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Abstract

:

This article presents the dynamic process of the three-phase contact (TPC) formation by colliding bubbles onto muscovite and talc surfaces in water and two types of solutions including cationic CTAC surfactant (cetyltrimethyl ammoniumchloride) and anionic NaOL surfactant (sodium oleate). The TPC formation process was observed through the high-speed camera between bubbles and layered silicate minerals (hydrophilic muscovite and hydrophobic talc). It was found that the rupture of the liquid film between the bubbles and the mineral surface is a prerequisite for TPC formation. In the case of muscovite, TPC was formed only with cationic CTAC, and as the surfactant concentration increased, the time needed for TPC formation was shortened. Due to electrostatic repulsion, TPC did not occur in water and NaOL. However, for talc, TPC occurred both in water and in surfactant solutions. In contrast to muscovite, the time of TPC formation on the talc surface was prolonged with the increase in the surfactant concentration. It was concluded that hydrophobic attraction and electrostatic attraction between mineral surfaces and bubbles can significantly promote the localized foam film rupture, which was the main reason for the TPC appearance in water and surfactants. For the hydrophilic muscovite, CTAC adsorption improved the surface hydrophobicity; I3/I1 in fluorescence spectroscopy increased, and the micro-polarity faded, making TPC formation need more time. However, for the natural hydrophobic talc, the increasing surfactant adsorption decreased I3/I1 values and enhanced the local micro-polarity, causing the extension of time for TPC. Therefore, TPC formation for different minerals resulted from different reasons.
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1. Introduction


In the froth flotation beneficiation method, the interaction between mineral particles and bubbles is a primary process for collecting valuable components. In order to attach the bubbles onto the particle surfaces in a short time, three consecutive steps have to be performed: (1) liquid film thinning between the bubble and mineral surfaces to its critical thickness, (2) foam film rupturing and initial three-phase contact (TPC) nucleus occurring, and (3) initial TPC expanding to a stable wetting perimeter [1,2,3]. The adhesion and stability of mineral–bubble aggregates in a pulp system may be affected by the formation of TPC during their collisions [4]. Generally, the more hydrophobic the mineral surface, the more unstable the liquid film, the more prone it is to rupture, and the more likely it is that TPC will form. In the case of hydrophobic minerals, although the repulsion force was presented in pulp according to the DLVO theory (Derjaguin–Landau–Verwey–Overbeek theory), the liquid film was still very easy to break. This phenomenon has been explained by Deryagin et al. [5] through the nucleation mechanism.



The interaction process of bubbles and minerals is usually divided into the following three stages [6]: (1) collision-rebound, (2) adhesion, and (3) desorption. When the bubble approaches the mineral surface to a certain distance, the collision-rebound process occurs, but the bubble does not necessarily adhere to the mineral surface. The breakage of the liquid film and the formation of TPC is a prerequisite condition for the stable adhesion [1,7,8]. The rate of the bubble rise in aqueous solution was affected by many factors, including the bubble size, liquid/gas phase viscosity and density, surfactant adsorption, and liquid/gas interface properties [9,10,11,12]. In the surfactant solution, the surface-active substance (SAS) was adsorbed on the surface of the bubbles to form an adsorbed layer, which reduced the fluidity and increased the viscous resistance. The existence of viscous resistance in the continuous medium caused the uneven adsorption formed on the surface of rising bubbles; that is, a dynamic adsorption layer (DAL) happened [13].



Muscovite and talc, as typical hydrophilic and hydrophobic silicate minerals, are both 2:1 structures, with an octahedral layer sandwiched between two tetrahedral layers [14,15]. Different types of surfactants are usually applied in their flotation separation from gangue minerals, taking the role of collectors including cationic, anionic, and mixed cationic/anionic surfactants [16,17]. For muscovite, its natural floatability is not good enough due to its hydrophilicity and negative charges on the muscovite surface. Thus, cationic surfactant collectors are mainly utilized in the flotation. Xie Zhen [18] investigated the adsorption morphology of dodecyltrimethylammonium chloride (DTAC) and cetyltrimethylammonium chloride (CTAC) on the muscovite surface and the interaction force between the solid/liquid interface through the atomic force microscope (AFM). Longhua Xu [16] found that the combined collector of cationic dodecylamine (DDA) and anionic sodium oleate (NaOL) could improve the muscovite flotation recovery, compared with their single collectors. However, in the case of natural hydrophobic talc, it is floated without any collector, making it usually depressed in reverse flotation [19,20,21]. Carboxymethyl cellulose (CMC) has been confirmed as an effective depressant for talc floatability and is favorable to its separation from chalcopyrite [22].



In this study, it was found that the conclusion that the increase in time for TPC was bad for mineral flotation was only applicable for hydrophilic minerals [23], while it cannot be established for hydrophobic minerals. Besides, the time of TPC has not be disassembled to analyze the detailed reasons, and the changes in collision-rebound time and drainage time have also not been explained clearly. The present research work was primarily aimed to study the kinetics of the three-phase contact formation by colliding bubbles onto the muscovite and the talc surface in water and solutions of two types of surfactants, cationic CTAC (cetyltrimethyl ammoniumchloride) and anionic NaOL (sodium oleate). Bubble deformation in water and surfactants was also studied to get the bubble changes during their rising process. In addition, the three-phase contact formation mechanism was analyzed, and the collision-rebound process in different solutions with different mineral surfaces was detailed for better explanation of macroscopic phenomenon in froth flotation.




2. Materials and Methods


2.1. Samples and Chemicals


Samples of muscovite and talc required in this research were purchased from TED PELLA Co., Ltd., Pella, CA, USA and Kuandian, Dandong, China, respectively. The muscovite was a kind of high-purity V1 flake, while the talc samples were freshly cleaved into sheets for the measurements of three-phase contact line formation as it has perfect cleavages along basal planes. Chemical composition and X-ray diffractometry (XRD) were executed to examine the purity of muscovite and talc minerals. The results given in Table 1 and Figure 1 demonstrate that the purity of samples was good enough to be applied in this investigation.



Different surfactants including cationic cetyltrimethyl ammoniumchloride (CTAC) and anionic sodium oleate (NaOL) of chemical purity were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Both of these reagents are the typical collectors in the flotation of layered silicate muscovite and talc minerals. Absolute ethanol of analytical grade from Damao Chemical Reagent Factory, Tianjin, China was utilized to clean the mineral surfaces. Ultrapure water was used throughout the study.




2.2. Methods


2.2.1. Experimental Apparatus


The self-made apparatus (shown in Figure 2) was used to observe the collision-rebound process between bubbles and minerals and the formation of the three-phase contact line. It mainly consists of the following parts: (1) A square glass tank with an internal cross-sectional area of 120 mm × 60 mm; (2) a capillary with an inner diameter of 0.2 mm was employed to generate some single bubbles; (3) a small peristaltic pump for precise control of inflation; (4) a high-speed camera (Y3M, Integrated Design Tools, Collerville, IA, USA) with a microscope lens (Olympus SZ61); (5) a light source and its diffuser to ensure sufficient and uniform light distribution; (6) a computer with image-processing software (Image J) installed.




2.2.2. Measurements of Bubble Deformation


Using the self-made device shown in Figure 2, the deformation of bubbles was observed. The high-speed photo was recorded with every rising single bubble in the deionized water and CTAC and NaOL solutions separately at the rate of 2000 frames/s. (The interval between two photos was 0.5 ms). A consistent rate of rise from the peristaltic pump was achieved to produce a single bubble, and the ascending bubble then was not affected by the newly generated one. Finally, deformation of the bubbles under different conditions was computed by the Image J software. The bubbles in aqueous solution were approximately ellipses, and (x, y) is supposed as its centroid coordinate; then, the aspect ratio (   A R   ) is:


   A R  =    d h     d v     



(1)




where AR is the bubble aspect ratio, and    d h    and    d v    are the major and minor axes of the ellipse, respectively.



If    A R  < 1.15  , the bubble can be regarded as the sphere, otherwise it will be considered as the ellipse. The larger the AR, the flatter the bubbles will be. The bubble velocity can be calculated as:


  v =    y  i + 1   −  y i    Δ t      



(2)




where yi is the ordinate value of the bubble in frame i; Δt is the interval time between two photos, namely, Δt = 0.5 ms.




2.2.3. Stability Assessment of Bubble at the Gas/Liquid Interface


In order to explore the bubble stability at the gas/liquid interface in different surfactant solutions and the effect dynamic adsorption on the bubble surface, the bubble rupture time was studied, and the liquid level was fixed at 15 mm shown in Figure 3. After separation from the capillary orifice, the bubble will move upward immediately to approach and touch the liquid surface, and then it will rebound to the solution. Finally, the bubble remains under the liquid level for a period of time until it breaks and disappears after several collisions and rebounds. The time when the bubble first touches the liquid surface was defined as the initial time (t = 0). The time span from the first collision-rebound to the kinetic energy dissipation (static state) was the collision-rebound time tB. The interval from the static state to its burst is called the drainage time tD. Then, the bubble rupture time tP can be calculated as:


   t P  =  t D  +  t B     



(3)







The measurements were conducted over 10 times with the same procedure and conditions, and the average was reported as a final value.




2.2.4. Three-Phase Contact Formation


The formation process of the three-phase contact (TPC) line was performed in the self-made apparatus shown in Figure 2. The freshly cleaved muscovite and talc sheets were fixed by a pair of tweezers and immersed into the prepared surfactant solution 15 mm away from the capillary opening. Switch on the small peristaltic pump to produce the bubble as soon as possible (avoid contamination of fresh mineral surfaces), meanwhile turn on the high-speed camera to record the bubble movement path, its collision-rebound with the mineral flake, and the formation process of TPC line. All of these procedures should be finished in 30 s. Afterwards, the muscovite and talc sheets were washed with absolute ethanol and ultrapure water, respectively, and desiccated. The used surface was removed by a tape to make the new fresh surface exposed for the next measurement. Each test was conducted over 10 times, and the averages of tB, tD, and tTPC were reported as the final values.




2.2.5. Fluorescence Spectrum Analysis


The pyrene fluorescence spectrum of muscovite and talc reacted with or without the collector was measured by Hitachi F-7000 Fluorescence. Of a 1 × 10−5 mol/L pyrene ethanol solution, 0.3 mL, a certain concentration of surfactant solution, and 0.2 g pure mineral samples were successively added into a 50 mL conical flask and then diluted to the scale line by adding ultra-pure water. After that, the flask was shaken in the thermostatic oscillator for 24 h, and some pulp mixture was taken and transferred into the quartz cuvette for fluorescence spectrum analysis. The fluorescence excitation wavelength was 335 nm, while the emission wavelength was 350~500 nm. The scanning speed was set at 1200 nm/min. The excitation slit and the emission slit were controlled at 10 nm and 2.5 nm, respectively.






3. Results and Discussion


3.1. Bubble Deformation and Stability Analysis in Surfactant Solutions


The shape and stability of bubbles were affected by different surfactant systems. As mentioned earlier, the aspect ratio of bubbles indicates the deformation degree of bubbles. From Figure 4, it was found that the concentration had a significant impact on the bubble deformation when no mineral particles were introduced into the system. The aspect ratio of bubbles increased at first, and then tended to be stable with the rising process of bubbles. Increasing the concentration of surfactant can reduce the deformation degree of the bubble and shorten the time to reach the stable state. Additionally, at the same concentration, the aspect ratio of bubbles in NaOL was the smallest, which is closer to the sphere, that is, the stability of bubbles in NaOL solution was better. When the bubble rose to the liquid/gas interface, its contact with the air made the bubble break in both deionized water and surfactant solutions. However, the higher the surfactant solution, the longer the time needed for the bubble to burst. This means at the liquid/gas interface, the surfactant is conducive to make the bubble more stable. The phenomenon in Figure 4 may be conjectured and deduced that when the bubble is generated (has not separated from the capillary yet), the surfactant has been adsorbed on the bubble surface. When the bubble departs from the capillary and rises in solutions, some adsorbed surfactant molecules will slide to the bottom of the bubble under the inertia action, making the adsorbed reagent distribute unevenly on the bubble surface. This caused the Marangoni effect, which reduced the bubble surface fluidity and made the bubble deformed during the rising process [23]. However, when the bubble closed to the liquid/gas interface, the lagging surfactant molecule would move again to the top of the bubble under the action of the surface-tension gradient, tending to recover its distribution on the bubble surface.



The bubble stability in this study means its rupture time. The longer it takes for the bubble to rupture, the more stable the bubble. That is to say, the time of the bubble existence corresponds to its stability. The bubble rupture time in the CTAC and NaOL solutions was also investigated and repeated some times. The result at different times is shown in Figure 5 in which the liquid level was fixed at 15 mm. It can be seen that there is a great relationship between the type and concentration of the surfactant and the bubble burst time. In the same solution, the rupture time was prolonged with the increase in its concentration, and the bubble became more stable. It was also found that the deviation become greater at a higher concentration where the bubble was more susceptible to be disturbed by the liquid level. The average values in Figure 5 have been calculated in Table 2. For the CTAC solution, the rupture time extended from 1.866 s to 30.376 s. However, 33.220 s was required for NaOL at 1 × 10−5 mol/L. Therefore, the bubbles in the NaOL solution were far more stable than those in the CTAC solution.



It took 972 ms for the bubble to burst in deionized water, but, in surfactant solutions, the rupture time was much longer than that in water, indicating that the surfactant can make the bubble stronger due to the surfactant adsorption on the bubble surface. This can be explained from the surface-tension gradients action on the liquid surface [9], which resulted from the bubble movement and solution surface deformation (extension). It was the surface-tension gradient that stopped the bubble rupturing owing to the formation of a stable foam film. In the surfactant solution, the direction of the surface-tension gradients was opposite to that of the liquid flow from the thin liquid layer. These surface-tension gradients, which had a tendency to restore uniform adsorption coverage at the deformed liquid/gas interface, resulted in the surfactant molecules motion together with adjoining liquid layers and slowing down the film thinning.




3.2. Three-Phase Contact Formation


Similar to Figure 3, the liquid level was replaced by the mineral flakes, which were immersed in solutions and fixed at 15 mm away from the capillary orifice. Before the measurements, all of the flakes were freshly cleaved to better observe the formation of TPC with mineral surfaces.



3.2.1. TPC on Muscovite Surface


The collision-rebound process between bubbles and the muscovite surface in deionized water was recorded in Figure 6a. The interval between the two photos was 2 ms, and the initial time (t = 0) was when the bubble first touched the mineral. It can be concluded that the bubble rebounded and collided again for four times until the kinetic energy was dissipated. The four contact times were as follows: t = 0 ms, t = 32 ms, t = 52 ms, and t = 72 ms; obviously each time the interval decreased sequentially. After that, the bubble no longer left the muscovite surface but slightly deformed due to its non-zero velocity. When t > 102 ms, the bubble stopped moving and stabilized on the muscovite surface. Figure 6b shows the change in bubble velocity during this process. Corresponding to Figure 6a, it is shown that the bubble velocity and time interval after each collision-rebound decreased in sequence, and the bubble rebound distance also decreased in sequence. As the rebound distance and the bubble velocity decreased, the kinetic energy of the bubble was exhausted gradually. At this time, the bubble would not adhere to the muscovite surface and just kept stable there. This means that no drainage process existed, and the liquid film was not squeezed out. As a result, the extremely stable liquid film hinders the bubble adhesion onto the muscovite surface, and no TPC line formed in water finally [24,25]. The reason for this phenomenon was that both of the bubbles in deionized water (Zeta potential was about −60 mV) [26,27] and muscovite [28,29] surfaces were negatively charged. There was electrostatic repulsion to prevent the formation of TPC lines.



In the cationic CTAC solution, the bubble velocity during the collision-rebound process with the surface was studied in Figure 7. Different from that in water, there was a non-zero velocity after a period of inactivity, indicating that the bubble was adhered on the muscovite surface, and there were TPC lines formed under all concentrations. As shown in the results, the rebound intensity was associated with its concentration. When the concentration was 5 × 10−6 mol/L (Figure 7a), the bubble experienced eight collision-rebound changes, and the velocity sequentially decreased until it no longer varied to be stable. As the concentration ascended, the number of collision-rebound changes become less and less. While at 1 × 10−3 mol/L (Figure 7f), only two changes were found through the whole rising motion. The results showed that the time tB was shortened as the concentration of surfactants increased. This means that the kinetic energy dissipation happened faster in concentrated surfactant solutions. This is principally because the surfactant with high concentration can distribute more evenly on the bubble surface and hinders its fluidity. At this condition, the generated bubble does not move in a short time after the separation with the capillary, and the time tB is shortened finally.



It was defined that the collision-rebound time    t B    was the time span from the first collision-rebound to the static state, and the drainage time    t D    was the difference value between    t  T P C     and    t B   . The corresponding values are also shown in Figure 7. At 5 × 10−6 mol/L,    t  T P C     even exceeded 10 s and then dropped sharply as the concentration, which consisted with the conclusion that the longer time for TPC formation of hydrophilic muscovite would deteriorate the flotation result [25]. From Figure 7, the concentration increases also shortened    t B    values, which depended on the initial velocity of the first collision. At lower concentration (Figure 7a,b), the adsorption rate was slow, and the change of hydrophobicity was not very clear, making TPC formed for more time. However, at the higher concentration, hydrophobicity can be improved in a short time, benefitting the TPC formation. From Figure 8, we can see that compared with    t  T P C    , the change range of    t B    is smaller, and the change trend in    t D    is consistent with that of    t  T P C    . In addition, at concentrations below 5 × 10−4 mol/L,    t D    was much longer than    t B   , making the time of TPC line formation    t  T P C     mainly decided by the drainage time of the bubbles. For hydrophilic muscovite, the TPC formation was mainly affected by the hydrophobicity of the mineral surface.



The result of a velocity variation in the anionic NaOL solution was investigated in Figure 9 where there was no TPC line formed at any of the concentrations, as was the case with deionized water. The bubbles were not adhered to the muscovite surface in the NaOL solution. For this reason, the time of TPC and the drainage time were both zero (   t  T P C     =    t D    = 0). The increase in concentration made the collision-rebound time cut down from 126 ms to 27 ms, and    t B    values in NaOL were smaller than those in CTAC at the same concentration. When the concentration increased from 1 × 10−5 mol/L (Figure 9a) to 1 × 10−3 mol/L (Figure 9d), the number of collision-rebounds reduced from six to one, and the velocity at the same time also tended to drop dramatically. Therefore, the ability to form a TPC line depends on the type of surfactant. In the deionized water and the anionic NaOL solution, no TPC was observed, but in the cationic CTAC surfactant, a TPC line occurred successfully, and the time required was shortened as the concentration increased.




3.2.2. TPC on Talc Surface


In addition to hydrophilic muscovite, the collision-rebound process of the bubble with the hydrophobic talc was also necessary to be studied. The result in the deionized water is shown in Figure 10a where the interval time between two photos was 4 ms. During the rising movement, the bubble experienced five collision-rebounce processes on the talc surface: t = 0 ms, t = 36 ms, t = 64 ms, t = 80 ms, and t = 94 ms. Similar to muscovite, the time interval in the solution with talc after each collision-rebound also decreased in sequence, indicating that the bubble’s rebound distance also reduced in turn. Finally, the bubble was adhered to the talc surface, and the TPC line formed at t = 108 ms. The velocity consistent with the collision-rebound process was revealed in Figure 10b, from which it can be concluded that the bubble kept colliding and rebounding before it adhered to the talc surface and made the TPC line form, signifying that tD = 0 and    t  T P C     =    t B    = 108 ms.



Besides deionized water, the bubble velocity during the collision-rebound process with the talc surface in the CTAC solution with different concentrations was also studied in Figure 11. According to the result, the motion rule with the talc surface was different from that in Figure 7. The higher concentrations resulted in smaller collision-rebound cycles and shorter tB, but longer tD and    t  T P C       [30], as shown in Figure 12. This explained that the higher concentration of CTAC could hamper the TPC formation, and even no TPC occurred at 1 × 10−3 mol/L, indicating that the hydrophobicity was not the main reason for TPC formation of hydrophobic talc. This is because there was a local foam film between the bubble and the talc, making the bubble stability become the major reason. For concentrations below 5 × 10−5 mol/L, tB > tD, indicating that the effect of the bubble rebound process on the TPC line was greater than the liquid film burst time. While tB and tD showed opposite changes, tTPC extended with increasing CTAC concentration. Different phenomena between hydrophobic talc and hydrophilic muscovite showed that TPC can be formed due to different reasons.



Figure 13 shows the relevant velocity changes for NaOL solution. Unlike muscovite, which had no TPC at all NaOL concentrations, the TPC phenomenon appeared at almost all concentrations on the talc surface, similar to that of the CTAC solution in Figure 11. After the bubble collided with the talc, the rising rate decreased to zero immediately and then rebounded to the solution. When the rebound velocity decreased to zero, the bubble rose up and collided with the talc again. Its kinetic energy was finally exhausted and maintained stably below the talc surface. After a rest period, there was a small positive velocity, indicating that the bubbles adhered to the talc and that the TPC had occurred. When the concentration was lower than 5 × 10−5 mol/L, tD was zero or negligible, making tTPC = tB. The TPC time required for CTAC was slightly longer than that for the same concentration of NaOL. For the anionic surfactant, even though there was electrostatic repulsion between the bubbles and the talc surface, the TPC still can be formed. This further demonstrated that the main reason for TPC formation was different for different minerals.



From the above experimental results, it can be seen that TPC formation was linked to the type of surfactants and the hydrophilicity/hydrophobicity of the mineral. Moreover, the TPC formation rules in hydrophilic muscovite and hydrophobic talc were also different.



Pyrene was an organic molecule that is slightly soluble in water and can be solubilized in surfactant micelles or surfactants adsorbed on mineral surfaces. Pyrene is usually employed to observe the change in the micro-polarity in suspensions, such as pulp, because there is nearly no fluorescence signal for many flotation reagents, and some indicator substances are then needed to be introduced to facilitate the micro-polarity analysis. Until now, pyrene has been used widely for the adsorption mechanism analysis of flotation reagents [31,32,33]. It can generate a monomer emission spectrum after excitation at a 335 nm wavelength, which was a structure spectrum with five sharp peaks, as shown in Figure 14. The ratio of the intensity of the third peak (I3) to the first peak (I1) could reflect the change in the polarity of its environment [34]. The larger the I3/I1, the weaker the polarity, that is, the more hydrophobic the environment. In the aqueous solution, I3/I1 was about 0.5 ~ 0.6, while in micelles, it was 0.8 ~ 0.9, and it was greater than 1 in non-polar solvents [35]. Therefore, we chose pyrene as a fluorescent probe to detect the surface “micro-polarity” changes in the muscovite and the talc in different concentrations of surfactant solutions.



For typical hydrophilic silicate muscovite, its natural contact angle is about 7° [36,37]. According to the results, TPC was formed in the CTAC solution, and the time required decreased with the increasing concentration, whereas no TPC appeared in the NaOL solution. In deionized water, the negative charge on the muscovite surface repels the negative charge on the bubble surface to prevent the liquid film from rupturing, leading to no TPC formation in water (shown in Figure 6). In the anionic NaOL solution, the surfactant adsorption on the bubble surface made it more electronegative, increasing the electrostatic repulsion of bubbles and muscovite. However, in the cationic CTAC solution, the repulsive force became attractive due to CTAC adsorption on the bubble surface, and the electrostatic attraction became stronger as the concentration increases, and TPC was easily formed.



Furthermore, the surfactant was also adsorbed on the muscovite surface, resulting in a larger contact angle and dramatically improved hydrophobicity, and increasing concentrations made these changes more pronounced. As shown in Figure 15, when no surfactant was added, the value of I3/I1 was about 0.57, which was consistent with the value in water. Pyrene was in a polar environment, and the surface of muscovite was hydrophilic. When the surfactant concentration increased to 1 × 10−5 mol/L, I3/I1 was about 0.8, indicating that the surfactant formed a semi-micelle adsorption on the mineral surface, and the mineral surface was the most hydrophobic at this time. On the whole, the value I3/I1 increased with the increase in the surfactant concentration. The surfactant was adsorbed on the surface of muscovite, causing its surface polarity to become smaller, and the hydrophobicity of the muscovite surface was greatly enhanced. The combined action of hydrophobic attraction and electrostatic attraction promoted the thinning of the hydration film between the bubbles and the mineral surface and shortened the formation time of the TPC.



For hydrophobic silicate talc, it had natural floatability, and the contact angle was very large without adding any surfactants. Therefore, according to the characteristic that the pyrene fluorescent probe was very sensitive to environmental changes, the change in micro polarity after introducing the surfactant collectors into the talc pulp can be observed to explain the TPC-formation mechanism onto the talc surface.



The TPC formed whether in the deionized water or in different types of surfactant solutions, and the increasing surfactant concentration made the liquid film between the bubbles and the talc more stable. As shown in Figure 16, when no surfactant was introduced, the value of I3/I1 on the talc surface was about 1, which was close to the non-polar environment. Therefore, the talc surface had strong hydrophobicity and good natural floatability. The surfactant at low concentrations had little effect on its surface polarity. However, at higher concentrations, the surface polarity decreased. At 1 × 10−3 mol/L of CTAC, I3/I1 was only 0.75 at which the surface hydrophobicity was weakened compared with lower concentration. However, the talc surface still showed hydrophobicity, so the TPC can formed even at higher surfactant concentrations. However, due to the hydrophobic attraction decrease and the effect of surfactants to stabilize the hydration film between bubbles and mineral surfaces, the time for TPC formation was prolonged as the surfactant concentration increased. It was exactly this hydrophobic attraction that improved the TPC formation as the leading role.





3.3. Discussion


Based on the analysis of this research, the formation and its mechanism of the three-phase contact onto a hydrophilic muscovite surface and a hydrophobic talc surface were studied in detail. Compared with the existing and common results, it was found that different main reasons were used for explaining the TPC formation. For the hydrophilic muscovite, the hydrophobic attraction and the electrostatic attraction are the main factors to make the TPC occur in the cationic surfactant system, while in the anionic environment, no obvious TPC formed because of the electrostatic repulsion. However, for the hydrophobic talc, TPC can be formed whether in the cationic or the anionic system. According to this phenomenon, we found that the change in micro polarity was the most important reason to cause the different results for the talc and the mica.



It has been shown that there is a close relationship between the flotation efficiency or the flotation recovery and the bubble attachment onto the mineral particle surface. However, the research level is still not very high about the specific mechanism or effects of the flotation bubble [38,39,40]. The application and use of the study on the three-phase contact formation (tTPC) can exactly interpret the bubble movement rules and reflect its effect on the flotation kinetics, which are defined as the inversed first-order rate constant (1/κ) in which the time of three-phase contact formation (tTPC) corresponds to the time from the first collision of the bubble to its attachment on the mineral surface [41]. According to the findings of the TPC study, it proved that the bubble movement can become the helpful tool to predict the flotation response and the kinetics of different flotation systems. As a result, although the flotation is a highly complex process including many sub-processes, the bubble collision and attachment behavior and the drainage process of the liquid film seem to be crucial factors for the final flotation results.





4. Conclusions


This research work systematically studied the dynamic process of the three-phase contact formation by colliding bubbles onto muscovite and talc surfaces in water and solutions of two surfactants, cationic CTAC (cetyltrimethyl ammoniumchloride) and anionic NaOL (sodium oleate). The deformation and stability of bubbles and the interaction process between bubbles and layered silicate minerals (i.e., hydrophilic muscovite and hydrophobic talc) were investigated through the high-speed camera. The following major conclusions were drawn from the detailed study:




	
The increasing concentration of CTAC reduced the aspect ratio (AR) of the rising bubble, making it closer to the sphere.



	
Bubbles may rebound and collide with the liquid level several times until they dissipate the kinetic energy and burst after a period of time. Due to the surface-tension gradient effect, the bubbles in NaOL were much more stable than those in CTAC, and the film thinning became slower.



	
The rupture of the liquid film between the bubbles and the mineral surface was a necessary condition for TPC formation. For hydrophilic muscovite, the TPC was formed in CTAC due to the hydrophobic attraction and electrostatic attraction, and the increasing concentration can shorten its formation time. However, it did not appear in water and NaOL due to electrostatic repulsion between the bubbles and the muscovite surface.



	
Unlike muscovite, TPC was formed on the talc surface, either in deionized water or surfactants. Talc was a naturally hydrophobic mineral. When TPC was formed, the hydrophobic attraction played a major role and promoted the thinning and breaking of the hydration film between the bubbles and the talc. However, the multi-layer adsorption of high-concentration surfactants actually reduced its hydrophobicity with the result that the I3/I1 value decreased and the local micro-polarity enhanced. The hydrophobic attraction was weakened, and the TPC formation time was prolonged.



	
The main reason for TPC formation was different for different minerals. Micro polarity changes on the mineral surface can be explained for different phenomena of TPC results via fluorescence spectrum analysis.
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Figure 1. XRD patterns of muscovite and talc samples: (a) muscovite; (b) talc. 
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Figure 2. Schematic diagram of the experimental apparatus for observing the collision-rebound process between bubbles and minerals. 
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Figure 3. Schematic diagram of the bubble burst time under liquid level at 15 mm. 
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Figure 4. Bubble aspect-ratio change with time in different surfactant solutions. (a) CTAC; (b) DDA. 
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Figure 5. Bubble rupture time in (a) CTAC and (b) NaOL solutions with different concentrations. 
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Figure 6. Collision-rebound process (a) and velocity variation (b) of the bubble with muscovite surface in deionized water. 
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Figure 7. Bubble velocity variation during collision-rebound process with muscovite surface in CTAC solution with different concentrations. (a) 5 × 10−6 mol/L; (b) 1 × 10−5 mol/L; (c) 5 × 10−5 mol/L; (d) 1 × 10−4 mol/L; (e) 5 × 10−4 mol/L; (f) 1 × 10−3 mol/L. 
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Figure 8. The    t  T P C   ,  t B  ,   and    t D      of muscovite in different CTAC concentrations. 
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Figure 9. Bubble velocity variation during the collision-rebound process with the muscovite surface in the NaOL solution with different concentrations. (a) 1 × 10−5 mol/L; (b) 5 × 10−5 mol/L; (c) 1 × 10−4 mol/L; (d) 1 × 10−3 mol/L. 
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Figure 10. Collision-rebound process (a) and velocity variation (b) of the bubble with talc surface in deionized water. 
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Figure 11. Bubble velocity variation during collision-rebound process with talc surface in CTAC solution with different concentrations. (a) 5 × 10−6 mol/L; (b) 1 × 10−5 mol/L; (c) 5 × 10−5 mol/L; (d) 1 × 10−4 mol/L; (e) 5 × 10−4 mol/L; (f) 1 × 10−3 mol/L. 
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Figure 12. The    t  T P C   ,  t B  ,   and    t D      of talc in different CTAC concentrations. 
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Figure 13. Bubble velocity variation during collision-rebound process with talc surface in NaOL solution with different concentrations. (a) 5 × 10−6 mol/L; (b) 1 × 10−5 mol/L; (c) 5 × 10−5 mol/L; (d) 1 × 10−4 mol/L; (e) 5 × 10−4 mol/L; (f) 1 × 10−3 mol/L.3.2.3. Mechanism Analysis of TPC Formation. 






Figure 13. Bubble velocity variation during collision-rebound process with talc surface in NaOL solution with different concentrations. (a) 5 × 10−6 mol/L; (b) 1 × 10−5 mol/L; (c) 5 × 10−5 mol/L; (d) 1 × 10−4 mol/L; (e) 5 × 10−4 mol/L; (f) 1 × 10−3 mol/L.3.2.3. Mechanism Analysis of TPC Formation.
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Figure 14. Fluorescence spectra of pyrene in deionized water. 
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Figure 15. CTAC solutions of different concentrations. (a) Pyrene fluorescence spectra of muscovite. (b) I3/I1 values of probe pyrene on muscovite surface. 
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Figure 16. CTAC solutions of different concentrations. (a) Pyrene fluorescence spectra of talc. (b) I3/I1 values of probe pyrene on talc surface. 
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Table 1. Chemical composition of mineral samples (mass fraction, %).
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	Sample
	Al2O3
	SiO2
	Fe2O3
	TiO2
	CaO
	MgO
	K2O
	Na2O
	H2O
	LOI 1





	Muscovite
	37.46
	44.55
	2.30
	0.74
	0.19
	0.97
	6.53
	2.24
	2.33
	2.69



	Talc
	0.84
	60.61
	0.71
	-
	-
	29.07
	-
	-
	6.65
	2.12







1 Loss on ignition; - not detected.
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Table 2. Bubble rupture time in different surfactant solutions at H = 15 mm (s).
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	Concentration (mol/L)
	1 × 10−5
	5 × 10−5
	1 × 10−4
	5 × 10−4
	1 × 10−3





	CTAC
	1.866
	13.075
	19.045
	24.910
	30.376



	NaOL
	33.220
	45.198
	41.456
	69.265
	-
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