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Abstract: The most efficient method for recovering microfine-grained hematite ore is flocculation
flotation. Because the flocculation–bubble mineralization process in flocculation flotation has yet to
be well investigated, a series of experimental investigations on hematite flocculation–bubble were
conducted to better understand the hematite flocculation–bubble interaction process. The results
show that as the flocculant size increases, the sliding time of the flocculant to the bottom of the bubble
shortens, and the change in the instantaneous dynamic velocity is slower when the diameter of the
fixed bead is 544.52 µm, which is more favorable to flocculant adhesion on the bubble surface. When
the bubble diameter is 544.52 µm and the floc diameter is 39.65 µm, the shortest time is 49.5 ms, and
the maximum value of instantaneous velocity is 28.67 µm·ms−1. According to the force analysis
of the floc on the bubble surface, when the particle size of the floc is 39.65 µm and the bubble
diameter is 544.52 µm, the desorption force is 4.99 × 10−3 mN·m−1 larger, and the adhesion force is
7.08 × 10−4 mN·m−1 smaller. The smaller Bond constant Bo′ is 0.14. In that moment, the flocs in the
sodium solution are very stable.

Keywords: floccules; bubbles; high-speed dynamic cameras; mineralization processes; Bo′

1. Introduction

Microfine-embedded minerals typically need to be finely ground to achieve a better
monomer dissociation. The microfine-mineral beneficiation method is primarily realized
by the flotation process [1,2]. With the increasing exploitation of mineral resources, the
development and utilization of these difficult-to-select, microfine-embedded minerals have
gradually become on the agenda. Because it is difficult to effectively select minerals with
particle sizes below 10 µm because of the large specific surface area of microfine minerals,
low adhesion probability, high solubility in water, high adsorption of pharmaceuticals,
heterogeneous coalescence between different mineral grains, mineral mud cover, and severe
mechanical inclusions, flocculation of microfine minerals is necessary to form flocs for
flotation [3,4].

The flocculation flotation of microfine particles has been used in practice, and much
research has been conducted on the theory of flotation bubble mineralization. However,
the interaction between floc particles and bubbles is still in the early stages of research, and
the conditions affecting bubble mineralization still need to be thoroughly studied [5–7].
The complex physicochemical process of bubble–particle interaction in flotation systems is
influenced by the flotation system agent as well as bubble size [8], bubble dispersion [9],
and particle size [10].

The likelihood of a collision between flocs and bubbles is mainly influenced by their
sizes, which are directly related to floc size and inversely proportional to bubble size [11].
Because such attachment demands a suitably wide contact angle and the hydrophobicity of
the particle surface gradually increases with an increasing contact angle, not all flocs adhere
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to the bubbles [12]. Floating tiny and ultrafine particles is challenging because of the low
bubble–particle collision efficiency [13]. The efficiency of particle–bubble collisions must
be increased to improve fine particle flotation [14]. Numerous experimental findings have
demonstrated that the low sorting efficiency of micro fines is due to their low likelihood
of colliding with bubbles. The small mass, low inertia, and high specific surface area of
microfine minerals make it difficult for them to penetrate the flow line and collide with
bubbles when subjected to fluid viscous forces, as it is simple to follow the flow line around
the bubbles and bypass the bubbles. In addition to bubble collision, the size of flocs and
bubbles significantly impacts how well they adhere to one another [15–18]. Therefore,
thoroughly understanding bubble–particle interactions is essential for raising flotation
sorting efficiency.

Using high-speed dynamic cameras, the motion of hematite flocs on bubble surfaces
is evaluated in this study to reveal the motion velocity and sliding trajectory of flocs with
various particle sizes and various bubble diameters and provide a scientific foundation for
optimizing and improving the flotation process.

2. Materials and Methods
2.1. Materials

(1) Experimental raw materials
The raw materials used in the experiment were pure hematite. The results of a chemical

multi-element analysis carried out on the experimental raw materials are displayed in
Table 1.

Table 1. Chemical multi-elemental analysis results of the experimental raw materials %.

Ingredients Fe Fe2O3 K2O MgO Al2O3 CaO TiO2

Content 67.90 98.42 0.04 0.53 0.78 0.05 0.18

As shown in Table 1, the whole iron grade of the test raw material is 67.90%, and the
main impurities are MgO, Al2O3, etc. The content of other components is relatively small.

Figure 1 shows the results of the laser particle size analysis performed on the experi-
mental material. The volume-weighted average particle size was 10.06 µm.
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Figure 1. Results of particle size analysis of raw materials. 

(2) Preparation of flocculants 

After 30 min of ultrasonic treatment, the experimental materials were put into a mag-

netic  stirrer at  800–900  r/min  for  10 min, and  then different  concentrations of  sodium 

Figure 1. Results of particle size analysis of raw materials.

(2) Preparation of flocculants
After 30 min of ultrasonic treatment, the experimental materials were put into a

magnetic stirrer at 800–900 r/min for 10 min, and then different concentrations of sodium
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oleate solution were added into the beaker and stirred for 2 min to produce hematite flocs
with particle sizes of 32.96, 34.80, 36.65, 38.48, and 39.65 µm. The physical properties of the
prepared flocs were analyzed, and the results are shown in Table 2.

Table 2. Physical properties of hematite flocs.

Solution of
Sodium

Oleate/mg·L−1
Particle Size/µm Fractal

Dimension Aperture/nm Contact Angle/◦ Specific Surface
Area/cm2·g−1

120 32.96 1.8283 19.979 80.21 3.500
140 34.80 1.8251 20.520 92.25 3.350
160 36.65 1.8239 21.090 116.31 3.269
180 38.48 1.8204 21.528 125.17 3.144
200 39.65 1.8172 21.716 126.63 3.112

2.2. Test Observation Device

The experimental observation system consists of a magnetic stirrer, peristaltic pump,
high-speed camera, light source, fine-tuning platform, observation room, and computer, as
shown in Figure 2. During the flocculation process, a magnetic stirrer was used to provide
mechanical stirring. A peristaltic pump was used to take samples from the stirring tank to
maintain the original shape of the floc. By adjusting the position of the observation chamber,
we changed the camera to a suitable focal length to achieve the most precise image for
observation, and the computer outputted the observed floc images. In the experiment, a
TS-3 high-speed camera was used. After tweaking the parameters, it was discovered that
when the shutter speed was 5458 ms and the FPS was 183, the experimental process was
clear and complete. The TS-3 high-speed camera can capture 183 images per second, with a
time gap of around 0.5 ms between shots.
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Figure 2. Experimental apparatus diagram.

2.3. Image Processing

The camera’s photos needed to be processed using software to depict the mineraliza-
tion of the hematite flocs and bubbles accurately because of the influence of the experimental
apparatus. The center of the flocs and bubbles was used as the object of study, and the
position change of the flocs during the sliding on the bubble surface was measured using
Image-Pro Plus and protractor software. The image processing process for the flocs on
the bubble surface was as follows: the merge files tool of Sequence in the Image-Pro Plus
software was opened to import a set of images and pre-process them. In Figure 3, the
measurement parameters are displayed.
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Figure 3 shows that after a drop distance of H, the hematite flocs discharged via the
feed aperture collide with air bubbles. In the diagram, R stands for the bubble diameter,
A for the floc’s lateral position on the bubble surface, C for its longitudinal position on
the bubble surface, θ for the floc’s angle concerning the bubble center, and v for the floc’s
instantaneous sliding velocity.

3. Floc–Bubble Mineralization Process

When the flocs’ particle sizes and the bubbles’ diameters vary, the flocs’ sliding states
change. After the collision between flocs and bubbles, the liquid film on the bubbles’
surfaces extends to the flocs’ surfaces to “wrap” the flocs. In contrast, the sinking process
of the flocs is not visible because the wrapping process covers it, and the outline of the flocs
can be fully photographed, as shown in Figure 4.
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3.1. Variation in the Position of Flocs of Different Particle Sizes on the Bubble Surface

The sliding trajectories of hematite flocs of various particle sizes on the bubble surface
differ. When the downy particle size is high, the inertial force is large, the flocculent
settles faster, and an inertial collision becomes more critical. The greater the particle size,
the quicker the flocs move in a circular motion, and the flocs are the first to slide to the
maximum lateral and minimum longitudinal positions before moving to the bottom of
the bubble and stabilizing. Figure 5 depicts the movement of hematite flocs on the bubble
surface at a bubble diameter of 407.59 µm.
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The greater the particle size of the flocs when they collide with the bubbles, the shorter
the duration spent on the bubble surface, as seen in Figure 5a. The flocs with particle
sizes of 39.65 µm, 38.48 µm, and 36.65 µm pass through the maximum lateral position at
t = 16.5–22 ms; the flocs with particle sizes of 34.80 µm and 32.96 µm pass through the
leading lateral position at t = 22–27.5 ms. At t = 22–27.5 ms, flocs with particle sizes of
34.80 µm and 32.96 µm pass through the maximum lateral position.

The longitudinal position of the flocs remains static for some time after colliding with
the bubbles, as shown in Figure 5b, and the greater the particle size of the flocs, the shorter
the holding period. The flocs with particle sizes of 39.65 µm, 38.48 µm, and 36.65 µm pass
through the longitudinal position of zero at t = 16.5–22 ms, while the flocs with particle
sizes of 34.80 µm and 32.96 µm pass through the longitudinal part of zero at t = 22–27.5 ms.
The flocs with particle sizes of 34.80 µm and 32.96 µm pass through the longitudinal zero
position at t = 22–27.5 ms, while the flocs with particle sizes of 32.96 µm pass through at
t = 27.5–33 ms.

From Figure 5c, it is clear that from t = 0 to 11 ms, there is slight angular variation in
the sliding trajectory of flocs, and from t = 11 to 44 ms, there is a lot of angular variance.
The sliding circuits of flocs with particle sizes of 39.65 µm and 38.49 µm exhibit 180◦ of
angular variation from t = 49.5 ms, and those of flocs with particle sizes of 36.65 µm and
34.80 µm exhibit 180◦ of angular deviation from t = 55 ms. The flocs with 36.65 µm and
34.80 µm particle sizes have an angle of 180◦ at t = 55 ms, and those with 32.96 µm particle
sizes have an angle of 180◦ at t = 60.5 ms. From t = 0 to 11 ms, it is clear that the slope of the
sliding curve is smaller for smaller floc sizes. The flotation efficiency is decreased because
the gravity is lower, and the time it takes to reach the bottom of the bubble is longer when
the floc size is tiny.

Figure 5d shows that the instantaneous sliding velocity of the floc changes more
quickly at t = 5.5–11 ms the larger the floc’s particle size; at t = 11–16.5 ms, the speed
of the floc significantly increases; at t = 16.5–22 ms, it decreases again; at t = 33–38.5 ms,
it increases slightly; and at t = 38.5.5–44 ms, the instantaneous sliding velocity of flocs
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somewhat increases. At t > 44 ms, the fast sliding speed of flocs generally tends to decrease.
The stability on the bubble surface is weaker, the time spent is longer, the fluctuation range
of the instantaneous sliding velocity is more extensive, and flocs’ particle size is smaller.

3.2. Variation in Floc Position on the Surface of Bubbles with Different Diameters

Assuming a floc size of 39.65 mm, a drop height of 21 mm, and a collision angle of
0◦, Figure 6 depicts the motion position of hematite flocs on the surface of bubbles with
diameters of 407.59 µm, 544.52 µm, and 636.15 µm.
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According to Figure 6a, for bubble diameters of 636.15 µm, 544.52 µm, and 407.59 µm,
the flocs glide through the maximum lateral position at t = 16.5–27.5 ms and require 55,
49.5, and 60.5 ms, respectively, to reach the bottom of the bubble.

The greater the bubble diameter, the shorter the time for the flocs to maintain their
longitudinal position following the impact, as seen in Figure 6b. At t = 16.5 ms, the flocs on
the bubble’s surface with a diameter of 407.59 µm are in the same longitudinal position as
those on the bubble’s surface with a diameter of 544.52 µm. The larger the diameter of the
bubble, the faster the change in the transverse position of the floc from t = 0 to 11 ms and
the slower the difference in longitudinal position, which is due to the larger diameter of
the bubble, the gentler curvature, and the more significant component of the transverse
support force on the floc.

Figure 6c shows that the angle of the floc on the bubble’s surface with a diameter of
407.59 µm is 180◦ at t = 60.5 ms; the angle of the floc on the bubble’s surface with a diameter
of 544.52 µm is 180◦ at t = 49.5 ms; and the angle of the floc on the bubble’s surface with a
diameter of 636.15 µm is 180◦ at t = 55 ms. When the bubble had a diameter of 544.52 µm,
the flocs had the shortest movement time on the bubble’s surface.

The higher the bubble diameter, the greater the fluctuation range of the instantaneous
sliding velocity of the flocs on the bubble surface, as shown in Figure 6d. For a bubble
diameter of 636.15 µm, the fast sliding speed of flocs is 35.30 µm·ms−1 at t = 16.5 ms; for a
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bubble diameter of 544.52 µm, the instantaneous sliding velocity of flocs is 30.56 µm·ms−1

at t = 22 ms; and for a bubble diameter of 407.59 µm, the instantaneous sliding velocity of
flocs is 30. At t = 11 ms, flocs’ maximum instantaneous sliding velocity is 18.56 µm·ms−1

for a bubble diameter of 407.59 µm. Because the flocs on the bubble with a diameter of
544.52 µm took the least time to slide over the bubble’s surface and the fluctuation of the
instantaneous sliding velocity was reduced, the bubble with a diameter of 544.52 µm was
deemed better suited for flotation.

4. Study on the Mechanism of Hematite Flocculant–Bubble Mineralization
4.1. Analysis of the Forces on the Surface of the Flocs on the Bubble

The forces on the bubble’s surface can be classified as adhesion or desorption forces
from a kinetic standpoint. The forces impacting the floc on the bubble surface are the
combined forces of adhesion and desorption, and the Bond constant Bo′ (ratio of desorption
to adhesion) is the parameter determining floc–bubble stability, which can be described
with Equation (1):

BO
′ =

FDetach
FAttach

(1)

The detach and attach forces can be expressed as:

FDetach = Fg − Fb + Fd + Fσ (2)

FAttach = Fca + Fhyd (3)

where FDetach is the detach force, mN·m−1; FAttach is the attach force, mN·m−1; Fg is the
gravitational force of the floc, mN·m−1; Fb is the static buoyancy of the floc immersed in the
liquid, mN·m−1; Fd is the additional separation force, mN·m−1; Fσ is the capillary pressure
of the bubble, mN·m−1; Fca is the capillary force at the three-phase interface, mN·m−1; and
Fhyd is the liquid static pressure in the region of the three-phase contact line, mN·m−1.

The hematite flocs were thought to be spherical because their shape resembled a
sphere during the experiments. The directions of these forces are depicted in Figure 7 [19].
In 1999, Heindel T. J. summarized the directions of Fg, Fb, Fd, F, Fca, and Fhyd.
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Because the static buoyancy of the floc submerged in the liquid and the gravity of the
floc are both vertical, as can be seen in Figure 7, the two forces are combined to form the
apparent gravity Fwt, whose expression is

Fwt =
4
3
πR3

P(ρP − ρl)g (4)
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where Rp is the radius of the floc, cm; ρp is the floc body density, g·cm−3; ρl is the density
of the liquid, g·cm−3; and g is the acceleration of gravity, 10 g·s−2.

Equations (2) and (3) are divided to calculate the forces on the right side of the equal
sign as follows:

Fd =
4
3
πR3

PρPac =
4
3
πR3

PρP
1.9ε

2
3

(RB + RP)
1
3

(5)

Fσ= πR2
P

(
2σ

RB
− 2RBρlg

)
sin2

(
π − θ

2

)
(6)

Fhyd= πrR2
P

(
sin2(π − θ/2)

)
ρlgz0 (7)

Fca = −2πRP sin(π − θ/2) sin(π+ θ/2) (8)

where ac is the fluid acceleration, m·s−2; ε is the turbulent energy density, m2·s−3; θ is the
contact angle, ◦; and σ is the surface tension, mN·m−1.

The experiments in this work were carried out in a system with a stationary solution
and no additional separation forces. The effect of liquid static pressure, also disregarded in
this paper’s discussion, is another factor that many researchers will overlook. As a result,
the adhesion force on the three-phase contact line solely consists of the capillary force. Next,
the adhesion and detachment forces are expressed as follows:

FAttach = −2πRPσ sin(π − θ/2) sin(π+ θ/2) (9)

FDetach =
4
3
πR3

P(ρP − ρl)g + πR2
P

(
2σ

RB
− 2RBρlg

)
sin2

(
π − θ

2

)
(10)

The Bond constant Bo′ is denoted using Equations (9) and (10), and it is supplied by:

BO
′ =

FDetach
FAttach

=

4
3πR3

P(ρP − ρl)g + πR2
P

(
2σ
RB
− 2RBρlg

)
sin2

(
π− θ

2

)
−2πRPσ sin

(
π− θ

2

)
sin

(
π+θ

2

) (11)

by substituting σ1 = 66.7 mN·m−1, σ2 = 25.1 mN·m−1, ρl = 1 g/cm3, RB = 203.795 µm,
272.26 µm, 318.075 µm, RP = 32.96 µm, 34.80 µm, 36.65 µm, 38.48 µm, and 39.65 µm.
Substituting the above equation, we then calculated the results as shown in Figures 8 and 9.

Minerals 2023, 13, x FOR PEER REVIEW  8  of  11 
 

 

Because the static buoyancy of the floc submerged in the liquid and the gravity of the 

floc are both vertical, as can be seen in Figure 7, the two forces are combined to form the 

apparent gravity Fwt, whose expression is 

Fwt = 
4

3
πRP

3 ρ
P
 – ρ

l
g    (4)

where Rp is the radius of the floc, cm; ρp is the floc body density, g·cm−3; ρl is the density 

of the liquid, g·cm−3; and g is the acceleration of gravity, 10 g·s−2. 

Equations (2) and (3) are divided to calculate the forces on the right side of the equal 

sign as follows: 

Fd = 
4

3
πRP

3ρ
P
ac = 

4

3
πRP

3ρ
P

1.9ε
2
3

RB+RP

1
3

    (5)

Fσ = πRP
2 2σ

RB
 – 2RBρlg sin2 π – 

θ

2
    (6)

Fhyd = πrRP
2 sin2 π – θ/2 ρ

l
gz0    (7)

Fca = –2πRPsin π – θ/2 sin π + θ/2     (8)

where ac is the fluid acceleration, m·s–2; ε is the turbulent energy density, m2·s–3; θ is the 

contact angle, °; and σ is the surface tension, mN·m–1. 

The experiments in this work were carried out in a system with a stationary solution 

and no additional separation forces. The effect of liquid static pressure, also disregarded 

in this paper’s discussion, is another factor that many researchers will overlook. As a re-

sult, the adhesion force on the three-phase contact line solely consists of the capillary force. 

Next, the adhesion and detachment forces are expressed as follows: 

FAttach = –2πRPσsin π – θ/2 sin π + θ/2     (9)

FDetach = 
4

3
πRP

3 ρ
P
 – ρ

l
g + πRP

2 2σ

RB
 – 2RBρlg sin2 π – 

θ

2
    (10)

The Bond constant Bo′ is denoted using Equations (9) and (10), and it is supplied by: 

BO
’ = 

FDetach

FAttach
 = 

4

3
πRP

3 ρ
P
–ρ

l
g+πRP

2 2σ

RB
–2RBρlg sin2 π–

θ

2

–2πRPσsin π–
θ

2
sin π+

θ

2

    (11)

by substituting σ1 = 66.7 mN·m–1, σ2 = 25.1 mN·m–1, ρl = 1 g/cm3, RB = 203.795 µm, 272.26 

µm, 318.075 µm, RP = 32.96 µm, 34.80 µm, 36.65 µm, 38.48 µm, and 39.65 µm. Substituting 

the above equation, we then calculated the results as shown in Figures 8 and 9.   

32 33 34 35 36 37 38 39 40
0.08

0.10

0.12

0.14

0.16

0.18

0.20

B
O
'

Particle size/μm

 Bubble diameter 407.59 μm
 Bubble diameter 544.52 μm
 Bubble diameter 636.15 μm

 

Figure 8. Bond constant Bo′. Figure 8. Bond constant Bo′.



Minerals 2023, 13, 964 9 of 11
Minerals 2023, 13, x FOR PEER REVIEW  9  of  11 
 

 

32 33 34 35 36 37 38 39 40
2

3

4

5

6

7

8

 Detach force
 Attach force

Particle size/μm

A
tt

ac
h 

fo
rc

e/
10

-3
m

N
/m

2

3

4

5

6

7

8

D
et

ac
h 

fo
rc

e/
10

-3
m

N
/m

 

Figure 9. Adhesion and desorption of floc. 

According to Figure 8, the diameter of the fixed bubble is 544.52 µm, and the Bo′ in 

sodium  oleate  solution  is  0.14177 when  the  flocculant  particle  size  is  39.65  µm  and 

0.118665 when  it  is 32.96 µm. Bo′ rises as  the flocculant particle size  is  increased. As a 

result, the stability of the bubbles, the flocs’ contact angle, and the adhesion and desorp-

tion forces of the flocs all rise as the flocs’ particle size increases in sodium oleate solution. 

In the same liquid, Bo′ increases with the increase in floc particle size, and Bo′ increases 

with the increase in bubble diameter, because the adhesion force of the floc is independent 

of  the bubble diameter, and  the desorption  force decreases as  the bubble diameter  in-

creases. Additionally, Bo′ increases with the increase in the particle size of the floc because 

the desorption force decreases as the bubble diameter increases. 

As seen in Figure 9, the adhesion force to the floc increases as the particle size de-

creases. The adhesion force in sodium oleate solution is 2.16 × 103 mN·m−1 when the floc-

culant size is 32.96 µm. The adhesion force in sodium oleate solution is 4.17 × 103 mN·m−1 

when the flocculant size is 36.65 µm. The adhesion force in sodium oleate solution is 4.99 

× 103 mN·m−1 when the flocculant size is 39.65 µm. The desorption force in sodium oleate 

solution rises as  the floc diameter does. On  the surface of a bubble with a diameter of 

544.52 µm, a floc with a diameter of 32.96 µm is subjected to an adhesion force of 2.56 × 

104 mN·m−1, and on the surface of a bubble with a diameter of 636.15 µm, it is subjected to 

an adhesion force of 2.17 × 104 mN·m−1. In addition, as the floc grows, its desorption force 

and the speed at which it slides across the bubble’s surface grow. 

4.2. Collision–Adhesion Process of Flocs and Bubbles 

Figure 10 depicts the adherence of a hematite floc with a particle size of 39.65 microns 

to the surface of a bubble with a diameter of 544.52 µm. In Figure 11, the distance between 

the flocs and the bubble center is depicted, beginning at 1.83 mm (t = 0 ms) from the bubble 

center during the falling process. 

 

Figure 10. Trajectory of flocs on the surface of bubbles. 

Figure 9. Adhesion and desorption of floc.

According to Figure 8, the diameter of the fixed bubble is 544.52 µm, and the Bo′ in
sodium oleate solution is 0.14177 when the flocculant particle size is 39.65 µm and 0.118665
when it is 32.96 µm. Bo′ rises as the flocculant particle size is increased. As a result, the
stability of the bubbles, the flocs’ contact angle, and the adhesion and desorption forces
of the flocs all rise as the flocs’ particle size increases in sodium oleate solution. In the
same liquid, Bo′ increases with the increase in floc particle size, and Bo′ increases with
the increase in bubble diameter, because the adhesion force of the floc is independent of
the bubble diameter, and the desorption force decreases as the bubble diameter increases.
Additionally, Bo′ increases with the increase in the particle size of the floc because the
desorption force decreases as the bubble diameter increases.

As seen in Figure 9, the adhesion force to the floc increases as the particle size decreases.
The adhesion force in sodium oleate solution is 2.16 × 103 mN·m−1 when the flocculant
size is 32.96 µm. The adhesion force in sodium oleate solution is 4.17 × 103 mN·m−1

when the flocculant size is 36.65 µm. The adhesion force in sodium oleate solution is
4.99 × 103 mN·m−1 when the flocculant size is 39.65 µm. The desorption force in sodium
oleate solution rises as the floc diameter does. On the surface of a bubble with a diameter
of 544.52 µm, a floc with a diameter of 32.96 µm is subjected to an adhesion force of
2.56 × 104 mN·m−1, and on the surface of a bubble with a diameter of 636.15 µm, it is
subjected to an adhesion force of 2.17 × 104 mN·m−1. In addition, as the floc grows, its
desorption force and the speed at which it slides across the bubble’s surface grow.

4.2. Collision–Adhesion Process of Flocs and Bubbles

Figure 10 depicts the adherence of a hematite floc with a particle size of 39.65 microns
to the surface of a bubble with a diameter of 544.52 µm. In Figure 11, the distance between
the flocs and the bubble center is depicted, beginning at 1.83 mm (t = 0 ms) from the bubble
center during the falling process.
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As seen in Figure 10, the liquid layer on the bubble’s surface quickly stretches to the
floc’s surface to “wrap” the particles when the floc and bubble collide. As a result, the
floc’s sinking process is obscured by the wrapping process. In the diagram, the liquid film
between the particles and the bubbles gradually becomes more apparent (brighter and
larger), yet the shape of the particles is always clearly discernible. The flocs flip as they
come into contact with the bubbles because of their asymmetrical design, stabilize on the
bubble surface following the flip, and then glide along the bubble surface.

Figure 11 depicts the process by which a single flocculate slides to the bottom of the
bubble after 60.5 ms, beginning 1.83 mm from the bubble’s center (at this point, t = 0 ms). The
distance between the floc and the center of the bubble is measured during this procedure.
According to Figure 11, the flocs have the smallest distance of 0.27 mm from the bubble’s
center at t = 44 ms. It appears that a stable three-phase wetting periphery is formed between
the flocs and the surface of the bow at this point; as the flocs gradually approach the bubble
and collide, the distance from the center of the bubble decreases after impacting the surface
of the bubble, and the flocs slide along the outer edge of the bubble to the bottom of the
bubble and stabilize after buffering.

In summary, there are three stages to the floc migration process: (1) Before impacting
the bubble surface, the floc’s radial position rapidly changes, simulating the precise settling
movement of particles in solution; (2) the floc’s movement slows down as it comes to touch
the bubble’s surface, and the longitudinal position stays the same for a while. At this point,
the liquid film covering the bubble’s surface encloses the portion of the particle touching
it, enabling the particle to slip through the liquid film between the two; (3) because this
floc is hydrophobic, the liquid bubble film ruptures at this point. This rupture initiates a
gas–liquid–solid three-phase contact, which causes an instantaneous change in the floc’s
vertical position. This contact typically lasts for about 5.5 ms. A stable three-phase interface
forms at this point, and the distance between the floc and the bubble center does not change
as the floc slides.

5. Conclusions

1. At a fixed bubble diameter of 544.52 µm, as the floc diameter increases, the time it
takes for the floc to slide to the bottom of the bubble and stabilize decreases, and the
instantaneous dynamic velocity changes more gradually, which is more conducive to
the floc adhering to the bubble surface. The floc’s diameter reached 49.5 ms, and its
highest instantaneous velocity was 28.67 µm·ms−1.

2. The time taken for the floc to adhere to the bottom of the bubble is the shortest and
the fluctuation range of the instantaneous sliding velocity of the floc is the smallest
with a fixed floc size of 39.65 µm and bubble diameter of 544.52 µm, which make it
more likely for the floc to adhere to the bubble surface after the collision.

3. After looking into the process of flocs on bubble surfaces, it was discovered that floc
particle size RP and bubble width RB are the two key variables influencing the force
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of particles on bubble surfaces. The desorption force on the flocs is reduced and
the Bond constant Bo′ is increased with increasing floc particle size. Conversely, the
adhesion force on the flocs increases and the desorption force increases with growing
floc particle size.
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