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Abstract 

 
 

The purpose of this research work was to study the beneficiation of rare earth ore of the Bokan 

Mountain – Dotson Ridge deposit, located near Ketchikan, Alaska. Rare earth element (REE) 

composite ore samples from the Bokan Mountain – Dotson Ridge deposit were tested using gravity 

concentration, magnetic separation, flotation, and leaching techniques to separate the REE. The 

composite ore sample was a product of a preliminary x-ray sorting process. Qualitative electron 

microprobe analysis of the ore showed that most of the REE minerals in the ore were silicate 

minerals. Since the electron microprobe analysis samples were coated with carbon during sample 

preparation, the carbon element was inactivated for analysis. Because of this, carbonate 

compounds of minerals’ particles could not be detected. 95% of the REE mineral particles appear 

to be smaller than about 10 µm in size (about 100 µm2 in area).   

 

For the gravity concentration, light rare earth elements (LREE) and heavy rare earth elements’ 

(HREE) individual elemental recovery values were in the ranges of 49.6-52.8% and 46.3-48.8%, 

respectively, at 25% of mass yield. In order to separate a larger amount of the REE, a wet high 

intensity magnetic separation (WHIMS) test was carried out on tailings of the gravity 

concentration tests. The HREE individual elemental recovery values ranged from 56.3-63.1% at 

37% mass yield, while LREE individual elemental recovery values were in the 57.9% - 59.1% 

range. For the combined gravity and magnetic separation processes, the net individual elemental 

recovery values of the LREE and the HREE were in the range of 79.6-80.5% and 76.5-80.9%, 

respectively. The combined mass yield of the gravity and magnetic separation processes was 53%. 

 

Direct leaching tests conducted on the composite ground ore feed yielded high individual 

elemental recovery values of 90-92% of the LREE. The HREE individual elemental recovery 

values ranged from 56.5-87.3%. In the leaching, 20% HCl was used in the 1st and 2nd stages with 

a duration of 2 hrs in each stage at 90°C. The solid percentage of the leach slurry was 20% w/w. 
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The composite ground ore sample was tested in conventional flotation using a 2.0 L capacity 

Denver cell. In the flotation, 0.05 kg/tonne of Cytec Aero 6493 collector, 0.05 kg/tonne of Cytec 

Aero Froth 88, and 0.1 kg/tonne of sodium metasilicate as a depressant were used. Pulp pH was 

set around 9. Results showed individual elemental recovery values in the range of 44.6-50.4% for 

the LREE. The HREE individual elemental recovery values ranged from 27.9-44.5%. The mass 

yield of the flotation was 23%. The flotation recoveries reported here are significantly lower than 

what was achieved previously. For the Leach after flotation process, leaching was conducted on 

the first concentrate of flotation. Individual elemental recovery values of the LREE and HREE 

were 94.7-96.5% and 61.1-90.5%, respectively. The concentrate was leached using 20% HCl in 

both the 1st and 2nd stages, with a duration of 2 hrs in each stage at 90°C. Flotation/Leach process 

net recoveries of LREE by individual elemental values ranged from 42.2-48.5%. HREE net 

recoveries by individual elemental values ranged from 17.1-41.4%.  
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Chapter 1 Introduction and Objectives 

Beneficiation of REE is different, and more challenging, than for other metals because for most 

ores, there is only one (or very few) main element to be recovered, whereas for REE, there are 

several. This thesis highlights the challenges as it deals with 15-17 value elements, their co-

existence in mineral particles, their individual elemental recoveries, and four different mineral 

processing strategies.      

REE include the fifteen lanthanide elements, coupled with yttrium (Y).  The lanthanide elements 

are divided into two groups: the light rare earth elements (LREE), which include lanthanum (La) 

to europium (Eu) (atomic numbers: 57-63), and the heavy rare earth elements (HREE), which 

include gadolinium (Gd) to lutetium (Lu) (atomic numbers: 64-71).  Yttrium (atomic number: 39) 

is usually included in HREEs due to their chemical and physical similarities.    

As noted in (Jordens, et al., 2013) demand for REE has increased in recent years due to their wide-

ranging applications from magnets to communication systems. Due to a variety of reasons, China, 

the primary supplier of REEs, reduced their REE exports recently, resulting in other countries 

looking to develop their own REE resources. Examples of this include the Bokan Mountain mine 

in Alaska, the Mountain Pass mine in California, and Mount Weld in Australia. 

The Bokan Mountain – Dotson Ridge property is a potential REE resource in Alaska.  It is located 

on southern Prince of Wales Island, approximately 60 km (38 miles) southwest of the city of 

Ketchikan.  Ucore Rare Metals Inc. owns the property. The mineralogical properties of the orebody 

are discussed in the next chapter. 

The purpose of this research work is to study beneficiation of the REE from the ore of the Bokan 

Mountain – Dotson Ridge deposit using mineral processing techniques such as gravity 

concentration, magnetic separation, flotation, and leaching. The composite ore sample was a 

product of a preliminary x-ray sorting process. Qualitative electron microprobe analysis of the ore 

was also conducted to explore the composition of the rare earth minerals (REM). It showed that 

most of the REE minerals in the ore were silicate minerals. 95% of the REE mineral particles in 
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the ore might be smaller than about 10 µm. Carbonate compounds of mineral particles were not 

detected, as they were suppressed from detection because the samples were coated with carbon in 

preparation for electron microprobe analysis. Gravity concentration was conducted on the ore. A 

wet high intensity magnetic separation (WHIMS) test was carried out on tailings of the gravity 

concentration tests. Direct leaching tests were conducted on the ore. The ore sample was also tested 

by conventional flotation. After the flotation, leaching was conducted on the first concentrate 

(concentrate 1) of flotation.  
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Chapter 2 Literature Review 

2.1   Gravity separation of REE ore 

Gravity concentration methods can separate materials of different specific gravities by their 

relative movement in response to gravity and other forces, including the resistance to motion 

exerted by a fluid such as water or air. It is important for separation and concentration by gravity 

that there is a distinct specific gravity difference between the various components, given as the 

ratio: 

	     (2.1) 

where ρsH – specific gravity of heavy component, ρsL – specific gravity of light component and ρw 

– specific gravity of water.

Generally, for a ratio of 2.5 or higher, gravity separation is relatively easy and the separation of 

particles down to 200 mesh is possible. When the ratio is 1.75, separation is effective down to 65 

mesh only, while for 1.50 it is effective only down to 10 mesh. Below 1.25, only material above 

12.5 mm in size can be separated by gravity, and separation cannot be in water. At this larger 

particle size, another fluid heavier than water is needed for separation (Gill, 1991). 

The ratio of the specific gravity difference among bastnaesite, fluorite, and quartz was analyzed 

using pure minerals (Kim, et al., 2010). The specific gravities of fluorite, bastnaesite and quartz 

are 3.18, 5.21, and 2.65 respectively. Table 2.1 indicates the ratio of the specific gravity difference 

between the pure minerals in distilled water. 

Table 2.1   The ratio of the specific gravity difference among the pure minerals (Kim, et al., 

2010) 

Pure minerals Ratio 

Bastnaesite and fluorite 1.93 

Bastnaesite and quartz 2.55 
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The ratio between bastnaesite and fluorite is 1.93, and that between bastnaesite and quartz is 2.55. 

Therefore, gravity separation of fluorite and quartz from bastnaesite has good potential, with 

separation of quartz from bastnaesite being easy (Kim, et al., 2010). 

Gravity separation test on rare earth oxides (REO’s) from the Mt Weld deposit in Western 

Australia was conducted by Guy, et al., 2000. The CZ-type (limonitic siltstone) ore has the highest 

REO grade and is the most extensive ore type in the Mt Weld lanthanide sequence. About 46 

percent of the REO in crushed CZ ore is coarser than 212 μm. Given this distribution and the 

difference in specific gravity between the rare earth minerals present, such as monazite (4.9 - 5.2), 

cheralite (5.4) and cerianite (7.2), and the main gangue mineral goethite (4.3), gravity pre-

concentration appeared to be a promising step towards increasing overall REO recovery. Previous 

work had indicated that about 50% of the coarse REOs could be concentrated effectively by gravity 

methods, but concentrate grades could not be raised above 32% REO; this was thought to be 

connected to difficulties in dispersing dried Mt Weld ore. Hindered settling and superpanner tests 

were carried out on discrete size fractions of CZ ore prepared using the modified grinding 

procedure. The ore had 23.2% REO, 44.1% Fe2O3, and 1.62% CaO. The REO consisted of CeO2, 

La2O3, Nd2O3, and Pr6O11. The results showed that in a single pass 24.3% of the REO in fresh feed 

can be concentrated in 10.4% of the weight into a gravity concentrate assaying 51.9% REO. The 

size-by-size results showed that high concentrate grades (+50% REO) were consistently obtained 

across the size range 250 -1680 μm, falling off only below 250 μm. (Guy, et al., 2000) 

2.2   Magnetic separation of REE ore 

The basis for magnetic separation is a magnetic field that is utilized to create differential movement 

of mineral particles. The effectiveness of the separation depends on the difference in magnetic 

susceptibility of minerals (Gill, 1991). Magnetisation curves of bastnaesite and monazite were 

linear, meaning the minerals are paramagnetic. On the other hand, fluorite and quartz are 

diamagnetic. Therefore, it is possible to separate paramagnetic rare earth minerals such as 

bastnaesite and monazite from diamagnetic fluorite and quartz by magnetic separation (Kim, et 

al., 2010). 
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2.3   Froth flotation of REE ore 

Different minerals have different abilities to adhere to air bubbles in a mineral-water slurry.  This 

property is exploited in froth flotation to physically separate particles. The air bubbles carry the 

attached particles to the surface of the slurry, separating them from the particles that remain in the 

slurry. Chemicals can be used to strengthen or weaken the ability of a mineral surface to attach 

itself to an air bubble, thereby extending the applicability of this technique to separate a wider 

range of minerals. (Kawatra, 2011) 

A new collector for bastnaesite flotation, modified hydroxamic acid (MOHA), had been designed 

in the laboratory (Ren, et al., 1997). The flotation recovery of pure bastnaesite mineral with MOHA 

vs. the pH value and the concentration of MOHA is shown in Figure 2.1 a and b, respectively. As 

seen in Figure 2.1, with increase in pH, flotation recovery suddenly increases until pH=8.5. At pH 

8.5 - 9.5, the flotation recovery achieves its maximum and then goes down in strong alkaline media. 

The flotation recovery rises with increase of concentration of MOHA. Flotation recovery was 90% 

at 1.0x10-3mol/l of MOHA, and 95% at 5.0x10-3mol/l of MOHA. (Ren, et al., 1997)  
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Figure 2.1   The effects of pH value and MOHA concentration C (mol/liter) on the flotation 
recovery of bastnaesite (Ren, et al., 1997) 

The weakest complexes of hydroxamates are combined with alkaline-earth metal cations (Ca2+, 

Ba2+, Sr2+) and rather strong complexes are combined with the highly charged multivalent rare-

earth cations and with the transition elements such as Nb, Ti, V, Mn, Zr, Hf, Ta. The strongest 

complexes are formed with Fe3+, Ta5+ and Nb5+. It has also been informed that differences in the 

stability constants of complexes formed with lattice cations of the minerals to be separated in a 

carbonatite ore (such as lanthanides from alkaline earth-containing gangue minerals) are much 

greater for hydroxamic acid-based collectors than for carboxylic acids (fatty acids). It is 

anticipated, therefore, that alkyl hydroxamates should be more selective in the separation of 

bastnaesite ore deposits of the type that occur at Mountain Pass, California (Fuerstenau D.W. and 

Pradip, 1991). 

According to (Gupta C. K. and N. Krishnamurthy, 2004), the ore at Mountain Pass is ground to 

100% passing 150 mesh for flotation. The ore contains bastnasite, and averages about 7% rare 

earth oxide (REO) content. The flotation feed is conditioned by steam, soda ash, sodium 
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fluosilicate, sodium lignosulfonate, and steam-distilled tall oil. Flotation is conducted hot and 

produces a bastnasite concentrate that contains 60% REO. 

Fatty acids have conventionally been the collector of choice in bastnaesite flotation because of 

their well-known availability and use in mineral flotation in general. However, they have been 

known to be unselective for bastnaesite flotation, requiring elevated temperatures, and the addition 

of large volumes of depressant to achieve a reasonable separation (Bulatovic, 2007), (Bulatovic, 

2010), (Jianzhong, et al., 2007). 

The tailings of flotation of quartz monzonite ore were processed using gravity separation, magnetic 

separation and flotation (Aplan, 1988). The monazite was beneficiated from wolframite and other 

'black minerals' by flotation in order to produce tungsten as the tailings of flotation. Wolframite 

and other 'black minerals' were in both a monazite beneficiation stream and in a tungsten stream 

where small quantities of monazite were floated from the wolframite. The flotation process for 

monazite was conducted using a patent (Cuthbertson, 1952). The monazite concentrate from this 

process had 12.5% P, so this concentrate was 94% pure. The collector which was used in flotation 

was coco amine acetate (Armac C). The depressant of wolframite/black mineral was causticized 

starch. Sulfuric acid was added to pH 1.4 and the slurry was heated to 95°F (Aplan, 1988).  

2.4   Leaching of REE 

Metals are often found in nature within metal-bearing minerals. The metal can be extracted from 

the mineral by breaking chemical bonds. Thus, chemical reactions are needed to separate metals 

from minerals. In order to break a chemical bond, a more favorable alternative must be provided. 

One key to leaching is contact between the metal and the water. After contact, a reaction is needed 

to solubilize the metal. The reaction converts the metal to an ion form to make it soluble. After the 

metal is solubilized, it can be processed in solution. (Free, 2013) 

In the Mountain Pass mine, to further enhance grade of the bastnaesite, the flotation concentrate is 

leached with 10% hydrochloric acid (HCl) at pH 1 in 1.8 m diameter× 2.7 m leach tanks. This 
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process dissolves the residual carbonates and increases the grade to 68-72% REO. (Fuerstenau 

D.W. and Pradip, 1991) 

2.5   Mineral processing of Bokan Mountain – Dotson Ridge REE ore 

2.5.1   Mineralogical property 

The Bokan Mountain – Dotson Ridge deposit has complex REE mineralogical characteristics. 

There are 4.7% REE silicates, 0.9% REE carbonates, 0.34% REE phosphates and 0.6% REE 

oxides in ore of the deposit. Two major REE silicates are zircon (ZrSiO4) and allanite 

(Ca2Al3(SiO4)3(OH)).  A fraction of zirconium (Zr) is replaced by REE in zircon while a fraction 

of Ca by REEs in allanite. The main REE carbonates are bastnasite (REE(CO3)F) and synchysite 

(Ca(REE)(CO3)2F). The main phosphates are monazite ((REE)PO4) and xenotime (YPO4). 

Fergusonite ((REE)NbO4) and pyrochlore ((Ca,Na, REE)2Nb2O6(OH,F)) are the major REE oxide 

minerals. The gangue minerals consist of silicates (88.2%), oxides (1.8%), calcite, fluorite and 

apatite (2.2%) and sulfides (0.5%).  The estimated reserve is 5 million tons of 0.65% total REE 

(TREE) at a cut-off of 0.4% (Ucore, 2013). 

2.5.2   Froth flotation 

Flotation tests were carried out on a presorted REE ore sample by (Ganguli, et al., 2013). The ore 

sample was a product of the preliminary x-ray sorting process. The contents of LREE and HREE 

of the ore sample are presented in Table 2.2 and Table 2.3. 
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Table 2.2   LREE contents in the ore 

Elements La Ce Pr Nd Sm 
Grade (ppm) 2404.0 6331.0 874.0 3614.0 851.0

Table 2.3   HREE contents in the ore 

elements Eu Gd Tb Dy Ho Er Tm Yb Lu Y 
Grade (ppm) 79.0 740.0 123.0 665.0 120.0 286.0 34.0 174.0 17.0 3224.0

The pulp density was set to about 28% w/w. Pulp pH was set using soda ash and hydrochloric acid 

at the beginning of first-stage flotation. Pulp pH was set to 8.8-8.9. The conditioning time of each 

flotation reagent was adjusted at 5 minutes.  The duration time of skimming froth from the top of 

the flotation cell was also adjusted at 5 minutes. For test to investigate influence of the grinding 

time on flotation, first, 0.04 kg/tonne (0.1 lb/t) of Cytec Aero 704 and 0.04 kg/tonne of Cytec Aero 

Froth 88 were used as the collector and frother, respectively. Flotation with 80-minute grinding 

compared to that of 60-minute grinding presented better performance for Ce (Figure 2.2). This 

pattern is similar for LREE such as La, Pr and Nd, and for HREE such as Y, Gd and Dy. A similar 

flotation test was conducted using Cytec Aero 6493 as the collector. It also was shown that 80-

minute grinding was better than with 60-minute grinding for REE mineral flotation. Grinding of 

80 minutes was selected for the rest of the flotation tests in the study. When the ore was ground 

for 80 minutes, particle size of the product was 77% passing 200 mesh (0.075 mm) (Ganguli, et 

al., 2013). 

Cytec Aero 704 and Cytec Aero 6493 were used to check flotation of the REE minerals. The Aero 

Froth 88 of 0.04 kg/tonne was used in each stage of the flotation tests. First, a dosage of 0.04 

kg/tonne of Cytec Aero 704 was applied at each stage. Then, for testing the effect of Cytec Aero 

6493, a dosage of 0.04 kg/tonne was used at each stage. Flotation performance of Ce, La, Pr and 

Nd with the Cytec Aero 6493 as the collector was a little better than flotation performance with 

Cytec Aero 704 as the collector. This pattern was similar for Y, Gd and Dy. The Ce flotation result 

is shown in Figure 2.3 (Ganguli, et al., 2013). 
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Two different dosages of sodium metasilicate were used to examine its effect on REE flotation. 

Eighty-minute grinding was applied to produce the feed and the pulp pH was set to 8.8-8.9. A 

dosage of 0.04 kg/tonne of Cytec Aero Froth 88 frother was also applied in each stage. When 0.08 

kg/tonne (0.2 lb/t) of sodium metasilicate was used in each stage, the Ce recovery at same mass 

yield was about 15 percent higher than the recovery when sodium metasilicate was not used.  The 

individual elemental recovery values of La, Pr, and Nd are really identical to those of Ce. Though, 

when sodium metasilicate dosage was increased to 0.16 kg/tonne in each stage, the REE recovery 

was lower because of over dose, which also depressed REE silicate minerals. The use of sodium 

metasilicate assisted Ce flotation considerably with the Cytec Aero 6493 collector. The influence 

of sodium metasilicate on Y, Gd and Dy flotation was similar. When a dosage of 0.08 kg/tonne of 

sodium metasilicate was used, higher flotation performance was shown than that of 0 and 0.16 

kg/tonne (Ganguli, et al., 2013). 
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Figure 2.2   Effect of grinding time on Ce flotation (Ganguli, et al., 2013) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3   Effect of collector on Ce flotation (Ganguli, et al., 2013) 
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Table 2.4   Flotation test results (Ganguli, et al., 2013) 

Product 

La 
Recovery 
(%) 

Ce 
Recovery 
(%) 

Pr 
Recovery 
(%) 

Nd 
Recovery 
(%) 

Y 
Recovery 
(%) 

Gd 
Recovery 
(%) 

Dy 
Recovery 
(%) 

Concentrate 93.9 93.8 93.8 93.5 86.6 90.9 86.8

Figure 2.4   REE recoveries of flotation 
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Ucore (2013) studied the role of collectors (SM 15, FA-1, 727, Linoleic acid, Saponified FA-1, 

Aero 825), grind sizes, and conditions (caustic, acid, natural pH) in eight froth flotation tests. 

Feeds were typically 80% passing 38 microns, with a head grade of 1.34% total rare earth oxide 

(TREO) and Y2O3.  Achieved recoveries were in 17.1-95.1% range.  The tests were exploratory, 

and not intended to optimize recoveries. 

2.5.3.   Leaching 

2.5.3.1   Direct leaching 
Sulfuric acid leaching tests were conducted to determine the effects of time, temperature and the 

H2S04:ore ratio on yttrium and rare earth extractions of the Bokan Mountain - Dotson Ridge ore 

(Green, et al., 1995). The ore included 1.26% Ce, 0.10% Dy, 0.14% Gd, 0.54% La, 0.49% Nd, 

0.08% Pr, 0.09% Sm and 0.59% Y. Water leaching of the sulfated ore was carried out for 1 hr at 

25°C and 20% solids. Results showed that the H2S04:ore ratio was the most significant variable 

for yttrium, cerium, and lanthanum extraction. Yttrium and lanthanum extraction also showed a 

dependence on temperature. Sulfuric acid leaching time demonstrated little effect. Thus, the 

H2S04:ore ratio and the sulfuric acid leaching temperature were tested further. Table 2.5 and Table 

2.6 express the effects of increasing the H2S04:ore ratio and the temperature, respectively. Results 

show that an H2SO4:ore ratio of at least 1:1 and a temperature of 250°C are needed for high metal 

extraction. From this test work, it was determined that a temperature of 250°C, an H2S04:ore ratio 

of 1:1, and a time of 1 hr were suitable for high yttrium, cerium and lanthanum extraction. (Green 

G.K. and Harbuck D.D., 1995) 
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Table 2.5   Effect of increasing H2SO4:ore ratio, 300°C, 1 hr (Green G.K. and Harbuck D.D., 

1995) 

H2SO4:ore ratio 
Extraction, % 

Y Ce La

0.25:1 59 74 64

0.5:1 51 86 76

0.75:1 52 86 76

1:1 76 100 88

1.25:1 75 99 86

1.5:1 78 100 88

Table 2.6   Effect of increasing sulfation temperature, H2SO4:ore ratio of 1:1, 1 hr (Green G.K. 

and Harbuck D.D., 1995) 

Temperature, °C 
Extraction, % 

Y Ce La

100 42 54 45

150 68 94 77

200 74 94 81

250 75 100 87

300 75 100 88
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A sample of the Zone 25-Selected material was tested. This sample had a particle size of 191 

microns (80% passing 191 microns). The grade of the sample was higher than the average grade 

of the deposit. Contents of LREE and HREE+Y were 28,200-28,890 ppm and 12,910-13,160 ppm, 

respectively. The sample was leached by 30% (v/v) nitric acid in two stages at 90°C. Solids 

percentage was 20%. First, the concentrate was leached in lean acid to produce the process leach 

solution, having the leached REE after beneficiation. Second, the concentrate was subjected to 

new nitric acid in the second stage of the leaching. Recoveries of LREE and HREE were 93-97% 

and 75-83%, respectively (Ucore, 2013).  

Hydrochloric acid (HCl) leaching with 20% HCl was better than leaching in 10% HCl (Ganguli, 

et al., 2014). It was 2-stage leaching. The duration time was 2 hours in each stage. The leaching 

was conducted at 90°C in each stage. In the leaching with 20% HCl in the 1st and 2nd stages, which 

presented the best recoveries of REE, the individual elemental recoveries were 92.1% Ce, 92.1% 

La, 92.0% Pr, 92.1% Nd, 70.5% Y, 85.2% Gd and 76.7% Dy (Table 2.7). La recoveries were 

92.1% and 87.3% for 20% HCl and 10% HCl, respectively. This pattern was similar for Ce, Pr and 

Nd. For the Gd, Dy and Y; 20% HCl leaching also was better than leaching in 10% HCl. Typically, 

their individual elemental recovery values were lower than those of LREE (Ganguli, et al., 2014).  
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Table 2.7   REE recoveries of hydrochloric acid two-stage leaching of the REE ore: 2 hours in 

each stage (Ganguli, et al., 2014) 

Acid concentrations Recovery (%) 

   Ce        La         Pr        Nd         Y         Gd         Dy 
1 20% HCl in 1st stage and 

20% HCl in 2nd stage 

 92.1     92.1      92.0     92.1       70.5      85.2      76.7 

2 10% HCl in 1st stage and 

10% HCl in 2nd stage 

 86.6      87.3      86.6     86.5      56.3      75.0       60.9 

2.5.3.2   Leach after flotation 
The leach after flotation or Flotation/Leach process consisted of 2 stages (Ganguli, et al., 2014). 

The first stage was the flotation test. The second stage was the leaching test conducted on the first 

concentrate of the flotation. For the leaching of the concentrate 1 of flotation, La recovery of the 

leaching with 20% HCl in the 1st and 2nd stages was greater than that of leaching with 10% HCl in 

both stages. La recoveries were 90.6% and 96.2% for the 2nd and 1st options of the HCl 

concentrations, respectively (Table 2.8). Ce, Pr and Nd individual elemental recovery values were 

similar to those of La (Table 2.8). Gd, Dy and Y individual elemental recoveries of the leaching 

with 20% HCl in the 1st and 2nd stages were also higher than those of leaching with 10% and 10% 

HCl. Generally, individual elemental recoveries were lower than those of the LREE (Table 2.8) 

(Ganguli, et al., 2014). 
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Table 2.8   REE recoveries of hydrochloric acid two-stage leaching of concentrate 1 of flotation: 

2 hours in each stage (Ganguli, et al., 2014) 

 Acid concentrations                              Recovery (%) 
 
   Ce        La         Pr        Nd         Y         Gd         Dy 

1 20% HCl in 1st stage and 

20% HCl in 2nd stage 

 

 96.5     96.2      96.7     96.6       66.5      89.5      73.5 
 
   

2 10% HCl in 1st stage and 

10% HCl in 2nd stage 

 

 90.8      90.6      91.2     91.3      55.7      83.3       64.0 
 
     

 

Flotation/Leach net recoveries of La, Ce, Pr and Nd were 90.3%, 90.4%, 90.6% and 90.3%, 

respectively. Gd, Dy and Y net recoveries in the Flotation/Leach process were 81.2%, 63.5% and 

57.2% (Table 2.9, Figure 2.5). The Flotation/Leach net recovery was lower than flotation 

independent recovery and leach independent recovery because the leaching was carried out on the 

concentrate of the flotation. 

 

Table 2.9   Net recovery of the combined Flotation and Leach process 

Elements La Ce Pr Nd Y Gd Dy 
Recovery (%) 90.3 90.4 90.6 90.3 57.2 81.2 63.5

 

The Flotation/Leach test is compared next with the direct leach test. Figure 2.6 shows that all 

recoveries of La, Ce, Pr, Nd, Gd, Dy and Y in the Flotation/Leach process are lower than recoveries 

of the same elements in the direct leach process. For example, La recoveries were 90.3% in the 

Flotation/Leach process and 92.1% in the direct leach process. 
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Figure 2.5   Recovery of Flotation/Leach net recovery, independent recoveries of leach and 
flotation 
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Figure 2.6   Comparison between Flotation/Leach and Direct leach 
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Chapter 3 Methods and Materials 

3.1   Materials  

An ore sample of the Bokan Mountain – Dotson Ridge rare earth elements (REE) deposit was 

selected for this beneficiation study. The sample was delivered to the mineral processing 

laboratory of the Mineral Industry Research Laboratory (MIRL). The received sample was a +1/4 

inch composite of a concentrate presorted by an x-ray sorting process from its raw ore. The sample, 

about 25 kg, was dried in an oven (Figure 3.2) and crushed. The crushed sample was split. 

The sample was stage crushed to -6 mesh (3.36 mm) using a jaw crusher and then screened in a 

screen with an aperture of 6 mesh to prevent it from being over crushed. The over screen material 

was then reduced to -6 mesh in a double-roll crusher (Figure 3.1).   

Figure 3.1    Crushing the x-ray sorted ore 

Splitter 

Jaw 
Crusher 

Screen (6#) 

Roll crusher 

-6# ore 

+ 6# 

Presorted REE ore  
(+1/4 inch composite) 
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Figure 3.2   Drying the raw ore received from the Bokan deposit: a) the ore 
before drying, b) weighing the ore, c) drying the ore in an oven 
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The -6 mesh ore was mixed well in a bar riffle splitter, then split to obtain many 700 gram samples 

which were ready for the metallurgical tests. The samples were sealed in plastic bags to prevent 

further oxidation.  

A split of the crushed sample was sent to a commercial laboratory for REE analyses. LREE and 

HREE contents in the sample were analyzed by lithium metaborate fusion followed by ICP-MS 

analysis. The LREE and HREE contents in the sample are indicated in Table 3.1. The grade of 

TREEs is approximate 2.0%. 

Table 3.1   Grades of the REE in the feed ore 

Elements Eu Gd Tb Dy Ho Er Tm Yb Lu Y 
Grade (ppm) 79 740 123 665 120 286 34 174 17 3224

elements La Ce Pr Nd Sm
grade (ppm) 2404 6331 874 3614 851

3.2   Gravity separation tests 

For the gravity concentration tests, the split representative samples of the presorted REE ore were 

processed two different ways in order to better understand liberation. Feed of the gravity separation 

test was 700 g of the crushed ore. The panning technique was used as a gravity concentration test. 

The two test protocols allow for the staged liberation of the rare earth minerals and subsequent 

attempts to recover them by gravity concentration.  

In one approach, first, the -6 mesh ore was gravity concentrated (Figure 3.3). Then its tailings were 

serially ground 3 times to determine the amount of liberation occurring at different levels of 

grinding. A sample of concentrate was collected and analyzed after each instance of grinding.  The 

process in Figure 3.3 shows three levels of 5-minute rod mill grinding. This approach can be varied 

by increasing or decreasing the duration and level of grinding. For example, the duration of 

grinding can be decreased to 3 minutes and the level of grinding can be increased to four levels. 

Figure 3.3 shows the flowsheet that was followed for Test 1, while Figure 3.4 shows the flowsheet 

that was followed for Test 3, a process similar to that in Figure 3.3, but fine-tuned after studying 
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the results of Test 1. In Test 3, there are 3 levels of grinding. The first grinding level has a duration 

of 5 min, the second has 4 min and the third has 3 min. Gravity concentration was followed by 

each grinding level. A sample of concentrate was collected and analyzed after each instance of 

grinding. 

In the second approach (Figure 3.5 and Figure 3.6), the intent is to increase the grade through 

regrinding. Figure 3.5 and Figure 3.6 show the flowsheet followed for Test 2. The processes 

followed for Test 4 are shown in Figure 3.7 and Figure 3.8. In Test 2, a sample was serially ground 

several times and a sample of its concentrate was collected after each instance of grinding (Figure 

3.5). It had three levels of 4-minute rod mill grinding in a general stage. Then concentrates 1, 2, 3 

and 4 were combined and gravity concentrated (Figure 3.6). A concentrate was taken up. Its 

tailings were reground for 30 seconds and gravity concentrated. The last concentrate was added to 

the previous concentrate taken before regrinding. The combined concentrate was the final 

concentrate. The final concentrate, middlings, and tailings were collected and analyzed. In test 4, 

first, the -6 mesh ore was gravity concentrated (Figure 3.7). Then its tailings were ground serially. 

There were 5 levels of grinding in a general stage. The first 3 grinding levels had 3-minute rod 

mill grinding and the other 2 levels had 2-minute grinding. Gravity concentration was performed 

after each grinding level. Then concentrates Ca, Cb, Cc and Cd were combined and reground (Figure 

3.8). After regrinding, reground concentrate was added to concentrates Ce and Cf. The last 

combined concentrate was gravity concentrated three times producing concentrates C1, C2 and C3, 

and middlings (Figure 3.8). The concentrates, middlings and final tailings were collected and 

analyzed (Figure 3.7 and Figure 3.8). 

This procedure employs panning as the gravity concentration test because it allows accuracy and 

flexibility in working with small sample masses and also provides an easy means to control 

concentrate mass yield (%) or concentration ratio.   
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Figure 3.3   Flowsheet of gravity separation test 1 
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Figure 3.4   Flowsheet of gravity separation test 3 
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Figure 3.5   Flowsheet of gravity separation test 2 (continued in Figure 3.6) 
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Figure 3.6   Partial flowsheet for the test 2 
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Figure 3.7   Flowsheet of gravity separation test 4 (continued in Figure 3.8) 
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Figure 3.8  Partial flowsheet for the test 4 
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3.3   Wet high intensity magnetic separation tests 

The magnetic separation tests were conducted on the tailings of the gravity separation tests in order 

to recover REE minerals. The flowsheet for the magnetic separation tests is shown in Figure 3.9. 

A Carpco Wet High Intensity Magnetic Separator (WHIMS) was used. The magnetic separation 

test consisted of 5 stages based on the WHIMS’s amperage sets of 0.2A, 0.4A, 0.6A, 0.8A and 

1.0A.  

In the first stage, 50 g of tailings of a gravity separation test were separated by WHIMS operated 

at 0.2A. The solid percentage of the feed was 20%. The concentrate was washed out by 200 ml 

water. It was named Concentrate 1. The tailings and washed water were mixed and allowed to 

settle. After it had settled, the liquid phase was transferred to a vacuum filter to separate water and 

to monitor solid discharge in the liquid phase.  

Settled tailings were then prepared as feed for the second stage of the magnetic separation. Water 

was added to the settled tailings to achieve 20% solids in the feed. It was separated by WHIMS 

operated at 0.4A. Concentrate #2 was washed out by 200 ml water. Tailings and washed water 

were mixed and allowed to settle. After they settled, the liquid phase was transferred to a vacuum 

filter to separate water.  
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Figure 3.9  Flowsheet of wet high intensity magnetic separation tests 
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In the 3rd stage, settled tailings from the second stage were separated in WHIMS in 0.6A. The solid 

percentage of the feed was once again brought to 20%.  Concentrate #3 was washed out by 200ml 

water. Tailings and washed water were mixed and allowed to settle. After it had settled, the liquid 

phase was transferred to a vacuum filter. 

In the 4th stage, settled tailings from the previous stage were separated in WHIMS in 0.8A. The 

solid percentage of the feed was 20%.  Concentrate #4 was washed out by 200 ml water. Tailings 

and washed water were mixed and allowed to settle. After it had settled, the liquid phase was 

transferred to a vacuum filter. 

In the 5th stage, settled tailings from the previous stage were separated in WHIMS in 1.0A. The 

solid percentage of the feed was adjusted to 20%. Concentrate #5 was washed out by 200 ml water. 

Tailings and washed water were mixed and allowed to settle. After it had settled, the liquid phase 

was transferred to a vacuum filter. Tailings of the 5th stage were the final tailings. 

Settled tailings of the 5th stage were transferred to a vacuum filter to separate water. All 5 

concentrates were filtered independently. All the concentrates and final tailings were dried in an 

oven at 93°C. And then mass of each product of the test was measured. After that, representative 

samples taken from each product were sent for assaying.   

3.4   Froth flotation tests 

Cytec Aero 6493 collector and sodium metasilicate depressant were selected for the flotation.  At 

each stage of the flotation test, 0.05 kg/tonne of Cytec Aero 6493, 0.1 kg/tonne of sodium 

metasilicate and 0.05 kg/tonne of aliphatic alcohol frother (Cytec Aero Froth 88) were applied. 

The froth flotation test was carried out on the split representative sample of the presorted REE ore. 

Before the flotation test, the feed ore was ground in a 5.7 inch inner diameter steel ball mill. For 

the grinding, the solid percentage of the slurry in the mill was 50% by weight. The grinding speed 

was adjusted to 83 rpm. Grinding time was 65 min. Particle size of the 65-minutes grinding product 

was 82% passing 200 mesh (0.075 mm). 



34 

A 2-liter Denver conventional flotation cell was selected for the test work. The flowsheet of the 

flotation tests is shown in Figure 3.10. In each flotation test, the initial solid percentage of pulp 

was adjusted to approximately 28% by weight.  Slurry pH was adjusted to 8.8-8.9 by adding soda 

ash and/or hydrochloric acid prior to the first-stage flotation. The conditioning time for each 

addition of flotation reagents was set at 5 minutes.  The duration of skimming mineralized froth 

was set at 4 minutes. REE grades of flotation concentrates and tailings were analyzed by lithium 

metaborate fusion followed by ICP-MS analyses in a commercial assaying laboratory. 
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Figure 3.10   Flowsheet of the flotation test 
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3.5   Leaching tests 

Leaching was conducted on two different feeds.  In one, termed direct leaching, the feed was the 

x-ray sorted ore.  In the second, termed “leach after flotation,” the feed was the concentrate of the 

flotation test.  The leach method was identical in both cases. 

3.5.1   Direct leaching 

The direct leaching tests were conducted on the split representative samples of the presorted REE 

ore. Its fineness was 77% passing 200 mesh (0.075 mm). A 100 ml beaker was selected as a reactor 

for the test. The leaching tests were conducted at 90°C. A Thermolyne Cimarec2 hot plate with 

magnetic stirrer was used to heat and stir the slurry in the beaker.  It was a 2-stage leaching (Figure 

3.11). The duration time of each stage was 2 hours. The feed of the leaching test was 5 g of the 

ground ore. The solid percentage of the leach slurry was 20% w/w.  

In the first stage of the leaching, 5.00 g of the ground REE ore sample was placed in a 100 ml 

beaker and 20.0 g (18.2 mL) of 20% hydrochloric acid (HCl) was added to it (Table 3.2). The 

slurry was heated to 90°C on the hot plate. Agitation was started and the leaching continued for 2 

hours. Then the pregnant leach solution (PLS) was decanted to a 100 ml volumetric flask. Residue 

of the first stage of the leaching was rinsed out two times by 20 ml 5% of HCl in the reactor. The 

rinse solutions were decanted to the same volumetric flask. 



 

37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pregnant Leach 
Solution (PLS) 1 

 Ground ore 

Leach 1st stage Acid 

Decantation 
and rinsing 

residue 

Leach 2nd stage 

PLS 2 
Filtration 

and rinsing 

residue 

Figure 3.11   Flowsheet of leaching tests 



38 

The remaining leaching residue was leached in the second leaching stage. 20.0 g of 20% HCl was 

added to the first leaching stage residue (Table 3.2). The slurry also was heated to 90°C on the hot 

plate. Agitation was started and the leaching again lasted for 2 hours. Then the PLS was filtered to 

100 ml volumetric flask. Residue of the second stage of the leaching was rinsed out two times by 

20 ml 5% of the selected acid. The filtered cake was dried in an oven at 90°C. The cake samples 

were taken for analysis.  

Table 3.2   Hydrochloric acid concentrations in 2 stages in the leach tests 

Stages Concentration 
of HCl (%) 

1st stage 20
2nd stage 20

3.5.2   Leach after flotation 

For the leach after flotation tests, the feed was the concentrate of the first stage of the flotation test 

(Figure 3.10). The solution of 20% HCl was applied in each stage of these tests. The 2-stage 

leaching procedure (Figure 3.11) was followed. The duration time was 2 hours for each stage. 

Chosen factors such as acid concentration, solid percentage of slurry and temperature of heating 

were the same as for the direct leaching tests. The filtered cake was dried in an oven at 90°C. The 

cake samples were taken for analysis.   

3.6   Electron microprobe analysis of REE mineralogy 

The sample for electron microprobe analysis was prepared by polishing in a resin block. A specific 

1-inch cylinder, which is a frame of the resin block, was held on a transparent thermo-resistant 

sheet by gluing its edge at one end. The sheet was kept on a thermo-plate with a temperature of 

130°C. About 2 g of the material was added and a glue mixture was poured into the cylinder. After 

that, this mixture was kept at 130°C for about 20 min until it was solid (Figure 3.12). After the 

resin block was ready, it was polished using disc grinders, abrasive powders and polishing discs 

(Figure 3.13). Abrasive powders were 400 mesh, 600 mesh, 1000 mesh and 3 microns. Polishing 

discs were 1 to 4 microns. Then the resin block was carbon-coated in 250Å (Figure 3.14). The 
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sample was analyzed on a JEOL JXA-8530F Electron Microprobe analyzer equipped with a 

Thermo Scientific UltraDry silicon drift energy dispersive detector controlled by Thermo System 

Seven NSS software version 3.2. The accelerating voltage was 30 kV. The beam current was 100 

nA. Magnification was set to 1000x. The acquiring time was 1 sec. Minimum counts were 5,000. 

Three regions were selected and the Feature Sizing option of the NSS software was used to collect 

spectra (1 second each) of particles that showed high brightness in the backscattered electron image 

(i.e., particles with high average atomic number).  Spectra were processed with the NSS 

standardless quantification software for concentrations of Na,  Mg, Al,  Si,  P,  S,  K,  Ca,  Ti,  V,  

Mn,  Fe,  Co,  Zn,  Y, Zr,  Nb,  Cd,  Ba,  La,  Ce,  Pr,  Nd,  Pm,  Sm,  Eu,  Gd,  Tb,  Dy,  Ho,  Er, 

Tm,  Yb,  Lu,  Hf , Ta,  Au,  Tl,  Pb,  Th and U.  

 

Filter of Feature sizing was chosen on greater than 1 µm2 of particles’ area. Thresholds were set 

at 60,000-65,535 of brightness of the electron images. This means that high atomic number 

elements were selected from the analyzed regions, which were related to the threshold set. Such a 

threshold is one kind of filtration. The complete range of the brightness of the electron images was 

from 0 to 65,535.  
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Figure 3.12   The resin block on a thermo-plate 
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Disc grinder                Abrasive powders 

Figure 3.13   Disc grinder and abrasive powder 
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Figure 3.14   Carbon coated 1-inch 
diameter resin block 
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Chapter 4 Results and Discussion 

4.1   Gravity separation 

The LREE and HREE contents in the feed ore are presented in Appendix E (also shown in Chapter 

3). The grade of TREE was approximately 2.0%. Gravity Test No. 1 shows that for a combined 

concentrate mass yield of 10.3%, light rare earth element (LREE) recovery ranged from 34.9-

38.6%, heavy rare earth element + yttrium (HREE) ranged from 32.7-34.3%, and uranium and 

thorium recoveries were 29.2% and 29.8%, respectively.  Test No. 2 demonstrates how the 

combined concentrates from Test No. 1 might be further upgraded after regrinding, yielding a 

concentrate of only 3.4%.  LREE recovery ranged from 19.5-23.6% and HREE ranged from 17.9-

19.6%.  The concentrate had an enriched grade on the order of 6-7 times that of the feed material. 

REE contents in the concentrate for Test No. 1 and Test No. 2 are shown in Appendices E and F, 

respectively. 

Test No. 3 shows that for a combined concentrate mass yield of 25.5%, LREE recovery ranged 

from 49.6-52.8%, HREE ranged from 46.3-48.8%, and uranium and thorium recoveries were both 

42.1%.  Test No. 4 demonstrates how the combined concentrates from Test No. 3 might be further 

upgraded after regrinding, for various concentrate mass yields (3.9%, 7.1% and 10%).  Grade 

enrichment is inversely proportional to recovery. Figure 4.1 summarizes the relationship between 

concentrate mass yield (%) and recovery for lanthanum.  The linear trend is similar for other LREE 

and for HREE, but recoveries vary slightly for other elements. REE contents in the concentrate for 

the Test No. 3 and Test No. 4 are shown in Appendices G and H, respectively. 

Table 4.1 summarizes the combined gravity recovery and liberation characteristics of the ore 

sample for the two main levels of mass yield investigated and at various levels of comminution 

(P95).  It is apparent in Table 4.1 that the ore sample has a very significant percentage of REE 

mineralogy that is liberated at coarse comminution levels and which is available for gravity 

recovery.  



44 

Roughly 50% of the REE mineralogy in the ore samples seems amenable to gravity concentration 

at a 25% mass yield (Figure 4.1).  Regrinding rougher gravity concentrates and re-concentration 

increases concentrate grade, but at the expense of recovery in the cleaner circuit.  

Table 4.1   REE recovery of the gravity separation tests, which is correlated to particle size and 

mass yield 

    Yield (%)
   ~ P95 

10 25

1 6 mesh 9.0% N/A 
2 40 mesh 12.6% 30.4% 
3 80 mesh 11.5% 14.7% 
4 100 mesh 5.5% 7.6% 

Figure 4.1   The relationship between gravity concentration mass yield 
and recovery for lanthanum 

Mass yield (%)



 

45 

 

4.2   Wet high intensity magnetic separation 

A wet high intensity magnetic separation (WHIMS) test was conducted on tailings of the gravity 

separation test. REE contents of the feed of the WHIMS test are shown in Appendix I. Figure 4.2 

and Figure 4.3 show the individual elemental recovery values of the wet high intensity magnetic 

separation test for the LREE and HREE. The recoveries are a little bit higher for the HREE. It 

appeared that the HREE were separated from the tailings of the gravity separation with recovery 

ranging from 56.3-63.1% at 37% mass yield of combined concentrate (Figure 4.3). 
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Figure 4.2   LREE recoveries of WHIMS test 

Figure 4.3    HREE recoveries of WHIMS test 
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For recovery of the light rare earth elements, it was observed that LREE were separated from the 

tailings of the gravity separation with recovery ranging from 57.9-59.1% at 37% mass yield of 

combined concentrate (Figure 4.2). REE contents in the concentrate of the WHIMS test are 

presented in Appendix I. For the Gravity/Magnetic separation process, its net individual elemental 

recovery values of the LREE and the HREE were in the range of 79.6-80.5% and 76.5-80.9%, 

respectively. The combined mass yield of the Gravity/Magnetic separation process was 53%. 

4.3   Froth flotation 

The flotation test was carried out on the representative split of the presorted REE ore sample (see 

Chapter 3). Contents of LREE and HREE in the feed ore are presented in Appendix J. 

Results showed individual elemental recovery values in the range of 44.6-50.4% for the LREE at 

a mass yield of 23% (Figure 4.4). The HREE individual elemental recovery values ranged from 

27.9-44.5% (Figure 4.5). REE contents in the concentrate of the flotation test are shown in 

Appendix J. The achieved recoveries were significantly lower than those achieved by Ganguli et 

al (2013). It is possible that the particles were coarser, resulting in lower recoveries. 
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Figure 4.4   Recoveries of LREE as a result of flotation

Figure 4.5   Recoveries of HREE as a result of flotation 
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4.4   Leaching 

4.4.1   Direct leaching 

Direct leaching tests were conducted on the composite ground ore. The LREE and HREE contents 

of the ore sample are presented in Appendix K. The leaching yielded high individual elemental 

recovery values in the range 90-92% of the LREE (Figure 4.6). The HREE individual elemental 

recovery values ranged from 56.5-87.3% (Figure 4.7). In the leaching, 20% HCl was used in the 

first and second stages, with a duration of 2 hrs in each stage at 90°C. REE contents in the residue 

of the direct leaching process are shown in Appendix K. 
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Figure 4.6   Recoveries of LREE as a result of direct 

leaching 
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Figure 4.7   Recoveries of HREE as a result of direct leaching 
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4.4.2   Leach after flotation 

For the leach after flotation process, leaching was conducted on concentrate 1 of flotation. REE 

contents of the feed are shown in Appendix L. Individual elemental recovery values of the LREE 

and HREE were 94.7-96.5% and 61.1-90.5%, respectively (Figure 4.8 and Figure 4.9). The 

concentrate was leached using 20% HCl in both the first and second stages, with a duration of 2 

hrs in each stage at 90°C. REE contents in the residue of the leach after flotation process are shown 

in Appendix L. It is assumed that the REE contents in concentrate 1 are similar to that in the 

combined concentrate of flotation. Flotation/Leach process net recoveries of LREE and HREE by 

individual elemental values range from 42.2-48.5% and 17.1-41.4%, respectively (Figure 4.10 and 

Figure 4.11).  
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Figure 4.9   Recoveries of HREE as a result of leach after flotation 
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Figure 4.11   Flotation/Leach process net recoveries of HREE 
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4.5   Electron microprobe analysis 

4.5.1   Mineralogy of the ore 

After the acquiring process was done, elemental concentration data were provided. The datasheet 

includes concentration of elements such as  Na,  Mg  Al,  Si,  P,  S,  K,  Ca,  Ti,  V,  Mn,  Fe,  Co,  

Zn,  Y,  Zr,  Nb,  Cd,  Ba,  La,  Ce,  Pr,  Nd,  Pm,  Sm,  Eu,  Gd,  Tb,  Dy,  Ho,  Er, Tm,  Yb,  Lu,  

Hf , Ta,  Au,  Tl,  Pb,  Th and U. The REE found in the feed are Y, La, Ce, Pr, Nd, Pm, Sm, Eu, 

Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. (Appendix A) 

Batch processing of all elemental concentration datasheets was done. As a result of the batch 

processing, tables of compound concentration data were created. All the compounds were in oxide 

type, for example, Na2O, MgO, SiO2, Fe2O3, La2O3, Dy2O3, ThO2 and UO2. Oxygen was 

determined stoichiometrically (Appendix C). 

The compound concentration tables were integrated into one large table for greater ease of 

accounting and analysis. Also, area data (surface area of the particle) was added to the last table. 

As a result of the qualitative analysis, 1600 mineral particles of the compounds were found using 

the conditions specified in Chapter 3. These mineral particles were found as particles with heavy 

elements because they were filtered by high atomic number of elements (Chapter 3). 95% of the 

particle areas of all these mineral particles were smaller than 98 µm2. This means that the particle 

size of 95% of the mineral particles was smaller than about 10 µm. Therefore, the particle size of 

REE mineral particles can be very small.  

Since samples were coated with carbon during sample preparation, carbon element was inactivated 

for analysis. Unfortunately, because of this, carbonate compounds of mineral particles could not 

be detected.  

When La2O3 occurs in mineral particles, its maximum concentration can be greater than 10%.  This 

pattern is similar for Ce2O3, Nd2O3, Dy2O3, Y2O3 and ZrO2. Therefore, these are probably the main 

value compounds that build mineral particles. Note that the proportion of these oxides in the ore 

is also high, where La, Ce, Nd, Dy and Y contribute 18403 ppm out of 22088 ppm of REE in the 
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feed ore. Given their contributions, correlations were developed among these six rare earth oxides 

and other oxide compounds for the mineral particle contents. 

Within 1600 mineral particles found, 381 particles had concentrations of La2O3 greater than 2%. 

Maximum La2O3 concentration in the mineral particles is 25%. Almost all particles that contained 

La2O3 contained SiO2. CaO, Ce2O3 and Nd2O3, and also co-existed with La2O3, though their 

percentage co-existence was lower. 

There are 693 particles of minerals with Ce2O3 greater than 2%. Maximum Ce2O3 concentration 

is 52.3%. Similar to La2O3, Ce2O3 co-exists with SiO2, CaO, Fe2O3 and Nd2O3 (68-91%), with 

percentage co-existence being the highest for SiO2.  

For the Nd, there are 654 particles of minerals with Nd2O3 greater than 2%. Maximum Nd2O3 

concentration is 25.7%. In the minerals, Nd2O3 co-exists with SiO2, CaO and Ce2O3 (83-96%). 

There are 198 particles of minerals with Dy2O3 greater than 2% in all the mineral particlesfound. 

Maximum Dy2O3 concentration is 11.9%. In the minerals, most of Dy2O3 co-existed with SiO2 and 

Y2O3  (72-89%). 

529 particles of minerals with Y2O3 greater than 2% are known in all the mineral particlesfound. 

Maximum Y2O3 concentration is 40.7%. In the minerals, most of Y2O3 are co-existed with SiO2. 

324 mineral particles with ZrO2 greater than 2% are known in all the mineral particlesfound. 

Maximum ZrO2 concentration is 53.8%. In the minerals, most of ZrO2 correlated with SiO2. 

Most of the REE minerals in the ore were silicate minerals. This is not surprising since the ore 

predominantly contains silicate REE minerals, as determined by UCore and reported here and 

elsewhere. However, an implication for this is in the use of metasilicate depressant.  Too much 

metasilicate will depress the silicate REM. 

P2O5 presented co-existence with only Dy2O3 and Y2O3 of the REE main compounds. However, 

the co-existence was very low.  
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Figure 4.12 shows an electron image from microprobe analysis. This image is one of 35 images 

taken for analysis. Mineral particles with heavy elements are shown as bright shapes. In the 

selected conditions, 5 particles were recognized as REE minerals. Four mineral particles are 

highlighted. Two of them, #1 and #2, are comparatively fine particles. The areas of #1 and #2 are 

5.4 µm2 and 2.4 µm2, respectively (Table 4.2). Particle #1 and #2 have obviously not been liberated 

completely, as they are inside larger particles. 
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Figure 4.12   Electron image of the feed ore with magnification of 1000X and size of 100x100 
microns 
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 Particle #1 is a particle of a REE mineral which has 6.3% Y2O3, 18.8% ZrO2, 6.2% Nb2O5, 50.5% 

SiO2 and 3.5% P2O5 (Table 4.2). Particle #2 is a particle of a REE mineral which has 5.4% La2O3, 

11.8% Ce2O3, 2.8% Nd2O3 and 71.3% SiO2 (Table 4.2). Particle #3 is a fine particle that is 

completely liberated. Particle #4 is a comparatively big particle that is completely liberated. The 

areas of particles #3 and #4 are 7.3 µm2 and 689.2 µm2, respectively (Table 4.2). Particle #3 is a 

particle of a REE mineral which has 3.3% La2O3, 14% Ce2O3, 8.8% Nd2O3, 3.2% Sm2O3, 3.4% 

Gd2O3, 2.3% Tb2O3, 3% Y2O3, 2.2% Fe2O3, 8% CaO, 15.6% SiO2, 3.3% MgO and 5% Na2O 

(Table 4.2). Particle #4 is a mineral with compounds of 29.9% As2O3, 24.5% Fe2O3, 22.9% SO3 

and 4.3% MgO (Table 4.2). Particle #4 is not an REE mineral particle. Also, its area is 

comparatively big. From the area information, it is known that its particle size is about 26 µm. 

This demonstrates that high atomic number based filtration is not perfect, as it can also highlight 

non-REE minerals. 

 

Table 4.2   Identification of 4 highlighted mineral particles of feed ore  

Particle # Area (µm2) Content of the mineral particle by composition 

percentage 

1 5.4 6.3% Y2O3, 18.8% ZrO2, 6.2% Nb2O5, 50.5% SiO2, 

3.5% P2O5 

2 2.4 5.4% La2O3, 11.8% Ce2O3, 2.8% Nd2O3, 71.3% SiO2 

3 7.3 3.3% La2O3, 14% Ce2O3, 8.8% Nd2O3, 3.2% Sm2O3, 

3.4% Gd2O3, 2.3% Tb2O3, 3% Y2O3, 2.2% Fe2O3, 

8% CaO, 15.6% SiO2, 3.3% MgO, 5% Na2O 

4 689.2 29.9% As2O3, 24.5% Fe2O3, 22.9% SO3, 4.3% MgO 

 

4.5.2   Mineralogy of flotation concentrate 

After the acquiring process was completed, elemental concentration data were provided. Each 

datasheet includes concentration of elements such as  Na,  Mg  Al,  Si,  P,  S,  K,  Ca,  Ti,  V,  Mn,  

Fe,  Co,  Zn,  Y,  Zr,  Nb,  Cd,  Ba,  La,  Ce,  Pr,  Nd,  Pm,  Sm,  Eu,  Gd,  Tb,  Dy,  Ho,  Er, Tm,  

Yb,  Lu,  Hf , Ta,  Au,  Tl,  Pb,  Th and U. The REE found in the concentrate are Y, La, Ce, Pr, 

Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. (Appendix B) 
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Batch processing was done for datasheets containing elemental concentration. Tables of compound 

concentration data were created from batch processing. All the compounds were oxides such as 

Na2O, MgO, SiO2, Fe2O3, La2O3, Dy2O3, ThO2 and UO2. Oxygen was determined 

stoichiometrically. (Appendix D) 

The compound concentration tables were integrated into one large table for greater ease of 

accounting and analysis. Also, area data was added to the last table. 

Qualitative analysis identified 1129 mineral particles using conditions specified in Chapter 3. 

These mineral particles were particles with heavy elements because they were filtered by high 

atomic number of elements (Chapter 3). 95% of the particle areas of all these mineral particles 

were smaller than 120 µm2. This means that 95% of the mineral particles were smaller than about 

11 µm. Therefore, the particle size of REE mineral particles can be very small.  

When La2O3 occurs in mineral particles, its maximum concentrations can be greater than 10%. 

This pattern is similar for Ce2O3, Nd2O3, Dy2O3, Nb2O5, Y2O3 and ZrO2. Therefore, these are 

probably the main value compounds which build mineral particles of the concentrate of flotation. 

Therefore, as with the concentrate, each of these elements was investigated for co-existence with 

all other minerals. 

Four hundred fifty five particles had concentrations of La2O3 greater than 2%. Maximum La2O3 

concentration is 30.2%. In the compounds, most La2O3 co-exists with SiO2. Furthermore, La2O3 

has good co-existence with CaO, Fe2O3, Y2O3, Ce2O3, Pr2O3, Nd2O3, Pm2O3, Sm2O3, Eu2O3, 

Gd2O3 and Tb2O3.  

Also, there are 750 particles of compounds with Ce2O3 greater than 2%. Maximum Ce2O3 

concentration is 54.6%. In the compounds, most of Ce2O3 were co-existed with SiO2. Besides, 

La2O3 had good co-existence with CaO, Fe2O3, Y2O3, La2O3, Pr2O3, Nd2O3, Pm2O3, Sm2O3, Eu2O3, 

Gd2O3 and Tb2O3. 
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For Nd, there are 714 particles of compounds with Nd2O3 greater than 2%. Maximum Nd2O3 

concentration is 22.6%. In the compounds, most Nd2O3 co-existed with SiO2. In addition, Nd2O3 

has good co-existence with CaO, Fe2O3, Y2O3, La2O3, Ce2O3, Pr2O3, Pm2O3, Sm2O3, Eu2O3, Gd2O3 

and Tb2O3.  

There are 97 particles of compounds with Dy2O3 greater than 2%. Maximum Dy2O3 concentration 

is 10.5%. In the compounds, most Dy2O3 co-existed with SiO2. Dy2O3 has good co-existence with 

CaO, Fe2O3, Y2O3, Ce2O3, Pr2O3, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Tb2O3, Ho2O3, Er2O3, Tm2O3, 

Yb2O3 and Lu2O3.  

There are 101 particles of compounds with Nb2O5 greater than 2%. Maximum Nb2O5 

concentration is 55.6%. In the compounds, most Nb2O5 co-existed with SiO2. Nb2O5 has good co-

existence with CaO, Fe2O3, Y2O3, Ce2O3, Pr2O3, Nd2O3, Pm2O3, Sm2O3, Eu2O3, Gd2O3, Tb2O3, 

Dy2O3 and Tm2O3.  

518 particles of compounds with Y2O3 greater than 2% are known. Maximum Y2O3 concentration 

is 92.1%. In the compounds, most Y2O3 co-existed with SiO2. Y2O3 has good co-existence with 

CaO, Fe2O3, La2O3, Ce2O3, Pr2O3, Nd2O3, Pm2O3, Sm2O3, Eu2O3, Gd2O3, Tb2O3 and Dy2O3.  

45 particles of compounds with ZrO2 greater than 2% are known. Maximum ZrO2 concentration 

is 57.8%. In the compounds, all of the ZrO2 co-existed with SiO2. Most of ZrO2 are co-existed 

with P2O5. ZrO2 has good co-existence with Fe2O3, Y2O3, Ce2O3, Nd2O3, Tb2O3 and Er2O3.  

There are 18 particles of compounds with ThO2 greater than 2%. Maximum ThO2 concentration 

in the compounds is 43.7%. In the compounds, all ThO2 co-existed with SiO2. Also, ThO2 has 

good co-existence with CaO, Fe2O3, Y2O3, La2O3, Ce2O3, Pr2O3, Nd2O3, Pm2O3, Sm2O3, Eu2O3, 

Gd2O3 and Tb2O3.  

There are 115 particles of compounds with UO2 greater than 2%. Maximum UO2 concentration is 

11.2%. In the compounds, most UO2 co-existed with SiO2. UO2 has good co-existence with CaO, 

Fe2O3, Y2O3, Ce2O3, Nd2O3, Pm2O3, Sm2O3, Eu2O3, Gd2O3 and Tb2O3. 
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The results of the qualitative analysis show that REE minerals containing La, Ce, Nd, Dy, Nb, Y, 

Zr, Th and U were separated into the concentrate by flotation process. There were probably main 

minerals of La, Ce, Nb, Y, Zr and Th in the concentrate. Most of the REE minerals separated into 

the concentrate were silicate minerals. Note that co-existence of these minerals with phosphate 

minerals was explored, but nothing significant was found. 

Thirty six images were taken for electron microprobe analysis of flotation concentrate particles. 

Figure 4.13 shows one of those images. Mineral particles with heavy elements are presented as 

bright shapes. In the selected conditions, 35 particles were recognized as REE minerals. Six 

mineral particles are highlighted on Figure 4.13. Two of them, #1 and #2, are comparatively big 

particles. The areas of #1 and #2 are 362.8 µm2 and 285.6 µm2, respectively (Table 4.3). Particle 

#1 is a particle of a REE mineral which has 14% La2O3, 42.8% Ce2O3, 12.9% Nd2O3, 2.6% Sm2O3, 

1.2% Eu2O3, 2.7% Gd2O3, 2.9% Y2O3, 13.4% CaO and 4.4% SiO2 (Table 4.3). Particle #2 is a 

particle of a REE mineral which has 1.4% La2O3, 5.9% Ce2O3, 3.2% Nd2O3, 2.6% Sm2O3, 2.2% 

Eu2O3, 2.2% Gd2O3, 6.7% Dy2O3, 2.0% Ho2O3, 23.1% Y2O3, 2.8% Fe2O3 and 38.8% SiO2 (Table 

4.3). Particles #3 and #4 are very fine particles that are completely liberated. The areas of #3 and 

#4 are 2.7 µm2 and 1.5 µm2, respectively (Table 4.3). Particle #3 is a particle of a REE mineral 

which has 2.5% La2O3, 13.4% Ce2O3, 7.1% Nd2O3, 1.5% Sm2O3, 1.2% Gd2O3, 1.6% Tb2O3, 2.7% 

Y2O3, 4.9% Fe2O3, 8.6% CaO, 1.3% K2O, 34.7% SiO2, 6.1% MgO and 8.7% Na2O (Table 4.3).  
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Figure 4.13   Electron image No. 1 of the flotation concentrate with magnification of 1000X and 
size of 100x100 microns 
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Table 4.3   Identification of 6 of highlighted mineral particles in electron image No. 1 

Particle 

# on the 

figure 

Area (µm2) Content by composition percentage 

1 362.8 14% La2O3, 42.8% Ce2O3, 12.9% Nd2O3, 2.6% 

Sm2O3, 1.2% Eu2O3, 2.7% Gd2O3, 2.9% Y2O3, 

13.4% CaO, 4.4% SiO2 

2 285.6 1.4% La2O3, 5.9% Ce2O3, 3.2% Nd2O3, 2.6% 

Sm2O3, 2.2% Eu2O3, 2.2% Gd2O3, 6.7% Dy2O3, 

2.0% Ho2O3, 23.1% Y2O3, 2.8% Fe2O3, 38.8% SiO2 

3 2.7 2.5% La2O3, 13.4% Ce2O3, 7.1% Nd2O3, 1.5% 

Sm2O3, 1.2% Gd2O3, 1.6% Tb2O3, 2.7% Y2O3, 4.9% 

Fe2O3, 8.6% CaO, 1.3% K2O, 34.7% SiO2, 6.1% 

MgO, 8.7% Na2O 

4 1.5 6.4% Ce2O3, 4.0% Nd2O3, 1.6% Sm2O3, 1.6% 

Eu2O3, 1.1% Y2O3, 1.6% UO2, 16.3% Fe2O3, 3.9% 

CaO, 5.7% K2O, 1.0% SO3, 36.4% SiO2, 15.1% 

MgO, 

5 1.3 37.9% Fe2O3, 6.3% CaO, 2.0% K2O, 40.3% SiO2, 

5.5% MgO, 4.7% Na2O 

6 4.6 40.4% Fe2O3, 3.4% CaO, 52.8% SiO2 

In the Figure 4.13, the particles #5 and #6 look like REE mineral grains which are not liberated. 

However, it was known that these minerals were not REE’s. The #5 is a mineral with compounds 

of 37.9% Fe2O3, 6.3% CaO, 2.0% K2O, 40.3% SiO2, 5.5% MgO and 4.7% Na2O (Table 4.3). The 

#6 is a mineral which has 40.4% Fe2O3, 3.4% CaO and 52.8% SiO2 (Table 4.3). Perhaps, the 

threshold setting of the filtration by high atomic number of elements probably was not sufficient.  
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In Figure 4.14, an electron image of mineral particles of flotation concentrate is shown. Mineral 

particles with heavy elements are presented as bright shapes. In the selected conditions, 22 

particles were recognized as REE minerals. All of them have areas lower than 53 µm2 or sizes 

lower than about 7 µm. Six mineral particles are highlighted on Figure 4.14. Particle #1 is a particle 

of a REE mineral which has 3.0% La2O3, 15.6% Ce2O3, 7.8% Nd2O3, 2.9% Sm2O3, 2.1% Gd2O3, 

1.7% Tb2O3, 4.5% Y2O3, 2.5% Fe2O3, 6.9% CaO and 49.8% SiO2 (Table 4.4). Particle #2 is a 

particle of a REE mineral which has 4.5% La2O3, 16.9% Ce2O3, 1.8% Pr2O3, 7.5% Nd2O3, 1.6% 

Sm2O3, 2.2% Gd2O3, 1.5% Tb2O3, 6.9% Y2O3, 5.9% Fe2O3, 9.6% MgO, 10.0% CaO and 27.6% 

SiO2 (Table 4.4). Particle #4 is a particle of a REE mineral which has 7.4% La2O3, 31.8% Ce2O3, 

12.0% Nd2O3, 4.3% Sm2O3, 1.5% Eu2O3, 1.8% Gd2O3, 2.8% Y2O3, 3.6% Fe2O3, 6.4% CaO and 

25.0% SiO2. Particle #6 is a particle of a REE mineral which has 1.5% La2O3, 7.1% Ce2O3, 1.1% 

Pr2O3, 3.8% Nd2O3, 1.0% Sm2O3, 2.4% Y2O3, 3.3% CaO and 77.1% SiO2. The content of particle 

#5 is not identified in a specified condition (Chapter 3) because its area is lower than 1 µm2 (Table 

4.4). Particle #3 is not a particle of REE mineral (Table 4.4). 
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Figure 4.14   Electron image No. 2 of the flotation concentrate with magnification of 1000X and 
size of 100x100 microns 
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Table 4.4   Identification of 6 of highlighted mineral particles in the electron image No. 2 

Particle 

# on the 

figure 

Area (µm2) Content by composition percentage 

1 1.80 3.0% La2O3, 15.6% Ce2O3, 7.8% Nd2O3, 2.9% 

Sm2O3, 2.1% Gd2O3, 1.7% Tb2O3, 4.5% Y2O3, 2.5% 

Fe2O3, 6.9% CaO and 49.8% SiO2 

2 4.29 4.5% La2O3, 16.9% Ce2O3, 1.8% Pr2O3, 7.5% 

Nd2O3, 1.6% Sm2O3, 2.2% Gd2O3, 1.5% Tb2O3, 

6.9% Y2O3, 5.9% Fe2O3, 9.6% MgO, 10.0% CaO 

and 27.6% SiO2 

3 8.37 45% ZrO2, 1.6% Fe2O3, 11.4% P2O5, 36.3% SiO2 

and 2.5% MgO 

4 52.58 7.4% La2O3, 31.8% Ce2O3, 12.0% Nd2O3, 4.3% 

Sm2O3, 1.5% Eu2O3, 1.8% Gd2O3, 2.8% Y2O3, 

3.6% Fe2O3, 6.4% CaO and 25.0% SiO2 

5 <1 N/A

6 1.59 1.5% La2O3, 7.1% Ce2O3, 1.1% Pr2O3, 3.8% Nd2O3, 

1.0% Sm2O3, 2.4% Y2O3, 3.3% CaO and 77.1% SiO2 
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Chapter 5 Conclusions and Recommendation 

5.1   Conclusions 

The REE ore samples from the Bokan Mountain – Dotson Ridge deposit were subjected to gravity 

concentration, magnetic separation, flotation, and leaching techniques to recover the REE. 

Additionally, electron microprobe analysis was done to understand the mineral processing results. 

The major findings of the research work are provided below:  

The results of the electron microprobe analysis show that La2O3, Ce2O3, Nd2O3, Dy2O3, Y2O3 and 

ZrO2 are probably the main value compounds building the mineral particles in the feed composite 

ore. Most of the REE minerals in the ore were silicate minerals. 95% of the REE mineral particles 

in the ore are smaller than about 10 µm. Most Dy2O3 co-existed with SiO2 and Y2O3 in its minerals. 

For the gravity concentration tests, the LREE and HREE individual elemental recovery values 

were in the ranges of 49.6-52.8% and 46.3-48.8%, respectively, at 25% mass yield. In order to 

separate more of the REE, the gravity separation tailings stream was subjected to wet high intensity 

magnetic separation. For the magnetic separation, the HREE individual elemental recovery values 

ranged from 56.3-63.1% at 37% mass yield. For the LREE, they were separated from the tailings 

of the gravity separation with individual elemental recovery values ranging from 57.9-59.1%. For 

the combined gravity and magnetic separation process, net individual elemental recovery values 

of the LREE and the HREE were in the ranges of 79.6-80.5% and 76.5-80.9%, respectively. The 

combined mass yield of the Gravity/Magnetic separation process was 53%. 

Direct leaching tests were conducted on the composite ground ore feed. The leaching yielded high 

individual elemental recovery values in the range of 90-92% for the LREE. The HREE individual 

elemental recovery values ranged from 56.5-87.3%. In the leaching, 20% HCl was used in the first 

and second stages, with a duration of 2 hrs in each stage at 90°C.  

The composite ground ore sample was tested in conventional flotation using a 2.0 L capacity 

Denver cell. In flotation, 0.05 kg/tonne of Cytec Aero 6493 collector, 0.05 kg/tonne of Cytec Aero 
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Froth 88 and 0.1 kg/tonne of sodium metasilicate depressant were used at a pH around 9. Results 

showed individual elemental recovery values in the range of 44.6-50.4% for the LREE at a mass 

yield of 23%. The HREE individual elemental recovery values ranged from 27.9-44.5%. For the 

leach after flotation process, leaching was conducted on concentrate 1 of flotation. Individual 

elemental recovery values of the LREE and HREE were 94.7-96.5% and 61.1-90.5%, respectively. 

The concentrate was leached using 20% HCl in both the first and second stages with a duration of 

2 hrs in each stage at 90°C. If it is assumed that the REE contents in concentrate 1 are similar to 

those in the combined concentrate of flotation, the combined flotation and leach process net 

recoveries of LREE and HREE by individual elemental values ranged from 42.2-48.5% and 17.1-

41.4%, respectively. For the flotation, and combined flotation and leach process, recoveries in this 

thesis were significantly lower than what was achieved previously.  

 

As a result of the electron microprobe analysis, it was shown that REE minerals containing value 

elements La, Ce, Nd, Dy, Nb, Y and Zr were separated into the concentrate by the flotation process. 

La2O3, Ce2O3, Nb2O5, Y2O3 and ZrO2 were probably the main value compounds building mineral 

particles of the concentrate of flotation. 95% of the REE mineral particles in the concentrate might 

be smaller than about 11 µm. Most of the REE minerals separated into the concentrate were silicate 

minerals.  

 

5.2   Recommendation for future work 

HREE individual elemental recovery values were lower than those of LREE. Perhaps HREE 

mineral particles were non-liberated. Therefore, regrinding residue of the leaching and new stage 

of leaching are recommended.  
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