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Abstract: This study investigates bubble size measurements, bubble characteristics, and the relation-
ship between key operating variables and gas dispersion properties in column flotation. As the frother
concentration increased to 120 ppm, the bubble size distribution (BSD) transformed from bimodal to
unimodal and achieved a minimum bubble size of 0.62 mm. The critical coalescence concentration
(CCC) was identified as 120 ppm. Gas velocity and wash water velocity significantly influenced
bubble size, with gas holdup peaking at 27% at 1.08 cm/s a gas velocity. The bubble-rising velocity
increased as the bubble size increased, indicating that the bubble size and bubble-rising velocity were
proportional. The bubble surface area flux decreased linearly with increasing bubble size and was
significantly affected by the gas velocity. A strong correlation (R2 = 0.86) between measured and
calculated bubble sizes was achieved, with an average size of 0.64 mm and an estimation error of
±13%. The study demonstrated that bubble size and distribution could be effectively controlled
under specific operational conditions (Jg = 0.65–1.3 cm/s, JW = 0.13–0.52 cm/s, frother = 30–120 ppm).
These findings highlight the importance of optimizing key variables to enhance column stability,
regime maintenance, and flotation performance.

Keywords: bubble size; column flotation; critical coalescence concentration; gas dispersion

1. Introduction

Flotation is a separation method that uses bubbles to separate particles based on
differences in their physicochemical properties. Hydrophobic particles float and concentrate
through collisions and attachment to rising bubbles, whereas hydrophilic particles do not
attach to bubbles or sink [1,2]. These properties are used in diverse fields such as mineral
processing and water treatment [3].

Bubbles used to recover valuable minerals play an important role in flotation be-
cause they attach and transport hydrophobic mineral particles. Bubble size and bubble
distribution significantly affect the recovery rate of the target minerals during flotation [4].
Large bubbles can quickly recover coarse particles, but fine particles move along the water
streamline, reducing the particle–bubble collision probability. Therefore, fine bubbles have
a higher particle–bubble collision efficiency than large bubbles and thus have an advantage
in terms of flotation efficiency [5,6]. According to Ahmed and Jamson (1985), when the
bubble size is reduced from 0.66 to 0.075 mm, the flotation rate of quartz increases by
approximately 100 times [7]. Gorain et al. (1997). reported that the first-order flotation rate
constant and bubble surface area flux are linearly related. Moreover, because the bubble
surface area flux, which is proportional to the gas velocity and inversely proportional
to the Sauter mean bubble diameter, is a parameter that affects the flotation recovery,
the importance of measuring the bubble size for predicting the flotation performance
was emphasized [8]. Therefore, bubble size measurements are crucial for controlling the
flotation process.

Conventional methods for measuring the bubble size in flotation include the flow
dynamics “Stokes law” based on empirical and semi-empirical experiments, electrical

Separations 2024, 11, 331. https://doi.org/10.3390/separations11120331 https://www.mdpi.com/journal/separations

https://doi.org/10.3390/separations11120331
https://doi.org/10.3390/separations11120331
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://doi.org/10.3390/separations11120331
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations11120331?type=check_update&version=1


Separations 2024, 11, 331 2 of 14

resistance measurements, and ultrasonic methods [9–11]. However, these methods have the
disadvantages of requiring a long measurement time, low accuracy, and large deviations
from the actual bubble size [12]. Recently, many researchers have studied the application
of image analysis methods to measure bubble size. Ksentini et al. (2013). determined the
bubble diameter, rising velocity, and gas holdup in a column using video recordings and
image-treatment methods [13]. Image analysis methods were used by Nesset et al. (2006) to
measure bubble size in a mechanical flotation cell [14]. Seger et al. (2019) applied sampling
image technology to measure bubble size in a flotation column. Bubble size was measured
by image analysis using a bubble size analyzer at the column bottom [15]. Mazahernasab
et al. (2021) estimated bubble size using image analysis and laser diffraction methods [16].
Eskanlou et al. (2018) and Riquelme et al. (2015) analyzed images captured using a camera
and processed bubble size using MATLAB software [16,17].

Bubble size control is an important factor for stabilizing flotation process performance.
Surfactants, generally known as frothers, determine the characteristics of bubbles during
flotation. The frother generates bubbles and prevents the coalescence of the generated
bubbles, thereby improving gas dispersion [18,19]. In addition, the bubble size distribu-
tion directly affects the selectivity of the bubbles, their ability to carry valuable minerals,
and their flotation efficiency. Factors affecting the bubble size include the type of frother
concentration and gas velocity [20,21]. The bubble size decreases as the frother concen-
tration increases and remains uniform above a certain concentration. This concentration
is called the critical coalescence concentration (CCC). This phenomenon occurs because
the coalescence of bubbles decreases as the frother concentration increases because the
coalescence of bubbles is prevented at the CCC [22]. Therefore, even when the frother
concentration exceeds the CCC value, the bubble size is unaffected. As the gas velocity
increases, the bubble size increases because of the collision and coalescence of bubbles,
and the measurement of the bubble size as a function of the gas velocity is considered an
essential factor for controlling the stability and efficiency of column flotation. The bubble
surface area flux has an important impact on the frequency of bubble–particle collisions
and flotation performance, which is affected by gas velocity and bubble size. A study by
Capponi et al., 2005 confirmed that recovery increased by approximately 2% and flotation
kinetics (rate constant) improved by approximately 3% as the bubble size decreased in
laboratory-scale sulfide mineral flotation. They argued that this was because the bubble
surface flux and capture of fine sulfide mineral particles increased as the bubble size de-
creased [23]. Angelica et al. (2019) evaluated the recovery characteristics of apatite for
three different bubble size distribution ranges. As a result, the highest grade of apatite was
obtained when the bubble size range was less than 0.3 mm, and the highest recovery was
obtained when the bubble size range was more than 1 mm. Considering the grade and
recovery, the best flotation performance was obtained in the bubble size distribution range
of 0.3–1 mm [24]. Therefore, because the bubble size in column flotation directly affects the
flotation efficiency, it is essential to evaluate the correlation with various factors through
bubble measurements for flotation performance evaluation.

Therefore, in this study, we calculated the size of the bubbles directly in a flotation
column using a high-speed camera and an image analysis program. We aimed to evaluate
the relationship between bubble size as a function of the frother concentration and the CCC,
gas velocity, bubble surface area flux, and wash water velocity, which can maintain the
column flotation regimen and control flotation efficiency.

2. Theoretical Aspects

Bubble size in flotation columns is an important basic factor in studying gas disper-
sion properties, calculating carrying rates, optimizing operation variables, and securing
mixing models and scaled-up data. In particular, gas dispersion properties such as super-
ficial gas velocity, bubble size, gas holdup, and bubble surface area flux are significant
parameters that affect the maintenance of the column system and the efficiency of column
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flotation. These factors can be used to evaluate the basic characteristics and understand the
phenomena occurring in a column.

The gas and liquid velocities inside the column are related to the flow velocity of
the fluid. In other words, the superficial gas velocity is expressed by dividing the flow
rate of the gas injected into the column by the cross-sectional area of the column, and
the superficial wash water velocity can also be expressed by dividing the flow rate of the
incoming wash water by the cross-sectional area of the column. The gas (Jg) and liquid
velocities (Jl) can be expressed using the following equations [25]:

Jg =
Qg

Ac
(1)

Jl =
Ql
Ac

(2)

where Jg is the gas velocity, Jl is the liquid (slurry) velocity, Qg is the gas flow rate, Ql is the
liquid (slurry) flow rate, and Ac is the cross-sectional area of the column.

The average Sauter bubble diameter (d32) is generally used to evaluate the value of
the average bubble and is expressed as follows [26]:

d32 =
∑n

i=1 d3
i

∑n
i=1 d2

i
(3)

where di is the bubble size and n is the number of bubbles. A minimum of 100 bubble
images were processed to obtain an appropriate Sauter mean bubble diameter estimate.

The bubble size estimation can be obtained using Walllis’ drift flux (Equation (4)) and
Masliyah’s hindered settling (Equation (5)) equations. The bubble size can be calculated
by repeatedly substituting the given variables until the relative velocities, Us, of the two
equations correspond to [27,28].

Us =
Jg

ϵg
± Jl(

1 − ϵg
) (4)

where Jg and Jl are the gas and liquid velocities, respectively, and εg is the gas holdup. The
drift flux equation applies to co-current and counter-current gas and liquid flows and can
be obtained by measuring the gas and liquid velocities and gas holdup.

Us =
gd2

bρl
(
1 − ϵg

)m−1

18µl

(
1 − 0.15Re0.687

bs

) (5)

Masliyah modified the Schiller–Neumann formula for the drag coefficient of spherical
particles to incorporate the Reynolds number for bubbles rising in the same swarm as the
hindered settling conditions for particles [28]. The interference settling equation can be
obtained using the following Equations (6)–(10) [25,29,30]:

Rebs =
dbUsgρsl

(
1 − ϵg

)
µsl

(6)

where Rebs is the Reynolds number of a bubble in a swarm, db is the bubble diameter, Usg
is the relative velocity, ρsl is the liquid density, and µsl is the liquid viscosity.

Richardson (1954) also suggested that m may be calculated using the following
Equations (7)–(8) [30]:

m =
[
4.45 + 18(db/dc)Re−0.1

b

]
(1 < Reb < 200) (7)

m = Re−0.1
b (200 < Reb < 500) (8)
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where dc is the column diameter and Reb is the Reynolds number of a single bubble rising
in slurry following Equation (9).

Reb =
dbUbρsl

µsl
(9)

Ub can be calculated by assuming that there is one bubble inside the entire column as
the maximum rising velocity of a single bubble, and εg can be set to 0 in the interference-
settling equation. Another method uses the relationship between the gas velocity and gas
holdup, which can be expressed by the following equation [25]:

Ub =
dJg

dεg
εg → 0 (10)

Therefore, this study estimated the bubble size using measured gas holdup and
Equations (4)–(9). The iteration approach is as follows: (a) assume an arbitrary value for
db; (b) estimate the slip velocity using drift flux theory (Equation (4)); (c) estimate the
slip velocity using Equations (5)–(9); (d) since the difference between the slip velocities
calculated in (b) and (c) decreases monotonically as db increases, the assumed value of db
can be continuously refined until the two values are within a specified error. The db value
that satisfies this condition is considered the optimum estimate of db.

Gas holdup (εg) indicates the gas volume ratio within the column and plays an
important role in the interaction between variables in gas dispersion characteristics and
selection efficiency. There are several methods for measuring the gas holdup in a floating
column, such as head difference, pressure difference, and sensors. The method using the
head difference can measure the gas holdup for the entire column area, whereas the method
using the pressure difference and a sensor can measure the gas holdup for a certain area
of the column. In this study, the gas holdup was measured using a manometer and the
pressure-difference method. Figure 1 illustrates the gas-holdup measurement method using
a manometer. Using the pressure difference between the two manometers, the gas holdup
between two points can be expressed as follows [25]:

ϵg = 1 − ρw

ρsl

(
1 − ∆h

∆L

)
(11)

where ρw is the density of the liquid, ρsl is the density of the slurry, L is the distance
between points A and B, and h is the head difference between the two manometers. In two
phases, the gas holdup can be expressed by a simplified equation [25].

εg =
∆h
∆L

(12)

The total surface area of the bubbles passing through a cross-section of the cell per
unit of time defines the bubble surface area flux (Sb). The bubble surface area flux was
calculated as follows [25]:

Sb =
6Jg

db
(13)

where Jg is the gas velocity and db is the Sauter mean bubble diameter.
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Figure 1. Measurement of gas holdup by manometer method.

3. Experimental
3.1. Column Flotation System

Figure 2 shows a schematic diagram of the column flotation system used in this
study. The flotation column measured 300 cm in height and 7 cm in diameter and had
a cross-sectional area of 38.48 cm2. We placed the feeder at the top 1/3 of the column
and injected air through a porous sparger (pore size 0.5 µm) at the column bottom. We
controlled the flow rate using an airflow meter. The porous sparger generated bubbles as
compressed air passed through the micropores, and the size and distribution of the bubbles
varied depending on the pore size and air pressure. This type has the characteristics of a
simple structure and easy manufacturing; therefore, it is primarily used in experiments.
Wash water was placed at the top of the column and its flow rate was controlled using
a peristaltic pump. Two manometers were installed at 35 cm intervals to measure the
gas holdup in the column. The high-speed camera (Mach-F340, Comart system, Seoul,
Republic of Korea) is 20 cm from the column and equipped with a CMOS image sensor
(2048 × 1088 pixels), enabling shooting from 340 fps (Frames per second) to 2650 fps at
a resolution of 920 × 1080 p. Additionally, a flash device was installed to increase the
contrast of the bubbles while shooting using a high-speed camera to obtain a clear image.

3.2. Bubble Size Measurements

Pine oil is used as a frother for bubble generation and is primarily used in flotation. The
general characteristics of pine oil are that it contains approximately 44% (weight ratio) of
alcohol, distills at 170 to 220 ◦C, and has a solubility in water of approximately 2.5 g/L. The
concentration of the frother (pine oil) in the conditioner was adjusted, and the frother, feed,
wash water, and gas were supplied under the operating conditions. Simultaneously, the
concentrate and tailings were discharged. Subsequently, a stabilization period was provided
to maintain the column system. High-speed photography was performed on the bubbles in
the stabilized collection zone. The bubble size in the photographed images was measured
for more than 100 bubbles using the ZEISS image analysis program (AxioVision 4.8), and
the average Sauter mean diameter was obtained. The experimental conditions were a gas
velocity of 0.65–1.30 cm/s, wash water velocity of 0.13–0.52 cm/s, and a 5–250 ppm frother
concentration. All mass balances, that is, supply and discharge, were measured using a
flow meter and expressed as the velocity according to the cross-sectional area of the column
and time.
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Figure 2. Flotation column and bubble size measurement system.

4. Results and Discussion
4.1. Frother Concentration

A frother is essential for lowering the surface tension of water and for forming, dis-
tributing, and maintaining bubbles. In this study, surface tension was measured using an
extension device (unit of measurement, mN/m) that applied the Dunouy method. This
device measures the surface tension by measuring the tension generated when lifting a
Dunouy ring made of platinum from the surface of the solution. Average values were
obtained from three repeated measurements. Figure 3 shows the changes in the surface
tension as a function of the frother concentration. The measurement resulted in the initial
surface tension of water of 71.19 mN/m, which was a reasonably significant value, but
decreased as the frother concentration increased. The surface tension at a frother concentra-
tion of 120 ppm was 46.24 mN/m, and when the frother concentration was above 120 ppm,
there was no significant variation in surface tension. It is believed that above a specific
frother concentration, the role of the frother and the consumption of reagents are limited.

Figure 4 shows the change in bubble size (db) as a function of gas velocity (Jg) at
different frother concentrations. CCC is generally determined by observing the behavior of
bubbles (constant bubble size) when increasing frother concentration in a flotation column.
The bubble size decreased as the frother concentration increased, and the average bubble
size was distributed in the range of approximately 0.62–0.89 mm. This is because the
mutual attraction of the liquid with a lower surface tension decreased, forming smaller
bubbles [31]. As the initial frother concentration increased, the bubble size decreased
rapidly and became almost constant above a certain concentration, which was 120 ppm [22].
The effect of these frother concentrations on bubble size reduction corresponds to the
similar behavior on surface tension [32]. This is because the coalescence of air bubbles
decreases as the concentration of the frother increases, and above the critical coalescence
concentration, the coalescence of air bubbles is completely prevented [22,33]. In other words,
bubble coalescence is affected at concentrations below the critical coalescence concentration,
whereas coalescence does not occur at higher concentrations [34]. The bubble size tends
to increase as the gas velocity increases. The maximum bubble size was measured to be
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0.87 mm at a gas velocity of 1.29 cm/s and a frother concentration of 5 ppm, and the
minimum bubble size was confirmed to be 0.62 mm at a gas velocity of 0.65 cm/s and a
frother concentration of 120 ppm. The bubble size increase with increasing gas velocity
was mainly due to increased kinetic energy, a higher collision frequency, and enhanced
bubble coalescence due to shear forces and turbulence [35]. Therefore, gas velocity is an
important parameter in column flotation to balance the bubble size and ensure optimal
separation efficiency. It was noted that the bubble size increased owing to the collision and
coalescence of bubbles as the gas velocity increased, and the measurement of bubble size
with gas velocity is considered an important parameter for adjusting the efficiency and
stability of column flotation.
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Figure 5 shows the bubble size distribution (BSD) as a function of the frother con-
centration. As the frother concentration increased from 30 to 120 ppm, the bubble size
distribution, which was bimodal at 30 ppm, gradually became unimodal, finer, and nar-
rower at 120 ppm. This phenomenon may be because, with an increase in small bubbles,
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the bubble size distribution range is narrowed and bubble coalescence is prevented at the
CCC. In this regard, a study by Rodrigues et al. (2003) and Nesset et al. (2006) showed
similar results, in which a narrower range of small bubbles was formed as the frother
concentration increased [14,36]. In addition, because the minimum value of the bubble size
did not change significantly even when the frother concentration increased, the average
bubble size that could be reduced using the frother under the conditions of this study was
0.5 mm.
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4.2. Gas Velocity

Gas velocity (Jg) is an important operating variable in column flotation and has
a significant influence on bubble generation/distribution, maintenance of the system
(upstream), mixing, and transport within the column. Wash water is a significant factor in
maintaining and mixing the column regime, which suppresses entrained and entrapped
gangue minerals within the froth zone and affects the downstream flow along with the
feed. The gas and wash water velocities can control the bubble size in the column and
affect the gas holdup and bubble rise velocities. The gas and wash water velocities and
bubble size were calculated using Equations (1)–(3). Figure 6 shows the change in bubble
size as a function of gas and wash water velocities. The bubble size tends to increase as
the gas velocity increases. The maximum bubble size was 0.97 mm at 1.30 cm/s Jg and
0.13 cm/s Jw and the minimum was 0.62 mm at 0.65 cm/s Jg and 0.52 cm/s Jw. An increase
in gas velocity forms larger bubbles because the amount of gas flowing into the column
increases, increasing the bubble size by coalescence between bubbles [37,38]. If the gas
velocity inside the column becomes very high, turbulent flow is formed, resulting in a
nonuniform bubble size. However, if the gas velocity decreases, bubbles of uniform size
are formed with laminar flow [39]. The increase in the wash water velocity from 0.13 cm/s
to 0.52 cm/s resulted in a reduction in the bubble size. It seems that the expansion of
the bubble size was suppressed by increasing the pressure of the liquid flowing into the
column. The decrease in bubble size with increased wash water is due to the shear stress
on rising bubbles. This shear stress by the wash water tends to decompose or break up the
rising bubbles, resulting in the formation of a small gas bubble. The higher gas velocity
would increase the bubble coalescence; however, this coalescence tendency decreases with
increased wash water flow [40]. Hence, the bubble size as a function of gas and wash water
velocity is important for adjusting column flotation’s stability, regime, and efficiency.

Figure 7 shows the change in gas holdup (εg) as a function of the gas velocity (Jg) at dif-
ferent wash water velocity values (Jw). The gas holdup was calculated using Equation (12).
The gas holdup increased with the gas velocity. The results show a similar trend to the
change in bubble size as a function of the gas velocity, as shown in Figure 6. This was
attributed to the increase in the gas volume in the column. The gas holdup is measured
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to be less than <25% in conditions of gas velocity of 0.87 cm/s. However, it is more than
approximately 40% in conditions of gas velocity of 1.08 cm/s. In addition, the relationship
between the gas velocity and gas holdup was affected by the bubble size, frother concentra-
tion, and wash water velocity [41]. Therefore, the bubble size and gas holdup increased as
the gas velocity increased, and the gas holdup increased as the wash water increased at
the same gas velocity. It seems that the increase in gas holdup with an increase in wash
water velocity may be due to an increase in the wash water and variation in bubble-rising
velocity reported in the collection zone in the column [42]. The wash water velocity reduces
both the relative gas velocity and the turbulence intensity. Also, as the wash water velocity
increases, its downstream flow contributes resistance to the bubble rising. This reduces
the bubble size and the bubble residence time, thereby decreasing the gas holdup [43]. In
addition, an increase in the frother concentration causes a decrease in the bubble size, as
discussed in Section 4.1. It is shown that the gas holdup is dependent on the gas velocity,
wash water velocity, and frother concentration related to the bubble size and is significantly
affected by adjusting the correlation between these variables.
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4.3. Bubble-Rising Velocity

Figure 8 shows the bubble-rising velocity (Ub) as a function of the bubble size (db).
The bubble-rising velocity was calculated using Equation (10). As shown in the figure,
the rising velocity increased as the bubble size increased, indicating that the bubble size
and bubble-rising velocity were proportional. Tan et al. (2013) reported that when the
frother concentration increases, the bubble size decreases and the rising velocity decreases
at this time [44]. In this study, the bubble rising velocity was 6.48 cm/s at a bubble size
of 0.51 mm and 18.03 cm/s at a bubble size of 0.83 mm. This is because the buoyancy
increases as the bubble size increases, which in turn increases the rising velocity. Leiva et al.
(2010) compared the bubble rise velocity with the frother concentration and gas velocity
and reported that the bubble rise velocity increased as the bubble size and gas velocity
increased. They also demonstrated that the error in the bubble size for larger bubble sizes
and gas velocities was more extensive than that for smaller bubble sizes and gas velocities,
owing to the sensitivity of the measurement mechanism [45]. Leonard et al. (2021) reported
that the bubble-rising velocity affected the pressure, temperature, wash water velocity, gas
velocity, etc. [46]. The bubble-rising velocity is a critical parameter for optimizing bubble
residence time and gas dispersion. When the rise velocity is excessive, bubbles may not
adequately capture mineral particles, and gangue particles could be entrained, resulting
in a low grade. Conversely, an insufficient bubble-rising velocity reduces the probability
of particle–bubble interactions. Therefore, an optimal bubble-rising velocity is essential to
maximize valuable mineral capture and enhance recovery efficiency. Hence, it is possible to
improve flotation efficiency, including the stability and maintenance of the column regime,
by adjusting the bubble-rising velocity and bubble size.
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4.4. Bubble Surface Area Flux

Figure 9a shows the bubble surface area flux (Sb) as a function of the bubble size at
different gas velocities (Jg). The bubble surface area flux was calculated using Equation (13).
At each gas velocity, the bubble surface area flux decreases linearly as the bubble size
increases. The bubble surface area flux showed a minimum value of 62.58 cm2/s/cm2 at
a gas velocity of 0.65 cm/s and a maximum value of 111.86 cm2/s/cm2 at a gas velocity
of 1.29 cm/s. The bubble surface area flux values exhibited a sharper curve depending
on the gas velocity rather than the bubble size. This trend is similar to the experimental
results obtained by Nesset (2011) [47]. Increasing the gas velocity can increase the number
of bubbles and decrease bubble size owing to stronger bubble breakup [40,45]. As the gas
holdup is also a function of the gas holdup and bubble size, the bubble surface area flux was
plotted against the measured gas holdup, as shown in Figure 9b. The resulting relationship
is Sb = 2.67 εg. This compares well with Finch et al.’s (2000) result of Sb = 5.5 εg [48]. The
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correlation between the bubble surface area flux and the gas holdup was proportional. As
shown in Figure 7, the gas holdup depends on the gas velocity, wash water velocity, and
frother concentration, which are related to the bubble size. As the gas holdup increased,
more bubbles were generated in the column. In addition, smaller bubbles tend to increase
both the gas holdup and bubble surface area flux, which have a higher surface area of rising
bubbles per unit of cross-sectional area of the column per unit time, leading to a longer
residence time and lower rise in the column [8,47]. In addition, the bubble surface area flux
is too low and the collision opportunities between bubbles and particles decrease, leading to
lower recovery. Conversely, excessively high bubble surface area flux can cause turbulence,
resulting in the entrainment of gangue particles and a reduced grade. Effectively regulating
the bubble surface area flux optimizes bubble–particle interactions, improving flotation
efficiency. Therefore, the bubble surface area flux can be estimated by the measurement
and/or relationship of gas velocity, gas holdup, and bubble size and is considered a critical
variable that characterizes gas dispersion in a flotation column.
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4.5. Bubble Size Estimation

Figure 10 shows the relationship between the measured and calculated bubble sizes
(db) in the porous-type column flotation. The actual bubble size was measured using a
bubble size measuring system and the ZEISS image analysis program. The bubble size
was estimated using Equations (4) and (5), and the linear model was successfully obtained
from the relationship between the estimated db values and measured db values. The model
obtained was presented at a 95% confidence level and under 0.05 p-values. The regression
analysis of the relationship between the bubble sizes showed an R2 of 0.86, and the average
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bubble size was evaluated to be 0.64 mm. Errors in bubble size estimation may be caused
by various operating conditions that affect bubble formation. The error range of the bubble
size was ±13%, which was similar to the error range in the studies of Yianatos et al. (1988)
and Luis Vinnett et al. (2022) [49,50]. As a result of this study, it was noted that the bubble
size and bubble distribution could be controlled under the current operating conditions
(Jg = 0.65–1.3 cm/s, Jw = 0.13–0.52 cm/s, frother = 30–120 ppm), leading to the stability
and maintenance of the column regime. A more systematic study on column flotation,
including the gas dispersion properties between various operating variables and sparger
types, is required.
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5. Conclusions

This study investigated bubble size measurement methods and the correlation between
operating variables and gas dispersion properties in column flotation. The main results are
summarized as follows:

1. Increasing the frother concentration significantly reduces bubble size, with a CCC
identified at 120 ppm, above which bubble coalescence is effectively prevented. In-
creasing the frother concentration from 30 to 120 ppm changed the BSD from bimodal
to unimodal, resulting in finer bubbles with minimum sizes of approximately 0.62 mm.

2. Gas and wash water velocities substantially influenced bubble size, with gas holdup
peaking at 27% at 1.08 cm/s a gas velocity. A higher gas velocity increases the
bubble size through coalescence, whereas a higher wash water velocity reduces it,
owing to the increased pressure. Optimizing these variables, along with the frother
concentration, can enhance column stability and flotation performance.

3. Bubble surface area flux decreases linearly with increasing bubble size and is sig-
nificantly affected by gas velocity, ranging from 62.58 to 111.86 cm2/s/cm2 at gas
velocities of 0.65 and 1.29 cm/s, respectively. The relationship between the bubble
surface area flux and gas holdup is proportional, and both are influenced by the gas
velocity, wash water velocity, and frother concentration.

4. A strong correlation (R2 = 0.86) between measured and calculated bubble sizes was
achieved, with an average bubble size of 0.64 mm and an estimation error of ±13%.
The study demonstrates that bubble size and distribution can be effectively con-
trolled under specific operational conditions (Jg = 0.65–1.3 cm/s, Jw = 0.13–0.52 cm/s,
frother = 30–120 ppm). Further research on gas dispersion properties and sparger
types is recommended to optimize flotation column performance.
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Currently, Samyang Mining’s molybdenum flotation plant in Korea is in demand for
high-grade concentrates for lubricant applications. However, a low-grade concentrate with
88% MoS2 is being produced. Therefore, it is predicted that the application of column
flotation processes, along with the bubble size and gas dispersion characteristics evaluated
in this study, could improve the flotation efficiency of high-grade concentrates to 98%
or higher.
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