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Abstract

:

This paper studies the effect of the type and concentration of selected frothers, the gas flowrate, and the pore size of the porous frit on the bubble sizes (Sauter mean diameter, SMD) of bubbling flow produced in a micro-flotation cell, and the determination of bubble size distribution (BSD) in the presence of the frothers. The commercial frothers polypropylene glycols (PPG 200, 400, and 600), tri propylene glycol (BTPG), triethylene glycol (BTEG), dipropylene glycol (BDPG), and Methyl Isobutyl Carbinol (MIBC) were used in the present investigation. The frother concentration varied from 1 to 1000 ppm. The flow rate varied in the range of 25 to 100 cm3/min. The pore sizes of the frit were selected as 10–16 μm, 16–40 μm, and 40–100 μm. Each frother exhibited its own unique ability in preventing coalescence of the bubbles in the order of BTEG < BDPG < PPG 200 < MIBC < BTPG < PPG 400 < PPG 600. The factorial experiments established that the type of the frother and its concentration have a major effect on the size of the bubbles. The bubbles decreased twice their size when the frother concentration was increased from 1 ppm to 1000 ppm. The pore size of the frit is a significant factor as well. The size of the bubbles can be reduced from about 10% to about 40% by decreasing the pores from 40–100 μm to 10–16 μm but the level of this decrease depends on the type of the frother. The increase of the flowrate from 25 cm3/min to 100 cm3/min produced bubbles smaller by 25% to 50% for the case of BTEG, BDPG, PPG 200, MIBC, BTPG, while a minimum of the bubble sizes was reached for the case of PPG 400 and PPG 600, beyond which the bubbles enlarged their size. The BSD in the presence of PPG 600 varied around 0.3 mm, whereas BTEG gave a wider BSD which indicated that the type of frother affected the bubble production. Our analysis shows that the first group of frothers adsorbs instantly on the bubbles, once they leave the porous frit, thus reaching equilibrium. PPG 400 and PPG 600 adsorb significantly slower on the bubbles, possibly not reaching equilibrium during their resident time.
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1. Introduction


Flotation is a separation process based on selected (hydrophobic) particles to attach to bubbles [1]. Flotation kinetics and the particle-bubble collision frequency strongly depends on bubble size and bubble size distribution (BSD). Bubble size and BSD are most affected by frother type and concentration. In this manner, frother concentration has the strongest influence on the gas dispersion properties besides the effects of other parameters on bubble size. As well-known from the literature, bubble size decreases rapidly until a transition value, referred to as the critical coalescence concentration (CCC) [2,3]. Although at concentrations above the CCC, bubble size does not materially decrease, it does lead to increased water recovery to the froth with the attendant increase in unselective particle entrainment [4,5,6]. These effects of some frothers have already been well studied in the literature [2,3,4,5,6,7,8,9,10,11,12,13,14,15]. The bubble size distribution (BSD), through measurement of the so-called foam properties (gas hold-up, bubble numbers, and bubble size) is important in flotation practice. To evaluate this effect at the industrial scale, the bubble surface area is typically estimated from the gas rate and BSD measurements, where the complete BSD is compressed into a general value, i.e., the Sauter mean diameter (d32) [2,10,11]. As well known, Sauter mean bubble diameter (d32) and the mean bubble number diameter of the sample is calculated along with other parameters associated [12,13,14,15]. The bubbly (homogeneous) flow is characterized by small bubbles and narrow distribution of the equivalent diameters; the shifting from homogeneous to heterogeneous flow regime is achieved through the transition regime when the diameters variation domain becomes larger. However, upon reaching a heterogeneous regime, the flow is characterized by a combination of coalescence and coexistence of small and big deformed bubbles. The transition between homogeneous to heterogeneous flow determines radical modifications of the air-water dispersed system, reflecting simultaneously in the BSD, global gas hold up, and the rising velocity of the bubbles [16,17]. Some experimental results were obtained by varying different parameters such as air flowrate, liquid properties, and porous diffuser which revealed that the bubble column oscillating period decreases with the increase of the air flowrate [16,17].



It is generally accepted that the addition of a frother to water reduces the surface tension of the solution due to the amphiphilic nature of the reagent molecules. Thus, the surface tension of a solution is an indication of the surface activity of a frother. Frother that strongly reduces surface tension produces more stable froths [18,19,20,21,22]. The use of frothers in mineral flotation practice today is dominated by two nonionic frother families, alcohols (general formula: [CnH2n + OH] and polyglycols where [HO-(CnH2nO)m-H] and most commonly, propylene oxide, PO[C3H6O] or ethylene oxide, EO[C2H4O], i.e., polypropylene glycols [OH(C3H6O)nH] and ethylene glycols [(CH2OH)2], respectively [21,22,23,24,25,26]. This paper presents the results of the experimental investigations on the effect of commercial frothers PPG 600, PPG 400, PPG 200, BTPG, BDPG, BTEG, and MIBC concentration on bubble sizes at CCC. The effects of other parameters such as air flowrate and pore size of frit, the bubble sizes generated at different air flowrates, and frit pore sizes were analyzed under an optimum frother concentration. Bubbling properties and bubble size distribution were evaluated for each frother in the air-water phase. The role of surface tension and adsorption dynamics along with frother interfacial conformation on foam behavior was also studied.




2. Materials and Methods


In this study, the concentration of different frothers, namely, polypropylene glycols (PPG 200, 400, and 600), tri propylene glycol (BTPG), triethylene glycol (BTEG), dipropylene glycol (BDPG), and isobutyl alcohol (MIBC), obtained from BASF, Germany, on the bubble size distribution were determined. The chemical structures of these frothers were reported in our previous study [7]. All the measurements were conducted at constant room temperature, 23 ± 1 °C. Glassware was rinsed with ethylene alcohol (99% purity, MERCK) and washed with distilled water followed by steam cleaning and drying in a clean oven. To ensure that the frothers were dispersed in solutions, each frother solution was stirred at 500 rpm for 4 min.



2.1. Determination of Surface Tension Isotherms


Before the bubble size measurements, the surface tension values of each frother were determined as a function of concentration under the original pH value of 6.7 ± 0.02 by the Du-Noüy ring method. The surface tension measurements were carried out using Krüss K6 tensiometer (KRÜSS GmbH, Hamburg, Germany).



The procedure for the measurements is explained as follows: The maximum force that occurs upon moving the platinum-iridium ring through the phase boundary is measured when the ring is aligned vertically to the ring plane. And, the surface tension is determined by stretching the lamella until detachment from the liquid [27]. In these measurements, the stock solutions of each frother type at a concentration of 10000 ppm (1 g/100 mL) were prepared with pure water at 23 ± 1 °C, and the standard solutions at 10, 20, 30, 40, 50,100, 140, 180, 200, 280, and 360 ppm were prepared from the stock solutions before each measurement. And, the surface tension isotherms were determined from these standard solutions.




2.2. Bubble Size Measurements


The bubble size measurements for the selected frothers were carried out as a function of frother concentration (ppm), air flowrate, and frit pore size using the set-up shown in Figure 1. In this setup, a micro-flotation cell, 30 mm in diameter and 220 mm in height, with 155 cm3 volume was used. At least 10 images were captured for each frother concentration (1, 2, 3, 5, 10, 20, 30, 40, 50,100, 200, 300, 400, 500, 700, and 1000 ppm) at only one location of the cell around 5 cm above the plane of the frit. This location was selected based on the volume of the solution and the sizes of the cell as well. Thus, the bubble diameters were determined using free ImageJ software (version 1.8.0). These values were then used to calculate the Sauter Mean Diameter (d32) (SMD) with an accuracy of 0.05 mm by Equation (1):


   d  32   = 6    V p     A p     



(1)




Vp and Ap are the volume and area of the bubbles, respectively.



Although the bubble size is entirely determined over the frit zone and can be assumed as the same throughout the rest of the cell, it seems possible to collect a representative picture of the bubble with no respect to the sampling location but in practice, it may result in different values. Keeping this in mind, the sampling location was kept the same throughout the whole experiment to achieve reproducible results. The column cell was filled with aqueous solutions of tested frothers. And, the representative images of bubbles were captured by a digital camera (BushmanCMOS 8 Led Microscope, Bushman Equipment Inc., Menomonee Falls, WI, USA) with a 50X magnification rate while the light was sent through this column.



All the experiments were conducted at room temperature of 23 ± 1 °C. And, the mixing speed was taken as 500 rpm. The effect of frit pore size on bubble size was investigated with three different frit types as 10–16 µm, 16–40 µm, and 40–100 µm at air volumes of 25, 50, 75, and 100 cm3/min using nitrogen as a carrier gas. The Jg values for each air volume were 3.54, 7.07, 10.61 and 14.15 cm/s, respectively.




2.3. Kinetics of Frother Adsorption on Rising Bubbles


A theory on the kinetics of frother adsorption on rising bubbles is developed (see the Appendix A) as a part of the whole picture of the joined effect of frother, flow rate, and pore size of the the porous frit. The basic concept of the theory is the following: A bubble is moving with speed U in a liquid containing frother with bulk concentration C0. The frother adsorbs on the bubble surface by diffusion control. Therefore, there is stationary adsorption of the frother described by the second law of Fick with the account for the convection [28]. Hence, the frother concentration profile C(r) (r is radial coordinate) near the bubble surface is developed in a diffusion boundary layer with thickness δ. The latter depends on the speed U of the bubble, the frother diffusion coefficient D, and the radius of the bubble  a . Beyond δ (at r > δ), C(r) = C0. One obtains the diffusion flux on the surface of the bubble in terms of the first law of Fick with respect to the subsurface frother concentration Cs, by solving this equation. The thickness of the diffusion boundary layer δ = f( a , D, U, θ) is a part of this solution. The latter one is a function of the azimuthal angle θ, therefore we average upon this angle, thus obtaining the average thickness of the diffusion boundary layer δ = f1( a , D, U). Furthermore, we used the Henry adsorption isotherm to substitute Cs and C0 with the equilibrium average adsorption Γeq and the temporal average adsorption Γ and replace the diffusion flux with the first derivative of the adsorption dΓ/dt. The boundary condition is zero adsorption at t = 0 s. When we solve this equation we obtain the dependence of Γ versus the time t at a given velocity U.



The adsorption parameters of the frothers are obtained by means of the adsorption model of Ivanov described in refs. [7,29]. The bulk diffusion coefficients of the frothers were calculated using the procedure described in ref. [30], whereas the velocities of the bubbles were calculated employing the equation given in ref. [31]. It is based on the experimental data of the average bubble diameter obtained in the present work. The kinetics of frother adsorption on the rising bubble at the CCC value of each frother was calculated in this manner.





3. Results and Discussion


3.1. Surface Tension Measurements


The equilibrium surface tension data are available for many commercial frothers in the literature, however, a few studies involve the quantitative impact of this information. For example, a study in the literature showed that while negligible variations on surface tension values of n-hexane concentrations (from 72.8 mN/m to around 70 mN/m) were measured in the range of 10−6 to 10−4 M by the Du-Nouy ring method, a significant decrease was obtained above this concentration range for the air/water interface [28]. Moreover, almost the same trend for the same type of frothers was found with dynamic surface tension as a function of concentration [29]. It was found from another study [30] that increasing molecular weight resulted in higher surface tension values for the frothers of similar molecular structures (DF-1012 > DF-250 > DF-200). Approximately the same character was also reported for other types of frothers [25,31,32,33,34].



Thus, the results for seven different frothers used in this study also showed that the order of surface tension values followed the same trend as their molecular weights reported in our previous study [7].



PPG 600 < PPG 400 < BTPG < MIBC < PPG 200 < BDPG < BTEG.



As can be understood from the afore-mentioned results presented in Figure 2a and reported in the literature [7] that the surface tension of frothers can be determined with several methods but the results will be in the same trend regardless of the method. Meanwhile, the formation of bubble coalescence reported in our previous study (Figure 2b) followed the same trend with respective surface tension values which then led us to consider the structural properties of frothers during the evaluation of frothers during comparison of their bubble size characteristics [7].




3.2. Bubble Size Measurements


As mentioned in “Materials and Methods” section, the bubble coalescence in the presence of different frother types was measured against their light intensities as a function of concentration where the bubble sizes were determined as SMD (d32) by representative images. In these studies, the measurement time was selected as 60 s under the same conditions as the micro-flotation column tests.



3.2.1. Effect of Air Flowrate


In the first series of tests, the effect of frother concentration on the SMD was investigated while air flowrate was selected as 50 cm3/min which is the most preferred flowrate in micro-flotation experiments [7], and the results are shown in Figure 3a. In addition to the SMD as a function of frother concentration, the representative images of bubbles for critically selected four concentrations are shown in Figure 3b.



As mentioned in previous sections, the bubble sizes were determined by processing the bubble images captured on micro-flotation cells from a single imaging point with ImageJ software. Many studies in the literature can be found for determining the bubble sizes with different methods and consequently the CCC of frothers. For example the use of UCT bubble size meter and HUT bubble size analyzer was studied to determine the CCC values of three frothers (DF-1012, DF250, and DF200) [12]; the authors found that while the CCC values intersected at almost the same value of 0.04 mol/dm3 for DF250, the measured SMD was found around 1 mm for UCT and 2 mm for HUT. Although there are many parameters to be considered for explaining this difference, the authors attributed it to the use of different flotation machines and the quality of water used throughout experiments. This critical knowledge was considered in all tests to obtain reproducible and accurate results as mentioned in the Materials and Methods section.



In another recent publication, the CCC was determined by linear regression of SMD values calculated from air bubble images [35]. It was found that the CCC of frothers (Ethylene glycol butyl ether (118.17 g/mol), Diethylene glycol butyl ether (162.23 g/mol), Triethylene glycol butyl ether (206.28 g/mol)) were inversely proportional to their molecular weights as 140.62, 136.27, and 105.20 ppm, respectively. This point of view directed us to evaluate the order of frothers by presenting the results based on their structures.



As shown in Figure 3a, while a negligible difference in bubble size was obtained for PPG 600 over 10 ppm concentration, a gradual and significant decrease was obtained for other frother types at higher concentrations up to 1000 ppm; this is in line with the previously reported critical coalescence concentration results [7]. Meanwhile, 10 ppm was generally found as the critical breakpoint for all frother types where the size of the bubbles became almost stable at higher concentrations. Therefore, if we consider the SMD sizes in that particular concentration, the order of frothers presented the same trend with their surface tension characteristics which were ordered as a function of molecular weight within each group (For instance BTPG < BDPG < BTEG). Accordingly, while the highest SMD was obtained with PPG 600 at lower concentrations, it gradually increased for BTEG.



PPG 600 < PPG 400 < BTPG < MIBC < PPG 200 < BDPG < BTEG.



On the other hand, the effect of air flowrate was investigated in a series of tests at 25, 75, and 100 cm3/min flowrate values. In these tests, considering its stability condition, the frother concentration was selected as 50 ppm for all types of frothers. The results presented in Figure 4a indicated that increasing the flowrate would produce bubbles with a smaller diameter proportional to its molecular weight. In other words, the SMD of BTEG was found 0.40 mm at 25 cm3/min, gradually decreased to 0.35, 0.32, and 0.30 mm whereas the flowrates became 50, 75, and 100 cm3/min, respectively. A similar trend was reported in the literature for different frothers and fluid types. For example, it was shown that the SMD of around 17 mm for 5 mm/s gas injection rate gradually decreased to 10 mm upon increasing it to 50 mm/s [13]. In this manner, the pore size is another parameter where the resultant bubble sizes were in proportion to that discussed in the next section. The representative images of bubbles in the form of air flowrate are shown in Figure 4b.




3.2.2. Effect of Frit Pore Size


Frit pore size is one of the most influential parameters for determining bubble sizes. Therefore, besides frother concentration, the pore size should also be considered for evaluating bubble characteristics and consequently flotation of fine particles. Accordingly, in addition to the first series of tests carried out with 10–16 µm frit, another series of tests with frits of 16–40 µm and 40–100 µm were performed. Likewise, in the previous series, the frother concentration was taken as 50 ppm while the amount of flowrate was kept at 50 cm3/min. The results of these tests are shown in Figure 5. As can be seen in Figure 5, the SMD of bubbles were varied in proportion to the frit pore size regardless of frother type. For example, the SMD of BTEG was 0.516 mm for the frit of 40–100 µm and decreased to 0.443 and 0.350 mm for frits of 16–40 µm and 10–16 µm, respectively.





3.3. Bubble Size Distribution (BSD)


As mentioned before, bubble size distribution (BSD) is one of the most important factors in flotation and depends on frother type and concentration, air flowrate, and frit pore size. Figure 6 shows the bubble size distribution with respect to frother type at constant frother concentration (50 ppm), air flowrate (50 cm3/min), and frit pore size (10–16 µm). As seen from Figure 6, depending on frother type, the bubbles produced in the presence of frothers appeared at lower sizes. For example, while the BSD in the presence of PPG 600 accumulated between 0–0.3 mm and the d50 of BSD was determined at 0.1901 mm, BTEG gave the highest BSD variation between 0–0.9 mm, and the d50 of BSD was 0.4222 mm. Also, the same order of frothers was obtained when BSD was considered in the presence of frothers together with the previous findings for SMD values at a constant concentration of 10 ppm for each frother (Figure 6). Accordingly, the following order of the BSD for frothers was obtained based on the results seen in Figure 6:



PPG 600 < PPG 400 < BTPG < MIBC < PPG 200 < BDPG < BTEG.




3.4. Kinetics of Frother’s Adsorption on Rising Bubbles at CCC


The CCC values of the frothers were measured under dynamic conditions [7]. The average residence time of the bubbles in the liquid part of the cell after their production is in the range of 1 to 2 s. Is this amount of time sufficient for the frother to adsorb on the bubbles’ surface to such a degree that it can prevent the bubble coalescence? The surface tension isotherm and calculated adsorption parameters of each frother [7] can be used to determine the equilibrium adsorption value for each frother at its CCC. Therefore, it is curious to know how fast each frother reaches its equilibrium adsorption value. The basic equation of the convective diffusion of frother on the surface of a rising bubble (or falling particle) is given by Equation (2) [36]:


  Γ =  Γ  e q    [  1 − exp  (  − 0.461   D   P e     a K   t  )   ]   



(2)




where Γ is the instant frother’s adsorption on the bubbles’ surface, Γeq is its equilibrium adsorption, D is its bulk diffusion coefficient, t is time,  a  is the radius of the bubble, K is its equilibrium adsorption constant,   P e = U a / D  , is the Peclet number giving the ratio between the convection and the diffusion, and U is the velocity of the bubble. To calculate the adsorption Γ versus time using Equation (3) we calculated the value of the bulk diffusion coefficient of each frother in the way reported in ref. [37]. Also, the values for R at the CCC value of each frother were taken from Figure 3. The velocity of the bubble rising was calculated employing Equation (3) [38]:


  U =   g  ρ L   d e 2    12  μ L     



(3)




where g is the acceleration due to gravity, ρL is the density of the liquid (water), de is the equivalent bubble diameter, and μL is the dynamic viscosity of the liquid (water).



The basic parameters needed to calculate the adsorption kinetics of the frothers on the surfaces of the rising bubbles at the CCC of each frother are given in Table 1. Figure 7 presents the adsorption of frothers on the surface of the rising bubble versus time at CCC of the frothers. One can see that PPG 200 and MIBC are the fastest adsorbing frothers. PPG 200 needs 6 ms to reach equilibrium adsorption, while MIBC needs 17 ms. The next fast adsorbing frohers are BTEG (20 ms), BDPG (44 ms), and BTPG (210 ms). All these frothers reach an equilibrium state in their adsorption layer on the surfaces of the rising bubbles keeping in mind that the resident time of the bubbles in the liquid part of the froth cell is in the range of 1 to 2 s. The PPG 400 (9.7 s) and PPG 600 (15.9 s) are the slowest adsorbing frothers, hence, do not reach an equilibrium state as seen in Figure 7. Therefore, their real adsorption on the bubbles’ surfaces is smaller compared to the equilibrium one corresponding to CCC at equilibrium. It is interesting to note a significant difference between the behavior of PPG 200 and PPG 400 and PPG 600 on the surface of the bubble (see Figure 4). The only difference between them is in the length of the polypropylene oxide chain, which causes a significant difference in their performance within the adsorption layer. To clarify more the origin of this observation a correlation with the Gibbs elasticity of the adsorption layer should be sought.



Yet, this smaller adsorption is sufficient to prevent bubble coalescence. The frothers in the order of increasing time to reach equilibrium can be presented by the following series:


   PPG 200 ( 6   ms ) < MIBC ( 17   ms ) < BTEG ( 20   ms ) < BDPG ( 44   ms ) < BTPG ( 210   ms ) < PPG 400 ( 9   . 7   s ) < PPG 600 ( 15   . 9   s )   



(4)







The dependence of the bubble size on the flow rate and the pore size of the porous frit is part of a larger physical picture on the combined effect of the frother, flow rate, and pores. Here, it was tried to demonstrate the whole picture by providing all these experimental results. However, if one visualizes only bubble size, Pore size, and flow rate, the results might look trivial. Regarding the frother structure, it is related to the adsorption parameters and the kinetics of adsorption of the frother, as already presented in Table 1.



Figure 8 shows the CCC values of the frothers versus time reaching adsorption equilibrium. As seen in Figure 8, there is a direct correlation between the adsorbing rate of the frothers and their CCC values. While the fastest adsorbing frothers namely PPG 200, MIBC, BTEG, BDPG, and BTPG have higher CCC values, PPG 400 and PPG 600 which are the slowest adsorbing frothers have lower CCC values.



These findings complement the results shown in Figure 4a, which shows that the bubble size decreases with the increase of the gas flow rate in the case of MIBC, BTPG, PPG 200, BDPG, and BTEG, but in the case of PPG 400 and PPG 600, the bubble size reaches a minimum at a certain level of the gas flow rate, beyond which the bubble size increases. The first group of frothers (MIBC, BTPG, PPG 200, BDPG, and BTEG) adsorb instantly on the bubbles once they leave the porous frit, while the second group of frothers (PPG 400 and PPG 600) adsorbs substantially slower on the bubbles. One can see that with the increase of the gas flow rate these frothers have a smaller time to adsorb on the bubbles, which make their adsorption layers scarcer. Therefore, their ability to prevent coalescence decreases above a certain gas flow rate.



If we consider the order of frothers in terms of the time to reach an equilibrium, it can be concluded that bubbles covered with PPG 200, MIBC, BTEG, BDPG, and BTPG have equilibrated adsorption layers with full coverage in contrast to the bubbles covered with either PPG 400 or PPG 600, whose adsorption layers are non-equilibrated. Nevertheless, the latter ones produce the smallest bubbles out of all frother types. This could be explained with the properties of their adsorption layers, which most probably form a 2D net on the air/water interface as already presented in our previous study [9]. The increase of the bubble flow rate in the presence of PPG 400 and PPG 600 certainly causes a scarcer adsorption layer, which is not able to prevent sufficiently the bubble coalescence below a certain level.



It can be concluded from the results that, in particular, the frothers of the polyglycol family, namely PPG 600 and PPG 400, gave finer bubble size distribution compared to the alcohol family or other types of frothers, as seen in Figure 6. This can be attributed to the fact that the first group of frothers adsorbs instantly on the bubbles, once they leave the porous frit, thus reaching equilibrium. On the other hand, PPG 600 and PPG 400 adsorb significantly slower on the bubbles, possibly not reaching equilibrium during their resident time. The results obtained from this study will help us understand the chemical and physical factors affecting the production of bubbles.





4. Conclusions


In this study, the Sauter Mean Diameter (SMD) and The bubble size distribution (BSD) of different commercial frothers (PPG 200, 400, and 600, BTPG, BTEG, BDPG, and MIBC) were investigated based on the bubble images captured at each frother concentration. In addition to the effect of concentration, the effects of air flowrate and frit pore size were also investigated. The results of these tests showed that while the highest SMD value of 0.6438 mm was found for BTEG, the lowest SMD value of 0.3098 mm was found for PPG 600 at a critical concentration of 10 ppm for almost all types of frothers. The SMD of other frother types also followed an order based on their molecular weight likewise their surface tension values. The results for the effects of air flowrate showed that while the highest values were obtained for the lowest flowrate of 25 cm3/min, it gradually decreased with increasing the flowrate up to 100 cm3/min regardless of frother type. Likewise, the effect of frit pore size was found to show a reverse trend with air flowrate such that the lowest SMD values corresponded to the lowest frit pore size of 10–16 µm whereas higher values were obtained at 40–100 µm pore size. The BSD of frothers also followed the same order obtained for SMD values; the finest distribution was obtained for PPG 600 and gradually exhibited a coarser distribution for BTEG. The kinetics of frother’s adsorption on the surfaces of rising bubbles was studied theoretically. It was established that PPG 200, MIBC, BTEG, BDPG, and BTPG, in accordance with their surface tension data, reach adsorption equilibrium within milliseconds (weak frothers), while PPG 400 and PPG 600 reach adsorption equilibrium in 9.7 s and 15.4 s (strong frothers); the latter frothers indicate non-equilibrated adsorption layers in the froth column.



In sum, these results showed that tuning the flotation conditions such as type of frother, air flowrate, frit type, and concentration would be very effective in adjusting bubble size which in turn affects the flotation recovery of fine valuable particles from the pulp.
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Nomenclature to the Appendix




	  U  
	Speed of bubble



	  D  
	Diffusion coefficient of frother



	  a  
	Radius of the bubble



	    C 0    
	Frother bulk concentration



	    C S    
	Frother concentration at the bubble surface



	   P e   
	Peclet number



	  K  
	Henry adsorption constant



	  δ  
	Thickness of diffusion boundary layer



	    Γ  e q     
	Equilibrium adsorption



	  Γ  
	Temporal adsorption



	  K  
	Henry adsorption constant








Appendix A. Brief Derivation of the Equation of the Convective Adsorption of the Frothers on the Rising Bubbles


The very derivation of Equation (2) is long and complex. We will outline the basic concepts and the most important points of this derivation. We have a bubble moving with speed  U  in a liquid containing frother with bulk concentration    C 0   . The frother adsorbs on the bubble surface by diffusion control. Hence, the first and second laws of Fick will play a basic role here. The frother concentration profile C(r) (r is radial coordinate) near the bubble surface will be developed in a diffusion boundary layer with thickness δ. δ depends on the speed  U  of the bubble, the frother diffusion coefficient  D , and the radius of the bubble  a . Beyond δ (at r > δ), C(r) =    C 0   . The process of adsorption is stationary. Hence the equation originating from the second law of Fick accounting for the convection is to be solved for the region   a < r < a + δ  


  D Δ C = U ∇ C  



(A1)







In spherical coordinates (  r , θ , φ  ) accounting for the symmetry along  φ  Equation (A1) can be presented as:


     v r    ∂ C   ∂ r   +    v θ   r    ∂ C   ∂ θ   = D    ∂ 2  C   ∂  r 2        B C : r → ∞ → C =  C 0                        r = a → C =  C S     



(A2)







After this, there are several mathematical transformations including streamlines function ψ(r, θ) in dimensionless forms. As a result, it appears that the concentration profile C(r) is developed within a given distance δ from the surface called the diffusion boundary layer and δ = f(a, D, U, θ). The latter can be averaged upon θ thus obtaining:.


  j = −    2  3 π     D    (   C S  −  C 0   )   δ   



(A3)




where the diffusion boundary layer average upon the azimuthal angle is:


  δ =     D a  U     



(A4)







We have as well     2 / 3 π   = 0.461   and the Peclet number   P e = U a / D  , which gives the ratio between the convection and diffusion. The average thickness of the diffusion boundary layer can be given   δ = a /   P e    . As far as we operate with frothers at their CCC, their adsorption layers are scarce and it is justified to use the Henry adsorption isotherm:


    Γ = K  C S       Γ  e q   = K  C 0     



(A5)







Hence we have:    C S  = Γ / K  ,    C 0  =  Γ  e q   / K  .



We can present Equation (A3) as:


  j = − 0.461  D K     (   Γ S  −  Γ  e q    )        D a  U      = − 0.461  D K     (   Γ S  −  Γ  e q    )        D  a 2    U a       = − 0.461  D K     (   Γ S  −  Γ  e q    )     a    P e       = − 0.461   D   P e    K     (   Γ S  −  Γ  e q    )   a   



(A6)







The convective diffusion flux  j  on the surface of the bubble presented in Equation. (A5) can be presented as a differential equation with regard to the adsorption  Γ :


    j =   d Γ   d t   = − 0.461   D   P e    K     (  Γ −  Γ  e q    )   a      B C : Γ ( 0 ) = 0    



(A7)







The solution of Equation (A7) is Equation (2).
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Figure 1. Schematic representation of bubble size measurements (Retrieved from ref. [7]). 
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Figure 2. Results for (a) surface tension measurements (b) bubble coalescence of frothers [7]. 
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Figure 3. (a) Effect of frother concentration on the SMD of bubbles (Frit pore size: 10–16 µm, air flowrate: 50 cm3/min) (b) Images of bubbles as a function of concentration. 
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Figure 4. (a) Effect of air flowrate on the SMD of bubbles (Frit pore size: 10–16 µm; frother concentration: 50 ppm), (b) Images of bubbles as a function of air flowrate. 
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Figure 5. Effect of frit pore size on SMD of bubbles. 
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Figure 6. Effect of frother type on BSD at 50 ppm frother concentration, 50 cm3/min air flowrate, and 10–16 µm frit pore size: (a) PPG 600 (b) PPG 400 (c) BTPG (d) MIBC (e) PPG 200 (f) BDPG (g) BTEG. 
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Figure 7. Adsorption of the frothers on the surface of rising bubbles versus time at CCC of (a) MIBC and PPG 200; (b) BTPG, BDPG, and BTEG; (c) PPG 400 and PPG 600. 
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Figure 8. Correlation between CCC values of the frothers and time for reaching adsorption equilibrium. 
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Table 1. Parameters required to calculate the adsorption kinetics of the frothers on the surfaces of the rising bubbles at the CCC of each frother (Bubble diameters is derived from Figure 3a).
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	Frothers
	Chemical Formula
	CCC (mol/L)
	a

(mm)
	Γeq

(mol/m2)
	U

(m/s)
	D

(m2/s)
	K

(m)
	Pe





	MIBC
	CH3CH2(CH3)CH2(OH)CH3
	9.78 × 10−5
	0.20
	1.09 × 10−7
	0.13
	7.62 × 10−10
	1.17 × 10−6
	3.43 × 104



	PPG 600
	HO(C3H6O)10H
	5.00 × 10−6
	0.19
	5.61 × 10−7
	0.12
	3.51 × 10−10
	5.00 × 10−4
	6.54 × 104



	PPG 400
	HO(C3H6O)6.5H
	9.52 × 10−6
	0.22
	1.60 × 10−6
	0.16
	4.52 × 10−10
	5.00 × 10−4
	7.53 × 104



	BTPG
	C4H9(C3H6O)3OH
	2.01 × 10−5
	0.22
	2.21 × 10−7
	0.16
	5.57 × 10−10
	9.72 × 10−6
	6.12 × 104



	PPG 200
	HO(C3H6O)3.5H
	5.73 × 10−5
	0.21
	2.04 × 10−8
	0.14
	6.12 × 10−10
	3.60 × 10−7
	4.69 × 104



	BDPG
	C4H9(C3H6O)2OH
	8.93 × 10−5
	0.22
	1.32 × 10−7
	0.15
	6.24 × 10−10
	2.42 × 10−6
	5.23 × 104



	BTEG
	C4H9(C2H4O)3OH
	9.70 × 10−5
	0.28
	9.23 × 10−8
	0.26
	6.24 × 10−10
	9.72 × 10−7
	1.15 × 105
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