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Abstract: Particle-bubble interaction during electro-flotation of cassiterite was investigated by determining the recovery of
cassiterite and the collision mechanism of cassiterite particle and H, bubble. Flotation tests at different conditions were conducted in
a single bubble flotation cell. The recovery of cassiterite was found to be affected by cassiterite particle and bubble size. A matching
range, in which the best recovery can be obtained, was found between particle and bubble size. Collision, attachment, and
detachment of the particle—bubble were observed and captured by a high-speed camera. Particle-bubble collision and attachment
were analyzed with the use of particle-bubble interaction theory to obtain the experimental results. An attachment model was
introduced and verified through the photos captured by the high-speed camera. A bridge role was observed between the bubbles and
particles. Particle—bubble interaction was found to be affected by bubble size and particle size, which significantly influenced not
only the collision and attachment behavior of the particles and bubbles but also the flotation recovery of fine cassiterite particles.
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1 Introduction

The study of collision and attachment between solid
particles and air bubbles in aqueous solutions is the key
to understanding froth flotation. Therefore, considerable
attention has been focused on understanding and
controlling the interactions between colliding particles
and bubbles [1-5]. In water, the interaction between
particles and air bubbles is a key element to effectively
recover valuable minerals via the flotation process [6].
Bubble—particle interaction involves a number of
micro-processes, which can be categorized into collision,
attachment, and  detachment. these
micro-processes have not been well understood from a
quantitative viewpoint despite recent advancements in
this field.

Bubble—particle attachment is strongly controlled by
surface properties, which are characterized by surface
forces and the thinning and rupture of the water film
formed when the bubble and the particle are close to
each other. Intermolecular (van der Waals), electrical

However,

(double layer), and hydrophobic forces significantly
contribute to the surface force interaction between a
hydrophobic particle and a gas bubble; these forces are
currently being investigated with technologies such as
atomic force microscopy [7—11].

The particles dispersed in the bulk liquid during
flotation are captured by rising air bubbles, and these
particles and bubbles float together to the surface where
they form a froth layer. The particles are mainly
hydrophobic, which means air bubble capture is
enhanced. However, those particles with less
hydrophobicity can be transferred to the froth because
they can be entrained as a result of rising bubbles. Some
particles may detach from the bubbles once they enter
the froth phase [12—14]. Only the hydrophobic particles
that adhered to the surface of the air bubbles can be
floated. Therefore, the probability of attachment
determines the selectivity of flotation, whereas the
probability of collision critically determines the recovery
of cassiterite. Some of the particles are detached from the
surface because of inertia and turbulence in a flotation
cell. Attachment and detachment are significantly
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determined by the surface chemistry of the bubbles and
particles present in the flotation cell. However,
predicting the probabilities of these subprocesses with
surface chemistry parameters, such as the contact angle,
z-potential, and Hamaker constant, is difficult [15].

Bubble size significantly affects the fine particle flotation.

Some researchers have shown that the low flotation
recovery of fine particles is mainly caused by the low
probability of bubble—particle collision, which is
conversely proportional to bubble size [16,17]. That is,
the use of small-sized bubbles can increase the
probability of collision and the flotation efficiency of
fine particles.

Visualization techniques are becoming increasingly
popular to investigate particle-bubble attachment
[18—20]. A high-speed camera was used to study
particle—bubble attachment in flotation; the method
involved  photographically recording the entire
particle—bubble attachment process [21—25]. Previous
studies have focused on the single particle rotation
during saltation through high-speed photography [26,27]
or photography using a stroboscope [28]. KALE et al
[29] presented a method based on laser Doppler system
to determine the irregular particle rotation. However, the
observations were mainly restricted to qualitative
descriptions. Few quantitative experimental studies on
single particle—single bubble attachment in flotation have
been reported.

In this study, a high-speed imaging photography
system was used to obtain the direct quantitative
measurements of bubble (produced via electrolysis in an
aqueous solution) size and to observe motion and
particle—bubble interaction. Detailed measurements of
particle—bubble aggregation determined the time of
water film thinning to characterize attachment interaction.
The models assumed to describe the adhesion ways
between particle and bubble were introduced.

2 Experimental

2.1 Materials

A high-grade cassiterite concentrate was formed by
gravity separation of a tin ore, which was obtained from
Gaofeng Mining Co., Ltd. in Guangxi Autonomous
Region, China. The concentrate was further purified by
removal of traces of magnetic impurities with a magnetic
separator: CaCO; was removed by addition of a dilute
hydrochloric acid solution (concentration of 1%) and
stirring for about a week, and SiO, was removed with the
use of a shaking table. Chemical analysis of the
concentrate sample showed that the final solution
contained 94% SnO,, which was considered adequately
pure for research purposes.

Salicylhydroxamic acid (SHA) with 99% purity was

obtained from Shanghai Jingchun Reagent Limited
Company and was used as a collector. Tributyl phosphate
(TBP) was obtained from Changsha and was used as an
assistant collector. Other chemicals utilized in the test
were also analytically pure. Distilled water was used in
the experiments.

Two single bubble electro-flotation tubes were
prepared for flotation. Bubble size and the interaction
between fine cassiterite particles and H, bubbles were
observed.

2.2 Bubble and particle preparation

The H, bubbles produced from the cathode were
used to carry fine cassiterite particles. Bubble size was
controlled by the cathode aperture. The O, bubbles
produced by the anode were separated by the PTFE
diaphragm and exported from the latex tube connected
above the anode. Cassiterite particles with several size
fractions were prepared through wet milling and
hydraulic graduation. Analysis of the particle size of the
sample was conducted on Master sizer 2000 (Malvern/
England) instrument to determine the presupposed range
of the grain size, the test for each sample was repeated
three times. The results are shown in Fig. 1.

2.3 Electro-flotation

Electro-flotation experiments were conducted in a
modified Hallimond tube (100 mL in volume, Fig. 2).
The internal diameter of the tube was 24 mm, and the
length of the flotation tube was extended to 231 mm to
reduce mechanical entrainment of the particles.
Entrainment is the mechanical transport of the
concentrate after being caught because of rising flotation
bubbles, a phenomenon that causes upward liquid flow.
Entrainment becomes a problem as the particle size
decreases because of the low sedimentation rate of fine
particles.

2.4 High-speed camera measurements of particle—

bubble interaction

Figure 3 shows flake graphite and millipore
filtration, and a steel-wire screen was placed at the
corresponding place of the experimental cell before the
experiment. The chamber was completely filled with 1%
Na,SO, solution. Positive and negative electrodes were
connected to DC power supply. Then, the computer,
hardware, and software of the high-speed camera and the
DC power supply were switched on. The position of the
experimental cell was adjusted until clear images from
the camera were obtained. Bubbles entered the
experimental cell during flotation or agitation. These
bubbles will then move upward because of buoyancy.
The motion and process of particle-bubble collision and
attachment were captured by a high-speed camera when
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Fig. 1 Particle size analysis of cassiterite: (a) <10 pm SnO,; (b)
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Fig. 3 Experimental apparatus of high-speed camera
measurements

the bubbles passed through the visualization area. The
data were then transferred to a PC workstation.

A high-speed camera with a 75 mm lens at F4.5,
2000 f/s shutter speed was used to capture the bubble
images. The bubbles were back-illuminated by a 1000 W
halogen light that shone on refraction screens located
behind the tank and that provided even illumination. The
bubble images were directly stored in a computer and
were analyzed. Pixel resolution was calibrated by
imaging of a ruler located on the plane of the rising
bubbles. Analysis of bubble size was conducted with
SigmaScan, a commercially developed software
program. Results show an average of 12 randomly
chosen images captured by the high-speed camera.

3 Results and discussion

3.1 Electro-flotation response of cassiterite particles
The average size of the bubbles produced by the
different cathode apertures was studied to investigate the
flotation behavior of fine cassiterite and the matching
relationship between particles and bubbles. Figure 4
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Fig. 4 Average size of bubbles produced by different cathode
apertures
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shows the results. Figure 5 presents the relationship
between recovery and bubble size (controlled by the
cathode apertures) for different particle sizes of
cassiterite in the presence of collectors (SHA and TBP).
Figure 4 shows that the average sizes of the bubbles
produced by the 38, 50, 74, 150, 250, 420 and 1000 um
cathode apertures are 20.2, 29.5, 44.6, 59.2, 68.7, 78.5,
and 88.8 pm, respectively. These data serve as a
reference to examine the mutual matching relationship
between particle and air bubbles. These results also
illustrate that the bubble size increases slightly with an
increase in the cathode aperture, but the range decreases
when the cathode aperture increases to a certain value.
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Fig. 5 Relationship between recovery rate and bubble size for
different sizes of cassiterite particles in the presence of SHA at
30 mg/L, pH 6.5 and 1% pulp density

The recovery of cassiterite (<10 pm) changes
sharply as the bubble size increases. The recovery of
cassiterite (<10 pm) is only 39.74% when the bubble size
is 20 um. However, the recovery of cassiterite (<10 pm)
sharply increases to 56.15% when the bubble size is
about 45 um. The recovery of cassiterite (<10 pm)
obviously decreases as the bubble size increases from 59
to 79 pum. The other two size fractions of cassiterite
particles demonstrate similar behavior. Figures 4 and 5
show typical results, in which different particle sizes
have corresponding bubble sizes: <10, 10—20, and 20—-38
pum cassiterite particles match with 44.6, 59.2, and 68.7
um bubble sizes, respectively. Each particle size fraction
of cassiterite corresponds to a certain range of bubble
size, in which the highest recovery can be achieved.
These experimental results are interpreted by
particle—bubble interaction theory. This study
demonstrates the advantages of utilizing small bubbles to
improve the recovery of fine particles.

3.2 Bubble size distribution
The size distribution of the bubble generated from

the cathode under the initial condition was measured
with the device shown in Fig. 3. This device is mainly
composed of a sampling tube (a viewing chamber) fixed
on the test bench. The closed assembly was filled with
Na,SO, solution similar to that in the flotation cell to
limit changes in the bubble environment during
sampling. The bubbles rose into the viewing chamber
and were captured by the high-speed camera as they
collided, attached, and detached with the cassiterite
particles or other bubbles. Bubble size was controlled
with the use of stainless steel sieves.

The bubble distributions of different planes (front,
back, side plane) in the same position were studied, and
the results are shown in Figs. 6(a)—(c), respectively,
which clearly demonstrate the average size and even
distribution of the bubbles. Collision and attachment
between bubbles occurred.

3.3 Particle-bubble and bubble-bubble collision
processes

Particle—bubble collision presumably occurs in the
section of the particle surface between angle 0° and the
maximum possible collision angle (the theoretical
maximum being 90°) [30]. The bubble size was
controlled with a 74 um cathode aperture. The particle
size range was <10 pum in this part. The bubble—particle
collision process was studied with the high-speed camera.
Bubble—particle and bubble—bubble collisions during the
experimental measurements were captured at different
times (Fig. 7).

The round objects in Fig. 7 are H, bubbles, whereas
the irregular objects are cassiterite particles. The three
obvious bubbles labeled 1, 2, and 3 were tracked within a
short time and represented the changes in the shape and
size of the bubbles and the particle-bubble collision
process. The first sample of photos displayed at 1.085 s
(Fig. 7(a)) shows that the three bubbles are self-existent,
the particles are evenly scattered in the solution, and a
few particles adhered on bubbles 1 and 3. Figure 7(b)
shows that the collision between bubbles 1 and 3
occurred at 1.1425 s, and additional particles adhered to
the three bubbles. Figures 7(c)—(e) show the attachment
and merging of the bubbles. However, the merging of the
bubbles was not completed, as indicated by Figs.
7(f)—(h). The reasons can be summarized as follows.
First, bubble velocity affects the attachment and merging
of bubbles. The velocities of bubbles 1 and 3 are
different, as indicated by the changes in position of these
bubbles. The velocity of bubble 1 is higher than bubble 3
in the beginning at 1.085 s, but that of bubble 3 becomes
higher than bubble 1 from 1.36 to 1.475 s. Bubble
velocity is affected by the Dbubble size.
The velocity of the small bubble in this study is higher
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Fig. 7 Collision, adhesion and detachment between bubbles adhered to cassiterite particles at different counting times

than that of the large bubble. Second, bubble property is
another important factor that affects the attachment and
merging of bubbles. The properties of the particles that
adhered to the bubbles, such as quantity and size, are
different. The large particles are likely to be captured by
large bubbles, whereas the small particles are likely to be
captured by the corresponding small bubbles. This leads
to the large difference between bubbles.

3.4 Particle-bubble attachment

RALSTON et al [31] examined the bubble—particle
attachment and detachment in flotation. Zones of
particles, film drainage, forces between the bubble and
the particle, and the three-phase line of the contact
(TPLC) significantly affect the bubble—particle
attachment. 0.05 g of cassiterite particles with size of
10 um, 1% Na,SOy solution, and the collectors SHA and
TBP were added in a 50 mL beaker and stirred for 5 min.
The solution was then transferred into the experimental
apparatus with the high-speed camera. Bubble size was

controlled by a stainless steel sieve with 74 um aperture.
Particle— bubble attachment was observed and captured
by the high-speed camera. Particle-bubble attachment
can be observed clearly in the following samples (Fig. 8).

Ten bubbles were numbered and used as the
research objects. Some bubbles that adhered to the
cassiterite particles were steady from beginning to end,
except for bubble 7, which was detached from the
particle in the rising process. However, there was another
new bubble adhered to the steady particle—bubble
aggregation in this process. Large air bubbles in the
flotation cell can easily load the aggregates created by
the electro-flotation cell. The attachment process can be
observed clearly from bubbles 8, 9, and 10. The
aggregate of bubbles on the right side of bubbles 8, 9,
and 10 is shown in Fig. 8(e) and the existence of a bridge
role is evident. Particles under collector action assume a
bridge role, resulting in bubble attachment. The
aggregates of the bubbles exist steadily because the
liquid film is stable and completely saturates the solid
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film. The Hamaker constant is negative, and the
corresponding van der Waals force is repulsive to the
cassiterite/water/air triple layer when an air bubble
approaches a clean cassiterite surface immersed in
Na,SO, solution. The thin film of an unstable film must
be drained and ruptured to enable the resulting TPLC
(vapor—water—solid) to expand and form a wetting
perimeter before the particle can adhere to the bubble. As
a result, the particle and bubble collide and detach. For
example, bubbles 8, 9, and 10 separate finally, as shown
in Fig. 8(a). Each of these events has an associated
characteristic time, whose sum must be less than the
contact time between the bubble and the particle to allow
flotation to occur. The contact time is generally in the
order of 10~s or less.

3.5 Possible particle-bubble attachment models
This study demonstrated the advantages of using the
electro-flotation apparatus to examine the aggregation of

525

hydrophobic fine particles, which is a basic step for the
successful flotation of fine particles. The probable
mechanism involved can be explained as follows.

First, the flotation particles formed the
electro-flotation apparatus increase the probability of
collision with the bubbles in the flotation cell because of
flocculation and thus result in a high probability of
bubble capture (see Fig. 9(a)). Second, the tiny bubbles
formed in the electro-flotation apparatus may cause
coalescence from the bubble-bridging mechanism and
then increase the apparent particle size. Such an increase
enhances the probability of collision with the bubbles in
the flotation cell (see Fig. 9(b)). Third, fine bubbles may
combine to form flotation-sized bubbles and thus
increase the probability of particle-bubble collision (see
Fig. 9(c)). Finally, particles frosted with tiny bubbles
may combine to form a cluster that is favorable to the
attachment of flotation-sized bubbles after the two-stage
attachment mechanism (see Figs. 9(d), (e)).
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Fig. 8 Adhesion and detachment of bubbles adhered to cassiterite particles displayed at different times
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(d) (e

Fig. 9 Possible particle-bubble adhesion models: (a) Flocculation; (b) Coalescence; (c) Flotation bubble adhesion; (d) Aggregation;

o i

(b) (c)
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(e) Two stage aggregation

The formation of these five models is related to the
electro-flotation environment. Various elements, such as
the electrolyte concentration, the property and
concentration of the collector, and pH value, can affect
mineral surface wettability and the surface electrical
potential of the particle and bubble. As a result, different
attachment models are formed between the particle and
bubble. These models may exist together or alone in the
same flotation system, but determining which model is
dominant is difficult.

4 Conclusions

1) The recovery of cassiterite is affected by particle
size and bubble size in electro-flotation experiments. A
matching range, in which the best recovery can be
obtained, was found between different particle sizes and
bubble sizes, <10, 10—20, and 20—38 pm of cassiterite
particle sizes match with 45, 59, and 68 um bubble sizes.

2) The bubbles generated from the cathode are
evenly distributed. The collision and attachment between
bubbles occur in 1% Na,SO, solution without collectors
and cassiterite particles. A bridge role was found
between bubbles and particles.

3) Particle-bubble attachment models were
presented to characterize particle—bubble attachment.
Understanding and controlling the interactions between
colliding particles and bubbles, including collision,
attachment, and detachment, is the key to improving the
fine particle flotation.
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