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It is known that fine and ultrafine particles are difficult to float mainly due to their low collision efficiency with bubbles. In this paper, the effect of microbubble addition, on the recovery of fine quartz particles floated with conventional bubbles is discussed. Microbubbles stabilised by collectors were produced using an external air-in-water micro-dispersion generator and added to the pulp in a flotation cell before the introduction of conventional bubbles. It was found that when microbubbles were used, much less collector (about half) was needed to achieve the same or even slightly higher recovery. At the same time, the quartz flotation rate was also higher when microbubbles were used. The advantage of microbubbles may be attributed to a higher attachment efficiency of the conventional bubbles with the fine particles covered with microbubbles. The interaction between microbubble-collector-quartz and the involved mechanism will be identified.

Introduction

Flotation of fine particles is challenging for the mineral industry. The recovery of such particles is generally low in conventional flotation conditions [START_REF] Sivamohan | The problem of recovery of very fine particles in mineral processing-A Review[END_REF][START_REF] Rulyov | Turbulent microflotation: theory and experiment[END_REF]. An industrial example of low flotation recovery of fine particles is presented in Figure 1. Both fine and coarse particles have a poor flotation recovery compared to the middle size particles. The causes for the low recovery of fine particles are different from the coarse fractions and therefore these particles require different chemical and hydrodynamic conditions during their processing [START_REF] Pease | Designing flotation circuits for high fines recovery[END_REF]. While the low recovery of coarse particles is due to their high probability of detachment from bubbles in turbulent conditions, the poor recovery of fine particles is often attributed to the low efficiency of particle-bubble collision [START_REF] Dai | Particle-bubble collision models -a review[END_REF][START_REF] Gontijio | The Limits of fine and coarse particle flotation[END_REF][START_REF] Fornasiero | Innovations in the flotation of fine and coarse particles[END_REF]. Therefore, while one may increase the recovery of coarse particles by decreasing turbulence in flotation cells (Jameson, 2010;[START_REF] Fosu | Flotation of coarse composite particles in a mechanical cell vs. the fluidised-bed separator (The HydroFloat TM )[END_REF], the efficiency of particle-bubble collision needs to be increased to improve fine particle flotation. This can be achieved by using reactor-separator 2 types of flotation machines (Filippov et al., 2010;Jameson, 2010) or simply, by a better design of flotation circuits [START_REF] Pease | Designing flotation circuits for high fines recovery[END_REF][START_REF] Tadosa | Strategies for increasing coarse particle flotation in conventional flotation cells[END_REF]. For example, results in Figure 2 show that decreasing the bubble diameter from 1.52 to 0.77 mm increased the bubble collision efficiency with fully hydrophobized quartz particles (0-50 µm) [START_REF] Dai | Particle-bubble attachment in mineral flotation[END_REF].

Other solutions to the problem of low recovery of fine particles have been proposed such as increasing the apparent particle size [START_REF] Read | Selective flocculation techniques for recovery of fine particles[END_REF][START_REF] Rubio | Advances in flotation of mineral fines[END_REF], or decreasing the bubble size [START_REF] Ahmed | The effect of bubble size on the rate of flotation of fine particles[END_REF][START_REF] Dai | Particle-bubble collision models -a review[END_REF][START_REF] Rulyov | Turbulent microflotation: theory and experiment[END_REF][START_REF] Miettinen | The limits of fine particle flotation[END_REF]. However, the approaches of increasing the particle size and decreasing the bubble size are practically difficult to implement at industrial scales. The former needs selective flocculation of fine particles [START_REF] Somasundaran | Selective flocculation of fines. The physical chemistry of mineralreagent interactions in sulfide flotation[END_REF] which is not always possible [START_REF] Farrokhpay | Aggregation of nickel laterite ore particles using polyacrylamide homo and copolymers with different charge densities[END_REF] and the latter needs bubble size less than 50 μm [START_REF] Rulyov | Turbulent microflotation of fine disperse minerals (The general concept)[END_REF] which its generation and industrial application are not easy tasks. Other methods to generate small bubbles have been also studied including dissolved air flotation [START_REF] Yalcin | Dissolved gas flotation in mineral processing[END_REF], picobubbles [START_REF] Fan | A study on picobubble enhanced coarse phosphate froth flotation[END_REF] or colloidal gas aphrons (CGA) [START_REF] Walters | The flotation of fine particles using charged microbubbles[END_REF][START_REF] Cilliers | The flotation of fine pyrite using colloidal gas aphrons[END_REF]. However, all of these methods have limitation for application. For example, Cillers and Bradshaw (1996) have shown that stable CGA dispersions cannot be maintained at the plant scale.

Considering the problems and difficulties with the above mentioned methods, addition of microbubbles to a conventional flotation system has been suggested to increase the flotation of fine particles. This method is rather simple and can be used in the existing flotation lines without high additional costs. It has been shown [START_REF] Fan | Nanobubble generation and its applications in froth flotation (part II): fundamental study and theoretical analysis[END_REF][START_REF] Ahmadi | Nano-microbubble flotation of fine and ultrafine chalcopyrite particles[END_REF][START_REF] Calgaroto | Flotation of quartz particles assisted by nanobubbles[END_REF][START_REF] Rulyov | Combined microflotation of fine quartz[END_REF][START_REF] Тussupbayev | Microbubble augmented flotation of ultrafine chalcopyrite from quartz mixtures[END_REF] that even a small microbubble dosage may lead to a significant increase in fine particles flotation recovery. However, the size of microbubbles should be optimised. If the bubbles are too small (e.g. < 0.2 mm), they will collect particles on their surface very fast (due to their relatively large surface area) but will be floated too slowly (because of their lower buoyancy). On the other hand, if microbubbles are too large (e.g. > 0.5 mm), they will float fast but with a low fine particles collection efficiency. The relevant theory is beyond the scope of the current paper and can be found elsewhere [START_REF] Rulyov | Combined microflotation of fine minerals: theory and experiment[END_REF].

The purpose of the present study is to understand how microbubbles interact with fine quartz particles and facilitate the flotation of these particles in a conventional flotation system. Quartz was chosen in this study since it is readily available in a pure form and its properties have been well characterized. In addition, quartz is often floated in the reverse cationic flotation of iron ores which makes it industrially attractive [START_REF] Filippov | An overview of the beneficiation of iron ores via reverse cationic flotation[END_REF]. The effects of air flow rate collector dosage and particle size are also studied. These factors affect the flotation performance of fine particles but have not yet been addressed by other researchers. The findings will help to improve fine particle flotation with a potential great impact on the mineral industry.

Material and Experimental Methods

Pure quartz samples (Sibelco) were used in this study. The particle size analysis by laser diffraction (Malvern Mastersizer, Malvern, UK) showed that the quartz samples had a D80 of 38 μm (Figure 3a). The particles have a round shape. XRD results show that quartz is the only mineral present in the sample (Figure 3b). The quartz particle sample was further divided into different particle sizes (when needed) using wet sieving.

Flotation experiments were performed in a 1.7 L Agitair LA-500 cell. 200 g quartz was suspended in 400 mL Nancy tap water. Prior to the addition of the reagents, the slurry was conditioned for 1 min. The collector solution (0.1% solution of Flotigam EDA, an alkyl ether amine from Clariant) was added to the slurry followed by 2 min conditioning. Then the pulp volume was raised to 1.7 L using tap water. The air was supplied at a flowrate of 1.2 or 4.3 L min -1 and the flotation of the fine quartz particles was performed for 3 min at 900 rpm impeller rotation speed (the size of the air bubbles produced were 0.5-1 mm). For the kinetics experiments, 5 concentrates were collected at 0.5, 1, 1.5, 2 and 3 min. As the amine collector had frothing behaviour, no frother was used in the flotation experiments. The pH of the quartz slurry was neutral but it increased to 8.1 due to addition of the amine collector (and remained constant during the flotation). The Jg (superficial air velocity) was found to be 0.6 cm/s for the standard experiments when the air flow rate was 4.3 L/min. Experiments were repeated 3 times and results were averaged.

Microbubbles with less than 50 μm in size were produced using an air-in-water microdispersion generator developed by Turboflotservice Company (Kiev, Ukraine) (Figure 4). The water contained the collector solution in order to generate the microbubbles and stabilised their size. In all the experiments, the ratio of collector concentration to volume of microbubbles was kept constant. The microbubbles were delivered from the generator outlet to the flotation cell in the form of a concentrated air dispersion at mild pulp agitation just before addition of air through the impeller. The microbubbles were introduced for a set period of time to control the microbubble concentration in each flotation experiment. Therefore, it was possible to accurately control the dosage of microbubbles per unit mass of the solid in the pulp. More detailed information about this method can be found in a recently published paper by [START_REF] Rulyov | Combined microflotation of glass beads[END_REF].

Results and Discussion

Figure 5 shows the flotation recoveries of fine quartz particles as a function of the concentration of collector added directly in the flotation cell or added with the microbubbles. The quartz recovery seems to reach its plateau after 1.5 min and 2 min of flotation in the presence and absence of microbubbles, respectively. The recovery after 3 min of flotation is higher in the presence of microbubbles. The recovery increases by adding more collector in both cases, as expected, until reaching a plateau at about 75 g/t collector (probably corresponding to full monolayer particle surface coverage). However, the effect of microbubbles is more obvious at lower collector dosages. For example, when 10 g/t collector was used, the recovery of fine quartz particles after 3 min of flotation increased from 19% to 34% by adding microbubbles. This difference becomes less and less as the collector dosage increases. Therefore, the benefit of microbubbles in the current study occurs at lower collector dosages, which makes it economically attractive for the industry. These results show that the addition of microbubbles can result in similar recovery levels but at a reduced collector dosage. For example, the quartz recovery in the presence of microbubbles when 15 g/t collector was used is more or less similar to that obtained by using 30 g/t collector in the absence of microbubbles (i.e. 50% reduction in the collector dosage). [START_REF] Rahman | Nano-microbubble flotation of fine and ultrafine chalcopyrite particles[END_REF] reported similar results for the flotation of fine chalcopyrite particles using microbubbles.

In order to analyse the kinetics of flotation of fine quartz particles, the recovery as a function of time is presented in Figure 6I. It is observed that at 0.5 min flotation, the quartz recovery is much higher when the microbubbles are used (i.e. 74% vs 53% for the bulk size range, 0-50 μm). This difference decreases as the flotation time increases so that the same recovery of about 90% occurs more or less at the same time (i.e. at 3 min) for both cases. This suggests higher flotation kinetics when the microbubbles are used. A similar trend has been reported by Ruylov et al. (2018) where using microbubbles resulted in an enhancement in the flotation kinetics of fine sulfide minerals. The quartz recovery seems to reach its plateau after 1.5 min and 2 min of flotation in the presence and absence of microbubbles, respectively. This faster rate of flotation indeed shows the benefit of using microbubbles in the current case, which can be critical for industrial applications. Therefore, the overall flotation time is significantly reduced by using microbubbles.

The quartz sample was divided into two size fractions of < 20 μm and 20-50 μm and the same flotation experiments were conducted for both size fractions (Figure 6II an 6III). The size distribution of these samples is shown in Figure 7. The flotation results in Figure 6 show that the trend for the ultrafine fraction (i.e. < 20 μm) is more or less the same as that presented for the bulk size fraction (Figures 6II and6I, respectively). However, the maximum recovery for the 20-50 μm size fraction is higher (almost 100%) when the microbubbles are present (Figure 6III).

From a practical viewpoint, the overall flotation process can be generally represented by a first order rate equation with lumped parameters, assuming the collection zone is perfectly mixed (Equation 1).

R=Rmax (1-e -kt )

(1)

Equation 1 was used to fit the experimental recovery versus flotation time curves. The values of the two derived parameters, flotation rate constant, k, and maximum recovery, Rmax, in the absence and presence of microbubbles for the bulk size and the two size fractions, < 20 μm and 20-50 μm are presented in Table 1. As expected, coarser particles were found to have a higher flotation rate and maximum recovery than the finer ones. The rate constant greatly increased in the presence of microbubbles from 1.8 to 3.1 min -1 (by about 75%) for the bulk size. Similarly, increases in the flotation rate constant and maximum recovery for the < 20 μm and 20-50 μm size fractions were observed when the microbubbles are present (Table 1). Since the chemistry of the flotation was kept constant (such as collector concentration and pH), therefore, the change in the flotation kinetics can be merely attributed to the addition of microbubbles. The increase in the flotation rate constant and maximum recovery in the presence of microbubbles can be explained by an increase in bubble-particle capture efficiency [START_REF] Rahman | Nano-microbubble flotation of fine and ultrafine chalcopyrite particles[END_REF]. Addition of microbubbles significantly increases the Rmax values, indicating that the quartz particles that could not float (most likely the finer particles with a flotation rate constant close to zero), are now floating, similarly to what is observed with increasing collector concentration in Fig. 5. As such, microbubbles behave as collectors or flocculants, binding the finer particles into coarser aggregates [START_REF] Rulyov | Combined microflotation of fine quartz[END_REF]. [START_REF] Rulyov | Effect of microbubbles as flotation carriers on fine sulphide ore beneficiation[END_REF] suggested that with microbubbles present, the flotation of particles is a two-step process with 1) adsorption of microbubbles covered with frother/collector on the particle surface and 2) capture of these particle-microbubble aggregates by the rising bubbles.

Similarly, the increase in bubble-particle capture efficiency observed in dissolved gas flotation was attributed to an increased attachment efficiency between conventional bubbles and particles coated with nanobubbles [START_REF] Dai | The influence of dissolved gas on bubble-particle heterocoagulation[END_REF][START_REF] Mishchuk | Influence of very small bubbles on particlebubble heterocoagulation[END_REF]. With their two-step model, [START_REF] Rulyov | Combined microflotation of fine minerals: theory and experiment[END_REF] found that the ratio between the flotation rate constants in the presence and absence of microbubbles (kmb and kb, respectively) should decrease with increasing particle size (at constant microbubble size) indicating that fine particles are beneficiating more than the coarser particles from the presence of microbubbles. From the results in Table 1, although the values of flotation rate constant and maximum recovery are clearly higher in the presence of microbubbles, it is not possible to verify the dependency of kmb/kb with particle size because of the relatively large error in the flotation rate constants. Using particles with sizes smaller than 38 µm, Ahmadi et al. ( 2014) observed a larger improvement in chalcopyrite recovery with nanobubbles for a finer than coarser size fraction. Fan et al. (2010a and2010b) also reported an improvement in coal and phosphate flotation performance in the presence of nanobubbles with a larger improvement of their coarser particles; however, the particles they used were much larger than the ones used in the present study or by [START_REF] Ahmadi | Nano-microbubble flotation of fine and ultrafine chalcopyrite particles[END_REF]. In the case of coarse particles (>100 µm), their adhesion to conventional bubbles should increase if they are coarse particles covered with nanobubbles, thus reducing their detachment.

Effect of air flow rate

Further, the effect of air (injected through the impeller) flow rate on the recovery of fine quartz particles was also investigated at each collector dosage (with and without microbubbles). Results in Table 2 show that the quartz recovery increases with increasing air flow rate regardless of the collector dosage. While the effect of air flow rate on conventional flotation performance is well investigated (e.g. [START_REF] Laplante | The effect of air flow rate on the kinetics of flotation. Part 1: The transfer of material from the slurry to the froth[END_REF][START_REF] Yang | Effects of impeller speed and aeration rate on flotation performance of sulphide ore[END_REF], no similar studies were found in the literature about the effect of microbubbles at different air flow rates. These results show that with both flotation conditions, the recovery with or without microbubbles, indeed increased in a similar way upon increasing the air flow rate. 

Effect of ultrafine quartz particles

The effect of ultrafine quartz particles (i.e. fraction < 20 μm) on the flotation recovery was also studied. Results in Table 3 show that quartz flotation recovery decreases when more ultrafine particles are present in the quartz sample, in the absence or presence of microbubbles. With an increase in fine particles, the quartz particle surface area also increases, which results in less collector coverage and therefore a decrease in particle hydrophobicity and quartz flotation, as observed in Fig. 5. [START_REF] Pease | Improving Fines recovery by grinding finer[END_REF] also reported that fine particle recovery was problematic especially in the ultrafine size fractions. It should be noted that hydrodynamic effects may also play an important role when dealing with ultrafine particles [START_REF] Schubert | On the optimization of hydrodynamics in fine particle flotation[END_REF]. It is acknowledged that kinetics analysis of the data provided in Tables 2 and3 will help to better understand the process, and it is highly recommended for a further investigation.

Conclusions

The addition of microbubbles (<50 µm in size) was found to be beneficial to the recovery of fine quartz particles floated with conventional bubbles. Different air flow rates and collector and microbubble dosages were investigated at batch flotation scale using an external microbubbles generator. When microbubbles were used, less amount of collector was needed to achieve the same or even slightly higher quartz recovery. At the same time, the quartz flotation rate was also higher when microbubbles were used.

The higher quartz flotation rate obtained in the presence of microbubbles was attributed to a higher attachment efficiency of conventional bubbles with particles coated with microbubbles In addition, it was observed that more quartz particles were able to float at higher collector concentrations and, more importantly, in the presence of microbubbles. Therefore, microbubbles may act as collectors or flocculants (binding the finer particles into coarser aggregates) enabling the non-floating quartz particles to float.

The findings of this study need to be validated at the industrial scale, and particularly on the effect of microbubbles on mineral selectivity in flotation. These results can help to improve the recovery of fine particles which is still challenging for the mineral industry.

FIGURES

Figure 1: Flotation recovery as a function of particle size for 3 copper ores [START_REF] Bulatovic | Handbook of Flotation Reagents: Chemistry, Theory and Practice[END_REF]. 

Figure 2 :

 2 Figure2: Collision efficiency (Ec) between fully hydropohobized quartz particles (0 to 60 µm) and a rising bubble (for two diameters of 0.77 mm or 1.52 mm)[START_REF] Dai | Particle-bubble attachment in mineral flotation[END_REF].

Figure 3 :

 3 Figure 3: Particle size distribution (a) and XRD pattern of the quartz sample (b).

Figure 4 :

 4 Figure4: Air-in-water micro-dispersion: 1 and 2 are pumps for air and solution dosing, 3 and 4 are push buttons for the air/solution and the disperser, 5 is the disperser drive, 6 is the disperser head, 7 is a pipe for air-in-water discharge and 8 is the feed of air-in-water into disperser head.

Figure 5 :

 5 Figure 5: The flotation recovery (at 3 min) of fine quartz particles at different collector dosage with (•) or without (▲) microbubbles (error bars represent the standard deviation obtained from 3 repeated experiments) (the lines are only to guide the eye).

Figure 6 :

 6 Figure 6: The recovery of quartz particles as a function of flotation time (75 g/t collector), with (•) or without (○) microbubbles (lines obtained from Equation 1). (I: bulk size range (0-50 μm); II: < 20 μm; III: 20-50 μm) (error bars represent the standard deviation obtained from 3 repeated experiments).

Figure 7 :

 7 Figure 7: Size distribution of quartz particles in the -20 µm (▲) and 20-50 µm (∆) samples.

Table 1 :

 1 Flotation rate constant, k, and maximum recovery, Rmax, for different particle size fractions in the absence and presence of microbubbles, obtained by fitting the experimental recovery versus time data with Equation 1 (the standard deviation of the recovery data was used in the fitting procedure).

		k (min -1 )	Rmax (%)	kmb/kb
		Without	With	Without	With	
		microbubble	microbubbles	microbubbles	microbubbles	
		s (kb)	(kmb)			
	Bulk size	1.8±0.1	3.1±0.3	88±2	92±2	1.7±0.4
	(0-50					
	μm)					
	< 20 μm	1.8±0.2	2.4±0.2	80±2	91±2	1.3±0.4
	20-50	2.1±0.3	3.3±0.3	92±2	98±2	1.6±0.6
	μm					

Table 2 :

 2 The effect of air flow rate on the quartz flotation recovery (at 3 min) with or without microbubbles (quartz particle size 0-50 μm).

	Recovery (%)

Table 3 :

 3 Flotation recovery (%) of quartz particles at various amount of ultrafine particles (<20 μm) (total collector concentration of 75 g/t; 4.2 L/min air flow rate; 3 min of flotation).

	< 20 μm (wt%)	20-50 μm (wt%)	Without	With
			microbubbles	microbubbles
	0	100	94	100
	10	90	92	98
	25	75	91	95
	40	60	89	94
	75	25	86	91
	100	0	83	90
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