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Abstract

The advancement toward green energy, the development of precise weaponry, and the conquest of
space have made the consumption of rare earth elements and critical elements supersede their
production. Rare earth elements are vital and critical for modern technology. Rare earth elements
consist of Scandium, Yttrium, and the fifteen elements in the Lanthanide group. These elements
are mainly categorized into two types based on their atomic number: Light Rare Earth Elements
(LREE) and Heavy Rare Earth Elements (HREE). The conventional methods of extracting
economic rare earth elements are widely known, and these methods are found in abundance.
However, considering the critical nature of rare earth elements, and the challenge to avoid
environmental degradation, finding an alternate method of extracting rare earth elements that is
both economically and eco-friendly is needed to overcome the disruption in demand and supply of
these elements. One of the many potential methods of rare earth elements extraction is bioleaching
or bio-recovery using bacteria, fungi, and archaea. This method has drawn the attention of several
researchers in the quest for sustainable and feasible extraction techniques of rare earth elements

and other critical elements (CEs).

Bio-recovery or bioleaching as compared to physicochemical methods is considered one of the
most promising techniques for recovering critical elements. A specific type of bacterial strain the
Shewanella oneidensis MR-1 was incubated with rock samples from two distinct locations (North
Pole Hills and the Prince of Wales Island) to recover rare earth elements. The experiment was
performed under standardized conditions to ensure the reliability of the results. Three major
parameters such as the process duration, particle size, and incubation period were tested to evaluate
their impact on the recovery process. A total recovery of 30.85 ppb and 7.6 ppb at North Pole Hills
and Prince of Wales Island, respectively. The process duration parameter was found to be
irrelevant throughout the experiment and the effect of particle sizes ranging below 150 Mesh
shows a positive response to the bio-recovery processes compared to particle sizes ranging
between +-0.5mm. Maximum recovery was recorded with the samples from North Pole Hills
compared to the samples from the Prince of Wales Island. The Bioleaching process was compared
with the traditional acid leaching process, and a total of 291.73 ppb was recovered from the North
Pole Hills and 107.75 ppb at the Prince of Wales Island. This experiment sets a road map to

understand the microbial interaction on hard rock with varying sample sizes and process time.
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Chapter 1: Literature Review

1.1 Problem Statement

Rare earth elements are considered the backbone of the modern technological revolution, as they
find extensive applications in various industrial sectors. Rare earth elements are utilized in
essential field such as medical, defense, renewable energy, electronics as well as in other areas like
chemicals, ceramic, nuclear, and advanced metallurgical applications (Sachan, 2019). Rare earth
elements are seventeen elements according to the International Union of Applied and Pure
Chemistry (IUPAC) which are Scandium (Sc), Yttrium (Y), and the fifteen elements of the
lanthanide series which are Samarium (Sm), Lanthanum (La), Certum (Ce), Gadolinium (Gd),
Holmium (Ho), Promethium (Pm), Dysprosium (Dy), Ytterbium (Yb), Terbium (Tb), Neodymium
(Nd), Praseodymium (Pr), Erbium (Er), Lutettum (Lu), Thulium (Tm), and Europium (Eu). Their
exceptional physical, chemical, and magnetic properties make them a critical component to the
development of cutting-edge technology. Sc and Y exhibit the same characteristics as the
lanthanide group elements and they generally occur in similar deposits as the lanthanide groups,

which is why they are considered rare earth elements.

Several challenges are encountered in exploring rare earth elements. The primary challenge lies in
their extraction, as these elements are not economically feasible to be mined individually, instead
they have to be combined in order to render it economically feasible. The geology of the rare earth
element-bearing minerals, techniques of extraction, cost of implementing technology to liberate
rare earth elements, and the market prices are some of influential factors to mitigate the supply
risk and are considered a challenge in the rare earth elements business. Not all rare earth elements
have the same degree of criticality, the most critical as per the US Department of Energy (DOE)
are Dysprosium (Dy), Neodymium (Nd), Europium (Eu), Yttrium (Y), And Terbium (Tb) (Dev et
al., 2020). Moreover, it has been forecasted that the demand for dysprosium and neodymium
(mainly used in laser and magnet technology, respectively) will increase by 700% to 2600% in the

next 25 years (Alonso et al., 2012; Saha et al., 2017).

Due to the concentrated production and limited processing technology within a limited number of
countries particularly China, are among various factors causing the vulnerability of the supply

chain of these elements, and environmental degradation factors such as generation of radioactive
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waste, destruction of habitat, and water pollution are some of the mmfluencing factors to extract of
rare earth elements bearing minerals, many countries have taken serious action to quest for more

sustainable and reliable sources of recovering of these elements.

Currently, China is the world leader in producing rare earth oxide, with about 86% of the global
supply, followed by Australia (10%), and Brazil, India, Vietnam, Russia, and Malaysia shared the
remaining 4% (Binnemans et al., 2013; Zhou et al., 2017). Before 1980, the US was producing
more critical minerals than any other country in the world. China flooded the critical mineral
market by aggressively investing to capsize the supply chain in their favor. Since then, China has
taken advantage of this position to monopolize the global production, as a result, coercing
competitors to undergo bankruptcy which has led to disrupt the supply chain worldwide.
According to the US Department of Energy (DOE), 78% of the US imports are directly from China
creating strategic dependency on China, the remaining 22% are shared between Estonia, Japan,
and other countries (Mineral Commodity Summaries, 2018a; Sachan, 2019). The European
Union's (EU) rare earth elements market mostly depends on importation from foreign countries
like China, Australia, and Malaysia. Despite all these dependencies on foreign imports, most
European countries are unable to achieve their industrial goal to maintain a constant supply of rare
earth elements. As a result, both the US and the EU have enlisted rare earth elements as part of the
54 critical elements (Nassar & Fortier, 2021). Therefore, it is vital to understand the seriousness
of the supply risk, and the urgent need to find more sustainable, reliable, and eco-friendly path to

secure a constant supply of rare earth elements.

Furthermore, in a report published by the US Department of Energy in an attempt to provide a
solution to the supply risk of these critical minerals, a threefold strategical approach was
established by the department of energy. The first approach includes direct recycling end-of-
products (Rare earth elements residues) already available from industrial waste and developing
new alternate methods with less environmental impact. The second approach consists of
substituting these critical minerals with an alternate less critical element, without decreasing its
performance. The third approach includes aggressively investing in more sustainable mining

practices and intensive exploration of new rare earth deposits (Binnemans et al., 2013; Mineral

Commodity Summaries, 2018b; Rasoulnia et al., 2021). These approaches will establish a



resilience path to focus more on prioritizing and achieving the primary goal of maintaining a

reliable domestic supply and securing critical elements' supply chains.

Many mining companies and governmental bodies are now actively searching for new rare earth
minerals and reopening abandoned mines. For instance, in 2012 the Mountain Pass mine located
in California which was closed since 2002 due to a severe environmental impact restarted its
operations (Hansen, 2010). However, due to the tightened environmental policy in the US, the run

of mine (ROM) from the mine is processed in China.

Among the available techniques for extracting rare earth elements are chemical and
physicochemical. These include acid leaching or dissolution, liquid media extraction, thermal
extraction, pyrometallurgical, gas-phase extraction, liquid metal extraction, glass slag method
direct melting, hydrometallurgical and electro-slag refining (Binnemans et al., 2013; Dev et al.,
2020). The drawback of most of these techniques is their significant environmental impact, high
capital, and operational cost, lack of technological applications, poor ore recovery, highly complex
processes, and high energy consumption. Due to these challenges, it is vital to look into developing

more eco-friendly, high-recovery, and low-capital cost alternative methods.

Rare earth elements are commonly extracted from different sources like industrial waste, mining
waste, and electronic waste. From the industrial waste, the common sources are waste from coal
and mineral processing plants (Red mug, coal ash, etc.), in mining waste, rare earth elements are
generally obtained from mine tailing and acid mine drainage and electronic wastes are the most
common sources of rare earth elements, they are obtained from magnets, computers, monitors, etc.
(Dev et al., 2020). These are referred to as conventional sources. In Alaska, a study conducted by
Gupta has proven that Alaskan coal is a potential source of rare earth elements with up to 525 ppm
(Gupta & Castellini, 2016). Which is significantly above the minimum economically feasible limit
(300 ppm). However, other potential sources of rare earth elements other than coal and coal ash in

Alaska have not received more attention from researchers.

Based on a thorough literature review, it has been found that many challenges are associated with
the rare earth elements recovery process. Various extraction methods have been deployed however
their high limitation makes them unfavorable to achieving a sustainable recovery and none of these

current methods have been found to satisfy all the aspects associated with a sustainable recovery



practice. Among the current hurdles 1s the difficulty in finding an economically viable deposit,
implementing adequate technology to recover rare earth elements from low-grade deposits,
mitigating the environmental degradation factors post recovery, and high capital investment to

feasibly recover the rare earth deposit.
1.2 Research Objective

In Alaska the main sources of rare earth elements are known, in previous studies, it has been proven
that Alaskan coal can contain up to 1000 ppm of rare earth elements, and from Wishbone Hill and
Healy coal, another study has demonstrated that the content goes as high as 857 ppm 1n a specific
density fraction and also from 286 ppm to 524 ppm on an ash basis (Gupta & Castellini, 2016;
Sachan, 2019). Hence, the concentration of rare earth elements in Alaska holds a significant
economic importance. This research 1s mainly focused on determining the feasibility of extracting
rare earth elements from the Alaska North Pole Hill, and Prince of Wales Island through
bioleaching. Also, to compare the effectiveness of bioleaching and acid leaching on these rock
samples. Samples were collected from two different geographical locations (North Pole Hill and
Prince of Wales Island). Six (6) samples were taken at the North Poles and were named R-I, R-III,
R-V, R-VI, R-VII, and R-VIII, whereas samples from the Prince of Wales Island were named as
R-IT and R-1V).

The bioleaching method consists of mobilizing valuable minerals through a microbial-mediated
medium under specific temperature and pH conditions. Although this alternate method is a novel
approach concerning non-coal sources, if in fact it is tested and resulted to be feasible, it can be a

game changer in the rare earth elements market in Alaska in particular and the US in general.
These are the objectives of this research:

a. To demonstrate that bacteria can be a successful leaching agent to extract rare earth
elements from samples collected from Alaska (North Pole Hill and Prince of Wales Island
in the southeast Alaska).

b. To conduct experiments under various time (days), and particle size to determine the
optimum conditions to yield a maximum recovery.

c. To compare the efficiency of bioleaching to acid leaching.



1.3 Research Methodology
The methodologies adopted in this research are the following:

a. Review all relevant literature about rare earth elements and their current challenges.

b. Sample characterization and laboratory analysis using ME-MS61r ICP to assess the
existence of rare earth elements within the sample.

c. Applying bioleaching technique to assess the feasibility of extracting rare earth elements
through microorganisms mediated medium.

d. Using acid leaching to compare the efficiency against bioleaching techniques.

e. Analyzing the result and determining the further scope of recommendations
1.4 Thesis Outlines

The first chapter briefly explains the importance of rare earth elements, and the influential factors
affecting the current supply chain that create an imbalance between demand and supply. The same
chapter outlines the current market scenario and the dependency of the US on China to achieve the
domestic goal. Also, current sources and different techniques are used to extract rare earth
elements. The challenges with current techniques, the need to find an alternate method of
extracting rare earth elements, and finally, the scope of the research. In the second chapter, detailed
background information about rare earth elements, different techniques, their limitations,
applications' domains, and more details about the imbalance between demand and supply will be
elaborated. In the same chapter, a comprehensive literature review will be elaborated as well.
Chapter 3 will describe the bioleaching process and its different components. Chapter 4 will
provide a detailed description of the samples and their different sources, the methodology,
instruments used, experiment steps, the type of microbe used, and the analyzing technique of the
result. Chapter 5 will provide a systematic interpretation of the results and a further area of study,

followed by a conclusion in Chapter 6.



Chapter 2: Background and Overview of Rare Earth Elements

2.1 Introduction

For the first time in 1788, a group of miners on a southeast Swedish island called Ytterby
discovered a strange rock. Not until six years later in 1794 this strange rock was identified to be a
composite of several minerals (lanthanum, yttrium, and cerium) entrapped in an iron ore mineral
(Klinger, 2015). These elements were later referred to as rare earth because they had not been

previously found, and it was assumed to be sparse minerals.

The rare earth elements are found in abundance on the earth's crust except for the rare case of
Promethium (non-existent), contrary to what their name suggests, and the most commonly found
element among all is cerium. Cerium has similar chances of environmental occurrence as copper
and zinc, and lutetium and thulium are also found in higher abundance than cadmium and
selenium. Rare earth elements are much more homogeneous in their chemical and physiological
characteristics than any other elements (Tyler, 2004). However, rare earth-bearing minerals are
known to be from more than 200 different sources, but only four of them are flagged to be the
principal rare earth-bearing ores and these four are considered the most feasible sources of
extracting rare earth elements. These sources are bastnaesite, xenotime, ion-adsorption clays, and
monazite (Charalampides et al., 2015). Bastnaesite is the most important rare earth elements-
bearing ore, followed by monazite, both xenotime and ion-adsorption clays represent a smaller
percentage of rare earth elements-bearing ore (Sachan, 2019). Despite the scarcity of these
elements on earth's crust with the exception of promethium (Pm); neodymium (Nd), terbium (Tb),
yttrium (Y), europium (Eu), and dysprosium (Dy) are five of the rare earth elements which are
classified by the US department of energy (DOE) to be the most critical (Mineral Commodity
Summaries, 2018) (as shown in Figure 2.1). The problem with rare earth elements mining is the
imbalance between the production and the consumption. For instance, Lanthanum (La) And
Cerium (Ce) are more produced than any other rare earth elements, whereas Neodymium (Nd)
And Dysprosium (Dy) are the most demanded elements (Jowitt et al., 2018). As a result, this might

lead to a scenario where Lanthanum (La) And Cerium (Ce) are over-exceeded.






Table 2.1: Class fication, Symbol, and Other Physical Prcperties ¢f REEs

Elements Symbol | Atomic | Crustal Atomic Boiling | RE.
Number | Abundance | Configuration | Point Oxides
(ppm) “0)
Light Scandium Sc 21 22 [Ar]4s23d! 2750 -
Rare Lanthanum La 57 39 [Xe]6s25d! 4230 Lay0s
Earth Cerium Ce 58 66.5 [Xe]4flos?5d! | 2930 CeO,
Elements | Prascodymium | Pr 59 9.2 [Xe]4£36s> 3020 PrcO11
(LREE’s) | Neodymium | Nd 60 41.5 [Xe]4f6s? 3180 Nd,O3
Promethium Pm 61 26 [Xe]4f6s> - -
Medium Samarium Sm 62 7.05 [Xe]4£%6s> 1630 Smy03
Rare
Earth Europium Eu 63 2.0 [Xe]4f"6s> 1490 Eu03
Elements | Gadolinium Gd 64 6.2 [Xe]4f'6s25d! | 2730 Gd20s
(MREE’s)
Heavy Terbium Tb 65 1.2 [Xe]4f76s> 2530 Tb4O~
Rare Dysprosium Dy 66 5.2 [Xe]4f'%6s? 2330 Dy,03
Earth Holmium Ho 67 1.3 [Xe]4flles? 2330 Ho,03
Elements | Erbium Er 68 3.5 [Xe]4f!26s> 2630 ErO;
(HREE’s) | Thulium Tm 69 0.5 [XeldfP6s> | 2130 Tm,Os
Ytterbium Yb 70 3.2 [Xe]4fl*6s? 1530 Yb203
Lutetium Lu 71 0.8 [Xe]4f 1930 Lu03
6s°5d!
Yittrium Y 39 33 [Kr]5s2d! 3030 Y205




Although this classification is based on the solubility characteristic, there are several other types
of classification, such as based on the most produced, most demanding, specific gravity, most
commonly found, electronic configurations, and so on. In this thesis, the classification based on
electronic configuration will be considered (i.e. LREE and HREE). The most abundant type of rare
earth elements commonly found in nature is the LREE around 137.8 ppm (higher than HREE about
31.34 ppm), and the total abundance of rare earth elements is around 169 ppm (Swain & Mishra,
2019). The abundance of LREE does not imply that extracting them is feasible. In general, their
feasibility depends on various factors such as the grade of the deposit, tonnage, geology, the
technology available, environmental impact, and operating cost. Another issue with the feasibility
of extracting rare earth elements is that most of them have similar 1onic radii, and the trivalent
elements among them have similar ionic radii as Ca, Th, and U. Therefore, making their extraction

degradable to environments.

The rare earth elements are mostly found on the earth's crust as oxides not as metallic elements,
because of their strong bond with oxygen. Only in a few cases, rare earth elements are found in
other combinations except promethium, due to its unstable isotope and scarcity on earth. Because
of similar physiochemical properties, it is very difficult to separate rare earth elements individually

and obtain a pure substance.
2.3 Properties of Rare Earth Elements

The electron configuration of rare earth elements gives them exceptional physiochemical
properties, therefore making them an essential component of green energy and advanced
technological applications. All seventeen elements tend to have the same chemical properties and
different physical properties. However, rare earth elements have differed a lot when it comes to
their physical properties, particularly in their pure metallic form. In this thesis, some of the

essential properties are discussed below:
2.3.1 Reactivity Properties of Rare Earth Elements

Most rare earth elements have a strong reaction with oxygen, and the rate of reaction varies
depending on the type of air. Europium is the only rare earth element that oxidizes under any
conditions. Most reactions of the rare earth elements with dry air are very slow at room

temperature, and very fast with moist air (Gupta & Castellini, 2016). In many cases, it is observed



that at room temperature, scandium, lanthanum, cerium, praseodymium, neodymium, and
promethium react slowly with water, and rapidly at higher temperatures. At a very low
temperature, europium forms a hydroxide when it reacts with water. This 1s because of the high

tendency of reactivity (Gupta & Krishnamurthy, 2005).

Like most metals, rare earth elements react with acids to form hydroxyl rare earth elements
RE(OH)". The pH of the acid solution plays a significant role in the reaction rate. At pH varying
from 2 to 4.5, rare earth reacts more rigorously with mineral acids than organic acids at a similar
initial concentration. It is very common to have a slower reaction rate of rare earth elements with
strong bases like NaOH. In many cases, it is observed that rare earth does not react with weak

bases like NH3, and NH4 (Shan, Lian, and Wen, no date; Gupta and Krishnamurthy, 2005).
2.3.2 Thermodynamic Properties of Rare Earth Elements

Except for these four elements: samarium, thulium, europium, and yttrium, all other elements and
their alloy are produced through the process of metallothermic reduction or fused salt electrolysis.
These four elements have high thermodynamic stability at their divalent state and fused salt
electrolysis is not suitable to extract their pure metal, therefore a different method is needed (Judge
& Azimi, 2017). For instance, most rare earth elements have high vapor pressures particularly
these four elements, by considering and exploiting this property, the extraction of pure metal from
these elements can be achieved through reduction and immediate distillation (reduction-
distillation) as done in magnesium processing. Considering the high vapor pressure of most rare
earth, the change in Gibbs free energy, a thermodynamic function, is linked to the vapor pressure
of the elements involved. Any immediate distillation and reduction reaction of any given rare earth
elements require vaporization of the given reaction product, and this reaction necessitates the
supplying of a huge amount of heat energy during the process since these types of reactions are

highly endothermic (Judge & Azimi, 2017).

Another thermodynamic function is the enthalpy of the reaction, which is the minimum amount of
heat required to conduct the reduction-distillation process. C. Colinet uses a calorimetric method
to determine the enthalpy formation of rare earth elements and concluded that for rare earth alloys
particularly, the chemical effect always results in a negative contribution to the process of enthalpy

formation, whereas the size effect contributes positively to the formation of enthalpy (Colinet,
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1995). To conclude, the thermodynamic properties of rare earth elements are a function of their
boiling point and vapor pressure of the elements. This shows that only europium and ytterbium are

relatively easy to be obtained in their pure metal as compared to others.
2.3.3 Magnetic Properties of Rare Earth Elements

When an electron revolves around the nucleus, a magnetic field is generated, and the speed and
number of unpaired electrons in an orbit determined the intensity of the magnetic field. In a 4f
orbital shell, the number of paired electrons revolving around the nucleus are even, as a result, the
magnetic effects of the paired electron cancel each other therefore resulting in poor magnetic
properties. If more unpaired electrons revolve, higher the magnetic tendency of the element, and
also as the speed increases, the magnetic properties increase. Therefore, the magnetic effect
depends on both the number of unpaired electrons and orbital motion. The same concept applies
to rare earth elements as well, where the magnetic effect depends on the number of unpaired
electrons in the 4f orbitals or pathway. Scandium, lanthanum, ytterbium, lutetium, and yttrium are
considered to have a very weak magnetic property among all the rare earth elements because they
do not have any unpaired electrons (Gupta and Castellini, 2016). All the remaining rare earth from
the lanthanum series plus cerium and thulium have a large number of unpaired electrons resulting
in them having strong magnetic properties (ferromagnetic). Cerium has a single unpaired electron

and hence behaves as a paramagnet.

In general, the most magnetic structure of rare earth depends on changes in temperature, the highly
magnetic effect disappears at a certain temperature known as Currie temperature (CT), generally
below room temperature. This implies that they only behave as permanent magnets when in pure
form unless they are coupled with certain metals like iron, nickel, and cobalt to form a compound.
These compounds behave as permanent magnets even above room temperature. For instance, the
magnetic structure of gadolinium is very simple and the 4f orbitals electrons are aligned linearly
in a single direction opposite to one another, this type of structure is considered to be a
ferromagnetic effect, whereas other rare earth elements except for scandium, lanthanum,
ytterbium, lutetium, and yttrium, which their 4f orbitals electrons are aligned linearly but not
parallel to each other are considered to be antiferromagnetic (Binnemans et al., 2013; Sachan,

2019).
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2.3.4 Crystal Structures of Rare Earth Elements

Except for europium, the crystal structure of all the other rare earth elements varies from face-
centered cubic (fcc) to hexagonal close-packed (hep). Along with the main structure, they also
consist of two intermediate structures. One 1s the mixture of fcc and hep, and the other is the
combination of 1/3 of fcc and 2/3 of hep like the Sm-type (Gschneidner, 2022). Most of the time

the intermediate structures are unparalleled whereas the main structures are very common.
2.3.5 Melting and Boiling Points of Rare Earth Elements

The melting and boiling point of a metal generally depends on the number of atoms bound together
to form the metal. For instance, except for praseodymium which is the highest and has a melting
point of 3512 °C, the lanthanum series has a melting point ranging between 798 °C for certum to
1663 °C for lutettum. Scandium and yttrium have both a melting point similar to the last trivalent

element of the lanthanide series. (Gupta & Castellini, 2016; Gschneidner, 2022).

Some elements from rare earth metals have a boiling point that is unparalleled to any of the
chemical elements. Europium and ytterbium are considered to be among the metals with the lowest
boiling point, whereas lanthanum, cerium, lutetium, and yttrium are considered to have the highest

boiling points (Gschneidner, 2022).
2.3.6 Elastic Properties of Rare Earth Elements

Rare earth elements exhibit similar elastic properties as most metals. The elastic moduli of
scandium and yttrium are slightly the same as the last four elements of the lanthanide’s series (see
Figure 2.2). The elasticity of rare earth elements particularly lanthanide series increases with an
increase in their atomic numbers as depicted in Figure 2.2. Europium and ytterbium are the only

exceptions because of their bivalency and are considered as anomalous (Britannica Science).
2.3.7 Mechanical Properties of Rare Earth Elements

Rare earth elements are generally soft, moderately ductile, and malleable in nature with colors
ranging from iron gray to silver luster (Gupta & Castellini, 2016). The strength of their mechanical
properties depends on the purity of the metal and its thermal conductivity. There is not much
literature comparing the mechanical value of each element. However, there is a range value for the

ultimate strength and ductility. These values range from 120 to 160 MPA for the ultimate strength
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Rare earth elements applications are extended to manufacturing everyday life appliances and such
a key component of televisions screens and computer systems. [Table 2.2] shows the summary of
rare earth elements and their various applications. In modern-day society, rare earth elements have
known a wide range of applications like the manufacturing of auto and fluid catalysts, hybrid
vehicles, the metallurgical industry, fluorescent light bulbs, permanent magnets, laptop screens,
disk storage and catalyst converters, and rechargeable batteries (Gupta & Castellini, 2016; Zhou
et al., 2017). They are also the cornerstone of transiting to green energy such as manufacturing
wind turbines, renewable energy, electric vehicles, solar cells, and energy-efficient lighting.
(Critical Materials Strategy 2 Critical Materials Strategy, 2010). Some military defense
applications and aerospace technology include the development of precise weaponry, stall
technology, night-vision google, high technological guidance system, GPS, and low observable
technology (LO). In the medical field, rare earth elements are used in a wide range of cutting-edge
biomedical technology such as photonic and optoelectronic applications, display devices, sensing,
optical information storage devices, magnetic resonance imaging (MRI), computerized
tomography angiography scan (CT scan), bioimaging, and light-emitting diodes (LED) (Zhang &
Zhang, 2022). One of the most important biomedical applications of rare earth elements is in
luminescent bio-detector devices. In biomedicine, rare earth elements are used in diagnosing and
treating diseases, and most importantly it 1s highly applicable to treating brain diseases. For
instance, yttrium is used for cancer therapy, gadolinium for industrial X-ray fluorescence and
magnetic resonance imaging, and ytterbium for portable X-ray sources and it also uses its high
electrical resistivity property in stress gauges for monitoring ground deformation (Gschneidner,

2022).

Rare earth elements are mainly considered vital in manufacturing these wide ranges of products
due to their unique super magnetic, optical, catalytic, and luminescent properties. Other
applications of rare earth elements, for example, lanthanum is used in the petroleum industry to
manufacture low-octane fuel, certum is used for industrial gauges, promethium for power sources,
praseodymium is used in the ceramic industry to produce bright yellow pigment when coupled
with zirconia (ZrSi104), samarium is used in the laser industry. Lutetium serves as a key element
in producing lutetium tantalite (LuTaO4) used in X-ray phosphors (Stopic & Friedrich, 2021; K.
Tang et al., 2013). Figure 2.4 shows rare earth elements’ percentage consumption and production

data.
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Table 2.2 Summary cf common agplication cf REEs ( Gupta & Castellini, 2016, Jowitt et al.,
2018; Sachan, 2015)

Elements

Symbol

Common Applications

Light
Rare
Earth
Elements

(LREE’s)

Scandium

Sc

Alloy used in aerospace engineering, ceramic, lighting,

phosphor, and laser industry

Lanthanum

La

Optics, hydrogen storage batteries, catalysis,
manufacturing of low octane fuel from crude oil,

carbon arc lamps, and night vision goggles

Certum

Ce

Coloring, chemical applications, catalyst for auto
industry, use in glass against UV rays, polishing

computer chips,

Praseodymium

Pr

Magnets for wind turbines, lighting, optics, coloring,

ceramic, and scintillator CTA scan

Neodymium

Nd

Magnets, lighting, laser, optics, coloring and tinting,
computer disk, CRT display, brake system, seat
adjusters, car stereo speakers, hand tools, headphones,

voice coil motors, and dielectrics,

Promethium

Pm

Fabrication of nuclear battery, painting and atomic,
very rare in nature, pacemakers, watches, and compact

fluorescent bulbs

Medium
Rare
Earth

Elements

(MREE’s)

Samarium

Sm

Use in samarium-cobalt magnets, laser, dielectrics,
aerospace equipment, masers, microwaves, radiation

to treat cancer, and servomotors

Europium

Fu

Lasers, color TV, lighting, luminescence valuable for
medical and biochemical applications, computers

screens, and energy efficient fluorescent lighting
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Table 2.2 cont.
Gadolinium Gd Magnets, glassware, lasers, X-ray generation,

computer application, scintillated material for CTA,

nuclear M
Heavy Terbium Tb Fluorescent lamps, magnets, X-ray phosphors, defense
Rare application, lasers, and lighting.
Earth Dysprosium Dy Magnets, lasers, nuclear reactors, computer hard disks,
hybrid engines, and special ceramic composition
Elements
Holmium Ho Lasers, glass coloring agents, magnets, and nuclear
(HREE’s)
control rods

Erbium Er Glass coloring agents, amplifiers for fiber optics,

steelmaking, lasers, eyewear, and decorative glassware

Thulium Tm X-ray generation, crystals, magnetic, dental
application, and ceramic materials for microwave

manufacturing

Ytterbium Yb Lasers, chemical industry applications, ground control

monitoring system, and steel alloys

Lutetium Lu Medical applications, chemical industry applications,
positron emission tomography and catalyst for

petroleum refining

Yttrium Y Lasers, superconductors, microwave filters, lighting,
computer displays, increasing strength of metallic

alloys, and ceramic industry

2.5 Global Demand and Supply of Rare Earth Elements

The campaign toward green energy is the consequence of an increase in global energy consumption

and the growth 1s forecasted to be 1.3 % annually by 2035, among all the most dominant will be
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The European Union (EU) heavily depends on importation from foreign countries mainly from
China to secure the demand caused by high technological demand. To overcome their dependency
on imported rare earth metals, the EU established the Raw Material Initiative (RMI) policy to
maintain a sustainable supply of critical minerals and limit the impact of the shortage (Critical
Materials Strategy 2 Critical Materials Strategy, 2010). The main agendas of these policies are to
encourage collaboration between nations rich in natural resources and the EU community, support
research and development on the extraction of these minerals, invest in universities to improve the
educational program on material science, fund research entities about an alternate method or
substitute for these critical minerals, enforcing a restriction on exporting recyclable waste and

developing a feasible technique to extract critical minerals from the recycling of waste.

To mitigate the supply risk from resource-rich countries, scholars and researchers are trying to find
substitutes with similar effectiveness or another source of rare earth element. Although substitutes
are already available for some elements, they are found to be less effective (USGS, 2021). One
issue with substitute elements is that they are very limited in terms of applicability, they are only
used in small areas like metallurgical and magnets application and cannot substitute rare earth
elements in their chemical and optical properties (Sachan, 2019). Another problem is the cost and
availability of the substitute elements, which indicates the solution to the problem of demand for
rare earth elements will last long in many applications such as X-rays, optics, and pigments. Some
substitute elements which have similar characteristics as rare earth elements in renewable energy
and lighting application have been found (Smith Stegen, 2015). Elements like yttrium, terbium,
and europium are crucial in the manufacturing of phosphor an essential element of fluorescent
lamps, which is highly demanded. In 2013, researchers from the University of Washington
developed a silicon-based nanoparticle phosphor used in manufacturing LED bulbs without any
involvement of rare earth elements. This new technology uses silicon to create a highly efficient
fluorescent material in the absence of rare earth elements or heavy compound semiconductors (Ma,
2013). However, this technology is still at the laboratory scale, hoping to be a potential substitute.
In wind turbines, yttrium could potentially replace permanent magnets because of its high-
temperature superconductor properties. In permanent magnets, without considering the cost of

terbium, it could potentially replace dysprosium (Smith Stegen, 2015). The main component of
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the permanent magnet is neodymium, finding a perfect substitute for this particular element has
been problematic, whereas according to the US department of energy, praseodymium could
replace 5% of neodymium performance (US DOE, 2011). Some companies are working toward
reducing their dependency on rare earth elements. For example, Hitachi has gone through a
technological breakthrough to produce magnets with less rare earth involvement. In the same
context, Tesla, Renault, and BMW are currently developing hybrid motors with less amount of
rare earth elements (Ganguli & Cook, 2018). Reopening old or abandoned mines and adopting

efficient recycling of industrial wastes are other avenues to enhance the rare earth supply chains.

The US and China have the world's largest bastnasite deposits in terms of economic resources,
while Australia, Brazil, India, Malaysia, South Africa, Thailand, and the US have the world's
largest monazite deposits. Other remaining potential resources include apatite, cheralite, eudialyte,
loparite, phosphorites, and rare earth-bearing clays (Szumigala & Werdon, 2011). Among all the
resources, Mount Weld in Western Australia is flagged as the most promising rare earth elements
development project. The feasibility report shows that the grade of the rare earth oxide is high and
relatively easier to develop (Hurst, 2010).

Despite the imbalance between supply and demand, the US and other countries have taken steps
to ensure a rupture of China's rare earth market monopoly, and to meet domestic demand for these
critical minerals. Measuring the importance of rare earth elements and their role in technological

development, it is crucial for all developing countries to maintain a balance between demand and
supply.

2.6 Different Sources of Rare Earth Elements

Rare earth elements are not rare as the name suggests, rather they are relatively more abundant in
the earth's crust than copper, gold, and zinc, but in terms of the extractable portion, it is the lowest
of most of the other minerals. For instance, the US alone has measured and indicated reserves of
rare earth oxide of about 2.4 million tons, while Canada has an approximate measured and
indicated value of 15 million tons of rare earth oxide (USGS, 2021). According to the USGS report,
the total proven reserve in the world 1s estimated to be 120 million tons of rare earth oxide, and
only 280 000 tons were mined i 2021. China alone produced 60% of global rare earth elements
as shown in Figure 2.7 (USGS, 2021).
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The sources of rare earth elements are categorized into two, the traditional or primary sources, and
the non-traditional or secondary sources. The traditional sources are the most common sources of
rare earth elements. Bastnasite, monazite, and xenotime are the traditional sources while recycling
from waste materials, tailing damps, coal byproducts, electronic waste, red mud from bauxite
waste, incinerators ash, metallurgical slags, and wastewater are all categorized as non-traditional
sources of rare earth oxide (Sachan, 2019). Due to the advanced technological breakthrough, many
research scholars are more favorable to extracting rare earth elements from recycling waste,

especially electronic waste.
2.6.1 Traditional or Primary Sources

Bastnasite 1s one of the fluorocarbonate minerals with the chemical formula [Ce, La, Y] (COsF),
it consists of one or more certum, lanthanum, or yttrium [Ce, La] (COsF), (La, Ce), or [Y, Ce]
(COsF), respectively. Instead of F-, some bastnasite contains hydroxyl (OH") ions and are called
hydroxyl bastnasite. The most frequent type of bastnasite is the certum bastnasite [Ce, La] (COsF).
The principal source of economic rare earth elements 1s mainly extracted from certum bastnasite
[Ce, La] (COsF) about 95% globally (Sachan, 2019). Monazite is also one of the phosphate
minerals with the chemical formula (Ce, La, Nd, Y, Th)POs, similarly to bastnasite, it consists of
one or more certum, lanthanum, neodymium, yttrium, samarium, praseodymium, or thorium [Ce,
La, Nd, Th]POs, [La, Ce, Nd]POs, [Nd, Ce, La]POs, [Y, Ce, La]PO4, [Sm, Gd, Ce, Th]PO4, [Pr,
Ce, Nd, Th]POy4, and the most frequent one is the monazite cerium [Ce, La, Nd, Th]PO4. Xenotime
with the chemical YPOs is also one of the traditional sources of rare earth elements. In the US,
most of the rare earth elements are found in one of the following ores, bastnasite [Ce, La, Y]
(COsF), euxenite [(Ce, La, Y, Er, U, Pb, Ca)(Nb, Ta, Ti),] (O,0H)s, monazite Ce, La, Nd, Th]POs,
allanite (Ca(Ce, La, Y, Ca)Aly(Fe?*, Fe>")(Si04)(Si2O(OH)), and xenotime YPO4 (Ganguli &
Cook, 2018).

The largest, rare earth oxide deposits in the world are the Bayan Obo mine in Inner Mongolia,
China, Mount Weld in Australia, and the Mountain Pass mine in California, US, these are all
derived from bastnasite, and monazite sources. Approximately, 70% of total world's rare earth
oxides are mined from bastnasite and the remaining from other primary sources. Monazite is the
only source of rare earth elements which causes harm to the environment. It can contain up to 12%

of thortum by weight, and some amount of uranium, making its waste radioactive (Ganguli &
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Cook, 2018; Sachan, 2019). The LREE are generally found in bastnasite and monazite, whereas

the HREE are commonly found on xenotime.

In ion-adsorbed clay deposits, alumino-silicates such as kaolinite and illite represent another
important source of rare earth element, especially the HREE. In this case, rare earth extraction
becomes easier as the elements are adsorbed to the surface of clay deposits. Laporite [(CE, Na,
Ca) (Ti, Nb)Os), and agpaitic nepheline are some of the rare earth-bearing minerals, currently
Laporite is no longer considered a traditional source due to its high radioactivity thorium content
(Rasoulnia et al., 2021). Table 2 shows the summary of rare earth oxide minerals and their

approximate percentage by weight.
2.6.2 Non-Traditional Sources or Secondary Sources

Limited traditional sources of rare earth elements have led scholars and researchers to search for
alternative sources. Alternative sources of rare earth elements have the potential to balance demand
and supply and reduce dependence on a single country. This can secure the domestic supply chain
and reduce reliance on foreign imports. That is why extensive efforts have led to discovering,
understanding, and developing alternative REE extraction processes. These alternative sources are
also known as nontraditional or secondary sources. They are categorized into three (3) major
groups, sources from industrial waste, sources from mine tailing, and sources from electronic
waste. Rare earth from industrial wastes includes end-of-life products, steel slag, phosphogypsum,
coal ash and fly ash, and red mud. Waste from mine includes the tailing and overburden materials,

acid mine drainage (AMD).

Table 2.3 Minerals containing REEs with their percentage (Castor, 2006).

Minerals Chemical Formula REO %

(by Weight)
Aeschynite (Ln, Ca, Fe, Th) (Ti, Nb)2(O, OH)s 36
Allanites (orthite) (Ca, Ln)(Al, Fe)3(Si04)3(OH) 30
Anatase TiO2 3
Ancylite SrLn(COs3)2(OH).H>O 46
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Table 2.3 cont.

Apatite Cas(PO4)3(F, CI, OH) 19
Bastnaesite LnCOsF 76
Brannerite (U, Ca, Ln)(T1, Fe)20¢ 6
Britholite (Ln, Ca)s(S104, PO4)3(OH, F) 62

Cerianite (Ce, Th)O2 81
Cherilate (Ln, Ca, Th)(P, S1)O4 5
Churchite YPO4.2H>O 44
Eudialyte Nai5Cag(Fe, Mn)3Zr3(S1, Nb)Si25073(0OH, Cl, H2O)s 10
Euxenite (Ln, Ca, U, Th)(Nb, Ta, T1)20Os <40
Fergusonite Ln(Nb, T1)O4 47
Florencite LnAl3(PO4)2(OH)s 32
Gadolinite LnFeBe»S12010 52
Huanghoite BaLn(COs)%F 38
Hydroxylbastnaesite LnCO3(OH, F) 75
Kainosite Cax(Y, Ln):S14012CO3+H20 38

Loparite (Ln, Na, Ca)(T1, Nb)Os 36
Monazite (Ln, Th)PO4 71
Mosandrite (Ca, Na, Ln)12(T1, Zr)2S17031HeF4 <65

Parisite Calnz(CO3)3F2 64
Samarskite (Ln, U, Fe)3(Nb, Ta, T1)sO1s 12
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Table 2.3 cont.

Synchisite Caln(COs3)F 51
Thalenite Y3S13010(OH) 63
Xenotime YPO4 61
Yttrotantalite (Y,U,Fe)(Ta,Nb)O4 <24

Electronic waste, such as computer screens, hard drives, fluorescent lamps, permanent magnets,
NiMH batteries, phosphors, and discarded televisions and smartphones, are important components

of secondary sources. Some common secondary sources are reviewed below.
2.6.2.1 Industrial Wastes
2.6.2.1.1 Phosphogypsum

Phosphogypsum is a waste product generated in the production of fertilizers from phosphoric acid.
Phosphoric acid is produced by digesting phosphate rock with sulfuric acid, resulting in a large

amount of phosphogypsum (Canovas et al., 2019), as shown in the equation below.

Cas(PO4)sF + SHaSOs +10H2O  ——— 5 3H;POs+ 5CaSO4 + HF + heat  (Eq2.1)

Generally, the acid does not digest entirely the phosphate rock, and the reaction product contains
a small amount of solid substance, undigested phosphate ore, and unwanted mineral particles.
Phosphogypsum (PG) is a waste mixture consisting of major solid substances and minor liquid
components, and it 1s a significant environmental concern (Canovas et al., 2019). This PG contains
high concentrations of metals, metalloids, and radioactive materials. Although this waste has a
wide range of applicability like in agriculture as a fertilizer, in road construction, and in cement
industry, it also hosts a considerable amount of economically valuable materials. Whereas, around
200-300 MT of phosphogypsum is produced annually (Dev et al., 2020), therefore, it can serve as
a promising alternative source if the valuable minerals are effectively extracted. Around 70-85 %
of rare earth elements entrapped within the ore are reported in the phosphogypsum, while the
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remaining are within the acidic solution (Canovas et al., 2019). The rare earth elements
concentration depends on factors such as the nature of the main ore, the type of phosphoric acid
utilized for the digestion, the organic efficiency of the plant, and the percentage of rare earth
elements reporting to the PG (Habashi, 1985). Uranium and thorium are found at a very low
concentration (up to 0.01 to 0.1%) by weight in the phosphate rock, and the total concentration of
rare earth elements ranges between 0.01 to 0.4% by weight (Sachan, 2019). The recovery rate of
rare earth elements can reach up to 50% by using sulfuric acid (0.1-0.5 M) as the digestion acid at
ambient temperature with a 10:1 liquid-to-solid ratio (Habashi, 1985). Another study shows the
recovery rate went up to 70% using the combination of the mechanical, ultrasonic, and resin-in-

pulp processes to extract rare earth elements from phosphogypsum (Rychkov et al., 2018).

Rare earth elements can be recovered from phosphogypsum using biorecovery (Dev et al., 2020),
solvent extraction, precipitation, or ion exchange (Sachan, 2019). Biorecovery of rare earth
elements from phosphogypsum is achieved using myriad microbial species. The process of
recovering is done through heap and column leaching using Desulfovibrio, Acidithiobacillus, and
Acetobacter species of microorganisms (Dev et al., 2020). It has been reported that by using the
sulfate-reducing bacteria Desulfovibrio, 85% of yttrium, and dysprosium were extracted using a

fixed bed reactor (Lambert et al., 2017).
2.6.2.1.2 Red Mud

Bauxite residue also known as red mud is a highly hazardous solid waste produced from the
production of aluminum hydroxide from bauxite through the Bayer process. Bauxite is the main
host rock for aluminum and is associated with a number of aluminum minerals like goethite,
gibbsite, boehmite, diaspore, hematite, quartz, and kaolinite (Borra et al., 2016). It is also one of
the most abundant resources on earth, and aluminum which is extracted from bauxite has a wide
range of applicability in our day-to-day life. Aluminum is formed in two stages, first stage is the
primary stage of producing aluminum oxide (Al>Os) from bauxite ore, this stage is achieved by
crushing and grinding, followed by mixing the ore with sodium hydroxide (NaOH) to dissolve the
aluminum oxide. The resulting solution is then filtered, and the remaining aluminum oxide is
precipitated out as a solid material. This first stage 1s known as the Bayer process. The second
stage 1s the production of pure aluminum metal through the Hall-Héroult. The Hall-Héroult process

1s the process of extracting pure aluminum metal from aluminum oxide, the aluminum oxide
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(Al>O3) 1s dissolved in the molten cryolite and then subjected to electrolysis, this process split the
aluminum oxide into pure aluminum metal and oxygen. This entire process is a highly energy-
intensive process, and the process temperature varies between 140 to 250 °C in an autoclave at a
pressure ranging up to 40 atm. During this process, not all the bauxites dissolve in the hydroxide
solution, the filtered solution which is the impurities. The slurry portion of the filtered solution is
called as the red mud, while the solid is referred to as the bauxite residue (Borra et al., 2016). The
rare earth elements usually end up in the slurry portion (red mud). There are about 1-2.5 tons of
bauxite residue for each ton of aluminum processed depending on the grade and quality of the ore

(Panda et al., 2021).

Scandium is the most represented rare earth element in the red mud (above 90%), and the
applicability of bioleaching to red mud using chemolithotrophic microorganisms might be very
limited, due to its high pH value (above 10 generally), however, Penicillium tricolor M-10 and
Aspergillus niger microbial fungi have shown promising resulting of bioleaching of red mud (Dev
et al., 2020). The pH plays important role in the effectiveness of using bioleaching technology to
extract rare earth elements. According to several reports, about 150 million tons of bauxite are
mined every year, if adequate methods are adapted to efficiently extract rare earth elements, it may
be a promising alternative to secure the supply chain and cover the gap of domestic utilizations in

the coming years.
2.6.2.1.3 Fly Ash

The combustion of coal in a power plant for electric generation produced ash which is enriched in
rare earth elements as compared to the rare earth elements concentration in the feed coal.
Understanding the distribution and characteristics of rare earth elements within the fly ash will
eventually help to develop effective approaches to feasibly extract the rare earth elements. During
the coal combustion process, rare earth elements do not volatilize with the organic matter during
the gas phase, they are rather entrapped in the solid phase, these solid ashes are non-combustible,
and consist of both fly ash and bottom ash. (Kolker etal., 2017). Many countries are still depending
on coal as a source of electrical power generation, and it is forecasted to go high in the coming
years until a more reliable renewable source of energy is found. This means in a global sense, coal
production will still be high, consequently, ash production will also increase. It has been reported

that on average only 25% of global fly ash from power generation is being used and the remaining
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1s considered waste and pollutants (Franus et al., 2015). It is thought that on average coal fly ash
contains 445 ppm of rare earth elements on a global scale, making them a promising secondary
source for these vital elements (Franus et al., 2015). Several researchers and companies are looking
into exploring avenues to extract rare earth elements feasibly and sustainably from fly ashes. Some
companies have successfully experimented with the extraction of rare earth elements from coal.
For instance, $600 worth of rare earth elements were extracted from every ton of fly ash processed,
the ashes were obtained from Colorado Springs Utilities (CSU), processed by Neumann Systems
(Franus et al., 2015).

Several extraction methods are used to extract rare earth elements from coal fly ash. For example,
sulphuric and nitric acid can be used to dissolve rare earth elements out of the coal fly ash
(hydrometallurgical method), bioleaching using bacteria and fungi, physical separation, ion
exchange, and thermal processing. These extraction methods have their advantages and
disadvantages, the choice of methods depends on the economic feasibility, and environmental
factors. Among all these methods, physical separation does not seem suitable to recover rare earth
elements from coal ashes (W. Zhang, Groppo, et al., 2015). In bioleaching of rare earth elements
from coal fly ash, bacteria like Candida bombicola, Phanerochaete chrysosporium,
Acidithiobacillus ferroxidans, and Cryptococcus curvatus were tested to experience their
effectiveness in extracting valuable metal from coal ash. The most promising result was obtained
from Candida bombicola with 67.7% of effectiveness (Dev et al., 2020). It 1s important to mention
that the effectiveness of any extraction methods of rare earth elements depends on the temperature,
pH, and pulp density, and the optimum condition has been reported to be t=45 °C, pH=2, and pulp
density =10% (Dev et al., 2020).

2.6.2.1.4 Mine Tailings

Tailing dumps are rejects from either the mine or the processing plants within or outside the mine.
The mine tailing 1s usually either fined crushed materials removed from the mine site or the mixture
of waste materials from the processing. The mine tailings especially the older ones are known to
source some valuable materials (Sarker et al., 2022). It is assumed that the ore separation
techniques used in the past were less effective as compared to current ones. Critical minerals are
generally formed in groups and usually as a byproduct of processing major ore commodities. It 1s

estimated that critical minerals are more abundant in old mine tailing than some of their primary
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ore (Sarker et al., 2022). This means that mine tailings are seen to be a potential source of critical
minerals. It is important to understand the characteristics and the type of tailings that are associated
with rare earth elements. For example, rare earth elements occur from more than 200 different
types of ores, but the most feasible are Bastnasite, Monazite, and Xenotime. From all, Bastnasite
and Monazite are the rare earth-bearing ores found across the globe. In addition to the main ores,
rare earth elements are commonly found to be the byproduct of ores like zinc, copper, iron, apatite,
quartz, illite, gypsum, pyrite, microcline, fayalite, calcite, gold(alluvial), and muscovite

(Echeverry-Vargas & Ocampo-Carmona, 2022; Peelman et al., 2018; Sarker et al., 2022).

Although rare earth elements in mine tailing sound good, the availability of appropriate techniques
to recover these crucial elements is challenging. Some of the current techniques being used to
recover rare earth elements from mine tailing are hydrometallurgical process, solvent extraction,
and bio-hydrometallurgical process. Some other studies have found phytoextraction techniques to
bioconcentrate rare earth metals (Sarker et al., 2022). It has been reported in a few studies that
bioleaching of rare earth elements from mine tailing can be achieved from some microbial and
fungal strains like Acidithiobacillus ferrooxidans, Pseudomonas aeruginosa, Penidiella sp, and

Su.fobacillus thermosu. fidooxidans (Dev et al., 2020).
2.6.2.1.5 Acid Mine Drainage

Acid mine drainage (AMD) is one of the major environmental degradation factors which have
drawn the attention of several organizational entities like governments, mining industries,
environmental protection agencies, scholars from universities, and research departments. Although
in many cases, AMD is generated naturally from the rock weathering process, however, most of
its origins are from anthropogenic activities that expose sulfide-bearing materials like pyrites
(FeS,) to the atmosphere, this usually includes but is not limited to mining and quarrying (Akcil
& Koldas, 2006; Heikkinen et al., 2009). The effluent flowing from the mined area 1s generally
highly toxic and acidic, which is detrimental to the downstream ecosystem and surrounding area.
Only in a few cases where the mine drainage is not acidic or the pH of the flow has been neutralized
during its course, in that case, it is referred to as neutral mine drainage (Heikkinen et al., 2009).
Despite the environmental concern of acid mine drainage, it is known to host a considerable
magnitude of rare earth elements. The extraction of rare earth elements from AMD will be of

utmost importance to balance the scale of demand and supply throughout several industries.
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Although there is still confusion on how the rare earth elements are enriched in the acidic waters,
two inconclusive opinions are that the rare earth elements pattern might be originated from the
host materials, or they were transported during the weathering process of the acidic water (L1 &

Wu, 2017).

At a West Virginia pilot-scale facility, rare earth elements were recovered from coal mine drainage
using acid leaching followed by solvent extraction. The whole extraction process was developed
in two phases. In Phase 1, the goal was to achieve 2% total rare earth elements (TREE) product by
the two-step refining systems. Whereas in phase 2, the objective was to establish a technical and
feasible process of extracting 2% of pure TREE from the AMD solution. Considering the amount
of effluents of 3300 cubic feet of AMD produced every second from the Appalachian coal mines,
a bench-scale system was developed to accommodate the acidic water and is capable of operating
in batch mode. The sulfuric acid which is produced from the oxidation of pyrite dissolved the rare
earth elements from the surrounding shales and other metals as well. The rare earth elements are
captured through a filtration system and the clean is discharged to the environment. The TREE
concentration captured in this process 1s 635 ppm on a dry weight basis (> 300 ppm) beyond the
economic threshold. To further enhance the selectivity of rare earth elements dissolved in the
precipitated solution, the pH and the concentration of the acidic solution were adjusted at various
levels to determine the optimum phase in which the recovery is maximum in the second phase

(Ziemkiewicz, 2018). The process flow sheet is shown in Figure 2.8.
2.6.2.2 Electronic Wastes

Electronic wastes include printed circuit boards, magnets from scrap automobiles, hard drives,
computer screens, and other household appliances. Electronic wastes (E-waste) contain valuable
materials such as rare earth elements, but also contain toxic substances that can be harmful to the
environment and human handling if not disposed of properly. The rare earth elements used in
manufacturing these E-wastes represent a small proportion of the materials, hence making the
reusing challenging. The growth in technology has led to a surge in the usage of electronic devices,
making them a possible source of rare earth elements, also this growth 1s becoming a global
concern as well (Ganguli & Cook, 2018). Despite the increase in volume, the recovery of valuable
materials represents a great challenge as well. For instance, a hard disk contains around 10 to 20 g

of neodymium, during the process of recycling valuable materials from the hard disk, the magnets
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al., 2020). The common magnet used 1s NdFeB and contains about 259.5, 42.1, and 3.4 ppm of
Nd, Dy, and Pr respectively, and the NiIMH batteries contain about 237, 67, and 36 ppm of La, Ce,
and Nd respectively. Rare earth elements like Nd, Dy, and Pr are extracted from magnets using a
pyrometallurgical, or hydrometallurgical process, however, bioleaching technology has been
applied using several bacterial strains like Acidithiobacillus ferroxidans, and L. ferrooxidans to
effectively extract Nd from the magnet waste (Dev et al., 2020; Ganguli & Cook, 2018). To the
best of our knowledge, there is no report about the extraction of rare earth elements from NiMH

batteries using bioleaching technology.
2.6.2.3 Metallurgical Slags

The wastes from the smelting of copper, zinc, iron, etc. using various types of metallurgical
processes are referred to as slags. It is reported that in the case of copper, 2.2 tons of slags are
produced for every smelting of 1 ton of copper (Mikoda et al., 2019). These slags are contained
potentially valuable materials that were not recovered during the smelting process of the main
mineral. Similar to other waste from ore processing, these slags possess materials that are
detrimental to the environment once discharged to them. In most cases, there are two types of slags
generated from ore processing, ferrous and non-ferrous slags (Potysz et al., 2018). The major
difference is the level of concentration of metal content within the slags. Ferrous slags are the most
valuable slag and the most demanding, the recovery of rare earth elements depends on the stability
and susceptibility of the slag. Several methods are used to recover rare earth elements from slag
waste, hydrometallurgical solution has both advantages and disadvantages, and using the right
leaching agent has higher selectivity recovery, and reduced energy consumption. The
disadvantages are of loss of basic metals during the recovery (Stopic & Friedrich, 2021).
Pyrometallurgical is another technique to extract rare earth elements from slag solution as reported
by (K. Tang et al., 2013). Bioleaching or biohydrometallurgy has also found its application in
extracting rare earth elements from slag using Acidithiobacillus thiooxidans. More details about

the biohydrometallurgy process are reported by (Mikoda et al., 2019).
2.6.2.4 Wastewater

Not until recently, that rare earth elements are reported to exist in wastewater at a very low

concentration. Wastewater from various industrial processes can contain a traceable amount of
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rare earth elements, the most prominent industries include wastewater generated from the
production of electronic products (e-waste), wastewater generated from the production of
phosphates, and rare earth elements containing products such as magnets, batteries, and catalysts,
and wastewater generated from the leaching of rare earth bearing ore deposits. The accumulation
of rare earth elements depends on the sources and composition of the wastewater. They can either

be found in a dissolved or suspended state.

Although the research is still at the lab scale, several new techniques of extracting these valuable
elements are under exploration and their economic feasibilities are yet to be proven. These
techniques include electrodialysis technology, microfluidic-based hollow droplets, and extractions
using algae (Cao et al., 2021; Chen et al., 2017; C. Li et al., 2021; Mikoda et al., 2019). These
extractions methods do not include the conventional chemical and physical methods of rare earth
elements extractions (Pereao et al., 2018). It is estimated that the low content of rare earth elements
in wastewater that none of the methods have been economically or environmentally feasible
(Sachan, 2019). The presence of a trace amount of rare earth elements in sewage sludges is usually

very low, hence there has not been any economical technique to the best of our knowledge.
2.6.2.5 Rare Earth Elements in Coal

Coal deposits have been seen as a potential source of rare earth elements, which has drawn much
attention to how feasible to extract these valuable elements. Many industries and electrical power
plants still depend on coal for their operations, which means that coal production will increase in
the coming years despite the campaign toward clean energy. Presently China is the biggest
producer of coal followed by India which is the fastest-growing producer in the world. The US
currently is behind India and has the world's largest coal reserve in the world. Coal is not mined
because of rare earth elements; however, it bears a traceable amount of rare earth elements which
may add value to the coal ash produced. For instance, the average rare earth elements in the US
Appalachian deposit are about 500 to 4000 ppm, and the Russian coal deposit (Pavlovka and
Rakovka) 1s reported to have the highest rare earth concentration. China and Turkey have been
reported to have the lowest rare earth element concentrations i their coal deposit 101 and 116

ppm respectively (Sachan, 2019; Seredin & Dai, 2012). Wastewater from a coal-washing process

1s also seen as a highly potential source of rare earth elements (Ganguli & Cook, 2018).
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Generally, rare earth elements are enriched in coal deposits at different stages of coal formation,
it 1s also a factor of the local geological conditions. Scientists have classified this enrichment into
four types. Either the rare earth elements are enriched as a result of surface water erosion to the
coal deposit, this type is known as the terrigenous type, or they are enriched from a leaching agent
and alkaline volcanic ash in contact with the local deposit. This type is also known as the tuffaceous
type. They can also be enriched through the infiltration of groundwater from to the local coal
deposit, this type is very common in the proximity to a uranium deposit. The final type of
enrichment is the hydrothermal type, in this case, when the water from a thermal mineral and deep

fluid are connected to the coal deposition (Seredin & Dai, 2012).

A research study has been conducted in two Alaskan coal mine, Wishbone Hill and Healy by
(Gupta & Castellini, 2016) to quantify the concentration of rare earth elements in both mines. The
result shows that Healy contains around 524 ppm and Wishbone Hill contains about 286 ppm on
dry ash basis. Wishbone Hill has the highest concentration on an overall basis as compared to
Healy. With a lower specific gravity, the rare earth elements yield up to 857ppm on dry ash basis
(Gupta & Castellini, 2016). It is estimated that, due to the granular size (few Meshs) of rare earth
elements present in the coal, lighter-density materials (1.4 sp gravity) are more prone to be
enriched than the heavier ones. Hence 70 to 80% of the rare earth elements are generally found in

the lighter fraction size material (Gupta & Castellini, 2016; Seredin & Dai, 2012).

During the analysis of Wishbone and Healy coal, the size fraction shows different rare earth
element concentrations. Using a Tyler Mesh a size fraction between % inch to 100 M, the
concentration of Healy was much higher than Wishbone Hill, whereas, at a greater fraction size
(above 30 M), the rare earth elements in both Healy and Wishbone follow a normal trend as any
other coal deposit, with a higher percentage of some light rare earth elements (LREE) like
scandium, lanthanum, certum, neodymium, and yttrium, and lower percentage with the remaining
elements as clearly depicted in Figures 2.9 and 2.10 shows the recovery percentage based on the
specific gravity (Gupta & Castellini, 2016). From the figures, we can observe that both seams have

a high concentration in LREE as compared to HREE.
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2.7 Rare Earth Elements Extraction Techniques from Coal

Recovery of rare earth elements includes physical and chemical processes. These techniques refer
to isolating or liberating these minerals from their sources. The concentration threshold for rare
earth elements is generally low around 0.015 to 0.02, due to challenges in finding them in
economically viable quantities (Sachan, 2019). Also, due to similar chemical properties, it is very
challenging to efficiently liberate rare earth elements, especially the HREE. Other difficulties in
feasibly separating rare earth elements are the complexity of rare earth distribution, and the
limitation of available technology to cope with environmental factors. The varying physical,
magnetic, and electrostatic properties of rare earth-bearing ore can be utilized to generate enriched

concentrates from different sources using techniques that provide a stepwise separation.
2.7.1 Physical Process

Physical beneficiation techniques are employed to enrich rare earth elements based on the
differences in their physical properties such as specific gravity, magnetic properties, electrical
conductivity, and particle size distribution. This process involves stages of ore liberation, from
crushing, grinding, sieving, etc. Once the ore passes through the first stage, it undergoes the next
stage of physical separation, which includes separation based on density, magnetic separation,
electrostatic separation, and flotation (Sachan, 2019). Bastnasite, monazite, and xenotime are
commonly known as paramagnetic materials with densities varying between 3.9 to 5.4 g/cm?
making their densities separation suitable for them. But in general, the selection of the type of

physical separation depends on the characteristic of the ore to be processed.

Lin et al, used Gilson Performer III inches sieve shaker attached to an electromagnetic vibrator to
analyze the particle size distribution of coal as part of the initial step of physical separation of rare

earth elements (Lin et al., 2017).

The flotation process i1s commonly used for the separation of ultrafine particles, based on the
surface chemistry, hydrophilicity, and hydrophobicity of minerals. In the case of coal, which 1s
naturally hydrophobic, the use of hydrocarbon oil during the activation process makes it
hydrophilic, which facilitates the recovery of particle concentrates from the overflow (W. Zhang

et al., 2020). An example of rare earth extraction through the physical process is the extraction
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from traditional source. Table 2.4 shows the different types of collectors used to recover rare earth

elements from traditional sources in a floatation bank.

Table 2.4 Type cf collectors used in REEs recovery ( Gupta & Castellini, 2016).

Mineral Ore Collectors Example Suitable pH

Monazite or Alkyl Carboxylic Fatty acid, Oleate, tall | 6-9

Bastnasite Acid oil

Bastnasite Alkyl phosphoric acid | Alkyl phosphate | 4-5

Easter P538

Bastnasite Hydroxamic acid Hydroxamate H205 8-8.5

Bastnasite Aromatic phosphoric | Styrene  phosphoric | 6-10
acid acid

Bastnasite Aromatic carboxylic | O-phthalic acid 5
acid

Bastnasite Aromatic amide 5-6

Monazite or | Combination reagent | Mixture of fatty acid

Bastnasite and hydroxamate

To have a clear understanding of the physical process of the traditional source, a simplified
flowsheet of the Mountain Pass mine in California (as shown in Figure 2.11), which extracts rare

earth from bastnasite. The ore undergoes six (6) processing steps before the floatation tank.

The solid concentration of the material received at the rougher stage after conditioning 1s between
30-35%. After the release of bubbles in the floatation cell, the concentrate recovered in the cleaner
cell has a solid concentration that increases to 50%. The tailings from the first cleaner cell are then
sent to the scavenger, and any rejected material from the scavenger is combined with the main
tailings from the rougher stage. These combined tailings are estimated to contain approximately
2% of rare earth oxide. The rare earth oxide concentrates from all of the cleaner cells are then

combined, dried, and enriched to contain around 60% of rare earth elements.
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include ion exchange and solvent extraction. These methods utilize the chemical properties of the

rare earth elements to separate and concentrate them for recovery.

Leaching is a hydrometallurgical process that is commonly used to extract low-grade ores. It plays
a crucial role in producing highly concentrated rare earth oxide products for commercial purposes.
The process involves leaching followed by roasting, which effectively separates the rare earth
elements from the ore (Fleming, 1992). While leaching i1s a well-established method for metal
extraction, relatively few studies have been conducted on its effectiveness in recovering rare earth
elements. Most of the rare earth elements found for instance in coal are in an inorganic form, but
they can be easily extracted using an appropriate leaching agent. (Gupta & Krishnamurthy, 1992;
W. Zhang, Rezaee, et al., 2015).

It is believed that the extraction of rare earth elements from coal has the potential to become a
financially profitable venture. Despite the fact that the direct processing of raw coal has proven to
be infeasible, coal continues to be one of the most commonly utilized sources of energy globally
(Zhang, Rezaee, et al., 2015). Multiple research studies have established that rare earth elements
are typically found in the low-density fraction of coal, which makes their enrichment feasible. As
a result, there should be a greater focus on improving the purity of the coal product for the purpose
of rare earth recovery during the coal production process. Importantly, removing the fixed carbon
from the clean coal results in a several-fold increase in the enrichment ratio of rare earth in the
coal ash, thus improving the final recovery outcome (Gupta & Castellini, 2016). Several studies
have shown that direct leaching has not been successful in effectively extracting rare earth
elements from high-rank coal and coal ash. However, it has shown potential in extracting rare earth
elements from low-rank coal. To improve the leaching performance and increase the recovery of
rare earth elements, techniques such as thermal and/or alkaline pretreatment are applied before the

leaching process (Zhang et al., 2020).

The application of an alkali and thermal pretreatment process to the ore prior to leaching enhances
the efficiency of the leaching process in two ways. Firstly, the pretreatment helps in converting
the ore that shows difficulties during normal acid leaching, such as monazite, and secondly, it
destroys the crystal structures of dominant minerals, such as clay, which liberates the encapsulated
rare earth elements within the ore. However, this process also comes with the drawback of

releasing a considerable amount of contaminants along with the rare earth elements, which makes
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the downstream purification process complicated and increases the operational cost relative to the
small amount of rare earth minerals content. The use of thermal activation, also known as
calcination, has certain advantages over the alkali process in several cases. One of these advantages
1s that it results in a significant reduction in acid consumption, despite having a moderately lower
recovery rate compared to the alkali process. The energy consumption during the calcination
process is also reduced due to the presence of organic matter in coal. Additionally, calcination has
the advantage of increasing the surface area through the dehydration of clay during the thermal
activation process, which in turn results in the release of some of the rare earth minerals that were

previously trapped within the organic matter (W. Zhang et al., 2020).

Sachan explains about the process of separating rare earth elements from the concentrate, there
are various methods for separating rare earth elements from their concentrate using thermal
treatment in the presence of caustic reagents. The composition of the concentrate is the most
important factor in determining the method used for dissociating rare earth elements. The
concentrate, obtained from previous chemical and/or physical processes, 1s mixed with sulfuric
acid and heated at a temperature between 200 to 400 degrees Celsius for several hours. This results
in the formation of rare earth element sulfates, which are soluble in water, and the cake can be

leached to extract the dissolved rare earth elements.
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Chapter 3: Microorganism Leaching

3.1 Introduction to Microorganism Leaching

The use of microbial systems for mineral recovery in processing units has gained significant
attention in recent years due to campaigns for sustainable metal recovery, renewable energy, and
green technology. Microbes on the earth's surface play a significant role in geological processes
such as the weathering of minerals and rocks, including carbonates and silicates. Compared to
abiotic reactions, the rate of weathering through microbial involvement is much more intense,
particularly when the microbes are attached to the mineral or rock surface. The process of
microbial weathering is believed to be comprehensive and involves several mechanisms, including
the production of organic acids and strong acids, physical disruption of the surrounding
environment, production of siderophores or chelators, and transfer of electrons. The oxidizing of
sulfide minerals, particularly pyrite, through the use of microbes is known as microbial weathering.
It was previously established that coals with higher concentrations of rare earth elements have a
lower sulfur content. For instance, the sulfur content in Wishbone Hill 1s around 0.26%, whereas
Healy has a sulfur content of 0.44%. This suggests that microbial leaching may not be a suitable
method for these coals (Gupta & Castellini, 2016). To address the challenges posed by traditional
methods of extracting rare earth elements that lead to environmental pollution, an alternative
approach using microbes capable of performing bioleaching through direct physical disruption,
chelator production, acid secretion, and electron transfer can be employed. The solubilization
mechanism of microbes during the process of bioleaching provides an efficient method for the
recovery of valuable minerals or metals. Also, the recovery of valuable metals from waste using
microbial leaching can serve as a source for secondary raw metals (Brandl Ziirich, 2001), these
metals may be considered uneconomic with conventional recovering techniques. Bioleaching is
either a microbial or fungal process, and for rare earth element recovery, various elements have
been successfully extracted using different bacterial and fungal strains like Shewanella oneidensis
MR-1, Aspergillus, and Paecilomyces app from monazite ore (Liang & Gadd, 2017; Sachan,
2019). Several growth media also have the potential to provide a suitable medium for bacterial
cultivation and concentration during the process of rare earth element extraction through

bioleaching such as Luria Bertani (LB) and Shewanella Minimal Medium (SMM).
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3.2 Understanding Bioleaching

Microbial leaching or bioleaching is a process that uses microorganisms to extract valuable metals
and minerals from ore, waste material, or tailings. This process is also referred to as the metal
mobilization process through the intervention of microorganisms. The microbial-mediated process
of metal mobilization 1s accomplished by two main types of bacterial strains:
chemolithoautotrophic bacteria and chemoorganoheterotrophic bacteria (Hopfe et al., 2018;
Rasoulnia et al., 2021). The chemolithoautotrophic bacteria are a type of bacteria that obtain their
energy by oxidizing inorganic compounds such as ammonia, hydrogen, and sulfur, whereas the
chemoorganoheterotrophic bacteria on the other hand, obtain their energy by breaking down
organic compounds such as sugars, proteins, and fats (Rasoulnia et al., 2021). These
microorganisms release acid and other compounds that dissolve the target metals, and then the
solution containing the metals is collected and processed. Hopfe et al. reported in their study that
certain microorganisms that utilize carbon sources, like glucose, for growth produce a range of
metabolite compounds such as organic acids, exopolysaccharides, amino acids, and proteins
(Hopfe et al., 2018; Pollmann et al., 2018; Rasoulnia et al., 2021). This method is environmentally
friendly and more cost-effective compared to traditional mineral processing techniques and is
widely used in the extraction of metals such as copper, gold, uranium, and critical minerals. The
valuable metals are extracted through the use of chemolithotrophic bacteria that convert insoluble
metal sulfides into soluble metal sulfates, and through the use of heterotrophic bacteria or fungi
for non-sulfide ores (Sachan, 2019). For a comprehensive understanding of the bioleaching
process, several technical terms are used, including bio-oxidation, bio-beneficiation, and bio-
mining. Bio-oxidation refers to the microbiological oxidation of the host mineral containing
valuable metals, leading to a concentration of the valuable metal in the solid residue. Bio-
beneficiation, the extraction of valuable minerals from the host ore through bio-oxidation, is
applied for removing impurities such as pyrite or arsenopyrite in gold processing. Bio-mining and
bioleaching are synonymous terms that describe the use of bacteria or fungi to extract elements

from solid materials (Brandl Ziirich, 2001).

Several kinds of research have been carried out to examine the relationship between microbes and
rare earth elements, including the mobilization of rare earth elements from solid materials through

metabolic reactions and the immobilization of rare earth elements from liquids through sorption
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by biological materials, as well as the impact of rare earth elements on bacterial growth. For
instance, Barmettler et al. studied the adsorption behavior of europium to Halobacterium
salinarum by two types of bacteria, the gram-positive and the gram-negative (Barmettler et al.,
2016). It 1s believed that microorganisms can adapt to various conditions during mobilization,
particularly when the microbial cells are pre-grown anaerobically before conducting the
experiments. In this condition, they are able to reduce iron at a faster rate than when they have
grown aerobically. Aerobic cells are given enough time to adjust to anaerobic conditions and can

also reduce iron faster (Lies et al., 2005).

The effectiveness of bioleaching can be evaluated in two ways: based on the type of mineral-
microbe contact (direct or indirect leaching), and the underlying mechanisms (acidolysis,
redoxolysis, alkylation, or complexolysis). The dominance of acidolysis or complexolysis, or
redoxolysis depends on various parameters, such as the pH of the solution, pKa, the type of
functional groups presents in the ore, and the stability of the sulfate complex formed, which is

represented by LogK (Rasoulnia et al., 2021).

Bioleaching is part of hydrometallurgical processing and involves the use of microorganisms to
produce leaching agents for extracting low-grade ores, tailing materials, or end-of-life products
like e-waste (Brandl Ziirich, 2001). The direct leaching process includes biomineralization, bio-
precipitation, biosorption, bioaccumulation, and bio-reduction. Meanwhile, indirect leaching is
categorized into bio-oxidation, bio-beneficiation, and bio-mining, as shown in Figure 3.1 and
Table 3.1 shows the difference between the underlying mechanisms.

Table 3.1 Comparing the three 1y pes cf bioleaching mechanism (Barmettler et al., 2016; Brandl
Ziirich, 2001, Sachan, 2015)

Acidolysis

Redoxolysis

Complexolysis

Exchange and replace elements by
protons induced-solubilization. Induced
the formation of inorganic or organic
acids by microorganism while extracting

metals and consuming nutrients.

Electron transfer from
mineral to microbe resulting
in metal solubilization by
either oxidative or reductive

reaction.

Reaction of solid minerals
surface with complexing
agents. It also known as

ligan-induced solubilization
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In the bioleaching process, the two main mechanisms for metal extraction by microorganisms
based on the type of contact are direct leaching and indirect leaching. In the direct leaching
mechanism, electrons are obtained directly from reduced metals, and to achieve this, the cells need
to be in close contact with the mineral surface. Within a few minutes of contact, adsorption takes
place, which has been demonstrated by several researchers using Thiobacillus ferrooxidans cells
grown on NaH14 CO3 media. The cells adapt quickly and selectively extract interested elements
from the mineral surface, and chemotactic behavior is observed in particular minerals like copper,
iron, and nickel ions for Leptospirillum ferriixidans. In contrast, the indirect leaching mechanism
1s achieved through the oxidation of the reduced metals by the mediation of ferric iron (Fe+3)
which was originally obtained from the microbial oxidation of ferrous iron (Fe+2) initially present
in minerals ore (Brandl Ziirich, 2001). Ferric iron (Fe+3) is an interesting oxidizing agent that can
oxidize several metals, including metal sulfides. During this process, ferric iron can be chemically
reduced to ferrous iron (Fe+2), which can then be oxidized again through microbial oxidation. In
recent decades, a novel mechanism that involves the combination of both direct and indirect
leaching mechanisms, the combined mechanism of bioleaching process starts with a primary attack
mechanism by physically interacting the microbial cells and the minerals solids, as a result of this
interaction, new cells are formed and exopolymers are excreted. These exopolymer cells contain
nutrients like ferric iron (Fe+3) that are bounded to glucuronic acid residues. This step is followed
by the formation of thiosulfate during the electron exchange between sulfur compounds, at this
point, the secondary attack mechanism starts, and the process is concluded by the formation of
polythionate granules within the periplasmatic cells (Brandl Ziirich, 2001). Although, the types of
leaching mechanisms either direct or indirect are ultimately dependent on the type of minerals
structure available, however, the presence of ferric iron in the microbial degradation process is

highly recommended.

In acidic conditions during bioleaching, rare earth elements are observed in solution as free aqua
ions. The use of both Mg and Ca as sulfate ligands increases the proportion of rare earth aqua ions
present in the solution. However, the presence of both phosphate and sulfate ions leads to the

formation of sulfate complexes, which hinder the formation of rare earth phosphate (Rasoulnia et

al., 2021).
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3.3 Bioleaching Methods

Bioleaching of rare earth elements can be achieved in various ways, including contact microbial
leaching, which involves one-step and two-step techniques or a contactless bioleaching process
commonly referred to as spent-medium microbial leaching (Barnett et al., 2018). In the one-step
process, both the cultured cell and the rare earth-bearing material are added simultaneously to the
same vessel and incubated together in the same medium. Whereas in the two-step process, the
microbial cell is pre-cultivated first, and then the rare earth-bearing materials are added to the
vessel after the pre-cultivation of the microbial cell (Qu & Lian, 2013). These processes are
designed to achieve optimum growth and production of lixiviant, which is the substance that helps

to dissolve the rare earth-bearing material during bioleaching.

As for the contactless bioleaching process, the microorganisms are initially cultivated without rare
earth-bearing materials to produce the optimum amount of lixiviant. This step is followed by
inoculating the rare earth-bearing materials to the cell-free medium which contains biologically

produced lixiviants (Qu & Lian, 2013; Rasoulnia et al., 2021).

There are advantages and disadvantages which are associated with these processes. In the contact
microbial leaching process, cell cultivation and growth, and metabolic activity may be inhibited
due to the toxicity of the solid materials to be extracted and the presence of other toxic compounds
within the rare earth-bearing minerals. Nonetheless, the presence of microorganisms can enhance
leaching effectiveness in several ways. Firstly, by adsorbing the surface of the material, which
results in microorganism decreases its mass-transfer limitations, leading to the massive production
of bio lixiviants directly on the surface of rare earth-bearing materials (Thompson et al., 2018).
Secondly, microorganisms can alter the metal equilibrium within the culture by taking up metals,
adsorbing them, or forming complexes with solid material through excreted compounds (Abdel et
al., 2014), finally using the microorganisms to consume the constituents released from the rare
earth-bearing sources leads to reducing the level of precipitation of dissolved rare earth elements
(Rasoulnia et al., 2021). The contactless process allows for independent optimization of producing
microbial dissolving agents and rare earth element leaching steps, irrespective of the degree of
toxicity of the rare earth-bearing sources. The physical segregation of biolixiviant production and

rare earth elements dissolution can be advantageous in reducing leaching time, particularly when
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microbial growth is delayed due to the presence of REE materials, leading to prolonged duration

of the one-step process (Barnett et al., 2018; Rasoulnia et al., 2021).

3.3.1 Biomineralization Process

Microorganisms are useful for biodegrading organic and inorganic materials, which can result in
the formation of minerals in the case of solid materials. The minerals produced through the
involvement of microorganisms are known as biominerals. For instance, Microorganisms such as
bacteria, archaea, and eukaryotes are utilized as controlling agents during the biomineralization
process of materials such as calcite, silicates, manganese, and aragonite (Sachan, 2019). The
technique of microbial-mediated carbonate precipitation has been applied in various fields
including metal and radionuclide bioremediation, soil stabilization, and the reinforcement of
concrete structures. It also holds promise as a method for the recovery of valuable or toxic
materials in the presence of microorganisms (Liang & Gadd, 2017). S. cerevisiae a type of yeast -
cell was utilized by Yang et al. to mobilize Ce and Yb, which are light and heavy rare earth
elements, respectively, forming monazite and amorphous phosphate minerals at a relatively long
contact time, the same author reported about analyzing the sorption characteristic of rare earth
elements and actinides in a geological system using two bacterial strains Bacillus subtills and
Pseudomonas fluorescence (Jiang et al., 2018). S. cerevisiae 1s a type of fungus strain that is known
for its moderate biosorbent of metallic materials properties and its ability to accumulate various
heavy metals under a sparse range of external conditions. Another study utilized yeast to form
mineral precipitates like lead and uranium phosphate on cell surfaces while growing on an organic
phosphorus source in the presence of the same elements lead and uranium (Liang & Gadd, 2017).
Butler et al. used Serratia OT another bacterial strain to biomineralize uranium under strongly
acidic conditions. The respiratory substrate commonly used during the mechanism of T. Selenatis
1s selentum, which is considered a nonmetallic substrate, and results in the formation of Se in the
form of nanospheres called red allotropes. These allotropes are synthesized by bacteria and differ
from each other depending on the type of bacteria used. The process begins with the
bioaccumulation of selenium, where selenate is reduced to selenite in the periplasm of T. selenatis.
The electrons necessary for this reduction reaction process are obtained from the quinone pool via

the c-type cytochrome (Butler et al., 2012).
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Biomineralization has diverse applications, for instance in wastewater treatment, in groundwater
treatment, bioremediation, and metal recovery, including the biorecovery of valuable metals and
radioactive contaminants from underground water. Moreover, the use of microorganisms in the
formation of nanoparticles forms allows for the control of morphology and size, with potential
applications in nanotechnology, antimicrobial treatments, and renewable energy such as electrical
batteries and solar panels (Chandwadkar et al., 2018; Liang & Gadd, 2017). It is observed that
during the biomineralization process, many microorganisms such as bacteria, fungi, and archaea,
precipitate metals to metalloids form in the process of bioreduction. For instance, elemental silver
Ag(I) 1s reduced to Ag (0), selenite Se (IV) to Se (0), etc. (Liang & Gadd, 2017). Microbial
biominerals are often formed at the micro or nanoscale, leading to unique properties beyond metal

sequestration.
3.3.2 Bioprecipitation

Another way of recovering the dissolved rare earth elements is through bioprecipitations.
Bioprecipitation is the process of precipitation or crystallization of minerals induced or mediated
by microorganisms. In the process of bioprecipitation of rare earth elements, microorganisms are
used as a mediating agent to precipitate the rare earth elements out from the solution as
biominerals. In general, during the bioprecipitation process, there is a release of organic and
inorganic compounds that act as nucleation sites for the precipitation of REE biominerals, for
instance, phosphate 1s the most common element which leads to the precipitation of rare earth
elements in the form of phosphate. Microorganisms have the potential to interact with rare earth
elements in different ways, including through uptake, adsorption, and biomineralization. Equations

(3.1) and (3.2) the process of precipitation of rare earth elements in the form of phosphate (Dev et
al., 2020).

v

REE™ + HPO42 +nH,0 REE (POs). nHaO +H* Eq. 3.1

v

REE™ + H3POs +nH,0 REE (POs). nHoO +3H* Eq.3.2
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Dev et al. found that Serratia sp., a specific bacterial strain immobilized on polyurethane foam,
was able to recover approximately 90% of Nd and 85% of Eu through phosphate precipitation
(Dev et al., 2020). The formation or recovery of biominerals from solutions such as acid mine
drainage, can occur in various forms, such as carbonates, oxides, sulfates, and phosphates,
depending on the type of microorganism used in the mobilization process, the environmental
conditions, and the amount of rare earth elements present in the system. The precipitation process
has three essential stages which are: nucleation, growth of nucleus, and aggregation and
precipitation. Some precipitation is often initiated by adding chemicals to the solution, but this has
disadvantages, such as the formation of sludges and the need for a high amount of chemicals to
maintain the pH to a normal level. The issue of utilizing high amount of chemicals is overcome
through the use of biogenic sulfide for the precipitation process, which has been popular in various
industrial applications (Sachan, 2019). The pH of the solution is one of the parameters which has
a significant impact on bioprecipitation. For example, during the precipitation of LaPOy it was
noted that the recovery of lanthanum (La) using the bacterial strain Citrobacter sp. significantly
decreased by up to 50% at a pH of 5. This is because the desolubilization of LaPO4 in acidic
conditions was very mefficient (Dev et al., 2020). Bioprecipitation exhibit a specific characteristic
towards certain rare earth elements, which allows for the selective recovery of those particular
elements. This selective recovery mechanism allows for the development of an appropriate

stepwise separation process.

A new approach for recovering rare earth elements is through co-precipitation during the passive
treatment of acid mine drainage. This method results in the formation of a sludge that contains a
significant amount of rare earth elements. The passive treatment of basaluminite was estimated to
enrich yttrium by 0.04 to 0.3 tons per year, representing a significant portion of the total worldwide
yttrium recovery. Similar to passive treatment, bioelectrochemical systems are another new
technique utilized for the co-precipitation of Rare earth elements from scarce metals sources (Dev
et al., 2020). Likewise, biomineralization, bioprecipitation is also used to recover uranium from
wastewater streams using biogenic phosphate. This process involves microorganisms that interact
with phosphate release an inorganic phosphate compound, which precipitates the uranium from
the waste stream. Some common microorganisms involved in this process include Bacillus sp.,
Rohnella sp., Pseudomonas sp., Serratia sp., and Deinococcus radiodurans. These

microorganisms have the ability to reduce both uranyl nitrate and carbonate, these microbials are
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found to be soluble to hydrogen uranyl phosphate. This technique has been widely used in
wastewater treatment plants (Nancharaiah et al., 2015). The major advantage of bioprecipitation
over other mobilization processes is because it allows for metal recovery from a variety of metallic
leachates with minimal production of toxic waste harmful to the surrounding environment, and

without the need for external additives to adjust the pH level.
3.3.3 Biosorption

The biochemical process in which microorganisms-mediated substances like algae, bacteria, and
fungt are used as an absorbent to concentrate pollutants or heavy metals from a solution is known
as biosorption. In this process, the heavy metals or pollutants are physically or chemically attached
to the surface of the microorganisms through several processes such as ions exchange, chelation,
and adsorption. The biosorption technique offers wide range of advantages especially during the
recovery of rare earth elements with less sludge production, ease of maneuverability, extremely
lower bio sorbent cost, and very proficient to remove pollutants from highly diluted medium.
Another significant benefit of biosorption is that it can be employed in situ with appropriate design,
rapid adsorption and desorption kinetics, and it can also be integrated with various industrial
processing systems. Understanding the mechanism of biosorption of heavy metals is complex and
involves multiple steps, which may occur individually or in groups. Factors such as the status of
the microorganism, biomaterial properties, chemical solution properties, and environmental
conditions influence the mechanism. In the biosorption of living cells, metal 1ons are first adsorbed
to the cells surface through the physical contact between the metals and functional groups of the
cell, where they accumulate at the cell wall before gaining access to the cell membrane and
cytoplasm. The cell wall, which consists of polysaccharides and proteins, provides active sites
capable of binding the metal ions, with the composition depending on the type of microorganism.
(N. Das & Das, 2013). The microbial cell surfaces adsorption of rare earth elements is achieved
through 1on-exchange, surface complex formation, electrostatic interaction, and precipitation. The
cell surface functional groups which contribute to the rare earth elements adsorption process
include the amino acids (NH>), the carboxylic acid (COOH), and the hydrogen phosphate anions
(HPO4?) (Dev et al., 2020). The understanding of the specificity of different functional groups are
done through the X-ray adsorption spectroscopy (XAS). For example, Gd, La, and Nd are specified
by the phosphate anions -PO4*, while Yb, Er, and Sm are all specified by the carboxylic acid group
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-COOH. For the middle rare earth elements, such as Sm and Gd, and Er and Yb are also specified
by both carboxylic and phosphate anions group -COOH and POs* (Dev et al., 2020).

Despite the advantages of biosorption over other recovery methods, the efficacy of batch
biosorption reactions is highly dependent on parameters such as pH, temperature, biosorbent
dosage, contact time, initial solution concentration, and kinetic or agitation rate. The pH in
particular, is a crucial factor that influences biosorption by affecting the speciation of metals in the
solution via hydrolysis, complexation, and redox reactions while in the process of metal recovery
(N. Das & Das, 2013). For instance, rare earth elements binding to phosphate anion groups PO4>-
occurs at pH 3-4, while binding to Carboxylic group -COOH occurs at pH 6-7. Light rare earth
elements adsorb more effectively at a pH above 4, while middle rare earth elements also adsorb at
a pH below 4. (Dev et al., 2020). Yb which 1s a heavy rare earth element has been reported by
Das et al., to effectively adsorb at a pH of 5.5 (N. Das & Das, 2013). The impact of temperature
on biosorption is not unanimously agreed upon by scholars. Aksu et al. have stated that the effect
of temperature on biosorption 1s minor at 20-35 degrees earth elements Celsius, while others have
found an effect at 35-40 degrees earth elements Celsius (Aksu et al., 1992; N. Das & Das, 2013).
The amount of biosorbent used greatly impacts the biosorption process to a very large extent. A
higher biomass concentration results in more solute being absorbed due to an increase in the
surface area of the biosorbent, leading to more binding sites. It was reported that the adsorption of
La and Ce on the biomass using P. orientalis and it was observed that with an increase in the initial
metal concentration, the amount of biomass also increases (N. Das & Das, 2013). The use of
biosorption for rare earth element recovery is currently limited to lab-scale applications, and

further feasibility studies will be necessary before it can be applied at pilot or field scale levels

(Sachan, 2019).
3.3.4 Bioreduction

The bioreduction process is commonly explained as the process which involves the transformation
of metal or mineral in a particular environment using microorganisms or soluble species to
insoluble species. The bioreduction process is often used to recover precious metals such as Gold
(Au), Silver (Ag), and Palladium (Pd), as well as toxic metals such as Uranium (U), Chromium
(Cr), Selenium (Se), and Cobalt (Co), and rare earth elements such as Europium (Eu). Some

common microorganisms utilized in bioreduction processes to recover toxic, valuable, and rare
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earth elements are Shewanella oneidensis, Geobacter uraniireducens, and Geobacter daltonii and
dominantly applied in the reducing uranium bacteria (Sachan, 2019). Some researchers have
demonstrated that the use of high concentrations of bicarbonate can significantly reduce the
toxicity of uranium by forming negatively charged uranyl-carbonate ((UO2)x(CO3)y(OH) -2,
(Sachan, 2019). Zheng et al. found a relationship between Shewanella oneidensis-mediated to
reduce uranium toxicity and the rate of reduction, in the prescence of dissolved calcium and EDTA
(Ethylene diamine tetra acetic acid) (Sheng et al.,, 2011). Bioreduction, like other recovery
methods, can potentially extract valuable materials from leachates using microorganisms.

However, its feasibility for large-scale industrial application needs to be further studied.
3.3.5 Bioaccumulation

Bioaccumulation 1s metabolic process in which there is gradual increase in substance such as heavy
metals in the tissue of a living biomass. This process mainly occurs when an organism or a
microorganism in case of rare earth elements absorbs a substance at a rate faster than it can be
eliminated or metabolized, leading to its accumulation in the tissues of the living organism. The
substances can enter the organisms through various routes, such as air, water, or substrate.
Bioaccumulation differs from biosorption in the nature of sorbent used to adsorb the heavy metal,
both living and non-living organism are used as a sorbent in biosorption, whereas only the living
biomass are typically used in bioaccumulation process as a sorbent. The process of
bioaccumulation is an active metabolic process which is highly dependent on various parameters
such as the structural properties, bioavailability of the substance and genetic properties of the
bacteria (Sachan, 2019). These parameters play a crucial role during the substance accumulation,
for example the rare earth elements once adsorbed by the microorganism, they are immediately
translocated into an intracellular cell space via an importer located within the membrane (Dev et
al., 2020). Consequently, the rare earth elements are then immobilized by the proteins and peptide

ligands that are found within the intracellular space.

Several microorganisms have been exploited to analyze their effectiveness in bioaccumulation of
rare earth elements and it has been reported by several scholars. For instance, Emmanuel et al.,
exploited the use Bacillus cereus to 1solate cerium (Ce) and neodymium (Nd) from a soil sample
(Emmanuel et al., 2011). During the process, the FT-IR spectrum and Ice-OEs technique were

used by the author, leading to a notable bioaccumulation of rare earth elements. It was also reported
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by the author that; the microorganisms were exposed to the carboxylic functional group (-COOH)
during adsorption on their cell surface. However, the low solubility of rare earth elements in lipids
may be a constraint to their bioaccumulation (Emmanuel et al., 2011). Del et al., reported that
Arthrobacter luteolus bacterial strain is utilized to overcome such limitations of Bacillus cereus
strain by producing catechol-type siderophore, which leads to the formation of REE-siderophore
complex, and these get accumulated through the membrane (Dev et al., 2020). Penidiella sp. T9, a
type of fungal strain, demonstrated a promising result of bioaccumulation of Dy and other elements
from a strongly acidic aqueous solution (pH=2.5) with high selectivity recovery. However, the
microbial strains have varying impacts on bioaccumulation capacity, especially at highly acidic
solutions, because at such low pH, the interaction between the rare earth elements and functional

groups on the cell surface is very poor.

All biohydrometallurgical processes have applications in various domains, such as wastewater
treatment, environments, renewable energy, acid mine drainage, ore recovery, to extract a wide

variety of rare earth elements, and ground water control system.
3.4 Factors Affecting Bioleaching Technology of Rare Earth Elements

The effectiveness and rate of the bioleaching process is influenced by various factors, including
physical factors like aeration or oxygenation, temperature, mineral substrate, microorganism
characteristics, property of the solid materials, and pulp density, as well as chemical factors such
as pH, redox potential, and metal toxicity. These factors may act individually or collectively to
impact the recovery process of rare earth elements. The recovery of valuable materials is maximum
only when the leaching conditions reflect an optimum condition which a particular bacterial strain

1s grown.
3.4.1 Nature of The Microorganism

A wide range of microorganisms are used in different type of leaching process, the result of these
leaching process is generally affected by the microbial biomass or the population. These
microorganisms are environment sensitive substance which adapt according to the optimum
environmental conditions. The very first step to achieve an optimum result is the selection of the
appropriate microbial for the leaching process. Some microbial may be suitable under aerobic

conditions and other may be suitable for anaerobic conditions, and also few microorganisms have
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an acceptable metal tolerance and adequate adaptability to harsh environmental condition. The
metabolic process, and the growth rate are factors which are immanent to the type and
characteristic of the microorganisms involve in the leaching process. Additionally, the ability of
microorganism to generate leaching agent which are completely dependent on the nature of
microorganism has an effect to improve the leaching process. Some Bacterias such as
Acidothiobacillus, Leptospirllium spa., and Su fobacillus app. have been tested and found to be
useful due to their metabolic characteristics that allow them to thrive in the presence of rare earth-
bearing minerals and involve adjusting their life cycle or energy cycle accordingly. These bacteria
have a thermophilic origin and 1s drive from the sources like mine drainage and tailing (Sachan,
2019). Another study conducted by Zhang et al., has indicated that specific bacterial strains like
Streptomyces sp. FXJI1.172 can survive in environments with limited nutrients when in the
presence of bastnasite minerals (L. Zhang et al., 2018). Therefore, it was concluded that these
strains could potentially be utilized for extracting valuable minerals from electronic waste, mine
tailings, and other types of solid waste. In the same study, it was observed that bastnasite excrete
a type of substance which serves as a nutrient for microbial growth with a relatively lower biomass
(Sachan, 2019; L. Zhang et al., 2018). Overall, it 1s clear that the selection of microorganisms with

desirable characteristics is crucial to achieving optimal bioleaching efficiency.
3.4.2 The pH of the Solution

The bioleaching process is influenced by a series of different major physical factors including the
pH. For instance, the bioleaching of pyrite mediated by Su.folobus acidocaldarium has reported to
be influenced by the pH of the solution (Brandl Ziirich, 2001). Controlling the pH of the solution
1s crucial in biosorption process and impacts metal speciation through hydrolysis, complexation,
and redox reactions during recovery. Additionally, the influence of the pH is extended to the
production of extracellular polymeric substances (EPS) by the microorganism used. A highly
acidic medium will result in significant EPS production, by consequence, the microbial attachment
to the mineral surface will be stronger, hence improving the mineral recovery. An example is the
production of EPS by A. ferrooxidans ATCC 23270, where a pH of 1.5 resulted in 2.9 times higher
EPS production compared to a pH of 2. The leaching process using microorganisms are usually
acidophilic, with a pH range of 0.2 to 5.5 (Dev et al., 2020). Candida bombicola a fungal strain,

was observed to extract above 60% of Yb, Er, and Sc, at a pH of 3 to 3.5 from a fly ash. Because
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bioleaching microorganisms are acidophilic in nature, Thiobacillus ferrooxidans 1s optimal for the
microbial oxidation of ferrous iron and sulfide at a pH of 2.5. However, this bacterium is inhibited
at a pH less than 2.0. Nevertheless, it can still be adapted to a lower pH by increasing the acidity
of the solution (Sachan, 2019). It 1s important to note that the predominant functional group on the
microbial cell surface for adsorbing common rare earth elements is the hydrogen ion H', which

indicates lower REE adsorption at acidic pH (Dev et al., 2020).
3.4.3 Temperature

Another major factor that directly influences microbial growth, kinetic rate, and the
microorganism metabolic activity is the temperature at which they live in. To achieve an optimum
bacterial growth, the temperature has to be critically maintained within an acceptable range and
vary depending on the microorganism. Microorganisms are classified based on their media
temperature in which they are cultivated, which include psychrophilic, mesophilic, or
thermophilic, and 1t has been reported that these temperature ranges in degree Celsius from -4 to
20, 25 to 47, and 41 to 68 respectively (Dev et al., 2020). For example, T ferrooxidans, is used to
oxidize ferrous iron and sulfide at temperature ranging between 28 to 30 °C. During the same
oxidation process and at an extremely low temperatures, it was notice that the metabolic activity
of microorganisms reduces significantly, but they were still able to survive in such conditions.
(Sachan, 2019). In a thermophilic condition, 7hiobacillus 1s the most frequently strain used in
microbial leaching process. Agrobacterium sp. HNI strain are very famous in a mesophilic
condition, especially during the adsorption of La and Ce. B0665 bacterial strain has been used to
dissolve feldspar at rate of 20 times higher when the temperature was decreases up to 5 °C under
psychrophilic condition (Sachan, 2019). Similar to pH, the optimal temperature for microbial
growth can increase the microbial cells attachment to the mineral surfaces by enhancing
extracellular polymeric substance (EPS) production. For example, A. ferrooxidans to the surface
1s attached to pyrite mineral and it is reported to have increased by fourfold when temperature
range from 17-28°C, and L. ferrooxidans was able to recover 100% of Dy and Pr from magnetic
waste at a temperature of 25°C (Bellenberg et al., 2015; Hammache et al., 2021). Various
temperature conditions facilitate the utilization of microorganisms with a wide range of

bioleaching activity for the efficient recovery of valuable minerals from the ore.
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3.4.4 Aeration and Oxygenation

The oxygenation process is constantly increasing the amount of oxygen available for microbial
rate, and the process of adding oxygen to the microbial substance is known as aeration. Microbial
aeration and oxygenation play a critical role in the metabolism of microorganism in the process of
bioleaching. Throughout the bioleaching process, autotrophic microorganisms require a constant
and adequate supply of oxygen (O2) and carbon dioxide (CO2), which act as electron acceptors
during the reaction process. Microorganisms involved in bioleaching are usually aerobic and
require oxygen to carry out the oxidation process. The availability of oxygen affects the rate of
bioleaching, as a sufficient supply of oxygen leads to higher metabolic activity and faster oxidation
of minerals. Adequate aeration or oxygenation helps to maintain the optimum oxygen level
required for microbial activity and prevents oxygen deficiency, which can lead to a decrease in
bioleaching efficiency. It was reported by Shahrabi et al. during their experiment using
hydrocracking spent catalyst that at an aeration rate of 5.1 L/HL, the bioleaching efficiency was
improved, and it was assumed to be probably due to the increase in cell density and oxidation
property (Shahrabi-Farahani et al., 2014). Increasing the rate of aeration and oxygenation can
enhance the dissolved oxygen levels in the medium, resulting in a faster oxidation rate of ferrous
ion (Fe?") to ferric ion (Fe**) by 4. ferroxidans. For example, an increase in aeration and
oxygenation rate can help to improve the dissolved oxygen in the medium from 5% to 25% as

reported by Dev et al. (Dev et al., 2020).
3.4.5 Redox Potential and Metal Toxicity

The redox potential of the aqueous environment surrounding the mineral phase plays a crucial role
in the microbial-mediated redoxolysis process that dissolves rare earth elements. Ferrous ion
oxidation to ferric ion occurs at a high redox potential. During the bioleaching process of electronic
waste sources, the redox potential was recorded to be greater than 600mV (Pourhossein &
Mousavi, 2019). Whereas the toxicity of the waste materials can potentially hinder rare earth
elements recovery via microorganisms. Heavy metals present in the minerals can hinder microbial
growth and metabolic activities by accumulating inside the microbial cell, inhibiting specific
enzymes, and may cause disruption to the membrane transport system. Scandium, yttrium, and
lanthanum were recovered from a coal slag at a percentage of 52, 52.6 and 59.5 respectively using

A. caldus bacterial strain with a redox potential of 855mV (Dev et al., 2020). It was observed that
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rare earth elements dissolution via acidolysis process mediated by sulfur-oxidizing bacteria takes
place at a low redox potential. It is commonly found that heavy metals such as Cr, Cd, Cu, Zn, and
Ni exhibit high inhibition rate constants and can inhibit 4. ferrooxidans bacterial strains. To
prevent inhibition of microbial growth, techniques such as gradual increase of metal concentration

in the mmoculum or co-cultivation with other microbial can be employed (Camargo et al., 2018).
3.5 Shewanella Minimal Media and The Luria-Bertani Broth
3.5.1 Introduction

Bioleaching technology of rare earth element recovering from solid material is a green technology
which recently has stimulated a great interest by several research entities. This novel technology
has extended its application to the mining from which naturally occurring microorganism are
firmly exploited to revive and optimize the recovering techniques of valuable minerals form mine
waste material, mine tailing, and lean ores (S. Das et al., 2017). This experiment aims to extract
rare earth elements from solid materials using the bioleaching technique. The study focuses on the
use of two bacterial growth mediums, namely the Shewanella Minimal Media (SMM) and the
Luria-Bertani (LB) broth, for the inoculation, cultivation, and extraction of rare earth elements

using the Shewanella oneidensis bacterial strain.

Shewanella minimal media is a type of growth medium designed to culture and study bacteria from
the genus Shewanella, which are gram-negative, facultatively anaerobic bacteria commonly found
in marine environments. Shewanella oneidensis strain MR-1 a particular species of the genus
shewanella which has an ability to survive in both oxic and anoxic environmental condition and
has been used to measure the reduction rate of uranium (U*®) in ground water remediation system
by (Sheng & Fein, 2014). Several other experimental results were analyzed, and a correlation was
established between the Shewanella oneidensis strain and reduction effect of other popular metals
like iron, mercury, and silver as reported by Sachan, 2019 and Sheng & Fein, 2014. In their study,
Lies et al. demonstrated that iron reduction of up to 86.5% can be achieved in a Fe-Bead system
without direct contact between the microbial cell and the material, by utilizing S.oneidensis. The
live cells in the Fe-Bead system serve as a catalyst during the reduction process, which was adapted
to anaerobic conditions. It was estimated that the maximum reduction rate could be attained 1f

more protein synthesis was available also excessive amount of iron (Fe™) would result in
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maximum oxidation of ore mineral, and which would be directly proportional to the cell density
(Lies et al., 2005). The Shewanella oneidensis usually grow in a minimal media, and it is called
"minimal" because it contains only the necessary nutrients which create a favorable condition for
bacterial growth, independent of any extraneous or undefined components that might hindered
with experiments or obscure the results. Other strain of Shewanella minimal media include S.
putrefaciens CN-32, Shewanella sp. ANA-3, and S. algae, were used to examine their reduction of
solid mineral like iron under similar condition as Shewanella oneidensis (Lies et al., 2005). The
shewanella minimal media typically contains a simple mixture of inorganic salts, such as
potassium chloride (KCL), sodium bicarbonate (NaHCO3), and PIPES (molecular bioreagent),

which provide the necessary macronutrients and trace elements for bacterial growth.

Additionally, a carbon source, such as glucose or acetate, is added to support metabolism and
energy production. The cells that typically thrive in minimal media are capable of coupling metal
reduction with metabolism belong to the group of bacteria known as dissimilatory metal-reducing
bacteria (DMRB). DMRB bacterial groups are microorganisms that function under anoxic
conditions (anaerobically) and consume metals as a source of energy and respiration instead of
molecular oxygen, allowing them to survive and to achieve an efficient metabolic activity (Sachan,
2019). One of the advantages of using minimal media is that it allows researchers to accurately
control the composition of the growth environment, which can be crucial for studying the
metabolic pathways and other physiological characteristics of bacteria in the medium. Figure 3.2
shows an example of Shewanella oneidensis metabolic process where the bacteria is attached to
hematite ore. By varying the concentration or identity of specific nutrients, researchers can gain
insights into how different genes or environmental factors affect bacterial growth and metabolism.
Luria-Bertani broth, or LB broth, is another type of growth medium in microbiology and molecular
biology which 1s commonly used for the cultivation of bacteria. Z. Yuan et al. used Pseudomonas
fluorescens P13 bacterial strain culture in a LB broth medium containing 10g/L of tryptone, Sg/L
of yeast extract, and 10 g/L of NaCl, to produce cyanide for the recovery of precious metals from
PCBs. However, the use of LB broth media did not lead to the peak value of cyanide production
by the microorganism, the author compared the yield under normal LB broth condition and
optimized conditions (using only 6 g/L tryptone and 5 g/L yeast extract), the result revealed that
the optimized conditions provided 1.5 times higher yield than that of the LB medium (Yuan et al.,
2018).
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modifications. For instance, LB agar is a solid form of LB broth that has been supplemented with

agar to solidify the medium and can be used for colony isolation and selection.

Numerous studies have recently emerged to investigate the distribution of metal-reducing
organisms available in nature, and also to understand the mechanisms that enable or constrain the
reduction process (Lies et al., 2005). Geobacter, Geothrix, and Shewanella are the primary
microorganisms found to be efficient in the metal reduction process. They are found in various
environments and are estimated to reduce metal oxides by different mechanisms and under
different environmental conditions (Das et al, 1992; Coates et al., 1996, 2001; DiChristina, Moore,
and Haller, 2002; Venkateswaran’lt et al., 2002). Recent studies have explored the application of
Shewanella Oneidensi metal reducing property, particularly its ability to reduce iron in clay, for
extracting rare earth elements from coal (Gupta & Castellini, 2016; Sachan, 2019). Furthermore,
it has been observed through several experiments that various types of microorganisms have
distinct growth requirements and require well-tailored growth media. Hence, comparing results
from different bioleaching studies can be challenging while the selection of appropriate leaching
medium and condition is crucial for creating an effective microbial-mediated leaching process
(Hopfe et al., 2018; Rasoulnia et al., 2021). This thesis will primarily focus on understanding
Shewanella Oneidensi metabolism under various conditions, and determine whether, in fact, it is
effective in extracting rare earth elements from non-coal sources. The following chapter will

describe the steps involved in the process and the optimal conditions of extraction.
3.5.2 Shewanella Oneidensi Bacterial Strain

Shewanella oneidensis 1s a gram-negative, facultative anaerobe bacterium that is commonly used
to reduce and metabolize various metal ions, including iron, manganese, and uranium, through a
process called dissimilatory metal reduction. This reductase function is consequently from their
huge number of c-type cytochromes (Brockman et al., 2020). The process of metal reduction using
Shewanella oneidensis involves primarily the use of biofilm to maintain contact between the
microorganism and oxidized metal. Shewanella oneidensis transfers electrons for respiration,
while cytochromes act as reducing agents by facilitating the electron transfer process. During the
electron transfer process, proteins are also transferred which participate in sustaining the
microorganism during its metabolism (Sachan, 2019). They are found in many different marine

environments, including freshwater, aquatic, and sedimentary environments, and is a versatile
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microorganism that can utilize a wide range of electron acceptors, including oxygen, nitrate, and
various organic and inorganic compounds, which can sustain a low temperature and pressure
environment (Brockman et al., 2020; Fredrickson et al., 2008). Due to its unique metabolic
capabilities, Shewanella oneidensis has potential applications in bioremediation, bioenergy
production, and biotechnology (see Figure 3.2). Shewanella oneidensis’s metal oxide-reducing
capabilities make it a potential candidate for extracting rare earth elements from non-coal sources,
similar to its demonstrated success with coal sources (Gupta & Castellini, 2016; Sachan, 2019).
One advantage of using Shewanella oneidensis for rare earth elements extraction is the potential
for significant cost reduction by bypassing the expensive grinding and milling process, which cost
about 40% of the total process cost (Sachan, 2019). Alternatively, Shewanella oneidensis can
perform redox reactions on metal oxide present in the solid material, which can accelerate the
weathering process and cause changes in the structure of the metal oxide. This leads to the
dissolution of rare earth elements present in the oxide, which can be recovered through the
solution. Shewanella oneidensis provides an additional advantage by avoiding the use of acid
leaching, which is environmentally harmful and poses a huge amount of work hazard. Table 3.2
shows the taxonomy of Shewanella oneidensis. Microorganisms have been proven to have the
ability to extract only the valuable elements and dissolve the acidic parts, making this extraction

technique one of the safest approaches provided the economic feasibility 1s proven.

Table 3.2 Classification and rank of shewanella Oneidensis (Sachan, 2019)

Class Rank

Kingdom Bacteria

Phylum Proteobacteria

Class Gamma Proteobacteria
Order Alteromonadales
Family Shewanellaceae

Genus Shewanella
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Chapter 4: Methods and Materials
4.1 Rock Sample

In this experiment, the hard rock samples were obtained from two distinct geographical regions
within Alaska - Prince of Wales Island and North Pole Hill. A total of eight (8) samples were
collected, six (6) of which were taken from North Pole Hill and named R I, II1, V, VI, VII, and
VIII. Whereas two samples were obtained from Prince of Wales Island and named R IT and IV. R
I was found to contain three different rock samples based on their potential for rare earth element
content and was subsequently classified into the Primary Rare Earth Sample Zone (PREZ-Z),
Scandium Zone (Scan-Z), and New Rare Earth Zone (NRE-Z). The Scandium Zone was believed
to be rich in scandium due to the distinctive features displayed by the rock samples. R 11 was also
a highly distinctive sample and consisted of samples taken from a single zone at the Prince of
Wales Island (PW Island) and it is anticipated to contain Pentlandite ore. Based on visual
observations, the rock samples displayed a lustrous appearance with a dark pale color, which could
potentially indicate the presence of the Pentlandite mineral. R VI on the other hand was a distinct
sample even though it was taken from the same location as R-I. R VI was obtained from a zone
that contained gold, scandium, and platinum, and was expected to contain rare earth element-
bearing minerals. R III, V, VII, and VIII were all collected from areas that potentially contained

minerals such as thortveitite, neodymium, and scandium.

A total of 7 kg of rock samples were obtained in two separate batches, namely Sample 1 and
Sample 2. Sample 1 comprised of R I to III, while Sample 2 consisted of R IV to VIII. These
samples underwent initial characterization and various physical tests, including crushing, grinding,
and sieving using mechanical sieves of different sizes. From each individual sample, 20 g of rock
was selected and sent for an initial laboratory assay analysis at the ALS Lab. This was done to
confirm the presence of rare earth elements in the original samples. The outcome of the initial
laboratory assay analysis is presented in Figures 4.1 and 4.2. Figure 4.2 illustrates the combined
individual element results, which clearly indicate that cerium 1s the dominant element (above 150
ppm), followed by scandium, yttrium, and neodymium, all of which were above 100 ppm in both
sample locations. Based on location (Figure 4.1), Prince of Wales Island contained the highest
total rare earth elements in the first sample, while North Pole Hill had the highest in the second
batch. These findings serve as a foundational step for carrying out a comprehensive quantitative

and qualitative investigation using microorganisms.
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Given that previous studies have demonstrated that most rare earth elements (Rare earth
elements) are liberated in ore at a size of -150 Meshs (Gupta & Krishnamurthy, 2005; Sachan,
2019), therefore the bioleaching process will be focused on the influence of particle sizes on the
leaching process. Thus, the next section will provide a detailed stepwise explanation of the

preparation process.
4.2 Crushing and Grinding

Since this is a non-contact bioleaching experiment (Rasoulnia et al., 2021), the impact of particle
size 1s crucial to the effectiveness of the microbial process. For instance, ball milling for 15
minutes, has been demonstrated to increase the yield of rare earth elements (Tan et al., 2017).
However, milling for more than 15 minutes did not result in any further improvements (Tan, Deng
and L1, 2016; Van Loy, Binnemans and Van Gerven, 2018). Initially, the lab scale crushing and
ball milling machine were used to perform the first stage size reduction. Following comminution,
the samples underwent characterization into two to three categories based on particle size using a
mechanical sieve shaker. The material that remained in the pan was classified as one category,
while the material below 0.5 mm was classified into another category. The remaining material,
with sizes ranging from above 0.5 mm to less than 19 mm (3/4 inches), was classified as category
three. This procedure was carried out individually on each sample from R1 to R8. The
characterization was determined based on the amount of sample received. Specifically, for smaller

samples, +/- 0.5 particle size were combined. However, this was not the case for larger samples.
4.3 Media Preparation and Autoclaving

Two growth media were prepared to facilitate the mobilization and culturing of the cell. The LB
media and the SMM as shown in Figure 4.3. The LB media was made by diluting a mixture of 25
grams of ingredients (10 grams of Tryptone, 5 grams of yeast, and 10 grams of sodium chloride)
in 1 liter of d-ionized water. On the other hand, the SMM was prepared by diluting a mixture of
2.5 grams of sodium bicarbonate, 0.1 grams of KCL, and 3.02 grams of PIPES molecular
bioreagent in 978 ml of d-ionized water. Both medias were designed to serve as a growth medium

for the S. oneidensis bacterial strain.
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process was accomplished every 72 hours by employing a 60 ml syringe equipped with

hypodermic needles and 0.2 pm syringe filters.

To perform the oxygenation process, the sample in the incubator was removed, and the 70%
ethanol alcohol sterilizer was sprayed to the top of the cap of the serum bottle, with the help of a
burning fire lighter, it was used to sterilize the cap of the bottle. The hypodermic needle is attached
toa 0.2 m filter and a syringe filled with 60 ml of oxygen drawn from the atmosphere is injected
inside the 100 ml serum bottle. The syringe is filled twice to achieve the desired 120 ml oxygen
level goal to be injected inside the bottle. After the oxygenation was completed, the serum bottle

was resealed and placed inside the incubator until the next oxygenation period.
4.5 Sample Collection and Filtration

The first sample was collected after 3 redox cycles at an interval of 72 hours using a PES 0.2 m
filter. The filter is attached to a 500 ml PES bottle to collect the filtered liquid. The sample from
the 100 ml serum bottles which were taken from the incubator are unsealed using an EZ-Decapper
and immediately poured into the filter. It is important to note this process was carefully conducted
to minimize any possible dilution even though the bacteria are assumed to be inactive after the
redox cycle. Figure 4.12 shows the filtered assembly with the media. After 5 hours of filtration,
using a 50 ml graduated pipette the sample were transferred to 50 ml parafilm falcon tubes and
were stored in a cooler at a temperature of 4 degrees Celsius. All the tubes were labeled according
to the sample location and initial annotation. 1 ml of nitric acid was added to each of the 50 ml
liquid samples for digestion and restored in a cooler at the same temperature of 4 degrees Celsius.
Upon completing the collection, the samples were kept in a cooler box and a dry ice pad was placed
inside the box to maintain a favorable temperature during the digestion, the entire assembly was
transported to the UAA microbiology lab for laboratory analysis using the ICP-MS technique to
determine the effectiveness of microbial medium on the process of extraction of rare earth

elements. Figure 4.13 depicts the final solution collected before diluting with nitric acid.
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are difficult to use. It has a versatile range of applications in industries like agriculture,
environment, etc. Its ability to detect the infinitesimal number of elements makes it popular among
various analytical techniques which is the intent of this research, as the original concentration of
rare earth elements is found in a very small proportion (ppm to ppb). Since the initial analysis
result demonstrated that the presence of rare earth elements in the rocks is very little, therefore
using a robust technique to understand the impact of a microbial-mediated process is of utmost
importance.

The calibration standards for this experiment are prepared using S0mL glass volumetric flasks.
The itial step involves thoroughly cleaning the glassware by immersing it in a 0.5M HCI bath
for 24 hours and rinsing it with 180hm nano-pure water. Subsequently, the calibration standards
are also prepared using a 10,000 ppb Agilent REE+Th and U standard solution in 2% HNO3.
These standards are made at concentrations of 0.01 ppb, 0.1 ppb, 1.0 ppb, 10.0 ppb, 50.0 ppb, and
100.0 ppb as shown in Table 4.1 The samples, which are 10mL of liquid in 15mL tubes, are also
prepared in a 2% HNO3 solution.

Table 4.1 Calibrated standard Ugpper and lower limits.

Elements Symbol Lower Limit (ppb) Upper Limits (ppb)
Cerium Ce 0.01 100.0
Lanthanum La 0.01 100.0
Scandium Sc 0.01 100.0
Yttrium Y 0.01 100.0
Dysprosium Dy 0.01 100.0
Erbium Er 0.01 100.0
Europium Eu 0.01 100.0
Gadolinium Gd 0.01 100.0
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Table 4.1 cont.

Holmium Ho 0.01 100.0
Lutetium Lu 0.01 100.0
Neodymium Nd 0.01 100.0
Praseodymium Pr 0.01 100.0
Samarium Sm 0.01 100.0
Terbium Tb 0.01 100.0
Thulium Tm 0.01 100.0
Ytterbium Yb 0.01 100.0

4.6.1 Acid Leaching

Part of the objectives of this research was to conduct a basic acid leaching process of the rock
samples and do a comparative study in terms of overall extraction par zone. This step was
conducted by classifying all the samples based on the two geographical locations, which are the
North Pole Hills and Prince of Wales Island. 50 grams of rock samples (below 150 mesh size)
were added in 500ml of acidic solution, using a magnetic stirring device to mix the slurry during
the process. Sulfuric acid (H2SO4) at 20% concentration was used as the main leaching agent. The
leaching was conducted at a temperature of 80 degrees Celsius for 30 hours. In order to avoid rare
earth elements precipitation, 1M of HCL was added to dilute the leachate solution obtained (Kim
et al., 2016). The final solution was further diluted at 1% and 2% concentration and placed ina 10

ml falcon tube for analytical purpose.
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Chapter 5: Results and Discussion
5.1 Different Testing Parameters

This experiment was conducted to analyze the effectiveness of microbial-mediated medium in
extracting rare earth elements from rock samples over a period of time, under a specific metabolism

condition. The major parameter to be analyzed are as follow:

1) Testing the applicability of the bioleaching process on hard rock sample

2) The effectiveness of microbial metabolism and extraction over a period of time (process
duration)

3) Quantifying the recovery against time

4) Analyzing the impact of particle size on the microbial metabolism process and extraction

5) Scaling the effectiveness of bioleaching to the acid-leaching

10 to 20 grams of rock samples from two different geographical locations of different particle sizes
were added to a media of 80 ml before inoculating the S. oneidensis MR-1 grown in LB media to
the slurry. The bacteria were allowed to grow in an incubator set at 28 to 30 degrees Celsius. 1.5
to 2 ml of S. oneidensis concentrate was added to the SMM and Ore media as the extraction
medium. The filtrated solution obtained from different intervals of time was taken to analyze for
rare earth elements content. The same metabolism condition was maintained throughout the
experiments, whereas the only variables were time interval, particles size, and incubation period.

The major testing parameters are discussed in the following paragraph.

5.1.1 Testing the Applicability of The Bioleaching Process on The Rock Sample

The initial step in this research was to test if the S. oneidensis bacterial strain can be used to
successfully extract rare earth elements from rock samples. Although previous research has proven
the extractability of rare earth elements from coal samples (Sachan, 2019). This was tested by
creating a control solution without the microorganism and samples with the microorganisms. The
result from this analysis shows the difference between both samples as indicated in table 8.

From this initial result, it can be concluded that the presence of S. oneidensisoneidensis bacterial
strain in the sample solution participated in leaching rare earth elements. As a result, laying the

foundation of further investigation about its effectiveness and estimating appropriate duration.
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Although the results show a very low concentration of rare earth elements, but the underlying
purpose of the whole experiments was proven.

In the next section, other parameters are investigated for an effective evaluation of bioleaching
process of rare earth elements from rock samples. This evaluation will be a determining factor

about the stand of bioleaching experiments in extracting rare earth elements from hard rock.

Table 5.1 testing Data.

SAMPLE 1D With Bacteria (ppb) Without Bacteria (ppb)
R-1Sc Z 0.432 0.001
0.182 | <0.000
R-I PRE-Z 0.48 0.003
2273 0.002
R-I NRE Z 0.557 0.003
0.872 0.003
R-Il PWI 0.498 | <0.000
2.192 0.008
R-Ill MZ 1.939 | <0.000
0.587 0.005
R-11 S/T 0.112 0.061
0.73 0.057
0.59 0.0092
RV 0.032 0.001
1.846 0.005
1.628 0.004
RV 0.373 0.016
0.067 0.002
0.377 0.001
R-VI 2.195 | <0.000
0.655 0.003
R- VI 0.839 0.001
0.489 | <0.000
R-VIII 0.402 0.003
2.203 <0.000

5.1.2 Testing the Effectiveness of Microbial Mobilization and Extraction Over a Period of Time
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The testing of this parameter was done by preparing four batch of samples as shown in the
appendix. All the samples were prepared under same condition and placed inside an incubator at
atemperature of 30 degrees Celsius environ for microbial mobilization. Unlike a chemical process,
in which various factors are changed along the experiments, part of the simplicity of microbial
mediated process is that the whole experiment can be conducted under same condition, without
altering the initial setup. The samples were collected at various interval. The first sample batch
was collected exactly after seven days of the initiation, followed by other batches at the same
interval. Although no reports were found which described the same procedure taken for this
research, the main motive was to determine maximum duration for a maximum recovery, and also
to understand the impact of time on the leaching process. Since the metabolism time is a major
variable considered during this research, this section will provide an insight about its impact on
bioleaching process of rare earth elements from hard rock.
From the results of analysis using the ICP MS, the following observations were made about the
effect of time on the leaching process:

In all the batches (BATCH 1, BATCH 2, BATCH 3, AND BATCH 4) demonstrated that

the influence of time was irrelevant to the processes of metabolism. From the result of

analysis, the concentration of individual rare earth elements was very low (in ppb), that can

be justified by comparing this result to the initial ALS result. Which might indicate that

because the initial content of rare earth elements was very low, therefore the recovery is

expected to be minimum as well.

No correlation was established between time and microbial extraction, although from the

overall recovery, batch 4 has slightly higher recovery followed by batch 1 (Figure 5.1 and

5.2).

By considering zone wise, at all the zones, batch 4 had the highest recovery followed by

batch 1, except for R II. This indicates an irregular pattern (Figure 5.3).

Over the period four weeks, it is clearly shown that there was no improvement in the

extraction process as indicated in appendix.

Although the overall rare earth elements recovery was very low, individual elements show

that certum (Ce) was the highest recovery over a period of time. This does not establish

any direct correlation between individual element recovery and time, as Lanthanum (La)

was recovered at a low concentration in batch 4 (Figure 5.4).
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5.1.2.1

Effect of Time on Individual Elements Recovery

Part of analyzing the time parameter was to look into its influence on recovery of individual

elements. This shows more microscopic view of the overall process. The effect of process duration

on individual recovery was found to be ineffective as discussed for individual rare earth elements

below.

Scandium (Sc) recovery was found to be higher in the third batch (R IV) and second batch
(main zone R IIT). Figure 5.5 shows the highest recovery of scandium in each sample. Sc-
Z was potential flagged as a scandium rich zone, however the concentration of scandium
recovered was very low.

Whereas Yttrium (Y) was recovered in relatively higher quantity in the first batch (R 1V)
see Figure 5.6.

Lanthanum (La) was found to exist in relatively higher quantity in batch 2 (R V) as
compared to other batches. In overall recovery, La was among the least recovered elements
see Figure 5.7.

Certum (Ce) was constantly abundant throughout batch 4 in the scandium zone, NRE-
zone, R VII, and R VIII see figure 5.8.

Praseodymium (Pr), Samarium (Sm), Europium (Eu), Gadolium (Gd), Terbium (Tb),
Holmium (Ho), Erbium (Er), Ytterbium, Lutetium, and Thulium (Tm) were all found in
relatively higher concentration in batch 2 (R IV), as shown in Figures 5.9-5.19.

The data also depict that the prince of wales 1sland which mainly consists of R II and R IV
had the highest heavy rare earth elements (HREEs) recovery, despite in a very low
proportion.

Whereas most of the light rare earth elements (LREEs) were recovered from the north pole

hill region also in a very low concentration.
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Table 5.2 Statistical Summary

Column1i

Column2

Colum3

Mean

Standard Error
Median

Mode

Standard Deviation
Sample Variance
Kurtosis

Skewness

Range

Minimum
Maximum

Sum

Count

Confidence Level(95.0%)

0.166146581 Mean
0.081521022 Standard Error
0.030081985 Median
#N/A Mode
0.326084086 Standard Deviation
0.106330831 Sample Variance
4.971168831 Kurtosis
2.451539896 Skewness
1.071245952 Range
0.013184524 Minimum
1.084430476 Maximum
2.658345303 Sum

16 Count

0.173757944 Confidence Level(95.0%)

3.120757813
0.945922198
1.764375
#N/A
3.783688793
14.31630088
1.796241512
1.561942409
12.857125
0.093125
12.95025
49.932125
16
2.01618544

Bioleaching has been tested to be applicable in recovering rare earth elements from hard rock,

although its feasibility remains an interrogation, it still can be considered as an alternative method

of extracting rare earth elements. From above comparison between traditional acid leaching

process and the novel bio recovery technology, it clearly demonstrated that cerium (Ce), scandium

(Sc), neodymium (Nd), and lanthanum (La) have better leachability in both acid leaching and bio

recovery process. And from this experiment, North Pole Hills samples have higher rare earth

content than Prince of Wales Island.
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Chapter 6: Conclusion
6.1 Conclusions

The correlation between the advancement toward green and new technology and the increased in
demand of rare earth elements has been well established. There is no doubt that the availability of
these essential minerals plays a vital role in shaping the progress of developing cutting edge
technologies. Presently, the global market of rare earth elements is predominantly control by a
single country China, granting the country a significant geopolitical and economical leverage over
others. This position has placed the United States, once a leader player to seek independence from
China, as over 75% of its domestic needs are supplied by China. Given the diverse range of
application and criticality of rare earth elements, numerous countries are actively seeking to
develop an alternate technology that align with global and national environmental agenda, while
also reducing time of maturation. The quest for feasible method to extract rare earth elements is
currently a prominent topic of interest among academia and researchers. The bioleaching or
microbial mediated process is among the most promising technique gaining significant attention.
This method is gaining traction due to its potential to provide a more sustainable and cost-effective
means of recovering rare earth elements

Samples from two different geographical locations in Alaska were used as the primary material
for conducting this experiment. While previous study has proven successfully the applicability of
microbial mediated process to effective leach rare earth elements from coal, the current study aims
demonstratete its viability and effectiveness when applied to hard rock samples. These samples
were collected from North Pole Hills and Prince of Wales Island, and were classified distinctly
into: R I (MZ, NRE-Z), R II (PWI), R III ( S/T-z, Sc-Z), R-IV, R-V, R-VI, R-VII, and R-VIII.

A specific type of bacterial strain known as S. oneidensis MR-1 was used as the primary leaching
agent. The unique redox cycle allows for a selective recovery of rare earth elements without
disturbing the gangue material in the ore. This 1s performed by exchanging electrons from the ore
to the bacterial, if the ore has an iron content, this will serve as nutrient for the cells during their
metabolism, therefore the reduction of the iron content takes place and excretion of acid, hence
leading to the dissolution of rare earth elements. This experiment was performed under
standardized condition ensuring consistency and reliability. The key aspect of this research was to

investigate the influence of different parameters as variable in the leaching process. Parameters
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like, incubation temperature, initial bacterial concentration, volume of media, autoclaving
temperatures, aeration, and solid percentages were all constant throughout the experiments.
Whereas particle size, leaching time, and incubation period were considered as the main variables.
This process was also followed by traditional acid leaching process to effectively evaluate the

recovery of rare earth elements.

6.1.1 Some Significant Conclusion About the Analysis of This Experiments

a. The testing experiments have confirmed the applicability of microbial mediated process to
recover rare earth elements. However, quantifying the leaching recovery of rare earth
elements from hard rock using bacteria appears to be challenging. It has been observed
throughout the experiment that the recovery achieved through bioleaching is significantly
lower compared to acid leaching.

b. Based on the lower recovery obtained compared to acid leaching, it might be due to the
fact that microbial activity was hindered and causing the absence of specific
microorganism or nutrient capable of accelerating or solubilizing rare earth element from
hard rock.

c. The cell bonding to the surface area of the ore mineral might have caused the irregular
recovery trend throughout the batches 1 to 4.

d. Another factor such as the absence of acid generating microorganism as during bacterial
metabolism might also influence the recovery or rare earth elements.

e. The influence of process duration was a significant parameter to analyze, however the
result shows that time is irrelevant during the leaching process. Maximum recovery was
recorded at week 1 and week 4, and lower recovery was achieved after week 2 which was
not expected.

f. The samples from north pole hills had maximum recovery in both bioleaching and acid
leaching with 30.85 ppb and 291.73 ppb respectively. Whereas samples from Prince of
Wales Island recovered 7.6 ppb and 107.744 for bio recovery and acid leaching. This is
below the minimal viable limit 300ppm.

g. From the results of this experiment, the effect of particle size on the leaching was analyzed

and it was observed that smaller the particle size, larger is the surface area and better is the
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microbial interaction. Particle size below 150 Mesh had higher recovery throughout the
process compared to particle size between +- 0.5 mm.

The bacteria volume was not assessed throughout these experiments; however, no
observation was made with the influence of the cell’s volumes.

Although 20% of concentration of strong acid was utilized to perform the acid leaching
process, no significant recovery was made, which implies that the initial presence of rare
earth elements from the ore samples were relatively insignificant.

The lower recovery of acid leaching may have been due to the fact that the rock samples
have some characteristics which make the leaching difficult.

Elements like scandium, certum, neodymium, yttrium, and lanthanum were favorable to
both the bio and acid leaching process. Where the maximum recovered element was
cerium.

It can be concluded that the optimum leaching is achieved through smaller particle, and
that North Pole Hills regions samples are relatively favorable to the bio recovery process.
However, thorough investigation of several parameters such as in situ nutrients (presence
of nitrogen, phosphorus, and trace elements) which accelerate the growth and microbial
activity, also improve the leaching process once the cells are inoculated to the ore. The
environmental condition of the host rock as well might be a scope to investigate during

further leaching process.
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6.2 Recommendations

These recommendations are the results of the experience from conducting this experiment and

advise for further research projects.

L.

II.

II.

Iv.

VI

VIIL

Although the recovery of rare earth elements from hard rock through bioleaching seems to
be very low, optimizing parameters such as: Microbial activity (by introducing a bacterial
that generates acid as a byproduct of their metabolism process, by efficiently dissolving
the rock mineral and effectively releasing rare elements). Environmental condition (by
varying the incubation temperature, effectively monitoring the pH level, reducing the
particle size further, and constant oxygenation, might be a promising way to improve the
recovery of these elements).

Also optimizing cell environmental condition by varying the incubation temperature,
effectively monitoring the pH level, reducing the particle size further, increasing oxygen
amount, might be a promising way to improve the recovery of these elements.

Choosing appropriate mineral source which is readily bio leachable and should be
chemically sound to be conducive to the generation of acid once inoculated to the cells.
Although the process duration seems to be irrelevant, however with appropriate mineral
source and optimizing parameters may impact the process duration.

A thorough economic analysis is another scope of study. Another concern about the bio
leaching process is maintaining appropriate environment for cell sterilization as a result
increasing the cost of processing. Therefore, optimizing the surrounding condition will
allow to maintain a cell without it being dead throughout the process.

Further research can consider the use of other bacterial strain to evaluate their applicability,
with adequate level of adaptability to harsh environmental condition. Or testing the
effectiveness on different growth media for rare earth recovery.

The need of changing the source for further research might be an alternate way to optimize
the process, or changing the initial parameter might activate the influence of process
duration.

Optimizing the leaching time can be a scope for further research.
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Table A. 1 Batch 1 (Week 1 lab results ¢ findividual elements

Appendices

Particle

S ID size
(mm) Sc Y La Ce Pr Nd Sm Eu
Zone | ppb ppb ppb ppb ppb ppb ppb ppb
RISeyz 703 NPH 0.139 0.056 0.032 | 0.161 0.001 0.02 0.001 | 0.003
Pan NPH 0.109 0.017 0.019 | 0.013 | <0.000 0.004 | <0.000 | 0.006
RIPREZ |05 NPH 0.161 0.034 0.054 | 0.235 0.004 0.032 0.003 | 0.003
Pan NPH <0.000 0.016 | <0.000 0.011 0.002 0.004 0.001 | 0.003
RINREZ |05 NPH 0.044 0.069 0.031 | 2.066 0.002 0.014 0.002 | 0.003
Pan NPH <0.000 0.041 | <0.000 0.029 0.004 0.01 0.001 | 0.003
ROPWI 705 PWI 0.219 0.078 0.051 | 0.138 0.006 0.032 0.005 | 0.003
Pan PWI <0.000 | <0.000 | <0.000 0.021 0.001 | <0.000 | <0.000 | 0.002
RIIMz |0 NPH <0.000 0.068 0.041 | 2.004 0.002 0.022 0.003 | 0.002
Pan NPH <0.000 0.013 | <0.000 0.021 0 0.004 0.002 | 0.001
RIIST 05 NPH 0.18 0.053 0.011 | 0.199 0 0.014 | <0.000 | 0.003
Pan NPH 0.025 0.004 | <0.000 0.004 0 | <0.000 0.002 0
-0.5 PWI <0.000 0.017 | <0.000 0.032 0.002 0.004 0.001 0
R-IV +0.5 PWI 0.121 0.332 | <0.000 0.135 0.013 0.059 0.016 | 0.004
Pan PWI <0.000 0.007 | <0.000 0.002 0.002 | <0.000 0.001 | 0.002
-0.5 NPH <0.000 0.056 0.023 | 1.798 0.002 0.018 | <0.000 | 0.003
R-V +0.5 NPH 0.162 0.089 0.027 | 0.132 0 0.025 0.008 | 0.004
Pan NPH 0.391 0.009 | <0.000 0.014 0.001 0.007 [ <0.000 | 0.002
-0.5 NPH 0.026 0.082 0.008 | 0.265 0.012 0.046 0.014 | 0.004
R-VI +0.5 NPH 0.238 0.07 0.017 0.1 0.001 0.021 0.003 | 0.002
Pan NPH <0.000 0.042 | <0.000 0.203 0 0.002 | <0.000 | 0.001
v 0 NPH 0.094 0.063 | <0.000 0.083 0.005 0.019 0.004 | 0.002
Pan NPH <0.000 0.053 | <0.000 1.171 0.003 0.01 0.002 | 0.002
RV 0 NPH 0.022 0.089 | <0.000 0.153 0.006 0.025 0.008 | 0.003
Pan NPH 0.001 0.051 | <0.000 0.144 0.005 0.025 0.008 | 0.002
Average 0.129 0.059 0.029 | 0.365 0.003 0.019 0.004 | 0.003
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Table A.1 cont.

Particle
S ID size
(mm) Gd Tb Dy Ho Er Tm Yb Lu
Zone | ppb ppb ppb ppb ppb ppb ppb ppb

RISz 703 NPH 0.005 | 0.002 | 0.005 0 | <0.000 0] 0003] 0.004
Pan NPH 0] 0005 0] <0.000 |<0.000 |<0.000 | 0002 0.007
RIPREZ |03 NPH 0.003 | 0.009 | 0.006 0 | <0.000 0.001 | 0.003 |  0.009
Pan NPH 0.001 0.002 | 0.003 0.001 0.003 0.001 | 0.002 | 0.001
RUINRE 7 |05 NPH 0.002 | 0004 | 0008 | 0002 0.005 0.002 | 0012 |  0.007
Pan NPH 0.001 0.002 | 0.006 |  0.001 0.004 | 0.001 | 0.003 | <0.000
Rpwl 703 PWI 0.006 001 | 001 0.002 | 0.005 0.001 | 0.008 | 0.013
Pan PWI <0.000 0.007 | 0.005 | <0.000 0.002 | <0.000 | 0.004 | <0.000
RIIMz |05 NPH 0.003 | 0007 | 0007 | 0002 0.005 0.001 | 0.016 |  0.009
Pan NPH 0.001 0.001 | 0.001 0.001 0.001 0] 0.001 0
RITST |03 NPH 0.006 | 0.013 | 0.002 0 0 0] 0004| 0013
Pan NPH <0.000 0.002 0 0] 0.001]<0000 | 0001 0.002
-0.5 PWI 0.001 0.002 | 0.004 | 0.001 0.002 | 0.001 | 0.002 | 0.001
RIV 1405 PWI 0.035 0.008 | 0.052 0.011 0.036 0.005 | 0.026 0.004
Pan PWI 0| 0004| 0002] 0.001 0.001 0.001 | 0002 | 0.004
-0.5 NPH 0.001 0.009 | 0.005 0.001 0.004 | 0.001 | 0.01 0.008
R-V +0.5 NPH 0015 | 0008 | 0012 | 0.001 0.004 | 0.001 | 0.008 |  0.009
Pan NPH <0.000 | <0.000 0] 0001 0 | <0.000 0 | <0.000
-0.5 NPH 0.011 0.003 | 0009 | 0.002| 0006 | 0001 | 0.008 | <0.000
R-VL | 405 NPH 0.006 | 0.005| 0006 | 0.001 0.002 0] 0.005 0.003
Pan NPH 0.001 0.004 | 0002 | 0.001 0.007 | 0.001 | 0.008 | 0.001
v S NPH 0.007 0] 0007 ] 0002| 0007| 0001] 0.004 0
Pan NPH | 0003 | 0.001 | 0.005 0.002 | 0006 | 0.001 | 0.011 0.001
RAVII +0.5 NPH |  0.007 | 0.004| 001 0.003 0.01 0.001 | 0.009 | 0.001
Pan NPH | 0009 | 0.003| 0.008| 0002| 0.005 0.001 | 0.004 | <0.000
Average | 0.006 | 0.005| 0.007 | 0002 ] 0.005 0.001 | 0.006 |  0.005
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Table A. 2 Batch 2 (Week 2) lab results cf individual elements

Particle

S ID size
(mm) Sc Y La Ce Pr Nd Sm Eu
Zone | ppb ppb ppb ppb ppb ppb ppb ppb
RIScz 703 NPH 0.585 0.01 | <0.000 0.016 | <0.000 | <0.000 | <0.000 0.009
Pan NPH 0.023 | <0.000 | <0.000 0.032 0.002 | <0.000 0.012 | <0.000
RIPREZ 705 NPH <0.000 0 | <0.000 0.002 0 | <0.000 0.002 0.001
Pan NPH <0.000 0.042 | <0.000 0.205 0.001 0.001 0.001 0.001
RINREZ |10 NPH <0.000 0.023 | <0.000 0.065 0 0.001 | <0.000 0.001
Pan NPH 0.354 0.01 | <0.000 0.063 | <0.000 | <0.000 0.008 0.008
RIPW 703 PWI 0.259 0.009 | <0.000 0.066 0.015 0.03 | <0.000 0.008
Pan PWI 0.338 0.057 | <0.000 0.034 0.003 0.013 | <0.000 0.009
RIIMZ |05 NPH 0.842 0.052 | <0.000 0.035 | <0.000 | <0.000 | <0.000 0.005
Pan NPH 1.149 0.008 | <0.000 0.047 0.004 | <0.000 | <0.000 0.005
RIIST 705 NPH <0.000 0.026 | <0.000 0.027 0.018 0.018 0.016 0.018
Pan NPH <0.000 0.035 | <0.000 0.032 0.001 0.004 0.001 0
-0.5 PWI <0.000 0.098 0.066 | 0.107 0.088 0.09 0.091 0.087
R-IV +0.5 PWI <0.000 0.047 | <0.000 0.311 0.001 0.003 0.001 0.001
Pan PWI <0.000 0.007 | <0.000 0.001 | <0.000 | <0.000 | <0.000 0
-0.5 NPH <0.000 0.042 | <0.000 0.205 0.001 0.001 0.001 0.001
R-V +0.5 NPH 0.117 0.058 | <0.000 0.149 0.004 0.016 0.003 0.002
Pan NPH <0.000 0.066 | <0.000 0.21 0.001 0.003 0.002 0.001
-0.5 NPH 0.029 0.061 | <0.000 0.097 0.003 0.011 0.006 0.002
R-VI +0.5 NPH 0.022 0.089 | <0.000 0.153 0.006 0.025 0.008 0.003
Pan NPH 0.001 0.051 | <0.000 0.144 0.005 0.025 0.008 0.002
RV +0.5 NPH <0.000 0.007 | <0.000 0.002 0.002 | <0.000 0.001 0.002
Pan NPH <0.000 0.016 | <0.000 0.011 0.002 0.004 0.001 0.003
RVII +0.5 NPH <0.000 0.017 | <0.000 0.032 0.002 0.004 0.001 0
Pan NPH <0.000 0.013 | <0.000 0.021 0 0.004 0.002 0.001
Average 0.338 0.035 0.066 | 0.083 0.008 0.015 0.009 0.007
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Table A.2 cont.

Particle
S ID size
(mm) Gd Tb Dy Ho Er Tm Yb Lu
Zone | ppb ppb ppb ppb ppb ppb ppb ppb
+0.5 NPH 0.013 0.003 0 0.001 0 0.002 | 0.004 | <0.000
R-IScZ
Pan NPH <0.000 | <0.000 0 | <0.000 0.005 0.002 0 0
RIPRE z 705 NPH 0 0.004 | 0.001 0.001 | 0.002 0.001 | 0.001 0.001
Pan NPH 0 | <0.000 0.004 0.001 | 0.006 0.001 | 0.009 0
RINRE z |05 NPH <0.000 | <0.000 0.003 0.001 0 0| 0.002 0.002
Pan NPH <0.000 | <0.000 0.006 0.003 0 0.004 | 0.005 0.003
RIPW] |05 PWI 0.012 | <0.000 0.005 0.005 | 0.015 0.001 | 0.012 0.017
Pan PWI 0.008 0.003 | 0.027 0.001 0 | <0.000 0 | <0.000
RIIMz 703 NPH <0.000 0.001 | 0.009 0.004 | 0.006 0.007 | 0.008 | <0.000
Pan NPH <0.000 0.025 | 0.009 0.004 | 0.006 0.002 | 0.007 0.011
RITST |03 NPH 0.014 0.019 | 0.014 0.018 | 0.018 0.017 | 0.016 0.015
Pan NPH 0.002 0.011 | 0.007 0.001 | 0.004 0| 0.003 0.005
0.5 PWI 0.083 0.081 | 0.087 0.083 | 0.086 0.084 | 0.081 0.081
R-IV +0.5 PWI 0.003 0.001 | 0.006 0.002 | 0.007 0.002 | 0.011 0.002
Pan PWI 0 0.002 | 0.001 0 0 0| 0001 0.001
0.5 NPH 0 | <0.000 0.004 0.001 | 0.006 0.001 | 0.009 0
R-V +0.5 NPH 0.008 0.003 | 0.005 0.001 | 0.004 0.001 | 0.003 0.001
Pan NPH 0.002 0.003 | 0.005 0.002 | 0.007 0.002 | 0.013 | <0.000
0.5 NPH 0.007 0| 0.007 0.001 | 0.007 0.001 | 0.006 | <0.000
R-VI +0.5 NPH 0.007 0.004 0.01 0.003 0.01 0.001 | 0.009 0.001
Pan NPH 0.009 0.003 | 0.008 0.002 | 0.005 0.001 | 0.004 | <0.000
v S NPH 0 0.004 | 0.002 0.001 | 0.001 0.001 | 0.002 0.004
Pan NPH 0.001 0.002 | 0.003 0.001 | 0.003 0.001 | 0.002 0.001
vy 705 NPH 0.001 0.002 | 0.004 0.001 | 0.002 0.001 | 0.002 0.001
Pan NPH 0.001 0.001 | 0.001 0.001 | 0.001 0| 0001 0
Average 0.009 0.009 | 0.009 0.006 | 0.008 0.006 | 0.008 0.008

117




Table A. 3 Batch 3 (Week 3) lab results cf individual elements

Particle
S ID size
(mm) Sc Y La Ce Pr Nd Sm Eu
Zone | ppb ppb ppb ppb ppb ppb ppb ppb
RISez |03 NPH 0.026 | 008 | 0008| 0265| 0012 0046 | 0014 | 0.004
Pan NPH <0.000 0.041 | <0.000 | 0.029 | 0.004 001 | 0001 | 0003
RIPREZ 703 NPH <0.000 0.042 | <0.000 | 0.203 0| 0002 | <0.000 0.001
Pan NPH 0.094 |  0.063 | <0.000 | 0083 | 0.005| 0019 | 0004| 0.002
RINREZ 703 NPH <0.000 0.053 | <0.000 | 1171 | 0.003 001 | 0002 | 0002
Pan NPH 0.037 | 0022 | <0.000 | 0012 0001 0001 | 0002| 0004
RIIPWI 05 PWI 0.025 | 0.004 | <0.000 | 0.004 0 | <0.000 0.002 0
Pan PWI <0.000 0| <0.000 | 0.002 0 | <0.000 0.002 | 0.001
RIIMZ |05 NPH <0.000 0.042 | <0.000 | 0205 | 0001 | 0001 | 0001 | 0001
Pan NPH <0.000 0.023 | <0.000 | 0.065 0| 0001 | <0.000 0.001
RITST L7035 NPH 0.354 0.01 | <0.000 | 0.063 | <0.000 | <0.000 0.008 | 0.008
Pan NPH 0259 | 0.009 | <0.000 | 0.066 | 0.015 0.03 | <0.000 0.008
-0.5 PWI 0.338 | 0.057 | <0.000 | 0034 | 0003 | 0013 | <0.000 0.009
R-IV +0.5 PWI 0.842 | 0.052 | <0.000 | 0.035 | <0.000 | <0.000 | <0.000 0.005
Pan PWI 1.149 | 0.008 | <0.000 | 0.047 |  0.004 | <0.000 | <0.000 0.005
-0.5 NPH 0.585 0.01 | <0.000 | 0.016 | <0.000 | <0.000 | <0.000 0.009
R-V +0.5 NPH 0.023 | <0.000 | <0.000 | 0032 | 0.002 | <0.000 0.012 | <0.000
Pan NPH 0391 | 0.009 | <0.000 | 0014 | 0001 | 0.007 | <0.000 0.002
-0.5 NPH <0.000 | <0.000 | <0.000 | 0.021 | 0.001 | <0.000 | <0.000 0.002
R-VI +0.5 NPH <0.000 0.026 | <0.000 | 0.027 | 0018 | 0018 | 0016 | 0018
Pan NPH <0.000 0.035 | <0.000 | 0.032 | 0001 | 0004 | 0001 0
Rov 705 NPH <0.000 0.098 | 0.066 | 0.107 | 0.088 0.09 | 0091 | 0.087
Pan NPH <0.000 0.047 | <0.000 | 0311 | 0001 | 0003 | 0001 | 0001
v |05 NPH <0.000 0.007 | <0.000 | 0.001 | <0.000 | <0.000 | <0.000 0
Pan NPH 0121 | 0332 <0.000 | 0135] 0013 | 0059 | 0016 | 0.004
Average 0326 | 0047 | 0037] 0119 0.008 002 ] 0012 0007

118




Table A.3 cont.

Particle
S ID size
(mm) Gd Tb Dy Ho Er Tm Yb Lu
Zone | ppb ppb ppb ppb ppb ppb ppb ppb
RISz 703 NPH 0.011 0.003 | 0.009 0.002 | 0.006 0.001 | 0.008 | <0.000
Pan NPH 0.001 0.002 | 0.006 0.001 | 0.004 0.001 | 0.003 | <0.000
RIPRE z 705 NPH 0.001 0.004 | 0.002 0.001 | 0.007 0.001 | 0.008 0.001
Pan NPH 0.007 0| 0.007 0.002 | 0.007 0.001 | 0.004 0
RUINRE 7 |05 NPH 0.003 0.001 | 0.005 0.002 | 0.006 0.001 | 0.011 0.001
Pan NPH 0.002 0.003 | 0.002 0.001 | 0.002 0.001 | 0.002 0.001
RIPW] |05 PWI <0.000 0.002 0 0| 0.001 | <0.000 0.001 0.002
Pan PWI 0 0.004 | 0.001 0.001 | 0.002 0.001 | 0.001 0.001
RIIMz 703 NPH 0 | <0.000 0.004 0.001 | 0.006 0.001 | 0.009 0
Pan NPH <0.000 | <0.000 0.003 0.001 0 0| 0.002 0.002
RIIST 705 NPH <0.000 | <0.000 0.006 0.003 0 0.004 | 0.005 0.003
Pan NPH 0.012 | <0.000 0.005 0.005 | 0.015 0.001 | 0.012 0.017
0.5 PWI 0.008 0.003 | 0.027 0.001 0 | <0.000 0 | <0.000
R-IV +0.5 PWI <0.000 0.001 | 0.009 0.004 | 0.006 0.007 | 0.008 | <0.000
Pan PWI <0.000 0.025 | 0.009 0.004 | 0.006 0.002 | 0.007 0.011
0.5 NPH 0.013 0.003 0 0.001 0 0.002 | 0.004 | <0.000
R-V +0.5 NPH <0.000 | <0.000 0 | <0.000 0.005 0.002 0 0
Pan NPH <0.000 | <0.000 0 0.001 0 | <0.000 0 | <0.000
0.5 NPH <0.000 0.007 | 0.005 | <0.000 0.002 | <0.000 0.004 | <0.000
R-VI +0.5 NPH 0.014 0.019 | 0.014 0.018 | 0.018 0.017 | 0.016 0.015
Pan NPH 0.002 0.011 | 0.007 0.001 | 0.004 0| 0.003 0.005
v S NPH 0.083 0.081 | 0.087 0.083 | 0.086 0.084 | 0.081 0.081
Pan NPH 0.003 0.001 | 0.006 0.002 | 0.007 0.002 | 0.011 0.002
vy 705 NPH 0 0.002 | 0.001 0 0 0| 0001 0.001
Pan NPH 0.035 0.008 | 0.052 0.011 | 0.036 0.005 | 0.026 0.004
Average 0.011 0.009 | 0.011 0.006 | 0.009 0.006 | 0.009 0.008
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Table A. 4 Batch 4 (Week 4) lab results cf individual elements

Particle
S ID size

(mm) Sc Y La Ce Pr Nd Sm Eu

Zone | ppb ppb ppb ppb ppb ppb ppb ppb
RIScz 703 NPH <0.000 0.054 | <0.000 1358 | 0.004 0.01 | 0003 | 0.001
Pan NPH 0275 | 0106 | 0004 | 0313] 0007 | 0035 0013 ] 0.004
RIPREZ 705 NPH <0.000 0.118 | <0.000 0.129 | 0007 |  0.024 0.01 | 0.002
Pan NPH 0.008 |  0.032 | <0.000 0.021 | 0001 | 0.004 | 0.003 | <0.000
RINRE Z 103 NPH <0.000 0.068 | <0.000 1433 | 0004 | 0012 ] 0004 | 0.001
Pan NPH 0.019 | 0.085 | <0.000 1218 | 0005 | 0.015] 0004 | 0.001
RIPW |05 PWI <0.000 0.056 | <0.000 0.058 | 0002 | 0015] 0004 0.001
Pan PWI 0.035 | 0.009 | <0.000 0.007 | 0.001 0 | <0.000 | <0.000
RIIMZ |05 NPH 0.007 | 0.003 | <0.000 | <0.000 0.001 | 0.001 | <0.000 | <0.000
Pan NPH <0.000 0.057 | <0.000 143 | 0003 0014 ] 0002 0001
RITS/T L7035 NPH <0.000 0.082 | <0.000 1.046 | 0004 | 0.009 | 0003 0.001
Pan NPH 0.022 | 0.014 | <0.000 0.007 | 0001 | 0.003 | <0.000 0.003
-0.5 PWI 0.086 | 0.001 | <0.000 | <0.000 | <0.000 | <0.000 0 | <0.000
R-IV +0.5 PWI <0.000 | <0.000 | <0.000 | <0.000 | <0.000 | <0.000 | <0.000 | <0.000
Pan PWI <0.000 0.037 | <0.000 0.2 | <0.000 0.001 | <0.000 | <0.000
-0.5 NPH <0.000 0.037 | <0.000 0.191 | <0.000 0.001 | 0.003 | <0.000
R-V +0.5 NPH <0.000 0.144 | <0.000 0.163 | 0002 0019] 0007 0002
Pan NPH 0.286 | 0.088 | <0.000 0.045 | 0003 | 0014 | 0.005 0
-0.5 NPH 0] 0091 | 0047 0152 0.008| 0046 | 0.008 | 0.008
R-VI +0.5 NPH <0.000 0.045 | <0.000 0.355 0] 0003 0002 | <0.000
Pan NPH <0.000 0.033 | <0.000 0.139 | <0.000 0.001 | <0.000 0
Rov L0 NPH 0.132 | 0.002 | <0.000 | <0.000 0.001 | <0.000 | <0.000 0.001
Pan NPH <0.000 0.06 | <0.000 144 | 0005 | 0.008 0| 0001
v 05 NPH 0.155 0.07 | <0.000 0.115| 0003 | 0014 ] 0001 | 0.001
Pan NPH <0.000 0.062 | <0.000 1.041 | 0.004 |  0.015 0| 0001
Average 0.093 | 0056 0.026] 0517] 0003 ] 0012] 0004 ] 0.002
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Table A.4 cont.

Particle
S ID size
(mm) Gd Tb Dy Ho Er Tm Yb Lu
Zone | ppb ppb ppb ppb ppb ppb ppb ppb
+0.5 NPH 0.005 0 0.007 0.001 0.007 0 0.011 | <0.000
RIScZ
Pan NPH 0.015 | <0.000 0.013 0.002 0.009 0 0.007 | <0.000
RIPRE Z 705 NPH 0.014 0.003 0.016 0.002 0.01 0 0.009 | <0.000
Pan NPH 0.004 | <0.000 0.003 0 0.003 | <0.000 0.003 | <0.000
RINRE 7 05 NPH 0.007 | <0.000 0.008 0.001 0.009 0 0.011 0.001
Pan NPH 0.006 | <0.000 0.007 0.001 0.009 0 0.01 0.002
RIPWI 705 PWI 0.006 | <0.000 0.006 0.001 0.003 | <0.000 0.004 | <0.000
Pan PWI 0.001 | <0.000 0.002 | <0.000 0.001 | <0.000 0 | <0.000
RIIMzZ |05 NPH 0 | <0.000 0.001 | <0.000 0 | <0.000 | <0.000 | <0.000
Pan NPH 0.006 | <0.000 0.008 0.001 0.009 0.001 0.01 0.002
RIIST 705 NPH 0.005 0 0.008 0.002 0.011 0.001 0.012 0.001
Pan NPH 0.002 0.002 0.002 0.001 0.002 0 0.001 | <0.000
-0.5 PWI 0 0.001 0 | <0.000 0.001 | <0.000 | <0.000 | <0.000
R-IV +0.5 PWI <0.000 | <0.000 | <0.000 | <0.000 | <0.000 | <0.000 | <0.000 | <0.000
Pan PWI 0.001 0.002 0.002 0 0.006 | <0.000 0.007 0.001
-0.5 NPH 0.001 | <0.000 0.002 0 0.003 0 0.009 0.001
R-V +0.5 NPH 0.013 0.003 0.01 0.001 0.007 | <0.000 0.005 | <0.000
Pan NPH 0.008 0.004 0.013 0.001 0.009 0 0.008 0.002
-0.5 NPH 0.011 | <0.000 0.008 0.001 0.005 | <0.000 0.001 0.002
R-VI +0.5 NPH 0.001 0| 0.003 0.001 0.007 0| 0007 0
Pan NPH 0 0.001 0.002 | <0.000 0.005 | <0.000 0.008 | <0.000
v L0 NPH 0 0.001 0 | <0.000 0 | <0.000 | <0.000 | <0.000
Pan NPH 0.006 | <0.000 0.007 0.001 0.007 0 0.012 | <0.000
v L0 NPH 0.012 | <0.000 0.01 0.001 0.004 0 0.005 | <0.000
Pan NPH 0.004 | <0.000 0.007 0.001 0.01 0.001 0.016 0.001
Average 0.005 0.002 0.006 0.001 0.006 | 2E-04 0.007 0.001
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