
Article

Not peer-reviewed version

The Role of Microbubble Dose in

Combined Microflotation of Fine

Particles

Nickolaj Rulyov 

*

Posted Date: 26 December 2023

doi: 10.20944/preprints202312.1909.v1

Keywords: fine particles; microbubbles; combined microflotation, particle transfer

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1280385


 

Article 

The Role of Microbubble Dose in Combined 
Microflotation of Fine Particles 
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Institute of Biocolloid Chemistry, National Academy of Sciences of Ukraine, Head of the Department of 

Physico-Chemical Hydrodynamic of Ultra-disperse Systems 42 Vernadsky av., 03142 Kyiv, UKRAINE; 

nrulyov@gmail.com; Tel.: +380-50-311-5846 

Abstract: Flotation of small particles is one of the global challenges facing the mineral raw materials processing 

industry. Large amounts of non-ferrous and rare metals are lost in the flotation tailings in the form of mineral 

particles below 15 µm in size as a result of the low effectiveness of their capture by coarse bubbles generated 

in conventional flotation machines. The method of combined microflotation, which has been developed in 

recent years, uses not only coarse but also microbubbles (MB) produced in the stand-alone generator of air-in-

water microdispersion, which serves as the flotation carriers. Depending on the dose of MB, the effect of their 

application may be both positive and negative. The theoretical analysis of various mechanisms of particle 

transfer onto the surface of coarse bubbles and further into the froth layer allowed to obtain the formula for the 

optimal MB dose 𝑓 = 2 𝑑ௗ 𝑑௣𝜌௣⁄ , where 𝑑ௗ  is MB size; 𝑑௣ and 𝜌௣ respectively are the size and the density 

of particles. Experiments performed on the copper ore flotation tailings at the Atalaya Mining (Spain) and 

Chaarat Kapan (Armenia) concentrators showed that, besides the optimal MB dose in the range of 1-3 ml/g, 

there is another optimal MB dose in the range of 10-20 ml/g, where the copper recovery increases by several 

percent compared to the reference test (𝑓= 0). In the area between the optimal MB doses, the deep minimum in 

copper recovery is observed, which value is by several percent lower compared to the value in the reference 

test. 
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1. Introduction 

Flotation presents one of the major and commonly applied methods for the beneficiation of non-

ferrous and rare metal ores. Unfortunately, this method is not sufficiently effective for small particle 

flotation because of the losses of considerable amounts of valuable metals in the form of fine ore 

particles smaller than 15 µm into tailings. With the depletion of rich deposits and a noticeable shift 

to developing poor finely disseminated ores, the challenge of fine particle flotation assumes greater 

importance [1]. It is already well established, theoretically [2–5], as well as experimentally [6–9], that 

the flotation rate is fundamentally dependent on the efficiency of particle capture by a rising bubble 

and, in the first approximation, proportional to the value 𝑑௣ଶ 𝐷஻ଶ⁄ , where 𝑑௣ and 𝐷஻ are particles and 

bubbles sizes respectively. Thus, it follows that the efficient flotation of particles smaller than 15 µm 

requires the application of bubbles smaller than 200 µm. Unfortunately, the bubbles produced in 

most conventional flotation cells are coarser, approximately by the order of magnitude [10]. Several 

methods of small generating have been developed and are available [11], yet their implementation in 

the industry is accompanied by serious issues. In particular, the method discussed in [12,13] involves 

pulp saturation with microbubbles by passing the pulp through the electrolyzer with insoluble 

electrodes. And though the laboratory tests provided sufficiently positive results of the flotation of 

fine particles smaller than 15 µm, implementation of this method in practice raises concerns because 

of the formation of large amounts of oxygen and hydrogen gas mixture. Currently, two types of 

flotation machines are used, in which relatively small microbubbles (MB) are generated by the 

method of dispersing air and the cavitation effect due to the impact of a pulp jet on the water/air 

interface (Jameson Cell) [14] or alternatively through the collision with an obstruction inside the pulp, 

as well as passing the pulp and air mixture through venturi tubes (IMHOFLOT Cell) [15]. 
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Unfortunately, the mentioned methods would not ensure the generation of sufficient quantities of 

bubbles less than 100 µm in size, which is critical for the flotation of ultrafine mineral particles. 

It has already been established [16] that in conventional mechanical flotation machines, the 

process of flotation by coarse bubbles could be enhanced by applying a relatively small number of 

fine bubbles, which in this case will essentially be as flotation carriers. A theoretical explanation for 

this effect was given in [17]. This mode of fine particle flotation is now termed combined 

microflotation (CMF), as it is based on the use of fine and coarse bubbles. 

The high effectiveness of the CMF of ultrafine particles has been proven by multiple laboratory 

tests with artificial and natural mineral mixtures [18–20]. In all test runs, microbubbles were 

generated by mechanically dispersing air in a frother solution. Depending on the concentration and 

activity of the frother, the air-in-water microdispersion thus produced contained up to 60 vol. % 

microbubbles of the dimensions in the range 10 to 100 µm. The dispersion obtained by this mode 

could be directed through a pipe to any spot in the flotation chamber where the most intense mixing 

occurs.  

It was initially assumed that the greater the dose of MB per unit mass of floated particles is, the 

more pronounced the effect of flotation enhancement should be. However, further theoretical and 

experimental findings have demonstrated that the optimal dose of MB is significantly dependent on 

the density and size of particles, and if the dosage of MB is not set correctly, the application of MB 

may have a negative impact on the flotation process.  

The purpose of this study is to define how the dosage of MB affects the effectiveness of CMF and 

also establish critical factors that influence this optimal dosage value. 

2. Theory 

2.1. Mechanisms of particle transfer into the froth layer 

Figure 1 shows graphic layouts for various mechanisms of particle transfer onto the surface of a 

coarse bubble (CB) and into the froth layer.  

 

Figure 1. Pattern of various mechanisms of transfer of particles onto the surface of a coarse bubble. 

Mechanism I comprises the direct deposition of a particle on the surface of a rising CB under the 

effects of surface and hydrodynamic forces. The rate constant of this process is determined by the 

relation [7] 𝐾஻௣ = ଷ௤ாଶ஽ಳ  (1)

where 𝑞  is the superficial air velocity induced by CB flow, 𝐷஻  is their diameter, 𝐸  denotes the 

capture efficiency of a particle by bubbles that is determined by the ratio [6] 
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𝐸 = 3𝑑௣ଶ2𝐷஻ଶ 𝛼஻௣ (2)

where 𝑑௣  is particle size, 𝛼஻௣  is the coefficient which reflects the effects of surface and 

hydrodynamic forces involved in the interaction of a particle with the surface of a bubble. Thus, from 

formulas (1) and (2) it follows that 𝐾஻௣ = 3𝑞𝑑௣ଶ2𝐷஻ଷ 𝛼஻௣ (3)

Mechanism II of the particle transfer to the CB surface comprises the sequence of two events: 

first is the deposition of a particle on the surface of an MB, and second is the attachment of MB on the 

CB surface. Since the sedimentation of both MB and small particles occurs very slowly, the settlement 

of particles on the MB surface will mostly occur due to the non-uniformity of the hydrodynamic field 

in a flotation cell. In this case, the rate constant of the process can be estimated by the formula [21] 

 𝐾௕௣ = ସீఝ್ଷగ 𝜀(𝑑௣/𝑑௕) (4)

where 𝑑௕ is the diameter of the SB, 𝐺 is the average shear rate of the medium, 𝜑௕ is the volume 

concentration of MB in pulp, 𝜀(𝑑௣/𝑑௕) is the probability of a particle attachment to the surface of the 

bubble when they collide in a simple shear field. As it was previously shown [22], in the case where 𝑑௣ ≪ 𝑑௕, the function 𝜀(𝑑௣/𝑑௕) takes the form 

 𝜀 = ௗ೛మௗమ್ 𝛾 (5)

where 𝛾 is the parameter dependent on the nature of the surface forces of interaction between the 

particle and the MB. From formulas (4) and (5) it follows that the rate constant of the first stage is 

 𝐾௕௣ = ସீఝ್ௗ೛మଷగௗమ್ 𝛾 (6)

When it comes to the second stage, then by the analogy with the above process of direct 

deposition of particles on CB surface, we obtain the ratio for the rate constant shown below 

 𝐾஻௕ = ଷ௤ௗమ್ଶ஽ಳయ 𝛼஻௕ (7)

where 𝛼஻௕ is the probability of MB attachment on the CB surface under the action of the surface 

forces. As the rate of the chain of successive events equals the rate of the slowest one, the rate of the 

second mechanism of particle deposition onto CB is determined by the smaller of the two rate 

constants 𝐾௕௣ and 𝐾஻௕.  

Mechanism III of the particle transfer to CB comprises the sequence of three events: 1 presents 

the deposition of a particle on the MB surface; 2 involves combining MB into aggregates, and 3 is 

actually the deposition of MB aggregates on the surface of the CB or alternatively directly into the 

froth layer. According to the Smoluchowski equation modified with the account of aggregates 

porosity [23], which describes the process of particles aggregation in the simple shear field, we obtain  

 ௗ[ௗಲ(௧)]ௗ௧ = ସீఝ್ఒଷగ(ଵି௣) 𝑑஺(𝑡) (8)

where 𝑑஺ is the dimension of MB aggregates; 𝑝 is their porosity; 𝜆 is the probability of MB to form 

an aggregate at their collision in the simple shear flow. This probability depends on the ratio of the 

surface and hydrodynamic forces. Hence the rate constant of the second stage can be estimated by 

the formula  
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 𝐾௕௕ = ସீఝ್ఒଷగ(ଵି௣) (9)

In terms of the third stage, then by the analogy with the immediate deposition of MB on the CB, 

the process rate constant can be expressed as  

 𝐾஻஺ = ଷ௤ௗಲమଶ஽ಳయ 𝛼஻஺ (10)

where 𝛼஻஺ is the probability of MB aggregates to deposit on CB’s surface, which is determined by 

the ratio of the surface and hydrodynamic forces. In brief, the rate of mechanism III shall be 

determined by the smallest of the rate constants 𝐾௕௣, 𝐾௕௕ and 𝐾஻஺. Since either of the parameters 𝛾, 𝜆 , 𝛼஻௣ , 𝛼஻௕ , 𝛼஻஺  is smaller than unity, hence in formulas (3, 6, 7, 9 and 10) we assume these 

parameters as equal to unity, and this will allow us to estimate the maximum values of the rate 

constants of sub-processes involved in the particle transfer into the froth layer. For illustration 

purposes, Table 1 shows the particle transfer rate constants for the above three mechanisms, which 

are calculated for the most probable parameters of the flotation process. Presented data show that the 

rates of particle transfer into the froth layer vary depending on the mechanism, and the rate of 

mechanism II is by an order of magnitude, and mechanism III is by two orders of magnitude faster 

compared to that by mechanism I, and the particle deposition onto MB occurs practically instantly. 

The value 𝑑஺ = 0.1 mm is selected on the reason that it is close to the size limit of particle floatability 

[24]. At the same time, we should consider that very large aggregates loaded with light particles (for 

example, coal or quartz particles) can be independently entrained into the froth layer, as observed in 

[18,20]. 

Table 1. Rate constants of particle transfer sub-processes for particle concentration 0.3 g/L. 

Maximal Subprocess 

Rate constant 

min-1 

 

Mechanism I 

 

Mechanism II 

 

Mechanism III 

Parameters 𝑑௣ = 0.01 mm 𝜌௣ = 4.3 g/cm3 𝑑௕ = 0.03 mm 𝑑஺ = 0.1 mm 𝑓௢௣௧ = 1.4 mL/g 𝜑௕ ௢௣௧ = 4.2٠10-4 𝐷஻ = 2 mm 𝐺 = 3.6٠104 min-1 𝑞 = 600 mm/min 𝑝 = 0.4 

𝐾஻௣ 0.01   𝐾௕௣  34 34 𝐾஻௕  0.1  𝐾௕௕   11 𝐾஻஺   1.1 𝐾௠௜௡௜௠௔௟ 0.01 0.1 1.1 

2.2. Optimal microbubble dosage 

The essential precondition for the functioning of the third, most effective mechanism of particle 

transfer onto the CB surface is the formation of aggregates from MB loaded with particles. Since 

hydrophobic particles act like bridges, which, similarly to flocculants, bind MB into aggregates, it is 

necessary that the volumetric dose of MB per unit weight of floated particles is optimal. If the MB 

dose is very low, then their surface will be practically completely occupied by particles, and hence, 

they cannot form aggregates. But if the MB dose is quite high, there could be too few particles, so the 

probability of aggregate formation due to bridges of hydrophobic particles could be very low. 

Consequently, there must be some optimal dose of MB, which is dependent on the size and on the 

density of particles, as well as on the size of the MB. 

The practice of using flocculants shows [25], that the optimal MB dose should be set so as to 

ensure the coverage of half of the MB surface by particles. Let’s assume that the number concentration 

of MB in the pulp is 𝑛௕, and the number of floated particles is 𝑛௣. Then the volumetric dose of SB 

per the unit weight of particles 𝑓 can be expressed by the formula 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 December 2023                   doi:10.20944/preprints202312.1909.v1

https://doi.org/10.20944/preprints202312.1909.v1


 5 

 

𝑓 = 𝑛௕𝑑௕ଷ𝑛௣𝑑௣ଷ𝜌௣ (11)

где 𝜌௣ is the particles density. The share of MB surface that could be taken by particles can be 

estimated using the formula 𝑘௦ = ௡೛ௗ೛మ௡್ௗమ್ (12)

where 𝑘௦ is the coefficient of MB surface coverage. Combining the formulas (11) and (12), we arrive 

at 𝑓 = 𝑑௕𝑑௣𝜌௣𝑘௦ (13)

Assuming that in (13) 𝑘௦ = 1/2, we obtain the expression for the optimal MB dose  𝑓௢௣௧ = 2𝑑௕𝑑௣𝜌௣ (14)

As it follows from the formula (14), the optimal dosage of MB increases with the decrease of 

particle dimension and their density. Thus, for example, the optimal MB dose for quartz will be four 

times higher than that for particles of chalcocite of the same dimensions. 

Obviously, particle transfer mechanisms onto CB shall depend on the MB dosage. For 

illustration purposes, Figure 2a shows the diagram for the case when the small bubble dose is 

significantly below the optimal one. In this case, all small bubbles will be completely covered by 

particles very fast, and the particles will block the aggregation, and the transfer of particles on CB 

will occur mostly by mechanism I. In the opposite case, shown in Figure 2b, where the MB dose is 

slightly below the optimal, the greater share of particles will attach to the bubble surface, thus 

blocking the aggregation, and the particle transfer will occur mostly by mechanism II. If the MB dose 

is optimal, then as shown in Figure 2c, small bubbles can form aggregates, and the particle transfer 

will happen primarily by mechanism III. Finally, if the MB dose is significantly higher than the 

optimal, then as it is shown in Figure 2d, the coverage of their surface will be minor, and the 

probability of their aggregation or attachment onto the CB surface will be low.  

Of course, at some doses of MF, the transfer of particles onto the CB can occur simultaneously 

by two or three of the mentioned mechanisms. Besides, in the flotation of light particles, so large 

aggregates can form that they can rise into the frother layer without assistance from CB. As an 

example, Figure 3 shows. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 December 2023                   doi:10.20944/preprints202312.1909.v1

https://doi.org/10.20944/preprints202312.1909.v1


 6 

 

Figure 2. The diagram of particle transfer on CB surface at various MB doses. 

 

Figure 3. Aggregates formed of MB and glass beads on the pulp surface. 

3. Experimental 

For the purposes of validating the above-mentioned theoretical considerations, a series of 

laboratory studies were conducted, including the tests of the effectiveness of CMF on the copper ore 

tailings at the concentrators ATALAYA MINING (Spain) and CHAARAT KAPAN (Armenia). In 

these tests, the air-in-water microdispersion was produced and fed into the flotation cell by the 

MBGen-0.012 generator provided by TURBOFLOTSERVICE Company (Ukraine), shown in Figure 4 

below. This unit has the capacity to generate up to 12 L/h of microdispersion, containing up to 58 

vol.% of microbubbles of 10-100 µm in size. Therefore, the required dosage of SM could be fed into 

the cell in 5-15 s. 

 

Figure 4. MBGen-0.012 generator of air-in-water microdispersion:.1, 2 -peristaltic dosing pumps of air 

and frother solution, respectively; 3-push buttons for feeding air and frother solution; 4-start button 

of dispergator driver; 5- dispergator driver; 6- the handle; 7- dispergator head; 8-outlet pipe for air-

in-water microdispersion; 9- inlet pipe for feeding air-in-water mixture into the dispergator head. 

3.1. Atalaya Mining 
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Flotation tests were conducted in a 2.7 L laboratory cell with the automatic collection of froth 

concentrate in 5-second froth scraping intervals. The test run specifications are: total flotation time -

10 min; impeller speed - 900 rpm; airflow rate - 3 L/min. The frother used in the tests were 

DOWFROTH 250 and OREPREP F549. The solids concentration in the pulp varied in the range of 327 

– 423 g/L; the copper content in the feed was in the range of 0.064 – 0.078 %; the chalcopyrite 

concentration in the pulp was 0.21-0.33 g/L; frother concentration in pulp was 5.1 mg/L. The 

introduction of microbubbles in the flotation cell was arranged via a narrow silicon tube before the 

start of flotation. 
As shown in Figure 5 and 6, copper recovery dependencies on the MB dose per one mass unit of 

chalcopyrite reach the extreme pattern with maximums at low and high doses. As the optimum dose 𝑓௢௣௧, as it follows from the graphs, is about 1.75 mL/g, then substituting this value in the formula (14), 

and the value for the chalcopyrite density 𝜌௣  = 4.3, we obtain 𝑑௕ 𝑑௣⁄  = 3.8. The presence of a 

sufficiently deep minimum between the two maxima of copper recovery values can be explained by 

the fact that when the MB dose is getting much higher than the optimal one, the process of formation 

of large aggregates accelerates, and the aggregates become are so large that, as mentioned above, they 

cannot be retained on the CB any longer, yet they are not coarse enough to overcome the convective 

flows inside the flotation cell independently and rise into the frother layer. As Figure 4 shows, a 

further increase in MB dose promotes the formation of aggregates that are so large themselves that 

they start to rise like CB, and, in fact, this factor explains the presence of a sufficiently high maximum 

in the recovery in the MB dose range that is by order of magnitude higher than the optimal one 𝑓௢௣௧. 

Finally, the decrease in recovery after the second maximum can be attributed to the fact that at 

gigantic MB doses, the number of particles on them decreases so much that the probability of MB 

aggregates formation, or MB attachment onto the CB, drops practically to zero. 

 

Figure 5. Dependence of copper recovery on MB dose per mass unit of chalcopyrite: The solid 

concentration in pulp is 357- 423 g/L; the copper content in the feed is 0.067-0.078 %; chalcopyrite 

concentration is 0.24 - 0.33 g/L; the Frother DOWFROTH 250. 
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Figure 6. Dependence of copper recovery on MB dose per mass unit of chalcopyrite: Solid 

concentration in pulp is 326 - 383 g/L; copper content in the feed is 0.064-0.072 %; chalcopyrite 

concentration is 0.21 - 0.28 g/L; Frother OREPREP F549. 

3.2. Chaarat Kapan 

Rougher copper tailings (i.e., copper scavenger feed) flotation tests were conducted in a 2.7 L 

laboratory flotation cell for 10 minutes at an impeller speed of approx. 900 rpm and airflow rate 0.12 

L/min. Flomin F-650 frother was used in all tests for MB production in the MBGen-0.012 generator. 

The solids concentration in the pulp was 234-247 g/L; the copper content in the form of chalcopyrite 

particles was 0.086-0.094%; the chalcopyrite concentration in the pulp was 0.20-0.3 g/L; frother 

concentration in pulp was 3.1 mg/L. The introduction of microbubbles in the flotation cell was 

arranged via a narrow silicon tube before the start of flotation. 

Figure 7 shows the dependence of copper recovery on SB dose. In this test, two maxima were 

observed in the range of small and large SB doses, while when the doses increased above 12 mL/g, a 

significant blocking in chalcopyrite flotation occurred. 

 

Figure 7. The dependence of copper recovery from tailings of the Cu-scavenging flotation stage on 

the MB dose per mass unit of chalcopyrite: The solids concentration in the pulp was 234-247 g/L; the 

copper content in the form of chalcopyrite particles was 0.086-0.094%; the chalcopyrite concentration 

in the pulp was 0.20-0.32 g/L. 
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4. Conclusions  

1. Combined microflotation of small particles involves three main mechanisms for particles 

transfer onto the coarse bubble surface and their further transport into the frother layer: 1-direct 

deposition of particles onto the surface of coarse bubbles; 2- deposition of particles onto the 

surface of microbubbles, which in their turn deposit on coarse bubbles; 3- deposition of particles 

onto the surface of microbubbles that combine into aggregates, and the aggregates, in their turn, 

deposit on coarse bubbles or independently rise into the froth layer. 

2. There are two doses of microbubbles for the ranges of their small and large values. 

3. In the range of small values, the optimal dose of microbubbles can be estimated by the formula 𝑓௢௣௧ = ଶௗ್ௗ೛ఘ೛ , where 𝑑௕  is the microbubbles dimension, 𝑑௣  and 𝜌௣  are the particles size and 

density respectively. 
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