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ABSTRACT 
 

Flotation of a bastnäsite containing ore with novel collectors was investigated using locked 

cycle froth flotation. Previous research into the flotation of bastnäsite ore simply considered single 

stage flotation and while this is a good place to start the testing of novel collectors, it is not 

representative of the conditions employed in a full-scale flotation plant. This study investigates 

both salicylhydroxamic acid (collector 2) and n,2-hydrocyclohexanecarboxamide (collector 5) in 

locked cycle flotation and contact angle studies and includes a comparative economic assessment 

comparing the two novel collectors listed above to the fatty acid flotation previously used at 

Mountain Pass in California.  

Locked cycle flotation allows for the simulation of continuous flotation processes using 

bench scale flotation equipment. This allows the collectors to be tested in conditions that more 

closely match the conditions that would be found in flotation plants in industry. Locked cycle 

flotation with collector 2 returned rare earth oxide grades between 58.5% and 66.9% and recovery 

between 42.8% and 74.7% while rejecting 78% of the calcite. Locked cycle flotation with collector 

5 returned rare earth oxide grades between 13.2% and 13.8% with recoveries between 26.6% and 

41.3% while rejecting 9% of the calcite. The rejection of calcite is an important consideration 

because it affects the downstream reagent consumption in the leaching step of the rare earth 

element processing. Locked cycle flotation showed a large disparity in performance between 

collector 2 and collector 5. This disparity was investigated using contact angle studies. Performing 

contact angle test work allows for comparisons to be made regarding the applied hydrophobicity 

of a collector to the surface of a mineral.  
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CHAPTER 1: INTRODUCTION 

1.1 Background and Motivation 

Rare earth elements (REE) comprise of fifteen lanthanides with atomic numbers 57 through 

71 (lanthanum to lutetium) as well as two group IIIb elements (scandium and yttrium) on the 

periodic table. These elements are considered rare because of the challengers associated with both 

the discovery of concentrated deposits and the difficulty in selectively separating them from each 

other. The general crustal abundance of REE is greater than that of silver and similar to that of 

copper and lead [1]. REE are steadily growing in importance because of their heavy involvement 

in technological and industrial applications, particularly in areas of green technology and 

renewable energy.  

REE are currently considered a critical material in the United States. The United States 

Department of Energy (DOE) defines criticality in two ways: (A) supply based risk based on 

projected market balances, competing energy demands, political, regulatory and social factors, co-

production risks, and producer diversity; and, (B) importance to clean energy based on clean 

energy demand and substitutability [2]. At the time of writing, the United States has a 100% import 

reliance for rare-earth compounds and metals with the following distribution: China, 80%; Estonia, 

6%; France and Japan, 3% each; and other, 8% [3]. Table 1.1 shows the world mine production 

and reserves for REE. 

 

 

 



2 
 

Table 1.1 - World mine production and reserves for REE 

 

 

From Table 1.1, China is the world’s largest producer of REE by nearly an order of 

magnitude. Table 1.1 also shows that the United States has started producing REE once again in 

2018. This is because of the reopening of the Mountain Pass Mine in California. The United States 

currently produces concentrates enriched in REE and does not possess any REE concentrate 

refining capabilities. More information on Mountain Pass can be found in Chapter 2. 

1.2 Objectives 

Mountain Pass employs froth flotation in order to upgrade the bastnäsite ore from a run of 

mine grade of roughly 8% rare earth oxide (REO) to a concentrate with roughly 60% REO. The 

major issue with the plant currently is that it has a low recovery of only 60-70%. This means that 

as much as 40% of the REO that enter the plant do not get recovered and are sent to the tailings 

together with other gangue materials such as calcite and barite. One of the primary objectives of 

this research is to investigate the effectiveness of novel collectors, designed by ORNL for 

bastnäsite flotation, in a plant simulation flotation flowsheet.  
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Although several collectors have been identified as likely functional candidates using 

single stage flotation at a micro and bench scale, they have not been tested in a simulated 

continuous fashion. It is possible that some collectors might display improved functionality when 

used in a multi-stage process. The best method for performing flowsheet simulations at the 

laboratory scale is with locked cycle flotation. The method of locked cycle flotation will be further 

discussed in Chapter 2. 

The other primary objective of this research is to determine the mechanism of adsorption 

of these collectors to the bastnäsite surface and the surfaces of prominent gangue minerals such as 

calcite. It is known that the collectors that are studied will provide a separation of valuable 

bastnäsite from the gangue minerals in the ore but the mechanism through which the collectors 

bind to the surface of these minerals is not known. Using contact angle studies, it is possible to 

determine how hydrophobic a collector makes the surface of a mineral being studied. This 

information can be useful for determining why some collectors perform more strongly than others. 

1.3 Funding Source 

Funding for this project was provided by the Critical Materials Institute (CMI). The CMI 

is a Department of Energy (DOE) research hub that is focused on technologies that make better 

use of materials and eliminate the need for materials that are subject to supply disruptions. CMI 

helps to assure the supply chains of critical materials through three methods: (a) diversifying and 

expanding the availability of these materials throughout their supply chains, (b) reducing wastes 

by increasing the efficiency of manufacturing and recycling, and (c) to reduce demand by 

identifying substitutes for critical materials. [4] 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Rare Earth Elements 

Rare earth elements (REE) comprise of fifteen lanthanides with atomic numbers 57 through 

71 (lanthanum to lutetium) as well as two group IIIb elements (scandium and yttrium) on the 

periodic table. These elements may be classified as either light or heavy rare earth elements. Light 

REE (LREE) include (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), and samarium 

(Sm) and are more common and relatively easier to extract than their heavy counterparts. The 

heavy REE (HREE), which include yttrium and elements with atomic numbers from 64 to 71 

[europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), erbium (Er), thulium (Th), 

ytterbium (Yb), and lutetium (Lu)] are less abundant but highly critical in demand and supply 

[1][5]. Yttrium is considered to be a HREE because its chemical behavior during separation closely 

mimics that of Holmium. 

2.1.1 History of the Rare Earths 

The discovery of the 17 elements now known as the rare earths began in 1787 and 

continued for approximately 160 years until its conclusion in the 1940s. The activity started in 

Ytterby, a small village near Stockholm in Sweden. A lieutenant of the Swedish Royal Army, Carl 

Axel Arrhenius, found a black mineral in 1787. This mineral had not previously been mentioned 

in literature at the time. It was not until 1794 that the mineral was analyzed by the Finnish chemist 

Johan Gadolin. Gadolin found that the mineral contained iron and silicate as well as approximately 

30% of a material he called a “new earth” (elements were called “earths” until the first decade of 

the 19th century). The discovery was confirmed the following year by Swedish chemist Anders 

Gustaf Ekeberg. Ekeberg decided to name the “new earth” yttria to honor the town in which it was 
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first discovered. He also named the associated mineral gadolinite [6]. The chemical formula for 

gadolinite is Y2Fe2+Be2Si2O10 [7]. 

In 1804, two independent researchers in Sweden and Germany simultaneously reported the 

discovery of a new element in a new mineral found in the Bastnäsgrube mine close to 

Rydderhyatten, Sweden. The Swedish researchers determined the new earth was an oxide of a new 

element. They named the element cerium after the asteroid Ceres that had been discovered only 

three years earlier in 1801.  The mineral that contained the cerium was named cerite. [6] 

Carl Gustaf Mosander, an associate of the researcher that discovered cerium, determined 

that both ceria and yttria were complex in nature and contained new elements. The name 

lanthanum was suggested for the new element. In Greek, lanthano means “to escape notice”. 

Despite this discovery, Mosander believed that the new lanthanum he separated was not pure but 

might contain another new element. In 1842, he succeeded in proving his theory by detecting a 

new element which he names didymium. The name came from the Greek word didymos, meaning 

twins, to acknowledge that it accompanied both cerium and lanthanum in the cerium mineral. After 

this discovery, Mosander turned his attention to the mineral gadolinite believing that it contained 

additional new elements. In 1843, he reported two additional elements and named them erbium 

and terbium. [6] 

A Swiss-American chemist, Marc Delafontaine, reported in 1878 that the absorption 

spectrum of didymium separated from the mineral samarskite was not fully like the absorption 

spectrum of didymium from cerite. He theorized that this meant that didymium was not a single 

element. In 1879, the French chemist Paul Emile Lecoq de Boisbaudran disproved Delafontaine’s 

report on the spectra but did find a new element in samarskite. He named the new element 

samarium after the mineral samarskite in which it was discovered. [6] 
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While investigating the erbium fraction of gadolinite, the Swiss chemist Jean Charles 

Marignac separated an oxide and salts that were different from erbium in both spectral and 

chemical properties. In 1878 he named this new element ytterbium because it stood between 

yttrium and erbium in its properties. 

In 1879, Lars Frederick Nilson also investigated erbium to confirm the existence of 

ytterbium. He confirmed the existence of ytterbium but also discovered a new element. He named 

this new element scandium after Scandinavia. 

Another Swedish chemist by the name Per Theodor Cleve postulated that there could be 

even more elements in the erbium fraction remaining after the separation of ytterbium. He 

identified the existence of thulium and holmium in 1879. The name thulium comes from the word 

thule, the old name of Scandinavia [8]. Holmium was named after Stockholm, Sweden [6]. In 1886, 

Boisbaudran determined that the holmium discovered by Cleve contained another element. He 

named this new element dysprosium. 

In 1885, Austrian chemist, Carl Auer von Welsbach, began investigations into didymium. 

At that point it was widely suggested that didymium might contain multiple elements. Auer applied 

fractional crystallization rather than the previously used fractional precipitation to separate 

didymium. In 1886, he succeeded in separating two fractions of didymium ammonium nitrated. 

He concluded these two fractions belong to different elements. He named them praseodymium and 

neodymium. [6] 

French chemist Eugene Demarcay announced he separated a new element from samarium 

in 1901. He named this new element europium. In 1904, europium was confirmed after French 

chemist Georges Urbain separated it from gadolinium. [6] 
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In 1905, Auer mentioned that ytterbium likely contained new elements. Two years later he 

published his findings that ytterbium consisted of two elements. He named them aldebaranium 

and cassiopeium. At nearly the same time, Urbain also determined that ytterbium contained two 

elements. He named these two elements neoytterbium and lutetium. Over the course of time, 

ytterbium (for neoytterbium) and lutetium survived. The name lutetium was derived from the 

ancient Roman name for Paris. [6] 

Although all the naturally occurring rare earth had been discovered at this point, the 

scientists at the time did not notice this until much later. More and more discoveries of “new 

elements” were published. In 1912, the idea of atomic numbers was introduced by van den Broek. 

Researchers determined that there must be elements between the atomic numbers of 57-71. All 

elements except number 61 had been discovered. As a result of this, many of the reported “new 

elements” were disproven. In 1945, researchers at what is now Oak Ridge National Laboratory 

provided chemical proof of the element with atomic number 61. It was produced using ion-

exchange chromatography to obtain the element from the products of fission of uranium and of 

neutron bombardment of neodymium. This final element was named promethium after 

Prometheus. Promethium is not a naturally occurring element. [6] 

Table 2.1 shows the chronological discovery of the rare earth elements.  
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Table 2.1 - Chronological List of Rare Earth Discoveries [6] 

Year 
Element/ 
Mineral 

Discovered by Named by Confirmed by Origin of Name 

1787 Gadolinite Arrhenius Ekeberg -- Person: J. Gadolin 

1794 Yttria Gadolin Ekeberg Delafontaine Place: Ytterby 

1751 Cerite Cronstedt 
Berzelius, 
Hisinger 

-- Asteroid: Ceres 

1804 Cerium 
Berzelius, 
Hisinger 

Berzelius, 
Hisinger 

-- Asteroid: Ceres 

1839 Samarskite Klaproth, Rose -- -- Person: Col. Samarsky 

1839 Lanthanum Mosander Berzelius -- 
Chemical behavior: to 

escape notice 

1842 Didymium Mosander Mosander -- Chemical behavior: twins 

1843 Erbium Mosander Mosander 

Delafontaine, 
Soret, Roscoe, 

Schuster, 
Marignac,  

Place: Ytterby 

1843 Terbium Mosander Mosander 
Delafontaine, 

Smith 
Place: Ytterby 

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: Scandinavia 

1879 Holmium Cleve Cleve 
Soret, 

Boisbaudran 
Place: Stockholm  

1886 Dysprosium Boisbaudran Boisbaudran -- 
Chemical behavior: 
difficult to access 

1886 Gadolinium Marignac Marignac 
Delafontaine, 

Soret 
Person: J. Gadolin 

1886 Praseodymium von Welsbach 
von 

Welsbach 
Bettendorf 

Chemical behavior: green 
twin 

1886 Neodymium von Welsbach 
von 

Welsbach 
Bettendorf 

Chemical behavior: new 
twin 

1901 Europium Demarcay Demarcay Urbain Place: Europe 

1907 Lutetium 
Urbain, von 
Welsbach 

Urbain -- Place: Paris 

1947 Promethium 
Marinsky, 
Glendenin, 

Coryell 
Marinsky -- Legend: Prometheus 
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2.1.2 Applications 

REEs have many applications ranging from use in catalysts to use as a polishing agent. 

Figure 2.1 below shows a breakdown of REEs by end use. This figure was produced using data 

from the annual mineral commodities summary produced by the United States Geologic Survey 

(USGS) [9]. The largest use of REEs is in the form of catalysts. REE catalysts that are commonly 

used include catalysts for fluid cracking (72%) and automobile catalytic converters (28%), of 

which lanthanum oxide and cerium oxide contributed the largest portions [10]. Figure 2.1 shows 

the primary categories in which REE are used and Table 2.2 shows the specific applications in 

which individual REEs are applied.  

2.1.3 Sources 

REEs are currently produced all around the world with the largest producer being China. 

Until 2016, the United States did not have any domestic production of REEs, but with the 

reopening of Mountain Pass Mine in California, the United States has once again begun to produce 

REE concentrates. Figure 2.2 shows global REE production by country as a percentage of the total 

global production. This figure was also produced using data from the annual mineral commodities 

summary produced by the USGS. [9] 

The global production of REEs as of 2019 was approximately 210,000 tons. This is the 

largest single year of REE production since the USGS started keeping the yearly production values 

in 1995. The increasing production of REE shows that the demand for the materials is also on the 

increase as more technology begins to use REEs. Figure 2.3 shows the annual global production 

in tons of REEs from 1995 to 2019. 
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Figure 2.1 - Applications of REE by percentage of total use [9] 

 

Table 2.2 - Individual REEs and their applications [10] 
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Figure 2.2 - REE production by country as a percentage of global REE production 2019 [9] 

 

 

Figure 2.3 - Annual global production of REE according to the USGS [11]–[22], [9] 
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2.1.4 Import Reliance 

Very limited amounts of REE are recycled in the United States. The limited quantities 

which are recycled come primarily from batteries, permanent magnets, and fluorescent lamps. [9] 

Despite restarting the production of REEs in the United States in the first quarter of 2018, the 

United States currently does not possess any REE refining capabilities. Instead, the United States 

currently exports all its production of REEs in the form of mineral concentrates. The United States 

therefore still relies heavily on foreign sources for the import of rare-earth compounds and metals. 

Figure 2.4 displays the import sources for rare-earth compounds and metals for the United States 

from 2015-2018. [9] The United States currently imports 100% of its required rare-earth 

compounds and metals. 

 

Figure 2.4 - Import sources of rare-earth compounds and metals for the United States from 2015-
2018 [9] 
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2.1.5 Price 

The value of Rare Earth Elements depends highly on the purity and oxide state. Pure metals 

(>99.5% purity) tend to be more expensive than their oxide counterparts, but pure metals are not 

always required for all applications. The current prices for both rare earth oxides (REO) and pure 

metals are shown below in Table 2.3 and Table 2.4 respectively [9], [23]. 

Table 2.3 - Statistics (2015-2019) for imports, exports, consumption, and prices of rare earths in 
the U.S. [9] 

 
 

Table 2.4 - REE metal prices as of January 31, 2020 [23] 

Metal 
Price 

(USD/kg) 

Cerium (>99%) 4.55 

Lanthanum (>99%) 4.76 

Praseodymium 
(>99%) 

90.30 

Neodymium (>99.5) 52.15 

Samarium (>99.5) 1.79 

Terbium (>99.9%) 629.30 

Yttrium (>99.9%) 32.90 

Dysprosium (>99%) 297.50 

Scandium (>99.99%) 3,487.00 
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2.2 Rare Earth Minerals 

Rare earths do not naturally occur as individual elements or as individual rare earth 

compounds, but rather as mixtures in rock formations including carbonates, halides, silicates and 

others. More than 200 distinct species of rare earth minerals have been discovered and described. 

Approximately half of these have had their crystal structures reported. These discovered mineral 

species have been grouped into conventional chemical groups such as halides, carbonates, borates, 

etc.  

Table 2.5 shows the classification of rare earth minerals by their standard chemical bases. 

Of all the minerals which exist, there are only three that are widely used for REE production: 

bastnäsite, xenotime, and monazite. 

2.2.1 Bastnäsite 

Bastnäsite (also spelled Bastnasite or Bastnaesite) is a REE bearing fluorocarbonate 

mineral ((Ce, La, Pr)(CO3)F), and is the primary source of light rare earth elements (Figure 2.5, 

[24]). It is closely related to the mineral Parasite ((Ca(Ce,La)2(CO3)3F2) and Synchysite 

(CaCe(CO3)2F). Bastnäsite was named after the Bastnas Mine, in the Raddarhyttan district in 

Vastermanland, Sweden. It features a hexagonal – ditrigonal dipyramidal crystal system and an 

average density of 4.97 g/cm3. Bastnäsite is found in vein deposits, contact metamorphic zones, 

and pegmatites and can occur either as veins or disseminated in carbonate/silicate matrix. The 

REO content of bastnäsite at Mountain Pass is approximately 75% and contains primarily light 

rare earths. The two largest operating Bastnäsite mines are the Mountain Pass mine in California 

and the Bayan Obo mine in China [25]. The rare earths produced at Bayan Obo are actually 

produced from the tailings of the iron ore processing at that mine because Bayan Obo is also 

China’s largest iron mine [25]. Some key properties of cerium Bastnäsite are listed in Table 2.6. 
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This project uses ore from Mountain Pass mine. The rare earth constituents of the Mountain Pass 

mine are listed in Table 2.7.  

Table 2.5 - Classification of rare earth minerals [26] 

Mineral Class Mineral examples and chemical formulae 

Halides   Fluocerite-(F), CeF3 

Carbonates 
With Fluoride Bastnäsite, (Ce,La)(CO3)F 

Without Fluoride Ancylite, (Ce,Sr,Ca)(CO3)(OH,H2O) 

Borates   Braistschite, (Ca,Na2)7CeB22O43·7H2O 

Oxides and 
Hydrates 

AO2-type Cerianite, (Ce4+,Th4+)O2 

ABO3-type Perovskite group, (Ca,Ce,Na,Sr)(Ti,Nb,Nb)O3 

ABO4-type Fergusonite-Formanite, Y(Nb,Ta)O4-Y(Ta,Nb)O4 

AB2(O,OH)6-type Euxanite group, (Y,Ca,Ce,U,Th)(Nb,Ta,Ti)2O6 

A2B2O6(O,OH,F)-type Pyrochlore group, (Na,RE,K,U)2(Nb,Ta,Ti)2(O,OH,F) 

Others Hibonite, (Ca,Ce)(Al,Ti,Mg)12O19 

Phosphates, 
Arsenates, and 

Vanadates 

  Apatite, (Ca,RE,Sr,Na,K)3Ca2(PO4)4(F,OH) 

  Monazite, (Ce,La)PO4 

  Xenotime, YPO4 

Silicates 

Isolated group Cerite, (Ce,La,Ca)9(Fe3+,Mg)(SiO4)6[SiO3(OH)](OH)3 

  Garnet, (Ca,Fe,Mg,Mn,Y)3(Al,Cr,Fe,Mn,Ti,V,Zr)2(Si,Al)3O12 

  Sphene, CaTiSiO4 

Diortho group Allanite, Ca(Ce,Y,Ca)Al(Al,Fe)(Fe,Al)(SiO4)3(OH) 

Chain group Stillwellite, CeBSiO5 

Ring group Eudialyte, (Na,Ca,Ce)6(Zr,Fe)2Si7(O,OH,Cl)22 

Sheet group Gadolinite, (Y,Ce)2Fe2+Be2Si2O10 

Framework group Kainosite, Ca2(Y,RE)2(Si4O12)CO3·H2O 

Others Iimoriite, Y2(SiO4)(CO3) 
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Table 2.6 - Key properties of Ce-Bastnäsite [27] 

Mineral Ce-Bastnäsite 

Chemical Formula (Ce)CO3F 

Molecular Weight 
(g/mol) 

219.12 

Color Yellow, reddish brown 

Density (G/cm3) 4.97 

Diaphaneity Transparent/Translucent 

Hardness (4-5) Fluorite - Apatite 

Luminescence Non-fluorescent 

Luster Vitreous - Greasy 

Streak White 

 

Table 2.7 - Pure Mountain Pass Bastnäsite on a total rare earth oxide basis 

Element % 

Lanthanum 33.2 

Cerium 49.1 

Neodymium 12.0 

Praseodymium 4.3 

Other Heavy REE 1.4 

 

 

Figure 2.5 - Bastnäsite-(Ce) from Zagi Mountain, Khyber Pakhtunkhwa Province, Pakistan [24] 
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2.3 Rare Earth Deposits 

2.3.1 Rare Earth Deposit Types 

The classification of rare earth ore deposit types is shown in Table 2.8 based on Kamitani 

[28]. The major deposits are split into their geological categories: igneous, sedimentary, and 

secondary types. The distribution of rare earths deposits in the world are shown in Figure 2.6 [26]. 

Table 2.8 - Classification of rare earth deposits [28] 

Deposit Type Mines 

Igneous 

Hydrothermal Bayan Obo (China) 

Carbonatites 
Mt. Pass (USA), Weshan Maoniuping (China), 

Mount Weld (Australia), Araxa, Catalao (Brazil) 

Alkaline rocks 
Khibiny, Lovozeiro (Russia), Posos de Caldas 

(Brazil) 

Alkaline granites Strange Lake (Canada) 

Sedimentary 
Placer 

Kerala (India), Western Australia, Queensland 
State (Australia), Richards Bay (South Africa 

Conglomerate Elliot Lake (Canada) 

Secondary 
Weathered residual of 
granite (ion adsorption 

clay) 
Longnan, Xunwu (China) 

 
 

 

Figure 2.6 - Distribution of rare earth deposits around the world [26] 
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2.3.2 Mountain Pass 

The Mountain Pass deposit sits close to the eastern edge of the Mojave Desert in California 

(Figure 2.7). It lies just north of Interstate 15 near Mountain Pass and is about 60 miles southwest 

of Las Vegas, Nevada. The Mountain Pass deposit is recognized as the largest known REE deposit 

in the United States with current reserves estimated to be greater than 20 million metric tons at a 

rare earth oxide grade of approximately 8.9%. [25] 

The core of the Mountain Pass igneous complex is made up of a massive carbonatite known 

as the Sulphide Queen body. The Sulphide Queen body hosts the bulk of the REE mineral 

resources in the district. The carbonatite body has an overall length of 730 m (2,395 ft) and has an 

average width of 120 m (394 ft). The typical ore in this body contains 10-15% Bastnäsite (the ore 

mineral), 20-25% barite, and 65% calcite or dolomite (or both), plus other minor accessory 

minerals [25]. This work is focused on improving the flotation efficiency for Bastnäsite using 

novel collectors designed by Oak Ridge National Laboratory and seeks to determine the impact 

that these collectors have on the hydrophobicity of mineral surfaces. 

 

 

Figure 2.7 - Northwest facing view of Mountain Pass district, California, 1997 [25] 
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2.4 Froth Flotation 

Froth flotation is one of the most widely employed methods of mineral beneficiation in the 

industry. Flotation seeks to take advantage of the hydrophobicity (natural or induced) of mineral 

surfaces to use gases to separate the valuable and desired minerals from the waste minerals. The 

first U.S. patent describing the use of air bubbles to separate and concentrate minerals was awarded 

in 1905 to Henry Sulman and Hugh Picard (Patent No. 793,808 [29]). The year 1905 was also the 

year in which the Potter process was first introduced to flotation in the mineral industry. The 

production of sphalerite at Broken Hill in Australia was the first major commercial application for 

froth flotation [30]. After that initial application, froth flotation quickly spread the United States 

and around the world and is an essential separation method for the beneficiation of minerals and 

coal. The applications of froth flotation continue to be expanded to new industries such as 

environmental controls, bitumen extraction from tar sands, and recycling. 

2.4.1 Froth Flotation Reagents 

Froth flotation is a complex process which requires a wide range of reagents to control the 

hydrophobicity of the surfaces of the minerals of interest. Flotation reagents can be broken down 

into three main categories: collector, frother, and modifier. Figure 2.8 shows the flotation reagent 

triangle. The flotation process is not complete without a careful combination of all three parts.  
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Figure 2.8 - Flotation reagent triangle [30] 

Collectors are a large group of organic chemical compounds that all differ in chemical 

composition and function. The general purpose of a collector is to selectively form a hydrophobic 

layer on a given mineral surface and therefore provide conditions for that mineral to be recovered 

in the froth product through attachment to an air bubble. According to the ability of collectors to 

dissociate in water, they can be divided into distinct groups. [31] 

Ionizing collectors are heteropolar organic molecules. Depending on the resulting charge 

the collector assumes the character of a cation or anion. Anionic collectors can be further divided 

into oxyhydryl and sulfyhydryl collectors based on their solidophilic properties. Cationic 

collectors are compounds in which the hydrocarbon radical is protonated. These reagents are 

amines from which the primary amines are the most important flotation collectors. The other main 

group of collectors is non-ionizing collectors. These are also divided into two groups; the first 

group is reagents containing bivalent sulfur and the other contains non-polar hydrocarbon oils. The 

collectors used in this research can be found in Chapter 3. [32] 

Frothers make up the next major component of froth flotation reagents. They are 

compounds that lower the surface tension of water and increase the strength of the bubble films, 

therefore facilitating froth formation. The surface tension of the slurry also affects the bubble size 

which can affect the recovery of the flotation cell. Frothers come in many different types and are 
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classified based on their properties and behaviors in solution. Table 2.9 shows the classification of 

frothers. [33] 

Table 2.9 - Classification of frothers [33] 

Acidic Neutral Basic 
Phenols Aliphatic alcohols Pyridine base 

Alky sulfates Cyclic alcohols  
 Alkoxy paraffins  
 Polypropylene glycol ethers  
 Polyglycol ethers  
 Polyglycol glycerol ethers  

 

The final category of flotation reagents is the category of modifier. This is a broad category 

of reagents that can serve purposes ranging from pH control to enhancing the selectivity of 

collectors. They can be regarded as the most important chemicals in froth flotation because they 

control the interaction between individual minerals and collectors. Collectors can be very sensitive 

to the conditions of the pulp such as pH and water purity. Modifiers allow this important factor to 

be controlled to maximize efficiency of the flotation. Modifying reagents can also be used to 

depress or activate certain minerals. Without modifying reagents, it would not be possible to isolate 

individual mineral sulfides of lead, zinc, and copper from complex sulfide ores. It is difficult to 

classify these reagents into specific groups because their effects can be so varied under different 

operating conditions. [34] 

2.4.2 Bench Flotation 

Bench flotation is the stage of flotation that is usually performed after the initial testing 

with microflotation is completed. Microflotation allows for quick scoping tests to be performed 

because it requires less collectors and materials than bench flotation. Bench flotation is so named 

because a bench top flotation cell is typically used. For this research, the Metso Denver D-12 
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Legacy Cell was used. More information about this cell can be found in Chapter 3. Bench flotation 

provides a large amount of flexibility for initial scale up testing of different collector and reagent 

schemes. After initial performance checks are completed with microflotation, bench flotation 

allows testing at an increased scale. Bench flotation equipment such as the Metso Denver D-12 

Legacy allow different sizes of flotation cell to be used allowing for the testing of various stages 

of flotation. Through locked cycle flotation, bench scale flotation can also be used to simulate a 

continuous flotation flowsheet. 

2.4.3 Locked-Cycle Flotation 

An experimental simulation of a continuous circuit that utilizes repetitive batch tests in a 

cyclical manner is universally referred to in the minerals industry as a locked cycle test (LCT). An 

LCT is usually begun by doing a complete batch test in the first cycle and then adding the materials 

from the first cycle to the appropriate location in the second cycle. Batch tests are continued in this 

fashion for an arbitrary number of cycles. The number of cycles must be enough to allow the test 

to come to a steady state. A test is determined to be at steady state when the products from each 

cycle match that of the previous cycle. A test is cannot be determined to be at steady state until 

after the products are weighed and assayed so an arbitrary number of cycles between 6 and 8 is 

usually used. The terminal products from each cycle and the intermediate products from the last 

cycle are weighed and then subjected to chemical analysis. Usually only one concentrate and one 

tailing are collected from each cycle because all the other intermediate materials are passed to the 

next cycle. Locked cycle tests are not used only in flotation studies but also in grindability 

determinations, balling, and leaching tests [35]. The locked cycle testing flowsheet that was used 

for this research is shown in Figure 2.9. It is important to note that this figure only shows the first 

three cycles. Additional cycles can be performed in the same manner as previous cycles. 
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Figure 2.9 - Locked cycle testing flowsheet 

Locked cycle testing results can be calculated in several different ways. Three different 

methods were used to calculate the results for the locked cycle tests performed in this research. 

These different techniques are the n-product formula, SME procedure, and concentrate production 

balance methods [36]. Using all four methods for calculation can provide an idea of the operating 

point of the flowsheet and reagent scheme were it to be employed in a full-scale plant. Each method 
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has strengths and weaknesses in calculation of results and their accuracy usually depends on the 

mass conservation of the test.  

The n-product formula method is a simple material balance technique that utilizes the 

assays from the final products to determine the mass balance. For simple ores with only one 

concentrate and tailing, this procedure uses the assay of the feed, concentrate, and tailings using 

the familiar formula shown in Equation 2.1. The remainder of the balance is calculated once C (the 

concentrate mass) is determined. For locked cycle test balancing, the weighted average assay for 

the final 2-4 cycles is used. An important requirement for the n-product formula method is that the 

circuit must have mass conservation. If mass conservation is not maintained, then the n-product 

formula should not be used as it may return erroneous results. 

 𝐶 = 𝐹 ∗ 𝑓 − 𝑡𝑐 − 𝑡 (2.1) 

 
The SME procedure for calculating the results of a locked cycle test is described within the 

SME mineral processing handbook [37]. In cases such as the one covered in this research, ores 

with a single concentrate and tailing, the concentrate is projected as the average mass and assay of 

the concentrate produced in the last several cycles of the test. The tailings are then projected using 

a similar method. The feed for the test is then calculated as a sum of those products. This procedure 

works well if the test has come to a steady state. If the test has not come to steady state, this 

procedure can also produce erroneous results.  

The final method for calculating the results of locked cycle tests is the concentrate 

production balance method. This procedure is an offset from the SME procedure where the 

concentrated is projected in the same way as the SME procedure. The tailings are then calculated 

as the difference between the feed and the concentrate. The primary advantage of this method is 

that this procedure does not overstate the metallurgy if the test does not have any mass 
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conservation. The theory behind the procedure is that the concentrate produced is all the 

concentrate produced. Therefore, all other materials must be tailings. This procedure resembles 

month end production balances at an operating plant in many ways. 

2.5 Bastnäsite Flotation Review 

The flotation of Bastnäsite has been receiving increased attention in the last several years. 

Most of the studies, however, are focused on the fundamental aspects of the flotation of Bastnäsite 

ores. Very few studies exist which focus on flotation at the bench scale or larger. This section will 

detail some of the recent fundamental studies which have been performed on the flotation of 

Bastnäsite as well as previous studies into the performance of Bastnäsite flotation at the bench 

scale. 

Previous fundamental research into the flotation of Bastnäsite is shown in Table 2.10. 

Research has been primarily focused on the fundamental studies of new collectors and reagents to 

increase and optimize the grade and recovery of Bastnäsite from ore. Reducing the amount of 

calcite in the flotation products also is an important consideration in flotation research. Reducing 

the amount of calcite in the flotation concentrate reduces the consumption of acid in downstream 

leaching and purification stages.  

2.5.1 Mountain Pass, CA Flotation Process 

The flotation process for Bastnäsite at the Mountain Pass mine in California starts with a 

two-step comminution process including crushing and grinding. The ore is ground and classified 

to a P80 of 325 US Mesh (45 µm) before it is introduced to the flotation circuit. The flotation 

circuit, as of 2014, uses elevated temperature fatty acid flotation to recover the Bastnäsite. The 

elevated temperature allowed for a higher level of recovery and separation. A schematic of the 

flotation process is shown in Figure 2.10. [38]  
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Table 2.10 - Literature review on Bastnäsite fundamental studies [38]–[45] 

Author Mineral Source Test IEP 
pH of Max 
recovery/ 

adsorption 
Collector Depressant Frother 

Jordens Bastnäsite 
Madagascar 
Mountain 
Pass, CA  

Microflotation 
Zeta Potential 

6.3 
8.1 

9.0 

Benzohydroxamic Acid 
Phosphoric Acid 

Ester 
Sodium Oleate 

Sodium 
Silicate 

MIBC 
F150 

Pradip 
Furstenau 

Bastnäsite 
Calcite 
Barite 

Mountain 
Pass, CA 

Microflotation 
Zeta Potential 
Bench Scale 
Adsorption 

9.5 9.5 
K-Octyl Hydroxamate 

Fatty Acid (Sodium Oleate) 
Lignin 

Sulfonate 
N/A 

Ren Bastnäsite China 
Bench Scale 

Zeta Potential 
7.8 
8.1 

5 Benzoic Acid 
Potassium 

Alum 
N/A 

Paves Bastnäsite Brazil Microflotation 4.9 9 
K-Octyl Hydroxamate 

Fatty Acid (Sodium Oleate) 
N/A N/A 

Ren Bastnäsite China 

Microflotation 
Zeta Potential 
Bench Scale 
Adsorption 

8.0 
5.9 

8.5 - 9.5 Modified Hydroxamic Acid 
Sodium 
Sulfide 

N/A 

Anderson 
Bastnäsite 
Bastnäsite 

Ore 

Mountain 
Pass, CA 

Microflotation 
Zeta Potential 
Bench Scale 
Adsorption 

8.2 
5.2 

10.4 Hydroxamate 
Lignin 

Sulfonate 
MIBC 

Liu 
Bastnäsite 

Calcite 
Quartz 

Pakistan 
Microflotation 
Zeta Potential 
Contact Angle 

N/A 4 - 7 Lauryl Phosphate N/A N/A 

Everly 
Bastnäsite 

Calcite 
Barite 

Mountain 
Pass, CA 

Microflotation 
Zeta Potential 
Bench Scale 
Adsorption 

3.5 
5.1 
4.9 

8.5 - 9.0 
Salicylhydroxamic Acid 

N-hydroxycylohexanecarboxamide 
N,3-dihydroxy-2-naphthamide 

N/A MIBC 

Owens 
Bastnäsite 

Parisite 
Snow Bird 
Mine, MT 

Zeta Potential 5.6 N/A 
Fatty Acid (Betacol CKF 30B) 

Hydroxamic Acid (AM810) 
N/A N/A 
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Upon entering the flotation circuit, the ore is subjected to four stages of high temperature 

(82°C) conditioning as listed below [38]: 

1. Soda ash (5lbs/ton) is used to adjust the pH to 9. Soda ash can also act 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 further depress present gangue minerals 

4. Fatty acid solution (0.14 lbs/ton) is added as the collector 

After conditioning, the pulp is transferred to the 3 stages (2 tanks/stage) of rougher flotation 

at 40% solids. The tailings from this stage are sent to 2 stages (3 tanks/stage) of rougher scavenger 

flotation. The rougher concentrate is then moved to a cleaner conditioner before going through 4 

stages of cleaner flotation (multiple tanks/stage). This flowsheet produces a concentrate containing 

60-70% REO with recoveries ranging from 60-70%. Therefore, the flowsheet leaves significant 

room for improvement in REO recoveries. 

 

Figure 2.10 - MolyCorp Mountain Pass REO Flotation Flowsheet 2014 [38] 
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2.5.2 Hydroxamate Collectors 

Recently, hydroxamate collectors have been receiving the bulk of the attention for the 

flotation of rare earth minerals, specifically Bastnäsite. This is due primarily due to their supposed 

increased selectivity for rare earths when compared to fatty acid flotation. The increased selectivity 

is due to their ability to preferentially form chelates with rare earth metal ions over the alkaline 

ions in gangue materials. There is a thermodynamic driving force for the adsorption of 

hydroxamates onto rare earths rather than their associated gangue. An example of this driving force 

is shown in Table 2.11 by the relatively larger stability constants for the formation of rare earth 

hydroxamates compared to the formation of calcium hydroxamate.  

Table 2.11 - Stability constants for the formation of metal hydroxamates [46] 

Cation Log K1 Log K2 Log K3 

H+ 9.35 -- -- 

Ca2+ 2.4 -- -- 

Fe2+ 4.8 3.7 -- 

La3+ 5.16 4.17 2.55 

Ce3+ 5.45 4.34 3.0 

Sm3+ 5.96 4.77 3.68 

Gd3+ 6.1 4.76 3.07 

Dy3+ 6.52 5.39 4.04 

Yb3+ 6.61 5.59 4.29 

Al3+ 7.95 7.34 6.18 

Fe3+ 11.42 0.68 7.23 

 
Like fatty acids, the mechanism of hydroxamate adsorption is chemical in nature because 

it adsorbs at a zeta potential where both the hydroxamate species and rare earth mineral are 

negative. The free energy of adsorption also becomes more negative as the temperature increases. 

This is shown in Figure 2.11. The free energy of adsorption of hydroxamate onto Bastnäsite is 
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much more negative than that of both calcite and barite and become more negative as temperature 

increases. 

 

Figure 2.11 - Free energy of adsorption vs temperature of K-Octyl Hydroxamate on Bastnäsite, 
calcite, and barite [47] 

 

A recent paper from Chapleski et al. [48] used a multifaceted approach, including density 

functional theory calculations and advanced spectroscopic methods, to provide molecular-level 

mechanistic insights into the binding of salicylhydroxamic acid (SHA, collector 2) to the surface 

of bastnäsite and calcite. This paper indicates that hydroxamic acid introduces strong interactions 

at metal-atom surface sites.  It also suggests that because of hydrogen bonding, SHA lies flat on 
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the surface of bastnäsite and tends to form a multilayer at higher surface coverages while binding 

perpendicularly to the surface of calcite. It is possible that this difference contributes to the strong 

selectivity of SHA for bastnäsite. 

2.6 Contact Angle 

The idea of wettability was first described by Thomas Young in 1805 [49]. Wetting of a 

solid surface can be quantitatively described from the profile of a liquid droplet and more 

specifically from the tangential angle of the liquid-gas-solid interface. The angle of contact, ϴ 

determined from this image is known as the Young’s angle or static contact angle. This angle is a 

result of the equilibrium between three surface tensions, the liquid surface tension (γLV), the solid 

surface tension (γSV), and the liquid-solid interfacial surface tension (γSL) and is expressed as the 

Young’s equation (Equation 2.2). Figure 2.12 shows a graphic of the components included in 

Young’s equation. 

 𝛾𝑆𝑉 = 𝛾𝐿𝑉 ⋅ 𝑐𝑜𝑠 𝜃 + 𝛾𝑆𝐿 (2.2) 
 

 

Figure 2.12 - Graphic vector representation of parameters in a sessile drop [50] 

 

The measurement of contact angles is a very sensitive measurement. In order to make the 

best possible measurement, the surface of the solid should be polished until smooth and the surface 

and micro syringe should be cleaned from dirt. In most static contact angle measurements, the 
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sessile drop is formed by dispensing the test liquid through a micro syringe onto a horizontal and 

smooth test surface. The name sessile drop comes from the word “sessile” meaning attached 

directly by a broad base [51]. Figure 2.13 shows a schematic for the formation of a sessile droplet 

during a static contact angle measurement. 

 

Figure 2.13 - A schematic of the formation of a sessile drop during static contact angle 
measurements [50] 

 
2.7 Simulation 

Flotation equipment has been designed in many different sizes and configurations with 

flowsheets including varying functions. Flotation equipment can serve as cleaners, scavengers, or 

roughers at various positions in flotation plants. Although flotation is widely used in the mineral 

processing industry, there is a lack of in-depth knowledge of the principles due to the complicated 

nature of three phase flow, the motion of bubbles and particles, and the different surface 

interactions involved in the process. The application of computationally assisted modelling in the 

mineral industry started in the early 1990s [52]. Since then modelling techniques have rapidly 

advanced to provide better understanding into the fluid flows and particle interactions present in 

the froth flotation of minerals. 
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2.7.1 Principles of Flotation 

Much like chemical reactions which involve collisions amongst molecules, froth flotation 

is often described as a first order process relating the rate of flotation to the particle concentration 

[52]. Following this comparison, the rate of particle flotation can be described as shown in 

Equation 2.3, where Np is the number of free particles in the pulp phase and the rate constant, k, 

represents the rate of removal of particles from the pulp.  

 ⅆ𝑁𝑃ⅆ𝑡 = −𝑘𝑁𝑝 (2.3) 

 
It should also be noted that the first-order rate equation is only valid for a batch process 

and does not account for inflows and outflows that would be commonly found in a continuous 

flotation system. Integrating Equation 2.3, the recovery defined as the ratio of the number of 

particles remaining to the number of initial particles can be expressed as: 

 𝑅 = 1 − ⅇ−𝑘𝑡 (2.4) 
   

The problem with this equation when applied to a flotation cell is that the rate constant, k, 

does not stay constant during the process. This can be accounted for by expressing the rate constant 

as a function of physical parameters of the system. The flotation response can be split into two 

primary parts, the ore characteristics and the cell characteristics. Cell characteristics can further be 

broken into two parts, the hydrodynamic characteristic and the froth characteristic. The simulation 

software used in this research, JKSimFloat, uses the following basic form of the flotation mode to 

account for the rate constant: 

 𝑘 = 𝑃 ⋅ 𝑆𝑏 ⋅ 𝑅𝑓 (2.5) 

 

 𝑆𝑏 = 6 × 𝐽𝑔ⅆ𝑏  (2.6) 
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In Equation 2.5, k is the overall first order rate constant, P is the parameter related to ore 

floatability, Sb is the bubble surface area flux (Equation 2.6), Jg is superficial gas velocity cm/s, 

and db is the Sauter mean bubble diameter cm), and Rf is the froth recovery. The froth recovery is 

the efficiency with which particles entering the froth are recovered in the concentrate. JKSimFloat 

utilizes the ore floatability as the primary model input. The froth recovery and bubble surface area 

flux are inherent to different flotation equipment and can be measured. These values can be 

individually set. Using the ore floatability characteristic, JKSimFloat can make probabilistic 

calculations for flotation flowsheets and allows complex systems to be modeled. 
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CHAPTER 3: METHODS AND EQUIPMENT 

3.1 Minerals 

Three pure mineral samples were obtained for contact angle studies. These included 

Calcite, Barite, and Bastnäsite crystals. The Calcite materials were sourced from Ward Scientific 

and were a product of Mexico. The Barite crystals also were sourced from Ward Scientific. The 

pure Bastnäsite crystals originate from Khyber Pass in Pakistan. They were provided to the 

Colorado School of Mines by Oak Ridge National Laboratory. 

3.2 Bastnäsite Ore 

A Bastnäsite ore sample was obtained from Mountain Pass Mine in California. The ore was 

jaw crushed, roll crushed, and then wet ground in a rod mill to produce the proper size for flotation 

experiments. The goal for the grind size of the Bastnäsite ore for flotation was a P80 of 45 µm. This 

matches the grind size used by the Mountain Pass Mine and provides an optimal liberation to 

maximize flotation grade and recovery. 

To properly calibrate the wet rod mill grind time, a grind curve was created. Various grind 

times were selected, and the products were then wet sieved at 325 mesh (44 µm). These sieved 

products were then dried, and their masses were measured to determine the percent passing. Table 

3.1 shows the data used to generate the grind curve shown in Figure 3.1. The selected grind time 

from the grind curve to create a P80 of 45 µm was 110 minutes. 
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Table 3.1 - Bastnäsite ore grind curve data 

Time % Passing 

60 55.68 
90 66.16 

120 89.50 

210 99.35 

 

 

Figure 3.1 - Bastnäsite Ore Grind Time 

 

The method used to analyze the flotation feed grade can be found in the X-ray fluorescence 

section of this chapter. Table 3.2 shows the XRF oxide composition of the ore used in bench and 

locked cycle flotation experiments. 

Table 3.2 - XRF oxide composition of Bastnäsite ore used in flotation experiments 

Mineral Composition (%) 

REO 8.47 

CaO 17.01 

BaO 14.91 
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3.3 Reagents 

The collectors used in this research are described in Table 3.3. The name, structure, and 

molecular weight (g/mole) is shown for the corresponding collector number. Collector 2 is 

commercially available, and Collector 5 was initially synthesized by Oak Ridge National 

Laboratory on a small scale and larger quantities were synthesized by Marshallton Research 

Laboratories. Initial plans for this research also included locked cycle testing for Collector 8 but 

the collector was unable to be synthesized on a scale large enough for use in locked cycle flotation 

testing. Because Collector 8 could not effectively be synthesized on a large scale, it was excluded 

from the locked cycle flotation studies. 

Table 3.3 - Collectors name, respective number, structure, and molecular weight 

# Name Structure 
MW 

(g/mol) 

2 N,2-dihydroxybenzamide 

 

153.14 

5 N-hydroxycylohexanecarboxamide 

 

143.19 

8 N,3-dihydroxy-2-naphthamide 

 

203.20 

 
Table 3.4 shows a list of chemical reagents aside from collectors that were used in this 

research. The type, name, and chemical formula for the reagents are listed.  
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Table 3.4 - Reagent type, Name, and Chemical Formula 

Type Name Chemical Formula 

Frother Aerofroth 70  

pH Modifier Soda Ash Na2CO3 

pH Modifier Hydrochloric Acid HCl 

Ore Bastnäsite (Ce, La)(CO3)F 

Flux Lithium Borates 66.67% Li2B4O7, 32.83% LiBO2, 0.5% LiBr 

 

3.4 Froth Flotation 

Froth flotation using Bastnäsite ore was performed using two Metso Denver D-12 Legacy 

Cells. Figure 3.2 shows an image of the Metso Denver Cell that was used in these flotation 

experiments. The ore was ground to a P80 of 45 µm using the preparation method described in the 

Bastnäsite Ore section of this chapter. The ore was placed into the flotation cells together with 

water at 80°C at volumes and masses appropriate for the respective sizes of cell. The starting slurry 

density for each cell was maintained between 30% and 35%. After the ore was added to a cell, the 

collector was added, and the mixture was conditioned for 10 minutes. During this time, the pH 

was set and maintained using soda ash. Frother (if required) was added to the cell 2 minutes prior 

to the end of the conditioning phase. 
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Figure 3.2 - Metso Denver D-12 Legacy Cell [53] 

The amount of time that froth was drawn from the cell depended on both the collector being 

used as well as the stage of flotation being performed. More detailed information about the process 

used to determine the flotation time can be found in Chapter 4. Table 3.5 shows the conditions 

used for froth flotation for each collector. 
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Table 3.5 - Froth flotation conditions 

 Collector 2 Collector 5 

Collector Concentration .0075M .0025M 

Water Temperature 80° C 80° C 

Slurry pH 8.5 9 

Continuous pH Adjustment Yes 

Flotation Time Various 

 
3.4.1 Locked Cycle Testing 

Figure 3.3 shows the flowsheet that was used for the locked cycle flotation tests. The 

flowsheet consists of a simple rougher, scavenger, cleaner, recleaner layout. Every cycle begins 

with a rougher flotation. Three kilograms of fresh feed are also added to the start of each cycle of 

the locked cycle test. These three kilograms were combined with materials from the cleaner tailings 

and scavenger concentrates. The cleaner concentrates were floated again in the recleaner stage in 

order to further clean the materials and increase the final grade. Recleaner tailings were returned 

to the cleaner stage. The tailings from the from the rougher stage are floated again in the scavenger 

stage to ensure the largest possible recovery of valuable materials. In this manner, the flowsheet 

mimics flowsheets found in industry as closely as possible. 
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Figure 3.3 - Flowsheet used in the locked cycle flotation testing 

3.5 Contact Angle 

The optical tensiometer ThetaLite 101 by Biolin Scientific was used for the contact angle 

studies. The tensiometer featured a FireWire camera capable of recording video and images at a 

frame interval up to 60 fps (frames per second). The instrument featured a monochromatic LED 

based background lighting and a manual dispenser. It was able to measure contact angles ranging 
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from 0 to 180 degrees with an accuracy of +/- 0.1 degrees. Figure 3.4 shows the ThetaLite 101 by 

Biolin Scientific. 

 

Figure 3.4 - ThetaLite 101 by Biolin Scientific [54] 

 

A quartz cell was used to hold the minerals and solutions. A flat sided quartz cell needed 

to be used to reduce the optical effects of the water in other containers. The sessile drop method 

was used for measuring the contact angles of the samples tested. The minerals of interested were 

prepared using the procedure described in the Minerals section above. Three different experiments 

were performed for each mineral tested: a no collector test, a Collector 2 test, and a Collector 5 

test. The conditions for each collector match the conditions that were used in their respective 

flotation tests. 
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3.6 X-Ray Fluorescence 

X-ray fluorescence was used as the primary method for elemental analysis of feed and 

product materials. The XRF machine that was used for this work was the ARL Perform’x 

Sequential XRF by Thermo Scientific. Figure 3.5 shows an image of the ARL Perform’x 

Sequential XRF that was used in the analysis of materials for this project.  

 

Figure 3.5 - ARL Perform'x Sequential XRF by Thermo Scientific [55] 

 

Because the standard analysis routine that was included with the equipment can only 

accurately detect REE up to 1% concentration, a custom calibration curve for analysis was created. 

A method was set up using the XRF software to obtain a multivariable regression fit line based on 

REE standards with known concentrations. The compositions of the elements in the ore were then 



43 
 

fit to each of the relevant regressions and converted from elemental composition to oxide 

composition. 

To reduce the effects of crystal structure on the results of XRF analysis, samples were fused 

into 40mm discs using a Katanax X-300 fusion fluxer. The discs were made using 2% sample and 

98% lithium borate flux by weight. Using fusion to prepare the samples reduced the variability in 

XRF results due to mineralogical effects. Figure 3.6 shows the Katanx X-300 fusion fluxer. 

 

 

Figure 3.6 - Katanax X-300 Fusion Fluxer [56] 

 

3.7 Flotation Circuit Simulation 

This research makes use of JKSimFloat, a general-purpose computer software package 

designed for the simulation of flotation plant operations. This software is produced by JKTech Pty 

Ltd, an independent partner assisting mine sites to achieve production targets through advisory 

services across the minerals value chain. JKTech also produces software that is widely used in the 
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minerals industry such as JKSimMet for comminution and classification circuit modeling, 

JKSimBlast for blasting modeling, and several other computer packages for various needs in the 

minerals industry.  

JKSimFloat utilizes a graphic-based flowsheet building tool to design and validate flotation 

plant and reagent scheme designs. The software also allows for the analysis of batch and flotation 

plant data and can perform mass balances on a size by assay basis. This research utilizes 

JKSimFloat to simulate a scale up of reagent schemes tested through locked-cycle flotation testing. 

More information about the mathematics behind the software can be found in Chapter 2. 
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CHAPTER 4: RECOVERY CURVES 

In order to appropriately complete the locked cycle flotation testing for various collector 

schemes, it is first important to know the proper retention time for each cell to maximize the 

recovery. For this, recovery curves were created for each stage of the locked cycle flotation process 

for each of the collectors of interest. The flotation results for collector 2 and collector 5 used to 

calculate the rougher curves in this chapter can be found in APPENDIX A. 

4.1 Recovery Curves 

Cumulative recovery curves are used to calculate the rate at which the recovery of a given 

material increases within a flotation cell. To calculate a recovery curve, a normal flotation 

experiment is performed. Rather than allowing the froth to continuously be collected into a singular 

container, the froth generated by the flotation cell is recovered in separate containers on a timed 

basis. For the purposes of the recovery curves that were measured in this work, one minute was 

selected as the intervals for which froth would be collected from the flotation cell. Froth was 

recovered into a container for one minute at a time after which a new container was placed at the 

lip of the cell to capture the next minute of froth. The froth was then filtered by pressure filtering 

and assayed for grade and recovery of REE. The recovery versus time for the experiment were 

then plotted to give the recovery curve. This process was repeated for each stage of the locked 

cycle test as well as for each collector tested. 

4.2 Rougher Recovery Curve 

4.2.1 Collector 2 

Figure 4.1 shows the recovery curve for the rougher stage of the locked cycle circuit when 

tested with Collector 2. The recovery of REEs in this stage of flotation begins to slow down 
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dramatically at the three-minute mark. Three minutes was ultimately selected as the flotation time 

for the rougher stage of the locked cycle testing for Collector 2 because this is the point where the 

grade begins to slow down for additional recovery. Figure 4.2 shows the grade-recovery curve for 

the collector 2 rougher test. Table 4.1 shows the cumulative mass, REE grade, and cumulative 

REE recover for the Collector 2 rougher recovery curve. Materials that were not recovered in this 

stage had a second chance to be recovered in the scavenger stage of the flotation cycle.  

 

Figure 4.1 - Recovery curve for Collector 2 rougher stage 

 

Figure 4.2 - Grade-recovery curve for the collector 2 rougher test 
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Table 4.1 - Cumulative mass, REE grade, and cumulative REE recovery for the Collector 2 
rougher recovery curve 

Time (min) 
Cumulative 

Mass (g) 
REE Grade 

(%) 

Cumulative 
REE Recovery 

(%) 

1 342.3 28.34 46.35 

2 478.4 29.13 66.58 

3 501.4 29.78 71.34 

4 510.1 29.95 73.00 

5 518.2 30.06 74.42 

6 524.9 30.20 75.74 

 

4.2.2 Collector 5 

Figure 4.3 shows the recovery curve for the rougher stage of the locked cycle circuit when 

tested with Collector 5. The flotation response for Collector 5 is much slower than that of Collector 

2. Because of this, the flotation time required for the rougher stage of the circuit with Collector 5 

is also longer. Ultimately, a flotation time of 6 minutes was selected for the rougher stage of 

flotation for Collector 5 flotation. This point was selected because it was a point at which the 

flotation process had recovered a significant portion of the available REEs, and the rate was 

beginning to decline drastically. Figure 4.4 shows the grade-recovery curve for the collector 5 

rougher stage. At the six-minute mark, the grade begins to drop off rapidly further confirming that 

this is the optimal operating point. Table 4.2 shows that flotation past 6 minutes, while it did 

improve the stage recovery, began to decrease the grade of the concentrate to below that of the 

feed grade. Materials that were not recovered in this stage had a second chance to be recovered in 

the scavenger stage of the flotation circuit. 
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Figure 4.3 – Recovery curve for collector 5 rougher stage 

 

 

Figure 4.4 - Grade-recovery curve for the collector 5 rougher test 
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Table 4.2 - Cumulative mass, REE grade, and REE cumulative recovery for the Collector 5 
rougher recovery curve 

Time (min) 
Cumulative 

Mass (g) 
REE Grade 

(%) 

REE 
Cumulative 

Recovery (%) 

1 184.3 15.98 15.27 

2 521.9 12.82 37.72 

3 832.0 11.37 56.00 

4 1104.9 9.30 69.17 

5 1298.8 9.27 78.49 

6 1425.8 8.91 84.36 

7 1528.0 8.58 88.90 

8 1611.6 6.76 91.84 

9 1679.0 6.55 94.13 

10 1729.7 5.60 95.60 

 

4.3 Scavenger Recovery Curve 

4.3.1 Collector 2 

Figure 4.5 shows the recovery curve for the scavenger stage of the locked cycle circuit with 

Collector 2. The REE recovery values were very low for this stage of flotation with collector 2 but 

so were the mass values that were pulled from this stage. Table 4.3 shows the cumulative mass, 

REE grade, and REE cumulative recovery for this stage. This table shows that the mass recovered 

by the scavenger stage is very small when compared to the total mass that was fed into the cycle. 

Two minutes was selected as the operating point for this stage in the flotation circuit because after 

this point, the remaining flotation time only accounted for less than three percent of the total REE 

recovery for the system. 
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Figure 4.5 - Recovery curve for Collector 2 scavenger stage 

Table 4.3 - Cumulative mass, REE grade, and REE cumulative recovery for the Collector 2 
scavenger recovery curve 

Time 
(min) 

Cumulative 
Mass (g)  

REE 
Grade 

(%) 

REE 
Cumulative 

Recovery (%) 

1 27.5 23.68 19.80 
2 44.0 25.85 34.57 
3 52.3 26.25 41.74 
4 58.9 25.79 46.18 

5 63.0 25.65 49.12 

6 69.0 25.05 52.54 

 

4.3.2 Collector 5 

Figure 4.6 shows the recovery curve for the scavenger stage of the locked cycle circuit with 

Collector 5. Consistent with the speed of flotation for the rougher stage of the circuit, collector 5 

again shows a slower rate of flotation with a higher recovery. For this stage of flotation an 
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operating time of 4 minutes was selected. After 4 minutes of flotation, the next four minutes of 

flotation recovered less than four percent of the original REE materials. Table 4.4 shows the 

cumulative mass, REE grade, and cumulative REE recovery for the Collector 5 scavenger recover 

curve. 

 

Figure 4.6 - Recovery curve for Collector 5 scavenger stage 
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Table 4.4 - Cumulative mass, REE grade, and cumulative REE recovery for the Collector 5 
scavenger recovery curve 

Time 
Cumulative 

Mass (g) 

REE 
Grade 

(%) 

REE 
Cumulative 

Recovery 
(%) 

1 59.3 11.46 15.42 

2 199.9 7.44 39.18 

3 362.0 5.98 61.17 

4 509.0 4.43 75.94 

5 602.6 2.98 82.26 

6 692.3 2.55 87.45 

7 763.9 1.93 90.60 

8 825.5 1.79 93.10 

 

4.4 Cleaner Recovery Curve 

4.4.1 Collector 2 

Figure 4.7 shows the recovery curve for the scavenger stage of the locked cycle circuit with 

Collector 2. Table 4.5 shows the cumulative mass, REE grade, and cumulative REE recovery for 

the Collector 2 recovery curve. For this stage of the flotation circuit a flotation time of six minutes 

was selected. After six minutes of flotation time, the recovery of REEs did not further increase 

significantly. Because this is a cleaner stage, it was more important to achieve a high separation 

and upgrade ratio than to have the highest possible recovery. Flotation past the six-minute mark 

began to show signs of floating gangue materials leading to a decreased grade for the stage. 

Materials that were not floated in this stage were returned to the rougher stage of flotation to ensure 

they were not lost. 
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Figure 4.7 - Recovery curve for Collector 2 cleaner stage 

 

Table 4.5 - Cumulative mass, REE grade, and cumulative REE recovery for Collector 2 cleaner 
recovery curve 

Time 
(min) 

Cumulative 
Mass (g) 

REE 
Grade 

(%) 

REE 
Cumulative 

Recovery 
(%) 

1 93.7 46.37 23.36 
2 195.1 43.33 45.46 
3 231.8 43.62 54.37 
4 257.6 43.86 60.75 
5 286.8 44.20 68.16 
6 297.2 44.26 70.73 

 
 
4.4.2 Collector 5 

Figure 4.8 shows the recovery curve for the cleaner stage of the locked cycle flotation 

circuit with collector 5. The operating point for the Collector 5 cleaner was decided as six minutes. 

At six minutes into the flotation period, the recovery of the cell has nearly reached its maximum. 
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Additional flotation after this point would have decreased the grade of the final product leaving 

the cleaner. Table 4.6 shows the cumulative mass, REE grade, and cumulative REE recovery for 

the Collector 5 cleaner recovery curve. It is shown that as the flotation time increased, the grade 

of the concentrate continued to decline. This indicates that the flotation cell is beginning to recover 

gangue materials. Because this is a cleaner cell, maximizing grade is the primary goal. 

 

Figure 4.8 - Recovery curve for Collector 5 cleaner stage 

 

Table 4.6 - Cumulative mass, REE grade, and cumulative REE recovery for Collector 5 cleaner 
recovery curve 

Time 
(min) 

Cumulative 
Mass (g) 

REE 
Grade 

(%) 

REE 
Cumulative 
Recovery 

(%) 

1 60.6 20.26 8.26 
2 262.6 17.95 32.66 

3 464.4 16.31 54.81 
4 552.0 14.25 63.22 
5 614.0 14.32 69.19 
6 647.4 14.28 72.40 

7 658.5 13.03 73.37 

8 672.8 12.87 74.61 

 
 

0

20

40

60

80

1 2 3 4 5 6 7 8

R
ec

ov
er

y 
(%

)

Time (min)

Recovery Curve Collector 5 Cleaner



55 
 

4.5 Recleaner Recovery Curve 

4.5.1 Collector 2 

The selected flotation time for this stage was selected to be three minutes. This flotation 

time allowed for the grade to be increased as much as possible. Because this was the final stage 

for the flotation setup, the primary goal was to increase the grade as much as possible. All the 

materials which were not floated during this stage of the flotation process were returned to the 

cleaner stage of the flotation process.  

4.5.2 Collector 5 

Figure 4.9 shows the recovery curve for the recleaner stage of the locked cycle flotation 

circuit with Collector 5. This stage reports very little recovery. This is primarily because there was 

no additional collector added to the flotation cell during conditioning. The material in this cell 

already has been treated by several collector conditioning stages before this point. Table 4.7 shows 

the cumulative mass, REE grade, and cumulative recovery for the Collector 5 recleaner recovery 

curve. Based on the mass pull and the decreased rate of recovery, a flotation time of 6 minutes was 

selected for this stage. At this point the recovery for the cell was maximized with minimal 

degradation of the overall grade. Materials that were not recovered in this stage of flotation were 

returned to the cleaner to ensure they had a chance to be floated. 
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Figure 4.9 - Recovery curve for Collector 5 recleaner stage 

  

Table 4.7 – Cumulative mass, REE grade, and cumulative REE recovery for Collector 5 
recleaner recovery curve 

Time 
(min) 

Cumulative 
Mass (g) 

REE 
Grade (%) 

REE 
Cumulative 

Recovery (%) 

1 19.2 17.69 4.02 

2 50.2 17.34 10.39 

3 58.7 13.72 11.78 

4 63.7 14.26 12.62 

5 66.9 13.93 13.15 

6 69.4 14.08 13.57 
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CHAPTER 5: LOCKED CYCLE TESTING 

Locked cycle testing is an experimental simulation of a continuous flotation circuit that 

utilizes repetitive batch tests in a cyclical manner. More information regarding the methods for 

calculation and information regarding the locked cycle test itself can be found in Chapter 2. 

Information about the reagents used and flotation conditions for each collector can be found in 

Chapter 3. The time for each stage of flotation was determined through the application of recovery 

curves. More information about this process can be found in Chapter 4. 

The acronyms used in the naming of the flotation products are described below: 

• RCFC: Recleaner flotation concentrate 

• SFT: Scavenger flotation tailing 

• CFT: Cleaner flotation tailing 

• SFC: Scavenger flotation concentrate 

• RCFT: Recleaner flotation tailing 

5.1 Locked Cycle Testing Conditions 

The conditions used for each stage of the locked cycle flotation tests for Collector 2 and 

Collector 5 are summarized again in Table 5.1, Table 5.2, Table 5.3, and Table 5.4. 
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Table 5.1 - Locked cycle testing rougher stage conditions 

  Collector 2 Collector 5 

Ore Mass 3000 grams 

Collector Concentration 0.0075M .0025M 

Water Volume 7 Liters 

Water Temperature 80°C 80°C 

pH Modifier Soda Ash 

Slurry pH 8.5 9 

Continuous pH Adjustment Yes 

Flotation Time 3 min 6 min 

Conditioning Time 10 Min 

Frother Addition 2 drops 0 drops 

Impeller RPM 900 RPM 

 

Table 5.2 - Locked cycle testing scavenger stage conditions 

  Collector 2 Collector 5 

Collector Concentration N/A .00125M 

Water Volume N/A 

Water Temperature 80°C 80°C 

pH Modifier Soda Ash 

Slurry pH 8.5 9 

Continuous pH Adjustment Yes 

Flotation Time 2 min 4 min 

Conditioning Time 10 Min 

Frother Addition 1 drop 0 drops 

Impeller RPM 900 RPM 
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Table 5.3 - Locked cycle testing cleaner stage conditions 

  Collector 2 Collector 5 

Collector Concentration N/A .0025M 

Water Volume 3 Liters 

Water Temperature 80°C 80°C 

pH Modifier Soda Ash 

Slurry pH 8.5 9 

Continuous pH Adjustment Yes 

Flotation Time 6 min 6 min 

Conditioning Time 10 Min 

Frother Addition 0 drops 

Impeller RPM 1400 RPM 

 

Table 5.4 - Locked cycle testing recleaner stage conditions 

  Collector 2 Collector 5 

Collector Concentration 0.0075M N/A 

Water Volume 1.5 Liters 

Water Temperature 80°C 80°C 

pH Modifier Soda Ash 

Slurry pH 8.5 9 

Continuous pH Adjustment Yes 

Flotation Time 3 min 6 min 

Conditioning Time 10 Min 

Frother Addition 1 drop 

Impeller RPM 1000 RPM 
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5.2 Collector 2 

The locked cycle flotation of collector 2 was performed through the course of 6 cycles. 

Each cycle was fed with 3000 grams of freshly ground Bastnäsite ore. The flowsheet for this locked 

cycle flotation test can be found in Chapter 2. It included a simple rougher, scavenger, cleaner, 

recleaner layout. The test, referred to as LCT-C, returned a REO grade between 58.5% and 66.9% 

and a recovery between 42.8% and 74.7%. The ranges for grade and recovery occur because of the 

different calculations methods for locked cycle test results. More information about the methods 

for results calculations can be found in Chapter 2.  

5.2.1 Mass Conservation 

The locked cycle test for collector 2 was performed in 6 cycles. Figure 5.1 shows the mass 

stability for each of those cycles. The blue line shows the mass conservation for the material for 

each cycle. This is calculated by drying and weighing the materials that enter and exit the system 

during each cycle. The ratio of the materials leaving the system for that cycle determine the mass 

conservation. A similar calculation was performed for the rare earth fraction that enters and leaves 

the system as well. That information is shown in the orange line. Table 5.5 shows the values that 

were used to make Figure 5.1. 

Table 5.5 - Per cycle mass and REE conservation for collector 2 locked cycle test 

Cycle Mass (g) Mass % REO % 

1 2233.3 74.7 45.1 
2 2865.1 95.9 63.3 
3 2748.8 92.0 61.2 
4 2983.5 99.8 68.1 
5 2823.7 94.5 71.5 
6 2931.8 98.1 71.5 

Total 16586.2     
Avg 3-6   96.1 68.1 
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Figure 5.1 - Mass stability for the locked cycle test of collector 2 

Both the mass conservation and the REO conservation for the locked cycle test come to a 

consistent value by the end of six cycles. The mass conservation remains consistent at near 100% 

of the material being put into the system exiting through the concentrate and tailings. The REE 

mass conservation maxes out at approximately 70%. This means that 70% of the REE that enter 

the system per cycle exit the cycle through the tailings and concentrate. A possible explanation for 

this is that the REE content is not being recovered and is being ‘lost’ to the middlings. In a locked 

cycle test, the middlings are not included in the per cycle calculations. The middlings are 

consistently passed to the next appropriate spot in the flowsheet. The final middlings are analyzed 

at the end of the final cycle and contain the additional REE materials that were ‘lost’ in previous 

cycles. 

5.2.2 Results 

Table 5.6 shows the per cycle results for the recleaner flotation concentrate, scavenger 
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calculated as the weighted average of all the individual grades. The middlings include the cleaner 

flotation tailings, scavenger flotation concentrate, and recleaner flotation tailings. All the 

middlings are weighed and assayed after the final cycle, in this case cycle 6. A full breakdown of 

the data including grades for REEs, calcium, and barium can be found in APPENDIX B. 

Table 5.6 - Per cycle results for the collector 2 locked cycle flotation test 

Cycle Mass (g) Mass % REO % REO Dist. 

RCFC 1 176.4 1.0 52.8 6.4 

RCFC 2 208.9 1.2 53.6 7.7 

RCFC 3 170.7 1.0 58.7 6.9 

RCFC 4 188.9 1.1 56.6 7.4 

RCFC 5 209.9 1.2 57.4 8.3 

RCFC 6 185.0 1.0 61.7 7.9 

SFT 1 2056.9 11.5 1.2 1.7 

SFT 2 2656.2 14.9 2.0 3.6 

SFT 3 2578.1 14.5 2.3 4.1 

SFT 4 2794.6 15.7 2.5 4.8 

SFT 5 2613.8 14.7 2.5 4.5 

SFT 6 2746.8 15.4 2.6 5.0 

CFT 6 868.9 4.9 33.9 20.3 

SFC 6 110.3 0.6 33.6 2.6 

RCFT 6 254.3 1.4 50.1 8.8 

Total 17819.7 100.0 8.1 100.0 

 

Figure 5.2 shows a grade comparison for REEs between the RCFC and the SFT over the 

course of the 6 cycles that were performed in the LCT for collector 2. The figure shows that the 

grade of the REE in the concentrates continues to rise over the course of the 6 cycles. The grade 

of the tailings also rises during the same period, but this can be expected as the recycling load of 
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REE increases. A breakdown of comparisons for each of the four primary REEs that make up the 

bastnäsite floated in this work can be found in the 0. 

 

Figure 5.2 - REE grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 2 locked cycle flotation 

 

Figure 5.3 shows the grade comparison for calcium between the RCFC and the SFT over 

the course of the six cycles that were performed in the LCT for collector 2. The figure shows that 

the grade of calcium recovered in the RCFC is steady throughout the course of the flotation test. 

As the grade of the REE in the RCFC is increasing, there was not a large increase in the calcium 

grade indicating that the concentrate recovered from the RCFC was becoming more concentrated 

in REE and therefore there was a high level of calcite rejection in the test. Calcite rejection through 

flotation allows for lower acid consumption in the downstream processing. 
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Figure 5.3 - Calcium grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 2 locked cycle flotation 

 

Table 5.7 shows the results for the locked cycle test when calculated using the N-Product 

formula method. More about this method of locked cycle test result calculation can be found in 

Chapter 2. Using the N-Product method for calculating results returns a REO grade of 58.5% and 

a recovery of 74.7%. 

Table 5.7 - N-Product method of calculating locked cycle testing results for collector 2 

N-Product Method 

  Mass (g) Mass % REO % Recovery 

Feed 2970.0 100.0 8.7 100.0 
REE Con 329.4 11.1 58.5 74.7 
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Table 5.8 - SME Procedure method of calculating locked cycle testing results for collector 2 

SME Procedure 

  Mass (g) Mass % REO % Recovery 

Feed 2872.0 100.0 6.2 100.0 
REE Con 188.6 6.6 58.5 62.4 

Tails 2683.3 93.4 2.5 37.6 

 

Table 5.8 shows the results for the locked cycle test when calculated using the SME 

Procedure (see Chapter 2). Using the SME Procedure to calculate the results returned a REO grade 

58.5% and a recovery of 62.4%. 

 Table 5.9 shows the calculation using the Concentrate Production Method and Table 5.10 

shows the calculation using the Tailings Production Method. The tailings production method is 

simply the inverse of the concentrate production method where the mass of the concentrate is 

calculated by subtracting the mass of the tailings from the mass of the feed. These two methods of 

calculation show the largest differences in grade and recovery when compared to the other 

calculation methods. The concentrate production method returns a recovery of 42.8% and the 

tailings production method returns 74.3%. The grade is more similar between the two methods 

with the concentrate production method returning a grade of 58.5% and the tailings production 

method returning a grade of 66.9%. 

Table 5.9 - Concentrate production method of calculating locked cycle testing results for 
collector 2 

Concentrate Production 

  Mass (g) Mass % REO % Recovery 

Feed 2970.0 100.0 8.7 100.0 
REE Con 188.6 6.4 58.5 42.8 

Tails 2781.3 93.6 5.3 57.2 
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Table 5.10 - Tailing production method of calculating locked cycle testing results for collector 2 

Tailing Production 

  Mass (g) Mass % REO % Recovery 

Feed 2970.0 100.0 8.7 100.0 
REE Con 286.6 9.7 66.9 74.3 

Tails 2683.3 90.3 2.5 25.7 

 
Figure 5.4 shows the points from the four methods of calculation plotted recovery versus 

grade. These four points can be used to determine the probable outcome if this reagent scheme and 

flowsheet were to be applied to a full-scale flotation plant. The variability in the points on this 

figure occur because this test did not include a regrind circuit to recovery middlings. The middlings 

materials account for 31.7% of the total rare earth oxides that entered flotation but only account 

for 6.9% of the total mass of the test. Additional work regarding the inclusion of a regrind circuit 

is recommended. 

 

 

Figure 5.4 - Recovery vs grade for the locked cycle test of collector 2 
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5.3 Collector 5 

The locked cycle flotation of collector 5 w0as performed through the course of 6 cycles. 

Each cycle was fed with 3000 grams of freshly ground Bastnäsite ore. The flowsheet for this locked 

cycle flotation test can be found in Chapter 2. It included a simple rougher, scavenger, cleaner, 

recleaner layout. The test, referred to as LCT C5, returned a REO grade between 13.2% and 13.8% 

and a recovery between 26.6% and 41.3%. The ranges for grade and recovery occur because of the 

different calculations methods for locked cycle test results. More information about the methods 

for results calculations can be found in Chapter 2. 

5.3.1 Mass Conservation 

The locked cycle test for collector 5 was performed in 6 cycles. Figure 5.5 shows the mass 

conservation for each one of those cycles and Table 5.11 shows the data that was used to create 

that figure. The blue line shows the mass conservation for material in each cycle. The orange line 

represents the conservation of rare earth oxides for each cycle. These data points are calculated by 

weighing and assaying the materials that enter and exit during each cycle of the test. A ratio of the 

mass of materials entering and leaving the system determines the mass stability for that cycle. The 

same can be repeated for the calculation of REO that enter and leave the cycle.  

Table 5.11 - Per cycle mass and REE conservation for the collector 5 locked cycle test 

Cycle Mass (g) Mass % REO % 

1 1285.0 43.0 15.3 
2 2239.6 74.9 57.3 
3 2819.7 94.3 96.3 
4 2638.4 88.3 68.8 
5 2861.4 95.8 94.7 
6 2762.3 92.4 85.8 

Total 14606.4     
Avg 3-6   92.7 86.4 
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Figure 5.5 - Mass stability for locked cycle test with collector 5 

Both material conservation and REO conservation are relatively stable by the end of 6 six 

cycles. The material conservation fluctuates between 90% and 100%. The REO conservation is 

more variable in the final cycles but still averages 80% for the final 4 cycles. The remaining 20% 

of REO materials may be reporting to the middlings. Middlings are not calculated between 

individual cycles of a locked cycle test. It is possible that a portion of the materials from each cycle 

reports to the middlings. 

5.3.2 Results 

Table 5.12 shows the per cycle results for the scavenger tailings, recleaner concentrates 

and the middlings recovered and assayed at the end of the locked cycle test. The total in the REO 

column was calculated as the weighted average of all the individual grades. The middlings include 

the cleaner tailings, scavenger concentrates, and recleaner tailings. A full breakdown of the data 

including grades for REEs, calcium, and barium can be found in APPENDIX B. 
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Table 5.12 - Per cycle results for collector 5 locked cycle test 

Cycle Mass (g) Mass % REO % REO Dist. 

RCFC 1 63.6 0.4 20.9 0.9 

RCFC 2 223.4 1.3 14.8 2.3 

RCFC 3 426.9 2.4 13.1 3.9 

RCFC 4 253.6 1.4 13.8 2.4 

RCFC 5 527.2 3.0 14.2 5.2 

RCFC 6 691.0 3.9 12.4 5.9 

SFT 1 1221.4 6.8 1.9 1.6 

SFT 2 2016.2 11.3 5.1 7.1 

SFT 3 2392.8 13.4 7.2 12.0 

SFT 4 2384.8 13.4 5.4 8.9 

SFT 5 2334.2 13.1 6.4 10.4 

SFT 6 2071.3 11.6 5.7 8.2 

CFT 6 1525.7 8.5 13.1 13.8 

SFC 6 1069.2 6.0 15.2 11.3 

RCFT 6 656.2 3.7 13.5 6.1 

Total 17857.5 100.0 8.1 100.0 

 

Figure 5.6 shows a grade comparison for REEs between the RCFC and the SFT over the 

course of the 6 cycles that were performed in the LCT for collector 5. The grade of REEs from the 

RCFC and SFT move in inverse directions throughout the LCT. After the first several cycles, the 

grade becomes stable for both the RCFC and SFT. The figure shows that as the grade of REEs in 

the RCFC decreases, the grade in the SFT increases. As materials are not being recovered in the 

concentrate, they are instead reporting to the tailings. A breakdown of comparisons for each of the 

four primary REEs that make up the bastnäsite floated in this work can be found in the 0. 
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Figure 5.6 - REE grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 5 locked cycle flotation 

 

Figure 5.7 shows a grade comparison for calcium between the RCFC and the SFT over the 

course of the 6 cycles that were performed in the LCT for collector 5. Both the grade of calcium 

in the RCFC and SFT were stable throughout the course of the LCT. The grade is also nearly the 

same between the two stages of flotation indicating that the collector is not selective against calcite. 
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Figure 5.7 - Calcium grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 5 locked cycle flotation 

 

Table 5.13 shows the results for the test when calculated using the N-Product method (see 

Chapter 2). Using the N-Product method for calculating results returned a REO grade of 13.2% 

and a recovery of 41.3%. 

Table 5.13 - N-product method for the calculation of collector 5 locked cycle testing results 

N-Product Method 

  Mass (g) Mass % REO % Recovery 

Feed 2976.3 100.0 7.9 100.0 
REE Con 737.3 24.8 13.2 41.3 

Tails 2239.0 75.2 6.2 58.7 

 

Table 5.14 - SME Procedure for the calculation of collector 5 locked cycle testing results 

SME Procedure 

  Mass (g) Mass % REO % Recovery 

Feed 2770.5 100.0 7.4 100.0 

REE Con 474.7 17.1 13.2 30.7 

Tails 2295.8 82.9 6.2 69.3 
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Table 5.14 shows the results when the SME Procedure (Chapter 2) is applied to the 

calculation of the results for the locked cycle test of collector 5. The SME Procedure returns a 

REO grade of 13.2% and a recovery of 30.7%. 

Table 5.15 shows the results calculated using the concentrate production method and Table 

5.16 shows the results calculated using the tailings production method. As mentioned in Chapter 

2, the tailings production method is essentially the same as the concentrated production method 

but inverted, using the tailings rather than the concentrates as the basis. These two methods 

produce similar grades but a wide range of recovery values. The concentrate method gives a REO 

grade of 13.2% while the tailings method gives a REO grade of 13.8%. The recovery values vary 

more widely with the concentrate method returning a 26.6% recovery and the tailings method 

returning a recovery of 39.8%. 

Table 5.15 - Concentrate production method for the calculation of collector 5 locked cycle 
testing results 

Concentrate Production 

  Mass (g) Mass % REO % Recovery 

Feed 2976.3 100.0 7.9 100.0 
REE Con 474.7 15.9 13.2 26.6 

Tails 2501.6 84.1 6.9 73.4 

 

Table 5.16 - Tailing production method for the calculation of collector 5 locked cycle testing 
results 

Tailing Production 

  Mass (g) Mass % REO % Recovery 

Feed 2976.3 100.0 7.9 100.0 

REE Con 680.5 22.9 13.8 39.8 

Tails 2295.8 77.1 6.2 60.2 
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Figure 5.8 shows the grades and recoveries from the four methods of calculations plotted 

as grade vs recovery. These four points can be used to determine the probable outcome if this 

reagent scheme and flowsheet were to be applied to a full-scale flotation plant. The variability in 

the points on this figure occur because this test did not include a regrind circuit to recovery 

middlings. The middlings materials account for 31.2% of the total rare earth oxides that entered 

flotation but only account for 18.2% of the total mass of the test. Additional work regarding the 

inclusion of a regrind circuit is recommended. 

 

 

Figure 5.8 - Recovery vs grade for the locked cycle test of collector 5 
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CHAPTER 6: JKSIMFLOAT 

JKSimFloat is a flotation modelling software developed by JKTech. JKTech is aligned 

with the University of Queensland’s Sustainable Minerals Institute (SMI) which includes the Julius 

Kruttschnitt Mineral Research Centre (JKMRC) and the WH Bryan Mining and Geology Research 

Center (BRC). JKSimFloat is a general-purpose computer software package for the simulation of 

flotation plant operations. It was used in this work to validate the results gathered in locked cycle 

testing experiments.  

6.1 Flowsheet 

The flowsheet that was modeled in JKSimFloat was designed to match the flowsheet used 

in the locked cycle testing as closely as possible. It featured a rougher, scavenger, cleaner, and 

recleaner like what was used in the locked cycle tests. The flowsheet is shown in Figure 6.1. 

 

Figure 6.1 - JKSimFloat flotation circuit flowsheet 
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This flowsheet is a simplified version of a flowsheet which may be found in a flotation 

plant. Designing the flowsheet in this way allows the results from JKSimFloat to replicate the test 

work that was performed through locked cycle testing. The cleaner feed sump was included as a 

point in which to reset the slurry density before the cleaner phase. This also closely matches what 

was performed in the locked cycle testing circuit. In locked cycle tests, the tailings from the 

rougher were directly treated in the scavenger. Materials traveling to the cleaner stage of flotation 

are reconditioned with fresh water before being floated. The cleaner feed sump included in this 

flowsheet performs the same function.  

6.2 Ore Floatability 

The first step in beginning to model the flotation flowsheet in JKSimFloat is to determine 

the floatability of the ore. The floatability is the primary factor used within JKSimFloat for the 

calculation of flotation results. More information about the way that JKSimFloat calculates and 

models the results from flotation experiments can be found in Chapter 2. 

The floatability of the minerals of interest are different for each collector tested and 

therefore must be calculated separately for each collector that is simulated. Calculating the 

floatability requires recovery and time data for each stage of flotation. This data is available 

through the recovery curves that were performed for each collector and each stage of flotation. 

Figures and data from the recovery curves can be found in Chapter 4. 

Floatability distribution is the second component of floatability that is required to 

successfully simulate the flotation flowsheet in JKSimFloat. The floatability distribution is used 

to tell the software what percentage of each material falls in the fast or non-floating floatability 

category. To calculate the floatability distribution, the maximum recovery of materials from locked 

cycle testing were used as the proportion of materials that fall into the fast-floating section.  



76 
 

6.2.1 Rate Constant Calculations 

Floatability is a function of the flotation time and recovery of the flotation cell. The rate 

constant was calculated from first order kinetics derived from Equation 6.1. This equation can be 

integrated to calculate the recovery based on the rate constant and time floated. This equation is 

represented in Equation 6.2. After rearranging Equation 6.2, Equation 6.3 was used to calculate 

the rate constant. This rate constant is then used together with the bubble surface area flux to 

calculate the ore floatability. The floatability is calculated for Calcite, Barite, and Bastnäsite for 

collector 2 and collector 5, respectively. 

 ⅆ𝑁𝑃ⅆ𝑡 = −𝑘𝑁𝑝 (6.1) 

 
 𝑅 = 1 − ⅇ−𝑘𝑡 (6.2) 

 
 𝑘 =  − ln(1 − 𝑅)𝑡  (6.3) 

 
6.3 Conditions and Assumptions 

Several assumptions were made for the sake of simplifying the simulation as well as 

creating a flowsheet that will more closely match the flowsheet used in locked cycle testing work. 

The first assumption that was made is that the materials and water in the flotation cells have already 

been adjusted to the appropriate conditions. This assumption is made because the floatability of 

the material is directly related to the reagents and conditions applied during the testing. JKSimFloat 

also does not simulate the rate of collector attachment in its models. The material used is also 

assumed to fall into one of two floatability categories, fast floating and non-floating. 

A second assumption that was made when designing the model was that each part of the 

flotation process will only include one stage. For example, the Mountain Pass flowsheet (Chapter 

2) includes multiple stages of rougher flotation. For simplicity, and to closely match the flotation 



77 
 

flowsheet used in locked cycle flotation, only one stage was used in each step of the flotation 

process.  

The flowsheet designed for the modelling with JKSimFloat assumes 100 tph. Assuming 

the flotation plant operates for 20 hours per day, this would be approximately in line with the 

current operations at Mountain Pass which mine approximately 1800 tonnes of ore per day. 

Assuming 2000 tonnes per day of processing also allows the data from JKSimFloat to be used in 

the economic models which also assume 2000 tonnes of ore per day are processed through the 

plant.  

Finally, it is assumed that the floatability values are inherent to the ore that is being floated 

and therefore will not change throughout the course of the flowsheet. The floatability value will 

be different depending on the collector that is used and is calculated separately for each element 

and collector. 

6.4 Collector 2 Simulation 

6.4.1 Collector 2 Floatability and Floatability Distribution 

The graphs for the floatability of barite, calcite, and REE with collector 2 are shown in 

Figure 6.2, Figure 6.3, and Figure 6.4, respectively. The rate constant changes through the course 

of the flotation period because there is less material available to be floated as the concentration of 

materials in the cell decreases. As the flotation continues, the rate constant becomes more stable. 

For the calculation of floatability, the rate constant for the final 3 minutes of flotation was 

averaged. Table 6.1 shows the rate constant and floatability for the three primary minerals for 

collector 2. 
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Table 6.1 – Rate constant and floatability of REE, calcite, and barite for collector 2 

Element 
Rate Constant k 

(1/min) 
Floatability 

REE 0.27869 0.00697 

Calcite 0.03018 0.00075 

Barite 0.01282 0.00032 

 
 

 

Figure 6.2 - Collector 2 Barite rate constant 
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Figure 6.3 - Collector 2 Calcite rate constant 

 

Figure 6.4 - Collector 2 REE rate constant 

 

Table 6.2 shows the floatability distribution for barite, calcite, and REE for collector 2. 

Table 6.2 - Floatability distribution for REE, calcite, and barite with collector 2 

Floatability 
% of floatability in mineral size class All Mineral 

Classes REE Calcite Barite 

Fast 75.74 13.8 6.11 20.72 
Non-floating 24.26 86.2 93.89 79.28 
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6.4.2 Collector 2 JKSimFloat Simulation 

Figure 6.5 shows the flowsheet that was employed for the simulation as well as the grades 

and recoveries for REE, calcite, and barite for the key streams in the flotation circuit. This was 

simulated using the floatability values and floatability distributions that are shown in the section 

above. A summary of the results from this flotation simulation is shown in Table 6.3. These results 

show an increased grade over that of the locked cycle testing while showing less recovery. 

Table 6.3 - JKSimFloat flotation results for collector 2 

REO Grade % REO Recovery % 

71.847 56.799 

 

 

Figure 6.5 - Collector 2 JKSimFloat flowsheet with results 
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6.5 Collector 5 Simulation 

6.5.1 Collector 5 Floatability Calculation 

The graphs for the floatability of barite, calcite, and REE with collector 2 are shown in 

Figure 6.6, Figure 6.7, and Figure 6.8, respectively. The average rate constant for the last 5 minutes 

of flotation were used to calculate the rate constant for that element. Rate constants and floatability 

values for the elements of interest in collector 5 are listed in Table 6.4. 

Table 6.4 - Rate constant and floatability of REE, calcite, and barite for collector 5 

Element 
Rate Constant, k 

(1/min) 
Floatability 

REE 0.31185 0.00780 
Calcite 0.11907 0.00298 

Barite 0.08143 0.00204 

 

 

 

Figure 6.6 - Collector 5 barite rate constant 
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Figure 6.7 - Collector 5 calcite rate constant 

 

Figure 6.8 - Collector 5 REE rate constant 
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Table 6.5 shows the floatability distribution for barite, calcite, and REE for collector 5. 

Table 6.5 - Floatability distribution for REE, calcite, and barite with collector 5 

Floatability 
% of floatability in mineral size class All Mineral 

Classes REE Calcite Barite 

Fast 95.60 66.13 51.48 67.09 
Non-floating 4.40 33.87 48.52 32.91 

 
 
6.5.2 Collector 5 JKSimFloat Simulation 

Figure 6.9 shows the flowsheet that was employed for the simulation as well as the grades 

and recoveries for REE, calcite, and barite for the key streams in the flotation circuit. This was 

simulated using the floatability values and floatability distributions that are shown in the section 

above. A summary of the results from this flotation simulation is shown in Table 6.6. The 

JKSimFloat simulation returned nearly double the grade and triple the recovery that was recorded 

in locked cycle flotation. 

Table 6.6 - JKSimFloat flotation results for collector 5 

REO Grade % REO Recovery % 

33.672 71.674 
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Figure 6.9 – Collector 5 JKSimFloat flowsheet with results 

 

6.6 Discussion of Results  

The results presented in this chapter correlate to the results presented in the chapter on 

locked cycle flotation. The results from simulation should be taken as an estimate of the potential 

for flotation under the given conditions and flowsheet. Results from the simulation were higher in 

grade for both collectors than the results from locked cycle flotation. This could be caused by the 

nature of the simulation program. The program does not consider the interactions between particles 

among many other physical parameters that are a part of the flotation process. JKSimFloat provides 

a statistical representation of the flotation process and the quality of the data is dependent on the 

quality of the input information.  
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CHAPTER 7: AMICS MINERALOGY 

AMICS (Advanced Mineral Identification and Characterization System) software is an 

automated mineral classification and identification software package that can be used to determine 

prevalent mineral phases as well as liberation of valuable minerals from their respective gangue 

materials. Performing mineralogy on the products from locked cycle flotation testing provides 

additional information about the performance of a collector relative to the available liberation. 

AMICS Analysis was performed by Dr. Paul Miranda at Eagle Engineering. 

7.1 Data Correlation 

To determine the viability of the data from the AMICS software, the elemental results from 

AMICS were correlated against the elemental results from XRF analysis performed at the 

Colorado School of Mines. Table 7.1, Table 7.2, and Table 7.3 show the correlation between REE 

Minerals, calcium, and barium for the ore, collector 2 locked cycle test, and collector 5 locked 

cycle test, respectively. The data for correlation between CSM data and AMICS data for individual 

REEs can be found in APPENDIX D. 

Table 7.1 - Correlation between CSM XRF elemental results and AMICS elemental results for 
the ore used in flotation 

  REE Minerals (%) Calcium (%) Barium (%) 

Sample CSM AMICS CSM AMICS CSM AMICS 

Ore 7.36 8.31 12.09 14.47 13.36 14.5 
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Table 7.2 - Correlation between CSM XRF elemental analysis and AMICS elemental results for 
collector 2 locked cycle flotation products 

  REE Minerals (%) Calcium (%) Barium (%) 

Sample CSM AMICS CSM AMICS CSM AMICS 

SFT 6 2.87 3.23 11.29 16.46 14.7 15.02 

RCFC 6 53.27 55.47 2.67 2.84 1.74 1.88 

CFT 6 29.98 29.72 9.88 11.39 6.21 5.42 

SFC 6 28.68 29.13 10.65 12.59 3.53 3.5 

RCFT 6 37.47 37.05 5.43 5.46 3.31 3.41 

 

Table 7.3 - Correlation between CSM XRF elemental results and AMICS elemental results for 
collector 5 locked cycle flotation products 

  REE Minerals (%) Calcium (%) Barium (%) 

Sample CSM AMICS CSM AMICS CSM AMICS 

SFT 6 4.66 4.88 10.95 14.84 12.97 13.34 

RCFC 6 10.46 10.4 13.91 16.99 11.6 9.53 

CFT 6 10.79 11.17 13.22 15.41 11.31 10.49 

SFC 6 12.74 12.64 12.55 13.04 12.75 12.79 

RCFT 6 11.44 11.64 13.3 15.46 11.28 9.48 

 
Figures for the correlation between the elemental results from CSM and the results from 

AMICS were created using the data shown in the tables above. These figures were created and a 

linear trendline was drawn to see the level of correlation between the three sets of interest. Figure 
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7.1, Figure 7.2, and Figure 7.3 show the graphed correlation between CSM and AMICS results for 

REE, calcium, and barium, respectively. 

 

Figure 7.1 - Data correlation between CSM XRF results and AMICS results for REE minerals 
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Figure 7.2 - Data correlation between CSM XRF results and AMICS results for calcium 

 

 

Figure 7.3 - Data correlation between CSM XRF results and AMICS results for barium 
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The figures above show R2 values for the correlation between the data from the AMICS 

analysis and the CSM XRF analysis for REE minerals, calcium, and barium. The correlation for 

REE Minerals returned the highest value out of the three elements at 0.9984. This means that there 

is a very high level of correlation between the XRF data and the AMICS data. A high level of 

correlation means that the data from the AMICS analysis closely matches the data from XRF 

analysis and can therefore be relied upon as an additional method for analyzing results from locked 

cycle testing. 

7.2 Modal Mineralogy 

Modal mineralogy was calculated for the ore used in flotation, collector 2 locked cycle 

flotation products, and collector 5 locked cycle flotation products. According to the analysis the 

primary REE mineral present in this material is Bastnäsite. Other REE minerals that were present 

to a lesser extent were cerianite, parasite, and allanite. Table 7.4 shows the modal mineralogy for 

the ore used in flotation experiments. Table 7.5 and Table 7.6 show the modal mineralogy for the 

products of locked cycle tests for collector 2 and collector 5, respectively. 
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Table 7.4 - Modal mineralogy for ore sample 

Mineral Chemistry Percentage 

Allanite Ce,La(SiO4)3OH 0.02 

Apatite Ca5(PO4)3OH 0.11 

Barite BaSO4 20.83 

Bastnäsite La0.38,Ce0.35,Nd0.2,Pr0.07(CO3)F 6.63 

Biotite K(Mg,Fe,Al)Si3O10(OH) 0.86 

Calcite CaCO3 21.11 

Cerianite (Ce,La)O2 0.85 

Clinochlore (Mg,Fe,Al)Si3O10(OH)8 1.17 

Dolomite Ca,Mg(CO3)2 21.75 

Galena PbS 0.03 

Hematite Fe2O3 0.4 

Melilite (Ca,Mg,Al)SiO3 0.13 

Monazite CePO4 0.72 

Orthoclase KAlSi3O8 10.63 

Parisite CaCeLa(CO3)3F2 0.83 

Quartz SiO2 12.43 

Rutile TiO2 0.01 

Strontianite SrCrO3 1.4 

Wollastonite CaSiO3 0.07 

Zircon ZrSiO4 0.01 
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Table 7.5 - Modal mineralogy for collector 2 locked cycle flotation products 

Mineral Chemistry SFT RCFC CFT SFC RCFT 

Allanite Ce,La(SiO4)3OH 0.02 0.03 0.15 1.14 0.22 

Apatite Ca5(PO4)3OH 0.06 0.32 0.94 1.5 0.38 

Barite BaSO4 22.39 2.88 7.53 4.17 4.16 

Bastnäsite 
La0.38,Ce0.35,Nd0.2,Pr0.07(CO3)

F 
2.17 46.68 21.32 16.85 27.62 

Biotite K(Mg,Fe,Al)Si3O10(OH) 0.69 0.00 0.12 0.01 0.03 

Calcite CaCO3 27.13 2.78 17.48 16.21 6.79 

Cerianite (Ce,La)O2 0.81 1.9 3.47 3.91 2.88 

Clinochlore (Mg,Fe,Al)Si3O10(OH)8 0.76 0.01 0.3 0.03 0.04 

Dolomite Ca,Mg(CO3)2 21.59 11.49 16.07 15.81 16.62 

Galena PbS 0.02 0.17 0.21 0.05 0.04 

Hematite Fe2O3 0.46 0.48 0.36 0.55 0.36 

Melilite (Ca,Mg,Al)SiO3 0.12 0.00 0.12 0.11 0.04 

Monazite CePO4 0.43 2.31 3.38 3.93 2.82 

Orthoclase KAlSi3O8 9.92 11.24 9.90 11.97 14.48 

Parisite CaCeLa(CO3)3F2 0.25 6.89 4.93 8.37 6.55 

Quartz SiO2 10.65 11.41 10.76 12.63 14.83 

Rutile TiO2 0.08 0.20 0.12 0.44 0.15 

Strontianite SrCrO3 2.30 1.05 2.69 1.95 1.83 

Wollastonite CaSiO3 0.12 0.03 0.14 0.28 0.13 

Zircon ZrSiO4 0.03 0.13 0.01 0.08 0.03 
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Table 7.6 - Modal mineralogy for collector 5 locked cycle flotation products 

Mineral Chemistry SFT RCFC CFT SFC RCFT 

Allanite Ce,La(SiO4)3OH 0.02 0.12 0.05 0.05 0.07 

Apatite Ca5(PO4)3OH 0.14 0.06 0.03 0.09 0.1 

Barite BaSO4 17.53 10.77 13.35 17.06 13.02 

Bastnäsite La0.38,Ce0.35,Nd0.2,Pr0.07(CO3)F 3.40 7.59 8.04 8.87 7.68 

Biotite K(Mg,Fe,Al)Si3O10(OH) 1.14 0.36 0.32 0.47 0.18 

Calcite CaCO3 14.72 18.52 18.75 19.04 22.40 

Cerianite (Ce,La)O2 0.54 1.29 1.25 1.68 1.76 

Clinochlore (Mg,Fe,Al)Si3O10(OH)8 1.16 0.41 0.89 0.68 0.58 

Dolomite Ca,Mg(CO3)2 26.69 22.69 22.41 20.77 19.58 

Galena PbS 0.04 0.05 0.07 0.04 0.04 

Hematite Fe2O3 0.18 0.74 0.88 0.56 1.59 

Melilite (Ca,Mg,Al)SiO3 0.16 0.27 0.26 0.11 0.09 

Monazite CePO4 0.43 1.32 1.06 1.51 1.18 

Orthoclase KAlSi3O8 14.67 16.10 14.11 12.22 14.12 

Parisite CaCeLa(CO3)3F2 0.94 1.52 1.88 2.09 2.2 

Quartz SiO2 16.77 16.79 15.28 13.12 14.31 

Rutile TiO2 0.08 0.29 0.13 0.08 0.13 

Strontianite SrCrO3 1.28 0.98 1.12 1.47 0.89 

Wollastonite CaSiO3 0.10 0.14 0.11 0.08 0.08 

Zircon ZrSiO4 0.02 0.00 0.00 0.00 0.00 
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7.3 REE Liberation 

REE liberation was determined through the AMICS analysis as well. A particle was 

considered to be liberated if more than 50% of its surface area was composed of a REE mineral, 

in this case bastnäsite, parasite, and cerianite. Fifty percent was selected as the minimum threshold 

for considering a particle liberated based on a recommendation of Dr. Paul Miranda for flotation 

work. Liberation can provide insights into the efficacy of flotation collectors. Table 7.7, Table 7.8, 

and Table 7.9 show the REE liberation for the ore sample, collector 2 locked cycle testing products, 

and collector 5 locked cycle testing products, respectively. While liberation was reported for 

bastnäsite, parasite, and cerianite, only liberation for bastnäsite will be discussed because it 

represents the majority of REE bearing minerals in this material. 

Table 7.7 - REE mineral liberation for the ore sample 

Mineral Liberation 

Bastnäsite 78.62 

Parisite 64.55 

Cerianite 81.89 

 

Table 7.8 - REE mineral liberation for the collector 2 locked cycle flotation products 

Mineral SFT RCFC CFT SFC RCFT 

Bastnäsite 50.36 95.28 73.73 68.2 18.2 

Parisite 18.52 52.03 53.73 28.67 4.14 

Cerianite 61.64 53.07 62.33 70.26 10.58 
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Table 7.9 - REE Mineral liberation for the collector 5 locked cycle flotation products 

Mineral SFT RCFC CFT SFC RCFT 

Bastnäsite 75.68 59.81 52.55 60.47 77.61 

Parisite 70.14 29.32 47.45 51.43 56.13 

Cerianite 49.20 58.04 35.27 49.2 60.81 

 

The liberation values presented above represent the percentage of the total surface area of 

that mineral which was liberated based on the above description. Based on this description, 78.62% 

of the total surface area of bastnäsite present in the ore was at a liberation of at least 50%. 

Liberation can be compared within individual stages as well as for end of locked cycle test 

products.  

7.3.1 Scavenger Flotation Comparison 

Collector 2 scavenger flotation showed 50.36% bastnäsite liberation for the tailings and 

68.2% liberation in the concentrates. This means that the process is not perfect in its separation 

but there is still an upgrade in the quality of the material exiting in the concentrate of the scavenger 

flotation stage. Collector 5 scavenger flotation showed 75.68% bastnäsite liberation for the tailings 

and 60.47% liberation in the concentrate. This indicates that collector 5 is not selective towards 

bastnäsite as the liberation is decreasing in the concentrate versus the tailings. 

7.3.2 Recleaner Flotation Comparison 

The recleaner stage of locked cycle flotation provides another point of comparison between 

collector 2 and collector 5. For collector 2, bastnäsite liberation in the tailings was reported at 

18.2% and liberation in the concentrate in the concentrate was 95.28%. The large difference 

between the liberation of the tailings versus the concentrate indicates that the collector 2 separation 

is very efficient. Collector 5 recleaner bastnäsite liberation returned 77.61% in the tailings and 
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59.81% liberation in the concentrate. This indicates that the collector 5 separation is not efficient. 

Particles with significant liberation are being left behind in the tailings of the recleaner stage.  

7.3.3 Summary 

The liberation data presented provides insight into the performance of the collectors tested 

through locked cycle flotation. Through the analysis of the liberation data, it is shown that collector 

5 leaves behind well liberated materials in flotation. This can be said because the liberation of the 

tailings is higher than that of the concentrate. For collector 2, this is not the case. Collector 2 returns 

increased liberation rates in the concentrates for both stages tested. Overall, the liberation data 

further confirms the strong separation of collector 2 while also confirming the lack of flotation 

strength for collector 5. 

7.4 AMICS Mineralogy Images 

Middlings materials have been identified as a point of losses for a significant portion of the 

materials in the locked cycle flotation circuits. Using the identified backscatter images that were 

provided by the AMICS analysis, it is possible to get an idea of the makeup of the materials in the 

middlings portion of the flotation tests. Determining whether materials in the middlings are 

composed of locked particles or liberated particles allows for better planning for future flotation 

flowsheets and allows a better determination of whether a regrind circuit should be included to 

further increase liberation. The middlings materials from locked cycle flotation include the cleaner 

flotation tailings (CFT), scavenger flotation concentrate (SFC), and recleaner flotation tailings 

(RCFT). 

Figure 7.4 shows the identified image from AMICS for the CFT stage of flotation with 

collector 2. This stage showed 73% liberation. From this image, several bastnäsite particles (red) 

are fully liberated. Several particles of bastnäsite are also locked within larger particles of calcite 
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(blue). Figure 7.5 shows an identified image from AMICS for the RCFT stage of flotation with 

collector 2. This stage showed only 18% liberation. Similarly to the results from the CFT stage, 

there are bastnäsite particles which are locked in larger calcite particles. 

 

Figure 7.4 - AMICS identified flotation products from the CFT stage 
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Figure 7.5 - AMICS identified flotation products from the RCFT stage 

 

Based on the identified images above, a regrind circuit may produce additional floatable 

materials. Additional grinding may allow the materials that are currently locked within calcite 

particles to be fully liberated and therefore available for flotation. Bastnäsite particles that are 

locked within calcite may not have a large enough surface are for flotation of that particle to occur. 

Additional backscatter and identified images from AMICS mineralogy for both collector 2 and 

collector 5 locked cycle flotation can be found in APPENDIX D.  
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CHAPTER 8: CONTACT ANGLE STUDIES 

Contact angle studies are a way to measure the interaction between air bubbles in a flotation 

cell and the collector adsorbed to the surface of the minerals of interest. The contact angle refers 

to the angle of contact between the flat surface of a smooth mineral and an air bubble applied to 

its surface. It is possible to see the effect that different collectors have on the surface of minerals 

of interest using these techniques. For more information on sample preparation and testing 

procedures, refer to Chapter 3. 

8.1 Bastnäsite 

8.1.1 No Collector 

The no collector case was used as a control case for the contact angle studies of Bastnäsite. 

Figure 8.1 shows the mean contact angle vs time for Bastnäsite with no collector. The graph begins 

with a horizontal line that is representative of the approaching contact angle for the experiment. 

The line then has a constant slope up until the point where the bubble detached from the surface 

of the Bastnäsite mineral. This range is the receding contact angle range. The bubble did eventually 

detach from the surface of the mineral unlike some of the other tests. The ultimate contact angle 

for this experiment was determined to be 9.54°. Figure 8.2 shows an image of the bubble in contact 

with the surface of the Bastnäsite mineral without the presence of any collector. 
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Figure 8.1 - Mean contact angle vs time for a polished bastnäsite mineral with no collector 

 

 

Figure 8.2 - Air bubble in contact with the surface of Bastnäsite without the presence of collector 
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8.1.2 Collector 2 Flotation Concentration 

The conditions used in this contact angle experiment matched those used in flotation 

experiments using Collector 2. The concentration of collector in solution was 0.0075M, the pH 

was set to 8.5 using soda ash as the modifier, and the whole solution was raised to 80° C. The 

polished mineral was then submerged in the solution for 10 minutes to match the conditioning time 

used in batch flotation. 

Figure 8.3 shows the mean contact angle versus time for a polished Bastnäsite mineral 

surface in collector 2 solution. The graph can be split into four discreet parts. From 1.25 seconds 

to 2 seconds are the approaching contact angle. From 2 to 3.25 seconds is the bubble held in place 

by the syringe against the surface of the mineral. The range between 3.25 and 4.25 seconds is the 

receding contact angle where the syringe is being pulled away from the surface and the rest of the 

figure shows the period where the bubble rests on the surface without any syringe contact. 

Based on these zones, the contact angle for this experiment was taken from the zone where 

the bubble has no contact with the syringe. This point would be the most like what would be found 

in a flotation experiment. The mean contact angle at this point was determined to be 47.97°. Figure 

8.4 shows the image of an air bubble attached to the surface of Bastnäsite after the syringe was 

removed from it. 
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Figure 8.3 - Mean contact angle vs time for a polished Bastnäsite mineral in collector 2 solution 

 

 

Figure 8.4 - Air bubble in contact with the surface of Bastnäsite in the presence of Collector 2 
solution 
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8.1.3 Collector 5 Flotation Concentration 

The conditions used in this contact angle experiment matched those used in flotation 

experiments using Collector 5. The concentration of collector in solution was 0.001M, the pH was 

set to 9 using soda ash as the modifier, and the whole solution was raised to 80° C. The polished 

mineral was then submerged in the solution for 10 minutes to match the conditioning time used in 

batch flotation. 

Figure 8.5 shows the mean contact angle versus time for a polished Bastnäsite mineral 

surface in Collector 5 solution. This figure can be split into three distinct sections. From 1 to 1.75 

seconds is the approaching contact angle zone, the zone where the bubble was being lowered to 

the surface of the mineral. The next section is from 1.75 to 3.25 seconds where the bubble was in 

equilibrium with the surface and the syringe, this is the zone from which the contact angle was 

taken. The final zone from 3.25 seconds to the end of the figure is the receding contact angle. This 

zone describes the area in which the bubble is being pulled away from the surface of the mineral 

until it eventually pulled off completely.  

Based on this figure, the contact angle for the surface of Bastnäsite with Collector 5 was 

determined to be 29.98°. Figure 8.6 shows an image of an air bubble in contact with the surface of 

Bastnäsite submerged in Collector 5 solution.  
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Figure 8.5 - Mean contact angle vs time for a polished Bastnäsite mineral in collector 5 solution 

 

 

Figure 8.6 - Air bubble in contact with the surface of Bastnäsite in the presence of Collector 5 
solution 
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8.1.4 Bastnäsite Contact Angle Summary 

In summary, effects of collectors on the surface of a polished Bastnäsite mineral were 

noticed. Table 8.1 shows the three different conditions as well as their mean contact angles. Based 

on the contact angle experiments, Collector 2 has the best performance. The higher the contact 

angle, the more hydrophobic a collector makes the surface of the mineral. The contact angle 

experiments support the results from flotation in which Collector 2 performed more strongly than 

Collector 5. 

Table 8.1 - Summary of Bastnäsite contact angle experiment results for the three conditions 
tested 

Condition 
Mean Contact 

Angle (degrees) 

No Collector 9.54 
Collector 2 47.97 
Collector 5 29.98 

 
8.2 Calcite 

8.2.1 No Collector 

Figure 8.7 shows the mean contact angle versus time for Calcite without any collector 

present. The software for this experiment returned erratic results. Because of this, a polynomial 

trendline was added to the figure to show the average contact angle versus time. From the data 

gathered from this experiment, the mean contact angle for an air bubble in contact with Calcite 

without any collector present was determined to be 14.07°. Figure 8.8 shows an image of an air 

bubble in contact with the surface of Calcite under the described conditions. 
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Figure 8.7 - Mean contact angle vs time for a polished Calcite mineral without the presence of 
collector 

 

 

Figure 8.8 - Air bubble in contact with the surface of Calcite without the presence of collector 
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8.2.2 Collector 2 

Figure 8.9 shows an image of an air bubble in contact with the surface of Calcite in the 

presence of Collector 2. The contact angle of air on the surface of calcite in the presence of 

collector 2 returned such a low contact angle that the computer driven calculation software was 

unable to determine a contact angle for the experiment. A mean contact angle was determined 

manually at approximately 4.8°. 

 

Figure 8.9 - Air bubble in contact with the surface of Calcite in the presence of Collector 2 

 

8.2.3 Collector 5 

The conditions used in this contact angle experiment matched those used in flotation 

experiments using Collector 5. The concentration of collector in solution was 0.001M, the pH was 

set to 9 using soda ash as the modifier, and the whole solution was raised to 80° C. The polished 

mineral was then submerged in the solution for 10 minutes to match the conditioning time used in 

batch flotation. 
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Figure 8.10 shows the mean contact angle versus time for a polished Calcite mineral in the 

presence of Collector 5. There are two primary zones in this figure: from 1.3 seconds to 2 seconds, 

and 2 seconds to 3 seconds. The contact angle for Calcite in Collector 5 was calculated to be 

10.08°. 

 

Figure 8.10 - Mean contact angle vs time for a polished Calcite mineral in the presence of 
Collector 5 
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Figure 8.11 - Air bubble in contact with the surface of polished Calcite in the presence of 
Collector 5 

 

8.2.4 Calcite Contact Angle Summary 

Table 8.2 shows a summary of measured contact angles on polished Calcite for the three 

different conditions tested. Effects from the collectors on the surface of a polished calcite mineral 

are noticeable. Collector 2 decreases the contact angle of air on the surface to approximately 4.8°. 

While collector 5 does decreased the angle of contact slightly, the amount to which the 

hydrophobicity is affected is much lower than that of collector 2. 

Table 8.2 - Summary of Calcite contact angle experiment results for the three conditions tested 

Condition 
Mean Contact 

Angle (degrees) 

No Collector 14.07 
Collector 2 ~ 4.8 
Collector 5 10.08 
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CHAPTER 9: ECONOMICS 

One of the primary goals of this research was to further test collectors that showed promise 

for the flotation of basntäsite from both a technical and economic perspective. Because these 

collectors were previously only tested using single stage bench flotation, locked cycle flotation 

testing was performed to get a better sense of how these collectors might perform in a full-scale 

plant environment. This chapter covers the economic analysis for a flotation plant using the 

collectors tested within this study and comparing them to the process which is in place and used 

at Mountain Pass. Two values of ore and grade were considered for this assessment. These 

included a conservative case using the grade and recovery from the concentrate production method 

and a best case using the highest grade and recovery reported from the locked cycle testing. 

9.1 Assumptions 

Several assumptions must be made in the calculation of economics for this project. The 

first assumption made for this economic model is the production from the mine. The production at 

Mountain Pass mine is roughly 1800 tonnes per day of materials from the mine going into the 

flotation plant for processing. For this economic model, the daily processing plant feed rate of 

material was assumed to be 2000 tonnes per day. This value was chosen because it closely matches 

the actual production of the mine and is also a production point for which many models regarding 

operating costs and capital costs exist. CostMine 2013 was used for the calculation of operating 

and capital costs involved for the mining and flotation [57]. Because an outdated version of 

CostMine was used, the values needed to be updated to current costs. For this, the CostMine 

indexes document was used [58]. 
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Another assumption made in this economic study was that all the products from the 

flotation mill would be sold as purified oxide versions of their respective metals. While this is not 

how the materials are produced and sold at the Mountain Pass mine, this allows for a simplified 

comparison of the results of the economic studies. 

This economics assessment assumes that all hydrochloric acid is consumed and there is no 

recycle of acid. Acid consumption is a major area of focus for this flotation work because higher 

selectivity against calcite can greatly decrease the processing cost in downstream stages.  

The final assumption that was made for this study is regarding the price for collector 2 and 

collector 5. Collector 2, while commercially available, is only sold in small quantities for 

laboratory research purposes. This makes the price per kilogram higher than the price would be if 

it was produced on a bulk scale for industrial purposes. For the purpose of this study, a quote for 

the price of hydroxamate acid was used in place of the price for collector 2 [44]. Hydroxamate 

acid is a major constituent of collector 2 and can therefore be used a cost estimate point. Collector 

5 is not commercially available and therefore a price must be estimated based on the methods for 

synthesis of this collector. A price for production of collector 5 was provided by Marshallton Labs 

(the synthesizer of collector 5 for this study) at a value of approximately $120,000 per metric 

tonne. 

9.2 Costs 

Several costs are considered for the economics model. The costs can be split into two major 

categories, capital costs and operating costs. Capital costs are incurred right at the start of the 

project and include things such as building costs, equipment costs, construction labor, etc. Table 

9.1 shows the capital costs associated with the flotation mill. 



111 
 

Table 9.1 - Flotation mill capital costs for a 2000 tonne/day plant [57] 

Flotation Mill Capital Cost - 2000 tonne/day 

Equipment $        9,531,000 

Installation Labor $        6,237,000 

Concrete $           807,000 

Piping $        2,495,000 

Structural Steel $           905,000 

Instrumentation $           601,000 

Insulation $           286,000 

Electrical $        1,176,000 

Coatings & Sealant $           105,000 

Mill Building $        2,260,000 

Tailings Embankment $        4,204,000 

Engineering/Management $        4,322,000 

Working Capital $        1,936,000 

Total Capital Cost $      34,865,000 

 
Operating costs can be split into several categories as well including labor, natural gas 

costs, electricity costs, and reagent costs. Of these categories, one of the largest is the cost of 

reagents associated with the flotation plant. This is also one area in which the economics of the 

current Mountain Pass operation differ most significantly from the proposed reagent schemes. 

Table 9.2 shows the reagent costs and quantities for collector 2, collector 5, and the current reagent 

scheme at Mountain Pass. Table 9.3 shows the costs for reagents per tonne of ore processed. 
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Table 9.2 - Reagent costs for bastnäsite ore flotation using collector 2, collector 5, and the 
current method used at Mountain Pass 

Reagent 
Price 
($/kg) 

Required Amount  
(kg/tonne ore) 

Cost ($/tonne ore) 

Collector 
2 

Collector 
5 

MP 
Collector 

2 
Collector 

5 
MP 

Soda Ash $ 0.33 5.14 2.57 3 $ 1.70 $ 0.85 $ 0.99 

Hydrochloric 
Acid 

$ 1.31 14.50 59.71 19.77 $ 18.99 $ 78.21 $ 25.90 

MIBC $ 2.00 0.05 0.05 0.05 $ 0.10 $ 0.10 $ 0.10 

Collector 2 $ 10.00 2.77 -- -- $ 27.71 -- -- 

Collector 5 $ 120.00 -- 1.06 -- -- $ 126.88 -- 

Fatty Acid $ 1.50 -- -- 0.3 -- -- $ 0.45 

Ammonium 
Lignin 

Sulfonate 
$ 0.30 -- -- 3 -- -- $ 0.90 

 

Table 9.3 - Reagent costs per tonne of ore 

Reagent 
Cost ($/tonne ore) 

Collector 2 Collector 5 MP 

Soda Ash  $ 1.70   $ 0.85   $ 0.99  

Hydrochloric Acid  $ 18.99   $ 78.21   $ 25.90  

MIBC  $ 0.10   $ 0.10   $ 0.10  

Collector 2  $ 27.71   --    --    

Collector 5 --     $ 126.88  -- 

Fatty Acid --     --     $ 0.45  

Ammonium Lignin Sulfonate --     --     $ 0.90  

 

Another large part of the operating cost for this flotation mill is the cost of heating water 

for the elevated temperature flotation. Studies have that the greatest recovery and grade of REO 

occurs when flotation is performed at an elevated temperature. Table 9.4 shows the operating costs 
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for both electric heating of the water as well as natural gas heating of the water to 80° C [59], [60]. 

An efficiency for the water heater of 80% was assumed. 

Table 9.4 - Water energy costs heating from 23 to 80 C at 80% efficiency 

Water Energy (23-80 C) 

Ore TPD 2000 

Slurry Density 0.4 

Operating Days/Yr 365 

Water TPY 730000 

Water/Yr (tonnes)  1825000 

Water Energy Joules (23-80 C) 5.22538E+14 

Energy/day Joules 1.43161E+12 

Efficiency 0.8 

Natural Gas Cost/thousand cubic feet $                 3.91 

Joules/thousand cubic feet 1055055853 

Gas req/day @80% efficient 1356.906363 

Cost/day natural gas $               5,000 

Cost/year natural gas $        1,825,000 

Electricity kWh 397670 

Cost electricity $/kWh $                 0.12 

Cost/day electricity $             49,000 

Cost/year electricity $      17,885,000 
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9.3 Conservative Case 

9.3.1 Value per Tonne of Ore 

Table 9.5 shows the metal oxide prices, grades, and recoveries used for the calculation of 

revenue for the economic study and Table 9.6 shows the value per tonne of ore. The grade and 

recoveries for collector 2 and collector 5 were taken from the experimental locked cycle flotation 

data (Chapter 5), specifically the concentrate production method of results calculation. Grade and 

recovery for the Mountain Pass scenario were assumed to be 60% REO and 60% recovery [44]. 

Table 9.5 - Metal oxide price, elemental grade, and recoveries for collector 2, collector 5, and the 
Mountain Pass scenarios 

Metal 

Price Recovery REO Grade 

$/kg 
Collector 

2 
Collector 

5 
MP 

Collector 
2 

Collector 
5 

MP 

Cerium 1.65 

42.8% 26.6% 60.00% 

28.72% 6.48% 29.46% 

Lanthanum 1.68 19.42% 4.38% 19.92% 

Neodymium 41.90 7.02% 1.58% 7.20% 

Praseodymium 45.84 2.52% 0.57% 2.58% 

Total 58.50% 13.20% 60.00% 
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Table 9.6 - Value per tonne of ore 

Value/tonne ore 

Metal Collector 2 Collector 5 MP 

Cerium  $            55.99   $          7.85   $            80.50  

Lanthanum  $            38.54   $          5.41   $            55.42  

Neodymium  $          347.46   $        48.73   $          499.58  

Praseodymium  $          136.21   $        19.10   $          195.85  

Sum  $          578.20   $        81.08   $          831.35  

 
 
9.3.2 Cash Flow Diagrams 

Table 9.7 shows a summary of the capital costs and operating costs for the floatation mill 

and mining costs for each of the three flotation schemes that were compared as a part of this study. 

The floatation mill costs include the cost for heating water with natural gas as well as the reagent 

costs. 
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Table 9.7 - Floatation mill costs, mining costs, and totals for cash flow diagrams 

Category 
Cost 

Collector 2 Collector 5 MP 

Floatation Mill Costs 

Op Costs  $         (11,110,000)  $          (11,110,000)  $         (11,110,000) 

Reagents  $         (35,409,000)  $        (150,412,000)  $         (20,689,000) 

Natural Gas  $           (1,825,000)  $            (1,825,000)  $           (1,825,000) 

Capital Cost  $         (34,865,000)  $          (34,865,000)  $         (34,865,000) 

Mining Costs 

Op Costs  $         (36,617,000)  $          (36,617,000)  $         (36,617,000) 

Capital Cost  $         (43,666,000)  $          (43,666,000)  $         (43,666,000) 

Totals for Cash Flow Diagram 

Total Cap Costs  $         (78,531,000)  $          (78,531,000)  $         (78,531,000) 

Total Op Costs  $         (84,961,000)  $        (199,964,000)  $         (70,241,000) 

Revenue  $        422,088,000   $           59,191,000   $        606,884,000  

CFD Yearly  $        337,127,000   $        (140,773,000)  $        536,643,000  

 
 

Table 9.8 shows a summary of the yearly cash flow and cumulative cash flow for the 

collector 2 reagent scheme. Table 9.9 shows a summary of the yearly cash flow and cumulative 

cash flow for the collector 5 reagent scheme. Finally, Table 9.10 shows a summary of the yearly 

cash flow and cumulative cash flow for the Mountain Pass reagent scheme. 
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Table 9.8 - Yearly cash flow and cumulative cash flow for the collector 2 reagent scheme 

Time Yearly Cash Flow Cumulative Cash Flow 

Year 0  $         (78,531,000)  $                 (78,531,000) 

Year 1  $        337,127,000   $                258,596,000  

Year 2  $        337,127,000   $                595,723,000  

Year 3  $        337,127,000   $                932,850,000  

Year 4  $        337,127,000   $             1,269,977,000  

Year 5  $        337,127,000   $             1,607,104,000  

Year 6  $        337,127,000   $             1,944,231,000  

Year 7  $        337,127,000   $             2,281,358,000  

Year 8  $        337,127,000   $             2,618,485,000  

Year 9  $        337,127,000   $             2,955,612,000  

Year 10  $        337,127,000   $             3,292,739,000  

 

Table 9.9 - Yearly cash flow and cumulative cash flow for the collector 5 reagent scheme 

Time Yearly Cash Flow Cumulative Cash Flow 

Year 0  $           (78,531,000)  $                (78,531,000) 

Year 1  $         (140,773,000)  $              (219,304,000) 

Year 2  $         (140,773,000)  $              (360,077,000) 

Year 3  $         (140,773,000)  $              (500,850,000) 

Year 4  $         (140,773,000)  $              (641,623,000) 

Year 5  $         (140,773,000)  $              (782,396,000) 

Year 6  $         (140,773,000)  $              (923,169,000) 

Year 7  $         (140,773,000)  $           (1,063,942,000) 

Year 8  $         (140,773,000)  $           (1,204,715,000) 

Year 9  $         (140,773,000)  $           (1,345,488,000) 

Year 10  $         (140,773,000)  $           (1,486,261,000) 
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Table 9.10 - Yearly cash flow and cumulative cash flow for the Mountain Pass reagent scheme 

Time Yearly Cash Flow Cumulative Cash Flow 

Year 0  $          (78,531,000)  $                 (78,531,000) 

Year 1  $         536,643,000   $                458,112,000  

Year 2  $         536,643,000   $                994,755,000  

Year 3  $         536,643,000   $             1,531,398,000  

Year 4  $         536,643,000   $             2,068,041,000  

Year 5  $         536,643,000   $             2,604,684,000  

Year 6  $         536,643,000   $             3,141,327,000  

Year 7  $         536,643,000   $             3,677,970,000  

Year 8  $         536,643,000   $             4,214,613,000  

Year 9  $         536,643,000   $             4,751,256,000  

Year 10  $         536,643,000   $             5,287,899,000  

 
9.3.3 Results 

Using the information shown above regarding operating and capital costs, cash flow 

diagrams were created for each of the three scenarios that were tested through this economic 

analysis. The net present value (NPV), payback period (PBP), and internal rate of return (IRR) 

were calculated for each of these scenarios assuming a discount rate of 8%. The results of those 

calculations can be found in Table 9.11, Table 9.12, and Table 9.13. 

Table 9.11 - Collector 2 economic assessment results 

Collector 2 Results 

NPV: $2,021,869,000  

PBP days: 111 

IRR: 429% 
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Table 9.12 - Collector 5 economic assessment results 

Collector 5 Results 

NPV: ($947,342,000) 

PBP Days: N/A 

IRR: N/A 

 

Table 9.13 - MP economic assessment result 

MP Results 

NPV: $3,261,470,000  

PBP days: 63 

IRR: 683% 

 

Of the three conditions tested, the poorest performer was collector 5. Collector 5 performed 

poorly in the flotation studies and the poor performance is shown in the economic study as well. 

The poor recovery of REEs in flotation with collector 5 leads to less material which can be sold. 

Poor grade and recovery from flotation paired with the most expensive reagent in collector 5 leads 

to the collector never being able to generate enough revenue to repay the investment in the mine 

and flotation plant. Flotation with collector 5 leads to approximately a negative $947 million net 

present value over ten years. 

Of the remaining two scenarios tested, the economics of the mountain pass flotation 

scenario proved to be more favorable given the flowsheet tested with collector 2. The collector 2 

flowsheet returned a positive net present value and payback period of 111 days. The Mountain 

Pass scenario returned a net present value of approximately $1.2 billion higher than that of the 
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collector 2 test with a payback period of 63 days. The economics of collector 2 could be improved 

through the addition of a regrind or hydro cyclone circuit. 

9.4 Best Case  

9.4.1 Value per Tonne of Ore 

Table 9.14 shows the metal oxide prices, grades, and recoveries used for the calculation of 

revenue for the economic study and Table 9.15 shows the value per tonne of ore. The grade and 

recoveries for collector 2 and collector 5 were taken from the experimental locked cycle flotation 

data (Chapter 5), specifically the highest reported grade and recovery for each collector tested. 

Grade and recovery for the Mountain Pass scenario were assumed to be 60% REO and 60% 

recovery [44]. 

Table 9.14 - Metal oxide price, elemental grade, and recoveries for collector 2, collector 5, and 
the Mountain Pass scenarios 

Metal 

Price Recovery REO Grade 

$/kg 
Collector 

2 
Collector 

5 
MP 

Collector 
2 

Collector 
5 

MP 

Cerium 1.65 

74.7% 41.3% 60.00% 

32.85% 6.78% 29.46% 

Lanthanum 1.68 22.21% 4.58% 19.92% 

Neodymium 41.90 8.03% 1.66% 7.20% 

Praseodymium 45.84 2.88% 0.59% 2.58% 

Total 66.90% 13.80% 60.00% 
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Table 9.15 - Value per tonne of ore 

Value/tonne ore 

Metal Collector 2 Collector 5 MP 

Cerium  $          111.74   $        12.74   $            80.50  

Lanthanum  $            76.93   $          8.77   $            55.42  

Neodymium  $          693.51   $        79.09   $          499.58  

Praseodymium  $          271.87   $        31.01   $          195.85  

Sum  $       1,154.06   $      131.62   $          831.35  

 
 
9.4.2 Cash Flow Diagrams 

Table 9.16 shows a summary of the capital costs and operating costs for the floatation mill 

and mining costs for each of the three flotation schemes that were compared as a part of this study. 

The floatation mill costs include the cost for heating water with natural gas as well as the reagent 

costs. 
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Table 9.16 - Floatation mill costs, mining costs, and totals for cash flow diagrams 

Category 
Cost 

Collector 2 Collector 5 MP 

Floatation Mill Costs 

Op Costs  $         (11,110,000)  $          (11,110,000)  $         (11,110,000) 

Reagents  $         (35,409,000)  $        (150,412,000)  $         (20,689,000) 

Natural Gas  $           (1,825,000)  $            (1,825,000)  $           (1,825,000) 

Capital Cost  $         (34,865,000)  $          (34,865,000)  $         (34,865,000) 

Mining Costs 

Op Costs  $         (36,617,000)  $          (36,617,000)  $         (36,617,000) 

Capital Cost  $         (43,666,000)  $          (43,666,000)  $         (43,666,000) 

Totals for Cash Flow Diagram 

Total Cap Costs  $         (78,531,000)  $          (78,531,000)  $         (78,531,000) 

Total Op Costs  $         (84,961,000)  $        (199,964,000)  $         (70,241,000) 

Revenue  $        842,461,000   $           96,080,000   $        606,884,000  

CFD Yearly  $        757,500,000   $        (103,884,000)  $        536,643,000  

 
 

Table 9.17 shows a summary of the yearly cash flow and cumulative cash flow for the 

collector 2 reagent scheme. Table 9.18 shows a summary of the yearly cash flow and cumulative 

cash flow for the collector 5 reagent scheme. Finally, Table 9.19 shows a summary of the yearly 

cash flow and cumulative cash flow for the Mountain Pass reagent scheme. 
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Table 9.17 - Yearly cash flow and cumulative cash flow for the collector 2 reagent scheme 

Time Yearly Cash Flow Cumulative Cash Flow 

Year 0  $         (78,531,000)  $                 (78,531,000) 

Year 1  $        757,500,000   $                678,969,000  

Year 2  $        757,500,000   $             1,436,469,000  

Year 3  $        757,500,000   $             2,193,969,000  

Year 4  $        757,500,000   $             2,951,469,000  

Year 5  $        757,500,000   $             3,708,969,000  

Year 6  $        757,500,000   $             4,466,469,000  

Year 7  $        757,500,000   $             5,223,969,000  

Year 8  $        757,500,000   $             5,981,469,000  

Year 9  $        757,500,000   $             6,738,969,000  

Year 10  $        757,500,000   $             7,496,469,000  

 

Table 9.18 - Yearly cash flow and cumulative cash flow for the collector 5 reagent scheme 

Time Yearly Cash Flow Cumulative Cash Flow 

Year 0  $           (78,531,000)  $                (78,531,000) 

Year 1  $         (103,884,000)  $              (182,415,000) 

Year 2  $         (103,884,000)  $              (286,299,000) 

Year 3  $         (103,884,000)  $              (390,183,000) 

Year 4  $         (103,884,000)  $              (494,067,000) 

Year 5  $         (103,884,000)  $              (597,951,000) 

Year 6  $         (103,884,000)  $              (701,835,000) 

Year 7  $         (103,884,000)  $              (805,719,000) 

Year 8  $         (103,884,000)  $              (909,603,000) 

Year 9  $         (103,884,000)  $           (1,013,487,000) 

Year 10  $         (103,884,000)  $           (1,117,371,000) 
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Table 9.19 - Yearly cash flow and cumulative cash flow for the Mountain Pass reagent scheme 

Time Yearly Cash Flow Cumulative Cash Flow 

Year 0  $          (78,531,000)  $                 (78,531,000) 

Year 1  $         536,643,000   $                458,112,000  

Year 2  $         536,643,000   $                994,755,000  

Year 3  $         536,643,000   $             1,531,398,000  

Year 4  $         536,643,000   $             2,068,041,000  

Year 5  $         536,643,000   $             2,604,684,000  

Year 6  $         536,643,000   $             3,141,327,000  

Year 7  $         536,643,000   $             3,677,970,000  

Year 8  $         536,643,000   $             4,214,613,000  

Year 9  $         536,643,000   $             4,751,256,000  

Year 10  $         536,643,000   $             5,287,899,000  

 
9.4.3 Results 

Using the information shown above regarding operating and capital costs, cash flow 

diagrams were created for each of the three scenarios that were tested through this economic 

analysis. The net present value (NPV), payback period (PBP), and internal rate of return (IRR) 

were calculated for each of these scenarios assuming a discount rate of 8%. The results of those 

calculations can be found in Table 9.20, Table 9.21, and Table 9.22. 

Table 9.20 - Collector 2 economic assessment results 

Collector 2 Results 

NPV: $4,633,663,000  

PBP days: 43 

IRR: 965% 
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Table 9.21 - Collector 5 economic assessment results 

Collector 5 Results 

NPV: ($718,149,000) 

PBP Days: N/A 

IRR: N/A 

 

Table 9.22 - MP economic assessment result 

MP Results 

NPV: $3,261,470,000  

PBP days: 63 

IRR: 683% 

 

Once again, considering the best-case scenario, collector 5 is unable to return a profit and 

returns a negative $718 million net present value. The best-case scenario of flotation results 

positively benefits collector 2 allowing it to perform more favorably than the Mountain Pass 

scenario. The collector 2 best-case returned a net present value of approximately $4.6 billion 

dollars, approximately $1.4 billion higher than the net present value of the Mountain Pass case. 

9.5 Discussion of Results 

Several factors are kept consistent between the different scenarios that were tested. These 

factors include the mine, mill, and electrical operating and capital costs. This means that the 

differences between the scenarios come down to the costs of reagents and the value of the ore as a 

function of the recovery and grade of the flotation. Flotation with collector 5 returned the worst 

grade and recovery and had the highest reagent cost by nearly five times. Together, these factors 
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hamper the economics of collector 5 and make it the worst economic performer of the scenarios 

presented. 

Collector 2 had reagent prices approximately 48% higher than the Mountain Pass scenario. 

Collector 2 flotation relied heavily on the performance of flotation to determine whether the 

process would be considered as economic. The flotation results from the conservative case 

represent the performance of the flowsheet as presented in this study without overstating the 

metallurgical balance. In this case, the flotation with collector 2 would not perform better 

economically than the Mountain Pass scenario. 

The best-case scenario was presented to show the potential flotation with collector 2 holds. 

With additional work on flowsheet development, this study shows that flotation with collector 2 

could prove to be more economic than the Mountain Pass scenario despite the increased reagent 

costs. Collector 2 shows the potential of increased flotation grade and recovery to the point where 

the increased reagent cost can be justified.  



127 
 

 

CHAPTER 10: SUMMARY OF RESULTS AND DISCUSSION 

10.1 Summary of Results 

A rare earth element locked cycle flotation study was performed to determine the efficacy 

of collectors that were tested previously only in single stage flotation tests. Performing locked 

cycle flotation allows a reagent scheme and flowsheet to be tested in a way which simulates the 

continuous flotation of a full-scale flotation plant. Locked cycle testing can give a better idea of 

the performance of a collector if it were to be used in a real flotation plant. The flowsheet used for 

locked cycle flotation testing can be found in Chapter 2. 

For locked cycle testing to be performed, recovery curves first needed to be generated to 

understand the optimal time of flotation for each stage of the flotation flowsheet. The recovery 

curves were repeated for each stage of flotation for both collectors tested. The results for each 

recovery curve and the corresponding optimal flotation time used in locked cycle testing can be 

found in Chapter 4. 

Detailed information from the locked cycle testing experiments can be found in Chapter 5. 

Collector 2 locked cycle flotation returned a REO grade between 58.5% and 66.9% with a recovery 

between 42.8% and 74.7% while rejecting 78% of the calcite from the feed. Collector 5 locked 

cycle flotation returned a REO grade between 13.2% and 13.8% and a recovery between 26.6% 

and 41.3% while rejecting 9% of the calcite from the feed. The rejection of calcite is an important 

consideration because it affects the downstream reagent consumption in the leaching step of the 

rare earth element processing. 

The results from the recovery curves and locked cycle testing were plugged into 

JKSimFloat to model the flotation testing at a full 2000 tonnes per day scale. More detailed 



128 
 

information about the setup for the simulation can be found in Chapter 6. Collector 2 JKSimFloat 

simulation returned a REO grade of 71.8% and a recovery of 56.8%. Collector 5 JKSimFloat 

simulation returned a REO grade of 33.7% and a recovery of 71.7%.  

AMICS analysis was performed on the final products produced through locked cycle 

testing. The AMICS elemental analysis data was correlated with the data measured at the Colorado 

School of Mines. Modal mineralogy assessment determined that the primary rare earth element 

mineral was bastnäsite with smaller amounts of cerianite, parasite, and allanite. AMICS analysis 

also returned values for liberation. Collector 2 locked cycle testing concentrate returned a 

liberation of 95.28% and the tailings returned a liberation of 50.36%. Collector 5 locked cycle 

testing concentrate returned a liberation of 60.47% and the tailings returned a liberation of 75.68%. 

More information about the AMICS analysis can be found in Chapter 7. 

To better understand the disparity in performance between collector 2 and collector 5 in 

locked cycle flotation testing, contact angle test work was also performed. Performing contact 

angle test work allows for comparisons to be made regarding the applied hydrophobicity of a 

collector to the surface of a mineral. For a mineral to float through the froth flotation process, it 

must become hydrophobic through the application of a collector. Contact angle testing allows for 

this hydrophobicity to be measured. More information about the method for contact angle testing 

can be found in Chapter 8. Contact angle tests were performed on bastnäsite and calcite mineral 

samples under conditions mimicking the flotation conditions of collector 2 and collector 5 locked 

cycle flotation as well as a collector free control. For bastnäsite contact angles, the no collector, 

collector 2, and collector 5 mean contact angles are 9.54°, 47.97°, and 29.98°, respectively. Calcite 

contact angles for no collector, collector 2, and collector 5 are 14.07°, 4.8°, and 10.08°, 

respectively. 
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A comparative economic analysis of a flotation mill was performed comparing flotation 

with collector 2, collector 5, and the flotation scheme that was employed at the Mountain Pass 

mine in California until operations were ceased due to bankruptcy. Directly comparing the 

economics allows the full impact of a reagent scheme to be seen. It is important to consider the 

impact the cost of a reagent can have on the economics of an operation. Similarly, more efficient 

calcite rejection in this material leads to large downstream cost saving. More information about 

the economic analysis can be found in Chapter 9. Flotation under the current system at Mountain 

Pass leads to a net present value of $3.26 billion with an internal rate of return of 683%. Flotation 

under the collector 2 reagent scheme returned a net present value of $2.02 billion with an internal 

rate of return of 429%. Finally, flotation with collector 5 returned a negative net present value of 

$948 million. 

10.2 Discussion of Results 

Of all of the collectors tested in previous work by Dylan Everly [44], collector 2 and 

collector 5 were chosen to perform extensive locked cycle flotation work. Collector 2 was 

primarily chosen because of its strong performance in both grade and recovery while maintaining 

a very high calcite rejection. Collector 5 was chosen due to its very high recovery values in 

microflotation despite poorer grade results.  

Collector 2 performed as well in the locked cycle flotation testing as in the single stage 

batch flotation tested previously. Locked cycle testing increased the grade of the material that was 

produced at the expense of some of the recovery. The rejection of calcite also was maintained from 

the single stage flotation study to the locked cycle testing. The high efficiency of the calcite 

rejection is also visible in the contact angle studies performed with collector 2. Collector 2 showed 

both the highest contact angle on bastnäsite and the lowest contact angle on calcite. This closely 



130 
 

matches the results from flotation studies which showed the highest grade and recovery of 

bastnäsite and the best rejection of calcite of the collectors tested.  

Collector 5 performed similarly in locked cycle testing to its performance in single stage 

bench flotation tests performed previously. Collector 5 showed almost no rejection of calcite and 

very little upgrade of grade over the head grade of rare earth elements in the ore. Collector 5 floated 

all the materials in the ore with little selectivity for REEs, thus leading to a poor grade and a 

recovery of approximately 50%. This result is confirmed by contact angle testing with collector 5 

where the contact angle, while higher than the no collector case, was not as high as the contact 

angle for the collector 2 case. This implies that the collector does not make the bastnäsite minerals 

as effectively hydrophobic as the collector 2 reagent. Calcite contact angle also showed a higher 

contact angle than collector 2 meaning that collector 5 did not as effectively suppress calcite as 

compared to collector 2.  

Poor performance in grade and recovery, poor calcite rejection, and high reagent pricing 

led to collector 5 performing poorly in economic analysis as well. Flotation with collector 5 never 

produced enough sellable material to return a profit under the conditions tested. Collector 2 

returned a positive net present value but did not perform strongly enough to beat the scheme 

employed at Mountain Pass before their bankruptcy.  

This study did not investigate the effect of middlings materials on the flotation response. 

The flowsheet proposed did not include a regrind circuit or hydrocyclone circuit to increase the 

rate of recovery and grade. Because middling materials were not recovered in either the 

concentrate or tailings, calculations from locked cycle testing have a significant amount of 

variance. To combat this variance for economic calculations, the results from the concentrate 

production method of calculation were used. The concentrate production method is the most 
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accurate for recovery values when the locked cycle test does not come to a steady state. This 

method does not overstate the production from the locked cycle test because it assumes the 

concentrates produced are known and the tailings are calculated based on the feed and concentrate 

masses and assays. 

10.3 Recommendations for Future Work 

This study did not include evaluations of additions to a flotation cycle such as regrind 

circuits or hydrocyclone separators. Locked cycle testing showed that there is a significant portion 

of the material which was not liberated well enough to report to either the concentrates or tailings, 

leading to an increasing load of circulating middling materials. These middling materials could be 

recovered to increase the grade and recovery of the flotation flowsheet if they are processed 

through some method. AMICS mineralogy also indicated a significant portion of fine gangue 

materials that are driving down the grade of the concentrates. Future work should investigate these 

additions. 

Future work should also include achieving a better understanding of the binding 

mechanism differences between collector 2 and collector 5 which allowed collector 2 to drastically 

outperform collector 5 in flotation testing. Understanding the fundamentals behind the 

mechanisms for binding and inducing hydrophobicity may allow for the design of even better 

performing collectors than collector 2.  

Finally, additional work the field of collector design and synthesis could further improve 

the grade and recovery of rare earth oxides from bastnäsite ore flotation. One of the collectors 

which showed promise from previous research could not be tested as a part of this work because 

synthesis in a quantity necessary for locked cycle testing was not possible. It is possible that other 

collectors exist which could further improve the efficiency of flotation.  
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Table A.1 - Raw flotation data for the collector 2 rougher recovery curve 

Collector 2 Rougher Recovery Curve 

Flotation 
Stage 

Sample Mass (g) 
REE Grade (%) Gangue Grade (%) 

Ce La Nd Pr REE Sum Ca Ba 

Rougher 

1 min 278.2 13.680 10.003 3.381 1.277 28.342 10.024 5.075 

2 min 159.8 14.948 11.063 3.705 1.402 31.119 9.661 4.928 

3 min 127.0 20.699 15.600 5.119 1.873 43.290 5.706 2.788 

4 min 88.2 19.189 14.283 4.696 1.707 39.874 6.427 3.159 

5 min 52.5 17.652 13.142 4.393 1.623 36.810 7.170 3.519 

6 min 56.1 19.783 14.780 4.917 1.794 41.274 6.056 3.088 

  

Table A.2 - Raw flotation data for the collector 2 scavenger recovery curve 

Collector 2 Scavenger Recovery Curve 

Flotation 
Stage 

Sample Mass (g) 
REE Grade (%) Gangue Grade (%) 

Ce La Nd Pr REE Sum Ca Ba 

Scavenger 

1 min 27.5 11.507 8.316 2.798 1.063 23.684 12.854 4.949 

2 min 16.5 14.186 10.444 3.511 1.311 29.452 11.007 3.516 

3 min 8.3 13.461 9.779 3.928 1.242 28.410 11.484 2.771 

4 min 6.6 10.743 7.737 2.649 1.002 22.131 13.723 3.236 

5 min 4.1 11.477 8.242 2.788 1.077 23.584 13.566 3.232 

6 min 6.0 9.180 6.474 2.206 0.867 18.726 15.275 3.788 

Rougher Con 790.2 13.894 10.468 3.495 1.339 29.195 15.727 7.795 
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Table A.3 - Raw flotation data for the collector 2 cleaner recovery curve 

Collector 2 Cleaner Recovery Curve 

Flotation 
Stage 

Sample Mass (g) 

REE Grade (%) Gangue Grade (%) 

Ce La Nd Pr 
REE 
Sum 

Ca Ba 

Cleaner 

1 min 93.7 21.894 16.531 5.979 2.017 46.420 6.239 3.778 

2 min 101.4 19.212 14.325 5.237 1.798 40.572 6.203 3.397 

3 min 36.7 21.586 16.270 5.361 1.981 45.198 4.419 2.436 

4 min 25.8 21.995 16.606 5.474 1.991 46.067 3.753 2.037 

5 min 29.2 22.289 16.874 6.074 2.045 47.281 3.500 2.010 

6 min 10.4 21.974 16.454 5.431 2.024 45.883 4.227 2.241 

Tails 434.0 6.532 4.713 1.603 0.655 13.503 15.169 8.811 

Rougher Tails 2225.6 0.631 0.082 0.191 0.139 1.042 12.331 15.955 

 

Table A.4 - Raw flotation data for the collector 5 rougher recovery curve 

Collector 5 Rougher Recovery Curve 

Flotation 
Stage 

Sample Mass (g) 
REE Grade (%) Gangue Grade (%) 

Ce La Nd Pr REE Sum Ca Ba 

Rougher 

1 min 184.3 7.642 5.562 1.906 0.693 15.803 12.161 9.431 

2 min 337.6 6.446 4.420 1.525 0.554 12.945 11.176 9.871 

3 min 310.1 5.321 3.943 1.353 0.500 11.116 11.916 10.693 

4 min 272.9 4.276 3.232 1.139 0.425 9.071 12.362 11.365 

5 min 193.9 4.431 3.032 1.099 0.415 8.977 13.645 11.774 

6 min 127.0 4.033 3.149 1.097 0.420 8.698 14.332 13.404 

7 min 102.2 3.961 2.952 1.062 0.386 8.361 14.869 12.673 

8 min 83.6 3.229 2.345 0.873 0.331 6.779 13.923 13.812 

9 min 67.4 3.070 2.117 0.855 0.319 6.361 15.430 13.904 

10 min 50.7 2.729 1.828 0.736 0.260 5.552 13.791 14.026 

Tails 1252.2 0.858 0.230 0.255 0.087 1.429 9.972 14.995 
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Table A.5 - Raw flotation data for the collector 5 scavenger recovery curve 

Collector 5 Scavenger Recovery Curve 

Flotation 
Stage 

Sample Mass (g) 
REE Grade (%) Gangue Grade (%) 

Ce La Nd Pr REE Sum Ca Ba 

Scavenger 

1 min 59.3 5.167 3.879 1.400 0.517 10.963 13.862 11.332 

2 min 140.6 3.455 2.568 0.941 0.331 7.295 12.989 12.376 

3 min 162.1 2.852 1.976 0.774 0.281 5.883 13.485 13.882 

4 min 147.0 2.233 1.406 0.604 0.228 4.471 14.580 16.448 

5 min 93.6 1.571 0.798 0.419 0.147 2.936 13.970 15.746 

6 min 89.7 1.351 0.621 0.385 0.136 2.493 13.826 17.962 

7 min 71.6 1.074 0.396 0.310 0.100 1.879 13.837 17.190 

8 min 61.6 1.002 0.365 0.296 0.095 1.757 13.610 17.325 

Tails 867.2 0.538 -0.014 0.156 0.068 0.747 9.801 15.729 

Rougher Con 1290.8 5.283 3.898 1.390 0.514 11.085 12.893 11.128 

 
 

Table A.6 - Raw flotation data for the collector 5 cleaner recovery curve 

Collector 5 Cleaner Recovery Curve 

Flotation 
Stage 

Sample Mass (g) 
REE Grade (%) Gangue Grade (%) 

Ce La Nd Pr REE Sum Ca Ba 

Cleaner 

1 min 60.6 9.823 7.127 2.412 0.889 20.252 12.917 9.641 

2 min 202.0 8.779 6.241 2.141 0.789 17.950 12.835 9.109 

3 min 201.8 7.914 5.745 1.926 0.717 16.303 12.559 9.271 

4 min 87.6 6.934 4.987 1.706 0.653 14.279 12.759 9.896 

5 min 62.0 6.934 5.004 1.708 0.642 14.288 13.359 10.083 

6 min 33.4 6.973 4.982 1.721 0.626 14.302 13.013 10.181 

7 min 11.1 6.325 4.533 1.575 0.590 13.022 12.095 10.496 

8 min 14.3 6.313 4.429 1.546 0.571 12.858 12.792 10.450 

Tails 457.8 4.702 3.180 1.083 0.424 9.389 12.567 11.606 

Rougher Tails 1858.4 1.296 0.621 0.362 0.152 2.431 10.672 15.042 
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Table A.7 - Raw flotation data for the collector 5 recleaner recovery curve 

Collector 2 Recleaner Recovery Curve 

Flotation 
Stage 

Sample Mass (g) 
REE Grade (%) 

Gangue Grade 
(%) 

Ce La Nd Pr REE Sum Ca Ba 

Recleaner 

1 min 19.2 8.626 6.148 2.116 0.771 17.660 12.112 9.295 

2 min 31.0 8.352 6.119 2.098 0.748 17.317 12.604 9.841 

3 min 8.5 6.577 4.848 1.660 0.616 13.701 11.465 10.474 

4 min 5.0 7.097 4.839 1.702 0.634 14.273 13.143 11.138 

5 min 3.2 6.921 4.726 1.655 0.600 13.902 12.759 11.697 

6 min 2.5 7.029 4.799 1.662 0.570 14.061 12.739 11.569 

Tails 445.2 9.471 6.881 2.321 0.884 19.557 13.595 9.276 

Cleaner Tails 508.4 3.975 2.975 1.042 0.375 8.366 11.878 11.821 

Rougher Tails 1963.0 1.760 0.934 0.471 0.176 3.341 11.893 13.574 
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Table B.1 - Collector 2 complete locked cycle test data 

Collector 2 Locked Cycle Test 

Cycle Mass (g) 
REE Grade (%) Gangue Grade (%) 

Ce La Nd Pr REE Sum Ca Ba 

SFT 1 2056.9 0.48 -0.06 0.15 0.06 0.62 12.22 16.33 
SFT 2 2656.2 0.81 0.23 0.24 0.09 1.37 12.17 16.47 
SFT 3 2578.1 0.93 0.28 0.26 0.09 1.56 12.18 20.28 

SFT 4 2794.6 1.02 0.36 0.28 0.09 1.75 12.65 13.97 
SFT 5 2613.8 1.02 0.35 0.28 0.08 1.73 11.74 16.80 
SFT 6 2746.8 1.07 1.40 0.29 0.11 2.87 11.29 14.70 

RCFC 1 176.4 21.57 16.21 5.44 1.97 45.19 4.07 2.95 

RCFC 2 208.9 21.90 16.52 6.07 2.02 46.51 3.55 2.63 
RCFC 3 170.7 24.02 18.11 6.57 2.15 50.85 2.62 1.99 
RCFC 4 188.9 23.14 17.58 5.89 2.10 48.71 2.75 1.94 
RCFC 5 209.9 23.47 17.76 6.28 2.14 49.65 2.58 1.54 

RCFC 6 185.0 25.21 18.87 6.93 2.26 53.27 2.67 1.74 
CFT 6 868.9 13.85 0.36 3.50 1.28 18.99 9.88 6.21 
SFC 6 110.3 13.74 10.18 3.52 1.23 28.68 10.65 3.53 

RCFT 6 254.3 20.48 9.98 5.16 1.85 37.47 5.43 3.31 
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Figure B.1 - Barite grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 2 locked cycle flotation 

 

 

Figure B.2 - Cerium grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 2 locked cycle flotation 
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Figure B.3 - Lanthanum grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 2 locked cycle flotation 

 

 

Figure B.4 - Neodymium grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 2 locked cycle flotation 
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Figure B.5 – Praseodymium grade comparison between the recleaner flotation concentrate and 
the scavenger flotation tailings from collector 2 locked cycle flotation 
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Figure B.6 - Barium grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 5 locked cycle flotation 

 

Figure B.7 - Cerium grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 5 locked cycle flotation 

 

0.00
2.00
4.00
6.00
8.00

10.00
12.00
14.00
16.00
18.00

1 2 3 4 5 6

G
ra

de
 (

%
)

Cycle Number

Collector 5 LCT Ba Comparison

Ba SFT Ba RCFC

0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00

1 2 3 4 5 6

G
ra

de
 (

%
)

Cycle Number

Collector 5 LCT Ce Comparison

Ce SFT Ce RCFC



145 
 

 

Figure B.8 – Lanthanum grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 5 locked cycle flotation 

 

 

Figure B.9 - Neodymium grade comparison between the recleaner flotation concentrate and the 
scavenger flotation tailings from collector 5 locked cycle flotation 
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Figure B.10 – Praseodymium grade comparison between the recleaner flotation concentrate and 
the scavenger flotation tailings from collector 5 locked cycle flotation 
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Table C.1 - Per stream data for collector 2 JKSimFloat simulation 

STREAM 
TPH 
Solids 
(Sim) 

TPH 
Water 
(Sim) 

% 
Solids 
(Sim)  

Bastnäsite 
(Sim) 

Rec - 
Bastnäsite 

(Sim)  

Calcite 
(Sim) 

Rec - 
Calcite 
(Sim)  

Barite 
(Sim) 

Rec - 
Barite 
(Sim)  

Rougher Feed 100.00 150.00 40.00 13.80 100.00 65.00 100.00 21.20 100.00 

Launder Water   7.14               

Rougher Conc 20.22 30.32 40.00 51.48 75.42 42.63 13.26 5.88 5.61 

Rougher Tail 89.59 132.68 40.30 6.71 43.54 70.95 97.78 22.35 94.44 

Scavenger Conc 0.49 0.74 40.00 9.38 0.34 69.25 0.53 21.36 0.50 

Scavenger Tail 89.09 131.94 40.31 6.69 43.20 70.95 97.25 22.35 93.94 

Cleaner Feed 20.71 38.46 35.00 50.48 75.76 43.27 13.79 6.25 6.11 

Cleaner Tail 9.80 13.01 42.97 26.69 18.96 73.20 11.04 0.10 0.05 

Cleaner Con 10.91 25.46 30.00 71.85 56.80 16.37 2.75 11.78 6.06 

Recleaner Conc 10.91 25.20 30.21 71.85 56.80 16.37 2.75 11.78 6.06 

Recleaner Tail 0.00 0.25 0.08 14.98 0.00 31.55 0.00 53.47 0.00 

Tailing Combiner 89.09 131.94 40.31 6.69 43.20 70.95 97.25 22.35 93.94 

Concentrate Combiner 10.91 25.20 30.21 71.85 56.80 16.37 2.75 11.78 6.06 
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Table C.2 – Per stream data for collector 5 JKSimFloat simulation 

STREAM 
TPH 
Solids 
(Sim) 

TPH 
Water 
(Sim) 

% 
Solids 
(Sim)  

Bastnäsite 
(Sim) 

Rec - 
Bastnäsite 

(Sim)  

Calcite 
(Sim) 

Rec - 
Calcite 
(Sim)  

Barite 
(Sim) 

Rec - 
Barite 
(Sim)  

Rougher Feed 100.00 150.00 40.00 13.80 100.00 65.00 100.00 21.20 100.00 

Launder Water   23.31               

Rougher Conc 66.66 99.98 40.00 19.75 95.39 63.99 65.62 16.26 51.12 

Rougher Tail 71.16 106.25 40.11 5.55 28.63 79.80 87.36 14.64 49.15 

Scavenger Conc 0.53 0.80 40.00 7.96 0.31 67.18 0.55 24.86 0.62 

Scavenger Tail 70.63 105.45 40.11 5.53 28.33 79.90 86.81 14.57 48.53 

Cleaner Feed 67.19 124.78 35.00 19.66 95.70 64.02 66.17 16.33 51.75 

Cleaner Con 29.38 68.54 30.00 33.67 71.68 29.18 13.19 37.15 51.47 

Cleaner Tail 37.81 56.24 40.21 8.77 24.02 91.08 52.99 0.15 0.27 

Recleaner Conc 29.37 67.86 30.21 33.67 71.67 29.18 13.19 37.15 51.47 

Recleaner Tail 0.00 0.69 0.10 13.34 0.00 30.28 0.00 56.37 0.00 

Tailing Combiner 70.63 105.45 40.11 5.53 28.33 79.90 86.81 14.57 48.53 

Concentrate Combiner 29.37 67.86 30.21 33.67 71.67 29.18 13.19 37.15 51.47 
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 Table C.3 - Collector 2 JKSimFloat stream specifications 

Size Mineralogy Floatability 

Mean 
Value 

(microns) 

Max 
Value 

(microns) 

Min 
Value 

(microns) 
Label 

SG 
(t/m3) 

Label Value 

20 80 5 Barite 4.5 Fast 0.00032 

20 80 5 Barite 4.5 
Non-

floating 
0 

20 80 5 Calcite 2.7 Fast 0.000754 

20 80 5 Calcite 2.7 
Non-

floating 
0 

20 80 5 Bastnäsite 5 Fast 0.006967 

20 80 5 Bastnäsite 5 
Non-

floating 
0 

 

Table C.4 - Collector 5 JKSimFloat stream specifications 

Size Mineralogy Floatability 

Mean 
Value 

(microns) 

Max 
Value 

(microns) 

Min 
Value 

(microns) 
Label 

SG 
(t/m^3) 

Label Value 

20 80 5 Barite 4.5 Fast 0.00204 

20 80 5 Barite 4.5 
Non-

floating 
0 

20 80 5 Calcite 2.7 Fast 0.00298 

20 80 5 Calcite 2.7 
Non-

floating 
0 

20 80 5 Bastnäsite 5 Fast 0.00780 

20 80 5 Bastnäsite 5 
Non-

floating 
0 
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Table D.1 - Correlation between AMICS analysis and CSM XRF analysis for the ore sample 

  Cerium Lanthanum Neodymium Praseodymium 

Sample CSM AMICS CSM AMICS CSM AMICS CSM AMICS 

Ore 3.68 4.08 2.48 2.75 0.88 0.87 0.32 0.5 
 

Table D.2 - Correlation between AMICS analysis and CSM XRF analysis for the ore sample 

 REE Minerals Calcium Barium 

Sample CSM AMICS CSM AMICS CSM AMICS 

Ore 7.36 8.31 12.09 14.47 13.36 14.5 
 

Table D.3 - Correlation between AMICS analysis and CSM XRF analysis for the collector 2 
locked cycle flotation products 

  Cerium Lanthanum Neodymium Praseodymium 

Sample CSM AMICS CSM AMICS CSM AMICS CSM AMICS 

SFT 6 1.07 1.68 1.4 1.07 0.29 0.37 0.11 0.17 
RCFC 6 25.21 26.42 18.87 18.53 6.93 8.13 2.26 3.51 
CFT 6 13.85 14.5 11.36 9.97 3.5 3.62 1.28 1.62 
SFC 6 13.74 14.02 10.18 10.07 3.52 2.87 1.23 1.28 

RCFT 6 20.48 17.78 9.98 12.47 5.16 4.73 1.85 2.09 
 

Table D.4 - Correlation between AMICS analysis and CSM XRF analysis for the collector 2 
locked cycle flotation products 

 REE Minerals Calcium Barium 

Sample CSM AMICS CSM AMICS CSM AMICS 

SFT 6 2.87 3.23 11.29 16.46 14.7 15.02 

RCFC 6 53.27 55.47 2.67 2.84 1.74 1.88 

CFT 6 29.98 29.72 9.88 11.39 6.21 5.42 

SFC 6 28.68 29.13 10.65 12.59 3.53 3.5 

RCFT 6 37.47 37.05 5.43 5.46 3.31 3.41 
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 Table D.5 - Correlation between AMICS analysis and CSM XRF analysis for the collector 5 
locked cycle flotation products 
 

 Cerium Lanthanum Neodymium Praseodymium 

Sample CSM AMICS CSM AMICS CSM AMICS CSM AMICS 

SFT 6 2.33 2.36 1.4 1.64 0.65 0.57 0.28 0.26 

RCFC 6 5.07 5.1 3.64 3.49 1.25 1.3 0.5 0.57 

CFT 6 5.36 5.44 3.62 3.77 1.29 1.39 0.52 0.61 

SFC 6 6.21 6.2 4.44 4.24 1.49 1.5 0.59 0.68 

RCFT 6 5.51 5.73 4.01 3.93 1.38 0.7 0.54 0.58 

  

Table D.6 - Correlation between AMICS analysis and CSM XRF analysis for the collector 5 
locked cycle flotation products 

 REE Minerals (%) Calcium (%) Barium (%) 

Sample CSM AMICS CSM AMICS CSM AMICS 

SFT 6 4.66 4.88 10.95 14.84 12.97 13.34 

RCFC 6 10.46 10.4 13.91 16.99 11.6 9.53 

CFT 6 10.79 11.17 13.22 15.41 11.31 10.49 

SFC 6 12.74 12.64 12.55 13.04 12.75 12.79 

RCFT 6 11.44 11.64 13.3 15.46 11.28 9.48 
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Figure D.1 - Cerium correlation between AMICS analysis and CSM XRF analysis 

 

 

Figure D.2 - Lanthanum correlation between AMICS analysis and CSM XRF analysis 
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Figure D.3 - Neodymium correlation between AMICS analysis and CSM XRF analysis 

 

Figure D.4 - Praseodymium correlation between AMICS analysis and CSM XRF analysis 
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Figure D.5 - Liberation data for the ore sample 

  

 

Figure D.6 - Liberation data for the collector 2 locked cycle testing products 
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Figure D.7 - Liberation data for the collector 5 locked cycle testing products 
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Figure D.8 - Backscatter image of RCFC collector 2 

  

 

Figure D.9 - Identified image of RCFC collector 2 
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Figure D.10 - Backscatter image of SFT collector 2 

 

Figure D.11 - Identified image of SFT collector 2 
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Figure D.12 - Backscatter image of CFT collector 2 

 

Figure D.13 - Identified image of CFT collector 2 
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Figure D.14 - Backscatter image of SFC collector 2 

 

 

Figure D.15 - Identified image of SFC collector 2 
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Figure D.16 - Backscatter image of RFCT collector 2 

 

Figure D.17 - Identified image of RCFT collector 2 
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Figure D.18 - Backscatter image of RCFC collector 5 

 

Figure D.19 - Identified image of RCFC collector 5 
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Figure D.20 - Backscatter image of SFT collector 5 

 

Figure D.21 - Identified image of SFT collector 5 
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Figure D.22 - Backscatter image of CFT collector 5 

 

Figure D.23 - Identified image of CFT collector 5 
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Figure D.24 - Backscatter image of SFC collector 5 

 

Figure D.25 - Identified image of SFC collector 5 



165 
 

 

 

Figure D.26 - Backscatter image of RCFT collector 5 

 

Figure D.27 - Identified image of RCFT collector 5  
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Table E.1 - Table of values for No Collector Bastnäsite CA 

Time 
(s) 

Mean 
Contact 
Angle (°) 

Time 
(s) 

Mean 
Contact 
Angle (°) 

Time 
(s) 

Mean 
Contact 
Angle (°) 

3.73 9.55 4.43 20.14 5.17 47.55 
3.77 9.54 4.50 22.26 5.20 48.50 
3.80 9.38 4.53 23.17 5.23 49.49 

3.83 9.49 4.57 22.92 5.27 50.75 
3.87 9.67 4.60 22.84 5.30 52.94 
3.90 9.70 4.63 22.81 5.33 54.05 
3.93 9.46 4.67 22.78 5.37 55.47 

3.97 9.48 4.70 31.41 5.40 57.50 
4.00 9.48 4.73 32.15 5.43 59.60 
4.03 9.61 4.77 33.11 5.47 61.97 
4.07 9.87 4.80 34.68 5.50 63.37 

4.10 10.45 4.83 35.27 5.53 65.00 
4.13 10.98 4.87 36.08 5.57 65.14 
4.17 10.98 4.90 37.49 5.60 65.74 
4.20 11.45 4.93 39.24 5.63 67.46 

4.23 11.48 4.97 39.87 5.67 68.19 
4.27 12.99 5.00 40.40 5.70 68.69 
4.30 14.05 5.03 41.13 5.73 69.68 
4.33 15.27 5.07 43.31 5.77 70.78 

4.37 17.36 5.10 44.23 5.80 72.88 

4.40 18.48 5.13 46.55     
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Table E.2 - Table of values for Collector 2 Bastnäsite CA 

Time 
(s) 

Mean 
Contact 
Angle (°) 

Time 
(s) 

Mean 
Contact 
Angle (°) 

Time 
(s) 

Mean 
Contact 
Angle (°) 

Time 
(s) 

Mean 
Contact 
Angle (°) 

1.23 15.60 2.13 35.90 3.03 38.79 4.07 72.06 

1.27 17.60 2.17 36.56 3.07 38.73 4.10 72.90 

1.30 18.70 2.20 36.74 3.10 39.27 4.13 73.05 

1.33 21.96 2.23 37.56 3.13 39.31 4.17 73.48 

1.37 23.29 2.27 37.26 3.17 39.71 4.20 73.63 

1.40 21.89 2.30 36.92 3.20 40.09 4.23 73.86 

1.43 21.56 2.33 37.73 3.23 40.76 4.27 73.70 

1.47 20.19 2.37 38.14 3.27 41.56 4.30 73.81 

1.50 19.09 2.40 38.24 3.30 42.10 4.33 73.45 

1.53 20.01 2.43 38.10 3.40 46.99 4.40 55.25 

1.57 22.22 2.47 38.65 3.47 47.42 4.43 49.86 

1.60 20.73 2.50 39.40 3.53 47.87 4.47 48.10 

1.63 21.99 2.53 38.94 3.57 48.06 4.50 49.61 

1.67 21.92 2.57 38.96 3.60 48.80 4.57 48.25 

1.70 21.00 2.60 39.15 3.63 42.53 4.60 48.44 

1.73 20.74 2.63 38.89 3.67 42.21 4.63 47.58 

1.77 25.81 2.67 39.06 3.70 51.93 4.67 47.92 

1.80 25.47 2.70 38.63 3.73 52.63 4.70 48.20 

1.83 25.74 2.73 38.97 3.77 53.20 4.73 48.10 

1.87 25.65 2.77 39.13 3.80 53.99 4.77 47.36 

1.90 25.88 2.80 38.98 3.83 57.05 4.80 47.52 

1.93 26.43 2.83 38.89 3.87 59.66 4.83 48.13 

1.97 27.16 2.87 38.91 3.90 62.76 4.87 47.95 

2.00 30.68 2.90 39.00 3.93 64.48 4.90 48.05 

2.03 33.34 2.93 38.71 3.97 66.51 4.93 48.02 

2.07 35.42 2.97 38.76 4.00 68.78 4.97 48.07 

2.10 36.22 3.00 38.93 4.03 70.43     
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Table E.3 - Table of values for Collector 5 Bastnäsite CA 

Time 
(s) 

Mean 
Contact 
Angle (°) 

Time 
(s) 

Mean 
Contact 
Angle (°) 

Time 
(s) 

Mean 
Contact 
Angle (°) 

0.93 17.11 1.80 32.68 2.70 28.89 
0.97 27.22 1.83 32.48 2.73 29.97 

1.00 16.95 1.87 32.88 2.77 28.31 
1.03 27.33 1.90 34.37 2.80 28.69 
1.07 25.22 1.93 32.07 2.83 27.86 
1.10 18.00 1.97 32.24 2.87 26.94 

1.13 14.78 2.00 32.59 2.90 28.33 
1.17 15.42 2.03 33.96 2.93 30.55 
1.20 6.27 2.07 31.75 2.97 28.10 
1.23 7.97 2.10 31.52 3.00 28.44 

1.27 7.71 2.13 34.15 3.03 28.02 
1.30 10.42 2.17 32.11 3.07 32.92 
1.33 11.23 2.20 34.03 3.10 33.17 
1.37 3.76 2.23 31.81 3.13 33.21 

1.40 13.22 2.27 27.72 3.17 33.73 
1.43 13.22 2.30 30.63 3.20 33.83 
1.47 15.46 2.33 32.52 3.23 32.62 
1.50 15.84 2.37 31.91 3.27 34.87 

1.53 14.49 2.40 28.56 3.30 35.93 
1.57 15.42 2.43 27.83 3.33 36.93 
1.60 22.08 2.50 30.16 3.40 39.34 
1.63 24.41 2.53 29.69 3.43 45.15 

1.67 26.06 2.57 28.72 3.47 44.06 
1.70 29.25 2.60 29.30 3.50 47.88 
1.73 29.54 2.63 29.40 3.53 56.01 

1.77 32.07 2.67 29.52 3.57 60.65 
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Table E.4 - Table of values for No collector Calcite CA 

Time 
(s) 

Mean 
Contact 
Angle 

(°) 

Time 
(s) 

Mean 
Contact 
Angle 

(°) 

Time 
(s) 

Mean 
Contact 
Angle 

(°) 

1.97 15.88 3.23 12.47 4.46 13.87 
2.00 15.23 3.26 12.40 4.50 20.85 
2.03 24.93 3.30 18.92 4.53 16.10 
2.07 25.03 3.33 15.58 4.56 21.13 
2.10 23.80 3.36 15.29 4.60 8.17 
2.13 17.52 3.40 14.73 4.63 12.33 
2.17 22.81 3.43 13.52 4.66 17.99 
2.20 15.11 3.50 13.58 4.70 17.21 
2.23 19.22 3.53 16.00 4.73 14.06 
2.27 15.99 3.56 18.35 4.76 14.71 
2.30 32.43 3.60 15.31 4.80 19.39 
2.33 14.56 3.63 9.47 4.83 26.72 
2.37 14.36 3.66 12.16 4.86 23.70 
2.40 14.23 3.70 17.57 4.90 25.36 
2.43 24.41 3.73 17.48 4.93 24.49 
2.47 23.43 3.76 14.39 4.96 24.02 
2.50 11.62 3.80 16.00 5.00 22.40 
2.53 18.14 3.83 11.22 5.03 19.42 
2.57 10.88 3.86 9.22 5.06 17.95 
2.60 16.10 3.90 12.15 5.10 20.62 
2.63 14.92 3.93 11.47 5.13 21.12 
2.67 15.67 3.96 12.31 5.16 21.26 
2.70 16.76 4.00 9.96 5.20 17.44 
2.73 13.73 4.03 10.14 5.23 21.96 
2.77 16.56 4.06 13.74 5.26 22.94 
2.80 24.66 4.10 15.15 5.30 24.91 
2.83 14.83 4.13 9.67 5.33 24.39 
2.90 12.48 4.16 8.47 5.36 20.67 
2.93 13.28 4.20 22.20 5.40 20.68 
2.97 14.61 4.23 20.85 5.43 19.47 
3.00 13.84 4.26 10.32 5.46 20.90 
3.03 24.63 4.30 16.49 5.50 18.09 
3.10 17.43 4.33 16.18 5.60 21.76 
3.13 11.99 4.36 21.79 5.63 21.70 
3.16 9.25 4.40 10.38     

3.20 10.93 4.43 15.49     

 



170 
 

Table E.5 - Table of values for Collector 5 Calcite CA 

Time 
(s) 

Mean 
Contact 
Angle 

(°) 

Time 
(s) 

Mean 
Contact 
Angle 

(°) 

Time 
(s) 

Mean 
Contact 
Angle 

(°) 

1.37 16.61 1.90 12.66 2.53 5.26 
1.40 13.62 1.93 11.83 2.57 5.73 
1.43 14.53 1.97 12.91 2.60 5.37 
1.47 15.63 2.00 12.84 2.63 5.04 

1.50 12.71 2.03 11.17 2.67 5.62 
1.53 19.57 2.07 6.18 2.70 5.80 
1.57 11.11 2.10 5.25 2.73 8.84 
1.60 19.57 2.13 8.15 2.77 6.61 

1.63 12.60 2.17 6.10 2.80 11.66 
1.67 14.69 2.27 8.03 2.83 11.27 
1.70 13.20 2.30 6.05 2.87 9.78 
1.73 13.91 2.43 8.53 2.90 8.06 

1.77 13.24 2.47 3.27 2.97 8.55 

1.80 12.16 2.50 4.41 3.00 5.06 

 
  



171 
 

Figure 2.6 - Distribution of rare earth deposits around the world [26] 

 



172 
 

Figure 2.8: 
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Figure 2.11: 
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Figure 2.12 and Figure 2.13: 

 


