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Abstract

Owing to the monopolistic supply and rapid demand growth of Rare Earth Elements
(REEs), cost effective and eco-friendly technologies for extraction of REEs from coal
and coal byproducts are being widely explored. Physical separation tests, like
magnetic separation, float-sink and froth flotation, were conducted at a laboratory
scale, for identification and characterization of REEs in two Alaskan coal samples.
The studies revealed that the samples are enriched in critical REEs, and have
elevated REE concentrations as compared to average world coal estimates. The
selected coal samples from Healy and Wishbone Hill regions were found to possess
an overall concentration of 524 ppm and 286 ppm, respectively, of REEs in coal on

ash basis and some density fractions have total REE concentrations as high as 857

Based on the characterization studies, detailed investigations were conducted to
enrich the REEs and produce a concentrate for downstream extraction. A three-factor
three-level Box-Behnken design for modeling and optimization of froth flotation
revealed that the optimum flotation conditions for maximum REE Enrichment in the
froth fraction was independent of collector dosage for both coal samples. The response
variable was maximized at 4.2% solids and 32.7 ppm of frother dosage for Healy Coal

sample and 10% solids and 37.9 ppm of frother dosage for Wishbone Hill Coal sample.

A processing flowsheet for REE enrichment in clean coal is proposed, which aims at
concentrating REEs in lower density fractions by a combination of dense medium

separation and froth flotation processes. The overall REE recovery of the process is
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calculated to be 76% for Healy and 60% for Wishbone Hill with clean coal fractions
enriched in REE concentrations above the cut-off value required for the commercial
exploitation. The coals are found to possess the potential to be used as a REE resource

under favorable socio-economic and geo-political scenarios.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

In the 18th Century, the Industrial Revolution was facilitated by the invention of the
steam engine and the substantial use of iron and steel in the manufacturing industry.
Analogously, the Information Revolution that followed the Industrial Revolution was
a result of pioneering innovations in science and technology, which are all invariably
dependent on Rare Earth Elements (REEs) (Haxel, Hedrick, Orris, Stauffer, &
Hendley II, 2002). REEs are a class of 17 naturally occurring elements, including
scandium (Sc) and yttrium (Y) along with 15 of the lanthanide elements namely:
lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium
(Pm), samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu). REEs
are vital in countless hi-tech modern day technologies owing to a diverse set of
electrical, chemical, nuclear, optical, metallurgical and catalytic properties
(Krishnamurthy & Gupta, 2004). Thus, they are critical in the fabrication of a wide
variety of sophisticated technological products that constitute a significant part of the
industrial and manufacturing economy of the major developed nations across the
globe (Haxel et al.,, 2002). The United States was once self-sustainable in the
production of REEs; however, it in 2015 was dependent on imports from China (71%),
Estonia (7%), France (6%), Japan (6%) and others (10%) for all of its domestic
consumption (Ober, 2016). Over the last 25 years, China mined, processed, and
refined these elements at prices that nations across the globe were happy to pay and

1



thus has emerged as a monopolistic giant in the market. In 2010, China disrupted
the world’s REE supply by cutting down the export quotas, thus raising concerns for
countries, like the United States, of losing their leadership in manufacturing high-
value products. The Chinese export-to-production ratio of REEs steadily decreased
from 64% in 2000 to 19% in 2010, thus creating an unstable supply-demand scenario

(W. Zhang et al., 2015).

With China having 42% of the world’s known REE reserves and producing 85% of all
REEs of the world, the realization of quotas and export restrictions on these critical
elements presented a huge risk of supply in the international market (Kingsnorth,
2011; Ober, 2016; Polinares, 2012). In 2010, the European Commission in 2010
included REEs as critical raw materials on the list of the 14 most critical materials
for the European Union owing to dependence on imports and unavailability of
suitable substitutes. The United States Department of Energy in the 2011 Critical
Materials Strategy Report identified 16 elements that are essential for the
development of clean energy technologies, of which eight are REEs. The report
delineated five REEs that are of most critical importance in the next decade in terms
of growing global demand and shortage of supply, namely dysprosium (Dy), terbium
(Th), europium (Eu), neodymium (Nd) and yttrium (Y) (Figure 1) (Department of

Energy, 2011).

The analysts have placed the lower and upper bounds of annual growth for total REE
demand, considering the continued dependence of technology on REEs, at 5% and 9%,

respectively, over the next 25 years (Alonso et al., 2012). The REE demand is expected
2



to grow up to 250,000-300,000 tons of Rare Earth Oxides (REO) by the year 2020,
with China producing 150,000 tons of these crucial elements (Kingsnorth, 2011; Ober,

2016).

Neodvmium Dysprosium
(high) @ o
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: . o) 9] @ Critical
_E | G Near-Critical
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= | ow
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Supply Risk

Figure 1. Energy-Critical Minerals in the Medium Term (2015-2025)
(Department of Energy, 2011).

The ever increasing demand of REEs for next generation applications and
monopolistic supply has raised global concerns surrounding stable access to REE
mineral supplies. The manifold rise of the prices of these elements over the last few
years has forced many countries to re-evaluate the possibility of production from
indigenous REE resources and has attracted considerable attention for REE recovery

from waste materials, particularly for the critical elements. Opportunities are being
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extensively explored for extraction of REEs from various non-conventional mineral
sources to meet the domestic requirement in a cost-effective and eco-friendly manner.
There is also a desire to increase production from previously productive sites to
stabilize the supply chain and to expand the production from new alternate sources

including coal and coal byproducts (Bleiwas & Gambogi, 2013).

1.2 Objective of the Work

Coals from certain parts of the world (Russia, China, U.S., etc.) can be rich in REEs
and can approach a total concentration of 1000 ppm (Seredin & Dai, 2012). The U.S.
Department of Energy (DOE) wanted to investigate and quantify the presence of
REEs in Alaskan coals. The DOE was also interested in investigations into
combustion products (fly ash, bottom ash, and cinders) from Alaskan power plants to
assess the enrichment of REE into the coal combustion products, and perhaps,
preferential REE groupings in these streams. Systematic investigations of REE in
Alaskan coal and coal ash have not been performed to date. Therefore, this

investigation aimed to address these questions.

The main objectives of the research included:

(A) Collection of two Alaskan coal samples: one from Healy coal mine, Seam No. 4
and another from an oblique-slip fault outcrop at Wishbone Hill; and the collection of
fly ash, bottom ash and cinder samples from the University of Alaska Fairbanks

power plant, depending on the availability of quality samples and access.



(B) Conducting laboratory classification, float-sink, magnetic and flotation tests to

ascertain the distributions of REE in terms of size and specific gravity.

(C) Analyses of the composite samples and products of classification, float-sink,
magnetic and flotation tests for proximate, sulfur, and REE+Y+Sc content with ICP-
MS (Inductively Coupled Plasma-Mass Spectrometry)/ICP-OES (Inductively Coupled

Plasma-Optical Emission Spectrometry).

(D) Develop a commercially viable flowsheet for REE enrichment.

1.3 Thesis Outline

This first chapter provides the backdrop needed to appreciate the research performed
for the thesis. It introduces the economic importance of REEs and the downside
effects of supply and demand deficit on the major world economies. Chapter 2
provides the background necessary to understand these vital elements, explaining
their physical and chemical properties, classification, resources and applications
along with a brief discussion on prevalent REE processing techniques and the
previous research done on the extraction of REEs from coal. A detailed description of
sample origin and collection, laboratory experiments, and experiment procedures is
presented in Chapter 3. Chapter 4 systematically outlines the results of the study
and discusses them in a fundamental context. Chapter 5 proposes a viable flowsheet
to extract REEs from coal along with a detailed economic evaluation of the extraction
processes. A summary of the research and the conclusions are highlighted in Chapter

6 along with the recommendations for future work.






CHAPTER 2 BACKGROUND

2.1 What are REEs

REEs are the largest chemically coherent group of elements in the periodic table,
which consists of the 15 lanthanide elements, lanthanum (La) to lutetium (Lu).
Yttrium (Y) is grouped with the REEs because of its chemically equivalent
characteristics to the lanthanide elements and its general availability in rare earth
bearing minerals. Scandium (Sc) is also associated with most REE deposits in minor
amounts and is also classified as a REE. These metals have similar properties, which
results in them being clustered together in mineral deposits. The REEs possess
metallic properties and so are also called “rare earth metals” (Binnemans et al., 2013;
Haxel et al., 2002; Peramaki, 2014; Ren, Song, Lopez & Lu, 2000; Szumigala &

Werdon, 2011).

These valuable elements are commonly referred to as ‘rare’ because they are highly
dispersed in the earth’s crust, and difficult to find in concentrations viable for
commercial extraction. Bastnasite, monazite, xenotime, and ion-adsorption clays are
the primary ores of REEs. Bastnasite deposits in China and the United States
compose the largest percentage of the world’s rare earth economic resources, followed
by the mineral monazite. Xenotime and ion-adsorption clays are important sources of
yttrium and other heavy group rare earths but account for a much smaller part of the
total production (U.S. Geological Survey, 2010; Ober, 2016; Gambogi, 2013; U.S.

Geological Survey, 2015; Virta, 2011).



2.2 Classification of REEs

The most common classification of REEs is based on the atomic number of the
element. The REEs are subdivided into “light rare earth elements” (LREEs) and
“‘heavy rare earth elements” (HREEs). Lanthanum, cerium, praseodymium,
neodymium, promethium, samarium, europium and gadolinium, with atomic
numbers 57 through 64, are generally referred to as the LREEs or the cerium
subgroup. Yttrium however, with an atomic number of 39, is lighter than the LREEs;
it is included in the heavy group because of its chemical and physical associations
with heavy rare earths in natural deposits. Therefore, yttrium, terbium, dysprosium,
holmium, erbium, thulium, ytterbium, and lutetium, with atomic numbers 39 and 65
through 71, are generally considered the HREEs or the yttrium subgroup (Dai et al.,
2008; Jackson & Christiansen, 1993; Moldoveanu & Papangelakis, 2013). Scandium
is also included in the LREEs or the cerium group owing to its small size and low

atomic number (Castor & Hedrick, 2006; Gschneidner Jr, 1964).

In a different classification, researchers attribute the first six rare earths lanthanum
to samarium as LREEs and the remaining ten rare earths from europium to lutetium,
together with yttrium to the HREEs (McGill, 2012; Szumigala & Werdon, 2011).
Another classification assigns the rare earths into three subgroups: lanthanum to
neodymium are called “light rare earths”; samarium to dysprosium are known as
“medium rare earths”; holmium to lutetium, including yttrium, are called “heavy rare
earths” (Bunzli, 2000). The densities of the pure LREEs range from 2.9 g/cm3
(scandium) to 7.9 g/cm? (gadolinium) and those of the HREEs are from 8.2 g/cm3 to
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9.8 g/cm?, with the exception of yttrium (4.47 g/cm3) and ytterbium (6.9-7 g/cm3). The
distinction between the light and heavy groups is based more on atomic volume and

geological behavior than on the densities of the individual elements.

Kremers (1961) in his classification of REEs, named the light rare earths, from
lanthanum to samarium, as the “cerium group”; the middle rare earths, europium to
dysprosium, as the “terbium group”; and the heavies, holmium to lutetium and

yttrium, as the “yttrium group”.

Yet another classification of REEs is based on the supply and demand relationship of
individual element and divides REEs into critical (Nd, Eu, Tbh, Dy, Y, and Er),
noncritical (L.a, Pr, Sm, and Gd), and excessive (Ce, Ho, Tm, Yb, and Lu) categories

(Seredin & Dai, 2012).

The multitude of classification of REEs can lead to serious confusion, so for this
thesis, light rare earth elements (LREEs), or the cerium group, are elements from
lanthanum to gadolinium, and scandium and heavy rare earth elements (HREESs),

or the yttrium group, are the elements from terbium to lutetium, and yttrium.



2.3 Properties

2.3.1 Reactivity

Except for europium, which readily oxidizes under all conditions, other rare earth
metals react relatively slowly at room temperature with oxygen or dry air and rapidly
in moist air. At higher temperatures, all rare earth metals ignite in air and react with

the majority of nonmetallic elements (McGill, 2012).

Generally, light rare earth metals react slowly with water at room temperature and
vigorously at a higher temperature; however, the heavy rare earths react very slowly.
Europium, the most reactive rare earth, forms hydroxides even with cold water

(Krishnamurthy & Gupta, 2004).

REEs are reactive with acids. All rare earth metals readily dissolve in dilute mineral
acids with the formation of RE3+ ions and hydrogen (Gschneidner & Daane, 1988;
McGill, 2012). Rare earth metals react at slower rates with common organic acids
than mineral acids of the same concentration. Rare earth metals react, but slowly,
with strong bases, like sodium hydroxide, and no reaction is observed with a weak
base, like ammonium hydroxide (Gschneidner & Daane, 1988; Krishnamurthy &

Gupta, 2004; McGall, 2012).

2.3.2 Boiling and Melting Points

Melting points for the REEs range from 798°C for cerium(Ce) to 1,663°C for lutetium

(Lu) and the boiling points range from 1194°C (Yb) to 3512°C (Pr) (Cordier & Hedrick,
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2011; McGill, 2012). REEs have an iron gray to a silvery luster and are typically soft,

malleable, and ductile (Krishnamurthy & Gupta, 2004).

2.3.3 Ionization Potential

REEs have low ionization potentials and are therefore highly electropositive and
occur primarily as ionic compounds. This is the consequence of their valence shells
consisting of deeply buried 4f orbitals, where the 4f electrons are not available for

covalent bonding (Krishnamurthy & Gupta, 2004).

2.3.4 Magnetic Properties

The magnetic behavior of the REEs is determined by the number of unpaired
electrons in the outermost shell (4f orbital). The magnetic effects of electrons cancel
each other out in the completed 4f subshell, which does not happen for the incomplete
4f subshell. All REEs, except scandium, yttrium, lanthanum, ytterbium, and
lutetium, are strongly paramagnetic. On cooling many REEs become
antiferromagnetic, and on cooling further, a number of these elements develop
ferromagnetic properties. Upon application of a magnetic field of sufficient strength,
all paramagnetic rare earths become ferromagnetic at low temperatures. The rare
earth metals are strongly anisotropic and their magnetic behavior are determined by

the crystal axis (Krishnamurthy & Gupta, 2004).
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