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Foreword

Significant and accelerating advancements continue in rare earth resource development,
processing and applications technology, all of which go towards enhancing the quality of life.
The application technologies, be they in the areas of renewable energy production, energy
storage, demand-side energy efficiency, hybrid vehicles, tablet computers, smartphones, digital
displays or lasers, all rely on materials made possible by the elements of the lanthanide group
(commonly referred to as “rare earths”). Consumer and policy-driven demand for these advanced
technology products has strained the supply of available rare earths. The rare earth supply chain,
from mine to final product, however is complex and relatively long, and faces a number of
unique challenges particularly outside of China, as it is only now emerging or re-emerging. It is
therefore critically important to conduct research in all steps of the supply chain, from geology,
extraction, separation and refining, to final product design, lifecycle management and recycling.
It is also important to understand the economic and environmental issues related to meeting the
demand for rare earth-based materials. Success will be significantly facilitated through national
and multinational collaboration. This second Rare Earth Elements (REE) Symposium at the
Conference of Metallurgists, building on the success of the inaugural REE Symposium held in
September 2012, provides a collaborative forum to share ideas and technical advances, as well as
to discuss these critical and timely issues.

The response to this new symposium has exceeded our expectations. The proceedings volume
contains fifty-one peer-reviewed papers from academia, government and industry from 16
countries. Complementing papers from Canada and the United States are significant
contributions from China, Germany, Japan, Korea, Belgium, the UK and elsewhere. The
Symposium provides an opportunity for authors and delegates from around the world and across
all aspects of the rare earth supply chain to meet their colleagues and discuss common interests
and concerns.

With the interest generated by the importance of the subject area, two international Rare Earth
organizations will be holding meetings concurrently with the REE Symposium in Montreal. The
eight-country member International Rare Metals Working Group, chaired by the Korea Institute
of Industrial Technology, will be convening its annual meeting, and the Rare Earth Technology
Alliance, the US-based international member industry association under the auspices of the
American Chemical Council will be holding its quarterly meeting. Technical papers from
members of these respected organizations have been integrated into the Symposium program.

The papers in these proceedings have been laid out in six thematic categories: Rare Earth
Element Industry Overview, Mineralogy and Beneficiation of Rare Earth Resources,
Hydrometallurgy of Rare Earth Mineral Concentrates, Rare Earth Element Separation, Rare
Earth Elements in Advanced Materials, and Recycling of Rare Earth Elements, reflecting the
structure of this year’s full three-and-a-half day Symposium.

This symposium, and the proceedings volume, were made possible through the determined effort
to formulate an informative program by the Organizing Committee and the preparation of quality
manuscripts by the authors. Once manuscripts were received, the tasks of refereeing, editing and
indexing the various submissions were assumed by the editors, who are indebted to the authors



for their efforts in preparing the papers and their understanding of the need for a consistently
formatted volume. The Symposium program and the production of this volume was a significant
undertaking over a period of twelve months, under the guidance of an eight-person Organizing
Committee comprising of Ian London (Co-Chair), Mandeep Singh Rayat (Co-Chair), John
Goode, In-Ho Jung, Georgiana Moldoveanu, Dimitri Psaras, Niels Verbaan, and Jack Zhang.
Engaging with individual authors, committee members contributed a generous amount of time in
structuring the Symposium and reviewing each paper. This team was also fortunate in engaging
and being supported by a cadre of other internationally-based reviewers. The editors applaud and
thank all of our colleagues.

The Organizing Committee of this second Rare Earths Symposium at COM 2013 sincerely thank
all the authors, speakers and participants and looks forward to continued collaboration in
advancing the needed supply chains and our collective desire to improve the quality of life.

Ian M. London

John R. Goode
Georgiana Moldoveanu
Mandeep S. Rayat
Editors

Vi
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career in corporate management, international marketing and project management. His 40 years
of industry experience includes terms as President & CEO of Ontario Hydro International Inc.
and CEO of Process Products Limited. Ian has served on several new technology and alternative
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corporate social sustainability. Ian earned his Metallurgical Engineering degree from McGill
University and an MBA from the Schulich School of Business.

John R. Goode is an independent metallurgical consultant who has worked on many rare earths
projects. John graduated from the Royal School of Mines, London, UK in 1963. He then
emigrated to Canada and joined Falconbridge Nickel Mines. After spending two years in Canada
he returned to the UK and worked for two years at the Avonmouth lead-zinc smelter owned by
Rio Tinto Zinc. He then transferred to Elliot Lake, Canada where he spent six years in thorium,
rare earth and uranium development and operations. In 1976 John joined Kilborn Engineering
where he completed numerous gold, uranium and base metal projects. He also worked on
several rare earth projects including Denison’s 1986 yttrium plant, a new separation plant at
Molycorp’s Mountain Pass operation, evaluation of the Strange Lake project, and Due Diligence
studies on several Chinese plants. In 1994 John joined Barrick and spent four years in China. He
returned to Canada in 1998 and established a metallurgical consultancy.

Georgiana Moldoveanu has been Postdoctoral Fellow in the Department of Chemical
Engineering and Applied Chemistry at the University of Toronto since 2009. As a senior
member of the Aqueous Process Engineering and Chemistry Group she manages research
projects focused in three areas: rare earths hydrometallurgy, gypsum scale control in industrial
streams and water purification via forward osmosis. Georgiana graduated in 1993 from the
University of Bucharest (Romania) with a B.Sc. in Chemistry and worked for three years as a
formulation chemist at the Centre for Macromolecular Materials and Membranes. She then
pursued post-graduate studies at McGill University, where she earned her M.Eng (1999) and
Ph.D (2005) in Metallurgical and Material Engineering.

Mandeep Singh Rayat graduated from the Schulich School of Business at York University in
2011 with an MBA degree. While pursuing his MBA, Mandeep served as President of the
Natural Resources Opportunities Club, a student club which exposes business students to the
opportunities in the natural resource industries. He started working for Avalon Rare Metals
shortly after completing his MBA, playing a key role in the development of Avalon’s first
Annual Corporate Sustainability Report and assisting in Avalon’s University outreach programs.
Mandeep also has bachelors’ degrees in Chemical Engineering and Economics from the
University of Western Ontario (1999) and a master’s degree in Chemical Engineering from the
University of Toronto (2002).
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THE CRITICAL MATERIALS INSTITUTE
Alexander H. King' and Roderick G. Eggert”

Critical Materials Institute
'The Ames Laboratory, Ames, IA 50011-3020, U.S.A.
Division of Economics & Business, Colorado School of Mines, Golden, CO 80401 U.S.A.

Keywords: Rare Earths, Yttrium, Neodymium, Europium, Terbium, Dysprosium, Lithium,
Tellurium

Abstract

In January of 2013, the U.S. Department of Energy announced the establishment of a new
Energy Innovation Hub, to be known as the Critical Materials Institute, or CMI. Led by the
Ames Laboratory, CMI has three other DOE national laboratories, eight universities, and eight
corporations as partner institutions. Its mission is to eliminate materials criticality as an
impediment to the commercialization of clean energy technologies for today and tomorrow.

Introduction

Rare earths are sold as oxides, elemental metals, and in other forms, and although they are not
traded through an open commodities market, public attention was drawn to rapid price increases
for many of the rare earth elements, beginning in 2010. As prices rose to astronomical levels —
eventually reaching more than 10 times their pre-2010 levels for some elements — concerns
emerged concerning the needs for these elements, and the security and stability of their supply.
Metals that had previously been the province of a few technical specialists began to be discussed
in the popular media, and political attention soon followed.

Concerns about the rare earths were further heightened in September of 2010, when a dispute
over fishing rights and the control territorial waters resulted in the arrest of a Chinese fishing
boat captain by the Japanese coastguard. China retaliated by cutting off exports of rare earths to
Japan, resulting in the emergence of the term “rare earth diplomacy.” It was widely reported that
the late Chinese leader, Deng Xiaoping, had commented that while the Middle East has oil,
China dominates the rare earths [1].

Starting late in 2010, hearings were held on the rare earths by various committees in the U.S.
Congress, and the term “critical material” came into widespread use. A number of reports
emerged on the topic and it was recognized that the rare earths were indeed archetypal “critical
materials” but were possibly not the only ones that needed to be considered [2-10]. In the spring
of 2011 President Obama’s budget request to Congress included funds for an Energy Innovation
Hub for Critical Materials, and following an open competition, the funds for the hub were
awarded to a team led by the Ames Laboratory, in January 2013.
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Critical Materials

A critical material is a substance used in modern technology, which is subject to supply risk and
for which there are no easy substitutes. The materials that fall within this definition are not
fixed. Lists of critical materials vary with location, because industrial needs and materials
sources tend to be localized: distinct differences can therefore be seen between the lists of critical
materials produced by studies conducted for different governments, as seen in references 2-10.
Critical materials lists also vary with time, as supply and demand vary: sources of materials can
cease to be available for a number of reasons, and new sources can emerge, while demand can be
altered quite radically by the demise of old technologies or the emergence of new ones. Even
within a particular region at a particular time, any list of critical materials will depend on who
compiles it: an automotive manufacturer will have a different list than an electronics
manufacturer, although there will be overlaps.

There have been critical materials for nearly as long as there have been man-made materials, and
some historians now believe that criticality of copper may have contributed to the end of the
bronze age and the ensuing collapse of the ancient Greek civilization. Other critical materials
have emerged from time to time, and the 20™ Century case of cobalt provides an instructive
example. In the early 1970’s the central African nation of Zaire was the dominant source.
Cobalt was used in superalloys and had emerging uses in magnets following the development of
Sm-Co as a permanent magnet material. In 1978, a revolt overtook the mining province of
Katanga, cutting off supplies of cobalt and several other materials. The price history of cobalt
before, during and after the revolution can be seen in Figure 1: decades of price instability are
common in the aftermath of materials criticality events.

35
30

- \ I\
15 \ | V|

Cobalt Prices, US$/pound

Figure 1. Annual average prices of cobalt from 1960 to 2011. Note the price
spike associated with the Katangan revolt of 1978, and severe price instability
that continues today.
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Critical Materials for Clean Energy Technologies

The Critical Materials Institute was established to assure secure supplies of materials needed for
clean energy technologies in the USA, over the next ten to fifteen years. Its initial program
addresses seven clements identified as either “critical” or “near critical” over this timeframe, in
the Critical Materials Strategy developed by the US Department of Energy [8]. These include
five of the rare earths: yttrium, neodymium, europium, terbium and dysprosium, in addition to
lithium and tellurium.

These elements are widely applied in modern technologies, as illustrated by the partial list of
their uses in Table I. They have uses beyond clean energy and may therefore be of concern to
constituencies other than DOE. The rare earths, in particular, are subject to supply risk primarily
because one country — China — dominates the world’s supply. Until very recently, China
provided as much as 97% of the world’s industrial rare earth supplies. There are no easy
substitutes for the rare earths in most of their applications because they impart highly specialized
properties to magnets, phosphors and other specialized applications, largely enabled by the
effects of the 4f electrons that define the lanthanide series.

Table I. Principal Uses in Clean Energy Technologies of the Materials Addressed by CMI.

Photovoltaic Wwind Vehicles Lighting
Films Turbines
MATERIAL Coatings Magnets Magnets Batteries Phosphors
Lithium *
Tellurium *
Yttrium
Neodymium ¢ * *
Europium <
Terbium *
Dysprosium g *
The CMI Approach

CMI is one of DOE’s five Energy Innovation Hubs. These are integrated research centers that
combine basic and applied research with engineering to accelerate scientific discovery in critical
energy issue areas. Leadership is vested in scientists who are given the authority to assign funds
where they are most effectively used and the funding level was initially set at $20M - $25M per
year, for 5 years, renewable for an additional five.

CMI deploys a strategy with three fundamental pillars, or focus areas, tied together by a fourth

crosscutting area that provides underlying research germane to two or more of the pillar focus
areas. The three pillars of the CMI strategy are:

e Diversifying supply;

e Developing substitute materials;
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® Driving reuse, recycling, and more efficient use of materials in manufacturing.

The Institute brings together world-class expertise across all of these areas in addition to basic
physics and chemistry, along with advanced lifecycle and economic analysis. With such broad
needs, our research team is dispersed over 18 partnering institutions as illustrated in Figure 2,
and maintaining the integrated team approach is one of CMI’s major challenges.

University of

2 lowa State
California, Davis Molycorp, Inc.

University
The Ames
Laboratory

Il Purdue University

Idaho National
Laboratory

1 Simbol
Materials, Inc.

General Electric

.I General Electric
Phosphor Lighting

Global Research

| Brown University

Cytec Industries, Inc.

R&D facility
General Electric
Company

SpinTek Molycorp, Inc. Cytec Industries, Inc.
Filtration Mountain Pass Mine R&D facility

Figure 2. The geographic distribution of CMI participating institutions.

‘ Cytec Industries, Inc.

Oak Ridge National

Lawrence Livermore
Laboratory

National Laboratory

Colorado School
of Mines Florida Industrial and
Phosphate Research

Institute

] OLI Systems, Inc.

. National Laboratory and Academic Partners

4 ‘ Advanced Recovery, Inc.
Industrial Partners

A second challenge revolves around matching the CMI research program to the timescale of
materials criticality events. As seen in Figure 1, and also reflected in the 2010 rare earth price
spike, the initial emergence of criticality is reflected by a price excursion that typically lasts three
or four years, although prices tend to remain unstable for decades to follow. In crafting
responses to criticality events, we note that:

* Diversifying sources is often taken to mean mine development, which takes at least 10
years, when a known resource already exists;

* Deploying a substitute material in an existing product takes an average of 4 years, when
there is an existing option — which is not the case for any of the materials addressed by
CMI;

* Development and deployment of new substitute materials takes an average of 18 years.

The timescales for conventional responses to materials criticality events are clearly not
commensurable with the timescales over which criticality emerges, with the result that
technologies that rely upon the affected materials may not survive in the marketplace.

A case in point is the choice of technologies for electricity generation using wind-turbines. The
most efficient and reliable wind turbine technology for utility-scale units (750kW and up)
utilizes direct-drive generators, which are enabled by high-strength Nd-Fe-B permanent magnets,
(which also contain significant amounts of Dy). Alternative technologies use less powerful
magnets and increased generator rotation rates enabled by gearboxes, or use induction-type
generators, which have no permanent magnets, but are much larger. Various hybrid technologies
also exist. The high failure-rate of wind-turbine gearboxes increases their operating costs, but do
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not completely offset their cost advantage over comparable direct-drive turbines, whose price is
dominated by the cost of the magnet materials. The result is that (according to data provided by
the American Wind Energy Association) only 223 of the 33,000 utility-scale wind turbines
installed so far in the U.S. are direct-drive units. Anecdotal information suggests that direct-
drive units command a much larger market share in China.

CMI houses lifecycle and economic analysis functions that have the specific role of guiding the
research emphasis in pursuit of reducing the criticality of any particular material, in the interest
of providing manufacturers with viable options in a timely manner. For example, it is
recognized that demand for europium and terbium is partly driven by the adoption of high-
efficiency fluorescent lighting technologies including compact fluorescent bulbs and TS5 long-
tube lamps. These technologies are expected to give way to LEDs in ten to fifteen years, so the
current bulge in demand will level off or decline at that point. As we seek solutions to the
criticality of Eu and Tb, then, short-term solutions are preferred over longer-term ones, and we
have a strong focus on recycling, and no direct effort to diversify supply, since the development
of new conventional mines is a decade-long effort. In other cases, where we see continued long-
term growth in demand, such as lithium and neodymium, our efforts focus more heavily on
matters related to the diversification of supply. The Critical Materials Institute focuses on
producing workable solutions on a schedule that is relevant to the projected demand for the
materials in question.

The Research Program

The Critical Materials Institute has started work on 35 discrete projects, each of which has a
specific target for deployment and a timescale determined by considerations like the ones
described above. The timescales range from very short (3 years) to quite long (10 years) but in
each case, the timescale relates to projections for needs that are addressed by the individual
projects.

Work on source diversification focuses on developing technologies that can lower the cost of
existing mineral processing and improve the economics of existing sources by finding new uses
for by-products. We are also looking at methods for accessing unconventional sources in the
form of existing mineral streams such as phosphate processing. Some of these projects have the
fastest anticipated impact, among the CMI program.

In the area of materials substitution, CMI is working toward new magnet materials with reduced
rare earth content, and also on enabling the spring magnet concept through novel manufacturing
methods. We are developing new red and green phosphors, to replace europium and terbium,
and we are developing new methodologies for materials design, linking computation and
experimentation in a novel framework.

To drive more efficient use, reuse and recycling of materials, CMI is developing methods for
recycling rare earths from available streams such as lamp phosphors and magnets, and tellurium
from solar cells. It is also developing new separations technologies including supercritical
fluids, membrane solvent extraction, electro-recycling, pyroprocessing and bioleaching.
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Supporting all of the other scientific work, CMI has a crosscutting research function, to develop
basic scientific knowledge and databases germane to all of the other projects, environmental
assessments, and supply-chain, lifecycle and economic analysis. As noted above, the economic
aspects of this work guide and direct of all of our projects.

Every project that we undertake has a commercialization plan and is monitored by technology
transfer experts. If conditions change sufficiently to affect the viability of its commercialization
plan, then a project will be redirected or possibly terminated, even if it is producing outstanding
science.

In addition to the CMI’s research projects and commercialization efforts, the hub provides
outreach efforts that include education programs, coordination with other U.S. funded critical
materials efforts, and an information service called the Critical Materials Information Center.
An industrial affiliates program provides input into the CMI research directions, access to CMI
results and licensing opportunities for CMI-developed technologies.

In its initial five-year funding period, CMI aims to deliver four major outcomes:

1. Assured materials supply chains for clean energy manufacturing in the U.S.;
a. By solving current critical materials issues;
b. By identifying and averting future criticality issues;
2. Assured supplies of technical talent and expertise;
3. Provision of critical materials information to researchers, producers & OEMs;
4. Coordination of Federal critical materials research efforts for maximum impact.
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Abstract

Rare metals have become a critical issue due to their dramatic increase in industrial use as well
as their rarity. Depending on the ratio of the demand and supply of each rare metal element in a
nation, the number and specific criticality of each rare metal is defined differently. For example,
in Korea 35 clements are deemed critical, whereas 33 elements are considered critical in the
USA. Since the rare metals become critical in a way of rarity, each nation have and are making
efforts to assure themselves of supply-demand solutions.

In 2010, Korea launched a ten-year, industry-wide initiative based on the Rare Metals Strategy
announced in 2009. The initiative includes three main courses of actions: securing the elements
through exploration and recycling systems, promoting R&D activity on the material value chain
by supporting government and enterprises, and establishing the infrastructure to support rare
metal industries.

As the results of the plan, the Korean Institute for Rare Metals (KIRAM) was established, and
funded USD 15 million R&BD programs were launched for five years from 2010. -. One of the
important actions taken by KIRAM was to organize a global network as well as a domestic
network on rare metals. The global network was launched in April 2011 in Incheon, Korea with
the aim of exchanging the international cooperation on rare metals and the establishment of
international committee. Eight countries, including Canada, China, Germany, Indonesia, Japan,
USA, UK and Korea are involved. For the domestic network, rare metals industries, urban
mining societies and publicly supported authorities are being coordinated to develop industrial
technology on rare metal.

This paper will discuss some of the trends and Korea’s strategies related to rare metals R&D in
industry and academia.

Introduction

Rare metals are defined as metals which are rare in the earth crust and also are difficult to extract
from ores. In addition to their rarity, the mal-distribution of natural resources is a critical point in
global materials flow. Even though the difficulties in accessibility to rare metal natural resources
may be similar with that of fossil fuels, the aggregate requirements for rare metals have increased
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as the global economics grows. It has been said that we are now in the rare metal and clean
technology age.

Rare metals have been referred to as the “vitamins of industry” and their importance in industry
has been recognized for some time. Consumers have become highly dependent on products that
cannot be made without using rare metals, and as such, rare metals supply and demand solutions
are becoming “the lifeline of industry”.

Examples of rare metals include Indium, Chromium, Tungsten, Cobalt, Manganese,
Molybdenum, Vanadium and the Rare Earths, as shown in Table I. These rare metals are
essential materials for the high performance and high functionality of industrial products, and are
key resources for mainstream industries.

The number of rare metals are deemed to critical vary by country. For example, Korea has
identified 35, while Japan and the United States have identified 31 and 33 respectively. The
primary reason for the differences is attributed to the industrial demand and the availability of
supply. Although the quantity of any one element may be very rare on earth, it cannot be deemed
a ‘rare’ metal if the demand is also rare. On the other hand, if the ratio of demand of any one
metal to its supply is quite high, whatever the quantity is, it has to be a rare metal. For example,
some elements are needed only at relatively low intensity (e.g. platinum in catalysts or tellurium
in photovoltaic films), but may be extremely rare in the earth's crust. Other elements, like
indium or silver which may be somewhat more common, are needed in much larger quantities.
Still others, such as neodymium or lithium, which may be relatively common, are rarely
concentrated by mineralogical processes. Moreover, some elements may be particularly rare in
one country, but are found in economically viable deposits in another country, and as such may
raise geopolitical issues should demand for them escalate. Others rare metals are only produced
in very limited quantities as co-products with other extraction operations so that their supply may
not necessarily respond to demand.

The importance of securing rare metal supply or better, supply-demand balance is different for
and dependent on each country. Depending on the balance between the supply and demand of
each country, the number of rare metals is distinguished by economic and political
circumferences of that country.

This paper discusses strategies and R&D trends on rare metals using present and future industrial
data.

Trends of Rare Metal Industry

Figure 1 shows, as a typical example, the applications of various rare metals in the automotive
industry, especially for a hybrid car, which is (or will be) equipped with various electronic
components. It is seen that the rare metals such as Ni, Li, Co and rare earth metals (Nd and Dy)
are used for batteries and motors. Some other element like In are used in displays.

Figure 2 shows the main stream industries in Korea... present and future. Although it would be
common by many countries, Korea is trying to develop three areas -- energy-environment
products, transportation and information-based technology (IT). In order to maximize the effect
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of these efforts, the government and industries concerned about ensuring its capability and
capacity for the final production, which includes ensuring raw element supply grows and
competitive.

Figure 2 also shows different technology categories, its core rare metals and the important rare
metals required. For instance, the technology categories include photovoltaic powder generation,
wind-mill powder generation and fuel cell technology with its energy-environmental benefits.
Transportation technology, green car and ship/ocean-related industries are actively developing.
Light emitting diodes (LEDs), semiconductor and display were declared primary components in
the IT category. These industries clearly demonstrate where and why many rare metals are
absolutely necessary, and are defined as the critical materials in Korea. These include In, Ga, Te,
REEs, for the energy related product; REEs, Li, Ni, Mo, V and W for transportation; and Ga, In,
As, Y, Eu, Tb and Ni for IT.

Figure 3 shows the consumption of rare metals in an area as the photovoltaic power generation,
its several technology platforms with their respective composition profiles. From the left, the
structure of Si based cell, CIGS cell and CdTe cell are seen. Considering the quantity and
composition, as well as the production plans for each cell type, the consumption for each rare
metal, such as In, Ca and Se, can be anticipated (bottom right). The demand increases continually,
suggesting the need to establish and secure the supply system.

Table II is another example of why Korea is making an effort to assure the stronger supply and
demand balances of rare metals, since it has significant impact on where our industries are
headed in the future. Korea has identified six key strategic divisions, including
energy/environment, transportation, new IT, convergence, biotechnology and knowledge service.
These divisions are again divided into 22 main target industries. For example, the convergence
area contains four main industries such as robotics, advanced materials/nano-based convergence,
IT-based convergence and broadcasting/communication. In order to develop these industries,
various rare metals are needed to provide for the parts such as semiconductors, antennas, sensors,
displays, and batteries. Again, Korea is willing to pioneer and build growing industries and
identifying the relativeness between the industry and the rare metals necessary for these
strategies.

In order to systemize and assure its rare metal needs, the Government of Korea announced a
main strategy related to resource, industry and value chain. This strategy has been framed under
the banner ‘RICH Korea 1140°, as shown in Figure 4. Among the 35 designated rare metals,
Korea has determined its focus will be on 11 key elements (Figure 5) and their core 40
technologies. In developing the strategy, industries were initially systematically analyzed and
compared domestically and globally, along with their planned short, mid and long term goals. A
detailed process for assuring the adequate availability of the rare metals, included as securing
resource, developing R&D and establishing infrastructure was conducted. This process was
driven by of the principles shown in Figure 6.

As shown in Figure 7, the Korean Government also understands that the rare metals industry is
built upon the value chain principle. As such, Korea not only considers the importance of
production or natural resources, but also all requirements, capabilities and capacities within the
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value chain. The rare metal-related strategy was and continues to be developed, with full
consideration of natural resources, materials processing, final producing, and recycling process at
the same time. In addition, supply shortage, climate change economy and environmental impacts
are taken into account.

In order to conduct the rare metal program proposed by government and industries, the Korea
Institute of Industrial Technology (KITECH) was established by the Ministry of Knowledge
Economy, under the aegis of KIRAM. As shown in Table III, KIRAM serves three main
functions: infra-structuring, supports enterprises and facilitates global cooperation. For infra-
structuring activities, as a first step, KITECH established and updated a full information service
system for rare metal. A pilot scale Research & Business Development (R&BD) facilitie
designed for rare metals was also constructed to serve as a bridge or technology interface
between universities and industry. Education on the rare metals, directed at young people,
especially for middle and high school students, as well as industry personnel is also an important
core activity.

Believing that rare metal supply and demand is the commonly shared concern worldwide,
KIRAM initiated the International Rare Metals R&D Workshop as a focal point for international
cooperation, with the participating from eight key countries. The goal of the group is to facilitate
collaborative research projects and to seek forms of standardization, both domestically and
internationally.

As a detailed step for real action of rare metals industry development, the Korean government
has also launched several key R&D program in conjunction with industry, institutes and
universities, as shown in Table III. The development program for rare metals is carried out in
three main areas: mining and smelting, extraction and recycling, and materialization including a
substitution technology. On occasion, finding a single R&D theme to support the plan of main
and future industries has proven to be challenging

Summary

The subject of rare metals has become a hot industrial and strategic issue due to its core role in
current and emerging technologies, particularly in light if their rarity. The rarity of rare metals is
determined not only by their occurrence in the earth’s crust, but also the balance between their
demand and supply. Assuring solutions has been launched along various lines, including
exploration of new ore bodies, recycling, and substitution. At present, Korea is working to
develop its rare metal-related industries by considering the value chain principle. It has also
reached out seeking international cooperation as the rare metals opportunities and challenges
have a global dimension.

Effectively addressing the rare metal challenges are imperative to minimizing the climate change,
and providing a sustainable opportunity to future generations.
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Table 1. Definition of Rare Metals in Korea [1]

15

Class Elements Type number
Alkali/Alkaline earth Li, Mg, Cs, Be, Sr, Ba 6
metals
R Semimetal elements Ge, P, As, Sb, Bi, Se, Te, Sn, Si 9
a
:; Iron group elements Co, N1 2
M Boron group elements B, Ga, In, TI, Cd 5
€ High melting point | Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, 1
t metals Re
a
1 Rare earth metals REE : 17Species 1
Platinum group elements Ru, Rh, Os, Pd, Ir, Pt 1
Total 35
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Figure 2. Future core industries with a role of rare metals [1, 4].
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Figure 3. An Example of rare metals usage in solar cells estimated considering the product
structure and market trend [1, 4].

Figure 4. Main strategy of rare metals assurance [1, 4].
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Stone age

Figure 5. 11 Core rare metals chosen by several factors [1, 4].

Figure 6. Principles of rare metals development on value chain [1, 4].
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Figure 7. The Activities done and doing by KIRAM [1, 4].
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Abstract

Rare earth elements (REE) are resources of strategic importance to Canada. However this
emerging REE industry requires new and complex metallurgical research to be able to
effectively and environmentally develop Canadian REE deposits. Due to the critical nature of
these metals and the need for metallurgical research and development (R&D) across this
emerging industry there is a strong national role. To address this need CanmetMINING is
undertaking research to advance technological innovation for Canadian REE projects. Following
a gaps analysis, several research projects were initiated including mineralogical characterization
of Canadian rare earth ores, physical separation techniques to produce high grade REE
concentrates, evaluation of leaching and separation processes for REE ores, and investigation of
the chemistry and toxicity of REE leachates. The paper discusses these research gaps and recent
advances in these areas, as well as additional work being undertaken in the area of certified
reference materials and regulatory requirements for radioactive residuals.

Introduction

While Canada currently has little domestic direct or manufacturing demand for the rare earths, it
has or controls not only more deposits of rare earths than any other country, but also significant
operational expertise in processing rare-earth ores to high-purity metals [1]. Canada has an
enormous opportunity to play an important niche role in the world market for rare earth elements
(REE). The country’s geological endowment coupled with its world-class expertise in mining
and processing, position it to be a major player in the emerging rare earths industry through
fulfilling national and international downstream supply chains. According to the Canadian
Chamber of Commerce “Canada’s rare earth deposits can offer a substantial competitive
advantage” and while there are numerous rich deposits in the country as of mid 2013 Canada was
not a REE producing nation [2].

Currently, Canada is a an importer of light rare earth elements or LREE (glass/stone polishing,
fluid cracking catalysts) and an importer of REE-containing components (automobiles,
electric/hybrid vehicles, wind turbines, aerospace applications) and roughly within the next
decade Canada will be a future producer of heavy rare earth elements or HREE.

Figure 1 portrays the processes to bring a natural resource project to fruition. The time frame can
take years, even decades, and cost may vary from $50 million to 1 plus billion dollars depending
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on the many variables in bringing a mine into production. Canada’s industry is emerging and
several companies are projecting production within five to ten years (Table I). However, several
challenges must be addressed to achieve such success.

Challenges for Success
Canadian geology, exploration know-how, mining experience, regulatory infrastructure and
investment climate all strongly support a potentially prosperous REE industry in Canada.

However, some issues could impact its success. In particular, there is a deficiency of qualified
personnel and laboratories especially in the areas of mineralogy, chemistry, and metallurgy.

The rare earth elements value chain

Exploration, Assessment, Research & Development stage

Imrestment —  Property acguisitian

Investment —  Explaration stage (potential guantities and grades)
Investment —  Preliminary assessment (economic analysis of resources)
Investment —*  Preliminary feasihility study (mining and processing methods)
Investment —=  Feasihility study (detailed mining plans and economic studies)
Investment —=  Development of property (construction of mine and facilities)

Producing mine stage

Processing stage —= Mixed RE oxides

i
i
i
i
i
|
i
i {concentrates)
i
i Separation stage — Individual [t !
i RE oxides i i
1 Metal making stage —= Alloy production + Return on
| l ' imvestment
i i
i RE rnetals Alloys |
i
i
M A
~

Downstream products

Figure 1. Rare earth element investment and supply chain. The supply chain is highlighted by the
dashed box.

Insufficient skills and facilities could result in metallurgical testing delays that could ultimately
delay production schedules [3]. Furthermore there is the lack of any downstream processing
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facilities or direct end-users of REE in Canada, to support the development of primary REE
production. In other words, there is the lack of an existing value chain in Canada. While this is a
current challenge, it presents an opportunity for the creation of an REE value chain in Canada.

Table I. Canadian Rare Earth Projects at Various Stages (Feasibility, Pre-feasibility, etc.)

Project/Owner Target Year % HREE
Avalon Rare Metals 2016 - 2017 28%
Commerce Resources > 2020 10%
GéoMeéga Resources > 2020 2%
Great Western Minerals 2020 4%
Matamec Exploration 2018 - 2019 32%
Search Minerals 2019 - 2020 20%
Orbite Aluminae 2014 5%
Pele Mountain Resources 2018 - 2019 15%
Quest Rare Minerals 2018 - 2019 38%
Rare Earth Minerals > 2020 10%

Some additional challenges for Canadian and other resource companies are the infrastructure,
climate, the profile of REE in the investment community, and trade barriers. Canadian REE
projects are located across the country in differing climates, geography and geology (Figure 2).

Sarfartoq
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" Montviel (GéoMégA)

Kipawa (Matamec)

Figure 2. Selected more advanced Canadian rare earth projects. Note Bokan and Sarfartoq
are not Canadian deposits but are owned by Canadian companies.
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The sprint to be first to demonstrate economic viability of an advanced REE project is to attract
off-take commitments and strategic investment. It is a competitive business and effectively the
players are competing both for market share and for capital. The Canadian REE industry is
clearly advancing its resource developments to secure a solid market position and the industry as
with most other prospective projects around the world strives to manage capital and operating
expenditures and increase efficiency and effectiveness. The three most important factors in this
race are heavy rare earth balance, grade and mineralogy, which translate into ease of processing
and extraction.

Several intellectual and physical infrastructural gaps need to be addressed: better metallurgical
processes for these complex ores; improved extraction and processing activities to meet
environmental standards; development of highly qualified people to meet capacity shortfalls for
Canadian mining companies and research facilities; coordination of technical and scientific REE
information, and, a policy framework to address the importance of critical materials (such as
REE) for the Canadian economy.

It is worth reiterating that the demand for critical metals, including REE and other strategic
metals are expected to exceed supply within 10-15 years. In particular, there will likely be
global market deficiencies in neodymium, europium, terbium, dysprosium and yttrium.

Technological Challenges

Over the past 15 years, research and knowledge have evolved regarding the characteristics and
uses of rare earth elements such that many of these materials have become indispensible in the
manufacture of advanced technological equipment with a particular focus on clean-energy
applications such as wind turbines and hybrid/electric cars. Most consumer electronic devices
require REE and new technologies being developed for water purification, desalination,
magnetic refrigeration, and more energy-efficient light bulbs will need REE as well. Canada
currently relies upon the import of REE-containing components for the manufacture of key
products in many industries. Thus, while the sector directly involved in REE is worth roughly $2
billion (130 000 tonnes), its indirect value throughout the global economy may be measured in
trillions of dollars.

While grades and tonnage govern the success of other commodity projects, in the rare earth
industry, metallurgy is often the determining factor. As noted earlier, one of the greatest
challenges facing the Canadian and international rare earth industry is the cost of processing of
rare earth ores and the lack of existing processing and refining infrastructure in Canada.

Rare earth elements are difficult to separate from one another once they have been liberated from
REE-bearing minerals. At the atomic level, the lanthanide elements have a similar outer
electronic structure, with this structure shielding the so-called 4f electrons within the atom [4].
The presence and incremental filling of these electron orbitals are key characteristics of the
lanthanides. This unique structure leads to REE ions that are very similar in size to each other. It
is this similarity in ionic radii across the group, not the adjacency of their atomic numbers, which
gives rise to the similar chemical properties associated with each of the REEs. This makes them
difficult to separate, even with the use of intensive processes such as solvent extraction (SX).



RARE EARTH ELEMENTS 29

Aspects or rare earth mineralogy, mineral processing, hydrometallurgy and environmental
management are further discussed below.

Mineralogy

According to experts [5] mineralogy is the most important factor in rare earth processing as it
controls the metallurgy. If the mineralogy is not well understood, then the metallurgy will be
flawed and inefficient. Upfront mineralogical assessments can identify important mineralogical
associations, in turn leading to correct metallurgical planning and providing early predictions in
beneficiation test work [6]. Despite more than 200 known REE-bearing minerals, only three are
considered to be the principal REE mineral ores most feasible for the extraction of rare earth
metals: bastnaesite (Ce,La,Y)COsF, monazite (Ce,La,Nd,Th)PO,4 and xenotime (YPOy4) [7].

Considering the structural, morphological and compositional diversity of REE minerals, and the
complexity of natural (e.g. weathering) and engineered (e.g. physical concentration, leaching)
REE fractionation and enrichment mechanisms, mineralogical characterization is a key
component at all steps ranging from exploration to production. Detailed characterization of the
chemical, structural, textural, morphological, and surface properties of REE minerals within a
deposit and a thorough understanding of the evolution of these properties are the basis for the
identification of efficient concentration and extraction processes. To stimulate and support REE
development efforts in Canada, Natural Resources Canada is focussing on providing such critical
information for important REE deposit types. Specifically, the work 1is directed at
characterization of REE accessory minerals and the reactive processes associated with leaching,
as well as the distribution and nature of REE carriers in ion-adsorption REE. This research is
being achieved through the development of robust mineralogical characterization approaches that
will take advantage of the respective strengths of advanced micro-analytical techniques [8].
Recent advances at CanmetMINING include the correlation of mineralogy and leaching
behaviour as well the development of ion implants as an efficient X-ray microanalysis of heavy
rare earth elements.

Mineral Processing

The minerals containing REE are extensively dispersed and inter-grown with several oxide,
carbonate and phosphate minerals. Consequently they are very difficult to liberate at coarse
grinding and are thus difficult to separate without special methods and reagents to obtain high
grade rare earth mineral concentrates. Although the REE in the same mineralogical class have
similar behaviours, the minerals in which they occur vary in their chemical and mineralogical
nature. Therefore, unlike base metal sulphide minerals, there are no reagents that may be applied
across the board for efficient flotation. Due to the relatively low volume of annual production,
the chemical industry does not invest in the development of specific collectors (chemicals) for
flotation of individual REE minerals. The relatively low metal recovery and concentrate grade
during processing may be attributed to the lack of selectivity of the reagents (chemicals) used in
flotation, which are not synthesized particularly for REE minerals. The overall processing
challenges and issues to be resolved through systematic research and innovations may be
summarized as follows [3]:
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e Lack of mineral specific collectors and or depressants to selectively separate minerals
from ores into individual concentrates and tails;

e Lack of sufficient understanding of individual REE mineral physical and chemical
behaviours (responses) to develop efficient processing flowsheets;

e Achieving high separation efficiencies with low reagent, water and energy consumption;
and

e Producing high grade concentrates to reduce high consumption of acids and hydroxides
required to dissolve all RE elements before extraction.

The separation of REE-bearing minerals requires complex unit operations, often consisting of
crushing, grinding (with minimum fine creation), classification, gravity separation and/or
magnetic separation, before or after bulk or selective flotation of valued minerals. Innovative
approaches are needed to close or at least narrow the key technological gaps related to physical
separation (gravity and magnetic) followed by flotation [3]. Some specific options include:

e The development of generic grinding schemes that allow the liberation of individual REE
minerals at coarse grind, thereby reducing the amount of hard-to-float ultrafine REE
mineral particles;

e Rejection of sterile host rocks after crushing with emerging ore-sorting technologies that
are gaining greater acceptance and will allow more efficient processing of ores containing
one or multiple RE minerals;

e Development of a collector mixing strategy to maximize RE minerals recovery by
flotation; and

e Appropriate testing of RE minerals flotation for development of the most efficient
flowsheet.

Generic/conceptual flowsheets for the separation of REE minerals from the gangue by flotation
are not available in the literature. In comparison, such generic flowsheets exist for the down
stream extraction processes. In general, there have been no breakthroughs in the development of
uniquely suited collectors for efficient flotation of major REE minerals although extensive
testing of various combinations of chemicals were made by the Chinese to activate the rare-earth
metal bearing minerals while depressing the accompanying rock forming minerals of lesser
values.

A wide range of technology combinations employed by Canadian REE projects including ore
pre-concentration plus magnetic separation, low intensity magnetic separation plus high intensity
magnetic separation, flotation and magnetic separation in parallel, gravity separation plus
magnetic separation and flotation, magnetic separation plus flotation and gravity separation,
flotation alone and no physical separation. Overall recoveries vary from 70% to 93% total rare
earth oxides (TREOQ) in concentrates ranging from 25% to 45% [9].
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Improving the recovery of REE minerals translates into (a) maximizing the utilization of non-
renewable and rare resources, a challenge that requires further refinement of existing
technologies and the development of new ones, and (b) maximizing the removal of thorium (Th)
and uranium (U)-bearing minerals (which almost always coexist with REE minerals) from the
tailings, thereby improving the environmental performance of the operations. This equally
requires a very innovative approach to processing, specifically by flotation, where the desirable
final concentrate grade is higher than 60% TREO, to render the downstream hydrometallurgical
treatment flowsheet less complex, more economic, and more environmentally efficient. If the
concentrate is not free of some of the gangue minerals, subsequent roasting with sulphuric acid
could generate harmful gases such as hydrofluoric acid, sulphur dioxide, etc. and voluminous
slag; a slag that is sometimes radioactive.

CanmetMINING has recently commissioned a physical separation pilot plant and has completed
work to improve recovery and quality of concentrate produced through flotation in combination
with other physical separation options. Work is also focussing on decreasing impurities and
gangue minerals reporting to the concentrate

Hydrometallurgy

By far the most challenging processing step is that of REE hydrometallurgy and specifically,
separation. Mechanical and pyrometallurgical methods have high-energy demands and
consequently high costs. Furthermore, dust collecting and/ or gas cleaning systems are required,
and they are not as versatile as hydrometallurgical processes. Hydrometallurgical processes
generally consist of different steps of pre-treatment, in order to improve metal dissolution rates
in the aqueous phase, followed by leaching, concentration and/or purification and finally
recovery of different metals from the leach solution. In the leaching step either an acid or a base
can be used depending on the material being treated. The most commonly used
hydrometallurgical concentration and purification methods in the mining industry today are
precipitation, liquid- liquid extraction (LLE), solvent extraction and ion exchange (IX). For the
final recovery step precipitation and electrolysis are often used. Solvent extraction followed by
electrowinning has, for example, become quite popular for copper and nickel recovery in the
mining industry. In zinc refineries, iron and cadmium are precipitated as residues after which
zinc is recovered using electrowinning [10]. Hydrometallurgical extraction technologies applied
to the mineral concentrates are different from those applied to the adsorbed ion types.

Metals separation from the concentrate involves an initial process of chemically dissolving the
minerals. Cracking is a complete chemical dissolution of the REE minerals. Cracking may
require roasting for effective chemical attack. Inadvertently, other rock minerals that were not
successfully separated at the physical concentration step will also dissolve contributing to
increased chemical consumption and complication of the metal extraction processes. The amount
of chemical required depends on the purity of the concentrate. Because each concentrate
produced from each ore deposit is unique, the chemical separation process and its complexity are
also unique. The solution containing the dissolved metals is further manipulated to yield mixed
but simpler rare earth compounds. The mixed rare earth compounds are further refined to
produce separate metals with more than 99.9% purity depending on applications. It is for this
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reason that a wealth of knowledge has to be generated through extensive research to produce
these uniquely strategic metals.

There remain numerous research gaps in rare earth hydrometallurgy that must be addressed to
better understand and develop the process metallurgical flowsheets needed. Studies on rare earth
complexation chemistry in both aqueous and organic phases are needed and will allow for the
invention of new chemicals, complexing agents for dissolving the REE elements from ores and
will also lead to innovations in highly efficient SX (separation) systems.

Leaching is an unavoidable step for the production of REE. The practice and research in REE
leaching are primarily focused on acid leach. Although roasting is not a hydrometallurgy process,
it has been an important step in the overall hydrometallurgy process for the destruction of REE-
bearing ores. At least four major processes that have been active in REE production in China are
using roasting as the pretreatment step before leach. These processes could provide opportunities
for Canadian ores. These processes are: concentrated sulphuric acid roasting; intensified
concentrated sulphuric acid roasting; CaO-NaCl roasting; and Na,CO; roasting. Alkaline
leaching has become the major process in China for processing hard rock type (rather than ion-
adsorbed) REE ores. Many other processes also exist [3].

Among the many topics in this area, the separation of U and Th from REE is of special
importance in Canada. Liquid membrane permeation (LMP) has been an efficient technology in
recovering REE from the leaching solutions. Such technology is not new in the hydrometallurgy
world, but requires further study for REE applications.

In the production of high purity products, the extraction chromatography technology appeared to
be a new and effective method. This method has been applied by some Chinese producers and
may be applicable in Canada for high purity production.

Developments in the solvent extraction field can be used in REE production and will largely
increase the economics and environmental rating of the process. Some options include:
microwave intensified SX, ultrasound intensified SX, magnetic intensified SX, froth flotation SX
and certainly the very attractive centrifuge SX technologies.

Environmental Aspects

There are several environmental issues related to REE production. The most significant issue is
that many primary REE deposits contain significant amount of radioactive elements, mainly
thorium and to a lesser extent uranium. This and other environmental issues associated with REE
production are summarized in Table II [11].

There are limited data on the toxicological and epidemiological properties of rare earth elements.
In addition, as metallurgical processes have yet to be finalized for Canadian projects the effluent
and waste aspects of REE processing are not well understood.
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Table II. Summary Table of Pollutants, Impacted Environmental Media, Emission Sources, and
Activity Associated with REE Mining, Processing, and Recycling [11]

Activity Emission Source(s) Primary Pollutant of Concern
Mining (surface and Overburden Radiologicals
underground) Waste rock Metals
Sub-ore stockpile Mine influenced water, acidic drainage, neutral drainage]
Ore stockpile Dust and associated pollutants
Processing Crushing/grinding Dust
Tailings Radiologicals
Tailings impoundment Metals
Processing effluents Turbidity
Organics
Dust and associated pollutants
Recycling Collection Transportation pollutants
Dismantling and separation Dust and associated pollutants
Scrap Waste Volitile organic compounds (VOCs)
Landfill Metals
Organics
Processing Dust and associated pollutants
Volitile organic compounds (VOCs)
Dioxins
Metals
Organics
Other Research Needs

The literature identifies several other areas where more work is needed to help establish a
sustainable REE industry in Canada [3].

e Reference materials: The availability of credible rare earth element reference materials
has been identified as a potential area for further work. Development of these reference
materials would provide industry with a standard reference for reporting and analytical
purposes.

e Recycling: The recovery of REE from end-of-life high-tech products is a priority in
countries such as Japan and Europe that have no, or limited primary REE resources. The
development of recycling options is constrained by a lack of efficient collection systems,
the challenge of effective and safe disassembly and treatment.

The Canadian REE Research Network

There is an opportunity for Canada to coordinate and collaborate on REE research. A proposed
Canadian REE research network would provide a permanent space where Canadian stakeholders
interested in rare earth elements R&D could share information about their REE-related work.
This network would seek synergies and stimulate research partnerships and help to maximize
innovation in REE processing. This approach would optimize the use of Canadian REE-related
R&D efforts, and would provide opportunities for discussion and coordination of these Canadian
R&D activities. The overall goal of the network would be to focus and further strengthen
Canada’s R&D capacity for REE. In addition it would help inform the Government of Canada
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vis-a-vis ongoing liaison with international bodies concerning REE. Further, the network would
track Canadian REE research activities, which would be accessible through an inventory of REE
projects. It would also provide reference materials to the REE community to facilitate
collaboration and accelerate innovation. As of July 2013, the Network was in the early stages of
framing its mission and priorities and establishing an industry-academia-government executive
committee or board to provide oversight and guidance so that the resulting organization is
effective, relevant and beneficial. In addition, a web presence has been established at www.ree-
etr.ca. This site will serve as a portal for the network to exchange and disseminate information
and get updates on the network progress and activities.

Conclusions

Canada has the world’s majority of reserves, 51% of the total rare earth oxides (TREO) and 59%
of the HREO (heavy rare earth oxides) outside of China. Couple this with its expertise in
chemical and metallurgical processing and its experience in mining, Canada will soon be a REE
producing nation. To achieve this however technological challenges must be overcome with the
REE community working collectively and efficiently.

Acknowledgements
The author would like to express her appreciation to NRCan colleagues Robert Sinclair, Yves
Thibault, Tesfaye Negeri, Chen Xia, Maureen Leaver, Melissa Desforges, Rory Cameron and
Sean Langley for their input to NRCan’s REE research program. The Canadian REE industry is
also acknowledged for its input and ongoing guidance.

References

1. Lifton, J. “Canada and Critical Rare-Earth Metals” (Technology Metals Research, January 23,
2011). http://www.techmetalsresearch.com/2011/01/canada-and-critical-rare-earth-metals/

2. Kremmidas, T., “Canada’s Rare Earth Deposits Can Offer a Substantial Competitive
Advantage” (Canadian Chamber of Commerce, April 2012).

3. Natural Resources Canada. “The Rare Earth Elements Project: R&D Gaps Analysis”
(Minerals and Metals Sector, April 2012).

4. Hatch, G. 2012. Rare-Earth Terminology — A Refresher on the Basics (Resource Investor,
December 13, 2012). http://www.resourceinvestor.com/2012/12/13/rare-earth-terminology-a-
refresher-on-the-basics#.Uc3TbhOBIV A .email.

5. Mariano, A. “Technology Metals Summit” (Panel Discussion, April 2013).

6. Thompson, Wendy et al. “Mineralogical Studies in Assisting Beneficiation of Rare Earth
Element Minerals from Carbonatite Deposits” (Proceedings of the 10th International
Congress for Applied Mineralogy (ICAM) edited by Maarten A.T.M. Broekmans) 665-672.



7.

10.

11.

RARE EARTH ELEMENTS 35

Gupta, C.K., and N. Krishnamurthy. Extractive Metallurgy of Rare Earths. (CRC Press,
2004).

Thibault, Y. “Mineralogical characterization applied to the development of Rare Earth
Elements resources”, (Project statement of work, CanmetMINING, Natural Resources
Canada, April 2012).

Negeri, T. “Physical Separation of Re-Minerals (A Short Review)” Presentation at the
Natural Resources Canada hosted Rare Earth Elements Workshop June 25-26, 2013.

KTH Royal Institute of Technology. “Separation of rare earth metals” (School of Chemical
Science and Engineering, March 2013.)

Environmental Protection Agency. “Rare Earth Elements: A Review of Production,
Processing, Recycling, and Associated Environmental Issues” (EPA Office of Research and
Development. December 2012. EPA 600/ R-
12/572)http://nepis.epa.gov/Adobe/PDF/P100EUBC.pdf







37

RESOURCES AND EXPLOITATION OF RARE EARTH ORE IN CHINA

Ruan Chi'; Zhigao Xu'; Junxia Yu'; Zhengyan He’

' School of Chemical Engineering & Pharmacy,
Wuhan Institute of Technology, Wuhan 430073, China;

? School of Minerals Processing and Bioengineering, Central South University, Changsha, 410083,
China

Keywords: Exploitation; Rare Earth Ore; Endogenic Deposit; Exogenic Deposit; Processing
Techniques

Abstract

As the major rare earth supplier in the world, China is very rich in the mineral resources. The
distributions and characteristics of endogenic and exogenic rare earth deposits are concretely
described. The important endogenic rare earth deposits, dominated by light rare earths, are located
in Baiyunebo, Weishan and Sichuan Mianning, and most of the exogenic rare earth deposits,
concentrated in heavy rare earths, are weathered crust elution-deposited rare earth deposits.
Exploitation and utilization value of different rare earth ores are compared in detail and the various
processing techniques are discussed according to different mineral species, components and
structures.

Introduction

It is an indisputable global consensus that rare earths are not rare. Rare earth deposits are found in
37 countries and distributed in Asia, Europe, Africa, Oceania, North America and South America.
The main rare earth countries are China, United States of America, Australia, Russia, Brazil,
Canada, South Africa, Greenland, Mongolia, Kazakhstan, Kyrgyzstan, Malaysia and India which
possess many large scale or super-large scale rare earth deposits [1]. According to the report of the
US Geological Survey in 2011, the proved rare earth resources in the world is about 110 million
tonnes (REO) in which China is 55 million tonnes, the former Soviet Union is 19 million tonnes
and the United States of America is 13 million tonnes. China issued its White Paper on Rare Earths
in 2012 and claimed that China accounts for 23% of the total RE reserves of the world. The rare
earth mines are mainly distribute in Inner Mongolia, Jiangxi, Guangdong, Guizhou, and Sichuan
etc. Most light rare earth ores are in the north, and most heavy rare earth ores are in the south. The
principal exploited rare earth ores are the Baiyunebo, Sichuan Mianning, Shandong Weishan, and
the weathered crust elution-deposited rare earth ore [2]. Among them, Baiyunebo is the richest rare
earth resources [3]. With years of endeavor, China has become the biggest rare earth producer, user
and exporter [4].

The application of rare earth makes a great contribution to the development of industry, but the
exploiting of rare earth also brings serious resource and environment problems. For the past few
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years, many measures have been taken on the mining, producing and exporting of rare earth to
protect the resources and environment and achieve the sustainable and healthy development of the
rare earth industry.

Main Rare Earth Deposits in China and the RE Partitioning

The Mineral Type Rare Earth Ore

The Baiyuneboite Rare Earth Ore in Inner Mongolia: Baiyunebo rare earth deposit is a large
multi-metal deposit containing iron, rare earth and niobium etc. The orebody consists of west
deposit, main deposit, high magnetic deposit, east deposit, east Jie Le Gele, dulahala and the east
contact zone going from west to the east. Baiyunebo rare earth deposits derive from the
metamorphic sedimentation (hydrothermal replacement) and the composition of the ores is quite
complex containing 170 kinds of minerals. About 17 elements are found in the minerals including
iron, rare earth, niobium, thorium, calcium fluoride, potassium, phosphorus, sulphur and scandium
etc [S] The same element can exist in several forms or even more than a dozen of minerals, so the
mineral species are multiplied and also with a relatively complicated structure. The minerals are
intimately associated with each other in sub-sieve size ranges. Therefore, Baiyunebo deposit is a
unique large multi-metal deposit that is rich in iron, rare earth and niobium all over the world. The
reserve of rare earth at Baiyunebo is first and the reserves of niobium and thorium are second in the
world [6].

The reserves of iron ore in Baiyunebo deposit are as follows: 716 million tonnes in main deposit
and east deposit, 912 million tonnes in West deposit. The prospective reserve of REO is 135
million tonnes, industrial reserve is 43.5 million tonnes which occupies 83% of the national one
(52 million tonnes). The prospective reserve of Nb,Os and ThO, is 6.6 and 2.2 million tonnes,
respectively.

More than 90% of the rare earth elements in Baiyunebo ores are present as independent ore phase,
and about 4~7% are distributed in the iron ore and fluorite. Light rare earth occupies 88.5~92.4%
of the total rare earth oxide, while the yttrium group elements are rare. Therefore, Baiyuneboite is
a typical light rare earth ore with a high ratio of >Ce0,/2.Y,0;5 (27.11~64.41).

Bastnaesite, Bunsite, Cebaite, Huangheite, Carbocerine, Barium-parisite and Cryptolite etc., are
the primary rare earth minerals in Baiyunebo, and the dominated bastnaesite and monazite, whose
ratio is 6:4~7:3, accounts for 73.14~96.05% of the rare earth minerals. The particle size of rare
earth mineral is between 0.01~0.07 mm and almost 70~80% are below 0.04 mm. The mixed rare
earth ore contains other useful minerals such as magnetite, hematite, colombite and fluorite. The
main gangue minerals are beloeilite, crocidolite, biotite, calcite, dolomite, barite, apatite, pyrite,
feldspar, and quartz, etc.

Sichuan Liangshan Rare Earth Ore: Rare earth resources are relatively rich in Sichuan.
Maoniuping rare earth ore with a high industrial value is located in the rare earth metallogenic belt
with a length of 150 km in Liangshan. The rare earth reserve is about 2 million tonnes and mainly
distribute in Maoniuping in the western Mianning and Dalu village in the southwest of Dechang
county. The representative rare earth distribution is listed in Table I.
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Table I. Rare Earth Distribution of Mianning and Dechang Rare Earth Ore (%)

Rare earth
d La203 Cezo3 Pr203 Nd,O; | SmyO5 El,l203 Gd203 Tb203 DyZO3 H0203 Er203 Tm,05 Yb203 LU203 Y203
ox1des
Mianning
.. 129.49]|47.56| 4.42 |15.18| 1.24 | 0.23 | 0.65 | 0.12 | 0.21 | 0.05 | 0.06 | 0.04 | 0.05 {0.007| 0.7
Maoniuping
Dechang
Dal 35.63(43.81| 4.73 |13.06| 1.22 10.225| 0.52 | 0.06 | 0.09 |0.045| 0.04 | 0.01 {0.055| O | 0.40
alu

*Note: Quoted from CSRE Yearbook 2011 [7]

Maoniuping rare earth ore is the largest one in Sichuan. The main industrial mineral is bastnaesite
with 80% REO, only followed by parisite and a small amount of tschewkinite. It is a typical light
rare earth ore with a high content of light rare earth (96%). The ore in the rare earth ore usually
associated with lead, molybdenum, barite (BaSO,), barian celestine (Sr, Ba(SO,)), fluorite etc
which can be recovered, and the radioactive elements are at a low level. Except the Dalu rare earth
ores, all other rare earth minerals in Liangshan occur in coarse mineral crystals and with a high
weathered dissociation degree, so they are easily beneficiated.

Shandong Weishan Rare Earth Ore: Shandong Weishan rare earth ore is a quartz-barite- carbonate
rare earth deposit with a reserve of 0.9 million tonnes. The mineral and gangue components of the
deposit are simple, and the main mineral is bastnaesite, associated with a small amount of bunsite,
quartz, barite etc. The particle size of Weishan rare earth ore is about 0.5~0.04 mm and can be
easily enriched. The single RE element can be easily separated from the rare earth concentrate
through beneficiating and 98% of the rare earth can be recovered. The original ore in Weishan
contains 3.5~5% REO, and lanthanum, cerium, praseodymium, neodymium occupies more than
95% of the total amount, as shown in Table II.

Table II. Rare Earth Distribution of Weishan Rare Earth Ore (%)

Rare earth
d La203 C6203 PI'203 Nd203 Sm203 EU203 Gd203 Tb203 Dy203 H0203 Er203 Tm203 Yb203 LU,203 Y203
oxides
Distribution
(%) 35.46(47.76|3.95(10.90| 0.79 | 0.13 | 0.53 | 0.14 - - - - 0.03 - 10.76
()

*Note: Quoted from CSRE Yearbook 2011 [7]

The Weathered Crust Elution-deposited Rare Earth Ore

The weathered crust elution-deposited rare earth ore (ion-absorbed type rare earth ore) is a unique
ion-absorbed rare earth ore only exploited in China, and it is mainly located in Jiangxi, Guangdong,
Fujian, Hunan, Guangxi, Hainan, Yunnan and Sichuan province. The formation of the weathered
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rare earth ores could be due to physical, chemical and biological weathering processes of the
granodiorite and volcanic rocks [8]. Rare earth in the ores mainly exists as the hydration ions and
hydroxyl hydration ions adsorbed on the clay minerals. Four major effects of ion phase RE
partitioning are Ce loss, rich Eu, fractionation and Gd broken [9].

Weathered crust elution-deposited rare earth minerals are the yellow, light red and white mixture
of sand and clay, which can be directly exploited by manual work. The rare earth grade is about
0.05~0.3% of REO, and more than 50% of REO enrich in the minerals with a particles size below
-0.78 mm but which only account for 24~32% of the total mineral mass. The separated clay
minerals of kaolin and halloysite have a REO grade of 1%.The rare earth grade along the depth of
the deposit is low in the upper and bottom level but rich in the middle, but higher than rare earth
grade of the bedrock at all depths. As for the transverse direction in a scale of 0~50 m, the rare
earth grade has a small fluctuation, and rare earths is rich in the topographic high areas but poor in
the valleys. The REO grade of different mines in the deposit greatly differs from each other with a
difference of 2~6 times, and showed no apparent rules.

According to the RE partitioning, the weathered ores can be classified into three types: heavy rare
earth ores, light rare earth ores and Middle Y and Rich Eu ores.

Heavy Rare Earth Ore: The weathered crust elution-deposited rare earth ore in Longnan Zudong,
Jiangxi province is a typical heavy rare earth ore. The original rocks are muscovite-granite and
biotite-granite, in which the major independent RE minerals are gadolinite and yttroparisite. The
heavy rare earth ores is formed after weathering of the original rocks, and it is end member mineral
deposit of heavy rare earth featured with rich yttrium. The reserve of such resource is 37 thousand
tonnes, and the average rare earth grade is about 0.09% with 7% of light rare earth, 8% of middle
rare earth and 85% of heavy rare earth. As seen in Table III Y03 occupies more than 60% of the
total amount and Dy,0O3 about 7%.

Table I1I. Rare Earth Partition of Longnan Rare Earth Ore in Jiangxi ( % )

RE

d La203 C6203 Pr203 Nd203 Srn203 EU203 Gd203 Tb203 Dy203 H0203 EI'203 Tm203 Yb203 Lu203 Y203
ox1des

Partition| 2.18 {<1.09| 1.08 | 3.47 | 2.34 |<0.37| 5.69 | 1.13 | 7.48 | 1.60 |4.26 | 0.60 | 3.34 | 0.47 64.90

*Note: Quoted from CSRE Yearbook 2011 [7]

Light Rare Earth Ore: The weathered crust elution-deposited rare earth ore in Xunwu, Gannan,
Jiangxi province is poor in yttrium and rich in cerium [10]. It has a reserve of 22 thousand tonnes,
and the rare earth grade is about 0.1%. Light rare earth occupies about 70% of the total REO,
middle rare earth is 10% and heavy rare earth is 14%. Lanthanum accounts for 30~40% as listed in
Table I'V.
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Table IV. Rare Earth Partition of Xunwu Ore in Jiangxi ( % )

RE
oxides
Partition|38.00| 3.50 | 7.41 |30.18 | 5.32 | 0.51 | 421 | 046 | 1.77 | 0.27 | 0.88 | 0.13 | 0.62 | 0.13 |{10.07

L8.203 C6203 PI'203 Nd203 Sm203 EU203 Gd203 Tb203 Dy203 H0203 Er203 Tm203 Yb203 LU,203 Y203

*Note: Quoted from CSRE Yearbook 2011 [7]

Mid-Heavy Rare Earth Ore: The weathered crust elution-deposited rare earth ore in Ganzhou
Xinfeng, Jiangxi province is a typical mid-heavy rare earth ore. It has a reserve of 22 thousand
tonnes, and the average rare earth grade is about 0.05%. Light rare earth occupies about 50% of the
total REO, middle rare earth is 10% and heavy rare earth is 35%. The partitioning of Eu,Os is very
high with an average value of 1.0% and the highest value can reach 1.4%, and this kind of minerals
also contain 25% of Y,03, as shown in Table V. Mid-heavy rare earth ores were also found in
Guangdong, Fujian, Hunan, Yunnan and Guangxi, which usually contains 20~30% of Y,03 and
0.5~1% OfELl203.

Table V. Rare Earth Partition of Xinfeng Ore in Jiangxi ( % )

RE
oxides
Partition|27.56| 3.23 | 5.62|17.55| 4.54 | 0.93 | 596 | 0.68 | 3.71 | 0.74 | 2.48 | 0.27 | 1.13 | 0.21 [24.26

L3203 C€203 PI'203 Nd203 Sm203 EUQO;; Gd203 Tb203 DYQ03 H0203 EI'203 Tm203 Yb203 LUQ03 Y203

*Note: Quoted from CSRE Yearbook 2011 [7]

Enrichment and Extraction Technology

The Mineral Type Rare Earth Ore

Baiyunebo Rare Earth Ore in Inner Mongolia: It is difficult to separate rare earth from Baiyunebo
ore due to the complex minerals. The specific gravity, magnetic ratio susceptibility and floatability
of the minerals are relatively close just like the bastnaesite and monazite, and the mineral particles
are very fine. Numerous research institutes and universities in China have put forward many new
schemes and techniques for better utilization of the rare earth resource. Baogang rare earth
dressing plant has improved its enrichment techniques several times during the 40 years of
operation. More than ten processes have been used as follows: the mixed flotation-selective
flotation and mixed flotation-gravity separation processes, the weak magnetic dressing-mixed
flotation-selective flotation process, weak magnetic dressing-selective flotation to remove
fluorite-bulk flotation-gravity separation with shaking table, and weak magnetic separation-strong
magnetic separation- flotation process [11].

Particularly, the improved weak magnetic separation-strong magnetic separation- flotation process
improve the recovery ratio of REO by 4~6 times compared to the weak magnetic separation-half
selective half bulk flotation-gravity separation-flotation process. The raw material used in the
process is strong magnetic middlings which contains 12% REO with a recovery ratio of 25~30%
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from the original ores, and a mixture of H205, sodium silicate and H103 is used as the flotation
agents. It can obtain rare earth concentrate containing REO 50~60% with a rare earth recovery
ratio of 52.20% and secondary rare earth concentrate containing REO 34.48% with a rare earth
recovery ratio of 20.55%, and the total recovery ratio of REO is 72.75% to the middlings and
18.37% to the original ores [12].

In the present beneficiation process in Baogang rare earth dressing plant, the operation conditions
are as follows: sodium silicate (baume degree: 20, usage: 4.5~5.0 kg/t) is used as the inhibitor, LF-
8 which has double activating group is used as the collector, the pH is about 7.0~8.5, the pulp
density is 60~65%, mineral particles with the size of 85~90% -0.074 mm, and the flotation
temperature is about 70°C. After one roughing and two cleaning, the REO grade can be up to 50%
from the original 7%, and the recovery of REO is about 55% [13].

Zeng Yongjie et al. [14] carried on an industrial experiment of getting the rare earth from the
magnetic ore tailings which contains 7.0% of REO, and obtained a flotation concentrate containing
45.69% of REO. The recovery ratio of REO is 28.87% to the original ores and 32.24% to the ore
tailings.

The beneficiation work of Baotou Damao Rare Earth Co., Ltd and Boyu company of Baiyunebo
iron mine concerns ores which have a great amount of magnetite using the weak magnetic
separation-flotation technique. The original ores are ground to 90% -0.074 mm. After the weak
magnetic separation of the magnetite, the tailings are concentrated in rare earths which are floated
with a combined reagent of sodium silicate, J102 and H205. The REO grade of the concentrate can
be 50~60% and the secondary concentrate is 34~40% [15].

Zhang Xinmin et al. [16] has carried on experiments about the pH, collector, inhibitor and frother
used in the flotation of Baotou rare earth ore. When pH is 5~6, alums is used as the inhibitor of
monazite and phthalandione or 802 as the collector, bastnaesite can be separated from monazite.

Ren Jun and Lu Shouci [17] use H894 (a kind of methanoic acid) as the collector, H103 (a kind of
alcohol) as the frother, and aluminum potassium sulfate as the modifier in the separation of
bastnaesite and monazite. When pH of the mineral pulp is 4.5~5.5, bastnaesite can be effectively
separated from monazite.

Wang Guoqiang and Xu Gencan [18] have found a new collector L247. After adjusting the pH to
4.5~5, mineral pulp density 24%, flotation temperature 24°C, one roughing and two cleaning were
carried out. The final bastnaesite concentrate has a REO grade of 66.43% with rare earth recovery
ratio of 27.82%, and the content of bastnaesite is about 97.36%.

Li Mei et al. [19] have put forward a new theory of fractional mineral processing. Under the
guidance of this theory, the tailing with 7.02% of rare earth (REO) was chosen as the raw material.
The crude concentrate with 18.80% REO was obtained after the bulk flotation and foam separation.
Then, from the crude concentrate of rare earth, the flotation process was used to separate
high-grade rare earth concentrate whose REO content is greater than or equal to 65%, and the
recovery ratio of this method is not smaller than 85%.

Sichuang Liangshan Rare Earth Ore: The conventional beneficiation processes for the
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bastnaesite-featured rare earth ore are mainly gravity separation, magnetic separation, flotation,
and the combination of the three methods. Bastnaesite usually co-exists with the gangue minerals
such as calcite and fluorite, and their physical and chemical properties are similar. So the normal
flotation agents or beneficiation methods do not provide a satisfactory result, and special
enrichment methods are needed to effectively separate bastnaesite from the complex minerals. For
example, heat the mineral pulp before flotation, use aromatic acid hydroxyl oxime and its salt as
the flotation collector and so forth [20].

Ganzhou non-ferrous metallurgy research institutes [21] has proposed a magnetic
separation-gravity separation process, and achieved good results. The original ore with a rare earth
grade of 5.72% is chosen as the raw material, and a great amount of tailings were removed in the
magnetic separation process. Finally, a rare earth concentrate containing 53.11% of REO with a
recovery ratio of 55.36% was obtained.

Xiong Shuqin [22] has adopted a combined technique of primary grinding-classification- tabling
and middlings regrinding flotation to the beneficiation of the rare earth ore, and obtained a rare
earth concentrate with a REO grade of 61.18%, REO recovery ratio of 75.74%.

Xiong Wenliang and Chen Bingyan [23] use sodium silicate as modifier, derivative of hydroxamic
acid as collector, at pH value within 7.15~8, and recovered a rare earth concentrate with REO
content of 62.11% and REO recovery ratio of 86.98%.

Shandong Weishan Rare Earth Ore: Weishan rare earth dressing plant is a small one that was built
in 1982. From 1991 to 2001, the rare earth concentrate it produced was high grade at 45~50% REO.
But when the mining work switched to the underground in 2002, the REO grade of the original
ores decreased. The output of the rare earth concentrate declined sharply, and so did the market
share [2].

Zeng Xinnan and Li Fangji [24] recently selected reverse flotation-flotation-gravity separation
process according to the floatability and the difference of specific gravity of the minerals. Firstly,
NaOH, L101 (hydroxy oximino acid floating agent) and Na,SiO3 mixture is used for beneficiation
of rare earth ore. To guarantee a satisfactory recovery ratio of rare earth, a small amount of
carbonate mineral enters the rare earth rougher concentrate. This is upgraded to a high quality rare
earth concentrate containing REO 68% and a middle grade concentrate containing REO 30% using
a shaking table. The total recovery ratio of rare earth is 77~84%. After 3~4 times cleaning, a barite
concentrate containing BaSO4 92~95% is also obtained and its recovery ratio is 61~68%.

Feng Jie and Lv Dawei [25] adopted a single flotation technique in which Na,COs was used as
modifier of pH value, CH and xp-2 as mixed collectors, Na,Si0; and Na,SiF¢ as mixed inhibitors,
and produced a high grade concentrate containing 68.48% REO and medium grade containing
38.60% REO. The total recovery of rare earth elements is 81.05%.

Weathered Crust Elution-deposited Rare Earth Ore

The generation of the weathered crust elution-deposited rare earth ore could be due to weathering
processes of the granite and volcanic rocks which were rich in rare earth. The ore deposit is
shallow and the mineral particle is loose and fine. More than 80~90% of the rare earths are
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adsorbed on the clay minerals of kaolin, halloysite and hydromica as hydration ions and hydroxyl
hydration ions. It is not extracted by water and alcohol, but can be extracted in electrolyte solution
(NaCl, (NH4),SO4, NH4Cl, NH4ACc etc) through ion exchanging and it is a reversible process.

In 1970s, China had begun to exploit and utilize the ion-absorbed type rare earth ore. After over
twenty years development and substantial practice of production, in-situ leaching has been partly
utilized in which the electrolyte solution is directly permeated into ore body underground, after
removing impurities, adjusting pH value, precipitating with oxalic acid (or other precipitating
agents) and roasting etc., a rare earth mixture containing REO over 92% is obtained. Separating
the solution which has been removed impurities in factory, the necessary rare earth product can
also be obtained [26]. Compared with the heap leaching technology, there are many obvious
advantages of in-situ leaching technology such as a high recovery ratio of RE resources (75%), a
low cost of production, and especially a great decrease in environmental pollution and ecological
destruction. Using heap leaching technology to producing one tonne of RE product, 200~800 m’
of the surface area would be exploited, and 1200~1500 m’ of ore would be mined and left on the
surface, all of which is not needed in in-situ leaching.

The geological structure and subsurface drainage of weathered crust elution- deposited rare earth
mines are complicated. Different leaching processes should be appropriately used in accordance
with the structure of deposits. It is suggested that the in-situ leaching technology can be applied
only in an orebody with solid bedrock without fissures or cracks otherwise, the leaching agents
may leak away and pollute the ground water. Therefore, it is appropriate for an orebody without a
solid bedrock to select the heap leaching technology combining with land leveling and
tailings-reclamation [20, 25].

Conclusions
Rare earth resources in China have the characteristics as follows:

1. The resource distribution features light rare earths mainly in the north and heavy rare earths
in the south. Light rare earth ores mainly occur in Baotou, Inner Mongolia, and Sichuan
Liangshan. Weathered crust elution-deposited mid-heavy rare earth ores mainly distribute
in Jiangxi Ganzhou, Fujian Longyan and some other regions in the south;

2. The industrial categories of rare earth minerals are abundant, including bastnaesite,
monazite, ion-adsorbed minerals, xenotime, fergusonite and so on. The RE resource is
varietal and covers every RE element. The weathered crust elution-deposited mid-heavy
rare earth ore play an important role in the world;

3. There are various enrichment and extraction technologies for the rare earths that should be
reasonably applied according to the different characteristics of the RE deposit and form of
the RE mineralization.
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Abstract

Rare earth elements have a unique (atomic) electronic structure that makes them especially
useful in numerous alloys and compounds. For example, they can enhance metal alloy physical
strength, lend color to optics, catalyze reactions, and amplify the anisotropy field of magnets. As
a result, rare earths are increasingly used to satisfy demands in the transportation industry for
improved efficiencies and customer convenience. We'll review some of these applications
including forecasts for growth.

Introduction

The steam engine promoted the industrial revolution, especially the invention by James Watt in
1781 which provided for continuous rotative motion in both stationary equipment and in mobile
machinery such as trains, steam automobiles and steam tractors. The concept of using a
compressed gas to drive a piston in a cylinder was revolutionary. The use of steam vis-a-vis
water and heating with combustible materials provided a revolutionary mode of transportation.
Numerous companies produced steam-powered personal transportation. The first steam car on
record is from 1788, but it wasn’t until the late 1800s when roads were in better condition and
the mechanical workings were more dependable that steam transportation became commonplace.
Steam car producers included the Locomobile Company, Stanley Company (Stanley Steamer),
the American Bicycle Co., the White Motor Company, and many more. Many enthusiast clubs
still maintain and show steam-powered vehicles.

Figure 1. Left picture is a Stanley Steamer manufactured c.1912. Right picture is a Riker
electric car from 1897 (as shown on www.curbsideclassic.com/curbside-classics-
american/curbside-classic-1897-riker-electric-back-to-the-future/)
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By the late 1800s battery and motor technology had progressed to the point that vehicles could
be propelled successfully for adequate distances and an acceptable speed. Battery-powered
electric vehicles were utilized in Europe about 15 years prior to production and use in North
America. Among the first to develop and offer an electric car in North America was William
Morrison of Des Moines, lowa, 1890-91. The six-passenger wagon was capable of 14 miles per
hour. Companies that produced and sold electrically driven vehicles included the Electric
Carriage and Wagon Company of Philadelphia, Anthony Electric, Baker Electric (1899-1915),
and Detroit Electric (1907-1939).

By 1910 large reserves of oil had been discovered paving the way for the gasoline engine to
dominate especially for longer trips where battery technology had been inadequate and steam-
powered engines less convenient. The biggest drawback to the gasoline engine during the early
years of adoption was the hand crank. Numerous hand and arm injuries were attributed to the
crank rotating rapidly backward. The invention of the electric starter motor by Charles Kettering
in 1912 mitigated this problem.

Both steam and electric cars dropped-off in popularity following the adoption of the electric
starter which eliminated the need for risky hand cranking to start gasoline-powered cars.
Furthermore, the introduction of assembly-line mass production of the Model T by Henry Ford,
which hugely reduced the cost of owning a conventional automobile, was also a strong factor in
the electric and steam car's demise as the Model T was both cheap and relatively reliable. During
the 'heyday' of steam cars, the internal combustion engine made steady gains in efficiency,
matching and then surpassing the efficiency of a steam engine.

Although steam-powered vehicle production essentially stopped, electrically-powered vehicle
design, construction and sales have continued sporadically in many countries though at a
purchase price considerably higher than that of a comparable gas-powered car. Specialty electric
vehicles continue to be produced for such purposes as warehouse fork lifts, golf carts and resort
transportation, short-haul urban transportation and “even the lunar rover.”

A combination of pollution and the increasingly high cost of oil renewed interest in electric-
powered vehicles with numerous companies pursuing technologies of hybrid drives, full electric
and plug-in electric drive trains.

Utilization of Rare Earths

Technologies for automobiles, small and large trucks, off-road and construction vehicles have
evolved for decades. Most of the changes either satisfy a need (utility), provide user comfort, or
offer appearance and style. Among the changes are incorporation of vehicle air conditioning for
comfort or preservation of transported food quality, sound systems for enjoyment of music or
warning signals, improved lighting for both on-road and in-vehicle purposes, smoothness of ride,
sound-deadening, remotely operated door locks, and more. Many of these devices utilize
magnetic materials and permanent or electro-magnets.

It has been estimated that a modern luxury automobile contains over 150 individual magnets.
Using the sound system as an example, each speaker will contain a permanent magnet.
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Sophisticated sound systems use six or more speakers. If the system has a CD drive, that uses at
least one and possibly two magnets. High-end systems may also contain a hard drive which uses
two permanent magnets. In other examples, three-way adjustable seats are driven in each axis by
permanent magnet motors and each window uses a window-lift motor.

Cars have depended upon hydraulic and mechanical linkages to perform functions (e.g., apply
brakes) and monitor performance (e.g., speedometer). Numerous illustrations of devices for cars
that use permanent magnets have been published. The first one shown here is an edited version
from Hitachi and additionally shows the likely magnet material used in the identified
applications, either ferrite (aka ceramic) or neodymium (“Neo”). The second illustration is of
the Chevy Volt from GM and indicates rare earth materials that are used to manufacture some of
the car’s components (e.g., cerium to polish glass) or used as a catalyst to produce the fuel for
the internal combustion engine (cerium and lanthanum).
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Figure 2a. Examples of uses in automotive applications. Image from Hitachi (edited to
improve readability).
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Figure 2b. Examples of uses in automotive applications: Chevy Volt (GM on-line brochure).

The increasing use of electrical rather than mechanical linkages is referred to as “drive-by-wire”.
Control of the car’s functions starts with sensor input to the car’s computer and control output to
motors and actuators providing desired function. One example is control of the fuel-air mixture
to the cylinders via valve positioning. Another example is control of brake application pressure
during uneven braking and known as ABS (Anti-lock Brake System). Speedometers (and
odometers) used to be driven by a flexible cable running from the transmission to the instrument
cluster. For many years now the speed of the transmission, and the speed of the car on the road,
is conveyed as an electrical signal to the computer and the output used to drive gauges on the
dashboard. Dashboard gauges are mostly stepper motor-driven with upwards of 100 million
gauges produced each year.

According to Ali Emadi of McMaster University, “Transportation is at the center of the energy
challenge, since current transportation systems are not sustainable. The most practical solution is
electrification, and there is a clear shift under way from the dominant ICE and mechanical
technologies toward electrical and electromechanical systems... It includes various
electrification technologies, from more-electric and lightly hybridized vehicles with low
electrification levels to full hybrids with medium electrification levels to plug-in hybrid and all-
electric vehicles with high electrification levels.” [1]

Rare earth compounds and metals are used in many technologies associated with this
transformation. The United States Geological Survey (USGS) maintains and updates statistics
regarding rare earths on an annual basis and periodically publishes extended information on
timely subjects. In a report published in 2011 [3], “Rare Earth Elements — End Use and
Recyclability”, the global production and usage of rare earths is presented. Specifically, Table II
on page 5 of the report presents the “distribution of rare earth oxide consumption by market
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sector” for 2008. (Refer to the accompanying Table I). Applications directly affecting the
transportation marketplace are:

e (atalysts: fluid cracking catalysts (FCC) and catalysts for converters;

Glass: polishing and dopants for clarity and color;

Metallurgy: high strength and temperature resistant alloys;

Magnets: sensors, speakers, motors, actuators;

Batteries: especially NiMH;

LCD screens: in-dash displays.

Rare earths are essential to modern transportation.

Table 1. Distribution of rare earth oxide consumption by market sector in 2008. [2]

Catalytic Glass ~ Metallurgy Neodymium

RaéeXiIZaerth Ca':tél():/:ts Co?a\:jtatgt)ers Ceramics industry b::tceer?ets magnets iﬁtéirsy Phosphors  Other Total
Cerium 1,980 6,840 840 18,620 5,980 - 4,040 990 2,930 42,220
Dysprosium - - - - - 1,310 - - - 1,310
Europium - - - - - - - 441 - 441
Gadolinium - - - - - 525 - 162 75 762
Lanthanum 17,800 380 1,190 8,050 2,990 - 6,050 765 1,430 38,700
Neodymium - 228 840 360 1,900 18,200 1,210 - 1,130 23,900
Praseodymium - 152 420 694 633 6,140 399 - 300 8,740
Samarium - - - - - - 399 - 150 549
Terbium - - - - - 53 - 414 - 467
Yttrium - - 3,710 240 - - - 6,230 1,430 11,600
Other oxides - - - 480 - - - - 75 555

Total 19,800 7,600 7,000 28,400 11,500 26,300 12,100 9,000 7,500 129,000

Values are rounded

It will be time and space prohibitive to attempt communicating about more than a few uses for
rare earths in the automotive market. We will limit ourselves here to the following: 1) Catalysts
for the conversion of crude oil into fuels for internal combustion engines and for pollution
minimization, 2) rare earth use in batteries and 3) electric traction drive motors as used in
hybrids (HEV and PHEV) and full electric vehicles (EV and PEV).

Catalysts
The automotive market depends on catalytic reactions in at least two ways: for the production of

fuels and for completing combustion in exhaust gases in vehicle catalytic converters. Rare earths
are used for catalysts in both these applications. FCCs (fluid cracking catalysts) used in crude oil
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refining can include lanthanum and cerium which are added to take advantage of their ability to
interact with the hydrogen atoms found in long-chain molecules in the starting materials.

In an article by Srikantharajah, Baillie, Zahnbrecher and Wache [3] they state: “Rare earth metals
have played an important role in the refining industry since the 1970s, when it was discovered
that they could be used to stabilize the zeolite-Y component of FCC catalysts to provide higher
activity, as well as being used to influence product selectivity. Rare earths play an additional
role in resid [residuum, “bottom of the barrel”] processing applications, as they have proven to
be until now the most effective vanadium trap, helping to maintain stability and activity.”

On average from 1997 through 2009, 14% of rare earth imports into the USA were used in
petroleum refining and 32% were used for automotive catalytic converters [4]. The two
elements most used in catalytic reactions are cerium and lanthanum, but praseodymium and
neodymium have also been used or substituted for a portion of cerium and lanthanum. Per
Molycorp: “Current catalytic converters contain =75 grams per converter of finely divided ceria
dispersed within the wash-coat.”[20] Other estimates are 80 to 100 grams of cerium oxide per
unit. [21] More may be required for the converters in larger vehicles.

In a January 2012 presentation [5] by Diana Bauer she stated that: 1) lanthanum in fluid catalytic
cracking (FCC) increases gasoline yield, 2) with reduced rare earth content, a shift in product
yields including lower gasoline yields results in lower revenues, 3) recent [2010-11] lanthanum
price increases have likely added less than 1 penny to the price of gasoline as the supply of
lanthanum is less tight than some of the other rare earths and FCC manufacturers are developing
zero and low rare earth catalysts. Her conclusions were stated as follows: “Rare earths play an
important role in petroleum refining, but the sector’s vulnerability to rare earth supply
disruptions is limited.”

Prior to about 2002 automotive catalytic converters depended only on platinum, palladium and
rhodium as catalyst materials. With precious metals prices rising and consumption of these rare
metals increasing, rare earths were increasingly substituted for a portion of the precious metals.
According to Wards in a 2002 news story [6] “Ford Motor Co. is set to begin using rare earth
oxides as a substitute for precious metals in automotive catalytic converters.” Prices for the
precious metals from 1992 through 2011 are shown in Figure 3.
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Figure 3. Precious metal pricing from 1992 through 2010. [7]

Recent reduced-content rare earth FCC catalysts are proving equally effective at catalyzing
reactions. Grace Davison announced in 2011 successful commercialization of eight FCC
catalysts and additives with zero or low rare earth content while maintaining a low precious
metals content [8].

Automotive Batteries

Probably the single most important technology affecting growth of EV and hybrid electric
vehicles is the battery. The battery provides an energy reservoir which can be filled (charged)
when excess energy is available either from the drive engine, braking of the vehicle or during
plug-in charging. Sales of electric motor-powered vehicles lag when the driving range of the
vehicle is perceived to be inadequate for consumer needs (range anxiety). Full acceptance of
EVs is said to be dependent upon expansion of the driving range. Electric vehicles have been
sensitive to battery capability for over 100 years.

Current hybrid and range extender technology addresses this “long trip” anxiety. The Prius
hybrid has been widely accepted having exceeded 3 1/2 million in vehicle sales since its
introduction in 1997. The Chevy Volt, using range extender technology, is only two years out of
the gate and has 60,000 or more units on the road. Sales of the Volt might be greater but for its
relatively higher selling price of ~$40,000 (versus the Prius’ at ~$25,000).

The key figures of merit for auto batteries are the specific energy in wattshours/kg (or
wattehours/liter, volume sensitivity) and the specific power in watts/kg. Additional figures of
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importance are cycles to failure, delivery of electric charge over a wide temperature range, and
maintenance of charge over long periods of disuse. The first two figures of merit are often
expressed on an X-Y plot called a Ragone chart (named after David Ragone). The vertical axis
expresses how much total energy is available. The horizontal axis represents how quickly the
electrical energy can be delivered. A plot of energy density for many types of batteries is shown
in Figure 4.
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Figure 4. Ragone chart showing potential of battery technologies for HEV, PHEV, and EV
applications. [9]

Lead acid batteries have been used for decades to supply current to a motor for starting the
engine. They are the oldest rechargeable batteries. They are robust, provide large cranking
currents and recharge repeatedly. Auto battery life of 5 to 7 years is the norm. Major
shortcomings include high weight for stored charge, use of toxic components (lead, sulfuric acid),
and reduction of life when repeatedly discharged (deep discharge). The development of NiIMH
batteries in 1989 improved battery performance, expanding the range of electric vehicles. The
Toyota Prius has used NiMH batteries from its inception in 1997 through 2012. Other hybrid
and electric vehicles have also used NiMH batteries though the trend is now to higher energy
density, lighter weight Li-ion batteries, including for the next generation Prius.
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Table II. Batteries and Related Items in Selected Hybrid Vehicles, 2004 to 2011 [10]

Year 2004 2006 2006 2007 2007 2008 2010 2010 2010 2010 2011 2011
Mfg Toyota  Lexus Honda Toyota Nissan Chevrolet Toyota Honda Ford Mercedes-l Hyundai Honda

Attribute Model Prius RX400h Civic Camry Altima Tahoe Prius Insight Fusion S400 Sonata CRZ

Battery Type NiMH NiMH | NiMH | NiMH | NiMH NiMH | NiMH | NiMH | NiMH Li-lon | Li-polymer| NiMH
Number of Modules 28 30 22 34 34 240 168 84 204 32 72 84
Battery Weight 294 - - 160 160 145 64.7 65 - - 96 65
Rare Earth Weight**, kg 8.8 - - 48.0 48.0 435 19.4 19.5 - - - 19.5
System Voltage 201.6 288| 158.4| 244.8| 24438 288/ 201.6| 100.8 275 126 270/ 100.8
Peak Capacity, Ah 6.5 6.5 55 6.5 6.5 5.76 6.5 5.75 55 6.5 5.3 5.75
Motor Size, kW 50| 123 +50 15 105 105 120 60 10 60 15 30 10
Fuel tank, gal 11.9 17.2 12.4 17.2 20 245 11.9 10.6 17.5 23.8 17.2 10.6
Driving Range*, miles 628 558| 690.7| 779.2 860 596 774 585 837 643 - 471
Fuel efficiency*, mpg 53 32 56 45 43 24 65 55 48 27 - 44

*Driving range and fuel efficiency w/o using accessories
** Estimated rare earth metal weight from approximate battery composition percent of total battery weight

Virtually all NiMH batteries are of the ABs type and use a mixture of four rare earth elements:
lanthanum, cerium, praseodymium and neodymium. Compositions range from high cerium
content to high lanthanum with praseodymium and neodymium being minor constituents of
about 1 and 5 weight percent respectively. According to Linden and Reddy [11], “Two types of
metallic alloys are generally used. These are the rare-earth (Misch metal) alloys based on
lanthanum nickel (LaNis), known as the ABs class of alloys and alloys consisting of titanium and
zirconium, known as the AB; class of alloys. In both cases, some of the base metals are replaced
by other metals to improve performance characteristics. In the case of the ABs class of alloys,
substitutions have improved the alloy as follows:

1.Ce, Nd, Pr, Gd and Y as a mixed or Misch metal (a naturally occurring mixture of rare earth
metals) are low cost substitutes for La;

2.Ni and Co are major constituents and suppress corrosion resulting in longer cycle life;

3. Al, Ti, Zr and Si are minor constituents and increase corrosion resistance resulting in longer
cycle life.”

Toyota vehicles have used NiMH battery packs made up of modules. Each module consists of 6
cells in series producing a total of 7.2 volts. Weight per module varies considerably. Depending
on the vehicle and year, 28 or more modules are connected to form the battery pack. For
example, in 2004 a pack of 28 modules, at an estimated 92% of pack weight being NiMH alloy
contains approximately 8.8 kg of rare earth metal, the majority being lanthanum and cerium.
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Figure 5. Toyota 3" generation Prius Ni-MH battery, 28 modules, ©Toyota [17].

NiMH batteries are performing satisfactorily for longer than ten years. However, the higher
performance (and lighter weight) of Li-ion batteries has proven irresistible. Toyota announced
(May 2013) they are increasing production and use of Li-ion batteries six-fold in 2013 to
200,000 packs per year [17]. The intent is to upgrade the Prius family which currently uses
NiMH batteries to Li-ion for all but one model.

Lithium-ion batteries offer both higher energy density and faster delivery of power. However,
since their introduction in 1991 they have been plagued with problems associated with structural
soundness and chemical reactivity. A few of the famous incidents are the Dell computer that
caught on fire on an airplane, the battery system failure on the Boeing 787 Dreamliner and recent
test failures on the Chevy Volt. The last two incidents were not problems with the battery but
with the power control and structural systems. The Li-ion battery sits poised for large scale
utilization in the automotive arena.
Traction Drive Motors
By definition, hybrid electric vehicles (HEV), plug-in hybrids (PHEV), full electric (EV) and

battery electric (BEV) driven vehicles all use motors. Demand for the motors depends on size of
the market for these vehicles and market size is a function of many factors among which are:

e Public acceptance of the change in technology;

e Perceived dependability;

e Performance: acceleration, handling, stopping, safety;
e Warranties and forecast life of vehicle and subsystems;

e How closely the new technology satisfies consumer expectations for driving range, comfort
and economy;

e Vehicle cost (as compared with conventional technology);

e Expectations regarding efficiency and cost of improvements in conventional technology;
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e Confidence (or lack of confidence) in pricing and availability of gasoline;

e Style and acceptability.

Furthermore, there are many kinds of motors. Those used for propelling vehicles, traction drives,
fall into two general categories: 1) embedded magnet synchronous reluctance motors and 2)
induction motors. There are advantages and shortcomings to each type. Induction motors do not
use permanent magnets — they depend upon interaction between the stator field and an induced
field in the rotor. Since there are no magnets, the magnetic fields are only slightly impacted with
increasing (or decreasing) temperature of operation. Permanent magnets experience a drop in
magnetic field strength as temperature increases. Maximum temperature of operation for
induction motors is determined by wire insulation and rotor shaft bearings. These two
components are also the primary source of motor failure. Operating efficiency is less than that
for permanent magnet motors and a comparison will be shown below.

Table III. Comparison of Traction Drive Motor Technologies [14]

Permanent Induction Reluctance
Magnet
Motor Motor
Motor
Cost ($/kW) $$% $$ $
Power density (kW/L) Highest Moderate Moderate
Specific power (kW/kg) Highest Moderate Moderate
Efficiency (%) Best Good Better
Noise and vibration Good Good Unacceptable
Manufacturability Difficult Mature Easy
SO f(?r techmca} Improvement Significant Minimal Significant
for automotive applications

In a permanent magnet motor, size is largely determined by magnetic strength of the magnets
coupled with motor rpm. For magnets, the key figure of merit is maximum energy product
expressed in units MGOe (megagauss-oersted) or kA/m (kiloamps per meter). Automotive
applications are volume and weight-sensitive, so the most powerful magnets are preferred —
neodymium iron boron (“Neo”). Embedded permanent magnet motors require operation within
a temperature range acceptable for the permanent magnet in the presence of demagnetizing stress.
Neo magnets are not good high temperature magnets — they require the substitution of the heavy
rare elements dysprosium or terbium to perform acceptably above about 100 °C. Dysprosium is
preferred over terbium as it is more abundant and lower in price. For a magnet to perform to
180 °C requires use of 8 to 10 weight percent dysprosium. Over the last several years (2008-
2012) the supply chain for rare earths into the magnet industry has been disrupted causing price
increases and spot shortages. This has been largely mitigated for the light rare earths
neodymium and praseodymium, but heavy rare earths are still in short supply and expected to
remain so for the foreseeable future.
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High raw material prices and shortages have caused consternation among motor manufacturers
and the user community, most notably the automotive community as their product development
cycle is 3 to 5 years long. Therefore several EV manufacturers have chosen to use induction
motors, for example, Tesla Motors.

To increase power density, motor speed has been raised. Prius motor speed has been increased
from 5600 rpm on the Prius THS-I to 14500 on a recent model Camry. Higher rotational speed
has also permitted a reduction in total magnet weight from about 1.3 to 0.8 kg per motor.

The largest selling hybrid vehicle is the Prius. Since their introduction in 1997 and to mid-2013
sale of Prius-family vehicles have exceeded 3 2 million vehicles. In 2012, the Prius represented
63% of hybrid and EV sales in the USA. The technology of the Prius has utilized NIMH
batteries and an embedded Neo magnet drive motor. The motor allows downsizing of the
internal combustion engine (ICE) without sacrificing performance. At stoplights, the ICE is
turned off, saving fuel. When the accelerator is depressed, the electric motor starts the car
moving while the engine re-starts.
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Figure 6. Torque versus Speed plot showing superior torque over a wide range of speeds for
permanent magnet drives. Machine comparisons made by Remy. [12]
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Efficient, high power density traction drive motors require sophisticated power electronics to
provide drive power and control battery recharging. A simplified electronics schematic is shown
in Figure 7. Hybrid vehicles have two batteries one of which is high voltage for supplying the
traction drive motor and a standard “12-volt” battery to supply dashboard instruments, headlights
and conventional motors.
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Figure 8. Electrical system architecture of HEV / EV. From Texas Instruments [19].
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Several forecasts have been produced which predict the rate of market penetration for hybrid and
full electric vehicles. They have been generally too optimistic. In one example, a forecast by
J.D. Powers[19] is about 40% higher than actual sales by units sold in years 2011-2012.
Another forecast by Frost and Sullivan compares several fuel types with hybrid adoption and by
country. Adoption of hybrid drives in the Frost & Sullivan report is predicted to reach 11 to 12%
of vehicle production in year 2015 with gasoline remaining high at 58-59%. In the USA, the
year 2012 ended with 3.1% hybrid and EV sales. That indicates a roughly four-fold HEV and
EV sales increase is required to match the forecast in Figure 7 between years 2012 and 2015.

As electric vehicle production rises, consumption of rare earths becomes of increasing interest.
Production of 1 million (Toyota) hybrids at an average 0.85 kilograms Neo magnets per traction
drive totals 850 tons of Neo magnets. That quantity is about 1.3% of the estimated 2010 global
production of Neo magnets. Including magnet production yield loss, these magnets would
require about 440 tons of rare earth oxides — approximately 0.34% of global production of all
rare earth oxides in 2010. To operate at high temperature, dysprosium must be substituted for a
portion of the neodymium. Traction drive motors have used 8 to 10% weight percent
dysprosium. Newer magnet technologies may permit reducing the dysprosium to 6 percent. At
6% dysprosium, 19.5 tons of dysprosium oxide would be required, about 1.2% of reported 2010
production.
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Figure 9. Worldwide Powertrain production mix for the year 2015 [15].
Summary
Automotive technologies are very dependent upon rare earth oxides, compounds, alloys and

products made from them. The growing global automotive market will increase pressure on the
supply chain for these products.
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Adoption of more electric strategies will be influenced by cost of competitive technologies
including cost of gasoline and diesel fuels. Ultimately, as communicated by Dr. Emadi [1],
“Transportation 1” (internal combustion engine-driven vehicles) is not sustainable. As he states:
“Power electrification results in more efficient higher performance, higher tech, cleaner, and
safer vehicles.”

More electric vehicles will require higher magnetic materials content: soft magnetic steels,
magnets for sensors, and motor drive magnets. Many of these will be high performance rare
earth-based magnets. On the other hand, transition to electric drive systems to the elimination of
the internal combustion engine will reduce the demand for catalytic converters and rare earths
used in them. Other magnets used in the control of combustion engine functions will also be
reduced or eliminated, one example being the gas pump motor.

Mapping the transition from one set of technologies to the next will be critical in avoiding
material shortages and supply chain disruption.

References
1. Ali Emadi, Transportation 2.0, [IEEE power & energy magazine, 23 June 2011.

2. Thomas G. Goonan, Rare Earth Elements — End Use and Recyclability, USGS Scientific
Investigations Report 2011-5094, Table 2, p.5.

3. Srikantharajah, Baillie, Zahnbrecher and Wache, Evaluation of a low rare earth resid FCC
catalyst, www.digitalrefining.com/article/1000266, downloaded 5/29/2013.

4. USGS annual Mineral Commodity Summaries for the years 1997 through 2011, downloaded
from www.usgs.gov

5. Diana Bauer, Office of Policy & International Affairs, Critical Materials Workshop, 3 April
2012, p.53.

6. Wards Auto Staff report, Rare Earth Oxides for Catalysts, http://wardsauto.com/news-amp-
analysis/rare-earth-oxides-catalysts, 21 May 2002 .

7. Determination of Platinum, Palladium, and Rhodium in Spent Automotive Catalytic
Converters with Thermo Scientific Niton XL3t Series Analyzers, Thermo Fisher Scientific,
2012.

8. Shawn A. Abrams, Zero/Low Rare Earth FCC Catalyst Technology Ready for
Commercialization, Refinery Operations, Vol.2 ISS.14, 20 July 2011.

9. Kalhammer et al, Satus and Prospects for Zero Emissions Vehicle Technology, Report of the
ARB Independent Expert Panel 2007, April 3, 2007, p.25.



62

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

COM 2013 hosted by MS&T'13

Advanced Electric Vehicle Testing Reports,
http://www]1.eere.energy.gov/vehiclesandfuels/avta/light duty/hev/hev_reports.html,
downloaded during May 2013.

David Linden, Thomas B. Reddy editors, Handbook of Batteries, Third Edition, McGraw-
Hill, 2002, p.29.3.

John M. Miller, APEEM Electric Motors Overview, DOE Vehicle Technologies Program,
FY 13 Kickoff Meeting, Oak Ridge National Laboratory, November 13, 2012.

Tim Burress, Benchmarking of Competitive Technologies, DOE Vehicle Technologies
Program, FY 13 Kickoff Meeting, Oak Ridge National Laboratory, November 3, 2011.

Laura D. Marlino, Electric Motors Overview, DOE Vehicle Technologies Program, FY 13
Kickoff Meeting, Oak Ridge National Laboratory, November 4, 2011.

The Global Oil paradox - Transforming the Automotive Industry: Strategic Assessment of the
Global Alternative Powertrain Market, Frost & Sullivan, 2008.

Published in Nikkei business daily, as reported by Reuters, Toyota plans to increase lithium-
ion car battery output, 19 May 2013, downloaded 2013-05-21 from:
www.reuters.com/article/2013/05/19/toyota-battery-idUSL.3NOE002020130519

Picture of 3™ generation Prius Ni-MH battery, downloaded 27 May 2013 from
www.toyota.com/esq/vehicles/batteries/nickel-metal-hydride.html

Hybrid and Electric Vehicle Solutions Guide, System Solutions for Hybrid and Electric
Vehicles 2013, Texas Instruments, downloaded from www.ti.com/hev

2011 US Green Automotive Sudy, J.D. Powers and Associates, 2011, downloaded from
https://pictures.dealer.com/jdpower/f0391cbb0a0d02b7004dd014bal2057d.pdf

Quote downloaded from Molycorp website on Jun 6, 2013.

Potential for Recovery of Cerium Contained in Automotive Catalytic Converters, Donald 1.
Bleiwas, U.S. Geological Survey, January 1, 2013, p.2.



63

MITIGATION OF RARE EARTH SUPPLY RISK POSED BY
PERMANENT MAGNETS USED IN ELECTRIC MACHINES

Francis Johnson

GE Global Research
One Research Circle, MB-241
Niskayuna, NY 12309 -518-387-5087
johnsonf@ge.com

Keywords: Rare Earths, Critical Materials, Permanent Magnets, Electric Machines
Extended Abstract

Electric machines utilizing rare earth-based permanent magnets have permeated the economy.
These include electric vehicles and wind generators. In 2010, 274,600 hybrid electric vehicles
were sold in the United States [1]. Each hybrid vehicle utilizes a permanent magnet electric
motor that requires approximately 2 kilograms of high performance neodymium iron boron
(NdFeB) permanent magnets [2] per motor. In 2012, 13,131 MW of wind power installations
were completed in the United States [3]. Both on-shore and off-shore wind turbines can utilize
permanent magnet based generators. Direct-drive off-shore wind turbines can require over 500
kilograms of NdFeB permanent magnets per MW of rated generation capacity. These clean
energy technologies have driven substantial increases in the demand for the rare earth elements
used to manufacture NdFeB and other permanent magnet compositions.

NdFeB magnets are based on the Nd,Fe;sB compound. First reported in 1983 [4,5] these
materials systems have the highest energy product of any commercially available permanent
magnet. Commercially produced grades typically contain up to 30 weight % of Neodymium
(Nd). NdFeB compositions used in electric machines must be modified to overcome the steeply
negative temperature coefficient of intrinsic coercivity displayed by Nd,Fe;4sB-based magnets.
The intrinsic coercivity is a material property that sets the temperature capability of a permanent
magnet. One effective strategy to increase the intrinsic coercivity of NdFeB is to substitute
Dysprosium (Dy) for Nd [6]. High temperature NdFeB grades may contain up to 10 weight %
Dy.

Figure 1 indicates the limitation of this approach. Dy is less abundant than Nd and its price is
correspondingly higher. Both Nd and Dy have been identified as critical elements and are subject
to supply constraint in the short and medium term [7]. Volatility of the price of rare earth
elements highlights the importance of a co-ordinated strategy to mitigate their supply risk. The
situation is complicated by the disparate functionality of the rare earth elements used in magnets
coupled with the need for other critical elements like Cobalt.
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Figure 1. Relative abundance of elements in the earths crust, including those used in rare earth
magnets, and their prices as of May, 2013 [8].

Several technology development paths are being pursued to develop alternatives to rare earth
permanent magnets such as NdFeB. Material developments include advanced rare-earth
permanent magnets that minimize the need of critical heavy rare earths such as Dy,
nanocomposite permanent magnets that partly substitute non-critical elements, as well the search
for new permanent magnets based compounds with no rare earths.

Nanocomposite permanent magnets have the potential to exceed the energy product of bulk
NdFeB while simultaneously achieving reduced rare earth content [9,10]. In these materials a
high magnetization, soft magnetic phase such as Iron-Cobalt is substituted for some fraction of a
high coercivity permanent magnet phase. The remanence is increased due to the increase in
average magnetization of the two phases. An increase in energy product requires both exchange
coupling between the constituent phases as well as crystallographic alignment of the hard phase
grains. Satisfying these conditions requires achieving nanoscale control of the composite
microstructure. This necessitates the development of novel processing methods to manufacture
kilogram-scale magnets needed for electric machine applications. Figure 2 shows a schematic of
a nanocomposite structure that could show an enhancement in energy product.

#ﬂ nm
Figure 2. Schematic nanocomposite permanent magnet structures. Hard permanent magnet grains

are crystallographically aligned and dispersed in soft magnet matrix. Length scales are on the
order of 10 nm in order to promote exchange coupling of the two phases.
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Permanent magnet machines operate by combining torque produced by permanent magnets with
reluctance torque from the electrical steel laminations of the rotor. The left side of Figure 3
shows a permanent magnet machine in which the magnets are internal to the rotor. The magnetic
flux produced by the magnets reacts across the airgap with an AC field generated by the
windings on the teeth of the stator. The right side of the figure shows an alternate synchronous
design powered completely by reluctance torque. Such switched reluctance machines use no
permanent magnets but face challenges in noise, power density, efficiency, and
manufacturability. Alternative machine technologies under development also include advanced
permanent magnet machine designs as well as other non-permanent magnet based designs such
as induction and superconductor machines.

-3
% |‘

|

Figure 3. Left image is a schematic of an internal permanent magnet machine in which the
permanent magnets are embedded in the rotor. Right image is a schematic of a synchronous
reluctance machine [11].

Mitigation of the supply risk posed by rare earths to electric machines requires a co-ordinated
approach including the development of new materials, new manufacturing methods, and new
machine topologies. New materials will inherently have new trade-offs in properties. Parallel
development of materials and machines enables designers to leverage these trade-offs to
optimize total system performance.
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Abstract

All rare earth element (REE) ore deposits contain minor levels of thorium- and uranium-based
radioactivity. Usually, the radioactivity levels are so low that they are of minimal concern for
workers’ health and safety and environmental management. Potentially economic deposits of
REE normally contain slightly elevated levels of thorium and uranium (compared to background)
— these are classified as naturally occurring radioactive materials (NORM). In this paper,
example concentrations of NORM in REE resources are given for Canadian and other deposits
around the world. The significance of these concentrations in terms of potential occupational
radiation exposures, regulations and measures to be considered in developing a REE mine,
metallurgical extraction and waste management facilities are outlined.

The presence of mineral-based radioactivity is frequently a concern to the general public as well
as workers. This concern can affect decisions of regulatory institutions. Transparent information
sharing is essential to avoid uninformed resistance to REE resource development. A suggested
approach in addressing public concern is outlined.

Introduction
Rare Earth Elements (REE) are a group of 15 metallic elements known as lanthanides, plus 2

other elements — scandium, and yttrium. Commonly, these elements are termed light (LREE) or
heavy (HREE) as highlighted in the familiar version of the periodic table shown in Figure 1.



68 COM 2013 hosted by MS&T'13

1 2
H He
| Loood S0 |
3 4 LREE 5 6 7 8 ) 10
Li | Be B|lc|N|o|F|nNe
Lithium [N, Borse Carbhan e Oypen [ Noon
6941 GOIZ182 10.811 (207 14 0HK> 4 159994 |18 998403 201797
11 12 13 14 15 16 17 18
Na | Mg Al | Si P S Cl | Ar
il lfs i | oy | e | o | e | g
23.080770] 343020 P~ IR 0852 131097371 312066 35,4537 39948
19 23 24 25 26 27 28 33 34 35 36
K v Cr | Mn | Fe Co Ni As Se Br Kr
il e | ] s || s e | e | 5 | i
39,0983 $0.9415 $1.9961 | 54.938049] S5.845 |SR933200] SE6934 7492160 78.96 79.904 £3.80
a7 41 42 43 44 45 16 51 52 53 54
Rb Nb | Mo | Tc Ru Rh Pd Sb Te 1 Xe
Radudium Mo Maly bdemam. T b, Ruthemum. Ehodwrs Tallburs Antisosy T elbamrvam adoy Xenom
34678 9290638 95.94 (9%) 101.07 | 10290530 10642 121.760 127.60 [ 126.90447| 13129
55 3 74 75 76 77 78 83 84 85 86
Cs Ta | W Re | Os Ir Pt Bi Fo | At | Rn
i et | apus | o | e |t | imemem vimen | ot | s | wao
132.90545 1509473 183,64 186207 190,23 192.217 195078 208. 98038 1209} {2100 {222)
87 105 | 106 | 107 | 108 | 109 [ 110
Fr Db | Sg | Bh | Hs | Mt
e aen | en | cen | osn | o | cen | em | em
6l 62
Pm | Sm
i | e | e
92 93 EX!
u Np | Pu
i 1 fimem Ry Traanium A
B8l 2380289 | (230 | 24 |

Figure 1. Period table of the elements (REE highlighted).

Paradoxically, these elements are not so rare in the rocks and soils around us. For example, the
element crustal abundance of lead, tin is similar to the abundance of REE, but the abundance of
precious metals — gold, silver, platinum - is much lower. Example concentrations of REE and
other metals are shown in Table I. [1]

Table I. Earth’s Crustal Abundance of REE and Common Metals

Element Concentration (ppm) Comments
Copper 68
Cerium (Ce) 60 LREE
Lanthanam (La) 30 LREE
Neodymium (Nd) 27 LREE
Yttrium (Y) 24 HREE
Scandium (Sc) 16 LREE
Lead 10
Praseodymium (Pr) 7 LREE
Thorium 11 Radioactive
Samarium (Sm) 5 LREE
Gadolinium (Gd) 4 HREE
Dysprosium (Dy) 4 HREE
Uranium 2.5 Radioactive
Tin 2
Erbium (Er), Ytterbium (Yb),
Europium (Eu), Holmium (Ho), 0.5-2
Terbium (Tb), Lutetium (Lu)
Silver 0.1
Gold 0.003
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While the main source of REE production from ore resources to meet modern industrial needs
has been and is currently China, there are a large number of emerging and potential REE
developments in Canada and around the world. With minor exceptions, all RE deposits contain
some amounts of thorium and uranium-based radioactivity. Although the thorium and uranium
contents may be low, public and institutional interest in RE resource development has
increasingly focused on the radioactivity aspects related to these developments.

Concern about radioactivity associated with REE developments can be due to exaggerated legacy
issues that arose because of historically careless practices combined with poor regulatory
oversight and the absence of precise documentation and measurements. Such concerns are also
often inflamed by unfounded claims of individuals and non-governmental organizations

(NGO’s).

This paper provides a review of the thorium and uranium content of a number of REE resources,
an assessment of radioactivity and radiation exposure levels and a discussion of established and
reliable methods of managing exposure to radiation and radioactivity.

Uranium and Thorium Based Radioactivity in REE Ores and Resources

The radioactivity in REE resources is principally due to the presence of thorium (Th-232 “decay
series” radionuclides) and to a lesser extent uranium (both the U-238 and U-235 decay series
radionuclides). Thorium and uranium are only two of the many (about 85) naturally-occurring
radioactive elements found on earth. From an ambient radiation perspective, other important
elements include potassium (K-40) which is a small fraction (0.01%) of total potassium, carbon

Table II. Principle Radioactive Elements Associated with REE Radioactivity

% of #Number of

Decay Half Life, Elements in

Source Element total Comments
Years Decay

element .
Series

U-238 4.4 (10) 997 14 Ra-226, Rn-222, Pb—ZlO, Po-210 key .
daughters, from risk top people perspective
U-235 7.0 (10)° 0.3 12
Th-232 1.4 (10)" 99 999 10 Ra-228, Rn-220 key daughters from risk
perspective
La-138 2 (10)" 0.09 2 Very low specific activity
15 Extremely low specific activity as a result
Nd-144 > (10) 23 2 of very long half lfe Y
Sm-147 1.3 (10)" 2.6 2 Very low specific activity
Decay product of U-235. Ac behaves
Ac -227 22 - - chemically like REE and can be
concentrated in REE products'

! Technologies for removal of Ac-227 are discussed in [2].
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(C-14) and tritium (H-3). C-14 and H-3 are produced by the interaction of cosmic and solar
radiation on the earth’s atmosphere. Of some interest is the fact that some of the REE has
radioactive isotopes. These, plus other elements in the radiation pedigree of REE production, are
the elements shown in Table II.

The radioactive elements decay to other radioactive elements and eventually to stable elements
by emitting combinations of alpha particles (a helium nucleus), beta particles (an electron) and
gamma radiation (penetrating electromagnetic radiation, identical to X-rays but of higher
energy). Radioactivity, whether natural or technologically-enhanced, is typically a banner public
concern.

Naturally occurring radioactive materials (NORM) are present in resource-based industries
throughout the world. These include, to name a few, the oil and gas industry, phosphate fertilizer
facilities, aluminum wastes, gold and silver mining, and titanium production wastes, as well as
REE developments. Comparisons of the NORM radioactivity (in Becquerel’s/gm, Bq/g) are
shown in Figure 2. The becquerel (Bq) is the unit used in the International System of Units (SI)
(the “metric” system) to represent the activity of a radionuclide. One becquerel equals one
nuclear disintegration per second. There is a direct relationship between the mass and the
radioactivity of a radionuclide, which is called its “specific activity”. The specific activity is
inversely proportional to the half-life of the radionuclide and is expressed in becquerels per gram
(Bg/g). The longer the half-life, the smaller the specific activity. In particular, a concentration of
1 ppm of natural uranium (U-nat) corresponds to 0.01235 Bq of U-238 per gram. At equilibrium
(i.e., the uranium has not been chemically or physically altered), natural uranium contains equal
radioactivity concentrations (in Bq/g) of all 14 radionuclides in the U-238 series. A concentration
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Figure 2. Naturally occurring radioactive material (NORM) in mineral resources and soils.
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of 1 ppm of natural thorium (Th-nat), which has a half-life about three times longer than U-238,
corresponds to 0.00406 Bq of Th-232 per gram. Natural thorium contains equal concentrations
(in Bq/g) of all the radionuclides in the Th-232 decay series. [Natural uranium (or natural
thorium) refers to uranium (or thorium) with its natural isotopic abundances. ]

A comparison of uranium and thorium concentrations in REE ores, mineralised zones and
resources with natural background concentrations and two types of uranium ore (assumed to be

in equilibrium) is shown in Table III.

Table III. Example Uranium and Thorium Concentrations

pcatio 2 PP 0 PP

A 0 0

Fresh water 0.001 - 0.10 0.00003-0.0005

Hard rock 05-5 2-20 Upto 1.9

Soils 0.5-10 10 - 20 Upto 2.5

Historical Ontario U ores (two types) 800-1200 250-1800 150-220

REE Ore Resources
Bastnasite (US) 20 200 12
Xenotime (Malaysia, mineral alone) 6,800 7,000 1500
Monazite (South Africa) 150 3500 170
Zircon sands (Australia) 100 450 35
REE hard rock ore 1 (Canada) 30 250 14
REE hard rock ore 2 (Canada) 23 110 8.5
REE hard rock ore 3 (Canada) 340 290 71
REE hard rock (Sweden) 7 14 1.8
REE hard rock 1 (Africa) 300 1000 92

REE hard rock 2 (Africa) (monazite vein) 200 25,000 110

Usually, NORM concentrations are not sufficiently elevated to pose a potential hazard to people.
In some cases however, where the radionuclide concentrations are much higher than the normal
range of background levels, such as in REE minerals, there may be potential for correspondingly
elevated radiation doses to people and the environment.

The development of REE resources and the production of REE concentrates involve the handling
of rock, tailings, metallurgical concentrates, solutions and residues. The radioactivity in these
materials mainly originates from the Th-232 and the U-238 series — chains of 10 and 14 decay
products or radionuclides, respectively. The U-235 series is also present in natural uranium but at
a low concentration (0.7% of uranium by mass). As previously noted in Table II, actinium-227
(a product of U-235) may concentrate in REE products.

In managing the radioactivity from the thorium and uranium series, several radioactive decay
elements have been identified that may need to be followed in REE metallurgical processes. The
main ones from a radiological protection perspective are shown in Table I'V.
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Table IV. Principle Decay Elements (other than Th and U parents) to be Managed in REE

Production
REIHNINIGTE Series Comment
Th-230 U-238 Behaves chemically the same as Thorium -232.
Radium-226 U-238 Chemically similar to calcium and barium.
A radioactive noble gas. Naturally present in ambient air, typically in the
Radon-222 U-238 range of 5-50 Bg/m’. Responsible for about 50% of background radiation
dose.
Lead-210 U-238 A radioactive isotope of lead.
Polonium-210 U-238 An important source of radiation dose if ingested.
Actinium-227 U-235 Chemically similar to REE. Originates from the less abundant U-235 series.
Radium-228 Th-232
Radon-220 Th-232 | A radioactive noble gas.

Distribution of Radioactivity in Extraction Processes and Products

Mining and processing strategies for REE concentrate production are resource and location
specific and are generally as follows:

(@)

(i)

(iii)

(iv)

(V)

RE mineral concentration — gravity and/or froth flotation, wet magnetic separation. This
mineral concentrate can be processed at the mine site or shipped to a dedicated hydro-(or
occasionally pyro-) metallurgical facility. Unless disturbed by chemical or metallurgical
processing, Th and U are usually in radioactive “equilibrium” with the radionuclides in
their respective decay series, i.e., the radioactivity concentration of each radionuclide
(Bg/g) is equal to the U-238 or the Th-232 concentration in each series. The radioactivity
represented in each chain will be slightly concentrated in the mineral concentrate, but
radioactive equilibrium will be maintained;

REE mineral “breakdown” using aggressive chemical leaching processes such as:
e Acid baking with concentrated sulphuric acid at high temperature (e.g.150°C or much
higher). Hydrochloric acid is an alternative,
e Hot fusion with caustic soda (sodium hydroxide), water leaching of soluble silicates,
followed by acid dissolution of residue, or
e For certain mineral concentrates (e.g. Eastern Canadian), weak acid sulphuric acid
leaching at ambient temperatures.

The leaching solutions containing the REE, impurities such as Fe, Zr, U, Th and Ra-226
and Ra-228, Pb-210 and Po-210, are purified using a combination of selective precipitation,
solvent extraction and ion exchange;

Thorium removal is completed by precipitation as Th(OH)4 and uranium can be selectively
removed from solution by ion exchange and subsequently precipitated with lime and
magnesia. Radium removal is assisted by the addition of barium salts to precipitate
Ba(Ra)SO4. Lead and polonium also report to the residues;

The REE are precipitated as either oxalates or carbonates, dried and shipped or transferred
to the specialised processing facilities for separation into specific elements using solvent
extraction;
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(vi) Alternative sources of REE include recovery as a by-product from uranium mining or tin
mining. A potential REE-U resource is being actively investigated in the historical Elliot
Lake, Ontario uranium mining district in Canada. Some tin resources (Brazil) contain REE
as well as Th and U which can concentrate in metallurgical slags. These two REE sources
require tailored processes, which could involve the isolation and sale of uranium
concentrates.

Hydrometallurgical REE concentrate specifications typically stipulate very low levels of
radioactivity in the concentrate, e.g. <0.04 Bq/g for each radionuclide [3]. For example, this
translates into a maximum of 3 ppm uranium or 10 ppm thorium in the REE concentrate, levels
which are similar to ambient background levels in soil. Typically, radionuclides such as Th, U,
Ra are selectively removed in the hydrometallurgical processes and are combined with
metallurgical wastes. The reasons for the tight specifications include the avoidance of elevated
radiation doses at the concentrate processing (REE separation) facility and elimination of the
need for specially-designed and permitted disposal facilities at the location of the REE separation
facilities (which produce individual RE’s for use by manufacturers).

With the minimal presence of radioactive elements in the RE product, essentially all of the
activity will remain in the mineral concentration rejects (tailings) and the metallurgical residues.
Depending on the specific resource mineralogy and process selection, the tailings will be
somewhat depleted of radioactive elements and the residue somewhat enhanced. The
measurement and management of radiation doses to workers and provision of secure long-term
waste management are important components to success in permitting and public acceptance of
REE resource development.

Radiation Dose Assessment and Implications in REE Developments
All people are exposed to radiation and radioactivity from natural sources outside of the body
(principally from external gamma radiation) and from sources of radioactivity taken into the

body through inhalation or ingestion. In an occupational setting, inhalation and external radiation

Table V. Typical Radiation Doses

Per Exposure Annual Exposure

(mSyv) (mSvly)
Average natural background Canada, World 1.8,2.4
Calgary, Winnipeg [4] 2.3,4.0
High Background Locations Caused by 20-50+
presence of Th -Brazil, India, Iran
Chest x-ray 0.03 - 0.05
CT Scan 2-11
International Air Crew 1-5
Miners — high grade Canadian uranium 15
mines (2001-2005)
Dose limit for radiation worker in Canada 20 averaged over 5 years
Dose limit for member of the public 1
Dose below which no statistically significant 100
health impacts observed in scientific studies
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are typically the exposure pathways of focus in radiation protection programs, while for
members of the public, ingestion (such as via water pathways) and to a lesser extent, inhalation,
are the primary routes of exposure.

Radiation dose is the product of radiation exposure rate and duration of exposure.

The internationally accepted unit for radiation exposure is a Sievert. Typical personal radiation
doses are millisieverts (mSv). Depending on where on lives, the background radiation doses in
Canada are typically about 2 mSv/y. An illustration of variations in background doses and
associated with human activity are shown in Table V.

While NORM is not regulated in Canada as in most other countries, guidelines for the
management of NORM have been issued by Health Canada [5]. The classification of NORM
radiation protection programs, which depend on the expected level of radiation dose to workers,
are summarised in Table VI.

Table VI. NORM Radiation Program Classifications

Annual Dose Radiation Protection Program

(mSv/y)
None
Dose <0.3 No requirements for dose management.
NORM Management
0.3<Dose<1.0 Introduction of access restrictions to non-NORM workers and public.

Introduction of shipping and/or material management.

Dose Management

Training to control and reduce workers doses. Dose estimates via radiation
1.0 <Dose < 5.0 surveys and worker exposure times. Engineering controls where
appropriate. Worker dose to be reported to National Dose Registry.

Expert advice recommended.

Radiation Management

Formal radiation protection program and the use of TLDs and other
monitors for worker dose measurement. Provision of equipment and
procedures to reduce worker dose. Expert advice should be obtained.

Dose > 5.0

A question might be: what do such dose criteria mean for REE mining and production? The
following is an example dose calculation:

Exposure scenario assumptions:
REE ore radioactive element content: 500 ppm Th, 50 ppm U (decay products all in
equilibrium).

Worker exposure conditions: inhales ore dust (at 1 mg/m’), incidentally ingests ore (at

100 mg/day), and stands 1 metre away from a large mass of ore for an entire working year
(2000 hours).
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Estimated annual worker doses:
Inhalation = 0.28 mSv/y
Ingestion = 0.08 mSv/y
External (gamma) = 2.1 mSv/y
Total = 2.4 mSv/y

While the results above indicate a low worker dose (relative to the worker dose limit of
20 mSv/y), simple measures could be put in place to reduce exposure — reduce dust inhalation
and ingestion and most importantly be distant from external radiation sources. It is a principal of
radiation protection that radiation dose be kept as low as reasonably achievable (known as
ALARA) even if the maximally exposed workers are below regulatory limits. For REE facilities
that would be built for Canadian REE resources, doses less than a few mSv/y could be
reasonably expected with the implementation of a sensible radiation management plan.

Acceptance by People Who Live Near or Frequent Locations Near REE Mining and
Processing Facilities

In addition to concern about workers’ health, safety and potential radiation exposure, the
presence or radioactive substances in the REE resource and subsequently in wastes, if not
managed and communicated effectively, can become a public concern [6], [7], [8]. This concern
may be amplified by the following factors:

e Unfamiliarity with REE mining and processing by public and institutional stakeholders;

e Reported (and possibly unsubstantiated) claims of harm at historical REE operations in
other countries;

e Technical complexity of managing NORM radioactivity; and

e Generation of three or four distinct waste types, and depositing these materials with
diverse characteristics and levels of radioactivity in locations other than waste rock at the
mine site - process tailings, metallurgical residues and RE separation wastes.

Social acceptability has become an increasingly important component of any type of mine
development anywhere in the world. The presence of NORM can render acceptability much
more challenging. Recent experience in Canada and other countries has shown that the following
steps would need to be considered in a REE development:

e Detailed understanding of the distribution of radiological materials in all phases of the
process. Complete radiological exposure pathways assessments of all phases of the
project by qualified independent third parties;

e A full discussion of the NORM content of the REE resource and natural background
radioactivity with the public and institutional regulators;
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Discussion of radiation dose to workers and the interested public from natural sources
and from the proposed REE development; and

A review, with public and regulators, of waste management options and the potential

radiation dose and environment impact from the REE development during operations and

following closure;

Selection of best options for development and waste disposal based on cost, environment,

regulatory and social considerations.

While the levels of radioactivity in most REE developments are low, and while technical
expertise can ensure the design of safe operations and robust waste management strategies, the
intuitive public response to the presence of NORM can derail any REE development.

Some aspects that can provide assurance of safety and environmental stewardship in REE
developments are:

(1)

(if)

(iii)

(iv)

(v)

Radiation doses to the general public can be engineered to be below the “unrestricted”
levels of 0.3 mSv/y (Table VI);

The radioactivity associated with REE developments is principally thorium-based.
Thorium is naturally a very insoluble and immobile element in the environment. Ample
supporting evidence to thorium’s immobility is found in the historical uranium mine
wastes at 14 uranium mines in Ontario, Canada where Th-232 concentrations exceeded
most that in most REE resources around the world;

No concentrating of radioactivity to levels of concern occurs in the processing of RE
resources;

International exemption limits [9] for the transport of NORM are higher than Th and U
contents in REE resources, e.g. if Th(ppm)/2460 + U(ppm)/810 = <1; and

Independently-reported records of radiation exposure to Canadian workers working in
mines extracting ores containing 20% (200,000 ppm) uranium indicate that: (a) workers
can and are being protected from excess radiation exposure; and (b) acceptable waste
management strategies have been developed.

Conclusions

REE resources contain naturally occurring thorium and uranium radioactivity and their
radioactive decay products (NORM) at concentrations above general background levels.
Radiological management involved in REE ore processing, concentrate production and element
separation involves the minimisation of radiation exposure to workers and to the public. Credible
expertise and experience exists to ensure that radiation exposure is below very conservative

limits.
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Public concerns about REE developments, whether based on intuition, facts, or fears fed by third
party exaggeration can in large part be addressed by development of an understanding of ambient
radiation and by radiation dose assessments coupled with the application of proven and robust
waste management strategies.
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Abstract

Rare earth elements are becoming increasingly in demand, due to their prevalence in both
renewable energy devices and high-end electronics. The characterization of the composition,
morphology and volume fraction of the various phases that have valuable rare earth elements in
the ores are needed to find the optimal industrial process to extract the ores containing the rare
earth elements. Rare earth-bearing minerals contain many elements with the M-and L-lines
overlap, requiring a high degree of resolution, pushing the boundaries of scanning electron
microscopy quantitative analysis. Enhanced microscopy at a high spatial resolution with
improved x-ray quantitative analysis enables the accurate determination of the distribution of the
desired rare earth elements in various mineral phases.

Introduction

Rare earth elements (REEs) are becoming increasingly in demand, due to their prevalence in
both renewable energy devices and high-end electronics. From batteries (lanthanum and cerium),
to magnets (dysprosium and neodymium) and lighting (yttrium), the REEs are crucial to the
advancement of technology, and to energy saving devices [1]. The goal of this project is to
characterize the composition of various small phases (less than 10 pm) that may have valuable
REEs in the ores. In order to study small phases, high spatial resolution imaging and x-ray
microanalysis are needed and they can only be obtained simultaneously by working at low
accelerating voltage. In this work, the results obtained, at medium and high accelerating voltage,
with a cold field emission scanning electron microscope (FE-SEM) and a silicon drift detector
energy dispersive spectrometry (SDD-EDS) detector are compared to the results obtained with a
field emission electron probe microanalysis (FE-EPMA) instrument with both silicon lithium-
drifted energy-dispersive spectrometer (Si(Li) EDS) and wavelength dispersive spectrometry
(WDS). The performance of FE-SEM/ SDD-EDS was studied elsewhere [2].
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Materials and Methods

A bulk sample from the Nechalacho deposit ore in the North West Territories was prepared for
scanning electron microscopy imaging and x-ray microanalysis. The sample was mechanically
fractured and a 1 cm?® block was mounted in a conductive resin. Then it was polished with
silicon carbide papers until the 1200 grit unit followed by polishing with diamond suspensions of
3 and 1 um grain size. Final polishing was performed using an alumina suspension of 50 nm
grain size. To prevent surface charging, the sample was coated with a nominal 10-20 nm-thick
amorphous carbon layer using an Edwards vacuum carbon coater E306.

FE-EPMA measurements have been performed with a JEOL JXA-8530F field emission electron
probe microanalysis located at RWTH Aachen, Germany. The FE-EPMA, with a high
brightness Schottky field emission electron gun, provides a high probe current with a small
electron probe diameter. This FE-EPMA have a JEOL Si(Li) EDS, a Bruker SDD-EDS and five
WDSs with multiple analysing crystals with a takeoff angle of 40 °. The results were obtained
with an accelerating voltage of 15 kV and probe current of 198 nA. The point analysis
acquisition time and the pixel dwell time for the x-ray map were 125 s (30 s for each element).
The quantification was performed with the Probe Software with a SPI 02759-AB rare earth
pentaphosphates and Charles M. Taylor standards. Elements were acquired using analyzing
crystals: LiF for La Lo, Ce La, Nd La, and Gd La; LiFH for Fe Ka, Mn Ka, and Dy La; PETJ
for Y La, Nb La, Zr Lo, and Ca Ka; TAP for Ta Ma, Mg Ka, and Si Ka; LDE1 for F Ka. The
standards were MgO for Mg Ka, quartz for Si Ka, calcite for Ca Ka, MnF2 for F Ka and Mn Ka,
hematite for Fe Ka, LiNbO3 for Nb La, LiTaO3 for Ta Ma, Zr for Zr Lo, yttrium
pentaphosphate for Y La, lanthanum pentaphosphate for La La, cerium pentaphosphate for Ce
Lo, neodynium pentaphosphate for Nd La, gadolinnium pentaphosphate for Gd Lo, and
dysprosium pentaphosphate for Dy La. The Pouchou and Pichoir correction method [3] was
used with a linear off peak correction (20 s counting time). Interference corrections [4] were
applied to Si for interference by Ta, to F for interference by Fe and Ce, to Gd for interference by
Ce, to Ca for interference by Dy, to Y for interference by Nb, and to Dy for interference by Fe
and Mn.

FE-SEM observations have been performed with a Hitachi SU8000 cold field emission scanning
electron microscope located at McGill University. The FE-SEM provides accelerating voltages
ranging from 0.1 to 30 kV with a maximum available current near 20 nA. The microscope
column is equipped with a snorkel lens generating a magnetic field allowing high electron
collection rates by the detectors located inside the column. This FE-SEM has 1 secondary (SE)
lower detector, 2 SE upper detectors with various modes of energy filtration, a semi-conductor
type five quadrant backscattered electron (BSE) detector, a scanning transmission electron
microscopy (STEM) detector that works in bright field, an electron convertor that allows to use
the SE lower detector for dark field STEM imaging. The FE-SEM is also equipped with an X-
MAX silicon drift detector energy dispersive spectrometry detector from Oxford Instruments
presenting an 80 mm? collecting area allowing acquiring x-ray spectra with 500,000 counts per
second. The x-ray map was acquired with a probe current of 140 pA, an accelerating voltage of
30 kV, and a working distance was 15 mm. The total acquisition time was 403 s and the
INCAEnergy drift correction was used. Peaks were identified using INCAEnergy software from
Oxford Instruments and x-ray lines database from the DTSA software [5]. More information
about these instruments and the related techniques is given elsewhere.[6, 7].
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Results and Discussion

The Nechalacho deposit ore is very complex with over 75 minerals found in it [8]. Also many of
the elements are of similar atomic number, the M- and L-lines overlap, requiring a high degree of
spectral resolution, pushing the boundaries of SEM/EDS application. Enhanced microscopy at a
high spatial resolution enables the researchers to determine accurately the distribution of the
desired rare earths in various mineral phases, which can then be utilised in the processing section,
where certain minerals will be selectively recovered.

One advantage of FE-SEM and FE-EPMA instruments are the excellent spatial resolution at low
accelerating voltage. The resolution is mainly determined by the probe diameter, a few
nanometer for a FE-SEM/EPMA. The resolution of a BSE image or x-ray map also depends of
the size of the electron interaction volume. The different phases of rare earth samples are
imaged with a BSE detector, which allows the observation of composition variation. The
brighter area is region of higher mean atomic number. The composition of different phases can
be determined qualitatively or quantitatively using the emitted x-ray which is detected by either
an EDS or a WDS.

Figure 1. Quantitative x-ray microanalysis of the Nechalacho ore with an accelerating voltage of
15 kV at ten different locations.

Figure 1 shows BSE images obtained for a polished (flat) Nechalacho deposit ore sample at 15
kV. The phase compositions were determined using the quantitative microanalysis with the
EPMA WDS for ten locations. Tables I and II reports the composition obtained for the 10
locations. The analysis was performed using the intensity k-ratio and the ZAF correction method
[6, 7]. In Table II, the oxygen concentration was obtained by difference, the weight percentages
were normalized to obtain a total composition of 100 % for each location.
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This analysis allows the identification of the different phases and also the concentration of rare
earth element inside them. For example, locations 7 and 10 were identified as zircon with less
than 1% of REE. The locations 2 to 6 were identified as fergusonite-Y phases from the relative
concentration of Nb, Y, and O. The other phases were not clearly identified. However, the
concentration of REEs was different for each location. The location 1 shows a strong
concentration of lanthanum, cerium and neodymium inside a fergusonite phase. This phase
could contain C, but the C Ka line was not analyzed for this sample. Also the EDS spectrum
obtained at location 1 shown a F Ka peak, but the EPMA analysis give a zero concentration of F.
An acquisition problem could explain this difference.

Table I. Weight Percentage Obtained by Quantitative X-ray Microanalysis of the Nechalacho
Ore With an Accelerating Voltage of 15 Kv at Ten Different Locations (Shown in Figure 1)
Without Normalization

Point Mg Si F Ta La Ce Nd Gd Nb Zr Ca Y Fe Mn Dy 0 Total

1 0.00 1.83 0.00 0.03 15.27 48.50 16.67 0.00 0.13 4.21 0.08 1.01 0.77 0.03 0.00 0.00 88.53
2 0.00 0.20 0.00 0.88 0.16 0.69 1.49 9.15 3031 0.00 0.13 16.09 0.55 0.01 6.53 0.00 66.19
3 0.09 1.64 0.00 1.44 0.30 1.30 191 6.77 27.36 1.99 0.40 15.09 0.48 0.23 5.97 0.00 64.97
4 0.05 0.51 0.00 2.36 0.20 1.25 2.37 6.40 29.14 0.14 0.34 16.03 0.95 0.24 5.69 0.00 65.67
5 0.48 1.96 0.00 1.46 0.08 0.91 1.83 6.72 28.06 1.10 0.25 16.04 0.85 0.09 5.77 0.00 65.60
6 0.06 0.57 0.00 2.50 0.14 1.39 2.62 5.13 29.20 0.02 0.36 16.78 1.17 0.18 5.49 0.00 65.61
7 0.00 14.35 0.00 0.33 0.12 0.75 0.25 0.10 0.35 43.33 0.05 191 0.45 0.01 0.20 0.00 62.20
8 0.00 0.00 0.00 0.12 3.75 11.67 7.41 8.96 0.00 0.00 11.94 20.97 0.00 0.02 4.10 0.00 68.94
9 8.46 0.00 0.00 0.00 0.02 0.15 0.04 0.00 0.00 0.06 19.64 0.00 2.66 16.15 0.00 0.00 47.18

10 0.28 14.17 0.00 0.33 0.05 0.39 0.04 0.05 0.24 40.69 0.09 1.67 1.83 0.14 0.18 0.00 60.15

Table II. Weight Percentage Obtained by Quantitative X-ray Microanalysis of the Nechalacho
Ore With an Accelerating Voltage of 15 kV at Ten Different Locations (Shown in Figure 1) With
Normalization to Obtain O Concentration by Difference

Point Mg Si F Ta La Ce Nd Gd Nb Zr Ca Y Fe Mn Dy 0 Total

1 0.00 1.81 0.16 0.03 15.99 48.74 17.50 0.00 0.13 4.23 0.08 1.01 0.80 0.03 0.00 9.47  100.00

2 0.00 0.21 0.00 0.93 0.18 0.77 1.66 10.35 31.15 0.00 0.14 17.11 0.63 0.01 7.42 29.44  100.00

3 0.10 1.74 0.00 1.53 0.33 1.44 2.13 7.67 28.09 2.12 0.42 16.00 0.55 0.26 6.79 30.82  100.00

4 0.06 0.54 0.00 2.50 0.22 1.39 2.65 7.25 29.91 0.15 0.36 17.02 1.07 0.27 6.48 30.15  100.00

5 0.51 2.08 0.00 1.55 0.09 1.00 2.04 7.58 28.74 1.17 0.26 16.99 0.96 0.10 6.54 30.40 100.00

6 0.06 0.61 0.00 2.65 0.16 1.54 2.93 5.80 29.95 0.03 0.38 17.85 1.32 0.20 6.24 30.27  100.00

7 0.00 15.99 0.00 0.37 0.13 0.81 0.28 0.11 0.37 45.82 0.05 2.01 0.50 0.01 0.23 33.33  100.00

8 0.00 0.00 0.00 0.12 4.08 12.75 8.15 9.92 0.00 0.00 12.82 21.50 0.00 0.02 4.54 26.10  100.00

9 8.90 0.00 0.00 0.00 0.02 0.16 0.05 0.00 0.00 0.06 21.24 0.00 2.88 17.39 0.00 49.30  100.00

10 0.32 15.85 0.00 0.37 0.05 0.42 0.04 0.06 0.25 43.02 0.10 1.76 2.04 0.15 0.20 35.36  100.00

X-ray intensity maps were used to understand the relationship between the fergusonite phase and
high concentration of some rare earth elements. Figure 2 and 3 show the x-ray map obtained
simultaneously with the FE-EPMA: Figure 2 with a Si(Li) EDS and Figure 3 with WDSs. In that
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case, the WDSs give better x-ray maps where the region of high concentration is clearly
separated from the region of low concentration. However, the WDSs are limited to analyze a
small number of elements at the same time. The Si(Li) EDS does not have this limitation.
However, the background removal is important for EDS mapping. In Figure 2, the experimental
parameters were not optimal for EDS mapping because the parameters were optimized for WDS
analysis and no background removal was available for this EDS.

Ca Ka Ce La Dy Ma

Fe Ka Gd La

Mg Ka Mn Ka Nb La Nd La O Ka

- - 2
% g
- 15 |

Si Ka Ta Ma Zr La

Y La

Figure 2. X-ray Si(Li) EDS map of the Nechalacho ore sample at 15 kV obtained with a FE-
EPMA. The x-ray line used are indicated in the top right of each micrograph.
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Figure 3. X-ray WDS map of the Nechalacho ore sample at 15 kV obtained with a FE-EPMA.
The x-ray line used are indicated in the top right of each micrograph.

The total acquisition time for the x-ray maps shown in Figure 2 and 3 was 8 h. Figure 4 shows
x-ray maps of the same sample, but at a different location, obtained with a FE-SEM and SDD-
EDS. The acquisition parameters were optimized for EDS mapping and the acquisition time was
only ~400 s. The background removal was used and the map quality (each element distribution
show the phase boundary, i.e., no background pixel observed) is similar that the one obtained
with FE-EPMA and WDSs. Also, the current used with the FE-SEM maps was lower than the
one used for FE-EPMA, which decrease the contamination and specimen damage. This effect
was observed on Figure 1, where the BSE image was acquired after the 8 h x-ray map with a 198
nA probe current. The area of the x-ray map is outlined by the white square on Figure 1.
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Fe Ka

Nb Ka

Y Ko

Figure 4. X-ray SDD-EDS map of the Nechalacho ore sample at 30 kV obtained with a FE-SEM.
The x-ray line used are indicated in the top right of each micrograph.

Summary

Field emission scanning electron microscope (FE-SEM) and field emission electron probe
microanalysis (FE-EPMA) equipped with a photo-diode-backscattered electron detector allows
the x-ray map imaging of small phases in the Nechalacho deposit ore. The WDSs was used to
quantify phases. The quality of x-ray maps obtained with WDSs, Si(Li) EDS and SDD-EDS
were compared. The WDSs and SDD-EDS give detailed x-ray map. However, the SDD-EDS
maps were obtained with an acquisition time 72 times smaller than WDSs and with a smaller
probe current.
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Abstract

Conventional mineralogical and analytical techniques e.g., XRD, optical and electron
microscopy, mineral chemistry, and geochemistry, are conducted to understand the petrogenesis
of the REE deposits. However, the critical factor to understand the distribution of REE minerals
(REM) is quantification of mineral mass, liberation and association with the host minerals. This
can only be achieved by means of quantitative mineralogical techniques such as the QEMSCAN
(QS). QS is used in a variety of REE projects (i.e., alkaline complexes, carbonatites). QS data
have been utilized to define quantitatively the wvariability and distribution of the REM;
differentiate between LREE and HREE zones to delineate the ore; provide mineralogical
parameters to aid the physical and hydrometallurgical separation; and predict minerals/REE
behaviour during processing.  Therefore, the QS data, coupled with mineral chemistry and
gecohemistry, can assist to geometallurgically model complex REE deposits.

Introduction

The term rare earth elements (REE) is used to describe the 15 metallic lanthanide elements,
lanthanum through lutetium, plus the elements yttrium and scandium, which display similar
physical and chemical properties (see [UPAC Nomenclature of Inorganic Chemistry, IR 3-6-2,
2004)[1].

Economic and potentially economic REE deposits form two main groups. The first is a
commonly occurring “light rare earth element” (LREE) rich group of deposits containing mainly
lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), and samarium (Sm). The
second is a less commonly occurring “heavy rare earth element” (HREE) rich group which, in
addition to the LREE, contains elevated concentrations of the more valuable lanthanides such as
europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er),
thulium (Tm), ytterbium (Yb) and lutetium (Lu) as well as yttrium (Y). The LREE are hosted
primarily by carbonatites and the HREE by highly alkaline to peralkaline (Na + K > Al) silicate
igneous rocks. The LREE are produced mainly from bastnaesite, monazite, etc., while HREE are
produced almost exclusively from low-grade secondary ion adsorption clay deposits in which the
REE are adsorbed onto surfaces of kaolinite and halloysite, the products of weathering of
granites and sediments [2,3]. HREE are also found in fergusonite, zircon, xenotime, but are not
produced presently from these minerals though a number of deposits are advancing towards
production. China is responsible for 97% of the World’s production of the REE [4], mainly from
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the giant Bayan Obo deposit, an enigmatic carbonate-hosted, possibly carbonatite-related deposit
[5] and from the above mentioned clay deposits.

Quantitative automated mineralogy is increasingly being applied to the study of ore deposits. The
quantification and improved understanding of mineralogical parameters is a great contribution to
geometallurgy [6]. This paper summarizes mineralogical studies on a number of REE deposits
using QS technology and subordinate techniques. Related data include textural characterization,
quantification and distribution of ore and gangue minerals, liberation attributes, and spatial and
textural association of the REM. These data are used to define mineralogical domains and predict
the ore’s metallurgical response.

Methodology and Analytical Techniques

QS Analysis

QS work is carried out at the Advanced Mineralogy Facility at SGS Canada, Lakefield site. The
QS there is an EVO 430 automated scanning electron microscope which is equipped with four
light-element energy-dispersive X-ray spectrometers and iDiscover software capable of
processing the data and images. QS operates with a 25 kV accelerating voltage and a 5SnA beam
current. The QS measures, and the iDiscover software processes data from every pixel across a
sample with a pixel size defined based on the scope of the analysis. The data can be processed
off line. The software assigns each pixel a mineral name based on 1,000 counts of energy
dispersive X-ray spectral data and backscatter electron intensities.

Intact drill core samples are analysed by the, conventionally termed, Field Image method, to
determine rock-types and provide a textural characterization of selected samples. This analysis
is conducted on a core sample mounted as a thin or polished section. Chemical spectra are
collected at a set interval within the field of view. Each field of view is then processed offline
and a pseudo image of the core sample is produced from which the modal mineralogy and
texture of the sample are defined. Data are acquired over the polished thin sections at a 5-25 um
pixel size.

Coarse reject samples from 2-3-meter intervals, used for geochemical analyses, are analyzed to
determine the mineral variability. Individual samples are stage crushed to Kgy (80% passing)
150-212 pum, and analyzed as a single fraction by the Particle Mineral Analysis (PMA) method.
PMA is a two-dimensional mapping analysis aimed at resolving liberation and locking
characteristics of a generic set of particles. A pre-defined number of particles are mapped at a
point of 3-5 um pixel size.

Composite samples are made from multiple drill core or channel samples. They are analyzed to
determine the variability of the minerals but also the liberation of the REM in order to predict the
metallurgical beneficiation performance. The composites are analyzed using two separate
measurement routines by QS including PMA and Specific Mineral Search (SMS), which is a
modified PMA. The SMS method differs from conventional PMA in that the location of a phase
that is present in low concentrations is improved by applying a threshold to the back-scattered
electron intensity [7].
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X-ray Diffraction, ICP, XRF and EPMA

XRD analyses are conducted for QS set up purposes, whole rock analyses by X-ray fluorescence
(XRF) and ICP for reconciliation purposes. The composition of the REM is determined with
electron probe micro analysis (EMPA) [7].

Results

XRD, SEM, EPMA and QS analysis have been performed on a number of deposits including
carbonates, alkaline complexes, metamorphic, and weathered and clay deposits. The mass %
and the chemistry of the REM in the deposits vary widely. Table I shows some common REE
minerals and their formulas to illustrate the complexity. Zircon, titanite and apatite, and others
are not primary REE-bearing minerals but are important REE-Y-Nb carriers in some deposits.

Textural Analysis

This study aims to characterize the different rock types from the drill cores, distribution of REM,
alteration, and overall textural features of the rocks associated with the mineralization. The
digital images, generated from the QS analysis, provide unperturbed textural features of the
samples on a mesoscopic level (mm-cm in scale) that cannot be quantitatively captured in the
field during drill core logging. REM are typically very fine-grained in the rocks examined (<10
um to rarely 1 mm in size).

Table I. Common REE Minerals and Formulas

Mineral Formula
Y-allanite (Ca,Y)2(ALFe,REE): S0, »(OH)
Monazite (LREE,Y,Th)PO4
Bastnaesite REE(CO3)F
Synchysite Ca(Ce,REE)(CO3),F
Fergusonite (REE,Y)NbO,4
Eudialyte NayCay sCeo sFe’ o, sMn’ o301 ZrSis022(0H); 5Clo 5
Xenotime (Y,Yb,HREE)(POy4)
Mosandrite NayCazCe 5Yo.5Tip.sNbg 3Zr0.1(S07),01 5F3 5
Chevkinite Cey 7La; 4CagsTh 1Fe’| Mgy 2 Tip sFe’ " 58102
Zircon Zry 9Hfj 0sREE( ¢5Si04
Columbite (Fe,Mn,Mg)(Nb,Ta),0¢
Apatite (Ca, REE,Sr)5(PO4)3;(OH,F,C])
Titanite Cag 9sREE 05 Tig 75Ak 2Fe’.058104.9F 0.1

The complexity of the REE deposits varies widely. Figure 1 shows back scattered images to
illustrate accumulations of zircon from the Nechalacho deposit in Canada’s Northwest
Territories (a-b). They show columbite complexly intergrown with strongly zoned zircon grains.
Images (c-d) are from undisclosed deposits and display aggregates of fine-grained monazite and
bastnaesite/synchysite hosted by various gangue minerals. Rugged outlines and irregularly
developed masses indicate a secondary (hydrothermal) origin.

Figure 2 illustrates representative pseudo color images from the Field Image analysis of drill core
samples. The samples are chosen to illustrate the contrasting mineral assemblages of the gangue
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minerals and REE styles of mineralization in Situ. Figure 2a is from a lithologically distinct
horizon of banded carbonates within an amphibolite unit. Figure 2b is from an alkaline and
Figure 3c from a carbonatite complex. The REM are associated with a variety of minerals. They
exhibit patchy to brecciated and structurally controlled alteration, while other features such as
mineral and grain size layering are very often apparent.

M2 26 HEKL

Figure 1. Back scattered electron image (BSE) showing (a) two generations and strongly
zoned zircon (Zr); (b) columbite (Clb) intergrown with zircon; (c) monazite (Mnz) in Fe-
oxyhydroxides, and bastnaesite/synchysite (Bst/Syn) in carbonates.

Ore Variability

Ore variability is defined across drill holes and along depth. The samples typically represent 2-
meter intervals. Therefore, the mineralogical results do not reflect an isolated single sample, but
a continuum of larger samples analogous to and coupled with, the geochemical analyses.

Variability analyses aim to quantify the mineralogy of intervals in order to define potential
HREE and LREE zones. By comparing the geochemical analysis and mineral distributions of
the zones of enriched LREE and HREE, a mineralogical differentiation is demonstrated (e.g.,
Nechalacho, Figure 3).
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Figure 2. Representative images from the Field Image analysis of drill core samples.

For example, Ore C, D and F are enriched in LREM but show wide internal variations.
Fergusonite, which is a HREE carrier, is enriched rnamly in Ores C and D. It is interesting to
note that zircon and REM show a positive correlation (R’=0.8) and higher REE mineralization is

marked by higher zircon grades.
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Figure 3. Variation of LREM, fergusonite, zircon and total REM from selected zones of
Nechalacho HREE deposit.

Composite Samples

Composite samples, prepared from a number of drill cores, represent domains within the
deposits. They are analysed to provide the liberation and association attributes of the REM and
define the initial target grind sizes. For liberation and association analysis, particle liberation is
defined based on 2D particle area percent. Particles are classified as free (>95% surface area) and
liberated (>80%).

Non-liberated grains are classified according to association characteristics, where binary
association groups refer to particle area percent >95% of the two minerals or mineral groups.
Complex groups refer to particles with ternary, quaternary and greater mineral associations
including the mineral of interest.
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Figure 4 shows an example of liberation of monazite from a carbonatite deposit. Liberation
calculated for the head sample is ~55% (free and liberated combined). Liberation values
generally increase with decreasing size. REM, from a number of carbonates around the globe,
yield similar liberation values of 60% (£10%) at grind Kgo’s of 150 um (80% of weight passing
150 pum).

Monazite can be re-classified based on its surface exposure (Figure 5). Thus, well exposed
particles (>30% exposed surface) account for 72% in the sample. This indicates that the
potential to physically recover monazite is higher than that indicated by the liberation values.

REM Distribution

REM display wide-ranging solid solution compositions that vary among and across deposits. In
addition, commonly occurring silicate minerals e.g., apatite, zircon and titanite can carry
significant REE in their matrices. The available EMPA have shown ZREE concentrations of up
to 7% in titanite and up to 12% (heavy REE are <3%) in apatite, though generally <3% in zircon.
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Figure 4. Liberation and association of monazite from a carbonatite complex.
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Figure 5. Exposure of monazite from a carbonatite complex.



96 COM 2013 hosted by MS&T'13

The distribution of the REE is critical because it provides insights to the main LREE and HREE
carriers. It enables mass balance calculations to predict potential concentrates and tailings
losses. Figure 6 illustrates an example of the elemental deportment calculated for a composite
sample. Titanite and apatite carry significant amounts of Ce (32% and 17%) and Y (45% and
21%).
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B Bastnaesite 1 8 4 0 10 0 0 0

Figure 6. REE, Y, Nb and Zr distribution.

Grade-recovery Calculations

Mineralogically limited grade-recovery analyses provide an indication of the theoretical
maximum achievable elemental (or mineral) grade and recovery and are based on individual
particle liberation and grade. Thus, deviations from the actual metallurgical values are expected
but indicate the potential for beneficiation. It is noted that these values refer only to physical
separation. Figure 7 shows the REE recovery from an alkaline (A) and two different carbonatite
(C-1 and C-2) complexes. The predicted mineralogical (MIN-A-1) values are similar to those of
the metallurgical values (MET-A-1) for the alkaline deposit, but the values deviate for one of
carbonatite sample (MIN-C-1). The reason is that the fine-grained liberated REM are not well
recovered, but are lost to the slimes. Therefore, metallurgical performance might not necessarily
reflect the mineral liberation values. The intention of calculating mineralogical grade and
recovery curves is not only to predict the mineral recovery but also to explain and understand the
metallurgical performance.



RARE EARTH ELEMENTS 97

100 1 \
90 £
T 801
E. N
70
Sk A
8 N
H 60 5 \
50 £/ —#—MIN-C-1 -
L r
w " -0 MET-C- \é
40 1| —&—MIN-C-2 "
| —A=MET-C-2 \
30 || —@—MIN-A-1 -
L | -0 - MET-A-1 A
20— P e
0 5 10 15 20 25 30
REE Grade (%)

Figure 7. Grade-recovery analysis based on monazite liberation.

Discussion

REE deposits typically display both magmatic and hydrothermal features and the distribution of
the REM is complex. Thus, the textural analysis indicates contrasting rock types and styles of
mineralization and unlocks the in situ texture of the REM. Quantification of the REM, coupled
with geological and geochemical data, can help delineate HREE and LREE zones, map the
orebody, and assist in selection of samples for metallurgical test work etc. The REE distribution
among the main carriers and common gangue minerals (e.g., apatite, titanite), is critical for
metallurgical test work. The liberation and association of the REM is also critical for selecting
the proper beneficiation method (i.e., flotation, gravity).

These analyses belong to the emerging discipline of geometallurgy that is becoming increasingly
recognized as a discrete and high value activity aimed at a more effective integration of

exploration, mine development and process optimization. Automated and quantitative
mineralogy constitutes an integral part of the geometallurgical framework.
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Abstract

Indonesia has many potential mineral resources including some rare earth elements (REE)
minerals, such as monazite and xenotime.Their occurence is in association with tin ores
(cassiterite). This paper reports some basic characteristics of mineralogy and chemical
composition of the REE minerals associated with tin ores. The main REE minerals in such ores
include monazite and xenotime, which contain small amounts of radioactive elements such as
thorium (Th) and uranium (U). Potential methods of REE mineral beneficiation and extraction
are discussed.

Introduction

Monazite and xenotime are phospate rare earth elements (REE) minerals, which can be found in
alluvial deposits. Based on their coordination numbers, Monazite can occur in a number of light
and heavy REE deposits, xenotime mainly in heavy REE deposits. They are important minerals
for REE production. Monazite (REE,Th)PO, can be either Ce, La or Nd rich as it exhibits solid
solution chemistry [1]. The density of the monazite ranges from 4.98-5.43 g/cm’. Xenotime is an
yttrium phosphate mineral (YPO4) with the density of 4.40-5.10 g/cm’.

In Indonesia, the REE minerals, monazite, xenotime, and zircon are associated with tin, uranium
and gold in alluvial deposits. REE minerals are found as by-product of tin ore mining and
extraction process activities. The Bangka and Belitung Islands, located in the region between the
Peninsular Malaysia and Eastern Sumatra, are known as major alluvial tin deposits in Indonesia.
Ikuno et al. [2] report that REE range from 30 to 400 ppm in raw sands on Bangka and Belitung
islands. Lower grade Monazite and xenotime are found also as alluvial in Kampar and Riau
Islands. Rifandriyah et al. [3] report the occurrence of REE minerals from the uranium alluvial
in West Kalimantan. The ore contains REE minerals (60.85%), PO4 (32.84 %), U (8528 ppm),
Th (816.5 ppm). Indonesia’s Center of Geological Resources estimates that the potential
deposits of monazite, xenotime and zircon from tin ore mining area in Indonesia is about
951.000 ton [4]. It is expected that this amount would be increased with more extensive
exploration activities.

Though the occurrence of REE minerals in Indonesia is already known, intensive mining and
extraction of REE minerals as main products has not been developed. This is because of the
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relatively low production quantity and relatively high processing cost as well. In addition, some
REE minerals contain radioactive elements such as uranium and thorium, which hinder the effort
to extract the REE from the minerals. According to the Indonesian Government act on minerals
and coal at 2010, monazite is classified as a radioactive mineral. This regulation makes the
National Agency for Atomic Energy the only authorized institution to conduct the research,
exploration and exploitation of radioactive materials in Indonesia. Since then, The National
Agency for Atomic Energy has established joint cooperation with a major tin mining and
processing company (PT. Timah, Tbk.) in Bangka and Belitung Islands to develop beneficiation
and extraction method of the REE from the monazite.

Ore
| Cassiterite 70%
—1 Concentrate
Harz Jig |—— Rotary Dryer | —— —| Smelter
Middling [ 8
| =~
: : : £
Trapesium Jig Air Table 1 8
1 Non-Magneti a
Middling on-llagnetic §
- - > High Tension Magnetic
> ——
otary Dryer Separator Conductor | Separator
Non Conductor l Magnetic
Zirconia 20% Magnetic limenite80-90%

Quartz ~ 10%

Non-Magnetic | Separator

1 Magnetic
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Figure 1. Flow diagram of tin ore processing plant in Indonesia which produces REE minerals
as by-product.

Figure 1 reveals a typical tin ore processing flow sheet in Indonesia which could also produce
REE minerals by-product. The smelters require high grade cassiterite 70%. REE minerals are
separated using high tension electrostatic separation of tin ore middling, as non- conductor
fraction. Then, magnetic separation of the non-conductor fraction produces separately monazite
(40-80%) and xenotime as magnetic fractions and zircon (20%) and quartz (~10%) as non-
magnetic fractions. On the other hand, magnetic separator separates conductor fraction to
produce magnetic fraction of ilmenite 80-90% and non-magnetic fraction of cassiterite 70%.
However, practically REE minerals by-products end in stock-pile without further extraction
process is undertaken.
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To increase added value of REE minerals which are produced as by-product of tin ore
processing, research and development on the REE beneficiation and extraction have been
intensified in both academic and the industries in Indonesia. Therefore, the basic characterictics,
in terms of particle size distribution, chemical composition and liberation, of REE minerals
should be understood properly for beneficiation and extraction process selection. The present
study aims to discuss the basic characteristics of Indonesian REE minerals in terms of their
morphology and composition that can affect the potential extraction processes.

Materials and Method
Typical composition of REE minerals associated with tin ore samples from Bangka and Belitung
islands are listed in Table I [4, 5]. In general, the content of monazite and xenotime in the tin

ores ranges from about 0.67-1.31 % and 0.23- 0.56%, respectively of the total mineral content.

Table I. Typical content of Monazite and Xenotime in unprocessed tin ore (raw sand) in Bangka

and Belitung Islands
Minerals Bangka (%) Belitung (%)
Cassiterite 40.2 41.0
Monazite 1.31 0.67
Xenotime 0.23 0.56

Figure 2 shows particle size distribution of washed and dried raw sand of tin ore. Median
diameter (dso) of the samples is 165 wm. For further characterization, the samples were sieved to
the size of less than 100 mesh (149 um).
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Figure 2. Particle size distribution of washed and dried raw sand of tin ores.
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X-ray diffraction (XRD, Phillips Instrument, Inc.) analysis was carried out to determine the bulk
chemical composition of the raw sand sample. A scanning electron microscope with energy
dispersive spectrometer (SEM/EDX; FEI INSPECT F50, Apolox EDS Analyzer) was employed
to evaluate the distribution of REE in particles cross section and the elemental composition of
the samples. For SEM/EDX analysis, the samples were taken from the feed of high tension
separator (see Fig. 1)
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Figure 3. XRD pattern of a tin ore samples containing REE compounds.
Results and Discussion

XRD Pattern of Tin Ore Containing REE

Figure 3 illustrates an XRD pattern that identifies the qualitative mineralogy of the analyzed
sample. The sample consists of cassiterite, with minor monazite and xenotime, and ilmenite.
Other minerals might be present in low quantities and cannot be determined with the XRD
analysis.
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Figure 4. Back scattered SEM images illustrating M = Monazite, C = Cassiterite, X = Xenotime,
I = ilmenite, and Q = Quartz. The samples were taken from feed of high tension separator
process (see Fig. 1).

Elemental Composisition and Mapping

The main mineral components of the samples as shown in Figure 4 are cassiterite (SnO,), quartz
(S103), ilmenite (FeTiOs3), monazite ((Ce, La, Nd, Th)PO,), xenotime (Y(PQO,)), and zircon ((Zr,
REE)Si0O4). The SEM/EDX observations indicate that monazite and xenotime occur as liberated
particles [6]. Semi quantitative analysis of monazite indicates that it is rich in Ce, La and Sm, but
also contains U and Th, whereas xenotime contains mainly Y and minor Gd and Dy (Fig. 4 (a)
and (b)).

The EDX analysis of the selected particles composition is given in Table II. The results indicate
that xenotime and monazite exhibit chemical variation. The range of compositions are observed
and analysed from several particles of the samples. Monazite and zircon contain the highest
content of Th (5-7 wt%) while xenotime hosts less than 2%.
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Figure 4. Elements analysis from EDX spectrum; a) monazite, and b) xenotime.

Figure 5 and Table III depict the cross section morphology and elemental composition of a single
monazite particle. Spots analysis of EDX expresses that major monazite is intergrown with other
minerals. Point (1) and (2) analyses indicate monazite, and point (3) an silicate gangue mineral.
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Table II. Semi-quantitative EDX Analysis of Selected RE Minerals Particles

Elements Wt%
Monazite Xenotime

@) 15.2-30.8 30.4-31.8
P 9.7-16.3 17.4-21.3
La 9.7-12.7 0.3-0.9
Ce 23.3-28.2 -

Pr 22-98 -
Sm 08-2.2 -
Dy - 5.5-8.7
Gd 1.8-5.6 22-8.5
Nd ~9.4 0.6

Y - 30.2-34.5
Zr ~19.3 -

Th 54-7 1.5

U 0.8-1.8 0.7

Figure 5. Cross section of a monazite particle analysed by using EDX at spot 1, 2 and 3.

The elemental distribution maps of monazite and xenotime are shown in Figure 6(a) and 6(b),
respectively. Brighter figure of particle indicates relatively higher intensity of element analysed
in the cross section of particle. Figure 6(a) shows that La, Ce, Pr, Sm, U and Th are distributed
homogenously in the grains. Xenotime exhibits almost the same characteristic (Figure 6 (b)). Y,
La, Gd, Th and U do not show zoning but Dy appears to be sporadically distributed.
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Table III. EDX Analysis of One
Monazite Particle as Shown in Figure 5

Element Wt %
Point 1 Point2  Point 3

O 27.7 33.8 40.9
P 18.2 18.6 -
U 1.4 - -
La 14.4 12.0 -
Pr 4.9 - -
Ce 334 28.8 -
Fe - 04.9 9.3
Mg - - 1.0
Al - - 17.1
S - - 23.6
Ca - 1.9 -
Nb - - 3.3
K - - 4.6

Figure 6. Elementals mapping of (a) monazite and (b) xenotime particles. The composition of
monazite and xenotime refers to Table II. Brighter figure of particle indicates higher intensity.
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Potential Processing Techniques

Processing techniques of REE minerals associated with tin ore includes concentration and
extraction process. Since, monazite and xenotime are categorized as paramagnetic materials,
separation processes based on the difference of their magnetic properties is possible to be
undertaken. Concentration process of monazite by using combination of magnetic separator and
high tension separator of ore is often utilized and gives adequate separation product. In the case
of Egyptian beach sand, this concentration process produce high grade monazite concentrate of
97% [7]. In the case of REE minerals associated with tin ores in Indonesia, beneficiation process
of tin ores produces monazite, xenotime and ilmenite as by-products. To produce REE minerals
as main product from REE minerals associated with tin ores with higher grade, the concentration
process should be modified and optimized.

Figure 7 shows simplification of REE selective extraction from their radioactive elements, such
as Th and U [8]. The process is based on two stages sulfuric acid leaching at relatively high
temperature. It succesfully reduces the radioactive elements content from typically U=0.3%, Th=
3.0% to U= 2ppm and Th=16 ppm, respectively [9]. The REE grade increases from 60% in the
feed to about 85% in the product.

RE ~ 60%

RE (OH)3
U ~0.3% Monazite > 80% RE (OH)3
Th~3% l ‘

High Temperature

Acid Leaching Chemical based separation

using acid leaching

Acid Leaching \

l La Ce Nd Y

U ~2ppm

Th~ 16 ppm RE (OH)3

Grade 85%

(a) (b)

Figure 7. (a) Extraction process of REE minerals to RE(OH)3 by acid leaching, and (b)
separation process of RE(OH); to individual REE.

Further selective extraction of REE concentrates and/or crude oxide or phosphate to individual
rare earth elements compounds had been reported [9, 10] previously. By using KCI and AICl; as
transporting agents, REE mineral concentrates were extracted as vapor complexes, and
selectively deposited in the furnace wall at the temperature range of 600-700°C for heavier
fractions and 800-900°C for lighter fractions. Radioactive elements, such as Th and U were
deposited at lower temperature range. Uda et al. (2000) also utilized separation process based on
combination of selective reduction and vacuum distillation of REE halides [11]. It was reported
that the process enhances separation of samarium and neodynium from the REE mixtures. Figure
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7 shows simplification separation process of RE(OH)3 to individual elements, i.e. La, Ce, Nd
and Y, based on sulfuric acid leaching [12].

Conclusions

Preliminary mineralogical results of REE minerals associated with tin ores from Bangka Island
reveals that the main REE minerals are monazite and xenotime. Analysis of particles samples
with the size of less than 149 um showed that Monazite consists mainly of Ce, La, Nd and
Xenotime of Y, Dy, Gd elements. Radioactive elements such as Th (6-7%) was detected in
monazite and it is lower in xenotime (< 2%). Uranium was also detected within lower range.
Concentration of REE minerals associated with tin ore may utilize the combination of magnetic
and high tension separator process. Modification and optimization of the concentration process
in tin ore processing plant should be undertaken to produce higher grade REE minerals products.
Further evaluation to select the extraction process of minerals concentrate to individual REE
compounds should be undertaken based on their mineralogy, physical and chemical
characteristics.
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Extended Abstract

A novel concept of reactive oily bubbles (i.e., bubbles covered by a thin layer of oil containing
oil-soluble collectors) as a carrier in flotation as shown in Figure 1 is proposed. In contrast to oil
flotation or oil bubble flotation where collector is added in the pulp, in reactive oily bubble
flotation [1], sparingly water soluble collector (oleic acid or hydroxamic acid) is added in the oil
which covers air bubbles in the form of thin oily film. In the reactive oily bubble flotation, there
is no need for collector to fully cover the mineral surfaces. In contrast to conventional flotation
where collector is added in aqueous phase, since the collector is added in the oil phase with
limited solubility in water, the reactive oily bubble flotation could avoid undesired synergetic
interactions among collectors, activators, depressants and dispersants present in slurry, minimize
undesired activation of gangue particles and significantly reduce the amount of collectors needed.

ollector in Collector in Collector in
ater Phasé Water Phasé Oil Phase
2 $ §
. Qil film
Oil droplet O ﬁLn@,Oily bubble 7 Oily bubble
IS Relecior / | =7 _Collector 3¢ Collector
YAWAY! R .
[]‘_ Mineral " Mineral @ — Mineral
v/ ; " T W ;
. 1 .
Qil Flotation Qily bubble Flotation Reactive oily bubble

Figure 1. Concept of reactive oil bubble flotation [1].
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In this study, the reactive oily bubble flotation technology is tested for rare earth (bastnaesite)
mineral flotation. The XRF microprobe analysis on several mineral particles showed that the
mineral samples used in the current study contain 24-29 wt% La and 34-39% Ce, with 2-3% Si,
4-5% S, ~7% P, 1-2% Ca, 13-19% Ba and ~3% Fe. The qualitative RXD analysis confirmed the
sample being mainly bastnaesite. The zeta potential measurement showed an isoelectric point of
pH 6.5 for the bastnaesite samples, as shown in Figure 2.
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Figure 2. Zeta potential of bastnaesite as a function of pH in 10 mM KCI solutions.
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Figure 3. Induction time of various types of bubbles attaching to bastnaesite.
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The floatability of bastnaesite by reactive oily bubble flotation is evaluated by the induction time
measurement of bubble-particle attachment. As shown by the results in Figure 3, air bubbles do
not attach to bastnaesite in 1 mM KCI solutions at pH 6 (induction time > 10,000 ms) without
collector addition, as anticipated. Similarly, oily bubbles, i.c., air bubbles covered with a thin
layer of kerosene, do not attached to bastnaesite either in 1 mM KCI solutions at pH 6.
Conditioning the bastnaesite in 1 mM KCI solutions containing 100 ppm fatty acids at pH 6, air
bubbles are able to attached to the conditioned bastnaesite, with an induction time close to 2000
ms. A significant reduction in induction time of reactive oil bubble attaching to bastnaesite was
observed with induction time to be around 200 ms, indicating a much stronger collecting power
of reactive oily bubbles than air bubbles. Similar observation has been reported for sulfide
mineral flotation systems [2].
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Figure 4. Zeta potential distribution of bastnaesite and reactively oily bubbles, either alone or in
a mixture of the two in 10 mM KCl solutions of pH 6.

The attachment of fatty acid reactive oily bubble to bastnaesite is confirmed by the results of zeta
potential measurement [2], as shown in Figure 4. When measured individually in 10 mM KCI
solutions at pH 6, bastnaesite is positively charged with a zeta potential distribution centered at
around 10 mV while the fatty acid reactively oily bubbles are negatively charged with a zeta
potential distribution being centered at around -28 mV. Considering a pKa value of around pH
4.5 for carbolic acid group, the observed negative surface charge of fatty acid reactive oily
bubble is not unexpected. It is interesting to note that when the fatty acid reactive oily bubble
suspension is mixed with the bastnaesite suspension at 2:1 volume ratio, only a single model zeta
potential distribution is observed with the distribution centered at the location close to the
distribution of fatty acid reactive oily bubbles, suggesting that the reactive oily bubble almost
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fully covered bastnaesite by either simple attachment to or spreading of reactive oily bubbles on
bastnaesite. This finding again suggests that the fatty acid reactive oily bubble could effectively
float bastnaesite at pH 6.

The flotation results of bastnaesite using conventional air bubbles and reactive oily bubbles are
shown in Figure 5. It is not surprising that a much higher flotation recovery is obtained using
fatty acid reactive oily bubbles than using conventional flotation, as predicted by the results of
the induction time measurement.
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Figure 5. Flotation of bastnaesite using conventional and reactive oily bubble
flotation at pH 6.

Although a significant improvement in bastnaesite recovery was obtained with fatty acid reactive
oily bubbles, hydroxamic acid reactive oily bubble showed an opposite effect as shown in Figure
6 by the measured induction time. Although a very short induction time was observed with air
bubbles for the conditioned bastnaesite with hydroxamic acid, no attachment of hydroxamic acid
reactive oily bubble to bastnaesite was observed. This finding suggests that careful engineering
of collector is of critical importance to realize the advantage of reactive oily bubble flotation.
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Figure 6. Induction time of various types of bubbles in bastnaesite and hydroxamic acid systems
at pH 6.5.
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Abstract

A feasibility study on Avalon Rare Metal’s Nechalacho deposit located in the Northwest
Territories has been completed recently. The deposit contains rare earth element minerals such as
allanite, monazite, synchysite, columbite, fergusonite, zircon and bastnaesite contained in two
ore zones- the Upper and Basal Zones. Various bench scale tests in grinding, magnetic
separation, desliming, flotation, gravity concentration and dewatering were performed on four
different ore composites made from the two zones to develop the flotation flowsheet. Three
continuous pilot plants were set up to test the results from the various tests. Results from the
bench scale tests and pilot plants at SGS will be reviewed to explain the development of the final
flotation plant flowsheet incorporated in the feasibility study.

Introduction

Rare earths are becoming a necessity to life in the 21* century. Rare Earth Elements (REE) are
the 15 elements that make up the Lanthanide series in the periodic table. Light rare earth
elements (LREE) such as lanthanum can be used in fuel cells, while heavy rare earth elements
(HREE) such as yttrium are used as phosphors for LEDs. In recent years, they have been sourced
almost exclusively from China and rare earths are becoming a strategic resource for the
developed world. Avalon Rare Metals Inc. is a mineral development company focused on the
rare metal deposits in Canada. Its flagship project, the 100%-owned Nechalacho Deposit, Thor
Lake, Northwest Territories, is emerging as one of the largest undeveloped rare earth elements
resources in the world. Its exceptional enrichment in the more valuable 'heavy' rare earth
elements, key to enabling advances in green energy technology and other growing high-tech
applications, is one of the few potential sources of these critical elements outside of China,
currently the source of over 95% of the world supply.
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Two separate pilot plants were held at SGS Minerals in Lakefield, Ontario to demonstrate the
Nechalacho flowsheet and reagent scheme. The first was a small scale plant, putting through
approximately 4 tonnes of material, while the latter was a 40 tonne pilot plant. The two pilot
plants generated valuable information for the development of the Nechalacho flowsheet and will
be discussed throughout this paper.

A Feasibility Study for the Thor Lake project was published in April 2013. This paper will
discuss the flowsheet development for the Nechalacho site as included in the feasibility study.

Figure 1 below shows a simplified block diagram of the Nechalacho flowsheet. Ore is milled,
deslimed, and magnetically separated before entering flotation. The final cleaner concentrate is
sent to a gravity concentrator for upgrading, before being dewatered as the final product.
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Figure 1. Overview of Necholacho flowsheet.

Design Criteria

The following flowsheet is designed for a facility treating 2,000 tpd of ore, with the option to
double the capacity to 4,000 tpd. A bulk rare earth concentrate rich in Nb, Zr, Y and other REE
will be produced with approximately 10% moisture content and the final concentrate mass pull
will be approximately 18% of the mill feed.
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Mineralization

Deposit and Bulk Samples

The Nechalacho deposit is a tabular hydrothermal alteration zone extending typically from
surface to depths of 200- 250 metres, characterized by alternating sub-horizontal layers of
relatively high and lower grade REE mineralization. There is a gradual increase in HREE from
surface to depth with the lowermost sub-horizontal layer, which is also the most laterally
continuous, being referred to as the Basal Zone (BZ). The Basal Zone part of the orebody is the
part that is planned to be mined due to the higher grade of rare earths, niobium and zircon with
high higher percentage of HREO relative to TREO compared to the upper parts of the
mineralization.

Four bulk samples were prepared for the 40 tonne pilot plant, with one referred to as BZ-MP
being the Basal Zone portion most closely representing the material to be extracted through the

present mine plan.

Mineral Abundance

Table I lists the mineral abundance of BZ-MP ore. BZ-MP ore head is dominated by plagioclase
(15.7%), biotite (23.0%), quartz (21.3%), K-feldspar (15.6%), minor Fe oxides (6.3%), zircon
(5.6%), ankerite (2.8%), calcite (1.3%), allanite (1.0%) and trace amounts (<1%) of dolomite,
fluorite, bastnaesite, fergusonite, monazite, columbite (Fe), synchysite, chlorite, amphibole, other
silicates, apatite and other minerals.

The payable elements of the Nechalacho deposit are hosted in a number of ore minerals,
summarized as follows:

e Light rare earths (LREE) dominantly occur in bastnaesite, synchysite, monazite and
allanite;

e Heavy rare earths (HREE) dominantly occur in zircon and fergusonite ;
e Zr (along with HREE, Nb and Ta) occurs in zircon;

e Nb and Ta occur in columbite (Fe), fergusonite and zircon.

Table I. Mineral abundance for BZ-MP Bulk Sample

Fraction Combined | +25um -25um
Mass Size Distribution (%) 52.7 473
Calculated ESD Particle Size 13 32 8
Sample Sample | Fraction | Sample | Fraction
Columbite(Fe) 0.3 0.1 0.2 0.2 0.3
Mineral Mass (%)
Fergusonite 0.7 0.3 0.6 0.4 0.8
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Fraction Combined | +25um -25um

Mass Size Distribution (%) 52.7 47.3

Calculated ESD Particle Size 13 32 8

Sample Sample | Fraction | Sample | Fraction

Bastnaesite 0.5 0.3 0.6 0.2 0.3
Synchysite 0.7 0.3 0.6 0.4 0.8
Allanite 1.0 0.4 0.8 0.6 1.2
Monazite 0.3 0.1 0.2 0.2 0.3
Other REE 0.0 0.0 0.0 0.0 0.0
Zircon 5.6 3.5 6.7 2.1 4.5
Apatite 0.1 0.0 0.1 0.0 0.1
Quartz 21.3 11.6 22.1 9.7 20.5
Plagioclase 15.7 11.8 22.5 3.8 8.1
K-Feldspar 15.6 11.3 21.5 43 9.0
Microcline 2.5 0.2 0.3 24 5.0
Biotite 23.0 6.9 13.1 16.2 34.1
Muscovite/Clays | 0.1 0.1 0.1 0.0 0.0
Chlorite 0.2 0.2 0.3 0.1 0.2
Other Silicates 0.5 0.1 0.3 0.3 0.7
Calcite 1.3 0.5 1.0 0.7 1.5
Dolomite 0.9 0.5 1.0 0.3 0.7
Ankerite 2.8 0.9 1.7 1.9 4.0
Other Carbonates | 0.0 0.0 0.0 0.0 0.0
Fluorite 0.6 0.3 0.6 0.3 0.6
Fe-Oxides 6.3 3.0 5.7 33 6.9
Other 0.1 0.0 0.0 0.1 0.1
Total 100.0 527 100.0 473 100.0
Columbite(Fe) 6 10 5
Fergusonite 9 16 7
Bastnaesite 12 17 7
Synchysite 9 16 7
Allanite 10 17 7

Mean Grain Size by Frequency (um) | Monazite 7 12 6
Other REE 4 6 3
Zircon 11 22 8
Apatite 9 13 7
Quartz 11 25 7
Plagioclase 19 31 9
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Fraction Combined | +25um -25um

Mass Size Distribution (%) 52.7 47.3

Calculated ESD Particle Size 13 32 8

Sample Sample | Fraction | Sample | Fraction
K-Feldspar 22 30 12
Microcline 6 8 5
Biotite 9 20 7
Muscovite/Clays | 5 8 4
Chlorite 13 18 9
Other Silicates 5 9 4
Calcite 10 19 7
Dolomite 11 23 6
Ankerite 8 16 7
Other Carbonates | 11 11 0
Fluorite 16 25 11
Fe-Oxides 11 24 7
Other 5 7 4
Head Assay

Table II lists the head assay for BZ-MP sample. The total rare earth content was 1.847% and
proportion of HREO of TREO was 22.1%; with Nb,Os at 0.43% and ZrO at 3.83%.

Table II. Head Assay for BZ-MP

La,)0, | Ce,0, | Pr,0,, | Nd,O, | Sm,0, | Eu,0, | Gd,0, | Tb,0, | Dy,0, | Ho,O, | Er,0; [Tm,O,| Yb,0, [ Lu,0; [ Y,O, [ TREO Ta,0, | Nb,O, | ZrO,

0.300 | 0.660 | 0.047 | 0.362 ] 0.070 | 0.009 | 0.068 | 0.011 | 0.062 | 0.011 | 0.028 [ 0.004 [ 0.022 [ 0.003 [ 0.190 | 1.847  0.04 | 0.43 | 3.83

Whole Rock Assay % Other ppm
Sio, | ALO, [ Fe,O, | MgO | CaO | Na,0 | K,0 | TiO, | P,O; | MnO | Cr,0, | V,0, | LOI | Sum Th U
532 | 10.1 | 125 ] 3.03 | 3.19 | 2.73 | 4.65 | 0.04 | 0.10 | 0.28 [<0.01[<0.01| 3.48 | 933 105 | 23.1

Comminution: Ore will be first crushed to -13.5 mm in a three-stage crushing process before
entering the grinding circuit, which consists of an open circuit rod mill, classifying cyclones, and
a closed circuit ball mill. The rod mill will grind the material to -1.75 mm, which is then sent to
be classified by the cyclones, where the underflow is sent to the ball mill while the overflow with
a P80 of 36um is sent to magnetic separation. The ball mill further grinds the cyclone underflow,
with discharge being recycled back to the classifying cyclones. Bond Rod mill index and
Abrasion Index tests results for the tests can be seen below in Tables III and IV respectively.
These tests were conducted on Thor Lake ore during a 40t pilot test and later in October 2012 to
confirm results from the 40t pilot. For later confirmatory work in October, 2012, samples
representing the Basal Zone represented in the mine plan were split into two composites Q3 and
Q4 which together represent similar material to the BZ-MP. The feed size for all the tests were
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12.7 mm while the rod mill closing size was 14 mesh, and the ball mill closing size was 200
mesh.

Table III. Bond Rod Mill Data

Parameter Unit 40t October 2012
BZ-MP | BZ-Q3 | BZ-Q4

Bond Rod Mill RWi kWh/t | 14.8 15.8 15.5

Bond Rod Mill Hardness Percentile | % 56 67 64

The ore was found to be medium in the hardness range. The subsequent tests done in October
2012 indicated that the deeper material was harder than results from the 40t pilot plant, with the
BZ-Q3 material being in the 67" percentile of hardness compared to historical SGS reference
database.

According to the results from the Bond Ball Mill work index, the various composites are similar
in terms of hardness, ranging from 14.7 to 17.6 kWh/t, and were found to be in the medium hard

(?range) relative to the SGS reference database. [1]

Table IV. Bond Ball Mill Data

Parameter Units | 40t Oct 2012 | Oct 2012

BZ-MP | BZ-Q3 BZ-Q4
Bond Ball Mill BWi | kWh/t | 15.4 17.6 17.0
Bond Ball Mill | % 58.9 81 76
Hardness Percentile

BZ-MP was found to be the most abrasive among the four composites with the highest abrasion
index of 0.607. The BZ-Q3 & Q4 results were generated from the work in October 2012 [1].

Table V. Abrasion Index Test Summary

Sample | Al Percentile
BZ-MP | 0.607 | 86

BZ-Q3 | 0.588 | 85

BZ-Q4 | 0.581 | 85

All three composites fell in the abrasive range relative to SGS reference database.
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Magnetic Separation: Magnetic Separation by low intensity magnets (LIMS) was thought to be
necessary due to the magnetite content in the ore. Additional benefits to removing the iron
include reducing the reagent dosage for flotation decreasing the throughput downstream and
reducing downstream operating costs at the hydrometallurgical plant.

The results of magnetic separation test work for flotation feed from the various test work
campaigns are summarised in Table VI reflecting mass pull to magnetics plus associated losses
for ZrO,, Nb,Os, Y,0; (representing heavy rare earths) and Ce,Os (representing light rare earths).
The values below have been ratioed to PP22, one of the smoothest runs of the pilot plant. Final
mass pull to magnetics varies depending on feed material but metal losses stay relatively
constant. BZ-Comp was a composite of the basal zone.

Table VI. Magnetic Separation Performance

Parameter Final Mag Sep Wt % | Losses to Magnetics %
ZI'OZ Nb205 Y203 C6203

3.7t PP0O5 | BZ-Comp | 2.5 1.9 120 0.6 2.0
3.7t PP06 | BZ-Comp | 2.6 2.1 2.1 1.9 2.3
3.7t PP07 | BZ-Comp | 2.6 2.7 126 2.1 3.1
40 t PP22 | BZ-MP 1.0 1.0 | 1.0 1.0 1.0
40t PP24 | BZ-MP 1.8 1.4 1.8 1.5 1.3
40t PP25 | BZ-MP 2.4 1.4 1.7 1.0 1.1
40t PP26A | BZ-MP 1.8 1.4 1.5 1.2 0.9

Desliming: The Nechalacho ore must be milled fine (-38um) to achieve target liberation in
flotation, and as a result of this, slimes will be generated and it should be removed before
flotation. Slime removal has a number of advantages including potentially reducing the reagents
consumption and improving the grade-recovery performance. Reagents often perform better in
the absence of slimes as well. A target cut point (Kgo) in the range of 7 to 10 um was selected for
slimes removal after trade off studies on recovery and slimes removal mass pull.

Various test programs generated data which indicates typical mass of slimes removed is
generally between 8-15% with losses of REOs ranging from 4% right up to 15%. Values in
Table VII have been amended to show PP 22 as the baseline performance.

Desliming cyclone simulations including material balances were conducted by FLS-Krebbs. It
was determined that either two or three stages of desliming cyclones would be suitable for the
system, conditional to acceptable REE losses. The Krebs simulation shows that a 2-stage system
would have approximately 21.5% of RE loss in the slimes while a 3-stage system will lose 13.6%
REE. [1]
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Table VII. Desliming Performance

Parameter Losses
Wt 71O, Nb,Os Y,05 Ce,05
Unit % % % % %
3.7t PPO5 BZ-Comp 1.1 1.0 1.3 1.0 1.2
3.7t PPO6 BZ-Comp 1.2 1.1 1.6 1.2 1.4
371t PPO7 BZ-Comp 1.2 1.6 1.6 1.4 1.6
40 t PP22 BZ-MP-HG 1.0 1.0 1.0 1.0 1.0
40 t PP24 BZ-MP-HG 0.9 1.1 1.1 0.9 1.1
40 t PP25 BZ-MP-HG 1.3 0.2 0.3 0.3 0.1
40 t PP26A BZ-MP-HG 1.2 1.4 1.2 1.2 1.1

Due to the higher indicated losses to slimes with the 2 stage circuit, a 3 stage desliming circuit
was selected for the flowsheet. Based on the simulations by Krebbs, the number of cyclones
required per stage is indicated in Table VIII for the 2,000 tpd scenario.

Table VIII. Cyclones Requirements for Three Stage Desliming

Desliming Cyclones Cyclones | Cyclone
Stage operating | Spare Dia. (mm)
First 40 2 102
Second 58 2 51

Third 220 20 25

It is acknowledged that potentially only a 2 stage system could be utilised as the size of the
material saved by the third stage of desliming is primarily finer than 5 um and flotation is
probably ineffective at recovering particles this fine. Further, the equipment required for the third
stage of desliming could present an operational and maintenance challenge.

Flotation

A 40 t pilot plant was completed at SGS Lakefield for Avalon Rare Metals Inc. to produce a bulk
concentrate for use in the development of the down-stream hydrometallurgical process as well as
to confirm laboratory results in a large-scale, continuous operating environment. The 40t
flotation flowsheet was a closed-circuit design with three stages of rougher/scavenger flotation
and five stages of cleaner flotation and can be seen in Figure 2. This section describes the
flotation and gravity performance of the laboratory cleaner test (open circuit) and locked cycle
test (LCT), which simulate a close circuit environment. The 40 t pilot plant results are compared
against the LCT results.
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Figure 2. Flotation-gravity flowsheet.

Composite Head Chemical Analysis

As mentioned above, several composites (UZ-AG, BZ-AG, and BZ-MP), representing samples
that are gradually deeper in the deposit in terms of elevation, were evaluated in the 40 tonne pilot
plant test. An overview of the chemical head compositions is included in Table IX and Figure 3.
The overall TREO, Nb,Os, and ZrO, grades of the UZ-AG and BZ-AG were similar. The ZrO,
grade in BZ-MP was higher than both UZ-AG and BZ-AG. An increase in HREO distribution in
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the order of UZ-AG, BZ-AG, and BZ-MP were found. This agrees with the mineralogical
results where the BZ composites contained greater amounts of HREO bearing minerals relative
to LREO minerals with depth in the ore zones. In the whole rock analysis, SiO,, K,O and Al,O;
decreased with depth while CaO and MgO increased which also relates to an increase in Ca, Mg
and Fe bearing carbonate minerals with depth in the deposit.

Table IX. Composite Head Chemical Analysis

Composite UZAG BZAG BZMP
Ta,05 0.020 0.030 0.040
Nb,Os 0.330 0.360 0.430

zr0, 2.62 2.84 3.83
Ce,05 0.670 0.570 0.660
La,O5 0.310 0.260 0.300
Pr,0; 0.070 0.059 0.047
Nd,O5 0.327 0.303 0.362
Sm,0, 0.063 0.059 0.070
Eu,0; 0.007 0.007 0.009
Gd,05 0.045 0.053 0.068
Tb,05 0.005 0.008 0.011
Dy,O5 0.020 0.037 0.062
Ho,O5 0.003 0.006 0.011
Er,0, 0.006 0.015 0.028
Tm,04 0.001 0.002 0.004
Yb,04 0.005 0.012 0.022
Lu,O5 0.001 0.002 0.003
Y,0, 0.100 0.130 0.190
TREO [ 163 [ 15 [ 185
Sio, 56.7 55.6 53.2
AlL,O, 11.7 11.4 10.1
Fe,0, 11.2 11.8 12.5
MgO 2.56 2.73 3.03
Ca0 1.68 2.11 3.19
Na,O 2.88 2.76 2.73
K,0 5.46 5.58 4.65
TiO, 0.080 0.050 0.040
P,Os 0.230 0.140 0.100
MnO 0.160 0.200 0.280
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Figure 3. Composite head REO distribution.

Laboratory Testwork

Figure 4 compares the lab open circuit cleaner results to the LCT close circuit results. The
calculated mass and relative recoveries for each of the rougher, cleaner, and gravity concentrates
in the open circuit cleaner test are presented and compared to the LCT gravity concentrate. For
both the UZ-AG and BZ-MP, the LCT gravity concentrates mass and recoveries for all elements
of interest were similar to the open circuit cleaner gravity concentrates. For the BZ-AG, the LCT
gravity concentrate achieved the same recoveries for all elements of interest in the open circuit
cleaner gravity concentrate in a significantly reduced amount of mass.

Figure 5 shows the losses of all elements of interest as well as mass rejection by each flotation
and gravity stage. For both UZ-AG and BZ-AG, the rougher flotation stage rejects in excess of
40% mass but the losses for all elements of interest were greater for BZ-AG. A similar trend
was observed for all cleaner flotation stages. For BZ-MP, the rougher flotation stage rejected
less mass by ~10% than both UZ-AG and BZ-AG while the final gravity stage rejected
significant amount of mass but at the expense of significant losses for all elements of interest.
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Figure 5. Stage losses in open circuit cleaner test.

Figure 6 presents the upgrading factor (vs. head grade) for all elements of interest at each of the
calculated concentrates in the open circuit cleaner test. The upgrading factor at each flotation
and gravity stage is marginally better for UZ-AG when compared to BZ-AG. The final gravity
stage provided the greatest upgrade for ZrO, for both UZ-AG and BZ-AG. Poor upgrading was
found in all flotation stages for BZ-MP. The gravity stage provided the greatest upgrading in
comparison to flotation. QEMSCAN mineralogical examination of the head composite
identified poor liberation for BZ-MP which may impact on selectivity or recovery. A finer
primary grind may be required for BZ-MP to liberate the locked minerals in order to achieve

similar recoveries and mass pull as BZ-AG.
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Figure 6. Upgrading factor by stage.

Figure 7 presents the mass pull versus relative recoveries of the final gravity concentrates from

various pilot plant test runs.

In comparing to the laboratory LCT results, similar mass and

recoveries for the respective composites were achieved. Similar trends observed from the
laboratory testwork were also found in the pilot. The flotation response of the BZ composites
was much different to that of the UZ-AG. In particular, BZ-MP, a significant increase in mass
pull is required to achieve similar recoveries as that of UZ-AG and BZ-AG.
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Figure 7. 40 t Pilot plant mass-recoveries.

Gravity Separation

Gravity separation test work was proposed for cleaner concentrate from the 40t pilot plant- the
objective being to up-grade the concentrate by removal of lighter, gangue material.

Various gravity concentrators were tested, and the Mozley Multi Gravity Separator (MGS),
showed the best performance for upgrading the concentrate. The MGS had the best recovery
versus mass pulled in all the trials using 4™ cleaner flotation concentrate; results can be seen in

Figure 8.
MGS
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Figure 8. Comparison of Recovery vs. Mass Pull for the Falcon Concentrator.
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Tests were conducted at various rotational drum speeds, wash water flow rates and tilt angle of
the drum.

Table X. shows the best results achieved [2].

Table X. MGS Performance on Concentrate, and MGS Products

Ma Assays %

MGS Run 7 ss % Ta,0s | Nb,Os | Ce,0; [ Lay0; | Y,0; | ZrO,
Conc. 19.8 0.16 .95 357 | 155 | 110|202
Tailing 80.2 0.04 036|089 042 019 |281
Calc. Head 100.0 0.06 068 | 142 |064 [037 |626
Direct Head . 0.08 0.78 157 075 | 036 | 744

Upgrade Factors

Ta,0s Nb,Os | Ce,05 | La,0; | Y,05 | 710,
Conc. 2.00 250 | 227 207 |3.06 |272
Tailing 0.50 046 | 057 |056 |053 |[038
Calc. Head 0.80 087 091 |08 |103 |084
Direct Head 1 1 1 1 1 1

Table XI. 1st Cleaner Scavenger Concentrate Thickener Data

Feed igzgfn Floc Underflow Overflow gﬁ;;};%ared
Streams pH | %WW & Dosage | Density Turbidity ow
Solids | Rate (@) | (%wiw solids) | (NTU) | Yane Yield
(t/m™h) Stress (Pa)
Final Combined Tailings 9.5 ~16 0.21-0.37 | 21-46 | 56-61 Over Reg | 63
Gravity 11 | ~11 | 052-0.68 | 21-40 | 52-54 78-1042 | 41
Tailings
Gravity 9.1 [~21 |028-045]|9-22 |70-72 19-272 | 134
Concentrate
1% Cleaner Scavenger Concentrate | 8.1 | ~19 0.29-0.45 | 13-31 66-69 90-200 80

Dewatering: Gravity concentrate will be thickened and filtered before sent to the
hydrometallurgical plant for further processing. Tailings will also be thickened to approximately
65% before being disposed of in the Tailings Management Facility. Thickening and filtration
tests were conducted at Outotec. The data summarized in Table XI., of tests conducted by
Outotec, were completed using dynamic thickening tests and are therefore considered
sufficiently representative of the eventual thickening parameters.

Conclusion

From the various laboratory tests, a flotation flowsheet was developed to process the Nechalacho
ore. This flowsheet has been successfully demonstrated in three different pilot plant campaigns
that produced a bulk rare earth concentrate containing monazite, bastnaesite, zircon, fergusonite
and other rare-earth bearing minerals. This flowsheet comprises of a three-stage crushing and
milling circuit, a desliming and magnetic separation circuit to remove slimes and naturally
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occurring magnetite in the ore. The material then goes through flotation where a bulk flotation
concentrate is then gravity separated and dewatered before moving to the Hydrometallurgical
facility.

Future Areas of Improvement

During the course of developing the flowsheet adopted for the feasibility study a number of areas
of potential optimisation were identified which are currently still under investigation. These
items include the following:

e Crushing & milling circuit- optimize crushing and mill selection to reduce costs and
minimize generation of fines;

¢ Flotation reagent suite -alternative reagents after the potential for improved performance
and a simpler circuit;

e Potential to remove desliming & gravity circuits to reduce costs and simplify overall
circuit flowsheet.
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Abstract

The increasing development of new technologies requiring rare earth elements has resulted in
greater demand for rare earth element (REE) extraction and processing. However, REE
concentration is a complex process and usually deposit specific. The mineralogy of each deposit
can vary widely but is essentially characterized by the type of REE and host gangue, chemistry,
and degree of liberation of the minerals that dictate the processing route. This paper presents
REE mineral processing routes for the recovery of commercially valuable REE-bearing minerals,
such as REE-fluorocarbonates and monazite, from silicates and carbonate gangue minerals.

Introduction

Rare earth elements are comprised of the fifteen elements in the lanthanide series as well as
yttrium and scandium. Over 250 REE bearing minerals exist in forms of carbonates, phosphates,
and silicates. Often times, REE are also found in minerals such as zircon and apatite by
substitution. The diversity and complexity of REE minerals along with the gangue present in the
ore system means that each deposit is unique and requiring different beneficiation processes.
Similar ore bodies have also shown to produce different results when using similar beneficiation
processes due to mineral liberation and association. The existing literature has revolved around
the operation at Mountain Pass over twenty years ago and the significant amount of research
conducted in China. The increasing demand of REE from novel technologies have created a
surge in research and testing for REE extraction which includes mineralogy, physical separation,
leaching, and separation over the past few years.

Beneficiation findings on currently developing REE projects are scarce in literature. This paper
presents several REE beneficiation projects completed at SGS Lakefield over the past few years.
Physical separation investigations of various valuable REE and targeted minerals from different
gangue systems are presented. Successes and failures from the different beneficiation
technologies investigated are summarized. An emphasis on the linkage between mineralogy and
beneficiation as well as the impact of beneficiation to downstream hydrometallurgical processes
is illustrated.
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Literature Review

The dominant literature pertains to the operation at Mountain Pass which stopped production in
2002 but has since been re-started. Prior to 2002, the flotation plant processed 1,700 t/day of ore
at ~7% REO. The run of mine ore was crushed and ground to 80% passing 150 um prior to
desliming. The deslimed sand was subjected to a roughing stage followed by four cleaner stages.
The REO collector used was tall oil with sodium fluorsilicate and ammonium lignin sulfonate as
depressants. Soda ash was used as a pH modifier. Pulp temperature and pH were critical for
selectivity between the predominant REO bearing minerals, bastnaesite, and the gangue minerals
of calcite, dolomite, and barite. A final flotation concentrate grade of 63% REO with 65-70%
overall recovery was achieved [1-3]. An alternate reagent scheme was developed by Pradip and
Fuerstenau [4] following a critical review of the plant results that indicate poor selectivity by
fatty acid collectors and poor calcite separation from bastnaesite. High temperature is required
due to poor separation at room temperature when using fatty acids. The most promising
collector developed, potassium octyl hydroxamate, demonstrated improve separation of
bastnaesite from calcite and barite at room temperature. Above 40% REO grade and 80%
recovery was achieved with the developed collector.

Recent reviews on rare earth beneficiation processing technologies [5-6] demonstrated the
diversity in REE physical separation processes. A number of beneficiation flowsheet
configurations exist to recover the three most commonly commercialized REE minerals:
bastnaesite, monazite, and xenotime. Depending on the REE and gangue minerals, gravity,
magnetic separation, and flotation are used in combination. Aside from Mountain Pass and
Mount Weld, the major rare earth mines, excluding ion clay, are Baiyuan Obo, Weishan, and
Maoniuping in China. Zhang and Edwards [6] summarized the evolution of the Baiyuan Obo
flowsheet that started with calcination, magnetic separation, and flotation. Calcination was
eventually eliminated. The primary REO concentrate at Baiyuan Obo achieved 55.6% REO at
~13% recovery while the secondary REO concentrate graded 34.1% REO at ~6% recovery.

The Weishan rare earth deposit, located in Shandong province composed of mainly LREE with
barite, carbonatite, quartz, feldspar, mica, amphibole, and iron minerals. Bastnaesite is the main
REE mineral of interest. A flotation only flowsheet with one roughing and four cleaning stages
is employed. A final reverse flotation stage separates the 4™ cleaner concentrate into a high
grade primary REO concentrate and a low grade secondary REO concentrate. A hydroxamate
identified as H205 was used as the REO collector with sodium silicate and alums as depressants.
The primary REO concentrate graded 61.2% REO at ~60% recovery while the secondary REO
concentrate graded 33.5% REO at ~24% recovery.

The Maoniuping rare earth deposit, located in Sichuan contains bastnaesite, barite, celestine
fluorite, aegirine, quartz, feldspar, arfvedsonite, biotite, pyrite, galena, magnetite, hematite,
limonite, and calcite. A combination of gravity, magnetic separation, and flotation is used. The
gravity concentrate, magnetics, and flotation concentrate are graded 57.7%, 73.2%, and 64.3%
REO, respectively, with an overall REO recovery of 83.1%.

The development of hydroxamates [7-12] in rare earth flotation by China has improved
selectivity and recovery immensely. Li et al. [13] compared various hydroxamates labelled as



RARE EARTH ELEMENTS 135

L102 against H316, H205, and JD-2 in plant trials at the Maoniuping rare earth deposit.
Flotation was conducted at 35-55% solids, 33-42°C, 7-9 pH, and 75-85% passing 200 mesh. The
collector L102 achieved the best results with average concentrate grade of 63.6% REO at ~88%
recovery. In a more recent study [14], several collectors including the Maoniuping collector
(principal components are hydroxyl naphthalene-containing hydroximic acid) for bastnaesite
flotation was evaluated. A pH range of 8-10.5 for the Maoniuping collector was established for
optimum REO recovery (~80%). Sodium silicate dosage (10-16x10”g/mL) and Maoniuping
collector dosage (4-10x10~ g/mL) was also established for the greatest REO recovery (~80%).
An increase in REE publication has provided greater flow of information. REE data and
flowsheet/reagent scheme publication on current REE developing projects remains scarce in the
public domain. More so, the understanding of how reagents interact with REE and gangue
minerals is still lacking. The mechanism for REE separation from gangue mineral by flotation is
only beginning to be explored [15]. Further opportunities for future research exist to connect
industrial flowsheet development to understanding the mechanism.

Uranium and Ree With Quartzile Gangue

The Elliot Lake site has been a uranium producer between 1955 and 1996. Operations were
terminated with the Athabaska Basin discovery and development. A number of studies were
conducted in the past investigating the various beneficiation technologies for uranium upgrading
[16-18]. Limited focus was placed on REE recovery either along with the U pre-concentrate or
in a separate REE pre-concentrate. Two separate studies, identified in this paper as U-REE A
and U-REE B, were carried out at SGS Lakefield on samples from the Elliot Lake region. Pre-
concentration of both U and REE in a single bulk pre-concentrate or separate U and REE pre-
concentrate was investigated.

Head Chemical Analysis

Table I presents the head chemical analysis on the two different samples from Elliot Lake. The
U and REE composition were similar between the two samples indicating the potential of similar
physical separation behaviour. The REE content at <0.2% is considered low as the currently
developing REE projects are typically graded 1-2% REE. The two largest producers, Baiyuan
Obo and Mountain Pass, have a cut-off grade of ~7% REO. High recoveries of both U and REE
in a pre-concentrate may be critical to ensure positive economics. The containing REEs are light
rare earth (LRE) at ~70% La+Ce. The Nd and Dy would likely contribute a significant portion
of economical value.

Table I. U-REE Head Chemical Analysis

Composite | LREE, g/t | HREE, g/t | TREE, g/t U, g/t Si02, % | Al203, % | Fe203, % | K20, %
U-REE A 1554 149 1702 270 83.4 6.43 2.75 3.30

U-REEB 1285 118 1403 339 83.3 7.00 3.61 3.48
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Figure 1. U-REE distribution.

Head Mineralogical Analysis

Mineralogical examination on the U-REE A sample was completed at SGS Lakefield. Figure 2
summarizes the mineral distribution. The U and REE are found in only several minerals having
similar physical characteristics. Likewise, the gangue minerals are mainly quartz and silicate-
based as well as pyrite. The valuable and gangue minerals have different physical characteristics
in terms of specific gravity, magnetic properties, and flotation behaviour. This may potentially
result in effective separation by various beneficiation options.

The monazite and U-Th minerals liberation and association, for the U-REE A sample ground to
80% passing 150 pm, are shown in Figure 3 and Figure 4, respectively. Monazite was not well
liberated with a significant amount of the free and liberated monazite (defined as >80% mineral-
of-interest area percent exposed) being less than 30 um. The U-Th minerals were similarly not
well liberated but the free and liberated particles are much coarser in the 60-70 pm range, which
may allowed for more effective physical separation. Liberation may hinder effective physical
separation, resulting in either significant losses or poor upgrading, despite the simple mineral
distribution.

Mineralogy for U-REE B was not completed by SGS. A mineralogy report provided by
company management revealed that the principal minerals carrying U and REE are: Th-
uraninite, monazite, Th-rich monazite, thorite, allanite, coffinite, brannerite, florencite, xenotime,
UQO;-rutile, monazite-silicate, and UO,-pyrite.
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Figure 4. U-REE A U-Th minerals liberation and association.

Beneficiation

Figure 5 presents the beneficiation results. The best recovery/selectivity achieved for U-REE A
was by flotation>gravity>magnetic separation. The flotation pre-concentrate for U-REE A
recovered ~90% REE and U in 24% mass. The U-REE B pre-concentrate, subjected to flotation,
achieved 90+% REE and U recoveries but at a greater mass recovery of 39%. Magnetic
separation conducted on the U-REE B pre-concentrate resulted in mass reduction in the magnetic
of ~17% along with 36% U and ~19% REE lost. The magnetic concentrate was subjected to
REE extraction via acid bake. The acid bake residue was then combined with the non-magnetic
for U extraction. The magnetic separation would in effect reduce the acid bake throughput and
acid consumption.

Various beneficiation technologies, standalone or in combination, could be used to achieve
physical separation on the U-REE samples from Elliot Lake. The preferred method or the
combination of technologies could only be determined by capital and operating cost in relation to
REE and U recoveries by each method. The reduction in downstream leach throughput and acid
consumption would be major determining factor.
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Figure 5. U-REE beneficiation results.

Leach Liquor Impurities

Whole ore and pre-concentrate leaching from the U-REE A sample was conducted. The whole
ore consumed ~60 kg/t (kg of acid per tonne of mill feed) while the pre-concentrate was around
~33 kg/t. Table II presents the leach liquor impurities from the whole ore and pre-concentrate
leaching. The gangue to REE in the liquor decreased significantly with the pre-concentrate
which would likely reduced the reagent consumption for impurity removal.

Table II. U-REE A Leach Liquor Impurities

Leach Liquor Composition, mg/L

Leach Feed Gangue:REE
Al Ca Cr Cu Fe K Mg Mn Na P Ti
U-REE A Whole Ore | 6130 | 1010 | 722 | 455 | 8650 | 4800 | 420 | 121 | 300 | 441 181 47
U-REE A Pre-Conc | 5220 | 1300 [ 59.9 | 83.7 |21300| 1990 | 515 | 302 | 265 | 1220 | 386 13

REE Carbonatitte Complex with Carbonate Gangue

Niobium carrying minerals such as pyrochlore and columbite in association with carbonates are
commercially recovered in Brazil and Canada. The beneficiation process is typically complex
and unselective due to surface similarities between Nb and gangue minerals [19]. Similar
carbonatite deposits exist where REE bearing minerals are found in association with carbonate
gangue. Two separate studies on carbonatite complex from different locations, identified as CC
A and CC B, were conducted at SGS Lakefield. The REE carrying minerals are typically
bastnaesite (or REE-F-carbonates) and monazites with carbonate gangue (ankerite, siderite,
dolomite, and calcite). Gravity, magnetic separation, and flotation (using fatty acids) showed
insignificant upgrading as the REE and gangue minerals share many similar physical properties.
REE pre-concentration into a single bulk pre-concentrate was investigated.
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Head Chemical Analysis

Table II presents the head chemical analysis on the carbonatite complex samples. Both samples
had similar REE head grades at ~1.5-2% REE. The majority of the REEs are LRE at ~70-75%
LatCe. The gangue in both samples mainly contained Si, Fe, Mg, Ca, and P with minor
variation.

Table I1I. CC Head Chemical Analysis

Composite [ LREE, g/t|HREE, g/t| TREE, g/t| SiO,, % | Fe,03, %| MgO, % | CaO, % | P,Os, %

CCA 19765 320 20086 1.80 17.0 8.76 24.4 3.45
cCB 17298 333 17630 4.56 21.3 7.51 20.1 0.71
Sm, 1.7% CCA Sm, 1.4% CCB
La,19.3% Nd, 13.7% La,22.3%
Nd, 20.2%

PI', 4.2% %
Pt, 5.7% 7

Ce,51.3% Ce,56.2%

Head Mineralogical Analysis

Mineralogical examination on both the CC A and CC B samples were completed at SGS
Lakefield. The mineral distribution, presented in Figure 6, revealed that the major REE bearing
minerals for CC A is monazite and Ba-Ce carbonates for CC B. The gangue composition is
similar, mainly consisting of ankerite, siderite, dolomite, and calcite. The gangue carbonates are
acid consumers for leaching which would render whole ore leaching uneconomical. The REE
and gangue minerals share many physical characteristics such as specific gravity and magnetic
property. Selectivity for monazite and Ba-Ce carbonates from carbonate gangue by flotation
may be limited when using fatty acids.

Liberation and association for monazite in CC A and Ba-Ce carbonates in CC B are shown in
Figure 7 and Figure 8, respectively. The samples for CC A and CC B submitted for
mineralogical examination were 100% passing 38 um and 75 pum, respectively. The major REE
bearing minerals for both CC A and CC B were not well liberated. A significant portion of the
free and liberated REE minerals were found below 30 um. The finely liberated REE particles
would be outside the operating ranges of many beneficiation technologies. The poorly liberated
REE minerals would likely result in either poor upgrading or significant losses.
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Figure 8. CC B Ba-Ce carbonates liberation and association.
Beneficiation

Figure 9 presents the best beneficiation results achieved for the CC samples. Flotation provided
the best upgrading option, achieving ~75% REE recovery in ~20% mass in both CC samples. A
combination of gravity and flotation as well as roasting and magnetic separation, achieved
similar recoveries to flotation in CC B but with reduce selectivity. Unlike the U-REE samples
which may have different processing routes, flotation clearly provide the best option for the CC
samples.
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Figure 9. CC REE beneficiation results.

Leach Liquor Impurities

Whole ore and pre-concentrate leaching from the CC B sample was conducted. The whole ore
consumed ~660 kg/t (kg of acid per tonne of mill feed). Table IV presents the leach liquor
impurities between the whole ore and pre-concentrate leaching. The gangue to REE in the liquor
decreased from 26 to 6.5 which would likely reduced the reagent consumption for impurity

removal.
Table IV. CC B Leach Liquor Impurities

Leach Liquor Composition, mg/L
Leach Feed . Gangue:REE
Fe Mg Ca Al P Mn Si Ba Sr
CC B Whole Ore | 20000| 6000 | 20000 - - 2400 - 3000 | 3000 26
CCBPre-Conc | 21000 6420 | 20600 722 | 302 | 2460 [ 29.5 | 15600 | 13600 6.5

Multi-REE Minerals with Silicates Gangue

The U-REE and CC samples typically contained only a few REE bearing minerals against a
major gangue mineral where recovering the major REE minerals against the major gangue
mineral is required. In some REE deposit, REEs are found in multiple minerals. Light rare
elements (LRE) and heavy rare elements (HRE) bearing minerals may be different. In addition,
recovering other minerals of interest such as Nb and Zr carrying minerals would also be required.
REE deportment would be critical for beneficiation flowsheet development. A single study,
identified as M REE-S, on recovering multiple REE minerals from silicate gangue into a single
pre-concentrate was conducted.
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Head Chemical Analysis

Table V summarizes the head chemical analysis and REE distribution of the M REE-S sample.
The head REE grade of ~1% REE is typical of currently developing projects but the ~0.1%
Nb,Os would be considered low when compared against commercially operating facilities. The
combined La+Ce are ~55% which is considerably lower than the U-REE and CC samples. A
higher proportion of HRE is found, such as ~13% Dy.

Table V. M REE-S Head Chemical Analysis

Composite M REE-S M REE-S
0,
LREE, g/t 7703 Vb, 12% Y, 12.6% La,17.2%
HREE, g/t 2153
Er, 1.5%

TREE, g/t 9856 Dy,2.5% A

Nb,Os, % 0.13 Gd, 2.8%

Si0,, % 65.7

ALO,. % 2 00 Sm,3.0%

F6203, % 1.1

Nd, 16.6%

Ca0, % 2.02 Ce,36.5%
Na,O, % 2.80

K;0, % 3.69 Pr, 4.6%

Head Mineralogical Analysis

Mineralogical examination was completed on the M REE-S sample ground to 80% passing 150
um. The REE carrying minerals, as shown in Figure 10, include bastnaesite, allanite, monazite,
chevkinite, and fergusonite. Other minerals of interest include zircon. The major gangue
minerals include quartz/feldspar, muscovite, clays, and other silicates.

Elemental deportment for Nd and Dy is presented in Figure 11. Nd and Dy are found in multiple
minerals. Successful physical separation would require recovering multiple REE minerals.

Liberation and association for allanite, fergusonite, other REE, and zircon is shown in Figure 12.
Allanite is well liberated while fergusonite, other REE, and zircon are poorly liberated. The
majority of the free and liberated particles for fergusonite, other REE, and zircon are found
below 30 um. Liberation could be an issue during separation.
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Figure 12. M REE-S REE and zircon liberation and association.
Beneficiation

Three processing routes developed for the M REE-S sample included: 1) flotation, ii) gravity-
magnetic separation (G-MS), and iii) gravity-magnetic separation-flotation (G-MS-F), where
flotation was used to scavenge from the gravity tailings. Different assaying elements were used
to track the various minerals. Ce and Nd were used as indicators for recovering LRE minerals
such as monazite while Y was used for HRE minerals such as fergusonite. Nb and Zr were used
to track pyrochlore and zircon, respectively.

The flotation route resulted in similar recoveries for Nb, Ce, and Nd but with increased
recoveries for Y and Zr when comparing to the gravity-magnetic separation process. The
improvements magnified when the individual REE value is considered. = LRE such as La and
Ce typically have the least value while HRE such as Y have greater value. As such, significant
LRE recovery gains may not have a significant impact on economics as perhaps smaller HRE
recovery gains. The combination of gravity-magnetic separation-flotation resulted in the greatest
recoveries, exceeding 80% for Nb, Ce, Nd, and Y but with an increase in mass pull by ~10-15%.
The increased mass may result in greater acid consumption in the downstream
hydrometallurgical process.
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Figure 13. M REE-S beneficiation results.

Conclusions

A number of mineral processing options for various REE deposits are presented. Complex
flowsheets requiring a combination of beneficiation technologies or reagent scheme that are not
common for industrial minerals flotation outside of China are often required. In some REE
deposit, such as the U-REE deposits from the Elliot Lake region, various processing routes are
available that recovered ~90% U and REE in ~25% mass. For REE-carbonatite complex,
flotation was demonstrated as the best option for REO selectivity against carbonate gangue.
REO recovery of ~75% in 20% mass was obtained. A complex gravity-magnetic separation-
flotation process was developed for a multiple REE minerals-silicate deposit. The final pre-
concentrate recovered ~80% REO along with ~65% ZrO2 in ~40% mass.
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Abstract

Bastnasite is a rare earth fluorocarbonate mineral of major economic significance. The mineral is
enriched in the light rare earths and is readily soluble in acid under atmospheric leach conditions.
Bastnasite concentrate is commercially processed via a calcination/HCI leach route, with a
crucial part of the process being the beneficiation which provides a significant upgrade in the
rare earth concentrations. Recently, there is increased interest in processing ores of much lower
grade that are not readily amenable to beneficiation.

This paper briefly reviews processing options for bastnasite and presents results of a laboratory
investigation of an alternative process route. The proposed process is based on hydrochloric acid
leaching, with an intermediate chemical rare earth concentrate produced via oxalate
precipitation. The final product is a concentrated rare earth chloride solution, which is amenable
as a feedstock for solvent extraction, to separate the rare earths into individual products.

Introduction

Over the last 50 years, bastnasite has replaced monazite as the main source of rare earth elements
(REEs) due to the development of bastnasite deposits such as the Mountain Pass mine in
California, and the Bayan Obo mine in China [1]. Bastnasite ores from Mountain Pass and Bayan
Obo are able to be beneficiated by froth flotation and other unit operations to produce high grade
concentrates containing up to 60% REO [2,3]. Molycorp also produced a 70% concentrate at
Mountain Pass by leaching the 60% concentrate in 10% HCI to dissolve calcite [4].

Bastnasite processing options include an air roast/acid leach [3,5,16], sulfuric acid roast/ leach
[6—12], alkaline or ammonium chloride roast [13—15], direct acid leach [17—18] and chlorination

[5].

In the Molycorp process operated in the 1960’s at Mountain Pass, the bastnasite concentrate was
roasted in air at 620 °C to eliminate carbon dioxide and oxidise the cerium(III) to cerium(IV)
[3,5]. The calcine was leached with hydrochloric acid, leaving cerium(IV) in the residue,
producing a leach solution containing approximately 100 g/LL REO. The Mountain Pass mine
operated from 1952 to 2002 and mine production resumed in 2012. The current Molycorp
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process reportedly contains process improvements to recover and recycle reagents and water, but
details are not in the public domain.

At Baotou, the bastnasite concentrate is roasted with 98% sulfuric acid, which eliminates carbon
dioxide [6]. The rare earths are converted to rare earth sulfates and solubilised in a water leach.
Rare earths can be recovered by precipitation as sodium double sulfates and converted to rare
earth hydroxide by digestion in caustic soda. The rare earth hydroxide is dissolved in
hydrochloric acid to produce a chloride liquor suitable for rare earth separation by solvent
extraction. More recently, direct solvent extraction of rare earths from sulfate liquor and
stripping with hydrochloric acid to transfer them to a chloride solution at a plant in Baotou has
also been reported [7]. Sulfuric acid bake/leach of a bastnasite concentrate and recovery of rare
earths from the leach liquor as a double sulfate salt has also been investigated by Topkaya and
Akkurt [8] and Kul et al. [9].

In a sulfuric acid roast at 500 °C, the cerium(III) is converted to cerium(IV) which dissolves in
sulfuric acid. Various solvent extraction processes for recovering a pure cerium(IV) product
from the sulfate liquor have been reported [10-12].

Alkaline roasting with sodium carbonate at 390-530 °C has also been reported [13, 14]. The
calcine was washed with water to remove unreacted sodium carbonate and sodium fluoride [14].
The rare earths were then leached with hydrochloric acid.

Chi et al. [15] report roasting of bastnasite concentrate with MgO as a defluorinating agent at
500 °C to convert the fluoride to magnesium fluoride, which is insoluble in water. The rare earth
oxides in the calcine were then converted to rare earth chlorides by roasting with ammonium
chloride at 325 °C. The rare earth chlorides were dissolved in water and the rare earths
precipitated as oxalate which was calcined to produce a 94% rare earth oxide.

Kruesi et al. investigated the direct leaching of bastnasite concentrate with concentrated
hydrochloric acid, at 93 °C for 4 h [17]. Some of the rare earths reacted to form rare earth
fluoride which was not leached by the hydrochloric acid. The leach residue was reacted with
sodium hydroxide to convert the rare earth fluoride to rare earth hydroxide and this was leached
again with concentrated hydrochloric acid to recover the remaining rare earths. Thorium, iron,
lead and sulfate were removed by neutralising the rare earth chloride liquor to pH 3.0 and adding
peroxide, sulfuric acid and barium chloride to the solution.

Recently, there has been increased interest in processing lower grade ores that are not readily
amenable to beneficiation. Impurity separation from rare earths during processing of lower grade
ores becomes a greater challenge.

In this study we investigate direct hydrochloric acid leaching of a bastnasite containing ore
followed by rare earth oxalate precipitation to affect the separation of rare earths from impurities.
Rather than using calcination of the oxalate to produce a mixed rare earth oxide which requires
relatively aggressive acid condition for further dissolution, we investigate the option of
conversion of the rare earth oxalate to rare earth hydroxides and the subsequent dissolution in
HCI to produce a concentrated purified rare earth chloride solution.
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Experimental

The following AR grade reagents were all used as received: ammonia (28 wt%), hydrochloric
acid (37 wt%), sodium hydroxide and sodium oxalate (Merck). Liquors were assayed using a
combination of inductively-coupled plasma atomic emission spectrometry (ICP-AES) and
inductively-coupled plasma mass spectrometry (ICP-MS). Solids were assayed by x-ray
fluorescence spectrometry. Mineralogy by SEM and x-ray microanalysis was carried out on
epoxy resin impregnated portions of the sample using a Quanta 650F electron microscope with
dual Bruker XFlash 5030 energy dispersive detectors. The SEM was operated at an accelerating
voltage of 15 kV. Images were acquired in backscattered electron (BSE) imaging mode.

Acid Leach Test procedure: Ore (Pgy ~100 pm), was slurried up in water in a baffled titanium
tank with concentrated hydrochloric acid (250-850 g 100% HCl/kg ore) added to target an initial
acid concentration. The leach was agitated by means of an overhead stirrer. The initial HCI
concentration in the slurry was kept constant at 24%, unless otherwise stated. Other leach
parameters were as follows: initial solids density of the acidic slurry varied from 22 to 40 wt%,
temperature ranged between 40—80 °C and the leach was conducted for 3 hours.

Results and Discussion

Ore Characterisation

The bastnasite ore sample contained 5.2% TREE+Y (total rare earth elements plus yttrium). The
ore composition is given in Table I and the distribution of light rare earth elements (LREE,
defined in this paper as La, Ce, Pr and Nd) is given in Table II. Major impurity elements in the
sample included barium, iron and silicon.

Table I. Composition of the Bastnasite Ore

Element TREE+Y Al Ba Fe Mn Si Ti /n

Content (%) 52 0.32 213 23.1 1.2 7.9 0.48 0.08

Table II. Distribution of Light Rare Earth Elements

Element La Ce Pr Nd Total LREE

Content relative to TREE (%) 29.8 46.9 4.7 15.8 97.2

Energy dispersive (EDS) microanalysis conducted on the sample indicated that iron
oxide/hydroxide (Fe,O,/FeO(OH)) was the dominant phase, with an estimated abundance of
greater than 50 wt%. Barite (BaSO4) and quartz (SiO;) were the other major gangue phases with
estimated abundances of 25 and 10 wt%, respectively. Bastnasite was the main rare earth mineral
in the ore sample. Scanning electron microscopy (SEM) analysis indicated that the majority of
this mineral occurred as liberated particles, though a small proportion of bastnasite was also
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contained in binary or ternary phase particles or in multi-phase clusters of the gangue minerals.
Backscattered electron (BSE) images of the as-received bastnasite ore are shown in Figure 1.

B

Bastnasite-La

Fe-Cxide/Hydroxide

Figure 1. BSE images showing (a) a particle containing bastnasite-La and a Ca, Ce, F, C, O-rich
phase; (b) a multi-phase particle comprised of bastnasite, quartz and iron oxide/hydroxide.

Hydrochloric Acid Leach

Initial optimisation of HCI leaching of the ore sample examined the effect of hydrochloric acid
addition on rare earth extraction. A series of tests were carried out varying the acid addition from
250 to 850 g 100% HCl/kg ore. The initial HCI concentration was kept at 24 wt% for all leaches
except for the leach at 250 g HCl/kg ore where it was 16 wt%. The leach time and leach
temperature were kept constant at 3 h and 80 °C. The results are presented in Figure 2.

As can be seen in Figure 2 , leaching of the LREEs was heavily dependent on the hydrochloric
acid addition, with 64% of LREEs extracted at 250 g HCl/kg ore, increasing to a maximum
extraction of 97% at 850 g HCl/kg ore. Decreasing the acid addition to 750 g HCl/kg ore only
resulted in a 2% decrease in LREE recovery, and was therefore considered to be the optimum
acid addition at an initial acid concentration of 24 wt% HCL.

Acid addition had an analogous impact on extraction of iron, titanium and manganese from the
ore. Barium extraction was low and independent of acid addition. High Mn extraction (95%) was
achieved at a relatively low acid addition of 350 g HCl/kg ore. The extraction of iron with
respect to acid addition resembled that of the LREEs more closely, and increased continuously
with increasing acid addition from 250 to 850 g HCl/kg ore. The iron extraction was 36% at
250 g HCl/kg ore, but this increased to 82% extraction at the optimum acid addition of
750 g HCl/kg ore. Only 1% of titanium leached at 250 g HCl/kg ore, with a significant increase
measured once acid addition increased above 650 g HCl/kg ore. Maximum titanium extraction
was 49% at 850 g HCl/kg ore and 34% was leached at the optimum acid addition of
750 g HCl/kg ore.
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Figure 2. Effect of hydrochloric acid addition on leach extractions.
Leaches conducted at 80 °C for 3 h.

As the acid addition increased, the hydrochloric acid concentration in the final leach liquor also
increased (Figure 3). For the leach at 250 g HCl/kg ore, the HCI concentration in the final leach
liquor was 0.22 M and this increased to 2.3 M at an acid addition of 750 g HCl/kg ore. Figure 3
also demonstrates that the extraction of the LREEs correlated strongly with the increase in free
acidity, and as the free acidity of the leach liquor increased, the extraction of LREEs is also
increased.
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Figure 3. HCI concentration in the leach liquor versus HCI addition to the leach.
Leaches conducted at 80 °C for 3 h.
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The mass loss during leaching increased as the hydrochloric acid addition increased, particularly
between 250 and 450 g HCl/kg ore (Figure 4). As can be seen from Figure 4, LREE extraction
was also related to the mass loss during the leach, and increased with increasing dissolution of
the ore.
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Figure 4. Mass loss of ore during the HCI leach at 80 °C for 3 h versus acid addition.

Leach temperature was found to have a significant impact on LREE and iron extraction. The
impact of temperature on extraction for an acid addition of 750 g HCl/kg ore is presented in
Figure 5. Decreasing the leaching temperature resulted in a significant decrease in extraction of
LREEs. At 80 °C, 95% of LREEs was extracted, decreasing to 68% at 40 °C.

The effect of temperature on leaching of iron was analogous to that of the effect on the LREEs.
In contrast, temperature did not play a significant role in either barium or manganese extraction.
The temperature did have an impact on titanium extraction however, increasing from 6%
extraction at 40 °C to 34% at 80 °C.

The effect of leach time on extractions is presented in Figure 6. Leaching was conducted at
750 g HCl/kg ore and 80 °C and slurry samples were taken during the leach. Increasing the leach
time from 1 to 3 h resulted in a slight increase in extraction of the LREEs. This effect was most
pronounced in the first two hours of the leach; after 2 h, 94% of LREEs was recovered compared
to 91% LREE recovery after 1 h. The LREE extraction at 3 h was 95%. As can be seen from
Figure 6, manganese was readily extracted from the ore whilst barium extraction was low. On
the other hand iron extraction increased by 13% after 2 h of leaching, increasing from 69%
extraction at 2 h to 82% extraction at the end of 3 h. After one hour, 15% of the titanium had
leached, and this increased to 24% after 2 h.
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Figure 6. Leaching kinetics of the 750 g HCl/kg ore leach at 80 °C.
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Using the results of the above tests, the optimum conditions for leaching the bastnasite ore were
determined to be 750 g HCl/kg ore at 80 °C for 2—3 h, with 24% solids.

The consumption of hydrochloric acid by the individual elements for the test at 750 g HCl/kg ore
was calculated based on the composition of the leach liquor, the measured free acid
concentration and the chloride required to complex each element. Figure 7 demonstrates that of
the total acid which was added to the reaction, 59% of the acid was actually consumed by the
REEs and impurities in the rare earth chloride liquor and 41% was present as free HCI in the
leach liquor. Acid consumption by Fe was significant at 53%, whilst 5% of the acid was
consumed by the rare earths and approximately 1% by the remaining impurities. These results
indicate that whilst further optimisation of the leach conditions can decrease acid consumption,
significant benefits can be obtained with respect to reduction in acid consumption by any
rejection of Fe containing gangue minerals prior to leaching.

NFree HCI #REE #Fe = Other impurities

1%
N

41%

53%

\sw

Figure 7. Calculated HCI consumption for the leach at 750 g HCl/kg ore and 80 °C.

Rare Earth Oxalate Precipitation

The liquors from the HCI leach tests were combined to produce a bulk liquor for the rare earth
oxalate precipitation tests. The assay of the combined liquor is presented in Table III. The liquor
had a total rare earth concentration of 19.5 g/L.. Major impurities in the liquor included barium,
iron and manganese.

Rare earths were precipitated from the chloride leach liquor after it was neutralised to a free
acidity of ~ 0.4 M using ammonia. Solid sodium oxalate was added and the rare earths were
precipitated at 50 °C over 2 hours. The oxalate precipitation step was not optimised. It is known
that rare earth oxalate solubility is acid dependent [19]. For these tests the liquor was neutralised
and sodium oxalate added. With further optimisation, it is expected that the free acidity of the
leach liquor will be reduced and therefore no acidity adjustment will be required for oxalate
precipitation. With the decrease in free acidity in the leach liquor, addition of oxalic acid can also
be considered.
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Table III: Assay of the Combined Leach Liquors From the HCI Leach Tests

TREE+Y Concentration Major Impurity Concentration
(mg/L) Elements (mg/L)
La 4940 Al 1120
Ce 9894 Ba 1190
Pr 824 Ca 340
Nd 3359 Fe 65600
LREE 19000 Mn 5550
MREE 410 Ti 142
HREE 54 Zn 368
TREE+Y 19500 Fluoride 1200

The stoichiometric requirement of sodium oxalate was calculated based on the amount of oxalate
required to complex all of the rare earths and impurities in the feed liquor. Figure 8 shows the
theoretical consumption of oxalate by TREE+Y, Fe and the remaining impurities present in the
neutralised rare earth chloride liquor. The calculations demonstrate that 90% of the oxalate
requirement is theoretically complexed by iron and other impurities. Iron is the largest consumer
of oxalate, requiring approximately 80% of the total oxalate added. In contrast, 10% of the
oxalate is consumed by the rare earth elements and yttrium.

#TREE+Y #Fe -~ Other impurities

80%

Figure 8. Consumption of sodium oxalate by REEs, iron and other impurities.

Three oxalate precipitation tests were carried out with sodium oxalate addition at 80, 100 and
120% of the calculated stoichiometric requirement. The effect of sodium oxalate addition on
LREE precipitation is shown in Figure 9. The maximum precipitation of LREE was ~90% when
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120% of the stoichiometric oxalate requirement was added to the neutralised liquor. At 80% of

the stoichiometric requirement, only 32% of LREEs was recovered since most of the oxalate was
consumed in complexing other elements.

100 -
80 -
60 -

40 A

%Precipitation, LREE

20

0 1 I 1 1
80 90 100 110 120

%Stoichiometric Addition of Sodium Oxalate

Figure 9. Effect of sodium oxalate addition on precipitation of rare earth elements.
Precipitation conditions: 50°C for 2 h.

A 4 L scale oxalate precipitation was conducted at an oxalate addition of 120% stoichiometric to
generate precipitate for downstream test work. Table IV shows the precipitation of LREEs and
major impurities for the bulk precipitation test. As can be seen, precipitation was very selective,
with 90% of LREEs recovered but <0.3% aluminium, iron, manganese and zinc co-precipitated.
Approximately 1% titanium and 5% barium co-precipitated with the rare earths. The
composition of the bulk precipitate is shown in Table V.

Table IV. Precipitation of LREEs and Impurity Elements by Sodium Oxalate Addition at 120%
of Stoichiometric Requirement for 2 h at 50 °C

Element LREE | MRE Al Ba Ca Fe Mn Ti /n

Precipitation, % 90 61 0.2 5 <2 0.004 0.1 1 0.1

Table V. Composition of the Oxalate Precipitate Produced by Sodium Oxalate Addition at 120%
of Stoichiometric Requirement for 2 h at 50 °C

Element LREE MRE Al Ba Ca Fe Mn Ti /n

wt% 37.6 0.65 0.005 0.14 0.016 0.006 0.012 0.004 0.001
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Caustic Conversion of Rare Earth Oxalate Precipitate and HCI Leaching

Caustic conversion of the rare earth oxalate was conducted at 95 °C using 2.5 M NaOH [20] at
150% of the calculated stoichiometric requirement for rare earths and impurities. After
conversion, the residue was washed well with hot water and then leached at pH 1 by the addition
of concentrated hydrochloric acid at ambient temperature.

Leaching of the rare earth hydroxide residue with hydrochloric acid produced a rare earth
chloride liquor containing 100 g/ TREE+Y. The assay of the rare earth chloride liquor is given
in Table VI. Relatively low concentrations of impurities including Mn, Ti, Fe and Si were also
present in the liquor, but these can be reduced with further optimisation of leaching pH.

Leach extractions for the individual LREEs are given in Table VII. Greater than 99% of Pr and
Nd and over 90% of the Ce and La were extracted.

Table VI. Assay of the Rare Earth Chloride liquor From the Rare Earth Hydroxide Leach at pH 1

TREE+Y Concentration Major impurity Concentration
(mg/L) elements (mg/L)
La 29815 Al 2
Ce 48600 Ba 86
Pr 4677 Ca 153
Nd 15424 Fe 49
MRE+HRE 1925 Mn 32
TREE+Y 100438 Ti 281
Zn 6

Table VII. Extraction of LREEs for HCI Leach at pH 1.0 of the Conversion Residue

Element % Extraction
La 93
Ce 95
Pr >99
Nd >99

Process Flowsheet

The overall approach to processing of bastnasite rich ore investigated in this study is outlined in
Figure 10. Oxalate precipitation was used as a means to concentrate and separate the rare earths
from major impurities resulting from the leaching of gangue minerals. Conversion of the oxalate
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precipitate to a rare earth hydroxide provides a means of producing a high concentration rare
earth liquor suitable for feeding a solvent extraction purification circuit.

Bastnasite Ore

¢
HCl —» HCI Leach
L S — Leach Residue
v
Na,C,0, —» Oxalate Precipitation

v

L » BEIITL?H Liquor
S to acid recovery

l RE:{C204 )3

NaOH —»f Caustic Conversion
L ;
RE(OH),
y
HCI —» Mild HCI Leach
S
L
RECI; Liquor

Figure 10. Outline of process investigated in this study.

Conclusions

An alternative process for extracting rare earth elements from a bastnasite ore was investigated
comprising of hydrochloric acid leaching, precipitation of rare earth oxalates, conversion of rare
earth oxalate to rare earth hydroxide and leaching of the rare earth hydroxide with hydrochloric
acid. High recovery of rare earths was achieved with hydrochloric acid leaching using 750 g
HCl/kg ore for 3 hours at 80 °C. Oxalate precipitation separated rare earths from impurities such
as iron, aluminium, manganese and zinc. Impurities and in particular iron were significant
consumers of hydrochloric acid and oxalate. Caustic conversion of the rare earth oxalates was
performed at 95 °C for 1 h using 150% of the stoichiometric NaOH requirement. Leaching with
hydrochloric acid resulted in a 100 g/L TREE+Y solution.
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Extended Abstract

Rare Earth Elements (REEs) are a unique group of elements that exhibit special electronic,
magnetic, optical and catalytic properties. By volume, the REEs application can be categorized
as 30% for permanent magnets, 20% for metallurgical uses, 20% for fluid cracking and auto
catalysts, 10% for glass additives, 10% for phosphors and the balance for other applications
including pigments and ceramics [1]. A majority of these applications require the use of REEs
with a high order of purity.

REEs are relatively plenty in earth’s crust. However, because of their geochemistry, REEs are
dispersed and not found in concentrated and economically exploitable forms. The few
economically exploitable deposits are the minerals bastnasite, ion absorption clays, monazite and
xenotime. Monazite has been the principal rare earth containing mineral in India. In fact, India
possesses the largest deposits of monazite in the world. Monazite is found in the coastal tracts of
the Indian states of Orissa, Andhra Pradesh, Tamil Nadu and Kerala [2].

The beach sands in Kerala and Tamil Nadu are very rich in monazite. Indian Rare Earths Limited
(IREL) has been the sole producer of rare earth compounds in India. Monazite is composed
primarily of rare earth phosphates and is derived from the weathering of granites, gneisses and
pegmatite. In addition to rare earth phosphates, the beach sands normally contain thoria, a minor
amount of uranium, iron oxide, titania and silica. The front end processes for production of REEs
involve physical separation of other heavy minerals such as ilmenite, rutile, zircon, garnet,
sillimanite etc. from monazite, beneficiation of monazite concentrate to above 96% grade,
cracking of monazite to solubilize the phosphate and generation of water insoluble thorium,
uranium and rare earth hydroxides

Further separation of mixed rare earths and production of high purity individual separated rare
earths involves elaborate chemical processing steps. Due to display of similar chemical
properties as a result of lanthanide contraction, separation of individual REEs is much more
difficult. The solvent extraction process is the heart of the separation plant. Each of the elements
of the rare earth group requires multiple extractions, scrubbing and stripping operations.

The Table Igives a typical monazite compositional analysis. Table II shows a typical distribution
of REEs in RECI; produced from monazite.

Physical separation takes advantage of the high density, non-conductor and feebly magnetic
properties of monazite. Preliminary concentration, also known as wet up-gradation, often takes
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place on the dredger using Humphrey spirals to concentrate heavy minerals. The monazite
content of most heavy mineral concentrates is 1 — 5%. Table III gives a typical spiral feed and
output grade analysis.

Table I. Monazite Composition

Composition %
REEs as Re; 05 59.37
P,0Os 27.03
ThO, 8.88
U305 0.35
CaO 1.24
SiO, 1.0
MgO 0.63
Fe,O; 0.32
Al O; 0.12
PbO 0.18
TiO, 0.36
V4{0)) 0.49

Table II. Rees Distribution in Monazite

REEs %
La,0; 21.6
CeO, 48.3
PI'601 1 59
Nd,03 18.9
Sm203 2.87
EU203 0.027
GdyOs 1.4
TbsO7 0.079
DYQO3 0.22
H0203 0.021
Er O3 0.033
Tm203 0.001
Yb,03 0.003
LuyO; 0.0002
Y103 0.48
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Table I1I. Wet Up-grading Plant - Typical Feed and Output Analysis

Mineral Feed Grade % Output Grade %
IImenite 6.16 46.16
Garnet 4.55 26.66
Monazite 0.11 1.02
Rutile 0.30 2.39
Zircon 0.25 2.30
Sillimanite 3.59 10.74
Quartz 84.88 9.98
Others 0.16 0.75

The flow sheet for heavy mineral concentrate separation is dependent on the composition. Some
typical flow-sheets adopted at various IREL sites are illustrated in Figures 1, 2 & 3

[lmenite circuit NC Rutile circuit NC Zircon circuit Mag
l A 4 v
v
REDMS 1
l NM
RERMS 2 REDMS: RE Drum Magnetic Separator
. RERMS: RE Roll Magnetic Separator

i M HIRMS: High Intensity Roll Magnetic
Separator

RERMS
EPS: Electrostatic Plate Separator

l NM IRMS: Induced Roll Magnetic Separator
HIRMS NC: Non-conducting fraction

Mag, M: Magnetic fraction

l M NM: Non-magnetic fraction
EPS

v NC
SCREEN

'

MONAZITEPRODUCT

Figure 1. Monazite flow sheet using magnetic separators.
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Figure 2. Monazite Flowsheet using gravity separation and froth flotation.
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CBMS: Cross Belt Magnetic
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Figure 3. Monazite flowsheet using air tables.
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Figure 4 gives the flowsheet for alkali cracking of monazite.
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Figure 4. Alkali cracking of monazite.

The Figure 5 shows the flowsheet for separation of individual REEs.
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Figure 5. Solvent extraction of individual REEs.
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Abstract

The Sarfartoq carbonatite deposit contains indicated resources of 5.9 Mt averaging 1.8% rare
earth oxides (REO) and inferred resources of 2.5 Mt averaging 1.6% REO. The Nd,Os
distribution in the REO is high at 19%.

The rare earth elements (REE) are contained in fine-grained monazite and bastnaesite with
ankerite and siderite as gangue. Beneficiation tests included electrostatic, gravity, magnetic,
roast-magnetic, and flotation separation methods. The best concentration effect was obtained by
flotation with a hydroximic collector giving 73% recovery in 25% mass.

Sulphuric acid pre-leach and baking of whole ore or concentrate gave ~80% extraction of light
REE (LREE) but only ~50% of medium REE. Caustic metathesis and re-leaching of concentrate
residue increased extraction to +90%. HCI leaching with a pre-roast also gave +90% REE
extraction. Without a pre-roast, HCI leaching gave ~40% LREE extraction but there are
indications that caustic metathesis can be an alternative to pre-roasting. Fluorine appears to play
a significant role in extraction.

Introduction

Hudson Resources Inc. has been active on the west coast of Greenland since 2003, first exploring
for diamonds, and then defining the Sarfartoq REE carbonatite deposit. Exploration and
evaluation of the White Mountain anorthosite deposit located about 50 km from Sarfartoq has
recently begun.

Hudson last announced a resource for the Sarfartoq deposit in 2012 [1] and summary data are
provided in Table I. Recent drilling may lead to an update to the resource figures. To assist the
reader in evaluating process options, the resource data of Table I, combined with the CIBC
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forecast of 2015 prices for refined oxides [2], gives an in-situ metal value of $660/t with 92% of
the value in the REE from La through to Eu and 38% contained in Nd alone. High recovery of
the heavy REE (HREE), though welcome, is not essential to project economics.

This paper discusses the mineralogical and metallurgical testwork performed on Sarfartoq
samples in the search for a viable flowsheet for the production of a marketable rare earth
concentrate. Work has been done by a number of agencies including: mineralogy by Peter Le
Couteur of Micron Geological Ltd (Micron), Hazen Research, Inc. (Hazen), Xstrata Process
Support (XPS), and SGS Mineral Services, Lakefield Site (SGS); beneficiation testwork by
Hazen, CommodasUlItrasort, Saskatchewan Research Council (SRC), Eriez Magnetics (Eriez),
and Met-Solve Laboratories Inc. (Met-solve); and hydrometallurgy by SRC and SGS.

Table I. Sarfartoq ST1 Zone Mineral Resource at a Cut-off Grade of 1% TREO

Category Tonnes TREO La203 C€203 PI‘203 Nd203 Sm203 Eu203 Gd203 Tb203 Dy203 Y203
000's % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Indicated 5,884 1.77 3,855 8,844 1,012 3,296 321 71 181 14 34 68
Inferred 2,459 1.59 3,343 7,930 932 3,073 310 69 162 13 33 67
Notes to Table I: The resource estimate is classified as Indicated and Inferred Mineral Resources
as defined by CIM and referenced in NI 43-101. Total Rare Earth Oxides (TREO) refers to the
elements lanthanum through lutetium plus yttrium expressed as oxides in the form REE;Os.

Geology and Mineralogy

Druecker [3] reported “Hudson’s properties, located in Western Greenland, consist of exposed
glacially scoured crystalline basement rocks, which are predominantly granulite-facies
orthogneisses intruded by diorite dykes. Cutting approximately NE/SW across the Hudson
properties, lies the boundary between the approximately 3 Ga Meso-Archaean North Atlantic
Craton to the south and Archaean rocks affected by the 1.9 — 1.8 Ga Palaeoproterozoic
Nagssugtoqidian Orogen.

The Sarfartoq Carbonatite Complex (SCC), measuring approximately 13 km in diameter, is
situated on this boundary presumably having exploited an area of structural weakness. Similarly,
kimberlite bodies and associated ultramafic lamprophyres metasomatised lithospheric mantle-
derived rocks occur throughout the area. These are typically Cambrian in age and range from
approximately 515 to 600 Ma in age with the SCC dated at approximately 580 Ma.

The target commodities for the Sarfartoq Project are REE (primarily cerium, lanthanum,
neodymium, praseodymium, and europium), specialty metals (niobium and tantalum) and
diamonds. REE and specialty metals are associated with the SCC and diamonds are found within
kimberlite host rock and associated diamondiferous, mafic, igneous rocks.”

XPS studied [4] mineralogy using QEMSCAN and electron microprobe analysis (EMPA) and
produced the data illustrated in Figures 1. QEMSCAN and various other mineralogical studies
showed that the minerals are fine with average grain sizes less than 20 um. EMPA of the
individual minerals, combined with the distribution of the minerals, yielded the data in Table II.
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Table II. Contribution of Different Minerals to Total REE Content, %

. ) . Fe Ce Mg Fe ankerite Fe Mg ankerite
Monazite Bastnaesite Synchysite Carbonate/Oxide (Red) (White)
68.2 22.5 6.8 0.7 1.3 0.4

The gangue minerals are dominantly acid-soluble carbonates. Using either QEMSCAN data or
whole rock analysis, the expected sulphuric acid demand of the whole ore is about 0.8 t 100%
H,SO4 per tonne of ore — with 70% due to ankerite. Clearly, a beneficiation process to separate
the fine-grained monazite (especially) and bastnaesite from ankerite and siderite would greatly
assist in the development of an economical acid leach process. Apatite and bastnaesite in the ore
contribute to the F content of about 0.2%.
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Figure 1. Distribution of minerals in sarfartoq ore.
Beneficiation
Sortin

Hazen [5] sent 50 rocks, crushed and screened to -25+6 mm and prepared from crushed drill
core, to CommodasU]Itrasort for radiometric, photometric, and dual energy x-ray transmission
sorting tests. The CommodasU]Itrasort report showed that the sample set was not very amenable
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to sorting with about 65% mass pull required to give 90% recovery of REE to the concentrate by
all methods. Photometric sorting was shown to be marginally the best of the methods examined.
The writer, Evelyn King and Peter Le Couteur of Micron, all very experienced ore sorters,
manually sorted 17 kg of -30+12 mm rocks from a bulk sample using radiometric and
photometric (visual) techniques and the numerous fractions were assayed. Analysis of the data
clearly confirmed that sorting was not a practical option [6].

Electrostatic Separation

Eriez was engaged to undertake electrostatic separation tests using its High Tension Electrostatic
Separator (HTES) on a sample of Sarfartoq ore ground to 80% -60 mesh [7]. Conductors
amounting to about 1.3% mass were collected and visually observed to be mostly pyrite.
Analysis of the several electrostatic bin products showed insignificant upgrading of the REE, U,
Th, and Nb.

Magnetic Separation

Eriez also completed magnetic separation work [7]. A 6 diameter Rare Earth Roll (Lab Model
65-1) was used on the non-conductors from the electrostatic separation test. The non-magnetic
fraction amounted to 8.5% of the test feed and contained just 3,800 ppm TREE while the
magnetic fraction assayed 26,200 ppm TREE — but obviously not a very useful level of
upgrading. Eriez applied Wet High Intensity Magnetic Separator (WHIMS — using a model L-4-
20 unit) across the range of 2000 to 10000 Gauss to samples of Sarfartoq ore ground to 80% -60
mesh and one ground to 80% -200 mesh. None of the elements of interest were upgraded.
Hazen and SRC also undertook magnetic separation tests with similar results.

SGS had experienced some success with other REE carbonatite projects using roasting ahead of
magnetic separation. A sample of -6 mesh Sarfartoq ore was roasted for 4 h at 600 °C then
ground to -150 mesh and subjected to magnetic separation. There was no exploitable upgrading
of REE minerals [8].

Gravity Concentration

SRC undertook heavy liquid and shaking table separation work at 60% passing 106 um and
observed no exploitable separation [9, 10, 11]. Table separation tests by Hazen [5], SGS [8], and
Met-Solve [12], as well as a high gravity test by Met-Solve at various screen sizes all yielded
similarly negative results.

Froth Flotation

Hazen [5] completed a total of 45 froth flotation tests investigating ten different collector
regimes, five depressant-dispersants, and four modifiers. A range of grinds, conditioning times,
and pulp temperatures were investigated as was de-sliming and high-intensity conditioning
(HIC). The flotation practices at MolyCorp’s Mountain Pass and Lynas’s Mt. Weld mine were
followed in certain tests.
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Six of the Hazen tests achieved a level of REE recovery exceeding 1.5 times the mass pull. Two
of these tests used Sylfat FA-1 fatty acid as a collector and four tests used Cytec Aero 6493 alkyl
hydroxamate. Sodium lignin sulphonate and NaF or Na,SiFs were used as carbonate
depressants.

SRC [9, 10, 11] also completed several flotation tests using various reagents including Chinese
hydroximates. The results showed that salicyl hydroximic acid, with a tall oil in one test, was
reasonably effective. SRC also performed one flotation test with a modified hydroximate (T-
610) after roasting the ore at 650 °C for 3 h that gave 53% recovery into 24% mass.

SGS [8] completed a total of 54 flotation tests exploring the effects of collector type and dosage,
grind fineness, secondary collector type and dosage, activator type and dosage, depressant type
and dosage, pulp pH and temperature, and cleaning. The best rougher flotation results achieved
73% REE recovery in 25% mass. Cleaning resulted in further upgrading but at the cost of REE
recovery.

Flotation testwork were performed using several batches of crushed material representative of
the Sarfartoq deposit. Head assays are shown in Table III.

Table III. Flotation Feed Chemical Head Analyses

Master Master Master Master Master Master
Master Comp Comp  Comp Master Comp Comp Comp
Analyte | ooy 2 3 4 | Analyte| oo 2 3 4
Multi-Element ICP Scan, g/t WRA, %

La 3,670 4,120 3,530 3,870 Si02 1.8 2.57 1.91 1.8
Ce 9,570 10,300 9,410 10,300 | AI203 0.4 0.62 0.44 0.43
Pr 1,330 1,180 976 1,150 | Fe203 17.1 15.4 17.9 17
Nd 3,510 3,830 3,690 4,060 | MgO 8.68 8.58 8.71 8.76
Sm 355 341 292 334 CaO 24.4 26 23.4 24.4
Eu 72.8 68.7 57.3 514 Na20 0.19 0.16 0.18 0.2
Gd 137 133 112 132 K20 0.2 0.4 0.13 0.17
Tb 13.5 11.1 9.5 12.3 TiO2 | <0.01 <0.01 <0.01 <0.01

Dy 38 34.2 30 40.9 P205 3.11 2.08 3.23 3.45
Ho 3.9 3.4 2.4 4.9 MnO 1.48 1.39 1.58 1.55
Y 43 42 40 89 Cr203 | <0.01  0.09 0.02 <0.01
Er 5.5 5 33 9.6 V205 | <0.01 <0.01 <0.01 <0.01
Tm 0.5 0.4 <0.3 1 LOI 29.6 31.9 30.8 30.6
Yb 1.4 2.3 1.1 4.9 Analyte Leco, %

Lu 0.6 0.5 <0.5 0.7 S 2.38 2.13 - -
Th 693 604 553 597 S* 2.06 1.72 - -

U 15.6 11.6 13.5 13.7

Effect of Collector Type and Dosage: Several collector types, including alkyl hydroxamates
produced by Cytec Industries Inc. and Axis House and a sodium alkyl hydroximic acid from
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China were evaluated and compared against ring type hydroximic acids, as shown in Figure 2.
The ring type hydroximic acids included salicycl hydroximic acid (SHD), T610 (a derivative of
SHD), benzoyl hydroximic acid, and LF-P81. These were obtained from China where they are
used for the flotation of REE, W, Sn and other minerals. The most selective collectors were
T610 and SHD acid while the majority of the alkyl hydroxamates and alkyl hydroximic acids
were not selective.

Effect of Grind Fineness: Grind fineness from 80% passing 80 um to 32 pm were evaluated
using SHD as the collector. As shown in Figure 3, decreasing grind size resulted in reduced
selectivity but increased the overall mass and REE recoveries. The finer grind size is required to
achieve greater than 60% REE recoveries.

Effect of Secondary Collectors, Activators and Depressants: The addition of a secondary
collector, such as oleic acid or LF-P81, was evaluated. The addition of oleic acid to SHD
reduced selectivity and increased both mass and REE recoveries. At excessive dosage, the
secondary collector, can reduce the selectivity provided by the primary collector.

Activators, including tri-n-butyl phosphate (TBP) and 2-ethylhexyl 2-ethylhexyl phosphate
(P507), both solvent extraction reagents, were tested with SHD as the collector. Both activators
reduced selectivity.
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Figure 2. Effect of collector type on flotation recovery.
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Causticized cornstarch and guar gum were evaluated as depressants. Both were detrimental to
REE flotation since both REE and gangue minerals were depressed.
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Effect of Pulp pH and Temperature: As indicated in Figure 4, preferred REE flotation and
selectivity is found at a pH of 8 and elevated temperature when using SHD as the collector.

Other Parameters Investigated: Several other factors were tested including the effect of high
intensity conditioning, separate treatment of sands and slimes, oil agglomeration, and
saponification of the acidic collectors. None of these procedures offered an advantage.
However, emulsification of SHD with diesel (95:5) was found to be beneficial.

Rougher Concentrate Cleaning: Limited cleaning work gave disappointing results. Further work
is required.

Interim Conclusions on Beneficiation

Beneficiation work will likely continue. In the interim, it is concluded that flotation using
hydroximic collectors is the preferred method of upgrading the Sarfartoq ore. The optimum
conditions include a grind of 80% passing 32 um, the use of Silicate N as a depressant, and T610
or emulsified SHD as a collector at doses of about 4 kg/t with elevated conditioning and flotation
temperatures. Under these conditions 73% REE recovery into 25% mass of concentrate can be
achieved. It is expected that improved grade-recovery parameters can be achieved through
further testwork.

Hydrometallurgy

Whole Ore Sulphuric Acid Pre-leach and Bake

Whole ore sulphuric leach tests were done by SRC [9, 11] and SGS [13]. Earlier tests showed
that a simple sulphuric acid leach gave low extraction of the REE but whole ore sulphuric acid
pre-leaching was a useful procedure ahead of acid baking.

In test PL-6, SGS pre-leached an ore ground to -400 mesh at pH 1.8 with the consumption of 716
kg/t of sulphuric acid and low REE dissolution (2-5% LREE, 5-20% HREE). The pre-leach
residue was divided into two parts and acid baked at 200° C for 2h with sulphuric acid additions
of 900 and 1200 kg/t (AB-13 and 14) followed by water leaching for 4 h at 90° C.

Acid bake water leach test results, plotted in Figure 5, show that the higher acid addition led to
higher HREE extraction, but lower LREE extraction. Excess acid in the water leach solutions
amounted to 628 and 959 kg/t respectively suggesting that a balance between pre-leach acid
demand and excess acid from the acid bake would be reached with an acid addition of about
1000 kg/t as part of the bake process.
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Figure 5. Results of whole ore pre-leach and acid bake.

The very high extraction of the REE at both ends of the series, but depressed extraction of the
medium mass REE, coupled with the observation that most of the REE are in a single mineral,
monazite, suggests that the minerals are adequately “cracked” but precipitation of certain REE is
occurring. This is further discussed below.

Leaching of Flotation Concentrate

SGS performed a series of about 22 agitated leach tests and 15 acid bake tests on various
samples of flotation concentrate produced at SGS. Composite rougher concentrate compositions
are included in Table IV, showing a TREE grade ranging from 6.2 to 8.2% predominantly
LREE, with just 1.3% as HREE — mainly Gd, Dy and Y. The agitated leach work consisted of
sulphuric acid and hydrochloric acid leaching and was preceded in several tests by roasting to
decompose the fluorides and carbonate minerals. Acid bake tests were also investigated.

HCI Leaching of Concentrate: The data, presented in Figure 5, shows the effect of roasting and
roasting temperature on the extraction of REE from concentrate during HCI leaching at 10%
solids at 50°C for 6h. It is evident that roasting significantly increases the extraction of REE and
especially LREE. The effect of roasting temperature is also clear with LREE extraction
increasing from ~75% at 750° C to ~95% at 850° C. The effect of roasting and roasting
temperature is not as great on HREE extraction as it is on LREE extraction.

The beneficial effect of roasting could be due to the removal of fluorine, present in bastnaesite,
which otherwise could combine with REE to form insoluble fluorides. Molycorp encountered
this issue when it leached bastnaesite concentrate with HCI at its plant in York, Pennsylvania
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[14]. Molycorp solved the problem by doing a caustic metathesis on the HCI leach residue. This
converted REE fluorides in the residue to hydroxides that were then dissolved by contacting the
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treated residue with part of the original acidic leach solution.

Table IV. Flotation Concentrate Used in Leach Tests

Head assays, g/t Head assays, %

Analyte | Conc 1 Conc2 | Conc3 | Analyte | Concl Conc2 | Conc3
La 16,000 9,770 11,900 Si 0.65 0.75 0.72
Ce 43,000 | 25,200 | 32,000 Fe 10.5 12.2 14.8
Pr 4,730 3,100 3,900 Mg 4.0 4.4 4.28
Nd 16,100 9,840 12,800 Ca 17.2 16.9 14.7
Sm 1,280 847 1,000 P 3.03 2.63 2.69
Eu 245 154 190 Ba 1.97 2.35 1.88
Gd 529 294 343 | CO3 38.2 39.4 37.6
Tb 43 24 31 F 0.3 t0 0.6%

Dy 117 75 85
Ho 9 6 8
Y 132 83 94
Er 11 8 10
Tm 0.7 0.5 0.7
Yb 2.7 1.9 29
Lu 0.7 0.5 1.3
TREE 82,200 | 49,404 | 62,366
Th 1,940 1,320 1,550
U 24 20 24

Initial tests of this approach on HCI leach residue indicate increased overall extraction and
further tests are planned. As described below, caustic metathesis was effective on Sarfartoq
sulphuric acid bake residues. Metathesis of the HCI residue could be more economical than the
pre-roast approach. Another approach under study is a direct HCI leach followed by roasting the
leach residue which has relatively small mass and could be a less costly and complex process
than roasting the entire concentrate (or ore) mass.

The scoping level HCI leach tests were generally carried out at low pulp densities (10% solids) to
avoid solubility limitations. However test AL14 was carried out at 40% solids to see if there was
any negative impact on extraction. None was observed and the pregnant solution assayed 16 g/L
TREE (3.2 g/L Nd) with main impurities being 33 g/L Fe, 12 g/ Mg and 45 g/L Ca.
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Figure 6. Effect of roast and roasting temperature with 100 g/LL HCI leach.

The effect of leach liquor acidity is shown in Figure 7 that shows increasing extraction with
higher HCI strengths. At lower acidities (50, 75 g/L HCI) the extraction of Ce is reduced which
might be due to the formation of low-solubility CeO, during the roast process.
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Figure 7. Effect of HCI acidity after 900° C roast.
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Acid consumption under optimum roast-HCI leach conditions (900° C roast, 100 g/L HCI, 40%
solids) was 920 kg/t of 100% HCI of which about 6% is related to REE dissolution. The main
acid consumers (89%) were the ankerite and siderite in the concentrate, which were completely
destroyed. Better rejection of these minerals during flotation would reduce acid demand but HCI
regeneration would obviously be needed to make the project economic.

H,SO4 Leaching of Concentrate: SGS investigated agitated sulphuric acid leaching of
concentrate in 48 h long tests using 50 and 75 g/L free acid and temperatures of 75 and 95° C.
REE dissolution was poor at less than 30% for the LREE rising to 60% for the HREE. These
data are similar to those observed for whole ore leaching. Agitated sulphuric acid leaching is
only of interest as a pre-leach ahead of acid baking.

H,SO,4 Acid Bake of Concentrate: Sulphuric acid bake tests were carried out at various bake
temperatures and acid dosages as shown in Figure 8. Whereas all tests gave high extraction of
La, Ce, Pr and to a lesser extent Nd, the extraction of Sm-Lu was somewhat depressed for tests
AB2 and AB6 but markedly reduced for the other four tests. In test AB2 the ore was roasted at
800" C before acid baking. In test AB6, the concentrate was pre-leached before baking.
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Figure 8. Sulphuric acid baking of flotation concentrate.

The results for the pre-leach and bake procedure of test AB6 were encouraging since extractions
were reasonably high, the pre-leach would reduce overall demand for acid and neutralizing
reagent, and pre-leaching would be more economical than an 800° C pre-roast. SGS performed a
series of acid bake tests on a bulk pre-leached concentrate in an attempt to optimize the system.
Pre-leach test PL3 was done to a pH of 1.8 and consumed 600 kg/t of sulphuric acid. The pre-
leach residue was divided into five charges that were variously baked at 220, 250, and 300° C2
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and 4 h, and with acid additions of 1200 and 1500 kg/t (AB7 to 11 series). The water leach
solutions were only assayed for Nd, Eu, and Dy.

A statistical analysis of the results of the five acid bake tests performed on PL3 residue showed
poor correlations between REE extraction and the temperature, time and acid dose used in the
acid bake. A weak trend in the data indicated improved REE extraction with lower acid bake
temperatures — possibly due to reduced acid losses through volatilization.

The high LREE extractions in all acid bake tests suggest that the monazite and bastnaesite were
totally decomposed. Therefore high extraction of all REE would be expected. The modest
extraction of the HREE in the pre-roast and pre-leach tests, and the very low extraction in the
other tests is likely explained by the formation of insoluble REE fluorides during the roast or in
the subsequent water leach — somewhat akin to what we believe to take place in the HCI leach
system.

The fluoride formation hypothesis was tested by contacting a blended sulphuric acid bake
residue with 25% NaOH solution for 4 h at 50° C followed by a 1 h long 5% HCI leach.
Cumulative extraction values for all REE following this procedure, and procedures using 10%
NaOH and 10% sodium carbonate solution were also effective. Less aggressive metathesis
conditions, using lime slurry, were not as successful. Results are presented in Figure 9.
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Figure 9. Results of metathesis and re-leach of sulphuric acid bake residue.
Conclusions

Sarfartoq ore is fine-grained and complex and beneficiation has proven to be difficult with 73%
REE recovery into 25% mass being the best upgrading effect obtained to date. This was
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achieved using Chinese hydroximic collectors at elevated temperature. It is believed that further
testwork could improve upon these results.

As expected, simple sulphuric acid leaching of whole ore or concentrate is ineffective at cracking
the monazite and bastnaesite minerals but is useful as a pre-leach ahead of acid baking since it
reduces overall acid and base consumption. Sulphuric acid baking of pre-leached whole ore
gives better than 70% extraction of all REE except those between Sm and Y inclusively. A
sulphuric acid bake of pre-leached or roasted concentrate gave a somewhat similar response with
very high extraction of the LREE but poor extraction for the REE between Sm and Lu. Caustic
metathesis of acid bake residue was effective at giving very high REE extraction strongly
suggesting that fluoride formation during the bake or subsequent water wash is responsible for
the poor extraction.

A simple HCIl leach of concentrate gives poor LREE extraction (~40%) and modest extraction of
the HREE (70% for Yb). Roasting the concentrate at progressively higher temperatures
(between 800° C and 900° C) increases the extraction to about 95% for all REE. It is surmised
that the positive effect of roasting is largely because it negates the adverse effect of fluoride.
Initial tests of a metathesis step applied to an HCI residue, similar to that tested on acid bake
residue, suggests that this could be a viable alternative to a high temperature pre-roast. A roast
of the HCI leach residue could also offer an effective process route.
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Abstract

The basic research was reviewed about the weathered crust elution-deposited rare earth ore for
over forty years, including the metallogeny of the deposit, the chemical properties of rare earth
ore and the existing states of rare earth elements. Great attentions were also paid to the
characteristics of the rare earth element partitioning and the four major effects in the weathered
crust elution-deposited rare earth ore. The leaching mechanisms were investigated and the three
generation leaching technologies of the weathered crust rare earth ore were also reviewed. The
fundamental research, the development of the leaching technology and the problems which
should be resolved urgently in the weathered crust elution-deposited rare earth ore were pointed
out.
Introduction

Australian scientist H.W. Nesbitt demonstrated in 1979 that fractionation, migration and
enrichment would happen on RE elements of granite when it weathering into clay minerals, and
he also implied the possibility of mineral formation [1]. However, it was in 1969 that the
weathered rare earth in the clay minerals of Jiangxi province of China were found to be
industrially exploitable, which laid the foundation of the theory of weathering enrichment into
rare earth minerals. This mineral is a novel exogenous ore, and has been called “weathered crust
elution-deposited rare earth ore”. There are many advantages for the ore which has a widespread
distribution, rich reserves, low radioactivity, complete RE partitioning and is rich in middle and
heavy rare earth [2]. Importantly, the unique middle and heavy rare earth resource in southern
China, including Jiangxi, Fujian, Hunan, Guangdong, Guangxi, Yunnan and Zhejiang,
contributes over 80% to the world’s known resources. The discovery of the weathered crust
elution-deposited rare earth ore not only enriched the theories of geochemistry, inorganic
chemistry and hydrometallurgy on rare earth, but also created advantaged resource condition for
the rare earth industry.
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Since weathered crust elution-deposited rare earth ore deposits were discovered more than forty
years ago, basic research on the metallogeny mechanism, RE partitioning, extracting theories and
leaching technologies have been studied continuously. This paper summarizes fundamental
research on weathered crust elution-deposited rare earth ore.

Characteristics of Weathered Crust Elution-deposited Rare Earth Ores

Metallogeny

The formation conditions of weathered crust elution-deposited rare earth ore is very complex,
with the main conditions including: (1) Original rocks must contain RE minerals; (2) The rare
earth must be occurred in RE minerals and RE accessory minerals which can be easily weathered,
and satisfies the internal condition of forming RE ions after the RE minerals have been
weathered; (3) Original rocks must be in a warm and humid climate that satisfies the external
condition of the original rocks being weathered. Additionally, geological conditions of
metallogeny on the weathered crust elution-deposited rare earth ore are also controlled by
original rock condition, rock configuration and supergene effects [3, 4].

Chemical Properties

Physicochemical characteristics of weathered crust elution-deposited rare earth ore can be
classified in four ways [5]: (1) Water content of ores. Weathered crust elution-deposited rare
earth ores are loose and random solids, containing various water forms including planar,
interlayered and structural; (2) Stability of absorbing rare earth ions. Rare earth ions absorbed on
the clay minerals can be chemically stable and cannot be hydrolysed or dissolved; (3) Buffering
of raw ore. Due to the special structures of broken bond existed on the raw ore, raw ores could
accept hydrogen ion when met with acid, and liberate hydrogen ion when met with alkali.
Therefore, the ore has certain buffer ability in a certain pH range, making pH of rare earth
mother liquid stabilized in a certain range; (4) Exchangeability of ions adsorbed. When
electrolyte solution is added into the raw ore, rare earth ions and some impurity ions adsorbed on
active centers of clay minerals will be exchanged by the cations in electrolyte solution and enter
into the solution. It is the theory foundation of rare earth extraction from the weathered
crust-elution rare earth ores.

Existing States of RE Elements

RE elements in weathered crust elution-deposited rare earth ores mainly exist in the following
four states [6]: (1) Water soluble state. In this state, hydroxyl or hydroxyl aqueous rare earth ions
have been leached by water but have not yet been adsorbed; (2) Ion-exchangeable state. In this
form, the rare earth is adsorbed on clay minerals as aqueous or hydroxyl ions; (3) Colloid
sediment state. This refers to compounds that have been deposited on the mineral as an insoluble
oxide or hydroxide colloid, or a new compound combined with some kind of oxide compound;
(4) Mineral state. This refers to the rare earth form where the rare earth ion becomes part of a
mineral crystal lattice.
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Four Major Effects of Ion Phase RE Partitioning

Ce Loss Effect

As known from the full phase RE partitioning, the partitioning value of No. 58 element cerium is
lower than No.57 element lanthanum and No.59 element praseodymium. This phenomenon
violates the Oddo-Harkins rules of element geochemistry. This is called the Ce loss effect [7].
Due to the special electronic structure (4f'5d's?), Ce (Il is easily oxidized to Ce (IV) and then
forms cerianite which could relatively decrease the content of Ce. Additionally, Ce(IV) can
form a stable soluble complex with HCO3™ which would be taken away by groundwater. The two
aspects lead to the Ce loss effect and the second one may be the main reason.

Rich Fu Effect

In comparing the RE elements in the leach products of the weathered crust ore and the weathered
crust RE ore with the RE elements in chondrites, the geological partitioning value of europium
can be obviously increased. It shows that the europium can be enriched in the weathering process

of the original rock. This is called the rich europium effect [8].

Fractionation Effect

The clay minerals in the orebody are adsorbed and desorbed, and exchange continuously, leading
to the different RE partitioning at different depths. Eventually, the light RE are enriched in the
upper layers and the heavy RE are enriched in the lower layers. This is called the Fractionation
effect [9].

Gd Broken Effect

As seen from Table I both positive and negative values of the correlation coefficient appear at the
Gd element, showing the existence of an obvious Gd break effect. This is extremely similar to
the electronic structure, the spectrum phase and the color change of the RE ions, which illustrates
that Gd is the boundary where RE elements are divided into light and heavy groups. The
elements La-Eu before Gd belong to the light RE group, while the elements Gd-Lu, Y after Gd,
including Gd belong to the heavy RE group. This phenomenon is called the Gd broken effect
[10].
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Table I. Pearson Correlated Coefficients Matrix Among 15 Kinds Rare Earth Partitioning

La | Ce Pr | Nd | Sm | Eu Gd Tb Dy | Ho Er Tm | Yb Lu Y
La|1.000{-0.060{0.731(0.541|-0.064| 0.262 |-0.728|-0.624|-0.749|-0.673 |-0.707 {-0.506 |-0.695|-0.470|-0.825
Ce 1.000 |{0.098]0.157 0.050 |-0.033|-0.053{-0.072|-0.068 |-0.059 {-0.040 |-0.101 |-0.102|-0.069|-0.150
Pr 1.000|0.834| 0.309 | 0.197 |-0.649|-0.661|-0.823|-0.670 (-0.721 |-0.580|-0.692|-0.541|-0.873
Nd 1.000{ 0.420 | 0.268 |-0.547{-0.646(-0.761 |-0.577|-0.671|-0.586|-0.641|-0.529 |-0.846
Sm 1.000 [-0.047{0.189 | 0.031 |-0.130|-0.056|-0.160 |-0.044 |-0.134|-0.066|-0.314
Eu 1.000 [-0.194(-0.307|-0.280{-0.172|-0.303 |-0.225 [-0.343 |-0.168 | -0.265
Gd 1.000 | 0.7140.779 | 0.605 | 0.566 | 0.556 | 0.553 | 0.479 | 0.607
Tb 1.000 | 0.820  0.711 [ 0.673 | 0.638 | 0.656 | 0.508 | 0.593
Dy 1.000]0.773 1 0.802 | 0.694 | 0.785]0.591 | 0.739
Ho 1.000 | 0.686 | 0.671 | 0.674 | 0.449 | 0.600
Er 1.000 | 0.614 | 0.856 | 0.561 | 0.661
Tm 1.000 | 0.651 | 0.672 | 0.502
Yb 1.000 | 0.569 | 0.645
Lu 1.000 | 0.493
Y 1.000

Extracting Theory of RE from the Weathered Crust Elution-deposited Rare Earth Ore
According to the property that RE in this type of ore mainly exists as ion-exchange phase,
chemical leaching technology is the only method for RE extraction since the usual physical

processing methods cannot enrich the rare earths.

Chemical Reaction

RE in the weathered crust elution-deposited rare earth ore mainly exists as the ion-exchangeable
phase adsorbed on clay minerals. Because of this property, ion-exchange leaching is the only
method to extract RE from this type of ore [11]. The weathered crust elution-deposited rare earth
ore mainly contains quartz, potash feldspar, plagioclase, kaolin, white mica, whose chemical
composition is typically SiO, 70%, Al,O; 15%, K,O 3~5%, Fe,03 2~3%, CaO 0.2~0.5%, MgO
0.1~0.3% and other impurities. The RE grade is very low being only 0.05~0.3%. The clay
minerals can be regarded as natural inorganic ion-exchanger. RE was adsorbed by
aluminosilicate mineral which can be described as [AlzsizOs(OH)4]m-nRE3+ for kaolinite,
[Al(OH)6Si,05(OH);JmnRE*" for halloysite, and [KAL(A1Si3010)(OH),]mnRE*" for muscovite.

RE ions would be exchanged when this ore is leached with electrolyte solution, similar to the
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ion-exchange procedure. When meeting cation, ion-exchange reaction will occur. Therefore, the
RE adsorbed can be released from the clays into the slurry in the presence of electrolyte solution.
The leaching chemical reaction can be described as [12]:

[AL,Si,(OH)4]m - nREZS + 3nNH ) = [AL,Si;(OH) 4]m - nREG
[AL(OH)6Si,05(0H)3]m " nREZS + 3nNH 4y = [AL(OH)6Si,05(0H)3]m - (NHS )ancs) + NRE:,

[KAlz(AlSl3010)(OH)2]m * TlRES3+ + 3TLNHI(aq) g [KAlz(AlSl3010(0H)2]m : (NHI)gn(s) + nRE(Sa-tl)

The In-situ or Heap Leaching Mechanism

(1) Leach hydrodynamics [13]: the relationship between leachate flowing velocity (Q) and
pressure-difference (AP) follows the Darcy law. Different leaching concentration results in
different viscosity so as to affect the permeability. The higher the concentration of leaching
reagent is, the lower the permeability is.

(2) Leach kinetics [14]: the leaching process can be described by the shrinking core model with
the leaching kinetics controlled by diffusion through a porous solid layer. The apparent activation
energy is about 4-12 kJ/mol, and an empirical equation of the leaching kinetics is established as
K =0.53 15952 ¢RT in which K is the RE leaching rates constant, r, is the particle radius of RE
ore, R is the gas constant and T is the leaching temperature.

(3) Mass transfer [15]: the mass transfer process could be described with chromatographic plate
theory. The effects of the flow rate on the height can be equivalent to a theoretical plate
according to the analysis of Van Deemter equation.

The leaching mechanism provides a theoretical basis and a scientific approach with high
efficiency and low consumption for the weathered crust elution-deposited rare earth ores. It can
be applied to optimize the RE extraction conditions, improve the RE recovery and inhibit
impurity leaching in the extraction process [16].

Leaching Technology of the Weathered Crust Elution-deposited Rare Earth Ore

Because the RE mainly exist as ion-exchange phase in the weathered crust elution-deposited rare
earth ore, this kind of unique ore has been studied by Chinese researchers for many years. The
method of RE leaching with electrolyte solution by ion-exchange was proposed and, to the
present time, three generations of technology have been used [17].

The First-generation Leaching Technology

RE is leached with sodium chloride in the first-generation leaching technology, firstly by barrel
leaching and then developed into bath leaching (shown in Figure 1). There are many advantages
in the first-generation NaCl leaching technology, such as the low price, abundant resources of the
leaching reagent, shortened process flow. In addition, using oxalic acid as the precipitant can not
only precipitate RE but also separate RE from the associated impurities (Al, Fe, Mn, et al.).
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Figure 1. Flow process diagram of the first-generation NaCl leaching technology.

Two vital disadvantages, however, were found after a period of production and application of this
technology. One is that the high concentration of leaching reagent which needs 6%~8% is too
high. The high content of NaCl in the tailing water results in the salinification of the land and
damage to the environment, which had an adverse impact on the growth of the crops. Another
one is that large quantities of Na" will be co-precipitated with the oxalic acid, which leads to a
low total amount of RE (<70%) in the product after the first roasting. So the first roasted product
needs to be roasted again after washing with lots of water to obtain a product with higher purity
(<92%), which make RE yield lower accompanied by complex operation and procedures.

The Second-generation Leaching Technology

The leaching agent sodium chloride was replaced by ammonium sulfate in the second-generation
technology (Figure 2). The leaching process included bath leaching and heap leaching.
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Figure 2. Flow process diagram of the second-generation (NH4),SO4 leaching technology.

Compared with NaCl leaching technology, there were several advantages in ammonium sulfate
technology, for example, less consumption and low concentration (1~4% (NH4),SO4) of the
leaching reagent, which could reduce the pollution of the environment greatly. And the purity of
mixed RE oxide could meet the demands of customers (total amount of RE is above 92%) [18].
However, the ecological environment of the mining area is seriously destroyed by the
second-generation leaching technology due to the mining operations and the discharge of tailings.
For producin% one tonne of RE product, 200~800 m” of the surface area are exploited, and
1200~1500 m” of ores must be mined and left on the surface. The bath leaching technology has
been replaced with the heap leaching and in-situ leaching technology. The heap leaching
technology may be widely popularized if the land-reclamation can be performed effectively
combined with land leveling and grading.

The Third-generation Leaching Technology

In order to overcome the disadvantages of the two earlier generation technologies described
above, in-situ leaching technology was developed with high yield, low cost, and neither erosion
nor pollution to environment. The leaching agent (ammonium sulfate) is injected into the natural
orebody, and the useful components are leached out selectively, then the leachate is pumped to
the above-ground factory through the recovery wells (shown in Figure 3).
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Figure 3. Flow process diagram of in-situ leaching.

Currently, it is suggested that the in-situ leaching technology can be applied only in an orebody
with solid bedrock without fissures or cracks otherwise, the leaching agents may leak away and
pollute the ground water. Therefore, it is appropriate for an orebody without a solid bedrock to
select the heap leaching technology combining with land leveling and tailings-reclamation [19].

Protection and Reconstruction of Vegetation in Exploited Area

It is inevitable that there are some problems, such as destruction of vegetation, and soil and water
loss and environment pollution, due to the exploitation of the weathered crust elution-deposited
ore. Therefore, methods of strengthening the administration of exploitation for RE ores and
revegetation at mine sites are in need of an urgent solution.

The principal task is to restore vegetation in damaged ecosystems, which is the key to preventing
soil erosion. The remediation effect on soil and water loss, and the influence of physicochemical
properties of soil, are different when using different measures to restore the vegetation. Given the
variations in the chemical composition of soils, it is obviously beneficial to restore soil through
revegetation [20].
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Conclusions

The differences in area, climate, rock quality, weathering degree lead to different mineral
composition and quality in the same vertical elevation and rare earth grade. However, the
relevant data are far from comprehensive and should be further improved.

The basic theoretical research into heap leaching and in-situ leaching technology should
be improved. For the heap leaching process, the leaching kinetics and hydrodynamics
should be investigated to understand the regular pattern of the leaching process and
establish a mathematical model. For the in-situ leaching process, the leaching agent with
high leaching ratio and good anti-swelling performances should be studied to decrease
the occurrences of the landslides.

. In order to reduce pollution cased by ammonia-nitrogen wastewater, the MgCl, could be

selected as a new leaching agent. The whole leaching process should be investigated to
understand the migration and enrichment of Mg”" in the minerals. The effect of MgCl, on
the rare earth quality should be determined.

The degradation, migration and enrichment of residual leaching agent in the tailings
should be investigated. Additionally, the process and rate of the degradation reaction
should be studied.

The restoration of ecological environment and vegetation on tailings would be an
important research subject in the future. Great attention also should be paid to the control
of the migration of rare earths from the tailings which could cause water system to be
polluted by RE ions after the exploitation of RE mining. Additionally, high efficiency rare
earth recovery technology for low RE concentration in tailings liquid and leaching
wastewater is urgently needed. Ammonia-nitrogen wastewater treatment technology is
also an important subject for investigation.
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Abstract

Avalon Rare Metals has completed a Feasibility Study for the Nechalacho deposit located in the
Northwest Territories. The rare earth (RE) minerals include allanite, monazite, synchysite,
columbite, fergusonite and bastnaesite. Zircon is present in considerable amounts and is a carrier
of heavy rare earth elements (HREEs). The processes employed for rare earth (RE) extraction
from a rare earth flotation concentrate included pre-leaching the concentrate to remove the
excess carbonate, decomposition of the pre-leached residue with concentrated sulphuric acid,
selective precipitation of the impurities (Fe, Th, etc.) and bulk precipitation of the rare earths.
Testwork was essential in the overall plant design and included bench tests, small continuous
tests as well as fully integrated pilot plants. This paper discusses the testwork results and its
impact on the overall plant design.

Introduction

Rare Earth Elements (REEs) are a group of fifteen lanthanide series elements (including
scandium and yttrium), which are widely known for their applications in electronics, magnets,
catalysts, medicine and other advanced material products. REEs are further subdivided into Light
Rare Earth Elements (LREEs) and Heavy Rare Earth Elements (HREEs). Avalon Rare Metals
Inc. has recently completed a feasibility study to recover REEs from the Nechalacho Deposit
located near Thor Lake, North West Territories.



202 COM 2013 hosted by MS&T'13

A base-case flow-sheet has been developed to process rare earth ores from Nechalacho and
produce marketable rare earth oxides. Broadly speaking, there are three main steps in this
process:

1. Flotation: to produce concentrates from rare earth ores, thereby eliminating gangue and
other stray minerals.

2. Hydrometallurgical Processing: to solubilize rare earth minerals from the concentrates
and selectively precipitate rare earth hydroxides as a bulk mixed product while
minimizing co-precipitation of impurities such as uranium, thorium and iron. A by-
product from this step is an enriched zircon concentrate which has a high economic value.

3. Separation: to separate individual rare earths from the bulk mixed product using solvent
extraction.

Figure 1 shows a simplified overview of the steps required to process rare earth ores:
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Figure 1. Simplified flow-sheet for processing of rare earth ores to oxides.

An integral step in the hydrometallurgical processing is treatment of rare earth concentrate with
concentrated sulphuric acid at an elevated temperature (220 °C) — a process referred to as acid
bake. This reaction converts rare earth minerals to water soluble rare earth sulphates which can
be subsequently recovered downstream by precipitation. Avalon has conducted
hydrometallurgical test-work since late 2008 to demonstrate proof of principle from theory and
provide input towards developing the final hydrometallurgical flow-sheet for the feasibility
study. Tests have been conducted on both bench and pilot scale on flotation concentrate. Six
pilot plant campaigns were conducted at SGS Minerals Services based in Lakefield, Ontario
between June and October 2012. The objective of this paper is to present the results from one
particular pilot scale campaign (PP6) and derive inferences regarding continuous scale
processing of rare earth concentrates.



RARE EARTH ELEMENTS 203

Mineralogy

The mineralogy of the Nechalacho deposit directly relating to metallurgy was investigated by
SGS Minerals using QEMSCAN®, a scanning electron microscope (SEM) and an electron
microprobe (EMP). Nechalacho mineralization is hosted in nephelinesyenite that has been
extensively hydrothermally altered in areas of mineralization. Thus, the gangue mineralogy of
the deposit comprises the nephelinesyenite minerals along with alteration products, many of
which are fine grained. The economically significant elements of the Nechalacho deposit are
hosted in a number of ore minerals, summarized as follows:

* LREEs which dominantly occur in bastnaesite, synchysite, monazite and allanite;
* HREEs which dominantly occur in zircon, fergusonite and rare xenotime;

* Zr (along with HREE, Nb and Ta) which occurs in zircon and other zirconosilicates
(eudialyte), and

* Nb and Ta occur in columbite and ferrocolumbite, fergusonite and zircon.

The mineralogy of the Nechalacho ore is complex. The mineralogy also drives metallurgical
performance. Consequently, it is critical to have a comprehensive understanding of the minerals
— their textures, compositions — relative to position within the deposit.

Flowsheet and Testwork
The main objectives of the hydrometallurgical pilot plant campaign were to:

e Test a continuous version of the hydrometallurgical flow-sheet and demonstrate steady
state operation;

e Optimize REE extraction into the leach solution and upgrade the concentrate (through the
pre-leach, acid bake and water leach circuits) into a partially purified rare earth
precipitate (RP);

e Remove target contaminants (Fe, Th) in the iron removal (IR) circuit while ensuring
minimal REE losses;

e Ensure the final rare earth precipitate (RP) product had an acceptable grade of rare earths
higher than that in the input concentrate while minimizing the U and Th content to a
target level of 500 ppm or lower, and

e Ensure the concentrations of species in the filtrate from the tailings circuit met target

environmental levels determined via hydrological modelling (especially for Mg and SO,
— 800 mg/L and 4500 mg/L targets respectively).

Typically, the feed rate for each pilot campaign was 2 kg/h of concentrate.

Figure 2 shows the conceptual flow-sheet as piloted.
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Figure 2. Hydrometallurgical pilot plant flowsheet.

The flowsheet comprised of the following circuits:

e Pre-Leaching (PL): In the PL circuit, acid-consuming minerals from the concentrate
(mainly carbonates) reacted with excess free acid of the water leach (WL) circuit and
therefore decreased the consumption of neutralization reagent in the iron removal (IR)
circuit as well as reduced overall acid consumption. PL solution produced in this circuit
advanced to the IR circuit. PL residue in the pilot plant was dried batch-wise and was
used as feed to the acid bake (AB) circuit;

e Acid Baking (AB): In the AB circuit, dried PL residue was reacted with concentrated
sulphuric acid to convert the rare earth minerals to form rare earth sulphates, commonly
known as cracking. The calcined material formed was discharged directly into the WL
circuit. Off-gas from the AB circuit contained fluoride and sulphate species which were
absorbed in a scrubber using a 10% sodium hydroxide solution;

e Water Leaching (WL): In the WL circuit, sulphated RE minerals were dissolved in water.
The resulting pregnant solution with excess acidity was contacted with fresh flotation
concentrate in the PL circuit as described above;

e Iron/Thorium Removal (IR): Iron and thorium contained in the PL solution was removed
by selective precipitation using a combination of dolomite, hydrogen peroxide and MgO;

e Re-Leach (RL): REEs co-precipitated in the IR circuit were partially recovered in a RL
circuit, where IR cakes were re-pulped in dilute sulphuric acid solutions. The RL leach
residue cake was disposed as tails. RL solution was then combined with the primary IR
solution;
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e Rare Earth Precipitation (RP): In the RP circuit, REEs were recovered to produce a
mixed REE precipitate by addition of MgO or hydrated lime. RP filtrate was then
discharged into the Tailings Neutralization (TN) circuit, and

e Tailing Neutralization (TN): RP filtrates were neutralized to reduce Mn and Mg levels by
addition of MgO or hydrated lime.

Pilot Plant Performance

Results and Discussion

The pilot plant parameters were obtained from a variety of bench scale and continuous mini plant
test-work on the flotation concentrate. The pre-leach unit operation removed the free carbonates
and hydroxides in the flotation concentrate by reacting with the acidic water leach liquor (50 to

130 g/L HzSO4).

Figure 3 shows the consumption of the free acidity of the WL liquor over a few select pilot plant
shifts, indicating 72% reduction in free acidity on average.
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Figure 3. Change in free acidity between water leach liquor and pre-leach recycle filtrate.

This permitted the reduction in downstream use of dolomite for neutralization and minimized the
acid requirements in the acid bake circuit. The pre-leach produced two streams:

¢ Filtrate containing free acidity of 25 to 40 g/L. H,SO4 together with rare earths and
impurities such as Fe, Th and Al, and

e Solids requiring further treatment with sulphuric acid to “crack” the unreacted rare earths

minerals.
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The solids were dried, and concentrated (96%) sulphuric acid was added (0.6 t H,SO4/t of solids)
and the mixture was sent to a rotary kiln.

Table I summarizes the key pilot plant parameters and performance for each circuit operated.

Table I. General Pilot Plant Parameters and Performance

Retention Solution dgy* Ce Y Th U Fe

- Temp : No. of . . FA

Circuit o Time q pH Density Size Ext Ext Ext Ext Ext
C Units 3 g/L H,SO,
h g/cem pm % % % % %

PL 33-42 1.8 2 1.2 59 25-36 21 4 13 2 14

Drying 120 6 1

AB 230 1 0.6**

WL 90 2.2 3 1.1 57 50-95 83 48 59 49 57
IR 75 5.6 6 3 1.1 13 - 8 4 55 5 97
RP 27 7.3 4 7.8 1.1 23 - 100 100 100 100 99
TN 27 4 4 9.7 1.04 9 - 100 100 100 100 100

*Malvern Analyses
** t H,SO,/t dry solids

From Table I it can be seen that only small amounts of light and heavy rare earths were pre-
leached at 40 C. Similar results at higher pre-leach temperatures and acid concentrations were
obtained in bench scale testing indicating the need for a more aggressive solids treatment such as
acid bake.

The data in this paper is focused on the pilot plant test-work using H,SO4 acid bake treatment at
220 to 240°C. The envisaged hydrometallurgical plant will be located far north in Canada on the
south shores of the Great Slave Lake, where transportation of hydrochloric acid, sodium
hydroxide or other base chemicals is limited and costly. The cheapest transportation chemical is
sulphur for the production of sulphuric acid from an acid plant located on site.

The acid bake reactions in the kiln are complex but believed to occur according to (1) and (2):

Bastnaesite (Ce,La,Y)CO3F) — Ln stands for a generic REE:

2LnCOsF + 3H,S04 — Lna(SO4); + 2C0,1 + 2HF 1 + 2H,01 (1)
Monazite (RePOy)
2L1’1PO4 + 3HZSO4 — Ll’lz(SO4)3 + 2H3PO4 (2)

Prior to the pilot plant campaign, extensive method development testwork was conducted by
SGS to optimize the performance of the acid bake rotary kiln. Table II summarizes the optimized
acid bake parameters:
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Table II. Acid Bake Kiln: Optimized Parameters

Parameter Optimized Value
a. Hot Zone Temperature 220 °C
b. Feed Rate 2 kg/h
c. Acid Dosage 600 kg/t
d. Slope Angle 3.6 degrees
e. Rotational Speed 1 rpm
f. Overall Residence Time lh
g. Hot Zone Residence Time 0.48h

The discharge of the acid baked solids was water leached at 90°C through a series of three
reaction tanks. The water leach extracted 75% of the remaining LREEs and 49% of the HREE:s.
With the combination of the pre-leach and water leach solutions, Table III indicates the
extraction of 80% LREEs and 53% HREEs. The water leach solution containing 50 to 95 g/L
free acid which, once filtered, was recycled to the preleach circuit. The extraction of the rare
earths and the impurities are summarized in Table II1.

The pilot plant campaign was operated continuously for 12 days with all units running
simultaneously. The variability in the recoveries was produced over two different feeds and two

different pulp densities using a silicon tie method to calculate extractions.

Table III. Extraction of Rare Earths and Impurities from the Pre-leach and Water Leach Circuits

Species Extraction (%)
LREEs 80%
HREEs 53%
TREEs 75%

0] 49%

Th 59%

Zr 2%

Fe 57%

The acid bake / water leach circuit also dissolved thorium, uranium and iron. The pre-leach
solution containing all the soluble rare earths and impurities was sent to the IR circuit containing
6 neutralization tanks where dolomite, hydrogen peroxide and MgO was added to a solution
containing 25-36 g/l FA and the pH was adjusted to 3.0. The adjustment in the six tanks in
series included:

e Dolomite addition to pH 1.5;
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e H,0, addition to oxidize ferrous to ferric iron (target ORP of 600 mV), and

e MgO to produce a final pH of 3.0.

For the envisaged hydrometallurgical plant at Pine Point, dolomite is readily available from a
nearby quarry and will dramatically reduce the chemical costs, which would otherwise need to
be transported to this remote part of Canada. Limestone is also available from a nearby location,
however mini-plant work showed that significant REE losses were incurred when limestone was
used. Therefore, dolomite (15 % Mg, 22 % Ca) was chosen for the pilot plant work.

Table IV. Overall Distribution of Select Rare Earths and Impurities
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The IR circuit removed 97% of the iron, 55% of the thorium and only 4% of the uranium in
solution. There is a direct relationship (see Figure 4) between the RE loss and Th removal. Hence
the IR solids were repulped in a mildly acidic sulphuric acid solution to recover the co-
precipitated REEs, while leaving Fe and Th in the residue.

20% 100%
18% . 90%
16% @Ce 4 S 80%

myY

-§ 14% .—‘ 70% s

2 12% Zr . 60% &

S . 8

o 10% . <& * 50% 9

o 7' Of [ | s

S 8% 40% 3

= 15

Y 6% o M, M 30% N
4% o° 0:.—.’—‘—. 20%
2% - 5 10%

[ |
0% — : : : 0%
0% 20% 40% 60% 80% 100%

Th Precipitation

Figure 4. Relationship between Th and rare earth precipitation.



RARE EARTH ELEMENTS 209

The IR solution at pH 3 was further neutralized in the RP circuit to pH 7.8 to recover all
dissolved REE. Further work on the precipitation of rare earths has produced total precipitation
at lower pHs such as 6.5. The higher pH during the pilot plant work was chosen to maintain
complete precipitation of rare earths even during plant upsets.

During the pilot plant run, MgO slurry as well as slaked lime were used to determine the impact
of the neutralizing agent on the overall purity of the rare earths precipitate. The upgraded rare
earth product using slaked lime as the precipitating reagent had an overall TREE grade of 14%
and the upgrade factors are listed in Table V.

Table V. Upgrade Factors of Rare Earths from the Flotation Concentrate

. Upgrade
RRECIES Fl:\%tors
LREEs 2.96
HREEs 2.04
TREEs 2.74

La 2.96
Ce 2.88
Pr 2.75
Nd 2.71
Sm 2.59
Eu 2.52
Gd 2.53
Tb 2.43
Dy 2.25
Ho 2.07
Y 1.97
Er 1.74
Tm 1.40
Yb 1.06
Lu 0.79
Th 0.88
U 2.03

A significant accomplishment of pilot plant campaign PP6 was the reduced Fe, U and Th levels
in the final rare earth product from the RP circuit, which was a concern in the previous
campaigns. Figure 5, compares the U and Th levels of the RE precipitate produced using MgO
and hydrated lime. With MgO, the levels were much higher than the 500 ppm limit governed by
transportation regulations in Canada. The reduced U and Th levels were achieved by the
formation of gypsum (using hydrated lime instead of magnesium oxide as a precipitating
reagent), which acted as a diluent.
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Figure 5. Comparison of U and Th levels in rare earth precipitate.

Fate of Minerals in the Acid Bake Process

The RE minerals in the flotation concentrate were converted from carbonates and hydroxides
into soluble sulphates during the acid bake and dissolved in water leach liquor. Of the rare earth
minerals (REM) originally present in the flotation feed (12%), only 2.5% remained in the acid
bake residue after water leach (verified by QEMSCAN). Table VI indicates that the bastnaesite,
synchysite and allanite were broken down while only partial acid attack was observed with
columbite, fergusonite and monazite.

Along with the cracking of the rare earth minerals, the gangue material also changed with a
complete breakdown of biotite, chlorite, fluorite, calcite, dolomite, ankerite and other sulphides.
Only partial breakdown was seen with zircon and some oxides while, as expected, no breakdown
was seen with quartz, micas, feldspars, clays and other silicates. The limited conversion of the
acid bake for the zircon and fergusonite are an indication of the poor recoveries that were
observed with the heavy rare earths while the light rare earth minerals converted to the sulphates
very easily.



Table VI. Fate of Minerals in the Acid Bake Process (from Concentrate to WL Residue)

RARE EARTH ELEMENTS

Mineral Composition Fate

REM Summary

Columbite(Fe) Fe?'Nb,Oq Partial

Fergusonite Y (Nb, Ta)O, Residual

Bastnaesite (Ce,La,Y)COsF Broken Down

Synchysite Ca(Ce,La,Nd)(CO;),F Broken Down

Allanite (Ce,Ca,Y,La),(Al,Fe")5(SiO4);(OH) Broken Down

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

Other REE - Broken Down
Zircon Z1rS104 Partial
Apatite (F,CLLOH)Ca3(POy), Partial
Quartz Si0, Residual
Plagioclase (Na,Ca)(Si1,Al),04 Residual
K-Feldspar KAIS1;04 Residual
Micas XY, 324014(OH, F), with X=K, Na, Ba, Residual

Ca, Cs, (H;0), (NH,); Y = Al, Mg, Fe*',
Li, Cr, Mn, V, Zn; and Z = Si, Al, Fe*',
Be, Ti
Biotite K(Mg,Fe++),(AlSi;0,0)(F,OH), Broken Down
Clays - Residual
Chlorites Nay.s(Al,Mg)s(S1,Al)30,5(OH);,°5(H,0) Broken Down
Amphibole e.g., Hornblende Partial
Ca,(Mg,Fe,Al)s(Al,S1)30,,(OH),
Other Silicates - Residual
Fluorite CaF, Broken Down
Fe-Oxides e.g. Fe,0; Residual
Pyrite e.g., pyrite FeS, Residual
Other Sulphides e.g., pyrite FeS, Broken Down
Other Oxides - Partial
Calcite CaCO; Broken Down
Dolomite CaMg(CO3), Broken Down
Ankerite Ca(Fe, Mg, Mn)CO;), Broken Down
Gypsum CaSOy, Formed
Thickening

211

Static and dynamic testing was conducted to evaluate the effect that flocculant dosage, feed
density, solids loading rate and rise rate have on the ability to meet target parameters. The best
materials for thickening were the preleach and the acid wash solids which met the underflow
solids targets of approximately 50% w/w. In previous bench and piloting testwork, the greatest
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difficulty, as expected, was the iron precipitation solids even with the raised temperature of 70'C
and the high dosages of flocculant. The rare earths and neutralization solids did not meet the
required underflow solids of 40 % w/w due to the nature of the hydroxides. During the final pilot
plant campaign, however, the thickening of the iron precipitation solids, the rare earth solids and
the neutralization solids was successful.

Table VII. Thickening Results from Pilot Plant Solids

UGS LAVHIVYaiFIv

Target

PL 13 17 1.8-3.4 | 04-0.75 1 2743 46-51

WL <] 16 3552 0.73-1.1 | 2136 50-57

IR 5 4 0.5-2.5 | 0.02-0.1 { 297-449 19-39

RP 8 4 0.7-1.5 1 0.03-0.07 2 20-73 35-40 <370 7 40-60
N 10.3 6-11 0.5-1.0 § 0.07-0.13 1 2741 30-32 <114 7l 40-60

Table VIII. Specific Gravity and Particle Size Data of Pilot Plant Streams

Calculated
Solids SG Particle Size | Prenarsd Liguor SG
Circuit a3 Solids SG TR T B Liquor Solution
t/m o P80, um pH t/m?
PL 2.8 3.23 54 1.3 1.02 TN Liquor
-40 g1 H80,
WL 2.0 3.00 54 <] 10 TN Liquor
- 80 g/l H280Q4
IR - 2.68 <30 33 1.03 IR Precip
Filtrate
RP - 2,70 <350 8 1.07 RP Filtrate
™ - 2.98 <50 19 1.0 TN Filtrate
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Table IX. Filtration Results from Pilot Plant

Preleach 1.39 1.3 369-1366 5-14 25-49
Preleach Vacuum 139 1.3 387-1508 12-26 6-24
Acid Wash Labox 25 1.49 <1 198-293 8-15 24-36
Acid Wash Vacuum 1.49 <1 101-247 14-19 5-14
Iron Ppt Labox 25 1.26 5 T0-85 - 17-32
Rare Earths Labox 25 1.33-1.36 221-333 3642 39-31
Neutralization Labox 1.15-1.22 103 93113 29-37 20-38
25
Conclusions

A successful integrated hydrometallurgical pilot plant campaign was operated for 12 days using
flotation concentrate as the feed. The main conclusions include:

e The pilot plant was able to upgrade the total rare earths in the concentrate by an upgrade
factor of 2.74;

e Optimum recoveries of 80% LREEs and 53% HREEs were obtained in the upgraded rare
earth precipitate;

e By operating the PL-AB-WL in counter current format (ie recycling the acidic WL
pregnant solution to PL circuit), dolomite and overall acid consumptions were
minimized;

e U and Th levels in RE precipitate were lower than 500 ppm by the use of hydrated lime
as a precipitating reagent and thereby meeting transport regulations;

e Bastnaesite, synchysite and allanite were completely broken down in the acid bake step
while monazite, zircon, columbite and fergusonite were partially broken down;

e Thickening and filters were successfully used for the solid/liquid separation processes
required throughout the pilot plant, and

e The pilot plant was integral in defining the flowsheet and completing the engineering
specification requirements towards the feasibility study.

Based on the results from the pilot plant, the following long term predictions for average annual
revenues of rare earth products were made [3]:
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Table X. REE Prices and Estimated Average Annual Revenues

Metal Oxide USS$/kg RSZEZ?FU‘;?:;:;B],S)
La,0; 8.75 10,278
Ce,05 6.23 15,529
Pr,0; 75.20 23,987
Nd,O; 76.78 89,561
Sm,0; 6.75 1,472
Eu,0; 1392.57 43,526
Gd,04 54.99 12,636
Tb,0; 1055.70 39,378
Dy,05 688.08 133,740
Ho,04 66.35 2,139
Er,03 48.92 3,480
Tm,0; N/A N/A
Yb,0; N/A N/A
Lu,0; 1313.60 5,948
Y,0; 67.25 48,126
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Abstract

Geomega Resources Inc. (GeoMegA) is currently developing the Montviel Rare Earths/Niobium
deposit, located at the north end of the Abitibi region in Quebec. The initial NI 43-101 resource
estimate totalled 183.9 million tonnes of indicated resources containing 1.45% TREO in addition
to 66.7 million tonnes of inferred resources containing 1.46% TREO. The deposit is dominated
by gangue carbonates including ankerite, dolomite, siderite, and calcite. The main REE bearing
minerals are Ba-REE carbonates and monazite. Magnetization of Fe-bearing carbonates
minerals followed by wet low intensity magnetic separation as well as a flotation only route
demonstrated potential for separating REE bearing minerals from gangue carbonates. Excellent
REE extractions (~ 99%) from beneficiation concentrates were achieved by hydrochloric acid
leaching. Through a series of selective precipitation steps, a final mixed REO precipitate (52%
TREE, with Th+U below 15 g/t) was produced at an overall (from ore in ground to final
precipitate) REE recovery of 80%.

Introduction

The Montviel Rare Earths/Niobium project is 100% owned by Geomega Resources Inc. The
initial 43-101 resource estimate is provided in Table I [1].

This paper discusses the mineralogical and metallurgical testwork performed by SGS Minerals
(Lakefield Site) on samples from the Montviel deposit in developing a viable beneficiation and
hydrometallurgical flowsheet.
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Table 1. Montviel Mineral Resource

- Elements
Resources|Tonnage (million T)
Nd203 PI'203 DyZOj, EUQO:; Y203 Nb205
. Kg/Tonne 2.425 0.755 0.023 0.082 0.072 1.257
Indicated 183.9 — —
Million-K g in-situ|  446.0 139.0 4.2 9.0 13.0 231.0
Kg/Tonne 2.404 0.751 0.025 0.086 0.078 1.403
Inferred 66.7 — —
Million-K g in-situ|  160.0 50.0 1.7 3.0 5.0 94.0

Geology

The Montviel carbonatite complex (MCC) is located at the junction between the Opatica and
Abitibi sub-provinces in Quebec. The MCC is dated 1,894 Ma and is enclosed in the Nomans
tonalite, dated 2,708.9 Ma. The MCC Core Zone, measuring 3 square km, is made of a
ferrocarbonatite. The target commodities for the Montviel project are REE (cerium, lanthanum,
neodymium, praseodymium, dysprosium, europium, and yttrium) and niobium.

Mineralogy

Advanced mineralogical examination using x-ray diffraction, scanning electron microscopy,
electron microprobe analysis, and QEMSCAN™ were completed by SGS on a Master
Composite [2]. The Master Composite, composed using samples representative of the Montviel
deposit, was ground to 100% passing 75 um and screened into two fractions: -75+25 um and -
25 um. Both fractions were subjected to QEMSCAN™ using the Particle Mapping Analysis
(PMA) mode. The PMA mode provides a statistically robust population of mineral identification
based on x-ray chemistry of minerals. PMA is a two-dimensional mapping analysis aimed at
resolving liberation and locking characteristics of a generic set of particles.

Mineral Distribution

Figure 1 presents the mineral distribution of the Master Composite. The Nb and REO bearing
minerals are Ba-Ce carbonates, monazite, pyrochlore, and other REE minerals, totalling ~8%.
The major gangue minerals are ankerite, dolomite, siderite, calcite, barytocalcite, strontianite,
amphibole, biotite, apatite, Fe oxides, ilmenite, and other silicates, totalling ~90%. The gangue
minerals are dominately acid-soluble carbonates which would be major acid consumers. A
beneficiation process that rejects the majority of the gangue carbonates while retaining the
majority of the REO and Nb bearing minerals would be beneficial in 1) reducing the downstream
hydrometallurgical plant size, ii) reducing acid consumption in the acid leach process, and iii)
reducing impurities that would otherwise deport to the leach liquor.
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Figure 1. Mineral distribution.

Liberation and Association

Figure 2 presents the major REO minerals liberation and association data. Particles are classified
in the following groups (in descending order) based on mineral-of-interest area percent: free
(>95%) and liberated (>80%). The non-liberated grains have been classified according to
association characteristics, where binary association groups refer to particle area percent greater
than or equal to 95% of the two minerals or mineral groups. The complex groups refer to

particles with ternary, quaternary and greater mineral associations including the mineral of
interest.

The REO minerals are very fine and not well liberated at a grind size of 100% passing 75 pum.
Monazite is found to be ~10% free (=95%) and liberated (=80%) and only improved to ~18% in
the -25 um fraction. The monazite minerals is likely non-recoverable in a selective beneficiation
process or if recovered would likely be locked and dilute any pre-concentrate. The Ba-Ce
carbonates are much better liberated at ~60% free and liberated. A finer grind would likely
improve liberation as the Ba-Ce carbonates are ~67% free and liberated in the -25 um fraction.
Liberation improvement may not be sufficient for effective separation from gangue carbonates.



218 COM 2013 hosted by MS&T'13

Ba-Ce Carbonate Association - Master Composite Monazite Association - Master Composite
100
OComplex oComplex
90 — —
mBa-Ce Carb:Oxides ®MnzOxides
mBa-Ce Carb:Sulphides 80 T— —— | BMnz:Sulphides
L] # i
T @ Ba-Ce Carb:Strontianite 70 Minz:Strontianite
g 8Mnz:Ba Carbonates
S @®Ba-Ce Carb:Ba Carbonates
3 T g0 +—] [ | EMnz:Ca-Mg-Fe
Y ®Ba-Ce Carb:Ca-Mg-Fe E Carbonates
U:'s Carbonates < BMnzSilicates
o & Ba-Ce Carb:Silicates =
S ° 50 T— — "
< S BMnz:Apatite
ﬁ & Ba-Ce Carb:Apatite 2
= g %0 1 2Mnz:Other REE
B Ba-Ce Carb:Other REE
BMnz:Pyrochlore
£1Ba-Ce Carb:Pyrochlore 30 4
GMnz:Ba-Ce
@ Ba-Ce Carb:Monazite E(Ezr:\nﬂonatei
e ib Monazite
20— R | .
P - LT OLib Ba-Ce Carbonate OFree Monazite
10 4 OFree Ba-Ce Carbonates
0 AN . L. . AN - T
Combined +25um 25um Combined +25um -25um

Figure 2. Liberation and Association.
Beneficiation
Beneficiation testwork completed at SGS included a wide range of testing. The three most
promising process routes are presented below [3]. It should be noted that results presented in
this paper pertain to testwork completed at SGS and do not include testwork completed at other

laboratories.

Head Chemical Analysis

Table II. Master Composite Head Chemical Analysis

Composite Master Comp, % Gd203 .
TREE 1.883 Sm203 1.0% Master CompOSIte Dy203
' - 0.2%
1.6%
- 0.24 Nd203
SiO, 4.56 15.
Al,O3 0.88
Fe 03 21.3 P03
MgO 7.51 4.6%
CaO 20.1
Na,O 0.86 Ce203
K20 0.67 La203 52.6%
24.5%
TiO, 0.59 o
P20s 0.71
MnO 2.31
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Table II presents the head chemical analysis of the Master Composite. The majority of the
REE’s present are LRE of which 77% are Ce and La. Neodymium is the most abundant and
valuable element. Cerium represents a significant portion of the REE and also is present in the
majority of the REO bearing minerals. As such, Ce,Os; is used to track REO recovery in all of
the beneficiation testwork.

Roasting and Magnetic Separation

Wet low and high intensity magnetic separation from 1-5 kGauss was investigated on the ground
Master Composite and on the roasted Master Composite.

Figure 3 presents the amount of Fe,Os rejected in the magnetics under both low and high
intensities. Minimum amount of mass and Fe,O; was removed when the ground Master
Composite was subjected to low intensity. Under the same low intensities, up to four times the
amount of Fe,O3 was rejected after roasting. The roasting process appeared to ‘magnetize’ the
ankerite and siderite that would otherwise not be susceptible to magnetic separation at low
intensities. At high intensities, both the ground and roasted Master Composite were susceptible
to magnetic separation. Upon further optimization to the roasting and wet low intensity
magnetic separation process, ~65% Fe,O3; was rejected to the magnetics in 46% mass. Up to
~15% each of Nb,Os and Ce,O5 was lost.

Wet Low Intensity Magnetic Wet High Intensity Magnetic
Separation - Magnetics Separation - Magnetics

// /'/
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0 T 0 T T T
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Mass Pull (%) Mass Pull (%)

Figure 3. Fe,0O; rejection vs. mass pull in magnetics — magnetic separation.

Flotation

SGS completed a total of 15 flotation tests on the ground Master Composite exploring the effects
of collector type and dosage, grind fineness, and pulp temperature. Optimum rougher flotation
results achieved 73% Ce,O; recovery in 22% mass. Niobium flotation was poor as only 9%
Nb,Os was recovered.
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Various collector types such as fatty acid (Sylvat FA2), phosphoric acid esther (Clariant 1682),
alkylhydroxamate (Aero 6493), salicyl hydroximic acid, and T610 (a derivative of salicyl
hydroximic acid) were investigated.

Figure 4 presents the calculated cumulative rougher concentrate recoveries and mass pull

relationships.

hydroximic acid (or T610) demonstrated selective REO flotation.

Poor niobium flotation response was observed for all collectors while salicyl
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Figure 4. Effect of collector type and dosage.

The effect of grind fineness was evaluated with salicyl hydroximic acid as the collector. As
shown in Figure 5, , selectivity did not improve with a finer grind but greater REO recovery was

achieved.
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Figure 6 presents the effect of pulp temperature. Selectivity did not improve at a higher pulp

Figure 5. Effect of grind fineness.

temperature but a higher REO recovery was achieved.
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Figure 6. Effect of pulp temperature.

Gravity Separation and Flotation

A combination of gravity separation and flotation was investigated. Limited upgrading was
found when using a shaking table on the Master Composite at 80% passing 72 um. Gravity
recovered 32% Nb,Os and 27% Ce,O; in 14% mass. Further cleaning of the gravity concentrate
via gravity and magnetic separation as well as flotation observed no exploitable separation.
Further niobium and REO scavenging on the gravity tailings by flotation was performed. A
combination of alkylhydroxamate (Aero 6493) and fatty acid (Sylvat FA2) was used. Sodium
silicate and carboxyl methyl cellulose (CMC) were used as depressants. The combined gravity
and flotation concentrate recovered 84% Nb,Os and 74% Ce,O3 in 43% mass.

Hydrometallurgy
Hydrometallurgical tests were also conducted at SGS Minerals, Lakefield site. Testing consisted
of whole ore leaching, concentrate leaching, leach liquor purification, REE precipitation testing

as well as tailing neutralization and acid regeneration testing [4].

Whole Ore Leaching

In parallel to the beneficiation test program, several preliminary tests using the Carbonate Master
Comp sample were conducted investigating the possibility of pre-leaching in dilute HCI to
selectively dissolve gangue minerals such as calcite and ankerite and producing a high grade
leach resdue. However, it became soon apparent that the carbonate composite ore sample was
very soluble in dilute hydrochloric acid solution and selective dissolution was not achieved in the
pH 1-4 range. In fact at pH 1, around 80% of the REE were already dissolved.

The Carbonate Master Comp sample was subsequently used in a series of whole ore leach / acid
bake experiments investigating the use of sulphuric acid leaching (agitated and acid bake) as well
as hydrochloric acid leaching to extract REE. Figure 7 shows the REE extraction for 3 whole ore
leach experiments. It is apparent that the hydrochloric acid leach system delivered superior
extraction (98-99% REE) results at 100 g/L HC1. Typical leach tenors (at low densities of 10%
solids) averaged around 2 g/L. REE and 55 g/L. gangue (20 g/L Fe, 6 g/LL Mg, 20 g/L. Ca, 2.4 g/L
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Mn, 6 g/L Ba/Sr), which led to a gangue/RE ratio of 26. Acid consumption was high 660 kg/t.
Nb did not dissolve and concentrated into the leach residue (2.6% Nb). Due to the high acid
consumption and high co-extraction of gangue elements, it was evident that pre-concentration of
a mineral concentrate was necessary.
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Figure 7. Whole ore leaching / acid baking.

Concentrate Leaching

Several concentrates were used during the concentrate leach work produced at SGS, NRC and
Corem. An overview of the concentrates compositions is included in Table III, showing that Nd
represents ~ 14% of the total REE.

Table III. Concentrate Composition

% SGS1 NRC1 Corem1 Eu-Lu, 1.2 N .
Fo 16.1 185 18.0 Sm,1.4__ Avg Concentrate REE Distribution
Mg 2.40 3.43 2.71 La, 30.7
Ca 8.06 9.50 779 | Nd-142
P 0.13 0.11 0.13 mla
Mn 1.04 1.65 1.60 Pr'“-/\ mCe
Si 1.88 2.14 1.88 .pr
Ba 7.28 4.24 5.48
Sr 5.35 4.37 4.86 HNd
Nb 0.75 0.55 0.61 msm
TREE 56 3.9 4.7
rel LREE| 98.9 98.7 98.9 Ce,47.7 HEu-Lu
rel HREE| 1.1 1.3 1.1
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Based on the high extractions observed during the whole ore leaching, concentrate testwork
focussed on hydrochloric acid leaching and focussed on optimizing process conditions. Notably
several series of tests investigating kinetics, pulp density and acid concentration were conducted.

Figure 8 presents the effect of leach liquor acidity on the extraction of gangue and REE and
shows that the concentrate is very reactive even under very mildly acidic conditions. Test AL11
at pH 3.5 was meant as a pre-leach style test with the objective to selectively dissolve gangue
elements; however it led to 57% Nd extraction.
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Figure 8. Concentrate leaching — effect of acidity.

Figure 9 shows that leaching at higher densities does not lead to reduced leach extractions, which
remained around 97-98% REE. This is a general benefit of hydrochloric acid leaching. At 40%
solids (before reagent addition), leach liquor started to crystallize, so further work was conducted
at 30% solids and 15 g/l HClL. Under these conditions a PLS was produced with tenors of 12-15
g/L REE and 80-100 g/L gangue cations (~25 g/L Fe(Il), ~20 g/L Ca, ~20 g/L Ba, ~15 g/L Sr),
equivalent to a gangue/REE ratio of ~6.5 indeed much lower than 26 (whole ore leaching). The
leach residue consisted of 28% Fe, 12% Si, 4% Nb, 8% Ti, 0.2% TREE and represented 10-20%
of the original concentrate weight. Several bulk tests were conducted under these optimum
conditions to produce feed for purification and REE precipitation tests. Acid consumption
ranged between 550 and 600 kg of HCI (100%) / t concentrate, which depending on mass pull
and extraction translates into a very significant overall net reduction of acid consumption when
compared to whole ore leaching (660 kg/t ore).
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QEMSCAN mineralogical examination of the leach residue identified the presence of pyrochlore
as main carrier of niobium and ilmenite as main carrier of the titanium. It also detected monazite
and REE fluoro carbonates as carriers of unleached REEs. Based on the detected degree of
liberation, theoretical grade-recovery curves were established for these minerals to investigate if
further upgrading of the pyrochlore and ilmenite minerals was feasible. Based on the curves
shown in Figure 10, possibilities appear to exist to perform an upgrade of these minerals. The
REE minerals were not well liberated and little further upgrading appears feasible.
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Figure 9. Concentrate leaching — effect of pulp density.
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Figure 10. Leach residue - theoretical grade — recovery curve.

Leach Liquor Purification

A typical composition of a bulk leach liquor is shown in Table IV. Leach liquor purification
testing focussed on selective removal of Fe, Al and Th, leaving all REE behind in solution. One
of the potential routes selected for this consisted of oxidative precipitation of Fe and co-
precipitation of Al and Th. While Fe(Il) oxidation is relatively easy using NaOCl or H,O,, the
associated reagents costs prohibit them from being used at large throughputs. Instead testwork
focussed Fe(Il) oxidation using air or O, though bulk tests still used H,O, as a substitute for O,
to quickly produce feed for downstream tests.

Figure 11 shows the metal precipitation efficiencies of a select few tests. The results show that
removal of Fe is successful using either O, or H,O, to oxidize Fe(Il) to Fe(Ill) and lime to
produce hydroxides of Fe(Ill), Al, Th and U. It is likely that some of the Fe(Ill) and Th were
precipitated as phosphates as P precipitation was generally high. Purification filtrate
compositions are presented in Table V, showing the selective removal of Al, P, Sc, Th and U all
in one step. Hydrated lime consumption was calculated to be ~40 kg/m® equivalent to ~ 11 kg
hydrated lime per ton of concentrate.

Table IV. Leach Liquor Composition

Leach Liquor Composition, mg/L
HCl (g/L) | Fe Mg Ca Al P Mn Si Ba Sr |[La-Sm| Eu-LutY| Sc Th U
15 21000 | 6420 | 20600 | 722 302 | 2460 | 29.8 | 15600 | 13600 | 14225 178 1.2 49 3.0
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Figure 11. Leach liquor purification.

Iron oxidation using H,O, was fast, but significantly slower using O, as is demonstrated in
Figure 12, which indicated minimum retention times in excess of 24 hours. It is believed that
some of the slow oxidation can be attributed to artefacts of testing in small bench scale
apparatus. Larger scale reactors (with higher liquor levels to increase hydrostatic pressure)
should lead to improved Fe(II) oxidation kinetics. Nevertheless testing showed that H,O, can be
replaced with more economic reagents such as O, and perhaps even air.

Table V. Purified Liquor Composition

Leach Liquor Composition, mg/L
Stream HCl (g/L) | Fe Mg Ca Al P Mn Si Ba Sr |La-Sm|Eu-LutY| Sc Th U
P21 (H,0,/Ca(OH),) pH 3 <0.7 | 5650 | 37600 | 32.6 <5 | 2380 | 22.4 | 12500 ( 11100 | 10088 117 <0.07 | 0.11 | 0.05

P18 (O,/Ca(OH),) pH 3 936 | 6420 | 40500 | 11.8 <5 [ 2380 | 17.2 | 15300 | 13100 | 11028 134 <0.07 | <0.06 | <0.06
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Figure 12. Fe(II) oxidation with O, (50°C, pH 3 HCI).
REE Precipitation

Filtrates from bulk purification tests (similar to test P21 — see Table V) were used in simple bulk
REE precipitation tests using amongst others soda ash and hydrated lime. Both reagents worked
well (refer to Figure 13) in precipitating REE, but to avoid introducing Na into the flowsheet,
final bulk tests were carried out using hydrated lime. A high grade mixed REO product was
produced of 52.5% TREE (Table VI) with low key impurity levels (<25 g/t Sc, 9.1 g/t Th, 3.2 g/t
U). Other key impurities included 0.35% Fe, 1.7% Ca and 4% Mn. Hydrated lime consumption
was determined at ~ 10 kg/m® or 2.3 kg/t concentrate. REE filtrate consisted primarily of Mg,
Mn, which can be removed by further hydrated lime addition. Ba, Sr and Ca (together 70 g/L
can be reacted with sulphuric acid to produce azeotropic HCI for recycle and a mixture o}
gypsum and barium / strontrium sulphate.
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Figure 13. REE precipitation.
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Table VI. REE Precipitate Composition

Fe Mg Ca Al P Mn Si Ba Sr La-Sm [Eu-Lu+Y| Sc Th U
% % % % % % % % % % % glt glt g/t
RP9 0.35 0.14 1.68 0.28 | <0.01 3.95 0.89 0.11 0.01 52 0.6 <25 9.1 3.2

Table VII. REE Filtrate Composition

Fe Mg Ca Al P Mn Si Ba Sr La-Sm [Eu-Lu+Y| Sc Th U
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
RP9 <0.2 6150 | 44700 | <0.7 <5 1370 <0.8 | 13400 | 11900 39 <0.4 | <0.07 | <0.03 | <0.02

Overall Flowsheet and Recovery

A conceptual flowsheet treating the Montviel ore is shown in Figure 14. Depending on which
beneficiation route is selected, an overall recovery from ore to REE precipitate of 83% can be
accomplished.
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Figure 14. Conceptual flowsheet.
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Conclusions

This study demonstrated the potential of processing the Montviel ore from ore to REE
precipitate. Advanced mineralogy examination revealed that the valuable REE and Nb bearing
minerals are Ba-Ce carbonates, monazite, and pyrochlore. The REE bearing minerals are very
fine and poorly liberated. The gangue minerals, although mostly free and liberated, present a
challenge for physical separation due to many common properties to the valuable minerals. The
gangue minerals are also acid consumers. Several beneficiation processes, roast-magnetic,
flotation, and gravity-flotation were developed. The roast-magnetic processes recovered 85%
Nb,Os and Ce,Os3 in 54% mass. The flotation only process recovered 9% Nb,Os and 73 Ce,Os3 in
22% mass. The final gravity-flotation option recovered 84% Nb,Os and 74 Ce,O3 in 43% mass.

The hydrometallurgical testwork showed that the ore and concentrate were very soluble in mildly
acidic (15 g/L HCl) hydrochloric acid solutions. Average leach extractions of ~ 98% were
routinely accomplished and a partially purified mixed REE precipitate of 52% TREE (with
U+Th <15 g/t, Sc <25 g/t) was produced through a series of selective precipitation steps.
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Abstract

Elliot Lake mines were major producers of uranium between 1957 and 1996 and significant
yttrium producers. Appia Energy Corp. is developing its Teasdale Deposit near Elliot Lake and
which contains approximately 38.5 Mt of Inferred Resources (237 g/t U308, 1,570 g/t TREE)
and 13 Mt of Indicated Resources (277 g/t U308, 1,650 g/t TREE).

Appia's mineralogical work shows that the U-bearing minerals uraninite, coffinite and
uranothorite, cumulatively carry 70% of the yttrium in the ore. The balance of the REE is
contained in monazite, a mineral that is not attacked by the agitated leach historically used to
recover uranium. Appia has investigated beneficiation and concentrate treatment processes
including roasting, acid baking, pug leaching, and pressure oxidation to enhance overall REE
recovery. Certain process options offer uranium recovery greater than 90% and REE recoveries
between 80% for the LREE to as high as 90% for some HREE.

Introduction

The Elliot Lake camp in Northern Ontario, Canada was a prolific producer of uranium between
1955 and 1996. Thirteen underground mines handled approximately 160 Mt of ore averaging
898 g/t U30g to produce about 164,000 t of U3Og [1]. The district was also, on an intermittent
basis, a significant producer of thorium and rare earths between 1960 and 1990 [2]. Operations
in the district were terminated when high-grade open-pittable deposits in the Athabaska Basin
were developed.

Appia Energy Corp. (“Appia”), a private company, recognized the potential of the Elliot Lake
area for renewed uranium and rare earth recovery operations and acquired property in the
district. In 2007 Appia engaged Watts, Griffis and McOuat Limited ("WGM") to undertake a
program that eventually included an evaluation of its properties, advise on drilling, preparation
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of an estimate of the mineral resource, and supervision and interpretation of metallurgical

testwork.

As of June 4, 2013, the mineral resources were as summarized in Table I [1].

Table I. Rare Earth Metals and Uranium Mineral Resource Estimate for Teasdale Zone

Tonnes o Uz0g4 Contained Contained
Category () TREE (%) (Ib/ton) TREE (Ib) | Us0s (Ib)
Indicated 13,095,000 0.165 0.554| 47,689,000 | 7,995,000
Inferred 38,507,000 0.157 0474 | 133175000 | 20,115,000
Notes:

1. Mineral Resources, which are not Mineral Reserves, do not have demonstrated economic
viability. The estimate of Mineral Resources may be materially affected by
environmental, permitting, legal, title, taxation, socio-political, marketing, or other
relevant issues.

2. The quantity and grade of reported Inferred Resources in this estimation are uncertain in
nature and there has been insufficient exploration to define these Inferred Resources as an
Indicated or Measured Mineral Resource and it is uncertain if further exploration will
result in upgrading them to an Indicated or Measured Mineral Resource category.

3. The Mineral Resources were estimated using the Canadian Institute of Mining,
Metallurgy and Petroleum standards on Mineral Resources and Reserves, Definitions and
Guidelines prepared by the CIM Standing Committee on Reserve Definitions and adopted
by the CIM Council December 11, 2005.

Following a competition between laboratories, WGM and Appia selected SGS Minerals
Services, Lakefield Site (“SGS”) to undertake beneficiation and hydrometallurgical testwork
under WGM supervision. Drill core was quarter-cut and dispatched from Elliot Lake, crushed
and composited at SGS with testwork commencing early December 2012.

Geology [1]

The Elliot Lake area is underlain by the Huronian Supergroup, a southward-thickening, mainly
clastic succession which is well exposed north of Lake Huron. It forms as east-west trending belt
overlapping onto the southern portion of the Superior Province of the Canadian Shield. The rock
succession is divisible into three megacycles, each composed of coarse-grained fluvial
sandstones overlain by glacio-marine/lacustrine mixtites and marine/lacustrine siltstone plus
shale with a capping deltaic succession.

In the Elliot Lake district, uranium deposits are found in quartz pebble conglomerates that make
up the lowest part of the lowest cycle. The ore-bearing conglomerate beds are found in the
Matinenda Formation, the basal unit of the Elliot Lake Group. The uranium-bearing
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conglomerate is a clean, well-sorted, coarse, quartz-pebble conglomerate which was deposited in
a mixed littoral and fluvial-deltaic fan environment. The conglomerate is overlain by and
interfingers in a time transgressive relationship with the shallow-marine McKim Formation.
Uranium mineralization is stratabound, showing good consistency in grade and thickness over
wide areas, both along strike and down dip. The uranium mineralization is readily leachable and
high recoveries, typically 95%, were obtained in the operating mines.

Appia’s Teasdale deposit is located to the East of the past-producing Denison Mines Limited
operations, which together produced about 63 Mt of ore. The Teasdale deposit includes an
Upper Reef (“UR”) that averages 4.4 m thick, a relatively low-grade Intermediate Quartzite
(“IQ”) averaging 2.8 m thickness, and a Lower Reef (“LR”) averaging 2.7 m thickness.

Samples

Appia and WGM selected drill core to represent the UR, 1Q, and LR material. Remaining half
core was sawed into quarter core that was shipped to SGS who prepared metallurgical
composites of each material type as well as a Master Composite containing appropriate portions
of the three individual composites. Analyses for the four composites are presented in Table II.

Table II. Elemental Analysis of Appia Composites

Master

Element | UR Comp | IQ Comp | LR Comp Comp

La 536 259 352 407
Ce 1000 488 681 767
Pr 105 51.7 73.5 81
Nd 328 162 235 254
Sm 54.3 26.2 41.9 42.6
Eu 2.9 1.5 2.7 1.9
Gd 34 15.7 28.5 26.1
Tb 4.7 1.8 4.2 33
Dy 20.3 8.6 19.2 16.5
Ho 3.7 1.4 34 2.6
Y 76 31 65 62
Er 8.8 33 8.2 6.7
Tm 2 0.4 1.3 0.8
Yb 7.1 2.5 5.9 52
Lu 2.3 <0.5 1 0.7
U 218 120 520 270
Th 445 218 350 354
S (%) 1.46 1.04 3.32 1.92
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Mineralogy [3]

SGS completed mineralogical examination of the three composites using X-ray diffraction
(XRD), QEMSCAN, Electron Microprobe Analysis (EMPA), Scanning Electron Microscopy
(SEM) and chemical analysis.

XRD and QEMSCAN showed that all three samples contained about 66% quartz (SiO,)
obviously from the quartz pebbles of the conglomerate. Samples also contained approximately
15% potassium-feldspar (KAISi;Og), and pyrite (FeS,) amounting to 10%, 4.1%, and 2.6%
respectively for the LR, UR, and IQ composites respectively. The samples also contained minor
graphite and about 10% mica (K(Mg,Fe);Si3AlO;9o(OH),) are also present. The distribution of
the minerals containing U, Th, and the REE is indicated in Figure 1.

Brannerite is often mentioned as being an important component of Elliot Lake ore. QEMSCAN
did not indicate the presence of brannerite but it was tentatively identified during the SEM
examination of the samples as either micrometric inclusions in various minerals and local
alteration of the U-Th phases.

QEMSCAN demonstrated that the mean grain size of the minerals of interest were below 20 pm
in all three composites.
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Figure 1. Distribution of U, Th and REE minerals in Appia samples.
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EMPA work showed that approximately 70% of the Y was contained in U-Th minerals with the
balance in monazite. This distribution agrees well with the historical U and Y leach recovery
values for Elliot Lake ore.

Beneficiation [4]

Prior metallurgical data from the Elliot Lake camp, initial hydrometallurgical testwork on Appia
samples, and simple economic analyses showed that leaching of whole ore would give good
recovery of uranium, reasonable recovery of yttrium but poor recovery of the other REE. In
contrast, concentration of the more refractory REE minerals would allow their intensive
hydrometallurgical processing and the possibility of high recovery of all elements. Leaching of
uranium from flotation tailings was shown to be simple and effective. Hence SGS was directed
in a program aimed primarily at concentrating the REE minerals followed by the recovery of pay
elements from the concentrate and tailings. Preliminary cost estimates showed that high REE
recovery to a concentrate of about 10% mass could be effective.

Earlier literature [5] on the beneficiation of Elliot Lake ore showed that ore sorting and dense
media separation could be effective but would not be able to produce the degree of upgrading
needed. These methods were therefore not examined in the preliminary work program but could
be looked at in the future.

Grinding Work Index

A standard Bond ball mill work index measurement was made using a 150 pm closing screen A
metric value of 16.2 was determined.

Gravity Concentration

SGS undertook gravity separation tests on the Master Composite using a Mozley Mineral
Separator at grind sizes of 80% passing 208 um and 80% passing 108 um. SGS also completed
a Wilfley table test starting with material ground to 100% passing 850 um with the tails ground
to -500 um, re-tabled, tails re-ground to -106 um and re-tabled. Summary results are provided in
Table II1.

Table III: Summary Results of Gravity Separation Tests

.. Distribution, %
Test | Conditions Stream Mass U Th S LREE |LHREE |TREE
Gl Mozley, 80% |Conc. 6.6 515| 61.1| 84.3| 58.7| 56.1| 58.6
past 208 Conc. + tails -38 2571 747 812| 94.7| 78.6| 77.7| 78.6
G2 Mozley, 80% |Conc. 58| 448| 59.3| 81.0| 58.0| 53.1| 57.7
past 108 Conc. + tails -38 37.8| 752| 83.6| 945| 823| 79.5| 82.1
Wilfley, 100% past 850 um 199 53.0] 59.1| 829| 54.8| 48.7| 54.3
W1 |progressive |+100% past S00 um | 29.0| 68.6| 755| 90.6| 70.2| 62.7| 69.6
grind +100% past 106 um 33.0( 734 80.7| 933| 758| 67.8| 752

Notes.
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1. LREE are the “light” rare earths including La, Ce, Pr, Nd, Sm, and Eu. HREE are the
remaining “heavy” rare earths and Y. TREE is the total REE content, i.e., LREE+HREE.

2. The tails were screened and assayed and enhanced grades found in the -38 mesh fraction
hence the combinations shown in Table III.

Magnetic Separation

SGS conducted wet high intensity magnetic separation (“WHIMS”) at intensities of
approximately 2,000 G (Gauss), 5,000 G, 10,000 G, and 17,000 G on samples of Master
Composite ground to 80% passing 208 um and 108 um. Results are summarized in Table IV.

Table IV. Summary Results of Magnetic Separation Tests

80% Distribution, %

Test pirsrf’ Fraction Mass | U Th S | LREE | HREE | TREE
0- 2000 G mag. 22| 91| 85| 72| 81| 89| 8l
0- 5000 G mag. 45| 237 263 145| 297| 27.0| 296

M1 | 208 | ©-10,000 G mag. 6.6| 443| 554| 220| 608| 539| 604
0- 17,000 G conc. 86| 612| 742| 288| 782| 722| 778
0- 17,000 G
e 838 il 289 748| 83.8| 463| 857| 824 855
0- 2000 G mag. 25| 89| 88| 55| 84| 92| 84
0 - 5000 G mag. 49| 282| 353| 13.8| 422 357| 417

M2 | 108 | ©-10,000 G mag. 49| 282 353 138| 422| 357| 417
0- 17,000 G conc. 76| 52.6| 646| 209| 71.6| 627| 710
0- 17,000 G

conc.&-38 tail 38.5 74.9 81.2 44.5 85.3 80.1 84.9

Froth Flotation

SGS completed twenty batch flotation tests on the Master, UR, 1Q, and LR Composites. The
collector that was generally used was LR19 which is a blended reagent developed by Lakefield
Research (now SGS Minerals Services) for the flotation of Elliot Lake ores in the 1960s [5] and
comprising 62% FA2 (a fatty acid), 27% Cytec Aero 855 (a petroleum sulphonate), 9%
kerosene, and 2% MIBC. Other collectors that were investigated were cupferron and FS-2 [6]
and salicylhydroximate provided by the Tieling Flotation Reagents Factory, Liaoning, China.

Tests with LR19 were shown to be substantially superior to all other reagents when applied to
Appia Master Composite. Figure 2 summarizes data for flotation test F6 which comprised
rougher flotation and cleaning stages and was done after stage grinding to 80% passing 135 pm.
Test F7 done after grinding to 80% passing 80 um gave identical recovery values. Reagent
additions were a nominal 1.5 kg/t of LR19 and 1 kg/t of PQ Metso sodium metasilicate.
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Figure 2 shows very high recovery of pyrite and reasonably effective recovery of the LREE at
low mass pulls with the HREE and U recovery lagging behind. As discussed later, the lower U
and HREE recoveries are not a major concern if the flotation tailings are leached since uranium
and HREE dissolution in a tailings leach are reasonably high.
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Figure 2. Flotation of Appia ore using LR19 collector.

The LREE and HREE recovery results for a successful beneficiation test (F6) are plotted
together with WHIMS and gravity data in Figure 3.

Figure 3 shows that froth flotation performed significantly better at recovering the LREE-bearing
minerals which are those requiring an aggressive cracking process. WHIMS performed
somewhat better than flotation in recovering the HREE-bearing minerals however that is not too
critical given that a tailings leach is reasonably effective at recovering HREE. There may be a
case for a hybrid circuit involving flotation and WHIMS or gravity concentration and such
possibilities might be investigated at later stages of the project development.
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Figure 3. Comparison of beneficiation methods.
Hydrometallurgy

Whole Ore Leaching

Two whole ore leach tests were conducted on ore ground to 80% passing 212 um and 75 pm
(tests AL-1 and AL-2 respectively). In both cases the leach was performed at 80° C, 60% solids,
with 50 g/L free acid and over 72 h with kinetic sampling. The results for AL-2 are plotted in
Figure 4.

The performance of the LREE in test AL-2 (and other tests) indicates LREE precipitation with
time. A possible mechanism is the formation of insoluble LREE double sulphates caused by the
entry of K and Na into the system by the dissolution of K-feldspar and other minerals. K+Na
assays in test AL-2 were 1.3 g/L at the 12 h mark (>90% K, balance Na) and increased to 2.3,
3.3, and 4.1 g/L respectively in the 24, 48, and 72 h samples.

Sc in solids was below the assay detection limit but was found in solution at a level of about
0.002 expressed as a fraction of U assay. Sc caused issues in earlier Elliot Lake REE operations
[2] and would need addressing in future plant design.
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Figure 4. Whole ore leach of Appia ore, 80° C, 50 g/L free acid.
Since U leaching seemed to be essentially complete after 48 h, such leach times, or shorter,
would be appropriate for maximization of LREE recovery. The acid demand for such leach

times were 57 kg/t and 47 kg/t for the coarse and fine grinds respectively.

Flotation Concentrate Leaching

Several different methods of processing the flotation concentrate were investigated including
simple atmospheric acid leaching, pressure oxidation in which the pyrite was oxidized to
generate lixiviant solution and simultaneously promote metal dissolution, and sulphuric acid
baking — a standard way of cracking monazite/bastnaesite minerals.

Agitated Atmospheric Leaching: Flotation concentrate was subjected to a 48 h long, 60% solids,
50 g/L sulphuric acid leach procedure at 80° C with kinetic sampling. Not too surprisingly, the
U and REE extraction data were very similar to those for the whole ore with about 30%
extraction for La and Ce and about 80% for Y and related HREE.

Pug Leaching: In the 1970s, Rio Algom pilot tested the pug leaching of Elliot Lake ore and
patented the process [7]. A sample of flotation concentrate was mixed as a paste with sulphuric
acid and the resulting pellets held for 24 h at a nominal 80° C with moist air passing through the
pellet bed. After 24 h, the ore was slurried with water, filtered and the products assayed. Data
showed less than 30% U extraction, very low LREE extraction and about 30% HREE extraction.

Pressure Oxidation: SGS was instructed to perform a single pressure oxidation (POX) test on a
flotation concentrate containing 814 g/t of U, 5,877 g/t of TREE, and 9.2%S. Test conditions
included pre-acidification to pH 1.8 (39 kg/t acid added), a temperature of 210° C and an oxygen
overpressure of 689 kPa (100 psi). The test was extended over four hours although full oxidation
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of pyrite and uranium extraction was expected in a shorter period of time. It was speculated that
some cracking of refractory REE minerals might also occur given adequate time.

In this test, 88% of the S was oxidized, 98% of the U solubilized, along with 24% of the LREE,
and 71% of the HREE. Y extraction was 80% reflecting the close association between U
mineralization and Y. Clearly monazite was not cracked during the POX operation.

Acid Baking: Several acid bake tests were performed on various Appia flotation concentrates.
Initial tests indicated that a temperature of 200° C and an acid addition of 1 t/t concentrate, and a
3 h retention time was satisfactory with an acid consumption of 0.3 t/t, U extraction of 98%,
HREE extraction of 90%, and LREE extraction increasing from 60% for La to 90% for Sm.

A pre-leach and acid bake process, simulating a counter-current leach system, was executed in
tests AL-7 and AB-6 on a concentrate assaying 780 g/t U and 13,636 g/t TREE obtained from a
flotation process (tests F19, F20, and F21) which yielded 10.6% concentrate mass containing
92% of the S, 31% of the U, 79% of the LREE and 50% of the HREE — somewhat inferior
results to those of test F6.

The pre-leach required 105 kg/t of acid. The acid bake on the pre-leach residue was done with a
600 kg/t acid addition and at a temperature of 250° C for 3 h. The subsequent water leach
contained 130 kg/t of free acid which would, in a counter-current system, be more than sufficient
for the pre-leach meaning that the fresh acid demand for the pre-leach and bake system is about
600 kg/t of concentrate.

Metal extraction in the AL-7/AB-6 pre-leach and acid bake tests were quite satisfactory as
illustrated in Figure 5.
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Figure 5. Extraction by pre-leach and acid bake of flotation concentrate and atmospheric leach of
flotation tailings
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Flotation Tailings Leaching: Samples of the flotation tailings corresponding to the concentrate
used in the AL-7/AB-6 pre-leach and acid bake test were leached for 24 h at both room
temperature and 50° C in dilute sulphuric acid in tests AL-9 and AL-10. The data showed that in
both cases metal extraction was substantially complete after just 12 h. Acid demand was about
27 kg/t. The higher temperature leach offered 5% better U extraction and an average of 9%
greater REE extraction and so that system was selected. Data are plotted in Figure 5 alongside
the extraction data for the concentrate pre-leach and acid bake test.

Solution/Slurry Recovery options and Test Results

In the 1950s and on, efficient U recovery from Elliot Lake leach slurry was readily done using
partial neutralization, liquid solid separation (“LSS”), clarification, and strong base ion exchange
(“IX”) for U extraction. REE were recovered from the IX barren using solvent extraction (“SX”)
with di-2-ethyl hexyl phosphoric acid (“DEHPA”) either directly or after partial removal of
ferric iron and thorium by precipitation.

A modern approach to U and REE recovery might include LSS followed by SX for U using a
tertiary amine, raffinate solution adjustment, followed by SX for REE using DEHPA or a
modern substitute. An alternative approach, offering substantial capital cost savings, would be to
dispense with LSS and simply use resin-in-pulp (“RIP”) for U as was practiced at many earlier
plants, is presently used by Paladin Energy [8], and analyzed and advocated by others [9].
However, to completely eliminate LSS also requires the use of RIP for REE recovery.

Limited testwork was done on post-leach metal recovery. The work showed that neutralization
of a clear solution to a pH of 3.5 using MgO would precipitate ferric iron and more than 70% of
the Th without significant loss of U or REE. The same procedure using finely ground CaCOs;
was far less effective in that although similar levels of ferric iron and Th elimination were
obtained, REE losses were significant at pH 2 and were unacceptable by the time pH 3.5 was
reached. Limestone precipitation from a slurry, rather than a clear solution could be more
effective and will be tested in future work.

A limited amount of IX testwork was done in which a pregnant solution was treated by strong
base IX for U recovery and the barren then treated with Lewatit OC 1026 resin for REE
adsorption. This macroporous resin has DEHPA incorporated in the resin and so a RIP system
analogous to the earlier SX systems could be possible. HREE extraction was high but LREE
extraction was low and further work is indicated.

Another option, which was not tested, is the simultaneous extraction of U and the REE by a
suitable solvent or resin followed by selective stripping/elution or other means of separately
recovering the two products. Further testwork is needed to examine this option and other aspects
of U and REE extraction options — both from clear solution using SX and from slurry using RIP.

Flowsheet Options and Overall Recovery

The main flowsheet options available are:
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e asimple grind and leach of the Teasdale ore followed by either LSS and SX or RIP for U
and REE recovery from solution — sequentially or simultaneously

e a flotation process to recover a high grade concentrate, acid baking of the concentrate
and acid leaching of the flotation tailings. This option could be detailed in several ways
as follows:

o separate LSS operations on the acid bake residue and leached tailings and inter-
linked SX circuits for U and REE recovery in which weakly loaded extractant
from the tailings circuit is passed on to the higher grade concentrate circuit

o separate inter-linked RIP circuits for the acid bake residue and tailings leach
circuits

o joining the concentrate leach and tailings leach pregnant slurries and recovering U
and REE using either LSS and SX or RIP

o a common U recovery circuit and separate recoveries of dominantly LREE and
HREE products from the acid bake and tails leach circuits respectively

100
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Figure 6. Summary extraction data for float bake and whole ore leach circuits.

The total recovery levels expected from a 36 h whole ore leach on finely ground ore (AL-2),
allowing for 5% soluble loss of U and 10% loss of REE, are plotted in Figure 6.
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Experimental data for the flotation, acid bake, tailings leach circuit have been combined and are
also presented in Figure 6 along with an estimate of the total overall recovery allowing for 5%
soluble loss.

Economics

A very preliminary estimate of the capital and operating cost of three process options are
presented in Table V. Costs are for the process plant only.

Conclusions
Preliminary testwork and analysis indicates that a flotation — acid bake process route combined
with a tailings leach can give high extraction of U and REE from Appia’s Teasdale uranium —
rare earth deposit. It is believed that planned additional testwork and data analysis will lead to

reduced costs and improved recovery.

Table V. Preliminary Production, Capital, and Operating Costs for 7,000 t/d Operation

Parameter Unit Leach-Filter Float-Bake-Filter Leach
U:SX; REE:SX U:SX; REE:SX U:RIP; REE:RIP
Metal recovery
LREE t/a 893 2,840 893
HREE t/a 182 229 182
TREE t/a 1,075 3,069 1,075
U t/a 551 551 551
Costs
Capital cost M$ $347 $418 $284
Operating cost M$/a $75 $110 $74
Operating cost $/t $29.21 $43.17 $28.85
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Abstract

The swell of clay minerals in weathered crust elution-deposited rare earth ore is one of the main
factors that contribute to landslides and other geological disasters in in-situ leaching of rare earth
ores. The effects of the different composite leaching agents on the swelling ratios and swelling
kinetic curves of clay minerals were all reviewed to select an efficient leaching agent which
could minimize the swelling ratios of clay minerals. Results showed that the best leaching agent
was composed of 6% urea, 2.1% NH4Cl and 0.9% NH4NOs. The swelling dynamics model of
clay minerals was successfully established as 5=A-e™" where § is the selling ratio, t is time and
A and B are constants. The relationship between the swell ratio and zeta potential of clay
minerals in the different leaching agents was also investigated in order to explore the inherent
reason causing the swell of clay minerals. It indicated that the swelling ratios of clay minerals
were in inverse proportion to the zeta potential of clay minerals.

Introduction

Weathered crust elution-deposited rare earth ore is a unique mineral resource in China with
tremendous commercial value. The principal component of the rare earth ore is the clay minerals
which account for 40~70% [1-3]. Rare earths are mainly adsorbed on the clay minerals in the
form of hydrated or hydroxyl hydrated ions which can be leached by the ion-exchange method.
The specific characteristic of the weathered crust elution-deposited rare earth ore make it
different to other rare earth ores.

Compared with heap leaching technology, the remarkable predominance of the in-situ leaching
technology is because in-situ leaching minimizes damage to the environment. However, clay
minerals can swell as they absorb water in in-situ leaching rare earth process which can
contribute to landslides and other geological disasters. Cementing materials among the layers
can be dissolved by the adsorbed water that can decrease the cohesion of the clay minerals.
F