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Abstract


Fine bubbles (FBs) are defined by the ISO/TC 281 as gas bubbles with a diameter of less than 100 μm, and they have interesting properties such as high surface-to-volume ratio, low buoyancy, long residence time, electric charge, and self-pressurization effect. Typically, FBs are characterized in terms of size distribution, concentration, and zeta potential through specialized microscopic and nanoscopic measuring devices. This work proposes a multi-objective optimization problem to find the optimal conditions to generate FBs from experimental macroscopic measurements in terms of dissolved oxygen (DO). Then, detailed microscopic measurements in terms of size distribution and zeta potential are conducted. Additionally, two venturi-type Fine Bubble Generators (FBGs) were 3D-printed in-house to evaluate the relationship between the internal structure and the generation of FBs. The best FBGs have an obstacle in the diverging section that promotes FB generation under the evaluated experimental conditions. Under the best operating conditions, FBs were stable over 7 days with a size distribution between 60 and 90 nm and with an average of −21 mV.
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1. Introduction


The International Organization for Standardization Technical Committee ISO/TC 281 defines fine bubbles (FBs) as gas bubbles of less than 100 μm. Moreover, FBs are subsequently classified into micro bubbles (MBs), which are gas bubbles between 100 and 1 μm, and ultra-fine bubbles (UFBs), which are gas bubbles less than 1 μm [1]. FBs have interesting properties that make them unique, such as great surface area to volume ratio, low buoyance, long residence time, self-pressurization effect, and electric charge due to the electric double layer. These properties have been widely exploited and used in several fields, such as agriculture, fish farms, water treatment, and cleaning. Moreover, the electric double layer provides resistance against bubble coalescence. Thus, FBs show unexpected stability and durability [2].



There are several methods for FB generation, such as mechanical shear, solution replacement, electrolysis, chemical reaction, turbulence in Venturi tubes, ultrasonic cavitation, dissolved gas release, heating, and flow through porous materials [3]. Nevertheless, almost all FB generators used in industrial applications require mechanical moving parts where a strong shear force acts on a liquid, which mixes with a gas at atmospheric or pressurized conditions. Therefore, this research studies Venturi-type Fine Bubble Generators (FBGs) because they are simple in structure and highly reliable, and can handle high-turbulent and shear flow with a variety of potential applications [4].



A Venturi-type FBGs consist of a convergent section, a throat, and a diverging section, and the design and optimization of each part are crucial. Gordiychuk and coworkers experimentally studied the influence of air and water flow rates as well as the air inlet size, and they were able to generate bubbles between 100 and 400 μm [5]. Huang and coworkers proposed a micro-scale Venturi bubble generator with bubbles between 0.2 and 0.4 mm, and they found that the velocity gradient near the wall in the diverging section greatly contributed to bubble deformation and increased the probability of bubble breakup [6]. Sakamatapan et al. studied the FB generation in a Venturi tube with equal convergent and divergent angles of 30°, generating bubbles between 50 and 200 μm [7]. Wu and coworkers developed several 3D-printed swirling-type venturi FBGs, and they obtained UFBs of 780 nm [8], and in another design, they obtained UFBs between 301 nm and 976 nm [9].



From the previously presented works, most of the Venturi-type FBGs have been studied without considering obstacles in converging or diverging sections to enhance gas–liquid mixing. Therefore, the originality and novelty in this research are in the comparison between a typical Venturi tube and one with an internal obstacle located either in the converging or diverging section. Also, this research proposes two performance indexes based on oxygen gas absorption rates to optimize the operation parameters of the proposed FB generation system, and once the optimal operating conditions are known, microscopic measurements, such as particle size distribution and zeta potential, are conducted. The advantages of measuring macroscopic properties such as dissolved oxygen (DO) concentration are low cost, portability, small size, and real-time measuring, monitoring, and control.




2. Materials and Methods


Figure 1 shows the experimental setup for the generation of fine bubbles. It is composed of the following elements: a 1 L Erlenmeyer flask (Iwaki AGC TECHNO GLASS Co., Ltd., Haibara, Japan), a thermostatic water bath (TMi-330, AS ONE, Osaka, Japan), a magnetic stirrer (REMIX RP-1A, AS ONE, Osaka, Japan) to promote mixing inside the flask, a magnetic stir bar, a diaphragm pump (NF300TT18S, KNF Co., Ltd., Tokyo, Japan), an air flowmeter (RK1250, KOFLOC Corp., Kyotanabe, Japan), a liquid flowmeter (DigiFlow 6700M Krone Co., Ltd., Tokyo, Japan), an in-house designed and 3D-printed FBG, a dissolved oxygen meter (Seven2GoTM Pro, METTLER TOLEDO., Tokyo, Japan), elbow and straight connectors, a check valve, and PFA tubbing (PISCO Co., Ltd., Okaya, Japan). The used chemicals are compressed air (in-house facility), nitrogen gas (99.99 mol%, Kaindo Gas Co., Ltd., Kyoto, Japan), and distilled water (deionized and UV sterilized, Monotaro Co., Ltd., Osaka, Japan).



The evaluated FBGs were designed in Autodesk Fusion 360® and printed in a stereolithography (SLA) 3D printer (Formlabs Inc., Tokyo, Japan). The location of obstacles, either in the converging or diverging section, was also studied.



2.1. Experimental Procedure


The developed methodology [10] has been conducted and implemented in previous experiments to record the dissolved oxygen (DO) as follows:




	
Set the thermostatic water bath at the specified temperature (i.e., 20 °C).



	
Fill 1 L of distilled water in an Erlenmeyer flask and add the magnetic stirrer.



	
Remove the oxygen in the water by bubbling N2 until the DO value is 0.00 mg/L.



	
Start up the experiment by turning on the pump and adjusting the gas flow (    g   f l o w    ).



	
Run the experiment and record the temperature and DO values in the liquid.



	
Stop recording the DO values at the specified time (i.e., 1 h) and shut down the experimental setup.









2.2. Oxygen Absorption Rate


The recorded DO data are useful for evaluating the oxygen gas–liquid mass transfer rate. This research proposes two indexes,     τ   1     and     τ   2    , namely, to evaluate the oxygen gas absorption performance of FBGs. The typical gas absorption rate is shown in Figure 2. The solid line represents the experimental measurements of DO values, while the dotted line is the value of the oxygen concentration at saturation. In addition,     τ   1     is the area under the saturation line, and     τ   2     is the area over the saturation line.



Equations (1) and (2) show the mathematical definitions of     τ   1     and     τ   2    , while Equation (3) shows the apparent overall mass transfer coefficient       K   L    ¯  a   mathematical expression. Equation (4) is the mathematical expression to estimate the oxygen saturation in terms of temperature. It was fitted into a third-order polynomial equation from the experimental results reported between 0 and 25 °C by the ISO 5814:2012 method [11].


    τ   1   =   ∫  0     t   1          D O   t   *   −   D O   t       d t   f o r     D O   t   <   D O   t   *    



(1)






    τ   2   =   ∫    t   1       t   2          D O   t   −   D O   t   *       d t   f o r     D O   t   >   D O   t   *    



(2)






       D O   t   *   −   D O   t       D O   t   *   −   D O   0      = e x   p  ⁡    −     K   L    ¯  a t       f o r     D O   t   <   D O   t   *    



(3)






    D O   t   *   = f ( T )  



(4)







In Equations (1) and (2),     t   1     is the time at which the solution reaches oxygen saturation and     t   2     is the time at which the experiment ends.     D O   0     is the initial oxygen concentration (i.e.,     D O   0   = 0 )  ,     D O   t     is measured dissolved oxygen at time   t  , and     D O   t   *     is the dissolved oxygen saturation at time   t   and temperature   T  .



The apparent overall mass transfer coefficient       K   L    ¯  a   considers two contributions to oxygen concentration: (1) classical gas absorption by physical means (i.e., gas solubility), and (2) fine bubbles existence. Oxygen is transferred to the liquid till saturation, then the existence of fine bubbles makes it possible to surpass that limit.



Equation (1) is valid for any time at which oxygen concentration is lower than oxygen saturation concentration, and Equation (2) is valid for any time at which oxygen concentration is higher than oxygen saturation concentration. Equations (1) and (2) are our original proposition to formulate experiments as optimization problems. In Equation (3),       K   L    ¯  a   is obtained from experimental results and calculated as finite differences between experimental data points. Equation (4) is a nonlinear regression from the ISO 5814:2012 data.



A small value of     τ   1     implies a fast absorption rate to reach the oxygen saturation concentration, and a high value of     τ   2     implies a high absorption rate to surpass the oxygen saturation concentration. Therefore, this situation can be formulated mathematically as a multi-objective optimization problem in which     τ   1     is minimized     τ   2     is maximized. Equation (5) shows the performance index (  P I  ) in which     τ   1    , and     τ   2     are optimized simultaneously.


  P I = (   min  ⁡    τ   1     ,   max  ⁡    τ   2     )  



(5)







This approach is particularly beneficial in discarding dominated solutions (i.e., both objective functions can be improved) from experimental conditions, which can allow for the fast screening of devices and operating conditions.




2.3. Size Distribution and Zeta Potential Measurements


Dynamic light scattering (DLS) and zeta potential (  ζ  ) have gained popularity in evaluating nanoparticles to investigate their size and charge, respectively. Both techniques have been used in colloid chemistry. However, they have become popular in Pharmacy, Medicine, and Fine Bubble technology. The integrated, compact, and affordable instruments offer user-friendly digital interfaces making comprehensive data analysis immediate. Additionally, these techniques are non-invasive, require minimal sample preparation, and no pre-experimental calibration [12].



The size distribution and the Zeta potential were measured for the samples prepared according to the experimental procedure in Section 2.1. NanoSAQLA (Otsuka Electronics Co., Ltd., Hirakata, Japan) was used to analyze the size distribution, and ZC-3000 (Microtec Co., Ltd., Urayasu, Japan) was used to analyze the zeta potential.




2.4. Fine Bubble Stability


It has been reported that solutions containing FBs were stable over periods of several months, during which the mean diameter remained constant, suggesting the absence of significant bubble coalescence or bubble breakage [13]. The lifetime of bubbles larger than 1 μm in diameter, predicted by Epstein–Plesset theory, is in good agreement with the observed values. However, according to this theory, the lifetime of the bubbles with a diameter of less than 1 μm is less than 20 milliseconds. However, FBs are stable from hours to weeks. In addition, the density of the liquid decreases to 0.988 g/cm3 when high concentrations of UFBs are present in the water [3]. The surface of FBs forms an electric double layer in which the electrostatic repulsion forces caused by the overlap of electric double layers among neighboring FBs provide resistance against bubble coalescence. Thus, FBs show unexpected stability and durability [2]. FBs have a negative zeta potential of approximately between −15 and −60 mV independent of their diameter. Therefore, it has been thought that negative charges in the gas–water interface counteract the Laplace pressure. Also, the charge inhibits coalescence, ensuring that the bubbles remain small and are not removed due to buoyancy [14].





3. Results and Discussion


This section presents the experimental results from macroscopic (i.e., DO) and microscopic (i.e., size distribution and zeta potential) analyses, respectively.



3.1. Macroscopic Measurement Results


The procedure described in Section 2.1 was conducted for four cases: Venturi-type FBG without any internal obstacle in the converging or diverging sections, namely FGB1c and FGB1d, and Venturi-type FBGs with an internal obstacle in the converging or diverging sections, namely FGB2c and FGB2d, respectively. Figure 3 shows a cross-section schematic representation for the four cases. Since the generator with the obstacle is under development, and due to potential intellectual property issues, the detailed shape of the obstacle cannot be disclosed. The arrows in the figure indicate air and water inlets. Also, the convergent section, throat, and divergent section are shown and differentiated with dotted lines.



In Figure 3, water flows from left to right. However, if water flows from right to left, the obstacle will be located in the divergent section. In other words, the convergent and divergent sections are relative to water flow direction.



For each case, gas flows (    g   f l o w    ) were randomly chosen between 10 and 100 mL/min. Table 1 shows the gas flow rates,     τ   1    , and     τ   2    .



Figure 4 shows the plotted values for     τ   1    , and     τ   2    . The dashed line shows the Pareto front of the non-dominated solutions (i.e., improvement of     τ   1     is only possible by worsening     τ   2    , and vice versa). As shown in the figure, it is better to place an obstacle in the diverging section to attain high DO values.



Since FBG1 is almost asymmetrical, there is not an important difference between FBG1c and FBG1d. Since FBG2d exhibited the best performance with high values for     τ   2    , additional experiments were conducted in more detail, and the results are shown in Table 2. It is worth mentioning that the DO meter was recalibrated, and experiments were conducted again.



When the gas rate was 66 mL/min, both objective functions for     τ   1     and     τ   2     were improved. Therefore, the best overall performance was obtained under this flow condition.



Figure 5 shows a comparison in terms of gas absorption rate for three cases: a suboptimal Venturi-type FBG without any internal obstacle in the diverging section (    F B G 1   d    ), a suboptimal Venturi-type FBG with an internal obstacle in the diverging section (    F B G 2   d    ), and the optimal Venturi-type FBG with an internal obstacle in the diverging section (    F B G 2   d , o p t    ). The gas flow conditions for these three cases are shown in boldface in Table 1 and Table 2.



Although experiments were conducted at 20 °C in a thermostatic water bath, the temperature increased around 1 °C after one hour of continuous operation mainly due to the use of a pump that pressurized the liquid, and room and air temperature above 20 °C. That is why the     D O   t   *     values, calculated by Equation (4), slightly decrease over time.



    F B G 1   d     has a     K   L   a   value larger than     F B G 2   d     and     F B G 2   d , o p t    , which means that the mass transfer rate is fast until the liquid saturates with dissolved oxygen. Nevertheless,     F B G 2   d , o p t     attains the largest DO values, implying that the oversaturated oxygen content is from fine bubbles. Therefore, caution must be taken when analyzing mass transfer and the DO results to distinguish between oxygen dissolved in water and oxygen in the form of FB. That is why macroscopic measurements must be complemented with microscopic measurements.



High values of     K   L   a   indicate that the contribution to dissolve oxygen via physical means is larger than that by fine bubbles at the beginning of the experiment. However, the final values of dissolved oxygen are from fine bubbles.



From the experimental measurements,     τ   1     cannot be zero, because there is a time lag to record data. However, it can take small values. The proposed     τ   1     gives insight into gas transfer. As     τ   1     becomes smaller, mass transfer is dominated by physical gas absorption because the diving force is at the maximum. At the experiments’ beginning, the contribution of FB to DO is small, but it becomes bigger as DO approaches the saturation limit. As     τ   2     becomes bigger, mass transfer is dominated by FB existence.




3.2. Microscopic Measurement Results


Regarding the characterization of nanomaterials, the European Union, through the 2011/696/EU directive, suggests that for regulatory purposes, the size distribution of nanomaterials should be presented as size distribution based on the number concentration (i.e., the number of objects within a given size range divided by the number of objects in total), and the size distribution should also consider the information of the mean size and the standard deviation [15]. Therefore, this section shows the size distribution in terms of number concentration.



Figure 6 shows the size distribution for the compared FBGs in Figure 5 on different days after generation. The peaks for microbubbles are small compared to those for ultra-fine bubbles. Also, microbubbles tend to disappear from the solution over time either by bubble shrinkage, leaving the solution or bubble gas transfer to the liquid. Since the solutions predominantly contain ultra-fine bubbles, the discussion will be based on ultra-fine bubbles.



    F B G 1   d     generates UFBs with a size distribution between 210 and 330 nm after one day of measurements and between 100 and 200 nm after seven days of generation, which implies that UFBs shrink over time due to the self-pressurizing effect.     F B G 2   d     had the same size distribution regardless of the time after generation, which was between 60 and 90 nm, but the size distribution was sharp at days 1 and 7, which implies a shrinkage of UFBs.     F B G 2   d , o p t     had almost the same size distribution (between 70 and 100 nm) after generation, and after 1 day. However, a sharper distribution was observed, implying a shrinkage of UFBs. Finally, 7 days after generation, the size distribution was 60 and 90 nm, which also implies a shrinkage of UFBs.



Although in this experiment, the stability was confirmed for seven days, bulk ultra-fine nanobubbles, in the absence of solids, remain dispersed and stable for weeks because they do not have rising movement [16]. Azevedo and coworkers generated highly loaded dispersions of UFBs after depressurizing air that was saturated in water at three bar, and the high density of UFBs lasted for at least two weeks [17]. The stability of nanobubbles remains a challenge to scientists, and despite the fact that most of the theories available seem plausible, they appear to explain only a part of the experimental results obtained so far [18].



Table 3 shows the zeta potential mean value of the generated FBs at different measurement times to study their variation over time. Figure 7, Figure 8 and Figure 9 show the zeta potential distribution for the generation of FBGs and conditions in Table 3. The zeta potential was almost the same for all the evaluated solutions, ranging between −19 and −28 mV. Despite the low values, the zeta potential does not change much over time for     F B G 2   d , o p t    , and     F B G 1   d    . However, for     F B G 2   d    , the zeta potential decreased over time.



The zeta potential distribution frequency for     F B G 2   d , o p t     was almost the same over time. However, small variations after generation are observed. The frequency shifts toward less negative values one day after generation, and toward more negative values seven days after generation. Thus, the most negative zeta potential distribution for     F B G 2   d , o p t     was attained seven days from generation due to an increase in the frequency of smaller UFBs.



The zeta potential distribution frequency for     F B G 2   d     is almost the same over time. However, small variations after generation are observed.



The zeta potential distribution frequency for     F B G 1   d     is almost the same over time. From this result, it can be implied that the size distribution of UFBs does not change much over time. Finally, for the sake of comparison, the zeta potential for distilled water without any FBs was measured, and the average and standard deviation values were −11.60 and 3.18 mV, respectively. Therefore, it can be concluded that FBs were generated and stable over the measured time for the three cases.





4. Conclusions


This work evaluated several Venturi-type fine bubble generators experimentally to understand the effect of placing obstacles on the converging or diverging parts of Venturi tubes. Also, an experimental methodology based on gas absorption experiments was proposed. Because the DO analysis alone can be misleading, in this work, two evaluation indexes were proposed to effectively assess and optimize FB generation conditions for a high frequency of small UFB. The FB generation performance improved when an obstacle was placed in the diverging section. Although, high gas flow rates promoted a high physical absorption rate of dissolved oxygen, optimal gas flow rates enhanced the FB production when the     τ   1     and     τ   2     indexes were used.



The presented work is an effort to bridge macroscopic measurements and microscopic measurements for, eventually, the first screening of female-type generation generators and operating conditions. The main contributions of this work are summarized as follows: (1) to propose two indexes to assess mass transfer via physical gas absorption (    τ   1    ) by FB (    τ   2    ); (2) to bridge the gap between macroscopic and microscopic measurements; and (3) to control the size distribution of FBs by modifying Venturi-type generators’ internal structure and operating conditions.



UFBs, with a size range between 70 and 330 nm, were generated and a small variation in the size distribution was observed. In general, the size distribution shifted to small size ranges and sharp distributions, suggesting fine bubble shrinkage due to the self-pressurizing effect. The generated UFBs were stable over the evaluation time because the zeta potential remained unchanged, with negative values between −60 and 2 mV with an average of around −21 mV for the three cases.
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Figure 1. Schematic representation of the experimental setup. 
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Figure 2. Typical representation of a gas absorption rate. 
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Figure 3. Schematic cross-sectional representation of FBGs: without an obstacle (top), with an obstacle in the convergent section (middle), and the representative 3D-pinted FGBs (bottom). 
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Figure 4. Experimental results and indexes performance. 
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Figure 5. Representative gas absorption experimental results. 
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Figure 6. Size distribution for generated fine bubbles. After generation (top), after one day of generation (middle), and after seven days of generation (bottom). 
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Figure 7. Zeta potential results for     F B G 2   d , o p t     at several measurement times. 
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Figure 8. Zeta potential results     F B G 2   d     at several measurement times. 
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Figure 9. Zeta potential results     F B G 1   d     at several measurement times. 
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Table 1. Gas absorption experimental conditions and results.
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FBG

	
     g   f l o w     , mL/min

	
     τ   1     , mg/Lmin

	
     τ   2     , mg/Lmin

	
FBG

	
     g   f l o w     , mL/min

	
     τ   1     , mg/Lmin

	
     τ   2     , mg/Lmin






	
FBG1c

	
16

	
80.36

	
0.00

	
FBG2c

	
14

	
68.14

	
9.36




	
33

	
45.32

	
0.00

	
25

	
40.87

	
18.44




	
61

	
31.78

	
0.00

	
39

	
47.01

	
9.22




	
78

	
22.39

	
0.00

	
51

	
27.29

	
15.38




	
100

	
19.26

	
0.00

	
72

	
21.99

	
22.84




	
FBG1d

	
16

	
110.08

	
0.00

	
FBG2d

	
14

	
62.38

	
15.54




	
33

	
30.91

	
0.00

	
25

	
30.71

	
37.86




	
61

	
15.59

	
0.88

	
51

	
27.77

	
39.47




	
78

	
19.73

	
2.77

	
72

	
19.72

	
51.03




	
100

	
27.16

	
0.00

	
100

	
21.23

	
40.35











 





Table 2. Gas flow optimization for FBG2d.






Table 2. Gas flow optimization for FBG2d.





	     g   f l o w     , mL/min
	     τ   1     , mg/Lmin
	     τ   2     , mg/Lmin





	39.00
	27.22
	32.35



	51.00
	22.32
	65.78



	66.00 *
	14.76
	129.47



	72.00
	25.23
	82.06



	77.00
	21.96
	68.21







* Optimal result.













 





Table 3. Zeta potential results for the chosen FBGs.






Table 3. Zeta potential results for the chosen FBGs.





	
FBG

	
     g   f l o w     ,

mL/min

	
ζ Average/Standard Deviation, mV




	
Day 0

	
Day 1

	
Day 7






	
     F B G 1   d     

	
61

	
−20.25/7.65

	
−16.46/6.04

	
−21.72/8.72




	
     F B G 2   d     

	
100

	
−22.02/6.16

	
−14.24/7.47

	
−19.08/8.71




	
     F B G 2   d , o p t     

	
66

	
−22.07/5.40

	
−20.89/7.65

	
−21.83/6.25
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