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 ABSTRACT 
In this study, a comparative measurement of bubble sizes in a two-phased medium (water and air) was performed in a 
mechanical flotation cell by image analysis (IA) and laser diffraction (LD) methods. The bubbles were generated in a 
mechanical cell with dimensions of 25*15*17 cm3. To determine the bubbles' size by the LD method, the bubbles were 
transferred from the cell to the laser particle size analyzer (LPSA) device through a hole in the cell, and Db(50) of bubbles 
were also calculated from their scattering pattern data. 
A bubble viewer, made of Plexiglas with certain dimensions, including two main parts (sampling tube and viewing 
chamber) was employed for the IA method. Comparative experiments were conducted in the different conditions affecting 
the bubble sizes, that is, the impeller speed, solution temperature, pH value, and frother types. Results indicated that the 
two measurement methods were in good agreement while bubbles' sizes were in a range of +400-800 microns. The 
difference between LD and IA results was less than 7% in the range of +400-800. In the size range of -200 microns, LD 
and IA results difference increased to 36%. Moreover, in all experiments with the same conditions, the size of the bubbles 
by the LD method was recorded smaller than that by the IA method. Considering the fact that bubbles in the mechanical 
flotation cell are usually in the size range of +600 -2000 microns, and in this range, LD and IA results had a 
negligible disagreement, LD can be successfully employed for the bubble size measurement in mechanical flotation 
cells. 
 
KEYWORDS: Bubble size distribution; Mechanical flotation; Laser Diffraction Technique (LDT); Image Analysis 
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INTRODUCTION 
Air bubbles play a significant role in the flotation system, as they carry hydrophobic particles up to the surface, 

transfer them to the froth phase and generally separate them from hydrophilic particles. In this regard, bubbles should 
have an appropriate size distribution, and there should be a remarkable correlation between the particle and the bubble 
size distribution [1, 2]. The rate of mineral recovery is heavily dependent on the bubble size distribution in the flotation 
process [3]. In a study by Ahmed and Jamson [3], they reported that by the bubble size reduction from 655 to 75 micron, 
the rate of quartz flotation increases almost one hundred-fold [4]. Also, there has been a linear relationship between the 
first-rate constant and the bubble surface area flux recording by Gorain et al. [5]. They concluded that the bubble surface 
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area flux as a function of gas dispersion, which is proportional to the superficial gas velocity and inversely proportional 
to the Sauter mean bubble diameter, can be used as a single, scaleable parameter to affect the rate of flotation recovery 
[5]. All of these studies clearly determine the importance of bubble size distribution knowledge so as to predict the cell 
performance.  

Thus, bubble size measurement has considerable importance to control a flotation process. Several techniques have 
been used to determine the bubbles' size [6,7], generated in the flotation, especially X-ray [8], empirical and semi-
empirical relations based on flow dynamics “Stokes law” [9], electrical-resistance measurement [10], and ultrasound 
methods [11]. These methods are sophisticated, time-consuming, less accurate and indirect. In these methods, first, 
bubbles are produced outside of a mechanical flotation cell, then the bubble size is measured, and fed into the flotation 
cell, and, by doing so, deviation would be shown from the actual bubbles' size which were produced into a cell. Obviously, 
the information which is derived from these methods makes several errors.  

The image analysis method has been applied by many researchers to determine the bubble and micro-bubble size 
distribution. Ksentini et al. [12] used the method of video recording and image treatment to determine oxygen micro-
bubble diameter, their rising speed, and gas hold-up in an electro-flotation column. Also, Nesset et al. [13] employed the 
image analysis method to measure the bubble size in mechanical flotation cells. Hernandez-Aguilar [14] presented a 
bubble sampler which includes a viewing chamber and a sampler tube. This simple design as well as proper backlighting, 
produced photos with high contrast. The quality of the photos was enough to be automatically processed. This bubble 
sampler that was developed at McGill University for the first time, was named MBSA. LTM-B sizer, as shown in in Fig. 
1) is a novel method to measure the bubble size. This method is a combination of digital and microscopic image analysis 
[15]. In this method, bubbles enter a viewing chamber through a column, and after a reduction in their speed, they are 
photographed. 
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Fig. 1. The LTM-B sizer system [15] 

Although, Unlike indirect measuring systems, image analysis (IA) which is a typical direct method for bubble size 
measurement inside flotation cells, it creates also some challenges. The main challenge is the variation of the distance 
between bubbles and the lens focal plane due to the spiral motion of bubbles in the shooting zone of mechanical cells 
[14]. Moreover, differences in optical conditions (i.e. light, temperature, etc), bubbles overlap, blurring of some bubbles 
in images, bubbles aggregation, and relatively time-consuming process of measurement are other trials may lead to errors 
in the IA method.  

Laser diffraction (LD) technique has been used to measure the size of dry solid particles, colloids ,and emulsions 
since the mid-70s. LD is applied by a laser particle size analyzer (LPSA) to measure the size of particles/bubbles in an 
aqueous or aerial environment. This technique is determined as a non-destructive and non-intrusive method which relies 
on the fact that the laser diffraction angle is inversely proportional to particle size [16]. LD is applicable for particle size 
range from 0.1 µm to 3000 µm according to ISO13320-1 [17]. In 2004, LD was developed to measure the size distribution 
of colloidal afrons gas (A type of foam, which is used in the separation process) [18]. Afterward, it was applied to 
determine the size distribution of fine bubbles in the range of micrometer and nanometer. Hudson et.al [19] measured the 
bubble size distribution in dissolved air flotation by the LD method and confirmed that this method is capable of being 
used for industrial operations, since it is a time-saving technique and easy to repeat.  
       As for LD is a direct measuring technique, it has not been applied to measure the size of bubbles into a mechanical 
flotation cell, and its results have not been compared with IA method results, which is a direct measurement method thus 
far. Hence, this study is going to present a new step-up for the measurement of bubble size distribution, which is produced 
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in a floatation cell, using the LD method. To validate the accuracy of the new presented set-up and to compare, LD and 
IA methods were simultaneously used to measure the bubble size distribution. Their results were compared qualitatively 
and quantitatively. The results of this investigation can be used to control the flotation separation systems more precisely. 

MATERIALS AND METHODS 
Materials 
Bubbles were generated in a mechanical flotation cell of 17×15×25 cm3. In tests, two typical flotation frothers were 

used separately in experiments: methyl isobutyl carbinol (MIBC) with the molecular weight of 102.17 g/mol 
(manufactured by Sigma Aldrich Company, USA) and polypropylene glycol (A65) with the molecular weight of 395.61 
g/mol (manufactured by Cyanamide company, USA).  To generate bubbles, a certain amount of frother (30 ppm) was 
added to the twice-distilled water in the cell. After adjusting the pH and temperature, the air valve was opened at the rate 
of 0.5 l/min and bubbles begun to produce. Bubbles were continuously transferred to the LPSA, using different pressures. 
For pH adjustment, sulfuric acid (H2SO4) of 98% and sodium carbonate (Na2CO3, supplied from the Merck Corporation, 
Germany.) The pH value was measured by a pH meter model MP230, Switzerland. In all experiments, twice-distilled 
water was used for preparing the aqueous solutions. 

 
 Laser diffraction (LD)  
The LPSA “MS2000”, manufactured by Malvern Co., was employed to determine the bubble size distribution. To 

transfer the bubbles from the flotation cell to LPSA, a hole was created on the body of the cell (Fig. 2 and 3). The hole 
was located 2 cm above the bottom of the cell, and a tube linked it to the LPSA to facilitate transferring the bubbles from 
the cell toward the LPSA. Flotation cell was placed in the closest possible distance from LPSA (15cm) to reduce the 
bubble collapse. The Mie optical model was selected in the LPSA to calculate the bubble size distribution. Measurements 
were performed every four seconds, while the light reflection index was 1.00 and 1.33 for water and bubble, respectively. 
Various parameters (frother types, aeration rate, temperature, pH and impeller speed), are effective on the size of bubbles, 
were examined to assess the LD ability for the bubble size distribution. To increase the accuracy of the results, each 
measurement was repeated four times and the median bubble diameter was calculated on a volumetric basis. The average 
of four measurements was shown as Db(50) which represents the size of  the bubble at which there is 50% of the 
distribution. The coefficient of variation of results obtained 1.64%, which is acceptable according to BS ISO 13320-1[17]. 
Moreover, the weighted residual values of tests, which represent the fit of the calculated data obtained by model with the 
measured data, were in the range of 0.46 -0.75%. The weighted residual value less than 1% indicates a good and acceptable 
fit and greater than 1% indicates the wrong choice of refractive index values. 
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Fig. 2. Laser Diffraction system components  

1)  Flotation machine, 2) LPSA -Laser Particle Size Analyzer, and 3) Computer system 

 
Fig. 3. Internal components of the bubble size mesurement by LD method[٢٠]  

The laser diffraction method is based on the relationship between the light scattering pattern and the particle size [20]. In 
this method, light scattering by particles is recorded by detectors and is converted to bubble size distribution by 
mathematical equations. The spatial distribution of light scattering is called the scattering pattern. This pattern is measured 
by detectors and is converted to the size distribution of particles by proper optical models. The scattering pattern created 
by each particle is an indication of the particle's dimensions, which is transformed into an accurate and repeatable image 
of the dimensional distribution by mathematical methods. Fig. 4 shows a scattering pattern of a particle with a diameter 
of 5 microns. 
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Fig. 4. Scattering pattern of a particle with diameter of 5 microns 

X: X-axis detector, Y: Y-axis detector, Z: relative intensity [20] 
  

The diffraction pattern depends on the ratio of particle diameter to wavelength. Therefore, this pattern changes not only 
with the particle size but also with the wavelength. Scattering pattern depends on the shape and the optical properties of 
particles too [20].  

 
Five tests were selected from the different conditions to examine the accuracy of LD bubble size measurement in 

comparison with the image analysis results. A bubble viewer, made of Plexiglas with certain dimensions, including two 
main parts (sampling tube and viewing chamber) was employed for IA. Fig. 5 shows the measurement equipment of 
image analysis system in a mechanical flotation cell.  

Before imaging, the bubble viewer was filled with the combination of water and frother, with the same frother 
concentration, pH and temperature as the flotation cell in order not to change the bubbles environment during transferring 
from flotation cell to bubble viewer. Then, bubble viewer sampling tube was inserted gently into the cell at an angle of 
90 ° to the ground. Bubbles were going up from the sampling tube and were photographed when reached to the chamber. 
A source of cold light (LED) was placed behind the bubble viewer at the angle of 90 ° to the ground. 

The 15° slope of the chamber lets the bubbles move almost as a single layer near the viewing chamber screen. This 
slope would have minimized the overlapping of the bubbles in the photos. Photos were taken by a digital camera “Canon 
5D Mark П” with a micro lens. The easurement scale was placed exactly at the focal plane. The sharp and clear bubbles 
were carefully chosen for the processing step, where the blurry bubbles could not be considered. The cold light source 
was perpendicular to the rear panel. To increase the accuracy of the measurements, at least 200 images were taken in each 
test and were randomly used for the processing step. “Projected area diameter” was determined by an image analyzer 
software. Then, the Db(50) and the size distributions of bubbles were calculated.  
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Fig. 5. Image analysis system components ١. Digital Camera, 2. Light source, 3. Bubble Viewer  

 
RESULT AND DISCUSSION 
 LD bubble size measurement 
Frother type 
Frothers have a multi-polar structure. Through flotation, froth is adsorbed at the liquid/gas interface, and it forms a 

liquid film on the bubble surface and improves bubble sustainability [21]. MIBC and A65 are two typical frothers in the 
flotation separation. The main difference between bubbles produced with the MIBC and A65 is attributed to the molecular 
structure of these two frothers, which influences the form of a hydrogen bond with water molecules [21, 22, 23, 24]. 
Hydrophilic-lipophilic balance (HLB) is one of the most common indicators evaluating the froth-ability of a frother [22]. 
HLB relies on the functional groups in the formula of frothers. HLB value for MIBC and A65 is 6.05 and 8.69, 
respectively [25]. Nesset et al. [26] suggested that the minimum diameter of bubbles lowered by increasing HLB. Frothers 
with higher HLB value are more hydrophilic, which means they are more soluble in water, thereby having more 
hydrophilic groups and forming hydrogen bonds with water [25, 27,28]. 

A65, has higher molecular weight, subjects to generate viscous and stable bubbles. MIBC owns only one hydroxyl 
group and creates an angled layer of molecules on the bubble surface, while A65 has several oxygen units that form 
hydrogen bonds with water and results in molecules that lie in the bubble surface [29]. The contact of bubble and water 
molecules decreases the coalescence of bubbles. As a consequence, in the presence of A65, smaller bubbles would be 
generated. 

1 
3 

2 
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To investigate the effect of frother type on the bubble size, experiments conducted, while other parameters were kept at 
constant values: pH 7, temperature 27 ⁰C, impeller speed 1050 rpm. Bubble size measurement in the presence of the two 
different frothers indicated that Db (50) of bubbles were generated in the presence of A65 and MIBC are 314 and 438 µm, 
respectively (Fig. 6). Smaller bubbles by A65 frother in comparison with MIBC have been reported in various 
investigations [30]. LD measurements showed that the distribution width of bubble size in the presence of MIBC is higher 
than that in the presence of A65. These results were confirmed by the IA which showed the bubble size variations in the 
presence of these two frothers (Fig. 7). 

 
Fig. 6. The effect of frother type on bubble size distribution  

         
         Fig. 7. The image of bubbles in the presence of frothers a) MIBC b) A65 

 
pH 
It is well-documneted that bubbles are smaller and stabler as pH is increased [31, 32, 33]. To check the ability of LD 

for the measurement of bubble size distribution in various pHs, MIBC was utilized as the frother, the temperature was 
adjusted at 27 ⁰C, impeller speed was set to 1050 rpm and three different pH values were examined: 5, 9, and 11. LD 
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results demonstrated (Fig. 8) that by increasing the pH values, Db(50) is reduced from 427 to 388 µm. Furthermore, the 
curve of bubble size distribution shifted to the left by increasing the pH. Fig. 9 shows image analysis results. It illustrates 
bubble size reduction with increasing pH. Moreover, the bubble aggregation can be observed at low pH values (Fig. 9).  

According to Jin et al. [34], an increase in OH− concentration has two opposite effects: 1) It increases the surface 
charge of the bubbles and helps them remain stable and small by electrostatic repulsion. 2) It also increases the ionic 
strength of the solution and eliminates the effective repulsive force between the bubbles and accumulates the bubbles. 
According to Jin, the former effect is dominant, and at higher pH values, the bubbles are finer and more stable. Moreover, 
based on researches, by increasing the pH or the concentration of OH- ions in the water, the sheer amount of bubble zeta 
potential increases, and the surface charge of the bubbles becomes highly negative. As a result of the increased bubble 
zeta potential, the surface repulsion force prevents the bubbles from approaching each other, and, thus their coalescence 
and enlargement [35]. 

   

 
Fig. 8. The effect of pH on bubble size distribution 

              
Fig. 9. The image of bubbles at different pH a) 5, b) 11 
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The effect of temperature on the bubble size distribution has been investigated for various aspects such as the impact 
of gas solubility in water and gas viscosity [36, 37, 38]. Wu et al.[33] suggested that temperature was important for the 
solubility of gases in water, and, also, for the coalescence of bubbles. They indicated that bubble diameter increased as 
the temperature increased from 50 to 72 oC. Ahmadi [39] proved that an increase in temperature from 14 to 40 °C resulted 
in an increase in Db(50) from 135 nm to 52000 nm. This phenomenon can be due to the effect of temperature on the 
dissolution of gases in water. Zhang et al. [40] demonstrated that as the temperature increased from 28 to 42 °C, the size 
of bubbles increased and at 37 °C they reached their maximum size and, then, declined. The authors mentioned that 
reducing gas dissolution in water was the reason for increasing bubble size and declared that the dissolution of gas would 
get its minimum at 37 °C. 

To examine bubble size changes at different temperatures, MIBC was used as a frother, pH was kept at 7 and impeller 
speed was set to 1050 rpm. Results of the bubble size measurement by LD (Fig. 10) exhibits that increasing the 
temperature from 4 to 46ºC leads to an increase in Db(50) from 327 to 1000 µm. Moreover, the curve of bubble size 
distribution shifted to the right when the temperature raised. Increasing the bubble size has been confirmed by IA through 
raising the temperature (Fig. 11). 

Preval et al. [41] studied effective parameters on the bubble size distribution and found that viscosity has two main 
effects on the bubble size: 1) higher viscosity increases the probability of bursting larger bubbles into smaller bubbles due 
to increased viscous forces on the bubble. It also delays the bubble coalescence by delaying fluid film drainage in the 
liquid/gas interface. 2) Weber number increases with the increase of viscosity, and, as a result, the liquid phase breakage 
becomes more difficult to produce bubbles. The results of this study showed that the bubble diameters are more influenced 
by the former effect, and by increasing the viscosity, larger bubbles break into smaller ones. 

 

Fig. 10. The effect of temperature on bubble size distribution 
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Fig. 11. The image of bubbles at different Temperatures a) 46, b) 17, c) 4 oC 

       Impeller speed 
Various investigations indicated that the bubble size distribution can decrease by increasing the impeller speed [42, 

43, 44]. The size of bubbles in a flotation system is a function of three hydrodynamic processes, including bubble 
production in the gas generator, bubble breakage, and bubble coalescence [45, 46]. The last two mechanisms are 
controlled by the turbulent environment, which is restrained by the impeller speed [43]. The role of the impeller is 
dissolving air into the water to produce bubbles, and, thus, more air is dispersed in the water when impeller spines faster. 
Subsequently, the bubble breakage in higher impeller speeds leads to a smaller bubble size [44, 47]. 

To investigate the effect of impeller speed on the bubble size distribution, MIBC was used as a frother, pH value was 
set at 7, and the temperature was adjusted at 27 ⁰C.  LD results (Fig. 12) shows that the bubble size distribution shifted 
to the finer sizes and the Db(50) decreased from 727 to 284 µm by raising the impeller speed from 700 to 1200 rpm. The 
Image of bubbles at different impeller speeds confirmed the LD measurements (Fig. 13). The smallest bubbles were 
generated when the impeller speed was at the highest power (1200 rpm) which means that finer-size bubbles were 
produced at high impeller speeds.  

Gorain et al. [48] presented the following empirical model through the information obtained from extensive 
experiments, using three types of impellers in a flotation cell of 3 m3 in Tasmania and Western Australia: 

Sb = 123 Ns0.44 Q
A

٠.٧٥As-0.10 P80-0.42                                                                                                                                    (1) 
d32 = ٦ Jg

Sb                                                                                                                                                                                (2) 
Where Ns is peripheral impeller speed (m/s), QA is the Aeration rate per unit section area of the cell (cm/s), As is the aspect 
ratio of impeller, P80 is the size of 80% passed of feed (microns), Sb is Bubble surface flux, Jg is superficial gas velocity 
(cm/s) and d32 is bubble Sauter mean (microns). According to Gorain's model as the impeller speed increases, the bubble's 
Sauter mean diameter decreases. It seems that in higher impeller speeds bubble breakage leads to smaller bubbles. Grau 
[49] also agreed that with increasing the impeller speed, the number of fine bubbles increases. The role of impeller speed 

a  b  c  
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in reducing bubble size seems to be related to bursting of large bubbles into smaller ones at higher speeds. 

 
Fig. 12. The effect of impeller speed on bubble size distribution at aeration rate of 0.5 lit/min and MIBC concentration of 30 

ppm. 
 

 
Fig. 13. The image of bubbles at different impeller speeds, a) 1200 RPM, b) 900 RPM, c) 700 RPM 

Comparison between the LD and IA 
In order to validate the accuracy of the LD bubble size measurement as a direct method, the results of LD and IA 

were compared in the same conditions. To see the possible variations in the measurement, the size of bubbles is measured 
in different experiments (Table. 1) by these two methods.  The difference between the LD and IA results is significant 
when Db(50) is in the range of -400+200µm. These differences could be explained by the fact that in the IA measuremetn, 
bubbles move vertically in a longer distance during taking samples and before imaging. Therefore, the bubbles have a 
higher possibility to coalesce in the IA in comparison with the LD measurement. On the other hand, in LD measurement 
set up, bubbles move in a horizontal and shorter path toward the LPSA. In addition, it seems that bubble coalescence 
happens more in image analysis method due to its longer measurement time. 
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Table 1. A comparison between the results of bubble size measurments using LD and IA methods 

Impeller speed 
(rpm)  

Temperature 
)Co( pH Frother 

 )50(bD
IA 

(µm) 

 )50(bD
LD 

(µm) 
٥٠ ٥٠

٥٠  

775  27.5  7  MIBC  805  790  1.86  
900  17.0  9  MIBC  538  518  3.72  

1200  38.0  9  MIBC  437  407  6.86  
1050  27.5  7  A65  369  311  15.72  
1200  17.0  5  A66  292  187  35.96  

 
Comparing IA with LD revealed that IA is not as efficient as LD while the bubble size range is less than 200 µm, due 

to the long process of IA and failure to detect these bubbles. It is reported that IA is mostly suitable for the determination 
of bubbles which are larger than 200 µm [30, 50, 51]. In other words, direct LD measurement can provide more accurate 
information about the size of fine bubbles. 
The comparison of IA and LD methods is performed in a liquid-gas system. According to the table above, the difference 
between the two measurement methods is less than 7% (6.86%) in the size range of +400-800 microns. However, with 
the bubble size reduction to 200 microns, the difference between the two methods has increased up to 36%. Also, the 
results show that the Db(50) of the bubbles is always larger by the IA method than that by the LD method under the same 
experimental conditions.   
 

The advantages of the LD, including the easy, high speed, and wide range of bubble size measurement introduce this 
technique as an attractive alternative to the IA for the rapid measurement of bubble size in the mechanical flotation cells.  

CONCLUSIONS 
The direct measurement of bubbles size distribution in a mechanical laboratory flotation cell under various conditions 

was assessed using the reliable laboratory-scale laser diffraction (LD) method. image analysis (IA) as another direct 
method was considered for comparison purposes. To assess the capability of LD for the bubble size measurement in 
different conditions, effective parameters on bubble size (frother type, aeration rate, pH value, temperature and impeller 
speed) were employed in different values to generate various bubble sizes. According to the results, the bubbles' size 
measured by the two methods were in a very good agreement in the size range of +400-800 microns. IA and LD Results 
difference was less than 7% in this size range. Results also indicated that as the size of the bubbles decreased, the 
difference in the two methods measurement increased. Since the size range of the bubbles in the mechanical flotation 
cells is about +600–2000 microns, the LD method achieves the high accuracy of measurement. 
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