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Abstract: In the past few decades, microbubble flotation has been widely studied in the separation and beneficiation of fine minerals. Com-
pared with conventional flotation, microbubble flotation has obvious advantages, such as high grade and recovery and low consumption of flot-
ation reagents. This work systematically reviews the latest advances and research progress in the flotation of fine mineral particles by micro-
bubbles. In general, microbubbles have small bubble size, large specific surface area, high surface energy, and good selectivity and can also
easily be attached to the surface of hydrophobic particles or large bubbles, greatly reducing the detaching probability of particles from bubbles.
Microbubbles can be prepared by pressurized aeration and dissolved air, electrolysis, ultrasonic cavitation, photocatalysis, solvent exchange,
temperature difference method (TDM), and Venturi tube and membrane method. Correspondingly, equipment for fine-particle flotation is cat-
egorized as microbubble release flotation machine, centrifugal flotation column, packed flotation column, and magnetic flotation machine. In
practice, microbubble flotation has been widely studied in the beneficiation of ultrafine coals, metallic minerals, and nonmetallic minerals and
exhibited superiority over conventional flotation machines. Mechanisms underpinning the promotion of fine-particle flotation by nanobubbles
include the agglomeration of fine particles, high stability of nanobubbles in aqueous solutions, and enhancement of particle hydrophobicity and

flotation dynamics.

Keywords: microbubble preparation; flotation; fine minerals; flotation equipment; bubble—particle interaction

1. Introduction

Flotation is widely used to separate valuable minerals
from gangue minerals by taking advantage of the difference
in their surface wettability. However, fine particles are hard
to be floated because they are characterized by a large sur-
face area, high surface energy, high surface solubility, and
non-selective heterogeneous agglomeration [1]. In addition,
the collision and adhesion probabilities between fine particles
and air bubbles are extremely low because it is difficult to
overcome the resistance of the hydration layer due to the low
kinetic energy [2]. As a result, several fine mineral particles
are discharged in tailings, which has been a big problem
faced by plants all over the world.

In recent years, microbubble flotation exhibits great prom-
ise in improving the flotation of fine mineral particles. The
advantages of microbubble flotation are low cost and easy
operation because it requires the least consumption of chem-
icals and is affected only by the size of air bubbles [3]. Hy-
drodynamics study reveals that the dispersion of air bubbles
in slurries can be improved by reducing the size of air
bubbles, thereby promoting the collision and adhesion
between air bubbles and fine mineral particles and improv-
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ing the flotation performance of fine mineral particles [4]. In
the past few years, microbubble flotation has been intens-
ively studied in the flotation of fine particles and has re-
ceived increasing attention from the academia and industry.
Generally, air bubbles can be further categorized as micro-
bubbles, micro—nanobubbles, and nanobubbles based on their
diameter. Specifically, microbubbles are tiny bubbles with a
diameter less than a few hundred microns, micro—nano-
bubbles are tiny bubbles with a diameter in the range of
0.1-50 pum, and nanobubble diameter ranges from 10 to
100 nm [5]. Ahmed et al. [6] reported that the flotation rate of
fine particles is closely associated with the size of air bubbles.
The flotation rate significantly increased by 100 times when
the size of air bubbles was reduced from 655 to 75 um. Reis
et al. [7] studied the effect of bubble size distribution on the
flotation of fine apatite and found that maximum content of
60% P,0Os was achieved when fine apatite was floated by
bubbles with a diameter less than 300 um. This finding indic-
ates that the collision and adhesion probabilities of fine
particles to smaller bubbles are greater, which is beneficial
for improving the flotation selectivity of fine minerals.
Microbubbles, micro—nanobubbles, and nanobubbles have
many similarities, such as the preparation methods, availabil-
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ity in fine-particle flotation, and reduction of chemical con-
sumption. In general, the smaller the air bubbles, the higher
the preparation difficulty. Meanwhile, with the gradual re-
duction of the mineral particle size, the flotation machine/
column is continuously improved. The combination of mi-
crobubbles, micro—nanobubbles, and nanobubbles with a
flotation machine/column has become a hot topic in the flota-
tion of ultrafine particles.

In the past few decades, several studies have been conduc-
ted by applying microbubble flotation for the beneficiation of
fine particles. This work puts an emphasis on the latest devel-
opment in the microbubble flotation machine/column and
their application in the beneficiation of fine particles, includ-
ing fine coals and metallic and nonmetallic minerals.

2. Preparation of microbubbles
2.1. Pressurized aeration and dissolved air

The principle of the pressurized aeration and dissolved air
(PADA) method is to dissolve air in a slurry under high pres-
sure and then release microbubbles in the flotation column
after depressurization [8]. The value of air pressure has a
great influence on the preparation of microbubbles. Typic-
ally, air is dissolved in the aqueous solution at 507 kPa, and
an excess number of microbubbles will be produced if the air
pressure is higher than this value. The PADA method can be
used to produce microbubbles, micro—nanobubbles, and nan-
obubbles.

Han et al. [9] used the particle counter method to measure
the size of bubbles produced by the PADA method. The res-
ults show that the bubble size gradually decreased when the
air pressure increased from 101 to 355 kPa and plateaued
with the further increase in air pressure. Gochin ef al. [10]
used the PADA method to evaluate the flotation of fine cas-
siterite and cassiterite—quartz mixtures and found that the
method can be successfully used to separate fine minerals
with high selectivity. The Sn grade increased from 7.4wt% to
60wt% after one rough and one cleaner separation, and the
recovery of Sn was more than 60%, indicating that the
PADA method is effective in the production of micro-
bubbles and is promising for the beneficiation of fine
minerals.

2.2. Electrolysis

The preparation of microbubbles via electrolysis involves
placing electrodes in a pulp and electrolytically decompos-
ing water into microbubbles containing hydrogen or oxygen.
Electrolysis can be used to produce microbubbles, micro—
nanobubbles, and nanobubbles with different sizes.

Tsave et al. [11] conducted a flotation of fine magnesite
using microbubbles generated by electrolysis. The results
show that the recovery of fine magnesite increased by 20%
when electrolytic microbubbles were used in flotation, indic-
ating that the presence of electrolytic microbubbles could sig-
nificantly promote the flotation of fine particles. Generally,
the recovery of fine particles is closely related to the current
density and electrolysis time. However, electrolytic micro-

bubble flotation is rarely used in mineral flotation because
extremely fine bubbles cannot be easily produced.

2.3. Ultrasonic cavitation

A reduction in pressure makes a supersaturated liquid suf-
fering from cavitation and generate nanobubbles [12]. At
present, microbubbles produced via cavitation have been
widely applied in fine- and coarse-particle flotation, high-in-
tensity conditioning, oil agglomeration of fine coal, and high-
efficiency oil sands processing [13].

Ultrasonic cavitation generates tensile stress and negative
pressure in liquid, followed by the escape and release of air
from the liquid. In the meantime, a strong tensile stress tears
the liquid into cavities, and this process is known as cavita-
tion. The small bubbles prepared via cavitation continue to
grow, leading to the formation of several microbubbles. Mi-
crobubbles and micro—nanobubbles can be prepared via ul-
trasonic cavitation.

Chen et al. [14] found that microbubbles prepared by
600 kHz high-frequency ultrasound increased the recovery of
fine particles by 30%, which was attributed to the increase in
secondary acoustic radiation forces between the carriers, and
high-frequency ultrasonic standing wave was likely to pro-
mote the attraction between carrier bubbles and circulating
fluidized beds instead of repulsion. Peng ef al. [15] investig-
ated the effect of ultrasound on lignite flotation and found
that ultrasonic treatment can generate a large number of mi-
crobubbles, which significantly enhanced the floatability of
lignite by coating on the coal surface. This finding indicates
that the ultrasonic synchronous flotation can greatly improve
the clean coal yield and reduce the ash content simultan-
eously, compared with the conventional flotation. Kruszel-
nicki et al. [16] performed microflotation at different powers
of applied ultrasound. Non-treated and ultrasound pre-treat-
ment shale flotation tests were performed in the presence of
methyl isobutyl carbinol (MIBC) frother and sodium ethyl-
xanthogenate (KEX) collector, and they found that the mass
recovery increased by 40% under 20 W applied ultrasonic
power. Filippov et al. [17] found that compared with a re-
agent-only treatment, the flotation recovery of chalcopyrite
after the ultrasonic treatment increased by 5%—20%, which is
attributed to the promotion of the collision, adhesion, and co-
alescence of particles and bubbles by ultrasonic waves.

2.4. Photocatalysis

The principle of the photocatalysis method is to irradiate
light with a certain wavelength on a photocatalytic material to
generate an electron transition, thus producing and releasing
microbubbles from the material surface once thermody-
namic conditions reach the critical value [18]. Micro—nano-
bubbles and nanobubbles can be produced via photocatalysis.

Shen et al. [19] found that the surface of TiO, can gener-
ate hydrogen in a methanol/water solution through pho-
tocatalysis. Paxton et al. [20] successfully produced nano-
bubbles of H, and O, on the Pt electrode in 3.7wt% hydrogen
peroxide aqueous solution.
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2.5. Solvent exchange

By taking advantage of the solubility difference of air in
variable solutions, microbubbles can be produced by substi-
tuting the solvent to release the saturated air, which is termed
as the solvent exchange, including alcohol-water exchange,
brine exchange, and cold and hot water exchange [21]. Alco-
hol-water exchange is the most frequently used owing to its
high stability and good repeatability.

Lou et al. [22] successfully produced nanobubbles at a
solid-liquid interface through an ethanol-water exchange.
Guo et al. [23] used NaCl solution with a variable concentra-
tion to replace water and ethanol and generate nanobubbles.

2.6. Temperature difference method

Because the solubility of air in water decreases with in-
creasing temperature, nanobubbles can be produced by drop-
ping cold water onto the surface of hot substrate. Kyzas et al.
[24] reported that the flotation performance of lignite was
significantly improved after introducing nanobubbles gener-
ated by the temperature difference method (TDM), and the
underlying mechanism was systematically investigated by
studying the induction time and the collision—attachment be-
havior of bubbles and particles.

2.7. Venturi tube preparation method

The Venturi-type microbubble generator has attracted
great attention due to its simple structure, high generation ef-
ficiency, and low energy consumption [25]. As shown in
Fig. 1, when water flows through the throat of Venturi tube,
air is sucked into the tube because the internal air pressure is

Air pipe

Throat section
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much smaller than the atmospheric air pressure, followed by
the breaking of air bubbles into microbubbles [26-27].

Ma et al. [28] placed Venturi tube at the bottom of flota-
tion column to produce nanobubbles for fine-coal flotation
and found that the presence of nanobubbles increased coal re-
covery by 10%-39%. Simultaneously, the dosage of the
frother and collector was reduced by approximately 50%.
Sakamatapan et al. [26] studied the effect of the flow speed
on the number and size of microbubbles generated by the
Venturi tube and found that the number of microbubbles
gradually increased with an increase in the speed of water
flow, whereas the bubble size gradually decreased. As repor-
ted by Xiong et al. [29], for the flotation of fine coal, an
11.7wt% concentrate assaying ash at combustible recovery of
86% was obtained when micro—nanobubbles generated by
Venturi tubes accounted for approximately 70%. Wang et al.
[30] used the Venturi tube to prepare nanobubbles to recover
molybdenite. Their results showed that the introduction of
nanobubbles can significantly increase the ultrafine molyb-
denite flotation recovery by almost 15.17%.

2.8. Swirl-type micro-nanobubble generator

As shown in Fig. 2, Wu et al. [31] developed a swirling
micro—nanobubble generator by equipping a variable-pitch
spiral cavitation reactor to enhance the shearing force of air
bubbles. The variable-pitch spiral guide vanes and central
column were installed into a cavitation reactor to generate a
swirling liquid flow, thus intensifying the gas—liquid contact
and mixing.

A computational fluid dynamics simulation indicated that

O O Q9 o °o o
Ly <. o o) o)
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/ Entrance Y24 Contraction Diffusion section 7%

Schematic diagram of the NBCF between two hydrophobic surfaces. Reprinted from Adv. Colloid Interface Sci., 154, M.A.

Hampton and A.V. Nguyen, Nanobubbles and the nanobubble bridging capillary force, 30, Copyright 2010, with permission from
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Schematic diagram of the swirl-type micro—nanobubble generator. Reprinted from Chem. Eng. Process., 181, M. Wu, H.Y.

Song, X. Liang, N. Huang, and X.B. Li, Generation of micro-nano bubbles by self-developed swirl-type micro-nano bubble generat-

or, 109136, Copyright 2022, with permission from Elsevier.
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the manufactured bubble generator produced micro—nano-
bubbles with a minimum size and average size of 0.301 and
0.976 um, respectively. In short, the swirl-type micro—nano-
bubble generator provides a guideline for the development of
efficient micro-nanobubble generators.

2.9. Membrane method

The microbubbles produced by the membrane were
formed by dispersing air through micropores on the porous
membrane under a certain pressure [32]. In recent years,
membrane dispersion technology based on porous mem-
branes has attracted significant attention due to its control-
lable operating conditions, low energy consumption, and
good dispersion [33].

Tao et al. [34] introduced a ceramic membrane sparger in
the mineral flotation process. The strong fluid shear in the
ceramic membrane channels and large porous area for gas
dispersion make the recovery of fine quartz particles close to
100%. Because the size of microbubbles produced by micro-
porous membranes is affected by the liquid flow velocity, li-
quid viscosity, surface tension, and membrane pore size, the
microbubble size is difficult to control. Thus, to make the size
of microbubbles stable and controllable, Xie et al. [35] de-
veloped a controllable preparation method for microbubbles
using the ceramic membrane apparatus, which successfully
prepared microbubbles with a diameter of 64-87 pm.

Above all, the PADA method is the most widely used in
the preparation of microbubbles, micro—nanobubbles, and
nanobubbles. Other methods are usually adopted to satisfy
the specific requirements of the bubble size and application
purposes. Generally, the PADA method and electrolysis can
be used to produce all of three kinds of microbubbles, and
photolysis and ultrasonic cavitation are used to produce mi-
cro—nanobubbles. Meanwhile, the solvent exchange and
TDM are mainly used to prepare nanobubbles with the smal-
lest bubble size. Table 1 summarizes the features of the mi-
crobubble preparation methods, including the respective av-
erage bubble size, mechanisms, advantages, and disadvant-
ages. Generally, the PADA, electrolysis, ultrasonic cavita-

Table 1.
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tion, and swirl-type micro—nanobubble generator can pro-
duce microbubbles with a high bubble density and good dis-
persion. The advantages of photocatalysis, solvent exchange,
and the TDM are convenience and high practicability.
Moreover, microbubbles prepared by the Venturi tube and
microporous membrane can easily control the bubble size.
However, the primary limitations of these methods are their
high energy consumption and limitations in the laboratory
scale.

At present, the PADA has more application prospects in
the microbubble flotation of fine minerals, which is worthy of
great attention. The bottleneck problem restricted the applic-
ation is that the air dissolution and release are not continuous
and can easily cause corrosion, noise, and vibration. Thus, to
break through the current situation of microbubble prepara-
tion, more efforts are needed to improve the design of pipes
and cavitation devices. In addition, the flowrate and pressure
of the solution should be more controllable.

3. Equipment for microbubble flotation

To promote the flotation of fine particles, a variety of mi-
crobubble flotation machines have been developed based on
the principle of bubble preparation, including a microbubble
release flotation machine, centrifugal flotation column,
packed flotation column, and magnetic flotation machine.

3.1. Microbubble release flotation machine

A microbubble release flotation machine is the most
promising equipment for fine-particle flotation. Bubbles re-
leased from an aqueous solution have small diameters, high
dispersion rates, large surface areas, and preferentially ad-
here to hydrophobic mineral particles. Typically, micro-
bubble release flotation machines mainly include a Jameson
jet flotation column, a pressurized dissolved air flotation
(DAF) machine, and an electroflotation column.

3.1.1. Jameson flotation column

The Jameson flotation column is widely used in fine-

particle flotation owing to its flexible aeration mode and ex-

Summary of the preparation methods for microbubbles

Average bubble

. Mechanism
size / um

Preparation method

Advantage Disadvantage

Hydraulic cavitation

PADA ~70 method

Electrolysis ~60 Electric

Ultrasonic cavitation — ~65 Ultrasonic

Photocatalysis ~0.015 Illumination

Solvent exchange ~0.1 Direct dropping method

TDM 70 Temperature control
method

Venturi tube 90 Hydraulic cavitation

preparation method method

Swirl-type micro— . .

nanobubble generator ~0.976 Dispersed-air method

Membrane method ~75 Pressure

Discontinuous air dissolution
and release

Microbubbles with high bubble

density
High dispersion concentration High energy consumption

Promote the dispersion of High price of microwave

chemicals generators
Performance limited by
Easy to observe materials

Low cost Easy to introduce impurity

Easy to operate Low repeatability

Controlled bubble size Limited in laboratory studies

High oxygen enrichment capacity Complex structure

High price and difficult

High stability and controllability production
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cellent flotation performance. The schematic diagram of the
Jameson flotation column is shown in Fig. 3 [36]. As can be
seen, the slurry is fed into the ore port from the flotation
column under a pressure of 0.1-0.15 MPa, and a jet is formed
when passing through the nozzle. Air is sucked by a jet due to
entrainment, leading to the formation of a partial vacuum in
the lower pipe. As a result, air is continuously sucked into the
slurry, followed by crushing into tiny bubbles under high
pressure. Particles, bubbles, and water are fully mixed under
vigorous mechanical stirring, contributing to the mineraliza-
tion of bubbles. The uniformly mixed three-phase flow enters
the flotation cell from the bottom of the lower conduit, and
the mineralized bubbles rise up to form the foam layer. Fi-
nally, the valuable minerals overflow from the top of the flot-
ation cell, and tailings are discharged from the bottom of the
flotation cell [37].

B Hydrophobic
mineral

o Hydrophilic
M mineral

1-Feeding nozzle; 2-Lower pipe; 3-Concentrate chute; 4-Flotation cell;
5-Feeding; 6-Intake pipe; 7-Sprinkler; 8-Tailing pipe; 9-Concentrate; 10-
Tailings.

Fig. 3. Schematic diagram of the Jameson flotation column.
L.F. Zhou, L.H. Fu, and Q. Zhang, Efficient flotation column
for fine particles, Nonferrous Met., (2007), No. 2, p. 55.

Wang et al. [38] used the Jameson flotation column to
float anthracite coal slime, and the ash content was signific-
antly reduced from 29.5% to 10.28%, with a flotation yield of
61.43%. Zhou et al. [37] developed a new flotation column
by designing a middling cycle system on the basis of the
Jameson flotation column, and the feeding was introduced
from the conical funnel at the lower part of the flotation cell.
Li et al. [39] modified the Jameson flotation column to im-
prove the flotation of spodumene in high-altitude areas. Mi-
crobubbles were produced by passing pressurized air through
a microporous tube, thus eliminating the limitation of low air
pressure and promoting bubble mineralization.

The Jameson flotation column can generate nanobubbles
two orders of magnitude smaller than conventional bubbles,
which is conducive to the flotation of fine particles [40]. A V-
shaped bubble generator can produce several microbubbles
[41], and the energy consumption is much smaller than that
of conventional flotation columns [42].

The primary disadvantage of the Jameson flotation

Int. J. Miner. Metall. Mater., Vol. 30, No. 7, Jul. 2023

column is that the suction force will be significantly reduced
once the pipes are exposed to air, or the nozzles cannot work
well [43]. Moreover, it can easily cause a short circuit in the
mineralized bubbles if the depth of the pipe inserted into the
groove is too deep, leading to the loss of valuable minerals in
the tailings. In addition, the flotation recovery is always re-
duced due to the lack of a middling circulation device.
3.1.2. Pressurized DAF column

As mentioned above, numerous microbubbles can be pro-
duced by the PADA method, which is conducive to the flota-
tion of fine particles. As shown in Fig. 4, the Mechanical Re-
search Institute of Beijing General Research Institute of Min-
ing and Metallurgy (BGRIMM) has developed a pressurized
DAF machine for fine-particle separation [44]. An air-satur-
ated slurry is formed under 2.02 x 10°-3.03 x 10° Pa, and air
will be completely released once reduced to 101 kPa. Mean-
while, microbubbles preferentially adhere to hydrophobic
mineral particles.

Hydrophobic
™ mineral

| Hydrophilic
mineral

1-Air saturator; 2-Inlet pipe; 3-Ejector; 4-Back-pressure valve; 5-Three way
pipe; 6-Pump; 7-Ejector; 8-Air duct; 9-Flow control valve; 10-Float flow-
meter; 11-Pressurized circulating tube; 12-Electromagnetic valve; 13-Circu-
lating air tube; 14-Liquid level controller; 15-Releaser; 16-Release corner;
17-Safety valve.

Fig. 4. Schematic diagram of the PADA. Reprinted from J.
Water Process Eng., 32, C. Wang, Z. Wang, X. Wei, and X. Li,
A numerical study and flotation experiments of bicyclone
column flotation for treating of produced water from ASP
flooding, 100972, Copyright 2019, with permission from Elsevier.

Within the pressurized DAF column, the slurry is embed-
ded into a dissolved air container under a certain pressure,
and a negative pressure will be formed during this process.
Air is continuously inhaled from outside under the high-
speed slurry flow to form a saturated air solution via suffi-
cient mixing, and it will be released from the slurry to gener-
ate microbubbles once switched on the control valve. Micro-
bubbles prefer to adhere to hydrophobic mineral particles,
and non-adhered microbubbles and mineral particles suspen-
ded in a turbulent water flow collide and adhere to one
another when passing through the dissolved gas releaser,
thereby realizing bubble mineralization.
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Sun et al. [45] found that the size of microbubbles pro-
duced by the PADA is much smaller than that produced us-
ing an agitation flotation machine, and the distribution of mi-
crobubbles in a slurry is in good agreement with the normal
distribution. Yoshikawa et al. [46] reported that a pressur-
ized DAF machine showed a higher separation ability than
the Denver flotation machine with less sodium oleate con-
sumption for the beneficiation of barite—quartz.

3.1.3. Electroflotation column

For the electroflotation column, microbubbles are pro-
duced via electrolysis and are closely related to the current
magnitude [3]. As shown in Fig. 5, the electrolytic micro-
bubble generator and feeding port are set at the top of the
flotation column, and a stirrer is installed at the bottom of the
flotation column to promote the collision between mineral
particles and air bubbles [47]. The hydrophobic particles ad-
here to the microbubbles to form particle—bubble aggregates
and enter the foam layer, finally being collected as a concen-
trate. The hydrophilic particles cannot attach to micro-
bubbles and are discharged as tailings from the top of the
column.
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1-Feed inlet; 2-Adding-reagent inlet; 3-Sieve net; 4-Outlet; 5-Sand-core salt
bridge; 6-Sealed cap; 7-Horizontal observation hole; 8-Sample connection;
9-Electrode.

Fig. 5. Schematic representation of the “U”-type electroflota-
tion setup. W. Zhao, J.Z. Qu, Z. Li, Z.Y. Yang, and A.N. Zhou,
Influencing factors of electroflotation—electrocoagulation seper-
ation of coal macerals, Clean Coal Technol., 24(2018), No. 1,
p.57.

Yang ef al. [48] used an electroflotation column to recov-
er scheelite from tungsten tailings and found that compared
with the conventional flotation machine, the concentrate
grade and recovery of tungsten obtained by the electroflota-
tion column increased by 0.57wt% and 8.54%, respectively.
Yang et al. [48] designed a new electroflotation column to re-
cover fine ilmenite with a titanium grade of 10.67wt%, and a
rough concentrate assaying TiO, at 19.90% at a recovery of

60.65% was obtained. At present, an electroflotation column
has been widely used in the electrolytic flotation of scheelite.

An electroflotation column can produce uniform micro-
bubbles with controllable quantity, and the intercalation of
gangue particles can be effectively reduced through vigorous
mechanical stirring. A slurry flow has high stability, which is
conducive to froth flotation and secondary enrichment. The
primary shortcomings of the electroflotation column are the
fluctuating operation conditions, high energy consumption,
and easy blockage.

3.2. Centrifugal flotation column

The centrifugal flotation column improves the flotation of
fine particles by taking advantage of the centrifugal force.
Typically, cyclone-static microbubble flotation column (FC-
SMC) developed by China University of Mining and Tech-
nology has been widely applied in the flotation of fine
particles.

Owing to the unique three-stage separation zone, the FC-
SMC has exhibited great advantages in the beneficiation of
fine particles [49]. As shown in Fig. 6, the FCSMC is com-
posed of a column unit, cyclone unit, and pipe unit [50]. In
the column unit, particles with high hydrophobicity attach to
the rising air bubbles and float up to enter the concentrating
collector, whereas the rest of the mineral particles fall off in-
to the cyclone unit. The inverted cone on the top of the cyc-
lone unit makes the unit work like a hydrocyclone. Mineral
particles with medium hydrophobicity are collected as mid-
dling under high-intensity swirling, whereas the hydrophilic
particles are discharged as tailings. Subsequently, the mid-
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1-Column unit; 2-Cyclone unit; 3-Cyclone inverted cone; 4-Pipe unit; 5-Cir-
culating pump; 6-Feed; 7-Concentrate; 8-Bubble generator; 9-Tailing.

Fig. 6. Schematic of the cyclone-static microbubble flotation
column. Copyright ©2018. John Wiley and Sons. Reproduced
from X.K. Yan, S.Q. Meng, A. Wang, L.J. Wang, and Y.J. Cao,
Hydrodynamics and separation regimes in a cyclonic-static mi-
crobubble flotation column, Asia Pac. J. Chem. Eng., 13(2018),
No. 3, art. No. e2185.
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dling is pumped into the pipe unit and flows through the
bubble generator, thus colliding with microbubbles [51].

Miller et al. [52] found that the FCSMC can extend the
lower particle size limit for effective flotation by combining
nanobubbles and centrifugal force separation. Zhou et al.
[53] conducted a semi-industrial test on the rough separation
of scheelite using the FCSMC. They found that the grade of a
rough concentrate reached 9.76wt%, while the grade of the
tailings was reduced to 0.10wt% after a 72 h continuous
closed-circuit flotation. The FCSMC had little effect on the
recovery of scheelite, but it greatly simplified the flotation
process and reduced the flotation cost. Deng et al. [54] stud-
ied the flow field of the cross-section and longitudinal sec-
tion of the cyclone flotation zone using the FCSMC and
found that the combined swirl of the transverse and longitud-
inal sections is conducive to the beneficiation of fine
particles.

Compared to the conventional flotation column, the FC-
SMC is more energy-saving with lower operating costs be-
cause it does not use mechanical stirring to disperse air, and
the non-selective hydraulic entrainment of fine particles is re-
duced due to superior hydrodynamic conditions. However,
the FCSMC still consumes lots of water for the separation of
fine particles, which is not applicable in drought and scarce
areas. Moreover, some parts of the equipment are easy to
wear [55].

3.3. Packed flotation column

In recent years, porous materials have frequently been
packed in columns to generate microbubbles for the flotation
of fine particles, which is named the packed flotation column
[56]. Slurries and bubbles flow in the opposite direction in a
packed flotation column, which is similar to the conventional
flotation column. As shown in Fig. 7, the primary difference
is that the packed flotation column is packed with a porous
medium in the inner shaft, which are arranged layer by layer
at an angle of 90° to provide small tortuous flow channels for
the close contact between particles and air bubbles, thereby
improving the separation of foam [57-58]. The packed flota-
tion column has a good aeration performance, which can
work continuously and is easy to adjust, leading to the forma-
tion of a stable foam layer on the pulp surface. The separator
in the packing layer breaks large bubbles into tiny bubbles
and prevents them from merging, which increases the trap-
ping area in the flotation column. As a result, the packed flot-
ation column can generate smaller bubbles than the conven-
tional flotation column, thereby greatly increasing the con-
tact chance of bubbles with fine particles and improving the
recovery and flotation selectivity of fine particles. Nowadays,
packed flotation columns have been widely used in the
chemical industry [59].

Wang et al. [60] used a packed flotation column to per-
form the reverse flotation of fine hematite with a feed grade
of 42.15wt%, and a concentrate assaying Fe (67.05wt%) was
obtained after one roughing, one refining, and one sweeping.
The tailing grade was reduced to Fe 11.25wt%, indicating
that the packed flotation column was effective for the flota-
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1-Concentrate; 2-Paked medium; 3-Pump; 4-Mixer; 5-Compressed air; 6-
Pressure gange; 7-Pressure reducer; 8-Flowmeter; 9-Water; 10-Liquid level
control; 11-Floemeter; 12-Tailing.

Fig. 7. Packed flotation column. B. Wang and H. Jiang, Re-
search and application of flotation column, Chin. J. Nonferrous
Met., 31(2021), No. 4, p. 1027.

tion of fine-grained hematite. Zhang ef al. [61] studied the
flotation of fine-grained bauxite ore using a plate-packed
flotation column and found that the recovery and grade of
ALO; increased by 2.11% and 1.85wt%, respectively. Cor-
respondingly, the fraction of 20 pm particles in the concen-
trate increased from 47.31% to 54.79%. Zhang et al. [62]
packed fluid guiding media in a flotation column, which sim-
ultaneously increased the gas holdup in the column separa-
tion area and reduced the bubble size. As a result, the copper
recovery of low-grade copper sulfide ore increased from
91.73% t0 92.92%.

The primary disadvantage of a packed flotation column is
that a high column body is not conducive to the operation,
and the long residence of fine particles in the column will
cause mineral oxidation, which is not suitable for the separa-
tion of sulfide minerals.

3.4. Magnetic flotation machine

3.4.1. Yalcin magnetic flotation machine

A magnetic flotation machine is composed of uniform and
nonuniform magnetic fields. In the uniform magnetic field,
magnetic particles undergo selective magnetic agglomera-
tion, which is conducive to froth flotation by increasing the
apparent particle size. While in a nonuniform magnetic field,
magnetic particles are separated from nonmagnetic particles
via magnetic separation. Therefore, the separation of fine
magnetic and nonmagnetic particles can be enhanced by the
combination of froth flotation and magnetic separation.
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Fig. 8 shows a magnetic flotation machine developed by
Yalcin for the reverse flotation of fine magnetic minerals
[63]. The magnetic flotation machine is composed of foam-
ing and flotation areas. During the flotation process, hydro-
phobic mineral particles move toward the foaming area after
adhering to the bubble surface. The mineralized particles
break when encountering flushing water, and mineral
particles fall off from the air bubbles to the chamber below.
The magnetic particles in the froth are carried back to the
flotation zone by rotating magnets, which are in the opposite
direction of the froth flow. The separation process is com-
pleted when air bubbles do not carry nonmagnetic particles
anymore, and the stable foam layer disappears, which can
improve the separation of magnetic particles from nonmag-
netic particles [64]. Furthermore, the Yalcin magnetic flota-
tion machine simplifies the process by reducing the pro-
cessing times of intermediate materials and has the advant-
ages of low energy consumption and steady operation. The
primary disadvantage is that the reduction of nonmagnetic
particle entrainment requires a lot of flushing water, which
increases water consumption and is not applicable in dry
areas.
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3.4.2. Magnetic flotation column

The novel magnetic flotation column developed by
BGRIMM is shown in Fig. 9, which is mainly used for the
separation of strong magnetic minerals and nonmagnetic
gangue minerals [65]. A pulsed alternating electromagnetic
field with a tunable pulse time and magnetic intensity in a
certain range is adopted in the column. As shown in Fig. 10,
the magnetic particles are in a state of “dispersion—agglomer-
ation—dispersion” and change alternately with the magnetic
intensity, destroying the magnetic flux under a pulsed mag-
netic field. Nonmagnetic and poor magnetic particles are sep-
arated from magnetic particles under the combination of
buoyancy, gravity, and the flush force of rising water. Non-
magnetic minerals are separated from the magnetic chain and
float up after being captured by air bubbles. Then, the mag-

Feeding

1
|| _r_.fj
D
D 9
o || © «
2%:9 @ -:Z 'Maglnetritc' |
: qg %7 mineral particle
e O
P Q)
Non-magnetic
. . B =
mineral particle )
. |* e0 8
Flushing |0 fo
water 'LIG-/
4 . O
Yy -
5 L !
\\
-
10 . 11
.
.
I
12

1-Overflow tank; 2-Pulse electromagnetic coil; 3-Sorting column; 4-De-
magnetization coil; 5-Inflation tube; 6-Ore discharge outlet; 7-Water inlet
pipe; 8-Air separator; 9-Feed pipe; 10-Air; 11-Water supply; 12-Ore dis-
charge.

Fig. 9. Magnetic flotation column. S.X. Shi, L.J. Yang, Z.C.
Shen, and S.J. Lu, Research status of fine particle flotation be-
neficiation methods and equipment, [in] Proceedings of the Pro-
ceedings of the Fifth National Conference on Mining and Dress-
ing Technology Progress, Hohhot, 2006, p. 121.
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Fig. 10. Dispersion—agglomeration state of magnetic particles.
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netic particles are discharged under the influence of magnet-
ic and gravity forces. Magnetic minerals cannot be easily car-
ried into the foaming area by bubbles because they are
trapped when passing through the magnetic field, which
plays a depressant role for magnetic minerals [66].

Deng et al. [67] developed a three-product magnetic flota-
tion column for the separation of chalcopyrite—pyrrhotite ores
and found that the Cu grade increased from 14.20wt% to
26.40wt% when a magnetic field was adopted, whereas the S
recovery decreased from 89.6% to 34.3%, suggesting that the
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magnetic field improved the separation efficiency of
pyrrhotite from chalcopyrite. Liao ef al. [68] used a flotation
column with six external coils for the flotation of iron ores
and found that the pulse magnetic field increased the recov-
ery and grade of Fe in the concentrate by 1.12% and
4.22wt%, respectively, compared to the conventional flota-
tion column. Table 2 summarizes the microbubble flotation
equipment from different aspects, including the air charging
mode, movement direction of bubbles and pulp, and applica-
tion directions.

Table 2. Summary of microbubble flotation equipment

Microbubble flotation equipment Air charging mode

Movement direction Applications

Jameson flotation column External inflatable

Pressurized DAF column External inflatable
Electroflotation column Internal inflatable
Packed flotation column Internal inflatable
Yalcin magnetic flotation machine External inflatable
Magnetic flotation column External inflatable

Centrifugal flotation column External inflatable

Concurrent flow
Countercurrent flow
Countercurrent flow
Countercurrent flow
Countercurrent flow
Countercurrent flow
Counter-cocurrent mixed

Coal slime

Iron ore/quartz

Scheelite/ilmenite
Hematite/fluorite/bauxite
Magnetic ore

Magnetic ore

Metallic ores/nonmetallic ores/coal

4. Application of microbubble flotation in
practice

At present, microbubble flotation has exhibited unique
technical advantages and promising application prospects in
the flotation of fine coals and fine minerals.

4.1. Fine-coal flotation by microbubbles

With the development of coal mining mechanization, the
proportion of fine coals with particle size <0.074 mm and
muddy substance with high ash content has rapidly increased,
leading to the gradual deterioration of coal floatability [69].
The flotation efficiency and performance of fine coals by
conventional flotation machines significantly decreased due
to the gradual increase of the coal slurry concentration [70].
Moreover, the microbubble flotation column has been widely
used in fine-coal flotation owing to its unique working mode
and excellent flotation performance [71].

Fan et al. [72] reported that the presence of nanobubbles
could significantly reduce the average particle size of ul-
trafine coal flotation concentrates from 103 to 69 pum, indic-
ating that nanobubbles can effectively improve the flotation
of fine-coal particles. Li et al. [73] prepared nanobubbles via
the TDM for the flotation of ultrafine coal. They found that
the flotation yield of ultrafine coal was increased by up to
15%, and the flotation rate constant was also significantly en-
hanced. Sobhy et al. [74] used a flotation column equipped
with Venturi tube to float fine coal in Illinois and found that
the flotation recovery of fine coal was increased from 45% to
50%.

4.2. Flotation of ultrafine metallic minerals

4.2.1. Flotation of fine oxidized minerals
Zhang et al. [75] used benzhydroxamic acid as the collect-

or for the flotation of fine rutile and found that the flotation
recovery and flotation rate were significantly increased with
less collection after pretreating rutile with nanobubbles. Tao
et al. [76] studied the effect of nanobubbles on the flotation
of hematite using a mechanical flotation cell integrated with a
cavitation device. The results show that nanobubbles can sig-
nificantly improve the concentrate grade and recovery of
hematite. As reported by Fan et al. [77], compared with the
conventional flotation machine, the FCSMC increased the
concentrate grade and recovery of fine ilmenite by 1.08wt%
and 13.64%, respectively. Moreover, the flotation process
was simplified from the original “one roughing, two scaven-
ging, and three cleaning” to “one roughing and one cleaning”
process.
4.2.2. Flotation of fine sulfide ores

Ahmadi et al. [78] found that the existence of micro—nan-
obubbles increased the recovery of chalcopyrite fine particles
((—38 + 14.36) um) and ultrafine particles ((—14.36 + 5) pm)
by 16%-21%, and the recovery of ultrafine particles was
higher than that of fine particles. Then, they conducted the
modeling and optimization of the nanobubble generation
process for the flotation of fine chalcopyrite and found that
the minimum median nanobubble size was 130.75 nm for ef-
fective nanobubble flotation [79]. Cheng et al. [80] found
that the swirl injection flotation column was much more ef-
fective for the flotation of —19 um pyrite than the conven-
tional flotation machine. Chipakwe et al. [81] reported that
the introduction of nanobubbles could significantly improve
the flotation performance of complex Pb—Cu—Zn sulfide ores.
4.2.3. Flotation of other fine metallic minerals

Cao et al. [82] found that the grade of rough copper con-
centrate obtained by a column flotation cell micro-fine flota-
tion machine was 3%—6% higher than that obtained by a
mechanical stirring flotation machine, and the beneficiation
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efficiency was 5.19%-5.59%. Wei et al. [83] reported that
the recovery of fine wolframite with a particle size smaller
than 20 um increased by 12.04% after introducing nano-
bubbles into the flotation system. Overall, microbubbles can
significantly increase the collision probability between air
bubbles and mineral particles, thereby improving the se-
lectivity and floatability of fine metallic minerals.

4.3. Flotation of fine nonmetallic minerals

Slime coating has significantly deteriorated the flotation of
nonmetallic minerals due to the ultrafine dissociation of min-
eral particles, thus reducing the flotation selectivity [84]. In
recent years, the microbubble flotation column has exhibited
great promise in improving the flotation of fine nonmetallic
minerals.

4.3.1. Flotation of fine fluorite

Wang et al. [85] separated fluorite from scheelite tailings
using a microbubble flotation column, and a concentrate as-
saying 99.01wt% CaF, with a recovery of 40.11% was ob-
tained, which significantly improved the concentrate grade
and recovery compared to the conventional flotation ma-
chine. As reported by Chen et al. [86], compared with the tra-
ditional mechanical flotation, the grade and recovery of flu-
orite obtained by the FCSMC were increased by 0.67wt%
and 0.35%, respectively.

4.3.2. Flotation of fine quartz

Farrokhpay et al. [87] studied the effect of microbubbles
on the flotation of fine quartz. They found that microbubbles
(<50 um) were effective in the flotation of fine quartz, which
was difficult to float by conventional bubbles, and the equi-
valent or even higher recovery of quartz can be achieved us-
ing fewer collectors. In addition, the flotation rate of quartz
increased with the use of microbubbles. The high quartz flot-
ation rate in the presence of microbubbles was mainly attrib-
uted to the high adhesion efficiency of particles to micro-
bubbles. Calgaroto et al. [88] found that nanobubbles could
increase the contact angle at the quartz/water interface and

improve the flotation recovery of ultrafine quartz, which was
attributed to the enhancement of mineral hydrophobicity and
aggregation of ultrafine quartz particles. Rosa et al. [89] stud-
ied the effect of nanobubbles on the flotation of quartz and
apatite and found that the flotation recovery of quartz and
P,0;5 were increased by 23% and 9% after conditioning with
nanobubbles, respectively, which were ascribed to the en-
hanced adhesion of air bubbles onto quartz and apatite by at-
tached nanobubbles.

4.3.3. Flotation of fine graphite

Bu et al. [90] reported that the flotation column exhibited
a high cleaning efficiency for graphite because it was
equipped with a centrifugal force field, nanobubbles, and a
thick foam layer, and the ash content of graphite was reduced
by approximately 5%. Ma et al. [91] used a high-pressure
grinding roller and a stirred mill to grind graphite to
0.045-0.15 mm, followed by flotation using the nanobubble
flotation column. Consequently, a concentrate assaying
94.82% carbon at a recovery of 97.89% was obtained.

The application of microbubbles in the flotation of fine
coal, metallic minerals, and nonmetallic minerals is summar-
ized in Table 3. Overall, microbubbles can effectively im-
prove the flotation performance of fine particles with high
flotation recovery, high selectivity, and less chemical con-
sumption.

5. Interactions between nanobubbles and fine
particles

The flotation of mineral particles by air bubbles can be
further divided into three subprocesses: collision between
particles and air bubbles, adhesion of particles to air bubbles,
and float-up of bubble—particle aggregates into foam layers
[28]. A stable mineralized foam was obtained. In particular,
the adhesion of particles to bubbles is considered the most
important and most complicated, which is the key to determ-
ining the overall flotation efficiency of mineral particles.

Table 3. Summary of the application of microbubbles in the flotation of fine particles

Average bubble  Flotation

Fine particle Size /mm Weight percentage / wt% Equipment size / um recovery / % Ref.
—0.045 48 Jameson flotation column ~400 80.00 [92]
Coal —0.025 41 Venturi tube ~1 50.00 [74]
—0.045 65 Hallimond tube ~0.5 77.00 [73]
Gold —0.045 70 FCSMC ~300 88.15 [93]
Copper sulfide — — FCSMC ~300 93.66 [94]
Pyrite —-0.019 87 FCSMC ~300 60.00 [80]
. —0.0308 49.67 FCSMC ~300 86.06 [95]
Hematite
—0.053 46.79 FCSMC ~300 79.22 [96]
Molybdenum —0.038 84.00 FCSMC ~300 62.71 [97]
Chalcopyrite —0.01978 68.10 Microbubble generator 0.358 99.09 [78]
Graphite —0.045 80.39 FCSMC ~300 98.77 [98]
Bauxite —0.023 53.43 FCSMC ~300 85.65 [99]
Apatite — — DAF ~100 76.68 [100]
Phosphate — — Specially designed flotation column ~0.8 98.00 [101]
Quartz 0.020-0.050 — Microbubble generator ~50 90.00 [87]
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Owing to the nanometer-sized diameter, nanobubbles dis-
play a unique behavior during their interactions with
fine particles.

5.1. Effect of nanobubbles on the agglomeration of fine
particles

Nanobubbles can promote the agglomeration of fine
particles and enhance their attachment to air bubbles, thereby
improving the flotation performance [102]. As reported by
Buchmann ef al. [103], the agglomeration of solid particles in
an aqueous solution is significantly influenced by their mutu-
al interactions, such as electrostatic interactions, van der
Waals force, and hydrophobic interaction. For hydrophobic
particles, the interaction forces can be dramatically increased
by nanobubbles at the particle surface due to capillary bridges
[104]. As shown in Fig. 11, as the hydrophobic particles ap-
proach, the nanobubbles on their respective surfaces interact
with one another and join to form a capillary bridge [105].
The resultant nanobubble bridging capillary force (NBCF)
increases the contacts of different particles, thereby promot-
ing particle agglomeration. In addition, Rulyov [106] pro-
posed the theory of combined microflotation, which accur-
ately describes the hetero-aggregation of particles and fine
bubbles in the nonuniform hydrodynamic field of a flotation
cell. Based on reports, the capture efficiency of fine particles
by fine bubbles is about 15 times higher than that by coarse
bubbles. The flotation rate of mineral particles deposited on
slowly rising fine bubbles and then on the coarse bubbles is
higher than that directly deposited on rapidly rising coarse
bubbles.

Several experimental measurements and theoretical calcu-
lations have confirmed that nanobubbles can increase the at-
traction between two hydrophobic solids in an aqueous solu-
tion. Ditscherlein et al. [107] reported that pre-existing nano-
bubbles promote the adhesion between alumina particles.
Kniipfer ef al. [104] studied the agglomeration behavior of
particles in the presence of nanobubbles through dynamic
image analysis and found that the formed agglomerates were
compact with fractal or porous shapes, varying from round to
elongate. Li et al. [108] found that deaeration improved the
settling efficiency of coal particles in water and reduced the
size of coal agglomerates, which was attributed to the gener-
ation of nanobubbles on coal surfaces via immersion, allow-
ing coal particles to easily agglomerate and contributing to
the improvement of the coal flotation performance. Similar
aggregation behavior of quartz particles in the presence of
nanobubbles was also reported by Calgaroto et al. [88].
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Overall, the presence of nanobubbles can increase the appar-
ent particle size by promoting agglomeration, thus promot-
ing the collision probability of particles and air bubbles,
which is an important reason for the improved flotation per-
formance of fine particles.

5.2. Effect of nanobubbles on the contact angle of miner-
al surfaces

The floatability of minerals is closely related to the wet-
tability of mineral surfaces, and the contact angle is one of the
most important criteria used to assess the wettability of min-
eral surfaces. Based on the literatures, the introduction of
nanobubbles can significantly improve the contact angle of
mineral surfaces, thus enhancing the floatability of fine
particles [109].

Moreover, the three-phase contact angle of nanobubbles is
much larger than that of macrobubbles [110]. Generally, in-
dividual macrobubbles directly attach to the solid surface
with a limited contact angle and contact area. After pretreat-
ing solids with nanobubbles, individual macrobubbles prefer
to coalesce with nanobubbles first and then attach to the solid
surface, thereby increasing the contact angle and contact area
between air bubbles and mineral particles [111]. Fig. 12
shows the contact angles of highly oriented pyrolytic graph-
ite (HOPG), dodecyl trichlorosilane-modified silicon, and
octadecyl trichlorosilane (OTS)-modified silicon [112].
Among the three solid surfaces, the nanocontact angle of the
HOPG is the largest, and the macrocontact angle is the smal-
lest. Furthermore, the difference between the nano- and mac-
rocontact angle decreases as the macrocontact angle in-
creases. Ren ef al. [113] pretreated a polished massive cassit-
erite in different solution conditions. A high-speed camera
was used to record images and calculate their contact angle,
and the results are shown in Fig. 13. The contact angles of
cassiterite in ultrapure water, 50 mg-L™" octanohydroxamic
acid aqueous solution, and 50 mg-L™' octanohydroxamic acid
micro—nanobubble aqueous solution were 40°, 62°, and 79°,
respectively. This finding indicates that the introduction of
micro—nanobubbles could significantly increase the contact
angle of cassiterite in the presence of octyl hydroxamic acid.
An et al. [114] reported that the contact angle of nano-
bubbles on a mineral surface is usually in the range of
150°—160°, as observed using an atomic force microscope
(AFM). Johnson et al. [115] reported that the contact angle of
nanobubbles on the membrane is about 165°, which is twice
more than the contact angle of macrobubbles of 72.6°.
Moreover, the appearance and morphology of nanobubbles
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Simplified mechanism of the NBCF between two hydrophobic surfaces. Reprinted from Adv. Colloid Interface Sci., 154,

M.A. Hampton and A.V. Nguyen, Nanobubbles and the nanobubble bridging capillary force, 30, Copyright 2010, with permission

from Elsevier.
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Fig. 12.  Comparison between the contact angle of nano-
bubbles generated by different methods on three different sub-
strates and the contact angle of macro droplets. Reprinted
from Miner. Eng., 183, D. Tao, Recent advances in fundament-
als and applications of nanobubble enhanced froth flotation:
A review, 107554, Copyright 2022, with permission from
Elsevier.

(©)

Fig. 13. Contact angle of the mineral surface under different
conditions: (a) ultrapure water; (b) 50 mg-L™" octanohydrox-
amic acid aqueous solution; (c¢) 50 mg-L™" octanohydroxamic
acid micro—nanobubbles aqueous solution. L.Y. Ren, W.N.
Zeng, Z.Y. Zhang, and P.G. Wei, Visualization of the effect of
micro—-nano bubbles on aggregation of fine cassiterite, Chin. J.
Nonferrous Met., 32(2022), No. 5, p. 1479.

on hydrophobic surfaces are different from those of micro-
bubbles. Based on the AFM images, surface nanobubbles are
usually spherical and cap shaped. The height of nanobubbles
is usually in the range of 10-100 nm, and the radius is in the
range of 50-500 nm [116]. With the increase in interfacial
hydrophobicity, the contact angle difference between nano-
bubbles and large bubbles significantly increased [76]. In the
flotation process, the existence of nanobubbles on the sur-
face of hydrophobic particles can magnify the hydrophobi-
city difference between valuable and gangue minerals, thus
increasing the flotation selectivity of fine particles [117].

5.3. Effect of nanobubble stability on mineral flotation

The stability of nanobubbles has always been controver-
sial and has attracted widespread attention [118]. Theoretic-
ally, nanobubbles are thermodynamically unstable due to
their huge internal pressure [119]. According to Fick’s
second law and Henry’s law, nanobubbles with a radius of 10
nm can only exist in solutions by 1 pus [120]. However, many
experimental studies indicate that nanobubbles have long-
term retention on hydrophobic particle surfaces.

Ishida ef al. [121] immersed a silicon wafer hydro-
phobized with OTS into the water and found that numerous
nanobubbles were generated on the silicon surface and lasted
for hours. Azevedo et al. [122] studied the generation of nan-
obubbles and their physicochemical and interfacial proper-
ties and found that the mean diameter and concentration of
nanobubbles only slightly varied in 14 d, demonstrating that
the highly concentrated nanobubbles possessed extremely
high stability in aqueous solutions. Many models and theor-
ies, such as the impurity layer [123], dynamic equilibrium
[124], dense gas layer [125], linear tension [126], and con-
tact line pinning [127], have been proposed to account for the
high stability of nanobubbles. Based on the dynamic equilib-
rium model shown in Fig. 14, Seddon ef al. [128] proposed
that nanobubbles can exist in the form of dynamic equilibri-
um. Gas molecules cannot interact with one another at the li-
quid—gas interface due to their Knudsen behavior and flow
directly away from the substrate (Fig. 14(a)). The bulk velo-
city of gas molecules can be decomposed into normal and
tangential components. The tangential velocity of gas mo-
lecules always points toward the apex of the bubble and com-
bines with the liquid phase via the assumed continuity of
shear-stress boundary conditions (Fig. 14(b)). A local circu-
latory stream was created by the liquid flow tangential to the

(@) (b)

Gas molecules

Nanobubbles

(© Liquid phase

Fig. 14. Dynamic equilibrium model diagram for the stability
of nanobubbles. Reprinted with permission from J.R.T. Sed-
don, H.J.W. Zandvliet, and D. Lohse, Knudsen gas provides
nanobubble stability, 107, 116101. Copyright 2011 by the
American Physical Society.
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liquid—gas interface due to the mass conservation. Finally, the
dissolved gas in the liquid phase re-enters nanobubbles
through either the attractive potential of the hydrophobic wall
or through adsorption to the substrate and surface diffusion.
Among them, 2L refers to the inner diameter of the radial cir-
culation of liquid flow (Fig. 14(c)).

The stability of nanobubbles has a significant effect on the
flotation behavior of mineral particles. As mentioned above,
the presence of nanobubbles can help enhance the hydro-
phobicity of mineral particles and improve the flotation se-
lectivity. In addition, the effective hydrophobic agglomera-
tion of particles is closely related to the stable existence of
nanobubbles at the solid-liquid interface. Therefore, the
long-term retention of nanobubbles at the hydrophobic
particle surface enhances the stability and strength of hydro-
phobic aggregates, thus improving the flotation efficiency of
mineral particles.

6. Future outlook

The poor flotation of ultrafine particles still remains to be
a big challenge confronting academia and industry, which is
highlighted by the continuous decrease in particle diameter.
Hence, multiphase hydrodynamics simulations, rheological
studies of microbubble flotation, and synergistic interaction
between microbubbles and reagents have been proposed. On
the one hand, most studies are limited to two-phase hydro-
dynamics simulations, which are quite different from real
situations. Therefore, more efforts are needed for the three-
phase fluid dynamic simulations and rheological study dur-
ing microbubble flotation. On the other hand, the synergistic
interaction between microbubbles and reagents in enhancing
the flotation of ultrafine particles should be studied. In the
past few decades, novel collectors and flocculants have been
intensively reported to improve the flotation of fine particles.
However, little work has been conducted to unveil the syner-
gistic interaction between microbubbles and flotation re-
agents, which is the key to developing novel flotation re-
agents and processes.

7. Conclusion

The poor flotation of fine particles is a big problem faced
by plants, which has been intensively studied in the past few
decades. Microbubbles are effective in improving the flota-
tion of fine particles by promoting the collision and adhesion
of particles to bubbles. In this work, the latest advances and
progress in the microbubble flotation of fine particles have
been systematically reviewed. According to the different
ways of producing microbubbles, the preparation methods of
microbubbles include PADA, electrolysis, ultrasonic cavita-
tion, photocatalysis, solvent exchange, TDM, Venturi tubes,
and microporous membranes. Correspondingly, various flot-
ation columns/machines have been developed for micro-
bubble flotation, such as the Jameson flotation column, pres-
surized DAF column, electroflotation column, FCSMC,

Int. J. Miner. Metall. Mater., Vol. 30, No. 7, Jul. 2023

packed flotation column, Yalcin magnetic flotation machine,
and magnetic flotation column. In particular, the Jameson
flotation column and FCSMC have been widely used in the
beneficiation of fine coals, metallic minerals, and nonmetal-
lic minerals, which exhibit better flotation performance than
the conventional flotation machine. Mechanisms underpin-
ning nanobubble flotation have been reviewed from the per-
spective of particle agglomeration, hydrophobicity, and high
stability of nanobubbles. In the future, more efforts are still
needed to study multiphase hydrodynamics simulation and
rheological study and the synergistic interaction between mi-
crobubbles and flotation reagents in the flotation of fine
particles.
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