide minerals. Most of the anaerobic reduc-
tive metabolisms are alkali-generating and thus promote precipitation of solids 
[163]. Such systems have been applied both ex situ (i.e., passive compost bioreac-
tors, active sulfidogenic reactors) and in situ (i.e., permeable reactive barriers, 
anaerobic wetlands) [171, 236, 238]. In the United States, due to a wide range of 
AMD chemistry and local conditions, various site-specific passive remediation sys-
tems have been built and operated [205, 235, 236]. Even though the current passive 
remediation systems are low-cost alternatives to active systems, they have lower 
removal efficiency and limited metal recovery potential and are unable to provide 
long-term treatment of drainage with high acidity (>1000 mg/L) and elevated Al 
contents (>200 mg/L) [163, 206, 241]. Nonetheless, the passive remediation tech-
nologies are intrinsically flexible and can be optimized for enhanced metal recovery 
by including selective precipitation steps using chemical controls designed to sepa-
rate precipitates based on their uptake capacity for REEs and other metals of eco-
nomic interest [201].

3.6.6  REE in AMD Precipitates

The mobility of REEs and other chemical constituents in AMD, AMD-impacted 
environments, and AMD treatment systems is strongly affected by the precipitation 
of solid phases [162, 205, 206]. By comparison, the REE contents of AMD precipi-
tates are orders of magnitude higher than those of AMD (Fig. 3.6), with reported 
enrichments in total REEs up to ~1000 mg/kg (~1000 ppm) [159, 162]. Moreover, 
a USGS database comprising REE contents of sludge from 233 U.S. AMD sites 
revealed that at 46% of the surveyed AMD sites, the sludge contained >300 mg/kg 
of REEs (corresponding to 0.036% REO), while 31% contained >1 g/kg (corre-
sponding to 0.12% REO) [192]. Existing technologies can sequester >90% of REEs 
from AMD and concentrate them by a factor of 103–104 in the solid precipitates 
[179, 201]. Furthermore, estimates indicate that up to 5 × 105 kg of REEs could be 
recovered annually from Appalachian AMD alone [159]. Together these data 
strongly support the idea that AMD precipitates can become a promising secondary 
source of REEs [159, 174, 192, 242].

While precipitation of solids occurs naturally in any AMD system as a result of 
pH adjustments either due to mixing or neutralization [172, 188], extensive precipi-
tation is restricted to AMD treatment when decreased acidity promotes partitioning 
of the dissolved load into solid precipitates [234]. Detailed knowledge of the miner-
als present in AMD precipitates is central to understanding REE uptake 
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Fig. 3.6 UCC-normalized ranges of total REE concentration values in AMD and AMD precipi-
tates. Upper Continental Crust reference (UCC; Taylor and McLennan [25, 26] and McLennan 
[27]); REE concentration values in AMD from Lefticariu et  al. [193], U.S.  Illinois Basin; and 
Stewart et al. [159] and Hedin et al. [205], U.S. Appalachian Basin; REE concentration values in 
Fe, Ca-Mg, and Si-Al precipitates from Hedin et al. [205]

mechanisms and in designing technologies that maximize REE recovery. Modern 
laboratory characterization techniques (i.e., X-ray diffraction (XRD), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), and syn-
chrotron X-ray absorption spectroscopy (XAS)) provide valuable information on 
the structure and composition of AMD precipitates, as well as the mechanisms by 
which REEs can become attached to mineral surfaces [222, 243]. In all cases, pre-
cipitates from AMD are complex mixtures of nanophases (materials at the nanome-
ter scale) of diverse mineralogy and variable crystallinity, ranging from amorphous 
(having no ordered atomic structure), to short-range atomic order and crystalline 
(fully ordered) phases [206]. Based on their main element chemistry, the AMD pre-
cipitates can be subdivided into Fe, Al, Ca, and Mn groups [205], as discussed below.

The Fe3+-rich phases which in coal mining-impacted areas form yellow-red- 
brown ferruginous deposits, include sulfates and oxyhydroxides with various 
degrees of crystallinity. The most common forms are schwertmannite (ideal formula 
Fe8O8(OH)6SO4) [244], goethite (α-FeOOH), lepidocrocite (γ-FeOOH), ferrihy-
drite, Fe(OH)3·0.5H2O, and jarosite (e.g., KFe3(SO4)2(OH)6 [188, 206]). The forma-
tion of Fe precipitates occurs over a wide range of pH values from highly acidic 
(i.e., jarosite) to circumneutral (i.e., ferrihydrite) and their mineralogy and/or crys-
tallinity often changes over time [245]. Fe3+-rich phases dominate the mineralogy of 
any AMD system, with schwertmannite and goethite being the prevalent solid pre-
cipitates in limestone drains, settling ponds, and neutralization sludge in AMD 
treatment systems [206].

Aluminum-rich AMD typically produces a milky-white precipitate comprised of 
a mixture of poorly crystalline basaluminite (Al4(SO4)(OH)10·5H2O) [188, 222] and 
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amorphous (Al(OH)3) [208], which can easily recrystallize to gibbsite (γ-Al(OH)3) 
or boehmite (γ-AlO(OH)) depending on pH and/or temperature [246]. Precipitation 
of Al-rich phases can occur only in AMD systems with pH ≥5, as in solutions with 
a pH <5, the dissolved Al remains in solution [188].

Calcium and magnesium sulfates and carbonates are less common in untreated 
AMD systems because low-pH conditions are less favorable for their precipitation 
[247]. Commonly, these precipitates are found in both passive and active remedia-
tion systems and are generated where pH is adjusted to higher values by addition of 
lime and/or carbonates producing neutral to alkaline solutions from which Ca- and 
Mg-rich sludge/slurries and/or Ca- and Mg-rich sulfate minerals (i.e., gypsum 
(CaSO4·2H2O); hexahydrate (MgSO4·6H2O)) are precipitated [205, 234].

Manganese-rich AMD is a significant environmental problem for both operating 
and abandoned coal mines across the United States and globally [248]. Removal of 
Mn from acidic AMD is challenging and special treatments are required for suc-
cessful Mn removal which include: (1) active remediation systems where NaOH is 
added to raise the pH to ~8–10 and promote the abiotic (without microbial) oxida-
tion of Mn2+ in solution in AMD to precipitate Mn as Mn3+/Mn4+ (oxyhydr)oxides 
or (2) passive remediation systems under circumneutral pH conditions, where Mn2+ 
can be oxidized by microbes, or by a catalyst that promotes oxidation on surfaces, 
followed by precipitation of phyllomanganates (e.g., birnessite ((Na,Ca)Mn7O14); 
and todorokite ((Ca,Na,K)·Mn6O12)) [248, 249].

Laboratory experiments of sorption (the process by which REEs become attached 
to) and coprecipitation of REEs onto solid precipitates associated with mine drain-
age systems have demonstrated that: (1) these precipitates (i.e., ferric and manga-
nese oxides/hydroxides, schwertmannite, and basaluminite) have a high capacity 
for sequestering REEs from solution: [170, 216, 222–224]; (2) pH strongly controls 
the mobility of REEs such that at pH <4, REEs preferentially remain in solution, but 
at pH >4 become sequestered by solid precipitates, with significant REE uptake 
occurring at pH values between 5 and 7 [170, 216, 222]; (3) higher sulfate concen-
trations in solution were noted to increase the REE sequestration in basaluminite 
[170, 222]; and (4) HREEs were preferentially partitioned into the solid phase com-
pared to LREEs [170, 222]. These results are encouraging as they demonstrate that 
under laboratory-controlled conditions, REEs could be entirely recovered from 
AMD by selective precipitation in treatment plants [179, 201].

Field studies have largely confirmed the results of laboratory experiments 
emphasizing the high capacity of AMD precipitates to sequester REEs. However, 
under field conditions the REE sequestration capacity was found to be controlled by 
mineralogy, with field studies reporting a direct correlation between the REE and Al 
contents in mine drainage precipitates [175, 205]. Specifically, recent field studies 
of passive remediation systems in the Appalachian Basin have highlighted the wide 
range of REE contents of AMD precipitates (Fig. 3.6) with average concentration 
values of 50  mg/kg for Fe precipitates, 120  mg/kg for Ca-Mg precipitates, and 
670 mg/kg for Al-Si precipitates [159, 161, 205]. These results suggest that under 
field conditions, REE sequestration capacity of AMD precipitates might exclusively 
depend on their mineralogy and less so on local environmental conditions.
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Aside from these observations, there is little research on the mineralogy of AMD 
precipitates at the nanometer scale, or on the specific uptake mechanisms of REEs 
by various types of precipitates. Consequently, the ability to forecast REE uptake to 
optimize technological processes for cost-effective recovery is limited. Research in 
the last several decades has shown that a range of chemical, physical, hydrologic, 
and mineralogical controls govern the partitioning of the AMD chemical load 
between solution and solid precipitates [161, 223, 224, 248, 250]. Sorting out the 
relative importance of these processes under environmentally relevant conditions 
remains a challenge in optimizing REE uptake from AMD [188, 205, 222].

3.7  Economic Implications

For economic analysis of the potential production of REEs, classifications that 
account for market conditions and trends are preferred to classifications based on 
physical criteria. But as market conditions change over time, these classifications can 
also change while classifications based on physical criteria are more likely to remain 
constant. Based on market conditions at the time, Seredin and Dai [38] classified 
REEs as either critical (CREEs), non-critical or in excessive supply, and their scheme 
resulted in Nd, Eu, Tb, Dy, Y, and Er being classified as critical. The DOE Critical 
Materials strategy [251], Luttrell et al. [252] and Zhang et al. [22] have considered 
just the first five of these (Nd, Eu, Tb, Dy, and Y) to be CREEs. Owing to its high 
price relative to other REEs [31, 253], Sc could also be considered a CREE. The total 
rare earth oxide (REO) content of coal could be less than 0.1% [254]. However, 
Franus et al. [59] found the average percentage of CREEs in the total estimated REE 
content of coal samples from nine coal mines in Poland to be about 30% and others 
have estimated that the proportion of CREEs in the total REE content of coal could 
be as high as 40%. Thus, despite the very low overall concentration of REEs in coal, 
there is still economic interest in coal and coal combustion products because the 
distribution of REEs in coal could be more heavily oriented toward higher-value 
CREEs (including Sc) than in many conventional REE deposits [254, 255].

3.7.1  Critical Rare Earths Versus Critical Minerals

Readers are reminded here that designation of certain REEs as “critical” in the clas-
sification of Seredin and Dai [38] is not the same as the U.S. Government designation 
of rare earths as Critical Minerals (CMs) under Executive Order No. 13817 [152]. 
The CM list identifies mineral commodities that are essential to the economy or 
national security of the United States and serve essential functions but are vulnerable 
to disruption in supply. In the initial draft list of thirty-three individual CMs, REEs 
are one of two additional included mineral groups (platinum group metals being the 
other group). In recent updates to the CMs list [153, 154], the rare earths are included 
individually, with Nd, Dy, Pr, Ce, La, and Y, among the highest in overall supply risk.
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3.7.2  Coal Ash

Existing sources of coal fly ash could provide a total volume of REEs that is at least 
comparable to U.S. demand [252]. The processing cost of extracting REEs from 
coal ash could be significantly greater than the value of the REOs (a marketable 
form of rare earth mineral commodities) produced. Still, reprocessing of coal ash 
just to produce REEs might be considered economic in some cases where the distri-
bution of REEs is heavily oriented toward critical and high-value minerals. Das 
et al. [253] found that Sc could account for up to 90% of the total value of the REEs 
produced from coal ash.

The Ellen MacArthur Foundation [256] has defined the circular economy as “an 
industrial system that is restorative or regenerative by intention and design.” With 
respect to (coal) mining, consideration of the circular economy would include eval-
uating the full costs and benefits of mine waste reprocessing activities [257]. In 
many cases, the circular economy will need to be evaluated to assess the full poten-
tial feasibility of the secondary REE production project, and the project owner–
operator may need to have a reasonable expectation regarding the feasibility of 
monetizing the benefits of any land reclamation, restoration of ecosystem services, 
and other public benefits of remediating surface piles and other repositories of coal 
ash before deciding to invest in the project (Table 3.3).

Post-combustion coal ash can have as much as 10 times the concentration of 
REEs as in the source coal [258] and well above the 300 ppm REE content sug-
gested by the U.S. Department of Energy [72] as necessary to be of interest. The 
enriched content of REEs overall combined with the potentially higher proportion 
of CREEs could imply that the value of production of REOs from coal ash could be 
significantly higher per volume than that from conventional REE deposits. In addi-
tion, at least partially owing to high energy and grinding costs, processing of mine 
output of conventional REE mines to produce REOs can be extremely expensive, 
but coal fly ash is already in a fine powder form that could allow REE extraction and 
processing at substantially lower cost [258, 259]. Finally, the particles from the 
residual ash material after extraction of the REEs could still be used to produce a 
value-added product salable to industry, including for utilization in the manufacture 
of cement [258].

3.7.3  Waste Coal

Waste coal is not as enriched in REE content as post-combustion coal ash, and its 
level of enrichment may not be likely to meet the U.S.  Department of Energy’s 
minimum 300 ppm level to be of interest [72]. Thus, the economic feasibility of 
producing REEs from waste coal could depend more on the feasibility of production 
of other mineral commodities (including critical minerals such as Li) as by- products. 
As with coal ash, the potential owner–operator may need to be able to monetize 
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Table 3.3 Summary of potential economic considerations associated with producing rare earth 
elements (REEs) from coal ash or coal-based acid-mine drainage (AMD)

Revenue considerations Cost considerations Circular economic considerations

Coal combustion fly ash

• 270–1500 ppm REE 
in fly ash [253]
• Could be about 10 
times higher 
concentration of REEs 
in fly ash than in coal
• Higher proportion of 
critical REEs 
(including Nd and Sc) 
in total REE content 
than in many 
conventional REE 
deposits [253]
• 20 coal preparation 
plants could produce 
>10,000 t/yr of REE, 
which is about equal to 
U.S. demand [242]
• Residual ash 
(post-REE extraction) 
still marketable to 
industry (e.g., cement)
• Carbon dioxide (CO2) 
mineralization could 
enhance recovery of 
REEs from leachate of 
coal ash

• No costs for in situ 
characterization of REEs
• In fine powder form, 
eliminating grinding costs 
and reducing energy costs 
relative to typical REE 
processing
• Lower concentrations of 
radionuclides mean lower 
costs of separation and 
disposal than for processing 
conventional REE mine 
output
• CO2 mineralization could 
reduce chemical costs 
compared with just using 
hydroxides (NaOH) in REE 
precipitation processes
• If captured CO2 is used, 
the REE recovery project 
could possibly qualify for 
45Q income tax credits
• The processing costs could 
be independent of the 
distribution of contained 
REEs, and the profitability 
is almost entirely dependent 
on the proportion of critical 
(high value) relative to 
non-critical REEs

• Reclamation of land
• Possible restoration of ecosystem 
services
• Mitigation and potential elimination of 
legacy environmental issues
• Valuation of the environmental benefits 
may rely on public perception of risks, 
but it could also help gain public 
acceptance
• If captured CO2 is used to increase 
precipitation of REE from coal ash 
leachate, then mitigation of CO2 
emissions to the atmosphere and 
associated risks is an additional 
(unaccounted for) benefit

(continued)
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public benefits associated with the circular economy before considering that there 
could be sufficient incentives to invest in a project to remediate waste coal piles and 
extract the REE content. Nonetheless, recovery of REEs from waste coal has shown 
promise at the pilot scale [22, 179, 261–263]. While REE contents could be below 
DOE interest levels, advantages of waste coal include: (1) the most REE-enriched 
portions of coal beds are removed and concentrated in waste coal; (2) detailed char-
acterization and selective mining of the most REE-enriched portions of coals in situ 
are not required.

Table 3.3 (continued)

Revenue considerations Cost considerations Circular economic considerations

Acid-mine drainage (AMD)

• Conventional 
treatment of AMD can 
enrich the REE 
concentration in the 
residual sludge several 
thousand times
• Vass et al. [162] 
found an average REE 
concentration of about 
700 ppm in residual 
sludge left after 
treatment of AMD in 
the Appalachian Basin
• Productivity of 
treatment of AMD in 
the Appalachian Basin 
could range from 771 
to 3400 t/yr REE [161]
• Distribution of REEs 
in AMD is toward a 
greater proportion of 
critical REEs than in 
conventional REE ore 
deposits [22]
• Adding CO2 
mineralization to the 
process could increase 
recovery of REEs to 
85% compared with 
70% if just using 
NaOH and other 
hydroxides [260]

• Capital costs for AMD 
treatment systems at scale 
could range up into the 
millions of dollars [159]
• Even if not profitable to 
just produce REEs, public 
funding to remediate AMD 
could be used to offset the 
costs
• The Clean Water Act 
requires treatment, and state 
reclamation funds could be 
available to remediate AMD
• Incorporating CO2 could 
reduce total chemical cost 
compared with just using 
hydroxide to precipitate 
REEs [260]
• If captured CO2 is used, 
project costs could be offset 
by any 45Q income tax 
credits that the owner 
operator might qualify for
• AMD treatment cost could 
be independent of the 
distribution of contained 
REEs, and the profitability 
is almost entirely dependent 
on the proportion of critical 
(high value) relative to 
non-critical REEs

• Natural processes can perpetually 
produce AMD and associated 
environmental damage. Treating AMD 
may limit environmental damage but not 
eliminate it.
• Non-market valuation techniques could 
be used to assess any mitigation of the 
environmental hazard associated with 
REE extraction from AMD. However, 
these valuation techniques are not 
consistent with the (market-based) 
valuation of the REE output, and such 
estimates of the potential remediation 
value cannot be simply added to the 
value of REE production to obtain a 
total value of the project.
• Valuation of the environmental benefits 
could help gain public acceptance of the 
project
• If captured CO2 is used to increase 
AMD precipitation of REE, then 
mitigation of CO2 emissions to the 
atmosphere could be an additional 
(unaccounted for) benefit

t metric ton, CO2 carbon dioxide, yr year, ppm parts per million, NaOH sodium hydroxide, REE 
rare earth element, REO rare earth oxide
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3.7.4  Acid-Mine Drainage

In general, REEs are not as concentrated in AMD as in fly ash or waste coal, and the 
AMD processing costs could be prohibitive if the only purpose is to produce REOs 
[159]. However, treatment of AMD is required under section 402 of the U.S. Clean 
Water Act [161, 264], and there are already-existing programs and public funding to 
treat AMD to mitigate the environmental impacts even without considering the 
potential REE recovery. Treatment of AMD to address the environmental liability 
could increase the overall concentration of REEs in the post-treatment sludge to 
around 700 ppm or possibly far higher in some cases [162]. Based on sampling from 
twenty-two sites in Pennsylvania, Stewart et al. [159] estimated that about 540 t/yr 
REEs could be contained in flows of coal-mine AMD, and Vass et al. [161] esti-
mated that about 800 t/yr (or even greater annual tonnages) of REEs could be con-
tained in the flow of over 1100 AMD sources in the Appalachian Basin. Similar to 
recovery of REEs from coal ash, the production of REOs from coal-mine AMD 
could be of higher value per ton produced than that from conventional REE deposits 
owing to the potentially higher proportion of CREEs in the total REE content 
(Table  3.3). Although water produced because of (legally required) treatment of 
AMD would be produced whether REEs are extracted from the residual sludge or 
not, the revenue from any sales of this water for industrial or possibly agricultural 
use could be considered as value added to the production of the REEs [260].

3.7.5  REE Recovery and CO2 Capture and Utilization

Hassas et al. [260] found that utilization of CO2 in a multi-stage precipitation pro-
cess could increase the recovery of REEs in AMD to 85% from about 70% if sodium 
hydroxide (NaOH) or other hydroxide-based chemicals were used to control pH. In 
addition, they found that utilization of CO2 in the process would likely reduce 
chemical costs. If this potential utilization of CO2 were able to meet the criteria to 
qualify for the U.S. 45Q income tax credit, this could add significant value to a 
project to recover REEs from AMD. However, the CO2 used in this REE production 
process would have to be captured from the process emissions, a minimum of 
100,000 t/yr of captured CO2 would have to be utilized, and all the CO2 would have 
to meet stringent criteria to be considered permanently “sequestered” [265]. Studies 
of the potential utilization of the CO2 mineralization process to enhance the recov-
ery of REEs from the leachate of solid forms of coal-related waste (such as fly ash 
or waste coal) are not available. If the CO2 mineralization process could be inte-
grated into REE recovery from the leachate of other coal waste materials in a man-
ner analogous to that proposed by Hassas et  al. [260] for AMD, then similar 
production efficiency and cost considerations could apply.
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3.7.6  Benefit from Remediation of Coal-Related Liabilities

In addition to producing valuable mineral commodities (possibly including several 
critical minerals and water) as by-products of the production of REEs from coal- mine 
waste streams, it could be necessary to account for the benefits of remediation of these 
coal-related environmental liabilities in order to accurately assess the total net value 
of such projects and whether they are economic. Owing to the lower REE enrichment 
level in waste coal than in coal ash, and possibly to less public interest and available 
funding to remediate waste coal repositories than AMD, a project to produce REEs 
from waste coal may not appear as beneficial in comparison. However, accounting for 
the circular economic benefits of remediating coal and coal combustion wastes would 
add value to any of these secondary REE recovery projects, and this could help incen-
tivize investment if the project owner operator can monetize those benefits.

3.7.7  Role in a Circular Economy

Approaches to quantifying the circular economy of mineral and energy resources 
have been applied almost entirely to post-consumption recycling and not to repro-
cessing of primary mineral and energy waste streams and repositories, such as mine 
waste piles, tailings, and produced waters [257]. Non-market methods to quantify 
the value of remediating these primary waste streams are inconsistent with the 
market- based valuation of the expected production of REEs and other expected ben-
efits and costs of these projects, and the environmental benefits could be ignored in 
any investment decision. Despite this difficulty, some comparisons could be made 
regarding the circular economy of recovery of REEs from different coal-related 
waste streams. As waste coal and coal ash take up space on the surface, the value of 
any land reclaimed and possible restoration of ecosystem services during the repro-
cessing of these waste piles to recover REEs could potentially be added to the value 
of the project. These circular economic benefits might not be as applicable to pro-
duction of REEs from AMD, because there might not be as much reclamation of 
land or restoration of ecosystem services during that process. On the other hand, 
treatment of AMD will convert some contaminated water into a resource that could 
be used in some industrial or agricultural applications. In addition, quantification of 
the circular economic benefits could be helpful in gaining public acceptance for a 
project to recover REEs from coal-related waste materials [6].

3.8  Summary

Four coal-related sources show promise for recovery of REEs and associated ele-
ments, including fly ash, waste coal, coal itself, and coal acid-mine drainage. Of 
these, fly ash, especially that derived from combustion of bituminous coals, shows 
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the greatest REE enrichment. However, extraction of REEs from bituminous coal 
fly ash generally requires initial chemical or physical treatment to improve REE 
recovery, which can add to the cost of producing REEs from this material [22]. Fly 
ash from lower rank (lignite and subbituminous) coals is generally less REE- 
enriched, but more extractable, potentially allowing REE recovery without pretreat-
ment. The same (less enriched, more extractable) applies to low-rank coals from 
which these ashes are derived. Among solids from coal use, waste coal is the next- 
most REE-enriched source, after fly ash, as the most REE-enriched horizons from 
coals being mined are concentrated in waste coal. REE recovery from waste coal 
has shown promise at the pilot scale in multistep procedures. Compared to waste 
coals, recovery of REEs from coal resources requires more extensive characteriza-
tion to delineate the most REE-enriched horizons prior to mining.

In coal-based AMD, REEs are present in a dissolved or colloidal form, at lower 
concentrations than in any of the coal-associated solids. But REEs from AMD 
become concentrated to levels of interest in precipitates from AMD solutions. 
Which of these sources proves to be most favorable for REE recovery depends on a 
wide range of factors, including not only REE concentration, extractability, and 
primary costs, but also associated benefits such as remediation of coal-related envi-
ronmental liabilities and possible co-recovery of non-REE critical elements. The 
landscape of resource recovery from these sources is rapidly evolving as the need to 
support current and projected use of REEs grows.
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Chapter 4
Rare Earth Ore Flotation Principles 
and Kinetics: Significance of Collectors 
and Application of Novel Depressants

Courtney A. Young, Peter A. Amelunxen, and Richard LaDouceur

4.1  Introduction

4.1.1  Rare Earth Minerals

Rare earth elements (REEs) are comprised of the 15 lanthanides as well as scan-
dium (Sc) and yttrium (Y) due to similarities in their physical and chemical proper-
ties. Because of these similarities, REEs are often sub-grouped into light (LREEs), 
middle (MREEs), and heavy (HREEs) categories. Properties within each subgroup 
are practically the same. In fact, property differences within each subgroup are so 
subtle that making separations among them is very difficult. Consequently, initial 
processing usually correlates to the REEs being separated from associated waste 
and perhaps later into these subgroups as opposed to individual REEs. Normally, 
LREEs include lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium 
(Nd), and promethium (Pm); MREEs are samarium (Sm), europium (Eu), gadolin-
ium (Gd), terbium (Tb), and dysprosium (Dy); and HREEs constitute holmium 
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu). Furthermore, 
Sc is usually considered to be an LREE and Y as an HREE due to elemental associa-
tions with the corresponding REEs. It is understood that promethium (Pm) is essen-
tially nonexistent because all of its isotopes are radioactive with half-lives too short 
for them to accumulate appreciably in nature.
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In general, REEs exist in natural resources in two forms of deposits, either in an 
adsorbed state on ion-exchangeable clays or in a crystalline state within mineral 
structures. Most primary production of HREEs comes from Southern China with 
most reportedly involving kaolinite and halloysite clays. Both clays have the same 
chemical composition of Al2Si2O5(OH)4. On the other hand, so-called rare earth 
minerals (REMs) occur in one of six types of deposits: carbonatites, peralkaline 
igneous systems, magmatic magnetite-hematite bodies, iron oxide-copper-gold 
deposits, xenotime-monazite accumulations in mafic gneiss, and monazite- 
xenotime- bearing placer deposits [1]. REMs themselves generally exist as four 
kinds depending on which anions the corresponding REE cations are bound to, 
namely oxides (REOs), phosphates (REPs), carbonates (RECs), and silicates 
(RESs). Because carbonatites are the most prevalent deposits, RECs are the most 
common REMs. Most carbonatite deposits are associated with LREEs and include 
the orebodies at Bayan Obo in China and Mountain Pass in California [2].

However, most non-clay mineral deposits contain more than one kind of REM. They 
particularly change with location due to depth, aeration, hydration, and, of course, 
time (i.e., age). Furthermore, REMs are usually comprised of at least two REEs and 
often with other elements, forming solid solutions of variable content and purity due 
to nonstoichiometric substitutions in the crystal lattice. There are nearly 250 known 
REMs, but the most prevalent appear to be knopite and loparite as REOs, xenotime 
and monazite as REPs, bastnaesite and parasite as RECs, and allanite and gadolinite 
as RESs [3]. Most REMs are LREE-dominant but those containing Y tend to contain 
the most HREEs. Monazites can also be HREE-rich. It is important to note that an ore 
is, by definition, a deposit that can be mined and processed economically.

4.1.2  Flotation

In order to prepare ores for separation, the minerals must first be comminuted from 
run-of-mine (ROM) feed that can be as large as three-foot boulders into products 
with the size-consistency no larger than sand. Comminution generally consists of 
blasting followed by dry crushing and then wet grinding to yield a slurry. The final 
product size depends on many factors. Generally, it is optimized to maximize libera-
tion of the valuable minerals from the invaluable gangue, subject to downstream 
processing, and cost constraints. Ultimately, the separation process is used to maxi-
mize recovery and grade of the valuable minerals being selectively separated to 
produce the concentrate. In the past, dry processing by electrostatic separation was 
used but required either dry grinding or slurries be dried. Today, all REM ores tend 
to be wet processed by froth flotation, also known simply as flotation, to produce a 
final concentrate. However, depending on the type of deposit, preconcentration by 
either magnetic or gravity separation may be done.

Flotation, when applied to REM ores, is used to separate hydrophobic REM 
particles from hydrophilic gangue particles in a slurry. When air is injected into the 
slurry, bubbles are generated and attach to the hydrophobic REM particles which 
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then float to the slurry surface, thereby forming a froth that is removed by mechani-
cal or hydraulic means into a REM concentrate. The hydrophilic gangue particles 
exit out the slurry bottom as tailings. Although there are several types of flotation 
devices, the two most common types are the mechanical agitation cell and column 
(Fig. 4.1). Typically, each are used under different circumstances. Generally speak-
ing, the agitation cells are used to keep coarse sizes (i.e., sand) pulped with turbulent 
mixing which allows them to be used on ores at high capacity yielding rougher 
concentrates. By comparison, columns are used on fine sizes (i.e., powders) in pre-
dominantly quiescent conditions at low capacity to process the rougher concentrates 
into cleaner concentrates.

Flotation can be enhanced using various surface-active reagents including but 
not limited to collectors, activators, depressants, modifiers, and frothers:

• Collectors are heteropolar molecules that have a reactive inorganic head group 
and inert organic tail. The head group bonds preferentially with REEs so adsorp-
tion occurs selectively at REM surfaces, causing the organic tail to protrude into 
solution and make the surface hydrophobic. Common REM collectors include 
hydroxamates, carboxylates, and phosphoric acids with organic tails of various 
lengths.  The most prevalent include octyl hydroxamate (= C8) and fatty acid 
(e.g., oleic = C18).

• Activators are used to increase collector adsorption at the REM surfaces so they 
can become more hydrophobic and thereby float better into the froth. Common 
activators include oxalate (C2O4

2−) as well as metal cations of, for example, Pb2+, 
Fe2+, and Co2+.

• Depressants are used to prevent collector adsorption on gangue so they remain 
hydrophilic and therefore report to the tailings. Numerous depressants have been 
used and depend greatly on what REMs and gangue are present. Common exam-
ples include inorganics like sodium silicate (Na2SiO3) and sodium fluoride (NaF) 
and organics like starch and quebracho.

Fig. 4.1 Basic schematics of a conventional agitation flotation cell at left and flotation column at 
right [4]
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• Modifiers can act simultaneously as both activators and depressants and are 
exemplified by pH reagents such as hydrochloric acid (HCl), soda ash (Na2CO3), 
and caustic (NaOH). For basic pH control, soda ash is favored because it can also 
serve as a depressant for gangue like calcite and barite. Lime, as either CaO or 
Ca(OH)2, is avoided because Ca2+ can act as an activator for gangue, particularly 
silicates.

• Frothers stabilize the froth so that it does not break until after it reports to the 
launder as concentrate. Frothers are often categorized according to the stability 
of their respective froths. The two most commonly used frothers are methyl iso-
butyl carbinol (MIBC) and Dow Froth 250 which is a polypropylene glycol 
methyl ether. Although there is no correlation established yet, Jordens et al. [3] 
illustrated MIBC, a weak frother, yielded poor flotation recoveries, opposite that 
obtained with Flottec 150, a strong frother containing a proprietary mixture of 
polyglycols.

These and other reagents are explored in detail in general reviews [3, 5, 6] as well 
as specific REM applications [7, 8].

Studies have revealed that collectors may work well for floating some, but not 
all, REMs due to which REEs are present and which anions they are bound to [9–
11]. This phenomenon has been attributed to a combination of lanthanide contrac-
tion and coordination number (CN). For example, REOs have CNs of 6–7 so REE 
atomic diameters range from 2.460 Å for La to 2.002 Å for Lu. Likewise, REPs 
have CNs of 8–9 so REE atomic diameters are larger ranging from 2.700 Å for La 
to 2.234 Å for Lu, and RECs have CNs of 10 so atomic diameters are even larger 
ranging from 2.800 Å for La to 2.460 Å for Lu. Thus, if flotation is conducted with 
a single collector that targets a particular REE diameter, it may preferentially 
float. Thus, for example, LREOs, MREPs, and HRECs may float well but HREOs 
and LRECs may not [12]. Hence, blends of at least two collectors should be used to 
float all REMs. As an example, Greenland Minerals [13] has noted they have so far 
been using a single collector for their studies but have different recoveries of 87% 
for LREOs and 68% for HREOs [13]. Clearly, both recoveries could increase upon 
using collector blends as has been the case for several successful studies [6, 14–19].

4.1.3  Flowsheets

Flotation flowsheets can vary significantly from one operation to another. A typical 
flowsheet will have a series of flotation cells known as roughers to produce an initial 
rougher concentrate. The rougher tailings may be processed further in another series 
of cells called scavengers to produce a scavenger concentrate as well as final tail-
ings. The rougher concentrate may then be refloated in another series of flotation 
cells referred to as cleaners. The cleaner concentrate is usually the final concentrate 
but can be processed further with additional cleaning. Scavenger concentrates and 
cleaner tailings are usually fed back to the roughers and may be reground for libera-
tion and sizing purposes.
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An example industrial flowsheet is simplified and shown in Fig. 4.2 for the Bayan 
Obo operation. The flowsheet illustrates how Bayan Obo utilizes a classical com-
minution circuit to size the ore to less than 74 microns. That is followed by both 

Fig. 4.2 Bayan Obo flowsheet for processing REE-bearing iron ore [20, 21]
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low- and high-intensity magnetic separation (LIMS and HIMS) to not only remove 
iron minerals (mostly hematite, Fe2O3) for feeding to the iron flotation cells but, 
more importantly, to preconcentrate the REMs (mostly bastnaesite and monazite) as 
feed to the REE flotation circuit and produce a rougher REM concentrate. The 
rougher concentrate is cleaned to yield a final concentrate; however, the concentrate 
is further cleaned to separate the bastnaesite and monazite. The bastnaesite concen-
trate exceeds 60% equivalent REO and the monazite concentrate exceeds 30% 
equivalent REO. All flotation is conducted using soda ash (pH 9) and J10 frother 
which is believed to be MIBC.  For rougher and first cleaner flotation, naphthyl 
hydroxamate is used as the collector and sodium silicate as the silicate mineral 
depressant. The final cleaner cells use either phthalic acid or benzoic acid as the 
collector for the bastnaesite and alum, presumably KAl(SO4)2, as the depressant for 
monazite. Thus, the final cleaner cell appears to use a collector blend.

Another example of industrial REM flotation is at Mountain Pass per Fig. 4.3. In 
this case, after comminuting the ore to a size initially below 150 microns, resulting 
slurries are heated to 180 °F and conditioned for approximately 10 minutes with 
three main reagents: soda ash as pH modifier, lignin sulfonate as depressant, and 
fatty acid as collector. Roughers are employed to produce a concentrate which is 
then cleaned four times. Furthermore, the first cleaner tailings are scavenged to 
assure maximum recovery of REMs which is mostly bastnaesite. In addition, the 
scavenger tailings and the rougher tailings are combined as final tailings and the 
scavenger concentrate is reground below 44 microns for liberation purposes and 
combined with rougher feed. Recently, Mountain Pass started using a second 
collector in their flotation circuit. This collector blend is proprietary but appears to 
include octyl hydroxamate.

Fig. 4.3 Mountain Pass flotation flowsheet for processing REE ore [21, 22]
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4.1.4  Modeling

Flotation is used to separate and concentrate approximately 50% of the world’s 
mineral commodities and is often viewed as a simple process. This is a misconcep-
tion. Like most separation processes, the primary goals are to maximize both recov-
ery and grade of valuable mineral to the concentrate. However, these responses are 
inversely related such that increasing one usually comes at the sacrifice of the other. 
Furthermore, the flotation process is controlled by at least 30 variables, albeit some 
variables have more dramatic impacts than others and they are not always straight-
forward because of variable interaction. For example, soda ash is dual purpose; it is 
a pH modifier because it serves as a depressant for some minerals and as an activator 
for other minerals. If it is added in excess, it can cause all minerals to depress but, if 
it is added insufficiently, the minerals needing activation may not float well. In this 
regard, the design or optimization goals can be difficult to achieve. Often, they must 
be realized via optimization (i.e., developing an appropriate model that simultane-
ously accounts for as many variables as possible).

Empirical modeling methods are the most common in industry, due to their sim-
plicity. Unfortunately, there are many disadvantages associated with these methods. 
One of the most significant disadvantages is that they often employ scale-up or cor-
rection factors that are based on the operator’s experience and skill in properly 
assessing the process. Due to this user dependence, empirical models are often not 
reliable.

So-called compartmental kinetic models are perhaps the most widely accepted 
phenomenological model of flotation [23]. These models are “compartmental” 
because they divide the flotation system into two or more distinct “compartments,” 
each with their own unique characteristics and sub-models. For example, the two- 
compartment model incorporates separate models for the pulp or collection zone 
and the froth zone. There are some limitations associated with a two-compartment 
kinetic model, including over-simplification of the froth recovery, water recovery, 
and collection zone. The degree of hydraulic entrainment must also be considered 
to properly account for the kinetics of fast floating versus slow-floating minerals.

The mineral flotation kinetics will depend on the hydrophobicity of the particle. 
The flotation kinetics in a particular flotation cell are affected by many different 
variables including those that are hydrodynamic, chemical and mechanical. The 
entrainment is also affected by the amount of froth lost back into the cell. In labora-
tory tests, at slower scraping rates, the froth has a higher chance of being lost back 
into the cell. This reduces the mineral recovery across the froth zone; yet, this is 
often ignored when interpreting laboratory kinetics data [24]. The use of a high- 
fidelity kinetic model with three compartments accounts for the entrainment phase 
while avoiding the drawbacks of the methods described above. It has been shown 
that the scraping frequency needs to be quick at the beginning of a laboratory flota-
tion test to properly model the flotation kinetics in an industrial setting. This method 
can be used for scaling up and models most minerals well. Currently, the shape of 
the particles is assumed to be spherical in the model.
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To emphasize this modeling philosophy in the ensuing case study, computational 
fluid dynamics (CFD) was incorporated to apply the phenomenological processes 
that occur in a traditional, mechanically agitated flotation cell using a comprehen-
sive three-compartment kinetic model with consideration for mass transport. This 
was accomplished by examining the effect of depressants on grade and recovery as 
responses from a parametric design of experiments conducted to determine first- 
order rate constants by varying the parameters which included collector dosage and 
four novel depressant types. Resulting models were found to be statistically 
significant.

4.2  Methods

A rare earth containing ore (approximately 1.5–2% REE) was obtained from the 
Bear Lodge Project operated by Rare Element Resources (RER) for this study [25]. 
The ore was chosen as it contained only trace amounts of uranium and thorium 
(<0.05%). The ore sample was homogenized and split into approximately 1.2 kg 
samples which would be used for the flotation experiments. A 60%-solid by mass 
slurry was prepared using deionized water and placed into a rod mill under varying 
conditions depending upon the experiment matrix.

A cylindrical six-liter flotation cell designed by FLSmidth was used for the flota-
tion testing. The flotation experiments were performed by varying the flotation cell 
energy input parameters of volumetric air input flow rate and flotation cell rotor 
speed depending upon the experiment matrix. Level in the flotation cell was main-
tained using a 20-liter conditioning tank. Frother and pH modifiers were added into 
the conditioning tank. Methyl isobutyl carbinol was used as the frother at a dosage 
of 125 grams per ton. Hydrochloric acid (1  M HCl) or sodium hydroxide (1  M 
NaOH) was used as pH modifiers depending on the desired flotation pH. The flota-
tion cell is shown in Fig. 4.4.

Fig. 4.4 FLSmidth laboratory flotation cell
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Prior to the beginning of the experiment, an approximately 0.4 L feed sample of 
the slurry was taken and wet-sieved. Flotation experimentation for the REM tests 
was performed based on the simple kinetics test (SKT) designed by Aminpro [24] 
for all collectors and depressants. SKT is performed for 30 minutes with samples 
collected at predetermined times. In the case of these experiments, concentration 
samples were collected at 45 seconds (Con 1), 2 minutes (Con 2), 8 minutes (Con 
3), and 30 minutes (Con 4). The collection times allow for the separation of fast 
floating and slow-floating minerals.

The sized feed, timed concentrate, and tailings samples were prepared and then 
analyzed using a LEO 14.30VP scanning electron microscope (SEM) equipped 
with an Ametek Apollo 40 electron dispersive X-ray analysis (EDAX) detector for 
all collectors and depressants. SEM imaging as well as spectroscopy was conducted 
at an electron beam accelerating potential of 25 kV. Samples were prepared for the 
SEM using a cross mount procedure. Cross mounting procedure involves mixing 
the flotation samples with carbon and then epoxy resulting in a sample block. The 
block is then cut in half through the thickness to ensure a sample face with both light 
and heavy or small and large particles. A puck is formed by mounting the block face 
side down in epoxy. The puck was then coarse polished from 400 to 180 microns 
and fine polished from 15 to 0.3 microns. Afterward, the surface was carbon coated. 
EDAX spectra from the SEM were analyzed using mineral liberation analysis 
(MLA) software by FEI to semi-quantitatively determine the weight fraction of 
REMs present in feed, concentrate, and tailings samples as well as REM liberation 
and association.

A design of experiment matrix was created using Design-Expert 10 by Stat-Ease 
Inc. for the depressants with salicyl hydroxamic acid (SHA) as the chosen collector. 
The matrix set flotation cell energy input parameters, impeller rotor speed, and air 
flow rate, to 2200 rpm and 20 lpm, respectively. Type of depressant, collector dos-
age, and whether the depressant was added were varied. The matrix was set using a 
two-factorial design with three parameters and three midpoints for curvature, which 
resulted in 12 tests. Each depressant (Huntsman Polymax T10, T12, and K55) 
would be tested with a dosage of 417 g/ton (0.83 lb/ton) and dosages of SHA at 
417 g/ton (0.83 lb/ton), 750 g/ton (1.5 lb/ton), and 1083 g/ton (2.17 lb/ton). Polymax 
T10 and T12 are different concentrations of diethylene glycol monobutyl ether 
(DGME), a nonionic polymer and Polymax K55 is a sodium sulfate-based ionic 
comb-graft copolymer. The matrix for the design of experiments is shown in 
Table 4.1.

4.3  Results and Discussions

Twelve flotation experiments were performed based on the design of experiments 
matrix (Table 4.1) and the simple kinetics test parameters. The REMs present in the 
ore in major quantities were monazite and parisite. A typical feed grade for the 
REMs and select gangue is shown in Table 4.2. Mineral grade or weight percent of 
REMs tends to the smaller particle sizes along with calcite while potassium feldspar 
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Table 4.1 Parametric design of experiments for REM flotation using depressants

Experiment
Collector dosage
(g/ton) Depressant

1 417 None
2 417 K55
3 417 T10
4 1083 None
5 1083 K55
6 1083 T10
7 750 None
8 750 K55
9 750 T10
10 417 T12
11 750 T12
12 1083 T12

Table 4.2 Select flotation experiment feed of minerals of interest for depressants design of 
experiments

Mineral

Feed
+150 μm
(Wt%)

Feed
−150/+75 μm
(Wt%)

Feed
−75/+37 μm
(Wt%)

Feed
−38 μm
(Wt%)

Feed composite
(Wt%)

Monazite 0.13 0.26 0.56 1.57 0.97
Parisite 0.36 0.74 1.37 2.36 1.66
RE Minerals 0.57 1.22 2.21 5.83 3.69
Calcite 4.02 8.03 11.09 10.97 10.04
K-Feldspar 82.01 72.89 63.99 48.55 59.21

has a higher weight percent in the larger particle sizes. The simple kinetics test had 
four concentrate collection times. Similar particle size distributions are observed for 
all experiments, with the REMs reporting to the finer size fractions in greater quan-
tities than the coarse particle sizes. An example of concentrate mineral grade for 
T10 as determined from MLA is shown in Table 4.3, T12 in Table 4.4, and K55 in 
Table 4.5.

The concentrate composite is a mass-weighted average of the four concentrate 
collection time frames. Representative gangue such as calcite and K-feldspar are 
shown as they constitute roughly 70% of the ore. A higher grade is observed during 
the second- time period (from 45 seconds to 2 minutes) for the REMs for two of the 
three depressants, T12 has a higher grade in the first-time period. Gangue grade 
increases as the experiment is performed with lowest grades observed for the first- 
time period and highest grade for the fourth-time period, except for calcite with K55 
as a depressant. Calcite grade is significantly larger, 121% higher, for the fourth 
concentrate sample compared to the second concentrate. A typical particle size dis-
tribution for the REM concentrate grade is shown in Fig. 4.5.
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Table 4.3 Select flotation experiment concentrate sample of minerals of interest for T10

Mineral

Con 1
(0–45 s)
(Wt%)

Con 2
(45 s–2 min)
(Wt%)

Con 3
(2–8 min)
(Wt%)

Con 4
(8–30 min)
(Wt%)

Con composite
(Wt%)

Monazite 1.33 2.03 1.29 0.60 1.28
Parisite 2.43 3.11 1.55 0.79 1.99
RE Minerals 5.38 6.69 3.54 1.72 4.40
Calcite 9.58 10.85 14.07 13.69 11.70
K-Feldspar 46.29 44.62 56.75 66.94 52.81

Table 4.4 Select flotation experiment concentrate sample of minerals of interest for T12

Mineral

Con 1
(0–45 s)
(Wt%)

Con 2
(45 s–2 min)
(Wt%)

Con 3
(2–8 min)
(Wt%)

Con 4
(8–30 min)
(Wt%)

Con composite
(Wt%)

Monazite 1.98 1.89 1.64 1.16 1.71
Parisite 3.48 2.84 1.89 1.64 2.54
RE Minerals 7.28 6.62 4.68 3.13 5.62
Calcite 10.92 11.46 12.78 13.37 12.01
K-Feldspar 39.44 43.45 53.15 62.23 48.44

Table 4.5 Select flotation experiment concentrate sample of minerals of interest for K55

Mineral

Con 1
(0–45 s)
(Wt%)

Con 2
(45 s–2 min)
(Wt%)

Con 3
(2–8 min)
(Wt%)

Con 4
(8–30 min)
(Wt%)

Con composite
(Wt%)

Monazite 1.48 1.67 1.35 0.81 1.29
Parisite 2.32 2.41 1.70 1.18 1.83
RE Minerals 6.10 7.01 4.77 2.54 4.85
Calcite 15.91 17.57 12.38 7.94 12.87
K-Feldspar 46.87 39.94 50.51 63.41 51.46

Particle size distribution was calculated using MLA software. The P80 particle 
size for the concentrate sample from the second and third sampling periods are 
approximately 20 microns and the P80 particle size for the concentrate sample from 
the first and fourth sampling periods is approximately 30 microns. Similar particle 
size distributions are observed for all depressant flotation experiments. The results 
of the depressant flotation experiments are shown in Table  4.6 for recovery and 
Table 4.7 for increase in grade. Because this was a depressant study, calcite, iron 
oxide, potassium feldspar, and biotite are included.

Calculated gangue recovery is a combination of gangue recovered through flota-
tion and gangue which are associated with REMs that are not fully liberated. 
Experiment 9, which used the T10 or the lower concentration of DGME and a high 
dosage of SHA, had the highest rare earth recovery of 83% and the highest gangue 
recovery for every mineral. The combination also resulted in the lowest increase in 
grade, only 19%, for rare earths and highest increase in grade (still lower than the 
feed) for potassium feldspar.
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Fig. 4.5 Particle size distribution for select flotation experiment with depressant of REM 
concentrate

Table 4.6 Metallurgical recovery of REMs and gangue using depressants

Recovery (%)
Exp. Dosage Dep. RE Monazite Parisite Calcite Feldspar Biotite FeO

1 417 None 70% 69% 59% 54% 40% 73% 45%
2 417 K55 77% 72% 69% 63% 45% 74% 50%
3 417 T10 71% 72% 64% 51% 35% 67% 43%
4 1083 None 68% 66% 60% 53% 39% 71% 44%
5 1083 K55 72% 70% 65% 54% 38% 67% 47%
6 1083 T10 76% 76% 71% 52% 36% 67% 54%
7 750 None 70% 69% 62% 53% 40% 71% 46%
8 750 K55 64% 71% 54% 51% 37% 67% 46%
9 750 T10 83% 82% 80% 66% 51% 79% 64%
10 417 T12 80% 78% 76% 57% 42% 74% 62%
11 750 T12 78% 74% 77% 57% 41% 71% 56%
12 1083 T12 76% 73% 70% 53% 38% 68% 55%
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Table 4.7 Extraction efficiency for REMs and gangue using depressants

Grade (%)
Exp. Dosage Dep. RE Monazite Parisite Calcite Feldspar Biotite FeO

1 417 None 35% 18% 28% 11% −16% 44% 14%
2 417 K55 47% 38% 25% 17% −15% 42% 3%
3 417 T10 57% 51% 30% 26% −18% 63% −1%
4 1083 None 50% 35% 31% 12% −15% 38% 6%
5 1083 K55 59% 65% 53% 20% −18% 32% 28%
6 1083 T10 54% 69% 40% 14% −17% 45% 34%
7 750 None 58% 61% 32% 9% −16% 52% 8%
8 750 K55 46% 64% 30% 15% −15% 44% 14%
9 750 T10 19% 33% 20% 17% −11% 27% 8%
10 417 T12 24% 24% 10% 12% −15% 35% 3%
11 750 T12 52% 80% 38% 17% −18% 45% 27%
12 1083 T12 27% 29% 23% 7% −13% 20% 29%

Table 4.8 Flotation first-order rate constant for REM flotation using depressants

Flotation first-order rate constant, k
Exp. Dosage Dep. Calcite FeO Biotite Monazite Parisite

1 417 None 0.00 0.00 0.14 0.18 0.03
2 417 K55 0.73 0.33 0.04 0.37 0.53
3 417 T10 1.11 1.09 0.08 0.35 0.85
4 1083 None 0.00 0.98 0.18 0.42 0.48
5 1083 K55 0.81 0.28 0.04 0.50 0.05
6 1083 T10 0.06 0.00 0.31 0.73 0.70
7 750 None 0.00 0.35 0.07 0.04 0.14
8 750 K55 1.08 0.69 0.10 0.40 0.87
9 750 T10 0.12 1.49 0.38 0.82 1.13
10 417 T12 0.06 0.40 0.20 0.40 0.42
11 750 T12 0.41 1.43 0.09 0.84 1.13
12 1083 T12 0.00 1.72 0.07 0.88 0.79

Kinetic parameters were also determined for parisite and monazite and the 
gangue. Potassium feldspar had a calculated rate constant of 0 for all experiments 
and is not shown. The flotation first-order rate constant for the design of experi-
ments is shown in Table 4.8.

Biotite has a low rate constant across all experiments, from 0.04 to 0.38. 
Interestingly, at low collector dosage, 417 g/ton, the lowest rate constant is when no 
depressant is present for the REMs and gangue. However, this experiment resulted 
in a kinetic model with a high degree of error (28%), especially compared to the 
other models, (<10%). Given the wide range of results for the three depressants, an 
analysis of variance (ANOVA) for the design of experiments was performed.

Responses chosen for the design of experiments were monazite and parisite 
recovery; monazite and parisite increase in grade; and monazite and parisite 
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Fig. 4.6 Cook’s Distance for monazite recovery using depressants which identifies experiment 7 
as an outlier

first- order rate constant. In addition, gangue recovery, grade, and first-order rate 
constant were also analyzed. Responses were analyzed using historical data in 
Design-Expert 10 as opposed to a two-factorial design. Given the nature of the 
experiments, a hierarchal design could not be developed. However, each response 
could be examined based off the ANOVA results which could result in either strictly 
a mean vs total, a linear model, or a two-factorial model. All increase in grade mod-
els resulted in a mean vs. total except for biotite. When diagnostics were performed 
on the monazite recovery model, the Cook’s Distance on one of the experiments 
was found to indicate an outlier. The Cook’s Distance for monazite recovery is 
shown in Fig. 4.6.

Cook’s Distance identified experiment 7 as being an outlier to the rest of the data 
with a value equal to three times the mean Cook’s Distance. Experiment 7 was per-
formed without any depressant and at a collector dosage of 750 g/ton. A similar 
leverage value was obtained and so experiment 7 was not used for the ANOVA. Given 
the wide range of responses to be analyzed, the factors of interest will be analyzed, 
and the numerical optimization studies will be discussed. The effect of the depres-
sants on monazite and parisite recovery is shown in Fig. 4.7, with the minimum 
collector dosage used for the model on the left and maximum collector dosage on 
the right and monazite recovery on top and parisite recovery on bottom.
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Fig. 4.7 Predicted monazite recovery using novel depressants as determined by ANOVA. Top: 
monazite recovery; Bottom: parisite recovery; Left: minimum collector dosage; Right: maximum 
collector dosage. The error bars identify 95% confidence interval

Maximum predicted monazite and parisite recovery is found using the T10 
depressant at maximum collector dosage. The lowest predicted monazite recovery 
was when no depressant was used regardless of collector dosage. Similar parisite 
recoveries are noted between the no-depressant condition and the K55 depressant. 
An increase in recovery for monazite and parisite with the depressant use (all three 
for monazite, T10 and T12 for parisite) implies that the depressants are possibly 
preventing the adsorption of the collector onto the surface of the gangue and in the 
case of K55 on parisite as well. More of the collector is adsorbing onto the surface 
of monazite as it cannot adsorb onto the gangue. No significant change in parisite 
recovery is noted as a function of collector dosage. The increase in recovery whether 
it is by collection of more hydrophobic REMs or entrainment as the gangue with 
depressant are too large to transfer to the froth by water needed to be determined.
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If monazite and parisite recovery are optimized and calcite, potassium feldspar 
and iron oxide are minimized, optimal conditions for flotation involves maximizing 
SHA dosage and using the depressant T10. The numerical optimization ramps for 
these conditions are shown in Fig. 4.8.

A desirability of 0.66 was obtained for these conditions. Feldspar and calcite 
recovery are minimized with the values close to the minimum obtained values. 
However, iron oxide recovery is not minimized as the optimized value is closer to 
the maximum experimental value. Parisite and monazite recovery are both close to 
maximum experimental values given these conditions.

First-order rate constant ANOVA only resulted in significant models for mona-
zite, calcite, and biotite. The effect of the depressant and collector dosage on the 
first-order rate constant is shown in Fig. 4.9 with monazite minimum collector dos-
age on the left and maximum collector dosage on the right.

The numerical optimization ramps for significant models for the flotation first- 
order rate constant are shown in Fig. 4.10. At maximum collector dosage and using 
the T12 depressant resulted in optimal conditions for the given constraints. Monazite 
K is optimized at the maximum experimental value and calcite and biotite are close 
to the minimum experimental K value. A desirability of 0.86 was achieved and 
almost all conditions were optimized.

Diethylene glycol monobutyl ether results in higher recovery and faster flotation 
kinetics of REMs than the ionic copolymer with sodium sulfate. It is difficult to 
determine the actual mechanism for the observed behavior due to lack of informa-
tion about the proprietary depressants. One possible explanation, however, is that 
the size and shape of the ionic copolymer hinder the kinetic behavior. Optimal con-
ditions for minimizing the flotation performance of gangue are also achieved with 
DGME over the ionic copolymer. A lower concentration of DGME results in greater 

A:Collector Dosage = 1083

417 1083

B:Depressant = T10
Treatments

1 2 3 4

Monazite Recovery = 0.773933

0.655273 0.816959

Parisite Recovery = 0.752834

0.538041 0.798221

Calcite Recovery = 0.558107

0.510641 0.664151

Feldspar Recovery = 0.382199

0.358325 0.51317

FeO Recovery = 0.573609

0.442433 0.642824

Desirability = 0.657

Fig. 4.8 Numerical optimization ramps for maximized REC and REP flotation and minimized 
gangue flotation
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Fig. 4.9 Predicted monazite recovery using novel depressants as determined by ANOVA. Left: 
minimum collector dosage; Right: maximum collector dosage. The error bars identify 95% confi-
dence interval

A:Collector Dosage = 1083

417 1083

B:Depressant = T12
Treatments

1 2 3 4

Monazite K = 0.836241

0.0430133 0.875943

Calcite K = 0.158011

0.001 1.07703

Biotite K = 0.11641

0.0378539 0.38424

Desirability = 0.857

Fig. 4.10 Numerical optimization ramp for maximized flotation rate constant of monazite and 
minimized flotation rate constant of biotite and calcite

monazite recovery and minimal gangue recovery over a higher concentration of 
DGME. The implication of this trend is that DGME preferentially interacts with 
silicates, possibly aluminum, over REEs. At a sufficient concentration of DGME, 
this selectivity begins to disappear. When DGME concentration is increased, the 
number of floatable particles decreases as the available sites for the collector 
decrease. The first-order rate constant for particles that have been rendered hydro-
phobic should increase, which explains why T12 results in a more optimal condition 
when considering the first-order rate constant.
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4.4  Conclusions

The flotation process was reviewed in general. Industrial examples with particular 
focus on REEs and REMs were given. It was stressed that REM flotation was very 
dependent on the mineral type because the REE coordination number and REE 
cation size were dependent on the associated anion (i.e., oxide, carbonate, phos-
phate, and silicate). Because the phenomenon could yield low REM flotation recov-
eries, it was emphasized that collector blends should be used. Following the review, 
a case study was presented to illustrate how the flotation performance in the pres-
ence of a single collector, salicyl hydroxamic acid (SHA), could also be improved 
by depressing the gangue present in the ore. For an ore with potassium feldspar as 
the prominent non-valuable mineral, the nonionic polymer diethylene glycol mono-
butyl ether (DGME) can be utilized as a depressant. REM recovery increases from 
a maximum of 69% with SHA alone to 83% with DGME. While these results were 
obtained at a maximum concentration of DGME, it was noted that REM recovery 
decreased with increasing DGME concentration. DGME will prevent the adsorp-
tion of an anionic collector onto a mineral surface preferentially toward aluminosili-
cates like potassium feldspar over REEs. The results show the potential for high 
REM recovery but a greater understanding is needed to determine why REM labo-
ratory flotation results are not transferrable to the plant scale. Depressants can also 
reduce the flotation rate constant for gangue to essentially zero, limiting the ability 
to collect by solution chemistry and, to a smaller extent, by entrainment.
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Chapter 5
Rare Earth Extraction 
from Ion- Adsorption Clays in U.S. Coal 
By-Products

Roe-Hoan Yoon

5.1  Introduction

In 2020, the global mine production of rare earth oxides (REOs) was 240,000 metric 
tons, of which China accounted for 58.3%, followed by the United States (15.8%), 
Burma (12.5%), Australia (7.1%), and other countries (6.3%) [1]. Since the 
U.S. mine production and much of that from Burma went to China for processing, 
one country controlled more than 80% of the global production.

Of the fifteen rare earth elements (REEs) of the lanthanide series, heavier ele-
ments are more in demand than lighter ones and hence command substantially 
higher prices. The major sources of the heavy rare earth elements (HREEs) are the 
IACs assaying typically 0.05–0.3% REEs, which are found in the regolith formed 
mainly from the weathering of granites. Despite the low grades, the low mining and 
processing costs make these ore deposits economically attractive. Approximately 
40–90% of the REEs are physically adsorbed on the layer-structured minerals; 
therefore, they can be readily extracted by simple ion-exchange leaching processes 
without using the aggressive conditions required for processing the rare earth min-
erals such as bastnaesite, monazite, and xenotime. Virtually all the world’s HREEs 
are produced from the ion-adsorption clays mined in South China [2].

Ion-adsorption clays are formed as a result of the in situ weathering of rare earth- 
rich host rocks such as granite. Clay minerals (e.g., kaolinite, halloysite) are made 
of layers of SiO4 tetrahedra and AlO4(OH)2 octahedra. During the process of form-
ing these minerals, part of the Si4+ and Al3+ ions in the cross-linked polyhedra are 
isomorphically substituted by cations of lower formal charges (e.g., Si4+ by Al3+ and 
Al3+ by Mg2+ ions), causing the basal surfaces of the clay minerals to be net nega-
tively charged when they are submerged in aqueous media. Zhou et al. [3] measured 
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the surface charge density (σ) of kaolinite samples to be 0.19–0.24 C/m3 depending 
on their origins. The surface charges of such origins are referred to as structural or 
permanent charges to be distinguished from the pH-dependent surface charges. The 
latter charges are created due to the adsorption of H+ or OH− ions on the silanol (Si- 
OH) or aluminol (Al-OH) groups exposed on the edge surfaces of clay minerals [4, 
5]. The lanthanide (Ln3+) ions in solution would adsorb on the negatively charged 
surfaces and enrich the clay minerals with rare earth ions by adsorption. The driving 
force for the adsorption mechanism is one of columbic attraction; therefore, they 
can be readily displaced by other cations of higher affinity and chemical potentials. 
In the early 1970s, the ion-adsorption clay ores were treated by 1 M sodium chloride 
(NaCl) solutions, followed by precipitation of the displaced RE3+ ions with oxalic 
acid (C2H2O4).

During the early 1980s, the 1 M NaCl solution was replaced by ~0.3 M ammo-
nium sulfate ((NH4)2SO4) as lixiviant. Even today, (NH4)2SO4 remains the preferred 
lixiviant for the recovery of HREEs despite the environmental concerns created by 
the extensive use of the regents. The ion-exchange mechanism may be represented 
by the following reaction:

 Clay-Ln NH Clay- NH Ln3
4 4

33 3� � � �� ��  (5.1)

in which one mole of lanthanide ions (Ln3+) is displaced by three moles of ammo-
nium ions. The kinetics of this reaction is fast as the REE ions are mostly attracted 
to the negatively charged basal surfaces of clay minerals by the weak coulombic 
attraction. It has been shown that Ln3+ ions can indeed adsorb on the basal surfaces 
of kaolinite as outer-sphere complexes with 8–9 hydrated water molecules, while 
others adsorb as inner-sphere complexes via bridging oxygen especially at a high 
pH [6]. The latter species may be difficult to be displaced by the simple ion- exchange 
mechanism.

There are three major IAC deposits known to date: South China, Brazil, and 
Madagascar in Africa. At present, the IACs in South China alone account for ~80% 
of the world’s HREE production, which is projected to reach a peak of 45,793 tons 
in 2024 [7], which appears to agree with the production data shown in Fig. 5.1 [8]. 
The decrease in production observed in recent years is due to the declining reserve 
base and the increased awareness of the environmental issues associated with the 
extraction of rare earth elements from ion-adsorption ores.

Recent studies conducted by the USGS and the National Energy Technology 
Laboratory (NETL) showed that significant amounts of REEs are present in coal 
and coal by-products such as fine coal waste, partings, underclays, waste rocks, fly 
ash, and bottom ash [9]. This conclusion was drawn on the basis of the correlation 
between the REE and aluminum (Al) contents in coal (Fig. 5.2). In selected coal 
basins, the REE concentrations in kaolinite are 5–10 times higher than coal as a 
whole. It has been estimated that 6 and 4.9 million tons of rare earths are associated 
with coal by-products in five western and four eastern coal-producing states at a 
500 ppm cutoff grade. According to Renton et al. [10], the pH of coal swamps in the 
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Fig. 5.1 Rare earth production in China [8]
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Fig. 5.2 Relationship between REE and Al contents eastern U.S. coals [9]

eastern United States was in the range of 4–6, which is similar to the condition 
under which IACs were formed in South China. Rozelle et al. [11] were the first to 
show that REEs can be extracted from clay samples isolated from a U.S. coal seam 
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using the ion-exchange leaching process. More recent work conducted by NETL 
extracted REEs from a series of different under clay samples associated with Central 
Appalachian coal seams using the ion-exchange leaching process [12].

It is generally believed that IACs are formed under warm, humid, and slightly 
acidic conditions in subtropical areas, where the chemical weathering of granite can 
be sustained. Recent studies conducted by USGS showed, on the other hand, that 
IACs exist in the regolith formed on the granite horizon along the Central 
Appalachian mountains [2, 13]. This finding is consistent with the experimental 
results reported by Rozelle et al. [11] and Montrose [12]. Knowing that ~80% of the 
mineral matter in coal originates from clay minerals, it will be important to further 
develop the methods of extracting REEs from the clayey materials generated as 
wastes in the U.S. coal industry.

In this chapter, the mechanisms by which IACs are formed will be reviewed, and 
the possibility of extracting REEs from the clays and mineral matter present in 
U.S. coal by-products will be discussed. Despite what its name suggests, REEs are 
not rare. What makes them rare is the difficulty of extracting them efficiently and 
without creating environmental issues.

5.2  Formation of Ion-Adsorption Clay Deposits

5.2.1  Enrichment of REEs in Clay Minerals

The formation of IAC deposits is the consequence of the chemical weathering of 
granite, which is the most abundant continental rock consisting mainly of feldspar 
and quartz. Among the silicate rocks outcropped on the land surface, granite 
accounts for about 25% of the earth’s surface [14]. Potassium feldspar, for example, 
is weathered by meteoric water, in which carbon dioxide (CO2) is dissolved, to pro-
duce kaolinite as follows:

 
2 2 4 43 8 2 2 2 2 5 4 3 2KAlSi O CO H O Al Si O OH KHCO SiO� � � � � � �

 
(5.2)

Since the kaolinite is the end product, it is very stable and becomes the major 
component of the regolith. Part of the silica removed from feldspar is carried away 
by groundwater, precipitated as chert and nodules, or flows into the ocean to become 
the shells of microscopic animals. The other major component, quartz, is very resis-
tant to weathering and hence remains unaltered except being fragmented. Other 
components of granite, muscovite, and biotite can undergo chemical changes to 
become different clay minerals.

Rare earth-bearing minerals that are referred to as accessory minerals are also 
weathered by the meteoric water under warm climate conditions, during the course 
of which various Ln3+ ions are liberated into soil water. Some of the accessory min-
erals (e.g., bastnaesite, gadolinite-(Y), doverite, apatite) are more readily weathered 
than others (e.g., fergusonite, monazite, and alunite). Xenotime and zircon are most 
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resistant to weathering [15]. Although most of the rare earth and yttria (REY) in 
IACs originate from these accessory minerals, the rock-forming minerals them-
selves account for 24–28% of the REY in granite.

Figure 5.3 shows a typical weathering profile of a regolith-hosted ion-adsorption 
ore deposit. The profile is subdivided into four different horizons depending on the 
degrees of weathering: (A) humic layer which is thin with a thickness of 0–2 m for 
a 25-m-thick regolith. The color is dark and rich in organic matter and clay miner-
als; (B) completely weathered layer of 5–10 m thick, which is of mottled yellowish 
and orangish-red in color, rich in clay minerals (80%) and unaltered minerals 
(quartz, micas, etc.); (C) strongly weathered layer of 2–3 m thick, which is of spot-
ted white, pinkish-brown in color, consists of ~30% clay minerals and rock-forming 
minerals; and (D) weathering front, interfacing unweathered bedrock.

Also shown in Fig. 5.3 are the changes in the REE concentration along the depth 
of the profile. As shown, the REE concentration is low in horizon A as the Ln3+ ions 
liberated into the soil water have already been transported to the lower section of the 
regolith layer by the flow of rainwater. The presence of the HCO3

2− ions and F− ions 
may act as complexing agents and help the Ln3+ ions stay liberated from the rare 
earth-bearing minerals.

As meteoric water flows through the regolith layer, the REE ions adsorb prefer-
entially to the clay minerals formed via Reaction (5.2) as the mineral offers nega-
tively charged substrates with large surface areas on which Ln3+ ions can adsorb. 
The particle sizes of the kaolinite and halloysite are in the range of 1–2 μm and 

Fig. 5.3 Weathering profile of regolith-hosted ion-adsorption clay ore deposit [16]
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0.5–2 μm, respectively [15]. The latter is chemically similar to kaolinite, but the 1:1 
layers are separated from each other by water molecules; therefore, its structural 
formula is written as Al(OH)4Si2O5·nH2O. For the halloysite (10 Å), n = 2, and for 
the halloysite (7  Å), n  =  0. Halloysite has a tubular structure with the aluminol 
groups (Al- OH) being exposed at the internal surface of the cylindrical structure, 
while the siloxane (Si-O-Si) groups are exposed at the external surface. The tubular 
structure gives large specific surface areas (SSA) of 20–80 m2/g. Thus, halloysite 
serves as the major absorbent for REEs in many IAC deposits despite the fact that it 
is less abundant than kaolinite.

The point of zero charge (PZC) of kaolinite is pH <3 [17]; therefore, Ln3+ ions 
should adsorb on the mineral surface via electrostatic interaction above this pH. The 
clay mineral has two adsorption sites, which include (1) the basal Si-O-Si surface 
that is negatively charged due to the isomorphic substitution of the Si4+ ions by the 
Al3+ ions and (2) the Al-OH and Si-OH sites exposed on the edge surfaces. The lat-
ter sites can adsorb OH− as follows:

 
Al-OH OH Al- OH� � � ��

2  
(5.3)

and

 
Si-OH OH Si- OH� � � �� �

2  
(5.4)

to become negatively charged sites at high pH, while the charges of the former sites 
are permanent or independent of pH as they are of structural origin [4, 5].

Borst et al. [6] studied the adsorption of Nd and Y as proxies for light and heavy 
REEs, respectively, on kaolinite using the X-ray absorption spectroscopy (XAS) 
and concluded that REEs adsorb on the basal surfaces as fully hydrated ions with 
eight and nine water molecules for heavy and light Ln3+ ions, respectively, as shown 
in Fig. 5.4. The fully hydrated ions that are referred to as outer-sphere complexes 
adsorb on the basal surfaces of the AlO4(OH)2 octahedra and the SiO4 tetra via elec-
trostatic interactions. Therefore, they can be readily displaced by appropriate lixivi-
ant (e.g., NH4

+ ions), as shown by Reaction (5.1). On the edge surfaces of kaolinite, 
Ln3+ ions can adsorb as partially hydrated ions on the Al-(OH)2

− and Si-(OH)2
− 

groups and form inner-sphere complexes. According to Borst et al. [6], the inner- 
sphere complexes are difficult to be extracted by an ion-exchange mechanism.

It had been known previously that in acidic and near neutral solutions 
(pH <6.5–6.8) most of the ion-exchangeable REEs adsorb on clay minerals as sim-
ple or hydrated cations as “clay-REE” or “clay-REE(H2O)n” species [18, 19]. At pH 
>7, however, the adsorption occurs as “clay-O-REE2+” species, which are irrevers-
ibly chemisorbed [20]. For this reason, ion-exchange leaching is carried out usually 
at pH 4.0–5.5.
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Fig. 5.4 A model for REE adsorption on the basal and edge surfaces of kaolinite [6]

5.2.2  Fractionation of REEs

It is generally believed that HREEs can more readily form inner-sphere complexes 
than the light rare earth elements (LREEs) due to the smaller ionic radii associated 
with lanthanide contraction particularly at a higher pH, low lanthanide concentra-
tions, and low ionic strengths [21]. Yang et al. [22] studied the adsorption of a full 
spectrum of REEs on halloysite and showed indeed that the REE adsorption 
increases with atomic number and pH (Fig. 5.5a). Also shown are the data obtained 
from an IAC deposit in Guangdong Province, China. Note that the concentration of 
the ion-exchangeable REEs increased from 355 to 775 ppm with increasing depth 
from 12.6 to 14.9 m, which may be attributed to the increase in pH, atomic number, 
and halloysite content (Fig. 5.5b). The decrease in the ion-exchangeable REE con-
centration at deeper depths may also be attributed to the propensity to forming 
inner- sphere REE complexes on the edges of clay minerals via mono- or bidentate 
oxygen ligands, making them resistant to ion-exchange leaching.

Mukai et  al. [21] conducted microscopic analysis of the regolith-hosted IAC 
deposit using a laser ablation inductively coupled plasma mass spectrometry 
(LA-ICP-MS). The measurements were conducted on individual mineral (clay) par-
ticles before and after ion-exchange leaching using (NH4)2SO4 (0.5 M) as the lixivi-
ant. The results showed that nearly half (45.5%) of the REEs remained in the 
kaolinic particles after leaching, which was ascribed to the formation of inner- 
sphere complexes on the edge surfaces of clay minerals. It was found also that 
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Fig. 5.5 (a) Coefficient of adsorption (Kd) of REEs on halloysite; and (b) changes in pH, clay 
composition and ion-exchangeable REEs concentrations along the depth of a regolith-hosted IAC 
deposit [22]
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Fig. 5.6 Rare earth enrichment and fractionation along the depth of a regolith-hosted IAC ore 
deposit in Longnan, China [15]. Subscript s/p represents species concentration normalized by 
those of the parent rock. Ce/Ce represents the cerium anomaly

HREEs are more difficult to be removed than LREEs, which was consistent with the 
conclusions from Yang et al. [22]

It is well documented that the LREE/HREE ratio decrease with the depth of 
many IAC ore deposits as shown in Fig. 5.6. This observation has been explained by 
the theory that LREEs have a higher affinity toward clay minerals, which should 
allow smaller HREEs to migrate further down to the lower part of regolith and give 
rise to the fractionation [15]. Obviously, this mechanism does not agree with the 
more recent findings discussed in the foregoing paragraphs. A possible explanation 
for the apparent discrepancy may be attributed to the fact that HREEs could bond 
more strongly to both inorganic (e.g., CO3

2−), and organic ligands, leading to a pref-
erential depletion in regolith and corresponding enrichment in soil water, while 
LHEEs prefer to hydrolyze at a shallower depth to form REE oxides/hydroxides. 
The net result is that HREEs are mobilized toward depth and adsorb to clays [16, 23].

Figure 5.6 also shows that cerium concentrations are higher in the shallow part 
(0–0.7 m) than in the deeper part (3–4 m) due to the oxidation of Ce3+ to Ce4+ ions 
to form insoluble cerite, which is known as positive cerium anomaly. Note also that 
the REE+Y concentrations of the regolith-hosted IAC ore deposit in horizon B are 
3–4 times higher than in the parent rock, which makes IACs valuable resources.
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5.3  Extraction Processes

5.3.1  Ion-Exchange Leaching

Of more than 200 rare earth minerals identified to date, only four minerals are of 
commercial value in the sense that they account for ~95% of the world’s REE+Y 
reserves. These include bastnaesite ((REE, Ce)(CO3)F) concentrates assaying 
70–75% REO, monazite (REPO4) concentrates assaying 55–65% REO, xenotime 
(YPO4) concentrates assaying 55–60% REO, and IACs containing 0.05–0.3% REO 
[24]. Processing the first four rare earth minerals requires aggressive conditions 
involving NaOH baking and/or H2SO4 cracking steps, which are costly. Processing 
IACs, on the other hand, involves simple ion-exchange processes as represented by 
Reaction (5.1). It would require in principle, only a fraction of the energy required 
to extract REEs from IACs to displace the physically adsorbed outer-sphere Ln3+ 
complexes from the basal surfaces of clay minerals. It would be more difficult to 
displace the inner-sphere Ln3+ complexes adsorbed to the edge surfaces and those 
chemisorbed at pH >7 as discussed in the foregoing section. Borst et al. [6] sug-
gested that inner-sphere complexes can also form on the Al-OH groups on the basal 
surface of kaolinite, possibly at a higher pH.

The Ln3+ ions extracted into solution are then precipitated with oxalic acid to 
form rare earth oxalate precipitate

 
2 3 63

2 2 2 2 2 4 3
Ln H C O Ln C O H� �� � � � �

 
(5.5)

which is subsequently roasted at 900 °C,

 
Ln C O Ln O CO CO2 2 4 3 2 3 23 3� � � � �

 
(5.6)

to obtain Ln2O3 or rare earth oxides (REO). The sequence of Reactions (5.1), (5.5) 
and (5.6) are straightforward and do not involve aggressive reactions. Also, the 
IACs are rich in HREEs as compared to rare earth minerals (e.g., bastnaesite and 
monazite), for the enrichment mechanisms discussed above. Furthermore, the ion-
exchange leaching yields very little thorium (Th) in solution. For these reasons, 
including low processing costs, high-value products plus the low Th concentrations 
in leach liquor, IACs account for more than 80% of the global HREE production 
despite the fact that their reserve base is only 1% of the world’s REO resources, 
which has been reported to be 478.14 million metric tons [3].

Mining IAC ores started in Longnan Province, where NaCl rather than (NH4)2SO4 
was used as a lixiviant to extract the Ln3+ ions into solution by the ion-exchange 
mechanism. The deposits with high yttrium (Y) contents (<65% of the REEs) have 
been mined out. The ore deposits that are currently mined in the Ganzhou and 
Xinfang provinces now contain Y contents in the range of 20–30% [25]. Table 5.1 
shows a representative composition of the ores mined, which is close to an official 
Chinese estimate.
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Table 5.1 Composition of 
the Major IAC Mines in 
China [25]

REO Average Weight %

La2O3 27.9
CeO2 3.3
Pr11O6 5.7
Nd2O3 17.8
Sm2O3 4.6
Eu2O3 0.9
Gd2O3 6.0
Tb4O7 0.7
Dy2O3 3.8
Er2O3 2.5
Ho2O3,Tm2O3,Yb2O3, Lu2O3 2.4
Y2O3 24.5
Sum 100

Table 5.2 Extraction of REEs from the IAC samples from different continents [20]

REE
(ppm)

Africa Asia South America
A1 A2 A3 A4 A5 B1 B2 C1

Y 290 140 1801 120 100 1570 470 1200
La 1750 290 1790 460 250 70 980 450
Ce 260 170 220 450 280 60 200 120
Pr 280 70 270 450 280 60 200 980
Nd 1000 230 880 260 120 690 290
Sm 170 40 170 60 40 40 180 60
Eu 10 10 10 1.76 4.76 0.636 10 20
Gd 110 40 170 60 40 40 180 60
Tb 20 10 10 10 1.06 40 20 60
Dy 60 20 20 20 10 260 100 220
Ho 10 10 00 1.06 40 40 20 60
Er 20 10 150 120 10 380 250 210
Tm 2 0.869 0.685 0.0232 10 380 250 210
Yb 20 10 10 10 0 160 30 260
Lu 2.66 2.66 2.53 1.71 2.4 20 4.95 50
TREE 3990 1080 3800 1650 950 3000 3300 3260

Table 5.2 shows the results of the ion-exchange leaching tests conducted on the 
IAC samples from three different continents of the world—Africa, Asia, and South 
America. The extraction tests were conducted under benchmarked conditions: 
0.5 M (NH4)2SO4, pH 5.2, 2:1 solid/liquid ratio, 30 min reaction time, and ambient 
temperature and pressure [20]. The extraction efficiencies (%E) varied in the range 
of 40–80%, which agrees well with the fraction of the ion-exchangeable REEs pre-
dicted by Chi and Tian [26]. The efficiencies decreased with increasing atomic 
number, which can be attributed to the decreasing ionic radii of the Ln3+ ions due to 
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the lanthanide contraction and hence the increasing reactivity. Cerium (Ce) shows 
exceptionally low efficiencies due to the oxidation of Ce(III) to Ce(IV) during the 
weathering process.

That the overall extraction efficiencies were low is consistent with the adsorption 
model discussed in conjunction with Fig. 5.4. The Ln3+ ions forming outer-sphere 
complexes on the basal surfaces of clay minerals are ion-exchangeable as they are 
physically adsorbed, while those adsorbing on the edge surfaces by forming inner- 
sphere complexes are difficult to recover as they are chemically adsorbed.

During the early 1970s when the IAC industry began, Ln3+ and Y3+ ions were 
leached in ~1 M NaCl solutions in ponds. A problem with this process was that the 
product qualities were low (<70% REO) due to the coprecipitation of sodium oxa-
late. In the early 1980s, the industry began to use 0.3 M (NH4)2SO4 instead and 
increased the product quality to >92% REO, which led to widespread deployment 
of the new lixiviant. After decades of intense and largely unregulated use of 
(NH4)2SO4 for pond and heap leaching, the industry is required to use in-situ leach-
ing to minimize water pollution and landslides. According to Xiao et al. [27], the 
(NH4)2SO4 concentrations were 3500–4000 mg/L and 80–160 mg/L in groundwater 
and surface water, respectively, which may not be surprising in that 7–9 tons of the 
reagent are used per ton of REO produced. Many investigators are searching for 
greener lixiviants, which include magnesium sulfate (MgSO4) and aluminum sul-
fate (Al2(SO4)3).

Moldoveanu and Papangelakis [28] explained the ion-exchange mechanism on 
the basis of the enthalpy of hydration (ΔHhyd) data given in Table 5.3. The fact that 
the three monovalent cations (i.e., Li+, Na+, NH4

+), and Cs+ have nearly an order-of- 
magnitude less negative hydration enthalpies than the Ln3+ ions is an indication that 
these monovalent ions should be able to displace the latter from the surface of clay 
minerals, which is not surprising in that hydration enthalpy decreases with the 
increasing valence of cations. Note also that the Na+ ions have more negative ΔHhyd 
than the NH4

+ ions, which explains why the latter is a better lixiviant.
Table 5.3 shows also that the radii of the RE3+ ions decrease with increasing 

atomic number, causing the charge densities of the Ln3+ ions to increase. This 
explains why the heavier RE3+ ions have a higher propensity to adsorb on clay min-
eral surfaces than the lighter ones, providing an explanation for the IACs being the 
major source of HREEs. In effect, the clay minerals served as selective adsorbents 
(or collector) for HREE during the geological time scale.

5.3.2  Colloid Phase

The rare earths in the IAC ores in China exist in four different phases: (a) water- 
soluble, (b) ion-exchangeable, (c) colloidal sediment (oxides), and (d) minerals 
phase [29]. The first phase is negligibly small, the second (ion-exchangeable) phase 
accounts for ~80%, and the colloid and mineral phases together account for ~20% 
as shown in Table 5.4.
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Table 5.3 Ionic radii and enthalpies of hydration of cations [28]

Cations Ionic radius (Å)
ΔHhyd

(kJ/mol)

La3+ 1.06 −3285
Ce3+ 1.03 −3340
Pr3+ 1.01 −3384
Nd3+ 0.99 −3420
Pm3+ 0.98 −3445
Sm3+ 0.96 −3465
Eu3+ 0.95 −3508
Gd3+ 0.94 −3522
Tb3+ 0.92 −3553
Dy3+ 0.91 −3577
Ho3+ 0.89 −3621
Er3+ 0.88 −3647
Tm3+ 0.87 −3668
Yb3+ 0.86 −3715
Lu3+ 0.85 −3668
Li+ 0.68 −520
Na+ 0.95 −406
NH4+ 1.48 −322
Cs+ 1.69 −276

Table 5.4 REE distribution in different phases (% wt) [29]

Ores Water soluble Ion-exchangeable
Colloidal
oxide Mineral

Longnan mine 6.15 × 10−3 80.62 5.30 13.36
Xingfeng mine 8.14 × 10−3 83.58 3.23 12.63
Ninghua mine 1.47 × 10−3 84.94 4.98 9.909

The Longnan (LN) IAC ore is rich in HREEs (87%), while the Xingfeng (XF) 
and Ninghua (NH) ores contain 44 and 41% HREEs, respectively. The colloidal 
phase should include the Ln3+ ions adsorbed as chemisorbed species that are not 
removed by ion-exchange leaching using a 2% (NH4)2SO4 solution. The residue of 
the first leaching step is subsequently leached in a 2 M hydrochloric acid (HCl) 
solution in the presence of a strong reducing agent (hydroxylamine hydrochloride 
(NH2OH·HCl)) to determine the amount of colloidal phase. The residue of the sec-
ond step is then roasted at 900 °C to convert the rare earth minerals (e.g., monazite) 
to Ln2O3, followed by an HCl leaching. In the last step, the whole ore may be ana-
lyzed for comparison after roasting it at 900 °C in the presence of sodium peroxide 
(Na2O2) and NaOH.

Yanfei et al. [30] followed the sequential leaching procedure described above to 
determine the partitioning of REEs in three different phases (i.e., residual minerals 
phase, colloidal phase, and ion-exchangeable phase). The authors used an IAC ore 
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Fig. 5.7 Partitioning of REEs in different phases of the LT IAC ore [30]

sample from the Liutang (LT) mine, China, and analyzed the leach solutions by 
inductively coupled plasma optical emission spectroscopy (ICP-OES). Results are 
presented in Fig. 5.7. The REE content was 1.8% in the whole ore, 1.5% in the ion- 
exchangeable phase, 0.14% the colloidal phase, and 0.18% in the minerals phase. 
The REE distribution in the minerals phase was similar to that of the whole ore as 
expected, with high concentrations of LREEs and Y. The major component of the 
colloidal phase was CeO2/Ce(OH)4, with 55.84% by weight. The Ce(IV) com-
pounds are insoluble in water; therefore, partitioning of Ce(III) to the ion- 
exchangeable phase is low, which is known as the negative Ce anomaly. The 
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ion-exchangeable phase, which accounts for 83.33% of the total, is rich in lantha-
num (La), neodymium (Nd), and Y plus HREE (e.g., europium (Eu), gadolinium 
(Gd), and dysprosium (Dy)). In this LT ore, the colloidal and mineral phases 
accounted for 7.78 and 8.89%, respectively. It has been shown that one can extract 
REEs from the colloidal phase by using a reducing agent (e.g., ferric sulfate or ferric 
sulfate), to reverse the oxidation state from Ce(IV) to Ce(III) [31, 32].

5.3.3  Effect of Phosphate

It has been reported that the percentages of ion-exchangeable REY concentrations 
relative to whole rock REY contents (PER) vary with the P2O5 contents of weath-
ered granites, as shown in Fig. 5.8 [33]. Similar plots have been made for the IAC 
samples taken in the regolith of the Liberty Hill pluton, South Carolina [34]. A 
rationale for these observations was that the Ln3+ ions liberated into soil and ground-
water are taken up by the phosphate minerals such as monazite and thereby limit 
their mobilities along the depth of a regolith. The phosphate minerals can be the 
residual monazite in the regolith or the secondary phosphate (e.g., rhabdophane), 
formed between the liberated Ln3+ and PO4

3− ions in the soil water. Since the rare 
earth minerals are very stable with high pK values, they can act as powerful scaven-
gers of the liberated Ln3+ ions from solution, reducing the mobility of the liberated 
Ln3+ ions and thereby decreasing the PER contents. Fu et al. [23] expressed a more 
optimistic view on the role of phosphorus by suggesting that the Ln3+ ions in soil 
water can maintain mobility by complexing with HCO3, CO3

2−, and organic ligands.

Fig. 5.8 A relationship 
between ion-exchangeable 
REEs (PER) and P2O5 
contents of weathered 
granites. North Thai (NT) 
granite has lower P content 
than Western Province 
(WP) granite [33]
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5.3.4  Environmental Issues

Most of the global production of HREEs comes from the IAC ores mined in China. 
After several decades of intensive mining, the ore grades are declining in terms of 
remaining available resources, while the public awareness of environmental impacts 
has been growing. To address these issues, R&D efforts have been focusing on 
recovery improvement and finding nitrogen-free lixiviants. The REY recoveries 
were high (85–90%) when the industry was using the heap (or pond) leaching pro-
cess. With the use of the in-situ leaching process, which is mandated in South China 
to minimize the environmental impacts, the recoveries are now in the range of 
40–70% [25]. In this process, typically 1–5% (NH4)2SO4 solution is injected through 
the holes drilled into an ore body, kept in the ground for 150–400 days and then 
drained to recover the pregnant solution, followed by washing the ore with water. 
The process entails an 8–20% loss of the reagent.

The pregnant solution is cleaned of impurities, which include Al3+, Fe3+, Mg2+, 
and Ca2+ ions. These impurities are removed by raising the pH from 3.5 to 5.0 using 
ammonium bicarbonate (NH4HCO3). The leach solution substantially free of the 
impurities is then treated with oxalic acid to obtain Ln2(C2O4)3, which is calcined to 
obtain salable REO as shown in Reaction (5.5). The low recoveries obtained from 
the ion-exchange leaching may be in part due to the presence of the species that are 
not ion-exchangeable, which include the colloidal phase (oxides), residual and sec-
ondary minerals, and those adsorbed as inner-sphere complexes via chemisorp-
tion [21].

Fig. 5.9 Comparison of using (NH4)2SO4 and MgSO4 for the extraction of rare earth (RE) and 
aluminum ions from an IAC ore [35]
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To address the environmental issues concerning the use of (NH4)2SO4 as a lixivi-
ant, many investigators have explored the possibility of using MgSO4. Figure 5.9 
compares the results of using these two materials as lixiviants [35]. Rare earth 
recoveries were slightly higher with the former. On the other hand, the latter reagent 
released less of the aluminum ions into the solution. Thus, the use of MgSO4 may 
have two advantages: the elimination of nitrogen pollution and reduction of the 
generation of Al3+ ions into solution, which are major impurities in the leach liquor.

5.4  Ion-Adsorption Clays in the United States

5.4.1  Regolith-Hosted Deposit

It had been a general belief that IAC deposits are formed under humid and warm 
climates under subtropical weather conditions [36]. Recent studies conducted by 
the USGS showed, however, that both the climate and geological conditions in the 
United States were conducive to forming regolith-hosted IAC deposits in the granite 
plutons in Central Appalachia as shown in Fig. 5.10 [13].

Figure 5.11 compares the REE distributions obtained for the Stewartville rego-
lith and the Heling IAC deposit, China [13]. The former exhibits a fourfold to 
10-fold enrichment of REEs due to chemical weathering, which is comparable to 
what was observed with the latter. Note also that both the Stewartsville and Heling 
regolith- hosted IAC ores exhibit Ce and Eu anomalies.

Fig. 5.10 IAC deposits in Central Appalachia [13]
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Fig. 5.11 Comparison of the REE patterns of a regolith-hosted ion-adsorption clay samples taken 
from Stewartville, Virginia, and Heling, China [13]

The Stewartville pluton is a medium-to-coarse-grained biotite granite, the acces-
sory minerals of which include apatite, epidote, garnet, Nd-rutile, monazite, titanite, 
xenotime, gadolinite, and zircon. It is believed that the Ln3+ ions released from the 
Ln-bearing minerals have sufficient mobilities, which is essential for the regolith to 
be enriched with REEs during weathering. It has been shown, however, that the 
mobility of the liberated Ln3+ ions diminishes significantly if the regolith has a high 
phosphorus content [34]. In the presence of more stable phosphorus minerals (e.g., 
monazite, xenotime, and rhabdophane), the Ln3+ ions liberated from less stable 
accessory minerals (e.g., apatite), re-absorb onto the surfaces of the more stable 
minerals, and disappear from the soil water, thereby losing mobility, and failing to 
form ion-exchangeable IACs.
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Fig. 5.12 Sequential leaching tests conducted for selected regolith samples from Stewart 
profile [2]

Figure 5.12 shows the results of sequential extraction tests conducted on the 
Stewartsville regolith samples taken at different depths [2]. The tests were con-
ducted using sodium acetate (NaO2C2H3) as lixiviant at pH 5 and sodium pyrophos-
phate (Na4OP2O7) at pH 10. The maximum recoveries were 52% for LREEs and 
>70% for HREEs.
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Table 5.5 Reagents and conditions employed for sequential leaching [12]

Step Reagent/target fraction Solids (%) Temp. (°C) Time (h) pH

1 0.5 M (NH4)2SO4 22 22 4 5.0
Exchangeable

2 1 M HCl 22 22 24 1.0
Colloid

3 1.2 M H2SO4 70 70 1 0.86
Colloid + mineral

4 LiBO2-digestion – – – –
Mineral + residual

Fig. 5.13 Results of the sequential leaching tests conducted on the underclay samples from 
Central Appalachian coal seams: Lower Freeport (UC-01), Middle Kittanning (UC-02), Pittsburg 
(UC-03), Lower Freeport (UC-06) [12]

5.4.2  Coal By-Products

Bryan et al. [9] suggested that the formation of coal generally occurs in a basin that 
may also contain REE-enriched sediments from the deposition and/or erosion of 
volcanic, intrusive, and detrital resources. Thus, the clayey materials formed in gran-
ite rocks may have been an integral part of coal formation. Recognizing that ~80% 
of the mineral matter in coal has been derived from kaolinite, illite, halloysite, and 
other clay minerals, it would be reasonable to explore the possibility of extracting 
REEs from the coal by-products such as underclay and thickener underflows.

Montrose et al. [12] did just that and conducted bench-scale extraction tests on a 
series of underclay samples associated with Central Appalachian coal seams. These 
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Fig. 5.14 Stability 
diagram for LaPO4(s), 
representing a passivated 
form of the La3+ ions 
adsorbed on kaolinite in 
the presence of 
EDTPO [37]

included Lower Freeport, Middle Kittanning, and Pittsburgh No. 5 coals. Each sam-
ple was subjected to sequential laboratory-scale extraction tests using the reagents 
and experimental conditions given in Table  5.5. The leaching experiments were 
designed to extract different phases of rare earths (i.e., ion-exchangeable, colloidal, 
minerals and total).

The results presented in Fig.  5.13 show that the (NH4)2SO4 leaching at pH  5 
extracted only 0.3–7.5% of the total REEs, indicating that the ion-exchangeable 
fractions in the three U.S. coal samples were much smaller than those of the IAC 
ores mined in South China. Of the four samples tested, the Middle Kittanning coal 
sample (UC-02) responded well to the conventional ion-exchange leaching process 
using (NH4)2SO4 as the lixiviant. Including the recoveries obtained by HCl leaching, 
the recoveries were in the range of 11.4–36.0%. The HCl leaching most probably 
dissolved the colloidal phase which included iron (Fe) and manganese (Mn) oxides.

All four samples contained significant amounts of residual rare earth-bearing 
(carrier) minerals and secondary minerals mostly as phosphates, which may have 
contributed to reducing the mobility of the Ln3+ ions along the regolith profiles and 
hence the low ion-exchangeable contents.

The results obtained with a chelating agent (citric acid, (C6H8O7)) alone gave 
substantially higher recoveries than obtained with (NH4)2SO4. For the UC-02 sam-
ple, the recovery was 33%. It is possible that the chelating agent dissolved LnPO4(s) 
that may have been formed on the IAC in the presence of the PO4

3− ions that were 
derived from a less stable phosphate mineral (apatite).

Figure 5.14 represents a stability diagram for the LaPO4(s) in the presence of 
ethylenediamine- tetramethylene phosphonic acid (EDTPO), which is a strong che-
lating agent. The diagram suggests that it is thermodynamically possible to dissolve 
the LaPO4(s), representing a passivated form of the lanthanide species adsorbed on 
the surface of an IAC, at a wide range of pH. The data presented in Fig. 5.15 show 
a set of leaching tests conducted on a clay sample that had been isolated from a 
thickener underflow sample from West Virginia. The tests were conducted at 0.1 M 
EDTPO, 2.6–4.2% NaOH at 80 °C. The use of NaOH was to desorb PO4

3− ions 
from the LaPO4(s) surface. It is possible that REE ions were extracted into the leach 
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Fig. 5.15 Percent extraction of REEs from the clay samples isolated from a thickener underflow 
of the Lower Kittanning coal in West Virginia [37]

liquor from both the LnPO4(s) and the residual minerals (monazite) that were co-
present in the industrial sample. The experimental conditions employed for these 
tests were milder than typically employed to leach monazite. The role of the thick-
ener was to collect the fine coal waste generated during the process of cleaning the 
Lower Kittanning coal before discarding it to an impoundment.

5.4.3  Challenges

The results presented in this chapter support the possibility that U.S. coal may be a 
significant source of HREEs. On the other hand, it is a challenge to extract them 
using the simple ion-exchange process represented by Reaction (5.1). Two possible 
reasons have been suggested for this difficulty. First, the REEs adsorbed on clay 
minerals are in a colloidal form possibly as oxides, hydroxides, and oxyhydroxides. 
A series of reductive leaching tests conducted on coal by-products did not yield 
promising results. Second, the ion-adsorption clays formed on granite rocks and 
transported to the coal basins may have been passivated by the PO4

3− ions from 
solution, making it difficult to extract them by ion-exchange leaching. Promising 
results have, however, been obtained using chelating agents.

The presence of IACs in U.S. coals may be supported by the work reported by 
Foley et al. of the USGS [2, 13]. These investigations showed that the climate and 
geological conditions of the Central Appalachia region and South China were simi-
lar and that the REEs can be readily extracted using either by ion-exchange leaching 
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Fig. 5.16 Element-by-element recovery of rare earth elements in a pregnant leach liquor obtained 
by leaching an underclay sample from Pennsylvania at 6 M HCl for 18 hrs. No significant leaching 
of the feed solids was observed. The smaller the particle size of a feed sample, the higher the 
recovery [37]

or by using appropriate complexing agents. A major difference between the two 
sources of clay (i.e., coal and granite) may lie in the fact that the former had been 
immersed in an aqueous phase during the geological time scale, while the latter 
had not.

There are three other challenges from the process engineering point of view. 
First, the REE concentrations are low (300–500 ppm), which makes it difficult to 
deploy a costly extraction process. Unless the prices of REOs are substantially ele-
vated in the future, the contained values of coal by-products are too low to attract 
significant capital investments. Second, processing costs may be high to overcome 
the problems associated with colloidal and passivated forms of REEs. The fact that 
the particle sizes are small, mostly <10 μm, may also contribute to the high costs. 
Third, coal by-products contain significant amounts of residual accessory minerals 
along with ion-adsorption clays. Processing of the former (e.g., monazite) will 
require aggressive extraction processes, while processing the latter will require 
milder reaction conditions. It may be necessary to process them in separate lines 
after appropriate separation.

The concentrations of different REE elements extracted into solution from leach-
ing an underclay sample are presented in Fig. 5.16. Although the recoveries were 
low, the results show that the clay minerals in coal are excellent vehicles to enrich 
HREEs on the surface, which is a unique characteristic of IACs in general. 
Furthermore, the concentrations of Y and Th are low, which is another characteristic 
and advantage of extracting REEs from IACs.
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5.5  Summary

Despite its low reserve base, IACs account for 80% of the global supply of HREEs 
that are essential for developing renewable energy resources, high-tech industries, 
and defense industries. Clay minerals provide negatively charged surfaces on which 
Ln3+ ions can adsorb physically as outer-sphere basal complexes, which can be 
readily extracted by other cations or by anions that can remove them by forming 
aqueous complexes.

Recent studies conducted by USGS showed that both the geological and climate 
characteristics of southeastern United States are conducive to forming regolith- 
hosted IACs, which has raised the prospect of turning coal mining wastes into a 
major resource for HREEs [13]. It has been found, on the other hand, that it is dif-
ficult to extract REEs from them using the ion-exchange leaching process as they 
may be passivated by PO4

3− ions present in coal basins. Recent studies showed, 
however, that one can address this problem by using appropriate chelating agents. 
There are other challenges such as the presence of residual accessory minerals and 
low rare earth grades, both of which can be readily addressed with further future 
research.
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Chapter 6
Solvent Extraction

Alain Rollat

6.1  Introduction

The chemical and physical properties of the final application using rare earth ele-
ments (REEs), as magnets, catalysis or phosphors for example, are specific to the 
different REEs and in most cases, these properties depend greatly on the purity of 
the REE used. Typically, it is quite usual in the rare earth (RE) industry to speak 
about purities as high as 99.9% (3 N) or 99.99% (4 N).

Since RE ores contain a mixture of all the lanthanides plus yttrium, and because 
the lanthanides and yttrium have similar chemical properties, producing such high 
purities is a challenge. Currently, this process step which is commonly called RE 
separation or RE refinery is done by solvent extraction (SX). Several companies and 
research teams are looking for alternative processes, but SX is still the only technol-
ogy used in industry.

This step of the global RE process is key for several reasons.

• The performance of the final applications (magnets, catalysis, phosphors, etc.) 
depends mostly on the purity of the RE used.

• The cost of the refining step both in terms of capital expenditure (CAPEX) and 
operating expenditure (OPEX) is an important part of the overall cost of the REE 
industry.

• The life cycle assessment (LCA) of the RE oxides or metals shows the impor-
tance of the refining step in the global environmental footprint of the RE industry.

The focus of this chapter is to present the chemistry and the technology hidden 
behind the RE separation process and their consequences on the economics and the 
environmental footprint of the REE industry.
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6.2  A Short History of the Rare Earth Element 
Separation Processes

It is well known that all the REEs, the lanthanides, and yttrium have remarkably 
similar chemical behavior. This is the reason why these elements are always present 
together in the ores, and this characteristic also explains the complexity of the RE 
separation process.

Until the early 1950s, REEs were separated by fractional crystallization using 
various chemical reagents. On the other hand, if all the REEs exist as trivalent ions, 
with cerium being stabilized in the aqueous solution as a tetravalent ion and euro-
pium as a divalent ion, then these valence state differences were used to purify these 
REs. However, these processes were long, complex, and did not allow production of 
all the REs as pure individual elements.

In the 1950s, REE separation using ion exchange (IEx) was a first step in the 
development of the industrial production of pure individual elements. However, 
from the mid-1960s, the development of the color TV needed production of mass 
quantities of high purity europium and yttrium. Although IEx produces very pure 
REs, it has two drawbacks: it is a sequential process with an intrinsic low productiv-
ity, and it uses some expensive chemicals like aminopolyacetic acids which must be 
recycled. In this context, some companies in Europe, the United States, and Japan 
decided to develop a new process for RE separation based on the technology devel-
oped for the Manhattan project during the second world war, solvent extraction 
(SX). Among them were two companies, Molycorp in the United States and 
Pechiney-Saint Gobain (became Rhone-Poulenc, then Rhodia) in France, which 
were at that time the leaders of the RE industry.

From these early times, the situation of the RE industry has become both simpler 
and at the same time more complicated. In the early 1980s, a newcomer, China, 
started to develop its own RE industry based on the same principles as those already 
used in the western world [1]. Nowadays, all the industrial units in the world use SX 
for RE separation, but the competence for designing and running this technology 
has been progressively concentrated in China. Fortunately, a few teams around the 
western world have retained the expertise of RE separation.

6.3  Solvent Extraction Chemistry of Metallic Species—
Application to the Rare Earths

Solvent extraction is widely used for metals recovery and purification, from very 
large volumes of base metals like copper to small quantities of high value elements 
like cobalt or uranium and even very costly elements like the platinum group metals 
[2]. SX of metallic species is based on the difference in behavior of metals during 
their transfer from an aqueous solution to an organic immiscible phase. Analyzing 
the behavior of metallic species according to the chemistry involved in the mass 
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transfer is interesting from two standpoints. First-of-all, based on the chemical 
knowledge of the elements to be recovered, it allows for prediction and optimization 
of the conditions of their extraction, and then it also allows for understanding the 
mass transfer driving forces and economics of the process.

Insofar as the inorganic species are not soluble in most of the organic media, the 
transfer of a metallic species from an aqueous solution into an organic solution 
needs the help of some specific organic molecules to make the inorganic species 
compatible with the organic environment. The chemical form of these organic mol-
ecules, also called extractants, extracting molecules or ligands, is the basis for the 
classification of the various extraction systems for metallic species. These extrac-
tion systems can be classified into three categories according to the chemistry 
involved: neutral or solvating extraction (extraction of a neutral species (i.e., mole-
cule or complex)); basic or ion pair extraction (extraction of anionic species); and 
acidic extraction (extraction of cations). Most often the active molecule is diluted in 
a diluent (typically an aliphatic—kerosene—or aromatic hydrocarbon, but other 
organic molecules can be considered) to lower the viscosity. This organic mixture to 
which some other species can be added is called the solvent of extraction.

The lanthanides and yttrium are all stable in trivalent oxidation state in aqueous 
solution. Because of the remarkably similar chemical properties of the trivalent cat-
ions, their purification is the most difficult separation among the metallic species. 
The specificities of each system (neutral, basic, and acidic) are shown below. 
However, two lanthanides, cerium and europium are also stable in a different oxida-
tion state—tetravalent for cerium in a nitrate or sulfate solution and divalent for 
europium in a chloride solution. The specific behaviors of Ce4+ and Eu2+ compared 
to all RE3+ can also be used for purifying these elements (Sect. 6.3.4).

6.3.1  Neutral or Solvating Extraction of Trivalent RE

This system uses neutral molecules. The anion present in the aqueous phase is coex-
tracted with the metallic cation meaning that this system can be used only if the 
metallic ion and the anion can form sufficiently stable complexes in the aqueous 
phase. In the case of REEs, this criterion limits the possibility of the use of neutral 
molecules to only nitrate solutions. Indeed, the chloride ions are not complexing 
enough versus REEs to be extracted by neutral molecules. Tributyl phosphate (TBP) 
is one of the neutral molecules widely used for REE separation [3]. The equilibrium 
of such an extraction system is shown below:

 
RE NO TBP RE NO TBPaq aq org org

3
3 3 3 3

3 3� �� � � ��� �� � � � ��� ��


,
 (6.1)

Where RE3+ = trivalent REE ion

The constant of this equilibrium can be expressed as:
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While the partition coefficient of REE ions between organic and aqueous phase is:
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The driving force of the RE extraction is the concentration of nitrate in aqueous 
solution. The equilibrium does not depend on the acidity of the aqueous solution as 
long as the acid concentration is low enough (at high acid concentration, nitric acid 
will be extracted by TBP and there will be a competition between the extraction of 
REE and the extraction of HNO3).

6.3.2  Basic or Ion Pair Extraction of Trivalent RE

This system uses organic cations. The metallic species is extracted as an anion 
formed between the metallic cation (Mn+) and the anion present in the aqueous 
phase. This system can be used only if the metallic ion and the anion can form suf-
ficiently stable complexes in the aqueous phase and in the case of REEs, this crite-
rion limits the possibility of the use of ion pair extraction to nitrate solutions. Indeed, 
the chloride ions are not complexing enough with the REE to allow them to be 
extracted as ion pairs. Trioctyl methyl ammonium (commercial name Aliquat 336) 
is one of the organic cations used for REE separation [3]. The equilibrium of such 
an extraction system is shown below:

 
RE aq NO aq R CH N NO org R CH N RE NO
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Where RE3+ = trivalent REE ion and R = C8H17

The constant of this equilibrium can be expressed as:
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While the partition coefficient of RE ions between organic phase and aqueous 
phase is:

 
P K NO R CH N NORE RE aq� �� �� �� ��
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3

3

3 3 3,
 (6.6)
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The driving force of the REE extraction is the concentration of nitrate in aqueous 
solution. Equilibrium does not depend on the acidity of the aqueous solution as long 
as the acid concentration is low enough (at high acid concentration, there will be a 
competition between the extraction of RE(NO3)4

− and the extraction of NO3
−).

It should be noted that anionic extraction as described below is a special case of 
extraction by ionic liquids to which various academic studies have been devoted in 
recent years [4]. It is therefore interesting to see that ionic liquids have been used 
industrially for several decades in the RE industry.

6.3.3  Acidic or Cationic Extraction of Trivalent RE

This system uses acidic organic molecules. The metallic species is extracted as a 
cation. It can be used whatever the aqueous solution’s common acid ion, chloride, 
sulfate or nitrate may be. Ethyl2hexyl,ethyl2hexyl phosphonic acid (H(EH)EHP, 
commercial name P507 in China or PC88A in the western world) is one of the cat-
ionic molecules widely used for RE separation [3]. The equilibrium of such an 
extraction system is shown below:

 
RE HL REL Haq org org aq

3
33 3� �� � ����� �,  (6.7)

Where RE3+ = trivalent REE ion and HL = Acidic organic molecule

The constant of this equilibrium can be expressed as:
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while its distribution coefficient is:

 
P K HL HRE RE org� � �� �� �� ��

�3 3
/

 (6.9)

The driving force of the RE extraction is the acidity of the aqueous solution. This 
driving force is linked to the acidity constant of the acidic molecule:

 
Ka L H HL� �� �� � �� �� � ��  /

 (6.10)

For a given element, the higher the acidity constant, the more difficult the stripping 
of the RE from the organic solution and the more acid will be required.
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6.3.4  The Specific Case of Tetravalent Cerium 
and Divalent Europium

All the lanthanides as well as yttrium are stable in the trivalent oxidation state in any 
type of common commercially used aqueous acidic solutions (chloride, nitrate, and 
sulfate). Chemical Eqs. 6.1, 6.2 and 6.3 reflect the chemical behavior of the trivalent 
RE cations.

However, cerium is also stable in the tetravalent oxidation state in sulfate and 
nitrate solutions and europium is stable in the divalent oxidation state in chloride 
solution. Ce4+ has a much more acidic chemical behavior than all the RE3+ while 
Eu2+ has a chemical behavior comparable to Sr2+. These specific chemical behaviors 
can be used for purifying cerium and europium [3].

Ce4+ can be obtained from Ce3+ by chemical oxidation or electrochemical oxida-
tion in sulfate or nitrate solutions. The separation of Ce4+ from RE3+ can be done 
either by classical chemistry (selective precipitation) or by SX. Speaking about SX, 
Ce3+ is always between La3+ and Pr3+ whatever the extractant, but Ce4+ is much more 
extractable than all RE3+. This difference is interesting from an industrial point of 
view because cerium represents almost half of the REE in many ores. Therefore, the 
SX of cerium first can be used to minimize the size of all the downstream processing.

Eu2+ can be obtained from Eu3+ by chemical reduction with Zn or by electro-
chemical reduction in chloride solution.

Then, separation of Eu2+ from RE3+ is done either by classical chemistry using 
the difference of solubility between the Eu2+ species and the corresponding RE3+ 
species (selective precipitation of Eu2+ sulfate, the solubility of which is extremely 
low and close to the Sr2+ sulfate solubility) or by SX, the selectivity between RE3+ 
and Eu2+ is extremely high with any cationic type of molecule.

6.3.5  Chemical Formula of Some Important Ligands

The most important ligands used for REE separation are shown in Table 6.1.

6.4  The RE Refining Process

6.4.1  A Global View of the RE Separation Process by SX

Whatever the extracting molecule is, the selectivity of one single liquid-liquid 
extraction mass transfer is by far not sufficient to obtain pure products. This single 
effect needs to be repeated many times to allow reaching the required purity. Each 
mass transfer step (extraction) is followed by a coalescence step from which both 

A. Rollat



155

Table 6.1 List of the main molecules used for REE separation

Extraction 
type Chemical name and formula

Usual 
acronym Commercial name

Solvation Tri butyl phosphate TBP TBP

Di butylbutyl phosphonate DBBP DBBP

Anionic Trioctyl methyl quaternary 
ammonium

Aliquat 336

Cationic Methyl heptylic acid Versatlc acid

Cyclo pentyl alkyl carboxilic 
acid

Naphtenic 
acid

Naphtenic acid

Di ethyl2hexyl phosphoric 
acid*

HDEHP 
D2EHPA

HDEHP (western 
world) P204 (China)

Ethyl2hexyl, ethyl2hexyl 
phosphonic acid*

HEH(EHP) P507 (China), 
lonquest 801 
(Solvay) PC88A 
(Daihachi)

Bis(2,4,4-trimethylpentyl) 
phosphinic acid*

HBTMPP Cyanex 272 (Solvay)

Mixture of Ethyl2hexyl, ethyl2hexyl 
phosphonic acid and Bis(2,4,4-trimethylpentyl) 
phosphinic acid

Cyanex 572 (Solvay)

*Among the phosphorus acids, the acidity constants are phosphinic < phosphonic < phosphoric

aqueous and organic phases are recovered separately. Then both aqueous and 
organic phases coming out of this first step are contacted again with a new organic 
and a new aqueous phase. This series of extractions-coalescences is done in specific 
equipment allowing the two phases, aqueous and organic, to circulate countercur-
rently. But how does such a series of extraction-coalescence steps allow us to pro-
duce pure REEs? In this type of process, the organic phase (the solvent) combines 
two actions:

• A conveyor, allowing the REs to move along the series of extraction- 
coalescence steps.

• A selector, allowing some REs to move more efficiently than the others.

The solvent as a conveyor, not being consumed during this process, is continu-
ously recycled to repeat its conveying and selection actions.

The design of such equipment allowing the contact of the aqueous and organic 
phases countercurrently will be discussed later, but for the time being let us call it 
the SX battery.
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 The Classical Configuration of a SX Circuit (SX Battery)

Globally, a classical SX battery allows for the separation of a mixture of REs into 
two groups of REs, each of them being purified from the other or, if just a mixture 
of two REs, into two pure REs. The position of the cut between two adjacent REs 
can be anywhere along the lanthanide series if the separation factor between the two 
REEs to be separated (the ratio between the partition coefficient of both REE) is 
high enough. Industrially the lowest separation factor used is about 1.5. And so, the 
separation of a mixture of n REEs into n pure REEs needs n-1 SX batteries. For 
example, the recycling of REEs from end-of-life permanent magnets leads to a mix-
ture of four REEs—Pr, Nd, Tb, and Dy. The separation of this mixture into pure Pr, 
pure Nd, pure Tb, and pure Dy will need three SX batteries. Five different configu-
rations of these three batteries can be designed (Fig. 6.1).

Even if all these configurations are potentially possible, they are not all equiva-
lent from an economic point of view. The choice between these different configura-
tions will be based on economic considerations and only a model can be used to 
make this comparison (i.e., the separation of a mixture of seven REEs into seven 
pure REEs can be done with 145 different configurations of six SX batteries!).

But how does each SX work? In other words, what is the principle of circulation 
of a solution containing a mixture of n REEs in a SX battery that allows this solution 
to be separated into two solutions of REEs each of them being completely separated 
from the other. This principle will be exemplified using SX1 of Configuration 2 (i.e., 
PrNd/TbDy separation).

Like all SX batteries for REEs separation, SX1 is made of four sections, loading, 
extraction, scrubbing, and stripping, each section having a certain number of stages:

SX1

SX3SX2

PrNdTbDy

Nd

TbDyPrNd

Tb DyPr

Configuration 2

SX1

SX2

SX3

PrNdTbDy

Tb

NdTbDy
Pr

TbDy

TbDy

Nd

Configuration 5

SX1

SX2

SX3

PrNdTbDy

Tb

NdTbDyPr

NdTb

Dy

Nd

Configuration 3

SX1

SX3

SX2

PrNdTbDy

Tb

Nd

PrNdTb

Pr

Dy

PrNd

Configuration 1

SX1

SX3

SX2

PrNdTbDy

NdTb

Tb

PrNdTb

Nd

Dy

Pr

Configuration 4

Fig. 6.1 Different configurations possible for Pr/Nd/Tb/Dy separation
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Fig. 6.2 Stream circulation in an RE SX battery. (*Effluents and stripping streams are not repre-
sented in this figure)

• In the loading section, the fresh solvent is loaded by mixing with an aqueous 
solution of Pr + Nd.

• In the extraction section, the loaded solvent containing Pr + Nd is fed countercur-
rently with the feed solution containing the four REEs. During this step, all the 
Tb and Dy ions contained in the feed are exchanged with the Pr and Nd coming 
with the loaded solvent.

• The solvent coming out of the extraction section contains all the Tb and Dy, but 
also part of the Pr and Nd coextracted with Tb and Dy. The aim of the scrubbing 
section is to exchange these Pr and Nd with Tb and Dy sent countercurrently to 
the solvent.

• In the stripping section, the solvent coming out of the scrubbing section is mixed 
countercurrently with an aqueous solution suitable to strip the Tb and Dy con-
tained on the solvent.

The solvent coming out of the stripping section is pure of REEs and can be 
recycled as fresh solvent to the loading section. In other words, there is no consump-
tion of the solvent which can be seen as the conveyor of the REE along the separa-
tion process.

The circulation of the different streams is shown in Fig. 6.2.

 The Multioutlet SX Battery Configuration

In the classical configuration presented in Fig. 6.2, a mixture of four REEs (i.e., Pr, 
Nd, Tb, Dy) is separated into two mixtures of two REEs (Pr + Nd and Tb + Dy), this 
is a typical two outlets SX battery. It is also possible to design a SX batterys with 
intermediate withdrawals of the aqueous phase. This type of configuration also 
called multioutlet configuration is widely used in China. It has an obvious advan-
tage—it limits the number of SX batteries. It has also a significant drawback—it is 
not possible to get all the outlets pure.
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Pr PrNd TbDy Pr NdTb TbDy

3rd Outlet in the extraction section 3rd Outlet in the scrubbing section

SX circuit with 3rd outlet in the extration section SX circuit with 3rd outlet in the scrubbing section

PrNdTbDy PrNdTbDy

Fig. 6.3 A three outlet battery with a Nd concentrate withdrawal

An example of such a multioutlet SX battery is presented in Fig. 6.3 for the same 
feed as the one used in Fig. 6.2. The target is to obtain three products: pure Pr, Nd 
concentrate, and a TbDy mixture. Depending on its position, the third outlet can be 
either a concentrate of Nd with Pr if the aqueous withdrawal is in the extraction sec-
tion, or a concentrate of Nd with Tb if the aqueous withdrawal is in the scrubbing 
section. It is impossible to obtain from the same circuit production of pure Pr, an 
outlet of pure Nd, and production of a Tb + Dy mixture without Nd.

 The Hyperlink Configuration

In the typical chloride route widely used in China, the loading section consumes 
alkali, usually caustic soda and the stripping section consumes acids, usually hydro-
chloric acid. Consumption of these chemical is by far the main cost of the RE sepa-
ration process with the chloride route. To limit consumption, Chinese scientists have 
designed a new type of configuration called Hyperlink [5, 6]. The basic idea of this 
concept is to use the same loading section for several RE separations or in other 
words, the feed of one RE separation can be either an aqueous feed (i.e., the classi-
cal configuration) or an organic feed coming from the upstream SX separation. In 
this type of process, the different separations are overlapped and the flows coming 
from one to the other can be either aqueous or organic. A typical configuration for 
separation of three REEs is presented in Fig. 6.4.

In this configuration, the solvent is loaded once with an aqueous solution con-
taining only A. The solvent containing B and C coming out of the A/(B)/C separa-
tion section is sent to the B/C section of the separation before being stripped. The 
aqueous phase containing A and B coming out of the A/(B)/C separation section is 
sent to the A/B separation. This principle can be theoretically reproduced as many 
times as desired when the target is to separate more than three REEs. In principle, 
one can design a multielement separation process with only one loading section and 
one stripping section. However, it is well known that the Chinese government pro-
hibits the export of the RE technologies and the hyperlink process is considered as 
the most critical one. Under these conditions, it is not surprising that we did not find 
any Chinese publications presenting a global process flowsheet with a clear circula-
tion of the different aqueous and organic streams for a separation with more than 
three REEs.
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Fig. 6.4 Hyperlink configuration for separation of three elements

The main interest of this process is the savings of both alkaline solution during 
the loading step and of acid solution during the stripping step. Indeed, in the exam-
ple shown in Fig. 6.4, instead of having two stripping sections (one for B + C and 
one for A) as with a classical separation flowchart, there is only one main stripping 
section for C in the hyperlink configuration. Of course, the acid consumption with 
the hyperlink is not equivalent to the acid consumption for C stripping only in the 
classical configuration, it will be much higher, but less than the global consumption 
in the classical configuration. Chinese scientists claim that the savings could be in 
the range of 30–50%; however, the model leading to this result is not provided.

On the other hand, the interweaving of the different separations makes their 
operation more delicate. Any deviation of one of them will automatically be trans-
mitted to the others.

6.4.2  The Choice of the Solvent—An Economic 
and Environmental Decision

How to choose between the various potential extracting molecules and which aque-
ous/organic couple will be the best in terms of economy and environment? There is 
no absolute answer to these questions and the final decision depends on the compo-
sition of the feed solution, on the finished products targeted and on the local con-
straints. In the end, the decision will be based on three criteria—OPEX, CAPEX, 
and environmental footprint. But how does one relate these criteria to the character-
istics of the system? Three characteristics must be considered:

• The selectivity of the organic ligand versus REEs.
• The chemistry associated to the organic ligand.
• The loading capacity of the solvent.
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These three criteria will be discussed in the sections below considering only the 
chloride and nitrate media used industrially. In some RE industrial plants, the preg-
nant liquor solution (PLS) is obtained as a sulfate solution. In this case, the first SX 
separation can be operated in a sulfate medium, but with the target being to remove 
the non-RE impurities and at the same time to convert the purified mixed REs into 
a chloride or a nitrate solution.

 The Selectivity of the Organic Ligand

Selectivity is the first criterion to consider. Without selectivity, RE separation is not 
possible. Selectivity versus REE of the main molecules used for the RE separation 
is shown in Fig. 6.5.

Several important points can be highlighted:

• The three phosphorus-based acidic molecules, HDEHP, HEH(EHP), and 
HBTMPP, are selective all along the lanthanide series with quite similar separa-
tion factors and can be used for any REE separation.

• Naphthenic acid, which is a carboxylic acid, is selective only for the light rare 
earths (LREs), but one may notice that yttrium is located between La and Ce 
which is specific to this type of molecule and can be used for simplifying the 
yttrium purification.

Fig. 6.5 Relative partition coefficients of REE for main industrial solvents (PY = 1)
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• In a nitrate medium, the neutral molecule TBP is selective only for the LREs.
• In a nitrate medium, the basic extractant, Aliquat 336, is selective only for some 

groups of REE and has an inverse selectivity compared to the other extractants.

 The Chemistry of the Organic Ligand

The second important criterion to consider is the chemical nature of the ligand itself. 
Indeed, as it has been discussed above (Sect. 6.3), the mass transfer driving force 
between the aqueous and the organic phases will depend on the chemistry used and 
more specifically on the type of organic molecule used as an extractant.

Neutral molecules (i.e., TBP) or ion pairs (i.e., Aliquat 336) can be used only in 
a nitrate solution. In that case, the mass transfer driving force is the nitrate concen-
tration in the aqueous phase. There is no need of any chemical addition during sol-
vent extraction, but the aqueous solution must be concentrated during the extraction 
step (mass transfer from the aqueous phase to the organic phase) and diluted during 
the stripping phase (mass transfer from the organic phase to the aqueous phase). In 
other words, solvent extraction with neutral molecules or ion pairs will consume 
energy during the extraction step and water during the stripping step. No addition of 
chemicals also means that there is no chemical species to be removed from the sys-
tem and so no wastewater released.

Cationic molecules (i.e., HDEHP (P204), HEH(EHP) (P507, Ionquest 801 or 
PC88A), HBTMPP (Cyanex 272)) or their combination (Cyanex 572) can be 
used both in a chloride solution and in a nitrate solution. These molecules can 
also be used to extract REEs from a sulfate solution, but because of the low solu-
bility of REEs in a sulfate medium and because of the risk of double salt precipi-
tation ((Na,RE)(SO4)2), all the industrial processes use a chloride or a nitrate 
media (Sect. 4.3). The sulfate medium will not be considered here. The driving 
force of the extraction is the acidity of the aqueous phase. The extraction step 
(mass transfer from the aqueous phase to the organic phase) needs to have a low 
acidic aqueous phase and so will consume alkaline solution (caustic soda or 
ammonia) in the loading section. The stripping step (mass transfer from the 
organic phase to the aqueous phase) needs to have a high-acidic aqueous phase 
and so will consume acids (usually hydrochloric or nitric acids) in the stripping 
section. From Eq. 6.3, the higher the extraction constant, the more the acid con-
sumption. For the three cationic molecules listed above, the acid consumption 
will increase in the order HBTMPHP < HEH(EHP) < HDEHP. The addition of 
these alkaline and acid solutions will generate salts (usually sodium chloride or 
ammonium nitrate) which need to be removed from the system and in the end 
will generate salty effluents.

The influence of the solvent extraction chemistry chosen based on the OPEX and 
environmental footprint is summarized in the Table 6.2.
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Table 6.2 Influence of the SX chemistry on the OPEX and environment

Type of 
extractant

Typical 
molecule

Aqueous 
phase Chemical consumption

Energy 
consumption Wastewater

Acidic HDEHP, 
HEH(EHP), 
HBTMPP

Chloride 
or nitrate

Alkali and acids
The higher the 
extraction constant the 
more the acid 
consumption

Low Salty 
effluents

Neutral TBP Nitrate 
only

None High None

Ion pairs Aliquat 336 Nitrate 
only

None High None

Table 6.3 Maximum loading capacity of REEs in three solvents

Solvent
TBP 75%
Kerosene 25%

H(EH)EHP 50%
Kerosene 50%

Aliquat 336 30%
Solvesso 150 70%

Loading capacity RE = 0.75 M/l RE = 0.20 M/l RE = 0.20 M/l

 The Loading Capacity of the Solvent

The third important criterion is the loading capacity of the solvent. Indeed, as it has 
been discussed, the solvent is the conveyor of the REEs. In most of the RE separa-
tion processes, the solvents are saturated and so the higher the loading capacity, the 
higher the productivity.

In most cases, the active molecule (the extractant) cannot be used as such because 
of the high viscosity of these molecules. The extractant is diluted in an organic dilu-
ent, which is a mixture of aliphatic and aromatics molecules, from pure aliphatics to 
pure aromatics, depending on the process. This mixture (extractant + diluent) is the 
solvent for which the maximum loading capacity must be assessed.

The maximum loading capacity of three typical solvents used in RE separation 
is presented in Table 6.3.

6.4.3  Industrial Processes

In the block diagram presented in Fig. 6.2, the nature of the aqueous solutions is not 
specified. While REEs can exist in three different types of inorganic solutions (chlo-
ride, nitrate, and sulfate), only two of them (i.e., chloride and nitrate) are used indus-
trially for the RE refining process. The sulfate medium has two main drawbacks 
with respect to its use industrially for refining: the solubility of RE sulfates is low 
(between 10 g REE per liter for La and 50 g REE per liter for Pr), and in the pres-
ence of alkaline ions (typically Na), REs form insoluble double salts (REE,Na)
(SO4)2. Due to these drawbacks, all the RE industrial refining processes use either 
chloride or nitrate solutions, which is the reason why the processes are identified as 
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the “chloride route” or the “nitrate route.” The differences between these two routes 
which are discussed in Sects. 6.3.1 and 6.3.2 address only the chemistry of the pro-
cess. In both cases, the equipment used industrially is always mixer-settlers. The 
possibility of using other types of equipment will be discussed in Sect. 6.

 Chloride Route

The chloride route was initially developed by Molycorp in the United States and 
Rhone-Poulenc in France in the 1960s. Then it was disseminated in China by 
Chinese scientists  from the Baotou Research Industrial Center and the Beijing 
University, and now it is the most widely used process for RE separation around the 
world. All the Chinese RE plants as well as Lynas in its Malaysian plant use it.

The initial reason why the Chinese scientists have chosen this route is likely due 
to the high selectivity of HEH(EHP) which is also called PC88A in the western 
world or P507  in China. From Fig.  6.5, it is obvious that the organophosphorus 
acids are the most selective molecules for the REEs and that they can be used for 
any separation among the lanthanide series. The choice of HEH(EHP)rather than 
HDEHP is due to the lower acidic consumption of HEH(EHP) during the stripping 
step. Since this molecule can be used both with a chloride solution and a nitrate 
solution, the chloride medium has been chosen for cost reasons, as hydrochloric 
acid is cheaper than nitric acid. Nowadays, HEH(EHP) is the universal molecule 
chosen by all the RE separators using the chloride route for almost all the RE sepa-
rations. The only exceptions are the final yttrium purification, which is usually done 
with a carboxylic acid, either Naphthenic acid or Versatic acid, and sometimes the 
separation of the heaviest RE, particularly Lu purification, which can be done with 
HTMPP or a mixture of HTMPP with a phosphonic ester commercialized by Solvay 
under the name of Cyanex 572. The use of HEH(EHP) for the heaviest RE separa-
tion leads to a very high consumption of HCl during the stripping step and Cyanex 
572 is a good compromise for lowering the HCl consumption due to the phosphinic 
part of the formulation and improving the hydrodynamics of the liquid-liquid emul-
sion due to the phosphonic part of the formulation.

It is not possible to give a universal process design based on the chloride route 
and the choice of the solvent (couple extracting molecule plus diluent) does not give 
the final separation configuration. The chemical engineering designer must decide 
in which order the separation will be done (i.e., Fig. 6.1 showing five possible con-
figurations for the recycling of RE from end-of-life magnets), and how to integrate 
some multioutlet SX batteries and possibly the hyperlink technology into the overall 
design. The final design will be an economic decision depending on the feed com-
position and on the REE to valorize. Each combination of the REE distributions in 
the mixed feed and the pure REEs to be produced is specific and only a calculation 
based on a simulation model (Sect. 5) will identify the best configuration for 
each case.

Because the main drawback of the chloride route is the consumption of chemi-
cals (NaOH and HCl) and the associated salt release (NaCl), the Chinese 
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scientists extensively studied how to limit consumption as well as the global number 
of theoretical stages. These process improvements have been done in two steps: 
multioutlet configuration and hyperlink process. As it has been already stated, 
because of the Chinese governmental restriction to RE technology export, the 
detailed flowsheet of the hyperlink process is not publicly available. However, a 
tentative hyperlink flowsheet is shown in Fig. 6.6 in comparison with the traditional 
and multioutlet configurations for the light REE separation.

• In Configuration 1, each SX circuit is independent and the risk of cross- 
contamination from one to the others is limited.

• In Configuration 2, each circuit is also independent, but the third outlet of the 
first circuit needs a careful follow-up to avoid any difficulty in the Ce/Pr SX. The 
main interest of this configuration is the fact that the Ce/Pr separation corre-
sponds to a small SX battery. But it should be noted that the first SX circuit is 
bigger than the first SX circuit of Configuration 1. The interest in this configura-
tion compared to Configuration 1 must be assessed considering the feed compo-
sition and the targeted quality of each individual REE.

• In Configuration 3, all the circuits are interconnected and there is only one load-
ing section with La and one stripping section with Nd. However, with the over-
lapping of the flows, both aqueous and organic, between the different separations 
leads to an extremely sensitive process which is difficult to control without a 
powerful simulation dynamic model. The big interest in this configuration is the 
potential savings of acid and alkali. Fu-Xiang Cheng [6] claimed that the theo-
retical savings of HCl and NaOH consumption compared to Configuration 1 are 
about 50%. These numbers are significant even if no model is available to permit 
confirmation of these data. Moreover, the fundamental chemistry remains a cat-
ionic exchange between the aqueous phase and the acidic molecule HEH(EHP). 
The consumption of acids and alkali cannot be avoided with this type of process 
unlike the use of neutral molecules in the nitrate route (Sect. 6.3.2).

 Nitrate Route

It is paradoxical that at a time when industry everywhere in the world must commit 
to preserving the environment and developing processes with the lowest environ-
mental footprint, some players in the RE industry are considering the nitrate route 
as an old process which cannot compete with the chloride route.

As it has been presented in Sect. 6.3.2, the main drawback of the chloride route 
is its high consumptions of chemicals (caustic soda and hydrochloric acid) and con-
sequently its huge generation of salty effluents (NaCl). It is not surprising that 
Chinese scientists have tried to minimize this drawback with the hyperlink concept. 
But even if the hyperlink process can lower the chemical consumption, by using the 
same extractant as the classical chloride route it does not change fundamentally the 
chemical reaction and at the end leads to acids and alkali consumption  and salt 
generation.
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Fig. 6.6 Block diagrams of La/Ce/Pr/Nd separations with three configurations
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In the 1960s, scientists at Rhone-Poulenc in France were aware that the huge con-
sumption of acids and alkali in the chloride route was intrinsic to the chemistry used, 
and they understood that only a change in terms of organic molecules could modify 
the chemistry and the consumption of chemicals. The first SX separation using the 
nitrate route instead of the chloride route was set up in 1968 at the La Rochelle plant 
in France for Nd/Pr separation. This way of thinking was fundamentally different 
from the Chinese process that used the hyperlink concept, since it acts not on the 
implementation of the chemistry (the process), but on the chemistry itself. The target 
of the nitrate route is the use of a wider range of chemicals and in particular neutral 
molecules or ion pairs that do not need acid and alkali as the driving force for mass 
transfer. The driving force for mass transfer of both neutral and ion pairs is the nitrate 
concentration. In other words, if the cationic molecules lead to the consumption of 
chemicals, the neutral molecules and ion pairs lead to the consumption of energy 
necessary to concentrate the aqueous nitrate solutions [7]. When both types of extract-
ants have an appropriate selectivity, the final choice from purely an operational cost 
point of view is typically the use of neutral molecules or ion pairs.

And so, the target of a process engineer designing a process based on the nitrate 
route will be to minimize the usage of cationic molecules like HEH(EHP) and use 
as much as possible either neutral molecules or ion pairs. Between a neutral mole-
cule and an ion pair, the choice will be based on the productivity (i.e., loading 
capacity). An example of such a choice is presented in Fig. 6.7. The engineer should 
choose among the three molecules—TBP, Aliquat 336, and HEH(EHP), and select 
the best material based on cost for the separation of two REEs (RE1 and RE2). Their 
decision will be based first on the possible use of these molecules for RE1/RE2 
separation (Fig. 6.5) and then on the loading capacity (Table 6.3). This is summa-
rized in the flowchart shown in Fig. 6.7.

Fig. 6.7 Flowchart for the 
choice of molecule for 
separation between two 
REEs by the nitrate route 
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Using this flowchart and Fig. 6.5, a process engineer who should design an REE 
separation process with the nitrate route will choose:

• TBP for the LRE separations (La/Ce/Pr/Nd/other REE).
• Aliquat 336 for the some MRE and HRE separations.
• HEH(EHP) for all the others.

 Choosing Between Chloride and Nitrate Routes—An Economic 
and Environmental Decision

The choice between using the chloride and nitrate routes cannot be solely limited to 
an economic assessment of the separation unit but must also address the overall 
process from ore leaching/extraction to the separated individual and blended oxide 
production, and an environmental assessment.

An example of such an overall process comparison is presented in Figs. 6.8 and 
6.9. These figures show typical block diagrams for production of pure RE oxides for 
magnet applications (Pr oxide, Nd oxide, Tb oxide, and Dy oxide) from a mixed RE 
carbonate obtained after ore cracking.

Two important points must be highlighted:

• Chemical consumption: Both routes will consume chemicals for REE separation, 
but while the chloride route will need NaOH and HCl for all the separations, the 
nitrate route will use NH4OH and HNO3 only for some MRE and HRE  separations. 
Because very often the LRE portion in the mix RE concentrate to be separated is 
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Fig. 6.8 Block diagram of pure Pr, Nd, Tb, and Dy oxide production from a mix RE carbonate 
with the chloride route 
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Fig. 6.9 Block diagram of pure Pr, Nd, Tb, and Dy oxide production from a mix RE carbonate 
with the nitrate route 

the main portion, this difference leads to a lower OPEX for the nitrate route. So, 
the higher the LRE portion, the more interesting the nitrate route becomes.

• Liquid effluents: The chloride route will generate a large quantity of NaCl solu-
tion which in most cases is released into the environment (case of all the Chinese 
plants as well as the Lynas plant in Malaysia). It is theoretically possible to recy-
cle this effluent by producing HCl and NaOH from it. This was included in the 
initial design of the new Molycorp plant built in California in 2012, but the qual-
ity of this type of solution to be processed through electrolysis is very stringent 
and there is no evidence that this process really worked during the short time that 
the plant was operated at Mountain Pass.

The nitrate route will generate a NH4NO3 solution and even if the quantity of the 
flow is much lower than the quantity of the NaCl effluent produced from the chlo-
ride route, this flow cannot be released into the environment and must be valorized 
as a by-product, as its quality is fitting for the fertilizer market. Several studies done 
in the past by several teams around the world have indicated a genuine interest in 
regenerating ammonia and nitric acid from ammonium nitrate by means of electro-
membrane processing.
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6.5  The Simulation of Rare Earth Separations

6.5.1  General Consideration

Only companies mastering the modeling of the REE separations can design and 
drive an REE separation unit. The mathematical models used for this type of simu-
lation must be able to simulate the countercurrent mass transfer between an aqueous 
phase and an organic phase of all the 15 REEs (lanthanides plus yttrium) in more 
than 100 theoretical stages. There is no commercial software available, and the 
complexity of the mathematical model means that very few companies will have the 
capability to model an RE separation unit. There are two types of models: static 
models and dynamic models.

6.5.2  Static Simulation

A static simulation will give for any input conditions (number of theoretical stages 
for each section, position, flow rate, composition, and acidity of each inlet solution) 
the characteristics (concentrations and compositions) of each phase (organic and 
aqueous) at steady state. It will also give the qualities of the aqueous outlets which 
should be compliant with the initial target in terms of product quality. This is the 
base of the engineering design of a separation unit.

Another important output of the static simulation is the prediction of the RE 
inventory loading inside the separation equipment. Indeed, it is not often high-
lighted, but the quantity of REs stored inside the equipment (mixer-settlers) is huge 
and must be considered as a part of the CAPEX. An example of the output of a static 
simulation is presented in Fig.  6.10. The simulation shows that the Pr quantity 
stored inside the mixer-settlers is huge and its proportion versus other REs is much 
higher than in the feedstock.

Another purpose of a static simulation is to define the control parameters of sepa-
ration. Indeed, if the target of separation represented in Fig. 6.10 is to get less than 
10 ppm of Pr in LaCe and less than 10 ppm of Ce in PrNd, the operators need to 
have control parameters inside the separation to be able to react in advance before 
the outlets become off-specification but do have a concentration that is high enough 
to be easily analyzed. From Fig. 6.10, it can be seen that the Ce concentration and 
the Pr concentration have a sharp evolution in the stages between 35 and 60. The 
philosophy of control will be to follow Ce and Pr concentrations in one stage among 
these and to react accordingly to any deviation.
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Fig. 6.10 Aqueous profile of RE during the separation of LaCe/PrNd with TBP. (Figure from 
Carester in house software

6.5.3  Dynamic Simulation

A static model as presented above does not consider the “life” of the separation. It 
gives the result of a separation unit if all the parameters (concentrations, composi-
tions, flowrates, etc.) are perfectly stable. In real life, things are always moving, the 
composition of the feedstock is evolving, the flowmeters are not perfectly stable and 
the quality of different inlets also may vary. When one of these parameters is chang-
ing, the quality of the separation is modified and an engineer using a static model 
will try to recover the initial situation by adapting the process parameters to the new 
situation, but they will not be able to predict the time needed to get the final steady 
state or to choose the shortest way for reaching this new steady state.

It is the target of the dynamic model in combination with online analysis to keep 
the separations stable whatever the variations (composition, flow rates, etc.). While 
a static model gives only the final steady state calculated from fixed parameters, a 
dynamic model can predict the evolution over time for each characteristic and in 
each stage when any type of perturbation occurs. This is an immensely powerful 
tool for driving a separation unit, as well as for training operators, technicians, and 
engineers who can see their unit living like an airplane pilot sees his plane with a 
flight simulator.

In November 2020, Carester announced a partnership with the French 
Commissariat for Nuclear Energy (CEA), to develop dynamic software for simula-
tion of RE separations. It is essential in the nuclear industry, especially in the repro-
cessing of used fuels to address the various radioactive element concentrations over 
time. It was the ambition of the partnership between Carester and CEA to provide 
the RE industry with the most advanced tool for designing and operating an RE 
separation unit. It is now a reality.
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6.6  Solvent Extraction Equipment

6.6.1  Mixer-Settlers

Currently all the industrial solvent extraction units dedicated to RE separation use 
batteries (or cascades) of mixer-settlers (MS) as countercurrent equipment [8].

The principle of the aqueous and organic flow circulation is shown in Fig. 6.11. 
Figure 6.12 shows a photo of such an impressive battery of mixer-settlers for indus-
trial applications.

Organic Phase

Emulsion

Aqueous Phase

Mixer                                           Settler

Organic  phase
from stage n-1

Aqueous  phase
from stage n+1

Aqueous Phase

to stage n-1

Organic Phase

to stage n+1

Stage
N-1

Stage
N

Stage
N+1

Mixer

Settler

Mixer

Mixer

Settler

Settler

Aqueous phase
to stage N-2

Organic phase
from stage N-2

Organic phase
to stage N+2

Aqueous phase
from stage N+2

Schematic of mixer-settler Schematic of flows circulation in 3 MS

Fig. 6.11 Simplified schematic of mixer-settler and of flows circulation in a series of three adja-
cent mixer-settlers 

Fig. 6.12 Rare earth solvent extraction battery in Solvay La Rochelle plant in France. (Photo from 
SoS RARE - Copyright Solvay)
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This technology has several key industrial advantages:

• It can be applied whatever the chemical system (chloride medium, nitrate 
medium, neutral, basic or acidic extractants).

• With a proper design, each mixer-settler is close to one theoretical stage and the 
process design from the theoretical calculation is easy.

• It is a very mature technology, and the scale-up criteria are well known.
• During shutdown of the unit, the RE profiles of both aqueous and organic phases 

(Fig. 6.10) are maintained and there is no loss of time and materials after restart.

This technology has two important drawbacks:

• The large number of theoretical stages necessary for RE separation means a large 
number of mixer-settlers leading to high CAPEX.

• The solvents and RE inventories are huge, especially because of the size of the 
settlers and the corresponding cost is an important part of the CAPEX.

6.6.2  Can Columns Be Used for RE Separation?

In other fields of the industry, liquid-liquid extraction columns are widely used 
instead of mixer-settlers. The main advantage of columns is precisely to overcome 
the drawbacks of MS indicated above. Several types of extraction columns exist and 
have been developed over the years (i.e., pulsed packed columns, pulsed perforated- 
plate columns, rotating disk columns, Kühni column, etc.) [8], some of them having 
high efficiency in terms of throughput and mass transfer, but up to now none of 
these have been used industrially for REE separation. Understanding why the col-
umns have not been used industrially for RE extraction is key to predicting the pos-
sibility of seeing this technology replace mixer-settlers in the future.

The extremely specific characteristic of REE separation compared to any other 
separation done by solvent extraction is the large number of theoretical stages 
needed for REE separation. A classical separation between two groups of REEs 
needs between 60 and 80 theoretical stages for one separation, and even if we con-
sider the possibility of having one single column for each section (loading, extrac-
tion, scrubbing, and stripping), it is usual to have up to 40–50 theoretical stages for 
one section. Suppose for example that an engineer wants to design columns for 
doing the LaCe/PrNd separation as it is theoretically represented in Fig. 6.10 with 
one column for each section, they will need to design four columns with:

• Two theoretical stages for the loading section column.
• 42 theoretical stages for the extraction section column
• 28 theoretical stages for the scrubbing section column
• Eight theoretical stages for the stripping section column.

When speaking about mixer-settlers, each MS represents a theoretical stage, but 
when speaking about columns, the concept used by engineers to design a separation 
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system is the Height Equivalent to Theoretical Stage (HETS). A column of 10 m in 
height having an average HETS of 1 m for a specific mass transfer system, will be 
equivalent to ten theoretical stages. It is not the topic of this chapter to discuss the 
efficiency of solvent extraction columns and the theory behind it, but one should 
note that with the number of theoretical stages necessary for any REE separation, a 
column chosen for this target must have a HETS as low as possible and in any case 
the average HETS all along a column must be much lower than 1 m, preferably 
lower than 50 cm.

This is not the only constraint that a column dedicated to REE separation must 
respect. During the operation, each part of the column representing a theoretical 
stage has its own REE composition in both the aqueous and organic phases. 
Typically looking at Fig. 6.10, one can see that the aqueous Pr content in the part of 
the column representing stage 45 is about 10%, about 80% in the part representing 
stage 60, and about 40% in the part representing stage 70. But what will happen 
when the column is stopped? It is essential that this concentration profile is kept 
during any scheduled or unexpected shutdown. If the internal design of the column 
allows both phases to settle when the column is not running, the concentration pro-
file along the column will be lost and it will take time to recover it after start-up and 
during this time, production will be off-spec and must be recycled.

Having these two constraints in mind (low HETS and capability to maintain the 
RE profile inside the column when it is not operating), one can look at the proposals 
for RE separation technologies based on columns.

One of the column-based technologies which is currently trying to overcome the 
drawbacks of the mixer-settlers for RE separation is the RapidSX™ technology 
proposed by UCORE (https://ucore.com/rapidsx/) [9]. This  technology has been 
sold to Ucore. The company argues that the technology “reduces the number of SX 
separation stages by over 90%, leading to a significant reduction in capital expendi-
tures [and also] leads to dramatic reductions in operating costs and time to process 
completion, when compared to conventional SX.”

There are little technical data publicly available to support this statement and to 
understand the principle of this technology. Making an objective assessment of the 
technology is therefore not realistic. However, from the presentations done by the 
company we can highlight some key points:

• The chemical process used is the classical chloride route with HEH(EHP).
• Solvent extraction columns representing several theoretical stages are used as 

countercurrent contactors. When the company states that “the number of SX 
separation stages are reduced by over 90%,” one should understand that although 
the number of equipment stages are reduced by 90% (number of columns com-
pared to number of mixer-settlers), the number of theoretical stages are indepen-
dent of the technology.

• It is likely that one essential point of the design is the ability to control the drop 
size of the emulsion aiming to get a low HETS.

• From photos presented at conferences, it is oblivious that there are no internal 
devices (i.e., packing, agitators or plates) visible inside the columns. It is likely 
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that the emulsion is obtained through an external effect which can be a field 
(magnetic or electrical).

From this one can infer that:

• The consumption of both acid and alkali is not modified compared to all plants 
using this chemical process and the statement about “the dramatic reductions in 
operating costs” is not understandable since consumption of both acid and alkali 
is by far the main portion of the OPEX.

• The technology clearly addresses the capital expenditure issue by replacing the 
mixer-settlers by columns.

• One of the constraints for using columns, low HETS, is probably addressed by 
using a special way to create the emulsion and controlling the drop size of the 
dispersed phase, but there are no data allowing us to assess the average HETS 
obtained by this technology.

• There is no evidence that the second constraint—capability to keep the RE pro-
file inside the column when it is not operating, is achieved and from the pictures 
of the pilot plant presented by UCORE showing that the inside the column is 
empty, it is likely that both phases are decanted when the operation is stopped.

Once again, there are not enough public data available to give a definitive opin-
ion on this technology, but the question of the capability to maintain the steady state 
profile during shutdown is essential and only an answer to this question can allow 
us to objectively assess RapidSX™ for RE separation.

Another column type technology developed by the Japan Atomic Energy Agency 
(JAEA) is the Emulsion Flow Extractor [10]. The main advantage claimed by JAEA 
with their Emulsion Flow Extractor is the ability to control the fine droplet sizes of 
the dispersed phase. But just as in the case of RapidSX™, the articles published by 
JAEA do not provide data allowing us to assess the HETS achieved, and the real 
efficiency of the Emulsion Flow extractor in terms of mass transfer cannot be ade-
quately assessed. In addition, the picture of the column clearly shows that the col-
umn is empty. With this type of column, there is no possibility of keeping the RE 
profile along the column when it is not operating. Here again, one of the criteria 
aiming to validate the technology for RE separation—the capability to maintain the 
steady state profile during the shutdown, is not achieved.

6.7  Solid Phase Extraction—The New Holy Grail?

In the recent years, several teams in the world have worked on the possibility to use 
Solid Phase Extraction (SPE) for RE separation [11, 12]. SPE is not a new technol-
ogy as such and is already used for some expensive products, but its application to 
RE separation, up to now, has been limited to analytical purposes.

The focus of this section is not to give a full picture of the state of the art, draw-
backs, and interests of SPE applied to RE separation. Indeed, SPE is a complex 
process and a presentation of its status in the field of RE separation would merit a 

A. Rollat



175

full chapter. This section will therefore be limited to a few words on its principle and 
its potential interest for RE separation.

In this type of technology, a ligand is grafted or impregnated onto the surface of 
a high surface area solid, usually silica. This ligand must be able to create a selective 
bonding with the species targeted. The process works like a liquid chromatography 
with an eluent allowing the various species to move at different speeds along a col-
umn, and so allowing the separation between the species.

Two companies—one American, IBC Advanced Technology and one Norwegian, 
REEtec, have announced that they have succeeded in production of pure RE at pilot- 
scale and that they have the capability to design an industrial unit for RE separation 
based on their technology.

IBC calls its technology Molecular Recognition Technology (MRT) [13]. They 
have a wide range of Solid Phases, called Superlig, with different macrocycles 
grafted onto silica. Unfortunately, it is not possible to know which ligand is used for 
RE separation and no data allowing one to assess this technology in terms of CAPEX 
or OPEX for RE separation has been published.

REEtec claims that they have succeeded to separate RE with their technology at 
pilot-scale and that they have completed (in 2020) an industrial-scale demo plant 
[14]. REEtec, like IBC, does not provide any data allowing one to assess their tech-
nology. It is the assumption of the author of this chapter that they use a SPE with a 
phosphorous-based ligand impregnated onto the surface of silica, but there is no 
certitude about this. And even if this assumption is correct, it is by far not sufficient 
to assess their technology and compare it with SX.

The potential interest of SPE for RE separation is real. Indeed, this type of tech-
nology could potentially overcome some drawbacks of SX especially the ones 
linked to the mixer-settlers technology (i.e., high CAPEX and high RE inventory). 
But the companies promoting SPE do not give any data allowing one to compare 
their technology with SX and when they give qualitative information about the 
drawbacks of SX that they are able to overcome (high chemicals consumption, high 
liquid effluents, etc.), they clearly refer to the SX process based on cationic extract-
ants and not to the most efficient SX process in terms of chemicals consumption and 
liquid effluents release, the nitrate route using neutral and anionic extractants. In 
other words, this information is more commercial in nature versus scientific data to 
help industrial companies choose the best technology.

6.8  Conclusions

All current industrial RE separations in the world are using solvent extraction, but 
this solvent extraction process is a specific one whose development is linked to the 
history of the RE industry.

After a first period until the late 1980s when the Europeans and Americans were 
dominating the technology, some Chinese research institutes started to disseminate 
everywhere in China a specific process (so called chloride route) that had been 
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initially developed in the western world. At the same time, the western industry as 
well as the academic community outside of China decided to drastically reduce 
work on RE separations. This decision led to a dramatic situation where all research 
and development on RE separation processes has been concentrated in China and 
more specifically has been focused on the chloride route. And when during the RE 
crisis in 2010, the western world discovered its dependency on the Chinese RE sup-
ply and decided to promote a non-Chinese RE supply chain, it appeared that the 
only available RE separation technology was the “Chinese” one and all newcomers 
struggled to obtain access to this technology.

The chloride route is based on a specific molecule, Ethyl2hexyl,ethyl2hexyl 
phosphonic acid (H(EH)EHP, also called P507 in China or PC88A outside of China, 
which has the specificity to be selective all along the RE series. But this interesting 
characteristic must be evaluated in the light of less positive characteristics. This 
molecule is an acid that requires large amounts of acid and base for its operation, 
thereby generating large amounts of saline effluent. There is a possibility to reduce 
dramatically the acid and base consumption by using other molecules, namely neu-
tral molecules, and basic molecules, some of them being suitable for RE separation 
in nitrate solutions. The capability to design an RE separation process using much 
less chemicals and generating very few or even no waste waters is essential if the 
RE industry wants to change its image in terms of ecological footprint. This is pos-
sible by keeping a very mature process—solvent extraction, but thinking outside of 
the Chinese box, and considering that depending on the local specificities and con-
straints, one can use molecules other than the classical P507. It should be noted that 
most of the life cycle assessment (LCA) studies highlight the importance of the 
separation step in the global impact of the RE industry and consequently suggest 
replacing SX by another process. But there is an industrial process already available 
and able to lower the environmental footprint of the quasi-universal Chinese SX 
process, it is the SX nitrate route using other molecules than P507.

However, and whatever chemistry is used, solvent extraction technology with 
mixer-settlers leads to high CAPEX and RE inventory in the system. The capability 
to design a process using SX but with a technology other than mixer-settlers is 
likely an important potential improvement. This field of technological development 
is active, but as far as one can understand the current proposals, there are still some 
criteria that are essential when addressing industrial RE separation that are not 
achieved, particularly the capacity to keep the RE profile during shutdown of a unit.

It is likely that in the future, SX based on mixer-settlers will remain the main, if 
not the only technology used for industrial RE separation. However due to the grow-
ing attention to the environmental impact of the RE industry, the classical chloride 
route as developed by China will not remain the only option, and potentially the 
nitrate route will experience a new lease on life.

Does this mean that solvent extraction is unsurpassable and that any attempt to 
use an alternative technology is doomed to failure? No, and it is essential to pay 
particular attention to the development of Solid Phase Extraction dedicated to RE 
separation. But the assessment of these new technologies must be made by compar-
ing them with the most efficient solvent extraction processes and not with a particu-
lar process even if it is still the most widely used.
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Chapter 7
Continuous Ion Chromatography

Richard Shaw and David Dreisinger

7.1  Introduction

In 1947, G. E. Boyd and his coworkers at the Oak Ridge National Laboratory and 
F. H. Spedding and his coworkers at the Ames Laboratory simultaneously published 
data demonstrating the separation of rare earth elements (REEs) using an ion 
exchange (IX) process [1, 2]. Spedding, Powell, and their coworkers further refined 
these IX separation process at the Ames Laboratory and began to prepare large 
quantities of individual rare earths that were 99.99% pure [3, 4].

The innovative processes developed at Ames resulted in the production of the 
purest rare earth metals in the world and at the same time led to significant reduction 
in the prices of these metals, expanding their economic applicability. Ion exchange 
was historically a batch process and its application to a process separating chemi-
cally similar REEs made it a very complex system which was capital intensive and 
difficult to control.

The development and wide-scale adoption of solvent extraction (SX) in hydro-
metallurgy in the 1960s led to the displacement of IX technology as the main meth-
odology for the separation of the REEs in large quantities. Solvent extraction 
systems were able to be operated on a continuous basis overcoming the batch limi-
tations of IX. Ion exchange is still utilized for the production of small quantities of 
very high-purity rare earths (i.e., in excess of five-9’s, 99.999%, purity) but SX has 
become the dominant separation technique for the production of the majority of the 
world’s rare earths [6].
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The polymer IX resins used in the 1950s were inferior to the modern generation 
of solid phase IX and chromatographic materials available today. To achieve the 
required rare earth separations, large numbers of columns in series were required 
and while the IX approach produced highly purified REEs, the technique could not 
compete with the mass transfer capabilities of SX.

Solvent extraction is not without its limitations. Commercial plants require a 
large number of mixer-settler stages to affect the separations which result in large 
inventories of organic extractants and flammable diluents as well as large, valuable 
product inventories. The Rhone Poulenc REE SX plant in France has some 1800 
mixer settlers, while the Lynas Advanced Material Plant (LAMP) facility in 
Malaysia has over 700 mixer settlers [5, 7].

Advances in IX materials and techniques saw the introduction of pressurized IX 
columns using smaller particle size adsorbents [8, 9]. A number of different 
approaches were implemented to enable IX to be operated on a continuous or near 
continuous basis but many of these systems added additional complexities or 
involved resin transfer between stages. The potential advantages of continuous IX 
were recognized early on but the systems that were designed did not represent gains 
that could yet compete with SX techniques [10].

In the 1970s and early 1980s, a number of approaches were made to improve on 
IX separation of rare earths using techniques such as continuous separation by pres-
surized annular chromatography [11], rotating annular chromatography for continu-
ous metals separation [12], continuous displacement chromatography [13], 
continuous IX using powdered resins and cross-flow filtration [14], and continuous 
annular sorption [15].

The introduction in the early 1980s of the first fully continuous ion exchange 
(CIX) system based upon a single multiport valve and subsequent design enhance-
ments [16] led to a broader adoption of IX in a wide range of industries particularly 
in the food and pharmaceutical industries. This technological advancement pro-
vided the impetus for CIX in hydrometallurgical applications and the reevaluation 
of IX as a competitive technique to SX for the separation and production of REEs.

7.2  Continuous Ion Exchange (CIX)/Continuous 
Countercurrent Ion Exchange (CCIX)

The early IX systems utilized multiple fixed-bed IX columns that were connected in 
series. For the early pilot plant work conducted in support of the Manhattan project, 
24 columns each 103 mm in diameter and just over 3 m long (Fig. 7.1) were oper-
ated in series to create an effective column length of 72 m [4]. Industrial IX REE 
separation plants were constructed but required large numbers of tall columns oper-
ated in series to achieve the separations (Fig. 7.2) [17].

The development of modern CIX systems coupled with higher performing 
smaller particle size, monosphere, resin beads enabled an increase in separation 
performance with a greater simplicity of design and operation [18]. Early systems 
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Fig. 7.1 Ion exchange columns used to separate the rare earths from one another. Individual rare 
earths are collected in the large carboys as they are removed from the columns. The jars in front of 
the chemist contain the oxides of the individual rare earth elements [3]

utilized a multiport valve and around this was a rotating frame on which multiple IX 
columns were installed. This approach was referred to as a “carousel” system 
(Fig. 7.3).

A number of improvements and modifications have been made in the design of 
CIX/continuous ion chromatography (CIC) systems whereby the columns are fixed 
and the valve rotates. These multiport rotating valves simplify the cost while reduc-
ing the system footprint and complexity. At the same time, this approach adds a 
huge amount of flexibility with regard to rinse and recycle capabilities without 
requiring huge numbers of valves, piping, and control logic.

Valves and columns can be located and configured in a number of ways to suit a 
specific installation or processing need. Examples of companies offering multiport 
valve systems are provided in Table 7.1 and Figs. 7.4, 7.5 and 7.6. The successful 
economic application of CIX/CIC to a number of high-value metal separations such 
as nickel/cobalt (Ni/Co), scandium (Sc), germanium (Ge), molybdenum (Mo), and 
gallium (Ga) has demonstrated the effectiveness of the technique in modern hydro-
metallurgical circuits [23].
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Fig. 7.2 Ion exchange 
columns for the separation 
of lanthanides at Michigan 
Chemical Corporation, St. 
Louis, Michigan [17]

Fig. 7.3 CIX “carousel” type system installed at a copper mine in 1996 [19]

An example of a modern CCIX system designed by PuriTech and marketed as 
the ION-IX system uses a single, multiport, distribution valve which enables con-
tinuous, countercurrent IX. The valve distributes the different flows to several resin 
cells in series or parallel and determines whether they are in an adsorption, regen-
eration, recycle or rinsing phase.
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Table 7.1 Multiport valve 
systems for CIX/CIC 
systems [20–22]

Company Location Brand name

PuriTech Belgium ION-IX™

Calgon carbon USA ISEP®/CSEP®

Ionex Separations Inc. USA IXSep

Fig. 7.4 CIX industrial-scale plant design for metals separation. (Reproduced with permission 
PuriTech [23])

The columns are stationary around a central multiport valve and the process disk 
within the valve rotates around a central axis and distributes the different flow 
streams to the columns containing the IX resin. During a full rotation of the valve 
process disk, each column is subjected to an entire sorption cycle.

Adsorption and desorption imply mass transfer between a liquid and a solid 
phase. In IX, both adsorption and desorption occur together. Packed column adsorp-
tion is a dynamic process in which characteristic mass transfer profiles are estab-
lished within the adsorbent bed.

Figure 7.7 shows the basic concept of a configuration for a CCIX system that 
separated uranium (U), thorium (Th), and zirconium (Zr) from REEs. Exhausted 
beds move out of the cascade at one end while new regenerated beds come into the 
cascade at the other end.
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Fig. 7.5 CIX industrial-scale plant installation for metals purification. (Reproduced with permis-
sion PuriTech [23])

7.2.1  Valve Details

The main process flow stream enters the valve from above the unit and leaves from 
an outlet on its underside (Fig. 7.8). Once inside, distribution channels divide the 
process stream and make the connection to the valve’s external nozzles, which feed 
the columns that are filled with IX resin. The treated fluid collects in a lower channel 
and leaves the valve via the main outlet nozzle.

As shown in Fig. 7.8, other external nozzles convey rinse water and regeneration 
fluid into the valve, and effluent away from the system. Internal channels are sepa-
rated from each other by two O-rings.

7.3  Ion Exchange and Ion Chromatography

Ion exchange is typically being employed as a preconcentration or impurity removal 
technique, and in the case of REE separation, ion chromatography is used in con-
junction with complexing agents to separate groups or individual REEs.
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Fig. 7.6 CIX system alternative configuration over multiple levels. Two valves each controlling 
30 columns. (Reproduced with permission PuriTech [23])

Fig. 7.7 Schematic for separation of REEs from U, Th, Zr in a CIX system. (Reproduced with 
permission USA Rare Earth (unpublished information))

Helfferich discusses the differences between chromatography for REEs as com-
pared with conventional chromatography [24]. Typically, chromatographic separa-
tion relies on a sorption and a desorption step whereby the mixed product feed 
stream is reversibly sorbed onto the stationary phase or solid adsorbent, which then 
can be eluted with a solvent.
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Fig. 7.8 Valve design of PuriTech’s ION-IX systems. (Reproduced with permission PuriTech [23])

There is a very large body of work on the separation of REEs using IX and ion 
chromatography. Much of the chromatographic work has been developed to support 
the analysis of mixtures of REEs present in different samples as an analytical tool. 
These separations techniques are useful and informative but cannot be directly 
transferred to large-scale separation of REEs on a bulk industrial scale [25, 26]. The 
separation of milligram (mg) and microgram (μg) quantities of REEs can be very 
effectively achieved using elution or extractive chromatography whereas bulk sepa-
ration of REEs typically relies upon displacement chromatography as the most eco-
nomical approach.

7.4  Chromatographic Techniques

Helferrich [25] and Chen et al [26] provide in depth description of the main chro-
matographic techniques that have been applied or studied with respect to REEs. 
These include:

 1. Displacement Chromatography
 2. Elution Chromatography
 3. Gradient Elution Chromatography
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 4. Frontal Chromatography
 5. Extraction Chromatography
 6. Partition Chromatography
 7. Ligand Exchange

Displacement and Ligand Exchange are the best suited techniques for bulk separa-
tion of REEs as they maximize the utilization and productivity of the resin. Elution 
and gradient elution techniques are commonly applied to analytical methods for 
quantitative analysis and typically only utilize a small proportion of the adsorbent 
capacity but can affect excellent, high-purity separations of the individual REEs.

Displacement chromatography utilizes a large percentage of the available bind-
ing sites within the adsorbent resin, where the loaded REEs are selectively displaced 
through the use of a complexing agent. The introduction of the complexing agent 
causes the REEs to separate into bands which elute from the column as they are 
displaced by the next band of REEs moving through the column. This is the funda-
mental approach developed and used by the Ames Laboratory and has been applied 
as a batch process [27].

The introduction of Continuous Ion Chromatography (CIC) enables the capabil-
ity to switch from batch processing to continuous processing techniques including 
recycling of complexing agents to deliver high-efficiency, low-cost, separation. 
Information on these techniques can primarily be found in the patent literature 
[16, 28–34].

Variations on these approaches have also been studied, published, and patented 
such as the work by Purdue University on what they term Ligand-Assisted 
Displacement Chromatography which enhances approaches to Speddings’ original 
separation strategies from the Ames Laboratory [35, 36].

7.5  Ion Exchangers and Adsorbents

A wide range of materials have been considered for the processing and separation 
of REEs [26, 37, 38]. At an early stage in the separation scheme, the rejection of 
impurities or recovery of other valuable leach components has been investigated 
using anion exchangers. This includes the removal of naturally occurring radioac-
tive materials such as U and Th [39, 40]. These can be separated from the REEs due 
to their formation of anionic complexes in acidic sulfate solutions whereas the REEs 
do not readily form anionic complexes. Similarly, other impurities such as iron (Fe) 
can be separated from REEs using strong acidic chloride solutions, where Fe forms 
a strong chloride anionic complex [4, 38].

The majority of industrial REE separations have utilized polystyrene-based 
polymer beads functionalized with sulfonic acid (SO3H) groups referred to as 
Strong Acid Cation Exchangers (SAC). These resins are produced on a very signifi-
cant scale by major specialty chemical producers around the globe [41]. Their avail-
ability as commodity materials makes them a very cost-effective production reagent. 
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These polystyrene-based functionalized polymers are stable across the entire pH 
range and are reusable through hundreds to thousands of cycles.

Work using anion exchangers for REE separations has been carried out with 
REEs present as anionic complexes such as carboxylic, hydroxy or amino acids 
[38]. The order of elution of REEs from anion exchangers is the reverse to that of 
cation exchangers. Elution of the heavy REEs usually occurs first with cation 
exchangers, while with anion exchangers it is the light REEs that elute first [38].

Strong Acid Cation polymer resins are typically significantly cheaper than their 
anion exchange analogs and usually exhibit a greater stability and longevity with 
less inclination to being fouled by contaminants such as silica (SiO2). Ehrlich and 
Lisichkin [37] identified a number of key parameters which influence the efficiency 
of cation exchangers for REE separations. These include:

• Nature and concentration of complexing agent
• Cation exchanger state (e.g., counter ion)
• Acidity of eluent
• Temperature (i.e., elevated temperatures usually increase separation factors)
• Presence of other complexing agents and metal ions
• Degree of cross-linking of the support/resin
• Operating parameters (e.g., flux rates, bed depth, and length)

There are additional factors such as the nature of the substrate or polymer type 
that can influence total loading capacity and kinetics due to changes in hydrophilic-
ity. From an industrial perspective the mechanical properties of the resin are impor-
tant with regard to stability, uniformity of particle size, operating pressures.

A wide range of other functionalized and impregnated supports have and con-
tinue to be studied for their applicability to the separation of REEs and associated 
impurities. A quite extensive summation of various adsorbents, their characteristics, 
and limitations has been documented [37].

A significant proportion of the numerous materials investigated for REE separa-
tion is for analytical applications [26] where modified, small particle size, SiO2 
substrates are used as the stationary phase in High-Performance Liquid 
Chromatography (HPLC) separations.

For the direct recovery of REEs from strong acids and complex solutions, chelat-
ing cation exchangers have been investigated [37]. These include:

• Aminophosphonic acid (NH2PO(OH)2)
• Aminomethylphosphonic acid (CH6NO3P)
• Iminodiacetic acid (HN(CH2CO2H))
• Di- and polyfunctional phosphonic/sulfonic acid (PO3H2 and HO3S)

These chelating resins do provide some direct separation of REEs and in many 
cases are useful for the separation of minor REE constituents from a semi-purified 
REE product [38]. Researchers have produced a range of complex functionalized 
materials that have been tested for REE separations including crown ethers, inor-
ganic, solvent impregnated resins, and organic/inorganic hybrid composites 
[26, 42–44].
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7.6  Complexing Agents

In conventional IX chromatographic separations, the ion exchanger is selected 
based upon its selectivity to separate the various ions present in solution. The REEs 
exhibit almost identical affinity for conventional SAC exchangers and so separation 
is achieved through the use of complexing agents.

Complexing anions can have greatly differing complex strengths with the REEs. 
Generally, a cation exchanger will exhibit a preference for the rare earth cations that 
form the weaker complexes [45]. Powell identified the following key characteristics 
of complexing agents for use in chromatographic REE separations: [25]

 1. The reagent and its metal chelates must be reasonably soluble in an inexpensive 
but compatible solvent (i.e., preferably water).

 2. The reagent must be selective in its chelating action.
 3. The reagent must form rare earth chelates of sufficient stability to promote clean 

displacement of rare earths from the resin bed.
 4. The reagent must form labile chelate species which must not be of such great 

stability that the accompanying cation-exchange process is hampered 
unnecessarily.

In early work, citrate ions were commonly used [27, 42]. Subsequently a wide range 
of complexing agents and ligands were documented. The major complexing agents 
that were studied were carboxylic acids, hydroxy acids, and aminopolycarbox-
ylic acids.

• The carboxylic acids included acetic (CH3COOH), malonic (CH2(COOH)2), 
phthalic (C6H4(CO2H)2) [37].

• The hydroxy acids included glycolic (HOCH2CO2H), lactic (CH3CHCOOH), 
α-hydroxyisobutyric acid (HIBA, (CH3)2C(OH)COOH), 2-hydroxy-2- 
methylbutyrate, malic (HO2CCH2CH(OH)CO2H), glycolate (HOCH2COOH), 
and tartaric (HO2CCH(OH)CH(OH)CO2H). These have been successfully used 
to separate mixtures of rare earths [26, 37, 38, 46].

• The aminopolycarboxylic acids included aminoacetic acid (NH2-CH2-COOH), 
aminopolyacetic acids, ethylenediaminetetraacetic acid (EDTA, 
[CH2N(CH2CO2H)2]2), N-(2-hydroxyethyl) ethylenediaminetetraacetic acid 
(HEDTA, HOCH2CH2N(CH2CO2H)CH2CH2N(CH2CO2H)2), nitrilotriacetic acid 
(NTA, N(CH2CO2H)3), cyclohexane-1,2-diaminetetraacetic (C14H22N2O8), dieth-
ylenetriaminepentaacetic ([(HOOCCH2)2NCH2CH2]2NCH2COOH), and imino-
diacetic acid (HN(CH2CO2H)2). These have been used to achieve highly effective 
separations [26, 37, 38, 42, 46].

The majority of these reagents are relatively low cost and environmentally 
friendly. The selection of the preferred complexing agent is driven by a number of 
factors which include cost, ability, and ease of recycling as well as selectivity and 
separation factors.
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The carboxylic, hydroxy and amino acids are typically cheaper than the aminop-
olycarboxylic acids which tend to exhibit greater separation factors in chromato-
graphic separation. HEDTA has been shown to achieve greater separation factors 
than EDTA but the relative costs and availability of these two reagents tend to result 
in EDTA being more commonly used [37, 38].

The use of ligands in conjunction with complexing agents adds an additional 
degree of complexity with respect to recycle and reuse of reagents in a large-scale 
production process especially when primary, impure feedstocks are used which 
contain other divalent cations.

7.7  CIX/CIC Industrial Applications

Continuous Ion Exchange and Continuous Ion Chromatography have a well- 
established track record in hydrometallurgy, pharmaceutical, food, chemical, and 
water treatment industries. A number of research groups have looked at the potential 
for the application of CIX/CIC to separating and recovering REEs from primary and 
secondary sources. Studies have been conducted to investigate the commercial 
applicability for the recovery of REEs from phosphoric acid (H3PO4) and coal and 
coal waste materials [30, 31, 47].

From primary resources, Northern Minerals is in the process of commissioning 
the Browns Range heavy rare earth project in the East Kimberley region of WA, 
Australia [48]. A pilot program is in place utilizing CIX/CIC for the separation of 
individual REEs.

USA Rare Earth and Texas Minerals Resources are also applying CIX/CIC to 
their Round Top deposit in Texas [49]. The project is utilizing a sulfuric acid (H2SO4) 
heap leach process with a CIX preconcentration followed by CIC for separation of 
individual REEs.

7.8  Conclusion

The application of CIC has grown rapidly in the past two decades in a wide variety 
of industries including hydrometallurgy. The proven capabilities of ion chromatog-
raphy for REE separation were first demonstrated as part of the Manhattan project 
and subsequently practiced by the Ames Laboratory and industry. When combined 
with modern continuous IX equipment, the opportunity has expanded to recover 
and separate REEs from a range of both primary and secondary sources. Modern 
CCIX equipment enables low-cost, high-efficiency, separations to be performed 
with a small plant footprint, as well as the usage of low-toxicity reagents with the 
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ability to recycle the majority of reagents. The design of the current state of the art 
equipment requires low operator input as the majority of equipment is controlled by 
a single central valve which automates multiple steps from loading, rinse, elution, 
and recycle.

Continuous Ion Chromatography has the capability to compete with SX as an 
economical approach for REE separation and recovery at an industrial scale. 
Economic comparisons of IX and SX have been prepared by Rollat [44] but were 
focused predominantly on the methodologies using copper (Cu)—EDTA and its 
analogs. The selection of an optimal chelating agent is key to the economic com-
petitiveness of IX techniques. The ideal chelator should be low cost, environmen-
tally benign, and be capable of being recycled without needing to be precipitated 
which then requires the associated solid-liquid separation steps. Ion exchange meth-
odologies are particularly advantageous for separation of the heavy rare earth ele-
ments (HREEs) for which SX methods commonly rely upon phosphonic extractants 
with high chemical consumption associated with the acid extraction and alkaline 
saponification steps as well as a large number of mixer settlers to affect high-purity 
separations. Advanced, modern IX-based REE separations also have the advantage, 
when compared with SX, of reduced hold of valuable REEs inventory in the circuit, 
smaller footprint, reduced chemical costs, and no requirement for heat input to con-
trol reagent viscosities nor the generation of vapors requiring fume extraction sys-
tems. The compatibility of IX techniques with H2SO4 leach solutions, versus the 
more typical hydrochloric (HCl) and HNO3 solutions used in SX, enables a further 
cost advantage simplifying materials of construction and enabling low-cost recov-
ery operations such as heap leaching.

Where ore bodies can be directly leached without the need for fine grinding and 
beneficiation, IX lends itself even more so to the treatment of lower-grade feed solu-
tions as it has done in other metal recovery scenarios such as that for the U industry 
[50]. The separation of partially purified concentrates and recycling of REE- 
containing materials such as magnets also offer the opportunity to recover small 
quantities of the more valuable less common HREEs found along with the lighter 
rare earth elements (LREEs).

These advantages of IX-based techniques and the separation capabilities of a 
continuous chromatographic column configuration provide the basis for a competi-
tive technique to SX. The Ames Laboratory still produces very high-purity REEs 
using IX. Additionally, in the 1990s, an ion exchange production plant was brought 
online in China for the production of rare earth oxides (REOs) [42]. A number of 
companies are well progressed in their development, and additional commercial IX 
plants are likely to be implemented in the near future. The detailed specifics of cir-
cuit configurations, solid support chemistry, and chelation chemistry remain closely 
guarded proprietary aspects of the technology holders.
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Chapter 8
Ionic Liquids for the Processing of Rare 
Earth Elements

Tommee Larochelle

8.1  Introduction

This chapter provides an overview of the utilization of ionic liquids (ILs) for pro-
cessing rare earth elements. Ionic liquids have been extensively researched and 
many historical perspectives have been published [1–4]. Ionic liquids are an estab-
lished field of study with upwards of 3500 papers published annually [1]. The appli-
cation of ILs to the rare earth industry is, however, relatively novel.

Ionic liquids are organic salts with melting points usually below ambient tem-
perature. Their melting point is not definitive, and many authors specifically dis-
cretize room temperature ionic liquids (RTILs) as a subset of ILs. The definition 
generally accepted in the rare earths industry is that the melting point of ILs ought 
to be lower than the boiling point of water. The fundamental criteria distinguishing 
ILs from other liquid solvents are the absence of molecular species in the liq-
uid phase.

The primary field of research for the utilization of ILs in the extraction and refin-
ing of rare earth elements (REE) is as a substitute for the organic phase(s) in the 
solvent extraction separation process. Ionic liquids are often described as a green 
alternative to organic solvent due to their negligible vapor pressure and high thermal 
stability [4]. Pham et al. [5] reviewed studies on the impact of ILs on the environ-
ment and concluded that the “green” designation may not be warranted since the 
high chemical and thermal stability of ILs combined with their low vapor pressure 
may be a Faustian bargain. The valuable characteristics of ILs will likely lead to 
persistence and accumulation in the environment. Most ILs, especially perfluori-
nated anions and long alkyl chain cations are particularly toxic to aquatic 
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ecosystems. Due to their ionic nature, ILs solvents tend to be more soluble in aque-
ous phases than their molecular organic counterparts.

Other advantages of ILs as alternatives to the organic components in the solvent 
extraction systems include their significant variability with regard to viscosity, 
polarity, solubility, and coordination ability [4] allowing for their optimization 
with regard to specific extraction systems. While deep eutectic solvents such as 
choline chloride-carboxylic acid present characteristics and behaviors similar to 
ILs [6], they will be excluded from the present discussion since they do not meet 
the definition of ILs.

First, the primary ILs being investigated will be discussed followed by an over-
view of their usage in solvent extraction processes as replacement for conventional 
extractants and/or solvents. Specific comparisons will be presented for yttrium 
recovery processes where the value of ILs is most apparent. A new approach to 
solvent extraction using Aqueous Two-Phase Systems (ATPS) will also be dis-
cussed. Following the solvent extraction discussion, the recent investigations into 
applications of ILs to mineral processing will be reviewed. Finally, electrometal-
lurgical applications of ILs will be discussed. All these applications for ILs in REE 
processing are integrated into the concept of solvometallurgy.

Solvometallurgy is a recent umbrella term that includes hydrometallurgy and 
systems with other nonmolecular organic solvents such as molten inorganic salts, 
deep eutectic solvents, polymer solvents, and ionic liquid solvents.

Similar to hydrometallurgy, the first step in solvometallurgical processing of 
REE is to solubilize the lanthanides. Ionic liquids such as betainium bis-
(trifluoromethylsulfonyl)imide, [Hbet][NTf2] have been extensively studied for that 
purpose using various raw materials such as neodymium iron boron (NdFeB) waste 
magnets [7–9], bauxite (Al2O3⋅2H2O) residue [10–12], lamp phosphor [13, 14], and 
carbonatite ore [15]. In addition, and to a lesser extent, imidazolium-based ILs have 
been reported as leaching solutions for lanthanides [12, 16–18]. The direct utiliza-
tion of [H][NTf2] for the leaching of rare earth carbonate prior to the electrodeposi-
tion has also been recently reported by Martinez [19]. Subsequent processing steps 
typically involve solvent extraction, aqueous two-phase systems selective precipita-
tion using bases such as sodium hydroxide (NaOH) and/or acids such as oxalic acid 
(C2H2O4) and/or electrometallurgy.

A highly promising approach to solvometallurgy was recently developed by Pr. 
Binnemans’ group at Katholieke Universiteit (KU) Leuven [20–22]. Rather than 
use acids to leach metals, they integrated chlorine to chloride ILs, generating 
[Cation][Cl3], ILs with oxidative capabilities toward metals [20]. Li et  al. then 
applied this strategy to the separation of REE and transition metals from NdFeB 
permanent magnets using [P66614][Cl] as the IL underlying the system [21]. This 
approach only utilizes chlorine (Cl) and ammonia (NH3) as reagents, both of which 
are available as inexpensive commodity materials and which generate little waste-
water. Other related processes such as the use of pyridinium chloride ((PyrH)(Cl)) 
are also investigated for the recovery of metals and alloys in solvometallurgical 
approaches. Orefice and Binnemans propose a closed loop process using such an 
approach where hydrochloric acid (HCl), C2H2O4, and NH3 are the main reactants 
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[22]. In this process, conventional acidic extractants including 2-ethylhexyl phos-
phonic acid mono-2-ethylhexyl ester (EHEHPA) and Cyanex 923 are used in 
p-cymene (C10H14) along with C101 IL.

8.2  Nomenclature and Molecular Structure of Selected Ionic 
Liquids Cations and Anions

Ionic liquids are customarily named using both ions of the molecule in brackets, the 
cation on the left and the anion on the right. No formal naming convention currently 
exists, yielding various nomenclatures for the same molecules. Tables 8.1 and 8.2 
present the usual nomenclature and alternate names for commonly used cation and 
anions in ILs. The structure of such ions is also presented in Figs.  8.1 and 8.2, 
respectively. It is customary to use elemental symbols for single elements such as 
[Cl] for a chloride ion or [Br] for a bromide ion. In addition to their trade names, 
complex molecules are customarily named using the first letter of the major func-
tional groups in the molecule. 2-ethylhexyl phosphoric acid mono-2-ethylhexyl 
ester is thus commonly referred to as EHEHPA, P507, Ionquest801 or PC-88A. The 
cation portion of ILs can also be represented by its trade name, by convention using 
the anion base element and its molecular structure or by a generic molecular descrip-
tor. The Aliquat 336 cation is thus alternatively referred to as [Aq336], [A336], 
[N1888], [R4N], and/or trioctylmethylammonium.

Acid-base ILs are formed when an acidic extractant is used as an anion for an IL 
and an ammonium or phosphonium salt is used as a cation. In this combination, it is 
customary to refer to the IL using the molecular structure of both ions. An acid-base 
IL formed using P507 and Aq336 would thus be named trioctylmethylammonium 
2-ethylhexyl mono-2-ethylhexyl ester phosphate [N1888][EHEHP]. In most cases, 
the acidic extractant structure is used without the ending “A” since it is no longer an 
acid. This IL is also referred to as [A336][P507].

8.3  Solvent Extraction

Solvent extraction is a natural application for ionic liquids in REE processing as 
they can be substituted for every phase of the solvent extraction system. While the 
primary application of ILs in solvent extraction is replacement for the conventional 
extractants, the replacement of the organic phase with an IL also provides many 
significant advantages. The replacement of the aqueous phases with ILs has not 
been as extensively studied since solvometallurgical lixiviation is a nascent field of 
research.

The fundamental nature of ILs as molten salts composed as an anion and as a 
cation allows for the creation of highly effective ILs where both ions actively 
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Table 8.1 Cations of ILs relevant to the processing of REE

Category/cation Name Figure Note

Ammonium-based cations

[N888]/[Am336]/[A336] Tri-n-octylammonium 8.1a
[N1888]/[Aq336]/[A336]/
[TOMA]

Trioctylmethylammonium 8.1b

[N4444]/[TBA] Tetrabutylammonium
[N8888]/[TOA] Tetraoctylammonium 8.1c
[TEHA] Tri-(2-ethylhexyl)ammonium 8.1d
[N6222] n-Hexyltriethylammonium 8.1e
[OcGBOEt] Trioctyl(2-ethoxy-2-oxoethyl)

ammonium
8.1f

[DEME] N,N-Diethyl-N-methyl-N-(2- 
methoxyethyl)ammonium

8.1g

[N444Bn] Benzyltributylammonium
Phosphonium-based cations

[P66614]/[T66614]/[THTP] Trihexyl(tetradecyl)phosphonium 8.1h
[P8884COOH] (4-Carboxyl)

butyl-trioctyl-phosphonium
8.1i

Imidazolium-based cations

[C(i)C(i)im] Alkyl-alkyl-imidazolium 8.1j R1 = 2,4,6,8,10a, 
R2 = 1,2,4a

[C(i)COOHC(i)im] Alkyl-carboxyl-alkyl-imidazolium 8.1k R1 = 3,4,5,6,7,8a, 
R2 = 1,3a

Pyridinium-based cations

[C(i)C(i)Pyr] Alkyl-alkyl-pyridinium 8.1l R1 = 2,4,6,8,10a, 
R2 = 1,2,4a

[C(i)C(i)Pip] n-Alkyl-n-alkyl-piperidinium 8.1m R1 = 2,4,6, R2 = 1, 2
[N11N11PipGua] Dis-1,2 methyl guanidinium 

piperidinium
R1 = 1,2a

Other cations

[EC] Ethylene carbonate
[N888DOPE] Trioctyl(2-(diethox-yphosphoryl)

ethyl)ammonium
aOther alkyl chain lengths are possible but have not been tabulated in the surveyed literature

participate in the extraction process. This is referred to as acid-base coupling task- 
specific functional ionic liquids (ABC-TSFILs) and tends to produce the best results 
in terms of extraction efficiency when both ions have extraction capabilities by 
themselves. Most of the ABC-TSFIL research is targeted at combining such con-
ventional extractants in an IL form. Since both ions are typically large, the resulting 
IL tends to be highly viscous, which reduces the phase mass transfer rate and pre-
vents the usage of ABC-TSFILs as solvent. Thus, molecular organic solvents are 
still relevant.

In parallel, research has been undertaken on the use of ILs as a replacement for 
molecular organic solvents. In contrast to ABC-TSFILs, ILs targeted for the 
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Table 8.2 Anions of ILs relevant to the processing of REE

Category/anion Name Figure

Fluorine-sulfur-nitrogen-based anions

[NTf2]/[TFSI]/[TFSA]/[OTF] Bis(trifluoromethylsulfonyl)azanidea 8.2a
[BETI] Bis(perfluoroethanesulfonyl)azanidea 8.2b
[NfO] Nonafluorobutanesulfonate
[PF6] Hexafluorophosphate 8.2c
Phosphorus-based anions

[C272]/[BTMPP] Bis(2,4,4-trimethylpentyl)phosphinate 8.2d
[D2EHP] Di(2-ethylhexyl)phosphate 8.2e
[EHEHP] Mono-(2-ethylhexyl) 2-ethylhexyl 

phosphonate
8.2f

Acetate-based anions

[SNPAA]/[CA100] sec-Nonylphenoxyacetate (R1 = 7) 8.2g
[SOPAA]/[CA12] sec-Octylphenoxyacetate (R1 = 6) 8.2g
[NOPAA]/[OCTPOA] n-Octylphenoxyacetate (R1 = 8) 8.2g
[DMHPAA]/[POAA] (2,6-Dimethylheptyl) phenoxy acetate
[IOPAA] 4,4′-Isopropylidene bis (phenoxyacetate) 8.2h

[BDOAC] Benzene-1,4-dioxydiacetate 8.2i
[MA] Myristic acetate
[DDA] Dodecanedioic acetate
Organic acid-based anions

[BA] Benzoate (R1 = Bz) 8.2j
[DA] Decanoate (R1 = 9) 8.2j
[Ol]/[OA] Oleate (R1 = 17, monosaturated) 8.2j
[LA] Laurate (R1 = 11) 8.2j
[PA] Palmitate (R1 = 15) 8.2j
[LiA] Linoleate (R1 = 17, monosaturated) 8.2j
Diglycolamate-based anions

[BDGA] Dibutyldiglycolamate (R1 = 4) 8.2k
[DHDGA] Dihexyl diglycolamate (R1 = 6) 8.2k
[DODGA] Dioctyl diglycolamate (R1 = 8) 8.2k
Other anions

[D2EHOm] Di(2-ethylhexyl)-oxamate
[MA] N,N,N′,N′-tetra(2-ethyl-hexyl)malonate 8.2l

[MOx] Methyl-oxalate 8.2n
[OPBOA] 2,2′-(1,2-Phenylenebis(oxy))dioctanoate 8.2o

[SCN] Thiocyanate
[AlCl3]/[AlCl4] Aluminum chloride

aAzanide is also referred to as “imide” or “amide”

replacement of molecular organic solvents tend to be composed of a large cation 
and a smaller halogen anion providing them with a lower viscosity. These include 
Cyphos 101 IL, [P66614][Cl] which contain functional ions and are referred to as 
task-specific functional (TSFILs), while others such as imidazolium salts  [C(i)C(i)im]

8 Ionic Liquids for the Processing of Rare Earth Elements



200

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Fig. 8.1 Cations of ILs relevant to the processing of REE

[anion] are nonfunctional and are referred to simply as IL. It is important to note 
that many of the ILs investigated for the replacement of molecular organic solvents 
also exhibit a significant extraction potential for REE, allowing the design of very 
efficient systems through the combination of ABC-TSFIL extractants dissolved in 
TSFIL or in nonfunctional ILs.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Fig. 8.2 Anions of ILs relevant to the processing of REE
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In addition to the substitution of reagents in the conventional extraction systems, 
ILs also allow for the design of aqueous two-phase systems (ATPS) which are fur-
ther discussed in a subsequent section. ATPS consist of an IL phase that is fully 
soluble in the aqueous phase under specific operating conditions but insoluble under 
different operating conditions.

Detailed literature reviews on the use of ILs for the solvent extraction of REE 
have been previously published [23–25] and technical aspects of the solvent extrac-
tion of rare earths have been discussed in Chap. 6. As such, this section will focus 
on providing the reader with an introduction to the utilization of ILs in the solvent 
extraction of REE as well as an update on the current state of the literature.

8.3.1  Use of Ionic Liquids as Extractants

The first entry of ILs in the REE industry will most likely be as the replacement of 
a conventional extractant by its IL equivalent. This process function has been 
addressed in numerous technical articles, which are summarized in Table 8.3. While 
the generally accepted benefits of using ILs (nonflammability, no vapor pressure, 
and high stability) may not be achieved by focusing on the extractant portion of the 
solvent extraction system, other benefits can be realized without engendering the 
downside of ILs (high losses in the aqueous phase). The most significant proposed 
benefits of a transition to ILs extractants are a potential reduction of the extraction 
system total volume and number of stages through either higher loading capacities 
and/or greater separation factors coupled by a potential reduction of wastewater 
generation through the elimination of saponification and in specific cases a reduc-
tion of the stripping acidity required. The losses of ILs extractant are also mitigated 
when using molecular organic solvent because of a more favorable aqueous parti-
tion ratio when compared to the equivalent acidic extractant. Su et al. [26] revealed 
that the solubility of [Aq336][EHEHP] was around an 0.5-order of magnitude lower 
than that of EHEHPA in the investigated system. A significant amount of research is 
still required to fully grasp the challenges and benefits of ILs with respect to their 
solubility in the aqueous phase.

The most studied acid-base coupling task-specific functional ILs are thus unsur-
prisingly a combination of the leading industrial extractants, D2EHPA and 
EHEHPA. To a much lesser extent, ABC-TSFILs based on HSOPAA and Cyanex 
272 have also been investigated. Given the overlap, many investigations purport to 
compare ABC-TSFILs with their acidic anion; however, few offer a comparison 
properly using equivalent equilibrium conditions as a basis for comparison. A strik-
ing example involves most investigations into Cyanex 272-based ILs extractants 
which have been done using experimental conditions preventing a direct compari-
son with Cyanex 272 literature and thus are not worthy of discussing in detail. Some 
of the cases that do provide an appropriate comparison are summarized below. One 
such IL is Cyphos 104 IL which is a commercial IL of composition [P66614][C272] 
that is seeing increased activity in the literature.
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Table 8.3 Utilization of ionic liquids as extractant for rare earth elements separation

Anion Cation Ionic liquid Rare earth element(s) Reference

[BA] [P66614] [P66614][BA] Nd [27]
[BDOAC] [P66614]2 [P66614]2[BDOAC] Nd [28]
[BDGA] [N1444] [N1444][BDGA] LREE [29]
[C272] [N6222] [N6222][C272] La/Nd [30], Pr/Nd [31]

[Am336] [Am336][C272] Pr/Nd [31, 32], La/Pr/Nd [32], Tb/Dy 
[33]

[Aq336] [Aq336][C272] Lu [34], Pr/Nd/Fe/ [35], Tb/Dy [33], 
La/Y [36], HREE [37, 38]

[N4444] [N4444][C272] HREE [37]
[P66614] [P66614][C272]/Cyphos 

104
La/Ni [39], La/Y [36], Sm/Co [40, 41], 
REE [42, 43], HREE [44]

[N888DOPE] [N888DOPE][C272] Tm/Yb/Lu [45]
[Cl] [P66614] [P66614][Cl]/Cyphos 

101
Nd [46], REE [42, 47]

[Aq336] [Aq336][Cl]/Aliquat 
336

REE [47], Nd [46], Sm/Co [48]

[P8884COOH] [P8884COOH][Cl] REE/Co/Ni [49]
[NO3] [P66614] [P66614][NO3] La/Sm/Co/Ni [50], Nd/Dy [51], REE 

[52, 53]
[P8884COOH] [P8884COOH][NO3] REE/Co/Ni [54]
[Am336] [Am336][NO3] REE [55]
[Aq336] [Aq336][NO3] REE [8, 52, 56, 57], Pr/Nd/Dy [58]
[N1444] [N1444][NO3] Nd/Fe [59], Pr/Nd [60]

[D2EHOm] [C(i)mim] [C(i)mim][D2EHOm] REE [61]
[D2EHP] [C(i)mim] [C(i)mim][D2EHP] REE [62]

[C(i)mpy] [C(i)mpy][D2EHP] REE [62]
[P66614] [P66614][D2EHP] REE [63]
[Aq336] [Aq336][D2EHP] Pr/Nd/Fe/B [35], MREE [64, 65], REE 

[63, 66–68]
[N2222] [N2222][D2EHP] REE [69]
[N4444] [N4444][D2EHP] REE [62, 63, 69]
[N8888] [N8888][D2EHP] REE [69]
[Am336] [Am336][D2EHP] REE [70]
[N88] [N88][D2EHP] REE [70]

[DGA] [OcGBOEt] [OcGBOEt][DHDGA] REE [71, 72]
[Aq336] [Aq336][DHDGA] REE [71, 72]

[EHEHP] [Aq336] [Aq336][EHEHP] REE [26, 66, 68, 73–77]
[N2222] [N2222][EHEHP] REE [69]
[N4444] [N4444][EHEHP] REE [69], HREE [78]
[N8888] [N8888][EHEHP] REE [69]
[P66614] [P66614][EHEHP] Lu [34], REE [38]
[N1888] [N1888][EHEHP] HREE [37]

[MA] [P66614] [P66614][MA] REE [53]

(continued)
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Table 8.3 (continued)

Anion Cation Ionic liquid Rare earth element(s) Reference

[MOx] [C(i)mim] [C(i)mim][MOx] REE [61]
[PF6] [C(i)COOHpim] [C(i)COOHpim][PF6] Y [79]
[SCN] [Aq336] [Aq336][SCN] Y/Eu [80], Sm/Co [48], Nd/Dy [51]

[C(i)C(i)m3im] [C(i)C(i)m3im][SCN] Nd/Fe [81]
[P66614] [P66614][SCN] Y/Eu [80], Nd/Dy [51]

[NTf2] [N1444] [N1444][NTf2] REE [62]
[P2225] [P2225][NTf2] Nd/Pr/Tb/Dy [82]
[P66614] [P66614][NTf2] REE [83], Nd [27]
[C(i)COOHpim] [C(i)COOHmin][NTf2] Nd/Sm/Fe/Co [84], Sc [85]
[N4BMalBBim] [N4BMalBBim][NTf2] REE/Fe/Al [86]
[PEGmim] [PEGmim][NTf2] REE [87]
[C(i)mpyr] [C(i)mpyr][NTf2] REE [62]
[C(i)bpyr] [C(i)bpyr][NTf2] REE [83]
[C(i)mim] [C(i)mim][NTf2] REE [62, 63, 67, 88, 89]

[SOPA] [P66614] [P66614][SOPA] HREE [90, 91], REE [47]
[Aq336] [Aq336][SOPA] REE [47, 92], HREE [44, 91, 93]

[NOPA] [Aq336] [Aq336][NOPA] Y [94]
[SNPA] [Aq336] [Aq336][SNPA] REE [92]
[ND] [Aq336] [Aq336][ND] REE [95]
[MA] [N444Bn] [N444Bn][MA] REE [96]
[DDA] [N444Bn] [N444Bn][DDA] REE [96]
[DMHPA] [N1888] [N1888][DMHPA] REE [97]
[P227] [Aq336] [Aq336][P227] HREE [98]
[C572] [P81R] [P81R][C572] Nd/Tb/Dy [99]
[IOPA] [P66614] [P66614][IOPA] REE [100]
[I] [C(i)C(i)m3im] [C(i)C(i)m3im][I] Nd/Fe [81]
[DA] [Aq336] [Aq336][DA] Sm/Co [101]

[N888] [N888][DA] Nd/Dy/Ni [102]
[LA] [Aq336] [Aq336][LA] Sm/Co [101]
[LiA] [N7777] [N7777][LiA] REE [103]
[PA] [Aq336] [Aq336][PA] Sm/Co [101]
[OA] [Aq336] [Aq336][Ol] Nd [104], Nd/Tb/Dy [105]

[N7777] [N7777][OA] REE [103]
[N8888] [N8888][Ol] REE [61]

[OPBOA] [P66614] [P66614][OPBOA] Nd/Co/Ni [106]

Neodymium (Nd); Lanthanum (La); Praseodymium (Pr); Terbium (Tb); Dysprosium (Dy); Nickel 
(Ni); Yttrium (Y); Samarium (Sm); Cobalt (Co); Thulium (Th); Ytterbium (Yb); Lutetium (Lu); 
Iron (Fe); Boron (B); Europium (Eu); mid rare earth elements (MREE); light rare earth elements 
(LREE); heavy rare earth elements (HREE)

A study on the extraction of yttrium by Devi and Sukla [36] revealed that [P66614]
[C272] presented a very similar extraction profile to [Aq336][C272], suggesting 
that the [C272] anion is the most significant ion in the extraction. Building on the 
promises of the [C272] anion, Zeng et al. [45] increased the functionality of the 
cation by adding a phosphoryl unit to the ammonium-based cation, pioneering 
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multifunctional ILs. The application of this novel [N888DOPE][C272] IL to Tm, Yb, 
and Lu revealed increased extraction capabilities and separation factors compared 
to [N1888][C272]. Hopefully the authors will further investigate this new extractant 
with regard to other REE.

Deng et  al. utilized the steric hindrance property of a phenyl group toward Y 
[107] to theorize and synthesize a functional IL targeted at Y purification [96]. 
However, the separation factors for HREE and Y are lower than with either [P66614]
[SOPA] or [N1888][ND]. Using similar considerations, Hu et al. designed, synthe-
sized, and tested the IL [(CH2)7COOHPyr][NTf2], which yielded separation factors 
between [P66614][SOPA] and [N1888][ND] [108]. While this later IL contains fluorine, 
its high separation factor suggests additional work with alternative anions would be 
warranted.

Of particular industrial interest is the replacement of Sec-octylphenoxy acetic 
acid (CA-12, SOPAA) by [P66614][SOPA] evaluated by Dong Yamin et al. [109] for 
the separation and purification of Y. Dong Yamin et al. determined that the IL [P66614]
[SOPA] had four times the extraction capacity of SOPA and presented greater sepa-
ration factors at equivalent operating conditions. In addition, [P66614][SOPA] did not 
require saponification and could be stripped using distilled water as opposed to 
conventional SOPAA-TBP extraction systems requiring up to 3 molar acidity and 
90% saponification [110]. A comparison of the separation factors for both systems 
is presented as Table 8.4.

In addition to SOPAA extraction systems, naphthenic acid and neodecanoic acid 
(NDA) are also used commercially and are the focus of IL research. The investiga-
tion of REE extraction by [N1888][ND] by Su et al. revealed that the IL is signifi-
cantly more efficient in the separation of yttrium from HREE than its NDA precursor 
[95]. A comparison of the separation factors for both systems is presented as 
Table 8.5.

The separation of Eu from gadolinium (Gd) using either D2EHPA or [Aq336]
[D2EHP] in both chloride and nitrate medium was investigated by Ismail et al. [64] 
They found that at very low acidity in chloride medium, [Aq336][D2EHP] was 

Table 8.4 Separation factors for SOPAA and [P66614][SOPA]

Extractant/separation factor Ho/Y Er/Y Tm/Y Yb/Y Lu/Y Reference

SOPAA 1.74 1.68 1.35 1.27 1.08 [110]
[P66614][SOPA] 1.94 1.94 2.78 4.17 5 [109]

Holmium (Ho); Erbium (Er)
SOPAA: 0.7 M, 15% TBP in kerosene 90% saponified, 0.3 M REE, initial pH = 4
[P66614][SOPA]: 0.05 M in kerosene no saponification, 0.003 M REE, initial pH = 3.5

Table 8.5 Separation factors for NDA and [N1888][ND]

Extractant/separation factor Ho/Y Er/Y Tm/Y Yb/Y Lu/Y Reference

NDA 2.1 2.7 4.1 6.1 6.4 [95]

[N1888][ND] 2.64 4.32 7.7 12.5 16.27

[N1888][ND] and NDA: 0.3 M, NDA is fully saponified. 0.15 M REE, pH = 5, O: A = 1
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superior to D2EHPA but that around 3 M HCl, both extractants were equivalent. It 
was also determined that the nitrate media presented better extraction and separa-
tion efficiencies over the complete acidity range studies. Furthermore, [Aq336]
[D2EHP] was found to be superior to D2EHPA at all evaluated HNO3 concentra-
tions with optimum nitric acid concentrations of 3.5 and 3.0 M, respectively. Ismail 
et al. [64] used their data to simulate a countercurrent separation cascade and deter-
mined that the number of stages of the cascade could be halved by using [Aq336]
[D2EHP] instead of D2EHPA in the system. They reported that the extraction cas-
cade could be reduced from eight stages to four stages and that the scrubbing cas-
cade could be reduced from five stages to two stages. In a follow-up study, Ismail 
et  al. [65] addressed the recovery of Sm from a MREE solution using [Aq336]
[D2EHP] using bench-scale data to model a cascade which was subsequently 
piloted. The separation factor Sm/(Eu-Gd) is on the same order of magnitude as the 
separation factor Sm/Eu = 1.6 and Sm/Gd = 2.53 as reported by Alstad et al. [111]

Investigation into an EHEHPA-based ABC-TSFIL extractant also produced sim-
ilar results to D2EHPA-based extractants where extraction capabilities of the 
EHEHPA-based ABC-TSFILs are higher than EHEHPA under similar conditions 
while maintaining similar separation factors. In their comparative study of [Aq336]
[EHEHP] and EHEHPA on the extraction of HREE, Dong et al. [73] reported a 50% 
increased extraction capacity with similar separation factors for the extraction of 
HREE in chloride media. Although the [Aq336][EHEHP] system requires a slightly 
higher stripping solution acidity (0.2  M) than the EHEHPA system (0.13  M) to 
recover all REE from the organic phase, the stripping curve slope is less steep sug-
gesting a better scrubbing efficiency at equivalent acidity.

Similar to acidic extractants, synergistic (antagonistic) interactions between ILs 
extractants have been proven to affect the extraction mechanism of the extraction 
system more than the sum of the effect of both extractants. Zhao et al. [34, 38] dem-
onstrated that the system [P66614][EHEHP]/[Aq336][C272] produced an antagonis-
tic effect on extraction with regard to using [Aq336][C272] by reducing the stability 
of the extracted species similar to the EHEHPA/C272 system [112]. This was fur-
ther demonstrated by a lower required stripping acidity estimated at 1.5–2 M for the 
mixture of ILs compared to 3–4 M for the mixture of acidic extractants [113]. In 
addition, the IL mixture had substantial synergistic impact on the separation factor 
between the REE. This synergistic impact with regard to C272 was not significant 
in the acidic extractants study [112].

Notwithstanding the promises of ABC-TSFILs as extractants, similar to conven-
tional solvent extraction research, it is essential to note that most studies are per-
formed under dilute concentrations and may not be directly translatable to 
commercial applications. Of particular interest is the study of the stability of ILs. 
Quinn et al. [75, 76, 114] studied the effects of using a HCl medium with the extract-
ant [Aq336][EHEHP]. They determined that under certain conditions, the IL 
reverted to a combination of its precursors through the extraction of HCl as shown 
by the following reaction:
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Aq EHEHP HCl Aq Cl EHEHPA336 336� �� �� � � �� ��  

(8.1)

Quinn et al. [76] studied this system over a range of pH and chloride ion concen-
tration and concluded that:

Our results indicate that the combination of Aliquat 336 and EHEHPA behaves as a mixture 
of R4N EHEHP and R4N Cl− + EHEHPA, with the protonation dependent on the pH, and 
not as a different chemical form. Hence, regardless of how the IL has been prepared, once 
it is exposed to acid containing solutions, the acid-base behavior of the IL is indistinguish-
able from a mixture of the two reagents.

Undoubtedly, future studies will evaluate other acid-base coupling TSFILs and 
consider whether they too act as a combination of their precursors or as distinct 
extractants. Dong et al. [109] found that in the case of Cyphos 101 IL ([P66614][Cl]) 
and SOPAA, the ABC-TSFIL [P66614][SOPA] was significantly superior to the com-
bination of its precursors indicating sufficient stability to be considered a distinct 
extractant.

8.3.2  Use of Ionic Liquids as Solvents

The utilization of ILs as a replacement for organic molecular solvents in rare earth 
solvent extraction processes has been the subject of a significant amount of research 
in the last decade. Table 8.6 presents a summary of the existing literature on the 
utilization of ILs as solvents for REE extraction systems.

Initial research focused on imidazolium [C(i)im] and pyridinium [C(i)pyr] cations 
using hexaflurophosphate [PF6] and bis(trifluoromethanesulfonyl)imide [NTf2] 
anions for their low viscosity and ease of utilization. Extraction of REE in these 
pure nonfunctional IL solvents did not prove significant and resulted in heavy losses 
of fluoride-based ILs in the aqueous phases. In order to increase the extraction capa-
bilities of these systems, complexating agents such as carbamoylmethyl phosphine 
oxides (CMPO), diglycolamides (DODGA, TODGA), and conventional metal 
extractants such as Cyanex 923, D2EHPA, and EHEHPA have been investigated. 
However, environmental considerations reduced the incentive of using such ILs and 
the focus was reoriented toward nonfluoride ILs, especially TSFILs such as phos-
phonium and ammonium-based ILs using chloride or nitrate as an anion usually in 
combination with an extractant.

Perfluorinated imidazolium and pyridinium ILs were the first ionic liquids stud-
ied as potential replacement for organic solvents in the rare earth separation pro-
cesses. While they show clear advantages such as their negligible vapor pressure 
and increased extraction capabilities, the cost of such ILs and the stability of the 
perfluorinated anion combined with its toxicity [138] in waste water effluents create 
significant barriers to their industrial application. To address those issues, biode-
gradable/incinerable ILs are increasingly the object of investigations. Such ILs are 
colloquially referred to as CHON ILs, referencing their elemental composition. 

8 Ionic Liquids for the Processing of Rare Earth Elements



208

Table 8.6 Utilization of ILs as solvents for REE extraction systems

Diluent Extractant Reference

[C(2)mim][Cl] [P66614][C272] [39]
[P66614][NO3] Selfa [50]
[P66614][Cl] D2EHPA [115]
[P66614][NTf2] [N4BMalBbim][NTf2] [86]
[Aq336][NO3] Self

[Aq336][DGA]
TBP
Cyanex 923

[51, 52, 56]
[55]
[51]
[51]

[N1444][NTf2] Self
[N444][D2EHP]
[C6mpyr][NTf2]
[C6mim][NTf2]

[62]

[C6mpyr][NTf2] D2EHPA
[C6mpyr][DEHP]
[N444][D2EHP]

[62]

[Aq336][SCN] Self
TBP
Cyanex 923

[51, 80]
[51]
[51]

[P66614][SCN] Self
TBP
Cyanex 923

[51, 80]
[51]
[51]

[C2mim][PF6] D2EHPA [116]
[C4mim][PF6] Self

D2EHPA
TPMDPO
CMPO
BzAc
EHEHPA
HQ

[117]
[116]
[118]
[25, 119]
[120]
[121]
[117]

[C6mim][PF6] TBP
Cyanex 272
D2EHPA
TOPO

[122]
[122]
[122]
[123]

[C8mim][PF6] Self
Cyanex 925
N1923
DEHEHP

[124]
[125]
[126]
[127]

[C4mpyr][PF6] D2EHPA [116]

(continued)
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Table 8.6 (continued)

Diluent Extractant Reference

[C4mim][NTf2] Self
[Aq336][D2EHP]
[C(i)COOHmin][NTf2]
CMPO
DODGA
DMDODGA
TPMDPO
Diaza-crown
TBP
TODGA

[128]
[67]
[85]
[25]
[129]
[130]
[118]
[131]
[128, 132]
[132]

[C6mim][NTf2] [P66614][D2EHP]
[Aq336][D2EHP]
D2EHPA
[C6mim][D2EHP]
[N4444][D2EHP]
[C(i)COOHmin][NTf2]
TOPO
TBP

[63]
[63, 67]
[62, 133]
[62]
[62, 63]
[85]
[89, 123]
[89, 133]

[C8mim][NTf2] [Aq336][D2EHP]
EHEHPA
DODGA
[C(i)COOHpim][PF6]
[C(i)COOHmin][NTf2]

[67]
[134]
[129]
[79]
[85]

[C10mim][NTf2] [Aq336][D2EHP]
[C(i)COOHmin][NTf2]

[67]
[85]

[C12mim][NTf2] DODGA [129]
[C(i)mim][BETI] Self [67]
[C(4,6,8,10)mim][BETI] [Aq336][D2EHP] [67]
[C(3,5,7)COOHmin][NTf2] Self [84]
[PEGmim][NTf2] Self [87]
[EC(4,8)pip][NTf2] DMDOHEMA [135]
[C(i)C(i)m3im][I] Self [81]
[C(i)C(i)m3im][SCN] Self [81]
[N888][DA] Self [102]
[P8884COOH][Cl] Self [54]
[P8884COOH][NO3] Self [54]
[N1888][NTf2] CMPO

D2EHPA
[136]

[P66614][OPBOA] Self [106]
[C(4,5,6)mim][NfO] Self [137]

aDiluent is also the extractant

Examples of such CHON ILs would include ammonium salts of fatty acids such as 
[N888][DA] [102, 139] or nitrates of ammonium salts such as [Aq336][NO3] [51, 52, 
56]. Phosphonium-based ILs with CHON or nonfluorine halogen anions also show 
significantly higher degradation rates than perfluorinated anions ILs [140].
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A noticeable additional advantage of the [Aq336][NO3] CHON IL investigated 
by Riano et al. [51] and Larsson et al. [52, 56] lies in the simultaneous usage of 
[Aq336][NO3] for both the extractant and the solvent. This allows for increased 
extraction capacity when an additional extractant is added to the IL solvent. Xiong 
et al. [115] compared using either [P66614][Cl] or [Aq336][NO3] as the solvent with 
DEHEHP as an extractant and found that the phosphonium IL has a higher extrac-
tion capability than the ammonium IL.

While these nonfluoride-based TSFILs have shown great potential for the 
replacement of organic solvent, their cost being one to one and a half order of mag-
nitude higher is a major impediment to their widespread adoption in the rare earth 
industry. It is important to note that solvents are upwards of 35% of the solvent 
extraction circuit volume, which is a considerable amount for commercial separa-
tions plants. Solubility of ILs is also higher in aqueous acidic phases than their 
organic counterparts, leading to increased operating costs. It is currently unclear if 
the adoption of ILs solvents in other metals solvent extraction processes will lead to 
increases in production and reduction in sale prices, leading to a potential adoption 
by rare earth refiners.

8.3.3  Aqueous Two-Phase System

Aqueous Two-Phase Systems (ATPS), also referred to as Aqueous Biphasic Systems 
(ABS) consist of a polymer or IL phase that is fully soluble in an aqueous-rich phase 
under specific operating conditions but is insoluble under different operating condi-
tions. Operating parameters involved in the phase chemistry of ATPS may include 
temperature, ionic strength, specific component concentration or exposure to a spe-
cific wavelength.

First proposed in the mid-1950s by Albertsson [141], ATPS were developed as an 
alternative to solvent extraction using a combination of a polymer, salt, and water. 
In 2012, Freire et al. [141] proposed a review of the ATPS literature relative to the 
effect of ILs on ATPS. They concluded that recent advances in IL chemistry are 
likely to lead to a greater adoption of the technology in the industrial sector based 
on the significant potential advantages of ATPS over conventional solvent extraction 
processes. These advantages include the absence of an organic phase, a very high 
mass transfer rate only limited by the reaction kinetics of the system since the 
extraction is undertaken in a homogeneous media and rapid phase separation. 
However, significant barriers remain to the mass adoption of IL-base ATPS indus-
trial processes. The most important of which being the relatively high solubility of 
the IL phase in the aqueous phase after phase separation, leading to significant 
losses of ILs in the aqueous phase of the system.

Because of its potential value in the industry, the field of IL-based ATPS research 
for the separation of metal ions is seeing increased activity. The first reported extrac-
tion of a lanthanide using an IL-based ATPS was undertaken in the SolvoMet Group 
headed by Pr. Binnemans at KU Leuven by Hoogerstraete et  al. [142] in 2013. 
Hoogerstraete used the IL betainium bis-(trifluoromethylsulfonyl)imide, [Hbet]
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[NTf2], and the extractant betaine to extract REE and scandium (Sc) from an aque-
ous solution using temperature as a phase transition mechanism. They found that 
lanthanides had a distribution ratio slightly higher than 10 while Sc had a distribu-
tion ratio greater than 500. Building on the group’s research, Depuydt et al. transi-
tioned away from fluoride-base ILs and demonstrated that a carboxy- phosphonium 
IL could be used in a ATPS using sodium chloride (NaCl) concentration as a phase 
separation trigger [143]. The [Hbet][NTf2] and betaine extraction system were also 
used by Huang et  al. to successfully extract REE from coal fly ash [144]. 
Unfortunately, none of these authors report losses of IL or fluoride in their experi-
ments, a critical consideration for transition to industrial usage. This recognition 
lead Mikeli et al. to specifically investigate losses of [Hbet][NTf2] IL to its strip 
solution. The losses reported by Mikeli are unsatisfactory for commercial applica-
tion of the concept even under optimized conditions [145].

Since 2015, additional ATP systems have been successfully investigated. These 
ATPS include [N1444][NO3]/NaNO3 by Sun et  al. [59] and [P4444][Br]/NaNO3 by 
Chen et al. [146] both aiming at selectively extracting lanthanides from transition 
metals solutions. More recently, Vargas et al. [147] reported a very high separation 
efficiency for La/Ce using a [C2mim][Cl]/K2CO3 ATPS and Alizarin Red S (ARS) 
as an extractant. In this study, a separation factor [DLa/DCe] of 2600 was obtained 
through the complexion of lanthanum ions with ARS, and its greater affinity for the 
IL phase following the phase separation trigger.

A novel configuration for ATPS involves its combination with traditional solvent 
extraction where the ATPS is contacted with an organic phase containing a tradi-
tional extractant, followed by tri-phase separation. Both three-phases organic- 
ATPS- based systems using a polymer and IL-based ATPS have been scarcely 
investigated, and they present an exciting research opportunity. Sun et al. [60] suc-
cessfully used three-phase organic-IL ATPS to separate Nd from Pr and obtain a 
Nd-rich organic phase, a Pr-rich IL phase, and a depleted aqueous phase. In this 
study, Sun et al. used P507 diluted in dodecane for the organic phase, [N1444][NO3]
[NaNO3] for the IL phase, and a HNO3/NaNO3 solution for the aqueous phase. Sun 
concluded that a separation factor as high as 3.5 could be attained by using a three- 
phase system which is much higher than the separation factor of 1.47 for the con-
ventional solvent extraction process, or the separation factor of 1.22 obtained by 
ATPS separation. Interestingly, Sun also presented three-phase partitioning data 
pertaining to the extraction of lanthanides which strongly suggested that this system 
could be effectively used to separate lanthanides in light/medium and heavy groups 
with fewer stages than the current processes.

8.4  Mineral Processing

The usage of ILs in flotation was first applied in 2012 to the flotation of herbicides 
from yogurt [148]. In the minerals processing field, it is still a nascent research 
subject, with its first publication by Sahoo et al. on the flotation of quartz from natu-
rally occurring banded hematite quartzite (BHQ) ore in 2014 [149]. Azizi et al. at 
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University Laval and Montreal Polytechnic had first applied the IL [N4444][D2EHP] 
to the flotation of rare earth minerals, specifically monazite and bastnaesite [150] in 
2016. They demonstrated that [N4444][D2EHP] was superior to the hydroxamic-
based collectors for the collection of monazite and bastnaesite from calcite, dolo-
mite, and quartz.

Subsequently, Azizi et al. tested liquid-liquid mineral separation (i.e., a combina-
tion of heavy liquid separation and flotation) for the same material composed of 
bastnaesite, monazite, calcite, dolomite, and quartz using an aqueous phase contain-
ing 0.1  M KNO3 at various pHs and an organic phase containing either [N4444]
[D2EHP], [N2222][DiOctP] or [N2222][DEHP] diluted in kerosene [151]. The experi-
ment showed that the [N4444][D2EHP] system was optimum and selective for REE 
minerals over gangue minerals and would outperform the equivalent flotation system 
discussed previously. Building on this novel research, Azizi and Larachi studied the 
liquid-liquid mineral separation of a mixture of bastnaesite, monazite, calcite, dolo-
mite, and ankerite using a dual IL system [152]. In this study, the collecting IL was 
composed of [N4444][D2EHP] while the continuous phase IL was composed of either 
[EtNH3][NO3], [Emim][SCN] or [Bmmim][BF4]. The study demonstrated recoveries 
in the order bastnaesite > monazite > ankerite > calcite > dolomite, with both [EtNH3]
[NO3] and [Emim][SCN] outperforming the aqueous-IL liquid-liquid mineral sepa-
ration system. [Bmim][BF4] did not allow any separation, which lead the author to 
conclude that viscosity is a significant factor in the system governing factors.

Research activity in the use of ILs for the flotation of rare earth mineral remains 
limited with publications on the flotation of bastnaesite using the IL [N2222][EHEHP] 
by Li et al. in 2020 [153]. The study found that [N2222][EHEHP] was effective for 
the flotation of hematite and bastnaesite from quartz minerals. However, the affinity 
was greater with hematite over bastnaesite, leading the author to test and recom-
mend a two-stage approach in which hematite would be floated first by starving the 
system of the collector, followed by bastnaesite using increased collector dosages.

While the application of ILs for the mineral processing of rare earth ores appears 
to be promising for low iron-containing ores, the recovery of the IL from the separated 
minerals has not yet been addressed in the literature and may prove to be cost prohibi-
tive. Further research in the area is expected given the high potential of this new field.

8.5  Electrometallurgy

The use of ILs in electrometallurgical processes promises to significantly reduce the 
environmental footprint associated with the production of rare earth metal by replac-
ing the energy intensive molten salt electrolysis and metallothermic reduction pro-
cesses. Key advantages of utilizing ILs in the electrochemical reduction of the 
lanthanides include a higher potential window than alternative mediums, virtually no 
vapor pressure at operating temperatures, a high-metal salt solubility, a higher con-
ductivity than organic solvents, and more importantly a control over the water con-
tent of the electrolyte [154]. Additionally, the transition to a low-temperature 
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emission-free process would eliminate the large amount of carbon dioxide and per-
fluorocarbon emissions currently resulting from conventional processes. It is impor-
tant to note that the electrical conductivity of ILs at room temperature is approximately 
an order of magnitude lower than molten salts, resulting in lower electrical efficiency. 
This disadvantage can be mitigated by operating ILs units at high temperature 
(>100  °C) [155]. Similar to molten salt electrolysis, the existence of a stable +2 
valence for samarium, europium, and ytterbium creates additional hurdles in ILs.

Table 8.7 presents a summary of relevant literature on the electrodeposition of 
REE in IL medium. Table 8.8 presents the nomenclature associated with the ILs 
listed in Table 8.7.

8.5.1  Imidazolium-Based ILs

The electrochemical behavior of europium in 1-hexyl-3-methylimidazolium bis 
(trifluoromethylsulfonyl)imide [C6mim][NTf2] medium was investigated by Rama 
et  al. [181] Additionally, experiments were conducted where TBP and N, 
N-dihexyloctanamide (DHOA) were added to the system. A cyclic behavior was 
observed where Eu(III) would be reduced to Eu(II) at the cathode, but no metal was 
generated due to break down of the IL at lower voltage than reduction to metal.

Xu et  al. [177] also reported that the reduction of rare earths in 1-ethyl-3- 
methylimidizolium dicyanamide [Emim][DCA] at a voltage lower than the break 
down voltage of the IL was not possible. Xu et al. demonstrated that this issue could 
be circumvented by introducing Fe(II) as a co-deposition element. Similar to the 
electrodeposition of lanthanides in deep eutectic solvents, the addition of Fe(II) 
reduces the voltage needed and allows for co-deposition. It is believed that a cata-
lytic reduction reaction occurs following the electrodeposition of a few atomic lay-
ers of iron on the cathode. It is important to note however, that the carbon residue 
from the degradation of the IL was found in the deposited metal. The authors con-
cluded that additional investigation would be beneficial with a longer alkyl chain 
IL. This suggestion is in line with work previously undertaken in 2015 by Zhang 
et al. [178] where 1-butyl-3-methylimidazolium dicyanamide [BMim][DCA] was 
used with lanthanum chloride to electrodeposit lanthanum while preserving the 
integrity of the electrolyte medium. The system presented by Zhang offers a promis-
ing avenue for the transition to an industrial process since it solves the anode reac-
tion through the use of a chloride ion which is oxidized to chlorine.

8.5.2  Pyrrolidinium-Based ILs

The study of the electrodeposition of lanthanides in pyrrolidinium ILs revealed some 
discrepancies between the various pyrrolidinium ILs. Legeai et al. reported success-
ful electrodeposition of lanthanum metal using 1-octyl-1-methyl-pyrrolidinium 
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Table 8.7 Electrodeposition of REE in IL medium

Ionic liquid
Reduction to metal 
(V)

Cathodic 
limit (V)

Anodic 
limit (V) Basis Reference

[DEME][NTf2] −3.3 (Nd) N/A N/A Ag/Ag+ [156]
[N1116][NTf2] −3.0 (Nd) N/A N/A Fc/Fc+ [157]
[P66614][NTf2] −2.3 (Nd) −3.3 (0.4% 

H2O) [158]
−3.5 (0.1% 
H2O) [159]

N/A Fc/Fc+ [158, 
159]

[BMPyr][NTf2] −2.2 (La, Nd)
−2.3 (Sm, Dy)

−3.4 to −3.5 N/A Ag/AgCl [155, 
160]

−2.45 (Eu) −3.5 −1.7 Fc/Fc+ [161]
[Me3NBu][NTf2] −2.2 (La)

−1.95 (Ce) [162]
−2.5 (Nd)
−2.3 (Sm)
−2.4 (Sm) [19]
−2.0 (Eu) [19]

−3.6 N/A Ag/AgCl [155]

−2.4 (La)
−2.85 (Sm)
−3.0 (Eu)

−3.0 2.7 Fc/Fc+ [163]

[Bu3MeN][NTf2] Simultaneous with 
IL break down

−1.9 2.85 Ref. 
Electrode

[164]

[Ln(TMP)3][NTf2] −1.25 (Nd, Dy, Gd)
−0.85 (Pr)

< −4 >1.5 Pt [165]

−2.1 (Nd) < −4 >1.5 Ag/AgCl [166]
−2.5 (Sm) −4 N/A Pt [167]

[Ln(DHOA)3][NTf2] −3 (Nd, Eu, Dy) N/A N/A Pd [168]
[P2225][NTf2] −2.5 (Nd) [169]

−3.2 (Dy) [170]
−3.2 3 Fc/Fc+ [169, 

170]
[C6mim][NTf2] Not observed prior 

to IL break down
−1.75 N/A Fc/Fc+ [169, 

170]
[C8MPyr][NTf2] −1.6 (La) −2.5 N/A AgCl/Ag [171]
[N11N11PipGua][NTf2] −1 (Dy) N/A N/A Pt [172]
[Nd(DMI)x(NO3)y]
[CF3SO3]3

−2.5 (Nd) N/A N/A Ag/Ag+ [173, 
174]

[BMPyr][DCA] Simultaneous with 
IL break down

−2 N/A Fc/Fc+ [175]

−1.35 (NiLa) −1.6 1.6 Ag/AgCl [176]
[Emim][DCA] −1.4 (Fe-Nd) −1.5 N/A Pt [177]
[Bmim][DCA] −1.05 (La) −1.7 1.6 Ag/Ag+ [178]
[C4MPyr][DCA] −2.0 (Nd) −3.25 N/A Fc/Fc+ [179]
[BMimCl][AlCl3] −1 (AlCe) N/A N/A Al [180]

Silver (Ag); Silver chloride (AgCl); Platinum (Pt); Palladium (Pd); Aluminum (Al)
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Table 8.8 Nomenclature for the ionic liquids used in electrodeposition of rare earth elements

Ionic liquid Name

[DEME][NTf2] N,N-Diethyl-N-methyl-N-(2-methoxyethyl)ammonium 
bis(trifluoromethyl-sulfonyl)amide

[N1116][NTf2] n-Hexyl-trimethyl-ammonium bis(trifluoromethyl-sulfonyl)amide
[P66614][NTf2] Trihexyl(tetradecyl)phosphonium bis(trifluoromethylsulfonyl)

azanide
[BMPyr][NTf2] 1Butyl1methylpyrrolidinium bis(trifluoromethylsulfonyl)azanide
[Me3NBu][NTf2] N-trimethyl-N-butylammonium bis(trifluoromethylsulfonyl)azanide
[Bu3MeN][NTf2] Tri-Butylmethylammonium bis(trifluoromethylsulfonyl)azanide
[Ln(TMP)3][NTf2] Lanthanide trimethylphosphate tribis(trifluoromethane) sulfonimide
[Ln(DHOA)3][NTf2] Lanthanide dihexyloctanamide tribis(trifluoromethane) sulfonimide
[Ln(DMI)x(NO3)y]
[CF3SO3]3

Lanthanide dimethylimidazolidinone nitrate 
trifluoromethanesulfonate,

[P2225][NTf2] Triethyl-pentyl-phosphonium bis(trifluoromethane) sulfonimide
[C6mim][NTf2] 1-Hexyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide
[C8MPyr][NTf2] 1-Octyl-1-methyl-pyrrolidinium bis(trifluoromethylsulfonyl)imide
[N11N11PipGua][NTf2] Guanidinium bis(trifluoromethylsulfonyl)imide
[BMPyr][DCA] Butylmethylpyrrolidinium dicyanamide
[Emim][DCA] 1-Ethyl-3-methylimidizolium dicyanamide
[Bmim][DCA] 1Butyl-3-methylimidazolium dicyanamide
[EC][AlCl3] Ethylene carbonate-aluminum chloride
[BMimCl][AlCl3] Aluminum chloride 1-butyl-3-methylimidazolium chloride

bis(trifluoromethylsulfonyl)imide [C8MPyr][NTf2]/lanthanum nitrate as an electro-
lyte [171]. However, the process as described was slow and inefficient. In an investi-
gation of the electrodeposition of lanthanides in butyl methylpyrrolidinium 
dicyanamide medium, Razo et al. reported that a simultaneous reduction of the IL 
and lanthanides was occurring, preventing the utilization of [BMPyr][DCA] in such 
processes [182].

Pyrrolidinium ILs behave similarly to imidazolium ILs with regard to their 
behavior with water [183] and transition metal co-deposition. The simultaneous 
decomposition of the metal salt and IL can also be avoided in pyrrolidinium ILs by 
using a dual metal electrodeposition process where the transition metal acts as a 
catalyst [177]. The preparation of nickel lanthanum alloy with hydrogen evolution 
catalytic activity was achieved by Gao et al. using [BMPyr][DCA] in combination 
with lanthanum chloride and nickel chloride as an electrolyte [176]. The perfor-
mance of the catalyst produced was superior to many comparable nickel rare earth 
catalyst, proving an interesting research avenue for solvometallurgists. [BMPyr]
[NTf2] was used by Manjum et al. for the co-electrodeposition of samarium cobalt 
SmCo7 alloy from samarium and cobalt triflimide salts [184]. However, it was 
noted that the morphology of the alloy as nanoparticles and nanowires caused issues 
with regard to its physical separation and washing from the IL medium.

In contrast, Bourbos et al. reported the successful reduction of lanthanum nitrate 
in 1Butyl1methylpyrrolidinium bis(trifluoromethane) sulfonimide [BMPyr][NTf2] 
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[160] and of lanthanum nitrate, neodymium nitrate, samarium trifluorometha-
nesulfonate, and dysprosium bistriflimide in both [BMPyr][NTf2] and in N-trimethyl-
N-butylammonium bis(trifluoromethylsulfonyl)imide [Me3NBu][NTf2] [155]. 
Bourbos et al. noted that fluoride and sulfur were found in the metal product. It was 
not clear to the authors if the presence of these elements was the result of the sulfon-
imide ion adsorption or if it represented residual IL that was not washed properly. 
The authors rejected the possibility of IL breakdown following an analysis of the 
materials using Fourier transform infrared spectroscopy (FTIR) spectra where no 
breakdown residue could be observed [160].

Following their initial studies, Bourbos et  al. successfully investigated a two- 
compartment process in which the anode reaction would not result in the breakdown 
of the IL anion [NTf2] by using neodymium chloride in dimethylsulfoxide (DMSO) 
in the anode compartment [155]. While the introduction of a two-compartment unit 
reduced the efficiency of the process, the use of a chloride salt as a feed material and 
the subsequent chloride oxidation to gaseous chlorine resulted in much more favor-
able economics and in a more environmentally friendly process.

A likely early industrial application of electrodeposition of rare earth in IL 
medium is the electroplating of NdFeB magnets with dysprosium and terbium fol-
lowed by conventional heat treatment to increase the magnetic properties of the 
magnets. Suppan et al. used [BMPyr][NTf2] to electrodeposit dysprosium on NdFeB 
magnets and increased the magnets coercivity by 20% [185].

8.5.3  Phosphonium-Based ILs

The study of the electrodeposition of neodymium in phosphonium ILs revealed that 
phosphonium-based systems have significant inherent drawbacks to overcome 
before they can be implemented commercially. In order to reduce neodymium to 
metal in [P66614][NTf2] at low temperature with minimum degradation of the IL 
medium, it appears that a narrow neodymium concentration range (0.1–0.5 mol/kg) 
and water (0.1–2%) are required [159]. The presence of water allows for the elec-
trodeposition process to occur in one step directly from the trivalent lanthanide as 
opposed to a two-step reduction from the trivalent phase to the divalent phase to the 
metal phase when the concentration of water is insufficient [186]. However, it is 
believed that the presence of water, while necessary to ensure proper speciation of 
neodymium in the IL, also leads to surface oxidation of the deposited metal [158] in 
addition to reducing the electrolyte electrochemical window [187]. The metal pro-
duced also contains significant amounts of phosphorus and sulfur which could 
either be caused by residual IL being present in the deposit or from break down of 
the IL itself.

While the effect of water is not explicitly addressed, Matsumiya suggests that 
increasing the temperature of the system also contributes to the successful reduction 
of lanthanides in phosphonium bis(trifluoromethane) sulfonimide medium [188]. It 
is yet to be determined whether operating at higher temperatures would be 
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preferable to the utilization of water with regard to a potential reduction of surface 
oxidation for the metal produced. In his investigations, Matsumiya successfully 
solubilized neodymium from a demagnetized NdFeB rod at the anode while simul-
taneously reducing it to metal at the cathode. His utilization of a Vycor glass filter 
around the anode prevented any iron from being deposited at the cathode [188].

Early investigations of the electrolysis of neodymium in triethyl-pentyl- 
phosphonium bis(trifluoromethane) sulfonimide [P2225][NTf2] and [P1116][NTf2] by 
Kondo et al. had not assessed the impact of water in the system but have reached 
similar purity results as other investigators of this system [158, 159, 186–188] with 
regard to the metal produced. The poor metal reduction observed in [P1116][NTf2] 
was suggested to be related to the higher viscosity of [P1116][NTf2] compared to 
[P2225][NTf2], 153 mPa⋅s versus 88 mPa⋅s, respectively [169]. Kurachi et al. [170] 
failed to reduce dysprosium without breaking down the IL medium. The produced 
metal also contained significant amounts of sulfur, fluorine, and oxygen. Further 
studies by Kondo et al. evaluated the impact of lowering the water content of the 
ionic liquid [P2225][NTf2] and did not identify any significant impact on the electro-
deposition of neodymium [189].

8.5.4  Neutral Ligand Complexation-Based ILs

Neutral ligand complexation-based ILs are formed by the dissolution of rare earth 
salts in neutral ligand solvents (NLS) such as tributyl-phosphate (TBP), trimethyl- 
phosphate (TMP), 1,3-dimethyl-2-imidazolidinone (DMI) or dihexyloctanamide 
(DHOA). The overall reaction for the formation of such ILs is represented by:

 
Ln NTf NLS Ln NLS NTf2 3 3 2 3

3� � � � � ��� ��� �
 

(8.2)

while [NTf2] is referenced in the equation, both [NTf2] and [CF3SO3] anions are 
currently being investigated for such systems. During the electrodeposition process, 
the cation portion of the IL is reduced to create a lanthanide metal and regenerate 
the NLS following the reaction:

 
Ln NLS e Ln NLS� ��� �� � � �

� �
3

3
3 3

 
(8.3)

Bagri et al. [165] and Sidhu [166] demonstrated that REE could be successfully 
deposited onto a cathode substrate using TMP as a NLS to generate a lanthanide IL 
cation through the dissolution of lanthanide tribis(trifluoromethane) sulfonimide 
salt. Krishna et al. [168] achieved the same objective using DHOA as a NLS. This 
approach is likely to be successful commercially since the medium is very stable 
within the operating conditions (i.e., potential, acidity, and temperature) required 
for electrodeposition and the self-regeneration lends itself to a continuous process. 
However, similar to other IL mediums, additional research on the anodic reaction 
will be required to replace the decomposition of the [Ntf2] or [CF3SO3] anion with 
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a different anion and to allow for its reuse in the production of the lanthanide salt 
feed material.

Lanthanide neutral ligands complexes can also be dissolved in ILs such as the 
phosphonium-based IL [P2225][NTf2] and subsequently electrodeposited. Matsumyia 
et al. [190] demonstrated such a process following the extraction of the neodymium 
by TBP/[P2225][NTf2] from aqueous media. Unfortunately, as with other investiga-
tions of phosphonium-based electrodeposition, a significant amount of oxidation 
was present in the deposited metal [158, 159, 169, 187, 189].

8.5.5  Aluminum Chloride-Based ILs

The reduction of aluminum (Al) and Al alloys from aluminum chloride (AgCl)-
based IL medium has been extensively investigated in the past [191–193]. However, 
these processes have yet been proven to be sufficiently economic to replace legacy 
industrial processes. The incentives with regard to REs such as the utilization of 
relatively inexpensive chlorides, the absence of fluorides, and a low operating tem-
perature suggest that research into these systems is likely to increase drastically in 
the foreseeable future. The first foray in the subject in 1985 by Lipsztajn and 
Osteryoung [194] using aluminum chloride 1-methyl-3-ethylimidazolium chloride 
[AlCl3][ImCl]/neodymium chloride as an electrolyte was considered a failure since 
it resulted in no neodymium deposition.

The first record of successful electrodeposition of a rare earth in aluminum 
chloride- based IL was achieved in 2001 by Tsuda et al. [195] using aluminum chlo-
ride 1-ethyl-3-methylimidazolium chloride [AlCl3][EMiCl]/lanthanum chloride 
(LaCl3) in the presence of lithium chloride (LiCl) and thionyl chloride (SOCl2). It 
was noted however that the resulting metal layer was quickly passivated, ceasing 
lanthanum deposition. Building on work by Tsuda et al., Lisenkov et al. [180] inves-
tigated the electrodeposition of an aluminum cerium alloy as a corrosion inhibitor 
using an aluminum chloride 1-butyl-3-methylimidazolium chloride [AlCl3]
[BMiCl]/cerium(III) chloride electrolyte. Unfortunately, the corrosion resistance of 
the deposited alloy was low due to the sequestration of chloride ions in the deposit.

8.6  Technology Outlook

The impact of ILs in the REE processing industry will undoubtedly increase tre-
mendously in the coming years. The first point of entry in the commercial produc-
tion sphere will likely be as a replacement for acidic extractants in the solvent 
extraction processes for the separation of the REE. The major impediments to this 
transition from research to industry lies in the inherently conservative nature of 
industrial separation process operators. The effort, cost, and risk associated with the 
retrofitting of existing processes will certainly delay and may potentially bar the 
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entry of ILs in the legacy industry. It is typical for such changes to be brought about 
by incumbents challenging the status quo. Such incumbents are currently plentiful 
in the United States as the government has resolved to reduce its dependence on the 
Chinese supply chain for REE.

A second point of entry lies in the application of ILs and solvometallurgy for the 
recycling of REE from spent magnets, electronics, and batteries. The industry is in 
its initial development and is expected to turn toward new technologies for competi-
tiveness with legacy players. The integration of the full recycling process using ILs 
to dissolve, purify, and reduce the REE from such waste stream is expected to chal-
lenge the research community.

Finally, the increased attention toward environmentally friendlier ILs such as the 
CHON ILs may redeem the initial “green” designation that befelled perfluorinated 
ILs, further supporting their introduction to the industry as replacements from 
molecular organic solvents.
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9.1  Introduction and Thermodynamics Considerations

The pertinent thermodynamics of rare earth metal production pertains to reactions as

 MX mR M mRXn n m� � � /  (9.1)

where M is the rare earth metal to be produced, and X is the anion that M is bound 
to which could either be the starting ore compound (e.g., oxide) or an intermediate 
compound such as fluorine (F) or chlorine (Cl) [1]. R is the reducing agent which 
may be carbon monoxide (CO (g)), hydrogen (H2 (g)) or a metal (e.g., magnesium 
(Mg) or lithium (Li)). For typical rare earth compounds, n is 3/2 for oxides and is 3 
for chlorides and fluorides. The coefficient m is the stoichiometric amount of X 
required in the compound with M.

Equation 9.1 can be written as

 
� � �� �M nX MXn  

(9.2)

 
mR

n

m
X RXn m� � /

 
(9.3)

Since these reactions are associated with standard free energies of mixing, − 
∆GMXn

0  and m ∆GRXn m

0
/ , the overall Gibbs Free Energy for Eq. 9.1 is
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(9.4)

For a thermodynamically favorable reduction condition ΔG1  <  0. Since com-
pounds (RXn/m and MXn) are generally at unit activity, Eq. 9.4 will depend on:

• The standard free energies GMXn

0  and ∆GRXn m

0
/ , which will have the largest con-

tribution to ΔG1. The standard free energies can be written as, � � �G H T Si i i
0 0 0� � .

• The activity of the product metal, aM, which can be reduced by producing an 
alloy as opposed to a pure metal.

• The activity (or fugacity) of the reductant, aR.

• The temperature (T (K)) which also appears in the standard free energies.

Table 9.1 lists standard Gibbs energies for the formation for several rare earth 
oxides (REOs) and the only effective metallothermic reduction material (i.e., cal-
cium (Ca)) as a function of temperature. Figure 9.1 shows the standard Gibbs ener-
gies for formation of several REOs, and Fig. 9.2 gives standard Gibbs energies for 
the formation of REOs and potential reductants.

Figure 9.3 shows the temperature dependence of the standard Gibbs energy (i.e., 
the Ellingham diagram) for the reactions listed in Tables 9.1 and 9.2. From Eq. 9.4, 
if the activities are all unity, this means that a particular REO can be reduced by 
reducing agents whose standard Gibbs energy lies beneath them. Thus, with unit 
rare earth metal activity, only Ca can accomplish this. The situation is similar for 
fluorides (Table 9.3).

Table 9.2 and Fig. 9.2 show the corresponding information for chlorides, and it 
can be seen that Ca, potassium (K), sodium (Na), Li, and carbon ((C) at high enough 
temperatures to form CO(g)) can reduce rare earth chlorides.

In the case of an electrochemical reaction, electric power is used to drive a reac-
tion where the chemical free energy is positive. The reaction is separated as anode 
and cathode half-cell reactions and rewritten as separate reactions, following dis-
solution of MXn into an electrolyte:

 M ze Mz� �� �  (9.5)

 mR mR ze
z

m� �
� �

 (9.6)

Table 9.1 Standard Gibbs energies of select REOs and CaO as a function of temperature

Oxide
ΔGo (kJ/mole O2)
500 K

ΔGo (kJ/mole O2)
1000 K

ΔGo (kJ/mole O2)
1500 K

ΔGo (kJ/mole O2)
2000 K

Nd2O3 −1109 −1016 −924 −829
Pr2O3 −1108 −1016 −922 −829
Dy2O3 −1140 −1045 −952 −857
CaO −1164 −1061 −950 −837
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Fig. 9.1 Standard Gibbs energies for formation of the REOs versus temperature [1]

Fig. 9.2 Standard Gibbs energies for the formation of REOs and potential reductants [1]

In the case of electrochemical reactions, the free energies in Eq. (9.4) are replaced 
by electric potentials through the Nernst Equation, �G nFEi

j
i
j� � , free energies for 

Eqs. 9.5 and 9.6 are converted to electric potentials, and the thermodynamically 
minimum electric potential [2] to accomplish reduction will be:
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Fig. 9.3 Ellingham diagram for various rare earth oxides and halides

Table 9.2 Gibbs energy of formation for potential chlorides and Ca, K, Na, and Li as reductants 
for two temperatures

Chloride
ΔGo (kJ/mole Cl2) 
500 K

ΔGo (kJ/mole Cl2) 
1000 K

ΔGo (kJ/mole Cl2) 
1500 K

ΔGo (kJ/mole Cl2) 
2000 K

NdCl3 −611 −534 −477 −425
PrCl3 −620 −543 −484 −430
DyCl3 −571 −484 −413 −345
CaCl2 −718 −645 −585 −531
KCl −778 −683 −620 −564
NaCl −730 −638 −575 −523
LiCl −735 −659 −607 −559

 
E E E
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a aM M R R

M R
z m
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(9.7)
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Table 9.3 Gibbs energy of formation for rare earth fluorides and Ca as a reductant for two 
temperatures

Fluoride
ΔGo (kJ/mole F2)
500 K

ΔGo (kJ/mole F2)
1000 K

ΔGo (kJ/mole F2)
1500 K

ΔGo (kJ/mole F2)
2000 K

NdF3 −1036 −957 −880 −812
PrF3 −1041 −962 −885 −817
DyF3 −1042 −962 −888 −830
CaF2 −1141 −1058 −978 −911

Table 9.4 Relevant half-cell potentials

Element Half-cell reaction E0(V) Element Half-cell reaction E0(V)

Sr Sr− + e− = Sr(s) −4.101 Li Li++C6(s) + e− = LiC6(s) −2.84
Ca Ca++e− = Ca(s) −3.8 Eu Eu2++2 e− = Eu(s) −2.812
Pr Pr3++e− = Pr2+ −3.1 Ra Ra2 + 2e− = Ra(s) −2.8
Li Li++e− = Li(s) −3.0401 Ho Ho3++e− = Ho2+ −2.8
Cs Cs++e− = Cs(s) −3.026 Bk Bk3++e− = Bk2+ −2.8
Er Er3++e− = Er2+ −3.0 Yb Yb2++2e− = Yb(s) −2.76
Rb Rb++e− = Rb(s) −2.98 Na Na++e− = Na(s) −2.71
K K++e− = K(s) −2.931 Mg Mg++e− = Mg(s) −2.70
Ba Ba2++2e− = Ba(s) −2.912 Nd Nd3++e− = Nd2+ −2.7
Fr Fr++e− = Fr(s) −2.9 Sm Sm2++2e− = Sm(s) −2.68
Sr Sr2++2e− = Sr(s) −2.899 Pm Pm3++e− = Pm2+ −2.6
Ca Ca2++2e− = Ca(s) −2.868 Dy Dy3++e− = Dy2+ −2.6

The standard half-cell reactions (Table 9.4) are written as reduction reactions, 
and n represents the number of electrons transferred. F is Faraday’s con-
stant = 96,487 °C/mole equivalent.

9.2  Metallothermic Reduction

Metallothermic reduction is based upon the relative thermodynamic stability of 
metal oxides, chlorides or fluorides as compared to a different metal. There have 
been many papers written on this topic; examples are given in the references 
[1, 3–10].

The rare earth precursors (e.g., oxide, fluoride or chloride) must be purified 
before reduction as minor impurities that are more noble will also be reduced and 
cannot be easily removed. This purification step is accomplished through mineral 
processing and hydrometallurgy using leaching, solvent extraction, and ion 
exchange. The purified product is typically an oxide. To form pure chlorides or fluo-
rides, additional chemical processing is required to convert the oxide.

A typical oxide reaction can be written as

 Nd O Ca CaO Nd2 3 3 3 2� � �  (9.8)
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To perform this reaction, one would need a reactor in which the REO and metal 
reductant are placed. This is then heated up to a temperature that allows the kinetics 
of the reaction to take place. Most of the reactions are exothermic, so some of the 
thermal energy required is provided. Ideally, the rare earth metal is formed above its 
melting point so that metal separation can be achieved, and an ingot can be poured. 
If not, then mineral processing or leaching of the slag can be used to separate the 
various materials into metal powders from the slag. This concept is used in many 
other metal production scenarios (e.g., The Kroll process for Ti and Zr).

The standard state Gibbs Energy (pure and one atmosphere) order of stability for

• Reduction of oxides is: CaO > RE2O3 > MgO > Al2O3 > > SiO2.
• Fluorides: CaF2 > REF3 > LiF > NaF > MgF2 > AlF3.
• Chlorides: KCl > NaCl > LiCl > CaCl2 > RECl3 > MgCl2 > > AlCl3.

Thus, under standard conditions, Ca can reduce the rare earth oxides and fluo-
rides. Rare earth chlorides can be reduced by K, Na, Li, and Ca.

These relative Gibbs Energies may be manipulated by reducing the activity of 
the rare earth metal product, either through forming an alloy containing the metal, 
forming a slag containing the metal or by generating a metal vapor phase that is 
removed as it is formed.

Important factors to consider in metallothermic reduction are melting point, boil-
ing point, vapor pressure, densities, viscosities, chemical activities, and alloying 
behavior of the reactants and products. In addition, the cost of the metal reductant is 
very important. Table 9.5 provided additional characteristics that may be important 
in metallothermic reduction.

Metallothermic reduction of rare earths can produce rare earth metals in the form 
of ingots, sponges or powders. Fluoride systems typically produce products in the 
form of ingots, while chloride systems typically produce products in the form of 
sponges. Oxide systems typically produce products in the form of powders. In the 
case of a powder or sponge product, the metal can be separated through vacuum 
distillation or by leaching away the slag. A flow sheet for metallothermic reduction 
of oxides is shown in Fig. 9.4. These do not require the pretransformation of the 
REOs into halides. It is typically labor and energy intensive because rare earth 
oxides are very stable. Reducing agents include Ca and lanthanum (La is sometimes 
used to reduce the heavier rare earth metals). Magnesium and zinc (Zn) are used to 
form an alloy to decrease the activity of the metal product. Both Mg and Zn are 
recovered by vacuum distillation.

Metallothermic reduction of rare earth halides requires the transformation  
of the REOs into halides. Both chloride and fluoride reduction are meant to be 
oxygen-free processes. Rare earth halides are less stable than oxides, thus there 
are more options available for reducing agents and less energy required for 
reduction.
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Table 9.5 Properties and characteristics of metallothermic reactions

Characteristics Property

Kinetics and yield Solid state heterogeneous kinetics depends upon particle sizes of 
feed, temperature, and time

Molten metal product and 
slag

Melting point of the metal and slag with sufficient time to allow 
the phases to separate

Separation of slag and 
metal

Densities of the metal (more dense) and slag (less dense)

Thermally self-sustaining 
reaction

Exothermicity of the reaction and well-insulated reactor

High purity Impurities initially present or introduced by the reductant, 
reductant product or reactor

Safety Engineered to assure safe performance and handling
Reactor design Commercially available reactors and refractories
Reactor atmosphere Ideally open but may be inert

Fig. 9.4 Flow sheet of the most common processes used for the direct reduction of REOs [1]

9.2.1  Rare Earth Chlorides

 Preparation of Rare Earth Chlorides

Three primary processes have been used to produce rare earth chlorides. These 
include:

• Wet Method—Hydrated RECl3 is crystallized out of a HCl solution of REOs and 
dehydrated by heating under a dry flow of hydrochloric acid (HCl) [1].
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• Dry Method—Direct chlorination: Heating REOs with ammonium chloride 
(NH4Cl) or heating REOs under the flow of chlorine gas [1, 11].

• Carbochlorination—Chlorination process utilizes carbon in the reaction to pro-
vide more favorable thermodynamics. One example is the Goldschmidt process 
(Fig. 9.5) that was developed in industry to produce rare earth chlorides directly 
from rare earth ores. Process temperature ranges from 800 to 1000 °C. The ore is 
crushed, mixed with carbon and a binder, pressed into briquettes, placed in a 
reactor, and heated under the flow of dry chloride gas. Product yields are between 
97 and 99%.

 Metallothermic Reduction of Rare Earth Chlorides

Metallothermic reduction of rare earth chlorides have been demonstrated for cerium 
(Ce), neodymium (Nd), gadolinium (Gd), La, yttrium (Y), and praseodymium (Pr). 
Typically, metallothermic reduction of rare earth chlorides is only used for the light 
rare earths due to the volatility of chlorides at high temperatures. Reducing agents 
include Mg, Ca, Li, and Na. Purity levels range from 61 to 99%. A flow sheet is 
shown in Fig. 9.6.

9.2.2  Rare Earth Fluorides

 Preparation of Rare Earth Fluorides

A wet and a dry method have been developed to produce rare earth fluorides [1]. 
The wet method usually involves dissolving a REO in HCl and then adding hydro-
fluoric acid (HF) to precipitate a hydrated fluoride. The dry method is usually 
hydrofluorination with HF gas at elevated temperatures (e.g., 700 °C) for 8 h using 
200% excess HF gas.

Fig. 9.5 Flow sheet illustrating the Goldschmidt process [1]
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Fig. 9.6 Flowchart of the most common processes used for the reduction of rare earth chlorides [1]

 Metallothermic Reduction of Rare Earth Fluorides

Metallothermic reduction of rare earth fluorides has been demonstrated for all rare 
earth elements. Processes can be less problematic than chloride reduction because 
fluorides are less volatile than chlorides. Reducing agents include Ca, Li, and Mg 
(alloy process). Purity levels range from 97 to 99.85%. Typically, fluoride reduction 
is more expensive than chloride reduction due to the higher operating temperatures 
and cost of chemicals. A flow sheet is shown in Fig. 9.7.

9.3  Lanthanothermy

Lanthanothermy [8–10] is similar to the Pidgeon Process [12] for Mg (Fig. 9.8). It 
is based upon the formation of a volatile metal product that can be removed and 
quenched in a separate chamber. This then promotes the reaction Gibbs energy to be 
more negative. It can be used for the production of samarium (Sm), europium (Eu), 
and ytterbium (Yb), which is not obtained through halide routes, being based upon 
vapor pressure measurements of the rare earth metals. These measurements indicate 
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Fig. 9.7 Flowchart of the most common processes used for the direct reduction of rare earth fluo-
rides [1]

Fig. 9.8 Schematic for the 
Pidgeon process [11]

that La is the least volatile of the rare earths and that Dy had a vapor pressure nearly 
300 times higher. Samarium and Eu are also very volatile.

As lanthanum oxide has one of the highest (−negative) heats of formation among 
the REOs, this led to a process for reducing select rare earth oxides with La and 
volatizing the products. Samarium is the rare earth metal that is primarily produced 
by La reduction. Samarium is used in producing all of the samarium-cobalt (Sm- 
Co) magnets (Fig. 9.9). The reaction of interest follows:

 
Sm O La La O Sm g2 3 2 32 2� � � � �  

(9.9)
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9.4  Molten Salt Electrolysis

9.4.1  Industrial Production of Rare Earth Metals 
by Electrolysis

The industrial production of rare earth metals by molten salt electrolysis is a com-
mercial method to produce Ce, La, Nd, Pr, DyFe, and NdPr (known as didymium). 
Mischmetal is also produced. Mischmetal is the name of the alloy produced by 
electrolysis of oxides or chlorides of nonseparated rare earths. These alloys are 
dominated by Ce as it is the most abundant rare earth, typically at 40–50% of the 
total alloy content. Rare earths alloys do not exhibit melting point suppression, as 
they are chemically similar and do not interact in the molten state. The electrolytes 
used in these processes are selected based on the melting point of the electrowon 
metal. Cerium metal has a relatively low melting point of 798 °C. Of the metals 
electrowon, this is lowest as shown in Table 9.6. The Dy-Fe eutectic which is used 
in the magnet industry has a low melting point. When chloride electrolytes are used, 
residual chlorides can cause corrosion issues in the product, and as a result, either 
the fluoride route or metallothermic reduction with La and Ca is used. Didymium is 
the name given to Nd-Pr alloys. These alloys do not have a specific composition, 
and the natural ratio of approximately 3:1 that is found in bastnaesite ore is often 
used. Mischmetal can be composed of all the light rare earths, or alternately a Ce-La 
mischmetal is produced with a 65% Ce/35% La ratio. The metal melting point for 
these materials and electrolysis route is shown in Table 9.6. Praseodymium is rarely 
electrowon as pure metal.

Fig. 9.9 Schematic of a 
Sm lanthanothermy 
system [10]
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Table 9.6 Melting points of rare earth metals produced by electrolysis

Metal Electrometallurgy route Melting point

Cerium Chloride-based 795–798 °C
Lanthanum Oxide/fluoride 920 °C
Neodymium Oxide/fluoride 1021 °C
Praseodymium Oxide/fluoride 931 °C
Nd:Pr (3:1) didymium Oxide/fluoride ~990 °C
DyFe eutectic Oxide/fluoride ~860 °C
Mischmetal Chloride-based >800 °C

9.4.2  Industrial Production of Cerium and Mischmetal

Industrial production of mischmetal began as a by-product metal produced from the 
extraction of thorium (Th). Thorium was extracted from monazite producing a light 
rare earth stream. It was found that the light rare earths when alloyed with iron (Fe) 
were very useful in the production of lighter flints. There had been a demand for 
flints for cigarette lighters and in industrial applications (e.g., starters for welding 
torches). Treibacher in Austria produced these materials which are still used today. 
The market for personal lighters has decreased as the piezoelectric lighters have 
taken a significant portion of the market share of flints for personal use. A primary 
use in the current market is the production of inoculants for steel making and nickel 
hydride batteries. There is a new application where cerium is alloyed with alumi-
num (12% Ce) to produce a nonheat treatable alloy.

The electrolysis of mischmetal and Ce is conducted in a molten salt electrolyte 
using the rare earth chloride with potassium and sodium chloride and small addi-
tions of fluorite (CaF2). The electrolysis is conducted at temperatures greater than 
800 °C to produce a molten metal product. Graphite anodes are used with steel, 
graphite or tungsten (W) cathodes. The metal is collected by hand dipping the metal 
from the bottom collection well of the electrolytic cell.

The production of metal by this process requires the conversion of the rare earth 
chloride hydrates to an anhydrous rare earth chloride. The process of hydration of 
cerium chloride heptahydrate (CeCl3·7H2O) takes place by first removing the four 
waters of hydration at approximately 170 °C (Eq. 9.10), followed by the removal of 
the final three waters of hydration at approximately 235 °C [13]. While it appears 
that (CeCl3·7H2O) could undergo a hydrolysis reaction forming an oxychloride, the 
formation of CeO2 is favored. This oxide is not electrolyzed but is a loss in the con-
version of the chloride.

 
CeCl H O H O g CeCl H O C3 2 2 3 27 3 3 170� �� � � � �� �  

(9.10)

 
CeCl H O CeCl H O C3 2 3 23 3 340� � � �� �  

(9.11)

 CeCl H O CeO HCl H O H3 2 2 2 23 3� � � � �  (9.12)
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For other rare earths such as La, the oxychloride is favored. For these chlorides, 
waters of hydration usually are six, as they do not exhibit the +4 valence which 
favors the hydrolysis reaction.

 LaCl H O LaOCl HCl3 2 2. � �  (9.13)

The molten light rare earth chlorides have a large metal solubility in their respec-
tive rare earth metal. For example, cerium chloride (CeCl3) can significantly dis-
solve in cerium metal [14]. This limits the material that can be used for cell 
construction as the dissolved metal will reduce most oxide refractories. This can 
damage the refractory and dissolve alkali earth metals (Ca, Mg) and silicon (Si) into 
the bath where they are reduced at the cathode and thus contaminate the metal prod-
uct. As a result, steel and graphite are often used for the lining of the cell. Carbon 
steel can also be used as some products require the addition of Fe  into the final 
product. Preventing air regression in the cell is very important as steel will oxidize 
at high temperature. Notably, the oxide scale is soluble in the bath causing extensive 
wear. Reported performance for various electrolytic cell architectures is shown in 
Table 9.7 [1].

Larger cells as those that have been operated at 12KA by Remacor in Washington, 
Pennsylvania [16] are shown in Figs. 9.10 and 9.11. The production of La takes 
place in a similar electrolyte, and it has been shown that the performance of the cell 
is similar to that of the CeCl3 process. At bench-scale, the current yield was reported 
as high as 90% [17]. Lithium chloride (LiCl), KCl, NaCl, and LaCl3 electrolytes 
were used, with current density on the anode of about 0.8 A/cm2.

There is very little documentation on the process for the direct production of 
La metal. Lanthanum metal has been produced via the oxide/fluoride process in the 
laboratory. The chloride route can be used when producing a mischmetal. Chloride 
electrolysis is much easier to control as the rare earth chloride content is very high 
whereas in the fluoride process the solubility of the oxide is much lower [18]. The 
melting point of the La metal is at the extreme end of the temperature range where 
chloride electrometallurgy can be employed. The vapor pressure of lithium and 
potassium chloride is very high at this temperature leading to bath losses.

Table 9.7 Reported performance for cell architectures

Cell type Ceramic Ceramic Graphite [15]

Cell body material Fire brick Fire clay and cement Graphite
Anode Carbon Graphite Graphite
Cathode Iron Iron Steel
Electrolyte NaCl-CeCl3 CaCl2-CaCl3 KCl-NaCl-CeCl3-CaF2

Operating temperature 850 °C 850 °C 1000 °C
DC Amps 2300 1500 2000
Volts 14 12 12
kWh/lB 45 50
Current yield 45% 50% 70%
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9.5  Electrowinning of Nd, Nd-Pr, and Dy-Fe

The process for electrowinning Nd, Nd-Pr, and ferrodysprosium (Dy-Fe) takes 
place at temperatures (>1000  °C) which are difficult to operate with a chloride- 
based electrolyte. The bath species are very volatile at these temperatures and the 
rare earth chloride retains the hydroscopic nature it has at room temperature. 
Exposure of the electrolyte to air will result in a hydrolysis reaction forming insol-
uble oxychloride compounds that settle out in a slag layer at the bottom of the cell.

Before the discovery of the Nd2Fe14B magnet compositions, the demand for neo-
dymium, praseodymium, and dysprosium alloys could be met with metallothermic 
reduction of these fluorides or chloride. The retorts in the reduction process typi-
cally were constructed from tantalum (Ta), resulting in significant production cost. 
Electrolysis processes lend them themselves to scaling once the basic chemistry and 
materials of construction have been determined on a small scale. Some NdPr was 
produced by chloride electrolysis in the early stages of magnet industry develop-
ment. The residual chloride in the metal produced sometimes presented corrosion 
problems with the magnet. This led to the decline of this process in favor of an oxide 
feed/fluoride bath process similar in some ways to Hall-Heroult process. The metal 
solubility in this type of bath is much lower than the chloride electrolyte and very 
little hydrolysis occurs. The hydrolysis reaction for neodymium chloride is exactly 
as reported for lanthanum chloride as shown above (Eq. 9.13).

Fig. 9.10 Remacor cell

P. R. Taylor et al.



249

Fig. 9.11 Metal harvest 
from Remacor Ce cell

The oxide feed/fluoride bath process was developed by the U.S. Bureau of Mines 
(USBM) for light rare earth oxides in the 1960–1970s [19]. When the process was 
applied to cerium [20], it was found to require a partial reduction of CeO2 to Ce2O3 
since the +4 valance is not stable in molten fluorides and Ce2O3 slowly converts back 
to ceric oxide over time. The reduction method requires carbon (C) or hydrogen 
(H2) to produce cerous oxide. Direct addition of the CeO2 to the electrolyte flashes 
off some of the oxygen [21]. At the cell operating temperature, this is very reactive 
when graphite shells and anodes are used, causing wear.

Similarly, direct addition of praseodymium oxide (Pr6O11) to fluoride flashes off 
oxygen resulting in cell wear. Praseodymium oxide is readily converted to Pr2O3 by 
heating in slightly reducing conditions. The solid solution of Pr-Nd oxides results in 
stability of Pr2O3 [22]. The process was applied to lanthanum oxide (La2O3) [23]. 
For La, Nd, and NdPr, the stability of the trivalent metal ion provides for solubility 
of the oxide in the electrolyte so that metal electrowinning can be conducted [24].

9.5.1  Commercial Production of Nd, Nd-Pr, and Dy-Fe

The demand from Nd, Nd-Pr, and Dy-Fe increased dramatically with development 
of the Nd2Fe14B magnets. Estimates of over 110,000 tons of these metals are pro-
duced annually for magnet production. Recycle rates for these magnets are very 
low. Cuttings or the swarf from magnets are recycled. Hydrometallurgical 
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processing similar to the extraction of the rare earths from ore is practiced. The 
process generates oxides that then are electrowon to produce metals, alloys or fer-
rodysprosium (eutectic DyFe).

As discussed above, the processes for production of Nd, Nd-Pr, and Dy-Fe were 
developed by the USBM in the 1960s [19–23, 25, 26] where oxide solubility was on 
the order 3% [26]. This resulted in development of a control process that avoids the 
“anode effect” which is similar to that of the Hall-Heroult process. The major differ-
ence is the configuration of the anode and cathode—the Hall-Heroult process uses 
horizontal electrodes, and the anode and cathodes of the rare earth cells are vertical. 
Vertical electrodes have the advantage of the buoyancy of the anode off-gas using 
the gas lift to help keep the anodes fed with oxide. In both the Hall-Heroult process 
and rare earth electrowinning, the anode effect produces tetrafluoromethane [27]. 
The bath composition in electrowinning Nd and NdPr uses the highest (86–90%) 
concentration of rare earth fluoride with additions of lithium fluoride to reduce the 
melting point of the electrolyte. Ideally the electrolyte should melt approximately 
100 °C below that of the metal produced (Table 9.6). The cell should operate with 
enough superheat as to impart to the melt enough heat that it does not freeze in the 
handling equipment. Typical cells now operate in a 2000–4000 ampere load, with-
out lids, and as a result they are not very thermally efficient. Typical operating 
parameters are shown in the Table 9.8 [28].

Anode wear occurs because of the production of CO at the anode. Mechanical 
wear is a strong function of the geometry of the cell. In the operation of the cell, 
most of the anode gas is CO unlike in the aluminum process where CO2 is produced. 
Reactions occurring at the anode include

 
Nd O C CO Ndg2 3 3 3 2� � �� �  

(9.14)

 
Nd O C CO Ndg2 3 21 5 1 5 2� � �� �. .

 
(9.15)

The anode effect reaction occurs when the concentration of dissolved oxide falls 
to low concentration.

 
4 3 43 4NdF C CF Ndl g� � � �� � �

 
(9.16)

An estimate of the combination of mechanical wear and electrochemical wear 
was determined by Lynas [29]. Production of CO results in wear rate of about 
0.12  kg C/kg Nd, whereas total wear is estimated about 0.45  kg C/kg Nd [29]. 
Measurement of this value is very important with respect to the economics for pro-
duction of Nd and NdPr, as graphite is consumed as a raw material and can cost 
$4–11/kg. Figure 9.12 shows a typical Nd cell.

Ferrodysprosium is produced in a similar cell configuration. The demand for fer-
rodysprosium in the production of Nd2Fe14B magnets is only about 2% [28]. While 
only percent additions of Nd or NdPr are used in sintered magnets, very little is used 
in the production of bonded magnets. Ferrodysprosium can be produced by 

P. R. Taylor et al.



251

Table 9.8 Nd cell operating 
parameters [28]

Operation parameter Value

Cell voltage 9–11 V
Cell current 1.8–2.5 kA
Current yield 65–78%
Anode current density 1–1.25 A/cm2

Cathode current density 5–6.5 A/cm2

Power consumption 11–13 kWh/kg
Material yield 95%

electrolysis in a DyF3-LiF bath [30], where the melting point of the iron-dyspro-
sium (Fe- Dy) eutectic is approximately 860 °C. In the production of ferrodyspro-
sium, both the anode and cathode current densities are controlled. The composition 
of the consumable Fe cathode is controlled through the use of low-carbon steels 
with low concentrations of other transition metals such as manganese (Mn) and 
chromium (Cr).

9.5.2  Alternative Rare Earth Electrodeposition

There are two methods for conversion of rare earth oxide to metals exclusive of 
molten salt electrolysis or metallothermic reduction. The Fray Farthing Chen (FFC) 
method [31] has been applied to ceria (CeO2) and neodymium oxide (Nd2O3). Room 
temperature ionic liquids (ILs) have been studied in Nd electrolysis [12].

 Neochem Process

During the initial development of the Nd2Fe14B magnets, it was necessary to develop 
a method to produce large amounts of Nd. The electrowinning method developed 
for mischmetal is difficult to operate at 1100 °C, where the Nd has enough super-
heat to be tapped from a cell. The fluoride process developed by the USBM has not 
been commercialized [18]. To meet this need, Sharma and others at GM [32–34] 
developed at two step metallothermic process where Na can be used as reductant.

 6 3 2 3 62 2 3Na CaCl Nd O Nd CaO NaCl� � � � �  (9.17)

This process was developed and installed at Delphi (at the time a subsidiarity of 
GM) [30]. Lime (CaO) and NaCl are not recycled. The process has the advantage of 
using Na metal instead of the more expensive and higher melting calcium. Once 
mixed, the Na metal reduces the calcium chloride (CaCl2) to Ca metal, which then 
reduces the Nd2O3. Calcium oxide has a high solubility in CaCl2 which allows the 
process to proceed without interfering with the reduction process. In this process, 

9 Reduction of Rare Earth Elements Through Electrochemical and Metallothermic…



252

Fig. 9.12 Neodymium cell. (Cell was operated by Great Western Resources which has a W cath-
ode center electrode [29])

pure Nd metal was not produced, but a eutectic of neodymium and iron (Nd-Fe) or 
neodymium-zinc (Nd-Zn) resulted. This allowed the process to operate at approxi-
mately 750 °C [32]. The process was commercialized as part of the Magnaquench 
process to produce magnets; however, it fell into disfavor once the electrowinning 
production methods were developed.
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 The FFC Process

The FFC (Fray, Farthing, and Chen) process has been used to reduce CeO2 to 
Ce metal in a CaCl2 bath [34]. The process used a graphite anode and CeO2 pellets 
held either in a basket or with wires being attached to the cathode. The process pro-
duces Ce metal with some contamination of Ca metal. A signification amount of 
cerium oxychloride is formed during the reaction. Current yields are approximately 
60–70% [34]. As the oxide solubility in Ce metal is low, a good quality deposit was 
produced. This work was conducted on a very small scale, and scale-up to a larger 
process has not been attempted.

The reduction of Nd2O3 by the FFC process has been attempted; however, this 
process is not very viable as Nd2O3 reacts chemically with the bath to form a neo-
dymium oxychloride (NdOCl).

 Nd O CaCl NdOCl CaO2 3 2 2� � �  (9.18)

The reduction of NdOCl can proceed after the NdOCl has been sintered [31]. 
This process was studied using a yttria (Y2O3)-stabilized membrane anode. No cur-
rent yield data were reported.

 Inorganic Liquids

The use of ILs, also referred to as Ionic Liquids, has the appeal of operating at room 
temperature. These solutions have been used to study electrolysis. Inorganic liquids 
are similar to molten salts, however organic molecules are used. The organic mole-
cules have higher viscosities of solution compared to conventional molten salts. 
Work has been conducted by first creating a salt. Neodymium oxide is first refluxed 
with bis-(trifluoromethyl sulfonyl)imide acid (Nd(TFSI)3), which is then washed 
with dichloromethane, and subsequently the electrolyte is formulated with trimethyl 
phosphate. Electrolysis is conducted in this liquid. Very small deposits of Nd metal 
were formed [12]. It was found that electrowinning with this process was not useful, 
and that only electrorefining could be conducted. In electrowinning, some of the bis 
was destroyed and decomposed on the anode [12].

9.6  Environmental Concerns

Reduction processes can have considerable environmental effects. The carbon foot-
print can be significant depending on the embedded carbon in the raw materials 
used in metallothermic reduction and the source of the electric power in 
electrolysis.

Also important is the formation of fluorocarbons. Using Nd as an example, pro-
cessing results in depleting the electrolyte of neodymium fluoride (NdF3) and can 
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result in the emission of carbon tetrafluoride (CF4), a greenhouse gas that is 6200 
times more potent than CO2. Preventing fluorocarbon emissions requires expensive 
off-gas scrubbing. The use of an anode that is inert to bath conditions represents a 
significant advancement over the state-of-the-art carbon anode technology.

9.7  Conclusions

Once the rare earth metals are separated from one another, they must be reduced 
from the oxides to the respective metals in relatively pure form to be useful for 
applications such as permanent magnets. Due to the thermodynamic instability of 
the metals, this final reduction adds substantially to the cost and energy to the rare 
earth metals manufacturing process. Both electrolytic and metallothermic processes 
have been used to reduce rare earths. The electrolytic processes have the advantages 
that (1) they can be operated continuously and (2) can replace the use of costly reac-
tive metal reductants with electric power which would be expected to become more 
cost-effective and have a lower embedded carbon footprint as a result of renewable 
power penetration. Additionally, refining requirements, to remove residual metal 
reductants, are not required for the electrolytic reduction route.
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Chapter 10
Rare Earth Element Reduction to Metals

Tommee Larochelle

10.1  Introduction

This chapter presents an overview of the current processes for the reduction of rare 
earth elements (REE) to metals which is a critical step in the supply chain of many 
REE used in technological applications. The magnet elements (praseodymium (Pr), 
neodymium (Nd), samarium (Sm), terbium (Tb), and dysprosium (Dy)) possess 
unique properties rendering them difficult to replace in permanent magnet applica-
tions because of their very high strength to weight ratio. Permanent magnets are 
used in a multitude of applications, with the main applications including:

• Office equipment: Hard drives, printer drives, and copiers.
• Appliances: Air conditioners, refrigerators, washing machines, and shavers.
• Motors: Elevators, Robots, injection molding, linear and voice coil motors.
• Automobiles: Hybrid/electric drives, generators, air conditioners, power steer-

ing, audio system, and sensors.
• Other: MRIs, train motors, wind turbines, and electric bicycles.

The most common REE permanent magnet is neodymium-iron-boron (NdFeB), 
with samarium cobalt (SmCo) making up a smaller percentage of the market. 
NdFeB magnets have the highest magnetic strength per weight of all the permanent 
magnets and no tooling is required in their fabrication. However, they corrode eas-
ily, can lose their magnetic strength at relatively low temperatures, and are difficult 
to initially magnetize [1]. Samarium cobalt magnets are resistant to corrosion, sta-
ble in a wide range of temperatures, but they can be expensive as their price is 
strongly linked to the cobalt (Co) spot price as they require large amounts of Co and 
are more difficult to make, only coming in simple shapes [1]. Other rare earth 
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metals, such as Dy or Tb, can replace small amounts of the Nd in the NdFeB alloy 
to alter and upgrade specific properties of the magnets. Dysprosium is added to 
increase the coercivity and corrosion resistance of the magnet while Tb is added to 
increase the allowable operating temperature.

A mixed REE alloy is used in the anode of the batteries to improve durability and 
manipulation characteristics. Typically, La is the alloying REE of choice, but the 
anodes also contain a variety of other metals. Rare earths make up 3 to 14% of the 
mass of a battery cell inclusive of its casing [2], which come in various sizes and are 
used in a multitude of applications. Large batteries are typically used in automobile 
and energy applications while smaller batteries are used in portable electronic 
devices such as computers, cell phones, power tools, medical equipment, and other 
applications.

Metallurgical applications of the REE are mainly comprised of hydrogen (H2) 
storage, mischmetal, and specialty alloys. While H2 fuel is a potential source of 
alternative fuels being heavily discussed, it presents challenges for storage. High 
pressures are required because the gas cryogenic nature (very low-temperature boil-
ing point) and low energy density, requiring a substantial amount of the material. 
Hydrogen has many beneficial properties as a combustion fuel source since it is not 
a hydrocarbon (contains no carbon), its combustion only generates heat and water. 
The favored alternative to high-pressure hydrogen storage is molecular storage [3]. 
In this process, H2 is absorbed in or on a compound, forming bonds in a similar 
fashion as water in hydration bonds. The result is a storage method that does not 
require high operation pressures, but still maintains a low storage volume per unit 
of H2. Lanthanum-nickel (LaNi5) alloys can store up to 2.2% of their weight through 
H2 absorption [4]. This alloy favorably compares to its alternatives and its use is 
growing.

Light REEs, primarily cerium (Ce) and La, with small amounts of Pr and Nd 
form an alloy referred to as mischmetal. Mischmetal is added to steel during the 
steelmaking process in order to bind with contaminant elements such as oxygen 
(O2) and sulfur (S) to improve properties of the steel, such as corrosion resistance. 
When REEs react with O2 and S, they form rare earth oxysulfides which replace 
manganese sulfide (MnS) and various oxide inclusions from the steel slag, increas-
ing the overall steel strength and resistance to cracking [5]. High-carbon (C) steels 
and stainless steels can also be doped with Y and Ce to increase their temperature 
performance, oxidation resistance, ductility, and other thermal and mechanical 
properties [5]. Finally, REEs can also be used as alloying elements in a variety of 
alloys such as magnesium (Mg), aluminum (Al), and zinc (Zn) alloys. The most 
promising alloy is the aluminum-scandium (AlSc) alloy, which is expected to allow 
for the welding of aircraft bodies instead of the current riveting processes, reducing 
weight considerably.

Rare earth metals are produced industrially by metallothermic reduction and by 
molten salt electrolysis processes. Molten salt electrolysis is a process using elec-
tricity as the reducing vector to convert rare earth salts or oxides to metals in a 
molten salt medium. The molten salt medium is selected to allow for the 

T. Larochelle



259

solubilization of the rare earth and for operation above the rare earth melting tem-
perature. It is currently the most important commercial process for the reduction of 
rare earth compounds on a throughput basis. Rare earths heavier than Nd cannot be 
reduced in the molten salt electrolysis process because their melting temperature is 
either higher than available molten salt mixture or because they possess multiple 
stable valences. These rare earth metals are produced using a metallothermic reduc-
tion process, in batch or semi-batch mode at relatively low production volumes. The 
metallothermic reduction processes use a metal with higher stability to reduce the 
rare earth. The produced rare earth metal is then either distilled or gravity separated 
from the oxidized slag.

The starting reduction materials are composed of chloride, fluoride, oxide or a 
mixture thereof. It is important to note that REEs have varying thermodynamic 
properties and that different reduction processes may be optimal for different ele-
ments. The high electropositivity of the REE coupled with their reactivity with 
water (H2O) and O2 prevents the use of aqueous media for their electroreduction. 
Any attempt to electrodeposit the lanthanides in aqueous media would result in the 
production of hydrogen at the cathode rather than the reduction of the rare earth.

The current industrial reduction processes for lanthanides have been extensively 
described by Krishnamurthy and Gupta in their opus on the Extractive Metallurgy 
of Rare Earths [6] and by Habashi in his Handbook of Extractive Metallurgy [7], 
both are foundation references in the past and current practices in the industry. 
Habashi also published a short paper summarizing the current industrial reduction 
processes in 2013 [8], which in addition of the two previously cited handbooks will 
serve as a basis for the summary of current industrial rare earth reduction processes 
contained herein. This summary will be augmented with recent advances in the field 
when applicable.

Promising innovative reduction processes such as the Electrolysis in Ionic 
Liquids [9–22], the FFC-Cambridge [23–25], the Infinium Fueled Anode Electrolysis 
[26–28], and the Carboxylate Reduction Process [29] will also be discussed.

10.2  Industrial REE Reduction Processes

10.2.1  Metallothermic and Carbothermic Reduction

Metallothermic reduction processes use a molten metal which reacts with the rare 
earth compound to form a liquid or solid compound and the rare earth metal. Highly 
reactive metals usually in the alkali (lithium (Li), sodium (Na), potassium (K)) or 
alkali-earth (Ca) groups are used for this purpose. The reduction potential of metals 
toward the lanthanides is a reverse function of their stability. As such, Ca is the only 
metal more stable than rare earth fluoride and oxides whereas the full suite of com-
mon alkali metals (Li, Na, K) and Ca are more stable than rare earth chlorides and 
can be used to reduce the lanthanide chlorides [30].
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The general equation (unbalanced) representing lanthanide metallothermic 
reduction is:

 LnX M Ln MX� � �  (10.1)

where Ln is a lanthanide, X is comprised of [F, Cl, O], and M is the reduc-
ing metal.

Lanthanide chlorides have the largest suite of suitable reductants possible among 
the industrial raw materials for the reduction of rare earths. However, the difficulty 
and cost of producing and handling anhydrous rare earth chloride salts result in a 
much lower metal product purity rendering chlorides an unattractive medium. 
Instead, historical metallothermic processes relied on fluoride medium and on the 
reduction-distillation process of oxides [6]. In the fluoride medium processes, lantha-
nide oxides were either reacted with hydrofluoric acid (HF) in an aqueous solution 
and dehydrated using an HF atmosphere (wet process) or directly converted to fluo-
rides using anhydrous HF or ammonium hydrogen fluoride (NH4HF2) (dry process). 
The rare earth fluoride was then reduced using Ca under vacuum in a batch furnace 
lined with tantalum (Ta) and the system was cooled down. The metal ingot was sepa-
rated from the calcium fluoride (CaF2) slag and recovered. Unfortunately, these cal-
ciothermic reduction process would leave a significant amount of Ca and Ta in the 
metal, up to 2% and 0.5% by weight respectively [30]. In order to reduce contamina-
tion, the calciothermic process operating temperatures were lowered through the 
simultaneous introduction of a lower-melting temperature alloying element such as 
Zn or Mg and/or calcium chloride (CaCl2). These added compounds would react to 
form a lower-melting eutectic CaF2 slag [31]. The alloying metal was then distilled 
under vacuum and recovered, similarly to the Kroll process [32]. In a study by 
Carlson et al., the Y produced using this intermediate alloy technique had less than 
0.01% by weight total Ca and Mg and only contained minor amounts of Ta [31]. The 
subsequent introduction of Li metal as a replacement for CaCl2 in the process leads 
to further lowering of the reaction temperature through the formation of a lithium 
fluoride (LiF) slag which has a lower melting point than the CaF2-CaCl2 slag [30].

While the fluoride reduction process proved commercially viable for most rare 
earths, it was not applicable to the elements possessing a divalent stable state (Sm, 
europium (Eu), ytterbium (Yb)). During the reduction process, these elements are 
reduced to their respective divalent salt and never reach the metal state [30]. In order 
to produce these metals, the reduction process must start from the oxide material. 
Unfortunately, the use of Ca as a reduction agent for the lanthanide oxides is not a 
viable commercial production route because of the very high melting temperature 
of calcium oxide (CaO) resulting in inefficient processing conditions. A specific 
reduction process referred to as Reduction-Distillation, Lanthanothermic Reduction 
or as Lanthanothermy [6] was developed using molten La as a reducing agent. In 
this process, the rare earths oxides are reduced using La metal and subsequently 
distilled from the molten lanthanum. This process is based on a higher stability of 
lanthanum oxide (La2O3) and on the lower vapor pressure of La metal with regard 
to other lanthanides.
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Aluminothermic reduction is primary used industrially to reduce scandium oxide 
(Sc2O3) in situ [33] and produce an AlSc alloy for use in the industry. Scandium 
availability and pricing do not currently support a mass adoption of AlSc alloys, but 
many prospective producers are advancing their projects as the aerospace industry 
is evaluating such alloys for the next generation of commercial airliners. Once suf-
ficient low-cost supply capacity exists in the market, it is expected that the AlSc 
alloys will become ubiquitous in all applications where weight to strength ratio is 
important.

Calciothermic reduction is still used industrially for the production of high- 
purity heavy rare earth metals such as gadolinium (Gd), Tb, Dy, holmium (Ho), 
erbium (Er), Lu, and Y, while lanthanothermic reduction is used industrially for the 
production of Sm, Eu, Tb, and Yb [34].

Carbon is with Ca, the only other element having the thermodynamic potential to 
reduce lanthanides. However, no successful industrial processes have been devel-
oped for the reduction of lanthanides using carbothermic reduction as a basis 
because it has many drawbacks such as the formation of carbides and the vaporiza-
tion of rare earth metal at operating temperatures leading to the reverse reaction 
occurring in the gas phase with carbon monoxide (CO) [30].

General Motor Corporation has developed and patented a molten salt calciother-
mic reduction process applicable to oxides [35], oxychlorides [36], and fluorides 
[37] in which the lanthanides are reduced by Ca metal in a molten CaCl2 medium. 
The process is most efficient due to lower operating temperatures when utilized in 
combination with Fe as an alloying element for the preparation of neodymium-iron 
(Nd-Fe) alloys, a precursor to the NdFeB magnet alloy. Sharma has also demon-
strated that Na metal could be used in lieu of Ca in this process to allow for the 
in situ reduction of Ca from CaCl2 [35].

10.2.2  Molten Salt Electrolysis

Molten salt electrolysis (MSE) is an electrochemical reduction process using mol-
ten salt as a medium instead of an aqueous solution. The high reactivity of the lan-
thanide metals with water precludes aqueous electrowinning. MSE is currently the 
most important industrial process for the reduction of REE by production volume 
due to its lower comparative energy requirements and its continuous operation 
mode unlike metallothermic reduction which occurs in batch or semi-batch mode. 
In the MSE process, a rare earth compound (usually a chloride, fluoride or an oxide) 
is dissolved in a molten salt medium under an inert atmosphere while an electrical 
current is circulated through the unit. Historically, the chloride system was favored 
by the industry; however, intensification imperatives lead to the conversion toward 
the oxide-fluoride system around the year 2000. Chloride systems offer current effi-
ciencies below 50% while oxide-fluoride systems offer current efficiencies up to 
87% [38].
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The applicability of molten salt electrolysis as a reduction process for lanthanides 
is limited to lower-melting lanthanide metals such as La, Ce, Pr, and Nd [34] or to 
low-temperature melting alloys made with Fe, Mg, Zn, and cadmium (Cd) [30, 39]. 
Higher-melting lanthanides have melting temperatures resulting in high losses of 
molten salt medium through vaporization, or above the boiling point of the 
salt medium.

The molten salt electrolysis of light rare earths (La, Ce, Pr, and Nd) has tradition-
ally been undertaken in small circular 3kA cells using vertical graphite (C) anodes 
and either tungsten (W) or molybdenum (Mo) cathodes [40]. Recent advances have 
maintained the design but increased the capacity of the cells to 4–6 kA, and more 
recently to 10kAV using rectangular cells instead of cylindrical [41, 42]. Typical 
electrolytes are composed of a mixture of lanthanide fluoride and LiF in proportion 
4 to 9:1. Specific operating parameters are usually maintained as trade secrets by 
Chinese firms, but Milicevic reports a ratio of 7:1 as the proper proportion of lantha-
nide fluoride to LiF to maximize solubility without detrimentally affecting the phys-
ical properties of the electrolyte [43]. The electrolytical reaction system for the 
electrolysis of Nd, the most important product in value and volume, is described 
using the following equations: [38, 44]

Neodymium dissolution reaction:

 Nd O NdF F NdOF2 3 6
3

5
49 3� � �� � �

 (10.2)

Cathode reaction:

 NdF e Nd F6
3 3 6� � �� � �  (10.3)

Anode reactions:

 2 2 4 2 25
4 2

6
3NdOF F e O NdF� � � � �� � � �  (10.4)

 2 42
2O C CO e� �� � �  (10.5)

 O C CO e2 2� �� � �  (10.6)

Overall reaction (carbon unbalanced):

 Nd O +C 2Nd +CO+CO2 3 2→  (10.7)

In addition, perfluorocarbons (CxFy) are emitted at the anode due to an anode 
effect in the system. The anode effect can be described by the following reac-
tions [45]:

 4 3 4 33 4NdF C Nd CF� � �  (10.8)

 2 2 23 2 6NdF C Nd C F� � �  (10.9)
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Although CxFy production from the LiF electrolyte is theoretically possible, its 
significantly higher voltage requirement makes it unlikely to be a significant con-
tributor to CxFy production [44]. Nevertheless modern molten salt electrolysis pro-
cesses for the reduction rare earths present significant sustainability challenges 
especially with regard to CxFy emissions from anode effect and greenhouse gases 
emissions as highlighted in numerous life cycle assessments [39, 42]. They are also 
much more expensive to operate than many other metal reduction processes, 
prompting researchers to work on optimizing the current processes and on develop-
ing a new generation of more sustainable technologies.

10.3  Novel REE Reduction Processes

10.3.1  FFC Cambridge Process

The FFC-Cambridge Process [22] is a zero liquid discharge process initially discov-
ered by Fray, Farthing, and Chen of Cambridge that is currently being developed by 
Metalysis for the production of titanium (Ti), Ta, Al, and high-entropy alloys. 
Metalysis has reported successful production of Ce, Nd, and Y metals using the 
FFC-Cambridge process and it claims its process is suitable for all rare earth with 
the exception of La [22]. Lanthanum oxide reacts with molten CaCl2 salt to form an 
oxychloride which does not electro-reduce to metal. However, it was determined by 
Zhu et al. [23] that sintering La2O3 with nickel oxide (NiO) at sufficiently high tem-
perature prior to the FFC-Cambridge process allowed for the production of LaNi5 
H2 storage alloy powder.

The FFC-Cambridge Process for lanthanides can be described by the following 
reactions:

Cathode deoxygenation reaction:

 Ln O e Ln O2 3
26 2 3� � �� �

 (10.10)

Anode reactions:

 2 42
2O C CO e� �� � �  (10.11)

 O C CO e2 2� �� � �  (10.12)

Overall reaction (carbon unbalanced):

 Ln O C Ln CO CO2 3 22� � � �  (10.13)

The FFC-Cambridge process is a batch electro-deoxidation process in molten 
salt medium where the metal oxide is pelletized and reduced in situ at the cathode 
yielding a metal or metal alloy pellet. The metal pellet is then ground and washed to 
yield a metal powder product [25]. While it is unlikely that the FFC-Cambridge 
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process will challenge the oxide-fluoride molten salt electrolysis for light REE, it 
presents a valuable alternative to metallothermic reduction processes used for the 
heavier lanthanides and could present an interesting alternative for the production of 
complex magnetic alloys. The nanometric metal powder nature of the product also 
increases the attractiveness of the FFC-Cambridge process, enabling the direct pro-
duction of bonded and sintered magnets.

10.3.2  Fueled Anode Molten Salt Electrolysis

The Fueled Anode Molten Salt Electrolysis process [26] that was being developed 
by Infinium prior to its closure is a significant evolution of the oxide-fluoride molten 
salt electrolysis process. It was commercially operated at a small scale to produce 
ferro-dysprosium alloy (80:20 DyFe) and the company was expected to offer other 
rare earth elements to the market [26].

In Infinium’s molten salt electrolysis process, an oxygen ion (O2
−) permeable 

membrane is used to separate the anode from main electrolyte reservoir. Following 
dissolution, the rare earth ions are reduced at the cathode while the O2

− is oxidized in 
the presence of fuel at the anode. Contrary to conventional molten salt electrolysis, 
the Infinium process used an inert liquid metal anode such as liquid silver (Ag), cop-
per (Cu) or tin (Sn). The injection of fuel in the anodes serves many beneficial pur-
poses such as an increase in energy efficiency and for oxidation protection [27, 28].

Infinium’s process was revolutionary in that its configuration and its O2 perme-
able membrane precluded the electrolysis of the fluoride ion (F−) and when operated 
with a truly inert anode emitted no carbon dioxide (CO2).

10.3.3  Carboxylate Reduction

The Carboxylate Reduction Process (CRP) is a zero liquid discharge process devel-
oped by Hela Novel Metals that is currently being scaled up to demonstration-scale 
following the successful piloting of the technology. It represents a significant chal-
lenge to the legacy molten salt electrolysis and metallothermic reduction processes 
both from a capital and an operating standpoint. The patent application 
US20200047256A1 is currently pending on this novel technology [29].

CRP can be operated either as a continuous process in a series of rotary kilns or 
as a batch process in a static furnace. The configuration versatility of the process is 
expected to allow its profitable implementation at various scales. CRP uses a propri-
etary mixture of nitrogen (N2), ammonia (NH3), CO, and H2 to sequentially dehy-
drate, reduce, and refine rare earth elements into their respective pure metal powders. 
The process also allows mixtures of metal oxalates to be reduced to an alloy powder 
mixture of the elements such as NdFeB, SmCo, and AlNiCo alloys. In the first step, 
a metal oxalate salt is dehydrated into an anhydrous metal oxalate salt at a 
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temperature between 200 and 440 °C while avoiding any oxalate decomposition. In 
the second step, the anhydrous metal oxalate powder is decomposed to its metal 
state and a mixture of oxalic acid (C2H2O4) and ammonium oxalate ((NH4)2C2O4) is 
recovered as a by-product. The reduction step is operated between 320 and 720 °C 
under pressure. In the final process step, the metal powder is refined to remove any 
loosely bonded nonmetal impurities such as O2, S, and C under a different variation 
of the proprietary gas mixture at a temperature between 700 and 1300 °C.

As an added benefit, CRP produces a micropowder, allowing the direct utiliza-
tion of the REE for bonded and sintered magnets. Hela Novel Metal recently sub-
mitted a patent application for a process to manufacture rare earth magnetic blocks 
from carboxylate salts in a single proprietary furnace.

While CRP shows great promise for the reduction of REE to their respective 
metals or alloys, it is important to note that Hela Novel metals have also demon-
strated the applicability of the CRP process to many other critical metals and alloys 
thereof such as Ti-6Al-4 V, ferroniobium, nuclear grade zirconium (Zr) alloys, and 
Co alloys. In addition, Hela Novel Metal has identified alternative carboxylates 
such as ammonium metal carboxylates which provide for reduced energy require-
ment from the process.

10.3.4  Ionic Liquid Electrodeposition

Details on the ionic liquid (IL) electrodeposition process are provided in detail in 
Chap. 8. Salient points from that chapter follow.

The use of ILs in electrometallurgical processes promises to significantly reduce 
the environmental footprint associated with the production of rare earth metal by 
replacing the energy-intensive molten salt electrolysis and metallothermic reduction 
processes. A few ventures have already been established to develop a commercial 
ionic liquid electrodeposition process, but none has yet to succeed.

Key advantages of the utilization of ILs in the electrochemical reduction of the 
lanthanides include a higher potential window than alternative medium, virtually no 
vapor pressure at operating temperatures, a high metal salt solubility, a higher con-
ductivity than organic solvents, and more importantly a control over the water con-
tent of the electrolyte [9]. In addition, the transition to a low-temperature 
emission-free process would eliminate the large amount of CO2 and CxFy emissions 
currently resulting from conventional processes.

It is important to note that the electrical conductivity of ILs at room temperature 
is approximately an order of magnitude lower than molten salts, resulting in lower 
electrical efficiency. This disadvantage can be mitigated by operating IL units at 
high temperature (>100 °C) [10]. Similar to molten salt electrolysis, the existence 
of a stable +2 valence for Sm, Eu, and Yb creates additional hurdles in ILs.

Various ionic liquids are being investigated for the electrodeposition of rare earth 
elements.
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• Imidazolium ILs: Significant issues have been reported using imidazolium 
(C3H5N2

+)-based ILs, notably related to the decomposition of the IL under oper-
ating conditions [11, 12]. One potential avenue is the production of transition 
metal alloys of REE [13].

• Pyrrolidinium ILs: Successful deposition of REE metals was observed using pyr-
rolidinium (C4H10N+) ILs. Notably, Bourbos et  al. successfully prevented the 
breakdown of the IL anion [NTf2] by using neodymium chloride in dimethylsulf-
oxide (DMSO) in a separate anode compartment [10]. This two-compartment 
design allowed for the utilization of neodymium chloride (NdCl3) as a feed mate-
rial and the production of gaseous chlorine rather than the decomposition prod-
ucts of the [NTf2] anions, resulting in much more favorable economic prospects 
in a more environmentally friendly process.

• Phosphonium ILs: All investigations of phosphonium (PH4
+) ILs as a medium for 

the electrodeposition of REE have highlighted the critical role played by water in 
the system. Water is both required for the process to operate and deleterious to 
the product [14–16]. As such, the potential of phosphonium ILs for the electro-
deposition of rare earth elements is rather dubious.

• Neutral Ligand Complexation ILs: These represent one of the most promising 
approaches to the electrodeposition of rare earth metals in ILs. Recent investiga-
tions demonstrated that REE could indeed be successfully deposited onto a cath-
ode substrate using a neutral ligand solvent (NLS) to generate a lanthanide IL 
cation through the dissolution of a lanthanide triflimide salt [17–19]. The poten-
tial commercial success of this approach lies in the electrostability of the medium 
and with its implicit self-regeneration. However, similar to other IL mediums, 
additional research on the anodic reaction will be required to replace the decom-
position of the [Ntf2] anion with a different anion and allow for its reuse in the 
production of the lanthanide salt feed material.

• Aluminum Chloride ILs: The reduction of Al and Al alloys from aluminum chlo-
ride (AlCl3)-based IL medium has been extensively investigated in the past [20–
22]. However, these processes have yet been proven to be sufficiently economical 
to replace legacy industrial processes. The incentives with regard to rare earths 
such as the utilization of relatively inexpensive chlorides, the absence of fluo-
rides, and a low operating temperature suggest that research into these systems is 
likely to increase drastically in the foreseeable future. A subsequent distillation 
step would be required for the purification of the rare earth metal, not unlike cur-
rent lanthanothermic processes.

10.4  Technology Outlook

Global economics and geopolitical considerations in the last two decades allowed 
China to consolidate the RE industry vertically. This situation currently raised some 
alarming flags with respect to RE supply chain and pricing.
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No significant REE metal reduction plants exist outside of China with the excep-
tion of a small Japanese integrated supply chain. More importantly, the two main 
obstacles to the establishment of an REE reduction plant outside of China are a 
stable availability of high-purity separated REE raw materials and the absence of a 
significant market for the rare earth metals produced. All novel processes discussed 
in this chapter were also being designed for the production of other technological 
metals for which conventional processes are onerous and complicated such as for 
Ti, Zr, and advanced alloys.

The development of a novel more efficient process for rare earth reduction such 
as the FFC-Cambridge, the Infinium, and the Carboxylate reduction process is not 
enough in themselves to challenge the domination of the Chinese industry. They can 
however be part of a larger effort by the Occident to reestablish an industry supply 
chain starting from deposits to separation to reduction and finally to the production 
of REE-containing products. The commercialization of new processing technolo-
gies across the supply chain would then be the key to a rebalancing of market forces.

In the next decade, additional research on ILs electrodeposition is likely to lead 
to its implementation in China as a replacement for both the molten salt electrolysis 
and the metallothermic reduction processes. Its adoption outside of China will 
likely be precluded by the market forces described above.
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Chapter 11
Rare Earth Markets and Their Industrial 
Applications

Gaétan Lefebvre and Nicolas Charles

11.1  Introduction

The first occurrence of rare earth elements (REEs) in industrial applications can be 
traced back as early as 1885 when cerium (Ce) was used in urban lighting in the city 
of Vienna, Austria. The uses of REEs were very limited until 1960s with no more 
than a few thousand tons produced worldwide. A great diversification has emerged 
from 1970s and 1980s with the development of technological applications in 
nuclear, magnetic, electronic, optical and catalytic fields using exceptional proper-
ties of REEs. As a result of continuous technological progress and broadening of 
knowledge base, REEs enabled significant advances in technologies in the defense 
industry, electronics, and renewable energies [1–6]. In the future, REEs will be 
essential in the development of critical sectors such as robotics, electric mobility 
and artificial intelligence [5, 7].

Throughout the history of the REE market development and discovery, a recur-
ring theme was observed. The rise and fall of many of the different discoveries and 
technological breakthroughs where REEs are involved seem to follow two trends. 
The first one is the evolution of consumer’s demand for applications using specific 
REEs, playing a central role together with finding substitution technologies. The 
second one, which is interconnected to the first one, is the need to find new applica-
tions for some of the excess REEs extracted along with the specific REEs used in 
the applications. For example, production of neodymium (Nd), which is used in 
magnets also produces an excess of lanthanum (La) and Ce that would otherwise 
accumulate in large quantities with a loss of asset value.

This chapter presents a historical approach of the different REE market needs 
that have arisen and sometimes have disappeared following the continuous 
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discoveries of unique REE chemical and physical properties. It will focus on three 
key examples which best illustrate the trends described above. The first one is the 
discovery of pyrophoric alloys, then of phosphors in color television and finally of 
REE-based permanent magnets. Bearing in mind the diversity of REE properties, a 
trend toward continuous innovation involving REEs is anticipated in the future, 
which will continue to increase their role in modern societies.

11.2  1790s–1900s: Discovery of Rare Earth Elements (REEs) 
and First Industrial Applications: Gas Mantle 
and Mischmetal

The history of the REEs began in 1788  in Sweden [8]. Lieutenant and chemist 
C.A. Arrhenius found a black mineral in Ytterby, located twenty kilometers to the 
northeast of Stockholm. In 1794, Professor J. Gadolin at the University of Abo in 
Finland (later named Turku) studied this mineral and named it “ytterbia” (shortened 
3 years later to “yttria” and then named “gadolinite” in memory of the scientist). 
J. Gadolin found for the first time a new kind of “earth” which he called “rare earth” 
(Fig. 11.1). At that time, “earth” was how the metallic oxides were described (i.e., 
bitter earths (magnesia), zirconium earths (zirconia) and beryllium earths (beryllia)).
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In 1803, M.H. Klaproth and independently J.J. Berzelius and W. Hisinger iso-
lated a new “earth” from another reddish and heavy mineral found by the Swedish 
mineralogist A.F. Cronstedt in the Bastnäs copper (Cu) mine, near the village of 
Riddarhyttan, 150 km to the west of Stockholm. They named it “ceria,” in reference 
to the asteroid Ceres discovered 2 years earlier. It would later be called “bastnäsite.” 
In this mineral, the researchers found new earths which they named “ochroite 
earths” because upon heating of the mineral a yellow substance resulted with 
ocher color.

In 1839, C.G. Mosander began for the first time to systematically analyze the 
mixed rare earths [10]. The work on rare earths individual elements was carried 
forward by several scientists and achieved particularly useful results through the 
work of R.W. Bunsen and G. Kirchhoff, who introduced spectroscopy as a control 
instrument for the detection of the REEs.

Still, REE in pure elemental form, and as derived compounds meeting strict user 
specifications, became only available in larger quantities during the second part of the 
twentieth century, thanks to the independent work of Austrian, French and American 
chemists, namely F. Lecoq, J.C.G. de Marignac, P.T. Cleve and E.A. Demarçay [11]. 
In Austria, Carl Auer von Welsbach separated Nd and praseodymium (Pr) in 1885, by 
fractional crystallization, noticing the strong luminescence of some REEs. 
Subsequently, he developed the cerium/thorium (Ce/Th) oxides soaked “Auer” gas 
mantles that revolutionized Europe’s urban lighting in the first part of the twentieth 
century. In 1903, he invented the modern lighting flint which is still widely used in 
cigarette lighters and consists of a ductile cerium-iron (Ce-Fe) alloy [12].

In France, Georges Urbain also worked on the separation of individual REEs 
using fractional crystallization, which led him in 1907 to the discovery of the last 
known REE, lutetium (Lu). In 1919, Georges Urbain was one of the founders of the 
“Société des Terres Rares,” an enterprise devoted to REEs and radioactive materials, 
producing gas mantles and lighting flints in the REE processing plant at Serquigny, 
in Normandy. Eventually, promethium (Pm) was discovered in 1947 in uranium (U) 
fission products from the Oak Ridge reactor (the United States).

The three major REE uses (up to the year 1930) were related either directly or 
indirectly to light. Two of these important inventions stem from the Austrian scien-
tist, inventor and entrepreneur, Carl Auer von Welsbach [12, 13].

In 1889, C. Auer von Welsbach reported one of his first patents for the Auer incan-
descent mantle [14], which was composed of 99% thorium oxide (ThO2) and 1% 
cerium oxide (CeO2). This light was cheaper and more efficient than electric light for 
a few decades. Consequently, until the year 1935, approximately five billion incan-
descent mantles had been produced and consumed in the world. “Auer” gas mantles 
revolutionized Europe’s urban lighting in the first part of the twentieth century.

Gadolinite and bastnäsite from Sweden served at first as raw materials for the 
REEs and Th. Later, it was necessary to seek new raw materials as the so-called 
Carolina sand. This monazite-enriched sand was discovered in the United States in 
some gold (Au)-panning areas. Finally, a nearly inexhaustible reserve of monazite 
was discovered in Brazil, which guaranteed raw material supplies far into the next 
decades (Fig. 11.2).
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Fig. 11.2 REE production per country and world production for the period 1880–2020. Red lines 
represent proven periods of production per country. Dashed red lines illustrate assumed periods of 
production per country. Blue Line shows rare earth oxides annual world production (in metric kt 
REO) [15–19]

Two situations led to new discoveries according to Auer von Welsbach. They 
already illustrate the specific dynamic where substitution and the need to find new 
applications for some of the REEs are involved. The first one was the large quanti-
ties of REEs that were left over from the production of Auer incandescent mantles 
and which had accumulated in large waste piles. The second one implies technology 
and reacting to consumer’s need: the necessity for finding a simple ignition system 
for Auer lamps.

Thus in 1903, Carl Auer von Welsbach discovered pyrophoric alloys [13]. He 
was granted a patent in 1906 [20] for a pyrophoric metal alloy (“flintstone”) com-
posed of 70% mischmetal and 30% Fe. Mischmetal (from German, mischmetal, 
metallic mixture) originally referred to an unseparated light rare earth alloy in which 
the natural proportions of each element are found (i.e., approximately 50% Ce, 
20–25% La, 15–17% Nd and 5–10% Pr, 1% samarium (Sm) etc.).

To produce mischmetal from the large dumps resulting from the production of 
Auer incandescent mantles, Auer von Welsbach founded in 1907 the Treibacher 
Chemische Werke in the rooms of an iron works. In 1908, for the first time, he suc-
ceeded in producing pore-free mischmetal by fused salt electrolysis. In 1908, 800 kg 
of mischmetal iron flints were brought to the market. Still today, lighter flints are 
made of pyrophoric alloys containing 74% mischmetal and 23% Fe with small 
quantities of iron oxide (Fe2O3) and magnesium oxide (MgO) added for strength. 
The pyrophoric nature of this material means that it emits sparks when struck or 
scratched with steel (Fig. 11.3). The market for lighter flints was relatively impor-
tant until the 2000s but has since been decreasing with progressive replacement by 

G. Lefebvre and N. Charles



277

Fig. 11.3 Structure of a cigarette lighter equipped with a REE-bearing lighting flint

piezoelectric lighters. Today, major manufacturers of the pyrophoric alloy include 
Treibacher Industrie of Austria (which produces flints comprising 47–55% Ce, 
25–36% La, 8–15% Nd and 3–7% Pr) and the Baotou Flint factory in Inner Mongolia 
province, China. In 2014, the global annual consumption of mischmetal for this 
application was <1000 tons per year [21].

The third major invention for the use of REE was the addition of rare earth fluo-
ride as a wick in arc light carbons, which at that time, were used for a wide range of 
lighting purposes and later for cinema production and for searchlights as well. This 
use of rare earth compounds is based on the intensive arc light developed by Beck 
in Germany in 1910. It would be later substituted by high pressure – argon (Ar) arc 
lights, particularly in cinema projectors and in searchlights.

In the 22 years between 1908 and 1930, about 1100 to 1400 tons of flints were 
produced as the most important rare earth product. This required the consumption 
of about 1300 to 1800 tons of rare earth oxides (REO) in the form of rare earth 
chloride. If one adds to this the other applications, the consumption was probably 
between 2000 and 3000 tons of REO. On the other hand, at the same time, about 
7500 tons of thorium nitrate (Th(NO3)4) were needed for Auer incandescent man-
tles. If one assumes that monazite contains 6% ThO2 and 60% REE, then 30,000 
tons of REO were produced during this period of which only about 10% was con-
sumed [12].

One fact unique to REEs is that they are often extracted together as aggregate 
lanthanide elements, with a few exceptions, which is due to their similar character-
istics with respect to their ionic radii and oxidation states. This enables them to 
substitute for one another in crystalline structures and explains the occurrence of 
multiple REEs within a single mineral [22, 23]. It is therefore also a key geological 
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feature of REE-bearing minerals and deposits, which leads to challenges for their 
extraction and separation [24]. Any extracting and processing technology to extract 
REEs cannot focus on one specific REE but generally leads to the concentration of 
all 15 lanthanides, some of them potentially having lower market value. It is also 
why industry has always tried to find new applications for REEs in order to maxi-
mize economic benefits from their extraction. This appears to be a trend that can be 
traced back to the 1930s.

11.3  1930s–1960s: Diversification of Uses 
and the Development of REE-Based Phosphors 
in Color Televisions

Between 1930 and 1940, significant progress was made to develop various REE 
applications. Particularly successful was the production of sunglasses (“Neophan”), 
polishing media from REOs to replace Fe2O3, decolorization of glass using CeO2, 
pure CeO2 as an opacifier in ceramic glazes, use of cerium oxalate (Ce2(C2O4)3) in 
“peremesin” to tackle seasickness and nausea during pregnancy, and neodymium in 
“Thrombodym” to combat thromboses [12]. However, all these applications had 
only relatively small impact on REE consumption as the supply of REEs outpaced 
the demand. For example, the use of ThO2 as a catalyst in plants for the production 
of gasoline by the Fischer–Tropsch process required processing of large quantities 
of monazite ore (although MgO replaced ThO2 in this application after a few years). 
As a result, other REEs co-extracted contributed to the accumulated of stockpiles 
with no home for their consumption. Hence the constant search for new applications.

In the 1950s, major research programs focused on the development of atomic 
energy first in the United States and England, then later in other countries, which 
was an important step in the history of REE applications. The large stockpile pur-
chases of Th as feed material for atomic breeder reactors left behind huge quantities 
of REE by-products at the end of the 1950s and beginning of the 1960s.

Separation of individual REEs was one of the areas of research among others 
pursued in the 1950s that led to the generation of a large volume of scientific results 
on the properties of the rare earth metals. In this regard, the large atomic energy 
programs provided a great advantage for the rare earth industry. F. Spedding and his 
team, working for the Manhattan project at the Ames Laboratory, Iowa, made a 
breakthrough in 1956, by developing an effective ion-exchange process to separate 
individual REEs, which was better than fractioned crystallization [25]. During the 
same period, the Mountain Pass Carbonatite in California was discovered and min-
ing of bastnäsite mineral was started. It was the beginning of the “Mountain Pass 
era” of REE production (Fig. 11.4) dominated by the United States.

The period following World War II coincided with economic prosperity and high 
level of consumption of material goods. This further reinforced with the Cold War 
context favored promoting the American way of life on the international scene. It 
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Fig. 11.4 Rare earths oxides annual world production (metric kt REO) by country from 1880 to 
2020 [15–19, 26, 27]

was the beginning of widespread use of television. Although limited color broad-
casts took place during the 1950s, it was not until the early 1960s that color TV 
started to take off, thanks in large part to the National Broadcasting Company 
(NBC), culminating in the color revolution of 1965.

On January 12, 1950, the general public was introduced to color television for 
the very first time when the Columbia Broadcasting System (CBS) demonstrated its 
field sequential color system (FSC) on eight television sets in the Walker Building, 
in Washington [28]. It is noteworthy that the FSC developed by Peter Carl Goldmark 
was shown to the press in 1940. Then, the first commercial color broadcast took 
place on Monday, June 25, 1951, when CBS offered an hour-long program entitled 
“Premiere” to an ad hoc network of five stations in New  York City, Boston, 
Philadelphia, Baltimore and Washington [29]. Thousands were able to watch the 
first color broadcast in auditoriums, department stores and hotels in these five cities, 
but the general public was literally left in the dark. Because the CBS color system 
was incompatible with existing black and white television sets, for the hour the 
color special was on the air, viewers tuned to CBS in these five cities saw only a 
blank screen [30].
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For a variety of reasons, including a lack of adequate production facilities for 
color television sets, the expense involved in converting existing television stations 
to color broadcast transmissions, and the cost of color sets for the general public, the 
adoption of color television was slow. During the first 6 months of 1954, fewer than 
8500 color television sets were manufactured in the United States [31]. Moreover, 
for those households that owned a color set, only a small percentage of network 
broadcasts were in color. During the entire 1954–1955 television season, for exam-
ple, CBS only made 19 color broadcasts [32].

By the beginning of the 1960s, the markets for some for REEs had been estab-
lished. For example, there was already a market for La in the optical glass industry, 
for cerium as a polishing media and for praseodymium/neodymium (Pr/Nd, so- 
called didymium) in the glass industry for coloring and decolorization. However, no 
one found the need to use Sm and europium (Eu), which were other by-products. 
This situation suddenly changed thanks to the work of Levine and Palilla [33]. The 
use of expensive Eu together with yttrium (Y) made a major leap forward for the 
rare earth industry as red phosphors in the color TV screens (Fig. 11.5).

Due to the strong and sharp emission line of Eu at 610 Å, without a yellow com-
ponent, which is perceived by the eye as a wonderfully saturated red color tone, it 
was possible to achieve in color TVs an evenly colored picture. This resulted in a 
rapidly growing color TV market, driven by consumer’s demand. Thanks to such a 
development, in 1966, the REE world production exceeded the 10,000 tons REO 
threshold for the first time (Fig.  11.4). Television broadcasting stations and net-
works in most parts of the world upgraded from black-and-white TVs to color 

Fig. 11.5 Structure of a cathode ray tube television using REE-bearing phosphors. (Modified 
from [34])

G. Lefebvre and N. Charles



281

transmission in the 1960s and 1970s. Throughout this period, the United States was 
the first producer of REEs worldwide thanks to the extraction at Mountain Pass, a 
situation that lasted until the 1980s.

The development of REE-based phosphors in color television illustrates a great 
example of interplay between technological innovations driven by market needs and 
vice versa. The time span necessity to find new applications for some of the REEs 
accumulated in the mining stockpiles has been the greatest challenge for REE mar-
ket expansion though history. In the case of the discovery of REEs in permanent 
magnets, which occurred in the following decade (1970s–1980s), a third important 
factor appears, for REEs played the role of a substitute in making permanent 
magnets.

11.4  1970s–1980s: The Rise of REE-Based 
Permanent Magnets

The first modern permanent magnet material was Alnico. It was invented in 1931 as 
an alloy of aluminium (Al), nickel (Ni) and Fe and progressively used in the 1940s 
(Fig. 11.6). A permanent magnet is a material that when inserted into a strong mag-
netic field will not only begin to exhibit a magnetic field of its own, but also con-
tinue to exhibit a magnetic field once removed from the original field. This field 
would allow the magnet to exert force (ability to attract or repel) on other magnetic 
materials. The ability to continue exhibiting a field while withstanding different 
conditions (temperature, demagnetizing field etc.) helps to define the capabilities 
and types of applications in which a magnet can be successfully used. Figure 11.6 
exhibits the miniaturization trend of permanent magnets throughout the twentieth 
century. Note the dramatic decrease in size of the magnet for the same magnetic 
field performance.

In the 1950s, the second major permanent magnet invention was hard ferrite 
magnets. Although it did not present any improvement in size, its main advantages 
were that material costs were really low and the resistance to demagnetization was 
adequately high for many uses. Thus, it developed rapidly and no significant 
improvement in performance was considered imperative until after 45 years of pro-
duction, with the introduction of lanthanum-cobalt-ferrite (CoFe2O4) grades shortly 
after 2000 [36]. In 2014, ferrite magnets still accounted for 88% of global produc-
tion of permanent magnets [21].

In the 1960s, research progress continued globally, aimed at combining REEs 
with transition metals, especially cobalt (Co) [37]. At that time, samarium oxide 
(Sm2O3) continued to remain unused from monazite and bastnäsite extraction. In 
1966, a first patent for samarium cobalt (SmCo5) magnet was granted to the 
U.S. Materials Laboratory [38] followed by other patents in 1970s [36, 39, 40]. At 
that time, SmCo magnets offered three times the strength of commercially available 
Alnico magnets.
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Fig. 11.6 Miniaturization evolution of permanent magnets thanks to the use of new REE-based 
material. V represents the volume of permanent magnet in cm3. (Adapted from Constantinides 
et al. [35])

Researcher K. Strnat, credited for the invention of SmCo5 material, continued 
working with A. Ray and H. Mildrum at the University of Dayton, Ohio, seeking to 
reduce the need for cobalt because of its price and supply issues. This resulted in 
Sm2Co17 material, which benefited from a modest reduction of Cobalt from 65% to 
approximately 50% in weight with substitution by Fe, which increased residual 
induction providing a higher energy product. The addition of Cu and zirconium (Zr) 
provided adequate coercivity. Still, thermal processing was more difficult than for 
SmCo5 and it took several years for the material to become widely produced and 
used. By 1975, Sm2Co17 had been developed with a higher energy product and a 
high anisotropy field. In terms of volume, SmCo magnets were 32 times smaller 
compared to a “Alnico 9” and 53 times smaller compared to a “Ceramic 8” ferrite 
magnet for the same performance (Fig. 11.6).

However, in 1978 the price of Co increased by a factor 6.5 in a matter of months, 
resulting in dramatic price increases for SmCo magnet products and initiating a 
search for rare earth magnets based on Fe, a widely available and inexpensive ele-
ment. Researchers, however, in the late 1970s to early 1980s continued to look for 
stronger and lower cost magnets with increasing attempts to substitute Co.

Numerous laboratories were combining REEs with Fe, but the resulting materi-
als exhibited low coercivity until, by accident, N. Koon and B. Das, working at the 
U.S. Naval Research Laboratory (NRL) added a modest amount of boron (B) in an 
attempt to make a rapidly quenched REE-Fe amorphous material. The resulting 
material, produced in early 1980, exhibited both moderate residual induction and 
coercivity and resulted in two U.S. patents being issued to the U.S. Navy. The first 
one for the composition and the hard magnetic powder [41] and the second one for 
the production process for making the alloy [42]. However, as the U.S. Navy does 
not commercialize inventions, it remained for both M. Sagawa at Sumitomo and 
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J. Croat at General Motors to optimize the composition and provide practical manu-
facturing processes for sintered magnets [43] and powder for bonded magnets [44]. 
Credit for first commercial sintered magnet product went to Crucible Magnetics in 
November 1984 [36].

The first major application for neodymium-iron-boron (NdFeB) was in hard disk 
drives (HDDs), a market that was rapidly growing concurrent with the introduction 
of NdFeB. By 1990, it was reported that 75% of NdFeB was going into the voice 
coil motors (compression bonded magnets) and the spindle drive motors of HDDs 
(sintered magnets). The invention and rapid commercialization of NdFeB had a 
chilling effect on research for improved SmCo. Indeed, from 1984 through the late 
1990s, almost no reference to SmCo publications was available, while research into 
NdFeB was extensive and continues to the present.

Despite the increasing competition with NdFeB magnets produced at a lower 
cost, SmCo magnets remain a high-value, speciality product as they have the best- 
known resistance to demagnetization, smaller size and greater stability at high tem-
peratures (up to 550 °C). They are preferred in certain applications requiring high 
performances in harsh environments. As of 2014, global production of permanent 
magnets was estimated to be 738,800 tons, of which ferrite magnets accounted for 
88%, NdFeB magnets 11% (approximately 80,000 tons), AlNiCo magnets less than 
1% and SmCo magnets less than 0.5% (1300 tons) [21].

11.5  1990s–2020s: Entering the “Chinese Era” 
and Associated Challenges

The development of REE magnetic applications was a trigger point for China to 
become one of the most important world producers of REEs in the 1990s (Figs. 11.2 
and 11.4).

The start of REE production in China began in the middle 1950s [45]. In those 
days, monazite was only processed to produce rare earth metals for lighter flints and 
(Th(NO3)4) for gas mantles. In 1956, the research team led by Professor Zou Yuanxi 
at the Shanghai Institute of Metallurgy succeeded in developing a process for mak-
ing REE-Si-Fe alloy, in which rare earths were recovered from blast furnace slag 
containing 4–6% REO by using ferrosilicon as a reductant. It was the initiation of 
recovering REEs from the Bayan Obo deposit in Inner Mongolia and making REE- 
Si- Fe alloy in China. Following in the 1960s, great importance was attached to a 
more comprehensive use of the Bayan Obo deposit. Technical personnel associated 
with REEs throughout the country were deployed to undertake research into the 
comprehensive recovery of REE, as well as their popularization and application, 
thus promoting all-round development of the REE industry.

In 1965, a number of researchers from the Baotou Research Institute of Rare 
Earths successfully worked out a new process for increasing the REE content of the 
slag mentioned above. After a series of pilot plant tests performed in the Shanghai 
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Ferroalloy plant in 1966, regular commercial production of the slag was carried out 
in Baotou Rare Earth Ferroalloy plant (formerly Baotou Dongfeng Iron and Steel 
plant) in 1969. The slag that was obtained contained over 100% more REO than the 
common blast furnace slag. This increase in REO greatly reduced the consumption 
of energy and raw materials and increased the recovery of REE. This in turn, low-
ered the price of REE and created favorable conditions for promoting their applica-
tion in iron and steel manufacturing. This process has been used so far to produce 
REE master alloy in China. It was the first step that revolutionized the Chinese REE 
industry.

In the 1970s, scientific research institutions engaged in research on permanent 
magnet materials, which mainly included the Central Research Institute of Iron and 
Steel in Beijing, the Baotou Research Institute of Rare Earths, General Research 
Institute of Non-ferrous Metals in Beijing and the Shanghai Research Institute of 
Iron and Steel. However, during this period, consumption volumes of REE both in 
China and abroad were more important in sectors such as metallurgy, catalysis, 
glass and ceramics, which together accounted for more than 85% of the total REE 
production [45].

China’s production levels progressed rapidly, especially from 1980 to 1990, with 
yearly increase rates close to 20%. By the 1990s, China had become the largest REE 
producer in the world (Fig. 11.4) with permanent magnetic materials being the larg-
est REE consuming sector in the field of high technology. Tens of REE-bearing 
permanent magnet producers appeared to answer domestic demand and develop 
export activities. Such development was strongly supported by the Chinese central 
government over these decades with massive financial support (subsidies) and 
strong control (production levels, environmental permitting etc.).

Furthermore, from 1990 to 2010, there was a process for concentrating REE 
activities in China, which consisted of merging a large number of mid-sized players 
into large industrial conglomerates, thus creating companies with international 
weight and over which control was easier. Such consolidation started with mining 
producers and metallurgical processors of REE, but it was then extended to NdFeB 
permanent magnets producers [46]. All of these joint efforts resulted in strengthen-
ing the control of a few Chinese groups over the entire supply chain of REE produc-
tion and permanent magnets, keeping production costs low and mastering the crucial 
step of creating benefit. It resulted in Chinese dominance over the global REE 
industry and allowed the country to even run an aggressive strategy in the develop-
ment of mining projects outside China.

In the North of China, vertical integration has been particularly successful. In the 
main production area in Inner Mongolia province (Bayan Obo mining complex), the 
consortia China Northern Rare Earth Group and Inner Mongolia Baotou Rare Earth 
Magnetic Material merged. These alone represented by 2015, a production capacity 
of 60,000 tons of REO and 30,000 tons of NdFeB magnets per year.

In the South of China, the concentrating process had proven to be more complex 
because the ionic adsorption clay deposits [47, 48] responsible for the extraction of 
heavy REEs were numerous, small in size and scattered in six provinces (i.e., 

G. Lefebvre and N. Charles



285

Hunan, Yunnan, Jiangxi, Fujian, Guangdong and Guangxi). The merger of the five 
already powerful industrial groups in this area has been more problematic.

Between 1990 and 2000, China’s production increased over 350% from 16,000 
tons REO to about 73,000 tons REO. During the same period, production from 
other countries declined almost 60% from 44,000 tons to about 16,000 tons. As a 
result, world production increased from about 60,000 tons to almost 91,000 tons 
between 1990 and 2000 (Fig.  11.4). By 2009, world production reached about 
132,000 tons with Chinese production at 129,000 tons and production from other 
countries was only 3000 tons [49]. The situation of monopoly led to the 2010 crisis, 
which began as a diplomatic incident between China and Japan, but rapidly spread 
to other consuming countries realizing their dependency on the REE primary supply 
[50–54].

In the years that followed this crisis, a renewal of exploration activities from vari-
ous countries took place, in order to find new deposits and try to develop “modern 
REE mines” (Fig. 11.7). As of 2020, the result has been a decrease of China’s share 
of total REE mine production at around 65%, followed by the United States (12%) 
and Australia (10%). Still, one of the greatest challenges for any new producer is to 
be able to master the steps of separating REEs and manufacture magnetic alloys in 
order to secure production of NdFeB magnets.

Fig. 11.7 Map of historical and modern REE mines in the world. Historical REE mines are repre-
sented by heavy REE-bearing minerals placers and paleoplacers, while modern REE mines exhibit 
a more various geology with alkaline complexes, carbonatites and ion adsorption clays. Light REE 
and heavy REE distribution is controlled by the type of deposit and REE-bearing minerals. 
(Compiled from [15–19, 26, 27, 55–57])
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11.6  Future Trends for the REE Market

In the last two decades (2000–2020), NdFeB permanent magnets were a particularly 
important driver of the global REE demand. If electronics (Hard Disk Drives) were 
the first application sector for NdFeB magnets in the 1990s, their use rapidly spread 
to a large number of applications. Figure 11.8 illustrates the diversity of application 
sectors, nearly 70% of these uses being in the form of electric motors [58]. Thanks 
to the reduction of volume and weight required for equivalent magnetic perfor-
mance, NdFeB permanent magnets have thus enabled a significant reduction in the 
dimensions and mass of the devices using them. They have been an essential factor 
in the miniaturization of electric motors in several fields (information and commu-
nication technologies, automotive, defense etc.). The corresponding demand for 
REE in permanent magnets has been growing since the end of the 1990s at a rate of 
around 7% per year. Since the 2010s, it has always represented the main driver for 
demand for all REEs and the sector with the strongest growth since 2012 [46]. 
According to Roskill, the consumption of rare earth oxides (REO) for the manufac-
ture of permanent magnets alone would have increased from 24,000 tons in 2012 to 
41,000 tons in 2019, representing 30% of the total demand in 2019, compared to 
20% in 2012 [59]. It is due both to their use in a large number of technologies using 
various electric motors and to the development of renewable energies. This trend 

Fig. 11.8 Main application sectors of NdFeB magnet. (Modified from [11, 59])
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that is likely to continue in the coming years is particularly due to the deployment 
of electric vehicles and wind power, which require increasing quantities of NdFeB 
permanent magnets.

In the field of wind power, since 2005, permanent magnet generators have gained 
popularity, especially in offshore turbines, as they allow for high power density and 
small size with the highest efficiency at all speeds, offering a high annual produc-
tion of energy with a low lifetime cost. Most direct-drive turbines are equipped with 
permanent magnet generators that typically contain Nd and smaller quantities of 
dysprosium (Dy). The same, although on a different scale, is true for several gear-
box designs [7]. In 2018, generators containing permanent magnets were used in 
nearly all offshore wind turbines in Europe and in approximately 76% of offshore 
wind turbines worldwide [60]. However, the same does not apply for onshore wind 
turbines, for which the need for powerful generators with reduced size and weight 
is not as strict. In onshore applications, it is possible to replace permanent magnet 
generators by other technologies such as the ones using asynchronous generators 
(e.g., Squirrel Cage Induction Generator (SCIG) or Double Fed Induction Generator 
(DFIG)) or synchronous generators using copper windings (Direct Drive 
Synchronous Generator (DDSG)). Wind power today consumes 9% of the global 
NdFeB permanent magnets volume. Volumes are expected to double by 2030 [59].

The increase is even higher for electric vehicles, with 30% of the total market for 
NdFeB magnets by 2025 and 50% to 70% by 2030, representing total volumes 
between 50,000 tons to 70,000 tons REO [61]. Some analysis suggests that with the 
existing permanent magnet technology, gradual replacement of conventional pas-
senger car production by hybrid (HV), plug-in hybrid (PHV) or electric (EV) along 
with electric bikes and wind turbines will require a total increase of 191% in Nd and 
168% in Dy supplies, respectively [62]. Other market development such as the 
development of robotics could increase such numbers by consuming the growing 
volumes of NdFeB permanent magnets. Today, the share for robotics, only at its 
early development, accounts for around 1% of NdFeB uses.

Therefore, it is expected that NdFeB permanent magnets will remain the main 
driver for REE uses and innovation for the next decade. Still, there may be some 
changes, substitutions or technological breakthroughs, which could radically mod-
ify market needs for REEs after 2030. The next section discusses such 
perspectives.

First, possibilities are that NdFeB permanent magnets will be substituted in the 
future. Rare earth free, high-performance magnetic materials such as amorphous Fe 
or iron nitride (Fe2N) are known. Since 2010, some research centers have been 
engaged in finding artificial substitutes for REEs. For example, the U.S. Department 
of Energy (DOE) has been funding several innovative projects through the Advanced 
Research Projects Agency-Energy (ARPA-E) program. One of these can be cited, 
related to the University of Delaware, Hitachi and General Electrics, regarding 
nano-composites that would make alternative, strong magnets that do not need REE 
[63]. Another ARPA-E funding research project, led by the University of Nebraska, 
was trying to enhance permanent magnets with FeCo alloy [64]. In 2012, Hitachi, 
for instance, presented a 11 kW prototype electric motor using an amorphous iron 
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magnetic material instead of REE permanent magnets. Someday, superconducting 
materials may revolutionize the way wind turbines are built, phasing out the need 
for REE permanent magnets. As for conventional hard disk drive technologies as we 
know them, they are likely to be challenged in the future by new technologies that 
may not rely on the use of REEs.

On the other hand, other market developments could reinforce the use for REE 
materials in the future, relying on the same dynamics that were previously illus-
trated. For example, one possibility is new geological feedstock becoming avail-
able; another is new applications with high commercial potential.

The first one could be linked for instance in the use of Th in future nuclear pro-
grams. Two countries in particular are very active in this field: China and India. 
Should there be a development of the Th nuclear industry, Th would no longer be a 
waste but a valuable coproduct and its association with REEs in geological deposits 
would open new perspectives. Although the technology will take many decades to 
be realized, China could be the first to have a shot at commercializing it. Tests have 
begun in 2021 to build an experimental nuclear reactor using Th as fuel in Wuwei 
which is on the outskirts of the Gobi Desert. The reactor is unusual in that it has 
molten salts circulating inside it instead of water (H2O) [65].

In terms of new applications, one that is known for some time but has not yet 
found its commercial application is magnetic refrigeration. Magnetic refrigeration 
uses gadolinium (Gd) where it is used in an alloy in association with NdFeB mag-
netic magnets as a solid-state alternative to traditional refrigeration techniques. 
Refrigeration technology using REEs has been researched for several decades, but 
changes to chlorofluorocarbons (CFCs) and hydrofluorocarbons (HFCs) policy 
used in traditional compress/expand refrigeration (hydrochlorofluorocarbon 
(HCFC)-type refrigerants are due to be phased out by 2030 as part of the Kyoto 
protocol) have increased interest in its development as an alternative to traditional 
refrigeration. Modern prototypes rely on alloys of Gd as a refrigerant, which is 
stored in a tube, around which a cylinder of NdFeB magnets is moved to trigger 
magnetocaloric effect (MCE) in the alloy. The alloy is heated when the magnetic 
field increases and cooled when the magnetic field decreases.

Magnetic refrigeration offers a less toxic, solid state and nonpolluting liquid 
alternative. Magnetic refrigeration also has a higher cooling efficiency than tradi-
tional refrigeration, and this leads to smaller quantities of carbon dioxide (CO2) 
release. The lack of a compressor also reduces noise and vibration for the user. 
Around 15% of the world’s energy consumption is related to the use of air condi-
tioning, refrigeration, freezing and chilling based on traditional vapor compression/
expansion technology across industrial, commercial, agricultural, household, mili-
tary and aerospace applications, both stationary and mobile, so there is a large 
potential market. Estimates on a timescale for commercialization range from 5 to 10 
years, although there is some concern over the limited availability and high cost of 
Gd, which may hinder development, particularly for low-cost applications. 
Semiconductor thermoelectric effect refrigeration is another alternative technology, 
but it is only suitable for small-scale applications. Some of the key companies likely 
to start commercial production include Cooltech Applications, which was working 
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with Whirlpool and other refrigerator manufacturers. The Baotou Research Institute 
of Rare Earths (BRIRE) has also developed magnetic refrigerators using around 
750 g of Gd to 200 g of La-based alloys and, in 2014, it was reported that it has col-
laborated with the Haier Group on this research. The company Santoku produces 
magnetic refrigeration alloys in Japan.

Still in the field of magnetic refrigeration, La-based alloys offer a lower cost 
alternative to Gd-based alloys but require more treatment. Testing is also being car-
ried using superconducting magnets to create greater change in magnetic field 
strength of around 5T.  The rare earth alloy gadolinium-silicon-germanium 
Gd5(Si2Ge2) is commonly used in this new application, which has the potential to 
become a disruptive technology.

Another disruptive application could be phosphor thermometry, particularly with 
the development of the Internet of Things (IoT), increasing the numbers of sensors 
in daily appliances. So far, this method of temperature measurement based on REE 
phosphors is used in difficult environments, for instance, for biological and surgical 
applications because the fiber optic probes are small and low in thermal mass. 
Another one is in corrosive, explosive and high-voltage settings because the probes 
are inert and nonconductive. Future applications could include coatings inside oper-
ating microelectronic equipment, on textiles during microwave drying, or on steel 
surfaces during production. Functioning is based on a phosphor’s decay time, which 
is used to detect and measure a variety of properties such as temperature. Some 
phosphors are also sensitive to pressure, and sensors have been developed based on 
this characteristic. A small pellet of the phosphor Eu:La2O2S, Eu:Gd2O2S or 
Sm:BaFCl is used as an emitting sensor, and an optical fiber is used to carry exciting 
radiation to the phosphor and to return its emission, which is temperature sensitive, 
to the spectro-electronic instrumentation. Temperatures can be measured to an accu-
racy of 0.1 °C over the range −100 °C to +300 °C.

11.7  Conclusion

Since the discovery of REEs, the evolution of consumer’s demand has been a strong 
driver enhancing discoveries of REE applications throughout history (Fig. 11.9). In 
the face of new challenges related to climate change, REEs will play an important 
role in new technologies to ensure an energy transition (e.g., renewable energies and 
electric mobility). In other words, REE applications will continue to develop in the 
next decades and REE world production will continue to grow. This growing 
demand for REE poses a challenge in terms of securing supplies of these metals, the 
real “vitamins” of new technologies. Thus, some companies will turn to more tech-
nological innovations to substitute REEs in the development of critical sectors such 
as robotics, electric mobility and artificial intelligence.

However, REEs still have a bright future ahead of them, as evidenced by the 
many deposits being explored around the world and the increasing diversification of 
supply sources outside of China. Despite the production of REEs outside China, the 
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Fig. 11.9 Major historical technological innovations that have driven REE consumption over 
150 years. Blue Line shows the REE world production in metric kt REO. (See references used for 
compilation in Figs. 11.2 and 11.4 captions). Blue dashed line is a prevision of REE world produc-
tion based on an annual rate of 7% [11]. Abbreviations: Laser (Light Amplification by Stimulated 
Emission of Radiation), MRI (Magnetic Resonance Imaging), NiMH (Nickel-Metal Hydride), 
YAG-LED (Yttrium Aluminium Garnet-Light-Emitting Diode)

country remains in a monopoly position, especially in the processing and develop-
ment of new technologies using REEs. While REEs have been the source of major 
technological advances for the past 150 years, they also seem to have become a 
major geopolitical tool in recent years. Thus, this family of remarkable chemical 
elements will remain a major player in new technologies, markets and the balance 
of power between major industrial countries for several decades to come.
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Chapter 12
Rare Earth Magnets: Manufacturing 
and Applications

James Bell

12.1  Introduction

One of the most important and wide range of applications for rare earth (REs) 
containing materials is the production of permanent magnets. Since the 1960s, this 
class of magnets has given designers and engineers the ability to increase perfor-
mance, reduce the size of devices and even create applications that would not be 
possible with other magnet materials. Although magnets are seldom seen, they are 
everywhere and nearly everything around us that has moving parts is a candidate for 
designing with permanent magnets. Motors, generators, sensors and holding devices 
in every type of product are likely to be using permanent magnets, from exotic 
applications such as the Mars rover to totally mundane items like the magnetic catch 
on a purse, you will find them everywhere if you look hard enough. From children’s 
toys to high energy physics, RE permanent magnets are the choice of designers and 
engineers.

The following sections describe how magnets are made, where they are used and 
some of the major companies who depend on them as well as the key magnet 
manufacturers worldwide.
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12.2  Basic Magnet Compositions

The two main types of RE magnets in commercial production are samarium cobalt 
(SmCo) and neodymium iron boron (NdFeB). Both of these contain other elements 
which are added to control properties but for simplicity this chapter will use the 
basic compositional abbreviations.

12.2.1  Samarium Cobalt Magnets

Discovered in the 1960s by Strnat and Ray [1], SmCO magnets were the first 
RE-based permanent magnets to be commercialized and which eventually exhibited 
properties far higher than the standard magnet materials of the time. One of the 
great gifts that the developers gave to the world was the ability to experiment and 
improve this class of magnets without the hinderance of patent restrictions, which 
may have been due to Strnat receiving U.S. Air Force funding at the Wright Patterson 
facility where he was working. Although the very first example of these composi-
tions had somewhat mediocre magnetic properties, by about 1970 improvements to 
composition and processing enabled a doubling of the energy product that was 
available from commercial permanent magnets.

SmCo magnets offered the combination of high remanence (field strength), very 
high coercivity (resistance to demagnetization) and stability at high temperatures, 
not just with respect to magnetic properties but also chemical stability in terms of 
resistance to oxidation damage. SmCo magnets were very expensive compared to 
the other commercial permanent magnets of the time (ferrite and alnico) and also 
had poor mechanical properties which resulted in cracking and chipping, properties 
which were shared with the dominant ceramic ferrites (Fig. 12.1).

The first compositions developed were of the 1:5 type (SmCo5) and by the early 
1970s a second crystalline phase of the 2:17 type (Sm2Co17) was discovered [3]. 
With the additions of elements such as cobalt (Co), copper (Cu), zirconium (Zr) and 
iron (Fe), the magnetic properties were enhanced significantly although at the 
expense of more complicated processing.

The manufacturing process for SmCo5 magnets is much the same as described 
below for neodymium magnets (also known as NdFeB or Neo magnets), but because 
the worldwide production quantity is so much lower, most manufacturing processes 
have not developed to the same extent as they have with NdFeB, and production is 
therefore more typical of the low volume NdFeB manufacturers. Melting and slab 
casting, rather than strip casting, are still standard practices as are batch sintering 
furnaces.

SmCo magnets were used in a wide range of applications, some due to the 
thermal and chemical stability of these compositions particularly in military, 
aerospace and physics equipment, and in other industrial applications that allow for 
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Fig. 12.1 The development of permanent magnets in the twentieth century [2]

400

320

240

160

80

1920 1930 1940 1950 1960 1970 1980 1990

Year

KS-Steel
MK-Steel

Alnico 5
Columnar Alnico

50

40

30

20

10

(B
H

)m
ax

 (
M

G
O

e)

Sm-Fe-N

SmCo5

Nd-Fe-B

YCo5Co-Ferrite

Ba-Sr Ferrite

Sintered SmCo5

Sm-Pr-Co5

Sm2(Co-Fe-Cu)17

Sm2(Co-Fe-Cu-Zr)17

(B
H

)m
ax

 (
kJ

m
-3

)

miniaturization of devices such as earbuds and other electronic devices. Even 
though many applications were addressed later with lower cost NdFeB magnets, 
they are still widely used in the most demanding application areas.

12.2.2  Neodymium Iron Boron Magnets

With research and development having been focused on RE intermetallic alloys for 
over a decade, the early 1980s delivered the next major discovery – NdFeB alloys. 
The discovery was made independently by two different groups – Sagawa et al. [4] 
at Sumitomo in Japan and Croat et al. [5] at General Motors in the United States. 
Allegedly, the GM team was tasked with finding an alternative to SmCo for use in 
various automotive applications. This alternative material was not to contain Sm 
due to its high price, nor Co due to the volatility of its supply and pricing. The addi-
tion of boron (B) to the NdFe alloy resulted in the stabilization of a particular tetrag-
onal crystalline phase with extremely good magnetic properties. The actual 
composition of this hard magnetic phase was identified as Nd2Fe14B. Sagawa and 
Croat developed completely different ways of creating magnets with a high propor-
tion of Nd2Fe14B. The sintered magnet method developed by Sumitomo has always 
dominated production volumes due to higher magnetic performance and being a 
more cost-effective production route.
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 Sintered NdFeB Magnets

The Sumitomo production method followed conventional powder metallurgical 
techniques similar to those used to manufacture ceramic ferrite materials. Small 
powder particles consisting of a single grain of the alloy were shown to have signifi-
cantly higher magnetic properties along one crystalline axis. When large numbers 
of particles were aligned in a magnetic field prior and then sintered, the resulting 
material had greatly enhanced magnetic strength in the aligned direction in com-
parison to materials formed from a random, un-aligned, assemblage that was then 
sintered. The ferrite process used a water-based slurry of very fine ferrite powders 
that are pumped into a die cavity. Water is extracted through pressure, leaving a 
“green” compact that has sufficient strength to be put through a high temperature 
sintering process. During the sintering stage, the compact densifies through solid- 
state diffusion as well as liquid-assisted densification processes.

The Sumitomo process similarly converts a block of the alloy to fine powder, 
aligns the particles in a die using a magnetic field and pressed into a handleable, 
semi-densified shape that is then sintered. One difference between the Sumitomo 
process and the ceramic ferrite material production process is that a water-based 
slurry cannot be used due to the reactivity of the NdFeB powder. Therefore, a mold 
is filled with dry powder, aligned and pressed.

Alloy compositions are specific to the grade of material being produced and 
commonly included element additions as aluminum (Al), cobalt (Co), silicon (Si), 
refractory metals as well as the heavy rare earth (HRE) metals dysprosium (Dy) and 
terbium (Tb) which enhance coercivity and high temperature performance. 
Manufacturers consider their alloy compositions to be proprietary and purchasing 
the same grade from two different producers does not mean that the compositions 
will be the same.

The basics of this process have changed very little over the decades of manufac-
turing; however, numerous process improvements and more efficient production 
methods have been implemented which have progressively improved performance 
and reduced manufacturing costs. A diagram showing the different manufacturing 
stages is provided in Fig. 12.2.

A typical manufacturing operation now uses alloy that has been melted and rap-
idly cooled through strip casting before being exposed to hydrogen which breaks 
the flakes down to a friable powder. The control and high cooling rates experienced 
in strip casting enable a more uniform product to be formed that avoids the forma-
tion of undesirable phases which are typically generated through much slower cool-
ing as seen in slab cast alloys.

Alloy flakes are then jet milled to create a powder – typically 5–10 microns in 
size, that is then pressed into blocks under an applied magnetic field on highly auto-
mated hydraulic presses. For increased densification prior to sintering, these blocks 
may be isostatically pressed. Sintering furnaces are now commonly multichamber 
continuous units with more accurate and repeatable temperature and inert atmo-
sphere control. The sintering schedule may have several temperature stages 
where the sintering and heat treatment processes are performed. Many smaller 
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Fig. 12.2 Diagram of sintered magnet production steps [6]

manufacturers that cannot justify the high cost of these elaborate sintering furnaces 
still use simple batch sintering furnaces and therefore cannot take advantage of the 
improved consistency and efficiency that the latest equipment offers.

With sintering, shrinkage and surface contamination results which means the 
surface of the block needs to be removed by cutting or grinding, to leave a clean, 
flat, rectangular block that can be further processed by cutting or grinding to give 
the final magnet size. If the final shape required is a rectangular block or plate, then 
a relatively new technique – multi-wire cutting [7] – is frequently used which had 
been developed for the silicon wafer industry. Although equipment costs are high, 
the increased efficiency, precision, automation and capacity means that these latest 
advancements are particularly effective for the production of small or thin rectangu-
lar magnets. The multi-wire cutting machines also require much less floor space 
than single wire, electrical discharge machines (EDM) and abrasive slitting wheel. 
With one multi-wire machine, up to 50 of the older, simpler machines that had been 
used for decades are replaced. For curved surfaces, profile grinders can be used. 
However, these are only suitable for large production volumes due to the high cost 
of diamond impregnated (profiled) grinding wheels, and equipment setup time. For 
lower quantities, EDM or abrasive single wire cutting machines are commonly used.

The next stage in the process is a relatively new addition to magnet production – 
the diffusion of heavy rare earth (HRE) metals into the magnet structure which is 
shown in the production process diagram as DDP. DDP was initially dysprosium 
diffusion processing but now also includes Tb. Improved coercivity and high tem-
perature performance have been achieved for decades by the addition of these ele-
ments to the basic magnet alloy compositions. This results in a fairly even distribution 
of those elements throughout the body of the finished magnet. Since these elements 
are very expensive, diffusion from the magnet surface which results in concentrat-
ing the additions at grain boundaries where they are particularly effective, mini-
mizes the quantity of added HRE. This process was described as far back as 2000 

12 Rare Earth Magnets: Manufacturing and Applications



300

[8], but it is only over the last 7–10 years that the process has been widely adopted 
in the industry. The metal (or oxide, fluoride or other compound) is deposited on the 
surface and during the subsequent heat treatment diffusion into the body takes place. 
Because diffusion results in decreasing concentration with increase in distance from 
the surface, this process is most effective in thin sections of magnet, typi-
cally 5–8 mm.

For protection of the magnet against oxidation or corrosion, a coating may then 
be applied. There are a wide range of coating options from simple passivation to 
multilayer, multi-material coatings for aggressive environments. The most common 
of these is a Ni-Co-Ni trilayer electrodeposited coating.

Finally, the magnet may be magnetized prior to shipment. It is usually recom-
mended that magnetization is performed as late in the assembly process as possible 
in order to minimize the attraction of magnetic debris that could be present.

 Bonded NdFeB Magnets

As was discussed earlier, NdFeB magnets were simultaneously discovered at 
Sumitomo and at General Motors (Magnequench). The GM process involved 
extremely high cooling rates for the alloy using modified strip casting equipment 
that was developed for amorphous metal production which they called jet casting or 
more commonly melt spinning. A thin jet of molten metal was deposited onto a 
rapidly rotating cooled wheel, resulting in a cooling rate in the region of 106 °C per 
second. The near amorphous structure that was produced enabled a subsequent heat 
treatment to create a very fine microstructure of NdFeB, with a grain size of typi-
cally 20–30  nm, which is over 100× smaller than what is produced in sintered 
NdFeB magnets. This extremely fine grain size gives the material a high coercivity. 
However, because the grains are randomly oriented, the resulting metal flake is iso-
tropic and therefore will not align magnetically as in the case of sintered NdFeB. The 
main benefit of this flake is that it is easy to bond together with epoxy resins or 
plastics to form complex magnet shapes with little or no waste from cutting or 
grinding.

One of the biggest early applications for this type of magnet was in thin-walled 
rings for disk drive spindle motors (Fig. 12.3). Shapes like this are impossible to 
make effectively using sintered magnets. The relatively high cost per kilogram for 
the flake material was easily absorbed with the need for miniaturization. The mag-
netic performance is related to the volume percent of flake in the finished magnet, 
with early product reaching 10 MGOe for compression molded magnets (epoxy 
binder) and about 6.5 MGOe for injection molded (thermoplastic bonded) product. 
The reason for the lower performance in injection molding is the need for the mol-
ten material to flow and fill the molding cavity which limits the solid loading. A 
third technique, extrusion, was developed by Seiko Epson [9] for making thin-
walled rings, where approximately 9 MGOe could be achieved as the process does 
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Fig. 12.3 Bonded magnet rings that can be made by extrusion [10]

not require the same degree of flow that is necessary for complex shaping in injec-
tion molding and therefore a higher powder loading is possible.

With compression molding, shapes are limited by the need to eject the molded 
part from the die, so they tend to require a consistent cross-sectional shape, whereas 
injection molding allows for true three-dimensional shaping. Extrusion is also lim-
ited to “2D” shaping and with lower performance compared to compression mold-
ing, it was never adopted by other manufacturers.

Unlike sintered NdFeB magnets, which have increased in energy product 
(Fig.  12.1 (BH)max) by about 50% since their first volume production, the 
Magnequench powders have seen a relatively small increase in magnetic perfor-
mance for a “standard grade” compression molded product at 10 MGOe in the late 
1980s, and top end levels currently of around 12 MGOe [11]. Many new powder 
grades have been developed by Magnequench that are tailored to magnetic perfor-
mance, specific applications and lower cost formulations for price sensitive applica-
tions. Two “deviations” from the standard jet casting process are powders with a 
more amorphous structure used for hot pressing and gas atomized spherical pow-
ders which were targeted at injection molding because of their improved flow per-
formance. The problem with the spherical powder strategy is that the magnetic 
performance is lower than a jet cast powder so the volume of powder needed to 
achieve the same energy product is greater, negating the benefit of improved flow. 
Also, the cost reduction was not sufficient to warrant the use of a higher percentage 
of filler for the same performance. Both of these variants seem to be obsolete as they 
are not listed in current Magnequench materials product data.
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 Anosotropic Bonded NdFeB Magnets

Magnequench powders are isotropic and therefore cannot be aligned during form-
ing which limits the energy product of their materials. However, if a stable form of 
anisotropic powder could be produced, that could be magnetically aligned, there is 
a potential to double the performance. About 30  years ago, Takeshita et  al. at 
Mitsubishi [12] discovered that treating the alloy with hydrogen resulted in an 
anisotropic powder. This process was called hydrogen decrepitation disproportion-
ation and recombination (HDDR). It had been known for many years that the RE 
alloys would absorb large amounts of hydrogen and that the swelling of the struc-
ture caused the alloy to fracture into a friable material that was then much easier to 
grind down to the very fine powder sizes needed for sintered magnet production. 
The hydrogen decrepitation (HD process) had become fairly standard in magnet 
manufacturing operations.

What was discovered at Mitsubishi was that if the hydrogenated material was 
heated, under moderate hydrogen pressures, then the alloy disproportionated into a 
very finely distributed mixture of phases. These included unaltered boride particles 
that retained the original orientation of the parent grain, and when hydrogen was 
removed these particles acted as nuclei for regrowth of the NdFeB main phase. 
Rather than forming a large single grain, as in the starting alloy, the grain size was 
much finer with the individual sub-grains having the same orientation as the parent 
grain. The fine sub-grain size imparts an inherent coercivity, while the material can 
be aligned in a magnetic field during compression or injection molding. Energy 
products are around 18–20 MGOe can be achieved in either compression or injec-
tion molding. The main producer of these powders is now Aichi Steel in Japan. 
Mitsubishi had exited the magnet materials market only a few years after the discov-
ery, and Aichi Steel created a variant of HDDR [13], developing it into a scalable 
manufacturing process.

 Hot Formed NdFeB Magnets

Apart from sintered and bonded forming techniques, there is a third category which 
is hot pressing or hot forging to form NdFeB magnets. This technique was pio-
neered by Magnequench using their melt spun powders in the 1980s for their two 
magnet products MQ2 and MQ3 (MQ1 being the bonded designation) [14]. If the 
melt spun powder is quenched but not heat treated to develop a high degree of crys-
tallization, this powder can be pressed in a heated die to near full density of the 
NdFeB alloy (7.5 g/cc) without the use of any binder, and the result is a higher 
energy product (i.e., 14 MGOe) when compared to the energy product of a bonded 
magnet. This type of magnet is still isotropic and due to the additional time and cost 
of hot pressing, the increase in performance was not sufficient to carve out a niche 
in applications, particularly with limited shaping capability. However, if a hot 
pressed magnet is then hot forged by a process call die upset forging, using a die that 
is larger than the magnet, the material flow imparts anisotropy and magnets with 
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energy products of about 27 MGOe were initially produced [14]. Eventually, pro-
cess improvements increased this to over 35 MGOe. Magnequench spent a lot of 
time and effort designing dies and process conditions to be able to make the 
“butterfly”-shaped voice coil magnets (VCM) for disk drives. Processing was once 
again met without a large degree of commercial success.

One of the most elegant processes derived for Magnequench’s MQ3 was back 
extrusion where the hot alloy was pressed into a fairly deep cylindrical die and the 
“punch” that was used was a smaller diameter than the inner diameter of the die. 
The hot alloy material would therefore flow up the sides of the punch resulting in a 
hollow cylinder [15]. In this case, the anisotropy developed is radial. Trimming the 
ends and surface grinding could produce a fairly thin-walled ring with radial anisot-
ropy which would be perfect for many motor applications. Cost, however, was high 
and the process was not widely licensed which probably stifled cost reduction and 
development of more efficient variants. Notably, Magnequench’s MQ2 and MQ3 
are no longer mentioned on the Magnequench website [11].

More recently, radially anisotropic, fully dense, rings have been produced by the 
hot pressing of anisotropic (e.g., sinterable) powders under an applied radial field 
[16] as well as variants where the pressure is applied in a localized circular motion 
similar to rotary forging.

12.2.3  Other Magnet Types and Processes

Over the years, there have been a number of promising techniques and material 
discoveries which looked like they would eventually become mainstream. In terms 
of magnet materials, the only major discovery since NdFeB is samarium iron nitride 
(SmFeN) [17]. Magnetic properties are good, with the powder being anisotropic, 
but because of temperature stability that prevents sintering, it was limited to bonded 
magnets. Today, there is very little of this material being produced although a rea-
sonable amount is incorporated into the Aichi Steel anisotropic NdFeB powder 
blends to enhance performance.

In the late 1980s, the group at Philips developed a composite hard/soft magnetic 
magnet structure that had very promising properties [18]. The soft phase was so 
finely distributed that the “exchange spring” effect resulted in the magnets with low 
RE content, but these did demonstrate appreciable coercivity. Unfortunately, these 
were never developed to production scale.

Currently, there is interest in reducing Nd content by substitution with cerium 
(Ce) [19]. Reduced magnetic performance results, which although the magnet may 
still be adequate for many devices, substitution may not adequately reduce cost 
when compared with current sintered and bonded magnets.

A RE-containing magnet that is usually forgotten is the high-performance, sin-
tered ferrite that was developed in Japan [20]. Doping these ceramic compositions 
with lanthanum (La) increases magnetic performance. These, however, are not 
really considered RE magnets.
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In terms of processes, the gas atomization for production of bondable powders 
mentioned earlier never delivered sufficient cost savings. Similarly, magnet pow-
ders produced by high energy ball milling and magnets made by explosive compac-
tion [21], magnetic compaction [22] and other forming methods never delivered 
commercially useful benefits.

12.2.4  Current Development Focus

Rare earth magnet manufacturing is now a fairly mature process with incremental 
improvements being made to properties and production efficiency. The most recent 
major advancement was in HRE diffusion, where Tb or Dy is diffused in through 
the surface of a finished magnet rather than incorporated into the starting alloy as 
discussed earlier. This may become the next battleground in patent infringement 
since Hitachi does not allow its “licensees” access to the many patents that Hitachi 
has filed on this development.

Another promising direction is to reduce the grain size of the finished magnet by 
starting with powders that have been jet milled to smaller sizes. This increases coer-
civity without the need for HRE additions, but complicates the milling and powder 
handling processes because of higher reactivity.

Currently, there is nothing on the horizon (i.e., RE-containing or not) that is 
threatening the dominance of existing RE magnet materials, and with more sources 
of raw material being developed outside of China, this should help in stabilizing 
price volatility or even reducing overall pricing, which will in turn remove pressure 
to replace RE-based magnets altogether.

12.3  Major Applications

12.3.1  The Automotive Industry

Permanent magnets have been used in automotive applications for over a century. 
The first car radio and speaker came in the 1920s, but long before that, drivers relied 
on magnet-driven speedometers. Originally patented in the 1880s, the basic concept 
of a rotating magnet inducing eddy currents, and therefore drag, on a metal cup or 
disk was still in use for this application over 100 years later. As more convenience 
features were added to vehicles such as wiper motors, power windows and seat 
motors, the number of magnets being used exploded. Initially, most of these com-
ponents used sintered ferrite magnets but as the auto industry started to focus on 
weight reduction as a way of improving fuel economy many of these started to 
incorporate RE magnets. In the 1990s, it was almost obligatory to use a diagram like 
the one shown in Fig.  12.4 in any presentation pertaining to permanent magnet 
applications.
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Fig. 12.4 Some of the uses of permanent magnets in automotive applications [23]

Today, this sort of diagram would be unreadable because of the huge number of 
devices that use permanent magnets. Add to this the proliferation in the number of 
devices in any one application and the total number of magnets in a single vehicle 
is now counted in the hundreds. For example, with a power seat often having four or 
more motors per seat – each with two magnets, the number of magnets quickly adds 
up. Audio systems, originally with one speaker, have become a huge market for RE 
magnets. For example, the Tesla model 3 using 16 RE magnet powered speakers for 
a total magnet weight of over 500 g places this automotive application in second 
place only exceeded by the potential for electric vehicle (EV) traction motors [24]. 
The improved energy efficiency of electric rather than mechanical or hydraulic-
driven devices along with the transition to EVs is sure to create a total “drive-by-
wire” vehicle and ensure that RE magnet usage continues to grow.

12.3.2  The Electronics Industry: Computers

One of the first important application areas for both sintered and bonded NdFeB 
magnets was in computer hard drives. The strength of the magnetic field that sin-
tered magnets can produce enabled the read head actuator, called a voice coil motor, 
to operate faster and with reduced size and mass, while the spindle motor used thin- 
walled rings that could be very efficiently made by compression molding of bonded 
magnets. A fairly short-lived computer storage device, the Zip drive [25], which 
offered a removable disk with a “massive” 100 Mb of storage as compared to stan-
dard floppy disks with 1.44  Mb, used bonded NdFeB magnets in both the head 
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actuator and the spindle motor. Then came compact disks (CDs), digital versatile 
disks or dual-layer disks (DVDs) and other optical storage drives that used combi-
nations of bonded and sintered neo magnets for the two movement functions. Thirty 
years ago, with the invention of the solid-state drive (SSD), predictions about a 
short life for conventional hard drives were common but through increased storage 
density, lower manufacturing costs and increased reliability they are still competi-
tive. That fate did, however, come to the optical drive formats with the convenience 
and low cost of flash drives, and for audio and video players because of download-
ing and streaming.

12.3.3  The Medical Industry

Probably, the most commonly cited application for RE magnets in the medical field 
is magnetic resonance imaging (MRI). For many of these systems, the magnetic 
field is produced by superconducting magnets, but the advantages of portability and 
simplicity that RE magnet-generated fields give means that they are often the pre-
ferred field source. Extremely accurate, whole body superconducting magnet sys-
tems have their place but for smaller single limb examination or for less 
claustrophobic open magnet geometries, RE magnets can be more cost effective. 
Systems can weigh a few hundred kilograms or as much as several tonnes, so the 
number of systems produced does not need to be high to make this a significant use 
of RE magnets.

But MRI is just one of many, extremely varied applications in the medical field. 
Movement is again an indicator that magnets may be present. From peristaltic 
pumps to high speed bone drills to air movement, the power or miniaturization that 
RE magnets can provide are the key to their use. With respect to air movement this 
could be inflation of an air mattress (i.e., on a bed with RE magnet motors for posi-
tioning) which can give a patient variable support, or in ventilators for people with 
breathing difficulties. In the United States, two manufacturers of the sleep apnea 
continuous positive air pressure (CPAP) machines produce over two million units a 
year generating revenue of approximately $2.5 billion in 2021 [26], each one with a 
RE magnet powered blower motor. Pencil-thin high speed “power tools” will be 
found in every operating theater. Even the separation of red blood cells from plasma 
results from the interaction of iron in hemoglobin with a magnetic field.

Another application involves very large magnets in combination with some of 
the smallest RE magnets used anywhere. Stereotaxis manufactures systems which 
can guide a catheter along arteries by magnetic forces acting on a minute RE mag-
net (Fig. 12.5). The large external magnets can steer the tip through right angle turns 
or even acute angles that cannot be done by mechanically guided methods.

The movement of remote or robotic controlled surgery equipment again relies of 
the precision of RE magnet containing motors and actuators.
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Fig. 12.5 Stereotaxis Remote Magnetic Navigation (RMN) system [27]

12.3.4  Industrial Products

Industrial products span a wide range of applications and industries, many of which 
are using high-performance brushless direct current (DC) or stepper motors, such as 
in robotics, material handling systems and fluid pumps. RE magnets are used in 
levitation, eddy current brakes, magnetic separation, clamps or work holding 
devices, reduction in hard water scale deposits, flow and level measurement and a 
host of other applications that would easily fill a chapter on its own.

12.3.5  Consumer Products

Although the majority of large home appliances still use induction motors, the 
smaller ones are increasingly using RE magnets. Traditional vacuum cleaners boast 
about the amount of power they consume, never mentioning that the efficiency of 
conversion of that power to actual suction is very poor. Dyson reinvented the vac-
uum cleaner using very high-speed RE magnet motors that are small, light and 
energy efficient [28]. Now other manufacturers are following suit and when it comes 
to handheld rechargeable units, the increased efficiency results in longer runtime or 
a smaller battery which again saves weight.

The same logic applies to handheld power tools which are increasingly moving 
toward cordless formats. With the improvements in energy density of batteries and the 
use of brushless DC RE magnet-containing motors, lower cost tools still have respect-
able runtimes, and for more professional use all-day battery packs can be a reality. 
Manufacturers such as Milwaukee Electric focus on the high-performance, high dura-
bility segment of the market which would not be possible without RE magnets [29].
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Fig. 12.6 Earbud schematic illustrating the inclusion of three separate drivers each using NdFeB 
magnets [30]

Audio applications for RE magnets have proliferated in recent years with 
Bluetooth personal speakers, sound bars for TV, headphones and earbuds. Often 
used in marketing, the term “Neodymium Magnets” frequently appears despite the 
general public knowing little about why this is a good thing. Again, the combination 
of size, weight and efficiency is driving growth and many of these are battery pow-
ered so time between charges is important. The exploded diagram of a top end ear-
bud shown in Fig.  12.6 has one traditional voice coil driver and two balanced 
armature drivers all containing NdFeB magnets.

Which section to place mobile phone applications in is difficult  – consumer 
device, computer or electronics. Whichever section they should be in, phones are a 
good example of miniaturization through the use of powerful NdFeB magnets. A 
slightly different geometry of the speaker driver is used because of the thickness of 
the devices. And for the vibration generator there are a number of designs, either 
with a rotating unbalanced rotor or a linear oscillator as used in iPhones, which is 
called the “taptic engine” (Fig.  12.7). The linear device can give near-real-time 
response and variable strength and frequency.

A new application for NdFeB magnets is the Magsafe assembly [32] that will be 
used in iPhones that enables a variety of add-on devices (i.e., cameras, chargers and 
pop sockets) to be precisely aligned and attached to the phone. Consisting of a ring 
of 36 magnets with an extra two for rotational positioning, the number of magnets 
used in a phone just increased dramatically.
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Fig. 12.7 Three versions of Apple Taptic™ engines using multiple RE magnets [31]

12.3.6  Green Energy

The reason why green energy-related applications have been split out as a separate 
section is because of two applications: wind generators and electric vehicles (EV). 
These are relatively new, high consumption, areas for RE permanent magnets. 
Going back a decade, these two markets were already seen as a big potential impact 
in terms of stressing the supply chain, due to high growth rates. Those previous 
predictions were somewhat optimistic in terms of demand and so far, we have not 
seen a significant effect on the supply chain and therefore have avoided shortages 
and price fluctuations caused by additional demand. Despite the growth not being as 
rapid as predicted, they are still significant applications – wind power consuming 
huge amounts of sintered magnets for each generator, and EVs in terms of the num-
ber of traction motors being produced.

12.3.7  Electric Vehicle Traction Motors

Although any type of motor could be used for traction applications, the EV market 
appears to be standardizing on one form of permanent magnet motor – an internal 
permanent magnet (IPM) structure, where the magnets are embedded inside a steel 
rotor and the rotational forces produced are a combination of those produced by the 
magnets directly as well as through reluctance from the steel core [33]. This combi-
nation appears to give a cost-effective design with attractive torque/speed 
characteristics.

In the United States, the first EV production volume has been Tesla, using induc-
tion motors for their vehicles (i.e., no magnets). Tesla has, however, moved to using 
a combination of IPM and induction motors or in some models, only IPM. A tear-
down study of different EVs was performed by Munro and Associates [34], 
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Fig. 12.8 EV (+ Hybrid) traction motors

covering every aspect of vehicle construction, including a section on the traction 
motors used by the various manufacturers (Fig. 12.8). This study has dimensional 
details of all components and includes the amount of magnet material used in 
each design.

There are several variants of IPM motor designs, with the magnets in a flat or 
“V” configuration and with one or more layers of magnets. The magnet configura-
tion (i.e., single layer, “V”) for the Tesla design is shown below Fig. 12.9. In total, 
the motor uses about 1.8 kg of sintered NdFeB.

The reason why each magnet slab is made from four pieces is to reduce eddy 
currents in the magnet caused by fluctuation of the applied field and increases motor 
efficiency. The rotor is made from four separate lamination stacks, fixed together, 
but with the center pair “twisted” by a few degrees, to simulate a skew to the magnet 
pattern, which affects performance as well as vibrational noise.

To translate magnet usage in a single motor to industry demand, let us assume 
that if the United States produces eight to ten million cars and trucks a year, and by 
2030, 50% of these are EVs, then the total RE magnet usage would be about 5000 
tons. This assumes that not all EVs will use permanent magnet rotors and that the 
average weight per motor will decrease to around 1.5 kg. To put that into perspec-
tive, 5000 tonnes per year would be the total output of a medium-sized sintered 
NdFeB factory in China today.
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Fig. 12.9 Tesla magnet and configuration [34]

12.3.8  Wind Generators

At the other end of the spectrum, in terms of units built, wind generators are often 
given as an application that could stress the supply chain. Not all turbines use per-
manent magnets and those that do can be split into two categories, depending on 
whether they are direct drive or have incorporated gearboxes. Since the gearbox can 
require maintenance or may cause failure, wind turbines that are hard to access 
(e.g., offshore) favor direct drive, and these require a larger quantity (500 kg and 
more) of magnet material per MW of generator power. With generator rated capac-
ity rising, now pushing 10 MW, the amount of magnet material per unit is measured 
in tonnes. With the DOE Wind Energy report [35] predicting an average of 9 GW of 
new U.S. generator capacity per year, from 2031 to 2050 and assuming about 50% 
of these are direct drive, this translates to 2000–3000 tonnes of magnets per year. 
Significant quantities but well within the elasticity of magnet production and 
RE supply.

12.3.9  The Defense and Aerospace Industry

One of the reasons why the loss of U.S. manufacturing capability for high- 
performance RE magnets is a concern is because of applications in military and 
aerospace systems that rely on REs being supplied from another country. Aircraft 
have moved to fly by wire which means that moving parts are now controlled with 
precision motors and actuators, which need to be small, light and powerful [36]. In 
high temperature applications such as in engines and rocket motors, only the highest 
performance SmCo magnets can be used because magnetic strength decreases with 
increasing temperature. Above a critical temperature (Curie temperature), magnetic 
strength actually drops to zero.

One of the plant closures that produced a lot of bad press was when Magnequench 
closed the Ugimag plant that had been producing RE magnets for the JDAM weap-
ons system [37]. This was just one example, but all aircraft and many weapons 
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systems today rely on high-performance RE magnet for their successful operation. 
In September 2022, deliveries of the F35 fighter were put on hold because starter/
generator magnet components were found to have come from China which is for-
bidden under DFARS (Defense Federal Acquisition Regulations Supplement) regu-
lations [38]. There are manufacturers in “friendly” countries (i.e., Europe and Japan) 
that can supply what is needed, but only having one well-established sintered RE 
magnet producer in the United States, that is limited to SmCo is a strategically dan-
gerous position.

12.4  Intellectual Property

The subject of NdFeB patents has been a thorny issue ever since the “dual” discov-
ery by GM and Sumitomo. Although the basic crystal structure and magnetic phases 
present in both variants were the same, the manufacturing processes were suffi-
ciently different for the two companies to retain their patent filings and to coexist in 
the market, through a cross-licensing agreement which divided the market up into 
bonded (i.e., Magnequench) and sintered (i.e., Sumitomo) magnet technologies. 
The basic compositional patents expired many years ago but the patent situation is 
now much more complex than it was two decades ago. Many of the patents that 
were filed by Sumitomo were transferred to a company called Neomax (i.e., a 
merger in 2004 of the Sumitomo and Hitachi permanent magnet operations) and 
then eventually to Hitachi. This means that Hitachi controls a large proportion of the 
patents that have been filed on NdFeB development, and they claim to have over 
600 patents related to RE magnet production and applications. This was recognized 
as a strategic advantage by both Sumitomo and Hitachi and effectively leveraged as 
a method of generating royalty income, licensing companies around the world to 
use their patent portfolio without fear of legal action as long as royalties were paid 
on all their NdFeB magnet production. This would then inhibit the growth of com-
petitors provided that the IP owners were seen to take legal action against “infring-
ing” companies. There were several legal actions initiated by Sumitomo/Hitachi 
and Magnequench essentially to support their licensees and maintain the flow of 
royalty income.

The value of the patent portfolio to Hitachi is more to do with the quantity rather 
than the quality of those patents. This was illustrated well in the International Trade 
Commission (ITC) case (337-TA-855) filed by Hitachi in 2012 [39], claiming 
infringement by a large number of end-product manufacturers for using NdFeB 
magnets that were not produced by Hitachi licensees, as well as a number of magnet 
distributors/fabricators and three Chinese magnet manufacturers who did not have 
licensing from Hitachi. From that vast collection of intellectual property (IP), 
Hitachi selected four patents and attempted to show infringement. Obviously, these 
patents would be the ones that Hitachi considered to be the strongest weapons in 
their IP arsenal.
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Many of the end-product manufacturers and distributors signed agreements to 
only purchase from licensed companies in the future to avoid the high cost of a 
protracted legal defense. However, some manufacturers and distributors did not, and 
the Chinese manufacturers had no option but to defend themselves. This defensive 
action displayed the weakness of some of those patents, either due to substantial 
prior art or to the inability to prove infringement, and days before the case was due 
to go to court, Hitachi backed down and offered the three Chinese companies licens-
ing agreements instead. This was not the intention, and the five Chinese companies 
with existing Hitachi licenses were more than a little upset with the outcome of 
the action.

With Hitachi recently announcing that they are looking to get out of the magnet 
business by attempting to divest of Hitachi Metals (now Proterial Ltd.) [40], it will 
be interesting to see whether whoever ends up with the patent portfolio will see the 
same strategic advantage in terms of royalty generation.

12.5  U.S. Magnet Manufacture

Since the early 1990s, the United States has lost the vast majority of its capability in 
producing RE magnets. The decay in magnet-manufacturing capability started ear-
lier than this with the gradual loss of plants that made sintered ferrites because of 
low-cost sources in China. With the higher value of RE magnets, the United States 
was able to absorb the higher cost structure for a while, but eventually all the sin-
tered RE magnet producers, with the exception of one, became uncompetitive and 
either closed or moved production to China. The 1990s also saw considerable con-
solidation in the U.S. magnet industry with Arnold/SPS Technologies acquiring sev-
eral businesses (i.e., 3M, Flexmag and RJF) in the bonded and flexible magnet area 
as well as RE magnet producer Swift-Levick in the United Kingdom [41]. Plants 
such as IG Technologies/Ugimag which had been acquired by Magnequench and 
then closed. Similarly, the Hitachi facility in Edmore, MI, was no longer competi-
tive and also closed production. Even Arnold/SPS eventually moved a lot of produc-
tion offshore, with the exception of the Flexmag ferrite/rubber business in Ohio.

The only remaining sintered RE plant from that period is operated by Electron 
Energy Corporation (EEC) in Pennsylvania. The reason they have survived is 
because they focus almost exclusively on SmCo, and particularly in military, aero-
space and high energy physics applications which are the highest value and, to some 
degree, are strategically protected. Hitachi did attempt to set up a new sintered 
NdFeB plant at their China Grove site during the ITC case, but this was because 
they had to show that a U.S.-manufacturing operation was being damaged by the 
“infringers” rather than being based on cost-effective production. That plant never 
reached volume production and the equipment was sold off at a huge discount.

One new facility that has recently been built by Urban Mining (now Noveon) in 
Texas is based on sourcing the raw materials (i.e., magnets) from end-of-life devices 
or manufacturing scrap, and then crushing, milling and adding small amounts of RE 
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metal compounds to counteract any further volatilization that occurs in the sintering 
operation [42]. There is little evidence that operation will be cost competitive with 
Chinese production, or that their products will have the consistency over time that 
is required by major magnet users. The technology is based on research that was 
done at the University of Birmingham in the United Kingdom [43].

Bonded RE magnet production in the United States was more resilient, partly 
because they are less of a “commodity” and again are higher value, with minimal 
labor content. Thanks to the high price and sole source for the bondable NdFeB 
powders produced by Magnequench, there was little advantage to purchasing fin-
ished magnets from outside the United States and businesses such as Magnet 
Applications (i.e., currently Bunting-DuBois), Tengam, Electrodyne and Phoenix 
are still operating although the latter two companies have little RE production. Kane 
Magnetics (formerly Stackpole Magnet Division) was one of the RE bonded magnet 
companies that did not survive even though they were once Magnequench’s No. 1 
customer by a significant margin in the United States. The company made strategic 
mistakes and suffered badly through the closure of the sintered ferrite magnet pro-
duction facilities. 

The state of US and European RE manufacturing facilities is currently being 
addressed by a number of companies such as MP Materials, USA Rare Earth, 
Vacuumsmeltze, GKN,  Quadrant and others.  With support from national govern-
ments it is likely that three to four substantial RE magnet manufacturing plants will 
be brought online starting as early as 2024.  Added to this, there are projects in other 
parts of the supply chain including RE separation, metal making and recycling of 
end of life RE magnets that will help in re-building a robust supply chain.

There are also a host of fabricator/distributor companies in the United States, 
several of which describe themselves as magnet manufacturers but are more accu-
rately described as magnet assembly manufacturers. The magnets used in these 
assemblies are normally imported from China, and therefore end users need to be 
aware that these are not U.S. products. Particular care needs to be taken if the end- 
product is for a military or other sensitive application that has to meet International 
Traffic in Arms Regulations (ITAR)/Defense Federal Acquisition Regulation 
Supplement (DFARS) requirements.

12.6  Major Players in the RE Magnet Supply Chain

With hundreds of RE magnet-manufacturing plants in China and very few in the rest 
of the world, there is almost complete dominance of the supply chain by China. Not 
only is the largest source of RE minerals in China (i.e., a by-product of mining iron 
ore), but separation, purification, alloy making and magnet making are skills that 
the Western world has either lost or is close to losing. With the decades of pressure 
from China and the closure of nearly all major magnet manufacturers, there has 
been little research and development (R&D) done in the United States or people 
trained in those industries. Not only is the Western world losing manufacturing 
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capability, but it has also lost the human capital that is necessary to support an 
industry.

There are some bright spots, with the once dominant U.S. RE mine at Mountain 
Pass (MP), CA, being back in operation and with Lynas now producing consider-
able quantities of materials in Australia. But until all the downstream processes have 
been regenerated there is still a reliance for these from China.

Of the sintered magnet plants in China, a few of them have the scale, the quality 
systems and state-of-the-art equipment that distinguishes them from the pack. 
Ningbo Yunsheng, Beijing Zhong Ke San Huan, Yantai Zhenghai, JL Mag, Baotou 
Tianhe Magnetics Technology and AT&M are in the group that major customers 
rely on.

In Japan, Hitachi (for now), TDK, Shin-Etsu and Daido Steel are all major, qual-
ity manufacturers. In Europe, where the loss of manufacturing has been almost as 
dramatic as in the United States, the Arnold SmCo plant in Switzerland, MS 
Schramberg (also bonded) and Vacuumshmelze in Germany are still operational. 
For bonded magnets Germany has Kolektor (i.e., Widia) and Magnet Fabrik Bonn, 
France has Arelec and the United Kingdom has Bunting (i.e., Magnet Applications).

12.7  Conclusions and Final Outlook

The growth in RE magnet markets over the last four or five decades has not only 
been substantial in value terms but their presence has resulted in a host of lower 
cost, higher-performance applications that may not even have existed without them. 
They are used in almost every manufacturing sector but largely go unnoticed by the 
public because the devices in which they are used are usually hidden inside the 
finished product. Certainly, many current applications could adopt material substi-
tutions if the metal price volatility is controlled, if there were promise of new min-
ing operations in many parts of the word, and the current focus on establishing 
multiple supply chains free from geopolitical constraints are moderated. With no 
new magnet materials on the horizon RE magnets are likely to hold onto their posi-
tion of being the most valuable segment of permanent magnet material markets for 
decades.

Looking forward at what factors will impact growth and risk, the green energy 
applications of wind power and electric vehicles will probably be the dominant driv-
ers of growth but at the same time, these applications are likely to be the biggest risk 
as well. Growth forecasts in these areas are indicating stress on existing supply 
chains and if major new resources are not developed quickly there will be supply 
shortages which will not only limit growth but will create price volatility and the 
need to find solutions that do not require rare earth metals.

With substantial resources for mining in Australia, Africa, North America and 
many other countries, along with multiple plans for separation, metal making, mag-
net manufacture and recycling underway, the future looks positive, provided that all 
of these stages of production deliver on their plans.
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Chapter 13
Role of Rare Earths as Catalysts 
in the Chemical, Petroleum 
and Transportation Industries

Aaron Akah

13.1  Introduction

Rare earth elements, also known as the lanthanide series in the periodic table of ele-
ments, are a series of chemical elements found in the Earth’s crust that are applied 
in many modern technologies such as consumer electronics, computers and net-
works, communications, clean energy, advanced transportation, health care, envi-
ronmental mitigation, national defense and many others [1–5]. The introduction of 
the Welsbach incandescent lamp, which made use of the oxides of zirconium (Zr), 
lanthanum (La) and yttrium (Y) during the 1880s, marked the first commercial 
application of rare earths [1]. Since then, rare earths have found applications in vari-
ous fields and their consumption has grown to over 100,000 metric tons annually as 
shown in Table 13.1.

Rare earths form a critical and essential part of many modern technologies as 
they sometimes act like technology building blocks. This is because their applica-
tion in alloys and compounds can have a profound effect on the performance of 
complex engineered systems, some of which include automotive catalytic convert-
ers, petroleum refining catalysts, glass manufacture and polishing, ceramics, perma-
nent magnets, metallurgical additives and alloys and rare earth phosphors for 
lighting, television, computer monitors, radar and X-ray intensifying film [1, 2, 6–8].

The demand for rare earth elements is a direct result of their integration as cata-
lysts into end-use products. Catalysts represent a large market for rare earths where 
they provide properties desired for effective catalysis in petroleum refining, fuel 
additives and the transportation and chemical industry [1, 9–11].
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Table 13.1 Rare Earth Consumption by Market Sector [1]

Amount by Market Sector (metric tons)
Rare 
earth 
oxide Catalyst Ceramics Glass Metallurgy Magnets

Battery 
alloys Phosphors Other Total

CEO2 8820 840 18,620 5980 4040 990 2930 42,220
Dy2O3 – – – – 1310 – – – 1310
Eu2O3 – – – – – – 441 – 441
Gd2O3 – – – – 525 – 162 75 762
La2O3 18,180 1190 8050 2990 – 6050 765 1430 38,655
Nd2O3 228 840 360 1900 18,200 1210 – 1130 23,868
Pr6O7 152 420 694 633 6140 399 – 300 8738
SmO – – – – – 399 – 150 549
Tb6O7 – – – – 53 – 414 – 467
Y2O3 – 3710 240 – – – 6230 1430 11,610
Other 480 480
Total 27,380 7000 28,444 11,503 26,228 12,098 9002 7445 129,100

13.2  Application of Rare Earths in Fluid Catalytic 
Cracking Catalysts

Fluid catalytic cracking (FCC) is a process for conversion of heavy oil fractions into 
high octane gasoline, light fuel oils and olefin-rich light gases. The process employs 
a catalyst in the form of microspheres, which behave as a fluid when aerated. Fluid 
catalytic cracking is an endothermic process during which carbon is deposited onto 
the catalyst. This carbon, known as coke, reduces the activity of the catalyst and the 
catalyst must be regenerated.

The fluidized catalyst is continuously circulated from a reaction zone, where the 
cracking reactions occur, to a regeneration zone where the catalyst is reactivated as 
illustrated in Fig. 13.1 [12].

During the FCC process, hydrocarbon (HC) feed is injected into the riser section 
of the FCC reactor where it is cracked into lighter more valuable products upon 
contacting hot catalyst from the catalyst regenerator. The catalyst and HC vapors are 
carried up the riser to the disengagement section of the FCC reactor where they are 
separated. Subsequently, the catalyst flows into a stripping section where the HC 
vapors entrained with the catalyst are stripped by steam injection. Following the 
stripping of HCs from the spent cracking catalyst, the stripped catalyst is recircu-
lated to the catalyst regenerator.

Typically, catalyst is regenerated by introducing air into the regenerator and 
burning off the coke to restore catalyst activity. Coke combustion is an exothermic 
reaction and it is used to supply heat to the regenerated catalyst. The hot, reactivated 
catalyst flows through the regenerated catalyst standpipe back to the riser to com-
plete the catalyst cycle. The coke combustion exhaust gas stream rises to the top of 
the regenerator and leaves the regenerator as flue gas. Flue gas generally contains 
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Fig. 13.1 Schematic of a conventional FCC unit [12]

nitrogen oxides (NOx), sulfur oxides (SOx), carbon monoxide (CO), oxygen (O2), 
hydrogen cyanide (HCN) or ammonia (NH3), nitrogen (N2) and carbon diox-
ide (CO2).

In addition to providing the catalytic action, the catalyst is also the vehicle for the 
transfer of heat from the regeneration to the reaction zone. Catalyst performance is 
an integral part of the techno-economic evaluation of the catalytic cracking process 
as it affects the capital cost in terms of the amount of material required, and the 
quantity and quality of the reaction products generated.

Rare earth oxides have been widely investigated in catalysis as structural and 
electronic promoters to improve the activity, selectivity and thermal stability of 
catalysts [1, 2, 10, 13–31]. Since the introduction of rare earths in fluid catalytic 
cracking (FCC) catalysts in the early 1960s, the FCC continues to play a major role 
in the catalytic application of rare earths [9]. The use of rare earths can help preserve 
catalyst effectiveness and increase the yield of the gasoline fractions by cracking the 
heavier oil fractions. Rare earths, such as lanthanum (La), are used in FCC catalysts 
to refine crude oil into gasoline, distillates, lighter oil products and other fuels.
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FCC catalysts operate between moderate to high temperatures (500–800 °C) in 
the presence of steam, especially during the regeneration step. These severe condi-
tions strongly influence the performance of the catalysts. Thus, thermal and hydro-
thermal stability of zeolites (i.e., hydrated aluminosilicate minerals, 
MxAlxSi1 −  xO2·yH2O where M is either a metal ion or H+) are among the most 
important parameters for FCC heterogeneous catalysts.

One of the factors that affects the design and operation of an FCC unit is the type 
of catalyst to be employed in the process. Most FCC catalysts consist of an active 
component (e.g., zeolite), a matrix such as amorphous silica-alumina (SiO2-Al2O3) 
which also provides catalytic sites and larger pores, a binder (e.g., betonite clay (Ca, 
Na, H)(Al, Mg, Fe, Zn)2(Si, Al)4O10(OH)2·nH2O)), and a filler. Fig. 13.2 is a micro-
graph of an FCC catalyst showing the spherical particles that are suitable for appli-
cation in a fluidized circulating reactor. Large voids and pores in the spherical 
catalyst particle are necessary to allow for mass transport of the heavy HCs.

Ultra-stabilized zeolite Y (M3.5[Al7Si17O48]·32H2O, M = Ca, Na2, K2, Mg) is used 
as the main active zeolite in today’s conventional FCC process. This material con-
tains an internal porous structure in which acid sites are present, which can convert 
larger molecules to the desired gasoline range molecules. Although the FCC unit 
was developed purposely to assist in the conversion of low value feed into more 
gasoline, the unit and the process have undergone several modifications, some of 
which are aimed at tackling the increasing demand for some of its by-products, such 
as propylene. For the purpose of producing more propylene and olefins, ZSM-5 
(i.e., Zeolite Socony Mobil-5: NanAlnSi96-nO192·16H2O) is being used as the main 
active component of the catalyst in the FCC unit [35–42]. Metal contaminants usu-
ally have their biggest influence on the zeolite active components, and it is through 
the zeolite that rare earths are usually introduced into the FCC catalysts.

Fig. 13.2 Microscopic 
image of an FCC catalyst
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The matrix of an FCC catalyst serves both physical and catalytic functions [32, 
43–49]. Physical functions include providing particle integrity and attrition resis-
tance, acting as a heat transfer medium, and providing a porous structure to allow 
diffusion of HCs into and out of the catalyst microspheres [20, 41–43, 45, 47, 48]. 
The matrix can also affect catalyst selectivity, product quality and resistance to poi-
sons. Various alumina (Al2O3) and silica (SiO2) sources are used to produce a meso- 
and macroporous matrix that allows access to, and pre-cracks the larger molecules 
in the heavy oil or crude oil. In addition, these components are used to bind the 
system together. Additional components may comprise rare earth metals or specific 
metal traps for trapping nickel (Ni) and vanadium (V) that are present in the feed 
source. The components are typically mixed in an aqueous slurry, and then spray- 
dried to form more or less uniform spherical particles that can be fluidized in a 
regenerator.

For the modern conventional FCC process, the desired catalyst properties are as 
follows: [33]

• Good stability to high temperature and to steam. The catalysts must have the 
thermal stability to maintain particle and catalytic integrity under severe regen-
eration conditions. The continuous cycle of cracking and regeneration in the 
FCC leads to dealumination as a result of the harsh hydrothermal conditions in 
the regenerator, and metal deposition from the feed. Dealumination leads to the 
loss of Bronsted acidity, while metal deposition can lead to occluded pores and 
unwanted secondary reactions. Kalirai [34] studied dealumination in FCC cata-
lysts using scanning transmission X-ray microscopy (STXM) with La as a local-
ization marker for the zeolite particles. Results revealed that the loss of activity 
in FCC catalysts is a combination of deposited metal-mediated pore accessibility 
loss and zeolite dealumination. Fig. 13.3 elucidates physical changes that occur 
within zeolite in the catalyst as a result of metal deposition and dealumination 
[34]. The thin ring of iron (Fe) deposition on ECAT 1 and ECAT2 (i.e.,  equilibrium 

Fig. 13.3 Elucidation of zeolite dealumination using fresh and equilibrium FCC catalyst 
(ECAT) [34]
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catalysts) is a result of the catalyst being exposed to feeds that contain contami-
nant metals (e.g., Fe). The deposited contaminant metals are primarily present on 
the surface of the catalyst.

• High activity to carry out conversion of the feed before any significant amount of 
thermal cracking sets in. Thermal cracking leads to undesirable products such as 
methane (CH4), ethane (C2H6) and some propane (C3H8). Catalytic cracking pro-
duces relatively fewer C1 and C2 fragments and a larger number of olefins (CnH2n) 
are produced.

• Large pore sizes to crack larger molecules so that can get into smaller pores.
• Good resistance to attrition to maintain particle morphology under the severe 

impact and erosion forces that exist in the FCC unit.
• Low coke production so the catalyst can remain active for a longer period.

The main goal of the FCC unit is to upgrade low value HCs such as residue feeds, 
which often contains higher levels of contaminants that can degrade catalyst activity 
such as nickel (Ni), vanadium (V), sodium (Na), iron (Fe), and calcium (Ca) [32, 50, 
51]. Of all these metals, V presents the most deleterious effect as it is mobile and 
can move from one catalyst particle to another, thereby contaminating newer active 
sites and aged catalysts. Figure 13.4 illustrates the distribution of Ni and V in the 
FCC catalyst before and after regeneration. It shows that Ni remains on the surface 
of the zeolite, while V is more mobile and penetrates into the pores of the zeolite. 
The mobility of V is facilitated during the regeneration process by the hydrothermal 
environment that is produced during the combustion of coke and HCs to steam 
and CO2.

The concentration of V in the spent catalyst is sometimes used as a determinant 
for the amount of fresh catalyst that is needed to be added to the FCC to maintain 
catalytic activity [24]. Vanadium also promotes dehydrogenation reactions leading 
to more dry gas and coke [52–56]. It also attacks the zeolite crystalline structure 
leading to structure collapse and a loss in surface area as the pore structure is no 
longer maintained.

Fig. 13.4 Distribution of Ni and V in equilibrium FCC catalyst
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13.2.1  Use of Rare Earths to Passivate Metal Contaminants

As described in the previous section, a common practice for maintaining the FCC 
unit activity is by adjusting fresh catalyst addition, based on the level of metal con-
taminants in the feed [57]. Fresh catalyst additions are increased when feed metals 
begin to increase, and the opposite applies when the metal content in the feed is low. 
Consequently, when dealing with feeds that have a higher metals content, adding 
more fresh catalyst alone may not be an effective catalyst management strategy as 
this will not reduce the impact of contaminant metals and the activity and stability 
of the catalyst will be adversely affected.

It is therefore important to have an appropriate catalyst formulation, which can 
effectively trap metal contaminants. The metal trap technology works by capturing 
the volatile and mobile metal contaminants, primarily V, to form a stable and cata-
lytically inactive compound in a process known as metal passivation. Rare earths 
are used to passivate (trap) V through the formation of stable vanadates, thus pre-
venting V from attacking the zeolite structure. The severe conditions under which 
the catalytic cracking process is carried out make it particularly difficult for V 
blocking. A suitable V trap for FCC catalysts should fulfill most of the following 
conditions: [58]

• The substance should be stable at a temperature up to 800 °C in an oxidizing 
environment (i.e., regenerator) and in the presence of about 20% water vapor and 
from 60 to 2000 ppm sulfuric acid (H2SO4).

• That the substance be stable at a temperature of 550 °C in a strongly reducing 
environment (i.e., reactor) and in the presence of water vapor (i.e., stripper).

• That the substance possesses a greater affinity for V than for the zeolite or the 
catalyst components.

• The amount of substance required for the effective protection of the catalyst must 
be low enough to avoid excessive dilution of the catalyst and in that way avoids 
loss of catalytic activity and selectivity.

• The rate of V capture must be high enough to avoid damaging the catalyst.
• The substance ought to maintain its capability to capture V while it remains 

within the cracking unit.
• If the substance contains metallic elements, these must not be interchanged by 

the zeolite cations.
• The substance must not be damaging to either the catalyst or its metallic structure.
• The substance ought to be able to be incorporated within the catalyst particle 

during its production (i.e., integral particle), and/or to be able to be prepared in 
the form of particles that are able to be fluidized having good abrasion strength, 
in order that they can flow together with the catalyst in the unit (i.e., dual particle).

• The substance must be cheaper than the catalyst since it is charged to the catalyst 
cost in order to decrease the fresh catalyst addition and in this manner to dimin-
ish the operation cost.
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• It must be acceptable from the viewpoint of environmental preservation. The 
substance must not require particular handling conditions, it must not generate 
toxic materials during its preparation, nor can it be apt to be converted into a 
dangerous contaminant after being used.

• It must not possess dehydrogenating activity nor facilitate Ni and V dehydroge-
nating action.

Despite a great deal of investigation, no substance has been found which meets 
all the requirements with respect to an ideal trap for retaining vanadium.

The use of rare earths for the preparation of V-tolerant FCC catalysts provides a 
way forward because of the following attributes: [24]

• They can process high metal-containing feeds.
• They can capture and immobilize V in a nondestructive form.
• They irreversibly bind V so that V cannot migrate back to the catalyst.
• They have a high capacity to remove a considerable amount of V from the 

catalyst.
• They show negligible interaction with other acidic species (e.g., sulfur (S) 

as H2SO4).
• Vanadium migration to the trap is significantly faster than the migration of V to 

the zeolite.

Metal passivation reduces the harmful effects of metals without substantial 
reduction in catalyst activity and without removing the metal from the unit. Nickel 
and V which constitute the most relevant poisons for catalytic cracking catalysts are 
usually associated metal porphyrins. Porphyrins are organometallic compounds 
found in the higher boiling range oil fractions, and distillation concentrates Ni and 
V in the fractions typically sent to the FCC unit. It is during the FCC process that 
the metals form a deposit on the catalyst surface, damaging the zeolite structure [19, 
24]. Therefore, the use of rare earths will help reduce the deleterious effect of 
V and Ni.

Rare earth oxides such as La2O3 are basic in nature and can neutralize vanadic 
acid (H3VO4) to form rare earth vanadates [24, 55, 59, 60], thereby preventing the 
rapid hydrolysis of the zeolite framework. The reaction of rare earths with acidic 
vanadium compounds forming vanadates is represented by Reaction 13.1

 RE O H VO REVO H O2 3 3 4 4 22 2 3� � �  (13.1)

where RE2O3 is a rare earth oxide, which leads to the formation of stable vanadium 
compounds [61].

Therefore, the introduction of rare earths into the zeolite helps to reduce metal 
poisoning and results in the retention of the aluminum framework and improved 
stability of the zeolite structure [10, 24, 62–72].
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13.2.2  Use of Rare Earths to Improve Catalyst Stability

Most catalysts used in processes involving high severity operation, such as high 
temperatures and steam, face the inherent problem of hydrothermal deactivation 
that has to be mitigated. FCC catalysts operate between moderate to high tempera-
tures (i.e., 500–800 °C), in the presence of steam, especially during the regeneration 
step. These severe conditions strongly influence the performance of the catalysts 
especially during catalyst regeneration which usually takes place at temperatures as 
high as 800 °C and in the presence of steam. With such severe conditions, zeolite 
dealumination becomes a real problem. For instance, USY (i.e., ultra-stable Y) zeo-
lites used in standard FCC catalyst usually have a framework Si/Al ratio of approxi-
mately 5 before reaction and after regeneration, the equilibrium catalyst has a Si/Al 
ratio close to 20, showing the extent of dealumination in the FCC regenerator [20, 
73]. Therefore, thermal stability and hydrothermal stability of zeolites are among 
the most important parameters for catalyst manufacturers.

To mitigate the problem of catalyst deactivation, rare earths can be used to 
improve the hydrothermal stability of FCC catalysts [5, 18, 67, 72–81]. Lanthanum 
and cerium (Ce) are the two main rare earths used in FCC catalysts [1, 2, 6–8, 82, 
83]. These metals limit the extent to which zeolite dealumination occurs, thereby 
stabilizing the structure under the conditions of the FCC unit [75]. A study carried 
out at BASF [84] shows the differences in catalyst hydrothermal stability with and 
without rare earth (Fig. 13.5). Rare earth zeolite Y (REY) shows a greater thermal 
stability than NH4Y (i.e., ammonium form of zeolite Y where the proton is replaced 
by NH4

+ ion through ion exchange). This is because rare earths provide hydrother-
mal stability to the zeolite by improving retention of the catalysts’ surface area, as 
well as inhibiting dealumination, resulting in greater preservation of the acid 
sites [84].

13.2.3  Effect of Rare Earths on the Activity of Catalysts

Zeolites used in cracking catalysts undergo reactions in the high-temperature steam 
environment of the regenerator that destroy the active sites. As catalysts age in the 
FCC regenerator, the unit cell size drops due to dealumination of the zeolite, through 
the reaction of the active sites with steam. The rare earth ions in the zeolite retard 
this deleterious reaction from occurring, thus preventing the collapse of the crystal 
structure. This active site preservation helps to maintain the activity of the catalysts. 
Manipulation of the active site density of the catalysts with rare earths translates 
into improved catalyst activity and/or selectivity profiles that are available to 
 refiners [22].

The fact that rare earths inhibit the dealumination of a zeolite, means that a 
higher concentration of acid sites will be found in a rare earth ion-exchange catalyst, 
leading to improved activity and hydrothermal stability. On average, the acid sites 
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Fig. 13.5 Effect of rare earths on the hydrothermal stability of Y zeolite [84]

are weaker and in closer proximity to each other than those found in a more highly 
dealuminated catalyst that is characterized by lower unit cell size measurements.

As a result of the greater number of active sites, the cracking activity of the cata-
lyst increases. Therefore, the incorporation of rare earths in catalytic cracking cata-
lysts enhances gasoline yield. Figure 13.6 shows a plot of gasoline yield at varying 
conversion levels for two standard cracking catalysts with different levels of rare 
earths. These data suggest a strong correlation between rare earth content and gaso-
line yield.

Therefore, by restricting the loss of aluminum atoms from zeolite, rare earths 
increase the activity and gasoline yield of FCC catalysts [85].

Whether a rare earth or non-rare earth catalyst is used in the refinery operation 
depends on the type of feed and desired products. If a refinery is interested in pro-
cessing residue feed into gasoline, a rare earth cracking catalyst will be desired.
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Fig. 13.6 Effect of rare earths on gasoline yield [84]

13.3  Application of Rare Earths 
in the Transportation Industry

From a glance, it might look as if the use of rare earths in the transportation sector 
is limited, but taking an in-depth look suddenly reveals the widespread use of rare 
earths in the automotive industry. For instance, rare earths find applications in sev-
eral car parts such as windshield wipers, antilock brakes, airbags, electric windows, 
power steering and in the control of vehicle emissions.

13.3.1  Use of Rare Earths in Car Components

Figure 13.7 illustrates the widespread use of rare earths in the automotive industry 
[86], with neodymium (Nd) being the rare earth metal that is most widely used. The 
use of Nd was also confirmed in a study carried out by Alonso et al. [87] where 
approximately 0.44 kg of rare earths was estimated for use in a typical conventional 
sedan with approximately 80% of the rare earth content in magnets. This study also 
indicated that Ce, the second most widely used rare earth, was incorporated into 
catalytic converters.

It is expected that electrification of the automotive industry will reshape the role 
played by some rare earths and limit their applications as components such as cata-
lytic converters that will no longer be required. The advent of electric vehicles 
(EVs) is seen as a key technology to reduce air pollution in densely populated areas. 
Electrification of the automotive industry will provide alternative pathways to diver-
sification of energy, as well as contributing to reduction in greenhouse gas emis-
sions. Coupled with the low-carbon electricity sector, electrification of the 
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The diverse uses of rare earths
in hybrid cars illustrate how
thoroughly these elements have
permeated diverse contemporary
technologies.

Cerium
Cerium

Europium
Yttrium
Cerium

Yttrium

Neodymium

Neodymium
Praseodymium
Dysprosium
Terbium

Neodymium Magnets

Cerium/Zirconium
Lanthanum

Labthanum
Cerium

BATTERY

S
hutterstock

GLASS AND MIRRORS
POLISHING POWDER

UV CUT GLASS

LCD SCREEN

COMPONENT SENSORS

HEADLIGHT
GLASS

HYBRID NiMH

CATALYTIC CONVERTER

25+ ELECTRIC MOTORS
THROUGHOUT VEHICLE

HYBRID ELECTRIC
MOTOR AND GENERATOR

Fig. 13.7 Application of rare earths in the automotive industry [86]

automotive sector has a huge potential to reduce greenhouse gas emissions through 
zero tailpipe emissions and better efficiency in comparison to internal combustion 
engine vehicles [88].

Other rare earth applications include batteries to power the electric vehicles. 
These batteries will require high-efficiency magnets to convert energy to torque 
where the force of the spinning axle is used to power the wheels of an elective car.

The strength of a magnet is determined by its coercive force and flux density. 
Magnets made using rare earths such as Nd are known to have high coercivity and 
flux density, and it is this combination that makes them perfect for high-powered 
EVs. Neodymium magnets can only be used at low temperatures as they lose their 
magnetism at temperatures around 60–80  °C.  To permit higher-temperature use, 
other rare earth elements such as dysprosium (Dy) and terbium (Tb) can be added, 
increasing operating temperatures to above 160 °C. The coercivity of the magnet 
can also be increased by adding Dy and praseodymium (Pr). The composition of EV 
magnets is approximately 24% Nd, 7.5% Dy and 6% Pr [86].

In most hybrid or EVs, around 2–5 kg of rare earth magnets are used depending 
on the design [87–89], primarily in the heating, ventilation and air-conditioning 
(HVAC) systems.
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It is projected by 2030, that the growth in EVs will lead to a rise in demand for 
magnetic systems [88], and it is anticipated that rare earth magnets will continue to 
play a fundamental role in the design of the EV. Thus, the increase in demand for 
rare earth magnets will drive the demand for rare earths in the future automotive 
industry.

13.3.2  Role of Rare Earths in Catalytic Converters

A catalytic converter (Fig. 13.8) is a unit that fits into the front part of the exhaust 
system of a vehicle, close to the engine, to reduce the emission of gaseous pollut-
ants, such as carbon monoxide (CO), nitrogen oxides (NOx) and HCs. When exhaust 
gas from the engine enters the catalytic converter, it passes through the inner cata-
lyst honeycomb. Here the engine exhaust gas comes into contact with catalysts that 
will ignite the chemical reactions needed to convert the harmful pollutants into 
more benign gas-phase chemical species. There are two main types of catalysts that 
will control these reactions: oxidation catalysts and reduction catalysts.

The catalyst formulation is comprised of three key constituents: (1) precious or 
noble metals (platinum (Pt), palladium (Pd) and rhodium (Rh)); (2) alumina (Al2O3) 
and (3) rare earth-based materials which enhance catalytic activity of the precious 
metals. Rare earths promote noble metal dispersion, increase thermal stability of the 
alumina support, promote the water-gas shift and the steam reforming reactions and 
store and release oxygen under conditions fluctuating between oxidizing and reduc-
ing. Cerium is typically used in this capacity.

Fig. 13.8 Illustration of the catalytic converter. (Modified from Sokol [90])
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Three-way reduction catalysts are designed to perform multiple oxidation and 
reduction reactions simultaneously, as well as convert NOx into oxygen (O2) and 
nitrogen (N2). The two-way oxidation catalysts are designed to perform two simul-
taneous reactions, primarily converting CO and HCs to CO2 and H2O. The reason 
that two different types of catalysts are necessary is because CO and HCs require a 
lean fuel/air mixture for conversion to occur, while NOx conversion requires a rich 
fuel/air mixture. Rare earths are now incorporated in catalytic converters because of 
the benefits that they bring.

13.4  Role of Rare Earths in Environmental Protection

Rare earth such as La and Ce have been used as structural and electronic promoters 
in several applications in the field of environmental catalysis. For example, lantha-
num oxide (La2O3) is used as surface area stabilizer of Al2O3 and zirconia (ZrO2) 
support substrates [3], while cerium oxide (CeO2) is used to increase the oxygen 
storage/release properties of three-way catalyst formulations. Although rare earths 
can be introduced into the catalyst substrate in several forms, in general, they are 
used in the form of oxides in catalyst formulations. Rare earths do not act alone but 
always in combination with other elements. Their role is, therefore, being either 
catalyst promoters (i.e., structural or electronic) or stabilizers to improve the activ-
ity and selectivity or increase the thermal stability of the catalyst [91]. Two applica-
tion areas are combustion and air pollution control.

13.4.1  Rare Earths in Catalytic Combustion

Ceria (CeO2) or ceria-based materials are used as a promoter due to ceria’s oxygen 
storage capacity (OSC). Without any OSC function, the ratio of oxygen to fuel 
needs to be tightly controlled with a specific stoichiometric ratio to achieve the best 
conversion rates [92]. This is because while CO and HCs are converted to CO2 
under oxidizing conditions, the reduction of NOx to N2 only shows good conversion 
efficiency under reducing conditions. Cerium ions can easily switch between 3+ and 
4+ oxidation states via the creation and regeneration of oxygen vacancies, which 
allows the ceria-containing catalyst material to store oxygen from the exhaust 
stream when it is in stoichiometric excess, promoting conversion of NOx, as well as 
release oxygen to the exhaust stream when it is deficient, promoting conversion of 
CO and HCs to CO2. This expands the air-to-fuel ratio “window” under which 
acceptable catalyst performance is achieved for all three reactants. Typically, a 
CeO2-ZrO2 blend is used to improve thermal stability. Platinum or palladium are 
used as the active oxidative catalyst, with Rh is included for the reduction of NOx to 
N2 [92].
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The success of CeO2 in redox and combustion catalysts is related to its ability to 
shift easily between a reduced and an oxidized state as a result of a change in gas- 
phase oxygen concentration according to the following reaction:

 CeO CeO Ox2 2 20 5 � � �.  (13.2)

This allows CeO2 to act as an oxygen buffer providing oxygen under rich condi-
tions and removing it under lean conditions for optimal conversion in a three-way 
catalyst (TWC) system.

Most FCC catalysts contain zeolites or molecular sieves as active components 
[33]. Zeolites improve the activity and selectivity of the catalysts for the desired 
cracking reactions. The porous nature of the zeolites means they are susceptible to 
coke formation during catalysis, which leads to deactivation of catalytic activity. 
The catalyst will then have to be regenerated by burning off the coke. To reduce the 
coke content of zeolites during regeneration, the degree of coke burnoff must be 
increased to promote the formation of CO2 as a combustion product, as opposed to 
forming CO. The formation of CO2 rather than CO increases the amount of heat 
released in the regenerator and reduces the amount of pollution control treatment 
needed before the regenerator flue gas can be passed into the atmosphere. In addi-
tion to the degree of coke burnoff, the rate of coke burnoff in the catalyst regenerator 
is also important. A faster burnoff rate allows a smaller amount of catalyst to be 
used in the regenerator and allows the regenerator to be sized smaller than would 
otherwise be possible.

It is known that the degree of coke burnoff and the rate of coke burnoff in an FCC 
catalyst regenerator can be increased by adding a promoter, such as a catalytic 
metal, to the FCC catalyst. Rare earths have been found to be suitable promoters in 
FCC catalysts because they are stable and can withstand the continuous cycling 
between the high-temperature cracking reaction zone in the FCC system and the 
even higher-temperature regeneration zone [12]. In addition to their role in coke 
burnoff, rare earths can also help to improve product yields and reduce the amount 
of coke formed in the reaction zone. They are usually introduced in the FCC cata-
lysts via ion exchange or impregnation. The amount of rare earth metals utilized is 
calculated on the basis of RE2O3. The application alleges that catalysts promoted 
with the rare earth metals acquire excellent selectivity, providing a relatively high 
yield of gasoline and reducing coke production [23].

13.4.2  Use of Rare Earths in Air Pollution Control

Anthropogenic activities (e.g., release of greenhouse gases) have led to an increase 
in air pollution, leading to a major public health concern, particularly in urban areas. 
More stringent legislation to control and limit pollutant emissions has been pro-
posed to combat this problem. For the automotive sector, stringent environmental 
legislation has led to the development of the catalytic converter technology to 

13 Role of Rare Earths as Catalysts in the Chemical, Petroleum and Transportation…



334

control and treat these pollutants. Initially, Pt/Pd or Pt/Rh oxidation catalysts were 
developed to limit HC and CO emissions which were later developed into TWC 
systems that also converted NOx emissions.

Although the main reactions for exhaust purification using the TWC are the oxi-
dation of CO and HCs to CO2 and H2O, and the reduction of NOX to N2, other reac-
tions, such as the water-gas shift reaction or reaction of pollutants with H2O or H2 
can occur as well: [92]

 2 22 2CO O CO� �  (13.3)

 
C H O CO H Ox y � � �2 2 2  (13.4)

 2 2 2NO O N� �  (13.5)

Three-way catalysts consist of a monolith substrate, high surface area washcoat 
with oxygen storage promoter materials, the active catalyst (platinum group metals 
(PGMs)) and promoter materials [92, 94].

Alumina and thermally stabilized variations of Al2O3 are important automobile 
catalysts as they provide high surface area for dispersion of active PGMs as very 
small crystallites (e.g., initially less than 10 nm). Within a high surface area support, 
the PGM crystallites are dispersed which assists in mitigating their high- temperature 
sintering and deactivation. Alumina also absorbs poisons (e.g., S, phosphorus (P) 
and metals) which helps retain catalytic performance, and it also helps binding the 
catalyst layer to the substrate. Ceria in various forms also has several roles [92]. It 
has a stabilizing effect on the Al2O3 surface area at high temperatures, and it is also 
capable of stabilizing the PGM dispersion, especially Pt. In addition, CeO2 allows 
for two other performance enhancing phenomena to take place: (1) oxygen storage 
and (2) the water-gas shift reaction (Reaction 13.6).

 CO H O H CO� � �2 2 2  (13.6)

Ceria stores O2 as CeO2 (Ce(IV)) when the exhaust gas is lean (i.e., a reducing or 
fuel gas environment) and releases O2 when the gas becomes rich (i.e., an oxidizing 
or flue gas environment), forming Ce2O3 (Ce(III)), and enables CO and HC adsorbed 
on the catalyst to be oxidized during rich excursions when there is insufficient O2 in 
the gas [93]. This improves the oxidation performance of the catalyst under rich 
operating conditions, and leads to the production of H2 from the water-gas shift 
reaction, as well as the decomposition of NOx. Originally, CeO2 was incorporated 
into the catalyst matrix. Today, various mixed ceria oxides which demonstrate 
enhanced stability are used. Although exact catalyst formulations are proprietary, it 
is clear from publications in the literature the performance of the catalyst is influ-
enced by the forms and methods in which components are incorporated into the 
catalyst.
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The beneficial effects of rare earth metals in exhaust catalysts have been recog-
nized [10]. The rare earth metals promote noble precious metal dispersion, increase 
thermal stability of the alumina support, promote the water-gas shift and the steam 
reforming reactions as well as store and release O2 under conditions fluctuating 
between oxidizing and reducing.

Development of TWC technology has been critical in maintaining air-quality 
regulations for gasoline engines via the conversion of pollutants from the internal 
combustion engine exhaust. The development of improved TWC formulations is an 
important challenge for the automotive industry. To meet increasingly stringent 
environmental regulations around the world, the development of more efficient cat-
alysts will require a complete understanding of the many parameters related to 
TWC design.

13.5  Application of Rare Earths in the Chemical Industry

One area that is beginning to see the emergence of catalysts containing rare earths 
is chemical processing where the introduction of rare earths leads to increased cata-
lyst performance.

13.5.1  Use of Rare Earths in Methanol Synthesis

Methanol (CH3OH) is one of the most important basic industrial chemicals, with 
considerable potential as feed for the production of organic raw materials. Methanol 
derivatives end up in products such as paints, solvents, engineered wood, plastics, 
polyethylene terephthalate (PET) bottles, safety glass, carpets, mattress foam, fertil-
izer and furniture using resins. The value chain for CH3OH is shown in Fig. 13.9.

Methanol was discovered in the seventeenth century by Robert Boyle via wood 
distillation [94, 95]. Boyle’s process continued to be used until the beginning of the 
twentieth century when Sabatier introduced the first synthetic pathway for the pro-
duction of methanol by reacting CO with H2 [95]. Based on the Sabatier’s synthetic 
process, BASF patented a syngas-based methanol production process [96], where 
syngas (CO, CO2 and H2) was supplied via coal gasification. The BASF process was 
carried out over a zinc oxide/chromium oxide (ZnO/Cr2O3) catalyst at high tempera-
ture and pressure (e.g., 300–400 °C and 25–35 MPa). As this process was highly 
inefficient, research efforts continued to develop and improve not only the process 
operating conditions, but also the catalyst and the use of cleaner produced syngas. 
Operating temperatures were reduced to 300  °C, and pressures to 10  MPa by 
Imperial Chemical Industries (ICI) in 1966 [94, 95], and then further reduced by 
Lurgi [94, 95] to 230–250 °C and 4–5 MPa, respectively.

Although a typical methanol synthesis catalyst mostly consists of copper (Cu), 
zinc (Zn) and aluminum (Al), the use of catalysts incorporating rare earth elements 
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Fig. 13.9 Methanol value chain [94]

has been shown to improve the catalytic performance [94, 95]. Recent catalyst 
development efforts [97] show that Pd supported on La2O3 is an active and selective 
catalyst for methanol synthesis. The application of rare earths in methanol synthesis 
is attributed to their ability to influence the surface basicity of the catalyst. Properties 
such as strength of basic sites, ionic radius and electronegativity have been found to 
be correlated with the activity or selectivity of the catalyst. More research is needed 
to better understand the role of rare earths either as supports or promoters.

13.5.2  Applications of Rare Earths in Coordination Chemistry

Rare earths react with many organic molecules to form organolanthanide com-
plexes. These complexes are increasingly being incorporated in the design and 
application of coordinated complexes as catalysts for polymerization and organic 
synthesis [98]. This has led to the development of more efficient or selective cata-
lysts to produce high added-value stereoregular polymers or copolymers.

Rare earths are also being incorporated into metal organic frameworks (MOFs) 
because of their coordination chemistry [98]. Rare earth MOFs have been studied 
for a wide variety of potential applications, including sensing, gas adsorption, 
chemical separations, catalysis, drug delivery, near-infrared emission, proton con-
ductivity, single molecule magnets and lighting applications [99].
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13.6  Summary and Outlook

Rare earths are a key component of FCC catalysts, providing stability to the zeolite 
catalyst structure, as well as affecting the selectivity of the catalyst for specific reac-
tions. The quantity of rare earths influences the behavior of the zeolite active com-
ponent with regard to its response to the hydrothermal deactivation and contaminant 
metals. The presence of rare earths influences the rates of hydrogen transfer reac-
tions, which in turn, have an impact on catalyst deactivation by coke formation.

Rare earths also find wide application in the transport industry and they are also 
used as catalysts for cleaner combustion and air pollution control in car exhausts.

There is also a continuous and growing interest in the application of rare earths 
in other fields such as methanol synthesis and coordination chemistry where the rare 
earths are used as supports or promoters. The challenge to fully understand the 
interaction mechanism between rare earths and other oxides and metals still remains. 
It is expected that recent developments in the field of nanotechnology, material sci-
ence, analytical and characterization techniques will provide new opportunities to 
address this challenge and also lead to more research into new ways of designing 
and preparing high-performance catalysts.

The wide range of rare earth applications will subsequently lead to an increase in 
their demand. As the demand for rare earth catalysts continues to grow, the tendency 
to generate more spent catalysts also increases. The current practice is to send spent 
catalysts to landfills, which is not sustainable. Therefore, it is important to develop 
a recycling strategy for spent catalysts as well as recovery techniques for rare earths.
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Chapter 14
High-Performance Aluminum Castings 
Containing Rare Earth Elements

David Weiss

14.1  Introduction

Auto manufacturers are under commercial and regulatory pressure to improve 
engine efficiency. Potential solutions include direct fuel injection, higher compres-
sion ratios and turbochargers. All these solutions can lead to higher component and/
or system-operating temperatures and pressures. Al-Si-Mg or Al-Si-Cu-Mg alloys 
that are typically solution-treated and aged are used for automotive products because 
of their good mechanical properties at room temperature and ease of processing [1]. 
However, these alloys rapidly loose strength above their aging temperature which is 
around 155 °C. For engines to be able to operate between 180 °C and 300 °C, a dif-
ferent paradigm for alloy design is needed. The need for temperature tolerant alloys 
does not go away with the clean energy transition. Hydrogen (H2) internal combus-
tion engines, for example, are low-emission alternatives in the trucking industry that 
operate at exhaust gas temperatures of between 300 and 600 °C [2].

Several strategies have been employed to improve the performance characteris-
tics of Al alloys. The addition of copper (Cu) generally improves both room tem-
perature and high-temperature strength. There can be an impact on corrosion 
because of a greater change in electrode potential with variations in amount of Cu 
in solid solution and the presence of non-uniformities in solid solution concentra-
tion [3]. The addition of transition metals such as zirconium (Zr), manganese (Mn) 
and vanadium (V) is being used to stabilize the precipitates in alloys of the Al-Cu-Mg 
and Al-Si-Mg system [4, 5]. Although many types of metal matrix composites have 
been developed that will generally improve modulus, yield strength and elevated 
temperature properties, the composites are generally less ductile and are more 
 difficult to process [6].
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Turning to rare earths, the addition of Ce has been shown to improve the perfor-
mance characteristics of both solid solution-strengthened and precipitation- 
strengthened Al alloys, particularly at elevated temperatures. The use of large 
volumes of Ce in Al castings can be viewed possibly as a means to improve the rare 
earth supply balance and potentially the overall production process economics by 
effectively utilizing one of the most abundant oxides present in most rare earth 
deposits.

14.2  Background and History

The oxides of rare earth elements with limited use such as Ce and lanthanum (La) 
are the predominant oxides found globally during mining operations. Often, these 
by-products are regarded as waste and are discarded. Repurposing these waste prod-
ucts into useful products adds value and reduces the cost and ecological impact of 
rare earth mining. Using Ce and La in high volume applications could stabilize 
demand and increase the profitability of extraction of the heavy rare earths [7, 8].

Mondolfo [9] reviewed the Al-Ce and the Al-Ce-Fe systems and reported that 
small additions of Ce do not produce appreciable improvements in mechanical 
properties and that the alloys did not have a wide application. He reported that a 
eutectic is formed with 13  wt% Ce at 638  °C.  In a later work, Mondolfo [10] 
reported that an increase of strength without loss of conductivity and improved 
machinability occurred for Ce additions to Al alloys. He referenced sources that 
claimed an Al-CeAl4 eutectic formed at approximately 12 wt% Ce.

An analysis of the Al-Ce-Fe system produced via powder metallurgy showed 
extraordinary strengths in an Al-8Fe-4Ce alloy at temperatures up to 343 °C [11]. 
There was, however, no documented attempt to cast these materials.

There has been some experimental work conducted to use Ce as an alloying ele-
ment in cast Al alloys. Shikun [12, 13] reviewed the effect of Ce additions on the 
cast microstructure and solidification range of an Al-4.5Cu alloy. He concluded that 
the addition of Ce improved castability but the mechanical properties were not stud-
ied. Belov [14] explored Ce for the development of creep-resistant Al alloys in com-
bination with transition metals such as Zr, Mn, chromium (Cr), iron (Fe) and nickel 
(Ni). Later Belov [15] focused on the Al-Ce-Ni system. He concluded that alloys of 
the Al-Ce-Ni ternary eutectic system had high mechanical properties at room and 
elevated temperatures along with good casting characteristics.

Al-Si alloys are the most important Al-based foundry alloys. They have good 
mechanical properties, narrow solidification ranges and good fluidity. Gröbner [16] 
considered Al alloys containing up to 25 at.% Ce and 45 at.% Si and studied several 
Al-Ce-Si systems where Al was held at a constant 90 at.% with the concentrations 
of Ce and Si being varied between 0% and 10%. He showed that small Ce additions 
could provide high-temperature stable AlCeSi phases in equilibrium with Al-Si-rich 
melt. He concluded that Ce between 1% and 5 at.% could be used as a grain refiner.
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In a recent comprehensive review of the Al-Ce system, Czerwinski [17] sug-
gested that high amounts of Ce along with transition metals can contribute to the 
formation of amorphous structures.

The development of Al-Ce casting alloys is driven by the increasing demands for 
high-temperature-tolerant Al alloys and the use for the excess Ce that was available 
as a by-product of the production of the higher atomic number rare earths.

14.3  Metallurgical Aspects of the Al-Ce System

The equilibrium diagram, Ce-Al crystal structure data and Ce-Al lattice parameter 
data were reviewed in 1988 [18] and a eutectic composition of Al and Al11Ce3 was 
shown at 4 at.% Ce at 640 °C. This reference confirms the Al-rich compound had 
previously been incorrectly identified as Al-CeAl4. Recently calculated Thermo- 
Calc data predicted a eutectic of Al11Ce3 at 580 °C at 10 wt % (2.09 at.%) [19].

Typical microstructures of the Al-Ce binary composition are shown in Fig. 14.1 
[20]. The as-cast microstructures show a very fine interconnected Al11Ce3 eutectic 
microstructure in a pure Al phase. The intermetallic can be as small as 50 nm wide 
at permanent mold cooling rates of 4–5 °C/s. These structures are stable up to the 
melting point of the Al phase. The intermetallics cannot dissolve since Ce has 
extremely low solubility in the Al matrix. A solubility diagram for the binary Al-Ce 
system is shown in Fig. 14.2. Yield strength retention is about three times conven-
tional alloys when tested at 300 °C. When Ce is used with solid solution-strength-
ening elements such as Mg or zinc (Zn), room temperature properties remain stable 
regardless of exposure times with exposure temperatures up to 400 °C. The data in 
Fig. 14.3 show an actual increase in room temperature properties after exposure at 
400 °C. This is due to the homogenization of the Mg that is not uniformly distrib-
uted because of low and variable cooling rates in the cast structure. In solid solution- 
strengthened alloys, there are no phases that dissolve or coarsen such as the Mg2Si 
in 300 series alloys or the Al2Cu in 200 series alloys.

Fig. 14.1 As cast microstructure of Al-Ce binary alloy. (The phase shown is Al11Ce3 phase)
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Fig. 14.2 Cerium solubility in aluminum

Load-partitioning studies in compression conducted by Oak Ridge National 
Laboratory at their Vulcan Beam Line show unusual load-sharing behavior between 
the matrix and the Al11Ce3 intermetallic. As illustrated in Fig. 14.4, as the compres-
sive stress increases, a higher proportion of that stress is transferred to the interme-
tallic. Weiss [20] provides an extensive analysis of the strengthening mechanisms 
and microstructural analysis of the Al-Ce system.

14.4  Alloying Element Interactions

At room temperature, the Al11Ce3 intermetallic is not an effective strengthening 
mechanism. Mechanical properties for pure binary compositions are shown in 
Table 14.1 [20]. To develop reasonable room temperature strengths, alloying ele-
ments such as Mg, Zn, Cu, Si or others can be added along with Ce to strengthen the 
aluminum matrix. Sun [21] reported on a comprehensive study of 19 binary systems 
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Fig. 14.3 Yield strength retention after long-term exposure of Al-Ce alloys measured at room 
temperature compared to some standard casting alloys

Fig. 14.4 Phase load sharing for Al-12Ce-0.4 Mg under compressive load. Shaded region denotes 
differences between binary and ternary alloy composition’s mechanical response [19]
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Table 14.1 Mechanical properties of Al-Ce binary alloys [20]

Tensile strength, MPa Yield, MPa Elongation, %

Al-16Ce 144 68 2.5
Al-12Ce 163 58 13.5
Al-10Ce 152 50 8
Al-8Ce 148 40 19
Al-6Ce 103 30 25

of Ce and 4d or 5d transition metals using high-throughput first principles calcula-
tions. He showed that many common alloying elements used in Al systems, such as 
Fe, Ni, Cu and Zn will form compounds with Ce, while others, such as Zr would 
not. Subsequent experimentation demonstrated that his theoretical conclusions were 
correct with one exception. While Sun showed no compounds would form with 
titanium (Ti,) experimentally a detrimental Ce-Ti intermetallic forms that signifi-
cantly reduces ductility when Ti levels are above 0.05%.

Understanding the reaction mechanics between Ce and other alloying elements 
can be used to identify elements that could independently strengthen the Al matrix 
without interference from the Ce, as well as those that form compounds with Ce that 
can synergistically increase the strength or potentially immobilize elements required 
for strengthening during heat treatment.

In commercially pure Al, Mg in solid solution gives a near-linear concentration 
dependence of strength at a given strain. Solid solution hardening is a result of an 
interaction between the mobile dislocations and the solute atoms [22]. In an Al-8Ce 
alloy, the addition of 10% Mg increases the yield strength by over 300% from about 
50 MPa to about 162 MPa. There is no evidence that the formation of some CeMg 
intermetallic is a significant factor in the strength increase, as the primary mecha-
nism for matrix strengthening is the inclusion of Mg.

The addition of Cu to the alloy forms immobile Cu-Ce phases. This is illustrated 
in Fig. 14.5 using a 4.5 wt% Cu alloy with the addition of 1 and 8 wt% Ce. Most of 
the Cu is not free to strengthen the alloy since it is tied up with the Ce phase. On the 
other hand, modification of the traditional grain boundary phases improves the hot 
tear resistance of the alloy and reduces intergranular corrosion. Additional Cu needs 
to be added to create “free Cu” that can participate in the heat treat response. As 
shown in Fig. 14.6, for Cu-containing alloys such as A206, Ce acts as a diffusion 
barrier preventing the formation of Cu-depleted zones. In all alloys tested, the addi-
tion of small amounts of Ce increases their resistance to intergranular corrosion 
(Fig. 14.7).

The addition of scandium (Sc) to Al-Ce alloys has been investigated [23]. At 
levels of 0.4% Sc, room temperature hardness levels increased by 20%, and room 
temperature hardness values after 300 °C exposure for 100 h increased by 60%. 
While the ternary Al-Ce-Sc system had good thermal stability, the room tempera-
ture hardness values are not sufficient for structural castings. The addition of Mg at 
levels of up to 12.15% resulted in significant improvement in hardness at room and 
elevated temperatures. Ekaputra [24] investigated Al-Ce alloys modified with Sc, Zr 
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Fig. 14.5 Increasing cerium addition precipitates immobile Al-Ce and Ce-Cu phases at the grain 
boundary (GB)

Fig. 14.6 The addition of Ce to Al-Cu alloys creates an Al-Ce-Cu phase that acts as a diffu-
sion barrier

and erbium (Er) micro-additions. He showed that peak hardness is higher for alloys 
containing Ce and L12 Al3(Sc,Ze,Er) precipitates than their Ce-free counterparts.

Silicon as an alloying element in Al reduces its coefficient of thermal expansion 
[25]. While increasing the Si in a binary composition with Al will reduce the solidi-
fication range up to the eutectic composition, the addition of Ce will increase that 
range which may make the alloy more difficult to feed in traditional casting applica-
tions. The solidification range of a standard Al7Si alloy is approximately 
70 °C. Using thermal analysis, it was experimentally determined that as the ratio of 
Ce to Si in an alloy increases, the solidification range increases as well. At a Ce/Si 
ratio of 3.16, the solidification range increases to 120 °C. At a Ce/Si ratio of 0.46, 
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Fig. 14.7 ASTM G110-92 intergranular attack [20] (Test coupons were submerged in hydrogen 
peroxide (H2O2) with sodium chloride (NaCl))

the solidification range is reduced to 82 °C. Generally, maintaining a Ce/Si ratio of 
about 0.5 results in an alloy with excellent castability. Cerium will also form CeSi 
phases making some of the Si unavailable for combining with Mg when added to 
form Mg2Si-strengthening precipitates. However, Si-rich alloys contain enough 
excess Si so that the response to heat treatment is not affected.

14.5  Composite Potential in Al-Ce Alloys

In conventional hard particle-reinforced Al alloys, failure at elevated temperature 
can occur when the matrix softens and causes interfacial decohesion and void 
growth at the particle/matrix interface and particle corners [26]. Secondarily, Al 
loses stiffness at high temperature, minimizing the modulus improvement attempted 
by the introduction of high modulus particles. Alloys containing Ce retain a higher 
percentage of their modulus at elevated temperatures. Figure 14.8 shows the modu-
lus retention of an as-fabricated Al10Mg8Ce-F alloy compared with 7075-T6 
(Al/5.6–6.1% Zn,2.1–2.5% Mg,1.2–1.6% Cu with less than 0.5% Si, Fe, Mn, Ti, Cr 
and other metals).
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Fig. 14.8 Comparison of room temperature and 350 °C moduli for Al10Mg8Ce-F and 7075-T6

Preliminary work has been completed using silicon carbide (SiC) and carbon (C) 
nanotubes as reinforcement in AlCe and AlCeSi alloys as well as alumina (Al2O3) in 
AlCeMg alloys. The addition of 50 nm Al2O3 at reinforcement levels of about 0.1% 
results in a tensile strength improvement of 12%. The results are promising but 
require more data and functional testing to fully understand the use of Al-Ce alloys 
as a composite matrix material.

14.6  Product Forms

14.6.1  Castings

Much of the early work in the Al-Ce system concentrated on casting alloys. The 
casting characteristics of the binary Al-Ce systems is as good as the Al-Si system 
but can change as additional alloying elements are added [27]. When other alloying 
elements are used such as Si, Mg or Cu, the solidification range is determined pri-
marily by the secondary alloying elements. Standard systems for melting, degassing 
and alloy cleaning of cast alloys can be used without modification for the conven-
tional casting of Al-Ce alloys.

At solidification rates typical of castings in Ce alloys that contain more than 7% 
Mg, a homogenization heat treat can be used to improve mechanical properties [28]. 
This treatment reduces the size and volume fraction of Mg pools that can segregate 
in high Mg alloys. The amount of Ce does not affect the segregation behavior. The 
alloys have been cast successfully in most traditional casting processes, such as 
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Fig. 14.9 Air-cooled cylinder head poured from Al-Ce binary alloy

sand, permanent mold, low-pressure permanent mold and die casting. Figure 14.9 
shows a cylinder head poured as a gravity casting showing the good fluidity of the 
alloy system.

Mechanical properties for the ternary Al-Ce-Mg system have been studied at 
both room and elevated temperatures (Table 14.2). The room temperature properties 
can be improved by both homogenization and hot isostatic pressing. One of the key 
attributes in the Al-Ce-Mg system is the recovery of mechanical properties at room 
temperature when exposed to elevated temperatures for prolonged periods of time. 
This alloy system does not contain any precipitates that become unstable after pro-
longed high-temperature exposure.

14.6.2  Extrusions

Extrusions have been produced for applications where improved high-temperature 
performance or resistance to corrosion is desired. In these alloys, extrusion improves 
the properties through a combination of work hardening and alignment of the inter-
metallic. Extrusions have been produced at 300 °C billet temperatures and at extru-
sion ratios of 5.75 to 1 and 52 to 1 from an Al10Mg8Ce alloy. A comparison of 
average permanent mold properties to extruded properties is shown in Table 14.3. 
As the extrusion ratio increases, tensile strength remains constant, with the elonga-
tion increasing and yield strength decreasing. The mechanical properties can be 
affected by the starting microstructure of the billet. Structural extrusions have also 
been produced as shown in Fig. 14.10.
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Table 14.2 Room and elevated temperature properties of Al-10 Mg-8Ce compared to common 
piston alloys

Alloy Temperature
Time 
hours

At temperature
At room temperature
After heating

Tensile, 
MPa

Yield, 
MPa % E

Tensile, 
MPa

Yield, 
MPa

% 
E

Al-10Mg- 
8Ce

260 °C 0.5 137 131 4
260 °C 336 137 97 5 159 137 1
315 °C 0.5 97 55 20
315 °C 216 94 56 13.8 172 159 1
400 °C 120 218 191 1.5
500 °C 500 252 185 3

2618-T61 260 °C 0.5 90 62 50
315 °C 0.5 52 31 80

4032-T6 200 °C 0.5 90 62 30
300 °C 0.5 38 24 70

Baseline room temperature properties of Al-10 Mg-8Ce As 
cast

228 186 1

T4 248 200 2
HIP 262 207 2

Typical 2618-T61 Forged 440 370 10
Typical 4032-T6 Forged 380 315 9

All Al-Ce properties as cast unless otherwise noted

Table 14.3 Comparison of extruded data at different extrusion ratios for cast Al10Mg8Ce

Tensile, MPa Yield, MPa % E

Extrusion 5:1 375 342 6
Extrusion 52:1 364 274 12
Permanent mold 228 186 1

14.6.3  Additive Manufacturing

The Al-Ce alloy system has been used for both the direct write and powder bed 
fusion. Manca [29] has reported high mechanical properties of Al-3Ce-7Cu in both 
high-temperature tension and compression testing via selective laser melting. Fine 
eutectic phases of Al11Ce3 and Al6.5CeCu6.5 were found in the microstructure. High 
hardness values were noted after annealing at 400 °C due to the precipitation of 
nanosized particles. Hyer [30] demonstrated yield strength and tensile strength of 
377 and 468 MPa, respectively, in a ternary Al-8wt%Ce-10 wt% Mg composition 
produced in laser powder bed fusion with a power of 200 W traversing at 800 mm/s. 
Kessler [31] in a wire-based additive technique, used induction heated Al-Ce binary 
alloy wire to take advantage of the inherent rheology of molten Al-Ce and the high 
enthalpy of fusion for the reactive Ce-containing intermetallic. This intermetallic 
phase enhances the surface energy and stabilizes the extruded filament, imparting 
shape stability and facilitating layer to layer joining.
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Fig. 14.10 Structural 
extrusion produced for the 
marine industry

Fig. 14.11 Extruded 
powder microstructures

14.6.4  Consolidated Powders

The size range of powders for additive manufacturing in Al alloys is typically 
between 20 and 60 microns. The yield of good powders can be anywhere between 
40% and 80%, leaving a substantial amount of powder as waste that is discarded or 
recycled. The coarse and fine powders can be consolidated via forging or extrusion. 
In extrusion, the intermetallic is broken up into fine particles on the length scale of 
the lath thickness, as shown in Fig. 14.11. In work done with the Al10Mg8Ce alloys, 
ultimate tensile strengths exceeding 600 MPa were achieved using mixed course 
and fine particles.
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14.7  Economics of Al-Ce Alloys

As an alloying element used typically in the 1–10% weight range, Ce is relatively 
inexpensive. Its cost is in the range of $4–5/lb and is widely available. Similarly, the 
as-alloyed cost of Al-Ce material is competitive with other high-performance Al 
alloy systems. Further cost reduction in Ce is enabled by direct metallothermic 
reduction of CeO2. Luna et al. [32] directly reduced the oxide on a laboratory scale 
in Al alloys containing between 0.5 and 4.0 wt% Mg. Current development work by 
the author has shown the successful reduction of both CeO2 and cerium carbon-
ate  (Ce2CO3) in batch sizes of 200  kg. The reduction reaction for the oxide is 
given as

 4 3 2 32 3Al CeO Al O Ce� � �  (14.1)

The produced aluminum oxide (Al2O3) is removed during standard degassing or 
through filtering down to a size range of approximately 1–5 micron. This remaining 
oxide serves to dispersion strengthen the alloy. Improvements of 8% in tensile 
strength and 20% in yield strength versus the alloy produced conventionally with Ce 
metal have been demonstrated.

14.8  Conclusions

Aluminum-cerium alloys are being rapidly developed as alternatives to Al-Si and 
Al-Cu alloys. These alloys have good fabrication characteristics and excellent cor-
rosion performance. The alloys have superior performance at elevated temperatures 
and long exposure times. The use of the least expensive of the rare earth elements 
and standard processing methods make the transition to use of Al-Ce alloys avail-
able for lightweight, high-performance applications in the automotive, trucking, 
aerospace and other industrial sectors.
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Chapter 15
Scandium in Commercial Wrought 
Aluminum Alloys

Timothy J. Langan and Thomas Dorin

15.1  Introduction

Scandium is a transition element that has been classed as a rare earth element (REE) 
by the International Union of Pure and Applied Chemistry (IUPAC) along with 
yttrium (Y) and the lanthanides. It is the most potent strengthening element when 
added to Al. This means that only a very low amount of Sc is needed to provide a 
significant strengthening effect (i.e., increase of yield strength), with reports of up 
to 100 MPa per 0.05 wt% addition [1]. Scandium has also been reported to enhance 
formability and corrosion resistance of some Al alloys [1–4]. The remarkable effects 
that Sc has on the properties of Al comes from its effects on the microstructure 
which can be referred to as the four pillars of Sc − grain refinement, increased 
recrystallization temperature, dispersoid strengthening and nucleation of strength-
ening precipitates.

Despite the known benefits of Sc additions to Al, the industrial uptake has been 
hampered by historical high price and limited supply of Sc. Scandium has been 
considered for use in a range of Al alloys which resulted in numerous patented com-
positions. This chapter will summarize the Sc-containing Al alloys registered by Al 
associations. The applications where Al-Sc alloys have been or are currently used 
will also be reviewed. We will not focus on the extensive fundamental research and 
alloy development efforts undertaken over the past 60 years in the United States, 
Europe and Former Soviet Union countries. Extensive research and development 
efforts are currently underway in China but at this point it is not clear to what extent 
Sc-containing Al alloys have been commercialized by Chinese manufacturers. 
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Scandium additions are very beneficial in Al alloys developed for additive manufac-
turing (AM) including the Scalmalloy® alloy powder developed by AP Works in 
Germany [5]. Wire-based and powder Sc-containing alloys will also not be dis-
cussed in this chapter.

15.2  The “Four Pillars” of Scandium in Aluminum

One of the main uses of Sc is as an alloying element in Al alloys as it results in 
significant improvement of a number of key properties including strength, corrosion 
resistance, weldability and formability. The impact that Sc additions have on alloy 
properties varies with parameters of the thermomechanical process and alloy com-
position. The benefits from Sc come from the various influences it has on alloy 
microstructure which can be summarized as four main effects, referred to as the 
“four pillars” of Sc as summarized in Fig. 15.1. These four pillars will be discussed 
in more detail in this section.

15.2.1  Grain Refinement

Control of an alloy’s microstructure during solidification is of high importance in 
the manufacturing of high-quality Al products. The formation of a fine-scale, 
equiaxed microstructure is beneficial for several reasons, which range from increas-
ing the mechanical properties to reducing the tendency to hot tearing. The control of 
the grain microstructure is traditionally done through the addition of melt inoculants 
as master alloys of aluminum-titanium-boron (Al-Ti-B) and aluminum-titanium- 
carbon (Al-Ti-C).

The binary Al-Sc phase diagram is dominated by a eutectic reaction in the Al-rich 
end, where liquid Al transforms into α(Al) and Al3Sc [2]. As can be seen in Fig. 15.2, 
the eutectic composition is 0.55 wt% Sc. For Sc to act as an effective grain refiner, 
it needs to be added in excess of the eutectic composition. In that case, the Al3Sc 

Fig. 15.1 The “four pillars” of Sc addition in Al
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Fig. 15.2 Al-rich end of 
the Al-Sc phase diagram 
calculated via ThermoCalc

Fig. 15.3 (a) Grain size in the as-solidified alloy as a function of Sc content [6]. (b) Grain size as 
a function of element addition after solidifying with a cooling rate of ~1000 K/s. TiB2 corresponds 
to grain size for similar castings made with typical commercially used TiB2/Ti master alloy addi-
tions [7]

particles will form in the melt and act as a nucleus for the α(Al) leading to signifi-
cant grain refinement.

Early work by Drits et al. [6] recorded the dramatic grain refinement in Al-Sc 
cast ingots when Sc was increased above 0.55 wt% (Fig. 15.3a). These results were 
later confirmed by Norman et al. [7] who reported grain refinement by over an order 
of magnitude when comparing Al-0.2wt%Sc to an Al-0.7wt%Sc alloy. Norman 
et al. further compared the grain refinement potentials of Sc, zirconium (Zr), tita-
nium (Ti), titanium diboride (TiB2) and co-additions of Sc and Zr. Hypereutectic 
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additions of Sc were reported to provide the most efficient grain refinement for a 
range of cooling rates between 100 and 1000 K/s using a wedge mold. The second- 
best refinement was obtained by adding 0.25 wt% Sc with 0.25 wt% Zr, followed by 
TiB2, Ti and Zr. The as-cast grain sizes at the tip of the wedge mold (i.e., cooling 
rate ~ 1000 K/s) for the different alloying additions are shown in Fig. 15.3b.

The Al3Sc phase has a L12 crystal structure with a lattice parameter close in size 
to the Al FCC crystal structure. The close match in lattice parameters can explain 
the exceptional ability of the Al3Sc phase to heterogeneously nucleate the α(Al) 
grains. The extreme grain refinement obtained in the 0.25Sc  +  0.25Zr alloy 
(Fig. 15.3b) can be explained by the fact that Zr substitutes in the L12 structure to 
create Al3ScxZr1-x inoculants. As a result, the addition of Zr together with Sc pro-
motes grain refinement even for hypoeutectic Sc additions.

15.2.2  Increased Recrystallization Temperature

Metal processing commonly involves the use of large strains which result in an 
increase in the strength and a decrease in the ductility of the processed metal. 
Recovery and recrystallization are the thermal processes behind restoring the 
strained material to a softer state.

Recrystallization in Al alloys is generally undesired as it results in a drop in 
strength and local strength heterogeneities. Small additions of transition metals that 
form thermally stable dispersoids are commonly used to control the evolution of the 
grain structure during thermomechanical processing and restrain grain growth.

Zirconium is commonly used in aluminum-copper-lithium (Al-Cu-Li) alloys as 
it produces Al3Zr dispersoids which are extremely efficient recrystallization inhibi-
tors. One common parameter which is used to evaluate the recrystallization of Al 
alloys is the recrystallization temperature which corresponds to the temperature at 
which 50% recrystallization is achieved. The evolution of the recrystallization tem-
perature as a function of alloying content for Sc, Zr, manganese (Mn) and chromium 
(Cr) is given in Fig. 15.4. Figure 15.4 clearly highlights the exceptional ability of Sc 
to inhibit Al recrystallization. A rapid increase in recrystallization temperature 
results as Sc is increased from 0 to 0.2 wt%. The changes in the recrystallization 
temperature become more marginal for larger Sc contents. The recrystallization 
temperature of Al-Sc alloys is further improved by adding Zr as it forms the ther-
mally stable Al3ScxZr1-x phase. The starting temperature for recrystallization of an 
Al–Sc alloy was found to be improved by up to 100 °C through Zr additions [2]. 
Similarly, the recrystallization temperature of the ternary Al–Zr–Sc system is higher 
when compared to the binary Al–Zr system [8] further demonstrating the synergis-
tic effect of co-additions of Sc and Zr to Al.
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Fig. 15.4 Effect of alloying with Cr, Mn, Zr and Sc on the recrystallization temperature of cold-
rolled Al sheets. (Data extracted from Zakharov [9])

15.2.3  Dispersoid Strengthening

In Al-Sc alloys, maximum strengthening is obtained by precipitation of a fine L12- 
type Al3Sc dispersoids. The average yield strengthening resulting from the fine dis-
persoids is on the order of 50 MPa per 0.1 wt% Sc addition [1]. This remarkable 
strengthening potential makes Sc the element providing the most strengthening in 
Al. One of the most studied precipitation system in physical metallurgy is Al-Cu 
and the precipitation of the θ’ precipitates [10]. Copper (Cu) additions typically 
result in around 5–10 MPa strength improvement per 0.1 wt% Cu addition, an order 
of magnitude lower than for Sc additions. The main difference is that the maximum 
solubility of Cu is much larger than that of Sc, allowing for larger amounts of Cu 
(up to 5–6 wt%) to be added. This in turn results in alloys with superior strength. 
Comparatively the maximum solubility of Sc is 0.33 wt% which provides for less 
freedom to add larger amounts of Sc and limits the maximum strength achievable. 
However, one of the key benefits of Sc is the potential of developing Al alloys with 
low alloy content with an exceptional combination of properties, such as strength, 
conductivity, corrosion resistance and formability. Strengthening from the fine 
Sc-containing dispersoids can be also used in combination with other strengthening 
precipitates to develop ultrahigh-strength alloys.

The exceptional strengthening potential of Sc additions to Al was first discovered 
in the 1960s. A majority of the early work was conducted in Russia and is summa-
rized in a comprehensive book by Toropova et al. [2] The strength improvement 
from Sc additions is mainly provided by the formation of fine L12-type Al3Sc dis-
persoids. The level of strengthening depends on the size and number density of 
these dispersoids. Temperatures in the range 250–350 °C are usually preferred to 
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nucleate a high number of small Al3Sc precipitates. The use of higher temperatures 
will most commonly generate coarser particles with less strengthening potential.

The increment of yield strength and corresponding dislocation mechanisms 
related to Al3Sc precipitates was systematically investigated by Seidman et al. [11] 
When deforming at room temperature, the dislocation/precipitate interaction mech-
anisms determine the level of strengthening through two mechanisms − precipitate 
shearing and precipitate bypassing. The shearing mechanism involves chemical, 
coherency, modulus mismatch and antiphase boundary (APB) strengthening. For 
larger precipitates, a moving dislocation will bow all the way around the precipi-
tates and leave a dislocation loop [12]. Seidman et  al. systematically generated 
microstructures with different precipitate sizes at approximately constant volume 
fraction in an Al-0.3wt%Sc alloy. The hardness increment as a function of average 
precipitate radius is presented in Fig.  15.5. The maximum strength increment is 
found to occur for a precipitate radius of approximately 1.5–2 nm. The shape of the 
curve in Fig. 15.5 is characteristic of a transition between precipitate shearing and 
precipitate bypassing. The transition between shearing and bypassing was con-
firmed through analytical models and a transition radius of 2.1 nm was predicted, 
confirming the experimental results. The maximum strengthening achieved in 
Seidman’s study was about 500  MPa (HV) which translates to a yield strength 
increment of approximately 167 MPa.

Fig. 15.5 Hardness increment from Al3Sc precipitates as a function of precipitate radius at 
approximately constant precipitate volume fraction. (Taken from Seidman et al. [11])
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15.2.4  Nucleation of Other Strengthening Phases

The presence of second phase particles in an Al matrix is known to influence the 
breakdown of solid solutions. Various mechanisms have been proposed to explain 
the role of the interface in modifying nucleation, including vacancies sinks, solute 
segregation at precipitate interfaces and reduced surface energy for nucleation. 
Scandium and Al3Sc dispersoids have been reported to influence precipitation 
mechanisms in age-hardenable alloy systems with most of the reports addressing 
additions of Sc in the 2xxx and 6xxx-series of Al alloys.

 Al-Cu-Based 2xxx-Series Alloys

The addition of Sc has been reported to modify precipitation and stability of 
strengthening phases in 2xxx-series alloys resulting in an increase [13–16] or a 
decrease [17] of the alloy performance. These conflicting results can be explained 
by the different precipitation routes used in these different studies. The report of 
negative impact of Sc on mechanical properties generally comes from the formation 
of the non-strengthening W-AlCuSc phase that traps part or all the Sc and some of 
the Cu and hence leads to a decrease in strength upon Sc additions. For instance, 
Toropova et al. [2] reported that early work by Fridlyander et al. found that Sc addi-
tions (i.e., 0.2 and 0.45 wt%) reduced strengthening from Al-Cu precipitates during 
aging at 190 °C in an extruded commercial Al-Cu with 6 wt% Cu.

Recent work has shown that the heat treatment of Al-Cu-Sc alloys can be tailored 
to avoid the formation of the detrimental W-phase [18]. The addition of Zr is also 
key so that thermally stable core-shell Al3(Sc,Zr) dispersoids can form during an 
initial multistep homogenization and remain stable for the rest of the thermome-
chanical process. The high number density of dispersoids was then found to act as 
nucleation sites for the 𝜃′-phases during artificial aging. This nucleation effect 
resulted in a significant refinement of the 𝜃′ precipitates which provided significant 
additional strengthening. Rouxel et al. [14] characterized the effect of Sc/Zr disper-
soids on nucleation of strengthening precipitates in an Al-4 Cu alloy with and with-
out pre-stretch and at two different aging temperatures. Results show that even 
without plastic deformation prior to aging, the 𝜃′ precipitates are strongly refined by 
dispersoids.

 Al-Mg-Si 6xxx-Series Alloys

The 6xxx-series are the most commonly used Al alloys in the automotive industry 
as they can achieve medium to high strength while remaining relatively lean, pro-
viding for excellent corrosion resistance and formability compared to other high 
strength alloys. 6xxx-series alloys as aluminum-magnesium-silicon (Al-Mg-Si) 
obtain most of their strengthening from the formation of coherent GP-zones and 
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β”-precipitates. Copper is commonly added to Al-Mg-Si alloys to promote the for-
mation of Q’-AlMgSiCu precipitates.

The work on Sc in Al-Mg-Si alloys is limited and while some work reports a 
positive impact, a number of papers report a detrimental impact on mechanical 
properties. These conflicting results are due to the strong interactions between Si 
and Sc and the formation of the detrimental AlSiSc, which is referred as τ or 
V-phase. Recent work has revealed that the V-phase forms at temperatures greater 
than 450 °C [19]. As a result, this phase can occur at traditional solution treatment 
temperatures for these alloys.

Under the right heat treatment conditions, the addition of Sc and Zr has been 
shown to lead to a significant strength increment increase in Al-Mg-Si alloys. Atom 
probe tomography revealed that the rodlike β”-precipitates were systematically 
associated with Al3Sc dispersoids [20]. These associations between dispersoids and 
β”-precipitates were confirmed via systematic transmission electron microscopy 
(TEM) characterization by Babaniaris et al. [21] This nucleation effect was found to 
result in a refinement of the β” precipitates. Babaniaris et al. also reported increased 
stability of β” precipitates with a retardation of their transition to β’. Similarly, 
Kwon et  al. [22] suggested that the presence of Sc-rich dispersoids retarded the 
precipitation kinetics and over-aging rate of the 𝛽 series precipitates.

15.3  Development and Applications of Sc-Containing 
Wrought Alloys

As discussed in the previous section, Sc additions strengthen Al alloys by modify-
ing key features in the microstructure including refining grain size, reducing recrys-
tallization, forming stable coherent dispersoids and enhancing precipitation of 
strengthening phases. The first patent for Sc-containing Al alloys [23] was awarded 
to Alcoa in 1970. According to this invention, additions of Sc improve performance 
for alloys designated by the American Aluminum Association in the 7xxx, 6xxx, 
5xxx, 3xxx and 2xxx-series including 7075, 7039, 6061, 5083, 3003, 2219 and 
2024. Examples in this patent demonstrated that Sc provides for dramatic increases 
in yield strength for cold worked alloys after aging at temperatures ranging from 
100 to 425 °C. In addition, Sc reduces recrystallization and improves strength after 
warm temperature (less than 350 °C) exposure. Strengthening effects for these dif-
ferent alloy series are reviewed in detail by Royset [3] and Toropova et al. [2] Royset 
provides direct comparisons of strength with and without Sc additions and con-
cluded that the largest strength increase is observed in non-heat treatable alloys. 
These data, along with unpublished results from Clean TeQ, were plotted by Carr 
and presented by Clean TeQ [24] (Fig. 15.6).

Compositions for “commercial” Sc-containing alloys are shown in Tables 15.1 
and 15.2. This includes alloys currently registered with the American Aluminum 
Association [25] and alloys that are listed in the Russian standard GOST  
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Fig. 15.6 Effect of Sc addition on yield strength in wrought Al alloys [24]

4784-2019 [26]. Nominal compositions are listed for alloys that have seen commer-
cial applications but do not have a registered composition. The sections below pro-
vide specific examples of development and applications for these commercial 
Sc-containing wrought Al alloys.

15.3.1  Al-Mg-Li (14XX-Series) Alloys

The aluminum-magnesium-lithium (Al-Mg-Li) alloy 01420 was developed in the 
1960s. This alloy was used in riveted fuselage structures of the YAK36 and YAK38 
aircraft [33] and in the welded fuselage structure of the “supersonic MiG29 fighter.” 
[34] A modified version of alloy 01420 containing 0.17 wt% Sc (i.e., alloy 1421) 
was developed to increase yield strength [29, 35] and improve weldability for use in 
fuselage structures. This modified alloy went into commercial production in 1985 
[36]. No specific references were found in the open literature for its application in 
construction of military or commercial aircraft. The compositions of alloys 01420 
and 1421 were further modified to create alloy 1424, where the Li content was 
reduced, and Zn was added. Alloy 1424 was evaluated [33] for use in fuselage struc-
ture on commercial aircraft as part of a program between DaimlerChrysler, All- 
Russian Institute of Aircraft Materials, Kamensk-Uralsky Metallurgical Plant and 
Hugovens. This class of Al-Mg-Li alloys was also evaluated for potential applica-
tions in U.S. space launch systems but were not selected for service [29, 37].
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Table 15.1 Commercial Sc-containing Al-Mg (Mn) alloys

Alloy 
designation Mg Mn Sc Zr Others
Al-Mg (Mn)

01515 [27] 1.15 0.3 0.1
01523 [27] 2.1 0.3 0.15
01535 [27] 4.2 0.3 0.1
01545K [26] 4.5–

4.9
0.19–
0.35

0.17–
0.27

0.05–
0.12

Be 0.0002–0.005; Cr 0.01–0.04; Ce 0.0001–
0.0009Ti 0.01–0.04; Cu 0.1; Zn 0.1, Fe 0.12; 
Si 0.1

01570 [26] 5.3–
6.3

0.2–
0.6

0.15–
0.35

0.05–
0.15

Be 0.0002–0.005; Ti 0.01–0.05; Zn 0.1; Cu 
0.1; Si 0.2; Fe 0.3

01570C [26] 5.0–
5.6

0.2–
0.5

0.18–
0.26

0.05–
0.12

Si and Fe 0.005–0.12; Be 0.0002–0.005 Ti 
0.01–0.03Ce 0.0002–0.0009

01570C [26] 5.7–
6.3

0.3–
0.6

0.20–
0.28

0.05–
0.12

Si and Fe 0.005–0.12; Be 0.0002–0.005 Ti 
0.01–0.03Ce 0.0002–0.0009

1571 [26] 5.8–
6.8

max 
0.3

0.2–
0.5

0.05–
0.15

Cr 0.05–0.15; Be 0.0005–0.005 Ti 0.02–0.05; 
Zn 0.2;Ce 0.0002–0.0009; B 0.01–0.005; Cu 
0.15; Si 0.2; Fe 0.3

1575 [26] 5.4–
6.4

0.35–
0.6

0.2–
0.3

0.05–
0.15

Be 0.0002–0.005 Ti 0.07; Cu 0.1; Cr 
0.05–0.15; Si 0.2; Fe 0.3

1575–1 [26] 5.5–
6.5

0.5–
0.85

0.12–
0.2

0.05–
0.2

Be 0.0002–0.005 Ti 0.02–0.006; Cu 0.1; Cr 
0.1–0.25;Zn 0.1–0.6; Si 0.2; Fe 0.3

1580 [26] 4.9–
5.3

0.4–
0.8

0.05–
0.14

0.06–
0.18

Be 0.003 Ti 0.15; Cu 0.1; Cr 0.08–0.18; Zn 
0.25; Si 0.06–0.16; Fe 0.12–0.18; Ca 0.0005; 
Na 0.0003

1597 [26] 5.5–
6.5

0.5–
0.8

0.36–
0.5

0.05–
0.25

Be 0.001–0.005 Ti 0.01–0.05; Cu 0.1–0.2; Cr 
0.08–0.18; Zn 0.05–0.25; Si 0.1; Fe 0.15

5025 [25] 4.5–
6.0

0.2 
max

0.05–
0.55

0.1–
0.25

Si 0.25 max; Fe 0.25 max; Cu 0.1 max; Cr 0.1 
max; Zn 0.25 max; Ti 0.05–0.2; Be 0.0008

5024 [25] 3.9–
5.1

0.2 
max

0.1–
0.4

0.05–
0.2

Si 0.25 max; Fe 0.4 max; Cu 0.2 max; Cr 0.2 
max; Zn 0.25 max; Ti 0.2 max;

5028 [25] 3.2–
4.8

0.3–
1.0

0.02–
0.4

0.05–
0.15

Si 0.3 max; Fe 0.4 max; Cu 0.2 max; Cr 
0.05–0.15; Zn 0.05–0.5; Ti 0.05–0.15;

5081 [25] 4.9–
5.3

0.4–
0.8

0.05–
0.14

0.06–
0.18

Si 0.06–0.16; Fe 0.12–0.18; Cu 0.1; Cr 
0.08–0.18; Zn 0.25;Ti 0.15; Be 0.03 V 0.1; Ca 
0.1

5181 [25] 4.3–
5.3

0.4–
0.8

0.01–
0.09

0.08–
0.18

Si 0.06–0.16; Fe 0.12–0.22; Cu 0.1; Cr 
0.08–0.18; Zn 0.25;Ti 0.15; V 0.1; Ca 0.1

C557 [28] 4.0 0.6 0.2 0.1 Si 0.06; Fe 0.1; Ti 0.02

Beryllium (Be), Boron (B), Calcium (Ca), Cerium (Ce), Chromium (Cr), Copper (Cu), Iron (Fe), 
Manganese (Mn), Silicon (Si), Sodium (Na), Titanium (Ti), Zinc (Zn)
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Table 15.2 Other commercial Sc-containing alloys

Alloy 
designation Mg Zn Cu Li Sc Zr Others

Al-Mg-Li

01421 [29] 5.2 2.1 0.17 ?
1424 [26] 4.1–

6
0.1–
1.5

1.5–
1.9

? ?

Al-Cu (Li)

2023 [25] 1.0–
1.6

3.6–
4.5

0.01–
0.06

0.05–
0.15

Mn 0.3; Fe 0.1; Si 0.15; Ti 0.05; 
Cr 0.1

1460 [29] 3.0 2.0 0.1 ?
1469 [30] 0.3 4.18 0.92 0.06 0.1 Ag 0.38
Al-Zn-Mg (Cu)

V1963 ? ? ? ? ? Ag
01970 [26] 2.0 5.2 0.4 0.2 0.1 Mn 0.3
01975 [26] 2.0 5.2 ? 0.07 0.1 Mn 0.3
1977 [26] 4.2–

5
3.2–
3.9

0.4–1 0.17–
0.3

0.07–
0.14

Si 0.1; Fe 0.15; Mn 0.25; Cr 0.1; 
Ti 0.01–0.05; Be 0.00001–0.005

7042 [25] 2.0–
2.8

6.5–
7.9

1.3–
1.9

0.18–
0.5

0.11–
0.2

Mn 0.2–0.4; Fe 0.2; Si 0.2; Cr 
0.05

7xa [31] 1.9–
2.4

5.1–
5.4

0.10–
0.14

0.12–
0.18

Ag 0.04–0.08

7X0X [32] 5.0 2.0 0.1 0.14
7X1X [32] 5.2 2.0 0.3 0.1 0.14
7X5X [32] 8.1 2.2 1.9 0.1 0.15
Al-Mg-Si

1370 [26] 0.7–
1.4

0.2–
0.8

0.6–
1.4

0.01–
0.1

0.05–
0.12

Si 0.6–1.2; Mn 0.2–0.5; Cr 
0.01–0.1; Ti 0.01–0.1; Ni 0.05–0.2; 
Ce 0.005–0.05; Fe 0.15

Lithium (Li), Nickel (Ni), Silver (Ag)

15.3.2  Al-Mg (Mn) (5xxx/15xx-Series) Alloys

Aluminum-magnesium-(manganese) (Al-Mg (Mn)) alloys see widespread com-
mercial applications based on the combination of high strength and resistance to 
environmental attack. These alloys are primarily strengthened by Mg in solid solu-
tion, thus artificial aging is not required. Scandium additions are known to increase 
strength in these alloys. No ternary phases (e.g., AlMgSc) are present in the Al-rich 
corner of the Al-Mg-Sc phase diagram. Efforts have focused on developing 
Sc-containing Al-Mg alloys for various applications including aircraft structures, 
space launch systems and marine structures. A list of “commercial” Sc-containing 
Al-Mg (Mn) alloys is presented in Table 15.1. Aluminum and aerospace companies 
have actively worked to capture intellectual property associated with adding Sc to 
Al-Mg (Mn) alloys (Table  15.3). The commercial alloys shown in Table  15.1 
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resulted from these patents, but widespread adoption of these alloys has been some-
what muted due to the lack of a stable Sc supply.

Scandium-containing alloys were developed to improve performance of the 
Al-Mg-Li alloys used in welded structures [33, 34] on Soviet military and commer-
cial aircraft. Based in part on this success, the German Government initiated a pro-
gram with All-Russia Institute of Light Alloys (VILS) to develop welded fuselage 
structures for commercial aircraft. The AlMgSc alloy KO8242/AA5024 was devel-
oped under this program [38]. Further development by Aleris led to the improved 
alloy AA5028. An ongoing program at Airbus [38] demonstrated a low-cost 
approach for fabrication of welded Al-Mg-Sc alloy aircraft fuselage structures. In 
the past, these structures were fabricated from the Al-Cu-Mg alloy 2024 using a 
stretching and riveting process that required up to twenty-two steps. This can be 
replaced with a nine-step process involving laser beam welding and creep forming 
with an Al-Mg-Sc alloy to fabricate fuselage structures [38]. The Al-Mg-Sc alloy 
can be substituted as a one-to-one replacement for AA2024, the currently used 
alloy, without a design change, reducing weight by 4% and increasing manufactur-
ability. The good corrosion resistance led workers at Airbus to investigate substitut-
ing unclad 5028 for clad 2024 [39]. Benefits from this approach include reducing 
weight due to an increase in load bearing strength across the entire thickness of the 
sheet and reduced rework issues associated with damage to soft clad layers. 
Widespread adoption has not yet occurred partially due to supply concerns associ-
ated with Sc. The primary focus of the effort has moved away from welded struc-
tures and Aleris is working to fully qualify AA5028 for airframe applications [40].

Trade studies [28, 41] were performed to characterize cost and performance 
advantages associated with substituting Al-Mg-Sc alloys for high-strength Al-Cu-Li 
alloys. Scandium increases the cost for raw materials required to cast ingots and 
billets, but it does not require modified casting schedules. Lithium adds to both the 
raw material costs and manufacturing cost due to required modifications to casting 
equipment and schedules. One study led by Vorel [41] at Airbus Defense and Space 
evaluated properties and performance for the Al-Mg-Mn-Sc alloy 5028 relative to 
alloys currently used to build propellant tankage for space launch vehicles. Yield 
strength for 5028 is slightly lower than the conventional Al-Cu alloy 2219 (325 MPa 
vs. 360  MPa) and much lower than the Al-Cu-Li alloy 2195 (yield strength of 
550 MPa). However, the lower density 2.67 g/cm3 for 5028 vs. 2.84 g/cm3 for 2219 
and 2.71 g/cm3 for 2195 make the alloy attractive based on high-specific properties. 
The specific Youngs modulus (27.7) is higher than 2219 (25.6) and close to 2195 
(28.0). This work determined that the Al-Mg-Sc alloy 5028 offers advantages for 
design of lightweight inter-tank structures and interstage structures. In addition to 
good specific properties, Al-Mg alloys have good corrosion resistance and compat-
ibility with different propellants (e.g., H2O2). Work at NASA [42] showed that 
Alcoa’s Al-Mg-Sc alloy C557 has stability in the H2O2 propellant and that it can be 
classified as Class 1 (i.e., Unlimited use materials — Can be used for long-term 
contact with H2O2 as storage containers.) Domak and Dicus [28] characterized the 
mechanical performance of C557 for aerospace applications including aircraft and 
launch vehicles structures. Their work focused on strength toughness behavior at 
temperatures from −184 °C to 107 °C to establish service temperature applicability, 
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and after exposures of up to 10,000 h at 107 °C to evaluate thermal stability. They 
concluded that “yield strength and apparent fracture toughness values of C557 
were within 10% of established values for 2024-T3 sheets.”

In 2000, Filatov et al. [27] reviewed the development and potential applications 
for “New” Russian Sc-containing Al-Mg alloys. They reviewed work that was initi-
ated at VILS in the 1970s and discuss alloys with Mg levels ranging from approxi-
mately 6 wt% (i.e., 01570 and 01571) down to approximately 1 wt% (i.e., 01515). 
Nominal compositions for these alloys are provided in Table 15.1. The early work 
at VILS demonstrated casting of thick ingots with non-dendritic structures when a 
critical Sc level is maintained. Thus, Sc levels of between 0.2 and 0.3 wt% are pres-
ent in these alloys. The high Mg alloy 01571 was developed as a filler metal alloy 
where 85% joint efficiencies are obtained when it is used to tungsten inert gas (TIG) 
weld the high-strength alloy 01570. The medium-strength alloy (i.e., 01535) has 
high strength and shows good properties in cryogenic applications which make it a 
good candidate for the production of welded structures for liquid hydrogen (H2)/
liquid oxygen (O2) tanks. Alloy 01523 which contains 2.1 wt% Mg maintains the 
good corrosion resistance inherent in low Mg alloys but has much higher strength. 
Potential applications for this include welded tankers and tank cars. These authors 
note that “scandium-bearing alloys are still expensive and applied rarely.” Eskin 
[43] provides an update on the review by Filatov et al. [27] and cites unique exam-
ples of applications for Al-Mg-Sc alloys in welded aerospace applications.

As discussed in Sect. 15.2, Sc levels greater than approximately 0.2 wt% are 
typically required to refine the cast structure during casting of ingots and billets 
used to fabricate wrought products (e.g., extrusions, plate, sheet and forgings). In a 
recent patent application, Krokhin et al. [44] pointed out “that commercial Al-Mg-Sc 
alloys typically contain approximately 0.2 wt% Sc.” Recent work at Rusal [45] has 
focused on benefits from low Sc additions (<0.1 wt%) in Al-Mg alloys in an attempt 
to reduce the cost of these alloys. This work shows (Fig.  15.7) that most of the 

Fig. 15.7 Increase in strength for Al-Mg-Sc wrought alloys associated with Sc level [45]
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increase in strength for AlMgSc is imparted by 0.1 wt% Sc [45]. Two new Al-Mg-Sc 
alloys (Table 15.1) were registered with the American Aluminum Association: low 
Sc (5081–0.1 wt%) and very low Sc (5181–0.03 wt%). Rusal is currently working 
to commercialize these “low-Sc” corrosion-resistant Al-Mg-Sc alloys for marine 
and aerospace structures This effort relies on the supply of scandium oxide (Sc2O3) 
using their novel approach to remove Sc from red mud (i.e., bauxite residue pro-
duced during processing of bauxite (Al2H2O4) into alumina (Al2O3) using the Bayer 
process).

15.3.3  Al-Zn-Mg (Cu) (7XXX/19XX-Series) Alloys

Ashurst Technology was awarded a patent [46] that teaches the benefits of combin-
ing Sc with Zr to improve performance in 2xxx, 7xxx and 6xxx-series Al alloys. 
Materials engineers and scientists at Ashurst Technology worked with Kaiser 
Aluminum and various Institutes in Ukraine to commercialize a family of ultrahigh- 
strength and high-strength weldable Sc-containing alloys. Highly worked tubular 
products were fabricated from these Sc-containing alloys and used to manufacture 
sporting good products (e.g., baseball bats and bicycle frames). The trace addition 
of Sc reduces recrystallization and the materials remained unrecrystallized during 
the draw/anneal steps required to make thin-walled products. Ashurst worked with 
Kaiser Aluminum and Easton Sports to develop tubes for bicycle frames from a 
weldable high-strength Sc-containing alloy (i.e., Sc7000) with a composition close 
to 7X0X (Table 15.2). A novel Sc-containing Al-Mg-Sc alloy (i.e., AA5025) was 
developed as a filler metal for fusion welding of the bike frames. As shown in 
Fig.  15.8, the combination of Sc in the base alloy and in the filler resulted in a 

Fig. 15.8 Weldment in (a) Weldable Sc-containing Al-Zn-Mg alloy Sc7000 welded with 
Sc-containing Al-Mg alloy and (b) Conventional weldable 7005 alloy with conventional filler
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refined microstructure in weldments. Easton designed lightweight durable bike 
frames based on the weldability of these high-strength tubes.

The ability to maintain refined grains during extensive drawing and swagging 
allowed Easton to fabricate thin-walled high-performance ball bats. Alcoa devel-
oped a similar Cr-containing alloy that was used by Easton’s competition in the ball 
bat market. Both products were commercially successful. Unfortunately, the perfor-
mance was “too good” and these bats were banned from competition.

An ultrahigh-strength Sc-containing 7xxx-series alloy was used by companies, 
including Yuan Aluminum Company in South Korea, to manufacture high- 
performance tent poles. The Yunan Scandium PF poles are designed with a yield 
strength of 109 ksi compared with 83 ksi for conventional AA7001 poles [47].

Smith and Wesson were awarded a U.S. patent [48] for the use of Sc in firearms. 
They developed and commercialized a high-strength Sc alloy for handgun frames.

In the mid-2000s, Surface Treatment Technologies (ST2) developed and pat-
ented [49] a high-strength corrosion-resistant Sc-containing Al alloy (i.e., 7xa) for 
use in marine structures. ST2 worked with ship builders to qualify the patented alloy 
for a demanding shipboard application. Extensive testing was performed to develop 
specifications for the alloy and components were fabricated using the conventional 
U.S.-based supply chain (i.e., master alloy production, billet casting, extrusion, heat 
treating and machining). Scandium oxide was sourced on the “open market” which 
primarily came from China or former Soviet Union (FSU) countries. Finished com-
ponents were delivered and installed on ships. The alloy did not ultimately see 
widespread use due to restrictions in the supply of Sc2O3.

These “supply disruptions” caused the price for Sc to rise drastically, with the 
price for the Al-Sc master alloy increasing from approximately $40/kg to close to 
$200/kg. While this price increase could have been temporarily absorbed in high- 
value applications, it became increasingly difficult to source the Sc2O3 that was 
necessary to support U.S. industry. As a result, a less-suitable Sc-free alloy was 
qualified.

15.3.4  Al-Mg-Si (Cu) (6XXX/13XX-Series) Alloys

Very few Sc-containing Al-Si-Mg 6xxx-series-type alloys have been commercial-
ized due to the deleterious interaction between Sc and Si [50, 51]. This interaction 
is known to reduce beneficial effects of Sc additions in these alloys by (1) substitut-
ing for Al in the Al3Sc dispersoids which modifies nucleation, resulting in coarsen-
ing (i.e., loss in strengthening), and (2) formation of a coarse incoherent 
non-strengthening Al-Sc-Si ternary phase [19, 50] which removes Si and Sc from 
solution reducing strength. Work by Zakharov [52] and Booth-Morrison et al. [53] 
demonstrated that Si enhances breakdown of the Sc solid solution.

The patent by Willey [23] demonstrated that Sc additions can be used to increase 
strength in 6xxx-series alloys. He provided examples of Sc additions to commercial 
Al-Mg-Si alloys including 6061, 6351, 6161 and 6063. One example shows a 10 ksi 
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Table 15.4 Strength of Al-Mg-Si alloy sheet with and without 0.3 wt% Sc addition

Alloy Tensile strength, ksi Yield strength, ksi Elongation, %

Al-0.7 Mg-0.4Si (No Sc) 22.4 14.2 13
Al-0.7 Mg-0.4Si (0.3 Sc) 31.2 24.4 13

Cast ingots with 75% cold roll reduction. Aged for 8 h at 285–290 °C after cold work

Table 15.5 Mechanical properties of Sc-modified Al-Mg-Si 6061 alloy with 0.4 wt% Sc [54]

Alloy Yield strength (YS) Ulimate tensile strength (UTS) Elongation, %

6061 30.7 35.1 19
M6061 40.2 45.7 13

increase in yield strength (Table  15.4) for an Al-0.7  Mg-0.4Si model alloy (i.e., 
composition falls within registered range for AA6063) after aging for 4 h at 177 °C 
and 8 h at 288 °C. Strengths in a peak-aged T6-type temper was not disclosed in this 
patent so it is not clear how the Sc addition affected the precipitation Mg-Si β’-type 
strengthening precipitates in these alloys.

Tack [54] disclosed that adding 0.4 wt% Sc to the Al-Mg-Si alloy 6061 increased 
strength by approximately 10 ksi in a T6-type temper and reduced hot cracking dur-
ing welding (Table 15.5).

The Russian alloy 1370 was developed as an advanced material to be used in 
place of the Al-Cu-Mg alloy AA2024 [55]. Kurenkov et al. [56] reported that the 
alloy “is used as skin on fuselages of hydroplanes and in naval aviation.” This alloy 
is strengthened by Mg2Si (β) and Al5Cu2Mg8Si (Q) precipitates and is reported to 
have similar Mg, Si and Cu levels with AA6065 but also contains Zr, Sc and Ni. No 
effects of the Sc addition on precipitation of these strengthening phases were 
reported in the work by Kolobnev and coworkers [55, 57]. Work by Litynska- 
Dobrzynska [58] showed that needlelike Q-type strengthening phases coexist with 
fine spherical Al3Sc dispersoids after heat treatment and artificial aging in an Al-1.
0 Mg-0.6Si-1.0Cu-0.4Sc-0.2Zr wrought alloy.

Recent work [59] has focused on developing heat treatment schedules that pro-
mote precipitation of fine Al-Sc-strengthening dispersoids that can be used to aug-
ment and enhance strengthening from the Mg-Si and Mg-Si-Cu precipitates that are 
typically found in 6xxx-series-type alloys. Novel heat treatment schedules have 
been disclosed in the U.S. patent application by Langan and Dorin [59] that opti-
mize nucleation of dispersoids and extract all of the strengthening from the Sc 
addition.

Work [20, 60, 61] performed at Deakin University and Michigan Tech demon-
strated that trace Sc additions increased strength in conventional low-strength 6xxx- 
series alloys (i.e., 6005) by as much as 100 MPa. One key outcome of this work 
found that the addition of Sc did not adversely impact extrudability of these alloys 
[60]. This is commercially important because these 6xxx-series alloys are typically 
selected based on low product cost. Thus, a high-strength Sc-containing variant can 
potentially be produced cheaper than conventional highly alloyed 6xxx-series alloys 
(e.g., 6111).
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15.3.5  Other Alloy Systems

“High-strength” Sc-containing Al alloys with good electrical conductivity have 
been developed for use in electric wire. Aluminum alloys are used extensively in 
overhead transmission cable based on their low density relative to Cu giving them 
much high specific conductivity [62]. Alloying to increase strength typically reduces 
conductivity in Al alloys. Conductor grade alloys [63] such as AA1350 have high 
conductivity (e.g., 60.9% IACS (International Annealed Copper Standard)) but low 
strength (e.g., UTS of only 180 MPa). Higher-strength alloys such as AA6201 (e.g., 
UTS 330 MPa) are used in overhead cable but the conductivity is much lower (e.g., 
52.5% IACS).

The Fe-containing, 8xxx-series alloys have been developed for cable applica-
tions. Iron additions increase strength and creep resistance (i.e., cables can heat up 
during service) due to precipitation of Al-Fe phase. Zhang et  al. [64] looked at 
increasing strength and creep resistance in an 8xxx-series alloy by adding Sc. They 
pointed out that precipitation strengthening using the REE europium (Er) and tran-
sition elements Sc and hafnium (Hf) increases mechanical properties without 
degrading conductivity.

Work led by Professor Dunand and Seidman at NWU has focused on under-
standing nucleation of L12 precipitates in Al alloys. A key part of this work focused 
on finding alloying elements that can substitute for Sc [65]. NanoAl LLC was 
formed to commercialize Al alloys containing heavy rare earth elements (HREE), 
particularly Er and Yb that supplement or substitute for Sc. NanoAl LLC and 
General Cable [66] disclosed an approach that utilized inoculant elements to modify 
nanoscale precipitation of Zr in Al alloys including Al-Fe 8xxx-type alloys that can 
contain Sc. Zhang et al. [67] demonstrated that adding Sc to Al-Zr alloys signifi-
cantly improves creep resistance. Testing is ongoing to qualify these materials for 
commercial applications.

NanoAl LLC is also working [68] to develop an Al-Sc-Zr alloy that can be used 
to encapsulate ceramic reinforcement tiles in hybrid composite armor systems. The 
Sc-containing alloy can be used in the as-cast condition, where no high-temperature 
heat treatment is required. Moderate strength can be obtained in this alloy using a 
two-step aging schedule designed to minimize thermal stress on the encapsulated 
ceramic tiles; 4 h at 300 °C plus 8 h at 425 °C. Research on this system was sup-
ported by NanoAL LLC and the U.S. Army.

Deutschland GmbH and Co KG [69] disclosed a Sc-containing Al alloy for 
bonding wire. The patent specifies composition and processing that ensure that 30% 
of the Sc is present in fine Al3Sc dispersoids having a diameter of less than 25 nm. 
This wire [70] demonstrated considerable improvement in lifetime after wire bond-
ing in microelectronic applications.
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15.4  Scandium Supply

In 2020, the world market for Sc2O3 was estimated to be approximately between 15 
and 30 tonnes, the bulk of which came from Chinese suppliers. As far as metal mar-
kets go, the Sc market is small, opaque and highly concentrated. There is no primary 
mine supply, with material mostly recovered from waste-processing operations. The 
Sc market is classically chicken and egg. Widespread commercial adoption has 
been hampered by lack of supply, with customers unprepared to commit to single- 
source or ‘high-risk’ supply chains. In turn, the lack of supply growth has kept 
prices too high to motivate commercial adoption. Scandium oxide prices are 
extremely volatile and are highly influenced by volumes and delivery times. Over 
recent years, oxide prices have been quoted from $1000/kg to over $4000/kg. In 
addition, price supply has been controlled for political reasons. As reported by the 
Congressional Research Service [71], “…in July 2010, China announced that it 
would reduce its export quota of rare earth elements by 70% during the second half 
of 2010 over the previous year’s level (or a 40% drop for the full year over 2009 
levels).” The same report goes on to state that “In September 2010, China report-
edly delayed shipments of rare earth to Japan (the world’s largest rare earth 
importer) for about two months because of a territorial dispute.”

Of the approximately 15–30 tonnes of Sc2O3 consumed each year, it is estimated 
that more than half is consumed in solid oxide fuel cells (SOFC). Bloom Energy 
Corporation [72] accounts for most of this demand. The balance of demand is con-
sumed mostly in the production of high-strength Al-Sc alloys used in aerospace 
programs (e.g., China and Russia) and a variety of other military applications.

Future commercialization of Sc-containing alloys will be contingent upon devel-
opment of a market for supply of Sc. A key factor in the development of the market 
is establishing a stable price. At present, the price per weight percent Sc addition in 
a wrought alloy is directly related to the price of Sc2O3 (Fig.  15.9). Royset and 
Ryum [4] suggest that the cost for Sc in the master alloy needs to fall to an equiva-
lent price of $400/kg Sc before widespread adoption of Sc-containing alloys can 
take place.

A review [73] of sources for recovery of Sc concluded that red mud and Ni-laterite 
mining provide the most promising resources for increased future production of Sc. 
Other sources currently under evaluation include mining of Sc and other REE from 
deep-sea sediments.

15.4.1  Mining Sc-Containing Minerals

“High concentrations” of Sc are found in two minerals – thortveitite ((Sc,Y)2Si2O7) 
and kolbeckite (ScPO4⋅2H2O). Thortveitite can contain up to 45% Sc in the form of 
Sc2O3 [74]. Deposits containing these minerals are rare and it was estimated that 
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Fig. 15.9 Alloy input cost in USD/lb. as a function of Sc content in alloy

only about 20% of the Sc supply came these sources in 2003 [73]. These minerals 
are mined from deposits in Madagascar and Norway [75]. Scandium has also been 
recovered from (Sc,Y)2Si2O7 tailings at the crystal mountain fluorite mine near 
Darby, Montana, in the United States [73].

15.4.2  Extraction of Scandium as a Coproduct

 Rare Earth Mining

Scandium is present in solid solution in REE-containing minerals (e.g., aegirine 
(NaFeSi2O6), bastnaesite ((M)(CO3)F; M = Light rare earth element (LREE), Ca) 
and monazite ((M)PO4; M = Ce,La,Nd,Th)). A paper published in 2018 by Williams- 
Jones and Vasyukova [76] reports that “Approximately 90% of global scandium 
production (15 tonnes) comes from the Bayan Obo deposit in China.” Unfortunately, 
this claim is not supported by the reference they cite [77]. They [76] also report that 
“… the scandium resource has been estimated at 140,000 tonne.” The operation of 
this mine may reportedly [78] be controlled by the newly formed Inner Mongolia 
Baotou Steel Rare-Earth (Group) Hi-Tech Co, but Grandfield [72] reports that Sc 
extraction is no longer active at the Bayan Obo mine in China.

 Iron/Uranium Mining

High concentrations of Sc (approximately 100 ppm) are present in a polymetallic 
ore body near Zhovti Vody in Ukraine [77]. Scandium recovered at the Nova Fe/
uranium (U) mine in this ore body was used in high-strength Al alloys during Soviet 
times. In the mid-1990s, a Canadian company, Ashurst Technologies Corp., worked 
under a joint venture with their Ukrainian partners (VostGOK and The Institute for 
Problems in Materials Science (IPMS)) to mine Sc at the Nova Mine and produce 
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Al-Sc master alloy. This venture successfully created demand for Sc but was unsuc-
cessful at generating supply. It is reported that the Nova mine was permanently 
closed in 2004 [77].

Dalur, JCS, a subsidiary of Atomredmetzoloto (ARMZ) Uranium Holding 
Company/Mining Division of Rosatom State Atomic Energy Corporation, 
announced commissioning of mobile sorption units to increase Sc output during 
in- situ U leaching [79]. The United States Geological Survey (USGS) reported pro-
duction capacities in Dalur, Kurgan region of 570 kg Sc2O3 per year and 24.5 tonnes 
of Al-Sc alloy per year [80].

 Nickel Laterite Mining

A Sc-refining plant designed to recover 7.5 tonnes of Sc2O3 per year is currently 
operated by Sumitomo in association with the Taganito HPAL Ni/cobalt (Co) proj-
ect in the Philippines [81].

Research and development efforts focused on Sc extraction are currently under-
way at the Nikel Kobalt Ni laterite mine in Gordes, Turkey [82, 83]. The USGS 
reports that a pilot plant at this facility produced small quantities (less than 1 kg) of 
ammonium scandium hexafluoride (NH4)3ScF6) in 2021 [80].

Several projects under development in Australia bring promise of directly min-
ing for Sc. Clean TeQ’s Sunrise Project [24] hosts one of the world’s largest and 
highest-grade accumulations of Sc ever discovered. Here Sc will be produced as a 
by-product, making production costs very low, with initial production estimated at 
85 tpa Sc2O3, with the potential to be easily expanded (i.e., 2x). A large-scale pilot 
plant campaign was carried out in 2015 on ore from Sunrise to produce Sc2O3 sam-
ples for potential customers.

15.4.3  Extraction of Scandium from Mining and Industrial 
Waste Streams

 TiO2 Production Waste Stream

Historically, most of the Sc2O3 from China has been extracted from acid waste gen-
erated during production of titania (TiO2) pigment. A 2018 review by CM Group 
authored by John Grandfield [72] reported that the total Sc2O3 production capacity 
in China was 60 tonnes/year with an additional 20 tonnes of capacity “in the pipe-
line.” They also reported a utilization rate of only 20% in 2017 resulting in a total 
production of only 12 tonnes of Sc2O3.

Several projects outside of China have also focused on recovery of Sc from TiO2 
waste streams. In one such effort, the Clean TeQ’s Clean-iX® continuous ion- 
exchange process was optimized. This work culminated in operation of a large-scale 
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Sc recovery pilot plant with a major Japanese TiO2 producer in 2015. Unfortunately, 
recovery of Sc does not reduce the volume of the waste that must be disposed. This 
resulted in limited adoption of this process by western pigment producers. The 
SCALE and ScaVanger projects [84, 85] funded by the European Union (EU) are 
revisiting the approach for developing production of Sc from European metallurgi-
cal wastes. TRONOX, a global leader in mining, processing and manufacture of 
TiO2 pigment, is participating in these projects and is providing samples from its 
waste stream as part of the SCALE project.

Recent work by Rio Tinto [86] resulted in development of “an innovative pro-
cess to extract high purity scandium oxide from the waste streams of titanium diox-
ide production, at its ilmenite mine in Havre-Saint-Pierre, Quebec.” This facility, 
scheduled to initiate commercial production in 2021, will be the first Sc recovery 
facility in North America that is capable of producing three tonnes of Sc2O3/year.

 Red Mud – Waste Stream from Processing Bauxite into Alumina

Scandium is naturally associated in Al ore (bauxite) with aluminum-phosphate min-
erals containing up to 0.8% Sc2O3 [73]. The Bayer Process that is used to extract Al 
from bauxite enriches the Sc level in the waste residue (i.e., red mud). Notably, Sc 
in red mud can be twice the level contained in the ore. Wang [73] estimated that 
4100 tonnes of Sc2O3 could theoretically be extracted annually. They assumed an 
80% recovery rate from the 102.5 Mt. of red mud with an average Sc2O3 content of 
50 ppm that was generated worldwide in 2008.

The EU initiated a major initiative, SCALE, to develop technologies required to 
extract Sc from dilute mediums [84]. Recovery methods were being developed to 
produce Sc compounds and Al-Sc alloys from by-products of Al and Ti mining and 
processing.

Rusal [87] is continuing pilot studies for production of Sc from red mud at the 
Urals Al smelter (UAZ) in Russia. This facility will produce approximately 3 tonnes 
of Sc2O3/year [87].

 Extraction of Scandium from Coal Fly Ash

A number of reviews and laboratory studies have identified fly ash from coal-fired 
power generation as a potential source for Sc [75, 88, 89]. Scandium levels in fly ash 
vary based on origin of coal, with levels from 0.5 to 297 ppm reported in the litera-
ture [75]. Chernoburova and Chagnes [90] report that processes for extracting Sc 
have “reached the commercialization level.” It is interesting to note that the USGS 
does not include a discussion about Sc in their Fact Sheet entitled “Rare Earth 
Elements in Coal and Coal Fly Ash.” [91]
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 Phosphogypsum Waste – Residual from Phosphorus Fertilizer

Phosphate rock (fluorapatite (Ca5(PO4)3F)) is digested to generate the phosphoric 
acid (H3PO4) used in the production of the phosphorus fertilizer DAP (Diammonium 
Phosphate ((NH4)2HPO4)) and MAP (Monoammonium Phosphate (NH4H2PO4)). 
Up to 6 tonnes of waste are produced for every tonne of phosphorus pentoxide 
(P2O5) produced [92], with approximately 200 million tonnes/year of waste pro-
duced worldwide [92–94]. The bulk (i.e., 65–95 wt%) of the waste phosphogypsum 
(synthetic CaSO4⋅2H2O) product is made up of gypsum (naturally occurring 
CaSO4⋅2H2O) [94] which cannot be used in construction because the waste contains 
trace metals and radioactive elements. Only about 15 tonnes of the synthetic 
CaSO4⋅2H2O has been recycled [94], with more than 7 billion tonnes [93] held in 
large untreated stockpiles. The synthetic CaSO4⋅2H2O waste stream, which contains 
up to 1 wt% REE [92–94], has been identified as a potential source for Sc recovery 
[75]. A waste synthetic CaSO4⋅2H2O sample from Florida contained 218 ppm of 
total REEs with only 1 ppm of Sc [94].

15.5  Production of Scandium Master Alloys

Suzdaltsev [95] reviewed advantages and disadvantages associated with producing 
Al-Sc master alloys using conventional approaches including (1) direct fusion of Sc 
with Al, (2) aluminothermic synthesis using Sc salts or oxide and (3) electrowinning 
in molten salts using Sc salts or oxide.

Direct alloying of pure Sc with Al provides the most control of composition and 
allows higher levels of Sc to be added. Unfortunately, production of pure Sc is dif-
ficult and expensive. Royset [3] points out that the cost of producing master alloys 
from pure Sc is approximately ten times more expensive than from Sc2O3.

The master alloy used to produce Sc-containing wrought alloys is currently pro-
duced primarily using proprietary alumothermic-type approaches. Direct reduction 
of Sc-fluoride (ScF3) or Sc2O3 with Al is difficult because Sc is more electronegative 
than Al. These reactions may progress with formation of an intermediate aluminum 
scandium (Al3Sc) phase [95]. An early Soviet patent awarded to Skorovarov [96] 
extracts Sc from scandium fluoride (ScF3) in molten Al under vacuum. A patent [97] 
awarded to Alcoa demonstrated that Al-Sc master alloy can be produced by placing 
pellets of pressed Al and Sc2O3 powder into molten Al. Examples from this patent 
identified low Sc levels (approximately 0.5 wt%) in the master alloy. In another 
approach [95], a two-step process was used to manufacture Al-Sc master alloy by 
extracting Sc from ScF3 or Sc2O3. In the first step, potassium (K) and Na fluorine- 
scandates are formed by reacting ScF3 or Sc2O3 in a molten flux: NaF-KCl with ScF3 
and NaF-KCl-AlF3 with Sc2O3. The scandates (K3ScF6 or Na3ScF6) are reacted with 
molten Al to form the Al-Sc master alloy. A Russian patent using a similar approach 
was awarded to Borisovich and Yurievich [98]. Modified approaches involving reac-
tion with scandium sulfide (Sc2S3) are currently under investigation [99].
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Extensive research and development (R&D) [95, 100, 101] has been devoted to 
developing electrowinning approaches for extracting Sc2O3 into Al-Sc master alloys. 
A number of patents have been awarded or filed based on this approach including 
[102, 103], however, the authors of this chapter are currently unaware of any com-
mercial application of this method.

15.6  Conclusions

The benefits of Sc when used as an alloying element in Al are well established. 
These benefits largely come from the formation of nm-size L12 Al3Sc dispersoids 
that provide significant strengthening to the Al alloys. This strengthening comes 
from various mechanisms, summarized as the “Four pillars” of Sc in Al 
which include

• Grain refinement
• Increase of recrystallization temperature
• Dispersoids strengthening
• Nucleation of additional strengthening phases.

Scandium has also been reported to positively influence a range of other proper-
ties such as formability, weldability and corrosion resistance. Despite all of these 
benefits, the number of commercial applications to date has been very limited and 
restricted to a few niche low-volume markets. For the industry to widely adopt Sc, 
a larger and reliable supply of Sc is required. When this can be achieved, a long- 
term supply of low-cost Sc will ensure the use of Sc in a wide range of industrial 
sectors.
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Chapter 16
Rare Earth Oxide Applications in Ceramic 
Coatings for Turbine Engines

David L. Poerschke and Jessica A. Krogstad

16.1  Protective Ceramic Coating Applications 
and Requirements

Gas turbines underpin the global energy and transportation infrastructure. Presently, 
turbine engines provide propulsion for most commercial cargo and passenger air-
craft. Natural gas turbines have grown in importance for both base and peak-load 
electrical generation, and currently provide approximately 40% of U.S. electricity 
demand [1]. Ceramic coatings play a critical role in protecting structural compo-
nents in the hot section of these turbines, enabling higher operating temperatures for 
improved efficiency and performance. These coatings serve two primary functional 
roles. Thermal barrier coatings (TBC) insulate internally cooled components, 
implying the selection of materials and microstructures that lead to low thermal 
conductivity (κ) of the coating [2–4]. Environmental barrier coatings (EBC) are 
used to protect the components from degradation caused by reactions with corrosive 
species in the combustion gases [5–7]. For EBCs, the primary requirements are low 
permeability of oxidizing species including oxygen and water vapor, and resistance 
to volatilization either by direct evaporation of the coating material or by reactions 
with water vapor that form gaseous hydroxides.

In addition to these primary functions, the coatings must satisfy additional per-
formance and durability requirements. First, the coatings must be mechanically 
robust. A core challenge is managing the thermo-cyclic stresses that arise due to a 
coefficient of thermal expansion (CTE, α) mismatch (Δα) between the coating and 
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component or between coating layers. The magnitude of the thermal stress (or 
stored elastic strain energy) in the coating is determined by the product of the degree 
of mismatch and temperature change (ΔαΔT), the coating stiffness and the coating 
thickness. To limit these stresses, it is necessary to either select a coating material 
that minimizes Δα or to employ compliant porous or segmented microstructures to 
decrease the coating stiffness. High coating toughness, achieved through a combi-
nation of material selection and architecture control, is also important to limit coat-
ing cracking caused by thermal stresses or foreign object impact. Second, the 
coatings must be thermochemically stable in the combustion environment. This 
requires (1) a high melting temperature, (2) thermodynamic compatibility with 
the substrate and other coating layers, (3) the absence of deleterious phase transfor-
mations when heating and cooling over the service temperature range, (4) low vola-
tility, and for porous coatings, (5) resistance to sintering [3, 7]. Additionally, the 
coatings must resist degradation caused by corrosive sulfate and oxide deposits that 
arise when ingested debris (i.e., salts, dusts, ashes) accumulates on the coating sur-
faces [8, 9].

This broad list of performance requirements significantly limits the menu of suit-
able coating materials and often necessitates the use of multilayer coating architec-
tures to achieve the desired characteristics. With few exceptions, RE oxides play a 
critical role in most commercially relevant and prospective coating materials. 
Historically, the industrially preferred materials contained RE oxides that are pres-
ent in minor fractions to stabilize specific crystal structures. However, materials 
comprising RE oxides as a primary component are growing in prominence. The 
utilization of RE oxides will continue to increase in future generations of coating 
architectures, due to growing demand for turbine engines, increasing utilization of 
coatings and increased concentration of RE oxides in these coatings. This chapter 
reviews the current coating applications, introduces relevant RE-containing mate-
rial families and discusses the coating development trends and anticipated impacts 
on REO utilization.

16.1.1  Thermal Barrier Coatings (TBC) for Ni-Based Alloys

Today, TBCs are used primarily to protect nickel-based superalloys which are used 
throughout the turbine hot section, including combustor liners, shrouds, vanes (noz-
zles) and blades (buckets). The TBC system comprises multiple layers that each 
serve specific functions. An oxidation-resistant metallic or aluminide bond coat pro-
tects the underlying alloy by forming an adherent, slow-growing alpha-alumina 
(α-Al2O3) thermally grown oxide (TGO). RE metals are often used as a component 
of these bond coats to improve the oxidation characteristics and TGO adherence, as 
elaborated elsewhere in this book. An insulating ceramic top coat is then deposited 
to provide thermal protection. The typical architecture is shown in Fig. 16.1.

The CTEs of the superalloys which fall in the range of 14 × 10−6/K to 18 × 
10−6/K [10, 11] exceed those of most ceramic materials capable of high temperature 
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Fig. 16.1 Schematic showing typical TBC architecture on a Ni-based superalloy deposited using 
various techniques, and EBC architecture on a SiC-based ceramic matrix composite. (Adapted 
from Poerschke et al. [8] Typical coating thicknesses range from ~100 μm to ~1 mm depending on 
the component geometry and application requirements)

service. The most used TBC materials are RE-stabilized zirconia (ZrO2) and RE 
zirconates that have CTEs in the range of 10 × 10−6/K to 12 × 10−6/K [12–14]. It is 
generally assumed that at high temperature the thermal stresses are relaxed due to 
creep in the alloy. Upon cooling at the end of the service cycle, compressive stresses 
generated because of this negative Δα between the TBC and alloy can drive coating 
delamination. To reduce the magnitude of these thermal stresses the coatings are 
typically deposited with a porous or segmented microstructure which reduce the 
in-plane stiffness and the total thermal conductivity of the coating.

Several effective techniques have been developed to achieve these engineered 
microstructures [15, 16]. The selection of the coating material, including the iden-
tity of the RE oxide, is influenced by the capabilities (and limitations) of the pro-
cessing methods. Electron-beam physical vapor deposition (EB-PVD) utilizes 
electron-beam heating to evaporate a source material within a vacuum chamber, and 
the component to be coated is rotated through the vapor plume. A combination of 
preferential growth of specific crystallographic directions and shadowing effects 
associated with the component rotation result in the growth of columnar grains. The 
size, shape and distribution of porosity in these coatings can be tuned through pro-
cess parameter control [17–20]. EB-PVD coatings provide good functional perfor-
mance and durability, but the vacuum processing requirements increase cost. There 
are also technical limitations for depositing materials containing components with 
disparate vapor pressures, which can lead to significant composition variations 
through the thickness of the deposited coating [21, 22]. In contrast, for atmospheric 
plasma spray (APS) deposition particles of the ceramic feedstock are injected into a 
plasma torch directed toward the substrate. The particles melt in flight, forming a 
splat-like morphology as they impact and accumulate on the component surface. 
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Processing parameters can be tuned to control the coating density, toughness and to 
induce controlled vertical cracks to reduce the in-plane stiffness [23, 24]. This depo-
sition approach is more efficient and thus lower cost than EB-PVD and is also ame-
nable to a larger range of materials. However, reduced compliance and the incidence 
of microstructure defects can reduce durability compared to EB-PVD coatings. 
Hybrid processing approaches utilizing plasma torches with liquid solution or sus-
pension precursors (i.e., suspension or precursor plasma spray, SPS  or PPS), or 
plasma spray at reduced pressures (i.e., plasma spray PVD, or PS-PVD) can capture 
desirable attributes of both techniques [25, 26].

Degradation caused by the accumulation of ingested debris on coating surfaces 
is a core challenge to overcome in future coating designs. These deposits which are 
commonly termed “CMAS” owing to the common presence of calcium oxide, mag-
nesium oxide, alumina and silica (CaO, MgO, Al2O3 and SiO2 − CMAS), form 
when ingested silicious debris adheres to coating surfaces and melts. This melt 
readily penetrates the open porosity used to achieve thermal strain tolerance. Upon 
cooling, elevated stresses in the stiffened coating drive premature coating cracking 
and spallation [27, 28]. There is a strong tendency for reactions to occur between the 
adhered debris and the RE oxides present in many coating materials. In some cases, 
the reactions destabilize the coating materials further contributing to the accelerated 
degradation [29]. In other cases, the reactions have proven to be beneficial by rap-
idly crystallizing the infiltrating melt [30]. Understanding the relationships between 
the REO chemistry in the coating and the reactions with various CMAS deposits has 
been an area of intense interest. The effectiveness of RE oxides to partially mitigate 
the degrading effects of CMAS on TBCs influences decisions related to the selec-
tion of specific RE compositions in coating materials, and is partially responsible 
for the increased REO utilization in coatings [8, 31].

Today, ongoing TBC development efforts focus on identifying new materials, 
architectures and processing pathways to further increase the temperature capabili-
ties and durability of the coating systems. As elaborated in Sect. 16.3, the broad 
trend is toward multilayer coating architectures that combine multiple RE-containing 
coating materials to meet specific performance requirements.

16.1.2  Environmental Barrier Coatings (EBC) for Ceramics 
and Ceramic Composites

There is significant interest in leveraging the lower mass density and increased tem-
perature capability of monolithic ceramics or ceramic fiber-reinforced ceramic 
matrix composites (CMC) based on silicon carbide (SiC), silicon nitride (Si3N4) and 
Al2O3 to replace metallic turbine components [32]. Si-based ceramics form a slow- 
growing SiO2 TGO which protects the ceramic from high temperature oxidation in 
dry environments. However, the presence of water vapor significantly accelerates 
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oxidation due to increased oxidant transport through the silica-TGO and volatiliza-
tion of the protective TGO via the formation of volatile silicon hydroxides [33–35]. 
Without protection, the SiC loss rate can approach 1 mm per 1000 h under typical 
turbine operating conditions which significantly limits the lifetime of components 
that are typically only several millimeters thick [36]. For Al2O3-fiber- reinforced 
composites, water vapor increases the fiber creep rate and reduces the creep lifetime 
[37, 38]. Volatilization via reactions forming gaseous aluminum hydroxides also 
leads to surface recession [35, 39].

EBCs have been developed to protect ceramics from these deleterious reactions 
by limiting access of the combustion gases to the structural ceramic. This applica-
tion requires a dense, low-permeability structure (Fig. 16.1). SiC and Si3N4 have 
CTEs around 5 × 10−6/K. Early EBCs for SiC used ZrO2-based materials. Testing 
showed that the tensile stresses generated in the coating upon cooling due to the 
positive Δα caused cracks to penetrate from the surface through the coating and into 
the underlying composite. Localized degradation occurred when combustion gas 
penetrated these cracks [40, 41]. Subsequent development efforts focused on iden-
tifying materials that minimize the Δα, and have identified several families of RE 
silicates offering desirable property combinations [6]. The higher CTE of alumina-
based composites (approximately 8 × 10−6/K) requires EBC materials with CTEs 
falling between those of the RE-zirconia and RE-silicate coating materials. Their 
development has focused on RE aluminates and RE oxides [42, 43]. EBCs are typi-
cally deposited by plasma spray processing owing to the ability to deposit diverse 
materials chemistries and to produce dense microstructures [6, 44, 45]. There are 
also ongoing efforts to develop slurry-based processing approaches for improved 
control over coating microstructure and chemistry [46].

16.2  Coating Material Families and Properties

Today, most commercially relevant TBC and EBC materials are based on 
RE-stabilized ZrO2, zirconate compounds comprising roughly equimolar combina-
tions of RE oxides and ZrO2, and RE silicate compounds. Other material families, 
including RE aluminates, phosphates and tantalates have been studied at the labora-
tory scale for prospective future use in coating architectures. In some cases, the 
choice of the specific REO is driven by specific materials chemistry or property 
considerations. In other cases, the selection is more heavily influenced by techno- 
economic factors such as processibility, cost and availability. This section reviews 
the relevant REO chemistry and then introduces each of these materials families 
along with key properties and performance characteristics that drive materials selec-
tion for coatings applications.
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16.2.1  Rare Earth Oxide Chemistry

The RE elements, defined here to include yttrium (Y) and the lanthanides, predomi-
nantly form trivalent sesquioxides (RE2O3, or on a single-cation basis, REO1.5) [47, 
48]. Exceptions include cerium (Ce) which readily forms a dioxide (CeO2) and 
praseodymium (Pr) and terbium (Tb) which can form complex ordered phases 
between RE2O3 and REO2. Owing to the similarity in the valence electron configu-
ration, the chemistry of the sesquioxides is determined primarily by RE3+ cationic 
size which decreases by approximately 20% when moving across the period from 
lanthanum (La) to lutetium (Lu). As pure oxides, the smaller RE3+ tend to form a 
cubic structure (C-type, space group Ia3) in which each cation is coordinated by six 
oxygen anions (Fig. 16.2). The stable coordination number increases with the RE3+ 
size. At intermediate RE3+ size, the stable B-type structure (C2/m) contains a com-
bination of 6- and 7-coordinate cation sites. The A-type structure favored by the 
larger RE3+ has a coordination number of seven. Upon heating above 2000 °C, all 
RE2O3 except lutetium(III) oxide (Lu2O3) undergo polymorphic transformations 
prior to melting.

Figure 16.3 shows known abundance of various RE elements in the earth’s crust 
[50] and the current market prices for refined oxides of the RE elements that  
have received the most interest with respect to coating development. There is 
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Fig. 16.3 Crustal abundance [50] and approximate wholesale oxide price [51] for RE oxides used 
commercially or widely studied for use in TBCs and EBCs

considerable variation in cost and availability. In general, the lighter RE elements 
(e.g., Y, La and Ce) have higher abundance and lower cost. Neodymium (Nd) is also 
abundant, but the significant demand on this element for permanent magnet manu-
facturing leads to higher market competition and price. The smaller, heavier REs 
tend to be less abundant and more expensive. Based solely on cost and abundance, 
lanthanum oxide (La2O3) and cerium(IV) oxide (CeO2) would be the obvious choice 
for coating applications. However, as elaborated in later sections, processing chal-
lenges and inferior properties for some of the relevant phases favor the use of other, 
more expensive, RE oxides in the coating materials.

The C-type RE2O3 show reasonable stability in combustion environments [52] 
and their CTE is comparable with Al2O3, making them viable choices for protecting 
Al2O3-based ceramic composites. For this application, development has focused on 
Y2O3 owing to its lower cost and higher abundance compared to similarly sized 
cations [42, 43]. The tendency for temperature-dependent transformations from C- 
to B-type or B- to A-type for the intermediate-size RE oxides [48] complicates their 
use for TBC and EBC applications as pure oxides. Of the larger RE cations, direct 
use of La2O3 is not favored due to its propensity for hydration which would cause 
coating failure as the oxide is converted to a friable hydroxide upon exposure to 
water. Likewise, the reducibility of CeO2 to cerium(III) oxide (Ce2O3) presents chal-
lenges for coating stability during processing and in service.
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16.2.2  Zirconia and Hafnia-Based Coating Materials

Zirconia offers many desirable attributes for use in TBCs including high melting 
temperature and resistance to hydroxide-mediated volatilization in the combustion 
environment. However, polymorphic transformations in pure ZrO2 preclude its use 
directly as a coating material. At room temperature, ZrO2 exists with a monoclinic 
crystal structure (m, P21/c). It transforms to tetragonal (t, P42/nmc) around 1170 °C 
and then to the cubic fluorite structure (F, Fm m3 ) around 2370 °C. The martensitic 
t- to m-ZrO2 transformation upon cooling is accompanied by a shear strain of 0.16 
and a ~  5% volume expansion [53, 54]. These strains generate significant local 
stresses within the material, leading to microcracking and eventual comminution 
upon thermal cycling. The addition of RE oxides to ZrO2 can suppress this transfor-
mation by stabilizing the tetragonal phase against spontaneous transformation to 
monoclinic upon cooling. Further REO additions stabilize the cubic fluorite phase 
allowing the material to be shifted away from a composition space where m- and t-
ZrO2 are stable (Fig. 16.4). As an additional benefit, the aliovalent substitution of 
RE3+ for Zr4+ introduces oxygen vacancies that reduce the thermal conductivity by 
acting as phonon- scattering centers [55].

Most ZrO2-based materials contain several percent hafnia (HfO2) based on their 
natural mineral abundance, and the difficulty in separating the elements due to their 
chemical similarity. However, when separated and used intentionally, HfO2 pro-
vides benefits in TBC and EBC applications. First, solid solutions involving an 
increased fraction of Hf4+ on Zr4+ sites can further reduce the thermal conductivity 

Fig. 16.4 Equilibrium phase diagrams for the YO1.5-ZrO2 and GdO1.5-ZrO2 systems. (Adapted 
from Leckie et al. [56] and Fabrichnaya et al. [57])
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of the ceramics because the mass contrast between the Hf4+ on Zr4+ can inhibit pho-
non transport [55, 58]. This behavior presents a distinct advantage for the stabilized 
tetragonal phases, wherein the RE3+ content is insufficient to achieve a similar 
effect. Nonetheless, for zirconate (or hafnate) compounds, it is more cost-effective 
to select a RE3+ that shows mass contrast with Zr4+ than to introduce a significant 
amount of HfO2 into the material. Second, some reports suggest that HfO2 and some 
RE hafnate compound exhibit lower CTE than the equivalent ZrO2-based phases 
[59–61]. This would be advantageous in their use as coatings on ceramic compos-
ites. However, significant price differential and limitations on availability presently 
limit the commercial adoption of HfO2-containing materials.

The remainder of this section introduces RE-stabilized zirconia phases and RE 
zirconate and hafnate compounds that are relevant to TBC and EBC technology.

 Rare Earth-Stabilized Tetragonal Phases

The earliest studies of potential TBC systems, which were all based on air plasma- 
sprayed zirconias, explored the relationship between yttria content and coating lon-
gevity. By the late 1970s, the relationship between the tetragonal phase and 
durability was solidified – coatings comprised of ZrO2 + 7 to 8 wt% (7.6–8.7 mol%) 
YO1.5, commonly referred to as 7YSZ, delivered maximum resistance to cyclic fail-
ure [62]. More than 40 years later, 7YSZ remains the dominant industrial standard 
for TBCs even as other compositions expand their market share to address the chal-
lenges introduced by increasing operating temperatures [63]. The success of “non-
transformable” tetragonal (t’) 7YSZ lies in the fact that this composition remains 
tetragonal across all temperatures in the thermal cycle [64, 65]. This metastable 
tetragonal phase (t’) benefits from activation of a ferroelastic toughening mecha-
nism, not available in the fully stabilized cubic phases [3, 66], yet avoids the stress- 
induced phase transformations that earned transformable zirconia the name of 
“ceramic steel” [67–70]. Thus, microcracks arising from the significant volume 
change can be suppressed in a thermally cycled environment. In reality, this “non-
transformable” phase is a metastable, supersaturated composition that falls in the 
tetragonal + fluorite two-phase field in the equilibrium diagram shown in Fig. 16.4 
at typical operating temperatures above 1000 °C, and which ultimately decomposes 
into a Y-lean tetragonal phase (t) and a Y-rich cubic fluorite phase (F) after sufficient 
time at the turbine operating temperature. Following this phase separation reaction, 
the YO1.5-depleted t-ZrO2 is prone to phase transformation to the monoclinic struc-
ture upon cooling with the associated undesirable volume changes, while the fluo-
rite phase that is formed lacks the intrinsic toughness of the t’-ZrO2. Historically, 
this slow destabilization process has not been life-limiting, but increasing operating 
temperatures increases the rate of destabilization and must be more carefully con-
sidered in the future [71–73].

Tetragonal zirconia TBCs stabilized by other RE3+ cations have been studied in 
some depth, but the systematic differences in the zirconia-rich side of the binary 
phase space are subtle and, likewise, contribute only subtle changes in the overall 
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performance of tetragonal zirconia coatings [2, 74, 75]. For example, the composi-
tional width of the t + F phase field systematically decreases with decreasing ionic 
radius of the RE3+ cation – as a result the compositional window for the nontrans-
formable t’-phase is reduced, but so too is the driving force for its destabilization. 
This effect was most clearly demonstrated by Cairney et al. when comparing Y and 
ytterbium (Yb) doped tetragonal zirconia [76]. Co-doping zirconia with both Y and 
an additional RE cation has met some success in reducing the sinterability of the 
coatings, especially with the RE cation is larger than Y (e.g., La) [77]. This strategy 
has also been reported to reduce the thermal conductivity as was already noted for 
mixtures of Hf4+ and Zr4+ cations [57], but the effect is somewhat minimized by the 
compositional restrictions necessary to maintain the tetragonal phase (e.g., sum of 
Y3+ + RE3+ < 7 to 8 mol%).

Co-doping strategies have expanded beyond the bounds of trivalent lanthanide 
rare earth oxides, to include CeO2, titania (TiO2), tantalum(V) oxide (Ta2O5), 
niobium(V) oxide (Nb2O5) and numerous iterations that include at least one triva-
lent cation. These ternary spaces have largely been explored in hopes of identifying 
a fully stabilized tetragonal phase to avoid the longer-term destabilization issues 
associated with 7YSZ while maintaining enhanced toughness through maximiza-
tion of ferroelastic toughening mechanisms. Both goals have been realized to some 
extent in the ZrO2-CeO2-TiO2 [77–79] and ZrO2-Yb(Y)O1.5-TaO2.5 ternary systems 
[21, 80–82]. However, as the compositional complexity of these novel coating sys-
tems increases, the processing challenges associated with achieving the necessary 
compositionally homogenous coatings also expand. Thus, there are presently no 
public reports of the practical application of such ternary zirconia-based coatings in 
commercial service.

 Rare Earth Zirconates and Hafnates

Increasing the RE2O3 content in zirconia beyond the RE-stabilized tetragonal phase 
further reduces the thermal conductivity by increasing the concentration of phonon- 
scattering oxygen vacancies. Despite their lower thermal conductivity, coatings 
based on the cubic fluorite structure with moderately higher RE concentrations than 
the t-ZrO2 counterparts (e.g., in the range of 25–30 mol% REO1.5) have not found 
utility as TBCs because their combination of low toughness and poor sintering 
resistance reduces their durability.

Instead, the development of lower-κ, ZrO2-based materials has focused on RE 
zirconate compounds based on the pyrochlore (RE2Zr2O7, Fm m3 ) and δ-phase 
(RE4Zr3O12, R3 ) structure. As illustrated in Fig. 16.5, the pyrochlores are stable for 
the larger RE3+, and the δ-phase is stable for the smaller RE3+. These compositions 
exhibit improved thermal stability, sintering resistance and 30–50% lower thermal 
conductivity than comparable RE-stabilized t-ZrO2 [55, 83, 84]. Pyrochlore and 
δ-phase are derived from the fluorite structure and are defined by distinct ordering 
of the oxygen vacancies that are introduced as RE2O3 is dissolved into ZrO2. Both 
phases revert to the disordered defect-fluorite structure at high temperatures 
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Fig. 16.5 Stability of binary RE zirconate, hafnate, aluminate and silicate compounds relevant to 
the design of TBCs and EBCs.Filled symbols indicate that there is general agreement that the 
compound is stable. Open symbols indicate incomplete or inconsistent data in the literature

(Fig.  16.4). However, the order-disorder reactions tend to be sluggish and occur 
without significant changes in the unit cell volume or thermal properties and there-
fore do not represent a significant challenge for TBC performance. In addition, par-
tial ordering (i.e., within discrete nano domains in the material) can occur over a 
range of compositions on either side of the nominal stoichiometry [56, 85]. These 
characteristics relax the coating design constraints near the center of the REO1.5-
ZrO2 systems, enabling selection of materials that deviate from the nominal stoichi-
ometries and allowing for modest processing-related variations in coating 
composition without significant changes in properties.

Models suggest that the RE3+ size influences the thermal conductivity for the 
pyrochlore and δ-phase zirconates, with the lowest thermal conductivity at interme-
diate RE3+ size. However, experimental measurements have not revealed meaning-
ful differences among this family of materials [13, 55, 83, 84, 86]. Likewise, while 
the RE3+ identity would likely influence the CTE, available evidence suggests that 
this variation is limited to 1 to 2 × 10−6/K across the period, and that the CTE for the 
zirconates is generally slightly less than 7YSZ [13, 59]. Thus, the choice of RE3+ is 
driven as much by practical considerations such as cost and processibility as by 
these functional thermal properties. Initial efforts to develop RE zirconate TBCs 
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focused on La2Zr2O7 which is advantageous, in part, due to its lower cost compared 
to other materials. Tests showed promising coating performance but also revealed 
challenges controlling the composition during processing due to the high La2O3 
vapor pressure as compared to ZrO2 [22, 87]. Additionally, it proved more difficult 
to achieve consistent columnar morphology in EB-PVD La2Zr2O7 compared to con-
ventional 7YSZ coatings [22]. There have been successful lab-scale demonstrations 
of a variety of pyrochlore and δ-phase coatings including Nd2Zr2O7 [88], Sm2Zr2O7 
[89], a YO1.5-ZrO2 solid solution adjacent Y4Zr3O12 [90, 91] and Yb4Hf3O12 [92]. 
However, coatings based on Gd2Zr2O7 have received the most attention and shown 
the most potential in terms of their collective performance, leading to their com-
mercial adoption [24, 30, 93–97].

Although the development of RE zirconate materials was originally driven by 
their improved thermal properties and high-temperature stability, it was soon recog-
nized that they also provide improved performance to mitigate CMAS-induced 
coating failure [30, 98]. CMAS resistance has subsequently become a major driver 
in the development and implementation of RE zirconate materials, and concomitant 
increase in RE oxide utilization in TBCs. The dissolution of these materials into sili-
cate melts rapidly saturates the melt with RE oxide, leading to concomitant precipi-
tation of a calcium-RE-silicate phase, nominally Ca2RE8(SiO4)6O2, with the apatite 
crystal structure. In conjunction with other crystalline reaction products, the apatite 
blocks open infiltration channels in the coating microstructure thereby limiting the 
degree of infiltration. Research has shown that the effectiveness of this mitigation 
strategy, which depends on the solubility of the RE3+ in the silicate melt and the 
driving force for apatite precipitation, increases with the RE3+ size [31]. This behav-
ior favors either selecting coatings with the larger RE3+ (e.g., gadolinium (Gd) rather 
than Y or Yb) or increasing the concentration of the RE3+ in the coating material.

16.2.3  Rare Earth Silicate Coating Materials

RE silicate compounds have received considerable attention for use as EBC materi-
als on SiC- and Si3N4-based ceramics. Their desirable properties include low ther-
mal conductivity, relatively high melting temperatures, resistance to volatilization 
in the combustion environment and, for some polymorphs, a low CTE compared to 
other refractory oxides. Unlike the RE-stabilized zirconia materials, the absence of 
structural oxygen vacancies also significantly lowers the rate of oxidant transport. 
There are three binary RE silicate stoichiometries. All trivalent RE cations are 
reported to form a monosilicate (RE2SiO5, REMS) and a disilicate (RE2Si2O7, 
REDS) compound. The larger RE3+ (Gd3+ to La3+) form a third compound with 
intermediate SiO2 content (RE9.33(SiO4)6O2) with the apatite crystal structure. EBC 
development has focused more on the disilicate and monosilicate compounds.

The crystal structure for the RE monosilicates depends primarily on the RE3+ 
size [99, 100]. From La to Gd, the compound crystalizes with the monoclinic X1 
structure with space group P21/c, and for Dy to Lu the compound forms a different 
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monoclinic structure (X2) with space group C2/m. Tb and Y form the X1 structure 
at low temperatures and the X2 structure at higher temperature. However, the recon-
structive reversion from X2 to X1 upon cooling is sluggish and therefore the exis-
tence of this transformation does not preclude the use of the more cost-effective 
Y2SiO5 as a coating material. Both structures exhibit CTEs in the range of 5 × 
10−6/K to 7 × 10−6/K over the relevant temperature range. The modest positive Δα 
relative to Si-based ceramics leads to the formation of penetration cracks during 
thermal cycling, which limits the coating lifetime if the REMS is used as the pre-
dominant material in an EBC architecture [101–103].

The RE disilicates exhibit seven distinct crystal structures depending on the RE3+ 
size and temperature (Fig. 16.6) [104]. This polymorphism has important implica-
tions for the selection of EBC materials. First, there are significant differences in the 
CTE between the polymorphs [105]. The β and γ structures formed by the smaller 
RE3+ exhibit CTEs in the range of 4 × 10−6/K to 5 × 10−6/K, resulting in a near-zero 
Δα relative to SiC and Si3N4. The α, δ and G structures exhibit higher CTEs in the 
range of 7 × 10−6/K to 9 × 10−6/K, and the A structures exhibit CTEs greater than 10 
× 10−6/K. Second, volume changes associated with polymorphic transformations 
can cause the coatings to crack, so it is desirable to prevent transformations during 
processing or in service use. Only Lu2Si2O7 and Yb2Si2O7 exhibit a single stable 
polymorph spanning from room temperature to the anticipated service temperatures 
of 1400 °C or greater. These constraints, along with considerations of RE oxide cost 
and availability make Yb2Si2O7 a preferred choice for EBC applications. Solid solu-
tion disilicates containing several RE cations have been used to tune the thermal 

Fig. 16.6 Stability of RE disilicates (RE2Si2O7) as a function of cationic radius and temperature. 
(Stability data adapted from Felsche [104] using ionic radii from Shannon et al. [49])
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expansion behavior or to reduce the thermal conductivity for applications where the 
coating must also provide thermal protection [106–108]. To reduce cost while main-
taining performance, investigations have shown that solid solutions comprising two 
or more RE3+, including the less expensive Y3+, maintain the desired β polymorph 
[109, 110].

Based on minimizing CTE mismatch and achieving oxygen permeability [111], 
the RE disilicates provide better performance than the monosilicate as EBCs. Their 
low silica chemical activity also effectively reduces the rate of silicon hydroxide 
formation (and silica volatilization) by approximately two orders of magnitude rela-
tive to a pure SiO2 TGO [112, 113]. However, selective SiO2 volatilization from the 
RE disilicates leads the formation of an outer layer of porous RE monosilicate after 
extended exposure to high velocity water vapor [114]. Combustion gases can read-
ily permeate through the open porosity structure and the friable structure tends to 
detach under thermo-cyclic stresses. Thus, the RE disilicates are generally not suit-
able for use as a single-phase monolayer EBC.

16.2.4  Rare Earth Aluminate Coating Materials

RE aluminates have been investigated for use as both TBCs and EBCs owing to 
their low thermal conductivity, high thermal stability, sintering resistance and 
reduced oxygen permeability compared to zirconia-based materials [51, 115–119]. 
These investigations have focused on determining thermophysical properties, devel-
oping suitable processing strategies and lab-scale testing of coating performance. 
However, there is less data on these materials compared to the RE zirconates and 
silicates, and coatings based on these materials are not in widespread commer-
cial use.

There are four relevant aluminate stoichiometries: RE4Al2O9, REAlO3, RE3Al5O12 
and REAl11O18 (Fig. 16.5). The compound RE4Al2O9 is stable for the smaller RE 
cations ranging from Lu3+ to Nd3+. At room temperature, it exhibits a monoclinic 
structure (P21/c) and is often denoted REAM, where RE would be replaced by the 
symbol for the RE cation such as YAM for Y4Al2O9. It transforms to an orthorhom-
bic, cuspidine- type structure (Pnma) at higher temperatures [120, 121]. The trans-
formation temperatures increase with decreasing size, ranging from approximately 
1000 °C to 1400 °C. There is presently insufficient information to know whether the 
small (approximately 0.5%) volume change associated with this polymorphic trans-
formation would have a negative impact on coating durability. The compound 
REAlO3 belongs to the perovskite family (REAP, thus YAP for YAlO3). It is more 
stable for the larger RE cations. The aluminate garnets, RE3Al5O12 (Ia3d, REAG, or 
YAG for Y3Al5O12), are only stable for the smaller RE cations including LuAG, 
YbAG and YAG.  The cation-size-dependent stability limit is likely around 
GdAG.  REAl11O18 represents the aluminate endmember of the magnetoplumbite 
family. As a pure aluminate it is only stable for the largest RE3+, but the addition of 
an alkali earth oxide (e.g., REMgAl6O19) increases its stability.
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The monoclinic, perovskite and garnet aluminates possess CTEs generally in the 
range of 8 × 10−6/K to 9 × 10−6/K. This makes them well-suited for application on 
alumina-based composites, and also of interest as coatings for niobium-based 
refractory alloys [122]. However, the aluminates would produce higher thermal 
stresses compared to the use of RE silicates as EBCs on Si-based ceramics, or com-
pared to the zirconia-based materials as TBCs on superalloys. YAP and YAM are 
highly resistant to hydroxide-induced volatilization, with material loss rates compa-
rable to the RE monosilicates and 7YSZ [52]. The higher alumina content of YbAG 
and YAG increases their volatilization rates into a range comparable to the RE disili-
cates [52]. The higher CTE of the magnetoplumbite structure, approximately 
10 × 10−6/K for all RE cations, makes it better-suited for use as a TBC on Ni-based 
alloys compared to the other aluminates [117, 118]. However, the high alumina 
content and moisture sensitivity of La2O3-containing materials lead to increased 
volatilization rates that complicate their use in a combustion environment. 
Additionally, none of the aluminates possess the high intrinsic toughness character-
istics of t’-ZrO2, there are some that report that multiphase materials including the 
RE aluminates could exhibit modestly increased toughness [123].

16.2.5  Other Material Families

A variety of other RE-containing materials have been studied for prospective use in 
TBCs and EBCs. Despite promising individual properties, these materials have not 
yet demonstrated the requisite combination of collective performance characteris-
tics and processability to displace the current commercial materials.

 Rare Earth Phosphates

RE monophosphates (REPO4) of the larger RE3+ crystallize with the monazite struc-
ture (P21/n), while those based on the smaller RE3+ form the xenotime structure 
(I41/a). Monazite compounds have been considered for use as TBCs given their 
improved high temperature stability compared to 7YSZ, as well as desirable combi-
nation high CTE, low thermal conductivity and compatibility with an alumina TGO 
[124, 125]. Likewise, xenotime compounds have been considered for use as EBCs 
owing to their high thermal stability, moderate elastic modulus and CTE falling 
between that of the β-RE2Si2O7 and RE2SiO5 [126]. These materials show a strong 
tendency to form mixed RE-phosphate-apatite compounds upon reaction with mol-
ten silicate (CMAS) deposits, which enables the materials to resist infiltration by 
these corrosive melts [127]. GdPO4 and LaPO4 TBCs deposited by APS showed 
reasonable performance in short-term thermo-cyclic and CMAS-resistance testing 
[128, 129].

Longer-term testing is necessary to benchmark performance against current 
state-of-the-art zirconate materials. However, several potential challenges are 
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evident. First, efforts to develop monazite-based interphase for ceramic composites 
has shown it forms a weak bond with alumina [130]. This suggests that achieving 
good adherence to an alumina TGO would be difficult. Second, while the REPO4 
compounds possess high melting temperatures, deep eutectics on both sides of the 
line compound present challenges in the inevitable case of segregation or composi-
tion fluctuations during processing. Finally, preliminary volatilization studies sug-
gest that REPO4 compounds exhibit similar or higher volatilization rates than the 
RE disilicates, which would further limit their durability in a combustion environ-
ment [52].

 Rare Earth Tantalates

Investigations of Ta2O5 co-doping with RE oxides-stabilized tetragonal ZrO2 led to 
the identification of several RE tantalate phases with promising properties. There 
are several stable compounds in the REO1.5-TaO2.5 systems, including RE3TaO7, 
RETaO4, RETa3O9 and RETa7O19 [131]. Each of these can exhibit multiple poly-
morphs, which are distinguished either by differences in cation or defect ordering, 
or by martensitic or shear-type displacements of the unit cell. The most effort has 
been focused on the region around YTaO4 which represents complete, equiatomic 
substitution of Y2O3 and Ta2O5 into the Y- and Ta-stabilized t-ZrO2 [81, 132–134]. 
YTaO4 forms several stable and metastable monoclinic and tetragonal phases and, 
when doped with ZrO2, exhibits significantly lower thermal conductivity than con-
ventional 7YSZ while also remaining stable upon thermal aging. However, due to 
the early stage of development there are, to date, no reports in the open literature of 
the performance of these materials as coatings.

16.3  Coating Architecture Design Trends and Rare Earth 
Oxide Utilization

Over the past two decades, TBC and EBC architecture development has favored a 
wider range of coating materials in more diverse configurations. These architectures 
have progressively increased in the utilization of RE oxides by adopting materials 
with a higher mole fraction of the RE element (e.g., RE2Zr2O7 or RE2Si2O7 vs. 
7YSZ). Additionally, trading Y2O3 in favor of the heavier Yb2O3 and Gd2O3 oxides 
has a compounding effect on the mass utilization and cost of the coating materials. 
The following sections describe specific developments in the context of TBCs for 
Ni-alloys and EBCs for ceramic composites.

To provide context for the relative utilization of RE oxides in various coating 
materials and architectures, it is useful to first make comparisons based on an equiv-
alent coating geometry. Figure  16.7 shows the RE oxide mass requirements for 
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Fig. 16.7 Relative utilization of RE oxides in various TBC and EBC materials illustrating that the 
trend toward architectures based on materials other than 7YSZ significantly increases. The abscissa 
scale is based on a normalized unit area of dense coating. The masses listed illustrate the utilization 
to coat a notional 200 cm2 turbine blade with a 250-μm thick coating

various coating materials, normalized per square centimeter of area coated to a 
thickness of a 100 μm with a dense coating layer, calculated based on the theoretical 
density of each material. The values can then be scaled to account for various coat-
ing  thicknesses and relative densities for different coating architectures. Figure 16.7 
also lists the total mass of oxide required to deposit a 250-μm thick coating over an  
area of 200  cm2, a geometry intended to represent a single turbine blade or  
vane in a modern engine design. (The actual material utilization would be consider-
ably higher due to the inefficiency of the coating deposition processes, but the over-
spray or material condensed on deposition chamber walls can be recovered for 
recycling.)

Several important trends emerge. First, the transition from yttria-stabilized zirco-
nia (YSZ) to a RE zirconate (i.e., pyrochlore or δ-phase) results in approximately an 
order-of-magnitude increase in the mass of RE oxide required for an equivalent 
coating. Similarly, the RE silicates and aluminates used as EBCs require consider-
ably more RE oxide than 7YSZ. For a given RE3+, the monosilicates and perovskite 
aluminates require approximately 40% more RE oxide than the disilicates and gar-
net aluminates. Accounting for the combined effects of the difference in molar mass 
and REO price, the material cost for a Yb-silicate coating would be nearly eight 
times higher than an equivalent yttrium-silicate coating. For this reason, there is a 
strong driver to use Y-containing phases except in instances where the performance 
advantage of a heavier RE element outweighs the added cost.

16 Rare Earth Oxide Applications in Ceramic Coatings for Turbine Engines



408

16.3.1  Thermal Barrier Coatings

 Single Layer Top Coat Architectures

The first ceramic thermal barrier coatings comprised single layers of YSZ applied to 
metallic components first by APS and then using a combination of EB-PVD and 
APS based in the requirements for a given component [135]. These remained the 
predominate commercial coating architecture for several decades following intro-
duction. The development of alternative TBCs was driven by the desire for lower 
thermal conductivity, improved temperature capability (to overcome limitations 
associated with the destabilization of the metastable t’-ZrO2) and, later, resistance to 
degradation by CMAS deposits [3, 136]. Early research into the application of RE 
zirconate compounds (i.e., La2Zr2O7 and Gd2Zr2O7) adopted a similar single layer 
structure [22, 56, 87]. Although the coatings were initially adherent, extended test-
ing resulted in premature delamination. This behavior was later attributed to a com-
bination of deleterious reactions between the TBC material and the Al2O3 TGO, and 
the presence of the low-toughness zirconate in the inner regions of the coating that 
are subject to the highest thermal stresses [56, 89].

 Bilayer Top Coat Architectures

Bilayer coating architectures were first developed to combine the desirable attri-
butes of 7YSZ and the RE zirconates [56, 89, 95, 137]. These architectures typically 
comprise a layer of 7YSZ adjacent the TGO, where the lower temperature reduces 
the rate of t’-ZrO2 decomposition. This layer also provides higher toughness in the 
regions with the highest thermal stresses and ensures thermochemical compatibility 
with the Al2O3. The RE zirconate is then applied as an outer layer which experiences 
higher in-service temperatures and direct exposure to corrosive species in the gas 
stream. Diffusion of the RE3+ from the zirconate into the YSZ converts the later to 
fluorite but the layers are typically thick enough to always maintain a significant 
fraction of t’-YSZ in the relevant regions. Single-material, bilayer coating architec-
tures have also been developed to combine higher porosity, more insulating micro-
structures at the coating surface with more dense, higher toughness layers closer to 
the substrate [138]. Bilayer architectures combining YSZ and a RE zirconate with 
deliberate microstructure control to tune thermal conductivity and toughness lead to 
further performance enhancement [24, 93]. By enabling the use of RE zirconates, 
these bilayer architectures are one of the primary drivers for increased RE oxide 
consumption in TBCs over the past decade.
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 Multilayer and Multiphase Top Coat Architectures

A variety of alternative multilayer TBC architectures have been explored to further 
increase or monitor coating performance. These approaches fall into several 
categories:

 (1) Architectures based on thin, alternating layers of YSZ and a RE zirconate aim-
ing to leverage the higher toughness of YSZ for improved erosion resistance 
and the reduced thermal conductivity and CMAS resistance of the RE zirconate 
[139, 140]. These approaches are effective if the surface temperature is low 
enough to prevent decomposition of the t’-ZrO2 phase, and the layers are thick 
enough to prevent complete dissolution of the zirconate into the stabilized ZrO2.

 (2) Implementation of materials with reduced transmittance for infrared radiation, 
or alternating layers of high- and low-refractive index materials to reduce radia-
tive heat transfer through semitransparent oxide phases [136, 141, 142]. Here 
no single architecture has yet been identified to optimize performance, but 
many of the materials of interest contain significant RE oxide content.

 (3) Selective doping of luminescent RE3+ such as dysprosium (Dy), terbium (Tb) or 
europium (Eu) into specific layers the zirconia-based TBC to enable lumines-
cence thermometry [136, 143]. This approach can be used in laboratory settings 
to understand the performance of novel coating architectures, and prospective 
in-service implementation would enable coating health monitoring. This is one 
of the primary applications for these less common RE oxides in TBCs.

 (4) Thin, dense surface layers of a reactive material such Gd2Zr2O7, Al2O3 or a pure 
RE oxide atop the traditional bilayer coating architecture to act as barriers 
against molten deposit infiltration [144–147].

16.3.2  Environmental Barrier Coatings 
for Ceramic Composites

 Rare Earth Silicate Architectures for SiC and Si3N4-Based Ceramics

Early EBC architectures for Si-based CMCs were based on aluminosilicates such as 
mullite (3Al2O3·2SiO2) and barium-strontium-aluminosilicate (BSAS) [5, 148]. 
However, performance limitations dictated by high SiO2 volatility from mullite and 
incompatibility between BSAS and the SiO2 TGO above 1300 °C led to the adop-
tion of coating architectures based on RE silicates [6]. As described in Sect. 16.2.3, 
the near-zero Δα relative to the Si-based ceramics (i.e., SiC and Si3N4) and moder-
ate cost make Yb2Si2O7 a preferred choice for the bulk of the EBC. Lu2Si2O7 does 
not appear to offer sufficient performance benefit to justify its much higher cost. 
Y2Si2O7 could offer comparable performance at significantly lower material cost 
than Yb2Si2O7 if the coating deposition process could be designed to suppress trans-
formations involving the δ-Y2Si2O7 polymorph. However, if Yb2Si2O7 (or another 
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disilicate) is used in a single layer architecture, selective SiO2 volatilization results 
in a friable, non-protective surface layer [149]. Coatings based primarily on a RE 
monosilicate (RE2SiO5) are much more resistant to volatilization, but suffer from 
cracking and spallation due to the higher CTE mismatch between the silicate and 
ceramic substrate [6, 101, 150].

 Coatings for Al2O3-Based Ceramics

Coating architectures for Al2O3-based ceramic composites are typically based on 
relatively thick, single layer coatings of Y2O3, YAlO3 or Y3Al5O12 [42, 43, 52]. Of 
these, YAlO3 exhibits the lowest volatility in the combustion environment. However, 
preliminary efforts to process both aluminates by APS have revealed challenges in 
achieving a high degree of crystallinity and suggests that residual stresses from the 
coating process and those generated during annealing can weaken the underlying 
composite [52, 116]. This implies the need for careful processing development for 
the utilization of aluminate coatings. APS Y2O3 coatings have shown better perfor-
mance, including good cyclic lifetimes. It appears that the adhesion of these coat-
ings benefits from reactions between the composite and the Y2O3 coating leading to 
the formation of thin aluminate layers across the coating-substrate interface [43].

 Multilayer Thermal-Environmental Architectures

As with TBCs, multilayer architectures provide benefits for the performance of 
EBC systems. For Si-based ceramics, the benefits derive from managing thermal 
stresses while also meeting the requirements for substrate compatibility and volatil-
ization resistance. For instance, it is advantageous to apply an outer layer of a mono-
silicate to provide additional surface protection. The thickness of this layer must be 
tuned to provide the desired protection against water vapor volatilization while 
minimizing the thermal stresses associated with the increased Δα [102]. Given the 
reduced sensitivity of the RE monosilicate properties on the identity of the RE3+ 
employed, the selection of the material for this outer silicate layer can be driven 
more by cost (i.e., favoring Y2SiO5) and processibility. There have also been inves-
tigations into the use of porous or segmented YSZ, zirconate or hafnate layers 
applied atop of the silicate EBCs to provide additional thermal insulation or CMAS 
resistance [6, 40, 92]. Although these coatings initially exhibit promising character-
istics, their lifetime is limited by stress-induced delamination as the top coat sinters. 
Ongoing efforts seek to develop material and microstructure combinations that 
combine the desired functional performance with suitable durability. There are lim-
ited reports of the development of multilayer coating architectures for use of alumi-
num oxide-based CMCs, although these composites would likely benefit from 
similar architecture designs.

D. L. Poerschke and J. A. Krogstad



411

16.4  Rare Earth Containing Coating Feedstocks, 
Opportunities for Efficient Material Designs 
and Utilization and Outlook

The feedstock materials used for coating deposition are designed in terms of com-
position and physical form to produce coatings with the desired chemistry and 
microstructure. There is a significant industry associated with the formulation of 
these feedstocks from the raw materials comprising refined RE oxides and other 
constituents. In many cases, the vendors supplying these feedstocks have close rela-
tionships with companies supplying the equipment used to produce the coatings, 
and the engine manufacturers who use the coatings leading to integrated develop-
ment of the coating architecture, material feedstocks and processing technique.

The typical feedstock for EB-PVD processing comprises cylindrical ceramic 
ingots enabling continuous feeding as the ingot is consumed during processing. 
These ingots can be produced either from mixed powders of the constituent oxides, 
which may partially react during sintering before fully mixing in the melt pool dur-
ing evaporation, or can be produced from powders that have been pre-reacted to 
produce a uniform composition in the ingot. The two approaches offer trade-offs 
between cost and the thermal stability of the ingot during processing and use. 
Regardless of the production approach, the materials used for EB-PVD processing 
are typically very high purity, with the concertation of any single impurity oxide 
maintained below 100 ppm (parts per million). The powders used for thermal spray 
deposition processes must be able to flow freely through powder feeders, and to 
melt in a uniform and predictable manner. This requires particles of intermediate 
size (typically tens to hundreds of μm) and narrow particle-size distribution. Several 
methods are commonly used to produce these powders. In the simplest case, the raw 
materials can be melted or otherwise fused, mechanically crushed, and separated to 
extract the desired size range. However, this method produces angular particles that 
are less free flowing than spherical particles. Alternatively, powders produced by 
spray-drying slurries of fine particles or other spheroidization techniques flow bet-
ter, but in some cases are more costly to produce. Powders produced for thermal 
spray techniques typically have higher impurity content (e.g., hundreds of ppm of 
CaO, Fe2O3 and Al2O3, and over 1000 ppm TiO2 and SiO2). However, because these 
impurities can negatively impact the phase stability and sintering resistance of the 
coating, many suppliers now offer higher-purity powders with impurity contents 
comparable to the EB-PVD feedstocks.

Two important observations related to materials design and RE oxide utilization 
emerge from the preceding discussion. First is that the trajectory of coating materi-
als development has led to increased utilization of RE oxides to achieve the func-
tional property requirements. Current materials also favor the use of the less 
abundant, and more expensive, RE oxides such as Yb2O3 and Gd2O3, in place of the 
Y2O3 used historically to stabilize YSZ. Increased adoption of these new materials 
for a larger number of components and engine designs will continue to drive RE 
oxide demand for ceramic coatings. For instance, replacing a 7YSZ coating with a 
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Gd2Zr2O7 coating of equivalent thickness increases the RE mass utilization by a fac-
tor of ten, and uses a RE that is nearly ten times more expensive. Thus, the material 
cost could increase by as much as two orders of magnitude. This trend motivates the 
development of processing techniques to improve the yield, and by improving 
reclaim and recycling processes.

The second observation is that the stability and properties of the coating materi-
als are determined by the size of the RE3+ cation, rather than specific or distinct 
details of the electronic structure. Therefore, while materials development has tradi-
tionally focused on single-RE materials or defined combinations of RE cations, 
there are likely opportunities to achieve equivalent performance by selecting feed-
stocks to achieve the same “average” RE cation size in solid solutions. As the case 
study for the RE silicates illustrates [109], this approach can likely provide eco-
nomic and environmental benefits by reducing the need for chemical separation, 
and by more efficiently utilizing waste streams generated from other RE oxide refin-
ing processes. Implementing this material design approach provides opportunity for 
closer collaboration between RE oxide processors, coating producers and materials 
designers in the future.
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Chapter 17
Value Recovery Pathways for Rare Earth 
Elements and Nd-Fe-B Magnets 
from End- of- Life Products

Nighat Afroz Chowdhury, Ikenna C. Nlebedim, Daniel M. Ginosar, 
Carol Handwerker, and Hongyue Jin

17.1  Introduction

Rare earth elements (REEs) used in neodymium-iron-boron (Nd-Fe-B) permanent 
magnets are classified as critical materials by various nations including the United 
States (U.S.), European Union (EU), Canada and Australia due to their contribution 
to clean energy-related technologies and potential for a significant supply risk [1–
4]. With the growing interests in renewable energy and decarbonization technolo-
gies, the market for electric vehicles (EVs) and wind turbines have become 
vulnerable to REE availability. For example, it was projected that the demand for 
dysprosium (Dy) for EV magnets could exceed the supply by 2025 [5]. The global 
deficiencies of Nd-Fe-B alloys are expected to reach around 48,000 metric tons by 
2030 which is equivalent to the amount needed to produce 25–30 million units of 
EV traction motors [6]. Moreover, geographically concentrated REE production 
could pose a significant supply risk associated with geopolitical conflicts (e.g., trade 
war, export quota and tariffs) and other disruptive events (e.g., COVID-19 pan-
demic) [7, 8]. This risk can be averted by the abundant secondary sources of REEs 
contained in end-of-life (EOL) products, especially in electronics including hard 
disk drives (HDDs).
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Research indicated that EOL products such as HDDs, EVs and MRIs could be 
the promising feedstock to recover REEs in the next 10 years [9]. Figure 17.1 shows 
the Nd recovery potential from these products to meet the EV demand. In 2021, the 
recoverable amount of Nd was projected to be the highest for HDDs, capable of 
supplying over 80% of Nd demand for new EV production. This is because there is 
a large number of HDDs reaching EOL—over 46 million units available for value 
recovery per year in North America alone [10]. HDDs have a relatively short life-
time (i.e., 3–5 years), which increases their turnover rate and thus availability at 
EOL [11]. The collection rate of EOL HDDs is also high, especially from hyper-
scale data centers (i.e., approximately 95%) [12] due to data security reasons that 
mandate data wiping of enterprise drives [11, 13]. Therefore, various HDD value 
recovery pathways have been developed in collaboration with the industry [13]. For 
example, Dell partnered with an IT asset disposition company, Reconext (formerly 
Teleplan), and a major HDD manufacturer, Seagate, to produce 25,000 new HDDs 
from closed-loop recycled REEs in 2019 [14]. Such circular economy approaches 
could facilitate the secondary supply of critical materials.

However, the importance of HDDs for REE recovery will decline progressively, 
while that of EVs will increase substantially [9]. EVs are projected to be the most 
abundant source of Nd for recycling in the late 2020s because of the growing mar-
ket—EV registrations increased by 41% in 2020 according to the International 
Energy Agency (IEA) [15], and Nd supply from EOL EVs is expected to rise from 
5.84 metric tons in 2026 to 110 metric tons in 2034 [9]. The collection rate of EOL 
EVs is also high, reaching approximately 95%, higher than many other secondary 
sources of REEs [16–18]. On the contrary, the number of EOL HDDs will decrease 
due to the increasing data storage capacity per drive and demand for solid-state 
drives. Similarly, recoverable REE from MRIs is also projected to decrease with 
superconducting magnets replacing the Nd-Fe-B permanent magnets in MRIs  
[16, 18]. Other products such as refrigerators, e-bikes, acoustic transducers, air 
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conditioners and laundry machines also represent potential for REE recovery; how-
ever, their collection rate is low (approximately 11–47%) [16]. As such, REE recov-
ery potential differs across products over time, and knowledge gained from the 
existing recovery process such as that for HDDs should be conveyed to the emerg-
ing applications of Nd-Fe-B magnets, especially EVs, for sustainable long-term 
REE recovery.

The cascaded value recovery pathways for REEs and Nd-Fe-B magnets are 
depicted in Fig. 17.2. Value recovery processes preserve the highest value through 
prioritizing reuse over recycling. However, the specific value recovery options 
depend on company policies, economics and functionalities and conditions of EOL 
products and components which may lead to lower-value recovery resorts. The 
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value recovery project [13] and Ellen MacArthur Foundation [22]. MA stands for magnet assem-
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practice of reusing EOL products generally offers the highest value among all the 
options due to the extended product life.

Before implementing direct reuse, stakeholders should consider the operating 
conditions of the products, policy constraints (e.g., end users’ data security man-
dates for HDDs) and EOL product handling logistics. Moving toward lower-value 
recovery options, direct reuse of magnets and magnet assemblies (MAs) from EOL 
products represents a viable solution when product reuse is not possible [13]. Based 
on the component quality, recovery costs and transboundary shipment for reintro-
ducing EOL components into new products, a thorough evaluation of recovery pro-
cesses and reverse logistics is the key for sustainable execution of this value recovery 
pathway.

Next is magnet-to-magnet recycling that employs hydrogen (H2) to recover mag-
net powders and produce new magnets in a closed-loop fashion. Such recycled mag-
nets can be reinserted into the original supply chain much faster than metal recycling 
processes that return the products as metals or oxides [19].

Lastly, REE recovery from EOL products allows for both open-loop recycling 
where the recovered REEs may be used for magnets or nonmagnet applications as 
well as closed-loop recycling within Nd-Fe-B magnets. Nonetheless, REE recycling 
is often more costly and offers less value compared to the other options [20, 21]. 
Therefore, REE recovery from Nd-Fe-B magnets and EOL products should be con-
sidered as the last resort when the other reuse and remanufacturing options are 
not viable.

17.2  Value Recovery Pathways

17.2.1  Direct Reuse of EOL Products

Various pathways are being explored to ensure the direct reuse of EOL products 
such as HDDs and smartphones. Fully functional HDDs retire from data storage 
systems for a variety of reasons including age, technology and IT upgrades. Peeters 
et al. [23] examined 149 units of discarded laptop HDDs and found 38% of them 
reusable. Most data centers periodically remove their fully operational, under war-
ranty [20] HDDs from the system and insert new ones to increase the data storage 
capacity without having to expand the data center infrastructure. These drives rep-
resent a significant reuse opportunity.

In order to reuse HDDs, they are first extracted from the system (e.g., computers 
and servers) and tested by SMART (Self-Monitoring, Analysis and Reporting 
Technology) to evaluate the functionality. If the extracted HDDs are deemed reus-
able, they can be wiped of data according to the National Institute of Standards and 
Technology (NIST), Department of Defense (DOD) or National Security Agency 
(NSA) standards and verified for complete data erasure. The recovered HDDs can 
be used internally or sold to the secondary market in the form of original equipment 
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manufacturers (OEM) labeled recertified HDDs, white-label HDDs and other 
 out- of- warranty HDDs [10, 13].

Although reusing HDDs has an order of magnitude higher value than shredding 
[13], millions of fully functional HDDs are shredded, constituting the most com-
mon practices of EOL HDDs. The major bottleneck for HDD reuse is the perceived 
data security concern, even though the existing technologies are capable of erasing 
data securely. Human and logistics-related errors during HDD handling, transporta-
tion and storage are a major source of data breach so that many data centers employ 
on-site data wiping and physical destruction processes. Regulated data disposal 
commands significant legal and financial penalties to data breach organizations, 
promoting physical shredding of EOL HDDs which became a significant barrier for 
reuse [24].

To help protect data privacy and reuse HDDs, self-encrypting drives with crypto- 
erase capability have emerged [25]. Data are encrypted when writing to the drives, 
and users can change the encryption key with a simple command that instantly 
transforms the prior encrypted data to unreadable forms. Crypto-erase reduces data 
wiping time and protects data from human and logistics-related errors to facilitate 
HDD reuse.

Besides technological development, it is crucial to change HDD user policies to 
move away from physical destruction and prioritize reuse. It requires a more strin-
gent EOL HDD handling process and infrastructure to assure data security. The 
specific measures include [1] following the NIST 800-88 R1 standards [26] for 
secure data sanitization; [2] working with trusted, certified IT asset disposition com-
panies that effectively manage EOL HDDs and [3] enhancing inventory control and 
monitoring to keep track of EOL HDDs and ensure no loss of sight.

Although reuse strategies and policies are quite established for HDDs, the litera-
ture on direct reuse for other EOL products is limited. In the United States and the 
United Kingdom, 50–65% of collected EOL cell phones are reused than going 
through recycling options [16]. Reuse of cell phones is ensured by third-party enter-
prises rather than the OEMs. Such organizations collect, inspect and sort the EOL 
handsets for their reuse opportunities based on their functionality, aesthetic condi-
tions and demand in the secondary market. Cell phones that cannot be resold are 
sent for recycling to recover valuable materials. Repurposing or refurbishing cell 
phones for other applications is another strategy for cell phones to make use of their 
computational capacity [16]. EOL cell phones can be an excellent fit for primary 
school education, according to one research on an educational software running on 
smartphones [16]. Li et al. [16] demonstrated that the lifetime of EOL smartphones 
can be extended for additional 5 years with the remaining resources left with the 
devices. Zink et al. [27] demonstrated repurposing and refurbishing cell phones for 
use as in-vehicle parking meters. Apple also highlighted the importance of refur-
bishing discarded phones through their “Reuse and Recycle” trade-in program [28]. 
The cell phones collected through this program could be sold into the secondary 
market [28]. However, the operating conditions, age of the phones and compatibility 
with recent software could be the limiting factors for this pathway [28].
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17.2.2  Dismantling EOL Products for Magnets 
and Magnet Assemblies

When reusing the entire EOL product is not possible, the next pathway is to extract 
magnets and MAs through dismantling. Dismantling or shredding operations are 
often applied to EOL products to recover components containing critical materials 
such as REEs. Preservative dismantling guarantees that magnets are recovered in 
their entirety which results in a higher economic value. Due to less complexity in 
design specifications, large REE magnets in EVs and turbines can be removed and 
these big magnets could also be repurposed after refurbishment [28]. Small- to 
medium-sized recycling enterprises often use manual dismantling; nonetheless, cost 
and time may be two major constraints for such a process. Manual disassembly to 
retrieve the MAs, for example, might take several minutes to hours on average 
depending on the EOL products. Therefore, automatic dismantling is being explored 
as an alternative to manual dismantling so that the magnets and MAs could be 
recovered more efficiently with less processing time.

Hitachi developed an automatic dismantling process to extract Nd-Fe-B magnets 
and MAs from HDDs and air conditioners on a commercial scale [29]. The upper- 
left section of Fig. 17.3 shows their HDD dismantling process, where HDDs are 
loaded into a dismantling machine via an in-feed conveyor and the dismantled 

Fig. 17.3 A process developed by Hitachi to extract REE magnets from HDDs. (The upper-left 
block shows HDD dismantling operations to sort and separate MAs. The upper-right section shows 
the base metal recovery process and the lower section represents the working principles of the 
magnet recovery machine to recover REE magnets through demagnetization. The figure is from 
Baba et al. [29] and reused with permission)
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components are hand-sorted on a sorting conveyor to recover magnets (same as 
MAs defined earlier) from voice coil motors (VCM), printed circuit board and other 
components. The extracted MAs are demagnetized in an electric furnace, and the 
bond between REE magnets and yokes is loosened in a magnet recovery machine to 
liberate the magnets as shown in the lower section of Fig. 17.3. The other HDD 
components go through magnetic separation for ferrous-component recovery, 
vibrating filtration for glass recovery, aluminum separation/recovery and gravity 
concentration for printed circuit board and screw recovery as shown in the upper-
right section of Fig. 17.3. Such a co-recovery process maximizes the value recov-
ered from HDDs. The system was reported to be capable of processing 200 HDDs 
per h, which could vary based on the HDD design.

Apple also developed dismantling robots, Daisy and Dave, to mechanically dis-
assemble iPhones and reclaim critical minerals preserving the original function and 
quality of the dismantled components [28]. Daisy, with an hourly dismantling rate 
of 200 iPhones, uses a four-stage mechanical process to dismantle the iPhones [30, 
31]. It first separates the body from the screen by pressing a series of prongs into the 
seam [30]. In the next step, Daisy utilizes a blasting procedure that uses freezing air 
(−80 °C) to provide enough force to release the battery from the body which is 
bonded together with glue [30, 31]. The screws that hold the logic board in place on 
the phones are then removed. Identifying the phone model and the angle at which it 
is mounted, Daisy ensures positioning accuracy for this process [30]. Finally, Daisy 
retrieves various components such as cameras, speakers and modules, including the 
haptics, which controls the phone’s vibratory activities [30]. After collecting all the 
components, the aluminum case of the phone remains which may be recycled.

Oak Ridge National Laboratory (ORNL), as part of the DOE Critical Materials 
Institute (CMI), developed a HDD dismantling process for magnet reuse in gap 
motors [32]. They developed a mapping station including a barcode scanner with a 
3D coordinate measuring machine to generate an inventory database containing 
information such as HDD make, model, data storage capacity, serial number and 
fastener locations. The information was used to identify the incoming HDD types 
and plan for an automated disassembly (e.g., alignment for robotic disassembly). 
Then REE magnet assemblies were separated from HDDs by high-speed robots 
mechanized for drilling. The process also liberated other HDD components such as 
circuit boards and disk platters.

17.2.3  Nd-Fe-B Magnet and Magnet Assembly Reuse

After dismantling of HDDs, two Nd-Fe-B magnets can be recovered from the top 
and bottom of the MAs, as shown in Fig. 17.4. The MA set weighs about 100 g per 
drive and contains approximately 27  g of Nd-Fe-B magnets that are attached to 
yokes [20, 33]. Properly recovered MAs preserve the function and reliability even 
after HDDs retire allowing almost 100% of reuse in new HDDs [34].
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Fig. 17.4 Rare earth magnet assemblies inside an HDD. (The figure is from Handwerker et al. 
[43] and reused with permission)
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More than 90% of EVs use Nd-Fe-B magnets in different motors such as traction 
motors, brushed and brushless DC, axial flux and synchronous motors, consuming 
2–5 kg of REE-containing magnets per EV depending on the geometric require-
ments [35–37]. Smartphones also use up to 14 Nd-Fe-B magnets in the speaker, 
receiver, VCMs in cameras and vibration motors that account for approximately 
1.03 g per cell phone [38–40]. Reusing the magnets from these products as they 
reach EOL could reduce virgin REE production, Nd-Fe-B magnet manufacturing 
and MA assembly processes, avoiding the environmental life cycle impacts (e.g., 
global warming) and fostering a more sustainable circular economy [41, 42].

Frost et  al. [34] demonstrated a pilot-scale MA recovery and reuse process 
(Fig. 17.5) in collaboration with major HDD industry stakeholders. Over 6000 units 
of EOL HDDs were disassembled within a U.S. data center to minimize transporta-
tion distance and data breach risks. The process started with de-welding by a com-
puter numerical control (CNC) machine to remove HDD top covers in a cleanroom 
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Fig. 17.6 Reuse of HDD magnets in axial flux gap motors. (The figure was from Handwerker 
et al. [43] and reused with permission)

environment. Torque drivers were employed to remove screws and liberate MAs 
which were then vacuum-sealed and packaged into a specialized shipping tray. As 
Thailand manufactures over 80% of global HDDs [44], MAs were shipped to 
Thailand, cleaned with pressurized CO2 “air knives” and placed back into new 
HDDs for reuse. The process was estimated to reduce the embodied carbon foot-
print of MAs by 67–86% compared to the business-as-usual of shredding EOL 
HDDs for base metals recovery and producing MAs from virgin materials.

The harvested Nd-Fe-B magnets from the dismantling process developed by 
ORNL could be reused by conceptual motor manufacturers in applications such as 
axial, radial and linear gap motor designs and manufacturing. ORNL and Ames 
National Laboratory, as part of CMI, demonstrated a successful implementation of 
EOL HDDs magnet reuse in axial gap flux motor [13] as shown in Fig. 17.6.

The major limitations of magnets and MA reuse include the high-quality require-
ment of the recovered components and the changing product designs. HDDs are 
extremely sensitive to minute particle contaminations, so MA recovery processes 
(e.g., dismantling, MA retrieval and reassembly) need to be performed in a clean- 
room environment preserving the original component quality for direct reuse in new 
HDDs. In addition, product designs change constantly over time resulting in magnet 
design modifications. By the time magnets and MAs are recovered after their first 
life cycle, the products may become obsolete and thus component reuse may not be 
feasible. Therefore, design for “X” (e.g., disassembly, remanufacturing and reuse) 
and keeping the magnet/product design consistent through multiple generations will 
allow the reuse process to scale [45].

17.2.4  Nd-Fe-B Magnet Remanufacturing

 Full-Density Magnet Remanufacturing

When MAs and magnets cannot be reused directly, magnet-to-magnet recycling 
could be the next best option to reproduce sintered magnets from EOL magnets. The 
process aims to preserve all the magnet materials without extracting REEs and 
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separating them down to the individual element level. It is considered beneficial 
because it is a faster route for returning recycled products back to the supply chain 
with significant economic and environmental advantages over traditional REE 
recovery and the subsequent magnet production.

Figure 17.7 illustrates the processes for virgin magnet manufacturing versus 
magnet- to- magnet recycling commercialized by Urban Mining Company [46, 47]. 
In the virgin magnet production route, REEs, Fe, B and other additives are produced 
from their respective ores [47, 48]. Rare earth oxide (REO) production from Bayan 
Obo, the largest REE mine on the globe, entails mining, Fe separation, REE concen-
tration, acid roasting, water leaching, solvent extraction and calcination, which are 
notorious for the environment due to the chemical- and energy-intensive processes 
[42]. The REOs are further reduced to RE metals through electrorefining and alloyed 
with other virgin materials (e.g., Fe, B and copper (Cu)) at an elevated temperature 
(approximately 1400 °C), which are then strip-casted for virgin Nd-Fe-B magnet 
manufacturing. In the case of magnet-to-magnet recycling, it reduces the virgin 
materials requirement by utilizing almost all the materials from Nd-Fe-B magnets 
harvested from EOL products. The harvested magnets are demagnetized at a tem-
perature around 400 °C and cleaned to remove the surface coating (e.g., galvanized 
nickel). The de-coated magnets are then treated with H2, in addition to a grain 
boundary modifier alloy that consists of a small amount of REEs (e.g., Nd and Dy; 
less than 5% of the initial feedstock) to enhance the magnetic properties of recycled 
magnets [47]. The latter processes of jet milling, magnetic alignment, pressing, sin-
tering and annealing are common with the virgin magnet production route. As REE 
production constitutes the single largest environmental hot spot for Nd-Fe-B manu-
facturing, magnet-to-magnet recycling has a significant environmental benefit over 
virgin magnet production [47]. Nevertheless, it is not suitable for all types of EOL 
magnets, especially small magnets, such as those in cell phones or those that are 
significantly fractured. This is because the surface coating removal also removes a 

Fig. 17.7 Comparison of virgin Nd-Fe-B magnet manufacturing processes with magnet-to-mag-
net recycling. (The figure is from Zakotnik et al. [47] and reused with permission)
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small layer of the magnet which, for small magnets, yields product that are not suit-
able for treatment with H2 and are unprofitable to further process.

A similar version of magnet-to-magnet recycling was proposed by Xia et al. [49] 
in which a press-less process (PLP) was coupled with H2 decrepitation (Fig. 17.8). 
In this process, the authors first applied H2 decrepitation and ball milling to EOL 
Nd-Fe-B magnets in an inert atmosphere (i.e., argon (Ar) glovebox) to obtain 
Nd-Fe-B powder of proper sizes (less than 100 μm), similar to traditional magnet 
manufacturing. Then the Nd-Fe-B powder was sieved and PLP was applied where 
the powder was sintered in a graphite mold as previously reported by Popov et al. 
[50] The PLP has some advantages over the traditional press-and-sinter process in 
that it requires less tooling which saves costs. In addition, elimination of tooling 
also makes it easier to handle fine magnet powders and can potentially result in 
magnets with higher performance and a process with a higher yield.

Fig. 17.8 Schematic diagram of H2 decrepitated PLP method to recycle anisotropic magnets. (The 
figure is from Xia et al. [49] and reused with permission)
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A key benefit of magnet-to-magnet recycling is the possibility for the recycled 
magnets to outperform the original magnets by adjusting the material composition 
and other parameters during recycling [46]. For example, a small amount of Dy 
(0.2–1.3 at.%) can be added to enhance temperature performance parameters of the 
magnet such as the thermal coefficients of remanence (α) and coercivity (ß). Some 
intermetallic alloys of rare earth (e.g., Nd and Pr) and transition metal elements (Cu, 
Ga and Al) can be added to enhance coercivity.

Perhaps one of the most significant benefits of the magnet-to-magnet recycling 
method is that it opens a new avenue for creating sintered magnets which has been 
severely limited by various Hitachi patents [51–54]. Those patents, which have been 
the subject of different lawsuits, have made it challenging for new players to enter 
the market. Nevertheless, some of these patents are soon expiring. Until then, 
magnet- to-magnet recycling provides an opportunity for other companies to pro-
duce sintered magnets for clean energy technologies and defense security.

 Bonded Magnet Remanufacturing

Isotropic and anisotropic powders derived from different EOL Nd-Fe-B magnets 
can be reintroduced into the supply chain as bonded magnets. Bonded magnets 
comprise magnet powders in a suitable binder (i.e., nylon, polyphenylene sulfide; 
Teflon and thermoset epoxies) prepared with methods like calendaring, compres-
sion, injection and extrusion molding [55, 56]. Recycling HDD magnets into bonded 
magnets requires that the sintered magnets be first converted to powders. This cre-
ates a great challenge because any pulverization method that is adopted must retain 
the hard magnetic properties (e.g., maximum energy product and coercivity) of the 
resulting powders for subsequent permanent magnet production. However, it is eas-
ier to recycle bonded magnets back into bonded magnets [57] than converting sin-
tered magnets into bonded magnets. Commercial powders for bonded permanent 
magnets are produced mainly by hot-deformation (or die-upsetting) or the 
hydrogenation- disproportionation-desorption-recombination (HDDR) process [58].

Although sintered magnets can be converted to powder by H2 decrepitation, 
powders obtained via such an approach lose their magnetic properties because they 
can consist of multiple phases including Nd2Fe14BHx, NdH2, RE-rich phases, α-Fe 
and Fe2B depending on the decrepitation parameters such as temperature and pres-
sure [49, 59, 60]. Consequently, it is unlikely that H2-decrepitated magnet powders 
can be directly recycled into bonded magnets as suggested by Walton et al. [61] 
Nevertheless, the hard-magnetic properties can be recovered with some added ther-
mal treatments [62].

An alternative method reported by Itoh et  al. [63] recycled EOL anisotropic 
nickel-coated sintered HDD magnets into isotropic powder for bonded magnets. In 
their method, the authors subjected the scrap HDD magnets to the melt-spinning 
process. The process includes ejecting a molten magnet alloy onto a rotating Cu 
wheel to rapidly solidify it into ribbons. The ribbons were grounded into powders 
for bonded magnet production. The recycled magnet powder was reported to have 
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magnetic properties comparable with commercial powders for bonded magnet man-
ufacturing. Although the authors reported using Ni-coated samples, it is unclear 
whether the coatings were removed prior to melt-spinning. Moreover, this process 
yields isotropic, instead of anisotropic magnets.

Gutfleisch et al. [64] demonstrated that anisotropic Nd-Fe-B sintered magnets 
can be recycled into anisotropic bonded magnets that have properties comparable to 
non-recycled bonded magnets produced with the same powder as the sintered mag-
net. The method combined the traditional H2 decrepitation method with the dynamic 
HDDR process. The former produced single-crystal powders from the sintered 
magnets, while the latter enabled the development of textured particles for magneti-
cally anisotropic powders.

Poskovic et al. [65] reported on recycling sintered Nd-Fe-B magnets into powder 
for bonded magnets based on mechanical treatments. The authors compared three 
different mechanical treatments namely ball milling, impact milling and lamination 
to demonstrate their effects on retaining properties suitable for bonded magnets. It 
was found that impact milling is more effective than ball milling and lamination and 
milling in an Ar environment is more effective than in a nitrogen (N2) environment 
for particle sizes between 250–500 μm. They also compared the properties of recy-
cled powders with commercial powders used in conventional bonded magnet pro-
duction. The method for assessing the performance of the resulting powder is, 
however, questionable as HDD magnets are anisotropic and commercial magnet 
powders are isotropic. In addition, the isotropic powder outperformed the recycled 
powder indicating substantial degradation of magnetic properties due to the mechan-
ical grinding methods used.

17.2.5  REE Recycling

REE recycling technologies such as hydrometallurgical, pyrometallurgical and gas- 
phase extraction methods aim to break down products and components into the 
individual constituent elements which entails significant materials and energy con-
sumption [66]. The final products from REE recycling are reinserted further up in 
the supply chain than the prior options discussed in Sects. 17.2.1, 17.2.2, 17.2.3 and 
17.2.4, which requires additional resources, efforts and costs to reprocess them for 
the final products (e.g., HDDs) [67]. However, REE recycling is necessary for 
shredded e-wastes, magnet grinding swarfs or magnets that cannot be recovered via 
other approaches. The technologies also make it possible to recycle REEs for both 
open- and closed-loop applications.

As REEs are concentrated in Nd-Fe-B magnets, pretreatments such as disassem-
bly (not as preservative as for the reusing scenario), size reduction (e.g., shredding 
and milling) and magnetic separation are typically employed to mechanically 
remove other materials (e.g., printed circuit boards that contain precious metals in 
electronics). A typical hydrometallurgical process (Fig. 17.9) employs leaching to 
dissolve REEs and then further concentrates and separates REEs through 
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Fig. 17.9 A general process flow diagram of hydrometallurgical REE extraction and recovery 
from EOL HDDs. (The dashed box indicates an optional process. PCB is an abbreviation for 
printed circuit board)

(membrane) solvent extraction, ion exchange, biosorption and other competing 
technologies to produce high-purity REOs.

Diaz and Lister [68] and Li et al. [69] emphasized the significance of co-recovery 
of REEs and precious metals from electronic waste for economic and environmental 
sustainability. The technology utilized hydrochloric acid leaching of the ferromag-
netic fraction of shredded e-waste, followed by rare earth precipitation using sodium 
sulfate [70]. Although REE recovery efficiency was over 80%, REE contributed less 
than 1% of the total revenue. Precious metals—gold and silver contributed 80–97% 
of the total revenue for all three options of hydrometallurgical-, pyrometallurgical- 
and a comprehensive recovery that included electrochemical processing. The global 
warming potential of the comprehensive recovery process was 1–10% of the rele-
vant REE production impact from ion adsorption clays, depending on the allocation 
assumptions (i.e., how to allocate the environmental impacts of recycling multiple 
products (e.g., precious metals and rare earth elements) that share the same process-
ing steps (e.g., size reduction)).

Prodius et al. [71] reported a novel acid-free dissolution process for extracting 
REEs from H2-decrepitated Nd-Fe-B magnets and shredded e-wastes. The process 
flows are shown in Fig. 17.10. The key chemical reaction is shown in Eq. (17.1) 
which utilizes a copper (II) nitrate hemi(pentahydrate) solution to dissolve REEs.
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These chemical activities produced an insoluble solid deposit of Cu salt, oxide 
and metallic powder of which more than 98.5% was filtered away. Then a solution 
of oxalic acid (H2C2O4) was added to generate rare earth oxalates (RE2(C2O4)3·10H2O). 
They were precipitated, filtered and calcined to generate a mixture of REOs that has 
a purity greater than 99.5%. The recycled REOs could be used directly to produce 
magnets without separating into individual REOs and thus forgoing solvent 
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Fig. 17.10 Process flow diagram for REO recycling from Nd-Fe-B magnet waste through acid-
free dissolution

extraction. The authors demonstrated that Nd-Fe-B magnets produced from these 
recycled REOs had comparable coercivity, remanence and energy product as com-
mercially available magnets.

Brewer et al. [72] developed biosorption technology for REE recovery from elec-
tronic waste leachate (Fig. 17.11). E. coli microbes were genetically modified to 
display lanthanide-binding tags (LBT) on the cell surface to selectively adsorb rare 
earth elements from the leachate solution. The microbes were encapsulated in per-
meable polyethylene glycol diacrylate (PEGDA, C5H10O4) bead, and the resulting 
bio-sorbent material was packed into a flow-through column that the leachate was 
fed into to remove unwanted contaminants (e.g., Fe, Ni and Co). To desorb REEs 
from the bio-sorbent, sodium citrate (Na2C6H5O7) was pumped into the column, 
recovering 91% of REEs with a purity of 95%. The process could be more sustain-
able than solvent extraction which uses harsher chemicals (e.g., P2O4). However, the 
process required pH adjustment of the leachate up to 6 which may precipitate REEs 
before applying biosorption. In addition, REE adsorption capacity (2.6 mg/g) was 
lower than unencapsulated microbes, resulting in a high materials cost [72, 73].

Deshmane et al. [74] developed a membrane-assisted solvent extraction technol-
ogy to recover ≥99.5  wt.% pure REEs in a single-step continuous process 
(Fig. 17.12). REE-containing feed solution was prepared by leaching Nd-Fe-B magnet  
scraps from a variety of sources including HDDs and hybrid EVswith nitric  
acid (8  M HNO3). Tetraoctyl diglycolamide (TODGA, N, N, N′, N′ -tetra-n- 
octyldiglycolamide) was used as an extractant (Eq. 17.2) along with Isopar-L L as 
a solvent and tributyl phosphate (TBP, C12H27O4P) as a phase modifier at a volume 
ratio of 30%, 40% and 30%, respectively. The organic phase was immobilized by a 
polypropylene ((C3H6)n) hollow fiber membrane and over 95% of REEs were selec-
tively extracted from the starting feedstock. To lower the extractant cost, technical 
grade TODGA of 90+% purity was tested which showed a similar performance to 
refined TODGA of 97+% purity. REE was recovered in the stripping solution con-
taining 0.02 M HNO3. Finally, C2H2O4 precipitation, filtration and oven-drying were 
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Fig. 17.11 Process flow diagram of a biosorption process for REE recovery from e-waste leach-
ate. (This figure is from Brewer et al. [72] and reused with permission)

Fig. 17.12 Process flow diagram of a membrane solvent extraction process for REE recovery 
from scrap Nd-Fe-B magnets. (This figure is from Kim et al. [75] and reused with permission)

applied to recover ≥99.5 wt.% pure REOs. REE extraction rate was highly depen-
dent on the REE feed concentration as a lower REE concentration (~23,000 mg/L) 
resulted in a much lower extraction rate (1–2 g/(h m2)).
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17.2.6  Economic and Environmental Implications  
of Value Recovery Pathways

Conventional operations from REE mining to magnet manufacturing pose a signifi-
cant environmental challenge due to harsh chemical usage, energy-intensive pro-
cesses and artisanal mining not being compliant with environmental regulations in 
the developing countries [76, 77]. As a remedy, value recovery pathways for REEs 
and Nd-Fe-B magnets could enable waste valorization of critical materials with a 
lower environmental footprint. While the specific economic and environmental 
impacts vary from case to case, Fig. 17.13 shows a general trend of value recovery 
options for HDDs in terms of recovered value and avoided global warming potential 
(GWP) [78] which could also be applicable for other EOL products. The economic 
and environmental benefits follow a decreasing trend from reuse to metal recycling.

 1. As the first option in the value recovery cascade, EOL product reuse may have 
the highest economic and environmental potential due to their extended lifetime 
of entire functional products [20]. The process requires a minimum amount of 
energy (e.g., HDD data wiping and reconditioning) and materials cost compared 
to the other recovery options [79, 80]. For example, reusing cell phones could 
cost $1.76–$3.37 per unit, while the resulting resale value ranges between $17 
and $23 per phone and the avoided GWP is about 4.04 kg of CO2 equivalent 
[79, 80].

 2. The second option involves magnet or MA reuse which may result in less eco-
nomic and GWP benefits than reusing the entire product due to additional pro-
cessing steps such as disassembly of MAs and reassembly into new products. 
The mode of transportation is a crucial aspect that influences the GWP of MA 
reuse in HDDs. If entire HDDs are transported by air from the United States to 
Malaysia for MA disassembly and reuse, the global warming potential will be 

Fig. 17.13 A representative scheme of economic value and environmental benefit from four cir-
cular economy pathways of HDDs [10, 13, 20, 78].
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higher than new MA production [20]. Transportation via air is faster, easier and 
reliable than transportation via sea; however, it generates significant environ-
mental impacts that outweigh the benefits from avoided virgin MA production.

 3. Magnet-to-magnet recycling employs powder metallurgical processes to recover 
magnet materials from EOL magnets and recycles them into sintered or bonded 
magnets. The energy consumption and magnet material loss during cutting, 
grinding and shaping processes or out-of-spec magnets are the key drivers of 
costs and environmental impacts. The overall economic and environmental ben-
efits are expected to be greater than those of virgin magnet production because it 
avoids over 99% of new REE production which is considered as the most envi-
ronmentally harmful process of Nd-Fe-B magnet manufacturing [81].

 4. For the last option of REE recycling, the expected economic and environmental 
benefits are the lowest due to the employment of chemical- and/or energy- 
intensive processes to break down EOL products and components to the elemen-
tal materials. The benefits of metal recycling are its [1] flexibility in processing 
EOL products of different conditions; [2] versatile applications of recovered 
metals, oxides or salts and [3] potentially more suitable for large-scale applica-
tions. The prior three options, in particular, reuse, require intact EOL products 
(e.g., MA or magnets) which will eventually retire from the product system and 
may not be reused further. These feedstocks can be recovered for multiple mate-
rials (e.g., precious metals from e-waste, REEs and base metals) through 
recycling.

17.3  Future Outlook and Recommendations

Value recovery technologies for REEs and Nd-Fe-B magnets from different EOL 
products have captured a lot of attention in the fields of research, education and 
innovation that are considered the key drivers of a knowledge triangle. To fully 
comprehend and integrate the emerging technologies into the existing product and 
REE supply chain, the following perspectives are presented:

 1. Reuse than recycling: Existing studies indicated that the major cost and environ-
mental footprint in Nd-Fe-B magnet manufacturing are driven by mining, extrac-
tion and separation of REEs [82–84]. While REE recycling from EOL products 
also contributes to the circular economy, the process is generally more complex, 
costly and environmentally challenging than reuse. Therefore, direct reuse of 
REE-containing products, magnet assemblies and magnets should be encour-
aged rather than going through various recycling steps [85]. However, there are 
limited studies on direct reuse, and in particular, on design for reuse and remanu-
facturing, warranting future research [86].

 2. Compliance toward OEM requirements: Different methods to recycle Nd-Fe-B 
magnets and a comparison of several performance characteristics with the virgin 
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magnets were presented. However, OEM requirements on the product specifica-
tion may not be available in the open market and recovered products may lack 
quality to be directly reinserted into the existing supply chain. For example, 
recycled REOs shall be of ≥99.5% purity in order to be compatible with the 
existing REE production facility operations. Therefore, it is of crucial impor-
tance to identify OEM requirements and industry standards to ensure the maxi-
mum utility from value recovery technologies.

 3. Future dominance of electric vehicles: Although this chapter focused on the cir-
cular economy of HDDs, the future available EOL Nd-Fe-B magnets are pro-
jected to be largely driven by EVs in the next 10–20 years [9]. This is because 
the number of HDDs will decrease gradually due to the increasing adoption of 
solid-state drives (SDDs) and increasing data storage capacity per drive. EV 
demand, on the other hand, has been growing exponentially. In 2020, the global 
EV registration increased by 41% [15], and the trend is expected to continue 
with substantial governmental support and industry follow-up [87]. Therefore, 
knowledge gained from HDD value recovery shall be transferred to EV recovery 
to prepare for such a transition [20].

 4. Collaboration among stakeholders: As HDD and REE recovery technologies 
and supply chains are complex, there should be close collaborations among the 
key stakeholders in the industry as well as academia and National Laboratories 
for technology development, commercialization and integration. Frost et al. [34, 
88] highlighted the importance of micro-, macro- and even meso-level collabora-
tion in transitioning the economy model from a linear to a circular one. Such 
collaborations shall promote and establish joint ventures among stakeholders 
and business entities at various stages of accomplishing the pathways to REE 
value recovery [87].

 5. Policy incentives: The U.S. government recognized the importance of govern-
ment data center HDDs for REE recovery [45, 87]. If governmental policies 
could be developed on a scale similar to the plan to electrify the federal fleet, the 
REE recovery processes could serve thousands of government-run data centers 
[45, 87]. Currently, Subpart 23.7 of the Federal Acquisition Regulation (FAR) 
requires federal agencies to procure environmentally sustainable electronic 
products, according to the US Environmental Protection Agency (EPA) [89]. 
Global Electronics Council (GEC) grants two points for the HDDs containing 
5% or more postconsumer recycled Nd or Dy in the actuators or VCMs through 
EPEAT (Electronic Product Environmental Assessment Tool) Ecolabel [90]. 
More of such policy incentives will accelerate value recovery technologies and 
their commercialization for REEs and REE-containing magnets from EOL 
products.
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Chapter 18
Recovery of Rare Earth Metals from Waste 
Fluorescent Lights

Brajendra Mishra, Mark Strauss, and Manish Kumar Sinha

18.1  Background

In Japan, it has been said that “oil is the blood, steel is the body and rare earths are 
the vitamins of a modern economy.” [1] In recent years, technological advances 
have resulted in multiple applications using rare earths which has increased their 
demand as they are considered to rapidly becoming “the next oil.” [2] A global drive 
toward the introduction of emerging technologies or green technologies or low- 
carbon technology has been motivated by growing concerns about the environment 
and our decreased reliance on the fossil fuels. Wind turbines, electric cars and 
energy-saving lighting are among the low-carbon technologies that require rare 
earth metals (REM) for their manufacture and/or production.

To date, China alone accounts for 80% of the total REE production. Moreover, 
after decades of development and use, REE resources are becoming rapidly depleted 
limiting the availability of these critical materials. As a result, scarcity of these 
materials may arise in many countries in the coming years leading to price volatility 
and vulnerabilities in the supply chain. It is estimated that the demand will reach 
210,000 metric tons by 2025 [3, 4]. In 2021, the United States imported $160 M of 
REE-compounds and metals, a significant increase from $109 M in 2020 [5]. To 
meet this demand, alternative sources of REEs are needed. One potential secondary 
resource of REEs is the phosphor powder from waste fluorescent lamps (FLs).

End-of-life or waste FLs contain over ten times the REE content of industrial- 
grade primary ores (1.5–2%). The contained REEs account for up to 28% of the 
total weight of FL phosphors. Triband phosphors generally consist of several REE- 
containing compounds [6] including.
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• Red phosphors (YOX – Y2O3: Eu3+).
• Blue phosphors (BAM – BaMgAl10O17: Eu2+).
• Green phosphors (LAP – LaPO4:Ce3+,Tb3+; CAT – CeMgAl11O19: Tb3+; CBT – 

(Ce,Gd) MgB5O10:Tb3+); Halophosphate Phosphors (HALO – ((Ca, Sr)10(PO4)6Cl: 
Eu2+); (Sr,Ca)10(PO4)6(Cl,F)2:Sb3+,Mn2+).

Among all REEs present in the FL phosphor powder, Eu is one of the most 
expensive and rarest element accounting for only 0.05–0.10 wt.% of the total REE 
content in the primary ores found in China, India, Brazil and Australia [7]. According 
to the list of U.S. critical minerals [8], fourteen individual REEs, including Eu, are 
critical for the country because of their global shortages and importance as raw 
materials. Typically, FLs contain three times the amount of Y, two times the amount 
of terbium (Tb) and 1.5 times the amount of Eu compared to REE ores [9]. The 
quantity of phosphor and rare earth oxide (REO) concentrations in various FLs are 
presented in Table 18.1.

It was reported that in 2020, the stockpiled lamp phosphor waste contained 
around 25,000 metric tons of rare earths [11]. Globally, 1.5 billion fluorescent lamps 
are produced each year. More than 600 million fluorescent lamps are discarded each 
year in the United States which is equivalent to approximately 1300 metric tons of 
rare earth elements [12]. In the United States, recycling rates remain at 23% [13] 
due primarily to the lack of advanced separations technology, and with non-cost- 
effective, manual sorting, only a limited quantity of material is available for recycle 
processing [14].

Red phosphors exist as an oxide and are easily leached in acid solution. In con-
trast, blue phosphors and green phosphors are difficult to be leached directly due to 
their stable spinel structures. Since, red phosphors are the major fraction of phos-
phor powder, most previous research studies have focused on the hydrometallurgi-
cal recovery of Y and Eu from waste phosphor because of their high economic value 
and ease of extraction [15]. The process is mostly limited to dissolution of the phos-
phor using acids such as hydrochloric acid (HCl), nitric acid (HNO3) and sulfuric 
acid (H2SO4) followed by recovery of REEs from the leached solution by oxalate 
precipitation [7, 16]. Separation is often directed toward recovery of all REEs con-
tained in the starting material or manufactured product (e.g., CFL or LFL), and not 
to the separation and recovery of specific, individual, phosphor REEs [17–19].

Table 18.1 Quantity of phosphors and REOs in various fluorescent lamps [10]

Lighting Phosphors (g/unit)
Y2O3 Eu2O3 Tb4O7 CeO2 La2O3

g/unit (% phosphor)

CFL 1.3 0.61 (46.9) 0.04 (3.07) 0.05 (3.8) 0.19 (14.6) 0.08 (6.15)
LFL (T5) 2.4 0.75 (31.2) 0.05 (2.08) 0.06 (2.5) 0.08 (3.33) 0.25 (10.4)
LFL (T8) 5.8 1.79 (30.8) 0.12 (2.06) 0.13 (2.2) 0.18 (3.10) 0.59 (10.2)

Compact Fluorescent Lamp/Light (CFL); Linear Fluorescent Lamp/Light (LFL)
T5 and T8 = Tubular lamps with 1.59 cm and 2.54 cm diameter
Tb Terbium, Ce Cerium, La Lanthanum
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There are only a few studies that report the separation of Y and Eu from leached 
phosphor powder solutions. For example, the recovery of REEs was investigated 
using supercritical carbon dioxide (SF-CO2) containing tri-n-butyl phosphate (TBP) 
complexes with HNO3 and H2O [20]. During experimental testing, aqueous droplets 
were generated when the leached metal oxides were vigorously mixed with a TBP: 
1.8HNO3: 0.6H2O complex. More than 99% co-extraction of Y and Eu was observed 
after static extraction for 120 min at 15 MPa and 60 °C.

Rabah [21] studied the selective extraction of Eu and Y from the thiocyanate 
solution using trimethyl-benzylammonium chloride (C10H16ClN) as an extractant. 
In the process, the mixed sulphate salt of Y and Eu obtained after H2SO4 leaching of 
phosphor was converted into thiocyanate at low temperature. After extraction, the 
metal loaded in the extractant was recovered by N-tributylphosphate (TBP, 
C12H27O4P) in 1 M HNO3 at 125 °C to produce nitrate salts of Eu and Y. Subsequently, 
europium(III) nitrate (Eu(NO3)3) was separated from yttrium(III) nitrate (Y(NO3)3) 
by dissolving in ethyl alcohol (C2H6O).

Separation of Y and Eu using Cyanex 572, a commercial extractant for separa-
tion of REEs by solvent extraction, was addressed by Tunsu et al. [22] Yttrium was 
selectively extracted at pHeq = 0, whereas complete Eu recovery was observed at 
pHeq = ~1 with 1 M Cyanex 572 in 12.5 min. Stripping with 3 M HCl solutions led 
to complete recovery of the extracted Y and Eu. Finally, from the individually puri-
fied stripped solutions, Y and Eu oxides were prepared by oxalate precipitation and 
calcination.

Separation of Y(III) and Eu(III) by undiluted quaternary phosphonium thiocya-
nate ionic liquid [C101][SCN] was investigated [23]. Selective extraction of Y was 
carried out with undiluted ionic liquids with an organic to aqueous ratio 
(O/A)  =  1:10  in four countercurrent steps. High-purity (e.g., 98.7%) Eu2O3 was 
prepared from the raffinate containing Eu(III), by precipitation with ammonia (NH3) 
solution, followed by calcinations at 400–450 °C.

Recently, the solvent extraction and separation of Y and Eu from chloride leach 
liquor using D2EHPA was studied by Mishra et al. [24] The complete and selective 
extraction of Y from the leach liquor was achieved in two countercurrent stages at 
an O/A ratio of 1:1.5 at pH  2.56 with minor Eu co-extraction. In an alternative 
method, the chemical reduction of Eu(III) to Eu(II) using zinc (Zn) metal was also 
tried in order to separate Y and Eu from leached solution. It was observed that 
78.1% Eu(III) was reduced in 1 h. However, 16% Y was also coprecipitated along 
with EuSO4.

Despite being a multistep process, solvent extraction is the accepted method for 
producing high-purity REE salts. The selective reduction-precipitation process 
presents a promising innovative one-step separation technique for the separation of 
Eu from Eu-containing solutions. The reduction of Eu(III) can be realized in a 
chemical, electrochemical or photochemical way. The various reductive separation 
methods for Eu were reviewed in detail by Kumari et al. [7] The recovery of Eu as 
EuSO4 from monazite, bastnäsite and Eu-rich REE concentrate leached solution 
using Zn-amalgam has been previously reported [25, 26]. In contrast, very few 
attempts have been made to separate Eu from phosphor powder leached solution by 
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reduction-precipitation. In view of this, an advanced process for efficient Eu recov-
ery as a value-added product from waste phosphor powder using the reduction- 
precipitation method has been developed and is presented in Sect. 18.2.

18.2  Europium Recovery from Waste Fluorescent 
Phosphor Dust

Figure 18.1 shows the process flow sheet for recycling REEs from waste phosphors. 
Waste FL phosphors collected from Veolia North America, LLC, were used to dem-
onstrate the proposed recovery process. The as-received phosphor dust was sieved 
to separate glass and aluminum (Al) particles, and the <74 μm fraction was used. 

Fig. 18.1 Complete flow sheet for REE recovery from waste phosphor dust

B. Mishra et al.
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Oxides Wt.%

Y2O3 31.47

La2O3 2.97

Ce2O3 2.82

Eu2O3 1.96

Tb2O3 1.14

Fe2O3 0.10

CaO 22.81

Al2O3 10.74

Na2O 1.58

K2O 0.53

MgO 0.25

P2O5 14.38

SiO2 9.30

Fig. 18.2 Composition of phosphor dust as determined by ICP-OES analysis and XRD spectrum

Figure 18.2 shows the chemical composition of the waste phosphor as analyzed by 
ICP-OES (inductively coupled plasma optical emission spectrometry). The major 
phases determined from X-ray analysis (XRD) were YOX (Y2O3:Eu3+), calcite 
(CaCO3) and apatite (Ca10(PO4)6(OH)2).

Compared to other phosphors, HALO dissolves very easily, but its dissolution 
consumes considerable amount of acid and introduces metallic contaminants into 
the leach solution. Therefore, in the first stage HALO phase was selectively leached 
at below room temperature in dilute HCl using a pulp density of 150 g/L for 15 min. 
The temperature was regulated by surrounding the leaching reactor with an ice 
water bath. More than 80% calcium (Ca) from the HALO phase selectively dis-
solved in the solution while Y and Eu was retained in the leach residue. The YOX 
phase was selectively leached from the REE-rich leached residue using 2 M HCl at 
70 °C for 60 min while maintaining the pulp density of 180 g/L. The as-obtained 
leach liquor was further used for recovery of Eu as EuSO4 via reduction- precipitation. 
A variety of factors affect the final grade and recovery of EuSO4, including pH, 
sulfate concentration, selective reduction time and the precipitation time.

18.2.1  Eu(III) Reduction Chemistry

Eu(III) has the highest standard redox potential of all rare earth salts (RES) that can 
be reduced to their divalent oxidation state, making its selective reduction and 
recovery from a solution containing rare earth mixture possible. Since, Eu3+ easily 
oxidizes to Eu2+ in presence of oxygen (O2), Eu reduction-precipitation is always 
carried out in an inert or nonoxidizing environment [27]. As Zn metal or Zn amal-
gam has a more negative reduction potential than Eu(III), it has traditionally been 
used to reduce Eu(III) to Eu(II). This can be shown by the following reduction 
potential equations:

18 Recovery of Rare Earth Metals from Waste Fluorescent Lights
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In order to avoid the difficulty of separating unreacted excess Zn-dust from the 
EuSO4 product, reduction and precipitation was performed in a different reaction 
vessel. Europium(II) sulphate of 92.77% purity was obtained at the following opti-
mal processing conditions: Initial Eu(III) solution pH = 3, 30 min reduction time, 
3 M H2SO4 and 2 h precipitation time.

The major impurities are Ca and other alkali/alkaline metals from the HALO 
phosphor which remain undissolved in the first stage of leaching. The inclusion of 
other metallic impurities in Y-Eu leach liquor can be controlled by better optimiza-
tion of the first stage leaching of the phosphor dust. The EuSO4 powder produced 
was then characterized by scanning electron microscopy (SEM). The SEM image 
presented in Fig. 18.3 shows the formation of agglomerated, oval-shaped, EuSO4 
particles that range between 5 and 10 μm in size.

Yttrium was further recovered from the filtrate by solvent extraction. Using the 
leached residue obtained after selective removal of Y and Eu, mixed rare earth 
oxides of La, Ce and Tb can be recovered after acid leaching followed by oxalate 
precipitation and calcination. As an alternate method, alkali roasting could be used, 
followed by water leaching, acid leaching and oxalate precipitation. Solvent extrac-
tion can be performed directly on the leach solution for the recovery of individual 
rare earths.

Fig. 18.3 SEM image of 
the precipitated EuSO4
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18.3  Conclusions

The end-of-life FLs are considered as an alternate source of REEs. A combined 
acid-leaching and reduction-precipitation method was developed to recover Eu as 
EuSO4 from the waste phosphor dust of spent FLs. The FL phosphor waste is treated 
with dilute HCl solution in an ice-cooled bath to initially dissolve the HALO phos-
phor. After removal of HALO from the phosphor dust, selective leaching of the 
YOX phase was carried out in 2 M HCl at 70 °C for 60 min. Europium in the Y-Eu 
leach solution was effectively separated and recovered via a reduction-precipitation 
method using Zn as a reductant. Under the optimal conditions of pH 3 with 3 M 
H2SO4, 92.77% pure EuSO4 could be obtained by reduction-precipitation in inert 
environment. This process has the potential for larger scale production of EuSO4 
salt from waste phosphor dust.
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Chapter 19
Fundamental Perspectives 
on the Economic Analysis of Rare Earth 
Processing from Various Feedstocks

Aaron Noble

19.1  Introduction and Objectives

19.1.1  Background

The economic analysis of REE mineral resources is fundamentally similar to that of 
other mined commodities. Initial estimates of economic feasibility are conducted 
early in the project development cycle and include rough estimates of the capital 
costs, fixed and variable operating costs, tax and royalty payments and sales reve-
nue. From these estimates, pro forma cash flow statements can be derived, and ulti-
mately, indicators of economic viability (e.g., net present value and internal rate of 
return (IRR)) can be calculated. If the economic indicators are sufficient to warrant 
further investment, the project will progress through the preliminary and detailed 
feasibility studies where further delineation of the reserve size, mine design and 
extraction process lead to refined accuracy in the economic projections.

While this overall economic evaluation process is identical for any mineral 
development project, REE projects have some unique attributes, which warrant spe-
cific attention. The most notable of these is the lack of a well-developed and trans-
parent downstream supply chain. Unlike most base metals, which can be bought and 
sold on an open metal exchange, REEs are sold through bilateral private contracts. 
Individual REE prices are not quoted on the open market and must instead be 
obtained through consultancies or industrial trade journals, which often report 
prices for high grade, individually separated oxide products, free-on-board China. 
The lack of a clear and consistent pricing structure should prompt caution when 
analyzing reported economic projections at face value. The REE pricing used in 
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individual economic studies may vary considerably depending on the data source 
and the year of the study. In addition, the actual REE prices used in the pro forma 
cash flow may or may not be discounted from their standard prices to account for 
deviations in product quality and market entry barriers [1]. These issues and other 
inconsistencies between reporting entities have been described by various 
authors [2, 3].

The challenge of price transparency is further compounded when one also con-
siders the potential number of independent products that must be considered in the 
economic analysis. While most modern base metal operations rely on revenue from 
multiple coproducts or by-products, REE resources usually contain all 16 REEs to 
some degree in addition to potential non-REE by-products. The distribution of 
REEs in naturally occurring ore material rarely matches the distribution of market 
demand, which naturally causes some elements to be perpetually oversupplied. This 
challenge has been noted as the REE balance problem, and it has been well- 
reported [4–6].

While the two aforementioned issues on REE price transparency and supply- 
demand imbalance are market-side challenge, they do often have technical implica-
tions, particularly with respect to the separation process design and the extent of 
processing included in the project. The economic analysis included with REE 
development projects may include varying degrees of processing and refining, with 
some stopping at the production of mineral concentrates, mixed rare earth oxides 
(MREO) or salts (MRES), partial elemental separation of target elements or full 
elemental separation of all REEs. The degree of separation is used to justify the 
REE price deck utilized for economic projections.

19.1.2  Objectives and Organization

The objective of this chapter is to provide fundamental perspectives on the eco-
nomic evaluation of both conventional and unconventional REE resources. Section 
19.1 has provided an overview of the process used for economic evaluation of min-
eral deposits and described some of the unique challenges associated with compara-
tive evaluation of REE resources. Section 19.2 further defines standard terminology 
used in REE project valuation and describes typical procedures for project cost and 
revenue estimation. Section 19.3 provides a comparative case study of several nota-
ble REE deposits using data from various public disclosures and National Instrument 
(NI) 43-101 documents. Section 19.4 provides a similar, albeit abbreviated discus-
sion on several unconventional resources, namely monazite sands, coal by-products, 
acid mine drainage and seafloor sediments. Finally, Sect. 19.5 provides conclusions 
and recommendations. Altogether, this chapter provides economic benchmarks, 
which can be used to evaluate the economic merits of new projects and processes.
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19.2  Definitions and Valuation Methodologies

19.2.1  Value Indicators

 REE Prices

One of the most critical elements in the economic evaluation of any mineral devel-
opment project is the selection of an appropriate mineral price forecast. Choosing a 
price that is lower than the eventual market value may lead to abandoning an other-
wise profitable project, while choosing a price that is higher than the eventual mar-
ket value may lead to perpetual and irreconcilable operating losses. While global 
supply and demand dictate long-term prices for any commodity, short- and medium- 
term price volatility may be influenced by speculation, current inventory levels and 
other global market trends. In addition, REE prices are also affected by locked-in 
supply contracts and market manipulation by state actors. Academic efforts to fore-
cast general commodity prices and REE-specific prices [7] are abundant; however, 
Rudenno [8] points out that the pragmatic success rate for commodity price fore-
casting is very poor and instead suggests an intensified focus on low cost production 
as a means of natural protection against falling commodity prices.

Given the market-side challenges described above, the issues associated with 
price forecasting are intensified for REE development projects. Compounding the 
pricing transparency issues, production quotas from China have also proven to have 
a dramatic influence on REE prices. This issue was most pronounced in 2011–2012 
when the Chinese cut production, leading to a dramatic and rapid increase in REE 
prices, which was subsequently followed by a similarly rapid decrease. Current 
REE prices, shown in Table 19.1, are among the lowest over the last decade. Note 
that scandium (Sc), which is included with the other REEs in some publications is 
not included in the analyses presented in this assessment.

Table 19.1 Indicative REE oxide prices, FOB China, January 2020 [9]

Rare earth oxide Nominal purity (%) Price ($/kg REO)

Lanthanum oxide 99.5 $2.00
Cerium oxide 99.5 $2.00
Praseodymium oxide 99.5 $50
Neodymium oxide 99.5 $42
Samarium oxide – –
Europium oxide 99.99 $30
Gadolinium oxide 99.5 $23
Terbium oxide 99.5 $500
Dysprosium oxide 99.5 $250
Holmium oxide – –
Erbium oxide 99.5 $22
Thulium oxide – –
Ytterbium oxide – –
Lutetium oxide – –
Yttrium oxide 99.99 $6.00

19 Fundamental Perspectives on the Economic Analysis of Rare Earth Processing…
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 Basket Price

REE ore deposits may contain as many as 15 marketable elements, each with its 
own feed grade and market price (notwithstanding scandium and other non-REE 
by-products). The high dimensionality of this problem often complicates pre-
liminary assessments where one may seek to compare just one or two indicative 
metrics that assess the ore feedstock. One approach to reduce this dimensionality 
is through the calculation of an REE basket price. The basket price is simply the 
weighted average price of rare earth oxides (REOs) in a particular material 
(expressed as $/kg REO). When referencing an orebody, the basket price calcula-
tion typically uses the market price of individually separated REOs, which are 
then weighted by the mass proportion of REOs in the unprocessed ore. The use 
of separated REO prices occurs irrespective of the specific company’s plan to 
produce separated oxides, as the separated oxide prices are the product prices 
that are most readily available. Goode [10] shows that the basket price for nine 
selected REE deposits ranges from $12.3 to $32.6/kg REO when using 2016 
REE prices adjusted for inflation to 2020. Furthermore, to reduce the complexity 
and required capital of their project, many REE juniors will report a discounted 
REE basket price, assuming their mixed REE concentrate can be sold to existing 
separation facilities, albeit at a discount.

While the basket price is frequently reported in REE economic assessments, 
use of the basket price as a relative economic indicator can be problematic. 
First, the reader should take note whether the reported basket price refers to the 
feed/orebody REE distribution or to the product REE distribution as differential 
recovery between individual REEs through the concentration process may lead 
to variations. For preliminary assessments where the final process route is not 
yet defined, authors will often report (without qualification) the basket price as 
based on the distribution of REEs in the orebody. This calculation thus assumes 
that all elements included in the calculation will be recovered at the same rate 
and that all elements will be individually separated and marketed. This assump-
tion is rarely valid, as recovery processes will tend to preferentially recover 
specific elements, either by design or by convention. Second, the basket price is 
not directly influenced by the REE feed grade but rather only by the relative 
distribution of REEs. Since the calculation is merely a weighted average, a rich 
ore with a 20% REE grade can have a basket price identical to that of a back-
ground rock material with a 100 ppm REE grade, even though the two may have 
drastically different economic outcomes. Third, the basket price calculation 
does not consider the mining and processing costs associated with a specific 
deposit. Thus, two deposits with the same basket price and the same feed grade 
may still show varying levels of economic viability based on the process ame-
nability of the ore and other technical factors.
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 Contained Value

Contained value, also denoted as in situ value, in-place value or inherent value, is a 
common mining and mineral processing term that describes the value of a particular 
commodity contained within a unit mass of raw ore (usually expressed as $/tonne). 
Contained value is readily calculated from the raw ore grade and the commodity 
price (or the basket price when referencing REE projects). The contained value is 
useful for preliminary economic analyses as it represents the maximum cost thresh-
old for economic viability. For example, to be economically viable, an ore with a 
contained value of $20/tonne must have mining and processing costs significantly 
less than $20/tonne, as the contained value must not only cover the costs, but it must 
also account for any processing losses as well as the profits required to obtain invest-
ment. Rudenno [8] shows that across many mined commodities, contained values 
for economically viable deposits typically range from $50 to $150/tonne, with alu-
minum being the highest ($771/tonne) and silver being the lowest ($16/tonne).

Contained value can be a useful indicator of economic merit for REE projects; 
however, this comparison must be made with caution. Contained value is a better 
metric than basket price, as it is influenced by the overall feed grade; however, the 
contained value does not consider the process amenability and thus the processing 
costs of the specific ore. As alluded to above, two ore deposits with identical con-
tained values may have drastically different economic outcomes due to differences 
in ore mineralogy and subsequently the processing intensity required to produce an 
enriched product. Moreover, like the basket price, the contained value assumes that 
all elements will be equally recovered and marketed, which may be not optimal or 
even tenable for all projects.

19.2.2  Cost Indicators

For REE projects, production costs include the mining, processing and refining 
costs needed to deliver the marketable REE product from the ore body to the con-
sumer. Depending on case assumptions for each project, the final process stages 
could range from production of mineral concentrates to the full elemental separa-
tion of individual REEs or even the production of rare earth metals and alloys. As 
mentioned above, if the final process step does not include production of individu-
ally separated REOs, economic assessments will typically employ a flat toll refining 
cost or use a discounted REE price deck to account for the cost of separations. For 
the REE development projects assessed over the last decade, these price discounts 
have ranged from 19% [11] to 43% [12]; however, most utilize a value between 25% 
and 30%. Dahlberg [13] includes a discussion justifying the use of 25% to fully 
account for the cost of separation.
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 Estimation Accuracy and Standards

Standard practices for reporting the mineral reserves and projected economic merit 
of mine development projects have been developed in many jurisdictions. Larsen 
[14] provides a detailed review of these standards as well as the engineering studies 
that must accompany the public disclosures. The two most common standards for 
REE projects and for mining projects in general, include the Canadian National 
Instrument (NI) 43-101 [14] and the Australasian Code for Reporting of Exploration 
Results, Mineral Resources and Ore Reserves (or the JORC Code [15]). Other nota-
ble standards include the South African Code for the Reporting of Exploration 
Results, Mineral Resources and Mineral Reserves (SAMREC) [16] and the recently 
updated US SEC Regulation S-K [17].

Common to all reporting standards is the use of staged engineering studies to 
describe the extent of the orebody and the economic merits of the project. Typical 
studies included as part of the mine development and financing process include a 
conceptual study or resource estimate (RES), a preliminary economic assessment 
(PEA) or scoping study, a prefeasibility study (PFS) and a feasibility study (FS). 
The feasibility study can also be referred to as definitive feasibility study (DFS), 
bankable feasibility study (BFS) and/or front-end engineering design (FEED). The 
study name implies the degree of accuracy in the cost estimates, and the various 
reporting codes provide definitions for the level of engineering detail to be included 
in each stage. While different engineering firms may apply different minimum stan-
dards, the level of accuracy in the cost estimates may vary from ±50% at the PEA 
stage (Association for the Advancement of Cost Engineering (AACE) Class V) to 
±25–40% at the PFS stage (AACE Class IV) to ±15–25% at the FS study stage 
(AACE Class III) [18].

Technical reports prepared as part of the NI 43-101 or JORC process may be 
found on company websites or through database services such as the SEDAR filing 
system [19].

 Capital Cost Estimation

Capital costs for mining and processing operations include both fixed capital (i.e., 
equipment, installations, buildings, services and the required engineering and con-
struction costs) as well as working capital (e.g., the capital needed to finance plant 
startup prior to revenue generation). For mining projects, fixed capital often repre-
sents 90% of the total capital costs and entails a significant investment. Fixed capital 
costs generally follow a power law equation of the form:
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where CIC and CIR are the cost indices for the construction year and the reference 
year, respectively, K is the equipment cost ratio (or Lang) factor, X is the unit capac-
ity and a and b are fitting constants unique to each equipment item [20]. The a and 
b fitting constants can be found in (or derived from) a number of resources and texts 
[8, 20, 21] and indicative values for a number of common process operations found 
in mineral processing and hydrometallurgical plants [22].

In addition to the cost-capacity relationship, Eq. (19.1) also accounts for changes 
in time from the data’s reference year to the year of construction. This conversion is 
a simple ratio of the cost indices between the 2 years. Several cost indexing sources 
are available with one of the more popular being the Chemical Engineering Plant 
Cost Index (CEPCI) [23]. Lastly, Eq. (19.1) accounts for installation and ancillary 
costs through an installation or Lang factor. Lang factors for mining and mineral 
processing operations are specified by Gentry and O’Neil [20] and typically range 
from 3.0 to 6.0 depending on the specific equipment and the installation conditions.

Use of the cost-capacity relationships and Lang factors are common in PEA and 
PFS stages. As the project advances to more detailed design phases, the use of cost- 
capacity relationships and Lang factors should be offset by budgetary quotes, firm 
vendor quotes and detailed line-item estimates. Nevertheless, these cost-capacity 
relationships can be useful in evaluating process alternatives and optimizing pro-
cess scale.

 Operating Cost Estimation

Operating costs generally include variable costs (e.g., process chemicals, energy, 
waste disposal and direct labor), fixed costs (e.g., indirect labor, maintenance, 
administrative, insurance, interest, property taxes and intellectual property costs), 
and overhead (e.g., marketing and sales, accounting, legal, research and develop-
ment, environmental, social and governance). Variable operating costs are typically 
estimated by direct calculation based on process requirements, mass and energy 
balances, and personnel tables. Alternatively, for early stage estimates, indirect and 
overhead costs are often estimated by ratio methods using other known costs as the 
basis. For REE projects, operating costs are often presented as $/kg REO produced 
to provide a comparable metric to the basket price, which has the same units.

19.2.3  Economic Modeling and Worth Indicators

An economic (or fiscal) model for a project is generated by combining the capital 
cost estimate, operating cost estimate, revenue projection, production schedule and 
tax/deduction structure. The economic model assimilates these inputs and provides 
the cash flow projections on an annual basis for the life of the project. These cash- 
flow projections are then in turn used to generate life cycle economic indicators, 
including net present value (NPV), IRR and PP (discounted or undiscounted). Less 
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common indicators include return on equity, debt service coverage ratio, present 
value ratio, present worth index, benefit-cost ratio and others.

By definition, NPV is the sum of all future cash flows after applying a discount 
rate to future cash flows to account for the time value of money. NPV may be calcu-
lated from the following formula:
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where t is the project year, N is the total project life, ACF is the annual cash flow, 
and i is the discount rate. For mineral development projects, a discount rate of 10% 
is often used; however, sensitivity analyses may also include values from 6% to 15%.

With respect to the other standard indicators, the IRR is the annual interest rate 
that causes the NPV to be zero and is representative of an equivalent annual growth 
rate anticipated from the capital investment. Lastly, the PP is the time needed for the 
project revenues to recoup the initial capital investment. Payback period is often 
presented using discounted future cash flows; however, undiscounted (i.e., cash 
basis) PP may also be found in some studies.

19.3  Assessment of Conventional Resources

19.3.1  Methodology and Limitations

Using the principles described above, a fundamental economic assessment of most 
of the world’s major REE development projects was conducted. The initial list of 
REE projects was adapted from Goode [10] and included 42 distinct projects from 
14 countries on 6 continents. After identifying the list of deposits, various publicly 
available resources, including company websites, annual investor presentations, 
public databases (i.e., SEDAR) and other academic literature were assessed to build 
a database of various technical and economic parameters for each project. Fields 
included in the database are as follows:

• Deposit location (country)
• Study level (PEA vs. PFS vs. FS/DFS/BFS)
• Year of study (date)
• Mineral resource (million metric tonnes, mt) and TREO grade (%)
• Individual REO resource grade (%)
• Cutoff grade (%)
• Annual REO production (tonne/year)
• Mine life (years)
• Reported REE basket price ($/kg TREO)
• Reported REE price discount, if applicable (%)
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• Reported preproduction capital costs ($)
• Operating costs ($/kg TREO)
• Reported net present value and discount rate ($ and %)
• Reported internal rate of return (%)
• Reported payback period
• Calculated gross margin, reported basket price  – reported operating cost 

($/kg REO)
• Calculated capital intensity, reported preproduction capital/annual REO produc-

tion ($/(kg/year) REO)
• Calculated present worth index, reported NPV/reported preproduction capi-

tal ($/$).

For project reporting financial indicators in currencies other than USD, fixed 
exchange rates of 1.00 CAD = 0.80 USD and 1.00 AUS = 0.77 USD were applied 
regardless of the original exchange rate listed for the project. These rates are reflec-
tive of May 2021 rates when this analysis was conducted. Moreover, when some 
database values were not explicitly reported (e.g., basket price, REE price discount 
and payback period), reasonable efforts were made to estimate the values from the 
other information included in the publicly available documentation. Lastly, some 
modifications were needed to account for variations in infrastructure and other large 
capital costs. While most projects included the infrastructure needed to produce a 
MREO product, some projects also included major REE separation and refining 
facilities in their capital cost estimation. To form the best comparison with the other 
projects in the dataset, these refinery costs and other major infrastructure costs (e.g., 
ports, large access roads) were excluded from the analysis. Only two projects (i.e., 
Strange Lake [24] and Nechalacho [25]) required such adjustments.

The intent of this assessment is to broadly show the range and distribution of 
various financial parameters reported in public financial disclosures for REE proj-
ects. This data may provide a quantitative basis for benchmarking and evaluating 
future conventional and unconventional projects; however, direct comparison 
between the projects included in the study should be taken only with extreme care. 
Specific limitations of the current assessment are as follows:

• Notwithstanding the minor adjustments described above (e.g., currency conver-
sions), all of the database values were directly taken from the source documents 
as is. To eliminate any opportunity for bias or subjectivity, no effort was made to 
verify the veracity or reliability of the reported values.

• The various projects represent a range of study levels from the PEA/scoping 
study level to the DFS level. Thus, the reported indicators reflect a large range of 
accuracy levels and corresponding engineering detail. As reflected in most of the 
reporting codes, analyses at the PEA level are often very preliminary, utilize 
many assumptions and are typically not valid for economic decision making 
beyond a go/no-go decision. While similar, many other assumptions like REE 
cutoff grade and REE price discount are not consistent between the projects and 
may lead to significant discrepancy in the final outcomes.
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• The reported financial indicators (NPV, IRR and PP) are often very sensitive to 
the REE price deck, which varies considerably between projects. Depending on 
the study year and pricing methodology employed, some projects have incorpo-
rated pricing scenarios that were partially or fully influenced by the REE crisis 
prices in 2011–2012.

19.3.2  Metadata

Table 19.2 shows a list of all 42 projects as well as the associated metadata (i.e., 
deposit location, study level, study year and references). Technical details for these 
projects can be found in the respective project documents, and Goode [10] also 
provides geologic information and technical data for many of the projects included 
in this table. As shown, the projects have been split into two groups − one dataset 
that includes economic data suitable for comparison and analysis and a second data-
set that only includes information on the resource size and grade. As indicated 
above, the projects span 6 continents and 14 countries and include representation 
from most of the world’s major mining districts.

Figure 19.1 shows the distribution of projects by study year from 2011 to 2019. 
The majority of the reports (57%) were published in a 3-year span from 2013 to 
2015 in the immediate period after the REE pricing crisis. As described by Cox and 
Kynicky [61], junior REE mining companies raised approximately $4.2  billion 
between 2010 and 2012; however, by 2015, most of the investment had subsided as 
the market found other solutions, such as substitution or offshoring of the manufac-
turing processes. In recent years, though, interest in REE projects has once again 
increased, as indicated by the growing number of updated studies published in 2019 
[1, 36, 38, 40, 49].

19.3.3  Project Resource Data

Prior to analyzing the economic data, the mineral resource data from all 42 projects 
were initially assessed to identify the extent and grade of the orebodies under con-
sideration for development. Figure 19.2 shows the results of this analysis as box and 
whisker plots for the resource tonnage, average grade and REO tonnage from all 42 
projects. The data presented here represents the total of the measured, indicated and 
inferred resource, as not all projects provided data in the measured and indicated 
categories.

The cutoff grades used to delineate the ore resource varied with respect to formu-
lation (% total REE (TREE) vs. %NdPr vs. $/ton net smelter return). Of the 42 
projects, 26 provided a resource cutoff grade as a %TREE, with values varying from 
300 ppm TREO (Tantalus and Milo [53, 58]) to 3.5% TREO (Kanganunde [49]). 
For projects at the PEA stage or higher, 1.00% REO was the most common cutoff 
grade utilized. For the remaining projects, cutoff grade was typically specified by a 

A. Noble



467

Table 19.2 REE development projects

Deposit name Study level Country Year of latest update References

Included in economic dataset and the resource dataset

Araxa PEA Brazil 2012 [26]
Ashram PEA Canada 2015 [27]
Bear lodge PFS USA 2014 [13]
Bokan PEA USA 2013, 2015 [28]
Browns range PFS Australia 2015 [29]
Charley Creek Scoping Australia 2013 [30]
Eco ridge PEA Canada 2012 [31]
Foxtrot PEA Canada 2016 [32]
Glenover PEA South Africa 2012, 2013 [33]
Kipawa FS Canada 2013 [34]
Lofdal PEA Namibia 2014 [11]
Nechalacho FS Canada 2013 [25]
Ngualla BFS Tanzania 2017 [35]
Nolans DFS Australia 2019 [36]
Norra Karr PFS Sweden 2015 [37]
Sarfartoq PEA Greenland 2013 [12]
Songwe Hill PFS Malawi 2015, 2019 [38]
Steenkampskraal PFS South Africa 2014 [39]
Strange Lake PEA Canada 2014 [24]
Yangibana DFS Australia 2019 [40]
Zandkopsdrift PFS South Africa 2015 [41]
Economics available but excluded from analysis. Included in resource dataset only

Buckton PEA Canada 2013 [42]
Round top PEA USA 2019 [1]
Included only in the resource dataset

Aksu Diamas RES Turkey 2011, 2013 [43]
Brockmans RES Australia 2015 [44]
Clay-Howells RES Canada 2011 [45]
Cummins range RES Australia 2019 [46]
Elliot Lake Teasdale RES Canada 2013 [47]
Hoidas Lake RES Canada 2014 [48]
Kangankunde RES Malawi 2019 [49]
Kutessay II RES Kyrgyzstan 2011 [50]
Kvanefjeld RES Greenland 2014 [51]
Lavergne-Springer RES Canada 2012 [52]
Milo RES Australia 2012 [53]
Montviel RES Canada 2015 [54]
Mrima Hill RES Kenya 2013 [55]
Olserum RES Sweden 2013 [56]
Serra Verde RES Brazil 2012 [57]
Sorensen RES Greenland 2014 [51]
Tantalus RES Madagascar 2016, 2017 [58]
Two tom RES Canada 2011 [59]
Wigu Hill Twiga RES Tanzania 2011 [60]
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Fig. 19.1 Distribution of study year for the projects included in this analysis

Fig. 19.2 Mineral resource data for all project (n = 42). Values presented herein reflect measured, 
indicated and inferred resources

minimum net smelter return (e.g., $16/tonne, Round Top [1]) or by a minimum 
contained value (e.g., $100/tonne, Eco Ridge [31]).

Results show that the resource tonnage and the contained REO tonnage span 
several orders of magnitude. For example, the REO tonnage varies from 18,000 
tonnes (Lofdal [11]) to more than 6.1 million tonnes (Mrima Hill [55]); however, 
most of the projects fall between 100,000 and 1000,000 tonnes. Likewise, average 
resource grade varied from 300 ppm (Buckton and Charley Creek [30, 42]) to the 
anomalously high 14.02% (Steenkampskraal [9]). For studies at the PEA stage or 
higher, the median grade was slightly higher than that of the full dataset, 1.36% vs. 
1.10%. In total, the 42 projects described herein accounted for over 45.6 million 
tonnes of REO resource, a number nearly 200 times the global REO production in 
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2019, 210,000 metric tonnes [62]. For more information on the resource characters 
of various projects, the reader is directed to Goode [10] who has provided detailed 
data and interesting visualizations.

With respect to the economic benchmarks, Table 19.3 shows a summary of the 
resource data, basket price and contained value for most of the resource deposits (13 
entries were excluded due to lack of readily available individual REE data). In addi-
tion, Fig. 19.3 graphically depicts these data as box and whisker plots. Rather than 
using the reported basket price and the reported REE price deck, this analysis 

Table 19.3 Summary of resource economic indicators for conventional REE resources

Deposit name

Measured + indicated + inferred 
resource

2020
basket 
price
($/kg 
REO)

2020 contained value 
($/tonne)

Tonnage 
(tonnes)

Average 
grade
(% REO)

REO 
tonnage
(kt REO)

Araxa 28.3 4.22 1193.0 $11.02 $550.67
Ashram 249.1 1.88 4688.4 $13.23 $250.86
Glenover 10.4 2.13 221.0 $17.57 $386.53
Sarfartoq 8.3 1.72 143.2 $13.37 $236.63
Songwe Hill 48.6 1.36 662.8 $13.99 $197.86
Yangibana 20.9 1.17 245.5 $21.53 $240.80
Bear lodge 45.2 2.75 1242.8 $13.84 $383.75
Lofdal 6.2 0.29 18.1 $32.34 $106.22
Nolans 55.9 2.59 1449.8 $14.51 $402.34
Steenkampskraal 0.6 14.02 86.8 $15.74 $2352.97
Kipawa 27.1 0.40 107.9 $22.60 $92.78
Charley Creek 805.0 0.03 235.0 $18.41 $5.43
Norra Karr 31.1 0.61 189.8 $26.18 $146.81
Bokan 5.8 0.60 35.2 $25.30 $152.29
Browns range 9.0 0.63 56.8 $36.48 $255.37
Ngualla 21.3 4.75 1012.1 $11.50 $549.11
Eco ridge 86.6 0.11 98.0 $14.42 $20.88
Foxtrot 9.4 1.11 103.5 $17.72 $195.95
Two tom 40.6 1.18 479.5 $13.67 $161.59
Wigu Hill Twiga 3.3 2.60 85.8 $7.54 $195.40
Tantalus 627.7 0.09 561.8 $17.87 $16.04
Milo 187.0 0.06 114.1 $14.91 $9.15
Clay-Howells 8.5 0.73 62.1 $15.95 $116.27
Montviel 266.6 1.45 3876.6 $11.85 $178.80
Olserum 7.8 0.61 47.8 $23.40 $141.79
Brockmans 41.4 0.21 87.9 $32.25 $68.37
Elliot Lake 
Teasdale

51.6 0.16 82.1 $13.55 $26.82

Hoidas Lake 2.8 2.00 57.0 $15.35 $318.56
Mrima Hill 159.4 3.85 6139.1 $13.58 $598.58
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Fig. 19.3 Basket price and contained value for several projects included in the overall dataset 
(n = 29). Values calculated using 2020 REE prices

normalizes all of the deposits to a common price deck, namely, the 2020 REE prices 
shown in Table 19.1. As indicated in Fig. 19.3, the contained value, like the REE 
grade spans several orders of magnitude ranging from $5.43/tonne (Charlie Creek 
[30]) to $2353/tonne (Steenkampskraal [39]). A plot of contained value versus aver-
age grade (Fig. 19.4) shows a strong forced-zero intercept linear trend (R2 = 0.96) 
with slight deviations indicative of over or under enrichment of more valuable REEs.

19.3.4  Project Economic Data

Of the 42 projects included in the study, 19 were not yet at the PEA stage and thus 
did not have publicly available economic data. In addition, two other projects were 
also excluded from the economic dataset due to confounding factors that may com-
plicate the comparisons. For example, the Buckton project [42] PEA showed an 
IRR less than 10%, which would prompt a negative NPV at a 10% discount rate and 
thus anomalous findings when compared to the other projects with much higher 
IRRs. Moreover, the Round Top deposit [1], while being a significant REE deposit, 
also includes considerable economic contributions from other technology metals 
and industrial mineral products. As indicated in their 2019 PEA, <30% of the proj-
ect revenue is derived from REEs. As such, the capital requirements and revenue 
projects are not anticipated to follow the same pattern as that of primary REE proj-
ects, and as a result, it has been omitted from the forgoing statistical distributions.

A. Noble



471

y = 15764x
R² = 0.9666

 $-

 $100

 $200

 $300

 $400

 $500

 $600

 $700

0.00% 1.00% 2.00% 3.00% 4.00% 5.00% 6.00%

)t/$(
eulaV

deniatno
C

0202

Average Grade (% TREO)

Fig. 19.4 Relationship between contained value and REE grade for several projects included in 
the overall dataset (n = 29). Contained value calculated using 2020 REE prices; Average REE 
grade reflective of measured, indicated, and inferred mineral resources. One anomalous point 
(14.02% grade, $2353/tonne contained value) not shown in plot but included in linear regression

After accounting for these factors, the 21 remaining projects were included in the 
economic dataset and analyzed to identify the statistical distributions and trends. 
Figure 19.5 shows box and whisker plots for three key fiscal model inputs, namely, 
annual TREO production, operating costs and capital intensity (herein defined as 
the total preproduction capital cost divided by the annual TREO production). 
Likewise, Fig.  19.6 shows box and whisker plots for key fiscal model outputs, 
namely, the reported NPV (at a 10% discount rate), the IRR and the present worth 
index (herein defined as the net present value divided by the preproduction capital).

The anticipated TREO production from the 21 projects in the economic dataset 
varies from approximately 1500 tonnes/year (Lofdal and Steenkampskraal [11, 39]) 
to more than 17,000 tonnes/year (Araxa and Strange Lake [24, 26]). For reference, 
the apparent TREE consumption in the United States is approximately 10,000 tonnes/
year based on average of the last 5 years [62]. In total, these 21 projects account for 
over 150,000 tonnes/year of production, which is on the same order of magnitude of 
the total global mine production from conventional sources (i.e., estimated to be 
240,000 tonnes in 2020). It should be noted that in both of these comparisons that 
the elemental distribution of the REEs included in the production total may not be 
properly balanced with the demand-side consumption requirements, as discussed in 
the introduction.

19 Fundamental Perspectives on the Economic Analysis of Rare Earth Processing…



472

Fig. 19.6 Reported economic indicators for projects at the PEA stage or higher (n = 21). Net pres-
ent value shown in the left panels are reflective of a 10% discount rate

Fig. 19.5 Production and cost data for projects at the PEA stage or higher (n = 21)

With respect to costs, when normalized to $/kg REO produced, the operating 
costs vary from $6.33/kg REO (Ashram [27]) to $50.45/kg (Lofdal [11]). Likewise, 
the capital intensity values vary from $32.95/(kg/year) (Charley Creek [30]) to 
$120.92/(kg/year) (Bokan [28]).

All projects included in the economic dataset showed robust economics with 
NPVs (10% discount) ranging from $38 million (Foxtrot [32]) to more than $2 bil-
lion (Zandkopsdrift [41]). When normalized to the level of capital investment 
through the PWI calculation, the data showed a much smaller relative range, vary-
ing from 0.32 (Foxtrot [32]) to 3.04 (Ashram [27]).
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19.3.5  Analysis and Assessment

The data from the economic dataset was further analyzed to show trends with 
respect to the costs and other economic indicators. Figure 19.7 shows the relation-
ship between capital cost and TREO production. While there is some deviation, 
particularly at high production rates, these data follow a power law trend similar to 
Eq. (19.1), with an exponent of approximately 0.70 and regression coefficient (R2) 
of 0.68. Interestingly, this regression coefficient is slightly higher than the values 
reported by Rudenno [8], which span from 0.61 to 0.66 and include more than 200 
mineral development projects from various commodity sectors.

Figure 19.8 is a similar plot showing the relationship between operating cost and 
production capacity. The data show that operating cost (presented as $/kg REO 
produced) follows a power law with a negative exponent, indicative of increase 
economy of scale at higher throughputs. Since operating costs are driven by numer-
ous confounding factors (e.g., mining method, ore mineralogy and processing inten-
sity), the regression coefficient is notably lower than that of the capital cost (0.45 vs. 
0.68) and commensurate with values reported (0.33–0.48) by Rudenno [8]. The 
exponents in both fitting equations are very similar to those reported by Rudenno.

For mineral commodities with a robust supply chain and a large set of publicly 
available production/cost data, an industry-wide cost curve is typically used to show 
the relative position of various producers. In a conventional cost curve, the 
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Fig. 19.7 Relationship between capital cost and TREO production rate for REE development 
projects (n = 21)
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Fig. 19.8 Relationship between operating cost and TREO production for REE development proj-
ects (n = 21)

production cost is plotted against the cumulative production for a given time period, 
typically 1 year. Individual producers are shown as bars, with the width of the bar 
being proportional to the volume of production. For the current dataset, a similar 
cost curve was generated; however, since all projects are in the development phase, 
the typical x-axis was replaced with the total REO tonnage included in the mea-
sured, indicated and inferred resource category. Figure 19.9 shows this plot for the 
21 REE development projects. While direct comparisons between projects are prob-
lematic for the reasons given above, this plot does provide a clear visualization of 
low and high cost producers as well as the large and small REO resources. Moreover, 
this plot provides benchmarks that can be used to assess and guide technology 
development and alternative resources.

While most of the analyses have focused on cost components, Fig. 19.10a shows 
a relationship between the reported basket price and the reported operating cost, 
both in units of $/kg REO. The breakeven line as well as parallel lines of constant 
gross margin (defined as basket price less production costs) are also shown for con-
venience. Interestingly, this data follows a very clear power law trend (R2 = 0.73), 
potentially indicating that lower basket prices demand lower cost processing 
options. Nevertheless, most of the data falls within the $25 to $30/kg REO mar-
gin limits.

Figure 19.10b shows a similar plot; however, in this case, the reported basket 
prices have been replaced with an updated basket price using the January 2020 price 
deck shown in Table 19.1. Note that some projects were removed from this updated 
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Fig. 19.9 Cost-resource curve for the REE development projects included in the economic dataset 
(n = 21). The x-axis shows cumulative REO resources contained in the measured, indicated and 
inferred resource categories, and the width of each bar is proportional to the total resource

analysis in cases where element-by-element concentration data were not readily 
available. For most elements, the 2020 prices include some of the lowest over the 
last decade and are considerably lower than the prices from the mid-2010s, which 
were utilized in many of the original technical reports. This trend is clearly depicted 
in these two plots, as basket prices have been reduced from $25–$120 to $10–$35/
kg REO, a reduction of nearly 71% on average. After adjusting the basket price to 
reflect updated pricing, fewer than half (9 of 21) of the original projects meet the 
breakeven threshold, and many that do provide only marginal benefits above the 
breakeven point. Of the 9 projects that meet the breakeven point, all but one have a 
reported operating cost less than approximately $20/kg REO, emphasizing the 
impetus for low cost production.

19.4  Unconventional Resources

The REO basket price, production cost, resource size and contained value data pre-
sented above provide suitable benchmarks upon which unconventional resources 
can be assessed at a fundamental level. To this end, salient points for some of the 
more prominent and well-studied unconventional resources are presented below. 
The reader is encouraged to review the papers and review articles in the reference 
list for further detail.
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Fig. 19.10 Relationship between basket price and operating cost for REE development projects 
included in the economic dataset. (a) shows basket price as initially reported in the economic dis-
closure (n = 21) while (b) shows an updated basket price using 2020 REE pricing (n = 18)

19.4.1  Monazite Sand

Monazite is one of the principle REE-bearing minerals and one of only three miner-
als commonly exploited in commercial production [63]. Historically, monazite 
placer deposits were dominant source of REEs in the United States; however, the 
Mountain Pass mine and subsequent competition from foreign sources reduced the 
importance of this resource [64]. Monazite often occurs as an accessory mineral in 
commercial heavy mineral sand operations, which produce titanium (Ti) minerals 
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and zircon as saleable products. According to the USGS [62], monazite is currently 
being commercially produced in the United States, and a 2017 application for a 
Nuclear Regulatory Commission (NRC) export license describes the composition 
and quantity of a monazite product to be exported to China [65]. According to the 
documents in the license application, the sand product includes 60% monazite, 5% 
xenotime and 35% other minerals, with assays of approximately 23% REO.

Using the 2020 pricing deck and the elemental assay in the NRC permit applica-
tion documents, the monazite sand was found to have a 2020 basket price of $16.60/
kg REO, approximately equal to the median of the data for conventional resources 
shown in Fig. 19.3. However, owing to the high grade, the material was found to 
have a contained value of nearly $3900/tonne, greatly exceeding all other conven-
tional resources, even the high-grade Steemkampstraal deposit [39]. Lastly, while 
the total volume of REEs in placer monazite resources is difficult to estimate, the 
NRC license application does indicate an ongoing production of 2900 metric tonnes 
of sand per year or approximately 650 tonne/year on an REO basis. While this value 
alone is much smaller than that of the conventional projects, other undeveloped 
coastal sediment resources occur from Virginia to Florida in the United States as 
well as in many other coastal regions around the world [64]. For example, monazite 
reserves in India total nearly five million tonnes of REO equivalent [64, 66].

19.4.2  Coal and Coal Ash

Since 2014, the U.S.  Department of Energy (DOE) has supported research and 
development investigating the technical and economic feasibility of recovering 
REEs from coal and coal by-products, which include preparation plant rejects, 
underclays, partings, tailings, combustion residuals and other related materials. 
Over the last decade, hundreds of papers have been written on this topic and the 
reader is encouraged to consult a seminal paper by Seredin and Dai [67], a 2015 
review article by Zhang [68] and more recent 2020 review article by the same lead 
author [69].

With respect to economic potential, coal and coal by-products tend to have low 
concentrations (often 300–500 ppm in the raw coal and to 1000–1500 in the ash) 
and by extension low contained values. Noble and Luttrell [70] showed that con-
tained values for the lanthanides and yttrium in raw coal varied from $10 to $15/
tonne when using REE prices from 2015 [71] and average concentrations from a 
large sample database [72]. While this value is low relative to conventional REE 
deposits, Zhang [69] notes several advantages for coal-based materials including a 
higher concentration of heavy and critical REEs, little or no mining costs, lower 
concentrations of radionuclides and the potential to mitigate or eliminate legacy 
environmental issues. Moreover, coal has the potential to synergistically produce 
other critical by-products (e.g., lithium (Li) [73, 74]). Most of the economic analy-
ses include scandium (Sc), which is typically not assessed in conventional REE 
deposits and considerably improves the contained value. Work by Honaker [22] as 
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well as other researcher groups has shown that extraction and recovery of high- 
purity mixed rare earth products from coal is technically feasible and with proper 
optimization, processing costs can be reduced substantially. While a comprehensive 
assessment of the REE resource in coal is not available, Luttrell [75] indicated that 
the refuse in 20 coal preparation plants may contain more than 10,000 tonnes/year 
of REE, a value commensurate with U.S. demand.

19.4.3  Acid Mine Drainage

Acid mine drainage (AMD) is a longstanding environmental issue whereby pyrite- 
bearing rocks are liberated during the mining process and subsequently exposed to 
air and water. The subsequent oxidation of the pyrite produces sulfuric acid, which 
leaches major metals and can contaminate waterways if not captured and treated. In 
2019, Vass published two studies on the occurrence and concentration of REEs in 
the Northern and Central Appalachian Coal Basins in the United States [76, 77]. 
The first study showed data from a small prospect survey (n = 9) and indicated that 
the concentration of REEs in AMD can vary from the ppb to low ppm levels. 
However, the study also showed that the conventional approach to capturing and 
treating AMD can enrich the concentration value several thousand times, producing 
precipitates with concentrations as high as 1200 ppm (dry weight basis). Following 
up in the second study, a larger regional survey was conducted, and more than 140 
AMD sites were directly sampled and analyzed. The data showed that average con-
centration in the treatment by-products was approximately 700 ppm; however, val-
ues as high as 2500 ppm were also observed.

Comparative economic assessment of AMD versus conventional REE deposits is 
difficult for many factors. First, AMD is not a fixed in place resource with a limited 
life. Instead, it is a distributed, perpetually producing resource with an indefinite or 
hard-to-define life. Regional flow estimates for the Appalachian Basin have been 
provided by Vass [77] and Stewart [78], which range from 771 to 3400 tonnes/year 
REE.  Using an average oxide ratio of 1.12, these values correlate to a range of 
864–3800 tonnes/year REO. The upper bound estimate for annual production in this 
case (3800 tonnes/year REO) exceeds that of approximately 30% of the conven-
tional resources, as shown in Fig. 19.5.

Second, simple contained value calculation of solid AMD treatment products 
may not account for technology advances that can simultaneously treat and concen-
trate REEs at little to no added cost. Vass [76] showed the relative basket price and 
contained value for a 500 ppm AMD treatment by-product relative to that of con-
ventional resources. When using a fixed price deck, the contained value of the AMD 
treatment by-product exceeds that of approximately 25% of the other conventional 
deposits. However, upstream technologies, such as a recent patent by Ziemkiewicz 
[79] shows that an REE-enriched preconcentrate of 0.1–5% TREE can be produced 
while treating raw AMD. This grade rivals that of many of the notable conventional 
deposits. Moreover, the REE distribution in AMD tends to favor heavy and critical 
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REEs, with yttrium (Y) and neodymium (Nd) concentrations often exceeding that 
of lanthanum (La) and cerium (Ce). Assuming a preconcentrate grade of 1% and 
using the 2020 REE price deck, a basket price of $30.84 and a contained value of 
$308/tonne were determined. The basket price represents one of the highest ana-
lyzed of all conventional and unconventional materials, while the contained value is 
greater than that of 70% of the conventional resources (Fig. 19.3).

Lastly, AMD and the associated treatment by-products represent current environ-
mental liabilities, which in many cases are funded by state reclamation funds. The 
economic merits of valorizing a perpetual pollution source are evident but can be 
hard to define in a manner that is consistent with traditional ore deposit valuation.

19.4.4  Seafloor Sediments

The ocean seafloor has been a speculative target for mineral resources for several 
decades. According to the USGS, exploration for REEs in seafloor sediments was 
conducted as early as 2011 by Japanese researchers, [64] and a review article by 
Milinovic [80] includes technical details from a number of direct studies that have 
analyzed samples of seafloor material. This chapter shows that REE concentrations 
vary considerably between the ocean settings, with Atlantic deposits having the 
lowest concentrations (up to 130 ppm) and Pacific deposits having the highest (up 
to 22,000 ppm).

In a 2018 article, Takaya [81] conducted a detailed geospatial and mineral pro-
cessing study to evaluate potential of Pacific seafloor sediments as an REE resource. 
The results show that the resource potential in a 105-km2 target area may be as high 
as 1.2 million tonnes of REO, a value that would be greater than 75% of the conven-
tional projects. Takaya’s study isolated three categories of seafloor mud: a normally 
REY-rich (795 ppm TREE), a highly rich mud (3950 ppm REE) and an extremely 
rich mud (7226 ppm TREE). By applying the 2020 price deck to the extremely rich 
mud assay, the basket price was determined to be extremely high, $31.04/kg REO; 
however, the contained value was found to be only $26.98 per metric tonne.

19.4.5  Summary

Table 19.4 summarizes the resource value indicators for the four unconventional 
resources, namely, monazite sand, coal ash, AMD sludge and seafloor sediments. 
These values should be compared against those in Table 19.3 for the conventional 
deposits, which utilize the same REE price deck. In addition, the overall attractive-
ness of these resources as REE feedstocks should also consider the environmental, 
social, geopolitical and other intangible or difficult-to-quantify benefits described in 
the earlier sections.
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Table 19.4 Summary of resource economic indicators for unconventional REE resources

Unconventional 
resource

Nominal 
grade %REO Resource potential

2020 basket 
price ($/kg 
REO)

2020 contained 
value ($/tonne)

Monazite sand 23 Vast, millions of tonnes $16 $3900
Coal ash 0.1 Moderate, more than 

10,000 tonnes per year
$18 $18

Pre-concentrated 
AMD sludge

1.0 Moderate, hundreds to 
thousands of tonnes per 
year

$31 $310

Seaffloor sediment 0.9 Vast, millions of tonnes $31 $27

19.5  Summary and Conclusions

A fundamental economic assessment of conventional and unconventional REE 
resources was conducted to provide a holistic view of the economic indicators and 
provide benchmarks for future comparative analysis. In this analysis, 42 global REE 
development projects with publicly disclosed resource data were analyzed to iden-
tify resource indicators including size and grade. Most of these studies were pub-
lished from 2011 to 2015 in the immediate aftermath of the REE pricing crisis of 
2011, though several projects also had recent updates since 2019. From that master 
list, a subset of 21 projects at the PEA stage or higher were further assessed to iden-
tify production and life cycle economic data, including reported capital and operat-
ing costs, production capacity, net present value, internal rate of return and payback 
period. These data were analyzed to identify the distribution and range of the vari-
ous output values as well as industry-wide cost-capacity relationships. These data 
were then evaluated against several unconventional resources using a fixed REE 
price deck for comparative purposes.

The findings show that REE ore deposits vary in grade from approximately 
300 ppm to nearly 15% TREO; however, the majority of the deposits with viable 
economic outcomes are between 0.5% and 2% TREO. The REO mass in the mea-
sured, indicated and inferred resource categories typically varies from 0.1 to 1.0 mil-
lion tonnes; however, some outliers do fall considerably outside of this range. Relative 
to today, the elevated REE pricing used in the disclosures generally supported robust 
economic outcomes, with the 21 projects all having payback periods of 7 years or 
less and NPVs (10% discount rate) in the hundreds of millions to billions of dollars. 
Analysis of unconventional resources showed that while the REE resource is vast in 
most cases (e.g., seafloor sediment and monazite sand), the contained values of some 
can be quite low, but still within the range of the conventional deposits.

When current (2020) REE prices [9] were applied to the conventional deposits, 
many projects do not show the same robust economic viability, with only 9 of the 21 
having a positive gross margin (defined here as basket price – reported production 
cost, $/kg REO). Of those 9, all but one initially reported an operating cost lower 
than $10/kg REO, emphasizing the need for low cost production for robust eco-
nomic viability.
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Chapter 20
Rare Earth Element Mining and Recovery: 
A Regulatory Overview

Larry Long

20.1  Introduction: Current Regulatory Environment

Rare earth elements, also called rare earth metals (REM), are elements that are 
 critical materials used in the production of electronics, magnets, and computer 
chips, as well as in other applications. The U.S. environmental regulations for pro-
duction of these materials and their applications are the focus of this section [1]. The 
U.S. Environmental Protection Agency (EPA) considers these materials to be criti-
cal due to their national and global strategic importance. Other nonenvironmental 
regulations, such as mine safety and state, local ordinances may also apply but will 
not be discussed in this section. All terms related to rare earths referred to herein 
(i.e., REE, REM, and CM) will be called critical rare earth metals (CREM).

Not all countries regulate the CREM recovery using the same level of legal 
authority. A brief overview follows illustrating how the regulatory structure influ-
ences potential impacts from the recovery of CREM globally. While the global per-
spective differs greatly from country to country, most regulatory programs have the 
same objectives and goals for the protection of human health and the environment. 
This section addresses some of the current CREM policy, and the consequences of 
that policy by discussing the environmental regulatory approach. Not all recovery or 
mining, recycling, and recovery operations will require the same level of regulatory 
oversight. It should be noted that regulatory requirements vary based on the type of 
discharge(s), and how it affects the environment, human health, country policy as 
well as, state, tribal and local laws, and ordinances, within the continental United 
States. Country-specific regulations are beyond the scope of this chapter.

In 2011, it was estimated that less than 1% of CREM was recycled [2]. This may 
be due in part to the vast number of products that contain CREM, the difficulty of 
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recovering CREM from a variety of different products, the lack of incentives and 
regulatory oversight, and the lack of investment in recycling CREM.  The main 
global perspective for obtaining CREM is from mining operations.

20.2  China

China’s policy toward CREM is one of strategic dominance [3]. China’s current 
approach to obtaining CREM is predominantly from mining. China is believed to be 
the world’s largest producer of CREM. Some estimate that China provides as much 
as 90% of the world’s supply of CREM and is home to some of the largest open pit 
mines in the world. The recovery of CREM in China is illustrated by its impacts [4] 
in association with the benefits [5]. Although China’s policies have not been based 
on strong environment regulation, China is proposing new policy documents to 
gather public comments on future proposed regulations.

CREM mining processes in China provide a stark example for the need for envi-
ronmental regulatory oversight. The Bayan Obo mine located in the inner Mongolia 
region of China is the world’s largest, rare earth mine (Fig. 20.1). Figure 20.2 shows 
discharge waters from this mine loaded with chemicals in streams north of the town 
of Baotou in inner Mongolia which is 120 km south of the Bayan Obo mine.

Whereas past regulations focused on the technical aspects of mining such as the 
physical recovery of ore, separation and smelting, the new proposed regulations 
seek to manage the overall industrial process chain. The proposed regulation also 
provides a structure to impose penalties for violations of the regulation and has the 
potential to regulate exports as well [8]. China currently dominates the green energy 
technology due to their Made in China 2025 strategy [8]. It is unknown how or if the 
proposed new regulations will affect global supply chain markets.

Fig. 20.1 Rare earth mine at Bayan Obo [6]
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Fig. 20.2 Discharge 
waters from the Bayan Obe 
mine [7]

20.3  European Union Regulatory Overview

The European Union (EU) has one of the most extensive CREM programs in the 
world today. The European Commission (EC) realized their dependence on CREM 
imports presented both obstacles and opportunities. They therefore set out to 
develop a legislative framework in 2008 which provides for (1) single market stan-
dards, (2) entrepreneurships, (3) finance access, (4) industry and market sector anal-
ysis, and (5) research tools and databases [9]. This framework was created to provide 
the foundation for which legislation could be based. The EC was the first to provide 
an in-depth understanding of the circular economics of CREM which refers to the 
recycling and reuse of materials. The 2019 Circularity GAP Report [10] was subse-
quently prepared which states that only 9% of our world supply chain is circular and 
suggests that a greater opportunity may be had from the recycling of existing sources 
of CREM, rather than the creation of new mining operations.

20.4  Australia

Australia is a global leader in the mining technology of CREM. Although adminis-
tered differently than the U.S. regulatory process, the goals and objectives of the 
Australian regulatory system seek to achieve a high level of environmental compli-
ance. The Australian regulatory process is a system based on checks and balances, 
much like U.S. processes. Australia’s Critical Minerals Strategy [11] promotes an 
open and innovative approach governed by separate authorities. It is focused mainly 
on mining with limited focus on recycling. Australia is estimated to be the second 
largest producers with and estimated to have the sixth largest concentration of 
CREM reserves in the world [12].

Western Australia is known to have significant deposits of precious metals, 
including CREM. CREM resources are known to exist in all states in the Northern 
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Territory except for Tasmania. The Northern Territory is estimated to contain one of 
the world’s largest deposits of CREM. Other CREM deposits have been identified 
in New South Wales.

The Government of Western Australia’s Department of Mines, Industry 
Regulations and Safety regulates mining activities in Western Australia under The 
Mining Act [13] which outlines the law for mining in Western Australia. The 
Government of South Australia’s Department of Energy and Mining regulates min-
ing in South Australia following the Mining Act of 1971 [14], Mines and Works 
Inspection Act of 1920 [15] and Opal Act of 1995 [16], and associated regulations. 
Together, mining regulations coupled with national and local environmental regula-
tions provide the foundation for the Australian regulatory process. The Australian 
regulatory agencies websites provide in-depth information for new and existing 
CREM recovery operations [17].

20.5  United Nations Charter

The United Nations Environmental Assembly (UNEA) consists of several member 
nations around the world on all continents. The assembly is currently working with 
the International Resource Panel to create assessment reports for the financing of 
mineral production, sustainable production, equitable distribution, and the social 
benefits of CREM throughout the global commons. The global commons describe 
international, supranational, and global resource domains where common sources 
of CREM resources are found. This includes the earth’s shared natural resources 
such as the air, ocean, and minerals as well as imports of commerce such as elec-
tronics and transportation routes required for CREM imports. A key challenge of 
the global commons is the design of governance structures and management sys-
tems capable of addressing the complexity of multiple governmental and corporate 
interests, often subject to unpredictable changes, ranging from the domestic to the 
international level. It should be noted that more developed countries export their 
technological mining expertise to less-developed countries where environmental 
regulations provide less environmental regulatory oversight.

As with global public goods, management of the global commons requires plu-
ralistic legal entities – usually international and supranational, public, and private – 
structured to match the diversity of interests and the type of resource to be managed, 
and sufficiently stringent guidelines with adequate incentives to ensure compliance. 
Without such management systems, common resources are often overexploited.

To ensure that the governances passed by the United Nations (UN) fulfill their 
stated obligations, the UN includes enforcement mechanisms. The enforcement 
mechanism will generally fall into four categories: (1) charter-based, (2) convention 
or treaty-based, (3) oversight by a UN specialized agency such as the World Health 
Organization, and (4) rapporteurs appointed by the General Assembly. The United 
Nations Environmental Assembly (UNEA) has created working groups to assess the 
international economic and environmental impact associated with CREM within 
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member nations and the world’s oceans. For over 70 years, the UN is the only inter-
national forum where nations can meet to discuss security issues and to resolve 
problems. When nations become members, they agree to accept UN charters. One 
such charter is the United Nations Convention on the Law of the Sea (UNCLOS) 
which covers many issues with a focus on deep sea mining of rare earth minerals.

The recovery of CREM from deep sea can provide certain obstacles such as 
structural features. The structural features of the oceans are divided into the near- 
shore, continental shelf, continental slope and rise, basin (or abyssal plain), and 
mid-oceanic ridges (National Oceanic and Atmospheric Administration (NOAA) 
Ocean Floor Features) [18]. The shore region is that portion of the land mass that 
extends beneath coastline and has been modified by oceanic processes. Providing 
some of the richest fisheries known, the continental shelf extends seaward from the 
near-shore and is characterized by a gentle slope of about 1:500 m. At the seaward 
extent of the shelf, the steepness of the slope first increases to about 1:20 m (the 
continental slope), and then flattens (the continental rise). The ocean basin consti-
tutes about 75% of the ocean bottom, ranging in depth from about 9840  feet to 
19,700 feet (3000–6000 m). The deepest areas of the ocean basins are the deep-sea 
trenches, contrasted by the mid-oceanic ridges, which provide relatively high points 
on the ocean bottom [19].

The existence of mineral deposits in the abyssal plains in some of the deepest 
parts of the ocean has been known since the 1860s [20]. Because these mineral 
deposits are found in great depths, at great pressure they form into crust and nod-
ules. Fe-Mn crusts and nodules are potential CREM sources, along with phospho-
rites which concentrated CREM (i.e., heavy rare earths and yttrium (Y)) during 
early diagenetic formation [21]. These deposits are of sufficiently high grade to be 
of economic interest [21]. Mining of the ocean is governed by the 1982 UNCLOS 
[22] which includes 168 ratified member parties and governs 60% of the world’s 
seabed that lie beyond national jurisdiction (i.e., over 50% of the entire seabed). 
UNCLOS’s primary function is to regulate exploration and exploitation of deep 
seabed minerals, where the seabed and subsoil are defined as the area beyond the 
limits of national jurisdiction, or beyond the outer limits of the continental shelf. 
UNCLOS has established three international institutions: (1) the Commission on 
the Limits of the Continental Shelf, (2) the International Tribunal for the Law of the 
Sea, (3) and the International Seabed Authority (ISA). The ISA was established to 
regulate member states for the exploration and exploitation of mineral resources 
with a key principle to protect the marine environment from harmful effects [23]. 
Currently, the United States is not a member of UNCLOS.

20.6  U.S. Regulatory Overview

Natural resources obtained from the earth are used to produce raw materials to pro-
duce goods. Humans cannot create natural resources, rather they use and modify 
existing resources for beneficial use. In the United States, regulatory review and 
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permitting is broken down into federal, state, tribal and local regulations, and ordi-
nances. Environmental Regulatory Permitting (ERP) is dependent on the ore/source 
material, the recovery processes, chemical storage, and the types of potential dis-
charges to the natural environment. The objective of environmental regulations is 
the protection of human health and the environment. To achieve this objective, the 
permitting agency will follow a systematic process of evaluating the potential dis-
charges from a facility or mining operation and the cumulative impacts from those 
discharges on the affected environments.

20.6.1  Presidential Executive Order

U.S.  Presidential Executive Order (EO) 13,817  – A Federal Strategy to Ensure 
Secure and Reliable Supplies of Critical Minerals [24] – directed the Secretary of 
the Interior to identify which minerals are critical to the national defense an econ-
omy and declare that it is the policy of the Federal Government to reduce the 
Nation’s vulnerability to disruptions in the supply of CM. Critical minerals in EO 
13817 were (1) identified to be a nonfuel mineral or mineral material essential to the 
economy and national security of the United States; (2) from a supply chain that is 
vulnerable to disruptions; and (3) that serves an essential function in the manufac-
turing of a product, the absence of which would have substantial consequences for 
the U.S. economy or national security.

20.6.2  The Administrative Procedure Act

The Administrative Procedure Act (APA) governs the process by which federal 
agencies develop and issue regulations (APA Act., 1946) [25]. It includes require-
ments for publishing notices of proposed and final rulemaking in the Federal 
Register and provides opportunities for the public to comment on notices of pro-
posed rulemaking. The APA requires most rules to have a 30-day delayed effective 
date. The APA helps to provide a foundation of checks and balances for all federal 
agencies. In addition to setting forth rulemaking procedures, the APA addresses 
other agency actions such as issuance of policy statements, licenses, and permits. It 
also provides standards for judicial review if a person has been adversely affected or 
aggrieved by an agency action. The APA may not directly affect CREM mining and 
recovery actions but does so by regulating the rulemaking process.

20.6.3  National Environmental Policy Act

The National Environmental Policy Act (NEPA) was one of the first environmental 
laws written that established a broad framework for the protection of the environ-
ment. The purpose of NEPA documents is to provide an understanding of the 
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subject purpose and need by evaluating alternatives that address environmental 
impact to the surrounding environment.

The overall purpose of NEPA is to ensure that federal agencies evaluate the 
potential environmental impacts of their proposed actions and consider the conse-
quences when determining whether to proceed with the action by evaluating project 
specific alternatives including the No Action Alternative. NEPA (NEPA Act, 1970) 
[25] requires development and consideration of a reasonable range of management 
alternatives. Alternatives must be (1) viable and reasonable; (2) meet the stated pur-
pose and need for the plan; (3) provide a mix of resource protections, management 
use, and development; (4) be responsive to issues identified during scoping; (5) and 
meet established planning criteria, as well as federal laws, including state and tribal 
regulations. Each management alternative evaluated in the NEPA document needs 
to represent a reasonable approach in evaluating the selected CREM recovery meth-
ods and processes, and for managing resources and activities of facilities operations. 
NEPA authority may be delegated to other federal and state regulatory agencies, 
defined as the Lead Agency (LA). The LA has the discretion to select an alternative 
in its entirety or to combine aspects of the various alternatives presented in a draft 
NEPA document. It should be noted that NEPA documents are planning documents 
and that permits are issued in the NEPA evaluative process.

The life-cycle stages include but are not limited to (1) exploration or collection 
in the case of recycling; (2) development (i.e., planning, permitting, construction, 
and remediation); and (3) closure (i.e., monitoring both pre and post, and reclama-
tion). The NEPA documents evaluate each of the stages and discuss alternatives that 
can be used by the permitting agency for the protection of human health and the 
environment. NEPA may be applied to CREM mining and recovery operations 
when there is a (1) federal permit, (2) federal land and money, and (3) controversy 
related to a project.

20.6.4  Clean Water Act

The Clean Water Act (CWA) establishes the basic structure for regulating discharges 
of pollutants into the waters of the United States (WOTUS) and regulating quality 
standards for surface waters (CWA 1972) [26]. The basis of the CWA was enacted 
in 1948 and was called the Federal Water Pollution Control Act. The Act was sig-
nificantly reorganized and expanded in 1972. Clean Water Act became the Act’s 
common name with amendments in 1972. Congress established the CWA with the 
goal of restor[ing] and maintain[ing] the chemical, physical, and biological integ-
rity of the Nation’s waters (CWA 1972) [27]. To achieve that objective, the CWA 
prohibits the discharge of pollutants from point sources into waters of the United 
States, unless consistent with the requirements of the act (CWA 1972, 1983) [27]. 
The CWA allows for the discharge of pollutants into waters of the United States 
under two permitting programs – Section 402 governs the discharge of pollutants 
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other than dredged or fill material (CWA, 1972, 33 U.S.C. §1251, 1983) [28] and 
Section 404 governs the discharge of dredged or fill material (CWA 1972, 33 
U.SC. §1311, 2006) [29]. Congress charged EPA with oversight authority of dele-
gated state-authorized permit programs (CWA Section 404, 1972) [30] and pro-
vided EPA with other authorities in connection with Section 404 permits issued by 
the United States Army Corps of Engineers (USACE) (33 USC 1342, 2018) [30]. 
Pursuant to the CWA, the EPA implemented pollution control programs including 
establishing wastewater standards for industry. The EPA also developed national 
water quality criteria recommendations for pollutants in surface waters. The CWA 
made it unlawful to discharge any pollutant from a point source into navigable 
waters without a permit. EPA’s National Pollutant Discharge Elimination System 
(NPDES) permit program regulates discharges. Point sources include discrete con-
veyances such as pipes or man-made ditches. Industrial, municipal, and other facili-
ties must obtain permits if their discharges go directly to surface waters. EPA 
enforces federal clean water and safe drinking water laws, provides support for 
municipal wastewater treatment plants, and takes part in pollution prevention efforts 
aimed at protecting watersheds and sources of drinking water. The CWA could 
apply to CREM mining and recovery operation where there are potential discharges 
to WOTUS.

 CWA Section 303 Water Quality Standards

Section 303 of the CWA requires states and tribes to adopt water quality standards 
applicable to their intrastate and interstate waters (33 U.SC.1344, 2006) [31]. Water 
quality standards (WQS) assist in maintaining the physical, chemical, and biologi-
cal integrity of a waterbody by designating uses, setting criteria to protect those 
uses, and establishing provisions to protect water quality from degradation. Water 
quality standards established by states are subject to EPA review (33 USC 1313, 
2000) [32]. The EPA may object to state-adopted water quality standards and may 
require changes to the state-adopted water quality standards and, if the state does 
not respond to EPA’s objections, EPA may promulgate federal standards (40 CFR 
131.5, 1972) [33].

WQS are the foundation of the water quality-based pollution control program 
mandated by the CWA. They define the goals for a water body by designating its 
highest attainable uses, setting criteria that reflect the current and evolving body of 
scientific information to protect those uses, and establishing provisions to protect 
water bodies from further degradation. WQS developed specifically for wetlands 
help ensure that the provisions of the CWA are consistently applied to wetlands. 
WQS for wetlands are developed by states, territories, and authorized tribes in 
accordance with EPA’s regulations (33 USC 1313(C)(3), 1981) [34].
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 CWA Section 401 Water Quality Certification

State water quality standards are incorporated into all federal CWA permits through 
Section 401, which requires each applicant to submit a certification from the affected 
state that the discharge will be consistent with state water quality requirements (40 
CFR Part 131, 2021) [35]. Thus, Section 401 provides states and tribes with veto 
authority over federal CWA permits that may allow exceedances of state water qual-
ity standards and empowers states to impose and enforce water quality standards 
that are more stringent than those required by federal law (33 USC 1341(a)(1), 
2018) [36].

 CWA Section 402 Permits

Section 402 of the CWA (33USC 1370, 1972) [37] governs discharges of pollutants 
other than dredged or fill material. Permits issued under the authority of Section 402 
are known as NPDES permits, and typically contain numerical limits called effluent 
limitations that restrict the amounts of specified pollutants that may be discharged. 
NPDES permits must contain technology-based effluent limits, and any more strin-
gent water quality-based effluent limits necessary to meet applicable state water 
quality standards (33 USC 1342, 2018) [38]. Water quality-based effluent limita-
tions are required for all pollutants that the permitting authority determines are or 
may be discharged at a level [that] will cause, have the reasonable potential to 
cause, or contribute an excursion above any [applicable] water quality standard, 
including State narrative criteria for water quality (33 USC 1311(b)(1)(a) &(c), 
2018) [39]. The procedure for determining the need for water quality-based effluent 
limits is called a reasonable potential analysis.

 CWA Section 404 Wetlands

The USACE is the permitting agency for Section 404 permits (40 CFR 122.44, 
2000) [40], with state regulatory agencies providing Section 401 Water Quality 
Standards (WQS) permits. The USACE 404 permits are required for any work 
within the WOTUS in cooperation the U.S. EPA. The USACE 404 permitting pro-
cess balances the reasonably foreseeable benefits and determinants of proposed 
projects. The USACE evaluates applications under a public interest review, as well 
as the environmental criteria set forth in the CWA Section 404 guidelines (40 CFR 
122.44(d)(1)(i), 2022) [41], regulation promulgated by the U.S. EPA. The Section 
404 CWA regulates the discharge of dredged or fill materials into WOTUS. The 
basic premise of the program is that no discharge of dredged or fill materials may be 
permitted if (1) a practicable alternative exists that is less damaging to the aquatic 
environment, and (2) steps have been taken to avoid impacts to wetlands, streams, 
and other aquatic resources; those potential impacts have been minimized; and that 
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compensation will be provided for all remaining unavoidable impacts. Some states 
have assumed permitting authority and regulate the 404 programs in their state. 
Applicants should check with their state and federal regulatory authority for appli-
cation for the discharge of dredged and fill materials.

Wetlands (CWA Section 404, 2022) [42] are areas where water covers the soil or 
is present either at or near the surface of the soil all year or for varying periods of 
time during the year, including during the growing season. Water saturation largely 
determines how the soil develops and the types of plant and animal communities 
living in and on the soil. Wetlands may support both aquatic and terrestrial species. 
The prolonged presence of water creates conditions that favor the growth of spe-
cially adapted plants (hydrophytes) and promotes the development of characteristic 
wetland (hydric) soils. Wetlands vary widely because of regional and local differ-
ences in soils, topography, climate, hydrology, water chemistry, vegetation, and 
other factors, including human disturbance. Indeed, wetlands are found from the 
tundra to the tropics and on every continent except Antarctica. Two general catego-
ries of wetlands are recognized. These are coastal or tidal wetlands and inland or 
nontidal wetlands.

WQS are the foundation of the water quality-based pollution control program 
mandated by the CWA. They define the goals for a water body by designating its 
highest attainable uses, setting criteria that reflect the current and evolving body of 
scientific information to protect those uses, and establishing provisions to protect 
water bodies from further degradation. WQS developed specifically for wetlands 
help ensure that the provisions of the CWA are consistently applied to wetlands. 
WQS for wetlands are developed by states, territories, and authorized tribes in 
accordance with EPA’s regulations (CWA Part 230, 2008) [43].

20.6.5  Clean Air Act

The Air Pollution Prevention and Control or Clean Air Act (CAA) is an oversight/
preventative type regulation (CAA 101 (c)) [44]. The CAA is the comprehensive 
federal law that regulates air emissions from stationary and mobile sources. Among 
other things, this law authorizes the U.S. EPA to establish National Ambient Air 
Quality Standards (NAAQS) to protect public health and public welfare and to regu-
late emissions of hazardous air pollutants. The CAA could apply to CREM mining 
and recovery operations based on the type of air emission from the chemical, physi-
cal processing and storage of chemicals and reagents at the facility. The Chemical 
Safety Information, Site Security and Fuels Regulatory Relief Act establishes 
amended provisions for reporting and disseminating information under Section 
112(r) of the CAA. The law has two distinct parts that pertain to (1) flammable fuels 
and (2) public access to Off-Site Consequence Analysis data (CAA amend, 
2000) [45].
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20.6.6  Resource Conservation Recovery Act

The Resource Conservation Recovery Act (RCRA) (42 U.S.C. 6901, 1976) [46] is 
the primary federal law used to regulate hazardous and solid waste. RCRA provides 
the authority to control hazardous waste from cradle to grave, including the genera-
tion, transportation, storage, and disposal. States that have federally delegated pro-
grams provide state regulatory agencies the authority and responsibility for oversight 
and enforcement of this program. The U.S. EPA has state oversight responsibility 
for this program. RCRA will apply in the recovery of CREM facilities were hazard-
ous chemical and solid waste are present.

 Brownfields

The Brownfield Utilization, Investment and Local Development (BUILD) Act [47] 
within RCRA is an incentive program that promotes the cleanup of contaminated 
sites. The Brownfield program has the potential to provide incentives for the public 
and communities sector to clean up sites that have demonstrated the existence of 
CREM in economically viable qualities.

20.6.7  CERCLA/Superfund

The Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA) (CERCLA, 1980) [48] or Superfund provides a federal trust fund to 
finance the cleanup of uncontrolled or abandoned hazardous-waste sites and to 
respond to accidents, spills, and other emergency releases of pollutants and con-
taminants into the environment. CERCLA established requirements for addressing 
closed and abandoned hazardous waste sites, funding to cover the cost of cleanup 
when no responsible party can be identified and creates liabilities for those that are 
responsible for releases. CERCLA also provided guidelines from the National 
Contingency Plan (NCP, 1982) [49] to establish the National Priorities List (NPL, 
2022) [50] which is a list of sites eligible for investigation and remediation under 
the long-term cleanup program.

The Superfund program ensures long-term protection when conducting hazard-
ous waste removal and enforcement actions. Both the Superfund and Brownfield 
programs have significant community outreach programs that may have potential to 
be used in the recovery of CREM from contaminated sites. Superfund Amendments 
and Reauthorization Act (SARA) (SARA, 1986) [51], the Emergency Planning & 
Community Right-to-Know Act (EPCRA), was enacted by Congress as the national 
legislation on community safety. This law is designed to help local communities 
protect public health, safety, and the environment from chemical hazards.
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 Emergency Planning and Community Right-To-Know Hazardous 
Chemical Inventory Reporting Requirements Section 311, 312, 313

To implement EPCRA (Part 370, 2008) [52], Congress requires each state to appoint 
a State Emergency Response Commission (SERC). The SERCs are required to 
divide their states into Emergency Planning Districts and to name a Local Emergency 
Planning Committee (LEPC) for each district. EPCRA was created to help com-
munities plan for chemical emergencies (Title III, 2018) [53], provides important 
protections and information to communities near facilities with potentially signifi-
cant environmental releases. Under Section 311, EPCRA facilities must submit 
material data safety sheets for hazardous chemicals present on site. Under Section 
312, facilities need to submit an annual inventory for their 311 chemicals by March 
1 of each year to the state regulatory agencies and local fire department. EPCRA 
Section 313 expands the 311 and 312 reporting requirements to mining operations. 
Facilities are required to report the recovery and benefication of ore, as processing 
on the grounds that the Toxics Release Inventory (TRI) chemicals contained in the 
ores had been manufactured prior to their recovery and benefication.

20.6.8  Atomic Energy Act

The Atomic Energy Act (AEA) (AEA, 1954) [54] established the Atomic Energy 
Commission (AEC) to promote the utilization of atomic energy for peaceful pur-
poses to the maximum extent consistent with the common defense and security and 
with the health and safety of the public. Since the abolition of the AEC, much of the 
AEA has been carried out by the Nuclear Regulatory Commission (NRC) (NRC, 
2020) [55] and the U.S Department of Energy (DOE, 2022) [56]. When EPA was 
formed, however, the AEC’s authority to issue generally applicable environmental 
radiation standards was transferred to EPA. Other federal and state organizations 
must follow these standards when developing requirements for their areas of radia-
tion protection. The requirements of the AEA (and associated regulations) could 
apply where there are potential releases of radiation to the environment.

Rare earth elements, numbered 57–71 in the Periodic Table are called the lantha-
nide elements [57]. Lanthanides and Y that are primarily recovered from ores con-
tain low concentrations of uranium (U) and thorium (Th); however, some level of 
radioactive material can be found in association with many REE [58]. Waste rock 
and sludges that result from the recovery process for REE are technologically 
enhanced naturally occurring radioactive materials (TENORM) [59]. The EPA esti-
mates naturally occuring radioactive material (e.g., monazite, xenotime, and bast-
näsite) range from 5.7 to 3224 picocuries per gram (pCi/g) [60]. The USGS has also 
estimated the U and Th content of REE [61]. These elements are not rare but were 
thought to be rare at the time of their discovery. Due to REEs’ or CREM’s high 
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affinity for heavy metals with which they tend to co-occur, it is difficult to discern 
the effects of individual lanthanides, both in human cases and animal studies. In 
addition, the co- occurrence of the lanthanides, Th isotopes, and silica dust has com-
plicated the interpretation of toxicity especially about human occupational expo-
sures [62]. REE are conventionally processed primarily from ores and minerals that 
naturally contain U and Th. Processing rare earth minerals involves the separation 
and removal of U and Th which results in technologically enhanced naturally occur-
ring radioactive material (TENORM) wastes. Tighter regulation on the use of radio-
active minerals has been identified as the primary factor that pressured many sources 
of monazite out of the REE market during the 1980s (CCR Regs., 2022) [63].

Coal by-products such as coal combustion residuals (CCR) and boiler slags con-
sist of course, hard, black, angular, glassy material formed when bottom ash melts 
during combustion (CCR Guidance, 2022) [64]. Literature does indicate the poten-
tial for marketable volumes of CREM in coal by-products which may contain regu-
lated levels of radioactive material [65].

REE recovery methods accumulate waste materials to varying degrees. Some of 
these wastes from conventional feedstock resources may be hazardous and/or radio-
active [66]. Handling these wastes has the potential to increase the overall opera-
tional cost of CREM recovery from the selected waste stream (SWS). Depending on 
the source material, recovery process and associated discharges, federal and state 
regulations for the handling, processing and transportation could apply. The 
Occupational Safety and Health Administration (OSHA) regulations (OSHA 1977) 
[67] may also apply and should be consulted prior to the operation of any new or 
existing CREM recovery operation.

20.7  Other Federal Environmental Regulations

The regulatory review section is an overview of the more common federal regula-
tions. State and tribal regulatory agencies may have their own stricter regulations. 
All state, tribal, and local environmental regulatory agencies should be consulted 
prior to the operation of any new or existing CREM recovery operations.

20.7.1  National Marine Sanctuaries Act

The National Marine Sanctuaries Act (NMSA) in 2020 [68] authorizes the Secretary 
of Commerce to designate and protect areas of the marine environment with special 
national or international significance due to their conservation, recreational, eco-
logical, historical, scientific, cultural, archeological, educational, or aesthetic quali-
ties as national marine sanctuaries [69].

20 Rare Earth Element Mining and Recovery: A Regulatory Overview



498

20.7.2  Marine Mammal Protection Act

The Marine Mammal Protection Act (MMPA) [70] was enacted in 1972 to protect 
marine mammals and ensure that population stocks and essential habitats of marine 
mammals are maintained at, or restored to, healthy population levels. Jurisdiction 
over marine mammals under the MMPA is shared between U.S. Fish and Wildlife 
Service (USFWS) and NOAA National Marine Fisheries Service (NOAA Fisheries). 
USFWS has jurisdiction over sea and marine otters, polar bears, manatees, dugongs, 
and walruses, while NOAA Fisheries has jurisdiction over all other marine mam-
mals (i.e., all cetaceans and pinnipeds, except walruses).

20.7.3  Farmland Protection Act

The Farmland Protection Policy Act (FPPA) (USDA, 1981) [70] provides for pres-
ervation of prime farmland, which is defined as having the availability and best 
combination of physical and chemical characteristics for producing food, feed, for-
age, fiber, and oilseed crops. The optimal soil quality, growing season, and moisture 
supply of prime farmland can produce economically sustained high yields of crops 
when treated and managed according to acceptable farming methods, including 
water management. Some soils within a CREM recovery facility planning area 
could be identified as prime farmland. FPPA requires identification of proposed 
actions that may affect lands classified as prime farmlands. This is a potential issue 
on split-estate agricultural lands overlying federal mineral ownership. The 
U.S. Department of Agriculture (USDA) classifies acreage as prime farmland on a 
statewide basis. The management plan for CREM recovery should evaluate facili-
ties within or near farmland.

20.7.4  Migratory Bird Treaty Act

The Migratory Bird Treaty Act (MBTA) (FWS, 1918) [71] implements a series of 
treaties the United States has entered with Canada, Mexico, Japan, and Russia for 
the conservation of migratory birds. The USFWS has statutory authority and respon-
sibility of enforcing the MBTA.

20.7.5  Endangered Species Act

The Endangered Species Act (ESA) [72] provides a program for the conservation of 
threatened and endangered plants and animals and the habitats in which they are 
found. The lead federal agency for implementing ESA is the USFWS. The ESA of 
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1973 (FWS, 1973) [72] establishes policy to protect, and conserve threatened and 
endangered species and the habitats in which they are found and on which they 
depend. The ESA is administered by the USFWS and the NOAA Fisheries. Section 
7 of the ESA requires federal agencies to consult with USFWS, NOAA Fisheries, 
and the appropriate state agencies to determine if a proposed action might affect 
listed or candidate species or designated critical habitat.

20.7.6  Surface Mining Control and Reclamation Act of 1977

The Surface Mining Control and Reclamation Act (SMCRA) establishes the 
Office of Surface Mining Reclamation and Enforcement (OSMRE) within the 
Department of the Interior (DOI). The Surface Mining Control and Reclamation 
Act (DOI, 1977) [73] was the first federal environmental statute to regulate a 
specific industry, which in this case is coal mining. SMCRA created two major 
programs: (1) an abandoned mine land (AML) reclamation program, to reclaim 
land and water resources adversely affected by coal mines abandoned before 
August 3, 1977 and (2) a regulatory program to ensure that surface coal mining 
operations are conducted and reclaimed in an environmentally sound manner. 
SMCRA relies on other environmental authority such as the CWA in support of 
the agency’s reclamation process. For this reason, reclamation of a coal facility 
has the potential to trigger other environmental regulations. OSMRE must com-
ply with NEPA whenever the bureau proposes to take an action, or authorizes 
any other entity to take an action, that could possibly affect environmental 
resources.

20.7.7  The Marine Protection Research and Sanctuaries Act

The Marine Protection, Research and Sanctuaries Act (MPRSA) (EPA, 1972) [74] 
prohibits the dumping of material into the ocean. Titles I and II of MPRSA, also 
referred to as the Ocean Dumping Act, generally prohibits (1) transportation of 
material from the United States for the purpose of ocean dumping, (2) transporta-
tion of material from anywhere for the purpose of ocean dumping by U.S. agencies 
or U.S.-flagged vessels, and (3) dumping of material transported from outside the 
United States into the U.S. territorial sea. A permit is required to deviate from these 
prohibitions. Under MPRSA, the standard for permit issuance is whether the dump-
ing will unreasonably degrade or endanger human health, welfare, or the marine 
environment.
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20.8  State Regulatory Environmental Overview

Federal environmental regulation forms the basis for many states’ regulatory pro-
grams through the process of delegation of certain environmental acts. State regula-
tory programs have the option to use the federal regulations as minimum standards 
and can make their regulations stricter but cannot make their regulations less strict 
than the federal regulations. Many states have adopted environmental regulations 
that parallel federal programs where there are no current federal regulations. An 
example would be for mining and dams where the state has dedicated mining and 
dam inspector programs. It is always advisable for applicants to check with the state 
environmental authorities prior to conducting any CREM mining or recovery 
operations.

20.9  Potential Regulatory Roadblocks

Environmental regulatory roadblocks occur when state and local regulations con-
flict with federal regulations. Where state and local regulations are founded on fed-
eral regulations but are stricter, they are not considered roadblocks. When there is a 
conflict between federal regulations and less strict state and local regulations or 
when state and local regulations provide a different remedy in conflict with federal 
law, these types of regulations can be considered a roadblock. Regulatory road-
blocks confuse the process for the applicant. They may also present duplications for 
the applicant to apply for a permit. Where facilities cross state lines, and these states 
have different levels of compliance, this circumstance can also be a roadblock for 
prospective CREM recovery facilities.

20.10  Conclusions

The purpose of this overview is to serve as an information resource guide for current 
regulations which may apply to the vast number of chemical, physical, and biologi-
cal recovery processes for CM and REE. The vast majority of information is cur-
rent, but it should be noted that the recovery of CM and REE is dynamic. New 
sources and recovery process are being introduced at a very rapid pace. Therefore, 
these new recovery processes will need to be evaluated on a case-by-case basis. The 
recovery of CM and REE processes have the potential to create several environmen-
tal risks to human health and the environment. The current economic conditions 
along with Presidential Executive Orders have heightened the importance for the 
need for a sustainable domestic supply of CREM (EOs, 2017) [75]. The increase in 
demand will greatly increase the need for environmental and human health oversight.
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Applicable regulations for CREM recovery operations are dependent upon their 
location, type of source material, processing chemicals, type of discharges to the 
environment, local and state regulations and ordinances, exposure to human health 
and the environment, and transportation of the final product. All these issues should 
be considered for new, and existing, critical minerals recovery operations. All fed-
eral, state, and tribal regulatory agencies should also be consulted as to those enti-
ties’ regulations, codes, and requirements. This section may not be all inclusive of 
state, tribal, and local governances. It is recommended that any applications for the 
recovery of CREM consult their federal, state, and local environmental regulatory 
agencies.
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