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Abstract 

Copper (Cu) is one of the most important metals required to meet the world’s growing 

energy production, storage, and transportation needs. Porphyry copper deposits (PCDs) 

make up a large portion of the world’s economic copper resources. Porphyry copper 

deposits contain hundreds of millions of tons of ore averaging only a fraction of 0.44% 

copper. Although PCDs are low-grade, they are important because they can be mined at a 

low cost on a large scale.  

Flotation is a common mineral processing method used to produce copper concentrates 

from copper sulfide ores. In this method, copper sulfide minerals are concentrated in the 

froth while associated gangue minerals are separated as tailings. However, some amount 

of copper is lost to tailings during the processing; therefore, tailings can be considered 

secondary resources or future deposits of copper.  

The particle sizes of copper sulfide minerals present in tailings are typically very fine 

because of the adoption of the regrinding process before cleaner flotation for improving 

the degree of liberation. Ultrafine particles are least likely to collide with air bubbles in 

the flotation cell, resulting in the lowering of their recovery by conventional flotation 

techniques. Therefore, the development of flotation methods able to recover fine particles 

effectively is necessary for processing tailings. In this regard, this study investigated an 

innovative method called carrier flotation using coarse chalcopyrite and pyrite as carriers 

for improving the recovery of finely ground chalcopyrite particles.  

Chapter 1 describes the statement of the problem and the objectives of this study.  

Chapter 2 reviews the comparison of different techniques to recover copper sulfides from 

flotation tailings, including column flotation, microbubble flotation, nanobubble flotation, 

polymer flocculation, shear flocculation, oil agglomeration, and carrier flotation. 

In Chapter 3, the effects of coarse chalcopyrite particles as a carrier on flotation behavior 

of fine chalcopyrite were investigated by the flotation experiments using fine chalcopyrite 

(particle size D50 = 2.3 µm) with a varied amount of carrier particles of different sizes (–

75 + 38 µm and –106 + 75 µm) using an agitated flotation cell. The addition of carrier 

particles improved the recovery of ultrafine particles into the froth from around 25% 

(without carrier) to around 80% (with 20 g of carrier, –75+38 µm size). Recovery of fine 

particles was higher with smaller carrier size (–75+38 µm) compared with larger carrier 

size (–106+75 µm), though the difference was not significant. 
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In Chapter 4, the effects of pyrite as a carrier for recovering finely ground chalcopyrite 

particles were investigated. Flotation experiments for finely ground chalcopyrite (D50 = 3 

µm) were conducted with and without coarse pyrite (–125+106 µm) using potassium 

amyl xanthate as a collector. The results showed that untreated pyrite did not act as an 

effective carrier and that the amount of fine chalcopyrite attached to pyrite was not 

significant; furthermore, Cu recovery into froth was around 65% both with and without 

pyrite. When pyrite was pre-treated with a CuSO4 solution, its carrier ability improved 

owing to a significant amount of fine chalcopyrite becoming attached to the Cu2+-activated 

pyrite particles and being recovered with pyrite into the froth (Cu recovery, >90 %).  

In Chapter 5, a method to separate finely ground chalcopyrite particles from coarse pyrite 

particles was investigated. Results showed that at pH ∼2, the collector adsorbed onto 

chalcopyrite/pyrite surfaces could be dissolved, and thus around 90% of fine chalcopyrite 

was detached from coarse pyrite particles.  

In Chapter 6, a summary of this dissertation’s findings and implications were provided. 
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CHAPTER 1: General Introduction 

1.1 Background 

Copper is commonly present in the earth’s crust as copper–iron–sulfide, and copper 

sulfide minerals, such as chalcopyrite (CuFeS2) and chalcocite (Cu2S). The concentration 

of these minerals in an ore body is low. Typical copper ores contain from 0.5% Cu (open 

pit mines) to 1 or 2% Cu (underground mines). Pure copper metal is mostly produced 

from these ores by concentration, smelting, and refining. The copper concentrates from 

sulfide ores are usually produced by flotation and then processed by pyrometallurgical or 

hydrometallurgical methods to extract the copper as illustrated in Fig. 1-1 (de Lima et al., 

2011, Tabelin et al., 2021, Park et al., 2020). Copper also occurs to a lesser extent in 

oxidized minerals (carbonates, oxides, hydroxy–silicates, sulfates). Copper metal is 

usually produced from these minerals by leaching, solvent extraction, and electrowinning 

(Schlesinger et al., 2011).  

 
Fig. 1-1. Main processes for extracting copper from sulfide and oxide ores. 

 

1.2 Problem Statement 

Flotation is a common method used for the separation of sulfide minerals. Copper sulfides 

are the main source of copper and flotation is often used to concentrate it from its ores 

and remove most of the associated gangue minerals before extraction processes (e.g., 

smelting). Before flotation, the ore is ground to liberate minerals from gangue, which 

often results in excessive grinding thus producing fine particles. An increase in the 

percentage of fine particles (<10um) gives poor recovery in flotation (Leistner et al., 2017, 

De F. Gontijo et al., 2007). During the flotation process, a significant amount of fine 

chalcopyrite particles is lost in tailings. A major reason for the low recovery in flotation is 
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the low probability of collision between the bubble and fine particles. In mechanical 

flotation cells, the collision between fine particles and the rising bubbles becomes poor 

because of the small mass and low momentum of fine particles (Trahar, 1981). According 

to reports, copper mines lose about 10%–20% of copper in tailings (Chen et al., 2014). 

These tailings may be regarded as secondary deposits of copper, subjected to the 

development of an effective flotation method for recovering fine copper sulfide particles.  

Many flotation methods have been developed to enhance particle–bubble collision 

efficiency and improve fine particle recovery either by increasing particle size or 

decreasing bubble size (Leistner et al., 2017, Tabosa and Rubio, 2010). The particle size 

of the targeted mineral is increased using shear flocculation, oil agglomeration, or carrier 

flotation technique (Leistner et al., 2016).  

The Carrier flotation technique has been used to recover fine coal particles, however, in 

the case of copper sulfides, no study reports the use of carrier flotation and mechanism to 

recover fine copper sulfides. 

1.3 Thesis objectives 

The objective of this study is to develop a carrier flotation method to improve fine copper 

sulfides recovery, which can be used to recover fine copper sulfides efficiently from 

flotation tailings in the future. 

1.4 Thesis outline 

There are six chapters in this dissertation. The contents of each chapter are outlined 

below. 

Chapter 1 gives a general background of copper processing methods, the problem 

statement, and the objective of this study. 

Chapter 2 gives a detailed review of the tailing loss mechanism, the challenges, and the 

prospects of different flotation methods to recover copper sulfides from tailings. 

Chapter 3 investigates the effects of coarse chalcopyrite particles as a carrier for 

improving the flotation recovery of finely ground chalcopyrite particles. 

Chapter 4 investigates the use of pyrite as a carrier for recovering finely ground 

chalcopyrite particles. 

Chapter 5 investigates the detachment of coarse Cu2+–activated pyrite and finely ground 

chalcopyrite particles after flotation.  

In chapter 6, the dissertation is summarized, and a general conclusion is presented along 

with proposals for future research. 
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CHAPTER 2: Literature Review 

2.1 Introduction 

Copper (Cu), the second most-produced non-ferrous metal after aluminum, has been 

widely used for various applications due to its unique properties such as excellent 

electrical/thermal conductivities, high corrosion resistance, and outstanding 

malleability/ductility (Schlesinger et al., 2011b, Tran et al., 2019), and the demand for Cu 

is projected to be continuously increased because it is considered one of 17 

materials/metals identified as critical materials/metals for realizing a low-carbon future 

(Tabelin et al., 2021, Kirsten Hund, 2020). Low-carbon technologies require more Cu than 

conventional fossil-fuel-based technologies; for example, a typical 3 MW wind turbine 

requires 4.7 t of Cu, photovoltaic (PV) cells need ~1% Cu, and electric vehicles (EVs) use 

1.7–11 times more Cu than conventional cars (Tabelin et al., 2021, Park, 2022, Park et al., 

2021b, Kirsten Hund, 2020, 2017). Thus, the establishment of a robust and sustainable 

supply chain of Cu is an important issue for humanity. 

Copper sulfides are the primary source of metallic copper, which makes up 80% of copper 

resources (Schlesinger et al., 2011a). The major copper sulfide ores include chalcopyrite 

(CuFeS2), bornite (Cu5FeS4), covellite (CuS), and chalcocite (Cu2S). The copper 

concentrates from sulfide ores are usually produced by flotation and then processed by 

pyrometallurgical or hydrometallurgical methods to extract the copper (de Lima et al., 

2011, Tabelin et al., 2021, Park et al., 2020b).  

Froth flotation is widely used to separate sulfide minerals from gangue minerals such as 

quartz (SiO2), based on the surface properties of minerals. The principle of the flotation 

process is illustrated in Fig. 2-1. In flotation, ground ore particles are suspended in water 

in the flotation cell and conditioned with various reagents (e.g., collector, frother, 

activator, depressant, and pH adjustor) to control the hydrophobicities of target and 

gangue minerals (Park et al., 2020a, Park et al., 2021a, Aikawa et al., 2021, Bulatovic, 

2007). Afterward, air bubbles are induced into the pulp (mineral/water suspension), and 

hydrophobic copper mineral particles are attached to the bubble surface and recovered 

into the froth layer as a copper concentrate (Yuan et al., 1996, Sripriya et al., 2003). 

Hydrophilic gangue minerals such as quartz are not attached to air bubbles and remain in 

the pulp as a by-product called tailings.  
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Fig. 2-1. Flotation mechanism. 

 

In the actual flotation process, however, a significant quantity of copper sulfide particles 

is lost in tailings, which are disposed of in the tailings storage facilities (TSFs). Since the 

conventional copper ores have been getting depleted, copper tailings are gaining 

increasing attention as potential resources. For example, the amount of copper in TSFs is 

estimated to be the magnitude of 0.13 Gt, equivalent to ~15% of the current geogenic Cu 

reserves (Suppes and Heuss-Aßbichler, 2021, Kapur and Graedel, 2006, Ober, 2018). The 

recovery of copper sulfides from TSFs will not only add economic value but also protect 

the environment because the oxidation of copper sulfides causes the formation of acid 

mine drainage (AMD) that contaminates surrounding ecosystems (Park et al., 2019). In 

this chapter, the mechanism of the tailing loss during the flotation process is discussed 

and developed methods to recover copper from tailings are reviewed. 

2.2 Tailing loss 

2.2.1 Tailing amount 

Tailings from the flotation process account for ~98% of total ore fed to the concentrator 

and are usually stored in large tailings dams near the mine (Schlesinger et al., 2011c). 

Flotation tailings are termed the rejected product of the flotation process, and according 

to the reported literature data, 90−95% of plant tailings are produced from the flotation 

process (Han et al., 2018, Antonijević et al., 2008, Hansen et al., 2005). Flotation tailings 

mainly contain gangue minerals, while a significant amount of valuable copper sulfide 

particles is also contained. As shown in Table 2-1, it has been reported that around 

10−20% of copper in the ore is lost in the tailings. The copper grade in the tailings is 

0.04−0.2%, and this is very low in comparison with standard copper ores containing over 

0.5% of copper. Because of this, low-grade tailings are not considered an economically 
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valuable copper source at present, however, when copper demand increases and methods 

to recover copper from tailings are developed, tailings can be considered as a secondary 

deposit or future resource of copper. 

Table 2-1. Industrial flotation data from copper concentrators, 2010 (Schlesinger et al., 2011c). 

Concentrator Ore 
treated, 
tonnes/ 
year 

Concentrate, 
tonnes/ year 

Cu recovery 
to 
concentrate, 
% 

Cu loss to 
tailings, 
% 

Tailings 
grade, %Cu 

El Soldado, 
Chile 

7,700,00
0 
(2010) 

67,000 - - 0.18 

Los Bronces, 
Chile 

20,500,0
00 
(2010) 

676,000 - - 0.133 

Africa (open 
Pit) 

4,000,00
0 

35,000 80 20 0.018 

Africa (under 
Ground) 

900,000 21,000 85 15 0.04 

Mantos 
Blancos 
Chile (open 
pit) 

4,500,00
0 

125,000 89 11 0.12 

Cerro Verde, 
Peru 

39,000,0
00 

750,000 88 12 0.075 

Sierrita, 
U.S.A. 

37,000,0
00 

325,000 84.3 15.7 0.041 

Ray, U.S.A. 10,000,0
00 

150,000 90 10 0.035 

 

2.2.2 Mechanism 

The main part of copper mineral processing is generally composed of two steps: (i) 

comminution to liberate valuable copper minerals from non-valuable gangue minerals, 

and (ii) flotation to separate copper minerals from gangue minerals. After flotation, 

copper concentrates are sent to the smelter for the production of highly purified copper 

cathodes (>99.99% Cu), while tailings are disposed of in tailing dams near mine sites. 

In an ideal mineral processing of copper ores, all copper mineral grains must be liberated 

from gangue minerals before separation in the comminution step (crushing and grinding). 

In an actual comminution step, perfect liberation is difficult, because the step consumes a 

lot of energy and generates excessively fine particles, which cannot be recovered in the 

separation step (Bagster and McIlvenny, 1985). Because of these reasons, as shown in Fig. 
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2-2, actual ground ores are a mixture of liberated (fine) copper minerals and gangue 

grains, and unliberated (coarse) copper minerals locked with gangue minerals.  

 
Fig. 2-2. Illustration of an ore fragment (mineralization in dark red) and the products of comminution: (1) 
highly liberated particle, (2) poor liberation or gangue-rich particle, (3) and (4) moderately liberated particles 
(middlings), (5) liberated fine mineral. 

 

In the separation process, the behavior of unliberated grains depends on the copper 

mineral portion in the grain; that is, when the copper portion is large, an unliberated 

particle may act as a (liberated) copper mineral, while when the copper portion is small, 

it may behave as gangue mineral. Because of this, a part of copper minerals in unliberated 

grains is lost into tailings together with gangue minerals. This is one of the reasons 

(mechanisms) for copper loss in the tailings. 

Another case of copper loss occurs even for fine liberated particles during separation 

using flotation. In flotation, mineral particles suspended in water collide and attach to air 

bubbles induced into the flotation cell, then they are floated to the surface of the water as 

a froth product. The flotation efficiency of mineral particles depends on particle size. 

Research on the relationship between particle size and floatability began in the early 

1930s in work presented by Gaudin et al. (1931) (Mankosa et al., 2016), which showed 

that coarse and fine particles are more difficult to recover than intermediate size particles. 

In the case of chalcopyrite flotation, it has been reported that copper recovery to the froth 

was around 95% at particle size between 10−150 µm, while the recoveries were 

decreased to 50% when particle size decreased from 20 μm to 3 μm (Shergold, 1984, De 

F. Gontijo et al., 2007). The flotation process is more efficient in the particle size range of 

approximately 10−100 µm (Trahar, 1981, Jameson, 2012, Schubert, 2008), and it is 

usually poor with an increased percentage of ultrafine particles (−10 µm) in the system 

(Trahar and Warren, 1976, Sivamohan, 1990, Leistner et al., 2016). The majority of 

copper lost into flotation tailings at operating concentration plants occur in particle sizes 

smaller than 20 μm and larger than 105 μm. In general, liberating particles or increasing 

mineral surface area, can be increased by decreasing particle size (Asghari et al., 2019). 

In flotation, a particle’s lower size limit varies for different minerals (Trahar and Warren, 

Ore Fragment

1 2 3 4 5 6
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1976), besides, some studies reported good recovery of ultrafine particles (Trahar, 1981, 

Leistner et al., 2017). Michael et al. (Mankosa et al., 2016) reported the effects of particle 

size on the distribution of copper to froth and tailings during conventional flotation. 

Recoveries of copper to froth were maximum at particle size between 30 and 150 m, and 

there is a distinct drop in the recovery outside of this range, resulting in a loss of ultrafine 

and coarse particles into tailings (Fig. 2-3). It is evident from Fig. 2-3 that a substantial 

amount of valuable minerals is contained in the tailings in both the finest and coarsest 

fractions. The reason for the dependence of flotation efficiency on particle size can be 

described as below. 

 
Fig. 2-3. Conventional flotation data for industrial sulfide flotation circuits (Mankosa et al., 2018). 

 

In flotation, air bubbles are injected into mineral particle/water suspension, which rises 

by buoyancy and collides with suspended mineral particles. If the particle is hydrophobic, 

it is stably attached to the air bubble and is not detached from the bubble. This captured 

particle is then floated with air bubbles and recovered as a froth product. 

Fig. 2-4 illustrates the process of particles captured with a rising air bubble. The 

probability of particles (𝑃) captured by bubbles during the flotation process in the cell 

can be expressed as follows (Sivamohan, 1990, Yoon, 2000): 

 

𝑃 =  𝑃𝑐 ✕ 𝑃𝑎✕(1 − 𝑃𝑑 ), 2.1 
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where 𝑃𝑐 , 𝑃𝑎, and 𝑃𝑑  represent the probabilities of collision, attachment, and detachment, 

respectively. The collision between fine particles and the rising bubbles, in mechanical 

flotation cells, becomes poor because of the smaller mass and low momentum of fine 

particles (Trahar, 1981, Hornn et al., 2020b, Hornn et al., 2020c, Hornn et al., 2020d); fine 

particles follow fluid streamlines around the bubble. 

Collision efficiency is linked with the size ratio of the mineral particle and air bubble Eq. 

(2.2). 

𝑃𝑐 = 𝐴 (
𝐷𝑝

𝐷𝑏
)

𝑛
,  2.2 

where, 𝐷𝑝 and 𝐷𝑏 represent the diameters of particle and bubble, respectively; and 𝐴 and 

𝑛 are empirical flow regime constants. 

Attachment probability (𝑃𝑎) and detachment probability (𝑃𝑑) are mainly a function of the 

particle surface properties. For hydrophobic minerals like chalcopyrite, the values of 𝑃𝑎 

and 𝑃𝑑  could be assumed as 1 and 0, respectively. In this case, 𝑃 is mainly dependent on 

𝑃𝑐 . Based on Eq. (2.2), the collision probability (𝑃𝑐) is directly proportional to the particle 

to bubble diameters ratio. With a significant decrease in the diameter of particles 

(𝐷𝑝<<𝐷𝑏) the collision probability is substantially decreased, which explains the very low 

recovery rates of fine particles. For excessively coarse particles, collision probability (𝑃𝑐) 

is high; however, attached particles are easily detached from the air bubble by turbulent 

flow, i.e., 𝑃𝑑  is high (Nguyen-Van, 1994, Tortorelli et al., 1997, Nguyen and Schulze, 2003). 

This is because of the relatively small specific surface area of coarse particles, which 

reduces particle-bubble attachment strength. This is one of the reasons for the low 

flotation recovery of coarse particles into the froth. 

As discussed above, there are two major reasons for tailing loss of copper in the flotation 

process: (i) tailing loss of ultrafine particles due to the excessively low collision efficiency 

between particle and air bubble in flotation cells, and (ii) coarse unliberated copper 

minerals associated with gangue minerals, which are easily detached from an air bubble 

in flotation. 

For recovering copper from tailings, regrinding is needed to liberate copper minerals 

from locked grains. As a result, liberated but fine copper mineral particles are formed. 

This necessitates the development of flotation techniques to recover fine copper mineral 

particles from tailings. Numerous flotation methods have been developed to enhance 
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particle-bubble collision efficiency and improve fine particles recovery either by 

increasing the particle size or decreasing the bubble size (Leistner et al., 2017, Tabosa and 

Rubio, 2010). In this review paper, these techniques are reviewed concerning their 

applications on tailings, which contain mostly fine mineral particles. 

 
Fig. 2-4. Schematic representation of particle-bubble collision, attachment, and detachment. The thick lines 
represent particle trajectories whilst the thin lines represent the fluid streamlines (reprinted with permission 
from (Miettinen et al., 2010), copyright (2022) Elsevier). 

 

2.3 Methods for copper recovery from tailings  

2.3.1 Decreasing bubble size approach 

2.3.1.1 Column flotation 

Flotation circuits use multiple flotation cells in series to recover the maximum amount of 

desired minerals. Circuits consist of a set of cells called rougher, cleaner, and scavenger 

as illustrated in Fig. 2-5. Rougher flotation cells are usually mechanical-type and appear 

first in the circuit, to increase the recovery of the valuable minerals. To minimize valuable 

minerals loss from final tailings, tailings from rougher cells are fed to scavenger cells, and 

the froth from the rougher cells is reground to liberate the middlings. This product is then 

fed to the cleaner cells. For cleaner flotation, column-type flotation cells are frequently 

used that produce smaller bubbles than mechanical flotation units (Finch, 1995, 
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Rodrigues and Rubio, 2007). By using smaller bubbles, the collision efficiency of particles 

and bubbles increases, causing a higher copper recovery for fines in column flotation. 

 
Fig. 2-5. A simplified flotation circuit. 

 

The size of the air bubble in the column flotation cell depends strongly on the bubble 

generator/sparger. Different types of bubble generators/spargers are used in column 

flotation. Depending on the technique used to create the bubbles, there are three types of 

spargers. In one type, the air is pumped into a porous material, such as rubber or cloth, to 

produce bubbles. However, such spargers have durability issues (wear and tear), pore 

blockage by particles, and difficulties in consistently maintaining optimal bubble size. In 

the jetting type, air and water are forced through a small circular opening at high pressure 

(Finch, 1995, Fuerstenau et al., 2007). Lastly, the sparger type utilizes the shearing motion 

of a slurry-air mixture to generate fine bubbles after passing through a specially designed 

tube (Fuerstenau et al., 2007).  

An in-line mixer bubble generator produced relatively large bubbles up to a diameter of 

0.35 mm, according to laboratory studies (Patil et al., 2001). In a comparison of MicrocelTM 

and jet-type spargers, it was found that the former produced smaller bubbles, thereby 

increasing the recovery (Pyecha et al., 2006). However, the mean diameter of bubbles 

produced by these two types of spargers (1−3 mm) is still relatively large. Considering 

this, according to Eq. (2.2), for particles having a size <10 µm, the ideal bubble size is <150 

µm. 
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2.3.1.2 Microbubble flotation 

As already discussed in the above section, one of the possible ways to overcome the 

difficulties associated with fine-particle flotation is to reduce bubble size to a few 

micrometers. Microbubbles are defined as air bubbles with a diameter range of 1−100 µm 

(Vothy, 2020, Terasaka, 2014). To generate microbubbles several techniques are used, 

and these techniques are listed in Table 2-2. Due to microbubble stability problems in 

agitated flotation cells, microbubble flotation is primarily carried out in column-type 

flotation cells (Yoon, 1993). Laboratory experiments were performed using this 

technique to recover copper, zinc, and lead from a complex sulfide ore of <5 µm size 

(Vothy, 2020, Kusaka, 2014).  

Even though microbubble flotation is promising, it has several drawbacks (Miettinen et 

al., 2010). When the bubbles are too small (<200 µm), their collision efficiency with fine 

particles is high, however, they will float too slowly due to their low buoyancy. On the 

other hand, if bubbles are large (>500 µm), they will float fast, however, they have low 

collision efficiency with fine particles (Farrokhpay et al., 2020). Due to the slow speed of 

the microbubbles rising with attached mineral particles, longer residence times are 

required in the flotation circuit. Furthermore, the microbubbles cause a higher water 

recovery, thereby increasing gangue mineral entrainment, which reduces the selectivity 

(Trahar and Warren, 1976, Liu and Wannas, 2004). 

Table 2-2. Studies on the use of microbubbles in flotation. 

Name Minerals studied Process/effects References 
Electro-
flotation 

Chalcopyrite (<20 µm) Bubble generation 
by electrolysis. 

(Bhaskar 
Raju and 
Khangaonkar, 
1982) 

Improved recovery 
by electrolytic 
oxygen. 

Charged 
microbubble/ 
colloid gas 
aphrons (CGAs) 
microbubble 

CuO and SiO2 (<10 µm) The grade of CuO 
improved from 59 
% to 82%. 

(Waters et al., 
2008) 

Recovery of CuO 
improved from 
58% to 77%. 

Microbubble 
flotation 

Pyrite (FeS2), chalcopyrite 
(CuFeS2),  galena (PbS), and 
sphalerite (ZnS) 

Microbubble 
flotation of 
ultrafine sulfide 
minerals. 

(Kusaka, 
2014) 

Microbubble 
flotation 

Galena (PbS) and sphalerite 
(ZnS) 

Collector-less 
microbubble 
flotation using 
sodium 
hydrosulfide. 

(Murao, 2014) 
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Nano-
microbubble 

Chalcopyrite fines 
(14−38 µm) 
Ultrafine particles (5−14 
µm) 
 

Bubble size (D90 = 
100 µm) generated 
by hydrodynamic 
cavitation 
 

(Ahmadi et 
al., 2014) 

Improved recovery 
of fine and 
ultrafine particles 
(16−21%) 

 

2.3.1.3 Nanobubbles flotation 

Flotation of fine particles can be enhanced by nanobubbles. Parker et al. were the first to 

propose nanobubbles to improve the flotation of fines (Parker et al., 1994). Nanobubbles 

(NBs), also called ultrafine bubbles, are gas cavities having a diameter of <1 µm (Uchida 

et al., 2011, Zimmerman et al., 2011, Wang et al., 2019). As shown in Fig. 2-6, Nanobubbles 

are adsorbed on fine mineral particles when they are pre-treated with them, they form 

nanobubble−particle aggregates; thus, increasing the apparent particle size and 

improving collision efficiency (Calgaroto et al., 2015, Azevedo et al., 2016, Zhou et al., 

2020). In addition to enhancing the fine particle hydrophobicity and forming aggregates, 

NBs also act as secondary collectors (Fan et al., 2010a, Han et al., 2020, Atluri et al., 2019). 

NBs are produced by different methods such as cavitation, gas oversaturation, and 

membrane module (Li and Zhang, 2022). Studies have shown that nanobubbles can 

significantly boost process efficiency by enhancing coarse bubble attachment onto 

adhered NBs and by aggregating the problematic fine particles (Sobhy and Tao, 2013, 

Calgaroto et al., 2015, Fan et al., 2010a, Fan et al., 2010b, Ahmadi et al., 2014). The NBs 

are considered to have significant potential in mineral processing due to the better 

recovery of ultrafine particles (Azevedo et al., 2019).  

Flotation kinetics and recovery are reportedly higher for a fine fraction (−38 µm), while 

the grade and selectivity index tend to be higher for coarse size fraction (−150 µm) 

(Chipakwe et al., 2021b). With surfactants (collector and frother), nanobubbles may cause 

a decrease in grade, primarily due to increased entrainment (Chipakwe et al., 2021a, 

Chipakwe et al., 2021b). Nanobubbles should be used in the flotation stages (i.e., rougher, 

or cleaner) where recovery is of primary importance than the grade control. Optimizing 

the hydrodynamic conditions and surfactant types is required to reduce the amount of 

water recovery associated with NBs, which will reduce the entrainment rate (Chipakwe 

et al., 2021a). 
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Fig. 2-6. Schematic mechanism of nanobubble flotation (reprinted with permission from Li et al. (Li and Zhang, 
2022), copyright (2022) Elsevier). 

 

2.3.2 Increasing particle size approaches 

Theoretically and experimentally, it has been observed that the flotation rate elevates 

when the particle size is large (Sutherland, 1948, Trahar and Warren, 1976, Crawford and 

Ralston, 1988, Ralston and Dukhin, 1999, Duan et al., 2003, Pyke et al., 2003). As 

mentioned above, the agglomeration of fine mineral particles can be an effective method 

for improving collision efficiency between mineral particles and air bubbles during 

flotation. The recovery of fines by using this approach has been studied extensively, and 

several techniques have been developed. These techniques mainly include polymer 

flocculation, shear flocculation, oil agglomeration, and carrier flotation. Table 2-3 

provides a brief overview of these techniques, and Fig. 2-7 presents a schematic diagram 

of the governing mechanisms. 

Table 2-3. A brief description of different agglomeration techniques. 

Method Reagents and Material Types of Interaction 
Polymer 
flocculation  

Polymer, surfactant  Hydrophobic, chemical, 
hydroxyl functional 
group, electrostatic 

Shear flocculation  Surfactant  Hydrophobic 
interaction  
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Oil agglomeration  Oil, surfactant  Capillary forces  

Carrier flocculation Surfactant, Carrier material Hetero coagulation, 
Hydrophobic 
interaction 

 

 
Fig. 2-7. Schematic representation of polymer flocculation, shear flocculation, oil agglomeration, and carrier 
flotation. 

 

2.3.2.1 Polymer Flocculation 

In flocculation, organic polymers having a high molecular weight (>1 million) are used to 

form a molecular bridge between particles (Hogg, 2000, Pearse, 2003, Usher et al., 2009). 

A polymer induces flocculation of mineral particles by attaching itself to two or more 

particles consequently bridging the particles. If polymers are adsorbed on a specific 

mineral surface, selective flocculation occurs (Phiri et al., 2019, Wills and Finch, 2016). 

Selective flocculation is usually divided into feed preparation; selective adsorption of 

flocculant (polymers) on specific minerals; floc formation and conditioning. For 

separating flocs from dispersed particles, flotation or sedimentation can be used (Wills 

and Finch, 2016).  

Usually, flocculation is possible with a small amount of flocculant. This is an advantage of 

the flocculation technique, in comparison with other techniques discussed below. 

Selective flocculation is, however, proven a challenging technique (Wills and Finch, 2016). 
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Cellulose-type compounds are typical flocculants and their effects on the flocculation of 

ground chalcopyrite, pyrite, and quartz were investigated using silylated cellulose 

nanofibers (SiCNF) (Zhou et al., 2021). The results showed that all minerals are 

flocculated in the presence of SiCNF, suggesting that cellulose-type compounds cannot be 

used for the selective flocculation of typical copper ores containing chalcopyrite, pyrite, 

and quartz. In another study (Mandre and Panigrahi, 1997), synthesized polymer 

xanthate was used as flocculant before flotation of complex sulfide ores, demonstrating a 

good recovery. However, the grade of the concentrate was very low, indicating that the 

flocculant was non-selective. 

2.3.2.2 Shear Flocculation 

Shear flocculation is a technique to improve flotation kinetics. Mineral particles 

suspended in water have an electrical surface charge, and this causes a repulsive energy 

barrier between the homogeneously charged particles, suppressing their flocculation. In 

shear flocculation, kinetic energy is mechanically imparted to hydrophobic particles to 

make them collide together, in a mechanical mixing tank. High-intensity stirring of 

hydrophobic mineral particles overcomes the energy barrier causing repulsion due to 

homogeneously charged particles (Subrahmanyam and Forssberg, 1990, Bilgen and Wills, 

1991, Patil et al., 2001). Warren initially proposed this technique (Bilgen and Wills, 1991), 

concluding that, subject to provision of sufficient kinetic energy to the system using 

agitation overcomes the energy barrier, forming flocs/aggregates of hydrophobic 

particles. Warren proposed that shear flocculation occurs in three steps: in the turbulent 

movement, the average collision energy is much higher than thermal energy that allows 

colloidal particles to approach each other; the formation of flocs/aggregates is preferred 

with the energy of "hydrophobic bond" in the event of a collision in direct contact between 

hydrophobic particles; likely, the resistance to the thinning and removal of the water 

layers separating the approaching particles is less in the case of hydrophobic particles 

than with colliding hydrophilic particles (Warren, 1975a).  

The flotation of galena or sphalerite having a particle size less than 20 µm after shear 

flocculation has been reported (Song et al., 2001). Over 80% recovery was obtained for 

both galena and sphalerite when shear flocculation was applied. Due to selectivity issues 

and high energy demands, shear flocculation has not been frequently used despite its 

potential. 



17 
 

2.3.2.3 Oil agglomeration 

The oil agglomeration technique was developed in the early ’20s for coal cleaning, 

modified, and improved many times since then (Mehrotra et al., 1983). This technique 

uses oil as a bridging liquid to aggregate minerals (Bensley et al., 1977, Wu et al., 2005, 

Hornn et al., 2020b, Hornn et al., 2020c, Hornn et al., 2020d). Kerosene, vegetable oil, and 

diesel oil are used as bridging liquids for agglomeration to increase apparent particle size 

leading to improved flotation of ultrafine particles (Jiangang et al., 2012). The capillary 

force of the bridging liquid between particles causes an attraction force between particles 

(Mehrotra et al., 1983). The application of this technique has been researched for the 

purification of coal (Mehrotra et al., 1983, Laskowski and Yu, 2000, Gray et al., 2001, Aktaş, 

2002, Alonso et al., 2002, Cebeci and Sönmez, 2002, Cebeci and Sönmez, 2006, Sahinoglu 

and Uslu, 2008), recovery of gold (Moses and Petersen, 2000, Sen et al., 2005), 

molybdenite (Jiangang et al., 2012), and chalcopyrite (Hornn et al., 2020b, Hornn et al., 

2020c, Hornn et al., 2020d).  

Dosage and type of oil, hydrophobicity of minerals, and agitation strength are the key 

parameters for oil agglomeration (Aktaş, 2002, Alonso et al., 1999, Bos and Quast, 2000, 

Slaghuis and Ferreira, 1987, Wheelock et al., 1994). Oil is expensive and required in large 

amounts which need to be reduced to improve economic viability. This is a major 

disadvantage associated with oil agglomeration for industrial-scale operations (Bensley 

et al., 1977).  

To reduce the amount of oil used in the agglomeration, the use of oil-water emulsions has 

been proposed (Bensley et al., 1977). Using emulsifiers decreases oil droplet size and 

increases the surface area (Sahinoglu and Uslu, 2013, van Netten et al., 2014, Zhang et al., 

2021). In a recent study (Hornn et al., 2020a), emulsified oil agglomeration flotation was 

conducted on fine chalcopyrite/quartz mixture by varying different parameters, i.e., 

agitation strength, collector dosage, and amount of oil. Emulsified oil agglomeration 

flotation significantly improved copper (Cu) recovery from around 45% without 

agglomeration to over 80% with agglomeration as well as separation efficiency from 

around 30% without agglomeration to 70% with agglomeration.  

It was observed that strong agitation strength is required to produce a large number of 

oil droplets, which is important to produce a larger agglomerate of mineral particles. 

However, this process consumes a lot of energy, making it expensive, and difficult to 

incorporate into flotation circuits. Later a new method was developed to overcome this 

problem by using emulsified oil stabilized by a surfactant to produce a stable oil-water 
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emulsion that does not require strong agitation strength (Hornn et al., 2020c) and this 

method can be easily integrated into the existing flotation circuits. 

A major problem of oil agglomeration is the amount of oil and high agitation speed. This 

problem can be overcome when emulsified oil is used: small oil droplet becomes stable 

(Gao et al., 2022), and strong agitation is not needed. However, when the number of 

copper minerals becomes smaller, agglomerate size becomes small and the flotation rate 

is low. Therefore, it is difficult to use oil agglomeration for Cu recovery from tailings 

having a very minute amount of copper mineral particles. 

2.3.2.4 Carrier Flotation 

Carrier flotation is a method to improve fine particle recovery in flotation. In this method, 

coarse carrier particles are added to the flotation cell and agitated together with fine 

mineral particles. The fine particles are then attached to the surface of coarse carrier 

particles and floated together.  

The carrier flotation technique was initially developed to remove impurities from kaolin 

clay using coarse limestone as a seed or carrier (Ateşok et al., 2001). Normally, coarse 

particles are present in the ore, so adding extra coarse particles is not desirable in that 

case. If coarse particles are already present, they may act as a seed, introducing extra 

carrier particles may not work then (Ateşok et al., 2001, Warren, 1975b). When fine 

particles are attached to coarse particles (carrier or seed) of the same mineral, the process 

is termed autogenous carrier flotation (Valderrama and Rubio, 1998). Heterogenous 

carrier flotation uses coarse carrier particles different from target fine minerals. 

Autogenous carrier flotation was first carried out on wolframite (Hu et al., 1982) and later 

used for coal (Hu et al., 1988). With heterogeneous carrier flotation, numerous research 

works have been reported. Jorge Rubio and Heinz used polypropylene treated with oleic 

acid as a carrier for different minerals (Rubio and Hoberg, 1993).  

Requirements for carrier flotation are the presence of coarse particles (carrier or seed); 

and hydrophobic coarse and fine particles (Subrahmanyam and Forssberg, 1990). The 

collision rate between fine and coarse particles is comparatively greater than fine and fine 

particles, also, fine particles attach well to the surface of coarse particles (Valderrama and 

Rubio, 1998, Dianzuo et al., 1988, Lange et al., 1997, Hu et al., 2003). The schematic 

mechanism of carrier flotation is presented in Fig. 2-8. It can be seen that when coarse 

carrier particles are agitated together with fine mineral particles, the fine particles are 

selectively attached to the surface of carrier particles. 
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Fig. 2-8. Schematic mechanism of carrier flotation. 

 

In carrier flotation, agitation time and intensity, pulp density, carrier particle size, coarse-

fine particles ratio, and chemical factors such as pH, collector dosage, the extent of 

hydrophobicity, the surface charge of the particle, and geometry of the cell, are important 

variables, affecting the recovery of fines. Among these variables, the coarse-fine ratio may 

be the most important variable.   

When the carrier (coarse particle) amount is increased, fine particle recovery is also 

increased (Lange et al., 1997). However, too large amounts of coarse particles are harmful. 

If the amount of coarse particles is too large, collision rates between coarse particles 

become high, which may cause detachment of already adhered fine particles 

(Subrahmanyam and Forssberg, 1990). 

In a study by Li et al. (Li et al., 2017), interactions between coarse and fine hematite 

particles were studied. When the amount of coarse and fine hematite particles was equal, 

attachment of fines to coarse carrier particles was maximum, causing maximum flotation 

recovery of fines. However, In the case of copper sulfides, there is no literature available 

using the carrier flotation technique to recover fine copper sulfides. 

As already discussed, considering tailings as future deposits, polymer flocculation, oil 

agglomeration, and shear flocculation are difficult to apply for copper recovery from 

tailings. This is mainly because of the low copper grade in tailings: floc/aggregate size 

depends on the number of copper minerals, and the size is limited when the amount of 

copper mineral is small.  

Tailings consist primarily of gangue minerals with a minute amount of valuable/target 

minerals, so the above-mentioned methods are unlikely to efficiently recover fine 

minerals from tailings. On the other hand, in carrier flotation, aggregate size is mainly 

Carrier
Fine mineral

Gangue 

mineral

Collector
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dependent on the carrier size. This gives carrier flotation an advantage over other 

mentioned techniques (polymer flocculation, shear flocculation, and oil agglomeration) 

for recovering fine particles from tailings.  However, the autogenous carrier flotation 

technique using coarse chalcopyrite as a carrier and heterogenous carrier flotation using 

a different carrier for fine chalcopyrite particles is not investigated.   

This chapter was modified from Bilal, M.; Ito, M. ; Hornn, V. ; Hassan, F.U. ; Jeon, S. ; Park, 

I; Hiroyoshi, N. The Challenges and Prospects of Recovering Fine Copper Sulfides from 

Tailings Using Different Flotation Techniques: A Review. Minerals 2022, 12, 586.  
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CHAPTER 3: Autogenous carrier flotation using coarse chalcopyrite 

particles as carriers  

3.1 Introduction 

As discussed in the previous chapter, carrier flotation can be a suitable option to recover 

fine copper sulfide particles. In the case of the heterogenous carrier flotation technique, 

separation of fines and carrier is necessary after the flotation process. Using the same 

minerals as a carrier for fines (autogenous carrier flotation) will eliminate the post-

separation step making the process simpler. Therefore, autogenous carrier flotation is 

preferred.   

Even in the usual flotation process for copper minerals like chalcopyrite, the pulp contains 

both fine and coarse particles, and autogenous carrier flotation may occur to some extent 

automatically. However, the effect of coarse copper sulfide particles on the flotation 

behavior of fine copper sulfide particles is not documented so far, therefore no literature 

is available. To design an optimized autogenous carrier flotation process for fine copper 

sulfides, the effects of size and mass of carrier (coarse copper sulfides) on the recovery of 

fine copper sulfides must be investigated.      

In this chapter, specially designed flotation experiments were conducted to study the 

autogenous carrier flotation for the recovery of finely ground chalcopyrite. Coarse 

chalcopyrite was used as the carrier and the effects of carrier size and amount on fine 

chalcopyrite recovery were investigated. To confirm the attachment of fines to coarse 

carrier particles,  particle size analysis, and SEM observation were conducted. Moreover, 

to elucidate the mechanism, calculations were done based on the extended Derjaguin-

Landau-Verwey-Overbeek (EDLVO) theory. 

3.2 Materials and reagents 

3.2.1 Materials 

Two samples (chalcopyrite and quartz) were used in this study. A chalcopyrite sample 

was acquired from Copper Queen Mine, Arizona USA, while the quartz sample (99% 

purity) was obtained from Wako Pure Chemical Industries Co., Ltd., Osaka, Japan. The 

chalcopyrite sample was characterized by X-ray fluorescence (XRF) (EDXL300, Rigaku 

Corporation, Tokyo, Japan) and X-ray powder diffraction (XRD, Multiplex, Rigaku 

Corporation, Tokyo, Japan), indicating that it is mainly composed of chalcopyrite (76%) 

with pyrite (3%) and silicate minerals (quartz and actinolite; 21%) as impurities. 
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3.2.2 Reagents 

Potassium amyl xanthate (KAX, C5H11OCSSK) (Tokyo Chemical Industry Co., Ltd., Japan) 

and methyl isobutyl carbinol (MIBC, C6H14O) were purchased from Wako Pure Chemical 

Industries, Ltd., Japan, were used as collector and frother, respectively.  

3.3 Methods 

3.3.1 Sample preparation 

Two size fraction ranges of chalcopyrite were selected as the carrier, i.e., –106+75 µm and 

–75+38 µm. The samples were crushed and ground by a jaw crusher (1023-A, Yoshida 

Manufacturing Co., Ltd, Sapporo, Japan) and disc mill (RS100, Retsch Inc., Haan, Germany) 

respectively. Screens sizes of 106 µm, 75 µm, and 38 µm were used, and –38 µm particles 

were further subjected to grinding to obtain a particle size of D50 = 2.3 µm determined by 

Microtrac (MT3300SX, Nikkiso Co., Ltd., Tokyo, Japan). The quartz sample was subjected 

to crushing and grinding in the same manner as described above. The D50 of the quartz 

sample was 3.6 µm. The particle size distribution of fine chalcopyrite and quartz used in 

this study is presented in Fig. 3-1. 

 
Fig. 3-1. Particle size distribution of quartz and chalcopyrite samples. 
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Single-stage flotation experiments were performed using an agitator-type flotation 
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1000 rpm and 1 L/min of airflow rate. The sample was ultrasonicated before conditioning 
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minutes and with frother (MIBC) for another 3 minutes before introducing air into the 

flotation chamber. Flotation concentrates were collected at intervals 1, 4, 7, and 10 min. 

Tailings and concentrates were dried at 105 ℃ for 24 hours and weighed. Representative 

samples were taken and were used for XRF analysis to determine the Cu recovery using 

the following equation: 

𝑅 =
𝐶𝑐

𝐹𝑓
 × 100, 

3.1 

where 𝐹 and 𝐶 are the % weights of the feed and concentrate, respectively; and 𝑓 and 𝑐 

are the assays of the feed and concentrate. 

3.3.3 Carrier flotation 

To perform carrier flotation, carrier particles of different size fractions were mixed with 

ultra-fine particles (D50 = 2.3 µm). The carrier particles were mixed in different ratios to 

observe the effect of carrier particles on the flotation of fine particles. SiO2 was also added 

to the mixture of coarse and fine chalcopyrite to observe the effect of the gangue mineral. 

The rest of the parameters were kept the same as mentioned above except the froth and 

tailings were immediately sieved (using 75 and 38 µm sieves) after collection and then 

kept in the oven to let the samples dry. The dried concentrates and tailings were subjected 

to XRF analysis to calculate Cu recovery. 

3.3.4 Particle size analysis 

The fine and coarse fractions were analyzed using Microtrac (Microtrac® MT3300SX, 

Nikkiso Co., Ltd., Tokyo, Japan). In the case of mixtures of carrier and fines, particle size 

distribution measurements were carried out after conditioning the mixture (before 

flotation) with the collector. The same sample (mixture of carrier and fines after 

conditioning with collector) was used for scanning electron microscopy analysis (SEM, 

JSM-IT200, JEOL Ltd., Tokyo, Japan). 

3.4 Results and discussion 

3.4.1 Effects of particle size on flotation behavior 

In flotation, fine particles do not collide with air bubbles hence the low recovery of fines 

to froth. Fig. 3-2 shows the experimental results of flotation vs model calculation results 

for fine chalcopyrite (D50 = 2.3 µm) and coarse chalcopyrite (size: –106+75 µm). The 

results show that recovery of fine chalcopyrite was much lower than that of coarse 

chalcopyrite, i.e., around 27% for fines and around 96% for coarse particles after 10 min 

flotation.  
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To confirm that the low recovery of fine chalcopyrite is due to the low collision probability 

of fine particles and an air bubble, the experimental results were compared with a first-

order kinetic model assuming that flotation efficiency is mainly dependent on particle-

bubble collision probability (𝑃𝑐 ) and is given by the following equation (Yoon, 2000, 

Hornn et al., 2020): 

𝑃𝑐 = [
3

2
+

4𝑅𝑒𝑏
0.72

15
] (

𝐷𝑝

𝐷𝑏
)

2

 , 
3.2 

where 𝑅𝑒𝑏  is Reynold number of the air bubbles, while 𝐷𝑝  and 𝐷𝑏  are diameters of 

particle and air bubble respectively. Eq. (3.3) shows the recovery 𝑅 using a first-order 

kinetic equation developed by (Hornn et al., 2020): 

𝑅 = Ʃƞ𝑖 𝑅𝑖 = Ʃƞ𝑖(1 − 𝑒−𝑘𝑖𝑡) 3.3 

where 𝑅𝑖  is the recovery of target particles having a size distribution ƞ𝑖 , and 𝑘𝑖  is the 

kinetic constant, calculated as  (Hornn et al., 2020): 

𝑘𝑖 = 𝑛𝑏 ×
𝜋

4
(𝐷𝑏 + 𝐷𝑝𝑖)

2
(𝑣𝑏 + 𝑣𝑖) ×  𝑃𝑐𝑖  

3.4 

The nomenclature used in the above equation is as follows: 

𝑛𝑏: Number of bubbles 

𝐷𝑝𝑖: Diameter of particle 

𝐷𝑏: Diameter of bubble 

𝑣𝑏: Bubble rising velocity  

𝑣𝑖: Particle settling velocity 

Overall, in this model calculation, collision probability determined by particle size is the 

only parameter to determine the flotation recovery. This model assumes that the 

attachment probability of a particle to an air bubble is 1, and the detachment probability 

of a particle from an air bubble is 0. These assumptions are true for hydrophobic particles.    

The calculated results are shown in Fig. 3-2 with solid lines. The calculated results fit well 

with the experimental results for both fine and coarse chalcopyrite. As collision 

probability is the only parameter to determine the flotation recovery in the model 
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calculation, the match between model and experimental results confirms that low 

collision probability for fine particles with air bubbles is the major cause of the low 

recovery of fine particles in the flotation experiments. 

Fig. 3-2. Effects of particle size on flotation recovery (experimental results and model calculation), Test 
conditions: [KAX] = 200 g/t; [MIBC] = 25 µL/L; [Fine particle] = D50 = 2.3 µm; [Coarse particles size] = –106+75 
µm. 

 

3.4.2 Attachment of fine particles to the carrier  

When fine particles are attached to the surface of coarse particles in the mixture of fine 

and coarse particles, the particle size distribution of the mixture is not the same as the 

simple sum of the distributions of fine and coarse particles. Particle size distribution for 

10 g fine particles, 10 g coarse particles, and the mixture of 10 g fine and 10 g coarse 

particles suspended in a 400 mL- flotation cell after conditioning with KAX were analyzed 

using Microtrac and SEM-EDX. Fig. 3-3 shows the particle size distribution (volumetric 

frequency vs. particle diameter) of fine and coarse particles suspended in water. The 

peaks of the curves are observed at 3.5 µm for fine particles and 57 µm for coarse particles. 

The solid line in Fig. 3-4 shows the measured frequency of the mixture of fine and coarse 

particles. For comparison, a calculated size distribution curve, 𝜂𝑐𝑎𝑙, obtained through Eq. 

(3.5) assuming negligible attachment of fine particles on coarse particles, for the mixture, 

was also plotted as a dotted line in Fig. 3-4. 
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where  𝜂𝑓𝑖𝑛𝑒 and  𝜂𝑐𝑜𝑎𝑟𝑠𝑒 are volumetric frequencies of fine and coarse particles shown in 

Fig. 3-3. 

As shown in Fig. 3-4, the comparison of the measured result (solid lines) with the 

calculated results (dotted line) shows the measured frequencies were smaller at the peak 

position of fine particles (3.5 µm) and larger at the peak for coarse (57 µm). This suggests 

that fine chalcopyrite particles were attached to the surface of coarse chalcopyrite 

particles before flotation when they were agitated together in the flotation cell after 

conditioning with KAX. The SEM microphotograph (Fig. 3-5) for the mixture of fine and 

coarse particles also confirmed that the fine particles were attached to the surface of 

coarse particles.   

 
Fig. 3-3. Particle size distribution of coarse or fine chalcopyrite after conditioning with the collector. 
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Fig. 3-4. Particle size distribution of the mixture of coarse and fine chalcopyrite after conditioning with the 

collector (measured vs calculated). 

 

 
Fig. 3-5. SEM image of the mixture of fine and coarse chalcopyrite after conditioning with the collector in the 
flotation cell. 
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force between them. Fig. 3-6, 7, and 8 show the calculated values of potential energy for 

electrostatic, van der Waals, and hydrophobic interactions as a function of the separation 

distance between two individual particles. The van der Waals interaction energy (𝑉𝑊) is 

calculated according to the following equation: 

𝑉𝑊 = − (
𝐴𝑅𝑓𝑅𝑐

6𝐻(𝑅𝑓 + 𝑅𝑐)
), 

3.6 

where 𝐻  represents the distance between two spherical particles, 𝑅𝑓  and 𝑅𝑐  represent 

the radius of fine and coarse particles, and 𝐴 is the Hamaker constant, calculated by: 

𝐴 = (√𝐴11 − √𝐴22)
2

, 3.7 

where, 𝐴11and 𝐴22 are Hamaker constants for chalcopyrite (3.25 × 10-20 J) and water (4.0 

× 10-20J), respectively  (Li et al., 2018, Lu et al., 2015).  

Electrostatic interactions ( 𝑉𝐸)  between coarse-fine and fine-fine chalcopyrite is 

calculated according to the following equation: 

𝑉𝐸 = 4𝜋𝜀0𝜀𝑟

𝑅𝑓𝑅𝑐

𝑅1 + 𝑅2
𝜓2𝑙𝑛 [1 + 𝑒𝑥𝑝(−𝒦𝐻)] 

3.8 

 𝒦 is Debye constant and is calculated by 

𝒦 = (
2𝑒2𝑁𝐴𝑐𝑧2

𝜀0𝜀𝑟𝑘𝑇
)

1/2

 
3.9 

The nomenclature used in Eqs. (3.8) and (3.9) are as follows: 

𝜀0: permittivity of vacuum (8.854 × 10-12 F m -1)      

𝜀𝑟: relative permittivity for water (𝜀𝑟 = 81) 

𝜓: zeta potential of chalcopyrite particles      

𝑒:  electronic charge (1.602 × 10-19 C)       

𝑁𝐴: Avogadro number (6.023 × 1023 mol-1)      

𝑐: concentration (mol m-3)        
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𝑧: valence of the ion           

𝑘: Boltzmann constant (1.381 × 10-23 J)       

𝑇: temperature (K) 

Hydrophobic interaction (𝑉𝐻) is calculated by the following equation (Hu and Dai, 2003, 

Yao et al., 2016): 

𝑉𝐻 = 2𝜋
𝑅𝑓𝑅𝑐

𝑅1 + 𝑅2
 ℎ𝑜𝑉𝐻

0 𝑒𝑥𝑝 (
𝐻𝑜 − 𝐻

ℎ𝑜
 ) , 

3.10 

where 𝐻𝑜 and ℎ𝑜 are the minimum equilibrium distance between the particles and decay 

length, respectively. In the calculation, 𝐻𝑜 and ℎ𝑜 were assumed to be 0.2 nm and 1 nm, 

respectively (Yao et al., 2016, Li et al., 2017). The value of 𝑉𝐻
0  is calculated using the 

following equation: 

𝑉𝐻
0 =  −4 (√𝛾𝐿

+𝛾𝐿
− − √𝛾𝐿

+𝛾𝑆
−), 

3.11 

where 𝛾+ and  𝛾− represent surface energy values, and subscript S and L represent solid 

and liquid. In the calculation, reported values of the surface energies for water and 

chalcopyrite, listed in Table 3-1, were used.    

Table 3-1. Surface energy values of water and chalcopyrite (Vilinska and Rao, 2009, Yao et al., 2016). 

𝜸𝑳
+ (mJ m-2) 𝜸𝑳

−(mJ m-2) 𝜸𝑺
−(mJ m-2) 

25.5 25.5 6.34 

Based on Eqs. (3.6), (3.8), and (3.10), van der Waals, electrostatic and hydrophobic 

interaction energies between coarse-fine particles and fine-fine particles are calculated, 

and the results are shown in Fig. 3-6, Fig. 3-7, and Fig. 3-8 respectively. As shown in Fig. 

3-8, as compared to electrostatic and van der Waals interactions (Fig. 3-6 and Fig. 3-7), 

the potential energy of hydrophobic interaction is much larger, indicating that 

hydrophobic interaction is the dominant factor causing the attachment of particles.  
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Fig. 3-6. Electrostatic interactions (VE) between particles. 

 

 
Fig. 3-7. van der Waals interactions (VW) between particles. 
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Fig. 3-8. Hydrophobic interactions (VH) between particles. 
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the froth decreased with fines, but this suppressive effect was not so significant: recovery 

at 10 minutes of flotation was 96% without fines and 91% with fines. In both cases, the 

recovery of coarse chalcopyrite was over 90%. 

 
Fig. 3-9. Cu Recovery% of fines, Test conditions: [KAX] = 200 g/t of fines; [MIBC] = 25 µL/L; [Carrier size] = –
106+75 µm; [Carrier amount] = 10 g. 

 

 

Fig. 3-10. Effect of fines on recovery of coarse particles, Test conditions: [KAX] = 200 g/t of fines; [MIBC] = 25 
µL/L; [Carrier Size] = –106+75 µm. 
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3.4.4 Effects of carrier amount and size 

To investigate the effects of carrier size and amount, flotation experiments for fine 

chalcopyrite were conducted with varying amounts of the carriers of two different size 

fractions, i.e., –106+75 µm and –75+38 µm chalcopyrite. Fig. 3-11 and Fig. 3-12 show the 

recovery of fine chalcopyrite and total Cu recovery to the froth respectively, after 10 min 

of flotation experiments as a function of carrier amount. The recovery of fines increased 

with increasing carrier amount, however, there was no significant effect of carrier size on 

the recovery of fines. Regardless of the carrier size, the recovery of the fines increased 

from 25% without a carrier to more than 75% with the maximum amount of carrier (20 

g). Similarly, total Cu recovery was around 85% using a 20 g carrier. 

In carrier flotation, fines are attached to the carrier (coarse particles) and the fine-loaded 

carrier is recovered into the froth. Considering this, the loading amount of fines on the 

carrier is the main factor to determine the recovery of fines to the froth in carrier flotation.  

The loaded amount of fine particles on the carrier (coarse particles) depends on the 

collision of coarse-fine particles and the detachment of fines from fine/coarse aggregate.  

If the agitation strength which causes the detachment is weaker than the attraction forces 

(hydrophobic interaction) between fines and coarse, the detachment effect can be 

ignored, and the collision becomes the major factor to determine the loaded amount of 

fines on the carrier (coarse) particles.         

Under turbulent conditions, the collision frequency between fine and coarse (carrier) 

particles, 𝑓𝑐  [𝑠−1𝑚−3] is expressed as: 

𝑓𝑐  ∝  (𝐷𝑓 + 𝐷𝑐)
3

𝑛𝑓𝑛𝑐   3.12 

where, 𝐷𝑓 and 𝐷𝑐 are diameters of fine and coarse (carrier) particles, and 𝑛𝑓 and 𝑛𝑐 are 

number concentrations of fine and coarse particles in the suspension, respectively 

(Levich, 1962, Hu et al., 2003). If  𝐷𝑓 << 𝐷𝑐, which is in this case, then the above expression 

can be written as follows: 

𝑓𝑐  ∝  𝐷𝑐
3𝑛𝑓𝑛𝑐 3.13 

 The concentration of coarse particles, 𝑛𝑐 , is expressed by: 

 𝑛𝑐 =
𝑚𝑐/𝜌𝑐

𝑉𝑐
=

𝑚𝑐/𝜌𝑐

𝜙𝑐𝐷𝑐
3  , 

3.14 
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where, 𝑚𝑐 , 𝜌𝑐 , 𝑎𝑛𝑑 𝑉𝑐  are mass, density, and volume of coarse particles, respectively;  𝜙𝑐  is 

a volume shape factor and its value is 𝜋 6⁄  when a coarse particle is a sphere. Substituting 

Eq. (3.14)to Eq. (3.13), the following equation is derived for the collision frequency. 

 

𝑓𝑐  ∝  
𝑚𝑐

𝜌𝑐𝜙𝑐
𝑛𝑓 3.15 

This equation means that collision frequency is not dependent on the size of the carrier, 

but it increases with increasing carrier mass. This agrees with the results shown in Fig. 

3-11: the recovery of fines increases when carrier amount (mass) increases, regardless of 

carrier size.  

 
Fig. 3-11. Effect of carrier amount on recovery of fines, Test conditions: [KAX] = 200 g/t of fines; [MIBC] = 25 
µL/L. 
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Fig. 3-12. Effect of carrier amount on overall Cu recovery, Test conditions: [KAX] = 200 g/t of fines; [MIBC] = 
25 µL/L. 
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without a carrier to 18% with a carrier, which may be due to the entrainment of fine 

quartz with water recovered to froth.  

 
Fig. 3-13. Effect of quartz on recovery of fine chalcopyrite with and without carrier: Test conditions: [KAX] = 
200 g/t of fines; [MIBC] = 25 µL/L. 

 

 
Fig. 3-14. Effect of quartz on total Cu recovery with and without addition of carrier, Test conditions: [KAX] = 
200 g/t of fines; [MIBC] = 25 µL/L. 
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Fig. 3-15. Cumulative silica recovery% with and without carrier, Test conditions: [KAX] = 200 g/t of fines; 
[MIBC] = 25 µL/L. 

 

Fig. 3-16 shows the relationship between total Cu recovery to froth and total Si recovery 

to tailing after 10 min of flotation with and without coarse chalcopyrite as a carrier. The 

separation efficiency of Si and Cu, defined by the following equation, can be evaluated 

from Fig. 3-16. 

ƞ (%) = 𝑅𝐶𝑢(%) +𝑅𝑆𝑖 (%) – 100 3.16 

  
Fig. 3-16. Relationship between total Cu% recovery in froth and total silica % recovery in tailings of 
chalcopyrite and Silica mixture with and without the addition of carrier, Test conditions: [KAX] = 200 g/t of 
fines; [MIBC] = 25 µL/L. 
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where, 𝑅𝐶𝑢 and 𝑅𝑆𝑖  is the recovery of Cu to froth and Si to tailing. From the inclined lines 

in Fig. 16 separation efficiency can be determined. Without a carrier, separation efficiency 

was less than 20% while it was improved to around 55% with a 10 g carrier. This suggests 

that the addition of coarse chalcopyrite as a carrier is effective to improve fine 

chalcopyrite recovery as well as Cu/Si separation efficiency.  

3.5 Conclusions 

In this chapter, the effects of coarse chalcopyrite (as a carrier) on the flotation behavior 

of fine chalcopyrite were investigated. From size distribution data for the mixture of 

fine/coarse chalcopyrite suspended in the flotation pulp, attachment of fine chalcopyrite 

to the carrier (coarse chalcopyrite) was confirmed. The theoretical calculation for the 

interaction between the particles showed that hydrophobic interaction was the dominant 

factor that causes the attachment of fines to the carrier. The results of flotation 

experiments showed that the recovery of fine chalcopyrite to the froth increased with 

increasing carrier amounts. The results of the flotation experiments for fine 

chalcopyrite/silica mixture showed that the addition of coarse chalcopyrite as a carrier 

promoted the overall Cu recovery as well as separation efficiency. 

This chapter was modified from Bilal, M.; Ito, M.; Koike, K.; Hornn, V.; Ul Hassan, F.; Jeon, 

S.; Park, I.; Hiroyoshi, N. Effects of coarse chalcopyrite on flotation behavior of fine 

chalcopyrite. Miner. Eng. 2021, 163, 106776. 
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CHAPTER 4: Heterogenous carrier flotation using coarse pyrite particles as 

carriers 

4.1 Introduction 

In the previous chapter, we studied the effects of coarse chalcopyrite as a carrier on the 

flotation behavior of finely ground chalcopyrite particles (D50 ~3 µm), and it was 

confirmed that fine chalcopyrite recovery was significantly improved using coarse 

chalcopyrite particles as carriers.  

Considering tailings as future resources, which have mostly fine chalcopyrite particles, an 

autogenous carrier flotation technique using coarse chalcopyrite particles as carriers may 

not be applicable. Thus, because coarse chalcopyrite particles are not available at the 

tailings site, an alternate carrier is required. Pyrite (FeS2) is a suitable choice as a carrier 

for fine chalcopyrite particles because of its abundance at mine sites. The effects of coarse 

pyrite particles as a carrier for finely ground chalcopyrite particles have not yet been 

reported; therefore, no literature is available on this topic.  

In this chapter, specially designed flotation tests were conducted to study a 

heterogeneous carrier flotation technique using coarse pyrite particles as a carrier for the 

recovery of finely ground chalcopyrite particles. 

4.2 Materials and reagents 

4.2.1 Materials 

The chalcopyrite and pyrite samples (run of mine) used in this study were acquired from 

the Copper Queen Mine (Arizona, USA) and the Huanzala Mine (Peru), respectively. The 

samples were hammered, and visible impurities were removed by hand-picking. 

Mineralogical and chemical characterizations of chalcopyrite and pyrite were carried out 

using X-ray fluorescence (XRF) (EDXL300, Rigaku Corporation, Tokyo, Japan) and X-ray 

powder diffraction (XRD, Multiplex, Rigaku Corporation, Tokyo, Japan) techniques. The 

chemical compositions and mineralogical analyses of these samples are presented in 

Table 4-1 and Fig. 4-1, respectively. 

Table 4-1. Chemical compositions of pyrite and chalcopyrite samples. 

Mineral 
Mass (%) 

Cu Fe S Zn Si Ca 
Chalcopyrite 30.0 32.0 18.0 0.6 5.0 4.0 

Pyrite 0.05 45.3 48.5 - 1.0 - 
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Fig. 4-1. X-ray diffraction (XRD) patterns of (a) chalcopyrite (CuFeS2) and (b) pyrite (FeS2). 

 

4.2.2 Reagents 

Potassium amyl xanthate (KAX, C5H11OCSSK) (Tokyo Chemical Industry Co., Ltd., Japan) 

and methyl isobutyl carbinol (MIBC, C6H14O) (Wako Pure Chemical Industries, Ltd., Japan) 

were used as the collector and frother reagents, respectively. Copper sulfate pentahydrate 

(CuSO45H2O) (Wako Pure Chemical Industries, Ltd., Japan) was used as the source of Cu2+ 

for pyrite activation. 

4.3 Methods 

4.3.1 Sample preparation 

For pyrite, the –125+106 µm (D50 = 114 µm) size fraction was selected as the carrier. A 

jaw crusher (1023-A, Yoshida Manufacturing Co., Ltd, Sapporo, Japan) and disc mill 

(RS200, Retsch Inc., Haan, Germany) were used to crush and grind the samples, 
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respectively. Screens of 125 µm and 106 µm were used for pyrite, whereas a screen of 75 

µm was used for chalcopyrite. In the case of chalcopyrite, particles smaller than 75 µm 

were further ground using a disc mill to obtain a particle size of D50 = 3–3.5 µm, as 

determined by Microtrac (MT3300SX, Nikkiso Co., Ltd., Tokyo, Japan). The particle size 

distributions of coarse pyrite and fine chalcopyrite are shown in Fig. 4-2. 

 
Fig. 4-2. Particle size distributions of the pyrite and chalcopyrite samples. 

 

4.3.2 Single mineral flotation tests 

Single mineral flotation was performed using an agitator-type flotation machine (FT-1000, 

Heiko, Japan) with a 0.5-L square flotation cell at an impeller speed of 1,000 rpm and an 

airflow rate of 1 L/min. The sample was ultrasonically treated for 5 min before 

conditioning with the collector (KAX) and frother (MIBC) for 5 min each. Subsequently, 

air bubbles were introduced into the flotation cell. The flotation time was 10 min. The 

flotation concentrates and tailings were oven-dried and weighed. The dried sample was 

analyzed by XRF, and the recoveries of Cu and Fe were calculated using Eq. (4.1): 

𝑅 =
𝐶𝑐

𝐹𝑓
 × 100, 

4.1 

where 𝐶 and 𝐹 are the percentage weights of the concentrate and feed, respectively, and 𝑐 and 

𝑓 are the grades of the concentrate and feed, respectively. 
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4.3.3 Mixed pyrite–chalcopyrite flotation tests 

Ten grams of coarse pyrite particles (–125+106 µm size fraction) were mixed with 20 g 

of ultra-fine chalcopyrite particles (D50 = 3–3.5 µm) to observe the effect of coarse pyrite 

particles as a carrier on the flotation of ultrafine chalcopyrite particles. The parameters 

here were the same as those in section 4.3.2, except that the froth and tailings were sieved 

immediately with a 106 µm sieve using ethanol spray until the complete separation of 

coarse pyrite and fine chalcopyrite particles from each other; and their recoveries were 

calculated using Eq. (4.1). The ratio of finely ground chalcopyrite and coarse pyrite 

particles was selected based on the previous chapter. 

4.3.4 Mixed pyrite–chalcopyrite flotation tests in the presence of Cu2+ 

Ten grams of coarse pyrite particles (–125+106 µm size fraction) and 20 g of fine 

chalcopyrite particles were conditioned for 5, 5, and 3 min after sequentially adding 

CuSO4 (2,000 g/t), KAX (500 g/t), and MIBC (25 µL/L), respectively. The froth and tailings 

were sieved immediately using the same method as mentioned in section 4.3.3, and their 

recoveries were calculated using Eq. (4.1). 

4.3.5 Particle size analysis 

The coarse and fine fractions were analyzed using a particle size analyzer. For the mixture 

of the carrier (coarse pyrite) and fines (chalcopyrite), the particle size distribution was 

measured after the mixture was conditioned (before flotation) with reagents. The same 

sample was also analyzed using scanning electron microscopy (SEM, JSM-IT200, JEOL Ltd., 

Tokyo, Japan). 

4.3.6 Contact angle measurements 

The contact angles were measured to estimate the variation in the surface wettability of 

pyrite before and after Cu2+ treatment. For this purpose, a small cuboid pyrite crystal (~5 

mm (w)  5 mm (d)  10 mm (h)) was obtained by cutting the pyrite specimen with a 

diamond cutter. The surface was then polished with a polishing machine (SAPHIR 250 M1, 

ATM GmbH, Mammelzen, Germany) using a series of silicon carbide papers (P320, P600, 

and P1200) and diamond suspensions (3 and 1 μm). After polishing the surface of the 

pyrite cuboid, the contact angles of (i) untreated pyrite, (ii) Cu2+-treated pyrite, and (iii) 

chalcopyrite (with the same flotation conditions) were measured using a high-

magnification digital microscope (VHX-1000, Keyence Corporation, Osaka, Japan) with 

built-in image analysis software. Each measurement was repeated three times at various 

spots on the mineral surface to ascertain the statistical significance of the observations. 
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4.3.7 XPS and SEM-EDX analysis 

The surface of pyrite was analyzed by Scanning electron microscopy with energy-

dispersive X-ray spectroscopy (SEM-EDX, JSM-IT200, JEOL Ltd., Tokyo, Japan) and X-ray 

photoelectron spectroscopy (XPS, JPS-9200, JEOL Ltd., Japan) after conditioning with 

reagents. The XPS analysis was performed using an Al Kα X-ray source (1,486.7 eV) 

operated at 100 W (voltage = 10 kV; current = 10 mA) under ultra-high vacuum conditions 

(~6.7 × 10−7 Pa). The binding energies of the photoelectrons were calibrated using Fe 

metal (706.9 eV) as a reference for charge correction. All XPS data were analyzed using 

XPSPEAK version 4.1, and the spectra were deconvoluted using an 80% Gaussian–20% 

Lorentzian peak model and a true Shirley background (Nesbitt and Muir, 1994, Shirley, 

1972, Park et al., 2020b). 

4.4 Results and discussion 

4.4.1 Effects of coarse pyrite particles as a carrier 

Fig. 4-3 shows the recovery of 20 g of fine chalcopyrite particles with and without 10 g of 

coarse pyrite particles (–125+106 µm) after 10 min of flotation. The recovery of fine 

chalcopyrite particles did not improve when mixed with the 10 g of coarse pyrite 

particles. This indicates two possibilities: (1) there may be no significant attachment of 

fine chalcopyrite particles onto the coarse pyrite particle surfaces, or (2) fine chalcopyrite 

particles may have attached to the coarse pyrite particle surfaces, but pyrite did not float 

to the surface. The recovery of pyrite (Fig. 4-4) with and without mixing with 20 g of fine 

chalcopyrite particles indicated no significant difference in the recovery of pyrite. In both 

cases, pyrite recovery was over 90%; this is significant, as it implies that poor chalcopyrite 

recovery was not due to the low recovery of pyrite as a carrier. This indicates that there 

is no significant attachment of fine chalcopyrite particles to the surface of the coarse 

pyrite particles. To confirm this, the attachment of fine chalcopyrite to coarse pyrite is 

discussed based on particle size distribution analysis in the next section.  
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Fig. 4-3. Cu Recovery (%) from fines without (left) and with (right) pyrite as a carrier, Test conditions: [KAX] 
= 500 g/t; [MIBC] = 25 µL/L; [Carrier size] = –125+106 μm; [Carrier amount] = 10 g. KAX = potassium amyl 
xanthate; MIBC = methyl isobutyl carbinol. 

 

 
Fig. 4-4. Pyrite recovered (%) without (left) and with (right) chalcopyrite fine particles present, Test 
conditions: [KAX] = 500 g/t; [MIBC] = 25 µL/L; [particle size] = –125+106 μm; [FeS2 amount] = 10 g; [CuFeS2 
amount] = 20 g. 

 

4.4.2 Attachment of fine particles to the carrier 

The particle size distribution of the mixture of fine and coarse particles, with the fine 

particles attached to the coarse particles, is not simply a sum of the individual 

distributions of the fine and coarse particles. Particle size distribution analysis for the 

mixture of 20 g of fine chalcopyrite particles and 10 g of coarse pyrite particles suspended 

in a 400-mL flotation cell after conditioning with KAX was carried out using Microtrac; 

the solid blue line in Fig. 4-5 represents the measured frequency of the mixture. For 

comparison, a calculated size distribution curve for the mixture, 𝜂𝑐𝑎𝑙, was obtained using 
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Eq. (4.2), assuming the negligible attachment of fines to coarse particles, and was also 

plotted in Fig. 4-5 (dotted red line). 

𝜂𝑐𝑎𝑙 = 𝜂𝑓𝑖𝑛𝑒 (
2

3
) + 𝜂𝑐𝑜𝑎𝑟𝑠𝑒 (

1

3
), 

4.2 

where  𝜂𝑓𝑖𝑛𝑒  and  𝜂𝑐𝑜𝑎𝑟𝑠𝑒  represent the volumetric frequencies of the fine and coarse 

particles, respectively. 

Fig. 4-5 compares the measured result (solid blue line) with the calculated results (dotted 

red line), clearly showing that the measured frequencies are smaller at the peak position 

of the fine particles (approximately 3.5 µm); however, this peak never disappeared, 

indicating that a significant amount of unattached fine chalcopyrite remained in the 

suspension. It can therefore be concluded that fine chalcopyrite particles were partially 

attached to the surface of coarse pyrite particles, with a significant amount of fines 

remaining unattached in the suspension. 

 
Fig. 4-5. Particle size distribution of the mixture of fine chalcopyrite and coarse pyrite particles after 
conditioning with the collector (measured vs. calculated). 

 

To identify the interactions responsible for fine chalcopyrite particles attaching to coarse 

pyrite particles (carrier), theoretical calculations were performed. In a previous study, we 

compared the electrostatic, hydrophobic, and van der Waals interactions between fine 

chalcopyrite particles and coarse chalcopyrite carrier particles, which was based on the 

extended Derjaguin–Landau–Verwey–Overbeek (EDLVO) theory. In the case of fine-
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chalcopyrite–coarse-chalcopyrite particles, both individual particles are negatively 

charged; thus, the electrostatic force between them is repulsive, while van der Waals 

forces and hydrophobic interactions act as attractive forces. A comparison of the two 

attractive forces based on theoretical calculations showed that hydrophobic interactions 

are the dominant attractive force for fine-chalcopyrite–coarse-chalcopyrite (Chapter 3). 

Similar to the fine chalcopyrite-coarse chalcopyrite particle interaction, both chalcopyrite 

and pyrite are negatively charged at pH values greater than 4 (Mitchell et al., 2005) and 

the electrostatic force acts as a repulsive force. The comparison of van der Waals forces 

and hydrophobic interactions based on theoretical calculations confirmed that the 

hydrophobic force is much stronger than the van der Waals force for fine chalcopyrite-

coarse pyrite. As such, hydrophobic interactions are considered the dominant attractive 

force in the following discussion. 

Fig. 4-6 shows calculated potential energy values for hydrophobic interactions as a 

function of the separation distance between two individual particles. Hydrophobic 

interactions (𝑉𝐻) are calculated by Eq. (4.3) (Hu and Dai, 2003, Yao et al., 2016) as follows: 

𝑉𝐻 = 2𝜋
𝑅1𝑅2

𝑅1 + 𝑅2
 ℎ𝑜𝑉𝐻

0 𝑒𝑥𝑝 (
𝐻𝑜 − 𝐻

ℎ𝑜
 ) , 

4.3 

where 𝐻𝑜 and ℎ𝑜 are the minimum equilibrium distance between the particles and decay 

length, respectively. The values of 𝐻𝑜  and ℎ𝑜  were assumed to be 0.2 nm and 5 nm, 

respectively (Yao et al., 2016, Li et al., 2017). 𝑅1 and 𝑅2 represent the radii of the coarse 

and fine particles, respectively. The value of 𝑉𝐻
0  (acid–base free energy per unit area 

between the surfaces) was calculated using the following equation: 

𝑉𝐻
0 =  2[√𝛾3

+(√𝛾1
− + √𝛾2

− − √𝛾3
−) + √𝛾3

−(√𝛾1
+ + √𝛾2

+ − √𝛾3
+) − √𝛾1

+𝛾2
− −

√𝛾1
−𝛾2

+), 

4.4 

where 𝛾1
+ , 𝛾2

+ and 𝛾1
− , 𝛾2

−  are the parameters for the polar components of the surface 

tension of compound 𝑆, and 𝛾3
+ and 𝛾3

− (for water) are both equal to 25.5  10−3 J/m2. 𝛾1
+; 

𝛾2
+ can be calculated with Eq. (4.5) as follows: 

(1 + 𝑐𝑜𝑠𝜃)𝛾𝐿 = 2(√𝛾𝑆
𝑑𝛾𝐿

𝑑 + √𝛾𝑆
+𝛾𝐿

− + √𝛾𝑆
−𝛾𝐿

+)  
4.5 

Here, subscripts 𝑆  and 𝐿  represent solid and liquid, respectively, and superscript 𝑑 

denotes the dispersive component. For water, 𝛾𝐿 = 72.8  10−3 J/m2 and 𝛾𝐿
𝑑  = 21.8  10−3 

J/m2. Additionally, 𝜃 represents the contact angle between the solid surface and liquid. 
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The mineral contact angles measured in deionized (DI) water, glycerol, and formaldehyde 

are presented in Table 4-2. 

Table 4-2. Average contact angle values (θ°) at a pH of 8 in different solutions. 

Liquid 

Name/Mineral 

Chalcopyrite Cu2+-treated 

pyrite 

Untreated 

pyrite 

Water 78 73 72 

Glycerol 64 73 55 

Formaldehyde 52 68 66 

 

The 𝛾𝐿 , 𝛾𝐿
𝑑 , 𝛾𝐿

+ , and 𝛾𝐿
−  values for glycerin and formaldehyde are listed in Table 3. The 

values of 𝛾𝑆
𝑑 , 𝛾𝑆

+, and 𝛾𝑆
− can be determined using Eq. (4.5). In the calculation, the reported 

surface energy values of glycerol and formaldehyde, listed in Table 4-3, were used. 

Table 4-3. Surface energy parameters of glycerol and formaldehyde (Cheng et al., 2020). 

Liquid Name 𝜸𝑳(mJ m-2) 𝜸𝑳
𝒅(mJ m-2) 𝜸𝑳

+ (mJ m-2) 𝜸𝑳
−(mJ m-2) 

Glycerol 64 34 3.92 57.4 

Formaldehyde 58 39 2.28 39.6 

 

Based on Eq. (4.3), the hydrophobic interaction energies between the coarse pyrite and 

fine chalcopyrite particles were calculated and compared to those of coarse-fine 

chalcopyrite particles (Fig. 4-6). As shown in Fig. 4-6, the hydrophobic interaction 

between coarse and fine chalcopyrite particles was much larger than that between coarse 

pyrite-fine chalcopyrite particles. In a previous study on the carrier flotation of fine 

chalcopyrite using coarse chalcopyrite as a carrier, it was found that almost all fine 

chalcopyrite was attached to the carrier (coarse chalcopyrite) and its flotation recovery 

to froth was significantly improved. On the contrary, as already discussed, the attachment 

of fine chalcopyrite to coarse pyrite was limited (Fig. 4-5) and flotation recovery of fine 

chalcopyrite did not improve even when coarse pyrite was used as a carrier (Fig. 4-3). 

This is in line with the calculation result shown in Fig. 4-6: a weak hydrophobic 

interaction may cause an imperfect attachment of fine chalcopyrite to coarse pyrite and a 

low chalcopyrite recovery. 

The contact angle of the KAX-treated pyrite was smaller than that of chalcopyrite, causing 

weaker hydrophobic interactions between chalcopyrite and pyrite particles compared 

with chalcopyrite-chalcopyrite, as shown in Fig. 4-6. If the hydrophobicity or contact 

angle of pyrite is improved, coarse pyrite can be used as a carrier to improve fine 

chalcopyrite recovery in flotation. An idea based on the above argument is discussed in 

the next section.  
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Fig. 4-6. Hydrophobic interactions (VH) between coarse chalcopyrite and fine chalcopyrite particles, and those 
between coarse pyrite and fine chalcopyrite particles. Cpy = chalcopyrite; Py = pyrite; H = separation distance. 

 

4.4.3 Effects of coarse Cu2+-activated pyrite as a carrier 

4.4.3.1 Surface characterization of Cu2+-activated pyrite 

The effects of Cu2+ activation on the hydrophobicity of pyrite were investigated based on 

the discussion in the previous section. It has been well reported that surface modification 

is an effective way to control the hydrophobicity of minerals (Aikawa et al., 2021, Park et 

al., 2020a, Park et al., 2021b). For example, if a CuS-like layer or its oxidized product, such 

as Cu(OH)2, can be formed on the pyrite surface, KAX adsorption becomes easier (Yang et 

al., 2016). This would enhance the hydrophobicity of the pyrite particles, making them 

more efficient carriers for fine chalcopyrite particles in flotation. It has been previously 

reported in the literature (Boulton et al., 2003) that pyrite could be activated by Cu2+, 

which consequently improved its hydrophobicity. Thus, Cu2+-treated pyrite was prepared, 

and its surface properties were analyzed by SEM-EDX. As can be seen in Fig. 4-7, a Cu 

signal was detected on the surface of the Cu2+-treated pyrite, indicating that Cu-containing 

compound(s) were formed after the activation of pyrite. 
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Fig. 4-7. Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) analysis of pyrite 
treated with Cu2+. 

 

To further clarify the change in the pyrite surface after activation, XPS analyses of pyrite 

treated with Cu2+ and untreated pyrite were carried out. Fig. 4-8 shows the Fe 2p, S 2p, Cu 

2p, and O 1s XPS spectra of the untreated and treated pyrite samples. As shown in the Fe 

2p3/2 spectrum of untreated pyrite (Fig. 4-8a-(i)), it consists of a strong peak at ~707 eV 

corresponding to Fe(II)–S in pyrite, along with other peaks representing Fe(III) species 

such as Fe(III)–S (~ 708.9 eV) and Fe(III)–O (~ 710 eV) (von Oertzen et al., 2006, Li et al., 

2021, Park et al., 2020b, Park et al., 2021a, Ejtemaei and Nguyen, 2017, Deng et al., 2021). 

In the case of treated pyrite (Fig. 4-8a-(ii)), the intensities of the oxidized Fe species were 

notably increased, indicating that pyrite was oxidized during the activation process. 
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The S 2p3/2 spectra of untreated and treated pyrite are shown in Fig. 4-8b. Both spectra 

contain a dominant peak at approximately 162.4 eV, which corresponds to S22– in pyrite 

(Ejtemaei and Nguyen, 2017, Deng et al., 2021). Meanwhile, another minor peak at around 

161.5 eV is observed only in the S 2p3/2 spectrum of treated pyrite (Fig. 4-8b-(ii)), which 

is assigned to S2– (Ejtemaei and Nguyen, 2017). This indicates that the activation of pyrite 

generates new compounds, such as metal sulfides. 

The Cu 2p spectrum of untreated pyrite (Fig. 4-8c-(i)) does not show any signals of Cu; 

however, it is important to note that Cu signals were detected when pyrite was treated 

with Cu2+ (Fig. 4-8c-(ii)). The major peaks of Cu 2p1/2 (951.5 eV) and Cu 2p3/2 (932 eV) are 

coincident with the Cu(I) state of Cu2S (Zhuge et al., 2009), and the formation of Cu2S on 

the surface of treated pyrite is supported by the presence of the S2– peak observed in the 

S 2p3/2 spectrum (Fig. 8b-(ii)). There are also two peaks at 953.1 eV and 933.4 eV that are 

both assigned to Cu(II) species like CuO/Cu(OH)2 (Biesinger et al., 2010). In addition, a 

shake-up satellite peak is observed at around 942.8 eV, which also indicates that Cu(II) 

species are present on the surface of treated pyrite (Biesinger et al., 2010, Zhuge et al., 

2009). 

As shown in Fig. 4-8d, the O 1s spectra of both untreated and treated pyrite samples 

revealed three types of oxygen species: lattice oxygen (O2–) at 530 eV, hydroxyl oxygen 

(OH–) at 531 eV, and the oxygen of attached water (≡H2O) at 533 eV (Deng et al., 2021). It 

is important to note that the O 1s spectrum of treated pyrite shows a higher intensity of 

lattice oxygen than that of untreated pyrite, suggesting that the amount of metal oxide(s), 

such as Fe(III)-oxide and/or Cu(II)-oxide, is increased, as confirmed by Fig. 4-8a-(ii) and 

Fig. 4-8c-(ii). 

SEM-EDX and XPS analyses (Fig. 4-7 and Fig. 4-8) imply that after Cu2+ activation, the 

pyrite surface is covered with Cu-containing compounds (e.g., Cu2S, CuO, and/or Cu(OH)2), 

and the effects of this on the ability of pyrite as a carrier are discussed in the next section. 
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Fig. 4-8. X-ray photoelectron spectroscopy (XPS) spectra of (i) untreated pyrite (ii) pyrite treated with CuSO4 
at a pH of 8: (a) Fe 2p, (b) S 2p, (c) Cu 2p, and (d) O 1s. a: This spectrum has three multiplets located at lower 
and higher binding energies separated by 0.95 eV. b: This spectrum has a doublet located at higher binding 
energy with 1.18-eV peak separation. The intensity ratio was constrained to one-half with the same Full Width 
at Half Maximum (FWHM). 

 

4.4.3.2 Particle size distribution analysis 

Particle size distribution for the mixture of 20 g of fine chalcopyrite particles and 10 g 

coarse Cu2+-treated pyrite particles suspended in a 400-mL flotation cell after 

conditioning with KAX were analyzed using Microtrac (Fig. 4-9). The solid black line 

represents the measured frequency of the mixture, while the dotted line represents the 

frequency calculated using Eq. (4.2), as described in section 3.1.1. As shown in Fig. 4-9, 

the comparison of the measured results (solid black lines) with the calculated results 

(dotted line) shows that the frequency of the fine particles almost disappears while that 

of the coarse particles increases upon pyrite being treated with Cu2+. This suggests that 

fine chalcopyrite particles were attached to the surface of coarse Cu2+-treated pyrite 

particles before flotation when they were agitated together in the flotation cell after 

conditioning with KAX. 
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Fig. 4-9. Particle size distribution of the mixture of coarse Cu2+-activated pyrite and fine chalcopyrite after 
conditioning with the collector (measured vs. calculated). 

 

4.4.3.3 Hydrophobic interactions between particles 

Based on Eq. (4.3), the hydrophobic interaction energies between coarse Cu2+-treated 

pyrite and fine chalcopyrite particles were calculated and compared to those between 

coarse untreated pyrite and fine chalcopyrite particles. As shown in Fig. 4-10, the 

hydrophobic interactions between Cu2+-treated pyrite and fine chalcopyrite are much 

stronger than those between the untreated pyrite and fine chalcopyrite particles, 

suggesting that the attachment of fine chalcopyrite on the surface of coarse pyrite is 

enhanced by Cu2+ treatment; this is in line with the particle size distribution results shown 

in Fig. 4-5 and Fig. 4-9. 
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Fig. 4-10. Hydrophobic interactions (VH) between coarse Cu2+-treated pyrite and fine chalcopyrite, and those 
between untreated pyrite and fine chalcopyrite particles. 

 

4.4.4 Flotation experiments 

To investigate the effects of Cu2+-treated coarse pyrite particles as a carrier on the 

flotation recovery of finely ground chalcopyrite particles, CuSO4 (2,000 g/t) was added to 

the mixture of fine chalcopyrite and coarse pyrite while maintaining a pH of 8. Fig. 4-11 

shows the Cu recovery after 10 min of flotation time, with and without Cu2+-treated coarse 

pyrite particles as a carrier. It can be seen that when coarse Cu2+-treated pyrite particles 

were introduced as a carrier, the recovery of fine chalcopyrite particles improved 

significantly, from around 70% (with untreated pyrite) to over 90%. 
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Fig. 4-11. Cu Recovery (%) from fines without (left) and with (right) Cu2+-treated pyrite as a carrier: Test 
conditions: [KAX] = 500 g/t; [MIBC] = 25 µL/L; [CuSO4] = 2,000 g/t; [Carrier size] = –125+106 μm; [Carrier 
amount] = 10 g. 

 

4.5 Conclusions  

In this chapter, the effects of two types of coarse pyrite (untreated and Cu2+-treated) as a 

carrier on the flotation behavior of fine chalcopyrite particles (D50 ~3 µm) were 

investigated. When untreated pyrite was used as the carrier, the attachment of fine 

chalcopyrite to the carrier was limited, and flotation recovery of fine chalcopyrite was not 

enhanced. When pyrite is treated with Cu2+, the pyrite surface is covered with Cu-

containing compounds (e.g., Cu2S, CuO, and/or Cu(OH)2), which promotes the adsorption 

of KAX on the pyrite surface, thereby promoting the attachment of fine chalcopyrite to the 

surface of Cu2+-treated pyrite particles. Therefore, Cu2+-treated pyrite can be used as an 

enhanced carrier to recover fine chalcopyrite particles from tailings. 

This chapter was modified from Bilal, M.; Ito, M.; Akishino, R.; Bu, X.; Ul Hassan, F.; Park, 

I.; Jeon, S.; Aikawa, K.; Hiroyoshi, N. Heterogenous carrier flotation technique for 

recovering finely ground chalcopyrite particles using coarse pyrite particles as a carrier. 

Miner. Eng. 2022, 180, 107518. 
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CHAPTER 5: Detachment of chalcopyrite fines from Cu2+-treated pyrite 

particles  

5.1 Introduction 

In chapter 3, we have investigated the effects of coarse chalcopyrite particles as the 

carrier. Using coarse chalcopyrite as a carrier, the flotation recovery of finely ground 

chalcopyrite was improved significantly (Bilal et al., 2021). Moreover, it was revealed that 

hydrophobic interaction is the key factor in the attachment of fine chalcopyrite pyrite 

particles to coarse chalcopyrite particles. One of the advantages of autogenous carrier 

flotation is that it does not require a post-flotation process (Li et al., 2017) and the Cu 

grade in the final concentrate is maximum.  

However, considering tailings as future deposits, this autogenous carrier flotation may 

have limited applicability because of the non-availability of coarse copper mineral 

particles at the tailings site. That is why an alternate carrier is required to recover fine 

copper sulfides from tailings.  

Pyrite is a suitable choice as a carrier, because of its abundance at mine sites. In chapter 

4, we have investigated the heterogenous carrier flotation technique using coarse Cu2+-

treated pyrite as a carrier. We demonstrated that by using coarse Cu2+-treated pyrite 

particles as the carrier, flotation recovery of finely ground chalcopyrite particles can be 

improved significantly. Moreover, it was revealed that hydrophobic interaction is the key 

factor in the attachment of fine chalcopyrite particles to coarse Cu2+-treated pyrite 

particles (Bilal et al., 2022). 

Although effective, heterogeneous carrier flotation using Cu2+-treated pyrite as a carrier 

has a drawback; that is, low Cu grade in the concentrate because a significant amount of 

coarse pyrite particles is also contained together with fine chalcopyrite particles in the 

froth. In actual industrial mineral processing operations, a smelter requires a specific 

grade of copper. Therefore, in the case of heterogeneous carrier flotation using pyrite as 

a carrier, the development of the post-flotation process to separate attached-fine copper 

minerals from carrier pyrite is needed to obtain a high-grade Cu concentrate.  

In this chapter, two methods (i.e., ultrasonic treatment and acid treatment) were 

investigated to detach fine chalcopyrite from coarse pyrite (i.e., carrier) by reducing the 

hydrophobic interaction between them—a major force for these two particles to be 

attached. Specifically, suitable conditions of these two methods for the detachment were 
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examined, and the mechanisms of how fine chalcopyrite was detached from coarse pyrite 

were clarified.  

5.2 Materials and reagents 

5.2.1 Materials 

Chalcopyrite and pyrite samples used in these experiments were the same as mentioned 

in chapter 4.   

5.2.2 Reagents 

Potassium amyl xanthate (KAX, C5H11OCSSK) (Tokyo Chemical Industry Co., Ltd., Japan) 

and methyl isobutyl carbinol (MIBC, C6H14O) (Wako Pure Chemical Industries, Ltd., Japan) 

were used as the collector and frother reagents, respectively. Copper sulfate pentahydrate 

(CuSO45H2O) (Wako Pure Chemical Industries, Ltd., Japan) was used as the source of Cu2+ 

for pyrite activation. Diluted HCl (1M) and NaOH (1M) were prepared from concentrated 

solutions (Wako Pure Chemical Industries, Ltd., Japan) and were used to change the pH of 

the solution. 

5.3 Methods 

5.3.1 Sample preparation 

A jaw crusher (1023-A, Yoshida Manufacturing Co., Ltd, Sapporo, Japan) and disc mill 

(RS200, Retsch Inc., Haan, Germany) were used to crush and grind the samples, 

respectively. The particle size distributions of coarse pyrite (D50 ~104 µm) and fine 

chalcopyrite (D50 ~3.5 µm) determined by Microtrac (MT3300SX, Nikkiso Co., Ltd., Tokyo, 

Japan) are shown in Fig. 5-1.  

 
Fig. 5-1. Particle size distributions of the pyrite and chalcopyrite samples. 
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5.3.2 Mixed pyrite–chalcopyrite flotation tests  

Ten grams of coarse pyrite particles and 20 g of fine chalcopyrite particles were 

conditioned with reagents KAX (500 g/t), MIBC (25 µL/L), and CuSO4 (2000 g/t) for 5, 5, 

and 3 minutes respectively. The parameters here were the same as already mentioned in 

section 4.3.4. The pH of the slurry was 8 and it was kept constant during the conditioning. 

After the desired conditioning time, air bubbles were introduced into the flotation cell and 

flotation was carried out for 10 min. The froth product was then analyzed by Microtrac to 

check the attachment of fines onto the carrier.  

5.3.3 Detachment of finely ground chalcopyrite from coarse pyrite 

5.3.3.1 Ultrasonic treatment 

The froth product obtained after the mixed pyrite-chalcopyrite flotation test was put into 

a beaker, mixed with 200 mL distilled water, and then treated by an ultrasonicator (W-

113, Honda Electronics Co., Ltd., Japan) at 31 Hz for up to 30 min. Afterward, particle size 

analysis was conducted to check the detachment of finely ground chalcopyrite from 

coarse pyrite. 

5.3.3.2 Acid treatment 

Similar to the above subsection, a 200 mL suspension was prepared by mixing the froth 

product and distilled water. The pH of the suspension was adjusted to 8 using dilute NaOH 

while stirring at 340 rpm, and a 1mL aliquot was taken and analyzed by a particle size 

analyzer. Afterward, the pH of the suspension was decreased gradually up to 2 using 

dilute HCl, and the changes in particle size distributions were measured. 

5.3.4 XPS analysis 

The surfaces of Cu2+-treated pyrite samples treated at different pH were analyzed by X-

ray photoelectron spectroscopy (XPS, JPS-9200, JEOL Ltd., Japan) to check whether Cu-

compounds formed on the surface of pyrite remained after acid treatment. The XPS 

analysis was performed using an Al Kα X-ray source (1486.7 eV) operated at 100 W 

(voltage = 10 kV; current = 10 mA) under ultra-high vacuum conditions (~6.7 × 10−7 Pa). 

The binding energies of the photoelectrons were calibrated using C 1s (285 eV) as a 

reference for charge correction. The XPS data were analyzed by Casa XPS, and the spectra 

were deconvoluted using an 80% Gaussian–20% Lorentzian peak model and a true 

Shirley background (Nesbitt and Muir, 1994, Shirley, 1972, Park et al., 2020b, Aikawa et 

al., 2022). 
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5.3.5 FTIR measurements 

The Cu2+-treated pyrite samples treated at different pH were analyzed by attenuated total 

reflectance Fourier transform infrared spectroscopy (ATR-FTIR, FT/IR-6200 HFV, and 

ATR Pro One attachment equipped with a diamond prism, Jasco Analytical Instruments, 

Japan) to check whether KAX is decomposed or not. Cu2+-treated pyrite was conditioned 

with KAX at different pHs for 20 minutes each in the flotation cell at 1000 rpm. Afterward, 

the residue was recovered from the suspension by filtration, dried in the vacuum oven at 

40 °C for 24 h, and analyzed by ATR-FTIR. 

5.3.6 Dissolution tests of Cu2+ 

Ten grams of pyrite sample was conditioned with KAX and CuSO4, respectively. Initially, 

the pH of the sample was adjusted to 8 and conditioned for 13 minutes at 1000 rpm in the 

flotation cell (same as flotation conditioning time); after this, the leachates were collected 

by filtration using 0.2 μm syringe-driven membrane filters and immediately analyzed 

using an inductively coupled plasma atomic emission spectrometer (ICP-AES, ICPE 9820, 

Shimadzu Corporation, Japan) (margin of error = ±2%) to measure the concentration of 

Cu2+. Similarly, the pH of the suspension was decreased gradually up to 2 using dilute HCl 

and the samples were taken and analyzed for Cu2+ dissolution. 

5.4 Results and discussion 

5.4.1 Ultrasonic treatment on the detachment of chalcopyrite from Cu2+-treated pyrite 

A carrier-flotation experiment for 20 g of fine chalcopyrite was conducted using 10 g of 

coarse Cu2+-treated pyrite particles as carriers with xanthate as the collector. Froth 

product was suspended in 200 ml of distilled water and agitated, then ultrasonic 

treatment was applied for 30 min.  

Fig. 5-2 shows the particle size distribution of the suspended froth product before 

ultrasonic treatment. The dotted line is reference data calculated from the amount of 

chalcopyrite and pyrite in the froth by assuming that there is no attachment of 

chalcopyrite fines to coarse pyrite particles. In the reference data, there are two peaks 

corresponding to fine chalcopyrite at around 3.5 µm and coarse pyrite at around 150 µm. 

In the size distribution curve for the suspended froth product, the peak located at around 

3.5 µm was very small, indicating that most of the fine chalcopyrite particles in the froth 

were attached to coarse Cu2+-treated pyrite particles. Moreover, the peak at around 150 

µm was shifted to around 250 µm, indicating that fine particles were attached to the 

surface of coarse pyrite particles as well as the coarse–coarse particles agglomerates were 

formed. 
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Fig. 5-2. Particle size distribution of the froth product of fine chalcopyrite and coarse pyrite particles before 
ultrasonic treatment (measured vs. calculated). 

 

Fig. 5-3 shows the effects of the ultra-sonication on the particle size distribution for the 

suspended froth product. The curve indicated with “0 min (before ultrasonic treatment)” 

is the same as the solid blue line shown in Fig. 5-2. If fine chalcopyrite particles are 

detached from coarse pyrite particles, there would be an increase in the peak at 3.5 µm. 

The observed data, however, showed that there was no significant increase in the peak at 

3.5 µm after 30 min of ultrasonic treatment. This suggests that ultrasonic treatment is not 

effective to detach chalcopyrite fines from Cu2+-treated pyrite particles.  

 

Fig. 5-3. Particle size distribution of the froth product of fine chalcopyrite and coarse pyrite particles at 
different intervals of ultrasonic treatment time. 
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In chapter 4, it was found that hydrophobic interaction is the main reason for the 

attachment of fine chalcopyrite to coarse Cu2+-treated pyrite: the potential energy of 

hydrophobic interaction between fine chalcopyrite and coarse Cu2+-treated pyrite was 

evaluated to be around –200  1018 J when the distance between two-particle surfaces is 

10 nm (Bilal et al., 2022). As shown in Fig. 5-3, ultrasonic treatment could not detach 

chalcopyrite fines from Cu2+-treated coarse pyrite particles, which indicates two 

possibilities: (1) the intensity of ultrasonic treatment is not enough to overcome the 

hydrophobic interaction, and (2) the detachment occurs but the particles get re-attached 

due to hydrophobic interactions. This suggests that rather than supplying the kinetic 

energy, a reduction of hydrophobic interaction is needed. In the next section, this 

approach is discussed.   

5.4.2 Acid treatment on the detachment of chalcopyrite from Cu2+-treated pyrite 

The hydrophobic interaction between chalcopyrite and Cu2+-treated pyrite is mainly 

caused by (1) the CuO/CuS layer formed on the pyrite surface, and (2) collector (KAX) 

adsorbed on both chalcopyrite and the CuO/CuS layer. It has been reported that at low pH 

(<4), the collector (KAX) adsorbed onto the surface of the particle could be decomposed 

(Elizondo-Álvarez et al., 2021). It is also possible that the CuO layer can also be 

decomposed (or dissolved) in acidic solutions.  

Considering the above, acid treatment was applied to reduce the hydrophobic interaction 

between chalcopyrite and Cu2+-treated pyrite. HCl was added to the suspension of the 

flotation froth product to adjust the pH to ~2. Fig. 5-4 shows the effect of acid treatment 

on the particle size distribution of the suspended flotation froth product. After 20 min of 

acid treatment, a significant peak corresponding to fine chalcopyrite (at around 3.5 µm) 

was observed. The peak at around 250 µm before the treatment was shifted to around 

200 µm after acid treatment. This may be due to both the detachment of chalcopyrite from 

pyrite and the decomposition of pyrite-pyrite agglomerates. This result suggests that acid 

treatment is effective to reduce the hydrophobic interaction and cause the detachment of 

fine chalcopyrite from coarse Cu2+-treated pyrite. 
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Fig. 5-4. Particle size distribution of the froth product of fine chalcopyrite and coarse pyrite particles before 
and after acid treatment.  

 

To optimize the pH condition for acid treatment, particle size distributions for the mixture 

of 20 g of fine chalcopyrite particles and 10 g coarse Cu2+-treated pyrite particles 

suspended in a 400-mL flotation cell after conditioning with KAX at pH 8 and then 

changing the pH to 5, 4, 3 and 2, were analyzed using Microtrac. For comparison, a 

calculated size distribution curve for the mixture was obtained, assuming no attachment 

of chalcopyrite fines to coarse pyrite particles and a comparison has been made with the 

measured data (Fig. 5-5). From Fig. 5-6, it can be seen that at pH 8, around 38% of fines 

were attached to coarse Cu2+-treated pyrite particles. However, the detachment of fines 

from coarse Cu2+-treated pyrite particles increased with a decrease in pH. The detachment 

of fines was not significant at pH 4–8 but it was effective at pH <4, i.e., at pH 2, the 

cumulative frequency of fines was around 97%; suggesting that hydrophobic interactions 

between coarse and fine particles became weaker. As mentioned earlier, the reduction of 

hydrophobic interaction has mostly resulted from the dissolution of Cu compounds 

present on the surface of Cu2+-treated pyrite and/or the decomposition of KAX adsorbed 

on mineral surfaces, which will be clarified in more detail in the following subsections.  
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Fig. 5-5. Particle size distribution of the mixture of fine chalcopyrite and coarse Cu2+-treated pyrite particles 
after conditioning (measured vs. calculated). 

 

 
Fig. 5-6. Measured cumulative amount of chalcopyrite fines at different pH. 

 

5.4.3 Dissolution of Cu compounds formed on the surface of Cu2+-treated pyrite at different 

pH 

Dissolution tests of Cu compounds formed on the surface of Cu2+-treated pyrite at 

different pH were conducted. As shown in Fig. 5-7, almost all of Cu2+ was precipitated, 

when the pH was around 8. However, it can be seen that when pH was decreased, the 

dissolution of Cu2+ increased significantly, i.e., ~ 95% at pH 2. 

After dissolution tests, residues were analyzed by XPS to check the changes in the 

intensities of Cu species present on the surface of pyrite. Fig. 5-8 shows the Cu 2p spectra 

of Cu2+-treated pyrite at different pH. In the Cu 2p3/2 spectrum of Cu2+-treated pyrite at pH 
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8 (Fig. 5-8 (i)), there is a strong peak at ~ 932 eV corresponding to Cu2S (Zhuge et al., 

2009), as well as minor peaks at around 933.4 eV and 934.9 eV that are both assigned to 

Cu(II) species like CuO/Cu(OH)2 (Biesinger et al., 2010, Zhuge et al., 2009). However, the 

intensities of these peaks were reduced when Cu2+-activated pyrite was treated at pH 4 

(Fig. 5-8 (ii)), and it was further reduced at pH 2 (Fig. 5-8 (iii)), indicating that Cu 

compounds adsorbed on pyrite surface have been dissolved.  

Surface modification is an effective method of controlling mineral hydrophobicity 

(Aikawa et al., 2021, Park et al., 2020a, Park et al., 2021). The KAX adsorption on pyrite 

becomes easier when a CuS-like layer or its oxidized products, such as Cu(OH)2, can be 

formed on the surface of the pyrite (Yang et al., 2016). Pyrite particles would become 

more hydrophobic, making them better carriers for fine chalcopyrite particles during 

flotation. Because acid treatment dissolves the CuO layer formed on the pyrite surface 

(Fig. 5-7 and Fig. 5-8), collector (KAX) adsorbed on the surface of Cu2+-treated pyrite could 

be desorbed, so chalcopyrite fines can be detached from coarse pyrite particles (Fig. 5-5 

and Fig. 5-6). Thus, the dissolution of Cu compounds formed on the surface of pyrite by 

acid treatment significantly contributes to the detachment of fine chalcopyrite and coarse 

pyrite. 

 
Fig. 5-7. Dissolved Cu concentration after dissolution test. 
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Fig. 5-8. XPS Cu 2p3/2 spectra of Cu2+-treated pyrite: (i) pH 8, (ii) pH 4, and (iii) pH 2. 

 

5.4.4 Decomposition of KAX adsorbed on the surface of pyrite 

Not only the formation of Cu compounds but also the adsorption of KAX plays an 

important role in improving hydrophobic interaction between fine chalcopyrite and 

coarse pyrite. Under acidic conditions, it is known that KAX is readily decomposed 

(Elizondo-Álvarez et al., 2021), so its decomposition was verified by ATR-FTIR analysis of 

Cu2+-activated pyrite treated at various pH (2–8). As shown in Fig. 5-9, the IR spectrum of 

Cu2+-activated pyrite treated with KAX at pH 8 showed the absorption bands of the 

hydrophobic tail of KAX (e.g., asymmetric, and symmetric stretching bands of CH3–CH2 at 

2977, 2927, 2887, and 2830 cm–1) (Hornn et al., 2021, Eensalu et al., 2022). Moreover, 

Cu2+-activated pyrite treated with KAX at pH 8 showed only the absorption bands of C–O–

C, S–C–S, and C–O–S at 1116 cm–1, 1084 cm–1and 945 cm–1, respectively (Leppinen, 1990, 

Leppinen et al., 1989). The IR spectrum of Cu2+-activated pyrite treated with KAX at pH 4 

showed only a weak absorption band of S–C–S detected at 1084 cm–1. Meanwhile, IR 

signatures of KAX were not observed in the spectrum of Cu2+-activated pyrite treated with 

KAX at pH 2, which indicates that KAX started being decomposed at pH 4, and it is 

completely decomposed at pH 2. This supports our earlier deduction that at low pH (~2), 
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Cu precipitates could be dissolved and KAX could be decomposed, thereby reducing the 

hydrophobic attractive force between mineral particles, and promoting detachment. 

 
Fig. 5-9. FT-IR spectra of pyrite treated with KAX: (a) pH 8, (b) pH 4, and (c) pH 2. 

 

5.4.5 Proposed flow sheet for heterogeneous carrier flotation 
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that around 90% of Cu in the froth was recovered as a passing product and it was 
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pyrite particles. 
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Fig. 5-10. Proposed flow-sheet of heterogeneous carrier flotation for low-grade deposits/tailings. 

 
5.5 Conclusion 

In this chapter, the effects of ultrasonic treatment and acid treatment were compared for 

the detachment efficiency of chalcopyrite fines from Cu2+-treated coarse pyrite particles. 

Particle size distribution analysis of the froth product (fine chalcopyrite and Cu2+-treated 

coarse pyrite particles) suspended in water showed that ultrasonic treatment was not 

effective, while acid treatment was effective to detach fine chalcopyrite from carrier 

(coarse pyrite). After acid treatment, the overall copper recovery was around 90% (with 

carrier flotation) compared to that of 70% (without carrier flotation). This suggests that 

after heterogeneous carrier flotation combined with acid treatment (post flotation), not 

only coarse pyrite may be reused as a carrier but also the grade of final Cu concentrate 

could be improved. 

This chapter was modified from Bilal, M.; Ito, M.; Park, I.; Ul Hassan, F.; Aikawa, K.; Jeon, 

S.; Hiroyoshi, N. Heterogenous carrier flotation technique for recovering finely ground 

chalcopyrite particles using coarse pyrite particles as a carrier: Part II. Detachment of 

finely ground chalcopyrite 3 particles from coarse pyrite particles. Minerals Engineering, 

MINE-D-22-00996  (Under review). 
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CHAPTER 6: General conclusion and recommendations 

6.1 Conclusion 

A comprehensive review of different flotation techniques to recover fine copper sulfides 

from tailings was conducted. Based on the review it was suggested that carrier flotation 

can be more effective to recover fine copper sulfides from tailings.   

In this dissertation, innovative methods, the effects of coarse chalcopyrite (autogenous 

carrier flotation) and Cu2+-activated coarse pyrite (heterogenous carrier flotation) 

particles as carriers to recover finely ground chalcopyrite particles were investigated. It 

was observed that fine chalcopyrite particles recovery was improved when coarse 

chalcopyrite and Cu2+-activated coarse pyrite particles were used as carriers. 

Brief background of mineral processing of copper ore is presented in chapter 1. Moreover, 

the problems related to fine particles recovery and the objective of this study are also 

described in chapter 1. 

In chapter 2, the challenges, and prospects to recover copper sulfides from tailings are 

discussed in detail. Ultrafine copper sulfide mineral particles are least likely to collide 

with air bubbles in the flotation cell, and coarse copper sulfide particles associated with 

gangue minerals are not attached to air bubbles, causing the tailing loss of these copper 

sulfides. Hence, regrinding of the coarse unliberated particle will further produce 

ultrafine particles. Therefore, the development of flotation methods for fine particles is 

much needed. Flotation methods for fine particles recovery such as microbubble flotation, 

column flotation, nanobubble flotation, oil agglomeration, shear flocculation, polymer 

flocculation, and carrier flotation were reviewed; and their applications and limitations 

were discussed in detail.  

In chapter 3, the autogenous carrier flotation technique was used to recover finely ground 

chalcopyrite particles using coarse chalcopyrite particles as carriers. Using coarse 

chalcopyrite particles as carriers significantly improved the recovery of finely ground 

chalcopyrite particles. Moreover, from particle size distribution results and SEM 

observations, it was confirmed that fine chalcopyrite particles were selectively attached 

to the surface of coarse chalcopyrite particles. Based on EDLVO calculations, it was 

revealed that hydrophobic interaction plays an important role in the attachment of 

chalcopyrite fines to the surface of coarse carrier particles.  
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The heterogeneous carrier flotation technique using coarse pyrite particles as carriers for 

finely ground chalcopyrite particles was investigated in chapter 4. It was observed that 

adding coarse pyrite particles did not act as carriers, however, when pyrite was pre-

treated with CuSO4 solution, the hydrophobic interactions between fine chalcopyrite and 

Cu2+-treated pyrite particles became stronger, and the fine chalcopyrite were attached to 

the surface of Cu2+-treated pyrite particles, which improved fine chalcopyrite recovery 

significantly.  

In chapter 5, the post-flotation separation of Cu2+-treated pyrite and finely ground 

chalcopyrite particles was investigated. It was observed that using an ultrasonic 

treatment for particles suspended in water did not effectively separate the particles. 

However, with acid treatment, the KAX could be dissolved, and the fine particles attached 

to coarse Cu2+-treated pyrite particles were efficiently detached.  

6.2 Recommendations for future work 

The findings from this research work indicate that using coarse chalcopyrite particles as 

well as Cu2+-treated pyrite particles as carriers improved the finely ground chalcopyrite 

recovery. However, further studies are needed to investigate the autogenous and 

heterogenous carrier flotation techniques at pilot and industrial scales using low-grade 

ores. 

 

 


