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Abstract: To investigate the adhesion of hematite flocs to gas bubbles in floc floatation, this paper
develops an observation system for floc-bubble collision and adhesion with two charge-coupled device
(CCD) cameras. The sizes of flocs and bubble were 45.36pm and 0.90mm, respectively, and the distance
between a floc and the bubble center (sedimentation distance) was set to 0.25cm. Three surfactants,
namely, sodium oleate, lauryl amine and sodium dodecyl sulfate (SDS), were selected for our research.
Several experiments were conducted to disclose how surfactant concentration and pH affect the surface
adhesion between hematite flocs and bubbles. Then, the adhesion mechanism was discussed in details
based on the experimental results. The results show that the highest adhesion probability was achieved
for the said floc and bubble at the lauryl amine concentration of 8mg/L, the sedimentation distance of
0.25cm and the pH of 9. After touching the bubble, the hermamite floc slid on the bubble surface,
forming a stable three-phase interface after 67ms. Then, the radial position of the floc no longer changed,
despite the floc motion on the bubble surface. According to the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory and the potential energy of the van der Waals force, there was a repulsive force between
the floc and the bubble in the absence of surfactant and an attractive force in the presence of the
surfactant of lauryl amine. In addition, a thin solvation shell is conducive to the adhesion between the
floc and the bubble.

Keywords: bubble, floc, adhesion, charge-coupled device (CCD) camera, Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory

1. Introduction

With the rapid depletion of easily-exploitable coarse-grained minerals, the efficient recovery of fine-
grained (-10pm) minerals has become a hot issue in the beneficiation industry. Floc flotation is
considered a promising technique for the recovery of fine mineral particles (Sivamohan, 1990; Song et
al., 2007; Shahbaziet al., 2010; Ahmadiet al., 2014. During floc flotation, the air is introduced as small
bubbles (size: 0.1~4mm) to serve as the carrier. The air bubbles will collide with the suspended floc
particles and the latter will selective adhere to the bubbles, forming a stable bubble-particle aggregate
with good separation effect (Jorgeet al., 1993; Nguyen et al., 2004. The collision and adhesion, being the
key to floc flotation, have attracted much attention from the academia (Wuet al., 2018; Tian et al., 2017)
. The relevant research has yielded fruitful testing and theoretical results (Jameson et al., 1977; Schulze,
1989; Nguyen, 1999). Overall, scholars at home and abroad mainly tackle the bubble-particle collision,
especially the collision probability and the roles of fluids in the collision. However, many experiments
have shown that collision is not necessarily followed by the adhesion of particles to the bubbles
(Kralchevsky et al., 2009; Nguyen et al., 2003).

Under varied fluid and mechanical forces, the particles and the bubbles move close to each other,
and the solvation shells of both become thinner and even burst. Eventually, a stable three-phase wetted
interface is formed, including the solid phase, the liquid phase and the gas phase (Koh et al., 2011;
Rahman et al.,, 2014; Zhang et al., 2014). The adhesion of particles to bubbles depends on surface
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hydrophobicity and electrical properties, particularly on the thinning and burst of the solvation shells
(Jiang et al., 1993; Kouachiet al., 2010). The thinning and burst process was firstly studied by Frumklin
in the 1930s (Hassanzadeh et al., 2016). Through the analysis on the thinned solvation shells, Derjayin
et al. (1984) concluded that the retention of these shells has no impact on the flotation effect. Schulze
and Nguyen (Wang et al., 2003; Nguyen et al., 2004) held that the collision and adhesion between
mineral particles and gas bubbles are determined by the burst situation of the solvation shells on the
surface of the mineral: after collision, the hydration layer between the flocs, which are hydrophobic on
the surface, and the bubbles become thinner and burst; the resulting three-phase interface between gas,
liquid and solid will promote the adhesion of flocs to the bubbles.

This paper attempts to explain the adhesion of hematite flocs to gas bubbles in floc floatation. For
this purpose, charge-coupled device (CCD) cameras were adopted to build an observation system for
floc-bubble collision and adhesion in the lab. The sizes of flocs and bubble were 45.36pm and 0.90mm,
respectively, and the distance between a floc and the bubble center (sedimentation distance) was 0.25cm.
Three surfactants were selected, namely, sodium oleate, lauryl amine and sodium dodecyl sulfate (SDS).
Several experiments were conducted to disclose how surfactant concentration and pH affect the surface
adhesion between hematite flocs and bubbles. Then, the adhesion mechanism was discussed in details
based on the experimental results.

2.Materials and methods
2.1. Experimental materials

Hematite was obtained from Sijiaying Iron Mine, northern China’s Hebei Province, and made into
samples with a purity of 68.50%. Then, hematite flocs were prepared by grounding 3g samples to less
than 5pm, and mixed with self-prepared starch-acrylamide (Fig. 1) in a beaker. The mixture was
conditioned for 10min and stirred at 300~400r/ min. The mean size of the prepared flocs was 45.36pm
(Fig. 2). The physical properties of the flocs were analyzed and recorded in Table 1. The prepared
hematite flocs were subjected to physical property analysis as shown in Table 1.

Table 1. Physical properties of the flocs

Flocs size/pm Flocsdensity =~ Flocs porosity ~ Flocs fractal =~ The projection area Flocs strength
/g cm3 /% dimension of flocs/10-*mm?2 /Pa mm?2
45.36 3.03 46.19 1.67 1.91 1361.21

Table 2 lists the purities and physicochemical properties of the three surfactants. The critical micelle
concentration (CMC) was determined by surface tension method (Cheng et al, 2018), and the
hydrophilic-lipophilic balance (HLB) was calculated by Griffin's method (Griffin et al., 2015; Wang et
al., 2016). The experimental solutions were prepared with fresh deionized water at 20°C.
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Fig. 1. Molecular structure of self-prepared starch-acrylamide

2.2. Experiment device

The observation system for floc-bubble collision and adhesion is illustrated in Fig. 3. The system mainly
consists of a Vernier device, an observation room (size: 15 cmx15 cm*30 cm), two CCD cameras (dual
lens; effective pixels: 768x493; magnification: 0.75~4.50), a steel capillary tube (inner diameter: 0.3~0.6
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Fig. 2. Mean size of the prepared flocs

Table 2. Purities and physicochemical properties of surfactants

Surfactant Polarity ‘Al\,/‘laci);iular Iz/tmty/ / (32:[5” HLB
SDS Anion 288.372 98.50 0.0090 12.3
Lauryl amine Kation 185.35 98.00 0.0050 2.9
Sodium oleate Anion 304.44 99.95 0.0048 18.0

mm) a Pasteur pipet, a halogen light source, a computer, and a metal stand. The observation room is a
transparent plexiglass tank.

2.3. Experiment and analysis methods

Once the adjustment was completed, the hematite floc slurries were slowly dripped into the observation
room filled with deionized water. Based on the falling trajectories of the flocs (Fig. 4), the adhesion status
of the flocs falling from different positions to the bubble was determined. Meanwhile, the relative
movement between the flocs and the bubble was captured by the CCD cameras. The dripping process
under each experimental condition were shot three times to enhance the data reliability.
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Fig. 3. Sketch map of the observation system

For simplicity, only those falling from the two edges of the bubble were considered effective
particles. The probability P, for flocs to adhere to the bubble can be computed by:

P, = ’;—t x 100% (1)

where N, is the number of flocs adhered to the bubble and N is the number of flocs dripping from the
same position in a static environment.
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Fig. 4. Falling trajectories of the flocs
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Fig. 5. Screenshots from video tracking cameras

The images on the flocs and the bubble were subjected to grayscale processing and interface
extraction by Otsu ‘s method for image segmentation. Firstly, the black and white colors of the images
were differentiated, and the target flocs and the target bubble were marked. On this basis, the targets
were fitted to a circle, using the least squares method.

To judge floc-bubble adhesion accurately, two images from the video were examined at the same
time. The flocs in the first video sequence were tracked before those in the second video sequence. Based
on the falling sequence, the initial floc positions and the occurrence/absence of collision and adhesion
were displayed directly in the Common Window. Fig. 5 is a screenshot at a time point in the video.

3. Results and discussion
3.1. Effects of surfactant concentration on adhesion

Fig. 6 shows the variation in adhesion probability with sedimentation distances at different
concentrations of sodium oleate under T=25°C and pH=7. Obviously, not all flocs falling from right
above the bubble center adhered to the bubble; as the falling position moved outward, the adhesion
probability gradually decreased; the adhesion probability also changed with the concentrations of
sodium oleate.

Fig. 7 presents the adhesion probabilities at different concentrations of sodium oleate, while the
sedimentation distance remained unchanged. It can be seen that the adhesion probability exhibited a
gradual growth, as the concentration of sodium oleate increased from 4 to 8mg/L, and reached the first
peak (55.04%) at the concentration of 8mg/L. Further growth in the concentration caused a decline in
the adhesion probability. When the amount climbed to 20mg/L, the adhesion probability dropped to
41.60%. Hence, the neutral or weak alkaline environment is favorable for floc-bubble adhesion, if
sodium oleate serves as the surfactant.
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Fig. 6. The variation in adhesion probability with sedimentation distances at different concentrations of
sodium oleate
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Fig. 7. The adhesion probabilities at different concentrations of sodium oleate

3.2. Effects of surfactant type on adhesion

Fig. 8 compares the adhesion probabilities under the three surfactants, i.e. sodium oleate, lauryl amine
and the SDS, when all of them were at the same concentration (8mg/L). As shown in Fig. 8, as the falling
position moved outward, the adhesion probabilities under the three surfactants all decreased,

but at different rates. For example, under the sedimentation distance of 0.25mm, the adhesion
probabilities were 25.31%, 63.36% and 64.78%, respectively, in the SDS solution, the sodium oleate
solution and the lauryl amine solution.

It can also be observed from the experiment that the flocs quickly left the bubble after collision under
the three surfactants. Even if they adhered to the bubble, the flocs soon slid away from the bottom of
the bubble under the gravitational force, due to the extremely weak adhesive force. Relatively, the
hematite floc-bubble adhesion was the most prominent under the cationic surfactant of lauryl amine.

3.3. Effects of lauryl amine concentration on adhesion

Fig. 9 displays the variation in the adhesion probability with the concentrations of lauryl amine under
T=25°C and pH=7. It is learned that the adhesion probability changed greatly with the lauryl amine
concentrations and with the sedimentation distances. As the concentration grew to 8mg/L, the adhesion
probability continued to increase. However, the adhesion probability started to decline slowly, once the
concentration surpassed 8mg/L. This means properly increasing the lauryl amine concentration can
promote the floc-bubble adhesion.
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Fig. 8. The adhesion probabilities under the three surfactants
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Fig. 9. The variation in the adhesion probability with lauryl amine concentrations and sedimentation distances

3.4. Effects of pH on adhesion under lauryl amine

Fig. 10 shows the adhesion probabilities at different pH values (i.e. 1, 3, 5, 7, 9, 11 and 13), under the
lauryl amine concentration of 8mg/L and T=25°C. As shown in Fig. 10, whichever the pH, the adhesion
probability is negatively corelated with the sedimentation distance. In addition, the adhesion
probability of the hematite flocs after collision was higher at the pH of 9 at any falling position than that

at any other pH value.
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Fig. 10. The adhesion probabilities at different pH values
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4. Analysis on adhesion mechanism
4.1. Floc movement on bubble surface

Fig. 11 shows how an irregular hematite floc moved on the bubble surface under lauryl amine, after it
got in touch with the bubble. The bubble diameter (Db) is 0.90mm, and the floc diameter (Dp) is
45.36pm. The 2D images in this figure were captured by the CCD cameras, because the relevant
processes (e.g. the floc approaching the bubble and the burst of solvation shell) all occurred in
milliseconds. Asshown in the figure, there was a protrusion on the floc surface, whose position changed
as the floc moved on the bubble surface; once it touched the bubble, the floc slid from the top to the
bottom of the bubble and eventually stabilized.

Fig. 11. Motion of an irregular hematite floc on the bubble surface

4.2. Change of floc positions on bubble surface

As the floc approached and collided into the bubble, its position changed both in the radial and axial
directions relative to the bubble. These changes were plotted and displayed as Fig. 12. In the light of
this figure, the floc motion could be divided into three phases:

(1) Before collision, the radial position of the floc changed rapidly. In this phase, the floc simply
sedimented in the solution (Area I).

(2) After touching the bubble, the floc slowed down and its radial position remained unchanged for
a while. In this phase, the part of the floc in contact with the bubble was wrapped by the solvation shell,
and the floc started to slide on the interface between it and the bubble (Area II).

(3) Once the solvation shell burst, the three phases, i.e. gas, liquid and solid, contacted with each
other. In this phase, the floc’s radial position changed instantaneously at about 67ms. Then, a stable
three-phase interface emerged, and the radial position no longer changed with the sliding process (Area
1I).

4.3. Analysis on adhesion effect

Whether an approaching floc could collide with and adhere to a bubble is determined by the attractive
and repulsive forces between the two objects, including but not limited to the van der Waals force, the
hydration force and the electrostatic force. Under the combined effects of these forces, the floc sliding
on the bubble surface will adhere to or leave from the bubble.
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Fig. 12. Relationship between floc falling time and sedimentation distance
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Without considering the surfactant, the particle-bubble interaction, which is critical to the floc
flotation of ores, is relatively simple. The interaction is mainly affected b the van der Waals force. Most
particles will move away from the bubble immediately after the collision, showing a low adhesion
probability. If no surfactant is added, the potential energy of van der Waals on the floc and the bubble
can be expressed as:

= K. BpRp
Uy = 65 Rp+Rp 2
where S is the sedimentation distance; R;, is floc size; Ry, is the bubble size; K is the Hamaker constant
between the floc and the bubble:

K = \/(Kn + K33 — 2K;3)(Kyp + K33 — 2K33) = (\/K_n_ \/K_33)(\/K_22_ \/K_33) 3

where K11, K2 and Ks; are the Hamaker constants for the actions of floc and the bubble and water in the
vacuum; Ki3, Ko; are the Hamaker constants for floc-water interaction, bubble-water interaction and
floc-bubble interaction, respectively.

Substituting K11=7.60x10-2], K»=0, K33=3.30%10-2], R,=45.36pm, and Rp=0.90mm into the above
formulas, we have:

K= (V7.6 —v33)x V3.3 x1072% = 1.71 x 1072]

The value of K is negative, indicating that the floc was subjected to a repulsive force. Then, the van
der Waals force curve between the floc and the bubble without surfactant (Fig. 13) was obtained by
substituting the value of K into formula (2). As shown in Fig. 13, without surfactant, the potential energy
between the floc and the bubble was positive. Thus, there was a repulsive force between the floc and
the bubble, and the repulsive potential energy decreased with the sedimentation distance. This further
hampers the floc-bubble adhesion. As a result, the floc could hardly adhere to the bubble in the absence
of surfactant.
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Fig. 13. The van der Waals force curve between the floc and the bubble without surfactant

However, surfactant and other reagents are necessary in actual floc flotation of ores. Once added,
the surfactant will be adsorbed onto the floc, changing the floc thickness and the floc-bubble interface.
Then, the Hamarker constants will change accordingly. In this case, the potential energy of van der
Waals between the floc and the bubble can be expressed as:

uy = 2R (K K 1)
W 6(Rp+Rp) \S1 S, S;

where:
K = (VKa ~ K (VK ~ o) ®)
K = (JRa V) (JRz —R) ©)
K = (VK2 ~ K (VK —K2) 7)
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Ky = (VKa = VKa)(VEp — JKe) ®)

51=55=8+0153=5+0,5,=S+0,+0y )

where K,, Ky, K¢, Kq and K. are the Hamaker constants of the floc, the bubble, water, the adsorbed layer

on floc surface and the adsorbed layer on bubble surface, respectively. Here, K,=20.6x1020], K,=0 and

K=3.3x10-2]. If lauryl amine is used as the surfactant, the thicknesses of the two adsorbed layers will
become 01=0,=1nm and 2nm and the corresponding Hamaker constants Kq=K.=4.5%10-2].

On this basis, the variations in the potential energy of van der Waals force for the floc and the bubble
under the lauryl amine were captured and displayed in Fig. 14. It can be seen that the potential energy
of van der Waals force for the floc-bubble interaction was negative. According to the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, the result means the two objects are mutually attractively. Moreover,
the potential energy of the solvation shell was below zero, however the thickness of the shell. This means
the attractive force increased as the floc approached the bubble. The absolute value of the potential
energy of van der Waals force for the thick shell was smaller than that of the thin shell. Hence, an
excessively high concentration of lauryl amine suppresses the floc-bubble adhesion.
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Fig. 14. The variations in the potential energy of van der Waals force under the lauryl amine

5. Conclusions

In this paper, two CCD cameras are adopted to build an observation system for the collision and
adhesion between hematite flocs and bubbles in the lab. With this system, the author explored the effects
of surfactant concentration, surfactant type and pH value on the adhesion in the static flow field. For
the floc size of 45.36pym and the bubble size of 0.90mm, the optimal parameters for adhesion were
determined as lauryl amine concentration, 8 mg/L; sedimentation distance, 0.25cm; pH, 9.

In addition, the adhesion mechanism was investigated in details, revealing that the potential energy
of the van der Waals potential energy was positive in the absence of surfactant (i.e. there existed a
repulsive force between the floc and the bubble), and turned negative (i.e. the repulsive force became
attractive) after the addition of lauryl amine. The absolute value of the potential energy of van der Waals
force for the thick solvation shell was smaller than that of the thin shell. Hence, an excessively high
concentration of lauryl amine suppresses the floc-bubble adhesion.
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