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Abstract:

This paper investigates one aspect of surface air nucleation in froth flotation, namely the impact of
frother-type surfactants like Methyl isobutyl carbinol (MIBC). During this study, tap water was
pressurized in an autoclave to produce air-oversaturated water for air nucleation precondition in
flotation. Various experiments were carried out with graphite particles to investigate the influences
of gas nucleation and MIBC on flotation: micro-flotation, single bubble collision experiments in
hydrodynamic conditions and pick-up experiments in static conditions. In addition, microscopic
observations were combined with agglomeration analysis to clarify the effects of the frother
MIBC on the air nucleation and agglomerate formation. The experimental results show the
combination of MIBC and air nucleation can significantly increase the graphite recovery
compared to using air-oversaturated water or normal tap water with MIBC alone, respectively. The
analysis indicates that MIBC can improve the air nucleation probability on graphite surfaces by
enhancing the stability of the air nuclei to form more microbubbles on the surface. Meanwhile, the
surface microbubbles can collide with other particles forming coarser aggregates, improving their
collision probability and with this increasing the recovery of fine particles. Furthermore, the

results show that MIBC can reduce the detachment of particles from the surface of nucleation



bubbles, leading to an increase in particle load of the bubble-particle aggregates in hydrodynamic
conditions, improving the graphite recovery significantly.
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1. Introduction

Froth flotation is a well-established process to separate target/valuable minerals from gangue
(Wills and Finch, 2015). In the flotation process, the dissolved gas molecules in gas oversaturated
water can diffuse into the nucleated sites such as the crevices and holes on the mineral surfaces to
form surface microbubbles or nanobubbles (Pradhan et al., 2019). Surface micro-bubbles or
nanobubbles on mineral surfaces can act as a secondary collector to enhance the attachment
process to improve the recovery of minerals, sparking the interest of many researchers (Sabereh et
al., 2019; Pradhan et al., 2019; Zhang et al., 2012). When the solid samples are immersed in water,
the water cannot exclude all the gas from the crevices and holes on the sample surfaces, especially
for hydrophobic surfaces. These remaining gas reservoirs on the surface were defined as the
entrainment gas. A considerable amount of literature has shown that the entrainment gas in the
crevices, pores, and valleys on the solid surfaces can significantly reduce the nucleation energy
barrier (Aquilano et al., 2003; Yuan et al., 2016). The stability of this entrainment gas can be
enhanced by the adsorption of surfactants in the gas-liquid interface (Jones et al., 1999; Satpute
and Earthman, 2021).

Surfactant molecules, can adsorb in the gas-liquid surface to form a stable water film, improving
the gas nuclei stability on mineral surfaces, leading to an improvement of gas nucleation
probability on mineral surfaces (Yount et al., 1984). Edvard A. Hemmingsen found surfactants can
significantly reduce the gas nucleation thresholds when the molecular weights of the surfactants
are below 330 Da (Hemmingsen, 1978). Tanaka et al. found surfactants can weaken the driving
force of mass transfer and slow down the dissolution speed of microbubbles (Alves et al., 2005;
Tanaka et al., 2020). Apart from the surfactant effects on the size and stability of external bubbles,

it should be highlighted that surfactants can also enhance the stability of surface gas nuclei when



flotation is carried out in gas oversaturated water. Indeed, surfactants in gas-oversaturated water
can increase the nucleation probability, leading to more surface microbubbles forming on the
mineral surfaces and improving the flotation recovery.

Typically the flotation process is divided into three sub-processes: collision, attachment, and
detachment of (mineral) particles to external carrying bubbles. Flotation reagents play essential
roles to enhance attachment and weaken detachment processes. One group of such reagents are
referred to as frother-type surfactants mostly used to promote flotation efficiency by adsorbing in
the gas-liquid interface to reduce surface tension, inhibit bubble coalescence, improve bubble
stability, enabling smaller bubbles, and promoting foam stability (Le et al., 2012; Liu et al., 2020;
Liu et al., 2021; Nuorivaara and Serna-Guerrero, 2020; Parhizkar et al., 2015). Xu et al. (2019)
used a nonionic surfactant TX-100 (4-Octylphenol polyethoxylated) to reduce the size of carrying
bubbles and improve the stability of bubbles and foams in flotation, which can significantly
improve the recovery of fine unburned carbon particles from fly ash. Xiao et al. (2019) found that
sodium oleate can significantly increase the concentration of nanobubbles in solution, improving
the recovery of fine-grained minerals. Some surfactants can also adsorb on mineral surfaces to
modify wettability, thereby influencing the flotation result (Chen et al., 2021; Liu et al., 2019;
Peng et al., 2019; Ruan et al., 2021; Zhao et al., 2021). As the hydrophobicity increases, more gas
nuclei will be entrapped on mineral surfaces, and the gas nucleation probability will increase
(Jones et al., 1999). Some studies have investigated the influences of the adsorption of MIBC on
the wettability of coal surfaces which contain oxygen functional groups, aromatic groups, and
hydrocarbon groups (Cao, L., et al., 2021; Ozmak, M & Aktas, Z., 2006). The hydroxyl group of
MIBC could interact with oxygen functional groups on the coal surfaces to form hydrogen bonds
to improve the hydrophobicity of coal surfaces. The aliphatic hydrocarbon groups of MIBC and
coal could interact with each other to form the weak CH/x interaction which is unable to change
the surface hydrophobicity of coal. However, the graphite surfaces just have the carbon atoms
which could interact with the aliphatic hydrocarbon groups of MIBC and the hydroxyl groups are

toward to water phase which has little influences on the wettability of the surfaces.



Recently, the reuse of fine-grained minerals and tailings has attracted the considerable attention of
many researchers. However, the particle size of the liberated products of these minerals and
tailings is very fine to ultra fine, which causes many problems in minerals flotation. Fine particles
are difficult to float due to the low probability of collision and attachment to coarser carrying
bubbles. Moreover, the high relative surface areas of fine particles can increase the consumption
of reagents (Miettinen et al., 2010). To improve the recovery of fine particles, many methods such
as reducing carrying bubbles size with frothers or the use of macromolecule polymers for
agglomeration flotation have been developed. The formation of surface nanobubbles and
microbubbles due to gas nucleation can improve flotation efficiency in several aspects: selective
formation on hydrophobic mineral surfaces or enhancing the attachment to carrying bubbles by
gas capillary bridging (Farrokhpay et al., 2020, Shahbazi et al., 2010). These advantages of
surface nanobubbles and microbubbles can reduce the flotation reagent consumption by acting as
a secondary collector.

During flotation, the fluid can induce the wave of bubble surfaces to force the particles to detach
from its carrying bubble. The nucleation microbubbles can collide with particles, forming
aggregates to enhance flotation efficiency which can be seen as a secondary agglomeration
flotation effect. The surfactant can improve the stability of the nucleation microbubbles,
preventing the coalescence of the aggregates generated by nucleation bubbles and reducing the
wave of the microbubble surfaces to avoid the particle detachment from the aggregates, and with
this improve the particle load of the aggregates (Aoki et al., 2015a; Aoki et al., 2015b; Bournival
et al., 2014; Bournival et al., 2015; Bournival et al., 2012). The tiny surface microbubbles at the
early nucleation stage can improve the attachment probability to the fine particles. Furthermore, as
the load of nucleation bubbles increases, the sizes of the aggregates are also increased, which can
promote the collision probability to carrying bubbles, and then improve the minerals recovery,
especially for fine particles (Chipfunhu et al., 2011; Miettinen et al., 2010; Rulyov et al., 2021).

In the case of hydrophobic minerals with rough surfaces, the degree of gas oversaturation in water

required for gas nucleation is low. Many devices such as micro-bubble generators or pumps can



suck and pressurize air into water to generate gas-oversaturated water in flotation plants even if it
was not the main purpose of such machinery. The possible influences of air nucleation on minerals
flotation have been discussed in our previous work (Xu et al., 2022). The promotion effects of air-
oversaturated water on the recovery of graphite in flotation without regeants were proved by the
capillary bridging effect of surface microbubbles and the formation of bubble-partcile
agglomerations. Meanwhile, the selectivity of the air nucleation on graphite surfaces compared to
quartz surfaces was also certified. Therefore, it is necessary to investigate the influences of gas
nucleation and surfactants on flotation performances as such effects could be employed to
significantly improve the overall recovery of valuables.

This study aims to clarify the role of frother-type surfactants on gas nucleation and graphite
flotation performances with air-oversaturated water. The main effects are explained from two
perspectives: one is the formation probability of the nucleation bubbles on the mineral surfaces;
the other is the load of carrying bubbles and aggregates formed by the collision of gas nucleation

microbubbles and graphite particles.

2. Materials and methods.

2.1. Materials

The surfactant, Methyl isobutyl carbinol (MIBC), supplied by Alfa Aesar (99 % CsH140, Product
No. A13435), was chosen for this study as it is widely used in flotation plants. Moreover, MIBC
can improve the stability of bubbles and has little effect on the wettability of graphite surfaces
(Miller et al., 1983). A high concentration MIBC solution (2 X 10 mol/L) was prepared using
deionized water (Helmholtz Institute, Freiberg, Germany) for dilution to get low concentration
(1.5 X 10 mol/L). The average size of the graphite used in the flotation experiments was 22 pm.
The tap-density of the graphite is about 0.97 g/cm? and the theoretical density of graphite is
2.26 g/cm®. A 20 pum sieve was used to separate the graphite, and then the + 20 pm fraction was
used for agglomeration experiments (the gas nucleation probability is high on coarser particle

surfaces because of more crevices and holes on the surfaces). The graphite sample was purchased



from ProGraphite GmbH with 99.99 % carbon content. In order to observe more nucleation
bubbles, the size of the graphite particles for gas nucleation probability statistic was in the range
of 50-80 pm, which was produced by crushing a bulk graphite purchased from ward’s science
company. The tap water (Helmholtz Institute, Freiberg, Germany) was sealed in an autoclave
under 3 bar air pressure (overpressure) for 4 hours to obtain the air-oversaturated water. The
degree of gas saturation increases with conditioning pressure according to Henry’s law, i.e. the
amount of dissolved gas in a liquid is proportional to its partial pressure above the liquid, and the
proportionality factor is known as it’s Henry's constant. The contact angle of a highly oriented
pyrolytic graphite (HOPG, pmasch, ZYB, 77.4 + 0.85°) was used to represent the contact angle of

the graphite particles.

2.2. Micro-flotation experiments

A series of micro-flotation experiments were carried out in a Hallimond tube, which was designed
at the TU Bergakademie Freiberg with gas sparging through a frit to study the graphite flotation
performances. The micro-flotation experiments were carried out at 20°C (£ 0.5°C) with 1 g pure
graphite in different waters (tap water and air-oversaturated water) with and without MIBC. The
pH of the flotation solution was 7. The dosage of the MIBC is 1.5 X 10 mol/L, and no other
reagent was added in the micro-flotation experiments. The flotation pulp with a volume of 160 mL
was agitated in a beaker for 120 s with and without MIBC. After the agitation, the pulp was
transferred to the Hallimond tube. The Hallimond tube is equipped with a magnetic stirrer rotating
at 500 rpm to further disperse the particles for another 480 s. After the conditioning, the airflow
was set to 20 cm3/min for collecting concentrates and the collecting times were 10 s and 240 s.
After flotation, the concentrates and tailings were collected separately on filters using a vacuum
filter and dried at 50°C - 60°C in a drying oven until mass constancy was reached. The resulting
mass balance was checked for losses, and tests with losses above 10 % were rejected. The
recoveries of the tailings and concentrates were calculated based on the tailing and concentrate

masscs.



2.3. Single bubble collision and pick-up experiments

An optical contour analysis instrument (OCA 50 Pro, DataPhysics, Germany) was used for the
single bubble collision and pick-up experiments (Chu et al., 2014; Nowak and Pacek, 2015;
Verrelli and Albijanic, 2015) to figure out the influences of dissolved air and MIBC on the
attachment and detachment processes of graphite particles to carrying bubbles in flotation. The
experiments were performed at 20°C (£ 0.5°C).

The single bubble collision experiments in hydrodynamic conditions were used to analyze the
combined influences of attachment and detachment processes in flotation, as shown in Fig.1. The
procedure is as follows: (i) a 0.5 g graphite sample was conditioned in 80 mL different waters (tap
water and air-oversaturated water) with and without MIBC (1.5 X 10 mol/L) using a magnetic
stirrer at 500 rpm for 480 s. (ii) After most of the particles settled to the bottom of the cuvette and
the supernatant clarified, the cuvette was placed on the table of the OCA 50, and (iii) an 80 uL gas
bubble was generated by a needle with 1.37 mm inner diameter connected to a glass syringe in the
solution. The variations of diameters of pick-up bubbles are smaller than 5 %. Following the
generation of the bubble, (iv) the magnetic stirrer was turned on at 300 rpm (the solution is
translucent with the background light and it can be seen that all the paticles are well suspended
during the agitation) to disperse the graphite particles for 10 s. The position of the needle is fixed
and the position of the cuvette is marked on the objective table of the OCA device to ensure the
bubble is on the same position in each experiment. During the agitation, the graphite particles can
collide and attach to the bubble depending on the likelihood of those subprocesses. (v) After the
supernatant clarified, the images of the bubbles were saved and the coverage angles of graphite
particles on the bubble § were determined. After the measurement, (i), (ii), (iii), (iv), (v) were

repeated in the following experiment. Each condition was repeated five times.
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Fig. 1. Single bubble collision experiments in hydrodynamic condition
The single bubble pick-up experiments in static conditions were used to investigate the effect of
MIBC on the attachment process of graphite particles to the carrying bubble in normal water. The
procedure is shown in Fig. 2. First, a 2 g graphite sample was conditioned in an 80 mL cuvette in
tap waters with and without MIBC (1.5 X 10 mol/L) using a magnetic stirrer at 800 rpm for
480 s, and the magnetic stirrer was taken out immediately after agitation. After most of the
particles settled to the bottom of the cuvette and the supernatant clarified, the cuvette was placed
on the table of the OCA, and an 80 puL gas bubble was generated by a needle with 1.37 mm inner
diameter connected to a glass syringe in the solution. The variations of diameters of pick-up
bubbles are smaller than 5 %. Following its generation, the bubble was moved down slowly to
press in the graphite particle bed and kept there for 10 s. For each experiment, the lower end of the
needle is set to the same horizontal position to control the bubble-particle bed pressing and bubble
deformation to be constant. Then, the bubble was moved upwards for imaging, and the tests were

repeated five times at different positions of the particle bed for each condition.
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Fig. 2. Single bubble pick-up experiments in static condition

2.4. Agglomeration experiments with laser diffraction

The size distribution of graphite (partially agglomerated) in the solution was analyzed by a laser



diffraction device equipped with a cuvette (HELOS, Sympatec, Germany) to investigate the
influence of MIBC on the (fine) graphite particle agglomeration performance in the air-
oversaturated water. The schematic diagram of the device is shown in Fig.3. It was used to
investigate the agglomeration behaviors in air-oversaturated water with and without MIBC. The
experiments were conducted at about 20°C (£ 0.5°C). The graphite particles were dispersed by a
magnetic stirrer at 2500 rpm within the cuvette. In each measurement, the background in pure air-
oversaturated water was substracted. The cuvette was cleaned and hydrophilized by oxygen
plasma to avoid nucleation bubbles on the glass surface, so there are little nucleation bubbles in
the pure air-oversaturated water. A 30 mg sample was dispersed in 30 mL different waters (normal
tap water and gas over-saturated water) with and without MIBC. In order to extend the difference
with the small particles concentration, the + 20 um fraction of the particles was used for the
experiments. To avoid the bubble and floc attachment on the cuvette wall, the cuvette was cleaned
and treated with oxygen gas plasma for 300 s before each experiment to render the cuvette wall
properly water wettable avoiding gas nucleation on the cuvette walls. The measuring range of the

optical lens in the tests is 0-875 um. 60 s after adding the particles, the size distributions were

measured.
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Fig. 3. The sketch of the laser diffraction device

2.5. Microscopic analysis
A microscope equipped with a special transparent cuvette was used to observe the influence of
MIBC on the air nucleation process of surface microbubbles in air-oversaturated water. Before

each experiment, the cuvette was cleaned with deionized water, isopropanol, ultrasound, and



processed in the oxygen gas plasma for 300 s to reduce bubble nucleation on the cuvette wall. The
experiments were executed at about 20°C (+ 0.5°C). Firstly, air-oversaturated waters with and
without MIBC were prepared and the procedures are as follows: 30 puL high concentration MIBC
solution (2 X 102 mol/L) was added in 40 mL air-oversaturated water and the solution was
agitated by a magnetic stirrer (200 rpm) for 30 s to get the air-saturated water with MIBC
(1.5 X 10 mol/L); similarly, for air-saturated water without MIBC, 30 uL normal deionzed water
was added into 40 mL air-oversaturated water and the solution was agitated by the magnetic stirrer
(200 r/min) for 30s. After the water preparation, 20 mg particles were weighted for each
experiment and dispersed in the solution by the magnetic stirrer (200 rpm) for 60 s. After the
particles settled to the bottom of the beaker, a pipette was used to sample the deposited particles
and transfer them to the cuvette. The cuvette was then placed on the objective table to observe
surface micro-bubbles; fourteen experiments were done in repeat. The samples were observed
under 2.5 x and 10 x magnification. The air-oversaturated degree has significant influence on the
air nucleation probabilities. After the release of the pressure of the autoclave, the air-oversaturated
degree will gradually decrease as time goes on, so the overall time of the procedure of each
experiment was controlled to be the same to ensure the same degree of air-ovesaturation for the

start of air nucleation processes.

3. Results

3.1. Micro-flotation experiments

Fig. 4 illustrates the micro-flotation recoveries of the graphite in different waters with and without
MIBC when the collecting time is 240 s. This figure shows that the average recovery of graphite
flotation without MIBC increased from 30.40 + 0.75 % in tap water to about 34.71 = 1.21 % in
air-oversaturated water. After the addition of MIBC, the average recovery increased from about
39.95+1.29 % in tap water to about 55.86 £ 1.78 % in air-oversaturated water. The recovery
increases significantly after the addition of MIBC regardless of the type of water. Meanwhile, the
increased recovery in air-oversaturated water (21.15 %) is more than double the one in tap water

(9.55 %). During the conditioning process in air-oversaturated water, many aggregates formed due



to the collision of gas nucleation bubbles and the graphite particles. These aggregates floated and
attached to the wall of the Hallimond tube, as shown in Fig. 5. Most of the particles in the
concentrate came from the aggregates on the Hallimond tube wall when the collecting time of
concentrates is 10 s. The average recovery in this case increased from 5 % in flotation without
MIBC to 21 % in flotation with MIBC, which can be well explained by more aggregates formed in

flotation with MIBC.
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Fig. 4. Graphite recoveries with different conditions: water type and MIBC reagent, the error bars

represent the 95% confidence intervals

Fig. 5. The formation of aggregates during the conditioning process

3.2. Single bubble collision and pick-up experiment
The average coverage angles in different waters in single bubble collision experiments are shown

in Fig. 6.
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Fig. 6. The coverage angle in hydrodynamic condition with different waters the error bars

represent the 95% confidence intervals

The coverage percentages of particles are calculated by equation (1) which can be used to
compare the differences of particles-loading behaviours of the carrying bubbles in different waters

P=2x100% (1)

Where S; is surface areas covered by particles on the carrying bubble and S is the whole surface
area of the carrying bubble. All the carrying bubbles are assumed to be sphere. The coverage
percentages of P, can be obtained through the particles coverage angle 6. The derived processes
are shown in equation (2) (3) (4).

S, = 2mr? (1 — cos g) )

S=4nr? (3)
1—COS2
P22 % 100% (4)

2

Where 7 is the radius of the carrying bubble. The representative pictures of single bubble collision
experiments under the hydrodynamic condition are shown in Fig. 7. In collision experiments
without MIBC, the average coverage angle increased from 105.6°+15.7° in tap water to
136.6°+9.7° in air-oversaturated water. The coverage areas percentages increased from
20.0% = 5.7% in tap water to 31.6% = 3.9% in air-oversaturated water. In collision experiments
with MIBC, the average coverage angle increased from 165.4°+12.2° in tap water to
224.2° + 16.3° in air-oversaturated water. coverage areas percentages increased from 43.7% = 5.3%

in tap water to 68.7% = 6.6% in air-oversaturated water.



In the particles collision experiments under the same hydrodynamic condition, the differences of
coverage angles are determined by both attachment and detachment. The shear flow in the cuvette
can induce the shaking off of the bubble and the fluctuation of the bubble surface which can
induce the relative move of the particles to the bubble surface and enforce the detachment of the
particles from the bubble surface (Nguyen and Evans, 2004; Wang et al., 2003).

The representative pictures in single bubble pick-up experiments under the static condition were
shown in Fig. 8. The average coverage angles decreased from 99.9° + 1.55° in tap water without
MIBC to 93.8°+2.16° in tap water with MIBC, which means that MIBC can weaken the
attachment process of the particles to the pick-up bubble. The pick-up experiments are mainly
influenced by the attachment process. During the attachment process, the rupture of the hydration
film on the bubble surface with MIBC is more difficult when the pick-up bubble was pressed onto
the partciles because the polar group of MIBC pointed towards water phase can strengthen the
hydration film compared to the bubble without MIBC (Arturo et al., 2015; Ralston et al., 1995).

It can be found significant higher covarge angles in normal tap water with MIBC compared to
without MIBC in particles collision experiments, and the little difference of coverage angles in
normal tap water with MIBC compared to without MIBC in pick-up experiments which means
MIBC has little influences on the attachment process, so the significant differences of the
coverage angles in the particles collision experiments should be caused by the detachment process.
Thus, it can be concluded that MIBC most likely reduces the detachment probability of the
particles from the bubble in the hydrodynamic condition of the single bubble collision

experiments which includes both effects of attachment and detachment.



Air oversaturated water with MIBC Air oversaturated whter without MIBC

Normal tap water with MIBC Normal tap water without MIBC

Fig. 7. The represent pictures in hydrodynamic condition with different waters
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Fig. 8 The represent pictures in static condition in the tap water with and without MIBC

3.3. Microscopic observations
Fig. 9 shows two bubble nucleation events at a crevice and a hole on the graphite surface in air-

oversaturated water.



© 200um 200 pm © 200 um

Fig. 9. Gas nucleation from the crevice and hole on the graphite surface

Many aggregates formed and floated during the conditioning process of flotation in air-
oversaturated water with and without MIBC. A pipette was used to sample these aggregates and
transfer them into a cuvette for observation with a microscope. The structure of the aggregates is
shown in Fig. 10. The aggregates are composed of nucleation bubbles and graphite particles. Fig.
11 and Fig. 12 shows the bubble nucleation process in 2 minutes on the surface of graphite
particles in air-oversaturated water with and without MIBC, respectively. The left and right
pictures were taken at beginning and after 2 min. The alteration of the highlighted particles is
caused by the growth of surface microbubbles. The nucleation probability was calculated using the
formula (5)

P=N,/N, 5)

Where N, is the number of the particles with surface nucleation microbubble(s) (as observable
with the method); N, is the overall number of the particles. From the statistic of 14 pictures of
each condition, 531 and 518 particles were counted in air-oversaturated waters with and without
MIBC respectively. The nucleation probabilities with MIBC and without MIBC were 9.6 % and
5.2 % respectively and the confidence level of the different nucleation probability is 0.99. It can be
found that MIBC can improve the gas nucleation probability on the graphite surfaces in air-

oversaturated water.
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Fig. 10. The structure of a floc in oversaturated water under the microscope

Fig. 11. Gas nucleation on graphite particle surfaces in oversaturated water with MIBC



Fig. 12. Gas nucleation on graphite particle surfaces in oversaturated water without MIBC

3.4. Agglomeration experiments

MIBC does not show to influence the size distribution in tap water as presented in a previous
study (Vanderbruggen et al., 2021). Fig. 13 shows the size distribution of the particles in the
different conditions. Second modes appear between 100 pm - 500 pm in air-oversaturated water
by aggregates formed. As shown in the results, the particles dispersed well with 2500 rpm of the
magnetic stirrer in normal tap water without MIBC, so it means the formation of the second
modes size distribution in air-oversaturated water with and without MIBC was due to the capillary
bridging effect of the nucleation bubbles on graphites surface with this rotation speed (Paulson
and Pugh, 1996). The experiments were repeated three times for each condition. The average
proportion of particles and aggregates larger than 100 pm in air-oversaturated water with and

without MIBC are 14.3 % £ 0.6 % and 17.0 % + 1.0 %, respectively.
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Fig. 13. The particle size distributions in air-oversaturated water with and without MIBC

4. Discussion
We define a critical height of the gas-liquid surface of a gas nucleus H to explain the influence of
surface tension on the gas nucleation probability, as depicted in Fig. 14. At a certain degree of gas
oversaturation, if the height of the gas-liquid surface is smaller than the critical height, the gas
nucleus will dissolve and disappear, and if the height of the gas-liquid surface is larger than the
critical height, the gas nucleus will be active to form a surface microbubble (Wilt, 1985;
Zargarzadeh and Elliott, 2019).
Gas-liquid surface
Liquid—— 1 .0.(,/:/ Contact angle

\/
H

Fig. 14. the model of gas nuclei entrapped in a cove cavity

as

The contact angle 6 will be influenced by the gas-liquid surface tension, the relationship between
the contact angle and the gas-liquid surface tension is shown in the famous Young-Dupré equation

(6)

cosh = ¥sG~VsL (6)
YLe

where 6 is the contact angle, y;; the surface tension of the gas-liquid surface, yg; the surface

tension (or specific surface energy) of the solid-gas surface and ys; the interfacial tension of the



solid-liquid interface. After adding the surfactant, the contact angle in the solution will change,
which is addressed in the following equations.

As shown in Fig. 14, a gas nucleus is entrapped in a cove cavity (the contact angle & of the surface
is 77° measured from the liquid phase and the half-angle § of the cove is 45°) under atmospheric
pressure. The relationship between the height of the gas nucleus (H) and the radius of the gas-

liquid meniscus (R) is shown in equation (7).

H=R[%+1—sin(9—ﬁ)] )

The gas nucleus will grow when the gas concentration in the solution (c,) is bigger than the gas
concentration (c; ) on the gas-liquid surface of the gas nucleus. The degree of gas oversaturation
(¢) is expressed by equation (8).

= S
(=2 @®
Where c; is the saturation concentration of air in water under certain temperature and pressure.

As shown in equations (9) and (10), c;; is equal to Henry’s constant (kz) multiplied with the sum

of gas pressure in the gas nucleus and laplace pressure of the gas liquid surface (P, + Prc).

cLg = ky(Py + Pg) = ky (Pa + 2};:6) (10)

When the gas concentration in water (¢, ) is equal to the gas concentration (c; ;) on the gas-liquid
surface of the gas nucleus under certain degree of gas oversaturation, the critical radius is given by

the combination of egs. (11), (12), (13), (14) and (15).

2
Co =Cig = kH (Pa + };LG) (11)

2Y16 _ Co
16 = (2 1)p, (12)

cs = kyP, (13)

e — (¢ —1)P, (14)

b

_ 2VLe
k= ({-1)Pq (15)

Combining egs. (7) and (15), the critical height (H) can be obtained as equation (16):

_ _2y16_[cos (6—B) o _
H_((—l)Pa[ tanf +1—sin (6 :8)] (16)

From the measurements of surface tension using bubble pressure tensiometry at 20°C (+ 0.5°C),



the surface tension of the MIBC solution with a concentration of 1.5 X 10 mol/L is about
71.6 mN/m. Compared to the gas-liquid surface tension of normal tap water of 72.0 mN/m, the
critical height (H) decreases by only about 0.4 %. However, the gas nucleation probability in this
MIBC solution increased significantly. Thus, it seems that the decrease of the critical nucleation
height caused by the reduction of surface tension is not the driving mechanism. The surfactant can
adsorb on the gas-liquid surface to form a stable gas-liquid film which is benefitting the
entrainment of gas nuclei into the solution. Many stable gas nuclei whose heights are larger than
the critical height will be entrapped while the solid surfaces immerse in the MIBC solution, which
can provide many gas nuclei for surface microbubble nucleation to improve the gas nucleation
probability.

Bournival et al. (2014) found that MIBC can increase the damping coefficient of bubbles, namely,
reduce the wave of bubble surfaces during the coalescence of bubble pairs, which can reduce the
fraction of particles detached from bubble surfaces. When the MIBC concentration is bigger than
4 X 10* mol/L, the damping coefficient was found to increase, which they obtained by using the
normalized relative projected area of coalescing bubble pairs (Bournival et al., 2014; Bournival et
al., 2015; Bournival et al., 2012), which means the concentration of 1.5 X 10~ mol/L MIBC in this
study has minor effects on the damping coefficient. In this study, it can be found that 1.5X10"
> mol/L MIBC reduces the attachment of the particles in pick-up experiments and increases the
particle-bubble load of the bubble in the bubble collision experiments which indicates low
concentration MIBC can also reduce the fraction of particles detached. The discrepancy may be
the different bubble oscillations in our study: it can be caused by the coalescence of bubbles but
also by the wave of bubble surfaces induced by the hydrodynamic conditions. Aoki et al. (2015a, b)
found that Taylor bubbles contaminated with 1-octanol and Triton X-100 rising through vertical
pipes have immobile surfaces which can prevent the violent wave of bubble surfaces due to the
Marangoni effect as compared to clean bubbles with mobile surfaces. It implies that the surfactant
can weaken the wave in the bubble surfaces to reduce the detachment of particles. The slight shape
oscillation of the immobile surfaces of carrying bubbles could be why such low concentration
MIBC still has a significant influence on the detachment process. As the increase of the gas
nucleation probability and the decrease of the detachment, MIBC can increase the load of particle-

bubble aggregates and carrying bubbles to improve the recovery of graphite particles significantly.



5. Conclusion

In this study, the influences of gas nucleation by a frother-type surfactant MIBC on graphite
flotation were investigated through micro-flotation, single bubble collision and pick-up
experiments, microscopic observations, and agglomeration experiments. The flotation results
show that the recovery of graphite increased by gas nucleation phenomena and the formation of
aggregates in air-oversaturated water compared to normal tap water, and the effect of gas
nucleation was further enhanced by MIBC. From the bubble collision and pick-up experiments, it
can be found that MIBC can reduce the detachment of particles from the bubble surface to
improve the coverage angle on the bubble surface significantly in hydrodynamic conditions. With
the microscopic observations, the bubble nucleation processes have been recorded, and it can be
seen that nucleation bubbles prefer to nucleate in the crevices and holes on the graphite surface. It
can be observed that the floating aggregates were formed by the collision between nucleation
micro-bubbles and graphite particles which can improve the recovery of fine particles. From the
statistics of using gas nucleation probability, it can be found that MIBC can improve the gas
nucleation probability in air-oversaturated water. From the agglomeration experiments, it can be
observed that more coarser aggregates are formed in air-oversaturated water with MIBC compared
to the case without MIBC. These results indicated that frother type surfactants have two critical
influences on the flotation with air-oversaturated water: (1) improving the gas nucleation
probability to form more surface microbubbles by enhancing the stability of surface nuclei; (2)
increasing the particle load through the deacrease of particle detachment of carrying bubbles as
well as aggregates which were composed of nucleation bubbles and graphite particles. There are
many hydrophobic and rough minerals in the flotation industry that require a low degree of air-
oversaturation in water for gas nucleation to occur. The frother-type surfactants are often used in
flotation, which can improve the stability of surface nucleation bubbles besides its common use to
decrease bubble size and impacting froth stability. In conclusion, this study highlights the
importance of the combined effects of gas nucleation and frother action in flotation, especially for

the recovery of fine particles.
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