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Flotation of Extreme Particle Sizes 

Jack Leland 

Academic Abstract 

Flotation is effective over a narrow particle size range. As particle sizes increase above ~150 µm, 

body detachment forces overcome surface attachment forces, while, at the same time, mineral liberation 

decreases, reducing attachment force increasing the detachment probability. As particle sizes decrease 

below ~20 µm, the collision probabilities between bubbles and particles decrease because fine particles 

follow streamlines around bubbles due to their low inertia. In this work, Jig Flotation and Two Liquid 

Flotation (TLF) are developed to extend the maximum and minimum particle size of flotation, respectively. 

The Jig Flotation process reduces detachment probabilities using an intermittent fluidized bed 

instead of a mechanically agitated flotation cell for bubble-particle collision. The pulsion and suction cycles 

creating the intermittent fluidization allow for the formation of a froth phase, allowing Jig Flotation to be 

selective for both fine and coarse particles. The jigging mechanism allows particles to be separated by 

density independent of particle size. This mechanism is enabled by the attachment of bubbles to selectively 

hydrophobized minerals, reducing their apparent density and enhancing their density difference with 

gangue minerals. In the present work, several Jig Flotation cells have been designed and tested, and 

encouraging results achieved on chalcopyrite ore. 

The TLF process uses recyclable oils instead of air bubbles to recover ultrafine coal particles. Oil, 

having higher contact angles than air bubbles, enhances the recovery of ultrafine particles. The TLF process 

has produced coal with below 5% ash and below 2% moisture with recoveries greater than 80% from fine 

coal wastes. 
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Flotation of Extreme Particle Sizes 

Jack Leland 

General Audience Abstract 

Flotation is effective for only some particle sizes. As particle sizes increase above ~150 µm, 

particles are more likely to detach from bubbles due to their lower area of exposed minerals. As particle 

sizes decrease below ~20 µm, particles tend to flow around bubbles due to their low mass, making them 

more difficult to recover. In this work, Jig Flotation and Two Liquid Flotation (TLF) are developed to 

overcome the challenges for small and large particles, respectively. 

The Jig Flotation process reduces detachment probabilities using an alternately upward and 

downward flow of fluid instead of mixing as used in traditional flotation cells for bubble-particle collision. 

The alternating upward and downward flow allows froth to collect at the top of the cell, keeping unwanted 

fine particles from being recovered. The jigging mechanism allows particles to be separated by density 

independent of particle size. This mechanism is enabled by the attachment of bubbles to selectively the 

desired particles, reducing their apparent density and enhancing their density difference with undesired 

minerals. In the present work, several Jig Flotation cells have been designed and tested, and encouraging 

results achieved on copper ore. 

The TLF process uses recyclable oils instead of air bubbles to recover small coal particles. Oil 

attracts and attaches to target particles more strongly than air bubbles, enhancing the recovery of small 

particles. The TLF process has produced coal with below 5% impurity and below 2% moisture with 

recoveries greater than 80% from fine coal wastes. 
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Chapter 1: Introduction and Theory 
1.1 Introduction  

Flotation, patented by Sulman and Kirkpatrick-Picard in 1905 [1], is used to produce practically all 

metals humans use today and is regarded as the best available method of separating mineral fines. Flotation 

is effective over a relatively narrow particle size range, of 20-150 µm [2]. Outside of this range, coarse 

particles (+150 µm) are lost due to detachment and low liberation, and ultrafine particles (-20 µm) are lost 

due to low collision probability. According to Elshkaki et al., 42% of the energy required for producing 

primary copper is used in processing [3], and according to O’Connor, up to 70% of the total mineral 

processing cost has been associated with comminution to achieve the optimum particle size range for 

flotation [4]. As ore grade decreases, more energy is spent on comminution in part because lower-grade 

ores tend to be fine-grained, requiring finer grinding to achieve the necessary liberation [5], and for low-

grade ores, the bulk of the energy put into comminution is consumed grinding gangue minerals [6]. This 

increasing cost can be mitigated by increasing the grind size and reducing the volume being ground using 

preconcentration. 

Below the optimum particle size range, ultrafine particles are lost and report to the tails in large 

quantities. Waste streams containing these fine particles are difficult to dewater as they remain suspended 

and form small capillaries requiring higher pressure for filtration. These waste streams are disposed of in 

impoundments, causing serious environmental issues and the potential for large disasters [7]. Along with 

the hazards these tailings pose, they are a potential source of high-grade materials. In the case of coal, about 

4 billion tons of coal fines have been discarded into numerous impoundments in the U.S., mostly in the 

Central Appalachian coalfields [7]. In the case of thickener underflows, which make up the bulk of these 

tailings, the coal content is as high as 50%. A 2025 survey [8] of mining byproducts not currently being 

recovered found that critical minerals found in tailings could account for annual US imports the and would 

be a major portion of global production of critical minerals if there were a way to recover them [8]. In both 

cases, these particles are already well liberated; therefore, a costly comminution circuit is not necessary for 

their recovery. 
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With the ongoing global energy transition, the demand for various materials, including copper, is 

increasing sharply at a time as declining ore grades [9]. At the same time, the cost of producing copper is 

on the rise due to the decline in the ore grades. New technologies to decrease the cost of processing and 

recovering particles typically lost to tailings are needed. These technologies must address the particle size 

limitations of flotation. In this work, the development of two technologies (Jig Flotation and Two Liquid 

Flotation) will be discussed for the concentration of extreme particle sizes to address these needs. First, the 

relevant theory will be discussed for Flotation and Jigging, as they are relevant to the discussions in this 

work. Emphasis will be placed on the limitations of flotation at extreme particle sizes and the fundamental 

reasons for these limitations. In the discussion of the theory of jigging, emphasis will be placed on its 

advantages for coarse particle recovery. In Chapter 2, a literature review of existing coarse particle flotation 

technologies will be presented to provide a reference for the new coarse particle flotation technology, Jig 

Flotation, introduced in Chapter 3. Chapter 3 will cover the theory governing Jig flotation and its scale-up. 

In Chapter 4, the development of a process flow sheet for an ultrafine coal recovery technology, i.e., TLF, 

will be presented. Finally, in Chapter 5, a summary of the results and implications of this work is presented, 

along with recommendations for future research.  

1.2 Theory 

1.2.1 Flotation Theory 

In traditional flotation, the collection of particles in the pulp phase occurs in three subprocesses. 

First, collision occurs between a bubble and a particle. During collision, attachment occurs, producing a 

bubble particle aggregate. Once the bubble-particle aggregate is formed, it must remain stable long enough 

for buoyancy to carry the aggregate to the froth phase. Each of these steps has a probability of success 

assuming the previous step has occurred. These probabilities can be used to calculate the probability of a 

particle reporting to the froth phase. The equation of particle collection probability is given by  

𝑃௖௢௟ = 𝑃௖𝑃௔(1 − 𝑃ௗ)                 1.1 
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 where 𝑃௖ is the probability of bubble particle collision, 𝑃௔ is the probability of attachment during collision, 

and 𝑃ௗ is the probability of detachment [11]. Once in the froth phase, detachment must still be avoided. The 

probability of detachment in the froth phase can be considered part of the probability of detachment in 

Equation 1.1, and Equation 1.1 used to calculate the probability of particle recovery in both the pulp and 

froth phases. However, the mechanisms of detachment and subsequent reattachment in the froth phase are 

very different than those in the pulp [12]. 

These subprocesses are highly dependent on particle size. Figure 1.1 shows the oft-referenced 

‘elephant curve’ showing how recovery varies with particle size for various sulphide minerals [10]. 

Flotation recovery peaks between 10 and 100 µm, dropping off sharply at the ‘tail’ and ‘trunk’ of the 

elephant [10]. These will be referred to as ultrafine and coarse particles, respectively. As will be explained 

in the next sections, the drop in recovery for ultrafine particles is due to low collision probability, while the 

drop in recovery for coarse particles is due to high detachment probability. The basics of each of these 

subprocesses will be discussed individually in the following sections with emphasis on how they are 

affected by particle size. 

 
Figure 1.1: Elephant curve showing the effect of particle size on recovery of sulphide minerals [10]. 
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Collision: 

As a bubble moves through the pulp, the fluid will follow streamlines around the bubble. Fine 

particles with lower inertia will tend to follow these streamlines around the bubble and therefore must be 

closer to the center line of the bubble in order to make contact with the bubble [13]. Particles can be diverted 

from these streamlines by inertial and surface forces, allowing them to be further from the centreline of the 

bubble and still make contact [14], [15], [16]. This distance to the centreline creates an area that is swept 

out as a bubble moves through the pulp. The bubble collides with particles in the swept-out volume, and 

therefore the density of particles and bubbles in the pulp influences the frequency of collisions [13], [14]. 

Additionally, increasing the relative velocity between the bubbles and particles increases the rate of 

collisions due to a higher volume swept over time, and the higher relative momentum of particles increasing 

their ability to divert from streamlines [13]. Typically, in flotation, these higher velocities are generated by 

increasing the agitation and therefore the turbulence in the cell [17]. 

The increase in collision probability with particle size has been observed in several studies [15], 

[17], [18]. Darabi et al. [17] found that collision frequencies were 10-12 times higher in turbulent zones as 

compared to the quiescent zones of a mechanically agitated flotation cell, and that other contacting 

mechanisms were negligible for fine particles; however, gravitational, inertial, and interceptional 

mechanisms were effective for coarse particles. Reis et al. [18] observed an increase in flotation rate with 

decreasing bubble size in part due to the increased number density of bubbles for the same air flow rate, 

therefore increasing the frequency of collision. 

Attachment: 

Under the Dobby Finch model [19], attachment occurs when the time for the thin liquid film to thin 

between the bubble and particle (induction time) is shorter than the time the particle slides across the 

particle’s surface (sliding time). Increasing the sliding time or decreasing the induction time both increase 

the probability of attachment. Yoon and Luttrell developed a hydrodynamic model of bubble particle 

attachment in which bubble particle attachment occurs when the particle passes within the critical thickness 

at which the thin film ruptures, as shown in Figure 1.2. Under both of these models, attachment decreases 
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with increasing particle and bubble size and increasing hydrophobicity [19]. Dai et al. [20] found good 

agreement with these predictions experimentally with quartz of varying size and hydrophobicity. It was 

found that attachment efficiency decreased with increasing particle size, decreased with increasing bubble 

size, and increased with contact angle. 

Bubble size impacts attachment in several ways. There is less distance for particles to slide on 

smaller bubbles, resulting in lower sliding times and therefore a lower probability of attachment. On the 

other hand, larger bubbles will have a thicker film, causing increased induction times [16]. Fine bubbles 

rise more slowly through the pulp, giving rise to smaller relative velocities and longer sliding times [21]. 

Overall, several studies have shown an inverse relationship between bubble size and bubble particle 

attachment efficiency [20], [22], [23].  

Mao and Yoon [24] developed a model for predicting flotation rate constant using extended DLVO 

theory, including hydrophobic force as the driving force of attachment for flotation, showing that induction 

time would decrease with hydrophobicity. Under the model developed by Yoon and Luttrell [16], increased 

hydrophobicity decreases the critical thickness for film rupture, increasing attachment efficiency. Similarly, 

under the Dobby Finch model, attachment efficiency increases with increased contact angle due to a 

decrease in the induction time [20]. 

 
Figure 1.2: Particle following streamlines around a bubble under the hydrodynamic model of bubble particle attachment [16]. 
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Detachment: 

Three types of detachment have been identified. Detachment due to body forces, detachment due 

to deceleration at the pulp froth interface, and detachment due to bubble coalescence. All of these 

detachment mechanisms are important for the flotation of coarse particles due to their low attachment due 

to low liberation and higher body forces due to higher volume. 

Body forces: 

The sum of the forces acting on a particle attached to a bubble during flotation is given as  

∑ 𝐹௣௔௥௧௜௖௟௘
 
    =  𝐹௚,௣௔௥௧௜௖௟௘ + 𝐹௕,௣௔௥௧௜௖௟௘ + 𝐹ௗ,௣௔௥௧௜௖௟௘ + 𝐹௖ + 𝐹ఠ                         1.2 

where 𝐹௚ is the gravity force, 𝐹௕ is the buoyancy force, 𝐹ௗ is the drag force, 𝐹௖ is the centrifugal force 

generated by bubble particle aggregates rotating in small vortices generated in turbulent mechanical cells 

[25], and 𝐹ఠ is the bubble particle attachment force. For the bubble, the gravitational force and centrifugal 

force can be neglected, since the bubble’s mass is negligible. Therefore, the equation for the sum of forces 

on a bubble is given by  

∑ 𝐹௕௨௕௕௟௘
 
    = 𝐹௕,௕௨௕௕௟௘ + 𝐹ௗ,௕௨௕௕௟௘ − 𝐹ఠ                    1.3 

Detachment will occur when the attachment force is equal to or less than the difference in net force between 

the bubble and particle. The difference in force between the bubble and particle is given by 

Δ 𝐹  = 𝐹௚,௣௔௥௧௜௖௟௘ + Δ𝐹௕ + Δ𝐹ௗ + 𝐹௖,௣௔௥௧௜௖௟௘              1.4 

assuming the worst case, where all three differences are in the same direction. Both 𝐹௚ and 𝐹௖, being body 

forces, increase with the cube of the diameter of the particle. Δ𝐹௕ increases with the cube of the difference 

in diameters between the bubble and particle. Δ𝐹ௗ increases linearly or with the square of the difference 

between bubble and particle diameter, depending on the flow regime.  

These detachment forces must be counteracted by the attachment force to prevent detachment. The 

capillary force due to the three-phase contact line at the bubble particle water interface is given by 

𝐹௖௔௣  =  𝜋𝑑௣𝜎 sin(𝛼) sin(𝜃 + 𝛼)                1.5 
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where 𝑑௣ is the particle diameter, 𝜎 is the liquid gas surface tension, 𝛼 is the surface angle of contact for 

the particle, and 𝜃 is the surface contact angle [25], [26]. Equation 1.5 shows that this attachment force 

grows linearly with particle diameter. On the other hand, the primary detachment forces grow with the cube 

of particle size. This means that as particle size increases, the detachment forces will rapidly outweigh the 

attachment force. Further, the work of adhesion decreases with increasing particle size due to decreasing 

liberation. The work of adhesion is given by, 

𝑊௔ = 𝛾௅௏𝜋𝑟ଵ(1 − cos 𝜃)ଶ                     1.6 

in which 𝛾௅௏ is the surface tension of water, r1 is the radius of the mineral (e.g., chalcopyrite) grain exposed 

on the surface of a composite particle, and θ is the contact angle [24]. As particle size increases, the exposed 

grain radius will decrease as liberation decreases, further decreasing attachment.  

An example calculation is shown in Figure 1.3 illustrating how body detachment forces are more 

important for coarse particles. The acceleration in a vortex formed in a mechanically agitated cell can be 

calculated as  

𝑎௖ =  3.75
ఌ

మ
యൗ

ௗ್
భ

యൗ
                                  1.7 

 
Figure 1.3: Detachment forces shown as a function of particle size. 
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 where ε is the energy dissipation rate per unit mass of the medium and db is the bubble diameter [25]. For 

a typical mechanically agitated cell, the energy dissipation is on the order of 1 kW/m3 [25]. Figure 1.3 

shows the magnitude of various detachment forces calculated as a function of particle size, assuming 

Stokes’ drag, a particle SG of 2.6, a bubble diameter of 3000 μm, and a contact angle of 80°. The greatest 

detachment force is the centrifugal force, which grows with particle size as does detachment by the gravity 

force. This makes sense as both are the result of a mass in a uniform acceleration field, and mass increases 

with the cube of particle size. The acceleration field created by turbulence is greater than that of gravity, 

and therefore, the centrifugal force is greater. Decreasing the centrifugal force and, therefore, turbulence is 

critical for the recovery of coarse particles. 

Detachment at the interface: 

Several studies have found evidence that detachment occurs at the pulp froth interface [27], [28]. 

Falutsu and Dobby [27] developed a column that measures froth zone recovery and drop back directly. It 

was found that recovery did not depend on froth height, indicating that detachment was occurring at the 

interface before particles entered the froth phase and not in the froth due to coalescence. Seaman et al. [28] 

developed a device for measuring the froth zone recovery. They found a difference in grade between 

particles on the pulp froth interface and in the concentrate, indicating that particles selectively enter the 

froth phase by hydrophobicity.  

Falutsu [29] developed a thermodynamic explanation of interface detachment in which the kinetic 

energy of the bubble particle aggregate is dissipated when it reaches the pulp froth interface, and if higher 

than the work of adhesion, would cause detachment. Ireland and Jameson 2014 [31] tested the kinetic 

energy hypothesis experimentally and found, through high-speed imagery, that particles move from the 

bottom of the bubble to the top of the bubble and back down upon arriving at the interface. The kinetic 

energy was dissipated by friction forces and deformation of the bubble. This is likely why detachment was 

not observed even when there was sufficient kinetic energy to exceed the work of adhesion of the bubble 

particle aggregate. Tests were not conducted at different chemistries or particle sizes, however. These 

factors could make detachment at the pulp froth interface more prevalent. The major detachment force in 
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this arrangement would be centrifugal force, as the particles move along the bubble surface. This would 

grow cubically with particle size; therefore, this would be a larger factor for coarse particles. This shows 

that there are factors that mitigate the interface detachment problem, and kinetic energy alone cannot predict 

detachment at the froth interface [31]. Another possible mechanism was observed by Jameson and Emer 

[30]. It was observed that coarse particles attached to bubbles did not have sufficient buoyancy to enter the 

froth phase and would therefore remain below the froth phase without being recovered but not necessarily 

detach immediately upon reaching the froth phase [30].  

Detachment in the froth 

Detachment also occurs in the froth phase due to coalescence. This has been more consistently 

measured and explained than interface detachment. Ata and Jameson [32] found that the froth recovery 

increased with decreasing froth depth, indicating that coalescence in the froth phase was a significant 

detachment source. Detachment in the froth phase occurs when bubbles coalesce to form larger bubbles 

[33]. When coalescence occurs, the total bubble volume can remain constant, but the surface area for 

particle attachment decreases. Additionally, the coalescence produces oscillations that can detach particles. 

In the case of fully coated bubbles, particles detach due to reduced surface area; however, in the case of a 

few weakly attached particles, detachment occurs due to oscillations caused by coalescence. The latter is 

more important for coarse particle flotation as it involves smaller numbers of weakly attached particles, 

which will be susceptible to oscillations [33]. Yoon et al. 2016 [34], developed a froth recovery model based 

on the coarsening of bubbles as the limitation of froth recovery. This model in conjunction with a pulp 

recovery model was able to predict flotation recovery and rate constant using artificial sample from 35 to 

119 μm in size based on surface chemistry and hydrodynamic parameters [34].  

Minimizing coalescence will therefore minimize detachment in the froth. Froth stability is an 

important factor in minimizing coalescence in the froth zone. Awatey et al. [35] found that the presence of 

fines (-106 µm) stabilized the froth and led to increased coarse particle recovery on coarse chalcopyrite and 

galena in batch DenverCell tests. Fang et al. found a similar result that fine particles stabilized the froth 

phase and that contact angles ranging from 60 to 70° were optimal for froth phase stabilization [36].  
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1.2.2 Jigging Theory 

Where flotation is a separation technique based on surface properties, Jigging is a separation 

technology based on volumetric properties. As particle size increases, the importance of volumetric 

properties will increase with dp
3, while the importance of surface properties will rise with dp

2. It follows, 

therefore, that jigging action will be more efficient at coarser particle sizes.  

Jigging operates as an intermittent fluidized bed with a pulsion stroke where fluidization water is 

upward, and a suction stroke where fluidization is downward, as shown in Figure 1.4. This allows jigging 

to separate based on three mechanisms: hindered settling, differential initial acceleration, and consolidation 

trickling [37]. Combined, these mechanisms separate particles by density, independent of particle size, 

where a fluidized bed, based only on hindered settling, separates by both size and density. 

A fluidized bed, which many CPF technologies are based on, separates particles by differences in 

settling velocity. Particles settle against an upward flow of water. Particles with a faster settling velocity 

than the fluidization velocity report to the underflow, while particles with a slower settling velocity than 

the fluidization velocity report to the overflow. Assuming Stokes’ drag settling velocity is given by 

𝑢௦ =
௚ௗ೛

మ൫ఘ೛ିఘ೘൯

ଵ଼
                  1.8 

where 𝜌௣ is the particle density, and 𝜌௠ is the density of the medium. By Equation 1.8, hindered settling 

will separate particles by both size and density. 

When the particle begins settling, the particle’s motion relative to the fluid is zero, meaning the 

drag force can be ignored. The initial acceleration of the settling particle can be given by  

 
Figure 1.4: Pulsion cycle in a Jig. 
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ௗ௨

ௗ௧
= ൬1 −

ఘ೘

ఘ೛
𝑔൰                  1.9 

In Equation 1.9 acceleration is only dependent on ρp, and therefore separation based on initial acceleration 

is by density. 

An example can be used to illustrate this separation mechanism. Given 3 particles A, B, and A’, 

where A and A’ are silica particles with SGs of 2.5 and diameters of 1000 and 400 µm, respectively, and B 

is a chalcopyrite particle with an SG of 4.1 and a diameter of 400 µm, the downward velocity of these 

particles as they settle is shown in Figure 1.5. Initially, particle B settles faster than both silica particles due 

to higher initial acceleration. By ~0.06 seconds, particles B and A have travelled the same distance. In a jig, 

this means that if the period of the pulsion cycle is less than 0.06 seconds, these particles would have sorted 

with A’ on top, A in the middle, and B on the bottom, and thus these particles are stratified by density. If the 

pulsion cycle is longer than 0.06 seconds, sorting by particle size becomes a factor, and particle B is between 

particles A and A’. Therefore, the intermittent nature of fluidization in jigging enables the differential initial 

acceleration mechanism, which eliminates the dependence on particles for separation. With sufficiently 

high jigging frequencies, separation by density is possible. 

 
Figure 1.5: Movement of three particles A, A’, and B during initial settling. 
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With a large range in particle size, there will inevitably be some mixing of the coarsest light 

particles and the finest heavy particles. Consolidation trickling during the suction stroke mitigates this by 

allowing heavier fine particles to trickle down through voids between coarser particles. An illustration of 

these combined mechanisms is given in Figure 1.6. Hindered settling separates particles by both density 

and size, with lighter, smaller particles on top and heavier, larger particles on the bottom. The addition of 

differential initial acceleration makes this separation primarily by particle density. Finally, consolidated 

trickling allows small dense particles that mixed with large low-density particles to trickle lower into the 

bed. The result of these combined mechanisms is separation by density [37].  

1.3 Conclusion 

Flotation is effective only in a narrow particle size range, typically 20-150 µm, as the subprocesses 

governing flotation, collision, attachment, and detachment are highly size dependent. For ultrafine particles 

(-20 µm), flotation is limited by the collision subprocess due to low inertia, making particles less likely to 

divert from streamlines around bubbles and collide with bubbles. The collision probability for fine particles 

can be increased by increasing the number density of bubbles, using fine bubbles to increase the frequency 

of collisions, using high shear agitation to increase bubble particle interactions, and increasing 

hydrophobicity to reduce the induction time and critical film thickness to promote bubble particle 

attachment.  

 
Figure 1.6: Mechanisms governing separation in a jig [37]. 
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Coarse particle flotation is primarily limited by the detachment subprocess. Body forces such as 

gravity, buoyancy, and centrifugal forces grow in significance cubically with particle size, rapidly 

overcoming surface attachment forces, which increase with the square of particle size. The centrifugal force 

is especially important as mechanically agitated flotation cells produce high acceleration fields within the 

pulp. Detachment in the froth phase is also important for coarse particles, which tend to be less hydrophobic 

due to lower liberation. The presence of fine particles in the froth phase can help to reduce bubble 

coalescence and, therefore, detachment in the froth phase. The inclusion of these particles can also increase 

the density of the froth phase, mitigating the buoyancy problem for coarse particles in the froth phase. 

Coarse particle flotation requires quiescent conditions to minimize detachment in the pulp and a stable froth 

to minimize detachment in the froth. 

Another separation technology, jigging, is explored theoretically. Jigging is a highly effective 

technology for coarse particles. By combining hindered settling, differential initial acceleration, and 

consolidation trickling, jigging is capable of separating particles by density independent of particle size. 

Jigging typically operates at coarser size ranges as compared with flotation. These advantages make it 

appealing as a basis for coarse particle flotation. 

The conditions necessary for fine and coarse particle flotation are contradictory. Fine particle 

flotation requires turbulent conditions to promote bubble particle collision and enhanced kinetics to increase 

the frequency of collision. The following chapter explores the existing coarse particle flotation 

technologies, which attempt to mitigate the issues of detachment for coarse particles. 
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Chapter 2: Coarse particle Flotation Technologies 
 In the previous chapter, it was shown that the flotation of coarse particles is limited by detachment. 

In mechanically agitated cells, detachment is primarily due to turbulence. Several technologies have been 

developed to extend the top size of flotation by minimizing detachment. In the following sections, an 

overview of each of these technologies, their mechanisms, advantages, and some results that illustrate their 

performance are presented. Emphasis will be placed on results on copper-bearing minerals and coal, as 

these have been tested on many of the technologies and therefore give a basis for comparison.  

2.1 HydroFloat ™ 

HydroFloat™, shown in Figure 2.1, consists of a lower dewatering cone and an upper separation 

chamber [2]. Above the lower dewatering cone, aerated fluidization water is added. This creates a teeter 

bed within the separation chamber. Feed is added to the top of the teeter bed and settles against the 

fluidization water. Fluidization water spills over the top of the separation chamber into a concentrate launder 

[1]. Tails are taken from the bottom of the dewatering cone.  

HydroFloat™ is based on the Eriez CrossFlow™ classifier, which operates as a fluidized bed to 

separate particles by size. Fluidized beds separate particles by differences in settling velocity. Particles 

having a settling velocity lower than the fluidization velocity (fine and/or low-density particles) are 

elutriated to the overflow, while those with a higher terminal velocity than the fluidization velocity (coarse 

 
Figure 2.1: Schematic of HydroFloat™ [1]. 
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and/or high-density particles) settle to the underflow. HydroFloat™ enhances the density difference by 

aerating the fluidized bed with microbubbles generated using a Cav Tube or a high shear circuit [2], [3]. 

These microbubbles selectively attach to the hydrophobic species, lowering the apparent density of the 

particles. The settling velocity of the resulting bubble particle aggregate is lower than the fluidization 

velocity, and the aggregate rises to the concentrate launder. 

The teeter bed formed increases the apparent density of the medium. Low-density coarse particles 

remain on top of the dense teeter bed. The teeter bed also enhances bubble particle collision by compressing 

the streamlines around bubbles and increasing the density of particles for interaction. The hindered settling 

conditions reduce the relative velocity of bubbles and particles, increasing the sliding time between bubbles 

and particles, increasing the probability of attachment. Hindered settling also increases the residence time 

of particles, making more efficient use of cell volume [2].  

The major advantage of the fluidized bed is the reduced turbulence in the cell, reducing detachment. 

This is vital for coarse particle flotation. Because of the quiescent conditions, there is very little axial 

mixing; this means HydroFloat™ acts as a plug flow reactor. Another advantage for coarse particle flotation 

is that the recovery of particles is not dependent on buoyancy. With sufficiently high fluidization velocities, 

particles and bubble particle aggregates that have SGs greater than 1 can be recovered. The constant 

fluidization water flow precludes the formation of a froth phase. Coarse particles do not need to rise through 

a froth phase to be recovered. This is advantageous in that detachment at the pulp froth interface and due 

to coalescence is avoided. However, this means that HydroFloat™ cannot take advantage of froth cleaning 

[2].  

The major disadvantage of HydroFloat™ is the need for pre-classification. Fine particles with low settling 

velocities will unselectively report to the concentrate launder. This means that a HydroFloat™ cell requires 

pre-classified feed to remove these fine fractions. The HydroFloat™ separator can handle a maximum top-

to-bottom size ratio of 5:1 [4].  

HydroFloat™ was initially applied for coal and phosphate recovery [2], [5]. In lab testing of 

phosphate feed between 500 and 3000 µm, 95% recovery at a BPL of 67% was achieved [6]. In pilot testing 
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of feed between 500 and 1190 µm, 85% recovery was achieved, and 60% recovery was achieved in the 

+1190 µm feed fraction [6]. It was later found that aeration was sufficient to reverse the density difference 

for metals where the density difference between gangue and desired metal is not favourable [7], [8]. In 

testing with copper ore recoveries as high as 89% were achieved with particle sizes ranging from 180 µm 

to 850 µm [7]. This was achieved at upgrade ratios between 4 and 24 and with mass yields between 4% and 

15%. HydroFloat™ has demonstrated the capacity for complete recovery down to 1.5% liberated sulfide 

minerals in testing with gold, with a top size of 850 µm [9]. 

2.2 NovaCell™ 

The NovaCell™ shown schematically in Figure 2.2 consists of a Lower fluidized bed, a 

disengagement zone where flotation occurs, and a froth zone [10]. Like HydroFloat™, the NovaCell™ is 

based on a fluidized bed. Unlike HydroFloat™, the NovaCell™ aims to process coarse and fine particles 

simultaneously in a single unit. It achieves this using different mechanisms for fine and coarse particles, 

recovering coarse particles by fluidization and recovering fine particles by flotation through a froth phase. 

These separate mechanisms produce two product streams and two tails streams. Slurry is taken from the 

top portion of the cell below the froth phase to prevent overflow and recover coarse particles unable to enter 

the froth. This overflow stream consists of lifted coarse particles unable to enter the froth phase and fine 

particles lifted by the fluidization water. Because of the unselective lifting of fine particles, this recycled 

 
Figure 2.2: Schematic of NovaCell™ [10]. 
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stream must be classified in an internal classification circuit. The coarse section is taken as a product. Part 

of the fine portion leaves as tails, while part is recycled and mixed with new feed. This increases the 

residence time in the cell. The resulting stream goes through a pressurized downcomer to generate fine 

bubbles. This high shear environment increases the collection of fine particles. This stream is injected at 

the bottom of the cell as both feed and fluidization water. A second tails stream is taken at the bottom of the 

dewatering cone, consisting of unfluidized particles [10].  

The NovaCell™ is capable of treating both fine and coarse particles in a single unit without the 

need for preclassification. This is achieved using separate recovery and collection regions for each within 

the cell. Coarse particles are attached to air bubbles in the quiescent fluidized bed zone and selectively lifted 

to the drop back cone, where they are separated from fine particles in a classification circuit. Fine particles 

are attached to air bubbles in a high shear downcomer, improving kinetics, and float to the top of the cell 

where they selectively move through the froth phase. This arrangement allows for fine particles to be 

recovered by buoyancy, as in a traditional flotation cell, and coarse particles to be recovered by settling 

velocity as in a fluidized bed. The NovaCell™ also increases the residence time of particles by using a 

fluidized bed and recycling a portion of the tails. 

Morgan and Jameson [11] performed batch tests using NovaCell™ on 0x600 µm copper feed with 

a grade of .47%. After 10 minutes of flotation, 89.5% recovery was achieved with an upgrade ratio of 8.38 

times and a mass pull of 10.8%. Continuous testing on a coal feed with a top size of 2000 µm and a feed 

ash of 20.6% resulted in an average recovery of 94.2%, an average yield of 86.3%, and an average product 

ash of 12.4%. The residence time in this cell was reported as 1.7 minutes [12]. 

2.3 Reflux™ Flotation Cell 

The Reflux™ Flotation Cell, shown schematically in Figure 2.3, is based on the Reflux™ Classifier 

[13]. Similar to the NovaCell™, the Reflux™ Flotation Cell aims to treat both fine and coarse particles in 

a single unit. The Reflux™ Flotation Cell achieves this without a classification circuit. The Reflux™ 

Flotation Cell consists of an upper reversed fluidized with downward wash water instead of upward  



27 

fluidization water. Below the fluidization chamber is a chamber with parallel, equally spaced inclined 

channels, below which tails are taken. Feed is added through the downcomer above the inclined channels. 

The downcomer creates high shear to generate fine bubbles and contact them with fine particles [13], [15], 

[16]. Exiting the downcomer, the feed enters the reverse fluidized bed. Bubbles and bubble particle 

aggregates rise against the flow of wash water from the top of the cell, forming a bubbly zone. This makes 

the Reflux™ Flotation Cell excellent at desliming, allowing it to treat the entire size range, including slimes, 

selectively [16]. The Reflux™ Flotation Cell operates without a true froth zone; instead, it has a zone of 

downwardly fluidized bubbles. This reduces the detachment by deceleration when particles reach the froth 

zone that is seen in other flotation cells [17]. Bubble particle aggregates are prevented from reporting to the 

tails by inclined channels at the bottom of the cell before the dewatering cone [13], [15], [16]. This is the 

Reflux™ mechanism. These particles are lifted to the top of these channels by the boycott effect [18], [19]. 

The downward fluidization requires particles to be buoyant to report to the concentrate launder [13], [15], 

[16].  

 
Figure 2.3: Schematic of Reflux™ Flotation Cell [14]. 
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Sutherland et al. [20] conducted continuous flotation using a Reflux™ Flotation cell on coal slurry with a 

top size of 2000 μm. Across four tests, an 86.8% recovery was achieved, and a high recovery of +80% was 

maintained at the coarsest fraction. Wash water was shown to lower the ash at the finest fraction from 34.7% 

to 14.6% without affecting recovery [20].  

2.4 CoarseAIR™ 

The CoarseAIR™ flotation cell, shown in Figure 2.4, is based on the Reflux™ Classifier. It operates 

with an upward-flowing fluidized bed. Aerated water with fine bubbles, typically less than 500 µm, is used 

to fluidize the feed [22]. Inclined channels at the top of the unit reject coarse gangue particles via the boycott 

effect [18]. Feed enters just below the inclined channels [22]. The aim of this technology is high recovery 

instead of a high upgrade ratio. The yield can be adjusted by increasing or decreasing the channel spacing 

to reduce the lift, thus reducing the amount of solids reporting to the concentrate. Because of the upward 

fluidization water, all fines report to the concentrate, requiring post-classification of the product with the 

coarse particles going to regrinding and fines going to further flotation. Because of the high recovery, the 

CoarseAIR™ can operate as a rougher stage to increase the mill grind size by recovering coarse particles 

and rejecting some fine gangue [21].  

 
Figure 2.4: Schematic of CoarseAIR™ flotation cell [21]. 
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Crompton et al. [21] performed tests on low-grade chalcopyrite feed with a top size of 530 µm fed 

continuously to a CoarseAIR™ unit. 90% overall recovery was achieved at a mass pull of 40%. High 

upgrade around 5x was achieved between 100 and 400 µm, dropping off above 500 µm, and dropping 

sharply below 100 µm due to entrainment. In a separate study, Crompton et al. [22] conducted tests with 

low-grade chalcopyrite ore screened to a top size of 530 µm. These tests were performed at almost double 

the throughput as in the previous study [21]. An overall recovery of 84% was achieved. In the coarse particle 

fraction (+90 µm), 73% recovery of Cu at a yield of 19.1% was achieved, while in the fine particle fraction 

(-90 µm), a Cu recovery of 99.1% at a yield of 75% was achieved [22].  

2.5 Froth Feeding 

Recently, Metso has developed a new CPF technology [23]. Unlike the other CPF technologies 

discussed, it is not based on a fluidized bed. It has not been officially named and will be referred to as Froth 

Feeding CPF for clarity in this paper. The cell shown schematically in Figure 2.5 consists of a large upper 

froth zone, a smaller aeration zone, and a conical tailings zone at the bottom of the cell. Unlike typical 

flotation technologies, feed is introduced directly to the froth rather than the pulp. By feeding particles 

directly into the froth phase, detachment due to turbulence in the pulp phase and detachment during crossing 

the pulp froth barrier is avoided. Another advantage of Froth Feeding CPF is that it uses less water than 

CPF technologies based on fluidized beds because it does not require upward fluidization water [23].  

 
Figure 2.5: Schematic of Metso’s Froth Feeding CPF [23]. 
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A laboratory unit of this cell has been tested in a continuous manner using copper ore with a d80 

of 360 µm and a Cu grade of 0.83% [23]. High overall recovery of 89.6% was achieved at 58.9% yield with 

81.9% recovery in the +150 µm portion [23]. Pilot-scale testing was performed with the cell operating as a 

tails scavenger on tails with a d80 of 166 µm [24]. 63.4% recovery was achieved without classification at 

59% mass pull and a recovery of 61.5% in the +125 µm portion. The majority of the mass pull was in the 

–125 µm portion, so testing was performed with classified feed scalped to above 125 µm. With the scalped 

feed, 67% recovery was achieved with the same +125 µm recovery of 61.5% and a lower mass pull of 45%. 

The yield for the coarse portion remained similar between the scalped and unscalped feed tests [24]. 

2.6 Hybrid Jig 

Most of the flotation units described above are based on fluidized beds, which separate particles by 

settling velocity and therefore based on particle density and size. Jigging is a technology that separates 

particles exclusively by density. It achieves this by intermittent fluidization that causes particles to 

accelerate differentially based on their density instead of their diameter or cross-section. Hori et al 2009 

[26] developed a jig capable of separating plastic particles with similar and even equal SGs, shown in Figure 

2.6. By selectively attaching bubbles, the density difference between particles in the jig is enhanced. Batch 

tests were performed in this jig with 2-3mm plastic particles. 99.9% purity of hydrophobic particles was 

possible even for plastics of the same SG but different surface hydrophobicities [26]. Ito et al [25] conducted 

 
Figure 2.6: Schematic of a batch Hybrid Jig [25]. 



31 

tests using a continuous hybrid jig to separate 2-10mm PVC and PET particles. With the continuous hybrid 

jig, 50% recovery of PVC at 99% purity and 26% recovery of PET with 85% purity was achieved [25].  

2.7 Jig Flotation 

Similar to the hybrid Jig, Gupta and Yoon [27] developed a separation technique based on jigging 

and flotation dubbed Jig Flotation for processing minerals, shown in Figure 2.7. Where the hybrid jig 

operates like a classical jig with a stratified bed that is split to take particles of different densities, Jig 

Flotation combines jigging and flotation. Particles are preconcentrated by jigging and recovered, through a 

froth by flotation. Particles must be buoyant to be recovered though heavier particles are rejected first.  

In batch tests, particles were subjected to jigging motion by water pulsation on top of a screen in a 

1” diameter tube [27]. Below the screen, air bubbles were introduced via a diffuser. The cell was operated 

with a thin froth phase. Batch tests were performed on 212-600 µm low-grade porphyry ore. 73.6% recovery 

and 10x upgrade were achieved.  

2.8 Conclusion 

The coarse particle flotation technologies reviewed in this chapter aim to mitigate bubble particle 

detachment, the main limitation for coarse particle recovery. The most common mechanism used in these 

technologies is an aerated fluidized bed in the case of HydroFloat™, NovaCell™, Reflux™ Flotation Cell, 

and CoarseAIR™. The advantage of the fluidized bed is that it suspends particles under quiescent 

 
Figure 2.7: Schematic of a batch Jig Flotation cell [27]. 
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conditions, minimizing detachment; however, the particles can only be fluidized selectively at a narrow size 

range, so these technologies require a classification step. HydroFloat™ is able to float coarse particles and 

eliminates the buoyancy and froth recovery restrictions for coarse particles using an aerated fluidized bed, 

though it requires classification of feed. The NovaCell™ is able to float fine and coarse particles in a single 

unit by using two attachment zones, high shear for fine particles and low shear for coarse particles, and two 

recovery methods, froth flotation for fine particles and a drop back collection cone for coarse particles. This 

requires an internal classification circuit to separate the drawback product from unselectively lifted fines. 

The Reflux™ Flotation Cell uses downward fluidization to suspend bubbles instead of particles, creating a 

bubbly zone that minimizes froth phase detachment. Inclined channels at the base of the cell prevent loss 

of coarse low SG particles. The Reflux™ Flotation Cell is capable of rejecting fine particles with downward 

fluidization. This, however, requires higher buoyancy for recovery, and therefore, high SG minerals cannot 

be treated by the Reflux™ Flotation Cell. CoarseAIR™ uses an aerated fluidized bed and inclined channels 

to reject entrained fine gangue particles. The CoarseAIR™ can treat the full particle size range in feed, but 

due to reduced selectivity for fine particles, the product stream requires classification. The Froth Feeding 

CPF is not based on an aerated fluidized bed; instead, feed is introduced directly into the froth phase, 

eliminating the detachment due to turbulence in the pulp. Using Froth Feeding CPF, high recovery is 

achieved; however, like CoarseAIR™, selectivity is low at the fine fractions.  

These technologies show great strides for coarse particle flotation. Recoveries of 80-90% for copper ores 

up to 850 µm have been achieved. There is room for improvement, particularly with regard to selectivity 

over a wide particle size range on mineral ores. Jig Flotation, an emerging technology, has shown promising 

results by combining the advantages of fluidized beds, jigging, and flotation. With the incorporation of 

jigging, it will be possible to treat a wider range of particle sizes selectively. The following chapter will 

report work done on the scale-up of this technology from lab-scale batch testing to pilot-scale continuous 
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Chapter 3: Jig Flotation Scale Up 
3.1 Introduction 

70% of the energy used in mineral processing is used in comminution [1]. Decreasing the energy 

needed for comminution requires reducing the volume being ground and or increasing the grind size. CPF 

technologies can meet both of these needs by increasing the recoverable size range and rejecting gangue at 

coarser grind sizes before further grinding. Conventional flotation is only effective at a narrow particle size 

range (20-150 µm for copper) [2]. Recovery drops off significantly as particle size increases above 150 µm. 

As discussed in Chapter 1, the challenge of floating coarse particles is due to increased detachment 

probability in the pulp and froth phase due to the turbulence created in mechanically agitated flotation in 

the former and a combination of low bubble coalescence and buoyancy in the latter.  

Flotation depends on surface forces, which gain importance with the square of particle size, while 

many of the detachment forces (gravity, centrifugal force, and buoyancy) gain importance with the cube of 

particle size. The difficulty in floating coarse particles arises from the body detachment forces becoming 

dominant over surface attachment forces holding particles and bubbles together. The two ways to prevent 

detachment would be to decrease the detachment forces and increase the attachment forces. 

The strongest detachment force is centrifugal forces created by vortices created in turbulent cells. 

As discussed in Chapter 2, many CPF technologies use fluidized beds instead of mechanical agitation to 

minimize turbulence in the cell and therefore reduce detachment. In many of these methods, bubble particle 

aggregates move upward because their settling velocity is lower than the fluidization velocity. This, 

however, means that these cells can only operate at narrow particle size ranges, as settling velocity depends 

both on density and particle size. Small particles, relative to the target size, will unselectively rise, and very 

large particles, relative to the target size, will unselectively fall to the tails. Many of these technologies have 

mitigated this problem using a classification process before feeding in the case of HydroFloat™, within the 

cell, in the case of NovaCell™, and after processing, in the case of CoarseAIR™. A CPF technology that 

can process the full range of particle sizes selectively without classification would be ideal, as the 
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requirement for classification increases circuit complexity, and the inefficiency of the classification must 

be considered when determining the efficiency of the CPF technology.  

Jigging is a gravity separation technique that separates particles based on density regardless of 

particle size. It achieves this using an intermittent fluidized bed in which particles are separated by their 

initial acceleration, which depends on density and is independent of particle size. Ito et al. developed a 

hybrid jig for separating plastics with very similar specific gravities by attaching bubbles to the hydrophobic 

species to enhance the density difference [3].  

Similar to the hybrid jig, Gupta and Yoon developed Jig Flotation, a process that combines the 

advantages of fluidized beds, jigging, and flotation [4]. In Jig Flotation, the jigging mechanism acts as an 

internal preconcentration within the cell before flotation. The SG of a target mineral (e.g., chalcopyrite with 

SG = 4.1) is reduced to below that of gangue minerals (e.g., quartz with SG = 2.6) by selectively adsorbing 

microbubbles (db=200-500 µm). The copper-bearing particles segregate to the top of the bed by jigging 

action. The jigging action also acts as an intermittent fluidized bed with turbulence significantly less than 

that of a mechanically agitated cell. In tandem with the separation by jigging, particles are separated by 

flotation. In the flotation step, the apparent density of target mineral bearing particles is further reduced to 

 
Figure 3.1: Movement of a bubble particle aggregate (blue) and the pulp froth interface (red) in a Jig Flotation cell showing 

the aggregate moving upward relative the pulp froth interface. 
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below that of the medium using coarse bubbles (db =100-3000 µm), rendering them buoyant. Unlike a 

fluidized bed, liquid does not overflow the concentrate launder; instead, the pulp froth interface oscillates 

up and down with the jigging motion. This allows for the formation of a froth phase because the bubble 

particle aggregate is buoyant and moves upward relative to the pulp froth interface, as shown in Figure 3.1. 

Maintaining a froth phase is particularly important for maintaining selectivity for fine particles that are 

easily entrained. The acceleration created during the pulsion cycle allows the bubble-particle aggregates to 

cross the pulp/froth interface and form a froth phase, in which less hydrophobic particles drop off bubbles 

to obtain cleaner froth products. Additionally, this higher relative motion leads to particles reporting to the 

concentrate launder faster than by fluidization, resulting in higher throughput. 

3.2 Modelling Jig Flotation 

The movement of a particle in a jig can be calculated from the force balance shown in Figure 3.2. 

The equation for the net force on the particle, or bubble particle aggregate treated as a single body, is thus 

given by  

𝑚 ⋅
ௗ௨೛

ௗ௧
= 𝐹𝑏 − 𝐹𝑔 + 𝐹𝑑                 3.1 

where m is the mass of the particle, 
ௗ௨೛

ௗ௧
 is the acceleration of the particle, Fb is the buoyancy force, Fg is 

the force of gravity, and Fd is the force of drag, which will be in the direction of flow relative to the particle. 

For a bubble particle aggregate, the buoyancy is given by 

 
Figure 3.2: Force balance on a particle in the presence of upward fluidization. 
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𝐹𝑏 = ൫𝑉௣ + 𝑉௕൯𝜌௙𝑔                  3.2 

where Vp is the volume of the particle, Vb is the volume of the bubble, ρf is the density of the medium. For 

a bubble particle aggregate, the mass of the bubble is negligible; therefore, the force of gravity can be 

calculated as 

𝐹𝑔 = 𝑚𝑔                    3.3 

assuming Stokes’ drag, the drag force on the particle is given as  

𝐹𝑑 = 3𝜋𝜇𝑑൫𝑢௙(𝑡) − 𝑢௣(𝑡)൯                 3.4 

where μ is the viscosity of the medium, d is the characteristic length of the particle, which can generally be 

taken as the diameter of the bubble, as it will generally be significantly larger than the particle, uf is the 

fluid velocity, which in the case of jigging varies with time, and up is the velocity of the particle. The 

acceleration of the particle can be solved for in Equation 3.1 using Equation 3.4, resulting in 

ௗ௨೛

ௗ௧
=

ி್ିி೒

௠
+

ଷగఓௗ

௠
൫𝑢௙(𝑡) − 𝑢௣(𝑡)൯                 3.5 

Equation 3.5 can be converted to a linear ordinary differential equation of the form  

ௗ௨೛

ௗ௧
+ 𝐶ଶ ⋅ 𝑢௣(t) = 𝐶ଵ + 𝐶ଶ𝑢௙(𝑡)                                        3.6 

where C1 and C2 are  

𝐶ଵ  =  
ி್ିி೒

௠
                   3.7 

𝐶ଶ  =  
଺గఓௗ

௠
                   3.8 

respectively. Using the general solution to a linear ordinary differential equation, Equation 3.6 can be solved 

for the velocity of the particle as 

𝑢௣ = 𝑒ି஼మ௧ ቀ∫ ቀ𝐶ଵ + 𝐶ଶ𝑢௙(𝑡)ቁ
`

⋅ 𝑒஼మ௧𝑑𝑡 + 𝐾ଵቁ                                       3.9 

where K1 is an integration constant that depends on the initial velocity of the particle. The pulsation of fluid 

within the jig can be modelled as a sinusoid, with the position and velocity given as  

𝑥௙ = 𝐴 sin(𝜔𝑡)                3.10 

𝑢௙ = 𝐴𝜔 cos(𝜔𝑡)                3.11 
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respectively, where A is the pulsation amplitude, and ω is the angular frequency. Using Equation 3.11, 

Equation 3.9 can be solved as  

𝑢௣ =
஼భ

஼మ
+ 𝐾ଵ𝑒ି஼మ௧ + 𝐴𝜔𝐶ଶ

஼మ ୱ୧୬(ఠ௧)ିఠ ୡ୭ୱ(ఠ௧)

஼మ
మାఠమ              3.12 

The terms of Equation         3.12 reveal some aspects of the movement of particles in the 

jig. The first term is the terminal velocity of the particle in quiescent conditions. The second term is an 

exponential decay. The first two terms combined are the exponential decay to terminal velocity in quiescent 

conditions.  The third term is the particle’s velocity due to the oscillation of the fluidization. The addition 

of cosine and sine terms indicates that there is a phase offset between the fluidization velocity and particle 

velocity. This suggests that the motion of the particle in the jig can be thought of conceptually as settling 

and oscillating components occurring simultaneously.  

From Equation         3.12, the acceleration and position of the particle can be calculated as  

𝑎௣ = −𝐶ଶ𝐾ଵ𝑒ି஼మ௧ + 𝐴𝜔ଶ𝐶ଶ
஼మ ୡ୭ୱ(ఠ௧)ାఠ ୱ୧୬(ఠ௧)

஼మ
మାఠమ              3.13 

𝑥௣ =
஼భ

஼మ
𝑡 −

௄భ

஼మ
𝑒ି஼మ௧ − 𝐴𝐶ଶ

஼మ ୡ୭ୱ(ఠ௧)ାఠ ୱ୧୬(ఠ௧)

஼మ
మାఠమ + 𝐾ଶ               3.14 

respectively. Assuming up(0)=0 and xp(0)=0, the integration constants are 

𝐾ଵ = −
஼భ

஼మ
+ 𝐴𝜔𝐶ଶ

ఠ

஼మ
మାఠమ               3.15 

𝐾ଶ =
௄భ

஼మ
+

஺஼మ
మ

஼మ
మାఠమ                3.16 

Using the analytical solutions in Equations         3.12-3.14, the movement of a particle in Fig 

Flotation has been graphed in Figure 3.3. 

In addition to the analytical model, a numerical model using a forward Euler integration method 

was used to model the movement of a particle in the Jig Flotation using Equation 3.1 to calculate the 

acceleration of the particles. Stability was achieved by decreasing the time step size until a stable solution 

was observed. As shown in Figure 3.3, the result exactly matches the analytical solution.  

This model is not a complete description of the mechanisms at play in Jig Flotation. First, only 

vertical motion has been accounted for. Lateral movement due to turbulence or non-uniform flow within 
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the cell has not been considered. Particle-particle interactions have not been accounted for. These would 

result in a higher apparent medium density, which should enhance differences in initial acceleration. Finally, 

it has been assumed that particles are settling in the Stokes’ flow regime. However, jigging operates in an 

intermediary regime between Stokes’ and Newtonian drag [5]. The implementation of these aspects should 

be a subject of future work. This current model is, however, sufficient to give an idea of the mechanisms at 

work during jig operation.  

3.3 Test Work 

Following the work of Yoon and Gupta [4], a study was conducted to scale up the Jig Flotation 

concept from a 1-inch diameter batch cell to a pilot-scale continuous unit. First, a 2-inch diameter batch 

cell was constructed to test scale-up. Next, an 8x2-inch continuous cell was constructed to test continuous 

operation. Finally, a continuous pilot scale unit was constructed, and a conventional jig was modified to 

demonstrate the operation of Jig Flotation at scale. In the following sections, the tests and their results at 

each stage will be described.  

 

 

  
Figure 3.3: Analytical (blue) and numerical (red) simulation of the movement of a bubble particle aggregate in a Jig Flotation 

cell. 
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3.3.1 Two Inch Jig Flotation Cell 

Batch tests were performed using the 2-inch diameter cell shown in Figure 3.4. Material was 

preloaded on a screen that allowed water but not particles to pass. Jigging action was produced using a 

modified diaphragm pump, and bubbles produced using a diffuser. Material floating over the top into the 

chute was taken as cons, and material remaining after 3 minutes was taken as tails. 

Figure 3.5 shows the results of batch flotation tests conducted on a porphyry copper ore sample 

assaying 0.3 %Cu. The sample was wet ground in a rod mill to a d80 of 400 µm and then screened to obtain 

a -425+210 µm mono-size sample with a 0.2 %Cu grade. Three sets of tests were conducted at different 

   
Figure 3.4: Schematic of 2inch batch Jig Flotation cell. 

 
Figure 3.5 Jig Flotation test results based on 210-425 µm copper-quartz composite particles from a copper flotation plant 

operating in Australia. 
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amplitudes and frequencies of the jigging pulsion. In each set, two different extenders were used: diesel and 

Super Collector (SC), along with KAX to selectively hydrophobize the copper-bearing species. 

Diesel+KAX gives contact angles in the range of 80°, while KAX+SC gives contact angles above 150° [4]. 

The work of adhesion increases with contact angle, which should help improve coarse particle flotation by 

reducing detachment. 

According to Gaudin [5], jigging becomes more efficient at higher frequencies. The results 

presented in Figure 3.5 show the contrary, which may be attributed to the observation that at higher 

frequencies, bubbles became smaller, making it difficult for bubble-particle aggregates to cross the pulp-

froth interface. Furthermore, the bubble-particle aggregates may be broken at high frequencies due to higher 

acceleration and turbulence. At lower frequency and stroke, the breakage of bubble-particle aggregates may 

be minimized. The effect of frequency on flotation efficiency has therefore been observed to be more 

important than the effect of frequency on jigging efficiency in these tests. At each set of parameters, tests 

were performed again with super collector, and therefore, a higher contact angle, showed both higher 

recovery and product grade. The results presented in Figure 3.5 suggest that control of particle 

hydrophobicity and control of hydrodynamic force are useful for coarse particle flotation. While some 

improvement is seen by enhancing the hydrophobicity of particles (i.e., using super collectors), a more 

significant improvement is seen when the hydrodynamics are controlled. This is in line with the expectation 

that body forces dominate at coarse particle size. 

3.3.2 Continuous 8x2 Inch Jig Flotation Cell 

Following 2-inch cell batch testing, a continuous 8x2-inch lab scale Jig Flotation cell was 

constructed, shown in Figure 3.6a. Feed was continuously fed to the cell by gravity using an overhead feed 

tank as shown in Figure 3.6b. As shown in Figure 3.6c, microbubbles were added via a frother water line. 

Macrobubbles were added via a diffuser, and jigging action was produced using pressurized air similar to 

a Batac jig. In the continuous flotation cell, tails passed through ragging material and were collected from 

the bottom of the cell. The residence time for this continuous cell was measured as 0.5 minutes.  
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 A test series was performed to compare the effect of the inclusion of fine particles on continuous 

Jig Flotation.Figure 3.7 shows the grade and recovery across multiple single-stage tests on a porphyry 

copper sample. Sample was ground to two d80s, 225 µm and 260 µm, and not classified. Feed was prepared 

with 40 g/t KAX and 30 g/t SC. Frother water was prepared with PPG and MIBC. As compared with the 2 

inch batch test the recovery decreased with the presence of fine particles. This may be due to a combination 

of lower collection efficiency for the fine particles in quiescent conditions and higher entrainment requiring 

lower mass pull to maintain grade. Additionally, it was observed that the inclusion of fine particles stabilized 

the froth layer, leading to a deeper froth. This may have resulted in coarse particles struggling to enter the 

froth and higher detachment. Finally lower recovery is achieved likely due to the lower residence time of 

the continuous jig compared with the batch tests which were performed for 3 minutes. 

   

 
Figure 3.6: a) showing the schematic of an 8x2" continuous Jig Flotation Cell. b) showing a photo of an 8x2" Jig Flotation cell 

in operation. c) showing the process flow diagram for a continuous Jig Flotation cell. 

 
Figure 3.7: Grade vs. recovery for several continuous Jig Flotation tests on by-zero porphyry copper sample. 
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To assess the effect of particle size both with and without desliming, tests were performed with 

several size fractions independently, and with the full particle size range present in the feed, and the 

recovery determined for each size class. Figure 3.8a shows recovery using different monosize samples 

compared with DenverCell tests with and without super collector. Super collector shows an increase in 

recovery across the board, except for at the ideal size for flotation, likely because there is little room for 

improvement on the flotation kinetics at this size fraction. The addition of jigging showed a greater increase 

in recovery. It is important to note that the residence time was lower in Jig Flotation tests as compared to 

batch Denver Cell tests. In the test results shown in Figure 3.8, the residence time for the continuous Jig 

Flotation cell was 0.5 minutes, and the residence time for the Denver cell tests was 8 minutes. These results 

are shown tabularly in Table 3.1, showing that these higher recoveries were achieved at high upgrade ratios. 

Figure 3.8b shows the size-by-size recovery for a continuous two-stage Jig Flotation test on the full particle 

size range sample. As compared to the results on monosized samples run independently, the coarse particle 

recovery in the presence of slimes is higher. This may be due to the stabilizing effect the fine hydrophobic 

particles have in the froth layer, reducing detachment due to bubble coalescence and increasing froth 
Table 3.1: Recovery and upgrade ratio at different particle size ranges using Jig Flotation. 

dp (µm) Recovery (%) Upgrade Ratio 

<150 90.26 4.7 

150-425 76.14 11.8 

425-600 50.32 15.6 
 

 
Figure 3.8: a) Recovery by particle size for monosize samples for DenverCell flotation without super collector (red) with 

super collector (blue), and with super collector and Jig Flotation (green). b) Recovery by particle size with unclassified feed 
with DenverCell and KAX (red), DenverCell and super collector (blue), and Jig Flotation and super collector (green). 
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density, creating sufficient buoyancy for coarse particles to rise in the froth. For comparison, results using 

DenverCell with and without super collector are shown. There is a greater improvement in recovery with 

the presence of fines than without. The substantial improvement in flotation recovery stems from enhanced 

coarse particle flotation, as evidenced by the size-by-size recovery data shown in Table 3.2. By precisely 

controlling jigging frequency and amplitude, particles were separated based on their specific gravity (SG), 

independent of particle size, leading to recovery improvements across the size ranges. 

Figure 3.9a shows the results obtained on the feed ground to different d80s without classification 

in single stage continuous tests as described above. Also shown for comparison are the results obtained 

using a laboratory Denver flotation cell using KAX + Diesel and KAX+ SC. Similar to the results in Figure 

3.8b, Jig Flotation shows markedly higher recovery at coarse d80s as compared to Denver cell flotation at 

much lower residence times. Figure 3.9b shows the same with a second stage of Jig Flotation performed on 

 

Figure 3.9: a) Copper recovery with Denver cell and single Jig Flotation tests conducted at different grind sizes represented by 
d80. b) Grade vs. recovery obtained with two stage Jig Flotation and DenverCell at a several grind sizes represented by d80. 

Table 3.2: Comparison of size-by-size grade and recovery obtained with Jig Flotation cell and DenverCell both using super 
collector. 

 Particle 
Size (µm) 

Feed 
Grade 
(%Cu) 

Jig Flotation Cell (w/ SC) Denver Cell (w/ SC) 

0.5 min 1 min 8 min 

Recovery  
(%) 

Grade  
(%Cu) 

Recovery 
(%) 

Grade 
(%Cu) 

Recovery 
(%) 

Grade 
(%Cu) 

300-600 0.21 54.9 0.86 60.5 0.82 41.2 2.55 

150-300 0.24 57.3 2.75 80.8 0.55 71.2 3.24 

75-150 0.41 76.9 3.62 92.3 1.95 86.1 5.92 

45-75 0.70 89.7 3.09 96.0 1.93 78.6 6.75 

-45 0.54 71.7 0.80 86.0 0.65 77.5 6.73 
 



50 

the tails of the first stage for a total residence time of 1 minute. For comparison, the results from DenverCell 

flotation tests were conducted by taking samples at 0.5, 1, 2, and 8 minutes to obtain kinetic information at 

the same d80. The results demonstrate that the Jig Flotation cell consistently achieved high Cu recoveries 

with desirable grades at coarse grind sizes within short retention times. The Jig Flotation Cell achieves 

better recoveries than the Denver cell in 1/8th to 1/4th the time. 

3.3.3 Pilot Scale Jig 

Following the success with the lab scale continuous jig, a pilot scale Jig Flotation cell was 

constructed, shown in Figure 3.10a. The volume and throughput of this unit were much higher compared 

to the laboratory continuous Jig Flotation cell. Microbubbles can be added both in the feed stream and the 

microbubble stream. Microbubbles in the feed stream are intended to improve the collision probability for 

fine particles by preattaching bubbles in a high-turbulence environment. The frother water line is intended 

to add additional microbubbles to the jig and maintain the level in the jig. Macrobubbles are added via a 

diffuser installed below the ragging material; these are required to float coarser particles. Baffles divide the 

  
 

 
Figure 3.10: a) Modified Jig Morganizer for pilot scale Jig Flotation tests. b) Process flow of continuous pilot scale Jig 

Flotation tests. 
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cell into 4 sections. This was added after it was observed that a resonance in the cell causes sloshing, which 

increased entrainment. The residence time for this jig was measured as 45 seconds.  

Preliminary Tests: 

Using the pilot scale Jig Flotation cell, preliminary tests were performed at various d80s. The feed 

was prepared at 25% solids with 40 g/t KAX and 30 g/t Diesel. The process flow diagram for the setup is 

shown in Figure 3.10 b). These tests were performed at various strokes and frequencies. These can be found 

in Appendix A. The results, shown in Figure 3.11, show high recovery regardless of d80. There is, however, 

a limited increase in grade. This would allow the Jig Flotation cell to be used as a reconcentration step at a 

larger grind size to reject gangue and reduce the volume going to final grinding by 50%.  Following this, 

batch parameter tests were performed to optimize parameters to increase selectivity. 

Batch Tests: 

A batch test series was performed using the pilot Jig Flotation unit to determine the effect of several 

parameters (stroke, frequency, and diffuser air flow rate). A screen was placed in the cell to prevent the 

passage of particles but allow the passage of water. Feed was preloaded on the screen at the start of the test. 

Water was recycled through the microbubble circuit and reintroduced below the screen. The cell was 

prefilled to the same level of frother water with 80 ppm of PPG 400 for each test. Particles reporting to the 

 
Figure 3.11: Upgrade vs. recovery for several preliminary continuous pilot scale Jig Flotation tests on feed ground to various 

d80s. 
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concentrate launder were taken as concentrate samples, and particles remaining in the cell were taken as 

tails. The volume of water in the tails and concentrate samples was measured along with the mass of solids, 

and the copper concentration was measured by ICP-MS. The results of this test series are shown in Figure 

3.12. 

As expected, the mass yield and water recovery follow closely. When varying stroke and air flow 

rate, the copper recovery follows a similar trend to the product yield, indicating that selectivity is not 

affected by these parameters. Varying frequency, on the other hand, increases recovery independent of yield. 

In fact, yield decreased generally with increased frequency. The largest difference is seen at 200 strokes per 

minute (SPM). At 100 SPM, recovery and yield are very close, indicating the process is very unselective. 

Indeed, the upgrade ratio is 1.12. As frequency increases, the recovery and grade both generally increase, 

though there is a drop between 250 and 300 SPM. It may be that above 250 SPM, the higher speed pulsation 

starts to cause detachment of coarse particles. As expected, water recovery and yield increase with 

Figure 3.12: Copper recovery, particle yield, water recovery, and upgrade ratio a) with varying stroke, b) with varying diffuser 
air flow rate, and c) with varying frequencies. Note that the secondary vertical axis b) has a different scale than a) and c). 
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increasing diffuser flow rate and increasing stroke. As a result of increased yield, the grade decreases with 

air flow rate and stroke, and recovery increases. The results show that frequency is the primary driver of 

selectivity in Jig Flotation. Interestingly, this shows an opposite trend as seen with the 2-inch batch flotation 

cell, where lower frequency produced higher selectivity and recovery. This may be due to the inclusion of 

fines in the tests with the pilot scale unit. According to Gaudin [5], high frequency allows for higher 

selectivity with a wider size range of particles. It may be that with the inclusion of fines, the importance of 

jigging selectivity is greater. Along the same line of reasoning, the higher frequency may improve the 

collision efficiency for fine particles, and therefore, with the addition of fines, the recovery would improve 

with higher frequency.  

3.3.4 Modified Conventional Jig 

A conventional jig shown in Figure 3.13a was modified as shown in Figure 3.13b by adding a 

diffuser and increasing the bed height to accommodate froth. A test produced 70% recovery at an upgrade 

ratio of 2 at a d80 of 600µm. This shows that only a small modification of existing jigs would be necessary 

to perform Jig Flotation. In this test, the froth and pulp height was shorter than that of other Jig Flotation 

cells tested, making it more similar to the hybrid Jig developed by Ito et al. [3]. The exploration of this type 

of Jig Flotation should be continued in future work. 

 
Figure 3.13:Conventional jig modified for Jig Flotation. 
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3.4 Conclusion 

Jig Flotation is capable of recovering a wider range of particle sizes without the need for 

classification. This is achieved due to a combination of separation by jigging, maintaining a froth layer, and 

quiescent conditions. The jigging motion preconcentrates particles by density, independent of particle size, 

and suspends particles while maintaining quiescent conditions. Because fluidization is oscillatory, a froth 

phase can be maintained, which increases the selectivity for fine particles. Quiescent conditions reduce 

detachment, the main limitation for coarse particles. In this work, the Jig Flotation concept developed by 

Yoon and Gupta [4] has been successfully scaled up to pilot-scale testing while maintaining these 

advantages. High recoveries at desirable upgrade ratios have been achieved in pilot-scale continuous units 

with retention times as low as 45 seconds with d80s as high as 600µm. This makes Jig Flotation ideal for 

preconcentration at coarse grind sizes to minimize the energy used in comminution.  
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Chapter 4: Continuous Two Liquid Flotation Process Demonstration 
4.1 Introduction 

As discussed in Chapter 1, flotation is inefficient for ultrafine particles (-20 µm) due to low collision 

probabilities. An ultrafine flotation technology capable of recovering these particles would be able to 

recover high-grade product while reducing the costs and hazards associated with tailings disposal without 

the need to spend energy on comminution. Such a process has been developed at Virginia Tech. This process 

is known as hydrophobic-hydrophilic separation (HHS) [1]. HHS is capable of recovering ultrafine coal 

and producing a dry low-ash product [2], [3]. In this process, particles are collected by oil drops in place of 

air bubbles, as in traditional flotation. The oil, having a lower specific heat capacity than water, can be 

easily vaporized and recondensed to be reused. A full-scale HHS plant is currently in operation, treating 

screen-bowl effluent finer than 44 µm in Alabama. This process is derived from the Two Liquid Flotation 

process developed by Lai and Fuerstenau (1968), who conducted experiments using oil (iso-octane) 

droplets in place of air bubbles to recover 0.1 µm alumina particles [4]. This process of forming oil in water 

emulsions with hydrophobic particles as the emulsifier has practically no lower particle size limit. 

The present work describes the development of an ultrafine particle flotation process based on the 

same principle of collection by a hydrophobic liquid in place of air bubbles used in the HHS process by 

continuous Two Liquid Flotation (TLF). This process is aimed at extending the effective particle size range 

as compared to HHS with a simplified process and therefore lower capital and operating costs. This process 

can treat thickener underflow (TUF), which consists of ultrafine particles not recoverable by traditional 

flotation. Thickener underflow represents a larger particle size range and a much larger stream volume than 

screen bowl effluent. Lab testing by Gupta et al. has been performed to confirm the continuous TLF process 

[5]. The following work outlines the development of a full-scale continuous pilot demonstration unit (PDU) 

to produce low-ash carbonaceous material using the TLF process.  
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4.2 Theory  

In the TLF process, oil and feed slurry are mixed in a low-shear environment. This produces loose 

oil in water emulsions stabilized by solids at the interface. By using oil in place of air bubbles to collect the 

hydrophobic particles, the vdW forces become attractive. As shown by Huang and Yoon [6], oil droplets 

form higher contact angles and rupture the thin liquid film faster than air bubbles due to the attractive vdW 

force. Once formed, the emulsions are fed to a phase separator where they undergo phase inversion, 

becoming water-in-oil emulsions. The oil phase containing these emulsions is fed to a specially designed 

Jig Morganizer where further phase inversion occurs and the emulsions are broken by jigging motion in the 

presence of hydrophilic ragging material [3]. The hydrophobic ragging material pulls the water and 

entrapped hydrophilic gangue out of the emulsions, leaving only the hydrophobic particles dispersed in the 

oil phase. The hydrophobic solids can be separated from the oil using a thickener and/or filter, and the oil 

reused in the process. The product can be further dried with heated nitrogen or steam, and the oil condensed 

for recycling.  

The oil phase keeps out hydrophilic gangue, which effectively prevents entrainment, a major 

problem for fine, low-inertia particles. This process also produces a dry product with minimal energy input 

because dewatering by displacement is spontaneous and does not require additional energy. The oil can be 

vaporized with far less energy than water and at lower temperatures, greatly reducing the cost to produce 

dry product.  In TLF, less energy is used to form and subsequently break strong emulsions than in HHS. 

 
Figure 4.1: Continuous Two Liquid Flotation process shown schematically. 
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The emulsions formed using the TLF process are looser than the HHS process because of the lower amount 

of shear used to form them. This makes them easier to break. Figure 4.2 shows the flowsheet of the 

continuous TLF process  

Figure 4.3 shows the initial installation of the TLF PDU. From right to left are the low shear tank 

where coal oil aggregates are formed, the phase separator where preconcentration and phase inversion 

occur, the Jig Morganizer where emulsions are broken and water and ash rejected, the thickener where 

Morganizer product is collected, and the plate and frame filter where iso-hexane is recovered and recycled 

to the solvent tank. The tails from the Jig Morganizer and phase separator are sent to a flotation column to 

recover oil and coal, which are recycled to the low shear tank. Solvent and feed are fed to the mixing tank 

using continuous cavitation pumps to control flow rates precisely.  

4.3 Experimental   

Figure 4.2: Flow sheet of continuous Two-Liquid Flotation process. 
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The PDU was tested on thickener underflow from several coal preparation plants. Results with each 

are discussed in separate sections below to allow for comparability. Throughout these tests, the flow sheet 

and parameters were modified in an effort to optimize the process. These modifications and their reasoning 

will be addressed. For practical reasons, these modifications stretch across multiple feeds; however, the 

feed samples were not found to have an impact on results, as shown by similarly high recovery and low ash 

and moisture across the samples tested. Therefore, the results due to changes in flowsheet and operation 

parameters can be confidently decoupled from changes in the feed sample tested.   

4.3.1 UCC Thickener Underflow  

Tests were performed on the TUF sample procured from United Coal Company, Grundy, VA. As 

received, the sample contained 25% solids at 56.1% ash. The feed was diluted to 6-8% solids before each 

test. Tests were performed with the phase separator at feed and oil flow rates of 1 gpm and 0.6 gpm, 

respectively, and without the phase separator by feeding agglomerates directly from the low shear tank to 

the Jig Morganizer at feed and oil flow rates of 0.8 gpm and 0.6 gpm, respectively. Oil was recycled using 

the pressure filter. After filtration, the product was further dried with pressurized nitrogen. The evaporated 

oil was then condensed using a heat exchanger. Table 4.1 shows the ash and moisture content of the resulting 

 
Figure 4.3: Two-Liquid Flotation Process Demonstration Unit. 
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product as well as the dry ash content of the flotation cell tails. These were used along with the feed ash to 

calculate the combustible recovery. Low moisture <2% was consistently achieved at low product ash as low 

as <1%. With the phase separator, the recovery was, however, low. 

Higher recoveries were achieved without the phase separator than with. Additionally, the product 

grade was more consistent without the phase separator. This is partly because the process was easier to 

control in the absence of the phase separator. It is also possible that coarse particles drop out of the oil phase 

in the phase separator. In the absence of the phase separator, this might be eliminated. This is indicated by 

the slightly higher ash content in the product produced without the phase separator, as coarse particles in 

general are composite particles; therefore, the coarse particles recovery should increase the final product 

 
Figure 4.4: Phase separator upgrade. 

Table 4.1: UCC Bailey TUF results obtained with and without phase separator. 

Condition 
Ash (%)  

Moisture (%)  Yield (%)  
Combustible 

Recovery (%)  Feed  Product  Refuse  

With Phase 
Separator 

56.10  2.52  71.0  0.95  21.78  48.36  

56.10  6.11  80.9  1.19  33.14  70.88  

56.10  0.63  62.5  0.41  10.32  23.35  

Without Phase 
Separator 

56.10  3.37  89.57  4.05  38.83  85.47  

56.10  2.76  85.53  2.50  35.56  78.76  

56.10  7.81  92.23  2.50  42.84  89.94  

56.10  2.60  76.0  1.02  27.11  60.15  
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ash. The disadvantage of this was that without a preconcentration step, the Jig Morganizer had to process 

the full flow rate of the system and became the limiting factor for throughput. It was hypothesized that the 

phase separator was not operating efficiently, and oil and coal were being lost to the phase separator tails. 

To address this, a taller transparent phase separator was installed, shown in Figure 4.4. This phase separator 

was expected to operate more efficiently and allow for easier process control. 

4.3.2 Itmann TUF Sample 

Tests were performed on a feed sample from the Core Resources Itmann plant thickener underflow. 

The sample consisted of 47.4% ash. Tests were conducted after screening the feed sample to below 250 µm 

and diluting to 6-8% solids. Table 4.2 shows a summary of results from several tests using the Itmann 

sample. With the new phase separator, higher recoveries are achieved with more consistent product quality. 

Before the last run, the height of the Jig Morganizer was increased to increase residence time; additionally, 

ragging material was added to increase the hydrophilic surface area. With these modifications, a distinct 

phase separation is visible as shown in Figure 4.5, indicating more efficient demulsification. The 

modification resulted in an improvement in product grade to 3.8% ash and final moisture content 

consistently below 2% at high recoveries. Size-by-size analysis was performed on the clean coal obtained 

from test run 4. Table 4.3 shows the clean coal ash and moisture content of the -250/+150 µm and -150 µm 

fractions. As shown in Table 4.3, high recovery and grades are achieved at both size fractions. 

It was discovered that the previous pressure filter was oversized, which resulted in an inconsistent 

filter cake that was difficult to dry. A new, smaller, pressure filter was installed to dry the clean coal product.  

Following this installation, the PDU was run for 3 hours continuously to produce a large sample. This 

sample was then dried in the new filter press with heated nitrogen maintained at 50 to 60° C and 50 psi for 

Table 4.2: Results obtained with TLF pilot plant with Itmann TUF feed - 250µm. 

Run #  
Ash (%)  Moisture 

(%)  
Yield   
(%)  

Combustible 
Recovery 

(%)  Feed  Product  Refuse  

1 47.4  5.0  88.6  11.1  49.29  89.01  

2 47.4  10.1  88.6  1.3  52.48  89.70  

3 47.4  4.6  77.9  -  43.93  77.18  

4 45.7  3.8  88.3  1.6  50.41  89.32  
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approximately 30 minutes. Due to issues with the nitrogen heating system, the drying time was not 

consistent; however, the sample was consistently dried to below 2% with no further drying required, and 

the final product ash was 5.2%.   

4.3.3 UCC Wellmore #8  

With the modification of the phase separator and Jig Morganizer, the new limitation on throughput 

was the tails flotation column. A new, larger flotation cell was installed to address this. Tests were performed 

with as-received coal slurry from the United Coal Company Wellmore #8 thickener underflow. As received, 

the %solids was 25% and the ash content was 58.7% dry ash. Two tests are shown in Table 4.4 with and 

without scalping and dilution to determine if the TUF could be fed directly to TLF. In both tests, slurry was 

fed to the system at 0.4 gpm, and isohaxane was fed at 0.2 gpm. 

Table 4.3: Size-by-size coal ash and recovery obtained on Itmann TUF.  

ௗ  Ash (%)  Comb. Rec. (%)  Product Yield (%)  
Size (µm)  -150   250/150  -150   250/150  -150   250/150  
Clean Coal  3.90  3.95  76.2  88.2  38.2  53.4  

Tails  81.44  85.31  23.8  11.8  
Feed  85.31  41.89  100.0  100.0  

 

 
Figure 4.5: Extended Jig Morganizer with visible phase separation. 
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The production rate was increased by over 3 times while maintaining a similar final product ash. 

The recovery, however, was significantly reduced. It was hypothesized that the low recovery is due to 

insufficient oil to collect the larger amount of solids. To test this, a test series was performed at different % 

solids feeds. Feed slurry was added at 0.4 gpm and oil at 0.2 gpm. The emphasis for these tests was to 

maintain similar conditions between tests, so no adjustments were made to improve recovery during or 

between tests. Figure 4.6 shows the combustible recovery at different feed slurry %solids. There is a  

significant jump in recovery between 9.31% solids and 7.03% solids. This is in keeping with previous tests 

showing high recoveries when diluted to below 8% solids at similar ratios of oil to feed. Next, the proportion 

of oil was increased while maintaining the same overall flow rate. Feed and isohaxane were added at 0.3 

gpm for a ratio of 1:1 feed to oil. As shown in Figure 4.6, this resulted in an increase in the recovery at 

higher % solids. This finding indicates that the ratio of the oil and feed is an important factor when varying 

the % solids in the feed. 

 

 
Figure 4.6: Combustible Recovery vs. Feed % solids at two different feed to solvent ratios. 1:1 shown in blue and 2:1 shown 

in red. 

Table 4.4: Increased throughput obtained on Wellmore #8 sample. 

Product 
Ash%  

Feed Rate   
[lpm]  

%Solids  
Product rate 

[kg/min]  
Product rate 

[kg/hr] 
Top Size   

[µm]  
Combustible 

Recovery  
2.98  1.134  8%  0.052  2.72  200  86.6  

3.73  1.51  25%  0.218  8.76  As-recvd.  67.0  
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4.4 Conclusion 

In this work, a continuous Two-Liquid Flotation process has been successfully developed and 

demonstrated at scale. The experimental results show the capability of producing high-quality low-moisture 

product from thickener underflow consisting mainly of ultrafine particles. The process has been 

demonstrated on several thickener underflow samples consistently producing 2-5% ash product with <2% 

moisture. 

Early on, the phase separator was identified as a source of carbon losses. By redesigning the phase 

separator to be taller, the recoveries were improved while increasing the potential throughput of the process. 

The residence time and amount of ragging material were also identified as key factors in the efficiency of 

demulsification in the Jig Morganizer. The process has been proven on as-received thickener underflow 

without the need for classification or dilution, with the necessity of increasing the solvent dosage to account 

for increased solids content. 

The TLF process demonstrated in this work has the potential to take waste material produced by 

coal beneficiation plants and recover nearly all of the carbonaceous material as high-quality carbon. This 

can be used to produce carbon products such as graphene for electric vehicle batteries or construction 

materials with significantly higher value than typical coal products. This is achieved while minimizing the 

waste sent to tailings impoundments. The TLF process has low energy and capital requirements due to the 

formation of weak emulsions and the simplicity of the process, making it easier to implement. 
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Chapter 5: Conclusion 
5.1 Introduction 

Flotation is only effective in a narrow size range, typically 20-150 µm [1]. Because of this, particles 

outside of this range are lost to tailings. In the case of ultrafine particles, this is due to low collision 

probability; this leads to a large amount of well-liberated particles that cannot be separated from process 

water in the tailings stream. This increases the volume of waste streams. As primary ore grades decrease, 

the grade of these tailings becomes higher than that of primary ore bodies; however, these particles cannot 

be recovered economically due to their low floatability [2]. An ultrafine particle recovery technology 

capable of recovering such material could take advantage of this higher-grade source without the need for 

further comminution. Such a technology needs to increase the flotation kinetics sufficiently to overcome 

low collision efficiency. One such technology, HHS, exists and is capable of treating -44µm coal tailing 

and producing low ash, low moisture carbonaceous product [3]. This process operates using high shear to 

form strong oil-in-water emulsions and subsequently breaks those emulsions after phase separation. This 

process is, however, limited in that high energy is used to form and break these emulsions, and the particle 

size is limited such that the wider size ranges in thickener underflow, which represents a larger source of 

tailings, cannot be treated.  

In the case of coarse particles, low recovery is due to high detachment probability. The need to 

grind particles below this size leads to higher energy requirements in the comminution circuit. As ore grades 

decline this is exacerbated because ores become finer grained, requiring ores to be ground still further to 

achieve the same liberation, and as a higher percentage of these ores is made up of gangue, the majority of 

the energy is spent needlessly reducing the size of gangue particles [4]. A coarse particle separation 

technology would allow for the rejection of gangue particles at coarser grind sizes, thus reducing the volume 

through the grinding circuit. Several such technologies exist for this purpose, as discussed in Chapter 2. 

These have excelled at recovering coarse particles as large as 850 µm employing various methods of 

reducing turbulence and therefore detachment in the cell; however, these mechanisms often lead to reduced 

selectivity at the fine fractions, requiring the use of classification. There is an opportunity to improve the 
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selectivity of fine particles. Jigging is a coarse particle separation technology that can operate selectively at 

wide size ranges and is the inspiration for the CPF technology presented in this work.  

This work presents two technologies to address the need for separation technologies at extreme 

particle sizes that flotation cannot effectively separate. Jig Flotation for coarse particles and Two-Liquid 

Flotation for ultrafine and fine particle flotation. Jig Flotation takes advantage of volumetric properties that 

grow in importance with particle size, along with the surface properties that flotation employs by combining 

jigging and flotation. Additionally, because this technology uses an intermittent fluidized bed in the form 

of jigging motion, turbulence is minimized, and detachment due to centrifugal force is minimized. Jig 

Flotation has demonstrated the ability to recover coarse particles with grind sizes as large as 600 µm while 

treating the entire size range selectively, all with an extremely low residence time and high throughput. In 

a plant, this means reduced footprint and capital costs. Two liquid flotation is capable of producing low-ash 

low-moisture product from ultrafine coal beneficiation plant tailings while recovering over 90% of coal. 

This is achieved by increasing the rate of flotation using higher contact angles due to the attractive vdW 

force between a hydrophobic particle and an oil drop [5], and dewatering by displacement, which occurs 

spontaneously. The continuous TLF process developed is simple and therefore has lower capital costs for 

implementation. The process also requires low energy due to the low shear used to produce and break 

aggregates, and the low energy required to vaporize and recycle oil, reducing operating costs. These two 

technologies are very promising for addressing the increasing demand for minerals in the face of declining 

ore grades. While reducing emissions by reducing energy consumption and reducing environmental impacts 

by reducing the volume of waste streams.  

5.2 Future Work 

 Though great strides have been made, these two technologies are in very early stages of 

development. Similar technologies mentioned in this work (HydroFloat™, HHS) have been in development 

for much longer and have seen successful demonstrations at the plant scale. Further work is recommended 

to optimize them further and prepare for full-scale demonstrations. 
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5.2.1 Jig Flotation 

As discussed in Chapter 3, a simple analytical and numerical model for the movement of a bubble 

particle aggregate in Jig Flotation has been developed. This model does not, however, consider particle-

particle interaction, horizontal mixing, and flow regimes beyond Stokes’ drag. In a future work, a model 

that accounts for these should be developed. Discrete element modelling (DEM) could be used most directly 

to model particle-particle interaction in the jig. This would allow for the modelling of the bed of solids 

itself. A simpler method would be to model particle-particle interaction as an increased apparent density of 

the medium. This could be treated as a gradient throughout the height of the jig, calculated by the density 

of particles at a given height. This treatment has the advantage of being simpler; however, it would not 

model a bed of solids. The model of motion in Jig Flotation could be combined with flotation models to 

predict grade and recovery in Jig Flotation. The movement of various sizes of particles, bubbles, and bubble 

particle aggregates could be simulated in the jig using a Monte Carlo scheme. The calculated movement of 

the particles and bubbles could be used to calculate the probabilities of each subprocess of flotation as 

described in Chapter 1. For example, the detachment forces between bubble and particle could be tracked 

in the simulation and used to calculate the probability of detachment. The treatment of particle movement 

through the ragging material poses an interesting problem, as the jigging motion in the presence of ragging 

material serves to selectively increase the residence time of low SG species and reduce the residence time 

of high SG species. This residence time could be used with the calculated rate constant to calculate recovery. 

Another treatment would be an additional probability term in Equation 1.1, given as the probability that the 

particle remains in the jig. 

Further optimization and scale-up of the pilot-scale Jig Flotation cell would be beneficial. A larger 

prototype may be able to increase the residence time without the need for several stages. Increasing the 

residence time would prove that the high selectivity and recovery achieved with batch tests can be achieved 

with the same residence time in a continuous unit. The modification of a conventional jig for Jig Flotation 

showed promising results. This arrangement with concentrate flowing laterally through the cell may be a 

way to achieve higher residence times. The residence time in this jig was not measured, though it is 
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anticipated to be higher due to the multiple stages and higher volume. Additionally, the shorter pulp depth 

in this cell may emphasize the jigging separation method, which should be more effective for separating 

coarse particles over recovery by flotation.  

Finally, Jig Flotation has only been applied to chalcopyrite ores. Testing Jig Flotation on other types 

of ores should be undertaken to prove its universal applicability. Jig flotation on low SG minerals such as 

coal could be highly effective as the SG difference between product and gangue is favourable for the jigging 

mechanism before the addition of bubbles. 

5.2.2 Two Liquid Flotation 

In lab testing, Two Liquid Flotation has been demonstrated to work on copper-bearing minerals [6]. 

Pilot-scale testing would demonstrate the universality of the Two Liquid Flotation process to be used for 

any ore type. The application of Two Liquid Flotation to higher SG minerals poses some interesting 

considerations. It is possible that due to the higher density of these minerals, they could be lost due to 

settling out of the hydrophobic phase. The use of fluorinated hydrocarbons offers a potential solution to this 

problem. Many of these have SG significantly higher than water. This would allow for the TLF process to 

be flipped, taking the concentrate product out of the bottom of the phase separator and Jig Morganizer. In 

this way, gravity would act in favour of high SG mineral recovery; however, this could result in the reverse 

problem in which gangue is “entrained” by settling into the hydrophobic phase. Fluorinated hydrocarbons 

also offer several other advantages. They are less flammable than typical hydrocarbons; this could enhance 

the safety of the TLF process and reduce capital costs by reducing the number of controls required. 

Fluorinated hydrocarbons are also more hydrophobic than hydrocarbons, potentially increasing the kinetics 

of TLF. Fluorinated hydrocarbons do, however, pose an emissions risk as they are greenhouse gases. Lab 

testing of the TLF process using fluorinated hydrocarbons could assess these advantages.  

5.3 Final thoughts 

Extending the effective range of flotation is necessary in the face of increasing demand and 

decreasing ore grades to reduce the amount of material lost to tailings and decrease the energy consumption. 

Two technologies have been developed and demonstrated at continuous pilot scale in this work. Two liquid 
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flotation in the case of ultrafine particles, and Jig Flotation in the case of coarse particles. Both of these 

technologies improve upon alternatives in their selectivity at wide particle sizes, and combined, they allow 

for the recovery of the full range of particle sizes. 
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Apendix A:  Jig Flotation Data 
Table A.1 Raw data for 2-inch circular jig. 

Parameters Collector Extender Frother   Results 

JF# 

m
ax d 

m
in d 

Freq [spm
] 

Stroke [%
 or 

lpm
] 

D
iffuser Air 

[lm
p] 

PAX [g/ton] 

D
iesel [g/ton] 

SC
 [g/ton] 

M
IBC

 
[drops/uL] 

Tim
e [m

in] 

Feed m
ass [g] 

C
on m

ass [g] 

Tails M
ass [g] 

Yield 

C
on G

rade 

Tails G
rade 

Feed G
rade 

Recovery 

U
pgrade Ratio 

30 425 250 150 70 2 20 20  4 2 4.29 0.73 3.56 17.0% 1.37 0.13 0.34 68% 4.01 
31 425 250 150 70 2 20 20  4 2 7.2 0.87 6.33 12.1% 1.36 0.15 0.30 55% 4.59 
32 425 250 150 70 2 20 20  4 2 8.26 0.93 7.33 11.3% 1.56 0.19 0.34 51% 4.55 
33 425 250 150 80 2 20 20  4 2 4.75 0.38 4.37 8.0% 1.49 0.15 0.26 46% 5.80 
39 425 250 200 60 2 20 20  4 3 15.13 1.15 13.98 92.4% 1.35 0.18 0.27 38% 4.95 
40 425 250 200 70 2 20 20  4 3 13.58 0.44 13.14 96.8% 2.24 0.20 0.27 27% 8.32 

41 C1 425 250 150 70 2 20 20  4 0.5  0.2 -0.2  0.22 0.18 0.18 2% 1.21 
41 C2 425 250 150 70 2 20 20  4 0.5  0.17 -0.17  0.30     

41 C3 425 250 150 70 2 20 20  4 3  0.41 13.26  0.15     

41 C1 Net 425 250 150 70 2 20 20  4 0.5 13.58 0.2 13.38 1.5%      

41 C2 Net 425 250 150 70 2 20 20  4 1 13.58 0.37 13.21 2.7%      

41 C3 Net 425 250 150 70 2 20 20  4 4 13.58 0.78 12.8 5.7%      

42 425 250 150 70 2 20 20  4 2 14.71 1.17 13.54 8.0% 0.35 0.22 0.23 12% 1.53 
43 425 250 150 60 2 20 20  4 2 13.2 0.38 12.82 2.9% 2.06 0.19 0.24 25% 8.62 
44 425 250 200 60 2 20 20  4 2 12.24 1.25 10.99 10.2% 0.06 0.11 0.11 6% 0.60 
50 425 210 150 70 1 20 20  4 3 14.85 0.75 14.1 5.1% 1.41 0.08 0.15 48% 9.59 
51 425 210 150 60 1 20 20  4 3 7.44 0.88 6.56 11.8% 0.72 0.05 0.13 65% 5.51 
52 425 210 200 60 2 20 20  4 3 11.23 0.36 10.87 3.2% 2.45 0.10 0.17 46% 14.32 
53 425 210 150 60 2 20 20  4 3 11.01 0.54 10.47 4.9% 1.43 0.08 0.14 49% 9.99 
54 425 210 100 60 2 20 20  4 3 10.3 0.44 9.86 4.3% 0.55 0.14 0.16 15% 3.45 
55 425 210 200 70 1 20 20  4 3 14.55 0.46 14.09 3.2% 1.46 0.13 0.18 26% 8.31 
56 425 210 150 70 1 20 20  4 3 10.07 0.88 9.19 8.7% 1.18 0.08 0.18 57% 6.54 
57 425 210 200 70 3 20 20  4 3 7.57 1.87 5.7 24.7% 0.51 0.12 0.22 59% 2.38 
58 425 210 100 70 1 20 20  4 3 14.15 0.62 13.53 4.4% 2.53 0.08 0.19 58% 13.32 
59 425 210 100 60 3 20 20  4 3 6.42 0.6 5.82 9.3% 0.72 0.15 0.20 33% 3.58 
60 425 210 150 60 1 20 20  4 3 8.87 1.52 7.35 17.1% 0.52 0.11 0.18 50% 2.92 
61 425 210 200 80 3 20 20  4 3 9.96 0.98 8.98 9.8% 1.10 0.08 0.18 61% 6.22 
62 425 210 100 80 3 20 20  4 3 5.7 0.54 5.16 9.5% 0.49 0.15 0.18 26% 2.75 
63 425 210 100 60 2 20 20  4 3 5.11 0.19 4.92 3.7% 2.01 0.11 0.18 42% 11.19 



b 

64 425 210 100 60 2 20 20  4 3 7.86 0.6 7.26 7.6% 1.04 0.10 0.17 47% 6.21 
65 425 210 100 70 3 20 20  4 3 3.04 0.3 2.74 9.9% 0.46 0.15 0.18 25% 2.56 
66  425 150 70 1 20 20  4 3 8.76 0.3 8.46 3.4% 0.47 0.17 0.18 9% 2.62 
67  425 150 60 1 20 20  4 3 9.91 0.58 9.33 5.9% 0.53 0.15 0.17 18% 3.13 
68  425 200 60 2 20 20  4 3 9.48 0.19 9.29 2.0% 1.30 0.17 0.19 14% 6.79 
69  425 150 60 2 20 20  4 3 9.61 0.29 9.32 3.0% 1.04 0.13 0.15 20% 6.71 
70  425 100 60 2 20 20  4 3 9.26 0.31 8.95 3.3% 0.53 0.17 0.18 10% 2.94 
71  425 200 70 1 20 20  4 3 9.57 0.23 9.34 2.4% 0.98 0.13 0.15 16% 6.53 
72  425 150 70 1 20 20  4 3 9.28 0.3 8.98 3.2% 0.96 0.14 0.16 19% 5.83 
73 425 210 200 40 3 40 20  4 3 6.78 0.37 6.41 5.5% 0.25 0.17 0.17 8% 1.46 
74 425 210 200 50 3 40 20  4 3 9.28 0.5 8.78 5.4% 0.86 0.16 0.19 24% 4.42 
75 425 210 150 60 3 40 20  4 3 8.08 0.79 7.29 9.8% 1.27 0.11 0.23 55% 5.66 
76 425 210 150 70 3 40 20  4 3 7.64 0.42 7.22 5.5% 2.03 0.10 0.21 54% 9.76 
77 425 210 100 70 3 40 20  4 3 9.57 0.67 8.9 7.0% 1.80 0.09 0.21 59% 8.49 
78 425 210 150 40 3 40 20  4 3 9.59 0.9 8.69 9.4% 1.49 0.07 0.20 69% 7.40 
79 425 210 150 50 3 40 20  4 3 8.82 0.57 8.25 6.5% 2.19 0.06 0.20 71% 11.05 
80 425 210 200 60 3 40 20  4 3 10.26 0.52 9.74 5.1% 2.62 0.06 0.19 69% 13.54 
81 425 210 200 70 3 40 20  4 3 9.02 0.35 8.67 3.9% 1.68 0.11 0.17 38% 9.86 
82 425 210 100 50 3 40 20  4 3 10.12 0.48 9.64 4.7% 4.51 0.07 0.28 76% 16.02 
83 425 210 200 40 3 40  30 4 3 9.82 0.68 9.14 6.9% 1.44 0.15 0.24 42% 6.09 
84 425 210 200 50 3 40  30 4 3 8.46 0.74 7.72 8.7% 1.87 0.11 0.26 62% 7.07 
85 425 210 150 60 3 40  30 4 3 8.46 0.45 8.01 5.3% 3.16 0.14 0.30 56% 10.47 
86 425 210 150 70 3 40  30 4 3 7.66 0.69 6.97 9.0% 1.52 0.13 0.26 53% 5.89 
87 425 210 100 70 3 40  30 4 3 8.7 0.54 8.16 6.2% 2.92 0.08 0.26 70% 11.33 
88 425 210 150 40 3 40  30 4 3 9.67 0.84 8.83 8.7% 2.18 0.09 0.27 70% 8.01 
89 425 210 150 50 3 40  30 4 3 8.81 0.55 8.26 6.2% 2.34 0.09 0.23 65% 10.35 
90 425 210 200 60 3 40  30 4 3 8.12 0.53 7.59 6.5% 2.24 0.10 0.24 62% 9.45 
91 425 210 200 70 3 40  30 4 3 7.38 0.55 6.83 7.5% 1.80 0.15 0.27 49% 6.60 
92 425 210 100 50 3 40  30 4 3 8.3 0.48 7.82 5.8% 4.94 0.07 0.35 81% 14.02 
93  425 200 70 3 40  30 4 3 7.19 0.67 6.52 9.3% 0.51 0.19 0.22 21% 2.28 
94  425 200 70 3 40  30 4 3 7.57 0.27 7.3 3.6% 1.41 0.18 0.22 23% 6.40 
95  425 200 70 3 40  30 4 3 8.77 1.12 7.65 12.8% 0.62 0.14 0.20 40% 3.11 
96  425 200 70 3 40  30 4 3 8.47 0.69 7.78 8.1% 1.27 0.12 0.21 49% 6.01 
97  425 200 80 3 40  30 4 3 8.86 0.24 8.62 2.7% 2.01 0.16 0.21 26% 9.78 
98  425 200 90 3 40  30 4 3 7.59 0.7 6.89 9.2% 1.24 0.14 0.25 47% 5.06 
99  425 200 100 3 40  30 4 3 8.21 0.9 7.31 11.0% 0.95 0.13 0.22 47% 4.26 

100   100 50 3 40  30 4 3 12.45 0.45 12 3.6% 1.34 0.19 0.23 21% 5.86 
101   200 50 3 40  30 4 3 12.96 1.56 11.4 12.0% 2.64 0.13 0.44 73% 6.06 
102   200 70 3 40  30 4 3 13.75 1.76 11.99 12.8% 1.68 0.10 0.31 71% 5.51 



c 

103   100 70 3 40  30 4 3 9.54 1.41 8.13 14.8% 2.20 0.11 0.42 77% 5.23 
104   150 60 3 40  30 4 3 7.3 1.96 5.34 26.8% 0.82 0.17 0.34 64% 2.38 
105   150 50 3 40  30 4 3 9.06 1.72 7.34 19.0% 0.91 0.12 0.27 64% 3.38 
106   150 70 3 40  30 4 3 9.13 1.79 7.34 19.6% 1.02 0.16 0.33 61% 3.12 
107   200 60 3 40  30 4 3 12.14 4.57 7.57 37.6% 0.92 0.14 0.43 80% 2.12 
108   100 60 3 40  30 4 3 11.03 1.68 9.35 15.2% 1.49 0.11 0.32 71% 4.65 

115 c1   100 50 3 40  30 4 0.5 7.29 1.05 6.24 14.4% 1.04 0.16 0.29 53% 3.65 
115 c2   100 50 3 40  30 4 0.5 6.24 0.66 5.58 10.6% 0.18 0.16 0.16 12% 1.14 
115 c3   100 50 3 40  30 4 1 5.58 0.18 5.4 3.2% 0.12 0.16 0.16 2% 0.77 
115 c4   100 50 3 40  30 4 2 5.4 0.07 5.33 1.3% 2.14 0.13 0.16 18% 13.65 

115 c1 net   100 50 3 40  30 4 0.5 7.29 1.05 6.24 14.4% 1.04 0.16 0.29 53% 3.65 
115 c2 net   100 50 3 40  30 4 1 7.29 1.71 5.58 23.5% 0.71 0.16 0.29 58% 2.48 
115 c3 net   100 50 3 40  30 4 2 7.29 1.89 5.4 25.9% 0.65 0.16 0.29 59% 2.29 
115 c4 net   100 50 3 40  30 4 4 7.29 1.96 5.33 26.9% 0.71 0.13 0.29 66% 2.47 

116 c1   100 50 3 40  30 4 0.5 6.24 0.14 6.1 2.2% 3.86 0.23 0.31 28% 12.42 
116 c2   100 50 3 40  30 4 0.5 6.1 0.31 5.79 5.1% 1.43 0.17 0.23 32% 6.24 
116 c3   100 50 3 40  30 4 1 5.79 1.24 4.55 21.4% 0.24 0.15 0.17 31% 1.44 
116 c4   100 50 3 40  30 4 2 4.55 0.72 3.83 15.8% 0.17 0.14 0.15 19% 1.17 

116 c1 net   100 50 3 40  30 4 0.5 6.24 0.14 6.1 2.2% 3.86 0.23 0.31 28% 12.42 
116 c2 net   100 50 3 40  30 4 1 6.24 0.45 5.79 7.2% 2.19 0.17 0.31 51% 7.04 
116 c3 net   100 50 3 40  30 4 2 6.24 1.69 4.55 27.1% 0.76 0.15 0.31 66% 2.43 
115 c4 net   100 50 3 40  30 4 4 6.24 2.41 3.83 38.6% 0.58 0.14 0.31 72% 1.87 

117 c1   100 50 3 40 30  4 0.5 6.67 0.04 6.64 0.6% 4.15 0.32 0.35 7% 12.00 
117 c2   100 50 3 40 30  4 0.5 6.64 0.12 6.52 1.8% 4.21 0.25 0.32 24% 13.06 
117 c3   100 50 3 40 30  4 1 6.52 0.08 6.44 1.2% 2.23 0.23 0.25 11% 8.89 
117 c4   100 50 3 40 30  4 2 6.44 0.12 6.32 1.9% 0.56 0.22 0.23 5% 2.47 

117 c1 net   100 50 3 40 30  4 0.5 6.67 0.04 6.64 0.6% 4.15 0.32 0.35 7% 12.00 
117 c2 net   100 50 3 40 30  4 1 6.67 0.16 6.52 2.4% 4.20 0.25 0.35 29% 12.13 
117 c3 net   100 50 3 40 30  4 2 6.67 0.24 6.44 3.6% 3.54 0.23 0.35 37% 10.23 
117 c4 net   100 50 3 40 30  4 4 6.67 0.36 6.32 5.4% 2.55 0.22 0.35 40% 7.36 

118 c1   100 50 3 40 30  4 0.5 5.96 1.03 4.93 17.3% 0.88 0.16 0.29 53% 3.07 
118 c2   100 50 3 40 30  4 0.5 4.93 0.16 4.77 3.2% 0.57 0.15 0.16 11% 3.50 
118 c3   100 50 3 40 30  4 1 4.77 0.03 4.74 0.6% 3.99 0.12 0.15 17% 26.78 
118 c4   100 50 3 40 30  4 2 4.74 0.41 4.33 8.6% 0.28 0.11 0.12 19% 2.25 

118 c1 net   100 50 3 40 30  4 0.5 5.96 1.03 4.93 17.3% 0.88 0.16 0.29 53% 3.07 
118 c2 net   100 50 3 40 30  4 1 5.96 1.19 4.77 20.0% 0.84 0.15 0.29 58% 2.92 
118 c3 net   100 50 3 40 30  4 2 5.96 1.22 4.74 20.5% 0.92 0.12 0.29 65% 3.19 
118 c4 net   100 50 3 40 30  4 4 5.96 1.63 4.33 27.3% 0.76 0.11 0.29 72% 2.64 

119 c1   100 50 3 40  30 4 0.5 6.52 2.27 4.25 34.8% 0.87 0.22 0.45 68% 1.95 



d 

119 c2   100 50 3 40  30 4 0.5 4.25 0.02 4.23 0.5% 1.21 0.22 0.22 3% 5.47 
119 c3   100 50 3 40  30 4 1 4.23 0.01 4.22 0.2% 1.65 0.21 0.22 2% 7.62 
119 c4   100 50 3 40  30 4 2 4.22 0.29 3.93 6.9% 0.39 0.20 0.21 13% 1.83 

119 c1 net   100 50 3 40  30 4 0.5 6.52 2.27 4.25 34.8% 0.87 0.22 0.45 68% 1.95 
119 c2 net   100 50 3 40  30 4 1 6.52 2.29 4.23 35.1% 0.87 0.22 0.45 69% 1.95 
119 c3 net   100 50 3 40  30 4 2 6.52 2.3 4.22 35.3% 0.88 0.21 0.45 69% 1.96 
119 c4 net   100 50 3 40  30 4 4 6.52 2.59 3.93 39.7% 0.82 0.20 0.45 73% 1.84 

120 c1   100 50 3 40  30 4 0.5 11.18 0.71 10.47 6.4% 5.11 0.16 0.47 69% 10.79 
120 c2   100 50 3 40  30 4 0.5 10.47 0.14 10.33 1.3% 0.74 0.15 0.16 6% 4.65 
120 c3   100 50 3 40  30 4 1 10.33 1.21 9.12 11.7% 0.24 0.14 0.15 19% 1.59 
120 c4   100 50 3 40  30 4 2 9.12 1.9 7.22 20.8% 0.10 0.15 0.14 15% 0.72 

120 c1 net   100 50 3 40  30 4 0.5 11.18 0.71 10.47 6.4% 5.11 0.16 0.47 69% 10.79 
120 c2 net   100 50 3 40  30 4 1 11.18 0.85 10.33 7.6% 4.39 0.15 0.47 70% 9.27 
120 c3 net   100 50 3 40  30 4 2 11.18 2.06 9.12 18.4% 1.95 0.14 0.47 76% 4.12 
120 c4 net   100 50 3 40  30 4 4 11.18 3.96 7.22 35.4% 1.06 0.15 0.47 80% 2.25 

121 c1   100 50 3 40 30  4 0.5 7.17 0.15 7.02 2.1% 9.93 0.20 0.40 52% 24.62 
121 c2   100 50 3 40 30  4 0.5 7.02 0.21 6.81 3.0% 1.13 0.17 0.20 17% 5.66 
121 c3   100 50 3 40 30  4 1 6.81 0.26 6.55 3.8% 0.49 0.16 0.17 11% 2.86 
121 c4   100 50 3 40 30  4 2 6.55 0.55 6 8.4% 0.25 0.15 0.16 13% 1.58 

121 c1 net   100 50 3 40 30  4 0.5 7.17 0.15 7.02 2.1% 9.93 0.20 0.40 52% 24.62 
121 c2 net   100 50 3 40 30  4 1 7.17 0.36 6.81 5.0% 4.80 0.17 0.40 60% 11.89 
121 c3 net   100 50 3 40 30  4 2 7.17 0.62 6.55 8.6% 2.99 0.16 0.40 64% 7.42 
121 c4 net   100 50 3 40 30  4 4 7.17 1.17 6 16.3% 1.70 0.15 0.40 69% 4.22 

122 c1   100 50 3 40 30  4 0.5 8.94 0.51 8.43 5.7% 4.89 0.21 0.48 58% 10.24 
122 c2   100 50 3 40 30  4 0.5 8.43 0.37 8.06 4.4% 1.06 0.17 0.21 22% 5.04 
122 c3   100 50 3 40 30  4 1 8.06 0.69 7.37 8.6% 0.37 0.15 0.17 18% 2.16 
122 c4   100 50 3 40 30  4 2 7.37 1.18 6.19 16.0% 0.22 0.14 0.15 23% 1.44 

122 c1 net   100 50 3 40 30  4 0.5 8.94 0.51 8.43 5.7% 4.89 0.21 0.48 58% 10.24 
122 c2 net   100 50 3 40 30  4 1 8.94 0.88 8.06 9.8% 3.28 0.17 0.48 68% 6.87 
122 c3 net   100 50 3 40 30  4 2 8.94 1.57 7.37 17.6% 2.00 0.15 0.48 74% 4.19 
122 c4 net   100 50 3 40 30  4 4 8.94 2.75 6.19 30.8% 1.24 0.14 0.48 80% 2.59 
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Table A.2 8x2 inch Jig Flotation tests raw data.  

Parameters Collector Extender Results 

JF# 

d80 

Freq [spm
] 

Stroke [%
 

or lpm
] 

PAX [g/ton] 

SC
 [g/ton] 

Feed m
ass 

[g] 

C
on m

ass 
[g] 

Tails M
ass 

[g] 

Yield 

C
on G

rade 

Tails 
G

rade 

Feed 
G

rade 

Recovery 

U
pgrade 
Ratio 

192 225 200 2 40 30 67.55 10.41 57.14 15.41% 1.83 0.12 0.38 73% 4.76 
193 225 200 4 40 30 64.29 11.14 53.15 17.33% 1.41 0.15 0.36 67% 3.87 
194 225 200 6 40 30 69.3 23.3 46 33.62% 1.03 0.14 0.44 79% 2.35 
195 225 100 2 40 30 62.19 9.37 52.82 15.07% 1.37 0.10 0.30 70% 4.64 
196 225 100 4 40 30 51.5 5.1 46.4 9.90% 1.70 0.06 0.22 76% 7.70 
197 225 100 6 40 30 69.43 10.62 58.81 15.30% 1.31 0.12 0.30 67% 4.37 
198 225 - 0 40 30 61.62 12.62 49 20.48% 0.93 0.13 0.30 64% 3.13 
199 250 200 2 40 30 42.87 11.01 31.86 25.68% 0.94 0.14 0.34 71% 2.75 
200 250 200 2 40 30 11.16 1.29 9.87 11.56% 1.86 0.12 0.32 66% 5.71 
201 250 200 4 40 30 9.71 1.11 8.6 11.43% 1.27 0.18 0.30 48% 4.20 
202 250 200 6 40 30 8.76 1.49 7.27 17.01% 0.84 0.08 0.21 68% 3.99 
203 250 100 4 40 30 26.07 10.48 15.59 40.20% 0.57 0.08 0.28 82% 2.05 

204 stage 1  200 2 40 30 112.36 32.18 80.18 28.64% 0.72 0.15 0.40 79% 1.80 
204 stage 2  200 2 40 30 80.18 18.37 61.81 22.91% 0.40 0.08 0.15 58% 2.67 

204 net  200 2 40 30 112.36 50.55 61.81 44.99% 0.60 0.08 0.40 92% 1.51 
205 stage 1 475 200 6 40 30 95.85 37.05 29.4 38.65% 0.53 0.18 0.26 47% 2.04 
205 stage 2 475 200 6 40 30 29.4 7.9 21.5 26.87% 0.35 0.12 0.18 51% 1.94 

205 net 475 200 6 40 30 95.85 44.95 21.5 46.90% 0.50 0.12 0.26 71% 1.92 
206 375 200 2 40 30 41.69996368 11.48 30.21996368 27.53% 0.99 0.12 0.36 76% 2.75 
207 375 200 2 40 30 5.9 1.94 3.96 32.88% 0.72 0.10 0.30 77% 2.40 

206&207 375 200 2 40 30        95%  

               
208 375 200 3 40 30 2.39 1.33 1.06 55.65% 0.24 0.03 0.15 91% 1.60 
209 375 200 3 40 30 48.84 20.99 27.85 42.98% 2.51 0.14 0.36 65% 6.97 
210 375 200 3 40 30 27.85 6.21 21.64 22.30% 0.29 0.09 0.14 52% 2.07 

209&210 375 200 3 40 30        83%  

211 165 300 2 40 30 28.46 3.88 24.58 13.63% 0.83 0.18 0.27 42% 3.10 
212 165 200 2 40 30 61.49 10.33 51.16 16.80% 0.91 0.12 0.25 61% 3.61 
213 310 200 1 40 30 40.55 7.91 32.64 19.51% 0.95 0.14 0.30 62% 3.19 



f 

214 310 300 1 40 30 34.79 2.85 31.94 8.19% 1.54 0.27 0.37 34% 4.15 
215 350 150 4 40 30 22.6 2.45 20.15 10.84% 1.18 0.17 0.28 46% 4.25 
216 350 250 4 40 30 6.8 2.01 4.79 29.56% 1.08 0.13 0.41 78% 2.62 
217 350 250 4 40 30 5.77 1.37 4.4 23.74% 0.70 0.23 0.34 49% 2.05 
218 350 250 2 40 30 3.29 1.39 1.9 42.25% 0.41 0.28 0.33 51% 1.21 
219 350 250 2 40 30 20.74 1.27 19.47 6.12% 3.27 0.17 0.36 56% 9.12 
220 350 150 2 40 30 14.84 0.81 14.03 5.46% 4.48 0.15 0.39 63% 11.62 
221 350 250 3 40 30 10.4 1.83 8.57 17.60% 1.90 0.19 0.49 68% 3.87 
223 350 150 3 40 30 6.22 2.33 3.89 37.46% 0.55 0.29 0.38 53% 1.42 
224  250 7 40 30 29.55 1.91 27.64 6.46% 3.31 0.18 0.38 56% 8.70 
225  150 4 40 30 18.24 2.26 15.98 12.39% 1.50 0.21 0.37 50% 4.04 
226  250 1.5 40 30 1.67 0.63 1.04 37.72% 3.37 0.26 1.43 89% 2.35 
227  150 1 40 30 3.41 2.57 0.84 75.37% 0.38 0.15 0.33 89% 1.17 
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Table A.3: Pilot scale continuous Jig Flotation preliminary tests. 

JM
# 

d80 

Freq [spm
] 

Stroke [in] 

D
iffuser Air [lm

p] 

M
icro Bubbles 

Flow
 Rate [lpm

] 

PAX [g/ton] 

SC
 [g/ton] 

PPG
 400 [ppm

] 

Feed m
ass [g] 

C
on m

ass [g] 

Tails M
ass [g] 

Yield 

C
on G

rade 

Tails G
rade 

Feed G
rade 

Feed G
rade 

(C
alculated) 

Recovery (know
n 

Feed) 

Recovery 
(C

alculated Feed) 

U
pgrade Ratio 

(Know
n Feed) 

U
pgrade Ratio 

(C
alculated Feed) 

1 450 Low High 20  40 0 20 16.16 10.3 5.9 63.6% 1.90 0.33 1.21 1.33 88.2% 91.1% 1.57 1.43 
2 450 High High 20  40 0 20 59.16 54.3 4.9 91.8% 1.42 0.36 1.21 1.34 94.1% 97.8% 1.18 1.07 
3 450 High High 20  40 0 20 20.80 11.8 10.3 56.9% 1.96 0.21 1.21 1.21 92.4% 92.4% 1.62 1.62 
4 450 High High 20  40 0 20 129.35 52.0 77.4 40.2% 2.61 0.33 1.21 1.25 83.0% 84.0% 2.16 2.09 
4 -150        0   62.2% 2.69 0.36 1.81 1.81 92.4% 92.4% 1.49 1.49 
4 +150        0   47.5% 1.48 0.22 0.82 0.82 85.8% 85.8% 1.81 1.81 
5 500 300 Low 18  40 0 20 23.32 17.3 6.1 74.1% 1.02 0.54  0.90  84.5%  1.14 
6 500 300 Low 18  40 0 20 78.13 29.2 49.0 37.3% 1.95 0.78  1.22  59.9%  1.61 
7 300 300 0.25 20 4.5 40 0 80 38.8 35.2 3.6 90.7% 1.13 0.62 0.37 1.08  94.7% 3.05 1.04 
8 300 200 0.375 20 4.5 40 0 80 70.7 47.2 23.6 66.7% 0.58 0.16 0.37 0.44 78.4% 87.9% 1.57 1.32 
9 300 200 0.25 20 4.5 40 0 80 61.13 46.8 14.3 76.6% 1.78 0.18 0.37 1.40 57.1% 97.0% 4.81 1.27 

10 300 200 0.125 20 4.5 40 0 80 35.64 13.9 21.8 38.9% 0.81 0.19 0.53 0.43 83.8% 73.1% 1.53 1.88 
11 300 300 0.125 20 4.5 40 0 80 29.66 16.1 13.6 54.2% 0.99 0.18 0.53 0.62 80.7% 86.7% 1.87 1.60 
12 300 100 0.125 20 4.5 40 0 80 17.45 3.0 14.5 17.1% 2.55 0.26 0.53 0.65 56.7% 66.9% 4.81 3.92 
13 300 200 0.125 15 4.5 40 0 80 25.17 14.9 10.3 59.1% 2.16 0.21 0.53 1.36 66.9% 93.7% 4.08 1.59 
14 300 200 0.125 10 4.5 40 0 80 58.97 2.9 56.0 5.0% 8.95 0.15 0.53 0.59 72.9%  16.89  

15 550 100 0.125 15 4.5 40 30 80 100.35 48.2 52.1 48.1% 0.94 0.27 0.50 0.59 64.5% 76.3% 1.88 1.59 
16 550 100 0.125 10 4.5 40 30 80 34.43 17.3 17.1 50.2% 1.33 0.47 0.50 0.90 9.3% 74.1% 2.66 1.47 
17 550 100 0.125 12.5 4.5 40 30 80 22.31 9.6 12.7 43.0% 3.02 0.39 0.50 1.52 25.3% 85.4% 6.05 1.99 
18 550 200 0.125 12.5 4.5 40 30 80 53.38 36.9 16.5 69.1% 1.24 0.01 0.50 0.86 98.8% 99.6% 2.48 1.44 
19 550 50 0.125 12.5 4.5 40 30 80 29.55 4.1 25.5 13.7% 3.10 0.45 0.50 0.81 11.7% 52.3% 6.20 3.81 
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Table A.4: Pilot scale continuous Jig Flotation batch tests. 

JM
# 

d80 

Freq [spm
] 

Stroke [in] 

D
iffuser Air [lm

p] 

PAX [g/ton] 

D
iesel [g/ton] 

PPG
 400 [ppm

] 

Tim
e [m

in] 

Feed m
ass [g] 

C
on m

ass [g] 

Tails M
ass [g] 

Yield 

C
on G

rade 

Tails G
rade 

Feed G
rade 

(C
alculated 

Recovery 
(C

alculated 
Feed) 

U
pgrade Ratio 

(C
alculated 

Feed) 

Tails W
ater [m

L] 

C
ons W

ater [m
L] 

W
ater recovery 

28 

325 250 0.125 8 20 20 100 0.25 1375.91 4.04   2.49%        
325 250 0.125 8 20 20 100 0.75  10.02   3.55%        
325 250 0.125 8 20 20 100 1.5  13.16   0.96%        
325 250 0.125 8 20 20 100 3  9.66   4.16%        
325 250 0.125 8 20 20 100 5  30.83   1.28%        
325 250 0.125 8 20 20 100 7  5.76   2.58%        
325 250 0.125 8 20 20 100 10.5  62.09 1240.35  1.44% 0.30%       
325 250 0.125     0.25 1375.91 4.04 1371.87 0.29% 2.49% 0.44% 0.44% 1.65% 5.61    
325 250 0.125     0.75 1375.91 14.06 1361.85 1.02% 3.24% 0.42% 0.44% 7.46% 7.30    
325 250 0.125     1.5 1375.91 27.22 1348.69 1.98% 2.14% 0.41% 0.44% 9.53% 4.82    
325 250 0.125     3 1375.91 36.88 1339.03 2.68% 2.67% 0.38% 0.44% 16.11% 6.01    
325 250 0.125     5 1375.91 67.71 1308.2 4.92% 2.04% 0.36% 0.44% 22.58% 4.59    
325 250 0.125     7 1375.91 73.47 1302.44 5.34% 2.08% 0.35% 0.44% 25.01% 4.68    
325 250 0.125     10.5 1375.91 135.56 1240.35 9.85% 1.79% 0.30% 0.44% 39.60% 4.02    

29 

 250 0.125 8 40 30    33.6   0.47%        

 250 0.125 8 40 30    74.37   0.61%        

 250 0.125 8 40 30    58.96   0.37%        

 250 0.125 8 40 30    106.54   0.58%        

 250 0.125 8 40 30    106.3   0.79% 0.21%       

 250 0.125     0.25 649.97 33.6 616.37 5.17% 0.47% 0.44% 0.44% 5.55% 1.07    

 250 0.125     0.75 649.97 107.97 542 16.61% 0.57% 0.41% 0.44% 21.46% 1.29    

 250 0.125     1.5 649.97 166.93 483.04 25.68% 0.50% 0.42% 0.44% 29.07% 1.13    

 250 0.125     3 649.97 273.47 376.5 42.07% 0.53% 0.37% 0.44% 50.79% 1.21    

       5.5 649.97 379.77 270.2 58.43% 0.60% 0.21% 0.44% 79.95% 1.37    
30 300 250 0.125 10 40 30 60 3 49.84 17.33 32.51 34.77% 1.87% 0.18% 0.76% 84.97% 2.44 3991 1436 26.46% 
31 300 300 0.125 5 40 30 60 3 54.59 1.2 53.39 2.20% 5.11% 0.30% 0.41% 27.61% 12.56 4500 271 5.68% 
32 300 300 0.375 10 40 30 60 3 140.33 62.39 77.94 44.46% 1.21% 0.14% 0.62% 87.07% 1.96 3433 2159 38.60% 
33 300 200 0.125 10 40 30 60 3 66.15 16.91 49.24 25.56% 2.65% 0.27% 0.88% 77.05% 3.01 4743 1110 18.96% 



i 

34 300 300 0.5 10 40 30 60 3 92.49 39.12 53.37 42.30% 1.45% 0.17% 0.71% 86.21% 2.04 3837 2107 35.45% 
35 300 300 0.125 8 40 30 60 3 75.99 19.02 56.97 25.03% 2.39% 0.24% 0.78% 76.55% 3.06 4610 1262 21.49% 
36 300 300 0.125 12 40 30 60 3 83.66 37.9 45.76 45.30% 1.57% 0.31% 0.88% 80.59% 1.78 3865 2043 34.57% 
37 300 100 0.125 10 40 30 60 3 102.63 44.43 58.2 43.29% 0.53% 0.43% 0.47% 48.55% 1.12 3155 2852 47.48% 
38 300 300 0.125 10 40 30 60 3 87.99 15.88 72.11 18.05% 2.18% 0.34% 0.67% 58.78% 3.26 4271 1240 22.50% 
39 300 300 0.25 10 40 30 60 3 116.23 24.8 91.43 21.34% 1.50% 0.22% 0.50% 64.57% 3.03 3441 2428 41.37% 
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Apendix B: TLF Data 
Table B.1: TLF pilot plant raw data. 

Notes 

Ash Ash Mineral Carbon (%) Carbon (Mineral Ash) (%) M
oisture (%

) 

Yield  
(%

) 

Com
bustible 

Recovery (%
) 

O
rganic Recovery 

(%
) Feed 

Product 

Refuse 

Feed 

Product 

Refuse 

Feed 

Product 

Refuse 

Feed 

Product 

Refuse 
With Phase 
separator U

CC TU
F 

56.10 2.52 71.02 60.03 2.70 75.99 43.90 97.48 28.98 39.97 97.30 24.01 1.3 21.78 48.4% 53.0% 

56.10 6.10 80.88 60.03 6.53 86.54 43.90 93.90 19.12 39.97 93.47 13.46 1.6 33.14 70.9% 77.5% 

56.10 0.63 62.48 60.03 0.67 66.85 43.90 99.37 37.52 39.97 99.33 33.15 0.4 10.32 23.3% 25.6% 

Without Phase 
separator 

56.10 3.37 89.57 60.03 3.61 95.84 43.90 96.63 10.43 39.97 96.39 4.16 4.05 38.83 85.5% 93.6% 

56.10 2.76 85.53 60.03 2.95 91.52 43.90 97.24 14.47 39.97 97.05 8.48 2.5 35.56 78.8% 86.3% 

56.10 2.60 76.00 60.03 2.78 81.32 43.90 97.40 24.00 39.97 97.22 18.68 1.02 27.11 60.2% 65.9% 
 

Itm
ann TU

F 

49.41 1.10 91.51 52.87 1.18 97.92 50.59 98.90 8.49 47.13 98.82 2.08 3.1 46.57 91.0% 97.6% 
 49.41 5.68 83.20 52.87 6.08 89.02 50.59 94.32 16.80 47.13 93.92 10.98 3.1 43.59 81.3% 86.9% 

Phase Separator 
Installed 

48.31 3.89 88.02 51.69 4.16 94.18 51.69 96.11 11.98 48.31 95.84 5.82 1.07 47.20 87.8% 93.6% 

 48.31 3.64 83.92 51.69 3.89 89.79 51.69 96.36 16.08 48.31 96.11 10.21 1.7 44.36 82.7% 88.2% 
 48.31 3.89 85.36 51.69 4.16 91.34 51.69 96.11 14.64 48.31 95.84 8.66 1.13 45.48 84.6% 90.2% 
 48.31 2.98 87.11 51.69 3.19 93.21 51.69 97.02 12.89 48.31 96.81 6.79 1.49 46.12 86.6% 92.4% 
 48.31 5.28 84.62 51.69 5.65 90.54 51.69 94.72 15.38 48.31 94.35 9.46 1.93 45.77 83.9% 89.4% 
 47.40 4.96 88.60 50.72 5.31 94.80 52.60 95.04 11.40 49.28 94.69 5.20 11 49.26 89.0% 94.6% 

 47.40 10.06 88.60 50.72 10.76 94.80 52.60 89.94 11.40 49.28 89.24 5.20 1.27 52.46 89.7% 95.0% 

 
47.40 8.13 88.63 50.72 8.70 94.83 52.60 91.87 11.37 49.28 91.30 5.17 1.92 51.22 89.5% 94.9% 

47.40 11.97 90.92 50.72 12.81 97.28 52.60 88.03 9.08 49.28 87.19 2.72 2.11 55.12 92.3% 97.5% 

 47.40 4.97 91.71 50.72 5.32 98.13 52.60 95.03 8.29 49.28 94.68 1.87 - 51.08 92.3% 98.1% 

0.2GPM solvent 
0.4 GPM feed 47.40 3.73 93.73 50.72 3.99 100.29 52.60 96.27 6.27 49.28 96.01 -0.29 1.65 51.48 94.2% 

100.3
% 



k 

 

W
ellm

ore #8 

58.87 6.73 88.92 62.99 7.20 95.14 41.13 93.27 11.08 37.01 92.80 4.86 - 36.56 82.9% 91.7% 

High Throughput 
25% solids 

58.87 3.16 78.10 62.99 3.38 83.57 41.13 96.84 21.90 37.01 96.62 16.43 - 25.66 60.4% 67.0% 

% solids  

4.12 58.87 6.72 78.96 62.99 7.19 84.49 41.13 93.28 21.04 37.01 92.81 15.51 - 27.81 63.1% 69.7% 

7.03 58.87 2.44 78.74 62.99 2.61 84.25 41.13 97.56 21.26 37.01 97.39 15.75 - 26.04 61.8% 68.5% 

9.31 58.87 4.55 71.33 62.99 4.87 76.32 41.13 95.45 28.67 37.01 95.13 23.68 - 18.65 43.3% 48.0% 

12.31 58.87 12.33 68.27 62.99 13.19 73.05 41.13 87.67 31.73 37.01 86.81 26.95 - 16.80 35.8% 39.4% 

24.33 58.87 4.15 68.80 62.99 4.44 73.62 41.13 95.85 31.20 37.01 95.56 26.38 - 15.36 35.8% 39.7% 

25.35 58.87 4.59 82.59 62.99 4.91 88.37 41.13 95.41 17.41 37.01 95.09 11.63 - 30.41 70.5% 78.1% 

16.85 58.87 7.04 74.44 62.99 7.53 79.65 41.13 92.96 25.56 37.01 92.47 20.35 - 23.10 52.2% 57.7% 

11.45 58.87 16.60 74.49 62.99 17.76 79.70 41.13 83.40 25.51 37.01 82.24 20.30 - 26.98 54.7% 60.0% 

9.5 58.87 11.08 75.40 62.99 11.86 80.68 41.13 88.92 24.60 37.01 88.14 19.32 - 25.70 55.6% 61.2% 

With 
microbubbles 

58.87 2.39 66.64 62.99 2.56 71.30 41.13 97.61 33.36 37.01 97.44 28.70 - 12.09 28.7% 31.8% 

  58.87 2.41 76.24 62.99 2.58 81.58 41.13 97.59 23.76 37.01 97.42 18.42 - 23.52 55.8% 61.9% 

 

 


