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Abstract 
 

The increased demand of molybdenum in the last 5 years has resulted in a 

necessity for a better recovery of molybdenum. Approximately, 50% of molybdenum 

production comes from copper-molybdenum (Cu-Mo) ores. Molybdenum, as a by-

product from Cu-Mo flotation plants, plays a very important role in making the 

flotation plants economically viable. This is triggered by the up-floating molybdenum 

price which was up to three times higher than the price of copper in 2016. However, 

the existing Cu-Mo flotation plants demonstrate imperfect molybdenum recovery, 

ranging from 25% to 85%. Due to the deposit location, several mining operations are 

located in desert areas (i.e., Atacama Desert, Chile), the usage of seawater for Cu-Mo 

flotation plants could not be avoided and has been reported to be able to depress the 

floatability of molybdenum at pH>9.5. The cause of this phenomenon might be due to 

the effects of Mg(OH)2 precipitate formed in seawater at pH>9.5. However, several 

studies show contradictive results, therefore further study is needed to clarify this 

phenomenon.  

Other existing Cu-Mo flotation processes use sodium hydrosulfide (NaHS), a 

toxic depressant, to depress the floatability of copper ores, causing environmental and 

health issues. For this reason, other safer methods are required to replace the NaHS 

reagent. The methods should be able to deliver comparable results (i.e. mineral 

recoveries and grades) to the existing Cu-Mo flotation plants.  

In order to provide a reliable method as well as using non-dangerous reagents, 

in this thesis, the depression effect of seawater on flotation performance of chalcopyrite 
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and molybdenite at alkaline conditions was examined. Moreover, the possibility for 

selective flotation of chalcopyrite and molybdenite was investigated by employing 

various flotation reagents. To clarify the flotation mechanisms, mineral surface 

characterizations and observation on bubble-particle interactions were carried out.  

This dissertation consists of 7 chapters. Chapter 1 presents the background and 

objectives of this study. Moreover, an overview of froth flotation, zeta potential, and 

bubble-particle interactions are presented in order to provide the basic understanding 

of this study. Surface characterization using atomic force microscopy is briefly 

discussed in this chapter.  

Chapter 2 focuses on the development of an image analysis software. In froth 

flotation, bubble-particle interactions play a crucial factor that affect the mineral 

recoveries. The bubble-particle interactions are usually studied using a high-speed 

camera followed by image analysis. However, the available image processing software 

(i.e., Interface Measurement and Analysis System (FAMAS), and ImageJ) analyze the 

image frame-by-frame and are not able to analyze the dynamic bubble parameters 

automatically. Moreover, FAMAS is only able to measure the contact angle. Therefore, 

an image analysis software was developed in this thesis. The software was built in 

Matlab platform and was programmed to be able to analyze thousands images of bubble 

movement and its dynamic interactions with the solid surface automatically and rapidly. 

The software is called Bubble-Solid Surface Interactions Analyzer (Bsolina). Bsolina 

is a stand-alone software which does not necessarily require network connection to 

function or another existing process to run. A comparison study was conducted between 

Bsolina and FAMAS to test the accuracy of Bsolina. The contact angle results showed 
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that Bsolina has similar accuracy level as FAMAS and has the advantage of being able 

to analyze the dynamics bubble parameters. 

Chapter 3 intensively discusses the effects of artificial seawater, a seawater 

model solution, on the floatability of molybdenite and chalcopyrite, the main minerals 

in Cu-Mo flotation process. Floatability tests using a column flotation in the absence 

of flotation reagents (i.e., frothers and collectors) demonstrated that artificial seawater 

has a detrimental effect on the floatability of molybdenite at pH>9. Surprisingly, 

however, the similar detrimental effect was observed on the floatability of chalcopyrite 

under the same alkaline conditions, which contradict several studies. The floatability 

results are in agreement with low contact angle readings and the reversal of zeta 

potential signs of both minerals at pH>9, indicating the adsorption of hydrophilic 

species on the particle surfaces. Furthermore, the floatability tests of single mineral 

showed that there is a possibility for selective flotation of both minerals at pH 10 by 

the addition of kerosene emulsion in artificial seawater, which might be caused by the 

increasing of surface hydrophobicity of molybdenite owing to the adsorption of 

kerosene as indicated from higher contact angle values. Finally, a MgCl2 aqueous 

solution was employed to clarify the effect of Mg(OH)2 on the floatability of 

chalcopyrite and molybdenite in both with and without kerosene addition. The low 

floatability results of both minerals in a MgCl2 aqueous solution at pH>9 confirms the 

depression effect of Mg(OH)2 on the floatability of chalcopyrite and molybdenite. 

In Chapter 4, surface characterizations of molybdenite and chalcopyrite in 

artificial seawater and in a 0.01 M MgCl2 solution both with and without kerosene 

addition were examined. The surface characterizations were carried out using atomic 

force microscopy (AFM). In addition, the bubble interactions with both mineral 
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surfaces are also discussed in this chapter. The bubble-particle interactions results and 

AFM images show that both mineral surfaces were covered dominantly by Mg(OH)2 

precipitate and a small concentration of CaCO3 precipitate from seawater at pH 11 with 

and without kerosene addition, altering the surfaces hydrophobicity and preventing the 

formation of three-phase contact (TPC) on the surfaces, thus depressing the floatability 

of both minerals as presented in Chapter 3. These results are supported by the reversal 

of zeta potential of both minerals at pH>9 owing to the adsorption of positively charged 

Mg(OH)2 particles on the surface as discussed in Chapter 3. In addition, the AFM 

images show that the selective flotation of chalcopyrite and molybdenite at pH 10 with 

the addition of kerosene emulsion in artificial seawater might be due to the lower 

adsorption of Mg(OH)2 on molybdenite surface compared to that on chalcopyrite 

surface. From the study of bubble-particle interactions, kerosene was found to change 

the bubble shape from oblate to spherical and was found to reduce the bubble rise 

velocity by ~50%. Moreover, kerosene could accelerate the formation of TPC at natural 

pH of both treatment solutions by one order of magnitude (from ~200 to ~40 ms). The 

reason for these phenomena is likely caused by the adsorption of kerosene at air/liquid 

interface and on the mineral surface, which improved the mineral surface 

hydrophobicity and destabilized the thin liquid film on the surface. The implications of 

all of these effects for flotation process are a longer contact time between bubble and 

particle, a higher probability of bubble-particle attachment and therefore, a higher 

flotation recovery in the presence of kerosene as can be observed from flotation results 

of chalcopyrite and molybdenite at pH<9 from Chapter 3.  

Chapter 5 focuses on investigating an oxidation treatment to replace the NaHS 

treatment using a mixture of hydrogen peroxide (H2O2) aqueous solution and ferrous 
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have higher possibility or reporting to the concentrate, and coarse particles with high 

perimeter to area ratio tend to report to the tailings (Triffett et al. 2008; Triffett and 

Bradshaw 2008) 

 
Fig.  1-3. Schematic of Cu-Mo flotation process 

 

 Problems facing the copper-molybdenum flotation  

The conventional separation of copper and molybdenum ores has been achieved 

with sulfide ore bulk flotation followed by selective molybdenum flotation with the 

addition of a copper sulfide depressant (i.e., sodium hydrosulfide (NaHS), sodium 

thioglycollate (HSCH2COONa), sodium sulfide (Na2S), Nokes reagent (P2S5+NaOH), 

and sodium thiopropionate (HSCH2CH2COONa)) (Ansari and Pawlik 2007a; 

Bulatovic 2007; Moreno et al. 2011; Pearse 2005; Prasad 1992; Somasundaran 1987; 

Yin et al. 2010). This process is described briefly in Fig. 1-3. Moreover, the simplified 

process diagram of Cu-Mo flotation circuit at Andina in Chile and a more detail process 

diagram of molybdenum flotation at Chuquicamata Mine in Chile are presented in Fig. 

1-4 and 1-5, respectively (Fuerstenau et al. 2007; Wills and Napier-Munn 2006).  

Although the flotation process can separate copper and molybdenum ores, the 

existing flotation process demonstrates imperfect molybdenum recovery (Liu et al. 

2012; Zanin et al. 2009). Characteristically, in porphyry copper flotation plants, 

molybdenum exhibits lower recovery than copper, in spite of the apparent natural 

hydrophobicity of molybdenite (Kelebek 1988). Furthermore, molybdenum recovery 

displays high variability. While copper recovery is usually between 80% and 90%, 
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molybdenum recovery may range between 25% and 85% (Crozier 1979). The historical 

recovery data for a typical porphyry copper plant is presented in Fig. 1-6. In addition, 

NaHS needs to be used under specific conditions in molybdenum flotation plants 

because it might be environmental contaminant (Ansari and Pawlik 2007b) and it 

produces deadly hydrogen sulfite gas (H2S) under acidic conditions. Therefore, better 

and safer methods are needed to separate copper and molybdenum. 

 

 
Fig.  1-4 Cu-Mo flotation circuit at Andina in Chile (Fuerstenau et al. 2007). 

 

In order to solve the problem for using a toxic depressant such as NaHS, various 

researches have been conducted. Petrus et al. (2012) showed that sodium thiosulfate 

had a potential to depress chalcopyrite at pH 9. However, their research mainly focused 

on separation of chalcopyrite and tennantite. In addition, the effect of sodium 

thiosulfate on molybdenite floatability, to the best of our knowledge, has not yet been 

reported. Ansari and Pawlik (2007b) reported that lignosulfonates can be used as 

selective depressants in flotation of chalcopyrite and molybdenite under neutral and 

weakly alkaline pH. Under these conditions, molybdenite will be depressed while the 

flotation of chalcopyrite should not affected. However, in conventional Cu-Mo 

flotation circuit, molybdenum is collected in froth zone and copper is collected as sink 

(see Fig.1-3). Therefore, process modifications are required for using lignosulfonates 

as selective depressants, which can cause more problems to the existing Cu-Mo 
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flotation process. Hence, other methods are needed to separate copper and 

molybdenum without drastically changing the existing Cu-Mo flotation process. 

 
Fig.  1-5. Molybdenum flotation plant at Chuquicamata Mine in Chile (Sisselman (1978)) in 

Mineral Processing Technology (Wills and Napier-Munn 2006)).  

 

Various oxidation treatments have been applied to achieve selective flotation of 

chalcopyrite and molybdenite without changing the conventional Cu-Mo flotation 

circuit. Hirajima et al. (2014, 2017) investigated the effect of various oxidation 

treatments such as plasma pre-treatment, ozone, and H2O2 aqueous solution on 

floatability of chalcopyrite and molybdenite using Hallimond tube. All of these 

oxidation methods could selectively oxidize chalcopyrite surface and could maintain 

molybdenite floatable. However, due to the technical and economic issues, oxidation 

methods using plasma pre-treatment and ozone are relatively difficult to be applied in 

the real flotation plant. In contrast, the oxidation treatment using H2O2 aqueous solution 

demonstrated a comparable result with NaHS treatment in flotation tests using Cu-Mo 

bulk concentrate in a Denver cell. Although, further development is needed to reduce 

the treatment time and the H2O2 dosage.  
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Fig.  1-6. Historical recovery data for a typical porphyry copper plant. Bulk copper/ 

molybdenum flotation circuit (Zanin et al. 2009). 

 

Another challenge facing the copper-molybdenum flotation process comes 

from the location of many large mineral deposits, which are located in the areas with 

limited resources of fresh water, for example, The Atacama Desert, one of the driest 

nonpolar places on earth located in northern part of Chile. Major portion of Chilean 

Copper Industry is located in Atacama Desert. In this highly arid region, carrying 

flotation using fresh water can cause a significant economic and environmental impact 

(Jeldres et al. 2016).  

In order to minimize the use of fresh water, most mining operations need to use 

recycled water, underground water, saline water, or seawater which contain various 

inorganic electrolytes (Wang and Peng 2014). Seawater has been used in Las Luces 

copper-molybdenum (Cu-Mo) beneficiation plant in Taltal, Chile (Moreno et al. 2011). 

Other flotation plants are using saline or seawater to process sulfide minerals (Drelich 

and Miller 2012; Wang and Peng 2014), such as Michilla Project (Antofagasta), Chile, 

and KCGM Project (Barrick/Newmont), Australia. Seawater is used to process a gold-

rich porphyry copper ore in the Batu Hijau concentrator (Newmont) in Sumbawa Island, 

Indonesia (Castro 2012). Bore water is used in nickel flotation plants operated by BHP 

Billiton in Mt Keith mine, Leinster mine, and Kambalda Nickel Concentrator, Australia.  
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results are apparently contradictory. For example, Hirajima et al. (2016) showed that 

chalcopyrite, the predominantly copper ore, and molybdenite, the primary source of 

molybdenum, were depressed in a MgCl2 aqueous solution at alkaline pH conditions, 

typically at pH>9. On the other hand, Nagaraj and Farinato (2014) demonstrated a 

detrimental effect of MgCl2 on the floatability of molybdenite. The contradictions 

might be caused by the different flotation reagents and ores used in their tests. In 

addition, calcium and magnesium ions in seawater can form colloidal hydroxides, 

carbonates, and sulfates, which can depress some mineral species, such as molybdenite 

(Castro 2012). Therefore, a fundamental study of the effect of seawater on the 

floatability of pure chalcopyrite and molybdenite in the absence of flotation reagents is 

needed to clearly understand the basic mechanism of this process. 

In addition, further development is needed to improve the performance of Cu-

Mo flotation in seawater. Castro (2012) discussed the main challenges facing the use 

of seawater in Cu-Mo sulfide flotation. Cu-Mo sulfide flotation in seawater should be 

able to produce high recovery not only for copper but also of its valuable by-products 

(Mo and Au). Moreover, pyrite depression in seawater should be done at lower pH 

(pH<9.5) to avoid the depression of molybdenum. Cu-Mo sulfide flotation in seawater 

also should be able to obtain high copper concentrate grade (28-30%) for high pyrite 

copper ores (<3% pyrite).  

In order to overcome the low floatability of molybdenite in seawater and MgCl2 

aqueous solution reported in the previous studies (Castro 2012; Hirajima et al. 2016; 

Laskowski et al. 2013; Nagaraj and Farinato 2014; Ramos et al. 2013), Hirajima et al. 

(2014, 2016) employed kerosene as molybdenite collectors in a MgCl2 aqueous 

solution. Kerosene and fuel oil are usually added during the grinding stage to enhance 

the molybdenite recovery and the performance of these non-polar reagents is 

significantly improved where emulsification is carried out prior to use (Bulatovic 2007). 

Indeed, Song et al. (2012) reported the use of emulsified kerosene in distilled water (25 

mg/L) to study the flotation of molybdenite fines as hydrophobic agglomerates. They 

found that the floatability of molybdenite fines increased in floc-flotation with 

increasing stirring rate and kerosene dosage, with a kerosene emulsion of 80 mg/L 

increasing molybdenite floatability to ~85%. Hirajima et al. (2016) also employed 

kerosene emulsion to improve the floatability of molybdenite in a MgCl2 aqueous 
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solution at alkaline conditions. Therefore, it can be hypothesized that the addition of 

kerosene emulsion in seawater flotation can give the similar effect on the floatability 

of molybdenite. Meanwhile, to the best of our knowledge, the effect of emulsified 

kerosene in electrolyte solution on chalcopyrite floatability has not yet been 

investigated. Hence, the effect of kerosene emulsion on floatability of both minerals in 

seawater is investigated in this work.    

 

1.2 Introduction to flotation  

Flotation is a process that separates various particles based on the differences 

in their surface properties. In this process, hydrophobic particles, or hydrophilic 

particles that are made hydrophobic by surface-active reagents (surfactants), attach to 

the gas bubbles in the pulp and are levitated to the froth, with most other particles 

remaining in the bulk. The former particles can, thus, be separated from the matrix by 

separating the froth from the bulk pulp (Gaudin 1957). The overall process of selective 

separation by froth flotation depends on many other factors, such as, for example, the 

physical and the mechanical features of thinning of liquid films, the hydrodynamics of 

solid-in-water slurries, the kinetics of chemical reactions and of physical processes 

such as wetting, and the attachment of solid and fluid phases (Rao 2004). Moreover, in 

order to control the chemical process in a flotation circuit, several parameters are used, 

such as pH, particle size, flotation reagents, pulp redox potential, and etc. 

Flotation is undoubtedly the most important and versatile mineral processing 

technique (Wills and Napier-Munn 2006) and is frequently employed for separations 

of solids encountered particularly in the primary mineral and chemical industries (Rao 

2004). Initially, flotation was developed to treat the sulfides of copper, lead, and zinc 

such as galena, sphalerite, chalcocite, chalcopyrite, and pyrite (Fuerstenau et al. 2007; 

Wills and Napier-Munn 2006). Nowadays, the field of flotation has expanded to 

include platinum, nickel, and gold-hosting sulfides, and oxides, such as hematite and 

cassiterite, oxidized minerals, such as malachite, and cerussite, and non-metallic ores, 

such as fluorite, phosphates, and fine coal.  
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 Effect of pH  

Flotation where possible is carried out in an alkaline medium, as most collectors, 

including xanthates, are stable under these conditions, and corrosion of cells, pipework, 

etc., is minimized (Wills and Napier-Munn 2006). Lime (CaO or Ca(OH)2) as being 

cost effective, is usually used for controlling the alkalinity. Moreover, lime can act as 

a strong depressant for pyrite and arsenopyrite when using xanthate collectors. The 

depression effect is caused by the participation of hydroxyl and calcium ions on the 

formation of Fe(OH), FeO(OH), CaSO4, and CaCO3 on the surface. However, in some 

cases the interaction between calcium ions and minerals is avoided. Under this 

conditions, sodium-based alkali such as NaOH or Na2CO3 is usually used.  

The important of controlling the pH condition is investigated by Sutherland and 

Wark (1955), which show how pH condition could affect the adsorption of sodium 

aerofloat collector on pyrite, galena, and chalcopyrite surfaces. A selective separation 

of chalcopyrite from pyrite and galena could be achieved by choosing the right pH 

condition, typically at pH 8, where sufficient adsorption of sodium aerofloat collector 

on the chalcopyrite surface. Under this condition, the collector adsorption was not 

observed on galena and pyrite surfaces. At lower pH, the galena can be floated from 

the pyrite. Further effect of pH can be seen from the surface chemistry of the minerals. 

It is widely known that the pH can affect the mineral surface charges in the solution. 

Under acidic conditions, the minerals can developed positively charge ions on its 

surfaces, and can developed negatively charge ions on its surfaces under alkaline 

conditions.  

 

 Effect of particle size 

Effect of particle size on flotation is reported by various researchers (Haga et 

al. 2012; Raghavan and Hsu 1984; Rubio et al. 2007; Santana et al. 2008; Trahar and 

Warren 1976). Typically, the recovery of minerals was at the most in the particle size 

range of 10-100 µm (Trahar and Warren 1976). Larger or smaller particle size can 

reduce the recovery of minerals. The recovery of gangue tends to increase with fine 

particle size. On the other hand, larger particle size means low degree of mineral 

liberation, which can cause loses of valuable mineral. The optimum particle size for 

molybdenite is around 20 µm (Castro et al. 2016). However, as previously mentioned, 
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molybdenite particles have non-polar faces and polar edges, therefore the ratio of the 

faces-to-edges is important factor that affect its floatability.  For molybdenite particles 

the faces-to-edges ratio is function of particle size which are therefore less hydrophobic 

than coarse ones (Castro et al. 2016; Yang et al. 2014). Meanwhile, for chalcopyrite, 

the optimum particle size is 15-60 µm (Trahar and Warren 1976).  

 

 Flotation reagents 

It is widely known that various chemical reagents involved in the flotation 

process. Generally, flotation reagents fall into six broad types: frothers, collectors, 

modifiers, activators, depressants, and flocculants (natural and synthetic polymers). 

The frother is added to control bubble size and froth stability. Frothers are generally 

heteropolar surface-active organic reagents, capable of being adsorbed on the air-water 

interface. When surface-active molecules react with water, the water dipoles combine 

readily with the polar groups and hydrate them, but there is practically no reaction with 

the non-polar hydrocarbon group, the tendency being to force the latter into the air 

phase. Thus the heteropolar structure of the frother molecule leads to its adsorption i.e., 

the molecules concentrate in the surface layer with the non-polar groups oriented 

towards the air and the polar groups towards the water(Wills and Napier-Munn 2006).  

The most effective frothers include in their composition one of the following 

groups: hydroxyl, carboxyl, carbonyl, amino group, sulpho group. The alcohols (-OH) 

are the most widely used, since they have practically no collector properties. The 

widely known frothers are pine oil, terpineol (C10H17OH), cresol (CH3C6H4OH), and 

synthetic frothers such as methyl isobutyl carbinol (MIBC), polyglycol ethers 

(Fuerstenau et al. 2007; Wills and Napier-Munn 2006). 

 Collectors are surface-active organic reagents that impart hydrophobicity to 

minerals when they adsorb at mineral surfaces. Collectors are organic compounds 

which render selected minerals water-repellant by adsorption of molecules or ions onto 

the mineral surfaces, reducing the stability of the hydrated layer separating the mineral 

surface from the air bubble to such a level that attachment of the particle to the bubble 

can be made on contact. Collector molecules may be ionizing compounds, which 

dissociate into ions in water, or non-ionizing compounds, which are practically 

insoluble, and render the mineral water-reppelent by covering its surface with a thin 
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film. The ionizing collectors can be classified into anionic and cationic collectors. 

Anionic collectors are the most widely used collectors and may be classified into two 

types according to the structure of the polar group, oxyhydryl group, which is based on 

organic and sulpho acid groups (carboxylic, sulphates, sulphonates) and sulphydryl, 

which is based on bivalent sulphur (xanthates, dithiophosphates) (Wills and Napier-

Munn 2006).  

Because of chemical, electrical, or physical attraction between the polar 

portions and surface sites, collectors adsorb on the particles with their non-polar ends 

oriented towards the bulk solution, thereby imparting hydrophobicity of the particles. 

The concentration of collectors in flotation process plays a significant role on imparting 

surface hydrophobicity. Collectors are usually added in small amounts to create a 

monomolecular adsorption layer. With an increase in concentration, the adverse effect 

on the recovery of the valuable minerals may happen owing to the development of 

multi-layers molecule adsorption on the surface which can invert the molecule 

orientation.  

The function of all other reagents is to attain optimal conditions for selective 

separation of the minerals in an ore. Activators are chemicals that enhance collector 

adsorption onto a specific mineral. Activators are generally soluble salts which ionize 

in solution, for example, the addition of copper sulfate to activate the sphalerite in the 

presence of xanthate; the addition of sodium sulfide (Na2S) or sodium hydrosulfide 

(NaHS) to activate oxidized minerals of lead, zinc, and copper, such as cerussite, 

smithsonite, azurite, and malachite.  

Meanwhile, depressants are reagents that prevent collector adsorption or 

prevent bubble attachment to unwanted mineral surfaces. There are many types of 

depressants and their actions are complex and varied, and in most cases not fully 

understood. Depressants can be inorganic depressants, such as cyanides in selective 

flotation of lead-copper-zinc, and copper-zinc ores); and polymeric depressants, such 

as starch, tannin, dextrin, carboxyl methyl cellulose (CMC).   Modifiers constitute a 

broad range of inorganic and organic compounds that modulate the flotation 

environment. Flocculants are added for assisting dewatering of the flotation 

concentrates and are used in the selective flocculation/flotation processing of 

nonmagnetic taconites (Fuerstenau et al. 2007; Wills and Napier-Munn 2006). 
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(Wills and Napier-Munn 2006). The rougher stages eliminate a large portion of the 

unwanted tailings, thus greatly reducing the volume of slurry reporting to the next stage. 

The purpose of cleaner stages is to produce target grade by eliminating entrained 

particles (non-floatable gangue mineral particles mechanically carried in the froth) 

recovered in the rougher and by exploiting the differences in flotation rates between 

high grade particles and locked middlings (particles in which two or more minerals are 

locked due to lack of satisfactory liberation). Meanwhile, the purpose of scavenger 

stages is to remove as much as possible of the remaining valuable mineral and produce 

a final tailing. Scavenger concentrate usually contains a high proportion of locked 

middling particles, which are sent to regrind (Rao 2004).  

 
Fig.  1-8. Schematic of Hallimond tube microflotation. 

 

In laboratory scale, initial floatability tests are often made on the liberated 

mineral particles, as a means of assessing a range of suitable collectors and regulators, 

and to determine the effective pH for flotation. The common microflotation equipment 

used for this purpose is Hallimond tube (Fig. 1-8). The mineral particles are held on a 

support of sintered glass inside the tube containing the distilled water and the collector 

under test. Air bubbles are introduced through the sinter and any hydrophobic mineral 

particles are lif ted by the bubbles, which burst at the water surface, allowing the 

particles to fall into the collecting tube. By treating a small weighed sample of pure 

mineral, or a mixture of pure minerals (e.g., galena and quartz), the weight collected in 

the tube can be related to the floatability. The Hallimond tube has the advantage of 
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eliminating costly assaying. However, as frothers are not used in the test, it is doubtful 

whether the method truly simulates industrial flotation (Wills and Napier-Munn 2006). 

 Another microflotation equipment is column microflotation as shown in Fig. 1-

9. Similarly with Hallimond tube, the column microflotation can be used for a small 

weighed of mineral samples. The mineral particles are held inside a column glass 

containing the treatment solution (with or without collectors). Air bubbles are 

introduced through a glass frit and carries the hydrophobic particles into the froth zone. 

The floatable particles are then collected and weighed as mineral recovery. As this 

equipment relies on the formation of froth zone, thus the addition of frother is a must. 

 
Fig.  1-9. Schematic of column microflotation. 

 

1.3 Effect of electrolytes on adsorption of collectors and zeta potential 

In the flotation process, collectors physically or chemically adsorb on mineral 

surfaces and alter the surface hydrophobicity. Fuerstenau and Pradip (2005) suggested 

that adsorption of collectors and modifying reagents in the flotation of oxide and 

silicate minerals is controlled by the electrical double layer at the mineral-water 

interface. In systems where the collector is physically adsorbed, flotation with anionic 

or cationic collectors depends on the mineral surface being charged oppositely. 
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modes (contact mode, non-contact mode, and intermittent contact mode) are the most 

familiar mode used in AFM.  

 
Fig.  1-11. General component of atomic force microscopy and their functions 

 

In contact-mode AFM, the cantilever tip of the probe is always touching the 

sample. Contact-mode AFM is used to produce high resolution surface image. 

However, the applied normal force leads to a high lateral force applied to the sample 

which can damage the soft or easily deformed surface. Unlike contact-mode AFM,  

non-contact AFM or close-contact AFM and intermittent-contact AFM applied 

oscillation mode on the cantilever. The cantilever is oscillated, usually with an 

additional piezoelectric element, and typically at its resonant frequency. The difference 

between non-contact AFM with intermittent-contact AFM is the use of different 

oscillation amplitude. Non-contact AFM uses a small oscillation amplitude, which 

maintains the cantilever in the attractive regime only. The benefit for using non-contact 

AFM is that they can decrease the size of tip-sample forces, while maintaining high 

sensitivity to the sample topography (Eaton and West 2010).  
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On the contrary, intermittent-contact AFM (IC-AFM) applies a large amplitude 

passing both the attractive and repulsive regimes. By using IC-AFM, the lateral forces 

are eliminated, which cause great problem in contact-mode AFM. On the other hand, 

the fundamental instability of non-contact AFM in air due to operation in attractive 

regime is overcome, making IC-AFM somewhat simpler to achieve (Eaton and West 

2010).  

 AFM has been employed in the characterization of adsorbed CMC on the 

molybdenite surface (Kor et al. 2014), to investigate the effect of plasma pre-treatment 

on chalcopyrite and molybdenite surfaces (Hirajima et al. 2014), and in the study of the 

effects of pH and diethyl dithiophosphate (DTP) treatment on the surface adhesion of 

both chalcopyrite and tennantite (Petrus et al. 2011). AFM has also been used to 

characterize surface roughness on a Teflon surface (Krasowska and Malysa 2007a), 

and the effect of surface roughness on both the surface wetting and de-wetting 

processes has been studied (Boussu et al. 2005; Kosior et al. 2013; Miller et al. 1996). 

Indeed, nanometer scale surface roughness strongly influenced the water wetting 

behavior on polytetrafluoroethylene (PTFE) thin film surfaces (Miller et al. 1996).  

 

1.6 Objectives of the thesis 

Mainly, this thesis is divided into three parts: the development of image 

processing software, application studies, and fundamental studies. The development of 

image processing software to meet the requirements of study of bubble-particle 

interactions is the main objective of Chapter 2. The objectives in Chapter 3 is to 

investigate the effect of artificial seawater on the natural floatability, hydrophobicity, 

and surface zeta potentials of pure molybdenite and chalcopyrite in the absence of 

flotation reagents at various pH values. Moreover, the effect of kerosene emulsion in 

artificial seawater on the selective flotation of both minerals is presented in this chapter.  

Surface characterization of chalcopyrite and molybdenite in artificial seawater 

and a MgCl2 aqueous solution both with and without kerosene was investigated and the 

results are discussed in Chapter 4. In addition, the effect of kerosene emulsion in 

artificial seawater and MgCl2 aqueous solution on bubble interactions with both 

mineral surfaces is presented in this chapter. The possibility of using Fenton-like 

reaction by the addition of ferrous sulfate (FeSO4) on selective flotation of chalcopyrite 
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and molybdenite with H2O2 treatment is studied in Chapter 5. In order to understand 

the flotation phenomenon observed in Chapter 5, the mineral surfaces were 

characterized using atomic force microscopy (AFM) and X-ray photoelectron 

spectroscopy (XPS) and the findings are discussed in Chapter 6. Based on these results, 

a mechanism is proposed and presented in Chapter 6 to support the floatability results 

of both minerals after the oxidation treatment with a mixture of FeSO4 and H2O2 

aqueous solution.  

Overall, the objectives of this work are to provide a fundamental study of the 

depression effect of seawater on flotation performance of chalcopyrite and molybdenite 

at alkaline conditions and its potential for selective flotation by employing emulsified 

kerosene. Moreover, this work investigated the possibility of using FeSO4 to improve 

the selective flotation of chalcopyrite and molybdenite with H2O2 treatment as an 

alternative method to depress the floatability of chalcopyrite other than the NaHS 

treatment. This investigation was supported by a fundamental study of the surface 

properties. 

 

1.7 Structure of the thesis 

This thesis is divided into 7 chapters. 

Chapter 1  

Chapter 1 presents the background and objectives of this study. Moreover, an 

overview of froth flotation, zeta potential, and bubble-particle interactions are 

presented in order to provide the basic understanding. Surface characteristic using 

atomic force microscopy is briefly discussed in this chapter. 

 

Chapter 2 

Chapter 2 describes the image analysis software development. This software is 

important to analyze the sequential images obtained from the study of bubble-particle 

interactions. The method used to develop this software along with the software 

algorithm are presented in this chapter. The software feature and its user interface are 

displayed. Moreover, a comparison of this software with FAMAS, a commercial 

software for contact angle measurement is discussed here. 
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Chapter 3 

Seawater flotation is used for copper and molybdenum separation in a flotation 

plant. However, seawater depresses the floatability of molybdenum at high pH and the 

causes of this phenomenon are still unclear. Moreover, several studies showed 

contradictions results. Therefore, the effect of artificial seawater and a MgCl2 aqueous 

solution as seawater model solution on the floatability of chalcopyrite and molybdenite 

at various pH values was investigated and the results are presented in Chapter 3. 

Furthermore, the effect of kerosene emulsion addition in both treatment solutions on 

the floatability of both minerals is also intensively discussed in this chapter. Contact 

angle and zeta potential measurements were carried out to study the surface wettability 

and particle surface charge in the treatment solutions. Selective flotation of 

chalcopyrite and molybdenite in the presence of kerosene emulsion might be possible 

and the flotation results are discussed in detail in this chapter.  

 

Chapter 4 

To clarify the floatability results from Chapter 3, surface characterization using 

AFM was carried out for both minerals in the treatment solutions both with and without 

kerosene addition and the results are presented in this chapter. In addition, the study of 

bubble interactions with chalcopyrite and molybdenite surfaces in the treatment 

solutions was conducted to understand the bubble-particle attachment phenomenon. 

Furthermore, the effect of kerosene emulsion on bubble shape and on the kinetics of 

three-phase contact (TPC) formation was described in this chapter.  

 

Chapter 5 

Sodium hydrosulfide (NaHS) is used in Cu-Mo flotation to depress the 

floatability of copper ores. However, due to the toxicity of NaHS, safer and comparable 

methods are required to overcome the problem. Oxidation method using hydrogen 

peroxide (H2O2) shows a promising result, even though it still requires further 

development in term of H2O2 dosage and treatment time. The effect of H2O2 aqueous 

solution on the floatability of chalcopyrite and molybdenite was examined in Chapter 

5. Moreover, the effect of ferrous sulfate (FeSO4) addition into H2O2 aqueous solution 

on oxidation performance was studied. The concentration of FeSO4, concentration of 
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Abstract 

 

This chapter focuses on the development of an image analysis software. In froth 

flotation, bubble-particle interactions play a crucial factor that affect the mineral 

recoveries. The bubble-particle interactions are usually studied using a high-speed 

camera followed by image analysis. However, the available image processing software 

(i.e., Interface Measurement and Analysis System (FAMAS), and ImageJ) analyze the 

image frame-by-frame and are not able to analyze the dynamic bubble parameters 

automatically. Moreover, FAMAS is only able to measure the contact angle. Therefore, 

an image analysis software was developed in this thesis. The software was built in 

Matlab platform and was programmed to be able to analyze thousands images of bubble 

movement and its dynamic interactions with the solid surface automatically and rapidly. 

The software is called Bubble-Solid Surface Interactions Analyzer (Bsolina). Bsolina 

is a stand-alone software which does not necessarily require network connection to 

function or another existing process to run. A comparison study was conducted between 

Bsolina and FAMAS to test the accuracy of Bsolina. The contact angle results showed 

that Bsolina has similar accuracy level as FAMAS and has the advantage of being able 

to analyze the dynamics bubble parameters. 
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2.1 Introduction  

 

As mentioned before in Chapter 1, the bubble-particle interactions are usually 

captured using a high speed camera. The typical output of the high speed camera can 

be a movie or a sequential images. To analyze the output, the movie usually needs to 

be converted into a sequential images. This conversion process can be done using a 

converter software available online for free and for commercial purpose. The sequential 

images are then analyzed offline using image processing software, such as, a free online 

software, ImageJ (Abramoff et al. 2004; Schneider et al. 2012); an integrated software 

for contact angle meters and dynamic surface tensiometer, FAMAS (Kyowa Interface 

Science Co., Ltd.); a vector graphics editor, CorelDraw (Corel Co.); and Matlab (The 

MathWorks, Inc.), etc. 

ImageJ is an open source image processing program designed for scientific 

multidimensional images. It is highly extensible, with thousands of plugins and scripts 

for performing a wide variety of tasks, and a large user community. ImageJ has been 

used in many scientific fields such as in biology and medicine (Domínguez et al. 2017; 

Smith et al. 2017 p. 19; Valente et al. 2017), in food science and technology (Duarte et 

al. 2016; Peng et al. 2017; Tajima and Kato 2011), in powder technology (Igathinathane 

and Ulusoy 2016), and bubble-surface interactions (Kowalczuk et al. 2016; Zawala et 

al. 2013, 2017).  

ImageJ is available for free online and it can be modified to extend its capability 

using plugins. However, the modification of ImageJ requires a knowledge of 

programming using Java language. Moreover, this modification needs a basic 

understanding about the program structure and algorithm. Furthermore, ImageJ 

analyzes the image frame-by-frame. Therefore, it cannot analyze the dynamic 

parameters of bubble movement and its interactions with the solid surface 

automatically and rapidly.  

On the other hand, FAMAS software is a commercial software, therefore it is 

difficult to modify the software to meet this study requirements without any permission 

from the licensing company. Moreover, FAMAS was designed to calculate the contact 

angle and dynamic surface interfacial tension from a goniometer (Dropmaster 300, 

Kyowa Interface Science Co., Ltd.), thus it was not designed to process bubble 
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movement and its interactions with the solid surface. CorelDraw is a standalone 

software which provides more flexibility to analyze the bubble movement and its 

interactions with the solid surface. However, this software cannot process a large 

number of images and it requires user intervention for every image to be processed. 

Furthermore, the modification of this software is restricted, similar to FAMAS.  

As discussed previously, the available software cannot analyze the sequential 

images obtained from the study of bubble-particle interactions using a high-speed 

camera automatically and rapidly. Therefore, a new image processing software is 

needed to process the sequential images in this study. Matlab is a computational 

program equipped with a series of built-in functions. Matlab has been used in many 

research and application areas such as in automobile active safety systems, 

interplanetary spacecraft, health monitoring devices, smart power grids, and LTE 

cellular networks. It used for machine learning, signal processing, image processing, 

computer vision, communications, computational finance, control design, robotics, and 

much more. The built-in functions for image processing can be utilized to design a 

software that match the requirements of this study. Moreover, Matlab provided a tool 

to build the graphical user interface and to create a standalone application or software.  

The main objective of this chapter is to develop a custom made software, which 

can be used to analyze thousands images of the bubble movement and its interactions 

with solid surface automatically, rapidly, and accurately. The software should be able 

to calculate the dynamic parameters such as bubble diameter, bubble velocity, contact 

angle, bubble distance to the solid surface, and trajectory as function of time. Moreover, 

the software should be able to store the processing results in a spreadsheet file, which 

can be used for further analysis.  

 

2.2 Method 

The software for analyzing the bubble-surface images was built using Matlab 

version R2014a (8.3.0.532). There are several built-in functions in Matlab for image 

processing that can be used to support the development of Bsolina. The main built-in 

functions used in this software development are listed in Table 2-1. The simplified 

algorithm or computation procedure used in this software is presented in Fig. 2-1 and 

2-2. 
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Table 2-1. Built-in functions of Matlab used in the development of image analysis 

software. 

Built-in functions Descriptions 

im2bw Convert image to binary image, based on threshold 

imfill  Fill image regions and holes 

bwtraceboundary Trace object in binary image 

 

 
Fig.  2-1. The main program algorithm or main computation steps. 

 

The programming started with designing the input section. In this section, the 

images to be analyzed can be selected from the pop-up window. The multi-image 

selection is enable in this software. The formats of image supported in this software are 

JPEG, PNG, and bitmap. Several parameters for image analysis (e.g., image threshold, 

pixel conversion to mm, high speed camera frame rate used to capture the bubble, 

starting point for tracing the bubble boundary, and the solid surface reference position) 

were designed as input variables.  

Moreover, the image analysis software was designed to include the noise 

reducer during the bubble attachment onto the surface. The noise reducer was 

programmed by comparing bubble contact points from the previous image. This 
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comparison allows the software to track pixel movement of the previous bubble contact 

points and then determine whether the new contact point deviates from the trend of the 

previous bubble contact points within an error parameter. The error parameter is chosen 

from the pixel conversion value.  

The input section is equipped with an input for saving the analysis results (e.g., 

image format for the result display and filename for saving the result data in Microsoft 

Office Excel format). Image adjustment feature is enable in this software, which allows 

the user to crop the image dimension and to adjust the image brightness, if necessary. 

 
Fig.  2-2. The algorithm or computation procedures for image processing subprogram 

presented in Fig. 2-1. 

 
Fig.  2-3. Processing applied on a bubble image. (A) Original image, (B) after applying 

im2bw, (C) after applying imfill, (D) after applying bwtraceboundary. 

 

The selected images are then analyzed using a subprogram called image 

processing. The algorithm of this subprogram is presented in Fig. 2-2. In this 

A B C D 
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values with an ellipse equation (Eq. (2-7)) and use Eqs. (2-8) and (2-9) to calculate the 

semi axes.   

0EDyCxByAx 22 � ��������       (2-7) 

Ba �         (2-8) 

Ab �         (2-9) 

Axisymmetric shapes are conveniently described by the aspect ratio (E), 

defined as the ratio of the length projected on the axis of symmetry to the maximum 

diameter normal to the axis (Clift et al. 2005). The bubble aspect ratio for a spheroid 

can be calculated using Eq. (2-10), with E<1 for an oblate spheroid, E>1 for a prolate 

spheroid, and E=1 for a sphere. 

a
bE�          (2-10) 

The bubble distance to the surface can be calculated as the vertical distance 

from the front side of the bubble to the surface. The local bubble velocity (Ub) is then 

calculated at the front, center, and rear sides of the bubble boundary using Eq. (2-11).  
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where x and y are the horizontal and vertical pixel coordinates at the front, center, and 

rear sides of the bubble at time (t), and subscript terms i+1 and i denote two consecutive 

frames.  

To validate the contact angle result obtained from the image analysis software 

developed in this chapter, a comparison study was conducted with the commercial 

software available for contact angle measurement, FAMAS version 3.7.2 software 

(Kyowa Interface Science Co., Ltd.). Bubble-surface contact angle measurements were 

conducted using bubble captive method in a goniometer (Dropmaster 300, Kyowa 

Interface Science Co., Ltd.). The contact angle was measured for 50 s with a frame rate 

of 1 fps for each experiment. The images were automatically analyzed using FAMAS 

software. The contact angle images used in FAMAS software were then used in Bsolina 

software. The average and standard deviation of each experiment are presented in this 

work.  
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2.3 Results and discussion 

 

The image analysis software built in this chapter is named as Bubble-Solid 

Surface Interactions Analyzer (Bsolina). The interface of Bsolina is presented in Fig. 

2-7. All input and output variable are displayed in this interface. The Open Image File 

button in Fig. 2-7 is used to input the images. A pop-up window as shown in Fig. 2-8 

will appear. The user can input one or several images to be analyzed at once. The JPEG, 

PNG, and BITMAP of BMP file format can be recognized and processed in Bsolina. 

The number of selected images to be processed in Bsolina is shown from the Number 

of file opened. 

 

 
Fig.  2-7. The interface of Bubble-Solid Surface Interactions Analyzer (Bsolina). 

 

In Measurement mode, the user can select appropriate mode for analyzing the 

images. The mode of Contact angle is used to analyze the bubble interactions with 

solid surface. If the user want to apply the background (BG) removal filter, the mode 
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of Measurement with BG image is recommended. This mode requires the user to 

provide a proper background image that will be used by the program to subtract the 

background from every image. The mode of Measurement with BG image is best for 

bubble movement analysis, and when the objects within the image has a low contrast.  

The button of Load Proc. Parameter and Save Proc. Parameter are used to 

load the previous saved processing parameters and to save the new processing 

parameters used to analyze the images, respectively. The processing parameters are 

threshold level, surface reference position, pixel conversion, the frame rate of high 

speed camera, tracing starting point, and noise reducer parameters.  

 

 
Fig.  2-8. A pop-up window from Open Image File button. 

 

The Threshold level ranges from 0 to 1, the default value is set at 0.7. This 

parameter is used in converting the bubble image from a grayscale image into binary 

image. Higher value of threshold level will convert more grayscale pixel into black 

pixel. On the contrary, lower value of threshold level will convert more grayscale pixel 

into white pixel. The Surface reference position is employed to set the solid surface 

position, if needed. The default value is set at 0. The Pixel conversion is used to convert 

each pixel into mm, thus the bubble diameter, bubble velocity, and its position relative 

to the surface can be determined in mm. The High speed camera frame rate allows 
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the software to determine the time scale used for each image. The frame rate of high 

speed camera presented Fig. 2-7 show a value of 2000 fps, which indicate that each 

image frame has time resolution of 1/2000 s or 0.5 ms. The Tracing starting point 

gives a flexibility to the user to determine the starting point of boundary tracing as 

indicated by the red vertical line in Fig. 2-7. 

 

 
Fig.  2-9. Image adjustment window. 

 

The check mark on Used bwtraceboundary function check box indicate that 

the bwtraceboundary is used to determine the object boundary. Otherwise, the built-in 
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function of bwboundaries is used to determine the object boundary. Both give the 

similar result of boundary tracing. However, by applying bwboundaries, the exterior 

boundaries of objects, as well as boundaries of holes inside these objects can be traced. 

 
Fig.  2-10. Results window from Bsolina 

 

The Noise reducer parameters are used for data smoothing, especially when 

the bubble attaches onto the surface and reaches an equilibrium condition. The Number 

of selected data in the Noise reducer panel is used to control the number of contact 

point data history being used for noise reducer. The Equilibrium contact angle limit  

and the Time for starting criteria  are used as minimum contact angle and time criteria 

when the noise reducer program starts. The Near surface brightness is used to change 

the image brightness near the contact point, thus the contact point can be determine 

more clearly.  

The check box of Save all processed images is used to save all the processed 

images during the analyzing. The default setting is set as un-checked to avoid excessive 

use of computer memories which can slow down the computation process. The Set 

Parameter button can be used to check the tracing starting point position based on all 

of the processing parameters. The Image Adjustment button is to display a new 

window (see Fig. 2-9) for adjusting the dimension and brightness of the images during 

computation. The Calculate button is used to initiate the computation process. To save 

the image processing results, the user can give a name for the image result and choose 
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appropriate format (PNG or JPEG). Moreover, the results can be save in Microsoft 

Office Excel. The user can change the filename by typing the appropriate filename in 

filename and image processing result columns before initiating the calculation 

process.  

 
Fig.  2-11. The average contact angle results obtained from FAMAS and Bsolina 

software 

 

After completing the calculation process, the results are presented in new 

window as presented in Fig. 2-10. The result window consists of bubble image and its 

trajectory; bubble distance to surface measured from top, center, and bottom sections 

of the bubble; the length of contact line; bubble local velocity calculated from top, 

center, and bottom sections of the bubble; the velocity of contact line formation; contact 

angle between bubble and the surface; ratio of bubble diameter; and bubble equivalent 

diameter.   

Bsolina is equipped with a display showing the processed image as can be seen 

from Fig. 2-7. The top right hand side image shows the binary image of the processed 

image and the bottom right hand side image shows the boundary tracing result after the 
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Abstract 

 

This chapter intensively discusses the effects of artificial seawater, a seawater model 

solution, on the floatability of molybdenite and chalcopyrite, the main minerals in Cu-

Mo flotation process. Floatability tests using a column flotation in the absence of 

flotation reagents (i.e., frothers and collectors) demonstrated that artificial seawater has 

a detrimental effect on the floatability of molybdenite at pH>9. Surprisingly, however, 

the similar detrimental effect was observed on the floatability of chalcopyrite under the 

same alkaline conditions, which contradict several studies. The floatability results are 

in agreement with low contact angle readings and the reversal of zeta potential signs of 

both minerals at pH>9, indicating the adsorption of hydrophilic species on the particle 

surfaces. Furthermore, the floatability tests of single mineral showed that there is a 

possibility for selective flotation of both minerals at pH 10 by the addition of kerosene 

emulsion in artificial seawater, which might be caused by the increasing of surface 

hydrophobicity of molybdenite owing to the adsorption of kerosene as indicated from 

higher contact angle values. Finally, a MgCl2 aqueous solution was employed to clarify 

the effect of Mg(OH)2 on the floatability of chalcopyrite and molybdenite in both with 

and without kerosene addition. The low floatability results of both minerals in a MgCl2 

aqueous solution at pH>9 confirms the depression effect of Mg(OH)2 on the floatability 

of chalcopyrite and molybdenite.  
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were rinsed with ethanol and ultra-pure water to remove any contaminants from the 

surface. The mineral surfaces then were dried with nitrogen gas and stored in desiccator 

prior to be used. 

 
 

Fig.  3-1. X-ray diffraction of (A) molybdenite and (B) chalcopyrite. 
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showed no significant effect on the floatability of chalcopyrite at pH 11. Based on this 

result, selective flotation of molybdenite and chalcopyrite might be possible in the 

presence of emulsified kerosene in artificial seawater at pH 10. Under this condition, 

the recovery of molybdenite was ~67% meanwhile the recovery of chalcopyrite was 

~30%. The reason for this phenomenon is likely caused by stronger affinity of kerosene 

emulsion on molybdenite surface compared to that on chalcopyrite surface at pH 10.  

The flotation results presented in this work are in agreement with the previous 

study that demonstrated the effect of Mg2+ and Ca2+ ions on the floatability of single 

mineral of molybdenite and chalcopyrite in the absence of flotation reagents (Hirajima 

et al. 2016). They reported that the floatability of single mineral of molybdenite and 

chalcopyrite decreased with increasing of concentration of Mg2+ and Ca2+ ions and pH 

value in alkaline conditions. Moreover, they suggested that the selective separation of 

molybdenite and chalcopyrite might be possible by the addition of emulsified kerosene 

in 0.01 M MgCl2 solution which in agreement with the flotation results in the presence 

of emulsified kerosene in artificial seawater at pH 10.  

 

  
Fig.  3-2. Recovery of single mineral of molybdenite and chalcopyrite at various pH 

values (A) in 0 mg/L emulsified kerosene in artificial seawater and (B) in 104 mg/L 

emulsified kerosene in artificial seawater (B).  

In contrast, the flotation results in artificial seawater contradict several studies 

that showed seawater only has a detrimental effect on the floatability of molybdenum 

ores at pH higher than 9 and the floatability of copper ores is not sensitive to pH (Castro 
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2012; Laskowski et al. 2013; Ramos et al. 2013). The contradiction can be caused by 

the higher pulp concentration used in the previous study (~35%) compared with that 

used in the present study, which was 0.3%. Higher pulp concentration means that more 

mineral particles in the flotation cell which might reduce the concentration of adsorbed 

hydrophilic precipitates on the particle surfaces. On the contrary, the concentration of 

adsorbed hydrophilic precipitates was higher in lower pulp concentration and therefore 

had a more profound effect on the floatability of both minerals. 

  
Fig.  3-3. Contact angle of molybdenite and chalcopyrite at various pH values (A) in 0 

mg/L emulsified kerosene in artificial seawater and (B) in 104 mg/L emulsified 

kerosene in artificial seawater. 

 

The observation of different flotation results with previous studies might be also 

caused by the effect of copper-selective collectors used in their studies (e.g., Matcol 

TC-123 (n-butanol and pentanol isomers), Sascol-95 (isopropyl ethyl thionocarbamate), 

IsobX, Matcol D-101 (modified dithiocarbamate), MX-7017 (modified 

dithiocarbamate), and MX-945 (modified dithiocarbamate)) (Castro 2012; Laskowski 

et al. 2013; Ramos et al. 2013). The presence of those collectors could increase the 

floatability of copper ores. Moreover, the presence of mixed mineral ores (i.e., 

molybdenum, copper, and iron ores) might result in different mechanism involved in 

the flotation process which affect the flotation results. In contrast, the present study did 

not employ any copper collectors and frothers, and focused on the effect of artificial 

seawater as seawater model solution on the floatability of single mineral of chalcopyrite 
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and molybdenite and only employed kerosene to improve the separation selectivity of 

molybdenite and chalcopyrite.  

Surface wettability has been known to affect the floatability of minerals. The 

floatability of minerals is high with decreasing in surface wettability, and vice versa. 

Contact angle value is usually used to estimate the surface wettability. The contact 

angle of molybdenite and chalcopyrite in artificial seawater both with and without the 

addition of emulsified kerosene is presented in Fig. 3-3A and 3-3B, respectively. The 

contact angle of both minerals was ~60° in artificial seawater at pH values lower than 

8.3 (Fig. 3-3A). Above this pH, the contact angle of both minerals decreased with 

increasing in pH values. The bubble could not form a three-phase contact on 

chalcopyrite surface at pH 10 and 11 and on molybdenite surface at pH 11, therefore 

the contact angle readings of both minerals were reported as 0° in Fig. 3-3.  

The contact angle readings in artificial seawater indicate that both surfaces 

became hydrophilic with increasing in pH (pH>9). It was observed that white 

precipitate particles formed at pH higher than 9. Therefore, the reason of decreasing 

contact angle with increasing pH under these pH conditions might be caused by the 

presence of these precipitates on the mineral particles. The contact angle results 

confirm the flotation behavior presented in Fig. 3-2. At pH lower than 9, both mineral 

surfaces were hydrophobic which is in corresponding with the higher floatability of 

both minerals. At pH 10 and 11, the hydrophobicity of both surfaces was altered (see 

Fig. 3-3A) which caused the low floatability of both minerals under these pH values 

(see Fig. 3-2A). The higher contact angle value of molybdenite (~47°) compared to that 

of chalcopyrite (0°) at pH 10 confirms the slightly higher recovery of molybdenite 

under this pH. 

A similar correlation between contact angle and mineral floatability was 

observed in the presence of emulsified kerosene in the artificial seawater. The contact 

angle of both minerals was slightly increased in emulsified kerosene solution at pH 

lower than 9 (Fig. 3-3B) which is in corresponding with the increasing in the floatability 

of both minerals (Fig. 3-2B). On the other hand, the contact angle of chalcopyrite 

remained low in the presence of kerosene emulsion at pH 10 and 11, which indicates 

that kerosene could not improve the surface hydrophobicity of chalcopyrite. Indeed, 



69 
 

the floatability of chalcopyrite remained low even with the addition of emulsified 

kerosene.  

On the contrary, the presence of emulsified kerosene could increase the 

hydrophobicity of molybdenite as indicated by the increasing in contact angle values 

under the same pH conditions (Fig. 3-3B). These results confirm the increasing 

floatability of molybdenite in the presence of kerosene emulsion in artificial seawater 

at pH 10, which improve the separation selectivity of molybdenite and chalcopyrite. In 

addition, the higher contact angle of molybdenite surface at pH higher than 9 indicates 

that kerosene is more adsorbed on the molybdenite surface compared to that on 

chalcopyrite surface. However, the high concentration of seawater precipitates at pH 

11 prevents the adsorption of kerosene on the surface of molybdenite particle, thus 

depress the molybdenite recovery. 

 

 
Fig.  3-4. Effect of various dosage of emulsified kerosene in artificial seawater on the 

floatability of (A) single mineral and (B) mixed mineral (1:1) of molybdenite and 

chalcopyrite at pH 10.  

 

The floatability test presented in Fig. 3-2 shows the possibility of selective 

separation of molybdenite and chalcopyrite in the presence of emulsified kerosene in 

artificial seawater at pH 10. In order to enhance the separation selectivity of 

molybdenite and chalcopyrite in artificial seawater flotation, various dosage of 

emulsified kerosene was employed in this work at pH 10 and the result is depicted in 

Fig. 3-4. As can be observed from Fig. 3-4A, the floatability of molybdenite 
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significantly increased with increasing in concentration of emulsified kerosene in 

artificial seawater at pH 10. Meanwhile, the floatability of chalcopyrite slightly 

increased in the presence of emulsified kerosene in artificial seawater at pH 10. A 

similar trend of flotation recovery of molybdenum and copper was obtained in mixed 

mineral system of molybdenite and chalcopyrite in Fig. 3-4B. Although the recovery 

of both minerals in mixed mineral system was slightly lower compared to that in single 

mineral system. This phenomenon might be caused by the interaction of chalcopyrite 

and molybdenite (i.e., heterocoagulation, entrapment) which required further 

investigation.  

  

 
Fig.  3-5. Species distribution diagram of magnesium, calcium, sulfate, carbonate ions 

presence in artificial seawater at 25°C (each labeled substance corresponding to the 

closest curve in the same color). 

 

The recovery difference between molybdenite and chalcopyrite increased from 

~10% in the absence of emulsified kerosene to ~50% in 416 mg/L of emulsified 

kerosene in artificial seawater. In addition, the flotation result presented in Fig. 3-4 

indicates that kerosene was more adsorbed on molybdenite surface compared to that on 
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chalcopyrite surface at pH 10. This result also confirms the contact angle measurements 

which show that the surface hydrophobicity of molybdenite increased while the surface 

hydrophobicity of chalcopyrite remain low in the presence of emulsified kerosene at 

pH 10 due to the difference on the kerosene affinity on both mineral surfaces. 

 

 Species Diagram 

  
Fig.  3-6. X-ray diffraction pattern of precipitates from artificial seawater at pH 10 

and pH 11, and precipitate from a 0.01 M MgCl2 aqueous solution at pH 11. 

 

It was observed that precipitation of white colloidal substance occurred in 

artificial seawater at pH>9. To assess the chemical species of these precipitates, the 

species diagrams of magnesium, calcium, carbonate, and sulfate ions presence in 

artificial seawater were constructed and the result is depicted in Fig. 3-5. The species 

diagram suggest that Mg(OH)2, CaCO3, and Ca(OH)2 start to form precipitate at pH 

9.2, 9.94, and 13.3, respectively. Under pH 10, at which the separation of molybdenite 

and chalcopyirte might be possible using kerosene emulsion in artificial seawater, the 

concentration of Mg(OH)2 and CaCO3 are 0.045 M, and 0.002 M, respectively. This 

indicate that Mg(OH)2 is the dominant species in the precipitate at pH 10, which might 

be the reason for low floatability and surface hydrophobicity of both minerals in the 
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absence of kerosene emulsion at pH 10 and 11. To confirm the species diagram results, 

the XRD spectra of precipitate obtained from artificial seawater at pH 10 and 11 were 

collected. The results are presented in Fig. 3-6. 

 
Fig.  3-7. Species distribution diagram of magnesium ions presece in 0.01 M and 0.05 

M MgCl2 aquoeus solution at 25°C (each labeled substance corresponding to the closest 

curve in the same color). 

 

XRD spectra of artificial seawater precipitate at pH 10 matches the spectra from 

brucite (Mg(OH)2), supporting the argument that Mg(OH)2 is the predominant species 

at pH 10 in artificial seawater. Indeed, XRD spectra of artificial seawater precipitate at 

pH 10 had similar pattern with that of Mg(OH)2 precipitate obtained from MgCl2 

solution at pH 11. The species diagram of magnesium presented in Fig. 3-7 confirms 

that only Mg(OH)2 species presence as precipitate at pH>9 in MgCl2 solution. On the 

other hand, the XRD spectra of artificial seawater precipitate at pH 11 indicates that 

besides Mg(OH)2, CaCO3 species presenced in the precipitate under this condition, 

confirming the results of species diagram of artificial seawater (Fig. 3-5).  

The similar finding for the formation of Mg(OH)2 and CaCO3 in seawater has 

been reported by Qiu et al. (2016). However, they found that CaCO3 contribute little 
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on molybdenite depression in seawater. They suggested that the depression of 

molybdenite is mainly due to the colloidal Mg(OH)2 adsorbed onto the micro-edges on 

faces and edges of molybdenite particles which reduces the hydrophobicity of 

molybdenite greatly (Qiu et al. 2016). The hydrophilicity of Mg(OH)2 is caused by the 

interaction between the dangling OH groups from Mg(OH)2 surface and the interfacial 

water molecules as reported by Ou et al. (2014). The similar depression effect of 

Mg(OH)2 precipitate also has been reported on copper and molybdenum recoveries by 

Nagaraj and Farinato (2014). 

 

 Effect of MgCl2 

The XRD pattern of precipitate from artificial seawater is similar with the XRD 

pattern from precipitates obtained from a 0.01 M MgCl2 aqueous solution (Fig. 3-6), 

which implies that the presence of Mg2+ is the main reason for the depression of natural 

floatability of chalcopyrite and molybdenite. Hirajima et al. (2016) support this 

argument. They reported that Mg2+ ion exhibits a detrimental effect on chalcopyrite 

and molybdenite recoveries compared to that Ca2+ ion at pH higher than 9. Therefore, 

to understand the effect of this ion on the floatability of both minerals, the flotation test 

was carried out with a 0.01 M MgCl2 aqueous solution. It should be noted that the 

concentration of Mg2+ ion used in this work was five times lower than the concentration 

of Mg2+ in artificial seawater.  

  
Fig.  3-8. Effect of emulsified kerosene in a 0.01 M MgCl2 solution on the floatability 

of chalcopyrite and molybdenite. 
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The floatability tests of chalcopyrite and molybdenite both without and with 

kerosene addition to a 0.01 M MgCl2 solution at various pH values were carried out in 

microfiltration test using column glass and the results are presented in Fig. 3-8A and 

3-8B, respectively. It can be observed that floatability of both minerals decreased with 

an increase in pH both with and without kerosene addition. Fig. 3-8 shows that recovery 

of molybdenite was ~30% higher compared to that of recovery of chalcopyrite in the 

presence of kerosene at pH 10. This result confirms that kerosene could improve 

floatability of molybdenite at pH 10. In addition, the flotation results in Fig. 3-8 suggest 

that a separation of molybdenite and chalcopyrite might be possible at pH 10, which is 

similar pH condition for molybdenite-chalcopyrite separation obtained from flotation 

test using artificial seawater (Fig. 3-2).  

 
Fig.  3-9. Contact angle of molybdenite and chalcopyrite at various pH values (A) in 0 

mg/L emulsified kerosene in 0.01 M MgCl2 solution and (B) in 104 mg/L emulsified 

kerosene in 0.01 M MgCl2 solution. 

 

Contact angle results of chalcopyrite and molybdenite in 0.01 M MgCl2 solution 

both with and without kerosene addition (see Fig. 3-9) confirm the flotation results 

presented in Fig. 3-8. It can be observed that the surface of molybdenite and 

chalcopyrite became hydrophilic with an increase in pH. The addition of kerosene 

emulsion could slightly improve the contact angle of molybcenite while contact angle 

chalcopyrite remained low at pH 10 and 11.  

The similar trend was observed from Fig. 3-3 which shows that the contact 

angle of both mineral decreased with increasing pH condition. At pH 11, contact angle 
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Fig.  3-10. Zeta potential of molybdenite and chalcopyrite in artificial seawater, 

artificial seawater supernatant, and 1 mM KCl (Hirajima et al. 2016) with (A) 0 mg/L 

kerosene emulsion and (B) 104 mg/L kerosene emulsion. 

 

The magnitudes of zeta potential of both minerals in artificial seawater and 0.01 

M MgCl2 were lower than that in 1 mM KCl aqueous solution (both with and without 

kerosene addition) as reported by Hirajima et al. (2016). This phenomenon can be 

caused by very high concentration of various electrolytes in artificial seawater and the 

effect of divalent magnesium ion which strongly compressed the electrical double-layer. 

At constant surface charge density, the surface potential decreases continuously as the 

electrolyte concentration increases (Israelachvili 2011). In addition, Israelachvili 

(2011) demonstrated that relatively small amounts of divalent ions substantially lower 

the magnitude of the surface potential.  
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Furthermore, the decreasing in zeta potential magnitude of both minerals 

indicates the decreasing in the electrostatic repulsion between the mineral particles and 

the bubble, which could improve the bubble-particle attachment probability owing to 

the repulsive interaction forces is exceeded by attractive van der Waals and 

hydrophobic forces. The higher bubble-particle attachment probability and the effect 

of various electrolytes on inhibiting bubble coalescence and stabilizing the froth layer 

result in the higher floatability of both minerals in artificial seawater in both with and 

without kerosene addition, typically at pH lower than 9. However, the attractive 

interactions between seawater precipitates and mineral particles at pH 10 and 11 

increased the surface wettability and reduced the bubble-particle attachment 

probability, thus reduced the floatability of both minerals. 

 
Fig.  3-11. Zeta potential of precipitates from artificial seawater and 0.01 M MgCl2 

solution. 

 

Zeta potential of kerosene emulsion in 1 mM KCl has been reported by Hirajima 

et al. (2016) and the results is presented in Fig. 3-12. It can be observed that zeta 

potential of kerosene emulsion was negative and its magnitude increased with an 

increase in pH values. In MgCl2, zeta potential of kerosene emulsion became positive 

at pH 10 and 11, indicating an adsorption of Mg(OH)2 precipitate on the kerosene 

surface under these conditions. A similar result was obtained in artificial seawater, 

where zeta potential of kerosene emulsion became positive in the presence of Mg(OH)2 
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and CaCO3 precipitates at pH 10 and 11. The adsorption of precipitates on the kerosene 

emulsion could be caused by the attractive force between negatively charged kerosene 

emulsion particles and positively charged precipitate particles.  

 

 
Fig.  3-12. Zeta potential of emulsified kerosene in artificial seawater, artificial 

seawater supernatant, 0.01 M MgCl2 solution, and 1 mM KCl (Hirajima et al. 2016). 

 

Optical images of precipitate and emulsified kerosene in artificial seawater at 

various pH values are presented in Fig. 3-13 to confirm the formation of kerosene-

precipitate aggregates. The precipitates observed in artificial seawater at pH 10 and 11 

had irregular shapes (Fig. 3-13A and B). Meanwhile, emulsified kerosene in artificial 

seawater is presented as black and white circle in Fig. 3-13C. In Fig. 3-13D and E, the 

emulsified kerosene was found on the surface of precipitates as indicated by the yellow 

arrow in each figure. These images show that the large number of kerosene emulsion 

particles formed aggregates with Mg(OH)2 precipitates at pH 10 and formed aggregates 

with Mg(OH)2 and CaCO3 precipitates at pH 11, immobilizing the kerosene particles 

and reversing the zeta potential of kerosene emulsion.  

Interestingly, it can be observed from Fig. 3-13D that a small fraction of 

kerosene emulsion remained mobile at pH 10 (indicated as yellow circle in the images), 

which could be adsorbed on the surface of mineral particles and improved the surface 

hydrophobicity of molybdenite (Fig. 3-3). In addition, the formation of kerosene-
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Mg(OH)2 aggregates was also observed in 0.01 M MgCl2 solution (Fig. 3-14). A small 

fraction of kerosene remained mobile in 0.01 M MgCl2 solution at pH 11 (Fig. 3-14C). 

This mobile fraction could indeed be adsorbed on mineral surfaces, resulting in a slight 

improvement in mineral hydrophobicity as can be seen from contact angle of 

molybdenite in the presence of kerosene emulsion in 0.01 M MgCl2 solution (Fig. 3-

9B).  

 
Fig.  3-13. Optical images of artificial seawater precipitates at (A) pH 10 and (B) pH 

11; and emulsified kerosene in artificial seawater at (C) pH 8.3, (D) pH 10, and (E) pH 

11.  

The zeta potential results suggest the adsorption of Mg(OH)2 and CaCO3 

precipitate particles in artificial seawater and the adsorption of Mg(OH)2 in MgCl2 

(A) (B) 

(C) (D) 

(E) 
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solution on the mineral particles due to the electrostatic attraction between those 

particles. The adsorption of seawater precipitates on the mineral particles may cause 

the decreasing of the surface hydrophobicity as indicated by lower contact angle 

readings at pH 10 and 11 (see Fig. 3-3). Moreover, the X-ray diffraction of seawater 

precipitates presented in Fig. 3-6 confirms the presence of these precipitates.  

 
Fig.  3-14 Optical microscopy images of (A) emulsified kerosene in a 0.01 M MgCl2 

solution at pH 6, (B) a 0.01 M MgCl2 solution at pH 11, and (C) emulsified kerosene 

in a 0.01 M MgCl2 solution at pH 11.   

 

3.4 Conclusions 

 

The effect of artificial seawater on the floatability of pure mineral of 

molybdenite and chalcopyrite in the absence of flotation reagents at various pH values 

was investigated in this work. Kerosene emulsion was employed to improve the 

separation selectivity of both minerals in artificial seawater flotation. It was found that 

Mg(OH)2 precipitate dominantly formed at pH 10 and with a small concentration of 

CaCO3 precipitates at pH 11 in artificial seawater. Therefore, Mg(OH)2 is the main 

reason for rendering the mineral surface hydrophilic and depressing the floatability of 

both minerals at pH 10 and 11. The depressing effect of Mg(OH)2 was confirmed using 

flotation test in 0.01 M MgCl2 solution, suggesting that Mg2+ ion plays a key factor on 

reducing the floatability of both minerals in artificial seawater at alkaline conditions.  

 

The addition of emulsified kerosene in artificial seawater could selectively 

improve the floatability of molybdenite at pH 10 by reducing the surface wettability of 

molybdenite as indicated by higher contact angle readings. Meanwhile, Mg(OH)2 
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 Surface characterization of chalcopyrite and 

molybdenite and their interactions with single air bubble 

in artificial seawater  

 

Chapter 4 

Surface characterization of chalcopyrite and molybdenite 

and their interactions with a single air bubble in artificial 

seawater 
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Abstract 

 

Surface characterizations of molybdenite and chalcopyrite in artificial seawater and in 

a 0.01 M MgCl2 solution both with and without kerosene addition were examined. The 

surface characterizations were carried out using atomic force microscopy (AFM). In 

addition, the bubble interactions with both mineral surfaces are also discussed in this 

chapter. The bubble-particle interactions results and AFM images show that both 

mineral surfaces were covered dominantly by Mg(OH)2 precipitate and a small 

concentration of CaCO3 precipitate from seawater at pH 11 with and without kerosene 

addition, altering the surfaces hydrophobicity and preventing the formation of three-

phase contact (TPC) on the surfaces, thus depressing the floatability of both minerals 

as presented in Chapter 3. These results are supported by the reversal of zeta potential 

of both minerals at pH>9 owing to the adsorption of positively charged Mg(OH)2 

particles on the surface as discussed in Chapter 3. In addition, the AFM images show 

that the selective flotation of chalcopyrite and molybdenite at pH 10 with the addition 

of kerosene emulsion in artificial seawater might be due to the lower adsorption of 

Mg(OH)2 on molybdenite surface compared to that on chalcopyrite surface. From the 

study of bubble-particle interactions, kerosene was found to change the bubble shape 

from oblate to spherical and was found to reduce the bubble rise velocity by ~50%. 

Moreover, kerosene could accelerate the formation of TPC at natural pH of both 

treatment solutions by one order of magnitude (from ~200 to ~40 ms). The reason for 

these phenomena is likely caused by the adsorption of kerosene at air/liquid interface 

and on the mineral surface, which improved the mineral surface hydrophobicity and 

destabilized the thin liquid film on the surface. The implications of all of these effects 

for flotation process are a longer contact time between bubble and particle, a higher 

probability of bubble-particle attachment and therefore, a higher flotation recovery in 

the presence of kerosene as can be observed from flotation results of chalcopyrite and 

molybdenite at pH<9 from Chapter 3.  
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which opposes the surface flow, i.e. a tangential shear stress appears on the bubble 

surface, which increases the drag coefficient and reduces the rising velocity of the 

bubble (Cuenot et al. 1997; Ramírez-Muñoz et al. 2012). 

  
Fig.  4-3. Local bubble velocities for 10 representative bubbles during the experiment 

in a 0.01 M MgCl2 solution at (A) pH 6 and (B) pH 11 and in artificial seawater at (C) 

pH 8.3 and (D) pH 11. 

 

On the contrary, Tomiyama et al. (2002) suggested that the primal cause of 

widely scattered terminal velocity in surface tension force dominant regime is not 

surfactant but initial shape deformation. Small initial shape deformation results in low 

terminal velocity and a high bubble aspect ratio. The primal role of surfactant in this 

regime is to cause the damping of shape oscillation. They proposed Eq. (4-5) to 
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with the surface, the bubble velocity decreased. The similar trend was observed from 

Fig. 4-7 which shows the bubble velocity and bubble aspect ratio in artificial seawater. 

From Figs. 4-6A, 4-6B, 4-7A, and 4-7B, it is clear that the time taken for the first bubble 

collision to take place depends on the bubble rise velocity. 

 

Table 4-3. Comparison between measured and calculated bubble rise velocities in a 

0.01 M MgCl2 solution and artificial seawater 

Solution 
pH 

Kerosene concentration 
(mg/L) Ur (cm/s) Ur (cm/s) from Eq. (4-5) 

0.01 M MgCl2  
6 0 31.4 ± 0.3 28.5 
6 104 16.0 ± 0.8 12.3 
11 0 31.0 ± 0.3 28.7 
11 104 17.6 ± 0.8 13.7 

Artificial seawater 
8.3 0 31.2 ± 0.4 30.7 
8.3 104 15.6 ± 1.2 15.6 
11 0 30.7 ± 0.2 29.7 
11 104 15.1 ± 0.8 16.5 

 

 

 
Fig.  4-4. Typical bubble movement during approaching, colliding, and bouncing 

phases (A) in the absence of kerosene and (B) in 104 mg/L kerosene at pH 6. The time 

interval between bubble images is 5 ms.  
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Following several collisions, bouncing ceased, allowing the bubble additional 

time to thin the liquid film on the mineral surface to form a TPC. Fig. 4-8 shows the 

cumulative percentage of thin liquid film drainage times on both chalcopyrite and 

molybdenite surfaces in a 0.01 M MgCl2 aqueous solution at pH 6 and in artificial 

seawater at pH 8.3. This figure shows that chalcopyrite had a wider distribution of 

drainage time compared to molybdenite in the absence of kerosene in a 0.01 M MgCl2 

aqueous solution while both minerals had a comparable distribution of liquid film 

drainage time in artificial seawater. This phenomenon potentially due to molybdenite 

surface heterogeneity, as will be discussed later using AFM image.  

 
Fig.  4-6. An example of the effect of emulsified kerosene in a 0.01 M MgCl2 solution 

on the local bubble velocity at the rear section of the bubble and on the bubble aspect 

ratio during the approaching, colliding, and bouncing phases at (A, C) pH 6 and (B, D) 

pH 11. 
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Furthermore, the drainage time distribution for both minerals became narrower 

in the presence of kerosene, as shown in Table 4-4 and Table 4-5, where both minerals 

exhibited similar liquid film drainage time distributions. Table 4-4 and Table 4-5 

present the effects of emulsified kerosene on the surface receding contact angle, and on 

tB, tD, and tTPC in a 0.01 M MgCl2 aqueous solution and artificial seawater, respectively. 

The standard deviations of both the receding contact angle and tB were quite low, while 

those of tTPC and tD were high, due to solid surface heterogeneity.  

 

 
Fig.  4-7. An example of the effect of emulsified kerosene in artificial seawater on the 

local bubble velocity at the rear section of the bubble and on the bubble aspect ratio 

during the approaching, colliding, and bouncing phases at (A, C) pH 8.3 and (B, D) pH 

11. 
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mineral surfaces, as indicated by the increase in receding contact angle in the presence 

of kerosene at pH 6 (Table 4-3) and at pH 8.3 (Table 4-5). 

From the average times for tB and tD shown in Table 4-4 and Table 4-5, it 

appears that in the absence of kerosene in both solutions at the natural pH conditions, 

the liquid film thinning process dominated TPC formation on the chalcopyrite and 

molybdenite surfaces. Upon the addition of kerosene, both tB and tD appeared to have 

a significant effect on tTPC, while at pH 11, tTPC was dominated by tD both in the 

presence and absence of kerosene. The shifting of tD and tB domination on tTPC indicates 

that kerosene addition accelerated the liquid film drainage process on both mineral 

surfaces at the natural pH condition of both solutions, while kerosene addition had very 

little effect on the liquid film on the molybdenite surface in a 0.01 M MgCl2 aqueous 

solution at pH 11.  

 
Fig.  4-9. An example of image sequences showing contact line widening following the 

final collision between the bubble and the chalcopyrite and molybdenite surfaces in 

0 mg/L and 104  mg/L emulsified kerosene in a 0.01 M MgCl2 solution at pH 6. The 

thin liquid film drainage times are indicated by negative values of t. 

 

In contrast, kerosene show no significant effect on accelerating the liquid film 

draining process on both mineral surfaces in artificial seawater at pH 11. This result 

can be caused by the difference of Mg2+ concentration in both treatment solutions. 

-327.5 ms    0 ms        1 ms          2 ms        3 ms         5 ms        10 ms      20 ms       50 ms       100 ms         1s 

(A). Chalcopyrite in 0 mg/L kerosene 

-25.5 ms      0 ms        1 ms          2 ms        3 ms         5 ms         10 ms      20 ms      50 ms        100 ms        1s 

(B). Chalcopyrite in 104 mg/L kerosene 

   -74 ms      0 ms        1 ms         2 ms         3 ms         5 ms         10 ms      20 ms     50 ms        100 ms        1s 

(C). Molybdenite in 0 mg/L kerosene 

   -22 ms      0 ms        1 ms         2 ms         3 ms         5 ms         10 ms       20 ms      50 ms        100 ms         1s 

(D). Molybdenite in 104 mg/L kerosene 
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Artificial seawater contains 0.05 M Mg2+, five times higher than the concentration of 

Mg2+ in a 0.01 M MgCl2 aqueous solution, thus higher precipitate concentration in 

artificial seawater at pH 11, and therefore, has more stronger effect on stabilizing the 

intervening liquid film of both mineral surfaces. 

 
Fig.  4-10. Effects of emulsified kerosene in a 0.01 M MgCl2 solution on the contact 

lines of chalcopyrite and molybdenite surfaces at (A) pH 6 and (B) pH 11. 

 

Fig. 4-9 presents an example of sequential bubble images recorded during the 

TPC formation process in a 0.01 M MgCl2 solution at pH 6. In this figure, t = 0 ms is 

defined as the time when TPC formation started, and so tD is indicated by negative 

values. The point at which t = 0 ms was determined by the increase in the contact line 

profile when the bubble ceased to bounce. Indeed, a clearer profile of TPC formation 

can be seen from the contact line profiles shown in Fig. 4-10 and from the dynamic 

receding contact angle profile in Fig. 4-11. Liquid film thinning is indicated by a 

constant length in the contact line profile (Fig. 4-10) and a constant receding contact 

angle value (Fig. 4-11) after bouncing had ceased. Generally, the similar process of 

TPC formation as shown in Figs. 4-9, 4-10, and 4-11 was observed from bubble-surface 

interactions in artificial seawater, and therefore, the TPC formation process will be 

discussed based on the data obtained from a 0.01 M MgCl2 aqueous solution.  

As shown in Fig. 4-9, after the intervening liquid film had dropped below its 

critical rupture thickness, TPC formation began, as indicated by expansion of the 

contact line. Thus, TPC formation was confirmed by the increasing contact line and 
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receding contact angle in Figs. 4-10A and 4-11A, respectively. This contact line 

expansion process was rapid in the first 10 ms under all conditions, due to the air from 

the inside of the bubble pushing the liquid film to the side. The contact line expansion 

then slowed until it reached equilibrium. A similar phenomenon was observed for the 

receding contact angle profile. 

 
Fig.  4-11. Effects of emulsified kerosene in a 0.01 M MgCl2 solution on the receding 

contact angle of chalcopyrite and molybdenite surfaces at (A) pH 6 and (B) 11. 

 

Interestingly, in a 0.01 M MgCl2 solution at pH 6, the time required to form a 

TPC on the molybdenite surface was shorter than that required on the chalcopyrite 

surface, although the receding molybdenite contact angle was comparable to that of 

chalcopyrite in the absence of kerosene, as shown in Table 4-4 and Fig. 4-11A. 

Furthermore, the liquid film stability increased with increasing surface wettability or 

decreasing surface receding contact angle. Therefore, this phenomenon is likely due to 

the surface homogeneity and surface roughness. This phenomenon was not observed 

in artificial seawater at pH 8.3, as indicated by the relatively similar tD for both minerals 

(see Table 4-5). The difference in tD and tTPC obtained from both treatment solutions is 

caused by the difference in molybdenite sample preparation as discussed in section 

4.2.1. Materials.  

The contact line on the chalcopyrite surface shows a plateau during the time 

interval studied in this work (both with and without kerosene addition) for both 

treatment solutions at pH 11. This indicates that TPC formation did not take place on 
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the chalcopyrite surface due to the increase in liquid film stability. In addition, such an 

increase in liquid film stability could be observed by the longer TPC formation time on 

the chalcopyrite surface in both treatment solutions at pH 11, both with and without 

kerosene addition (Table 4-4 and Table 4-5). Although kerosene addition reduced the 

TPC formation time on the molybdenite surface, it exhibited no significant effect on 

the chalcopyrite surface in a 0.01 M MgCl2 aqueous solution at pH 11. 

As shown in Table 4-4 and Fig. 4-9B, TPC formation on the molybdenite 

surface in a 0.01 M MgCl2 aqueous solution at pH 11 was observed for 27% of the 

bubble population in 104 mg/L kerosene. The remainder of the population exhibited no 

widening of the contact line or TPC formation. The low homogeneity of the 

molybdenite surface is responsible for this phenomenon, where bubbles are attached to 

local spots having a lower liquid film radius. At each of these points, the bubble could 

drain the liquid film, forming a TPC. 

 

 Surface characterization using AFM 

Surface topographies of both minerals were scanned using AFM. Fig. 4-12 

shows the three-dimensional (3D) surface topography images of untreated chalcopyrite 

and molybdenite, on which the two typical molybdenite surfaces are presented (see Fig. 

4-12B and 4-12C). An image showing the polished surface of molybdenite is presented 

in Fig. 12D. The surface image in Fig. 4-12B was obtained by scanning a relatively flat 

surface while the surface image in Fig. 4-12C was obtained by scanning a layered 

section of the molybdenite surface. The surface image depicted in Fig. 4-12A shows a 

clean chalcopyrite surface with some scratches, shown as valleys, due to the polishing 

treatment.  

On the other hand, the unpolished molybdenite surface presented in Fig. 4-12B 

and 4-12C along with the numbers in parentheses indicate that the molybdenite surface 

exhibit a wider range of surface roughness and a lower surface homogeneity than the 

chalcopyrite surface. Molybdenite surface exhibited a wide range of surface roughness. 

At a relatively flat area the surface roughness was ~2 nm and in other sections this 

roughness increased 17-fold. In contrast, chalcopyrite exhibited a relatively smooth 

surface (surface roughness of ~4 nm). The low surface homogeneity was confirmed 

from the wide features of topography images as presented in Fig. 4-12B, showing a 
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surface of chalcopyrite was clean at pH 8.3 with some scratches, shown as valleys, 

which was caused by the polishing treatment (Fig. 4-13A). At pH 10, the surface was 

covered with a number of bright spots from two-dimensional (2D) image and 

mountainous features from three-dimensional (3D) image in Fig. 4-13B. The similar 

features were observed on the surface at pH 11 (Fig. 4-13C). These bright spots is likely 

the adsorbed Mg(OH)2 precipitate at pH 10 and a mixture of Mg(OH)2 and CaCO3 

precipitates at pH 11 as suggested from XRD spectra in Fig. 3-6.  

A similar phenomenon was observed on the chalcopyrite surface in the presence 

of emulsified kerosene in artificial seawater. The surfaces were covered by 

mountainous features at pH 10 and 11, which suggest that the emulsified kerosene 

could not prevent the adsorption of Mg(OH)2 and CaCO3 precipitates on the 

chalcopyrite surfaces (Fig. 4-14B and 4-14C). Indeed, the zeta potential of chalcopyrite 

in emulsified kerosene in artificial seawater supernatant showed negatively charged 

particles (see Fig. 3-4), which attracted the positively charged seawater precipitates, 

allowing the adsorption of seawater precipitates on the surface. The surface topography 

images presented in Fig. 4-14 confirm the low contact angle results presented in Fig. 

3-3 and Table 4-5, indicating the chalcopyrite surface remained hydrophilic even in the 

presence of emulsified kerosene at pH 10 and 11. 

The AFM images of molybdenite surface in artificial seawater are shown in Fig 

4-15. A clean molybdenite surface in artificial seawater at pH 8.3 can be observed in 

Fig. 4-15A. The polishing treatment caused scratches morphology on the molybdenite 

surface. A contrast image of molybdenite surface can be seen in Fig. 4-15B and 4-15C, 

on which the bright-mountainous features covered the surface. The surface topography 

observed on molybdenite surface was similar with that on chalcopyrite surface (Fig. 4-

13), suggesting that the similar phenomenon occurred on both mineral surfaces at pH 

10 and 11 in the absence of kerosene. The surface images support the low surface 

hydrophobicity and low floatability of molybdenite under these pH values discussed in 

Chapter 3. 

Surface topography of molybdenite in emulsified kerosene in artificial seawater 

can be seen in Fig. 4-16. The surface characteristics of molybdenite surface in the 

presence of emulsified kerosene at pH 8.3, 10, and 11 were similar with that in the 

absence of emulsified kerosene (Fig. 4-15). However, the precipitates coverage at pH 
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10 decreased, suggesting that the adsorption of kerosene on the surface could reduce 

the concentration of adsorbed Mg(OH)2 precipitate on the surface, thus increased the 

contact angle and floatability of molybdenite (see Fig. 3-2 and Fig. 3-3). The surface 

remained covered mainly by Mg(OH)2 and by a small amount of CaCO3 precipitates at 

pH 11, which render the surface hydrophilic as indicated by low contact angle value in 

Table 4-5 and Fig. 3-3. 

The effects of a 0.01 M MgCl2 aqueous solution on the surface topography of 

chalcopyrite and molybdenite are presented in Figs. 4-17 and 4-18, respectively. The 

2D and 3D topography images in Fig. 4-17B demonstrate that the chalcopyrite surface 

remained clean in the 0.01 M MgCl2 solution at pH 6. A very different image was 

obtained at pH 11, where the surface was covered with a number of white spots (see 

2D image, Fig. 4-17C) and mountainous features (see 3D image, Fig. 4-17C). These 

white spots have a relatively high deflection value, as shown by the bright color in the 

cantilever deflection image (Fig. 4-17C, right-hand side), showing the cantilever tip 

deflection during scanning and indicate the surface adhesion. Low deflection, shown 

by a dark brown color, represents a low surface adhesion or relatively hydrophobic 

surface, and bright brown color indicates a high surface adhesion. It can therefore be 

concluded that the white spots on the cantilever deflection image of the chalcopyrite 

surface indicate a higher hydrophilicity compared to other regions. The low receding 

contact angle value of chalcopyrite at pH 11 presented in Table 4-4 confirms the AFM 

results, indicating that the chalcopyrite surface became hydrophilic at pH 11 due to the 

adsorption of hydrophilic substances on its surface. 

Upon the addition of kerosene, the AFM images indicate similar surface 

characteristics to those obtained at pH 6 and pH 11 in the absence of kerosene. Under 

these conditions (i.e., with kerosene addition), the chalcopyrite surface remained clean 

at pH 6 (Fig. 4-17D) but was covered by the Mg(OH)2 precipitate at pH 11 (Fig. 4-17E). 

These results indicate that kerosene could not prevent Mg(OH)2 adsorption on the 

chalcopyrite surface at pH 11. This result in agreement with the surface image of 

chalcopyrite in artificial seawater at pH 11 presented in Fig. 4-14.  
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of white spots at pH 11 (both with and without kerosene addition), which exhibited 

higher deflections compared to other regions, as shown in Figs. 4-18C and 4-18E. Thus, 

the AFM results suggested that the same phenomenon was observed on both the 

chalcopyrite and molybdenite surfaces. 

 

 Proposed mechanism 

A mechanism is then proposed to clarify the floatability results, which 

discussed in Chapter 3, based on the results of study of bubble-surface interactions and 

surface characterization of chalcopyrite and molybdenite in artificial seawater and in a 

0.01 M MgCl2 aqueous solution. The low floatability of molybdenite and chalcopyrite 

in artificial seawater and in a 0.01 M MgCl2 aqueous solution at alkaline conditions is 

caused by the adsorption of Mg(OH)2 on the surface which alters the surface 

hydrophobicity, improves the liquid layer stability on the surface, and prevents the 

bubble to form a TPC with the surface. This mechanism is supported by molecular 

dynamic simulation work by Ou et al. (2014). They reported that the adsorption of 

Mg(OH)2 on the surface allows interaction with interfacial water molecules through 

the free OH groups. This interaction might improve the stability of water layer on the 

surface and prolong the tD, as shown in Table 4-4. On the other hand, XRD spectra 

indicates the presence of CaCO3 in artificial seawater precipitate at pH 11. CaCO3 

might also reduce the surface hydrophobicity and floatability, however, Qiu et al. 

(2016) concluded that CaCO3 contribute little effect on molybdenite depression in 

seawater. Similar conclusion was obtained by Nagaraj and Farinato (2014), they found 

that Ca2+ ions had no effect on Cu or Mo recovery. 

The adsorption of kerosene on the surface of chalcopyrite and molybdenite 

increases the surface hydrophobicity of both minerals in artificial seawater at pH 8.3 

and in a 0.01 M MgCl2 aqueous solution at pH 6. Moreover, the adsorbed kerosene at 

bubble interface and on mineral surfaces accelerates the liquid film draining process, 

which allows rapid formation of TPC between the bubbles and the particles. The low 

rising bubble velocity in the presence of kerosene could prolong the contact time 

between the bubbles and the particles. All of these factors result in higher probability 

of bubble-particle attachment, and therefore, higher recoveries of both minerals in 

flotation using kerosene emulsion in artificial seawater and MgCl2 aqueous solution. 
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artificial seawater and MgCl2 aqueous solution. The addition of kerosene emulsion in 

both treatment solutions show a promising result for selective flotation of chalcopyrite 

and molybdenite at pH 10. The reason for this phenomenon is the adsorbed kerosene 

improves the surface hydrophobicity and reduces the adsorption of Mg(OH)2 on 

molybdenite surface as suggested from AFM images and contact angle results. This 

phenomenon can be caused by the natural hydrophobicity of molybdenite, which comes 

from a layer of sulfur atoms on its face. This sulfur-atoms face can interact with 

hydrocarbon, such as kerosene, and improve its hydrophobicity. The formation of 

kerosene-Mg(OH)2 aggregates allows a small amount of kerosene remained free and 

can be adsorbed onto the mineral surfaces at pH 10. Under this condition, the sulfur-

atoms face of molybdenite can be beneficial as it more sensitive and can act as active 

site for kerosene adsorption, which reduces the adsorption of Mg(OH)2. On the other 

hand, chalcopyrite surface does not have this kind of surface characteristic, therefore 

the addition of kerosene could not prevent the adsorption of Mg(OH)2 as shown from 

AFM images and low contact angle reading.  

 

4.4 Conclusions 

 

The study bubble-surface interactions and surface characterization of 

chalcopyrite and molybdenite presented in this chapter could provide a more detail 

mechanism to explain the floatability results presented in Chapter 3. It was found that 

kerosene was adsorbed at the air/liquid interface in a 0.01 M aqueous solution of MgCl2 

and artificial seawater at natural pH condition and pH 11. The adsorption of kerosene 

at air/liquid interface resulted in retardation of the bubble surface mobility and the 

formation of spherical bubbles. Moreover, the bubble rise velocity decreased in the 

presence of kerosene under these conditions.  

At natural pH of both treatment solutions, the addition of kerosene accelerated 

the draining process of the thin liquid film, thus accelerating TPC formation on both 

mineral surfaces. This is due to the adsorption of kerosene on the mineral surfaces, 

which increases the hydrophobicity of the mineral surfaces and destabilizes the 

intervening liquid film. The effects of kerosene on lowering bubble rising velocity, 

improving the hydrophobicity of mineral surfaces, and accelerating the TPC formation 
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could improve the bubble-particle attachment probability, and hence, the floatability of 

minerals. 

In addition, the bubble removed the liquid film on the molybdenite surface faster 

than that on the chalcopyrite surface in a 0.01 M MgCl2 aqueous solution at pH 6 both 

in the absence of kerosene and with the addition of 104 mg/L kerosene. This occurs 

due to the effects of molybdenite surface hydrophobicity, low surface homogeneity, 

and high surface roughness. However, this phenomenon was not observed in artificial 

seawater at pH 8.3 due to the polishing treatment improve the surface homogeneity of 

molybdenite.  

At pH 11 in both treatment solutions, both the molybdenite and chalcopyrite 

surfaces became hydrophilic mainly due to the adsorption of Mg(OH)2 precipitate on 

the mineral surfaces. In artificial seawater, a small amount of CaCO3 precipitate might 

also the reason for lower surface hydrophobicity on both minerals. However, the effect 

of CaCO3 precipitate might be overcome by the effect of Mg(OH)2 due to the 

significant difference in their concentrations. The adsorption of Mg(OH)2 on the 

mineral surfaces prevented TPC formation through an increase in liquid film stability, 

thus reduced the floatability of both minerals. The addition of emulsified kerosene in 

artificial seawater at pH 11 could not prevent the adsorption of Mg(OH)2 and could not 

destabilize the liquid film. This phenomenon is caused by the formation of emulsified 

kerosene-precipitate aggregates at alkaline conditions which reduces its effectiveness. 

This condition prevents the bubble to form a TPC on the both mineral surfaces and 

renders the surface hydrophilic. On the contrary, the formation of TPC was observed 

only on molybdenite surface in the presence of emulsified kerosene in 0.01 M MgCl2 

aqueous solution at pH 11, likely owing to its low surface homogeneity.  

The selective flotation of chalcopyrite and molybdenite should be possible 

using emulsified kerosene in artificial seawater at pH 10 owing to the lower adsorption 

of Mg(OH)2 on molybdenite surface compared to that on chalcopyrite surface. Based 

on AFM images and contact angle readings, a mechanism was proposed to understand 

this phenomenon. The difference of crystal structure between molybdenite and 

chalcopyrite is one of the possible reason to explain this phenomenon. Molybdenite has 

non-polar faces which can interact with kerosene and improves the surface 

hydrophobicity and reduce the adsorption of Mg(OH)2 on its surface.  
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 Mineral floatability tests  

The floatability of chalcopyrite and molybdenite with H2O2 treatment (both 

with and without FeSO4 addition) was carried out using a glass column flotation. The 

similar flotation procedure described in Chapter 3 was used in this experiment. Pine oil 

(100 ppm) was added after the H2O2 treatment to stabilize the froth layer. The 

conditioning time for frother was 2 min.  

 

5.3 Results and discussion 

 

 Contact angle of chalcopyrite and molybdenite 

Effect of various concentrations of FeSO4 in H2O2 aqueous solution on the 

contact angle of chalcopyrite and molybdenite as function of treatment time is 

presented in Figs. 5-1, 5-2, and 5-3. Contact angle of chalcopyrite and molybdenite 

slightly decreased with increasing concentration of FeSO4 in 1 mM H2O2 aqueous 

solution (Fig. 5-1), indicating that a mixture of FeSO4 and H2O2 aqueous solution has 

a stronger surface oxidation than that of H2O2 aqueous solution only. Indeed, contact 

angle of molybdenite and chalcopyrite decreased from ~63°  and ~57°  in the absence 

of FeSO4 to ~50°  and ~45°  in the presence of 0.1 mM FeSO4 in 1 mM H2O2 aqueous 

solution, respectively.   

Fig. 5-2A shows that the addition of 0.1 mM FeSO4 could prevent the 

attachment of air bubble on chalcopyrite surface, indicated from contact angle value of 

0°. Under the similar condition, contact angle of molybdenite remained high (~60°), 

indicating the surface remained hydrophobic after the oxidation treatment. Indeed, this 

contact angle value of molybdenite was similar with contact angle of molybdenite in 

the absence of FeSO4 in 10 mM H2O2, suggesting that the surface molybdenite was 

slightly affected by the oxidation treatment with 10 mM H2O2 both with and without 

the addition of FeSO4.  
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Fig.  5-1. Effect of FeSO4 addition on the contact angle of (A) chalcopyrite and (B) 

molybdenite in 1 mM H2O2 solution at pH 9. 

 

A more profound effect of oxidation treatment can be observed from Fig. 5-3. 

The low contact angle values of chalcopyrite in Fig. 5-3A suggest that the surface of 

chalcopyrite became completely hydrophilic after the oxidation treatment in 100 mM 

H2O2 both with and without the addition of FeSO4. Under these conditions, the 

oxidation treatment exhibited an adverse effect on molybdenite surface hydrophobicity. 
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Contact angle of molybdenite decreased with an increase in concentration of FeSO4 in 

100 mM H2O2 aqueous solution.  

 

 

 
Fig.  5-2. Effect of FeSO4 addition on the contact angle of (A) chalcopyrite and (B) 

molybdenite in 10 mM H2O2 solution at pH 9. 
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Fig.  5-3. Effect of FeSO4 addition on the contact angle of (A) chalcopyrite and (B) 

molybdenite in 100 mM H2O2 solution at pH 9. 

 

Fig. 5-3B also demonstrates the adverse effect of treatment time on molybdenite 

contact angle in a mixture of FeSO4 and 100 mM H2O2 aqueous solution. The contact 

angle of molybdenite significantly decreased from ~65° to ~45° after treated in 100 

mM H2O2 for 30 min. A lower contact angle of molybdenite was obtained after treated 

for 30 min in the presence of 0.1 mM FeSO4 in 100 mM H2O2. Contact angle of 
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Fenton-like reaction forming strong oxidizing agents, such as hydroxyl radicals, and 

higher concentration of dissolved oxygen after the addition of FeSO4, as will be 

discussed later.   

 

 
Fig.  5-4. Effect of FeSO4 addition on the floatability of chalcopyrite and molybdenite 

in various concentrations of H2O2 aqueous solution. The oxidation treatment was 

conducted for 5 min and pine oil frother (100 ppm) was used during the floatability test. 
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In contrast, floatability of molybdenite was slightly affected after the oxidation 

treatment with H2O2 and FeSO4  aqueous solution (see Fig. 5-4), supporting the high 

contact angle values of molybdenite presented in Fig. 5-1, 5-2, and 5-3. The recoveries 

results of both minerals suggest that a selective flotation of chalcopyrite and 

molybdenite might be possible with the oxidation treatment using a mixture of FeSO4 

and H2O2 aqueous solution.  

 
Fig.  5-5. Effect of treatment time on floatability of chalcopyrite and molybdenite in 

H2O2 aqueous solution. 

 

Finally, the effect of treatment time on the floatability of both minerals in H2O2 

aqueous solution is presented in Fig. 5-5. Floatability of chalcopyrite significantly 

decreased with increasing of treatment time in 0.1 and 1 mM H2O2 aqueous solution 

(Fig. 5-5). In contrast, floatability of molybdenite slightly decreased after treated in 10 

min in 1 mM H2O2 aqueous solution. The flotation results in Fig. 5-5 indicate that the 

surface oxidation became more profound with an increase of treatment time, thus 

reducing the surface wettability as suggested from contact angle results and reducing 

the floatability of chalcopyrite and molybdenite.  
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6.1 Introduction  

 

The floatability results presented in Chapter 5 show that H2O2 exhibited a 

selective oxidation on chalcopyrite. Moreover, the addition of FeSO4 into a H2O2 

aqueous solution could accelerate the oxidation process and exhibited a selective 

oxidation on chalcopyrite surface at low concentration range of a mixture of FeSO4 and 

H2O2 mixture and at shorter treatment time. In order to understand this phenomenon, a 

fundamental study of the effect of H2O2 aqueous solution with and without the addition 

of FeSO4 on the surface characteristic of chalcopyrite and molybdenite is needed.  

Atomic force microscopy (AFM) have been widely used to understand the 

surface properties in its interaction with bubble. Shi et al. (2014) reported about the 

hydrophobic interaction between air bubbles and partially hydrophobic surfaces using 

AFM. Moreover, AFM was used to study the interaction of air bubble with various 

surface such as with sphalerite mineral surface (Xie et al. 2015), with a silica particle 

in various liquid system (Albijanic et al. 2014; Butt 1994; Preuss and Butt 1998, 1999).  

In addition, AFM was used to characterize the surface topography under various 

treatments and the adsorption of surface active agents on the surface (Hirajima et al. 

2014; Hu and Bard 1997; Kor et al. 2014; Petrus et al. 2011; Rutland and Senden 1993; 

Sedeva et al. 2010; Xing et al. 2017). However, AFM cannot provide the chemical 

species on the solid surface. Therefore, AFM is usually combined with other surface 

analysis such as X-ray photoelectron spectroscopy (XPS) and scanning electron 

microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). Wittstock et al. 

(1996) used AFM combined with XPS to analyze the oxidation of galena in acetate 

buffer. Meanwhile, Xing et al. (2017) used AFM combined with SEM-EDX and XPS 

to study the interaction forces between paraffin/stearix acid and fresh/oxidized coal 

particles. For surface characterization of chalcopyrite and molybdenite, Hirajima et al. 

(2014) utilized AFM and XPS to study the effect of plasma pre-treatment on the 

mineral surfaces.  

In this chapter, AFM and XPS were used to investigate the effect of FeSO4 

addition on the surface characteristics of chalcopyrite and molybdenite after the 

oxidation treatment using H2O2 aqueous solution. Three parameters that affect the 

surface hydrophobicity and the floatability of chalcopyrite and molybdenite after the 
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(1486.6 eV) operated at 105 W, providing an analysis area of 1 mm × 1 mm. A charge 

neutralizer was used for the measurements. The pressure in the analyzer chamber was 

10-8 Pa during the analysis. The samples were first examined in wide scan (80 W of the 

analyzer pass energy) to identify all elements present, and then, the various elemental 

regions were scanned (40 W of the analyzer pass energy) to extract information on the 

chemical bonding and oxidation stages. The collected data were analyzed with Casa 

XPS software (ver. 2.3.18PR1.0). Background corrections were made using the Shirley 

method (Shirley 1972) for the C 1s, O 1s, Fe 2p, Cu 2p, S 2p, and Mo 3d spectra. Peak 

shapes were defined using a Gaussian-Lorentzian function. The binding energy (EB) 

calibration was based on C 1s at EB = 284.6 eV. 

 

 Dissolution test 

The dissolution test was conducted to study the dissolved copper (Cu), iron (Fe), 

and molybdenum (Mo) during the oxidation treatment with H2O2 aquoeus solution both 

with and without the addition of FeSO4. The mineral powder (~0.167 g) was treated 

with 10 mM H2O2 aqueous solution (50 mL) or with a mixture of 0.1 mM FeSO4 and 

10 mM H2O2 aquoeus solution (50 mL). The filtrate (1 mL) was collected at various 

time interval (i.e., 5, 10, 15, 30, 45, and 60 min) and then the concentration of Cu, Fe, 

and Mo in the filtrate was analyzed using inductively coupled plasma with optical 

emission spectrometer (ICP-OES) Optima 8300, Perkin Elmer.  

 

6.3 Results and discussion 

 

 Effect of concentration of FeSO4 

The effect of various concentrations of FeSO4 in a 10 mM H2O2 aqueous 

solution on the topography of chalcopyrite and molybdenite surfaces is presented in 

Figs. 6-1 and 6-2, respectively. The untreated chalcopyrite surface had scratches due to 

polishing treatment (Fig. 6-1A). Meanwhile, the surface was covered with island-like 

features, after treated with 10 mM H2O2 aqueous solution in the absence of FeSO4, 

suggesting that slightly oxidized surface (Fig. 6-1B). The similar surface appearance 

can be observed after the surface was treated in a mixture of 0.01 mM FeSO4 and 10 
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mM H2O2 aqueous solution (Fig. 6-1C). In contrast, the 3D AFM image presented in 

Fig. 6-1D show that the chalcopyrite surface exhibited mountainous features after 

treated in a mixture of 0.1 mM FeSO4 and 10 mM H2O2 aqueous solution. These 

mountainous features on the chalcopyrite surface indicate that the chalcopyrite surface 

was strongly oxidized and its surface was covered by oxidation products, reducing its 

hydrophobicity as shown from average contact angle value presented in bracket in Fig. 

6-1D.  

On the other hand, the AFM images of molybdenite surface show a relatively 

clean surface under various oxidation conditions compared to that of chalcopyrite 

surface (Fig. 6-2). The clean molybdenite surfaces along with high contact angle values 

in Fig. 6-2 indicate that molybdenite surface was not covered by oxidation products. 

This phenomenon might be caused by the low surface oxidation of molybdenite or due 

to the dissolution of oxidation products into the solution.  

In order to assess the chemical species on the surface of chalcopyrite and 

molybdenite, the X-ray photoelectron spectroscopy analysis was conducted and the 

spectra of copper (Cu) 2p, sulfur (S) 2p, iron (Fe) 2p, and oxygen (O) 1s from 

chalcopyrite are presented in Fig. 6-3. Meanwhile, the spectra of molybdenum (Mo) 

3d, S 2p, and O 1s from molybdenite are presented in Fig. 6-4. The peak binding 

energies, FWHM values, peak areas and atomic concentrations (% At. Conc.) 

calculated from Fig. 6-3 are presented in Table 6-1. From XP spectra of Cu 2p, it can 

be observed that the Cu 2p3/2 of untreated chalcopyrite spectra is best fitted with three 

Gaussian-Lorentzian functions. The Cu 2p3/2 peaks located at ~932, ~932.7 and ~934.2 

eV correspond to chalcopyrite (CuFeS2), copper (II) oxide (CuO), and copper 

hydroxide (Cu(OH)2), respectively (Hussain et al. 1989; McIntyre and Cook 1975; 

Nakai et al. 1978). These results indicates that the untreated chalcopyrite surface was 

slightly oxidized due to the oxidation during the sample preparation and storage.  

The similar results were observed for treated chalcopyrite surface. The peak 

area of Cu 2p for chalcopyrite decreased with increasing of concentration of FeSO4. 

The deconvolution of Cu 2p spectra in 10 mM H2O2 aqueous solution with 0 and 0.01 

mM of FeSO4 shows that CuO and Cu(OH)2 covered the chalcopyrite surface. The 

atomic concentrations of CuO and Cu(OH)2 from Cu 2p spectra of chalcopyrite after 

the oxidation treatment in 10 mM H2O2 were ~54% and ~39%, respectively. The 
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similar atomic concentrations were obtained for CuO and Cu(OH)2 species on 

chalcopyrite surface after treated in a mixture of 10 mM H2O2 and 0.01 mM FeSO4.  

 
Fig.  6-1. AFM images of chalcopyrite surface: (A) untreated; (B) treated with a 10 

mM H2O2 aqueous solution for 30 min without the addition of FeSO4; treated with a 

10 mM H2O2 aqueous solution for 30 min with the addition of (C) 0.01 mM FeSO4, 

and (D) 0.1 mM FeSO4. Area scanned = 5µm × 5µm. Images on the left-hand side show 

the 3D topography images, and images on the right-hand side are the 2D topography 

images. The numbers in the bracket indicate the average contact angle values.   
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Fig.  6-2. AFM images of molybdenite surface: (A) untreated; (B) treated with a 10 

mM H2O2 aqueous solution for 30 min without the addition of FeSO4; treated with a 

10 mM H2O2 aqueous solution for 30 min with the addition of (C) 0.01 mM FeSO4, 

and (D) 0.1 mM FeSO4. Area scanned = 5µm × 5µm. Images on the left-hand side show 

the 3D topography images, and images on the right-hand side are the 2D topography 

images. The numbers in the bracket indicate the average contact angle values.   
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Fig.  6-3. XP spectra of Cu 2p, S 2p, Fe 2p, and O 1s regions for untreated and treated 

chalcopyrite in 10 mM H2O2 and various concentration of FeSO4 for 30 min. 
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Table 6-1. The peak binding energies, FWHM values, peak areas, and percentage of 

atomic concentrations (% At. Conc.) calculated from Fig. 6-3 
Treatments Position code a a1 b b1 c c1 

 Name 
Cu 2p 

3/2 
Cu 2p 

1/2 
Cu 2p 

3/2 
Cu 2p 

1/2 
Cu 2p 

3/2 
Cu 2p 

1/2 
Untreated Position, eV 932.0 951.8 932.7 953.0 934.5 954.5 
 FWHM, eV 1.2 1.2 1.2 1.2 1.2 1.2 
 Area 13249.8 5324.6 1942.2 971.1 847.5 423.7 
 % At. Conc. 58.2 23.4 8.5 4.3 3.7 1.9 
0 mM FeSO4 Position, eV 932.1 950.4 932.8 952.5 934.7 954.5 
+ 10 mM H2O2 FWHM, eV 2.1 2.1 2.1 2.1 2.1 2.1 
 Area 134.0 67.0 1074.6 537.3 778.5 389.2 
 % At. Conc. 4.5 2.3 36.0 18.1 26.1 13.1 
0.01 mM FeSO4 Position, eV 932.1 951.0 932.6 952.5 934.6 954.7 
+ 10 mM H2O2 FWHM, eV 1.9 1.9 1.9 1.9 1.9 1.9 
 Area 164.0 82.0 923.3 461.7 706.4 353.2 
 % At. Conc. 6.1 3.1 34.3 17.2 26.2 13.2 
0.1 mM FeSO4 Position, eV 932.0 951.7 932.7 952.9 934.5 954.5 
+ 10 mM H2O2 FWHM, eV 1.6 1.6 1.6 1.6 1.6 1.6 
 Area 286.9 143.5 133.2 66.6 96.5 48.3 
 % At. Conc. 37.0 18.6 17.2 8.6 12.4 6.2 

 

Table 6-1. Continued 
Treatments Position code a a1 b b1 c c1 d d1 e e1 

 Name 
S 2p 
3/2 

S 2p 
1/2 

S 2p 
3/2 

S 2p 
1/2 

S 2p 
3/2 

S 2p 
1/2 

S 2p 
3/2 

S 2p 
1/2 

S 2p 
3/2 

S 2p 
1/2 

Untreated Position, eV 161.4 162.4 162.9 163.6 164.3 165.2     
 FWHM, eV 0.9 0.9 0.9 0.9 0.9 0.9     
 Area 2015.7 1007.9 1056.7 528.4 410.5 205.2     
 % At. Conc. 38.6 19.3 20.2 10.1 7.9 3.9      
0 mM FeSO4 Position, eV 161.4 162.4 162.8 163.7 164.6 165.5 168.1 169.0 169.4 170.0 
+ 10 mM H2O2 FWHM, eV 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 
 Area 192.7 96.4 100.4 50.2 40.4 20.2 137.0 68.5 36.5 18.2 
 % At. Conc. 25.5 12.7 13.2 6.6 5.3 2.7 17.9 8.9 4.8 2.4 
0.01 mM FeSO4 Position, eV 161.2 162.2 162.8 163.8 164.5 165.4 168.0 169.0 169.3 170.3 
+ 10 mM H2O2 FWHM, eV 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 
 Area 180.4 90.2 107.3 53.6 39.5 19.7 257.6 128.8 49.2 24.6 
 % At. Conc. 19.1 9.5 11.3 5.7 4.2 2.1 27.0 13.5 5.1 2.6 
0.1 mM FeSO4 Position, eV 161.1 162.1 162.6 163.5 164.3 165.2 168.0 168.7 169.3 170.0 
+ 10 mM H2O2 FWHM, eV 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
 Area 77.8 38.9 48.5 24.2 11.8 5.9 56.7 28.4 25.0 12.5 
 % At. Conc. 23.7 11.8 14.8 7.4 3.6 1.8 17.1 8.5 7.5 3.8 

 
Table 6-1. Continued 

Treatments Position code a b and c d     a,b,c 
 Name O 1s O 1s O 1s C 1s C 1s C 1s C 1s Fe 2p 

Untreated Position, eV 529.9 531.4 532.3 284.6 286.3 287.6 288.6 708.1, 711.2, 713.1 
 FWHM, eV 2.1 2.1 2.1 1.6 1.6 1.6 1.6 2.2 
 Area 1035.4 1467.8 965.2 2019.3 264.9 48.1 131.1 4165.3 
 % At. Conc. 29.9 42.3 27.8 82.0 10.8 2.0 5.3  
0 mM FeSO4 Position, eV 530.0 531.5 532.1 284.6 286.3 287.6 288.6 708.1, 711.2, 713.1 
+ 10 mM H2O2 FWHM, eV 1.6 1.6 1.6 1.6 1.6 1.6 1.6 3.3 
 Area 1539.0 2595.8 942.3 2754.9 43.2 88.5 116.7 1732.6 
 % At. Conc. 30.3 51.1 18.6 91.8 1.4 2.9 3.9  
0.01 mM FeSO4 Position, eV 529.9 531.4 532.1 284.6 286.3 287.6 288.6 708.1, 711.2, 713.1 
+ 10 mM H2O2 FWHM, eV 1.5 1.5 1.5 1.4 1.4 1.4 1.4 3.2 
 Area 1646.2 3048.2 491.6 2035.9 102.9 69.8 111.1 1916.7 
 % At. Conc. 31.8 58.8 9.5 87.8 4.4 3.0 4.8  
0.1 mM FeSO4 Position, eV 529.8 531.3 532.1 284.5 286.2 287.5 288.5 708.1, 711.2, 713.1 
+ 10 mM H2O2 FWHM, eV 1.5 1.5 1.5 1.5 1.5 1.5 1.5 2.8 
 Area 827.9 1193.9 249.3 757.7 34.7 23.9 64.2 1104.3 
 % At. Conc. 36.5 52.6 11.0 86.1 3.9 2.7 7.3  
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Table 6-2. The atomic concentration of each element on chalcopyrite surface 

calculated from X-ray photoelectron spectroscopy spectra presented in Fig. 6-3 

Treatments Cu, % Fe, % S, % O, % 
Untreated 16.14 5.82 55.95 21.27 
0 mM FeSO4  + 10 mM H2O2 4.08 5.27 25.56 64.52 
0.01 mM FeSO4  + 10 mM H2O2  3.47 5.80 29.86 60.87 
0.1 mM FeSO4  + 10 mM H2O2 2.60 7.47 25.37 64.56 

 

On the contrary, the atomic concentrations of CuO and Cu(OH)2 on 

chalcopyrite surface decreased after treated in a mixture of 10 mM H2O2 and 0.1 mM 

FeSO4, indicating a lower concentration of both species on the surface. Indeed, the 

atomic concentrations of CuO and Cu(OH)2 were ~26% and ~19% in a mixture of 10 

mM H2O2 and 0.1 mM FeSO4. Furthermore, the atomic concentration of Cu element 

decreased with an increase in the concentration of FeSO4 followed by the increasing of 

the atomic concentration of Fe element as shown from Table 6-2. These results suggest 

that the decreasing of the peak areas of CuO and Cu(OH)2 might be caused by the 

increasing of Fe species on the surface with an increase in the concentration of FeSO4. 

The Fe 2p spectra of untreated chalcopyrite surface presented in Fig. 6-3 shows 

a peak located at ~708.1 eV which corresponds to chalcopyrite peak (Brion 1980). 

Following the treatment using H2O2 aqueous solution both with and without the 

addition of FeSO4, the chalcopyrite peak decreased and the Fe 2p peak shifted to higher 

binding energy due to the surface oxidation. The Fe 2p peak shifted to ~711.2 eV after 

the oxidation treatment, which corresponds to FeOOH species (Buckley and Woods 

1984). From Fig. 6-3, it can be observed that there was no significant difference on the 

trend of Fe 2p spectra before and after the addition of various concentrations of FeSO4 

into a 10 mM H2O2 aqueous solution. These results suggest that the surface undergoes 

the similar oxidation process, therefore similar oxidation products on the surface. 

In addition, the S 2p3/2 peak of untreated chalcopyrite surface show that the 

surface was covered by species with binding energy located at ~ 161.2, ~162.7, and 

~164.8 eV (Fig. 6-3). The binding energy at ~161.2 eV is attributed to CuFeS2 species 

with S 2p1/2 peak located at ~162.2 eV (McCarron et al. 1990; Nakai et al. 1978). The 

S 2p3/2 peaks located at ~162.7 and ~164.8 eV match the elemental sulfur (S) and S8 

species, respectively (Hollinger et al. 1974; Thomas et al. 1972). After treated with 10 
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Fig.  6-4. XP spectra of Mo 3d, S 2p, and O 1s regions for untreated and treated 

molybdenite in 10 mM H2O2 and various concentration of FeSO4 for 30 min. 
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Table 6-3. The peak binding energies, FWHM values, peak areas, and percentage of 

atomic concentrations (% At. Conc.)  calculated from Fig. 6-4 
Treatment Position code c c1 d d1 b b1 a a a1 

 Name 
Mo 3d 

5/2 
Mo 3d 

3/2 
Mo 3d 

5/2 
Mo 3d 

3/2 
Mo 3d 

5/2 
Mo 3d 

3/2 S 2s 
S 2p 
3/2 

S 2p 
1/2 

Untreated Position, eV 229.7 232.8 232.2 236.1 229.5 232.6 226.9 162.5 163.7 
 FWHM, eV 0.8 1.0 1.7 1.7 0.8 0.8 2.1 0.8 0.8 
 Area 18581.2 12393.7 975.6 650.7 154.3 102.9 8259.0 8442.9 4386.5 
 % At. Conc. 21.2 14.1 1.1 0.7 0.2 0.1 62.5 65.8 34.2 
0 mM FeSO4 Position, eV 229.9 233.0 232.2 236.1 229.6 232.7 227.0 162.7 163.9 
+ 10 mM H2O2 FWHM, eV 0.8 1.0 1.5 1.5 0.8 0.8 1.9 0.9 0.9 
 Area 10075.3 6720.2 534.1 356.2 100.0 66.7 4461.4 4274.6 2137.3 
 % At. Conc. 21.2 14.1 1.1 0.7 0.2 0.1 62.6 66.7 33.3 
0.01 mM FeSO4 Position, eV 230.0 233.1 232.2 236.4 229.4 232.7 227.1 162.8 164.0 
+ 10 mM H2O2 FWHM, eV 0.8 1.0 1.3 1.3 0.8 0.8 1.9 0.8 0.8 
 Area 15818.3 10550.8 537.0 358.2 354.5 237.5 7272.7 7091.0 3545.5 
 % At. Conc. 20.7 13.8 0.7 0.5 0.5 0.3 63.6 66.7 33.3 
0.1 mM FeSO4 Position, eV 230.0 233.2 232.2 236.4 229.6 232.7 227.2 162.8 164.0 
+ 10 mM H2O2 FWHM, eV 0.8 0.9 1.7 1.7 1.0 0.8 1.8 0.8 0.8 
 Area 14435.1 9628.2 445.7 297.3 100.0 66.7 6402.6 6288.7 3144.4 
 % At. Conc. 21.4 14.2 0.7 0.4 0.2 0.1 63.3 66.7 33.3 

 

Table 6-3. Continued 
Treatment Position code a b c     

 Name O 1s O 1s O 1s C 1s C 1s C 1s C 1s 
Untreated Position, eV 529.9 531.8 533.4 284.6 286.1 287.6 288.6 
 FWHM, eV 1.8 1.8 1.8 1.2 1.2 1.2 1.2 
 Area 254.1 902.9 572.5 1732.8 227.1 54.4 85.2 
 % At. Conc. 14.7 52.2 33.1 82.5 10.8 2.6 4.1 
0 mM FeSO4 Position, eV 529.9 531.9 533.7 284.6 286.1 287.6 288.6 
+ 10 mM H2O2 FWHM, eV 1.8 1.8 1.8 1.3 1.3 1.3 1.3 
 Area 106.4 1329.1 242.6 1775.6 214.9 103.5 92.8 
 % At. Conc. 6.4 79.2 14.4 81.2 9.8 4.7 4.2 
0.01 mM FeSO4 Position, eV 529.9 531.6 533.5 284.7 286.2 287.7 288.7 
+ 10 mM H2O2 FWHM, eV 2.2 2.2 2.2 1.2 1.2 1.2 1.2 
 Area 95.9 175.7 131.5 610.1 115.2 56.0 38.7 
 % At. Conc. 23.8 46.6 32.6 74.5 14.0 6.8 4.7 
0.1 mM FeSO4 Position, eV 529.9 531.6 533.3 284.7 286.2 287.7 288.7 
+ 10 mM H2O2 FWHM, eV 2.2 2.2 2.2 1.1 1.1 1.1 1.1 
 Area 38.9 347.9 135.9 1388.1 151.0 68.1 54.4 
 % At. Conc. 7.5 66.6 26.0 83.6 9.1 4.1 3.3 

 

The peak area of MoS2 from Mo 3d spectra presented in Table 6-3 was 

significantly higher compared to that of MoO2 and MoO3 for each condition, suggesting 

that the molybdenite surface was slightly oxidized. Indeed, the atomic concentrations 

of MoS2 presented in Table 6-3 were ~35%, significantly higher than the atomic 

concentrations of MoO3 and MoO2 under the same condition, which were ~1.4% and 

~0.4% in average, respectively.  

Unlike the S 2p spectra of chalcopyrite, the S 2p spectra of molybdenite did not 

show any shifting in energy binding as an indication of surface oxidation. Moreover, 

there is no indication of sulfate species after the oxidation treatment on molybdenite 
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surface (Fig. 6-4). These results suggest that the clear AFM images of molybdenite 

surface presented in Fig. 6-2 was caused by lower surface oxidation of molybdenite.  

The S 2p spectra of untreated molybdenite surface depicted in Fig. 6-4 match 

the binding energy of molybdenite (MoS2) at ~162.4 and ~163.6 eV for 2p3/2 and 2p1/2, 

respectively (Benoist et al. 1994; Stevens and Edmonds 1975). The S 2p spectra slightly 

shifted to higher binding energy after the surface was treated in a mixture of various 

concentration of FeSO4 and 10 mM H2O2 aqueous solution. Under this condition, the 

peak had a binding energy ~ 162.7 and ~163.9 eV for 2p3/2 and 2p1/2, respectively. 

These peaks are correspond to molybdenite as reported by Turner and Single (1990).  

 

Table 6-4. The atomic concentration of each element on molybdenite surface 

calculated from X-ray photoelectron spectroscopy spectra presented in Fig. 6-4 

Treatments Mo, % S, % O, % 
Untreated 34.4 61.3 4.3 
0 mM FeSO4 + 10 mM H2O2 33.6 60.2 6.3 
0.01 mM FeSO4  + 10 mM H2O2  34.2 64.8 1.0 
0.1 mM FeSO4  + 10 mM H2O2 34.1 64.6 1.3 

 

The O 1s spectra presented in Fig. 6-4 are best fitted with three peaks located 

at ~530.0, 531.4, and 533.3 eV. The lowest binding energy matches the binding energy 

of MoO2 (Zingg et al. 1980), while the binding energy of ~531.4 eV is attributed to 

MoO3 (Patterson et al. 1976). The remaining highest binding energy corresponds to the 

adsorption of oxygen on molybdenite surface (O2/MoS2) as reported by Shuxian et al. 

(1986). These results confirm the MoO2 and MoO3 peaks observed from Mo 3d spectra. 

The atomic concentration of each element on molybdenite surface is presented 

in Table 6-4. From this table it can be observed that the atomic concentrations of Mo 

and S slightly decreased after treated in 10 mM H2O2 aqueous solution followed by an 

increase in atomic concentration of O element. These results indicate that more 

oxidation products (i.e., MoO3, MoO2) covered the molybdenite surface in 10 mM H2O2 

aqueous solution in the absence of FeSO4. On the other hand, a slightly higher atomic 

concentrations of Mo and S with a lower atomic concentration of O element was 

obtained after the addition of FeSO4 into 10 mM H2O2 aqueous solution. The slightly 

decreasing of atomic concentration of Mo element after treated with 10 mM H2O2 
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Fig.  6-6. Dissolved concentration of molybdenum (Mo), copper (Cu), and iron (Fe) in 

ultra-pure water, 10 mM H2O2 aqueous solution, and a mixture of 10 mM H2O2 and 0.1 

mM FeSO4 at pH 5 and pH 9 as function of time. 
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Fig.  6-7. AFM images of chalcopyrite surface: (A) untreated, treated in (B) 1 mM 

H2O2, (C) 10 mM H2O2, and (D) 100 mM H2O2 for 30 min with the addition of 0.1 mM 

FeSO4. Area scanned = 5µm × 5µm. Images on the left-hand side show the 3D 

topography images, and images on the right-hand side are the 2D topography images. 

The numbers in the bracket indicate the average contact angle values.   
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Fig.  6-8. AFM images of molybdenite surface: (A) untreated, treated in (B) 1 mM 

H2O2, (C) 10 mM H2O2, and (D) 100 mM H2O2 for 30 min with the addition of 0.1 mM 

FeSO4. Area scanned = 5µm × 5µm. Images on the left-hand side show the 3D 

topography images, and images on the right-hand side are the 2D topography images. 

The numbers in the bracket indicate the average contact angle values. 
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Fig.  6-9. XP spectra of Cu 2p, S 2p, Fe 2p, and O 1s regions for untreated and treated 

chalcopyrite in various H2O2 concentration and 0.1 mM FeSO4 for 30 min.  
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