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ABSTRACT 

 

 Due to the demand for rare earth elements for everyday technology and applications, there has 

been much research initiated into the extraction and recovery of rare earth elements.  An otherwise 

unknown mineral, eudialyte, is a zirconium silicate consisting of rare earth oxides, specifically the heavy 

rare earth oxide yttrium (III), with only trace amounts of thorium and uranium.  The focus of this research 

project was to investigate and develop a beneficiation and leaching procedure for processing the Norra 

Kärr eudialyte ore.  The development of the type of beneficiation and leaching experiments conducted 

was aided by a review of different physical separation methods and the treatment of iron and silica in 

other industries.  

 After mineral characterization, a two-stage beneficiation process was developed, consisting of 

gravity and magnetic separation.  The gravity separation portion comprised of preliminary heavy liquid 

separation tests done using both sodium polytungstate and methylene iodide at different size fractions.  

Different size fractions were studied for liberation purposes.  This gravity separation step was 

implemented for the removal of the heavy iron-bearing mineral aegirine.  This float product is then 

processed in a wet high-intensity magnetic separation (WHIMS) at 1 Tesla to separate the paramagnetic 

eudialyte from the non-magnetic gangue minerals.  The implementation of this process resulted in limited 

success for a clear separation of eudialyte from its gangue.  The overall results yielded no significant 

upgrade of eudialyte using the beneficiation process proposed.  However, the proposed process did show 

that iron could be rejected through either gravity or magnetic separation, a definite benefit for further 

hydrometallurgical treatment.    

 After the conclusion of the beneficiation tests, hydrometallurgical testing was done.  The samples 

used in these leaching experiments were non-magnetic concentrates, where most of the iron was rejected 

via WHIMS.  Two separate leaching processes were investigated to eliminate or minimize the formation 

of silica gel within the solution, while still recovering the total rare earth elements (TREEs).  The first 

leaching process treated the concentrate in a 0.1 M solution of sulfuric acid at 25, 50 and 75°C at two and 

four-hour intervals.  This leaching process resulted in gelation of the leach liquor as well as filtrate 

solution, but recovered the TREEs and Zr.  The second leaching process limited the amount of water and 

acid available to the concentrate by only adding enough concentrated sulfuric acid to completely wet the 

sample.  The acid-wet samples were then left for 30 minutes, one hour (then oven dried) or air dried 

before leached with DI water.  While no gelation was observed during or after this leaching process, little 

to no rare earth elements and zirconium were recovered.  It has become evident through these 

beneficiation and leaching experiments, that a generalized method, applicable in many other mineral 

processing industries for commonly known minerals, may not be the best method for processing 
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eudialyte.  In all, the mineralogy of eudialyte should be more heavily investigated so an appropriate 

mechanism can be applied.  However, it is worth noting that due to the complex chemical composition of 

eudialyte, a specialization is required within the eudialyte mineral group. 
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INTRODUCTION 

 

The aim of this research project was to investigate an advanced beneficiation and 

hydrometallurgical process applicable to the Norra Kӓrr eudialyte ore with the final purpose being to 

extract the yttrium and other rare earth elements.  This research was supported by the Critical Materials 

Institute (CMI) which is a multi-institutional, multi-disciplinary energy innovation hub of the U.S. 

Department of Energy.  The goal of CMI is to target certain technologies that make efficient use of its 

materials and eliminate the need for materials subjected to supply disruptions, through collaborative 

innovations between industrial partners, national laboratories and academic institutions.  CMI defines five 

critical elements and two near-critical elements essential for the competitive clean energy industry in the 

United States.  The five critical elements CMI focuses on are: terbium, europium, dysprosium, 

neodymium and yttrium; as well as, the two near-critical elements: lithium and tellurium.  These critical 

and near-critical elements are so defined because they a) provide essential and specialized properties to 

advanced products or systems, b) have no easy substitutes and c) are subject to supply risk. [1] CMI’s 

approach to the critical materials problem can be summarized in four groups of research:  

▪ Diversifying supplies: relying on more than just one source. 

▪ Developing substitute materials that can meet needs without using the materials we use 

today. 

▪ Using the available materials more efficiently to reduce waste in manufacturing processes 

and increase the adoption of recycling.  

▪ Forecasting which materials might become critical in the future. [1] 

The research conducted in this project is concentrated in the diversifying supply group and 

advanced beneficiation subgroup.  The main goal of the advanced beneficiation subgroup is to develop 

new sources of critical materials by establishing an efficient beneficiation process applicable to critical 

element-bearing minerals.  Approaching this goal requires exploring minerals not previously research 

comprehensively, with considerable critical element source potential.  Eudialyte is one such mineral due 

to its relatively unknown status, but high reserve quantities.  Eudialyte is a potential source for yttrium 

and other rare earth elements with the added advantage of low concentrations of the radioactive elements 

thorium and uranium.   

The first step in many extractive processes is to try to create an enriched preconcentrate that has 

been removed of unwanted materials or materials that are valuable for another process.  This beneficiation 

step is not only important for the future hydrometallurgical processing of the ore, but economically as 
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well, since these impurities may hinder the final recovery and grade of the desired material.  A two-stage 

beneficiation process was developed including gravity and magnetic separation of the eudialyte ore.  This 

was followed by a sulfuric acid leaching study where two difference leaching processes were investigated 

for minimizing the formation of silica gel.  In general, these processes varied the leaching time of the 

eudialyte concentrate sample to water and acid, the sulfuric acid concentration and temperature.  
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LITERATURE REVIEW 

 

 This chapter provides background information pertaining to previous and current processing 

techniques for the beneficiation and hydrometallurgical treatment of rare earth bearing minerals.  The 

information obtained by conducting this literature review was essential in the development and execution 

of the experimental design set forth.   

2.1 The Rare Earth Elements 

The term “rare earth elements” refers to the 17 metallic elements comprising of the lanthanides, 

yttrium and scandium. [2] These elements have been referred to as a group because of their chemically 

similar properties.  This group can be further divided into the yttrium heavy and cerium light rare earth 

elements subgroups based on the chemical similarity within the group.  The light rare earth group consists 

of the first eight elements of the lanthanide series (atomic numbers 57 – 64) and sometimes scandium. 

The heavy rare earth group consists of the rest of the elements in the lanthanide series (atomic numbers 65 

– 71) and yttrium.   

2.2 Rare Earth Element Applications 

In modern technology, the rare earth elements are in demand and considered of great importance.  

Major application areas include magnets, catalysts, electronics, glass, ceramics and metal alloys.  The 

proportion of world total rare earth consumption in each category is summarized in the graph below.  

 

Figure 2.1. Proportion of total rare earth consumption in 2010. [2] 
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Yttrium and cerium are the rare earth elements of importance with respect to eudialyte, since they are the 

most abundant in the mineral.  Yttrium is essential for fluorescent light phosphors, computer and 

television displays, automotive fuel consumption sensors and microwave filters, as well as to stabilize 

zirconia in thermal plasma sprays used on the surfaces of aerospace components to protect them from 

high temperatures. [1,3] Cerium can be used in a variety of applications, including: as a polishing agent in 

precision optical polishing of glass, mirrors, optical glass and disk drives; as a sensitizer in ceramics; in 

catalytic converter, and many other areas.  Although the applications of only two rare earth elements were 

named, the importance of the availability of all rare earth elements should not be understated.  With the 

consumption of rare earths expected to continue to grow, especially in the energy, electronics and 

optoelectronics sectors, demand for these elements is also expected to rise in accordance. [4] These 

elements and their compounds are necessary for the development of many modern technological devices 

that consumers have become heavily dependent on in a daily basis.   

Unlike their given group name, these elements are considered abundant in the earth’s crust, 240 

ppm in total rare earth abundance in comparison to the abundance of carbon at 200 ppm.  

 

Figure 2.2. Abundance of elements in the earth’s crust. [2] 

 

2.3 Rare Earth Element Bearing Minerals 

Although considered abundant in the earth’s crust, these elements are not found in their elemental state in 

nature. [2,5] They can be found in many rock formations, usually in the form of oxides, silicates, 

carbonates and phosphates. [6] Rare earths can be found in over 200 minerals, however, about 95% of all 

rare earth resources occur in just three minerals, in consecutive order starting with the mineral most rich 

in rare earths: bastnӓsite, monazite and xenotime. This does not include rare earths found in ion-
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adsorption clays. [65] While these minerals are considered prime candidates as resources for rare earth 

elements, eudialyte also has the potential for becoming such candidate due to its higher heavy rare earth 

element concentration in comparison to these conventional rare earth minerals. Eudialyte also exhibits 

very low concentration of radioactive elements as another benefit as a rare earth resource. [7]  

2.3.1 Bastnäsite 

Bastnäsite is a fluorocarbonate mineral with a rare earth concentration of about 70% rare earth oxide 

(REO), primarily consisting of cerium and little to no thorium, thus considered to be a primary source for 

the light rare earths.  Two major deposits for bastnäsite are Bayan Obo, China and Mountain Pass, 

California, USA.  The chemical composition is , .  The density varies between 4.90 – 

5.20 g/cm3 [9] and is paramagnetic. [1,5] Gravity and magnetic separation techniques have been used to 

beneficiate the mineral, with flotation considered to be the most relied upon using a fatty-acid or 

hydroxamate-based collector system. [8] 

2.3.2 Monazite 

Monazite is a phosphate mineral that contains approximately the same amount of REO content as 

bastnäsite at 70%, however, unlike bastnäsite, monazite has a higher concentration of the radioactive 

elements thorium and uranium. REO content is primarily made up of cerium, lanthanum, praseodymium 

and neodymium. The chemical composition is [ , ℎ ]. The density varies between 4.98 – 5.43 

g/cm3. [1,5,9] Well known monazite deposits are in Van Rhynsdorp and Naboomspruit in South Africa, in 

Bayan Obo in China and in Colorado, USA.  

2.3.3 Xenotime 

Xenotime is a yttrium-bearing mineral containing about 67% REO, mostly consisting of just the 

heavy rare earth elements.  In many instances, it is found alongside with monazite and beneficiation 

techniques focus on separation from monazite through flotation and magnetic separation. [5,10] The 

chemical composition is  and the density varies between 4.40-5.10.  Xenotime deposits can be found 

in placer cassiterite deposits in Malaysia, Indonesia and Thailand, as well as the heavy mineral sand of 

Australia.  

2.3.4 Ion-adsorbed clays 

Primarily found in southern China, ion-adsorption clays have been mined since the 1970s and are the 

world’s most important resource for the heavy rare earth elements.  These clays have developed in 

morphologically predisposed areas, by lateritic weathering of felsic rocks deposits that contain rare earth 

element bearing minerals.  The ion-exchange phenomena present in these clays consists predominately of 

cation exchange on the layer surfaces of the clays and chemisorption of anions at the edges of the layer.  
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During the adsorption process, heavy rare earth elemental cations are preferably adsorbed onto the clays 

due to their higher charge and size. [11] Ion-adsorption clays require little to no prior beneficiation 

processing before hydrometallurgical treatment, making them excellent candidates, both industrially and 

economically, as a source for heavy rare earth elements.  

2.3.5 Eudialyte 

Eudialyte is a zirconium silicate mineral, notable for its high concentration of the heavy rare earth 

elements, specifically yttrium.  The crystal structure comprises of a nine-membered silica ring and a six-

membered ring of calcium octahedra that is held together by zirconium octahedra and three-membered 

silica rings.  The general chemical composition that characterizes eudialyte is as follows: , , � � , .  The density of the mineral varies between 2.70-3.10 g/cm3. 

[9] Typical gangue minerals associated with eudialyte are aegirine, nepheline syenite and feldspar.  Table 

3.1 displays the chemical composition for the specific eudialyte sample used for this project as analyzed 

through MLA (Mineral Liberation Analysis).  Specific gravity and magnetic properties are also given in 

Table 3.1.  Both eudialyte and aegirine are considered paramagnetic, however, the magnetic susceptibility 

of aegirine is treated as being greater than that of eudialyte’s because it is a predominately iron-bearing 

mineral.  However, due to the zeolite crystal structure of the eudialyte minerals, there is a variety of 

different compositions that can still be identified as a eudialyte group mineral.  This mineral usually 

forms in alkaline igneous rocks, such as the nepheline syenite of the Ilimaussaq complex in the southwest 

of Greenland.  The zirconsilicate mineral has also been found at Pajarito in New Mexico, USA.  Other 

deposits can be found in former regions of the USSR and Canada: such as the Khibina and Lovozero 

complexes in Russia and the Mont Saint-Hilaire complex in Canada. [5,13,14] The eudialyte mineral is of 

special interest due to some of the advantages it has over traditional sources of rare earth elements. These 

advantages include its very low concentrations of thorium and uranium, as well as its ability to be readily 

dissolved in acid.  The name eudialyte is derived from the Greek phase meaning “well decomposable.” 

[9]  

The eudialyte mineral used in this project originates from the Norra Kärr deposit in southern Sweden.  

The Norra Kärr deposit is a zirconium and rare earth element enriched peralkaline nepheline syenite 

intrusion which hosts the eudialyte group minerals.  The deposit has been found to contain three 

compositional varieties of the eudialyte mineral.  These three groups are as follows: 1) iron rich, REE 

poor from lakarpite, 2) iron and manganese bisected, heavy REE rich from pegmatitic grennaite and 3) 

manganese rich, light REE rich from migmatitic grennaite. [15]   
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2.4 Physical Beneficiation Techniques 

This section details common techniques used in the beneficiation of rare earth minerals.  These 

techniques include gravity and magnetic separation.  While it was not specifically employed in this 

project, a discussion on froth flotation is included because it is a frequently used method in many mineral 

processing plants all over the world.  Previous physical beneficiation techniques conducted on eudialyte 

are also examined in this section as they pertain to the experimental design of this project.  

2.4.1 Gravity Separation 

Beneficiation of rare earth minerals, or any minerals for that matter, can be done by exploiting the 

different specific gravities of the minerals present within the ore mined.  If the mineral of interest has a 

specific gravity vastly different than the specific gravities of the gangue minerals present, as well as being 

sufficiently liberate, the choice of beneficiation technique is easy to make with gravity separation.  Over 

the years different gravity separation instruments have been developed, such as jigs, sluices, spirals, 

shaking tables, fine particle separators and cyclones.  Before any gravity work should be done, it is 

important to know if the specific gravity differential is sufficient.  This can be done by calculating the 

concentration criterion.  This simple mathematical equation does not consider differences in particle sizes 

and assumes good liberation of all minerals within the sample.  The equation is as follows:  

= ℎ −−  

 

Equation 2.1 [16] 

 

Where CC is the concentration criterion, D is the specific gravity of the heavy, light or fluid components 

as denoted by the subscript h, l and f, respectively.  When the absolute value of CC is greater than 2.5, 

there is potential for some form of gravity concentration down to 200 mesh.  If the absolute value of CC 

is between 2.5 – 1.75, separation is effective to 100 mesh. A CC value between 1.75 – 1.50, separation is 

possible to 10 mesh with some difficulty. A CC value between 1.50 – 1.25 can yield separation to ¼ 

inches, also with some difficulty. Finally, if the absolute value of CC is less than 1.25, the potential for 

gravity concentration is virtually impossible with the use of commercial techniques, however, a 

separation can still be achieved through heavy media/liquid separation. [16,17] Using water as the fluid 

medium with an SG of 1.0, Dh (aegirine) of 3.55 and Dl (eudialyte) of 2.9, the CC would be 1.34.  

Another preliminarily gravity separation method to determine the potential an ore has for effective 

separation is sink/float analyses.  Sink/float analyses or heavy media/liquid separation is done by putting 

the sample in a liquid whose density is between the two densities one wishes to separate.  Separations are 

made to develop the standard washability curves used to estimate the reaction of a sample to gravity 

concentration.  A partition curve can also be constructed to evaluate the effectiveness of a specific 

concentration method or instrument. [17] Traditionally, hazardous organic liquids were used to achieve 
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densities far greater than that of water’s.  Three of the most commonly used organic heavy liquids are 

bromoform, tetrabromoethane (TBE) and methylene iodide, producing densities of 2.9, 3.0 and 3.2 g/cm3 

respectively. [18] However, due to toxicity of these chemicals, friendlier substitutions have been research.  

One such substitution is the aqueous solution sodium polytungstate.  A density of 3.1 g/cm3 can be 

achieved at 20°C by dissolving the sodium polytungstate powder in water until saturation is reached.  

Recovery of the sodium polytungstate can be done through evaporation. [19]   

A discussion on gravity concentration would not be complete without limited details regarding some 

of the older and newer instruments that have been used.  Jigs are one of the oldest methods used to 

concentrate coarse material that is close in size or if the differential in densities is large, a wider size range 

may also yield a good concentration. [20] The particles are presented to the jig bed consisting of a screen 

that is fluidized.  The pulsating water results in a suspension of particles. Once the pulsating ceases, the 

particles settle according to specific gravity, allowing the heavier particles to sink and form a concentrate 

underflow, while the lighter and smaller particles form a tailing overflow. [21] Another well-known 

concentration method are spirals.  As the material travels through the spiral, gravitational and centrifugal 

forces act on the particles, separating coarse light particles from fine heavy ones.  Additionally, shaking 

tables have been widely used throughout the mining industry during the cleaning stages since they have a 

low capacity.  Capacity can be increased if multiple-deck tables are used.  The separation is driven by 

how the differences in specific gravity and sizes respond to an inclined rippled table that oscillated back 

and forth.  The result is a concentration of fine heavy particles to be collected at the uppermost section of 

the table, while coarse light particles will be collected at the bottom edge of the table.  An illustration of a 

shaking table can be seen below.  

 

Figure 2.3. Shaking table schematic. CONS: fine, heavy particles; MIDS: intermediate particles; 
TAILS: coarse, light particles. [21] 
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 Finally, a description of fine particle separation instruments is given.  Such separators primarily 

utilize centrifugal forces in generating a good concentration since the feed usually involves fine to very 

fine particles where the effects of particle size dominate a gravitational separation.  The Knelson 

concentrator is an inclined bowl lined with perforated ridges to allow for fluidization of the material.  

Once the centrifugal force is applied the lighter material is collected through an overflow, while the heavy 

material will concentrate at the ridges of the bowl.  The Falcon concentrator is another spinning fluidized 

bed.  The heavier particles migrate to have contact with the bowl walls, while the lighter particles are 

collected in the overflow.  Although similar in principle, differences between the Knelson and Falcon lie 

in design parameters.  For example, in the Knelson, the material is directly introduced into the fluidization 

zone; while in the Falcon, the material enters a segregation zone along the cone wall where the heavier 

particles travel through a bed of gangue to reach the wall of the bowl.  This bed of materials is composed 

of a lower layer of the heavier particles and an upper layer of gangue, and thus become the segregated 

material that will enter the fluidization zone. [22] 

2.4.2 Magnetic Separation 

  Another common technique for the beneficiation of rare earth minerals can be done through 

magnetic separation, where the magnetic susceptibilities of the minerals are used.  Materials are 

considered either magnetically ordered or not, according to the orbital and spin motion of electrons, 

which may or may not result in a magnetic moment within the material.  Ferromagnetic, ferrimagnetic 

and antiferromagnetic materials have a positive magnetic susceptibility and retain permanent 

magnetization without the presence of an external magnetic field.  Paramagnetic materials may also 

exhibit a positive susceptibility due to the presence of unpaired electrons in partially filled orbitals.  

However, a magnetic moment is only induced when an external magnetic field is applied but it will not 

hold that magnetic moment if the field is removed.  Diamagnetism is a basic component of all matter and 

a material is classified as diamagnetic when this force cannot be overcome by any attractive magnetic 

moments.  When an external magnetic field is applied to diamagnetic materials, a repulsive force is 

induced, opposing the applied field due to the negative susceptibility. [23,24]  

 Many rare earth minerals are paramagnetic due to the electron configuration of the rare earth 

elements present in the mineral.  The rare earth elements have electrons occupying a shielded 4f sub-shell 

and the existence of unfilled 4f shells will produce these magnetic properties. [25,26] Magnetic recovery 

is dependent on the magnetic field gradient, the applied magnetic field strength, the magnetic 

susceptibility of the mineral and the fluid medium.  This can be represented by the following equation:  
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� = �(� − � ) �  

 

Equation 2.2 [27] 

 

Where Fx is the magnetic force, V is the volume of the particle in (m3), χp and χm is the volume magnetic 

susceptibility of the particle and the fluid medium, respectively, H is the magnetic field strength in (A/m) 

and dB/dx is the magnetic field gradient in (N/Am2). [27,28] It is also important to note how the size of 

the mineral particles play a role in the effectiveness of the separation.  Gravitational, magnetic and fluid 

drag forces each have different dominating effects based on the size of the particle.  Fluid drag forces are 

proportional to the radius, r, magnetic forces are proportional to r2 and gravitational forces are scaled to 

r3.  From this relationship, it can be concluded that as the particle size increases, the force due to gravity 

become more prominent than on smaller particles, where fluid drag forces dominate. [27]   

 Magnetic separators can be categorized into four functional groups: dry- low and high intensity 

and wet- low and high intensity.  Low intensity separators will typically operate at magnetic field 

strengths of 0.2 Tesla (2000 gauss) or less, effectively collecting ferromagnetic materials.  High intensity 

separators can be operated above 0.5 Tesla (5000 gauss) and can efficiently obtain paramagnetic 

materials. [29] The following diagram is taken from Norrgran and Mankosa depicting a decision tree for 

separator selection.  

 

Figure 2.4. Magnetic Separation Decision Tree. [29] 

 

Low intensity dry-drum magnetic separators are very effective at producing a clean non-magnetic product 

or concentrating a magnetic product.  The separator consists of a stationary, shaft-mounted magnetic 
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circuit enclosed by a rotating drum.  Magnetic material is attracted to the drum shell and will unload when 

it is rotated out of the magnetic field.  The non-magnetic material, on the other hand, will discharge in a 

natural trajectory over the rotating drum.  A schematic of the dry drum is shown below. 

 

Figure 2.5. Schematic of Dry Drum Magnetic Separator. [29] 

 

As seen in figure 2.4, three different types of dry high intensity magnetic separators can be used.  Rare 

earth drum utilizes rare earth permanent magnetics to provide a higher magnetic field strength.  The 

design incorporates a center magnetic element pole that consists of a series of axial poles of alternating 

polarity.   Steel interpoles are placed between each magnetic pole which concentrate the magnetic flux, 

producing a high magnetic gradient at the surface of the drum. [29] Similar to the rare earth drum, the rare 

earth roll employs a high magnetic field strength to effectively remove weakly magnetic materials.  The 

rare earth roll is composed of neodymium-iron-born permanent magnet disks that are wedged between 

steel poles.  A schematic of the rare earth roll is below.  
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Figure 2.6. Schematic of the Rare Earth Roll Magnetic Separator. [29] 

 

The last dry high intensity magnetic separator discussed is the induced roll.  The induced roll generates its 

magnetism with an electromagnet is almost solely used for mineral sands and industrial mineral 

applications.  The roll is composed of alternating ferromagnetic steel and non-magnetic rings.  The 

material is introduced onto the roll and travels through a gap between the roll and the electromagnetic 

pole, where the non-magnetic particles will be discharged through a normal trajectory.  Paramagnetic or 

other weakly magnetic material attach to the roll and are deflected to another collection location.  

 Similar to the dry drum case, a low intensity wet drum and high intensity rare earth wet drum is 

employed.  The wet rare earth drum also allows for collection and recovery of weakly magnetic materials 

contained in a slurry.  The wet low intensity drum is used in many heavy media and iron ore applications.  

The design consists of a rotating drum in a tank where the magnetic portion of the drum is in contact with.  

When the slurry is introduced into the tank, magnetic materials attach to the drum via magnetic attraction, 

while the non-magnetic material is collected in an underflow as is displayed below. The final two 

magnetic separators discussed are used in applications where the material consists of fine particles.  The 

difference between a wet high intensity magnetic separator (WHIMS) and a wet high gradient magnetic 

separator (HGMS) is how the direction of the slurry flow is aligned.  In a WHIMS, the direction of the 

slurry flow is perpendicular to the line of magnetic flux, while in a HGMS, the flow direction is parallel.  

A laboratory WHIMS diagram is included below.  
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Figure 2.7. Schematic of Wet Drum Magnetic Separator. [29] 

 

 

Figure 2.8. Laboratory Wet High Intensity Magnetic Separator. [29] 
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 Various rare earth ores contain a mixture of non-magnetic and magnetic minerals, whether those 

be ferromagnetic or paramagnetic depends on the composition.  In many cases, a combination of different 

magnetic separation techniques is used.  One such case is the physical beneficiation of coarse heavy 

mineral sands from Congolone, Mozambique, where magnetite is removed through a low intensity 

magnetic separator due to its ferrimagnetism.1  After the magnetite is removed, the non-ferrimagnetic 

material proceeds to a WHIMS unit.  To recover rare earth minerals, high intensity magnetic separators 

are logically used because of their ability to retrieve paramagnetic material. [2] An example includes the 

selective separation of paramagnetic monazite its non-magnetic heavy gangue minerals zircon and rutile. 

[30,31] 

2.4.3 Electrostatic Separation 

Electrostatic separation utilizes differences amongst the conductivities of the minerals present within 

the ore.  Modes of recovery of similar to those of magnetic separators, in which the particles are subjected 

to an electric field (static and/or ionic) and those that become electrically charged are then separated from 

those that did not charge.  This type of particle charging is done through induction in an electric field.  

Conducting particles will polarize such that negative charges will orient towards the positive electrode, 

while positive charges will align towards the negative electrode.  A material can be classified as a 

conductor, non-conductor or semiconductor due to its electrical resistivity and dielectric constant.  

Conductors have small resistivity values of about 10-5 ohm·cm and extremely large dielectric constants.  

On the other hand, non-conductors have large resistivity values on the order of 1014 ohm·cm.  Finally, 

semiconductors are materials with properties that lie between those of conductors and non-conductors.  

Usually having a resistivity value between 1 and 104 ohm·cm. [32] The following figure shows how a 

conducting particle will pass through a drum separator. Conducting particles have a low electron affinity 

and will give up electrons to the hopper through contact, resulting in a particle with a positive charge.  

Since the rotating drum is positively grounded, the positive particles are now repulsed by the drum and 

fall with a gravitational force trajectory.  Non-conducting particles have a large electron affinity and will 

become negatively charged via the hopper contact.  This leads to an attractive force between the 

positively grounded drum and the negatively charged particles.  The attraction allows the particles to stay 

fixed onto the drum.   

                                                      
1 Ferrimagnetism is not to be confused with ferromagnetism in terms of the physics of magnetite; however, for the 
purposes of mineral processing, ferrimagnetic materials are processed as ferromagnets due to their comparable 
magnetic susceptibilities.  
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Figure 2.9. Conducting particles travelling through electrostatic separator. [32] 

 

This mechanism can be seen in the figure below. Typically, electrostatic separation is not widely used and 

is only applicable where other beneficiation techniques cannot be used.  Electrostatic separators found in 

the mineral processing industry generally fall under a drum type or free fall design.  Drum separators 

operate either a conductance field, ionic field or a combination of the two.   Many plants that process 

heavy mineral sands find this technique valuable for the separation of rutile2 from monazite and zircon. 

[33] The beneficiation of rare earth minerals monazite and xenotime may also apply an electrostatic 

separation, since in many cases, the gangue minerals associated with these minerals, such as ilmenite, 

have similar specific gravities and magnetic properties. [31] Unlike most other beneficiation techniques, 

electrostatic separation requires the processing feed to be completely dry.  This condition may lead to 

excess energy costs since drying is an expensive unit operation, especially when applied on an industrial 

scale.  

 

                                                      
2 The electrostatic response of rutile is prominent at higher temperatures, greater than 200°C. [33] 



16 
 

 

 

Figure 2.10. Non-conducting particles travelling through electrostatic separator. [32] 

2.4.4 Froth Flotation 

Froth flotation is one of the most widely used beneficiation techniques in mineral processing due to its 

versatility in design parameters that allows for selectively.  The basic principle of flotation is the 

separation of hydrophobic materials from hydrophilic ones.  The mineral of interest to be separated is 

made hydrophobic through the addition of surfactants or collectors.  These chemicals are 

thermodynamically selective to adsorb to the surface of the mineral particles.  The mineral particles are 

then able to bind to air bubbles and float to the surface of the slurry to be collected.  The process requires 

a slurry suspension, a selective collector (if the mineral surface is not hydrophobic) and a frothing agent 

to promote the formation of bubbles.  The theory behind a successful flotation process lies in the 

thermodynamics of the mineral surfaces, adsorption and wetting.  A low energy state is desired 

throughout the process between the mineral particle surfaces and the bubble-particle contact.  A 

simplified three-phase system is shown below and the condition for a low energy state can be met through 

the following equations.  
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Figure 2.11. Schematic representation of the equilibrium contact between an air bubble on a solid 
immersed in a liquid. [34] 

 

��� = ��� + ��� cos � 

 

Equation 2.3 [34] 

 

Equation 2.3 refers to Young’s equation for a three-phase contact between a solid, gas and liquid, where 

γSG, γSL, and γLG are the surface tension energies for solid-gas, solid-liquid and liquid-gas interfaces, 

respectively, and θ is the contact angle formed between the three-phase junction.  A large contact angle 

results in greater hydrophobicity and a greater potential for flotation.  [34] There is an associated change 

in free energy when the solid-liquid interface is replaced by a solid-gas interface given by Dupre’s 

equation: 

Δ = ��� − ��� + ���  

 

Equation 2.4 [34] 

 

Where ΔG is the change in Gibbs’ free energy.  Combining Young’s and Dupre’s thermodynamic 

equations yields an expression for the free energy change:  

Δ = ��� cos � −  

 

Equation 2.5 [34] 

 

Equation 2.5 shows that there is a free energy decrease through the attachment of a mineral particle 

surface to an air bubble.  It is worth noting, however, that both Young and Dupre’s equation carry 

assumptions in their development.  Dupre’s equation does not take into account other energy consuming 

effects, while Young’s equation is valid in an ideal system at equilibrium with no gravitational effects. 

[34,35]   

 As mentioned before, the advantage of flotation is its ability to change design parameters for 

selectively and the choice for surfactants allows for such selectively.  The adsorption mechanism 
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employed during flotation is important for the success of an effective recovery of the mineral of interest.  

Two different classes of adsorption exist, physical and chemical adsorption, and are determined by the 

surface forces present. [36] Knowledge of the electrical potential at the surface of the particle and the 

electrical double layer is needed for calculation of the adsorption caused by the electrostatic forces.  

Fuerstenau and Somasundaran state that a solution containing charged particles must also be electrically 

neutral so as to contain an equal amount of oppositely charged ions.  However, these oppositely charged 

ions are not uniformly distributed, instead located near the surface, creating a Stern plane, as seen in the 

figure below.  The potential at the Stern plane determines the maximum adsorption, but it cannot be 

measured experimentally.  Instead, a potential measurement is taken at the shear plane, called the zeta 

potential.  As a particle moves through an electric field, the liquid nearest the surface of the particle 

moves at the same velocity as the particle, while the liquid farther from the surface remains static.  It is 

the distance between the moving and static liquid that describes the shear plane. [37]  

 

Figure 2.12. Schematic of double electrical layer. [37] 

 

A determination of the type of adsorption mechanism present can be done using several 

measurements, such as the zeta potential and adsorption isotherms.  Physical adsorption may be taking 

place if a cationic collector adsorbs onto the particle surface in a region where the zeta potential is 

negative or vice versa.  On the other hand, if a cationic collector adsorbs onto the surface while the zeta 

potential is positive and negative when an anionic collector adsorbs, chemical adsorption may be taking 

place.  Physical adsorption is due to weak van der Waals forces, resulting in a low heat of adsorption, 
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nonselective reversible behavior and multilayer coverage.  In contrast, chemical adsorption is stronger 

due to valence forces, resulting in a larger heat of adsorption, selective irreversible adsorption behavior 

and monolayer coverage. [38,39]   

 Adsorption isotherms (constant temperature) show the amount of adsorbate on the absorbent as a 

function of the pressure or concentration.  According to IUPAC, there are six types of isotherms.   

 

Figure 2.13. Schematic of the six types of adsorption isotherms. [40] 

 

In Figure 2.13, Type I isotherms are characteristic isotherms for microporous materials with no multilayer 

adsorption.  Types II and III isotherms represent multilayer adsorption in non-porous solids.  Types IV 

and V show capillary condensation in mesoporous solids, while Type VI shows stepped adsorption.  

It is vital to study these variety of parameters before implementing a flotation process on an 

industrial scale.  Microflotation is such a precursor to understand the response of different reagents on 

either pure minerals or ores.  Bench scale flotation is the successor to microflotation, usually conducted in 

a laboratory setting and is considered predictive of how the flotation process will perform on an industrial 

level.  

2.4.5 Previous Physical Beneficiation Techniques Conducted on Eudialyte Minerals 

This section previews previous beneficiation techniques and results conducted on other eudialyte 

minerals, including the Norra Kärr eudialyte mineral.  A literature search regarding the physical 

beneficiation of eudialyte yielded limited gravity, magnetic and flotation work.  Ferron and Rawling 

summarize the laboratory work done on the Ilimaussaq eudialyte mineral in “Recovery of Eudialyte from 

a Greenland Ore by Magnetic Separation.”  Eudialyte samples were taken from three different locations in 
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the deposit with different rock types: marginal pegmatite, kakortokite and lujavrite.  Furthermore, samples 

were taken from three layers within the kakortokite rock type.  A combination of dry and wet magnetic 

separation was conducted and two flowsheets were developed.  The first flowsheet looked at processing 

the ore through low intensity magnetic separation, followed by high intensity.  The second flowsheet 

started with a high intensity unit, followed by the low intensity separator.  A low intensity magnetic 

separator was used to eliminate the arfvedsonite/aegirine iron bearing minerals that would predominating 

respond to the low intensity field.  The high intensity magnetic separator was used to reject the non-

magnetic nepheline syenite and feldspar minerals, while collecting the eudialyte bearing concentrate in 

the magnetic fraction.  The recovery of rare earth oxides was not tracked in these experiments, instead, 

zirconium oxide was used as an indicator of the recovery of eudialyte.  The results showed that to produce 

an acceptable separation, the ore needed to be ground finer than 28 mesh.  Although recoveries were 

shown to be in the 80s, significant upgrade in the zirconium oxide and the eudialyte could not be achieved 

past an upgrade ratio of 2.  A heavy liquid separation test was also done using methylene iodide and 

acetone mixtures.  The goal being to separate the eudialyte from the nepheline syenite/feldspar and 

arfvedsonite /aegirine, with specific gravities of 2.8-3.0, less than 2.8 and greater than 3.2, respectively.  

A spiral gravity concentration test followed, yielding no significant selectively for the concentration of 

eudialyte. [41]  

 There is little known about the flotation characteristics of eudialyte, since previous experiments 

conducted on eudialyte are limited.  Russian literature reports eudialyte recovery via flotation using 

sodium oleates and oleic acid as collectors. [42,43] Ferron, Bulatovic and Salter conclude that the use of 

amphoteric collectors depends on the eudialyte composition, pH and conditioning time.  The following 

flowsheet was developed.  

 

Figure 2.14. Double reverse gangue flotation for processing a REO-eudialyte ore. [43] 
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Flotation experiments were also done on the eudialyte ore from the Lovozero deposit at the Kola 

Peninsula in the former USSR.  On average, the eudialyte ore contains 13.5 wt % ZrO2 and 2.5 wt% rare 

earths.  Like the flowsheet in Figure 2.14, a reversible flotation flowsheet was developed, where fatty acid 

collectors were used to first float aegirine.  The eudialyte containing tails would then go to a eudialyte 

flotation where monoalkylphosphates were used as collectors. [44]  

 Magnetic and flotation beneficiation work was also conducted on the Norra Kärr eudialyte 

mineral by RWTH Aachen University.  Dry and wet high intensity magnetic separators were used with 

the goal to produce a separation between the major gangue and eudialyte in one step.  However, the 

magnetic susceptibilities between aegirine and eudialyte overlap enough to hinder the ability to create a 

clean separation.  Focus shifted to flotation concentration, with the goal being, again, to avoid a two-step 

flotation process, as the one suggested for the Lovozero eudialyte mineral.  Three different eudialyte 

samples were tested as raw ore feeding into the circuit, while three other eudialyte samples were pre-

concentrates from a magnetic separation step.  Overall, the pre-concentrate eudialyte samples used in the 

flotation step yielded the highest upgrade ratios and recoveries in the 80s. [45] Stark, Silin and Wortuba 

conclude that a selective direct flotation for eudialyte can be achieved using a mixture of 

mono/diphosphoric acid esters as collectors, and oxalic acid and sodium hexametaphosphate as 

depressants, at a pH below 4.  

 The Norra Kärr project in Sweden was undertaken by Tasman Metals Ltd., in consultation with 

ANZAPLAN, with the intention on determining the most suitable beneficiation route for the Norra Kärr 

mineralized material.  Different techniques were investigated, such as spiral concentration, electrostatic 

separation, high-G separation, magnetic separation and froth flotation. [46] Results showed that aegirine 

could be selectively floated, but co-flotation of non-liberated particles concluded that a direct flotation of 

eudialyte would be unsuccessful. [47] High recovery values were recorded for eudialyte via WHIMS, but 

with no significant upgrade in the rare earth concentration. [48,49] 

 The literature survey regarding eudialyte beneficiation experiments indicate that at least a 

multiple step process is necessary for separation of the eudialyte mineral from its gangue components. 

2.5 Hydrometallurgy of Rare Earth Element Bearing Minerals  

Hydrometallurgy is a chemical processing technique involving the use of aqueous chemistry to 

extract metal from an ore or other materials.  The three major areas associated with hydrometallurgy are 

leaching, concentration and purification, and metal recovery.  This section will discuss leaching and 

separation processes. 
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2.5.1 Leaching 

Leaching is the process by which metals are converted to soluble salts in an aqueous solution.  Types 

of leaching reactions include: water solvation, acid or alkali dissolution, base exchange, complex ion 

formation, oxidation and reduction of mineral.  Depending on the concentration of rare earth 

concentrations, typical leaching processes used on major rare earth minerals, such as monazite or 

xenotime, consist of a caustic soda or sulfuric acid leach. [50] 

2.5.2 Leaching of Silicate Materials in Industry 

Silicate materials, such as eudialyte, exist all over the world and in many forms, affecting many 

different aspects of industry.  This section will discuss how silica is treated or removed in major 

operations, such as geothermal wells and zinc silicate minerals for the production of zinc.  Typically, 

silica removal technology involves aging the solution at a certain temperature, resulting in complete silica 

polymerization and colloidal particles.  A coagulant, such as lime, is added and the resulting flakes are 

then separated in a settler. [67] 

Geothermal wells produce steam or hot water (that may be flashed at a lower pressure to produce 

steam) serve as sources for electric and thermal energy.  These wells can be found in Mexico, New 

Zealand, Indonesia, El Salvador, Japan, California, New Mexico, Nevada and Idaho. [66] Many of the 

waters obtained from these brines are saturated with silica, that once in solution at a high saturation, has 

the potential to form colloid and gelatinous mass.  The issue of silica in the waters is specific to the 

operational features of obtaining the waters.  The features are as follows: the brine flows into a producing 

well and loses pressure and temperature, causing it to partially evaporate.  The vapor is then separated and 

directed to a turbogenerator.  The liquid phase is taken through heat exchangers for extraction of heat and 

then reinjected into the geothermal reservoir to prolong the time of the geothermal field with compliance 

of environmental regulations. [67] It is when the solution is reinjected into the wells while decreasing in 

temperature, that the solution becomes overly saturated with silicic acid.  Once the ortho-silicic acid is 

formed, the polymerization to a gelatinous mass is almost instantaneous and its rate can be described by 

equation 2.6. 

− = −  
 

Equation 2.6 [68] 
 

 
Where C is the concentration of monomeric silica at time t, and Ce is the equilibrium solubility of 

amorphous silica at a temperature.  The polymerization rate is proportional to the concentration of 

hydrogen ion below pH 1, will proceed more rapidly at elevated temperatures and in turbulent 

environments. [68] This gel is highly viscous and deposits on the equipment, hindering their efficiency, as 

well as the energy process efficiency from these brines.  Silica electrocoagulation is a derivative from the 
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typical coagulate method mentioned before to handle silica in supersaturated geothermal brine.  The 

coagulant is provided by the anodic dissolution of a metal when the metal passes into solution as an ion 

and is hydrated to form a hydroxide.  The hydroxide then forms a sol with a positive charge on the 

particle surfaces.  Since the silica particles possess a negative charge, the coagulation proceeds via 

particle charge attraction. [67] Electrocoagulation is also used to remove fine-particle impurities, 

microorganisms, iron and silicon compounds, heavy metal ions and surfactants from waste- and natural 

water, while also reducing the turbidity of water.  Since this method does not require special chemicals 

and can be efficiently done using small equipment, it is considered more advantageous than using 

flocculants. [67] 

 Leaching of zinc and nickel silicates is another example of successfully dealing with aqueous 

silica. [69] The Skorpion process was developed to treat a zinc silicate ore body and consists of sulfuric 

acid leaching, zinc solvent extraction and electrowinning to produce a high-grade zinc product. [70] The 

chemical reactions shown below describe the sulfuric acid leaching of the zinc oxides, which were done 

in a series of agitated tanks at 50°C and the pH was kept around 1.8-2.0 to maximize the stability of the 

colloidal silica. [70] � ∙ � + + ↔ � + �   (a) � � + ↔ � + �   (b) � � ∙ + 4 ↔ 4 � + � +   (c) 

 

Equation 2.7 [70] 

 

In processing a zinc silicate ore body, it is important to stabilize and remove the colloidal silica during the 

leaching process, since polysilicic molecules will cause many problems in down-stream solvent extraction 

processing.  

 It is also important to discuss the effect of water content in the leaching treatment of silicate 

materials.  Dufresne states that silica dissolution will remain low over a range of water content, but once a 

critical water content value is achieved and passed, the dissolution will rapidly increase. [71,72] The 

increase in water content leads to better silica solubility, increasing the viscosity of the solution and 

promoting the formation of the gel containing the desired material.  This yields limited recovery of the 

valuable material and slow filtration of the leach solution.  He et al., suggests the following water 

restricted chemical reactions: � � + + ↔ � ∙ + �   (a) � � ∙ + � ↔ � ∙ + � � �    

Yields: � � + + ↔ � ∙ + � � �    

 

Equation 2.8 [71] 

 

Done in a pressure leaching environment, the reaction system can restrict the water content and thus, 

inhibit the formation of the silica gel.  
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 To conclude, the issue of solubilized silica is not a relatively new issue and in fact has been 

addressed in many different industries.  From electrocoagulation in geothermal brines to investigating 

various pH ranges in solution, as well as limiting water content, the problem with silica gel has been dealt 

with for the appropriate industry.  Still, as the issue arises, different methods are being explored to better 

understand the silica solution chemistry.  Some recommend introducing flocculants or aqueous chromium 

in the +6-oxidation state to hinder the polymerization of silica.  However, each case is specific and the 

solution to the solubilized silica needs to be specific as well.   

2.5.3 Leaching of Eudialyte Mineral  

As mentioned before, the name eudialyte derives from the Greek word for “well-decomposable” 

in acid.  However, the issues with the leaching of eudialyte lie with the co-dissolved silica.  This silica 

forms a gelatinous phase hindering the filtering processing for rare earth element extraction. [58] The 

current goal of processing eudialyte is to achieve a reasonable recovery of leached rare earth elements 

while minimizing or eliminating the formation of the silica gel.  Previous hydrometallurgical tests done 

by Lebedev (2003), Lebedev, et al. (2003), and Zakharov et al. (2011), involved the high temperature 

leaching with concentrated sulfuric acid followed by dilution of the pulp with a sodium sulfate solution.  

This process produced an insoluble residue containing the rare earth element double sulfate salts.  The 

salts would then be washed with water and recovered by converting the sulfates to nitrates or chlorides. 

[58]  

There is a discussion regarding the efficiency of leaching the rare earth elements and zirconium 

as sulfate or chloride ions in terms of the solubility.  Also, which acid minimizes the silica gel formation 

when used in a concentrated manner.  It has been suggested by Voßenkaul et al., that the recovery of rare 

earth elements is more favorable in chloride systems.  In using hydrochloric acid, rare earth chloride salts 

are developed and are typically more soluble in water than the sulfate salts from employing the sulfuric 

acid.  The solubility of rare earth element sulfate salts in water decreases proportional to the decrease in 

atomic number of the rare earth element, except for cerium and praseodymium.  Thus, the heavy rare 

earth elements stay in solution, while the light rare earth elements are precipitated. [2] Since yttrium and 

the heavy rare earth elements are soluble, double-sulfate precipitation is not possible.  Double-sulfate 

precipitation is used for separating rare earth elements by their light or heavy respective groups.  Equation 

2.9 shows the double-sulfate precipitation chemical reaction: 

+ + 4 − + + ↔ ∙ ∙  

 

Equation 2.9 [2] 

 

However, in terms of minimizing the formation of the silica gel, the use of sulfuric acid may have a 

greater advantage than the hydrochloric acid.  Apart from its low cost, volatility and corrosive activity, 
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sulfuric acid has better solubility in water at room temperatures than hydrochloric acid.  Concentrated 

sulfuric acid can be found at 98 w/w%, while hydrochloric acid strength is 37 w/w%.  To minimize the 

silica gel formation, the solution must not have access to large amounts of water.  The reasoning lies in 

the thermodynamics and kinetics of the silica-water system.  With the addition of acid to a silicate, shown 

by the chemical equation 2.10, the silicate will acidify to form the weak monosilicic acid:  

 

Figure 2.15. Molecule of monosilicic acid.  
 

 � � +   ↔ � �− + �  

 
 

Equation 2.10 [61] 
 

 
Once the silicic acid is formed, a polymerization reaction occurs analogous to a condensation 

polymerization reaction.  The presence of water aids in the polymerization process.  The polymerization 

process is shown below. [59] 

 

Figure 2.16. Polymerization mechanism for the development of silica gel. [59] 

 

The polymerization proceeds forward to maximize the formation of siloxane linkages (Si-O-Si), 

essentially forming a gel with internal siloxane linkages and external SiOH groups. [62] To minimize or 

eliminate the silica gel formation, it is concluded that the system needs a to be deprived of water during 

the acidic leach since the exposure to water is driving the polymerization following the acidification of 

the silicate.  A recent approach in seeking to prevent the formation of the silica gel involves a “dry 

digestion” of the eudialyte mineral with hydrochloric acid.  The process provides just enough acid to wet 

the mineral sample allowing the silica to precipitate.  The amount of acid to “wet” the mineral should be 

around the stoichiometric or slightly below that amount.  However, due to the small volume available, the 

precipitates should grow to larger particles that can be separated from the valuable metals. [61] The 

varying parameters in these experiments include varying acid concentration, retention time in acid and 

amount of water used to leach the elements.  It was concluded that acid concentrations above 3 M HCl 
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and retention times over 10 minutes should yield in significant rare earth element recovery without the 

risk of gelling during or after the dry digestion.  

 Another potential risk in the leaching process is the presence of iron in solution.  Until the 20th 

century, dissolved iron hindered recovery of many common metals, such as zinc, lead and copper.  These 

metals and other non-ferrous metals would be produced pyrometallurgically, through high temperature 

smelting processes.  The iron would report to the slag with other consequential impurities.  

Hydrometallurgically speaking, these metals could not be produced at comparable recoveries as their 

pyrometallurgical counterparts.  However, there was still a need to find a method to treat these ores given 

the advantages of hydrometallurgy over pyrometallurgy.  It was not until the middle of the 20th century 

that zinc would be produced electrolytically under the Roast-Leach-Electrowin (RLE) process.  The 

Jarosite, Goethite and Conversion processes followed soon after, effectively eliminating any obstacles 

iron presented in solution. [63] While the metals driving this hydrometallurgical innovation are not 

desired in this project’s goals, the lesson of iron dissolution is the same.  Eudialyte and some of its gangue 

contain significant amounts of iron and when dissolved under an intense acidic environment, will result in 

large quantities of iron in solution.  Dissolved iron in solution makes future processing of rare earth 

element separation difficult as it is difficult to separate the rare earth elements from iron. [64] Therefore, 

special precautions should be employed to limit the amount of iron going into the leaching solution so 

recovery losses of the rare earth elements are minimized.  

2.5.4 Separation Processes for Rare Earth Oxides from Solution 

The following will briefly discuss common separation techniques for separating the individual rare 

earth elements from solution of rare earths.  

Selective Oxidation 

Cerium, praseodymium and terbium are the rare earth elements that can be separated through 

selective oxidation due to their occurring trivalent and tetravalent oxidation states.  The natural occurring 

state of cerium is Ce(III) and it can be removed from the rare-earth mixture by oxidizing to Ce(IV).  The 

removal of Pr(IV) and Tb(IV) is brought about via precipitation in an aqueous solution since their 

tetravalent states are not stable in the aqueous solution. [2]  

Selective Reduction 

Trivalent samarium, europium and ytterbium elements can be separated through reduction to their 

divalent state.  Marsh et al. used a buffered acetate solution to separate these rare-earth elements by 

reductive extraction into a dilute sodium amalgam.  It is known that Sm, Eu and Yb metals cannot be 

obtained through the metallothermic reduction of their halides.  Therefore, during a mixture of rare earth 

halides and calcium, the Sm, Eu and Yb are not reduced, but instead remain in the slag where they can 

later be separated. [2] 
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Fractional Crystallization 

Fractional crystallization exploits differences in solubilities to bring about a crystallization of the 

least soluble component through evaporation.  Double ammonium nitrates have been used for the 

separation of lanthanum, praseodymium and neodymium, while double magnesium nitrates are used for 

samarium, europium, gadolinium, as well as the ceric group.  To separate yttric group elements, bromates 

and ethyl sulfates can be applied.  Other applied chemicals include a sodium rare earth EDTA salt for 

separating gadolinium, terbium, dysprosium and yttrium; and a rare earth hexa-antipyrine iodide salt for 

the separation of erbium, thulium, lutetium and yttrium. [2,14] 

Fractional Precipitation 

Fractional precipitation is the removal of one or more of the rare earths from solution by the 

addition of a chemical to form a less soluble compound, and differs from fractional crystallization since 

no other compound is added to the solution.  Double sulfates and hydroxides are commonly used in 

addition to double chromates. [14] 

Ion Exchange 

The method of ion exchange involves the exchange of ions between an electrolyte solution and an 

ion exchanger or resin.  An aqueous solution containing the metal is passed through a bed of solid organic 

resin in particulate form.  Through an adsorption stage the metal ions load or adsorb onto the exchanger.  

Following adsorption, an elution stage allows the ions to desorb from the exchanger.  An ion of higher 

charge will displace one of lower charge or if the charges are similar, the ion with the larger radius will 

replace the smaller radius ion. [1] The most useful complexing agents applied at EDTA and HEDTA 

(hydroxyethyl-ethylene-diamine-triacetic acid).  Apart from separating Eu-Gd, Dy-Y and Yb-Lu pair, 

EDTA is effective at separating most rare earths from each other.  

Solvent Extraction  

Solvent extraction is the selective transfer of ionic species from an aqueous solution to an immiscible 

solvent, such as an organic solution.  The aqueous and organic solutions come into contact with each 

other, where the metal ions and the organic form a compound that is more soluble in the organic phase, 

effectively transferring the metal ions to the organic phase.  The extraction of the pure metal from the 

organic phase involves the introduction of another aqueous phase, splitting the metal/organic compound.  

In the rare earth industry, the use of the solvent extraction is an extremely favored method since relatively 

simple equipment is needed to achieve a highly pure metal. [1,14] 
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EXPERIMENTAL DESIGN AND PROCEDURE 

 

 This chapter details the experimental design developed following characterization and mineralogy 

data of the Norra Kärr eudialyte mineral used for these experiments.  Also, descriptions of the 

beneficiation and hydrometallurgical experiments are provided.  

3.1 Norra Kärr Eudialyte Mineral Characterization 

As mentioned before in section 2.3.5, Table 3.1 shows the specific gravity and magnetic 

properties of non-specific eudialyte minerals and associated gangue, as well as the chemical composition 

of the Norra Kärr eudialyte and gangue minerals.  

 

Table 3.1. Eudialyte and gangue mineral characteristics. [9,12] 

Mineral  Specific Gravity Chemical Composition Magnetic Properties 

Eudialyte 2.70-3.10 Na
4
(Ca,Ce)

2
(Fe,Y,Mn)ZrSiO

22
(OH,Cl)

2
  Paramagnetic 

Aegirine 3.50-3.60 NaFeSi
2
O

6
 Paramagnetic 

Potassium Feldspar 2.50-2.60 KAlSi
3
O

8
  Non-magnetic 

Nepheline Syenite 2.55-2.60 (Na,K)AlSiO
4
 Non-magnetic 

 
The material obtained for the MLA analysis was a representative sample of the entire eudialyte sample.  

This representative sample was acquired by processing the entire eudialyte sample through a Jones riffle 

and a rotating turntable splitter.  As Holmes states, there is great responsibility resting on a very small 

sample, so it is essential that samples are truly representative of the bulk. [51]  

Figure 3.1 and Table 3.2 show the particle size analysis results of the eudialyte sample where the P80 is 

111.0 microns.  Table 3.3 shows that the Norra Kärr eudialyte sample is made up of predominately 

silicate minerals at about 65 wt% and the eudialyte mineral is within the 12.1 wt% zirconium minerals.  

The MLA image (figure 3.2) shows the eudialyte mineral in bright red and fairly well liberated in this 

captured section of the sample. Analysis of the liberation of eudialyte can be found in Figure 3.3.  Greater 

liberation is shown by the curves approaching the upper right corner of the plot.  The best liberation of the 

eudialyte mineral in the sample was in the 200x400 mesh fraction.  Denoted by the light blue curve, 78% 

of the particles in the 200x400 mesh fraction contained 95% or more eudialyte minerals.   
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Figure 3.1. Graph of the percentage of passing material versus particle size. 

 
Table 3.2.   Passing percentile values versus particle size in microns. 

Passing Percentile Size (microns) 

10.0 10.62 

20.0 22.66 

30.0 35.53 

40.0 47.32 

50.0 59.39 

60.0 73.83 

70.0 91.25 

80.0 111.0 

90.0 136.3 

95.0 157.0 

 
Table 3.3.   Mineral content (weight %) in Norra Kӓrr eudialyte sample. [12] 

Mineral Group Eudialyte sample (wt %) 

Silicates 64.5 

Fe-minerals 22.9 

Zr-minerals 12.1 

Others 0.6 
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Figure 3.2.   False color MLA image of Norra Kӓrr eudialyte sample. [12] 

 

 
Figure 3.3   Mineral liberation for the Norra Kӓrr eudialyte sample by sieve fraction. [12] 

 
The least liberated size fraction is the +100-mesh represented by the black curve, since 30% of the 

particles in that size fraction are 95% liberated.  Two important concepts in mineral processing is the 

degree to which a valuable mineral is liberated and separated from its gangue components.  Much 

emphasis is placed on a sufficient liberation for a successful beneficiation process to occur.  Liberation 

can be achieved through comminution, where by minerals are crushed and/or ground to finer size 

fractions, which can later be separated. [20]  
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In addition to MLA information, a TOF-SIMS analysis was conducted for supplementary 

elemental information.  

   

Figure 3.4   False color TOF-SIMS image of Norra Kärr eudialyte sample: a) Display of Zr/ZrO, Al 
and Fe/FeO ions, b) display of Zr/ZrO, Fe/FeO and combined Y/Ce ions. [74] 

 

Since the TOF-SIMS provides elemental information about the sample surface, it was useful in showing 

elemental-based mineral associations.  In Figure 3.4a, Zr/ZrO, Al and Fe/FeO ions were displayed on the 

sample surface in red, green and blue, respectively.  The mineral particles displaying those colors 

contained those specific ions.  Eudialyte is a zirconium-based mineral and any mineral particles shown in 

red were considered to be eudialyte.  Figure 3.4b shows Zr/ZrO, Fe/FeO and combined Y/Ce ions in red, 

green and blue, respectively.  This image was valuable in showing the elemental associations between 

Zr/ZrO and Y/Ce ions.  Again, since eudialyte is a zirconium bearing mineral with rare earth elements, we 

expect those elemental ions to “light up” in the same locations.  This is most evident in the color overlay 

image in Figure 3.4b, where the purple is considered eudialyte with zirconium and the rare earth elements 

yttrium and cerium.  The TOF-SIMS analysis was used to concluded that the eudialyte mineral was 

associated with zirconium, yttrium and cerium.  

Before conducting any beneficiation work, a screen analysis test was done to assess if there was 

any preferential mineral deportment to certain size fractions.  This result indicates a HLST should be done 

at different size fractions. The screen analysis test was done by wet sieving the eudialyte sample into the 

size fractions shown in Table 3.4.  The analysis and percent distribution show the weight percent of 

specific elements in the size fractions.  Percent distribution values do not vary much with respect to any 

of the elemental groups shown.  Thus, it is concluded that there is no preferential mineral deportment by 

screening the material.   
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Table 3.4. Screen Analysis Test Results 

   Analysis (%) % Distribution 

 Weight (g) Weight (%) TREE Zr Fe Na, K, Al TREE Zr Fe Na, K, Al 

Feed 
(analyzed) 

60.0  0.011 0.045 0.105 0.37     

Feed 
(calculated) 

45.9 100 0.011 0.042 0.102 0.362 100 100 100 100 

           

100x140 9.7 21 0.010 0.037 0.092 0.379 17.7 18.7 19.1 22 

140x200 9.3 20.4 0.010 0.038 0.103 0.364 18.6 18.3 20.7 20.5 

200x270 8.7 18.9 0.011 0.041 0.109 0.356 18.9 18.7 20.3 18.6 

270x400 10.2 22.3 0.011 0.039 0.105 0.361 22.1 20.7 23 22.2 

(-400) 8 17.4 0.015 0.057 0.1 0.346 22.6 23.5 17 16.7 

 

3.2 Description of Beneficiation Experiments 

Taking into account the literature survey conducted, as well as the characterization and 

mineralogy of the Norra Kärr eudialyte sample, the beneficiation consisted of a two-stage process via 

gravity and magnetic separation.  The inclination toward this combination of separation techniques 

derived from a limited amount of previous work on a process where both gravity and magnetic separation 

were used to beneficiation eudialyte.  As mentioned in the literature review, before implementing a large-

scale gravity separation instrument, such as the shaking table or Falcon concentrator, a heavy liquid 

separation test (HLST) would gauge the potential for and predict larger scale instrumentation.  A 

preliminary flowsheet of the beneficiation process is below.  The goal of the gravity separation/HLST was 

to disassociate the major iron-bearing mineral aegirine from the eudialyte and remaining gangue in the 

sink and float, respectively.  

 
Figure 3.5. Preliminary beneficiation flowsheet for Norra Kärr eudialyte sample. 
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Initially, the non-toxic sodium polytungstate was used for HLST at three different specific 

gravities (2.7, 2.95, 3.08) and at the mesh size fractions listed in Table 3.4.  After conducting the HLST 

with the sodium polytungstate, it was found that a higher specific gravity value would need to be obtained 

to effectively separate the aegirine from the eudialyte and other lighter gangue.  Another HLST was 

administered at Hazen Research, Inc., at a specific gravity of 3.2 with methylene iodide.  All the HLST 

conducted utilized a centrifuge due to expedite the settling process.  The float material was then processed 

through the WHIMS for separation between the paramagnetic eudialyte and non-magnetic gangue.   

After initial test work was done, an advanced flowsheet developed for investigating different 

parameters through beneficiation.  HLST were done at four different size fractions3: as-received ore 

sample, pulverized sample and screen material at +/- 400 mesh.  The sample was pulverized to achieve a 

better degree of liberation in comparison to the as-received sample.  The ore sample was also screened to 

assess a difference between the screened and pulverized material, since pulverizing the sample may have 

caused differences in the surface morphology of the sample.  The flowsheets are shown below. Finally, a 

WHIMS test was done on the as-received sample, the pulverized sample and the +/- 400 mesh samples.  

This was done to serve as a baseline WHIMS test and for determining differences within these samples 

that had prior processing. 

 

 

Figure 3.6. Flowsheet for as-received Norra Kärr eudialyte sample. 

 

                                                      
3 All HLST conducted from this point forward were done at an SG of 3.2 using methylene iodide for best chance of 
gravity separation. 
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Figure 3.7. Flowsheet for pulverized Norra Kärr eudialyte sample. 

 
 

 

 

Figure 3.8. Flowsheet for screened Norra Kärr eudialyte sample. 

  

3.3 Beneficiation Experimental Procedure  

This section will discuss the procedure for the two heavy liquid separation tests with sodium 

polytungstate and methylene iodide, and the procedure for the wet high intensity magnetic separation 

tests.   
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Figure 3.9. Flowsheet for baseline WHIMS test on Norra Kärr eudialyte sample. 

 

Sodium Polytungstate Heavy Liquid Separation Test 

 The as-received eudialyte ore was wet screened into five different size fractions: 100x140, 

140x200, 200x270, 270x400 and -400-mesh.  While the samples were drying, the sodium polytungstate 

solution was prepared for three different densities: 2.7, 2.95 and 3.08 g/cm3.  Geoliquid sodium 

polytungstate powder was added, based on the graph below, to DI water at room temperature to achieve 

the desired densities.  

 
Figure 3.10. Density of aqueous sodium polytunstate solution as a function of the mass portion at 25°C. 

[52] 
 

There are significant differences among the three densities, as the viscosity increased with the density.  

This is further illustrated in Figure 3.11. 
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Figure 3.11. Viscosity of aqueous sodium polytungstate solution as a function of density at 25°C. [52] 

 

Once the samples were dry and the three different heavy liquid solutions prepared, approximately four 

grams of each size fraction were placed in a 15-mL vial with 10-mL of solution.  Five size fractions and 

three densities yielded fifteen vials for this experiment.  The vials were then placed in a centrifuge to 

expedite the settling process for 5 minutes at 4000 rpm.  The float and sink material were carefully 

removed from the vial and washed with DI water before being allowed to dry.  The dried masses for the 

individual float and sink portions were recorded.  Finally, a small fraction of each portion was taken for 

XRF analysis.   

Methylene Iodide Heavy Liquid Separation Test 

The HLST done using methylene iodide as the media were conducted by Hazen Research, Inc.  The 

samples sent to Hazen were the as-received ore, the pulverized ore and +/- 400 mesh ore.  Before the 

samples were sent to Hazen, they were analyzed with Microtrac’s particle size analyzer.  Approximately 

twenty-five grams of as-received ore, pulverized ore and +/- 400 mesh ore were sent to for the HLST.  

Each sample was placed in a centrifuge for seven minutes at 800 rpm as referred to in Figure 3.12.  The 

dried masses of the float and sink were recorded and sent back for analysis via XRF.  

Wet High Intensity Magnetic Separation 

 A laboratory scale WHIMS (Figure 2.7) was used to process the float material obtained from the 

HLST using methylene iodide.  A slurry was created by adding the float material to one liter of water.  A 

screen matrix was used through which the material will pass for magnetic collection.  The laboratory 

WHIMS shown in Figure 2.7 can be broken down into two pieces, corresponding to the two valves the 

material will pass through.  The first valve connects the bowl and the chamber that holds the screen 

matrix. 
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Figure 3.12. Heavy Liquid Separation Flowsheet. [53] 

 

The second valve is the discharge valve after the material as passed through the screen matrix.  By 

adjusting these valves, one is able to adjust the speed of the material flow through the WHIMS.  For these 

experiments, the valves were kept half open so there was some retention time of the material in the screen 

matrix chamber.  The WHIMS was magnetized at 1 Tesla and the slurry was slowly added to the bowl, 

where the non-magnetic fraction gradually discharged into a labeled bucket.  After all the material cleared 

the bowl, the non-magnetic bucket was removed.  The magnetism was removed and the magnetic 

materials were collected in a magnetic-labeled bucket.  Three passes were done to ensure an efficient 

separation.  Both magnetic and non-magnetic fractions were pressure filtered and dried before XRF 

analysis.  

3.4 Description of Hydrometallurgical Treatment 

The hydrometallurgical treatment of the Norra Kärr eudialyte concentrate consisted of a leaching 

process.  As mentioned in the literature review, although eudialyte is easily decomposable (as its name 

implies), once the silicate mineral is acidified and decomposed, there is a high chance of formation of 

colloidal and gelled silica.  The goal of these leaching experiments is to extract the rare earth elements, as 

well as the zirconium, while minimizing the formation of the silica gel or any colloidal silica particles that 

would make the filtering of the leach solution difficult.  Two different leaching processes were 

investigated.  In the first process, leaching of the eudialyte sample was done in an excess of acid available 
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to the mineral.  Six experiments were done using this process by varying the temperature and leaching 

time.  In the second process, the eudialyte sample was processed under a starving condition where only 

enough concentrated acid to wet the sample was added and later leached with DI water.  For this method, 

three experiments were conducted by varying the retention time in acid and drying conditions. 

  A flowsheet of the process is given in Figure 3.12.  In each leaching process, a non-magnetic 

concentrate eudialyte sample was used.  This non-magnetic concentrate sample was produced at a 0.36 

Tesla in the WHIMS to separate the aegirine into a magnetic fraction, while leaving the eudialyte and 

other gangue in the non-magnetic fraction.  As mentioned in the literature review, high concentrations of 

iron in the leaching solution is detrimental to the recovery of the valuable materials.  By creating a non-

magnetic concentrate, the iron content in the sample is reduced.  Sulfuric acid was used in leaching 

process 1 to investigate the recovery of rare earth sulfates.  Concentrate sulfuric acid was used in leaching 

process 2 to minimize water exposure and minimize silica gel formation.   

 

Figure 3.13. Flowsheet for leaching processes for Norra Kärr eudialyte sample. 

 

3.5 Hydrometallurgical Treatment Procedure 

This section describes the procedures for leaching process 1 using dilute sulfuric acid, and 

leaching process 2 using concentrated sulfuric acid and DI water.  Before commencing with each leaching 

process, a non-magnetic eudialyte concentrate was produced via the WHIMS to reduce the amount of iron 

and analyzed in the ICP-MS.   

Leaching Process 1 

 All experiments consisted of a one-liter solution of 0.1 M sulfuric acid, approximately 100 grams 

of non-magnetic concentrate sample and an agitator to keep the sample suspended.  Figure 3.14 shows the 
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experimental set-up for leaching process 1.  Free acid titrations were also conducted after sample addition 

and every half an hour after to assess free sulfuric acid concentration.  The free acid titration used 5-mL 

of leach liquor, 1-mL of 0.5 g/L methyl orange indicator solution and 1.0 N sodium carbonate titrate 

solution.  The titre volume was recorded.  In experiment 1.1, the sample was added to a two-liter beaker 

containing the acid solution.  Immediate addition of the eudialyte sample increased the pH from 1.0 to 

almost 3.0.  The pH was brought back to 1.0 with the addition of concentrated sulfuric acid.  This 

leaching experiment lasted two hours.  In experiment 1.2, the acid solution was heated to 50°C before the 

addition of the eudialyte sample.  Again, concentrated sulfuric acid was used to bring the pH value to 1.0 

after the addition of the sample increased it.  This experiment also lasted two hours.  In experiment 1.3, 

the acid solution was heated to 75°C before the addition of the eudialyte sample and concentrated sulfuric 

acid was used to bring the pH value to 1.0 after the addition of the sample increased it.  This experiment 

also lasted two hours.  Experiment 1.4 was similar to experiment 1.1, except it was done for four hours.  

Experiments 1.5 and 1.6 were similar to experiments 1.2 and 1.3, respectively and were conducted for 

four hours each.  During the third hour of experiment 6, the leach liquor became viscous.  Consequently, 

more acid solution was added and the agitator rpm was adjusted.  Once all the experiments were 

completed, the leach liquor was vacuum filtered.  The filtrate was prepared for ICP-MS analysis and the 

filter cake was dried and weighed before XRF analysis.  

 

 

Figure 3.14. Experimental set-up for leaching process 1. 
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Leaching Process 2 

 All experiments consisted of just enough 98% pure sulfuric acid addition to wet the sample, 

approximately 25 grams of non-magnetic concentrate sample and 150-mL of DI water were used to 

obtain the sulfates in solution.  Figure 3.14 shows the acid-wet ore sample for leaching process 2.  In 

experiment 2.1, 20-mL of acid were added to the sample and was left to air dry.  The DI water was added 

once the sample dried.  In experiment 2.2, 8-mL of acid were added to the sample and left for one hour.  

After, it was placed in a furnace at 60°C to dry.  Once dried, DI water was added.  Finally, in experiment 

2.3, 8.4-mL of acid was added and left to sit for 30 minutes before immediate DI water addition.  The 

leach liquors were then vacuum filtered.  The filtrate was prepared for ICP-MS analysis and the filter cake 

was dried and weighed before XRF analysis. 

 

 

Figure 3.15. Experimental set-up for leaching process 2. 
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                         TECHNIQUES USED FOR ANALYSIS OF RESULTS 

 

 This chapter details the analytical techniques employed for the evaluation and interpretation of 

the beneficiation and hydrometallurgy work done.  MLA and TOF-SIMS was used for the analysis of the 

received Norra Kӓrr eudialyte sample.  The use of the XRF and ICP-MS was used for the beneficiation 

and hydrometallurgical treatment product analysis.  

4.1 Mineral Liberation Analysis (MLA) 

One of the most widely used technologies for automated mineralogy in the mineral and metal 

industries, MLA is an automatic mineral analysis system that identifies minerals in polished sections.  

MLA also quantifies many mineral characteristics, such as abundance, grain size and liberation.  This is 

done by combining an automated Scanning Electron Microscope (SEM) and multiple Energy Dispersive 

X-ray detectors. [75,76] This type of analysis is essential in better understanding the mineralogy for 

optimizing a certain beneficiation and/or hydrometallurgical process specific to the mineral of interest.  

The Norra Kärr eudialyte sample was sent to The Center for Advanced Mineral and Metallurgical 

Processing (CAMP) at Montana Tech of the University of Montana for MLA 

4.2 X-ray fluorescence (XRF) 

XRF is a non-destructive analytical method for determining the elemental composition of 

materials through fluorescent X-ray measurement.  Fluorescent or secondary X-rays are emitted from a 

sample when it is excited by a primary X-ray source.  Each element has a characteristic fluorescent X-ray 

“fingerprint” that it can be associated with; the energy of the electron depends on the shell it occupies and 

the element it belongs to. [54] When an atom in the sample is hit with an X-ray of energy greater than the 

atom’s K or L shell binding energy, an electron from one of the shells is displaced.  To regain stability, an 

electron from one of the higher energy shells fills the vacancy.  When this electron drops to a lower 

energy state, a fluorescent X-ray is emitted whose energy is equal to the difference in energy between the 

two quantum states. [55]  

A borate fusion was done to solubilize the mineral samples for the XRF.  The oxidized sample 

was dissolved in the molten flux at temperatures between 1020-1050°C with a 2:1 ratio of lithium 

metaborate to lithium tetraborate due to the acidic nature of the mineral.  The fusion was conducted in a 

Katanax K1 Prime fluxer that produced a glass disk for XRF analysis.  The glass disks are homogenized 

to reduce particle size, mineralogy and matrix effects. [56] 

A quantitative method was developed in the XRF using two analytical standards provided by 

Tasman Metals, Ltd., and a rare earth mineral standard with a similar total rare earth element composition 

as the eudialyte sample.  The rare earth mineral standard was chosen based on its similar composition to 
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the eudialyte material tested.  The value of silica and rare earth elements in the standard were the main 

values of comparison.  The certified values for the two analytical standards provided by Tasman and the 

rare earth mineral provided by Brammer Standard Company, Inc., are shown below.   

 

Table 4.1. Certified values for Brammer Standard Company rare earth mineral. 

Compound Certified Value (%) 

Σ REO 0.764 

Al2O3 19.00 

Fe2O3 3.46 

K2O 2.11 

SiO2 66.72 

CeO2 0.023 

Dy2O3 0.021 

Er2O3 0.011 

Eu2O3 0.00750 

Gd2O3 0.026 

Ho2O3 0.0049 

La2O3 0.277 

Lu2O3 0.00136 

Nd2O3 0.186 

Pr2O3 0.054 

Sc2O3 0.00118 

Sm2O3 0.033 

Yb2O3 0.0100 

Y2O3 0.124 

 

When reporting the results in the following sections for the beneficiation experiments, it is worth 

noting that the TREE values include those rare earth elements listed above, which the XRF was 

programmed to analyze for.   

4.3 Inductively Coupled Plasma- Mass Spectrometry (ICP-MS) 

ICP-MS is another analytical technique used for the determination of elemental composition.  The 

basic principle of the ICP-MS is to convert the atoms of a sample into ions that are separated and detected 

by the mass spectrometer.  Argon gas flows through the ICP torch and when ignited, electrons are 
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stripped off the argon atoms, forming argon ions.  These ions collide with other argon atoms to form the 

plasma.  The sample is introduced into the ICP plasma as an aerosol via a nebulizer. [57] 

 

Table 4.2. Certified values for NKA02 analytical standard. 

Compound Certified Value (%) 

Σ REO 0.60  

Al 8.74  

Fe 4.83  

K 2.76  

Si 25.52  

Zr 1.33  

 (ppm) 

Ce 1120  

Dy 241  

Er 162 

Eu 18.2 

Gd 176 

Ho 53 

La 520 

Lu 21.1 

Nd 576 

Pr 143 

Sc < 1 

Sm 152 

Yb 147 

Y 1569 

 

Using standard solutions, the leaching filtrates were analyzed for the rare earth elements and 

zirconium.  Again, the TREE values listed in the result sections below include all the rare earth elements 

listed in the above tables for which the ICP analyzed for.  

4.4 Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) 

A TOF-SIMS was also used to provide elemental information of the eudialyte sample, with the 

goal of getting a better understanding of the mineralogy and liberation.  This analytical technique 
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provides elemental and molecular information when the solid sample surface is bombarded with a pulsed 

primary ion beam that is generated by a liquid-metal ion gun. [73] The ion beam causes molecular ions to 

be dislodged from the sample surface and are directed to an analyzer for mass measurement based on 

their time of flight to the detector.  The basis of this analytical technique is that ions ejected from the 

sample surface at the same energy will travel at different velocities due to their different mass, resulting in 

lighter ions to arrive before heavier ions. [73] The Norra Kärr eudialyte sample was mounted in epoxy 

and polished, with the goal being to detect Fe, Al, Si, Y, Ce, Zr and lanthanides over a 500-micron area. 

[74] 

Table 4.3. Certified values for NKA01 analytical standard. 

Compound Certified Value (%) 

Σ REO 0.40 

Al 8.65 

Fe 5.58  

K 3.02  

Si 25.17  

Zr 1.29 

 (ppm) 

Ce 626 

Dy 175  

Er 129 

Eu 10.8 

Gd 111 

Ho 40.4 

La 313 

Lu 18.3 

Nd 307 

Pr 79 

Sc < 1 

Sm 88 

Yb 128 

Y 1131 
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                                                        RESULTS AND DISCUSSION 

 

 The results of the experiments detailed in sections 3.3 and 3.5 are discussed in this chapter.  

Beneficiation test data is presented first, followed by the hydrometallurgical leaching test results.  

5.1 Beneficiation Experimental Results 

This section provides discussion on the results from the heavy liquid separation tests conducted 

using sodium polytungstate, followed by those conducted using methylene iodide.  Finally, the wet high 

intensity magnetic separation test results are presented.  

Sodium Polytungstate Heavy Liquid Separation Test 

 As discussed before, sodium polytungstate is a heavy liquid used instead of many traditionally 

used heavy liquids due to its non-toxic behavior.  Figure 5.1 shows the recovery of total rare earth 

elements (TREEs) as a function of the specific gravity.  

 

Figure 5.1. Recovery of total rare earth elements in five size fractions with increased specific gravity. 

 

The results indicate that a maximum recovery of TREEs for each size fraction is achieved at a specific 

gravity of 2.95.  The recovery of TREEs at this specific gravity vary between 80 and 95%.  Recovery 

values above 90% are obtained for the 100x140, 140x200 and 200x270 size fractions which echoes the 

previous claim made during the characterization of the eudialyte ore, that the most liberated size fraction 

is 200x400 mesh.  The recovery of TREEs shows to decrease for all size fractions at the 3.08 specific 

gravity.  At 3.08, we see the -400- mesh size fraction achieves about 45% recovery.  These are points of 

interest because it is assumed a greater liberation is achieved at -400-mesh allowing for better separation 
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of the aegirine from the eudialyte and other gangue minerals.  The specific gravity of 3.08 is also the high 

limit for the eudialyte mineral density, and the assumption is made that this specific gravity would 

produce a better separation between aegirine and eudialyte, since it is in between the densities of both 

minerals.  However, both assumptions are proven incorrect since the -400-mesh size fraction does not 

show a maximum of recovery above the other fractions, and the recovery decreases at the highest specific 

gravity of 3.08.   

 Figure 5.2 shows the recovery of zirconium as a function of the specific gravity, for the five size 

fractions. Zirconium is used as an indicator for the eudialyte mineral, along with the TREEs.  The 

recovery of zirconium is similar to that of the TREEs, which is as expected, since as the zirconium-heavy 

eudialyte mineral is recovered, the rare earth elements are recovered as well.  A maximum recovery of 

zirconium is also achieved at a specific gravity of 2.95, along with a decrease in recovery at the higher 

specific gravity of 3.08.  

 

Figure 5.2. Recovery of zirconium in five size fractions with increased specific gravity. 

 

Tables 5.1-3 show elemental upgrade ratios at the specific gravities of 2.7, 2.95 and 3.08, 

respectively, for the five size fractions.  As described before, the purpose of this heavy liquid separation 

test was to separate the iron-bearing aegirine mineral from the eudialyte and other gangue.  Since the 

aegirine is the heaviest of the gangue present, at all gravity values, it was expected to report to the sink 

fraction, while the eudialyte and lighter gangue were to report to the float fraction.  The upgrade ratio is 

calculated with respect to the fraction it was supposed to report to.  In each table below, the upgrade ratio 

for the rare earth elements and zirconium stay consistently around 1.2, while upgrade ratio of iron seems 

to vary between specific gravity values.  The constant ratio for the TREEs and Zr indicate that there may 
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not be a dependence on specific gravity for upgrading eudialyte.  However, for upgrading iron, the results 

show some dependence on density, reaching an average maximum at the specific gravity of 2.95 as seen 

in Table 5.2.  

Table 5.1. Upgrade ratios for five size fractions at a specific gravity of 2.7.  

 Upgrade Ratio 

 TREEs Zr Fe 

100x140 1.2 1.2 2.9 

140x200 1.3 1.3 2.6 

200x270 1.2 1.3 2.3 

270x400 1.2 1.2 3.1 

-400 1.1 1.2 3.1 

 
 
Table 5.2. Upgrade ratios for five size fractions at a specific gravity of 2.95.  

 Upgrade Ratio 

 TREEs Zr Fe 

100x140 1.2 1.2 3.4 

140x200 1.2 1.2 3.0 

200x270 1.2 1.2 2.9 

270x400 1.1 1.1 3.6 

-400 1.2 1.2 2.7 

 
 
Table 5.3. Upgrade ratios for five size fractions at a specific gravity of 3.08.  

 Upgrade Ratio 

 TREEs Zr Fe 

100x140 1.2 1.2 2.5 

140x200 1.2 1.3 2.4 

200x270 1.3 1.2 2.4 

270x400 1.3 1.4 2.2 

-400 1.0 1.1 1.7 

 
 In all, these recovery and upgrade ratios provide evidence for the use of zirconium as a eudialyte 

and thus, rare earth element indicator, since the zirconium and total rare earth element values matched up.  

However, the results do not demonstrate a significant upgrade of eudialyte via heavy liquid separation test 

with sodium polytungstate.  
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Methylene Iodide Heavy Liquid Separation Test 

 Unlike sodium polytungstate, methylene iodide is considered a toxic heavy liquid and was used in 

this experiment to reach a density of 3.2 g/cm3.  Figure 5.3 shows the recovery of TREEs for four size 

fractions at the specific gravity of 3.2.  As the average particle size increases from 29 microns to +400-

mesh, the recovery of the TREEs decreases.  The same trend is shown in Figure 5.7, where the recovery 

of zirconium is shown for four size fractions at a specific gravity of 3.2.  As described above in section 

3.2, this heavy liquid separation test was done to investigate the differences between the as-received ore, 

pulverized and screened samples.  Figures 5.7-8 illustrate a greater recovery of TREEs and Zr for the 

pulverized size fraction of 29 microns, indicating a certain degree of liberation is achieved when the as-

received ore sample is pulverized.  This degree of liberation may be due to the change in surface 

morphology by pulverizing the ore, where a single particle is crushed/ground into smaller particles, thus 

revealing a new surface.  This differs from screening the as-received ore sample because in screening, the 

smaller particles are separated, not produced by crushing or grinding.  

a) 

 
 

b) 

 
 

c) 

 
 

d) 

 
 

 

Figure 5.3. As-received sample: a) float product, b) sink product, c) magnetic fraction and d) non-
magnetic fraction. 

 

Table 5.4 shows the elemental upgrade ratios for the four size fractions at a density of 3.2 g/cm3 

for each size fraction.  As can be seen by the upgrade ratios for each elemental group, there is not a lot of 

difference in upgrade ratios for each size fraction.  However, there is a greater upgrade ratio for iron in all 

size fractions in this heavy liquid separation test.   
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a) 

 
 

b) 

 
 

c) 

 
 

d) 

 
 

 
Figure 5.4. Pulverized sample: a) float product, b) sink product, c) magnetic fraction and d) non-

magnetic fraction. 
 

a) 

 
 

b) 

 
 

c) 

 
 

d) 

 
 

 

Figure 5.5. -400 mesh sample: a) float product, b) sink product, c) magnetic fraction and d) non-
magnetic fraction. 

 

This result provides several conclusions.  Secondly, the sole step of gravity separation may not be 

an effective method to upgrade the ore in terms of its rare earth element and zirconium concentrations, but 

may be an effective method for the removal of iron.  Finally, the ore may not be well liberated at 29 

microns for adequate separation. 
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a) 

 
 

b) 

 
 

c) 

 
 

d) 

 
 

 

Figure 5.6. +400 mesh sample: a) float product, b) sink product, c) magnetic fraction and d) non-
magnetic fraction. 

 

 

 

Figure 5.7. Recovery of total rare earth elements for the four size fractions. 

 

Baseline Wet High Intensity Magnetic Separation 

 This section describes the baseline WHIMS results that are used for comparison values against 

the results obtained from the WHIMS done on the float products.  These results also indicate how 

effective a sole WHIMS test is at upgrading the eudialyte ore at different size fractions.  Table 5.5 shows 

the upgrade ratio for the TREEs and Zr at the four size fractions.   
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Figure 5.8. Recovery of zirconium for the four size fractions. 

 

Table 5.4. Upgrade ratios for four size fractions at a specific gravity of 3.2.  

 Upgrade Ratio 

 TREEs Zr Fe 

29 microns 1.1 1.0 4.2 

-400 mesh 1.0 1.0 4.7 

111 microns 1.1 1.1 4.7 

+400 1.1 1.1 4.5 

 

These upgrade ratios are calculated for TREEs and Zr that show up in the magnetic fraction, since 

eudialyte is paramagnetic.  While a significant upgrade in the TREEs and Zr is not present by these 

values, there is a slight variability within the TREEs’ size fractions, implying that there may be some 

dependence on size fraction for the use of magnetic separation in upgrading eudialyte.   

 

Table 5.5. Upgrade ratios of TREEs and Zr in magnetic fraction for baseline WHIMS done at 1 Tesla.  

 Upgrade Ratio 

 TREEs Zr 

29 microns 1.7 0.9 

-400 mesh 1.3 1.0 

111 microns 1.2 1.1 

+400 mesh 1.1 1.0 
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Wet High Intensity Magnetic Separation on Float Products  

 WHIMS was done on the float products of the heavy liquid separation tests done using methylene 

iodide.  Figures 5.9 and 5.10 display the recovery of the TREEs and Zr for each size fraction, 

respectively.  It was expected for the recovery of the TREEs and Zr to be high in the magnetic fraction 

since the float product consisted of the paramagnetic eudialyte and non-magnetic gangue.  However, the 

results show the TREEs and Zr reporting to the non-magnetic fraction.  Table 5.6 shows the upgrade ratio 

values for TREEs and Zr in magnetic fraction for each size fraction.  Again, there is no significant 

upgrade of the eudialyte ore, as indicated by these values.  These values also do not show dependence on 

particle size for better separation.   

 

 

 
Due to the complex and variable chemical composition of eudialyte, it may be suggested that this 

Norra Kӓrr eudialyte ore does not exhibit paramagnetic behavior compared to other eudialyte minerals 

studied in literature.  However, before such a conclusion can be made regarding this specific eudialyte 

sample, more magnetic separation tests should be conducted at higher magnetic strengths. Magnetic 

separation of eudialyte may also be highly variable with respect to which fraction the mineral will report 

to (magnetic or non-magnetic) due to the iron present.  
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Table 5.6. Upgrade ratios for magnetic fraction on float product at 1 Tesla.  

 Upgrade Ratio 

 TREEs Zr 

29 microns 1.1 1.0 

-400 mesh 1.8 1.5 

111 microns 1.4 1.2 

+400 mesh 1.6 1.3 

 

5.2 Hydrometallurgical Treatment Results 

This section presents the data and discusses the results obtained by the experiments in each leach 

process.  The results for leach process 1, experiments 1.1–1.3 are discussed first, followed by experiments 

1.4–1.6.  Finally, leach process 2 results are examined. 

Leach Process 1 

A discussion regarding the experiments conducted for the first leaching process is presented in 

this section.  In experiments 1.1–1.3, the leach liquor was slow to filter and the filtrate leach solution 

gelled.  However, the rate at which these leach solutions filtered and gelled differed and may be 

correlated to the temperature at which they were leached.  The leach solution from experiment 1.3 gelled 

first, two days after the test was conducted and was comparatively the slowest to filter.  The leach 

solution from experiment 1.2 gelled a week after the test.  Finally, the leach solution from experiment 1.1 

took almost three weeks to gel, but relatively the fastest to filter.  Figure 5.11 shows the recovery of the 
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total rare earth elements increasing as the temperature increases.  The recovery value over 100% for 

experiment 1.3 can be due to the gelation formed during the leaching process, increasing the weight of the 

slurry as a result of the hydration.  Figure 5.12 shows the recovery of the zirconium also increasing as the 

temperature increases.  Both Figures 5.11 and 5.12 show a dependence on temperature in these leaching 

experiments; as the temperature increases, the recovery of TREEs and Zr increases, respectively.  

 

 

Figure 5.11. Recovery of total rare earth elements for leaching tests conducted at two hours and three 
different temperatures. 

 

 

Figure 5.12. Recovery of zirconium for leaching tests conducted at two hours and three different 
temperatures. 
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The figure below displays the free acidity values in grams per liter of sulfuric acid for experiments 1.1–

1.3 and shows a large decrease after the initial titration done.  For the remainder of the leaching 

experiments, the free acidity stays relatively constant.  Table 5.7 shows how much acid is consumed 

during each experiment.  Experiment 1.1, conducted at 25°C shows the highest amount of acid 

consumption at 7.7 g, while the other experiments, conducted at higher temperatures show lower acid 

consumption.  The initial high free acidity value followed by the decrease corresponds to the increase in 

pH with the addition of the eudialyte sample.  As acid was consumed in the experiment, the pH value rose 

from 1 to 3.   

 

 

Figure 5.13. Free Acidity for sulfuric acid for leaching experiments at two hours. 

 

Table 5.7. Consumption of sulfuric acid for leaching experiments at two hours. 

Experiment Acid Consumed (g) 

Experiment 1.1 7.7 

Experiment 1.2 3.5 

Experiment 1.3 3.5 

 

Also in experiments 1.4–1.6, the leach liquor was slow to filter and the filtrate leach solution 

gelled.  Similar to the experiments conducted for two hours, the rate at which these leach solutions 

filtered and gelled differed and may be correlated to the temperature at which they were leached.  

Extreme gelation occurred during experiment 1.6, where the leach liquor thickened after three hours at 

75°C.  For the last hour of the experiment, the agitator rpm was increased.  In comparison to experiments 

0.0

2.0

4.0

6.0

8.0

10.0

30 60 90 120

F
re

e 
A

ci
d 

(g
/L

)

Time (minutes)

Free Acidity at 2 hour leach

Experiment 1.1 Experiment 1.2 Experiment 1.3



56 
 

1.1–1.5, this leach liquor was the most difficult and slowest to filter, resulting in a relatively small amount 

of filtrate.  The gelation formed in experiment 1.6 caused a large hydration of the slurry and product, 

resulting in high recovery values.  Figure 5.14 shows a recovery value above 120% for the total rare earth 

elements, while the recovery value for zirconium has been omitted from Figure 5.15 due to its 

unreasonable value.  Figure 5.15 also does not show an R2 value because two data points is not sufficient 

for a linear relationship.  A relationship between temperature and recovery of TREEs and Zr is a little 

more difficult to present in this set of four-hour experiments due to the gelation, however, an upward 

trend is present.  

Figure 5.16 displays the free acidity in grams per liter of sulfuric acid for experiments 1.4–1.6, 

where a decrease in free acid is shown, similar to experiments 1.1–1.3.  The free acidity values for 

experiment 1.6 do not remain constant, but instead show some deviation from a constant trendline.  This 

again, may be due to the thick gelled formed during the experiment.  Table 5.8 shows the acid 

consumption data for each experiment.  Like the previous three experiments, experiment 1.4, conducted at 

25°C, shows the highest acid consumption.   

 

 

Figure 5.14. Recovery of total rare earth elements for leaching tests conducted at four hours and three 
different temperatures. 
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Figure 5.15. Recovery of zirconium for leaching tests conducted at four hours and three different 
temperatures. 

 

 

Figure 5.16. Free Acidity for sulfuric acid for leaching experiments at four hours. 

 

Table 5.8. Consumption of sulfuric acid for leaching experiments at four hours. 

Experiment Acid Consumed (g) 

Experiment 1.4 7.6 

Experiment 1.5 5.6 

Experiment 1.6 5.6 
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 The figures shown above display show a linear relationship between temperature and recovery of 

the total rare earth elements and zirconium.  While temperature is an important parameter, the leaching 

time is an equally important variable to consider.  Figures 5.17 and 5.18 show the recovery of TREEs and 

Zr at each temperature for both time intervals.  Taking into consideration the unreasonable TREEs and Zr 

recovery values due to gelation, there is an increase in recovery as leaching time increases.  Increased 

leaching time allows the acid to permeate more particle surfaces, since the ore is in solution for a longer 

period of time.  However, at an increased temperature, such as in experiment 1.6, this increased exposure 

to the acid and water will lead to gel formation.   

 

Figure 5.17. Recovery of total rare earth elements as a function of time and temperature for all 
experiments. 

 

As discussed above, in all of the leaching experiments conducted under process 1, the leach solutions 

eventually gelled respective to their kinetics.  Figure 5.19 shows a sample of the filtered leach solution 

after it has been left alone for a few days and gelled. As can be seen from Figure 5.19, the gelled mass is 

transparent since the solution was filtered.  It can be easily broken apart with minimal force and has a 

hydrated consistency as is expected with a gel. 

Leach Process 2 

 A discussion regarding the results of the second leaching process is presented in this section.  

Figures 5.20 and 5.21 show the recovery of the total rare earth elements and zirconium as a function of 

retention time in the sulfuric acid, respectively.  In each experiment, the exposure time to the acid and 

leaching water was varied.   
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Figure 5.18. Recovery of zirconium as a function of time and temperature for all experiments. 

  

 

Figure 5.19. Gelled leach solution.  

 

The sample in experiment 2.3 did not experience any drying time since the DI water was immediately 

added after the 30- minute retention time in acid.  Upon the addition of the DI water, the solution became 

cloudy and bubbled.  The sample in experiment 2.2 was oven-dried after a one-hour retention time in the 

sulfuric acid.  The addition of DI water to the oven-dried sample did not immediately bubble like in 

experiment 2.3, but some bubbles were observed as the solution was left sitting for about ten minutes.  In 

experiment 2.1, the acid-wet sample was left to air dry for 24 hours before DI water was added.  Similar 

to the oven-dried sample, this solution did not immediately bubble until it after about ten minutes.  While 

neither of these experiments showed gelation during the acidification or after the DI water was added, nor 

did the filtrate solutions gel, the addition of water did cause a reaction to occur, evident by the bubbling.   
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Figure 5.20. Recovery of total rare earth elements versus retention time in acid for experiments 2.1-2.3. 

 

  

Figure 5.21. Recovery of zirconium versus retention time in acid for experiments 2.1-2.3. 

 

Table 5.9. Solution pH of each experiment after the addition of DI water to sample.  

Experiment Solution pH 

Experiment 2.1 0.85 

Experiment 2.2 1.11 

Experiment 2.3 1.20 
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 The two leaching processes explored two extremes with regard to hydrometallurgical treatment of 

eudialyte.  As discussed before, the gelation experienced while leaching eudialyte is an important process 

and economical hindrance, so it was essential to discover a method to minimize this gelation.  Recovery 

of the TREEs and Zr was achieved in the first leaching process, obtaining an optimum at 50°C and four 

hours.  Since the gelation of the filtrate leach solution scales with the high temperature, there is a window 

between filtering and gelation (upwards of a few days) in which the solution can be processed without 

risk of any gelation.  While the experiments in the second leaching process succeeded in eliminating the 

formation of the silica gel, there was no significant recovery of the TREEs or Zr.   
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PRELIMINARY ECONOMIC ANALYSIS 

 

This chapter includes a preliminary economic analysis for this project to discuss the economic 

viability of the proposed mineral processing and leaching treatment conducted on an industrial level.   

The proposed economic model is taken from a basic CostMine model and transformed to fit 

operations needed for this project.  Zirconia price values are included in addition to the rare earth 

elements in this analysis since REE grade is not very high and both can essentially be separated through 

hydrometallurgical techniques.  Initially, an economic analysis looking solely the REE recovery was done 

and yielded a higher operating cost than the profit that would be made per year.  The advantage of 

recovering the zirconium with the rare earths in the leaching step results in a greater profit.  Tables 6.1a-c 

show the initial production, operating and capital costs, respectively.  

 
Table 6.1a. Production costs of recovery of rare earth elements and zirconium in a 2,000 tonnes per day 

process. 
Production Day Production Year Production 

Ore Mined 2,000 tonnes/day 730,000 tonnes/year 

REE Grade (%) 0.58 0.58 

REE Recovery (%) 87.0 87.0 

Tonnes of REE (tonnes) 5 1,770 

REE Price ($/tonne) 4,000.00 4,000.00 

Zr Grade (%) 0.96 0.96 

Zr Recovery (%) 75.0 75.0 

Tonnes of Zr (tonnes) 7 2,509 

ZrO2 Price ($/tonne) 15,500.00 15,500.00 

   

Working Hours 24 hours/day 24 hours/day 

Working Days 365 days/year 365 days/year 

Schedule 8,400 hours/year 8,400 hours/year 

Total Production Costs (USD) 274,949.49/day 96,232,320.00/year 

 

This economic analysis starts with the basis of processing 2,000 tonnes of ore per day, resulting in 

730,000 tonnes of ore per year, as can be seen in Table 6.1a.  This rate yields a rare earth element (REE) 

production of 5 tonnes per day and 1,770 tonnes per year, and a zirconium production of 7 tonnes per day 

and 2,509 tonnes per year.  Production costs are calculated on the assumption of a 24-hour work day, 365-

days a year.  Mining costs were based on a surface mine with a strip ratio of 1:1 (waste: ore).  
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Table 6.1b. Estimated operating costs for a 2,000 tonnes per day process, including labor, reagent and 
energy costs +/-35%. *Reagents for solvent extraction are included in Reagent System 
costs.  

Operating Costs USD/year 

Mining 9,000,000.00 

  

Total Plant Labor  

 Mill Manager   148,200.00  

 Personnel Manager   95,000.00  

 Chief Metallurgist   94,600.00  

 Chief Chemist   72,100.00  

 Maintenance Manager   122,400.00  

 Process Engineer   110,200.00  

 Process Control Supervisor   91,100.00  

Mill Foreman (x4)  359,600.00  

Laboratory Supervisor  69,100.00  

Grind-Leach Operator  376,600.00 

CCD Precipitation  376,600.00 

REO-Solvent Extraction  376,600.00 

REO-Drying/Drumming  376,600.00 

Zr-Solvent Extraction  376,600.00 

Zr-Drying/Drumming  376,600.00 

Process Control  392,000.00 

Yard/Warehouse  376,600.00 

Tailings (x4) 1,506,400.00 

Laboratory (x4) 1,506,400.00 

Electricians (x8) 3,404,800.00 

Mechanics (x10) 4,116,000.00 

Laborers/Technicians (x60) 18,312,000.00 

WHIMS Operator 72,800.00 

Total Labor Costs (USD) 31,186,700.00 

  

Reagents*  

Sulfuric Acid (USD/lbs) 0.65  

Amount of Sulfuric Acid Used per 100 tonne 103,040 kg 

Total Reagent Costs (USD) 147,347.20 

  

Energy  
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Electrical Power Cost (USD/kWh) 0.05 

Crushing and Grinding  1,182,600.00 

Mobile Equipment 810,300.00 

Total Comminution Energy Cost (USD/year) 1,992,900.00 

  

Magnetic Separation Energy   

High Intensity Induced Roll Type Separator-Wet (1 start, 3 passes) 10 HP/unit 

Total Magnetic Separation Energy (USD/year) 16,785.00 

  

Leaching Energy   

Leaching 3,241,200.00 

Total Leaching Energy Cost (USD/year) 3,241,200.00 

  

Solvent Extraction Energy  

REO (x2) 1,591,400.00 

Zr 795,700.00 

Total Solvent Extraction Cost (USD/year) 2,387,100.00 

  

Precipitation   

REO (x2) 4,292,400.00 

Zr 2,146,200.00 

Total Drying/Drumming Cost (USD/year) 6,438,600.00 

  

Reagent System  

Reagent System for both 270,100.00 

Total Reagent System Cost (USD/year) $270,100.00 

  

Tailings  

Equipment 51,100.00 

Labor 175,200.00 

Supplies 58,400.00 

Total Tailings Cost (USD/year) 284,700.00 

  

Total Electricity Cost (USD/year) 4,803,400.00 

Total Natural Gas Cost (USD/year) 2,489,300.00 

Total Operating Costs (USD/year) 62,520,932.20  

Table 6.1b. Continued 
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Table 6.1b shows all the operating costs for the 2,000 tonne per day process, resulting in a total operating 

cost of $62,520,932.20 per year.  This includes: mining, labor, reagents and the reagent system, energy 

costs for each operation, tailings management and natural gas costs.   

 
Table 6.1c. Estimated capital costs for a 2,000 tonnes per day process +/- 35%. 

Capital Costs USD/unit 

 Mobile Equipment   2,188,000.00  

 Crushing and Grinding   3,751,000.00  

 Magnetic Separation Unit   96,800.00  

 Leaching & Solution Recovery   6,222,000.00  

 REO-Solvent Extraction (x2)   4,798,000.00  

 Zr-Solvent Extraction   2,399,000.00  

 REO-Precipitation (x2)   362,000.00  

 Zr-Precipitation   362,000.00  

 REO-Drying/Drumming (x2)   8,432,000.00  

 Zr-Drying/Drumming   4,216,000.00  

 Reagent System   1,175,000.00  

 Ancillaries   2,253,000.00  

Mining 12,067,000.00 

  

Capital Equipment  48,312,800.00 

Construction Materials 23,684,000.00 

Installation Labor 19,073,000.00 

Engineering, Construction Management 9,749,000.00 

Sustaining Capital 789,000.00 

  

Total Capital Costs (USD) 100,827,800.00  

 

Table 6.1c shows the capital costs for a 2,000 tonne per day production, resulting in a total of 

$100,827,800.00.  This includes mining and operation equipment, as well as installation.  A sustaining 

capital is also included that will be taken out each year throughout the life time of the mine.  This 

sustaining capital is used as a maintenance capital.   

The REE and ZrO2 price per tonne are $4,000.00 and $15,500.00, respectively, resulting in a 

revenue value of $95,896,742.00 and a profit of $33,755,586.65 per year.  The typical payback period 

with these values is about 37 months.   Net present values (NPV) were also calculated at different 

discount rates.  The NPV is the difference between the present value of cash flow coming in and the 
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present value of the cash going out.  The NPV is used to estimate the profitability of an investment 

project, where a positive NPV indicates a profitable investment, while a negative NPV will result in a net 

loss.  The discount rate or interest rate in the calculation of the NPV plays a role in how long a project 

will take to become profitable.  Typically, lower discount rates are better and will show a profitable 

project sooner. These values can be obtained in Appendix A, Table A.10.  

 

Figure 6.1. NPV sensitivity analysis for OPEX, CAPEX, Revenue and Discount Rate. 

 

Figure 6.1 shows the sensitivity analysis on how varying the operating costs (OPEX), capital 

costs (CAPEX), revenue and discount rates will affect the NPV over a 10-year (mine life) period.  The 

percent differences range from thirty percent less than to thirty percent more than the original value.  

Revenue and discount rate both trend upward over the range of percentage values, while both OPEX and 

CAPEX trend downward.  Changes in NPV are the most responsive when varying the revenue values, 

followed by the OPEX, discount rate and finally, the CAPEX.   
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                            CONCLUSION AND FUTURE WORK RECOMMENDATIONS 

   

The goal of this research project was to investigate an efficient beneficiation and leaching method 

to process the Norra Kärr eudialyte sample.  An extensive literature survey was done on the eudialyte 

group minerals, various beneficiation techniques and iron and silica gel issues in the leaching of silicate 

minerals.  Based on the literature review and the mineralogical characteristics studied on the Norra Kärr 

eudialyte mineral, it was concluded that the mineral would be concentrated through a combination of 

gravity separation followed by magnetic separation with a WHIMS, with the prospect of conducting a 

leaching study.  Preliminary heavy liquid separation tests followed by the WHIMS did not result in 

significant upgrade ratios for the Norra Kärr eudialyte sample, with some experimental data suggesting 

that this mineral sample is not paramagnetic or must be processed at a much higher magnetic field 

strength to achieve better separation.   

Focus then shifted to the hydrometallurgical treatment of the sample, more specifically, the 

leaching experiments.  Again, based on previous research conducted on other eudialyte minerals and 

silicate minerals, two different leaching processes were developed, with the goal to recover as much of 

the rare earth elements and zirconium.  A preconcentrate would be produced via the WHIMS to remove 

iron without removing the rare earth elements.  The decision to create this low-iron preconcentrate for the 

leaching experiments was made based on previous studies resulting in hindered hydrometallurgical 

recovery due to iron in the concentrate.  A preconcentrate was created and used for the leaching 

experiments which resulted in 87% recovery of the rare earth elements and 75% recovery of zirconium.  

Although it has been studied that a water starved system is best when leaching silicate minerals, the high 

recoveries were obtained in experiments were the preconcentrate had access to excess water.  While some 

experiments did not show silica gel formation during the actual experiment, the filtered leach solution did 

end up gelling according to the time and temperature it was conducted at.  Experiments done at higher 

temperatures for longer periods of time showed a faster gelation time after filtering compared to those 

done at lower temperatures for a shorter amount of time.  

The preliminary economic analysis showed a profit for the production of the rare earth elements 

and zirconium with a payback period around 37 months.  The zirconium production was included in this 

economic analysis because it can be produced hydrometallurgically speaking, and will cover the operating 

costs.   

In all, while this combination of beneficiation techniques did not provide significant upgrading 

results, eudialyte should still be considered a viable but still mineralogically unknown source for rare 

earth elements.  It is evident from previous research and the research conducted in this project that a 
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generalized beneficiation process cannot be applied, but instead must be specific to the eudialyte mineral, 

even within the eudialyte group minerals themselves.   

Future work in creating a concentrate of the Norra Kärr eudialyte mineral should, as I mentioned 

before, focus on an in depth understanding of the mineralogy and what is needed to achieve efficient 

liberation for an optimized beneficiation process.  While multiple beneficiation steps are not desired, they 

should still be investigated since the chances for a significant eudialyte concentrate will increase.  With 

regard to the leaching experiments, future work should target minimizing and/or handling silica gel 

formation in both water-starved and water-excess environments if necessary.  The aqueous chemistry in 

the development of the polymerized silica gel should also be investigated further to possibly determine a 

no-go point in which the gel formation is hindered.  
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APPENDIX A  
 

Table A.1. Mass balance for HLST with methylene iodide of 111-micron material. 

P80= 111 microns Weight (g) Weight (%) Analysis (%)  Units  % Distribution 

   Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE 

Feed (analyzed) 25.027  0.113 0.010 0.024 0.004           

Feed (calculated) 24.700 100.0 0.116 0.010 0.026 0.004  0.116 0.010 0.026 0.004  100.0 100.0 100.0 100.0 

Float 20.900 84.6 0.119 0.011 0.009 0.004  0.101 0.009 0.007 0.003  87.1 91.1 28.5 92.6 

Sink 3.800 15.4 0.097 0.006 0.119 0.002  0.015 0.001 0.018 0.000  12.9 8.9 71.5 7.4 

 

Table A.2. Mass balance for HLST with methylene iodide of 29-micron material. 

P80= 29 microns Weight (g) Weight (%) Analysis (%)  Units  % Distribution 

   Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE 

Feed (analyzed) 25.037  0.132 0.010 0.026 0.004           

Feed (calculated) 24.800 100.0 0.106 0.010 0.024 0.003  0.106 0.010 0.024 0.003  100.0 100.0 100.0 100.0 

Float 22.800 91.9 0.107 0.010 0.017 0.004  0.098 0.009 0.016 0.003  92.7 94.9 66.0 97.0 

Sink 2.000 8.1 0.096 0.006 0.101 0.00  0.008 0.001 0.008 0.000  7.3 5.1 34.0 3.0 

 

Table A.3. Mass balance for HLST with methylene iodide of -400 mesh material. 

(-400) mesh Weight (g) Weight (%) Analysis (%)  Units  % Distribution 

   Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE 

Feed (analyzed) 50.02  0.083 0.008 0.014 0.003           

Feed (calculated) 49.6 100.0 0.084 0.009 0.014 0.003  0.084 0.009 0.014 0.003  100.0 100.0 100.0 100.0 

Float 44.5 89.7 0.085 0.010 0.008 0.004  0.098 0.009 0.016 0.003  92.7 94.9 66.0 97.0 

Sink 5.1 10.3 0.073 0.006 0.067 0.002  0.008 0.001 0.008 0.000  7.3 5.1 34.0 3.0 
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Table A.4. Mass balance for HLST with methylene iodide of +400 mesh material. 

(+400) mesh Weight (g) Weight (%) Analysis (%)  Units  % Distribution 

   Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE  Na, K, Al Zr Fe TREE 

Feed (analyzed) 49.98  0.081 0.008 0.017 0.003           

Feed (calculated) 49.1 100.0 0.079 0.008 0.014 0.003  0.079 0.008 0.014 0.003  100.0 100.0 100.0 100.0 

Float 40.5 82.5 0.083 0.008 0.004 0.003  0.069 0.007 0.003 0.003  86.6 88.3 21.1 86.6 

Sink 8.6 17.5 0.061 0.005 0.064 0.002  0.011 0.001 0.011 0.000  13.4 11.7 78.9 13.4 

 

Table A.5. Mass balance for WHIMS on float product of HLST of 111-micron material. 

P80=111 

microns 

Float product 

Weight (g) Weight (%) Analysis (%) Units % Distribution 

   Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE 

Feed (analyzed) 20.070  0.119 0.011 0.009 0.004         

Feed (calculated) 19.450 100.0 0.078 0.009 0.006 0.003 0.078 0.009 0.006 0.003 100.0 100.0 100.0 100.0 

MAG 5.590 28.7 0.071 0.010 0.018 0.005 0.020 0.003 0.005 0.001 25.9 33.9 94.9 40.5 

NON- MAG 13.860 71.3 0.082 0.008 0.000 0.003 0.058 0.006 0.000 0.002 74.1 66.1 5.1 59.5 

 

Table A.6. Mass balance for WHIMS on float product of HLST of 29-micron material. 

P80=29 

microns 

Float product 

Weight (g) Weight (%) Analysis (%) Units % Distribution 

   Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE 

Feed (analyzed) 20.060  0.107 0.010 0.017 0.004         

Feed (calculated) 16.006 100.0 0.077 0.008 0.011 0.003 0.077 0.008 0.011 0.003 100.0 100.0 100.0 100.0 

MAG 4.196 26.2 0.072 0.008 0.031 0.003 0.019 0.002 0.008 0.001 24.9 25.9 74.9 27.5 

NON- MAG 11.810 73.8 0.078 0.008 0.004 0.003 0.058 0.006 0.003 0.002 75.5 74.1 25.1 72.5 
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Table A.7. Mass balance for WHIMS on float product of HLST of -400 mesh material. 

-400 mesh 

Float product 
Weight (g) Weight (%) Analysis (%) Units % Distribution 

   Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE 

Feed (analyzed) 20.000  0.085 0.010 0.008 0.004         

Feed (calculated) 18.460 100.0 0.068 0.008 0.007 0.003 0.068 0.008 0.007 0.003 100.0 100.0 100.0 100.0 

MAG 3.460 18.7 0.087 0.011 0.035 0.006 0.016 0.002 0.007 0.001 23.8 27.4 100.0 33.4 

NON- MAG 15.000 81.3 0.064 0.007 0.000 0.003 0.052 0.006 0.000 0.002 76.2 72.6 0.00 66.6 

 

Table A.8. Mass balance for WHIMS on float product of HLST of +400 mesh material. 

+400 mesh 

Float product 
Weight (g) Weight (%) Analysis (%) Units % Distribution 

   Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE Na, K, Al Zr Fe TREE 

Feed (analyzed) 20.000  0.083 0.008 0.004 0.003         

Feed (calculated) 18.260 100.0 0.083 0.008 0.005 0.003 0.083 0.008 0.005 0.003 100.0 100.0 100.0 100.0 

MAG 6.340 34.7 0.082 0.010 0.014 0.005 0.028 0.004 0.005 0.001 34.2 44.8 100.0 55.8 

NON- MAG 11.920 65.3 0.084 0.007 0.000 0.002 0.055 0.004 0.000 0.002 65.8 55.2 0.00 44.2 
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Mass Balance 

 Compound 
Concentration 

(ppb) 

Concentration 
(ppm) in 50-mL 

vial 

Concentration 
(ppm) in leach 

liquor 

Grade 
(fraction) 

Recovery 
(fraction) 

Recovery 
% 

Grade 
% 

Experiment 1.1         

Feed mass (g): 100.05 TREE 4192 4.19 226.4 0.0023 0.56 56.2 0.23 

Acid Vol (L): 1 Zr 4840 4.84 261.4 0.003 2.61E-06 2.61E-04 0.26 

         

Experiment 1.2         

Feed mass (g): 100.1 TREE 5230 5.23 282.42 0.003 0.70 70.02 0.28 

Acid Vol (L): 1 Zr 973 9.73 525.42 0.005 0.412 41.2 0.52 

         

Experiment 1.3         

Feed mass (g): 100.04 TREE 7869 7.87 425.0 0.0042 1.05 105.4 0.42 

Acid Vol (L): 1 Zr 17708 17.71 956.2 0.010 0.75 75.0 0.96 

         

Experiment 1.4         

Feed mass (g): 100.0 TREE 6143.8 6.1 331.8 0.003 0.81 81.25 0.33 

Acid Vol (L): 1 Zr 7994 8.0 431.7 0.004 0.34 33.9 0.43 

         

Experiment 1.5         

Feed mass (g): 100.1 TREE 6515 6.52 351.8 0.0035 0.87 87.2 0.35 

Acid Vol (L): 1 Zr 1190 11.9 642.6 0.006 0.50 50.4 0.64 

         

Experiment 1.6         

Feed mass (g): 100.1 TREE 9318 9.32 503.2 0.0050 1.25 124.8 0.50 

Acid Vol (L): 1 Zr 24992 249.9 13495.7 0.135 10.58 1057.9 13.48 

Table A.9. Mass balance for leaching experiments 1.1-6. 
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Figure A.1. Particle size analysis for pulverized sample. 
 

 

 

Figure A.2. Particle size analysis for -400 mesh sample. 
 

 

 

 

Figure A.3. Particle size analysis for +400 mesh sample. 

Percentile Size (microns) 

10.00 1.565 

20.00 2.535 

30.00 3.94 

40.00 5.97 

50.00 9.02 

60.00 13.91 

70.00 20.42 

80.00 28.98 

90.00 43.61 

95.00 59.49 

Percentile Size (microns) 

10.00 3.28 

20.00 6.32 

30.00 10.09 

40.00 14.41 

50.00 18.69 

60.00 22.97 

70.00 27.72 

80.00 33.76 

90.00 44.03 

95.00 56.11 

Percentile Size (microns) 

10.00 44.34 

20.00 54.65 

30.00 63.70 

40.00 73.30 

50.00 84.23 

60.00 97.33 

70.00 113.1 

80.00 133.6 

90.00 166.5 

95.00 200.4 
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 Year 0 Year 1 Year 2 Year 3 Year 4 

REO& Zr Revenue ($)  95,896,742 95,896,742 95,896,742 95,896,742 

OPEX ($)  62,520,932.20 62,520,932.20 62,520,932.20 62,520,932.20 

Profit ($)  33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 

Investment      

Initial ($) (100,827,800)     

Sustaining ($)  (789,000) (789,000) (789,000) (789,000) 

Cash Flow ($) (100,827,800) 33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 

Cumulative ($) (100,827,800) (68,240,990.20) (35,654,180.40) (3,067,370.60) 29,519,439.20 

NPV (5%) ($)  (69,041,314.48) (38,768,471.12) (9,937,191.73) 17,521,169.59 

NPV (10%) ($)  (70,486,154.73) (42,902,840.84) (17,827,100.95) 4,969,026.23 

NPV (20%) ($)  (73,014,625.17) (49,836,979.47) (30,522,274.73) (14,426,687.44) 

Table A.10. Payback period including revenue, operating costs, investment and profit. 
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 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 

REO& Zr Revenue ($) 95,896,742 95,896,742 95,896,742 95,896,742 95,896,742 95,896,742 

OPEX ($) 62,520,932.20 62,520,932.20 62,520,932.20 62,520,932.20 62,520,932.20 62,520,932.20 

Profit ($) 33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 

Investment       

Initial ($)       

Sustaining ($) (789,000) (789,000) (789,000) (789,000) (789,000) (789,000) 

Cash Flow ($) 33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 33,375,809.80 

Cumulative ($) 62,106,249.00 94,693,058.80 127,279,868.60 159,866,678.40 192,453,488.20 225,040,298.00 

NPV (5%) ($) 43,671,989.89 68,577,533.04 92,297,097.94 114,887,159.76 136,401,504.34 156,891,356.32 

NPV (10%) ($) 25,692,778.21 44,532,552.73 61,659,620.49 77,229,682.08 91,384,283.53 104,252,103.02 

NPV (20%) ($) (1,013,698.03) 10,163,793.14 19,478,369.12 27,240,515.76 33,708,971.30 39,099,350.92 

Table A.10. Continued 


