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ABSTRACT: The slurry phase, foam phase, and slurry−foam
phase interfaces are the typical locations for bubble-particle
detachment, and significant advancements have been achieved in
the detachment theory of the slurry phase and foam phase.
However, the microscopic detachment mechanism of particles at
the slurry−foam phase interface is still unclear. Specifically, there is
still debate concerning the collision detachment mechanism of
bubble-particle aggregates. Thus, this work investigated the effects
of particle size and hydrophobicity on bubble-particle collision
detachment. First, a tensiometer detected the detachment force
between particles and bubbles. Next, using a high-speed dynamic
camera, the collision detachment probability and detachment
behavior of bubble-particle aggregates at the interface (solid surface) were statistically recorded and captured. Last, MATLAB
software was used to analyze the trajectory and velocity of the particles and the velocity and projected area of the bubbles in the
process of bubble-particle collision detachment. This allows for a deeper investigation of the mechanism underlying the detachment
of particles of various sizes and hydrophobicity. It is discovered that as particle hydrophobicity increases, the probability of bubble-
particle collision detachment reduces. This is because when particle hydrophobicity increases, so does the interaction force between
particles and bubbles, improving the stability of the bubble-particle aggregates. Simultaneously, it is discovered that there are notable
differences in the collision detachment mechanisms of various particle sizes. Due to their low gravity, the fine particles in the bubble-
particle aggregate will slide down the bubble’s surface when it collides with the solid surface. This differential velocity motion
between the particle and the bubble plays a significant role in the fine particles’ detachment. However, the gravity of the coarse
particles is strong enough to squeeze the bubbles vertically, and bubble oscillation is an important reason for the detachment of the
bubble-particle aggregates. The study’s findings advance our understanding of the bubble-particle collision detachment mechanism
and offer a theoretical direction for investigating collision detachment behavior at the real slurry−foam phase interface.

1. INTRODUCTION
Flotation is an interface separation technique that selectively
separates valuable minerals from gangue minerals by taking
advantage of the variations in the physical and chemical
characteristics of particle surfaces.1,2 The three subprocesses of
bubble particle mineralization�collision, attachment, and
flotation of bubble-particle aggregates�make up the funda-
mental component of flotation.3−5 The ultimate flotation
efficiency and maximum size of a particle that may float are
determined by the detachment behavior of the particles.
The examination of bubble-particle aggregate force balance,

which is where the classic research on bubble-particle
detachment begins, favors the turbulent centrifugal detachment
hypothesis.6−8 The detachment of spherical particles stuck to
bubbles was investigated by Nutt.9 The particles were extracted
from the gas−liquid interface utilizing an external flow field’s
centrifugal force. To determine the critical detachment force of

particles, a theoretical calculation model for centrifugal,
buoyancy, and capillary forces was developed. By taking into
account the effect of turbulent vortices on bubble-particle
detachment, Schulze et al.10,11 substantially improved this
theory. The particle will separate from the bubble surface when
the centrifugal force is greater than the force between particles
and bubbles.
Bubble-particle detachment occurs primarily at the foam and

slurry−foam interfaces, as well as in the slurry phase.12,13 Ata14

used an experimental system to investigate how bubble
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merging affects bubble-particle detachment behavior. The
findings indicate that the bubble merger will result in bubble
oscillation and a decrease in bubble surface area, which will
impair the bubble surface’s payload capacity and trigger
bubble-particle detachment.15 Furthermore, Ata14 discovered
that there was a functional relationship between the bubble
merging time and the particle coverage on the bubble surface
that was monotonically increasing. In other words, the longer
the bubble merging time, the higher the particle coverage on
the bubble surface, suggesting that the particles attached to the
bubble surface would have some damping effect on bubble
merging. The slurry−foam phase interface and bubble-particle
detachment process have complex features; the detachment
mechanism is unknown. According to some researchers, the
primary cause of bubble-particle detachment is the change in
kinetic energy that occurs when the bubble-particle aggregate
impinges on the interface. According to Falustu and
Dobby,16,17 a significant amount of bubble-particle aggregates
were detached at the slurry−foam phase interface. This was
thought to be caused by a shift in kinetic energy that occurred
both before and after the bubble-particle aggregates collided.
According to Seaman et al,18 bubble-particle detachment was
produced by the change in kinetic energy brought about by the
aggregate traveling across the slurry−foam phase interface as
well as bubble oscillation. Selective detachment was seen as a
result of the distinct characteristics of the particles. Other
researchers, on the other hand, have discovered that bubble-
particle detachment in this region is primarily caused by the
bubble merger and the disturbance brought about by the
interface region rather than the change in kinetic energy at the
slurry−foam phase interface.19 A high-speed dynamic camera
was employed by Irelan and Jameson20 utilizing a test
apparatus to monitor the movement and collision of the
bubble-particle aggregates at the interface. The findings
demonstrate that the majority of the particles remain attached
to the bubble even after collision, suggesting that the bubble-
particle aggregates’ kinetic energy was dispersed during the
initial stages of collision with the interface. As a result, the
particles only move smoothly on the bubble’s surface and
retain their attachment state. There is ongoing debate about
the collision detachment mechanism of the bubble-particle
aggregates at the slurry−foam phase interface.
This study investigates the impact of particle size and

hydrophobicity on the detachment behavior of bubble-particle
aggregates at the solid interface.21 Using a tensiometer, the
detachment force between particles and bubbles was
determined. The collision detachment probability and detach-
ment behavior of the bubble-particle aggregates at the solid
surface were statistically recorded by using a high-speed
dynamic camera. Last, the mechanism of bubble-particle
collision detachment with varying hydrophobicity and sizes
was investigated by analyzing particle trajectory and velocity,
bubble velocity, and projected area by using MATLAB
software. A thorough comprehension of the phase interface
collision detachment mechanism is essential for enhancing the
flotation process’s bubble-particle detachment mechanism and
serving as a roadmap for increasing the maximum flotation
particle size.22

2. EXPERIMENTAL SECTION
2.1. Materials. The glass beads employed in this

experiment have diameters of 0.5 and 1 mm, respectively,
and have consistent characteristics and smooth surfaces. The

glass beads’ surface was cleaned using acetone, ethanol, and
ultrapure water before modification. The cleaned particles were
added to varying quantities of a dodecylamine hydrochloride
(DAH) solution to alter the hydrophobicity of the glass beads.
To guarantee that the particle was consistently hydrophobic, a
magnetic stirrer was employed for 30 min. The suspension
method was used to measure the modified glass beads’ contact
angle. Three distinct contact angles were hydrophobic for 0.5
mm glass beads: 55°, 60°, and 65°; three different contact
angles were hydrophobic for 1 mm glass beads: 60°, 65°, and
70°.

2.2. Bubble-Particle Interaction Force Test. The
JK99M2 tensiometer is used to measure the interaction force
between the bubble and the particle, and it is capable of
measuring the attachment and detachment forces between
bubbles and particles on a microscale. As illustrated in Figure
1, a bubble-particle interaction force measurement system

consists of a camera, light, glass cell, lifting platform,
tensiometer, and computer. It mainly measures the interaction
force between particles and bubbles through an internal
analytical balance. With a contact angle of 150°, a bubble
through superhydrophobic glass sheets fixes the sample tank’s
bottom.
Before the test began, a microsyringe was used to create a

bubble with a diameter of about 2.5 mm on the super-
hydrophobic glass sheet at the bottom of the sample tank. A
capillary tube containing particles was secured to the gripper
device of the tensiometer. The lifting platform is driven by the
computer to move upward at a speed of 0.01 mm/s, causing
particles and bubbles to contact and adhere, and then
downward until the particles and bubbles are entirely
separated, allowing the computer to process and output the
test data.

2.3. Observation of Bubble-Particle Collision Detach-
ment Behavior. As illustrated in Figure 2, a bubble-particle
collision detachment behavior observation system consists of a
high-speed dynamic camera, an observation tank, a light, a
syringe, a capillary, a collision substrate, a manual displacement
platform, and a computer. The bottom of the tank is
constructed as a pyramid-shaped tank, and a cylindrical groove
is created to allow particles to separate from the bubble surface
and return to a fixed place, facilitating the subsequent collision
test. The side wall of the sink is fixed with a capillary tube
connecting a cylindrical groove, and the other end of the
capillary tube is connected to a syringe to produce bubbles and
particles for collision and attachment. To increase the
probability that particles and bubbles will collide at the

Figure 1. Bubble-particle interaction force measurement system.
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capillary port and produce an ascending bubble-particle
aggregate, a syringe is positioned horizontally in the bottom
groove and filled with the solution. As a collision substrate for
bubble-particle aggregates, a fixed device horizontally fixes a
sapphire (Al2O3) substrate to prevent the bubble-particle
aggregate from adhering to the substrate during the collision.
The sample sapphire sheet has a side length of 2.5 cm and a
thickness of 0.2 mm.
The test observation tank is filled with the hydrophobic glass

beads and solution, and the collision substrate is raised to the
desired liquid level height. A 3.0 mm bubble is created at one
end of the capillary tube using the syringe under control. The
horizontal syringe is adjusted at the same time to cause the
glass beads in the groove to migrate in the direction of the
bubble and crash with it to create a bubble-particle aggregate.
The bubble-particle aggregate floats upward from the bottom
of the groove due to buoyancy until it collides with the
substrate. A high-speed dynamic camera recorded the bubble-
particle detachment behavior during this collision.

2.4. Image Processing. Matlab software was used to
monitor the motion trajectory of particles and bubbles and to
examine the motion state to further explore the collision
detachment behavior of bubble-particle aggregates. From the
trajectory of the particles, the position coordinate data are
collected. It investigated how the velocity of particles changed
during ascent, collision, and separation. The motion path of
the bubble-particle aggregates generated by two particles of
different sizes is shown in Figure 3. In the slurry phase, the
bubble-particle aggregate does not rise vertically but swings left

and right instead. The trajectory is an “S” curve, and the
particles have been sliding on the surface of the bubble.

3. RESULTS AND DISCUSSION
3.1. Bubble-Particle Interaction Force Test. To clarify

the effect of particle hydrophobicity on the interaction force
between particles and bubbles, smooth glass beads with a
diameter of 0.5 mm and contact angles of 55°, 60°, and 65°
were selected to test the detachment force between different
hydrophobic particles and bubbles in the tensiometer. The test
results are shown in Figure 4. The detachment force between

particles and bubbles increased progressively with a rise in
particle hydrophobicity, reaching values of 35.7, 40.2, and 45.6
μN, in that order. This is mostly due to the particles being
more hydrophobic, which lengthens the three-phase contact
line between particles and bubbles.23,24

For the bubble-particle interaction force testing, glass beads
with a diameter of 1 mm and contact angles of 60°, 65°, and
70° were chosen. By comparing the test results of 0.5 mm
particles with the same contact angle, we investigated the effect
of the particle size on the detachment force and stability of the
bubble-particle aggregate. The interaction force change curves
of 1 mm glass beads during the bubble-particle detachment

Figure 2. Bubble-particle collision detachment behavior observation system.

Figure 3.Movement trajectory of particles with different sizes: (a) 0.5
mm particle and (b) 1 mm particle.

Figure 4. Change curves of interaction force in the process of bubble-
particle detachment with 0.5 mm particles under different hydro-
phobicity.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08918
ACS Omega 2024, 9, 4966−4973

4968

https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08918?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08918?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


process are depicted in Figure 5. The critical detachment force
of 1.0 mm particles is 51.6 56.1, and 65.8 μN, 56.1 μN and

65.8 μN, respectively. Both values are higher than 0.5 mm
particles under the same hydrophobicity. This is mostly
because as the particle size grows, so does the force needed to
initiate detachment between particles and bubbles. The
detachment force, on the other hand, is proportional to the
particle mass or, more specifically, proportionate to the cube of
the particle size according to the force analysis of the particle
detachment process. Coarse particles detach more readily than
fine particles because the attachment is simply proportional to
the particle size.25,26

The process of flotation is dynamic and ongoing, and the
bubble-particle aggregate is vulnerable to a variety of unsettling
circumstances.27 As a result, it is impossible to assess the
difficulty of mineral particle flotation solely by measuring the
interaction force between quasi-static particles and bubbles. To
examine the factors affecting particle detachment, further
research on the dynamic detachment process of bubble-particle
aggregates is required.

3.2. Probability Test of Bubble-Particle Collision
Detachment. Using a high-speed dynamic camera, we
examined the collision detachment probability of the bubble-
particle aggregates at the slurry−foam interface (solid surface).
For the collision detachment test, three different types of
hydrophobic glass beads with diameters of 0.5 and 1 mm were
chosen, and the collision probability under various particle
sizes and hydrophobicity was examined. Figure 6 illustrates the
results of the 50 tests that each group performed to determine
the collision detachment probability under various circum-
stances. When the particle size is the same, the collision
detachment probability decreases as the hydrophobicity
increases. Additionally, an increase in hydrophobicity can
greatly strengthen the attachment between the particle and the
bubble, improve the stability of the bubble-particle aggregates,
and lower the collision detachment probability. When 0.5 and
1 mm particles with the same hydrophobicity were investigated
for collision detachment behavior, the bubble-coarse particle
aggregates showed a larger detachment probability. The
attachment between the particle and the bubble can increase

with increasing particle size, but the increased gravity causes
the bubble-particle aggregate to become less stable, increasing
the detachment probability overall.28

3.3. Research on the Collision Detachment Mecha-
nism of Bubble-Particle Aggregates. 3.3.1. Effect of
Particle Size on Bubble-Particle Collision Detachment. A
high-speed dynamic camera recorded the bubble-particle
collision process, and the detachment behavior of bubble-
particle aggregates with varying particle sizes was examined.
The collision detachment process of identically hydrophobic
0.5 and 1 mm particles is depicted in Figure 7. It is clear from

intuition that the two particle sizes exhibit significantly
different postcollision deceleration behavior. Following the
collision between fine particles and bubbles, the fine particles
slide and slow down on the surface of the bubbles while the
bubbles slightly deform. Because the larger the particle, the
higher its gravity becomes, causing the coarse particles to
always dangle below the bubble, the slip degree of the coarse
particles on the bubble’s surface is significantly decreased. The
bubble is compressed by the impact of the vertical collision

Figure 5. Change curves of interaction force in the process of bubble-
particle detachment with 1 mm particles under different hydro-
phobicity.

Figure 6. Collision detachment probability of bubble-particle
aggregates with various particle sizes and hydrophobicity.

Figure 7. Collision detachment process of bubble-particle aggregates
with 0.5 mm particles and 1 mm particles under the same
hydrophobicity: (a) 0.5 mm particle and (b) 1 mm particle.
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between the particle and the bubble, which significantly raises
the bubble’s degree of deformation and lowers the coarse
particle velocity.29,30

To further analyze the effect of particle size on collision
detachment, the spatial position coordinates before and after
the bubble-particle collision were extracted to study the
velocity variation of the bubble-particle aggregates during
collision detachment. Figure 8 illustrates the velocity variation
curves of various-sized particles and bubbles throughout the
collision detachment process. The velocity of fine particles and
bubbles continuously drops when the bubble-particle aggregate
collides with the substrate with the bubbles decreasing more
quickly. When there is the greatest velocity differential between
particles and bubbles, detachment takes place. The velocity of
coarse particles and bubbles, on the other hand, exhibits the
identical pattern of first reducing and then increasing, with no
discernible velocity difference during the velocity change
process. We infer that the detachment of fine particles, but not
of coarse particles, is mostly caused by the velocity differential
between particles and bubbles.31,32

Additional examination was conducted on the alterations in
the bubble projection area of the bubble-particle aggregates,
which were created by particles with varying sizes during the
collision process, as illustrated in Figure 9. The coarse particle
extrusion during collision causes the bubble to shake
significantly, as evidenced by the fact that the coarse particle
aggregate’s variation of bubble area during collision is higher
than that of the fine particle aggregate. It is worth noting that
the coarser aggregate’s bubble area still varies significantly after
the collision as compared to fine particles, suggesting that
bubble oscillation is the primary driver of coarse bubble-
particle aggregate detachment.33

3.3.2. Effect of Particle Hydrophobicity on Bubble-Particle
Collision Detachment. Analysis was performed on the bubble-
particle collision photos under various particle sizes and
hydrophobicity. Figure 10 shows the important locations
during the collision. The findings indicate that the primary
factor influencing the bubble-particle detachment mechanism
is the particle size. Particles of the same size but with varying
hydrophobicity displayed the same detachment pattern.
Bubble oscillation is the main source of 1 mm particle

Figure 8. Comparison of particle velocity during collision detachment of bubble-particle aggregates with different particle sizes: (a) 0.5 mm particle
and (b) 1 mm particle.

Figure 9. Comparison of projected bubble area during collision
detachment of bubble-particle aggregates with different particle sizes.

Figure 10. Key images of the bubble-particle collision detachment
process under different particle sizes and hydrophobicity: (a) 0.5 mm
particle and (b) 1 mm particle.
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detachment, while velocity difference is the main cause of 0.5
mm particle detachment.
The particle velocity change curves under various hydro-

phobicity settings throughout the fine bubble-particle
aggregate collision detachment process are depicted in Figure
11. Particle velocity rapidly decreases with time after the

bubble-particle aggregate collides with the substrate. For
instance, at θ = 55°, there is a duration difference of around
8 ms and a speed difference of approximately 100 mm/s
between the collision and detachment points. The duration
and velocity difference needed for particle detachment steadily
increase with increasing particle hydrophobicity. At θ = 65°,
there is a time difference of approximately 26 ms and a velocity
differential of approximately 210 mm/s between the collision
and detachment points. It is demonstrated that when particle
hydrophobicity increases, the stability of the bubble-particle
aggregate also increases.
Figure 12 shows the change curves of the bubble area during

the bubble-particle collision detachment process with 1 mm
particles under different hydrophobicity. Time-wise, the
projected area of the bubble varies drastically once the
bubble-particle aggregate collides with the substrate. After the
collision, the bubble area for θ = 60° varies by 0.6 mm2, with a
14 ms time difference between collision and detachment.
Particle detachment increasingly requires more time and area
fluctuation as the particle hydrophobicity increases. The area
fluctuation of the bubble after collision detachment is in the
range of 1.2 mm2, and the time difference between the collision
point and the detachment point is around 28 ms when θ = 70°.
It is shown that the stability of bubble-particle aggregates is
enhanced with an increase in particle hydrophobicity. This is
consistent with the conclusion of bubble-particle collision
detachment probability in Section 3.2.

4. CONCLUSIONS
As particle hydrophobicity increases, the probability of
detachment of the bubble-particle collision decreases. This is
because the interaction force between particles and bubbles
increases, enhancing the stability of the bubble-particle

aggregates. It has been discovered that particles of different
sizes detach due to collision through different mechanisms.
When a bubble-particle aggregate collides with the solid
surface, the fine particles tend to slide down the bubble’s
surface due to low gravity. This sliding motion between the
particles and the bubbles creates a differential velocity that
plays a significant role in the detachment of fine particles.
However, the strong gravity of coarse particles can cause
bubbles to squeeze vertically and bubble oscillation can
contribute to bubble-particle detachment. It was discovered
that detachment mode was only related to particle size but not
to particle hydrophobicity. Particle hydrophobicity can only
increase the stability of the bubble-particle aggregate by
gradually increasing the duration and velocity difference
needed for the detachment of fine particles and the time and
area fluctuation needed for the detachment of coarse particles.
This paper examines, in a rather ideal setting, the collision

detachment behavior of bubble-particle aggregates on solid
surfaces, excluding the influence of the foam layer at the
slurry−foam phase interface. To investigate the collision
detachment behavior of bubble-particle aggregates at the real
slurry−foam phase interface, a foam layer coated with bubble-
particle aggregates may be added to the test in later research. A
3D detachment model of bubble-particle aggregates can be
developed by observing the detachment behavior using several
cameras. Real flotation is not limited to bubble-particle
aggregates with single particles; in the future, we can
investigate the mechanism of particle−particle interaction in
bubble-particle aggregates with multiparticles by studying the
multiparticle model.
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