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ABSTRACT 

The United States contains a variety of domestic rare earth element mineral sources 

containing bastnasite, monazite, and xenotime. This research was performed to investigate 

the fundamental surface chemistry involved in the froth flotation of these minerals, and apply 

the knowledge gained to substantiate the results through experimental testwork on a 

domestically sourced rare earth ore. 

Electrokinetic studies were performed to establish the potential determining ions for 

all minerals.  An extensive study on the effect of various activators (Co
2+

, W
6+

, Cr
3+

, Mo
6+

, 

Fe
2+

, Al
3+

, Cu
2+

, Pb
2+

, and Mn
2+

) was performed. 

Adsorption studies suggest that the mechanism of hydroxamate adsorption is 

chemisorption, as hydroxamate adsorption increased on all minerals with an increase in 

temperature.  In addition, adsorption occurred at equilibrium pH values where the zeta 

potential was negative for all minerals. 

Fundamental thermodynamic calculations (Stern-Grahame free energy, enthalpy, and 

entropy of adsorption) were performed.  Results indicate that the adsorption of hydroxamate 

is thermodynamically spontaneous in the temperature range tested, and endothermic in nature 

for all minerals tested. 

Microflotation studies were performed on a bastnasite ore, to determine the 

appropriate operating parameters for bench flotation.  The flotability of the bastnasite ore 

increased with an increase in collector concentration.   

Bench flotation results illustrated that temperature has an effect on the grade and 

recovery of bastnasite ore when using hydroxamate as a collector. With the addition of the 

depressant lignin sulfonate at elevated temperature, it is possible to produce a rougher 

flotation concentrate containing 37% REO at 80% recovery.  The dosage rates required to 

produce this concentrate are likely too high for industrial use.  An economic analysis 

comparing the reagent costs of a typical rare earth flotation plant to the reagent costs used 

experimentally was performed to determine industrial feasibility. 
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CHAPTER 1 INTRODUCTION 

The United States contains a variety of domestic rare earth element mineral sources 

containing Bastnasite, Monazite, and Xenotime.  The purpose of this research was to 

investigate the fundamental surface chemistry involved in the froth flotation of these 

minerals, and apply the knowledge gained to substantiate the results through experimental 

testwork on domestically sourced rare earth ores. 

1.1 Background 

Froth flotation is one of the most commonly used concentration steps in mineral 

processing; the rare earth industry is no exception.  After the valuable minerals have been 

liberated from the waste rock, froth flotation is used to selectively concentrate and separate 

the valuable ore from the invaluable gangue material.  In the rare earth processing industry, 

flotation is generally used as a precursor to hydrometallurgical treatment.   

1.2 Motivation  

Currently, limited domestic supply, combined with the uncertainty involved in relying 

on foreign imports, provides the motivation for this project.  By gaining a thorough 

understanding of the fundamental surface phenomena occurring during the flotation of rare 

earth elements, operational parameters may be manipulated to increase both the grade and 

recovery of the process. This can lead to improved overall economics. 

1.3 Approach 

Research performed in this work involved the use of pure mineral samples that typify 

rare earth deposits in the United States, as well as a domestic rare earth ore sample.  

Initially, all of these mineral samples were characterized using automated SEM 

microscopy, Mineral Liberation Analysis (MLA), X-Ray diffraction (XRD), X-Ray 

Fluorescence Spectroscopy (XRF), and Inductively Coupled Plasma-Mass Spectroscopy 

(ICP-MS) analysis to determine both the mineralogy and purity. 

The pure mineral samples were subjected to zeta potential measurement using a 

Microtrac Stabino instrument.  This allowed for the evaluation of solution chemistry effects 

on the surface charge, and ultimately, the zeta potential of the minerals.   
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The adsorption density of a hydroxamate collector onto the minerals was measured by 

Ultraviolet-Visible light spectrophotometry.  This allowed for the development of 

fundamental chemical models for the bonding taking place on the particle surfaces, i.e. 

physical adsorption, chemical adsorption, etc.   

 To validate the results of the solution and surface chemistry effects observed, micro-

flotation experiments were performed using a Partridge-Smith Cell.  Results obtained 

provided information on how the surface chemistry could be modified to allow for the 

selective removal of the desired mineral species from the gangue minerals. 

Ultimately, all of the aforementioned experiments provided the understanding 

necessary to apply these fundamentals to real-world applications. Bench-scale rougher and 

cleaner flotation tests were performed using the proposed reagent scheme. Results were 

compared with currently used processes to determine the utility of the reagent scheme. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 The Rare Earth Elements 

Rare earth elements (REEôs) are a unique family of elements with nearly identical 

physical and chemical properties. They account for approximately 1/6
th
 of all naturally 

occurring elements, but the entire group occupies only one position on the periodic table [1].  

These 15 elements make up the lanthanide series (atomic numbers 57-71), and all but one 

(promethium) occur naturally.  In addition to these 15 elements, yttrium and scandium are 

also considered rare earths  since they are tend to occur in the same deposits as the rare earths 

and share similar physical and chemical properties (Figure 2.1).   

Rare earths are separated into two different subsections; the ñlightsò or LREEôs 

(lanthanum
57

 through europium
63
) and the ñheaviesò or HREEôs (gadolinium

64
 through 

lutetium
71

).  Yttrium is generally considered a heavy rare earth since its ionic radius is close 

to that of the HREEôs, while scandium is not considered either a light or a heavy. 

 

 

Figure 2.1: Rare earth elements on the periodic table 
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2.1.1 History of the Rare Earths 

It took approximately 160 years to discover all 17 rare earth elements, beginning in 

1784 and concluding around 1940.  The first mineral known to contain rare earths, 

Gadolinite, was discovered by a Swedish Royal Army lieutenant named Carl Axel Arrhenius 

in Ytterby, Sweden.  It wasnôt until 1794 that this black mineral was analyzed by a Finnish 

chemist named Johan Gadolin.  In this mineral he found iron, silica, and a ñnew earth,ò which 

comprised approximately 30% of the mineral (elements were called ñearthsò prior to the 19
th
 

century).  Swedish chemist Anders Ekeberg confirmed this discovery in 1795, and found that 

this mineral also contained beryllium.  Ekeberg decided to name the ñnew earthò (an REE-

iron-beryllium-silicate) after his native Ytterby, Sweden, and called it ñyttriaò.  Since Gadolin 

was the first to analyze this new mineral it also received the name ñgadoliniteò [2].  The 

chemical formula for gadolinite is (Ce,La,Nd,Y)2FeBe2Si2O10 [3]. 

It wasnôt until the first decade of the 19
th
 century that Sir Humphrey Davy confirmed 

the fact that ñearthsò were not elements, but rather compounds.  He illustrated this by 

separating metals such as barium, strontium, and calcium from alkaline earths, after this, 

elements were differentiated from earths.   

In 1804, two different groups of Swedish and German scientists were investigating a 

mineral (cerite) which had been discovered in 1751.  They both independently reported the 

same finding; that an oxide form of a new element existed in this mineral.  They named this 

element cerium, after an asteroid found in 1801 named ñCeresò. 

In 1839, after realizing that the minerals in which the scientists were finding the new 

elements were quite complex, Carl Gustaf Mosander separated a new element from ceria.  He 

named this element lanthanum, after the Greek ñto escape noticeò.  Following the separation 

of lanthanum, Mosander still postulated that there was an additional element present in 

lanthanum.  In 1842, he succeeded in finding this element, which he called ñdidymiumò after 

the Greek word ñdidymosò for twins.  Mosander subsequently turned his attention towards 

gadolinite, as he thought there was potential for the discovery of additional new elements.  In 

1843, he published results reporting that he had discovered two new elements, ñerbiumò and 

ñterbium.ò 

In 1878, Swiss-American scientist Marc Delafontaine reported that the absorption 

spectrum of didymium separated from samarskite differed from the spectrum of didymium 

separated from cerite.  He postulated that this meant didymium was not a single element but 

rather a mixture of two more elements.  In 1879, French chemist Paul Lecoq de Boisbaudran 
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disproved these results on the spectra, but, in doing so found a new element in samarskite.  

This element was named ñsamariumò after the mineral it was found in. 

In 1878, continuing his investigation on the erbium fraction separated from gadolinite, 

Marignac separated an oxide and salts that differed from both erbium and yttrium in its 

chemical and spectral properties.  He named this element ñytterbiumò, since its properties fell 

in between yttrium and erbium. 

In 1879, Swedish chemist Lars Fredrik Nilson repeated Marignacôs experiments to 

confirm ytterbiumôs existence.  Not only was ytterbium confirmed, but he found yet another 

element which he named ñscandiumò after Scandinavia. 

Another Swedish chemist, Per Theodor Cleve, suspected there were even more 

elements present in the erbium fraction remaining after ytterbium was separated.  Through 

careful chemical separation and spectral analysis, Cleve discovered two more elements in 

1879.  He named these ñholmiumò after Stockholm, Sweden and ñthuliumò after Thule, 

which was the ancient geographical region of Scandinavia [4]. 

In 1885, Austrian chemist, Carl Auer von Welsbach, began investigating Mosanderôs 

didymium.  After using fractional crystallization instead of fractional precipitation, he was 

able to separate didymium into two separate elements.  These are now known as neodymium 

and praseodymium.  Neodymiumôs name comes from the Greek ñnyosò for new and 

ñdymiumò for twin. Praseodymiumôs name comes from the greek ñpraseoò for green, which 

was the color of itsô salt when separated from neodymium [5]. 

Studies on gadolinite continued, and in 1886, Boisbaudran discovered that Cleveôs 

holmium contained yet another element.  He named this element ñdysprosiumò after the 

Greek ñdysprositosò meaning ñhard to getò [5]. 

In 1886, in collaboration with Delafontain and Soret, Marignac separated a nitrate 

from samarskite, which differed in chemical and spectral from all other elements known at 

that time.  This element was named after the father of gadolinite, Johan Gadolin, and is 

known today as ñgadoliniumò [6]. 

In 1904, French chemist, Georges Urbain was able to separate another element from 

gadolinium, now known as ñeuropiumò, it was named after the European continent.  

Although he did successfully separate and name the element, he did not discover it, this was 

done in 1890 by Boisbaudran [7]. 

In 1905, the last naturally occurring rare earths were discovered simultaneously by 

Auer von Welsbach and Urbain.  Both had been working on separating two new elements 

from ytterbium.  Upon succeeding, these elements were named ñneo-ytterbiumò or ñnew-
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ytterbiumò and ñlutetiumò which is Latin for Paris.   Over time, the ñneoò in ñneo-ytterbiumò  

lost its convention and the elements are known as ytterbium and lutetium [2]. 

Although all of the naturally occurring rare earths had been discovered, scientists at 

the time did not become conscious of this until much later.  Thus, discoveries of more and 

more ñnew elementsò continued to be published.  This continued until 1912, when van den 

Broek introduced the idea of the Atomic Number, and many of these ñfindingsò were 

disproven.  Scientists had established that there needed to be fifteen elements to make up the 

lanthanide series (atomic numbers 57-71). All of these had been discovered except for atomic 

number 61.  In 1945, at Oak Ridge National Laboratory, Marinsky, Glendlin, and Goryell 

used ion exchange to separate element 61 from the products of uranium fission and neutron 

bombardment of neodymium.  This artificially fabricated element was named ñpromethiumò 

after the Greek mythological figure ñPrometheusò [2]. 

A chronological list of the rare earths in order of their date of discovery is shown in 

Table 2.1. 

2.1.2 Properties of the Rare Earths 

The rare earths are unique in that they are chemically and physically very similar.  

These similarities are the reason it took over 160 years for all of them to be discovered and 

separated.  It is this uniqueness that makes the rare earths interesting to study, and why there 

is continued research in the field, i.e. we are still learning more and more about the rare earths 

every day. 

  Typically, as an elementôs atomic number increases itsô ionic radius will also 

increase as it gains more and more valence electrons.  This is not the case with REEôs, due to 

a phenomenon known as the ñLanthanide Contractionò.  As the atomic number of the rare 

earths increases, the additional electrons occupy the inner 4f sub-shell. Generally, the 

increased attraction from the nucleus is offset by the addition of electrons to outer sub-shells.    

Since the 4f shell is heavily shielded from the neighbouring sub-shells, the increased 

attraction towards the nucleus is not offset by the addition of electrons, thus, the ionic radius 

of the rare earths decrease with increasing atomic number [8].  An illustration of this 

phenomenon is illustrated in Figure 2.2.  Note that the ionic radius of yttrium is similar to the 

HREE group, while scandium is nowhere near the REEôs. 
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Table 2.1: Chronological List of Rare Earth Discoveries [2] 

Year 
Mineral/ 

Element 

Discovered 

by 
Named by 

Confirmed 

by 
Origin of Name 

1784 Gadolinite Arrhenius Ekeberg - Person: J. Gadolin 

1751 Cerite Cronstedt 
Berzelius, 

Hisinger 
- Asteroid: Ceres 

1794 Yttria Gadolin Ekeberg Delafontaine 
Place: Ytterby, 

Sweden 

1804 Cerium 
Berzelius, 

Hisinger 

Berzelius, 

Hisinger 
- Asteroid: Ceres 

1839 Samarskite 
Klaproth, 

Rose  
- 

Person: Colonel 

Samarsky 

1839 Lanthanum Mosander Berzelius - 
Greek: "To escape 

notice" 

1842 Didymium Mosander Mosander - Greek: "Twins" 

1843 Terbium Mosander Mosander 

Delafontaine, 

Soret, 

Roscoe, 

Schuster, 

Marignac, 

Smith 

Place: Ytterby, 

Sweden 

1843 Erbium Mosander Mosander 
Delafontaine, 

Smith 

Place: Ytterby, 

Sweden 

1878 Ytterbium Marignac Marignac 
Delafontaine, 

Nilson 

Chemical Behavior: 

Between erbium and 

yttrium 

1879 Samarium Boisbaudran Boisbaudran Cleve Mineral: Samarskite 

1879 Scandium Nilson Nilson - Place: Scandinavia 

1879 Thulium Cleve Cleve - 
Place: Ancient name 

for Scandinavia 

1879 Holmium Cleve Cleve 
Soret, De 

Boisbaudran 

Place: Stockholm, 

Sweden 

1886 Dysprosium 
De 

Boisbaudran 

De 

Boisbaudran 
- 

Chemical Behavior: 

Difficult to access 

1886 Gadolinium Marignac Marignac 
Delafontaine, 

Soret 
Person: J. Gadolin 

1886 Praseodymium 
von 

Welsbach 

von 

Welsbach 
Bettendorf 

Greek: "Green 

Twin" 

1886 Neodymium 
von 

Welsbach 

von 

Welsbach 
Bettendorf Greek: "New Twin" 

1901 Europium Demarcay Demarcay Urbain Place: Europe 

1907 Lutetium 
Urbain, von 

Welsbach 
Urbain - Latin: Paris 

1947 Promethium 

Marinsky, 

Glendenin, 

Coryell 

Marinsky, 

Glendenin, 

Coryell 

- 
Greek Mythological 

Figure: Prometheus 
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Figure 2.2: The Lanthanide Contraction [8] 

 

The lanthanide contraction is responsible for the subtle differences in the rare earths 

which allow for effective separation.   

An interesting property of the rare earths, related to the lanthanide contraction, and 

ultimately the ionic size of the elements, is known as basicity. Basicity is a measure that 

determines the affinity a species has for an electron or anion.  This determines the solubility 

of salts, the stability of complex ions, and the degree to which cations will hydrolyze in 

solution.  The cations with the least affinity for electrons are considered to be most basic 

while those with the greatest attraction are considered the least basic [9].  In terms of crystal 

radius the rare earths are arranged in the following order: 

 

La
3+

 > Ce
3+

 > Pr
3+

 > Nd
3+

 > Pm
3+

 > Sm
3+

 > Eu
3+

 > Gd
3+

 > 

               Tb
3+

 > Dy
3+

 Ho
3+

 > Y
3+

 > Er
3+

 > Tm
3+

 > Yb
3+

 > Lu
3+

 > Sc
3+

 

 

All rare earths, except cerium
4+

 and europium 
2+

, are characteristically trivalent 

(Me
3+

) in nature.  The occurrence of both the +2 and +4 states is of particular interest in the 

field of extractive metallurgy, as they are the basis of certain separation processes.  Table 2.2 

illustrates the various properties of the rare earths.   
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Table 2.2: Properties of the Rare Earths [2]
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2.1.3 Applications of Rare Earths  

Although, the amount of rare earths produced each year (å 110,000 metric tonnes), is 

miniscule compared to the primary metals industry, REE use is becoming more and more 

prevalent in the high-tech industries [10].  Some applications include; high magnetic field 

permanent magnets, fluid cracking catalysts, nickel-metal-hydride (NiMH) batteries, and 

various defense applications [11].  A breakdown of the principal applications by REE is 

shown in Table 2.3. 

 

Table 2.3: Principal Uses of Rare Earths by Element  [2,12] 

Element Application 

Lanthanum 
NiMH batteries, petroleum cracking catalysts, green phosphors, 

and optics 

Cerium Catalysts, UV light absorption in glass, polishing media 

Praseodymium Yellow pigment, additive to Nd-Fe-B magnets 

Neodymium 
Lasers, glass coloring, Nd-Fe-B magnets (motors, disk drives, cell 

phones, wind turbines, etc) 

Samarium Sm-Co permanent magnets, laser applications 

Europium Phosphors (red) for TV, computer screens, and fluorescent lamps 

Gadolinium Host for phosphors, X-Ray screens, MRI contrast agents 

Terbium Phosphors (green) for TV, computer screens, fluorescent lamps 

Dysprosium 
Added to Nd-Fe-B magnets for increased high temperature 

performance 

Holmium Additive in Y-Fe-B (YIG) and Y-La-F  (YLF) lasers 

Erbium Glass coloring, fiber optic amplifier, and medical lasers 

Ytterbium Fiber amplification, fiber optics 

Lutetium Dopant in garnet crystals such as indium-gallium-garnet (IGG) 

Yttrium 
Ceramic crucibles, fluorescent phosphors, computer displays, 

automotive fuel consumption sensors 

Scandium Ceramics, lasers, phosphors, high performance alloys 
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2.2 Worldwide Rare Earth Reserves and Production 

While the name ñrare earthò may suggest that these minerals are ñrare,ò the truth is 

quite the opposite; the rare earths are, in fact, quite prevalent in the earthôs crust compared to 

most base and precious minerals mined today.  For example, the crustal abundance of rare 

earths is higher than that of copper, nickel, lead, zinc, and tin combined as shown in Figure 

2.3. 

 

 

Figure 2.3: Crustal abundance of REEôs and other common elements [2] 

 

Although the rare earths are quite abundant, finding them in deposits at economically viable 

concentrations is rare.  Of the estimated 110 million metric tons of contained rare earth oxide 

reserves, China accounts for 40% of the total, followed by Brazil, and the United States.  The 

geographic breakdown of worldwide reserves is shown in Figure 2.4. 
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Figure 2.4: 2014 Worldwide rare earth reserves [10] 

 

Rare earths occur in a variety of different mineral types including carbonates, oxides, 

silicates, and phosphates, and can be found in both hard rock and placer deposits.  Generally, 

the concentration of these minerals is only high enough that they can be recovered as a by-

product of another existing process, but in some instances, the rare earth concentration is high 

enough that the minerals can be recovered as the main product.  Although there are a large 

number of rare earth bearing mineral types, finding them in concentrations high enough for 

economic extraction and processing is quite rare.  Thus, the majority of the worldôs rare 

earthôs come from a small number of sources, as shown in Figure 2.5, where China holds 

40% of the worldôs reserves but is currently producing 90% of the worldôs REO. 

Minerals in these deposits typically contain all of the rare earths, although, the 

concentration of each individual element can vary greatly.  Additionally, each deposit is 

likely to contain much more than just one rare earth mineral, further adding to the variation in 

rare earth concentration.   

 



 

13 

 

 

Figure 2.5: 2013 Worldwide production of rare earth oxides [10] 

 

Another characteristic of rare earth deposits related to the ñlanthanide contractionò is 

which rare earths are the most prevalent in these deposits.  The lower atomic number rare 

earthôs or ñlight rare earthsò have a larger atomic radii than the HREE, thus, they are less 

compatible for substitution with other minerals.  Due to this, the light rare earths associate 

with themselves and have become more concentrated in the crust than the heavies.  This is 

why lanthanum, cerium, praseodymium, and neodymium are the most abundant rare earth 

elements [2]. 

2.2.1 Domestic Rare Earth Reserves and Production 

Currently, the United States is 4
th
 in REO reserves, behind China, Brazil, and 

Australia [10].  The three main REO-bearing minerals in the United States are bastnasite, 

monazite, and xenotime.  There are many other REO bearing minerals in the US including: 

euxenite, allanite, samarskite, aeschynite, fergusonite, parisite, synchisite, tengerite, ancylite, 

florencite, britholite, kainosite, and thalenite, although these minerals are generally not found 

in concentrations high enough for economic processing [2,13].  Some of the most dominant 

REE bearing mineral species found in the United States are shown in Figure 2.6 .   
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Figure 2.6: Dominant REE mineral bearing species in the United States [13] 

 

Figure 2.7  illustrates the domestic rare earth deposits of the United States.  The pink 

dots represent hardrock deposits, the yellow are placer deposits, and the blue are heavy 

mineral sands. 
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Figure 2.7: Domestic REE deposits [13] 

 

At present, the only rare earth deposit being mined in the United States is the ñSulfide 

Queenò carbonatite deposit in Mountain Pass, California (Figure 2.8).  Discovered in 1949, 

the Mountain Pass deposit is the largest rare earth resource in the United States. This deposit 

has an overall length of 730 m and width of 120 m.  Typically, this ore contains anywhere 

between 5-15% bastnasite, 65% calcite, dolomite, or both, and other minor mineral 

associations including barite, silica, etc [13]. Mining of the Mountain Pass deposit began in 

1952 and ran almost continuously until 2002, when its permit expired.  Mining at Mountain 

Pass resumed in 2012, with a target throughput of 972 tonnes/day, which is enough to 

produce approximately 20,000 tonnes of REO/year.  Molycorp has estimated that the 

Sulphide Queen orebody has approximately 20-47 million tonnes of ore remaining in the 

deposit.  As Molycorp is the only producing rare earth mine in the United States, this research 

is aimed at understanding and improving the surface chemistry of the rare earth minerals 

found in the Mountain Pass deposit (bastnasite, monazite, and xenotime) as well as its 

associated gangue mineralogy (calcite and barite).  
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Figure 2.8: View of Mountain Pass Mining District, California [13]  

 

2.3 Rare Earth Prices 

Figure 2.9 illustrates the historical prices for 99% pure lanthanum and cerium oxide 

from 2002-2015.  From 2002 to 2007 prices remained stagnant at approximately $2.00/kg, 

then increase in from 2007 to 2009 to approximately $6.00/kg.  In 2010, China reduced its 

rare earth export quota, which led to higher prices for REO exports.  These higher prices 

caused a scarcity of light rare earths, which cause a spike in the prices of lanthanum and 

cerium oxide [15].  At their peaks in July 2011 the lanthanum oxide price reached $171.50/kg 

and cerium oxide reached $158.00/kg.  Prices did not remain this high for long though, and as 

of March 2015 lanthanum oxide is selling at $4.55/kg and cerium oxide is selling at $4.50/kg. 

2.4 Rare Earth Minerals  

Rare earths do not naturally occur in their elemental state or as individual rare earth 

compounds, but rather, as mixtures in rock formations including basalts, shales, gneisses, 

granites, and silicates.   
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Figure 2.9: Average lanthanum and cerium oxide (99%) price from 2002-2015 

(www.metalpages.com)  

 

Rare earths have an extremely high affinity for oxygen and are typically found as 

oxide minerals.  There are over 200 different rare earth mineral types, with most being 

extremely rare.  The rare earth content of these minerals, typically described in terms of oxide 

as ñrare earth oxideò or REO, can reach up to 70% REO.  Again, each rare earth mineral 

typically contains each of the rare earth elements, but the concentration of each varies greatly 

by mineral type.  Table 2.4 illustrates some of the most significant rare earth minerals as well 

as their REO %. 

Although there are numerous rare earth minerals, over 95% of the worldôs rare earths 

come from three different minerals: bastnasite, monazite, and xenotime.  Of these, bastnasite 

is the most prevalent in occurrence, followed by monazite, and finally xenotime.  Currently, 

these are the principal ore minerals for rare earth extraction, but others exist, including 

ancylite, brannerite, euxenite, gadolinite, loparite, and uraninite, and have been, or are 

currently being used as a source of rare earths. 

 

 

http://www.metalpages.com/
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Table 2.4: Significant Rare Earth Minerals [2] 

Mineral  Chemical Formula REO % 

Bastnasite (Ce,La,Pr)(CO3F) 
Ce2O3 = 36.9-40.5% 

(La,Pr,..)2O3 = 36.3-36.6% 

Euxenite (Y,Ce,Ca,U,Th)(Ti,Nb,Ta)2O6 
(Y,Er)2O3 = 18.2ï27.7% 

(Ce,La,..)2O3 = 16-30% 

Fergusonite (Y,Sr,Ce,U)(Nb,Ta,Ti)O4 

Y2O3 = 31-42% 

(Ce,La,..)2O3 = 0.9-6% 

Er2O3 = 0-14% 

Gadolinite (Y,Ce)2FeBe2Si2O10 
Y2O3 = 30.7-46.5% 

(Ce,La,..)2O3 = 5.23% 

Loparite (Na,Ca,Ce,Sr)2(Ti,Ta,Nb)2O6 (Ce,La,..)2O3 = 32-34% 

Monazite (Ce,La,..)PO4 (Ce,La,..)2O3 = 50-68% 

Orthite (Ca,Ce)2(Al,Fe)3Si3O12[O,OH] 

Ce2O3 = 0-6% 

La2O3 = 0-7% 

Y2O3 = 0-8% 

Parisite Ca(Ce,La...)2(CO3)F2 

Ce2O3 = 26-31% 

(La,Nd,..)2O3 = 27.3-30.4% 

 Y2O3 = 0-8% 

Priorite (Y,Er,Ca,Th)(Ti,Nb)2O6 
(Y,Er)2O3 = 21.1-28.7 

Ce2O3 = 3.7-4.3% 

Xenotime YPO4 Y2O3 = 52-62% 

 

2.4.1 Bastnasite  

Bastnasite (also spelled bastnäsite or bastnaesite) is a REE bearing fluorocarbonate 

((Ce,La, Pr)CO3F)) and is the primary source of light rare earths.  It is closely related to the 

mineral parisite [Ca(Ce,La)2(CO3)3F2] and has been known to replace crystals of allanite 

[(Ce,Ca,Y,La)2(Al,Fe
+3

)3(SiO4)3(OH)].  Bastnasite is found in vein deposits, contact 

metamorphic zones, and pegmatites and can occur as either veins or disseminated with a 

carbonate/silicate matrix.  The rare earth content of pure bastnasite is approximately 70% 

REO, and contains mostly light REEs.   The two main producing bastnasite deposits in 2014 

are the Mountain Pass mine in California (3.3 MT reserve at 8.0% REO) and the Bayan Obo 

mine in China (800 MT reserve at 6.0% REO) [2,13]. Interestingly enough, rare earths 

produced from the Bayan Obo deposit come from the tailings of the iron ore processing at 

this mine, as Bayan Obo is also Chinaôs largest iron ore mine [8]. Some key properties of 
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cerium-bastnasite are listed in Table 2.5.  The theoretical composition of Ce-bastnasite, as 

well as experimentally measured elemental concentrations can be found in Table 2.6 

  

Table 2.5: Ce-Bastnasite Properties [16] 

Mineral  Ce-Basnasite 

Chemical Formula (Ce)CO3F 

Molecular Weight (g/Mol) 219.12 

Color Yellow, reddish brown 

Density (g/cm
3
) 4.97 

Diaphaneity             Transparent/Translucent 

Hardness (4-5) Fluorite - Apatite 

Luminescence Non-fluorescent 

Luster Vitreous - Greasy 

Streak White 

 

Table 2.6: Theoretical Bastnasite Elemental Composition vs. Measured Bastnasite 

Composition (ICP and XRF) 

Element  Theoretical Wt%   Measured (ICP-MS) Wt % 
Measured 

(XRF) Wt% 

C 5.5 NA NA 

Ca 0.0 5.2 0.1 

Ce 64.0 44.6 36.3 

F 8.67 NA 7.0 

Gd 0.0 2.2 1.3 

La 0.0 19.6 15.4 

Nd 0.0 17.1 14.7 

O 21.9 NA 15.7 

Pr 0.0 5.37 5.3 

Sm 0.0 2.7 1.92 

Minor 

Constituents 
NA 3.3 2.7 

Sum 100 100 100 
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2.4.2 Monazite  

Monazite is a REE bearing phosphate ((Ce,La,Nd,Th)PO4) and is the second most 

prevalent source of REEs.  It occurs in small isolated crystals in metamorphic rock, acidic 

igneous rocks, and certain vein deposits. The name monazite comes from the German 

ñmonazitò or ñto be solitaryò in reference to the isolated nature of itsô crystals [17].  Since 

monazite is so chemically stable, it is typically found in placer deposits and beach sands.  

These heavy mineral bearing sand deposits are found in a variety of countries including: 

Australia, Brazil, China, Malaysia, South Africa, and the United States.  The rare earth 

content of pure monazite is approximately 60-62% REO, of which 20-30 are cerium oxide 

and 10-30% are lanthanum oxide [13].  Monazite can also contain significant amounts of 

HREEs, thorium, and uranium.  Additionally, yttrium may be found in monazite in amounts 

upwards of 5% yttrium oxide [2].  Some key properties of cerium-monazite are listed in 

Table 2.7. The theoretical elemental composition of Ce-monazite, as well as experimentally 

measured elemental concentrations can be found in Table 2.8. 

 

Table 2.7: Ce-Monazite Properties [18] 

Mineral  Ce-Monazite 

Chemical Formula     (Ce,La,Nd,Th)PO4 
 

Molecular Weight   

(g/Mol) 
240.21 

Color Brown, green, yellow 

Density (g/cm
3
) 5.15 

Diaphaneity 
            Subtransparent  

            to subtranslucent 

Hardness 
(5-5.5) Apatite ï  

Knife Blade 

Luminescence Non-fluorescent 

Luster Adamantine - Resinous 

Streak Greyish white 
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Table 2.8: Theoretical Ce-Monazite Elemental Composition vs. Measured Monazite 

Composition (ICP-MS and XRF) 

Element  Theoretical Wt%   Measured (ICP-MS) Wt % 
Measured 

(XRF) Wt% 

Ca 0.0 4.2 0.1 

Ce 29.2 35.4 36.3 

F 8.67 NA 7.0 

La 14.5 17.8 15.4 

Nd 12.0 14.3 14.7 

P 12.9 16.5 5.28 

O 26.6 NA 31.8 

Sm 0.0 2.3 1.92 

Th 4.8 0.2 0.2 

Minor 

Constituents 
NA 3.3 2.7 

Sum NA 100 100 

 

2.4.3 Xenotime 

Xenotime is an REE bearing yttrium phosphate mineral (YPO4) which can contain 

approximately 67% REO.  Xenotimeôs REO content is mostly HREEs, which makes it a 

major source for these.   It is a minor constituent in granite or gneiss deposits, and is usually 

associated with monazite, in amounts of 0.5-5.0% of the monazite present.  Since it is usually 

associated with monazite, xenotime is typically found in placer deposits and beach sands.  In 

some of these heavy mineral deposits, xenotime is found in the smaller size fraction, for 

which, standard processing methods are less efficient, and heavy losses can occur.  Thus, 

flotation may be an attractive alternative for the recovery of xenotime [19].  Some key 

properties of xenotime are listed in Table 2.9. The theoretical elemental composition of 

xenotime, as well as experimentally measured elemental concentrations can be found in 

Table 2.10. 

2.5 Rare Earth Gangue Minerals 

There are a variety of rare earth gangue minerals present within every rare earth 

deposit.  As you would expect, the composition and amount of each vary with the type of 

deposit.  In Molycorpôs ñSulphide Queenò deposit, two of the primary gangue minerals are 

barite and calcite. 
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Table 2.9: Properties of Xenotime [20] 

Mineral  Xenotime 

Chemical Formula YPO4 

Molecular Weight (g/Mol) 183.88 

Color Yellow, brown, green 

Density (g/cm
3
) 4.75 

Diaphaneity Opaque 

Hardness (4-5) Fluorite-Apatite 

Luminescence Non-fluorescent 

Luster Vitreous - Greasy 

Streak White 

 

 

Table 2.10: Theoretical Monazite Elemental Composition vs. Measured Xenotime 

Composition (ICP and XRF) 

Element  Theoretical Wt%   Measured (ICP-MS) Wt % 

Measured 

(XRF) 

Wt% 

Ca 0 3.8 0.1 

Ce 0 1.0 0.2 

Dy 0 7.0 4.4 

Er 0 4.1 2.7 

Gd 0 4.3 3.2 

Ho 0 1.9 0.6 

P 16.8 20.1 16.8 

O 34.8 NA 33.0 

Sm 0 1.0 0.5 

Tb 0 1.2 0.6 

Y 48.4 47.3 32.4 

Yb 0 2.5 1.4 

Minor 

Constituents 
NA 5.7 4.1 

Sum 100 100 100 
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2.5.1 Calcite 

Calcite or calcium carbonate (CaCO3) is one of the most common gangue minerals 

present in rare earth deposits.  The fact that it is a semi-soluble carbonate makes the 

separating it from rare earth carbonates very difficult.  This is especially true in a process 

such as flotation, which relies heavily on differences in surface properties.  The properties of 

calcite are shown in Table 2.11.  The theoretical elemental composition of calcite, as well as 

the experimentally measured concentrations can be found in Table 2.12. 

 

Table 2.11: Properties of Calcite [21] 

Mineral  Calcite 

Chemical Formula CaCO3 

Molecular Weight (g/Mol) 100.09 

Color White, pink, yellow 

Density (g/cm
3
) 2.71 

Diaphaneity             Transparent/Translucent 

Hardness (3) Calcite 

Luminescence Non-fluorescent 

Luster Vitreous - Greasy 

Streak White 

 

 

Table 2.12: Theoretical Monazite Elemental Composition vs. Measured Calcite 

Composition (ICP and XRF) 

Element  Theoretical Wt%  Measured (ICP-MS) Wt% 

Measured 

(XRF) 

Wt% 

Ca 40.0 95.0 68.4 

C 12.0 NA NA 

F 0.0 NA 2.1 

O 34.8 NA 27.9 

Minor 

Constituents 
NA 5.1 1.6 

Sum 100 100 100 

 

2.5.2 Barite 

Barite (BaSO4) is a barium sulfate gangue mineral.  It consists of the divalent alkaline 

earth cation Ba
2+

 and sulfate anion SO4
2-

.  Since barite is not carbonaceous, it presents less of 
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a problem during flotation, due to variations in its surface properties compared to the 

similarities found in the carbonates, bastnasite and calcite.  The properties of barite are shown 

in Table 2.13.  The theoretical elemental composition of barite, as well as the experimentally 

measured concentrations can be found in Table 2.14. 

 

Table 2.13: Properties of Barite [22] 

Mineral  Barite 

Chemical Formula BaSO4 

Molecular Weight (g/Mol) 233.39 

Color White, greyish white 

Density (g/cm
3
) 4.48 

Diaphaneity             Transparent/Translucent 

Hardness (3-3.5) Calcite ï Cu Penny 

Luminescence Non-fluorescent 

Luster Vitreous - Greasy 

Streak White 

 

 

Table 2.14: Theoretical Monazite Elemental Composition vs. Measured Barite 

Composition (ICP and XRF) 

Element  Theoretical Wt%  Measured (ICP-MS) Wt% 

Measured 

(XRF) 

Wt% 

Ba 58.8 91.0 46.3 

Ca 0.0 4.1 0.2 

F 0.0 NA 2.3 

O 27.4 NA 28.6 

S 13.7 NA 14.3  

Sr 0.0 3.3 2.6 

Minor 

Constituents 
NA 5.1 5.7 

Sum 100 100 100 
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2.6 Rare Earth Flotation Review 

Literature on the flotation of rare earth oxide minerals is a relatively limited.  This is 

especially true with regard to fundamental flotation research, although, as the demand for rare 

earths continues to grow, the amount of research in the field is increasing rapidly. 

The primary rare earth minerals are bastnasite (Ce,La(FCO3)), monazite 

(Ce,La(PO4)), and xenotime (YPO4), and the primary gangue minerals are barite (BaSO4) and 

calcite (CaCO3).  Froth flotation relies on the separation of these minerals based on 

differences in their surface properties.  Unfortunately, this is where the difficulty in rare earth 

flotation lies, i.e. both the desired and gangue minerals are oxides.  Thus, efficient separation 

of one oxide from another can prove extremely complex.  The following subsections will 

present both the past and present methodologies used in rare earth flotation. 

2.6.1 Bastnasite Flotation 

As the primary rare earth mineral at two of the worldôs largest rare earth mines 

(Mountain Pass, CA and Bayan Obo, China) bastnasite has been the main focus of rare earth 

flotation research for some time.  During this time, a variety of collectors for the flotation of 

rare earths bastnasite have been investigated including: fatty acids, various hydroxamates, 

dicarboxylic acids, and phosphoric acids [23]. 

 Initially, the typical collector choice for REO flotation was fatty (carboxylic) acid 

due to the relatively low cost and high availability, but with recent advances in rare earth 

flotation research this trend may be changing. Unfortunately, fatty acid collectors are highly 

unselective on their own, and require large amounts of depressant addition to achieve the 

desired concentrate grades/recoveries. Some of the more commonly used gangue depressants 

include: sodium carbonate, lignin sulfonate, and sodium silicate.  Table 2.15 illustrates the 

studies performed on bastnasite in reverse chronological order, which are reviewed in the 

following paragraphs. 

Jordens et al. performed a study measuring the zeta potential of bastnasite in the 

presence of several different collectors (benzonhydroxamic acid, sodium oleate, and 

phosphoric acid ester). The isoelectric point of bastnasite was determined using 

electrophoretic (pHIEP = 6.3) and electroacoustic (pHIEP = 8.1) techniques.  These results were 

then compared with results involving the microflotation of bastnasite and quartz.  Results 

showed that both sodium oleate and the phosphoric acid ester were less selective for 

bastnasite flotation than the benzohydroxamic acid.  Additionally, the researchers found that 
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the recovery of bastnasite with benzohydroxamic acid is strongly dependent on the type of 

frother used, recovery was low with the weak frother Methyl Isobutyl Carbinol (MIBC) and 

high with strong frother Flottec F150 (proprietary mix of polygylcols) [8,23]. 

Starting in the early 1980's, Pradip and Fuerstenau began their extensive studies on 

the flotation of bastnasite ore from Mountain Pass, CA [9], [23ï28].   Their studies have 

primarily focused on the use of alkyl hydroxamates as an alternative to fatty acid collectors.  

In their most recent paper [30], they have shown that alkyl hydroxamates are capable of 

increased selectivity for bastnasite over gangue, and thus, an  increase in concentrate grade.  

In addition to this, they have shown that it is possible to produce these higher grades at lower 

temperatures than are required when using fatty acids, which could prove beneficial by 

eliminating the need/cost involved in elevated temperature flotation.  Thermodynamic 

calculations performed from their adsorption density measurements suggest that the 

adsorption of potassium-octyl hydroxamate follows an endothermic chemisorption 

mechanism, this is further illustrated in Figure 2.13 in the following pages [27].  They have 

also proposed that elevated temperature flotation increases the solubility of the collectors as 

well as the minerals of interest.  Since the proposed adsorption mechanism involves 

dissolution, hydrolysis, hydroxy complex formation, and re-adsorption or precipitation of this 

complex on the mineral surface, it is obvious that an increase in solubility of both the 

collector and mineral would aid in the adsorption process.  Additionally, increasing the 

temperature increases the selectivity of hydroxamate for bastnasite by increasing the rate at 

which it adsorbs onto bastnasite relative to the gangue minerals present in the system.   

Pavez et al. [31,32] performed zeta potential, adsorption, and microflotation 

experiments on both bastnasite and monazite, using octyl hydroxamate and sodium oleate as 

collectors.  Their results agreed with Pradip and Jordens work, i.e. that the mechanism for 

both fatty acid and hydroxamate adsorption is chemisorption.   

As alternative to ñregularò hydroxamates, Ren et al. performed work on Chinese 

bastnasite using a modified hydroxamic acid (MOHA) as a collector.  His experiments 

included the use of zeta potential, adsorption density, microflotation, and bench scale 

flotation.  He proposed that the adsorption mechanism is also chemisorption via the formation 

of a chelation reaction between the MOHA and the trivalent cerium species present at the 

bastnasite mineral surface [33].  In addition to his work with pure bastnasite, Ren et al. 

investigated the use of various depressants to effectively separate bastnasite from monazite. 

He found that by using a small amount (0.3 g/L) of potassium alum, with benzoic acid as a 

collector, he could selectively float bastnasite from monazite.  It was proposed that this was 
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due to preferential adsorption of hydrolyzed aluminium ions onto the monazite mineral 

surface over bastnasite [34]. 

The adsorption of anionic fatty acids onto rare earth mineral surfaces is postulated to 

be chemical in nature, as they adsorb onto the REO minerals at pH values where the 

mineralôs zeta potentials are negative [23].  Due to the unselective nature of fatty acid 

flotation, large amounts of depressants are needed to keep gangue minerals from floating.  In 

addition to requiring large amounts of depressants, fatty acid flotation also requires elevated 

temperature for acceptable grades/recoveries.  By elevating the temperature, the solubility 

and rate of adsorption/chemical reaction at the mineral surface is increased.  The effect of 

temperature on both the grade and recovery of bastnasite flotation using a fatty acid collector 

are shown in Figure 2.10, where increasing the temperature from 18°C to 85°C greatly 

increases both the grade and recovery of rare earth oxides. 

 

 

Figure 2.10: Effect of temperature on REO flotation using a fatty acid collector [8,36] 
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Table 2.15: Fundamental Studies on Bastnasite Flotation 
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Molycorp Flotation Process 

Elevated temperature fatty acid flotation of bastnasite is the process currently used at 

Molycorpôs Mountain Pass Mine shown in Figure 2.11.  In their process, the bastnasite ore is 

crushed/ground/classified to a p80 of 325 US Mesh (45µm) prior to entering the flotation 

circuit.  Upon entering the circuit the pulp is sent to four stages of elevated temperature 

(82°C) conditioning, these are as follows: 

 

1) Soda ash (5 lbs/ton) is used to adjust the pH [9].  It also acts as a gangue (barite, 

calcite) depressant. 

2) Blank stage to allow for further pH adjustment and depressing effect. 

3) Lignin Sulfonate (5 lbs/ton) is added to depress gangue minerals present. 

4) Fatty acid addition (0.14 lb/ton) is added as the collector. 

 

After conditioning the pulp is sent to a 3 stage (2 cells/stage) rougher flotation circuit 

at 40% solids by weight.  The rougher concentrate is sent to the cleaner conditioner, prior to 

four stages (multiple tanks/stage) of cleaning.  This flowsheet produces a concentrate 

containing 60-70% REO with recoveries ranging from 60-70%.  Thus, there may be 

significant room for improvement in the current flotation scheme used at Molycorp.   

 

 

Figure 2.11: Molycorp flotation flowsheet 2014 












































































































































































































































































































































































































































