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Recently, technology using microbubbles has been studied for water purification. However, the mechanism and physical
parameters of the purification process have not yet been sufficiently clarified. The purpose of this study is to clarify the
physical parameters of microbubbles that influence water purification. Firstly, we measured and analyzed the purifying
performance using various millimeter-sized bubbles, and we obtained the equilibrium constant of the pollutant adsorbed on
the bubble surface from the experimental results. Secondly, we experimented with purifying the polluted water using
microbubbles and clarified that the purification performance of microbubbles agreed with that theoretically expected using the
equilibrium constant obtained in the preparatory experiment. We assume that an important parameter affecting adsorption on
the surface of microbubbles is the equilibrium constant in the chemical potential. Because the equilibrium constant is derived
from the surface chemical potential, it is equal to the bulk chemical potential of the liquid. In the microbubbles diameter
(70 mm) range in this study, we have found that the most significant factor determining the adsorption is the surface area. The
surface tension of microbubbles is not significant factor. [DOI: 10.1143/JJAP.47.6574]
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1. Introduction

There are various ways of purifying polluted water such as
using microorganisms and supplying heat and so on, in the
way. However, these methods do not have high efficiency or
a stable performance.

On the other hand, the technology of microbubbles has
been developed and purification systems using microbubbles
have been studied in recent years.1,2) However these studies
were only on the performance of systems, and studies on the
adsorption of microbubbles have not been carried out.

The adsorption on the boundary layer of a bubble between
air and water has been clarified in terms of the chemical
potential and chemical equilibrium theory. As a result, the
main parameter that influences adsorption on the boundary
layer has been clarified. In this paper we predicted the
purification time of an adsorption system by using the
equilibrium constant of the adsorption.

2. Characteristics of Microbubbles

Microbubbles have the characteristic that the surface area
per unit volume increases with decreasing diameter. This
relation is expressed by eqs. (1)–(3).

In eq. (1), the air bubble radius is r and the surface area
is S.

S ¼ 4�r2 ð1Þ

In eq. (2), the volume of the air bubble is V .

V ¼
4

3
�r3 ð2Þ

The surface area per unit volume of a bubble is S=V . Thus,

S

V
¼

3

r
ð3Þ

Decreasing the air bubble radius r causes an increase the
in surface area per unit volume of a bubble S=V , because
S=V is inversely proportional to the air bubble radius r, as
expressed by eq. (3).

There are various types of microbubbles generators, for
example, a swirl-flow-type, and a pressurization-type. In this

study, microbubbles were generated by a venturi-type
bubble generator. The venturi-type generator is compact,
and operates with a low pump power, and generates high-
density microbubbles, whose mean diameter is under
100 mm.

The features of the venturi-type microbubbles generator
are shown in Fig. 1. The generator is composed of an inflow,
a tubule part, and a tapered outflow. The pressurized fluid
flows into the tubule part from the inflow. The static pressure
in this tubule part is decreased, because the velocity in the
tubule part is increased. Cavitation occurs because of the
decreasing static pressure in the tubule part under saturated
vapor pressure. The tubule part has a hole for the intro-
duction of gas from outside.

The multiphase-flow of the gas and liquid is enabled
by the cavitation or the introduced gas. The multiphase-flow
is compressible and the speed of sound of this fluid
decreases by 2 orders of magnitude. Therefore, the flow is
accelerated at the tapered outflow, similar to in a Laval
nozzle. When the fluid exceeds the speed of sound, a
pressure wall with a shock wave occurs in the tapered
outflow. The microbubbles are generated by the gas
colliding with the pressure wall.
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Fig. 1. (Color online) Photograph of the venturi-type microbubble gen-

erator.
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3. Laboratory Equipment and Experimental Method

Bubbles were generated by introducing a constant air flow
of 1.0 L/min into a porous material placed up in a water
tank. A diagram of the equipment is shown in Fig. 2. The
purification characteristic was compared using two sizes of
air bubbles (1.5 and 1.0 mm�). The change of the air bubble
diameter was carried out by exchanging the porous material.
The polluted water was made by mixing water and oleic
acid. The initial pollutant concentration was 0.002 wt %. and
the quantity of water was 15 L.

The photographs of the experiment are shown in Fig. 3.
The left photograph shows the initial appearance and the
right photograph shows the appearance after 40 min.

In each photograph, the water in the left tank was purified
using air bubbles of 1.0 mm� and the water in the right tank
was purified using the air bubbles of 1.5 mm�.

The photograph after 40 min shows that the water in the
tank was purified. The purity of the water was measured by
the variation of the power of a laser as it passed through the
water, as shown in Fig. 2.

The purity C is expressed as

C ¼
IðtÞ � Ið0Þ
IðnÞ � Ið0Þ

; ð4Þ

where Ið0Þ is the initial laser power at the initial condition,
IðnÞ is the laser power under the nonpolluted condition, and
IðtÞ is the laser power at after time t.

4. Experimental Results

The experimental results are shown in Fig. 4.
In Fig. 4, the vertical axis shows the concentration of

oleic acid, the horizontal axis shows the elapsed time, and
the parameter is the air bubble diameter.

Table I shows the calculated number of air bubbles
generated in 1 min. The number of air bubbles increases as
the air bubble diameter decreases, as shown in the Table I.

Figure 4 shows that the number of air bubbles or the air
bubble diameter is an important parameter in the purifica-
tion. A high purification performance is obtained when the
air bubble diameter is small and the number of air bubbles is
large. The mechanism of the purification is as follows.

1) A pollutant is adsorbed at the boundary between the
gas and liquid.

2) The bubbles rise because of the specific gravity
difference between the liquid and gas.

3) The pollutant in the water becomes concentrated at the
surface of the water.

The adsorption occurs at the boundary between the gas
and liquid. The surface tension affects the rate of adsorption,
and the chemical potential is an important parameter
determining the adsorption. The relationship between the
chemical potential and the surface tension is described in the
next section.

5. Theoretical Results

The adsorption at the boundary between the gas and liquid
can be described by chemical equilibrium theory. Surface
tension is generated at the boundary between a gas and
liquid and a solute concentration gradient is generated in the
boundary layer. The contaminant adheres to the boundary-
layer between the gas and liquid because of the surface
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Fig. 2. (Color online) Schematic of the laboratory equipment.
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Fig. 3. (Color online) Photographs of the experiment: (a) initial appear-

ance and (b) after 40 min.
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Fig. 4. (Color online) Experimental results.

Table I. Number of generated bubbles.

Diameter of bubble (mm)

1.5 1.0

Number of bubbles 1:0� 106 3:4� 106
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tension and concentration gradient. These phenomena are
based on chemical equilibrium theory and are described by
the following equation.3) The solute concentration on the air
bubble surface xs is expressed as

xs

1� xs

¼
K � xb

1� xb

; ð5Þ

where xb is the solute concentration of bulk water, and K is
the equilibrium constant of the pollutant adsorbed on the
bubble surface, expressed as

K ¼ exp
ð�1 � �2Þ � !

R� T

� �
; ð6Þ

where ! is the surface area of the air bubble, �1 is the
surface tension of the solvent, �2 is the solute surface
tension, R is the gas constant, and T is the absolute
temperature of the solvent. When xs and xb are less than 1,
eq. (5) can be rewritten

xs ¼ K � xb; ð7Þ

i.e., xs is proportional to xb.
The equilibrium constant K shows that the adsorbed

quantity is related to the surface tension difference between
the solvent and the solute.

The adsorbed quantity decreases, increasing the absolute
temperature of the solvent. From eq. (7), the quantity
adsorbed by one bubble is proportional to the concentration
of solvent. If K is given, the quantity of pollutant adsorbed
on the bubble surface can be calculated using eq. (7).

Figure 5 shows the relation between the quantity adsorbed
on one bubble and the solvent concentration, using the
number of air bubbles given in Table I. The vertical axis of
Fig. 5 is the concentration of pollutant on the air bubble
surface and the horizontal axis is the solvent concentration
of the bulk water. The relationship between these quantities
is proportional. The data surrounded by the dotted circles
show the adsorption limit. The rhombuses show the results
for bubbles of 1.5 mm� and the squares show those for
bubbles of 1.0 mm�. We ignore the data surrounded by the
dotted areas and we obtain the relationship.

y ¼ 3:1� 10�7 � xb ð8Þ

6. Comparison of Experimental Results
with Calculated Results

We calculated the change in the concentration over 20 min

for each bubble diameter using eq. (8), as shown in Fig. 6.
The data obtained by purification by microbubbles are
compared with the data for 1.0 and 1.5 mm� bubbles.

Experimental data are also compared with calculated data
in Fig. 6. Each mark is an experimental data point and each
line is calculated from eq. (8). The vertical axis is the
concentration of pollutant in the water and the horizontal
axis is the elapsed time.

In this experiment, the microbubbles were generated by
the venturi-type and the air flow rate was 0.15 L/min. The
quantity and size of microbubbles were estimated using the
VisiSizer system from Oxford Lasers. This system recog-
nizes air bubble passing through the test section from images
from which counts the number of air bubbles per unit time
and measures their size. A typical image is shown in Fig. 7.
The spheres in the photograph are air bubbles.

Figure 8 shows the diameters of microbubbles measured
using the VisiSizer system. The vertical axis is the
concentration of microbubbles and the horizontal axis is
the diameter. The diameters are mainly between 70 and
100 mm when the air flow rate is 0.15 L/min. The total

Fig. 5. (Color online) Relation between the solute concentration of bulk

water and the solute concentration on an air bubble surface.
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Fig. 6. (Color online) Comparison of experimental data with calculated

data.
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Fig. 7. (Color online) Photograph of the microbubbles used by the

evaluation equipment.
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Fig. 8. Diameters of microbubbles mesured using the evaluation equip-

ment.
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numbers of microbubbles is estimated to be 1:5� 109 and
the average diameter of a microbubble is 70 mm.

Figure 6 shows that the calculated results are in agree-
ment with the experimental data. This shows that the eq. (8)
is valid for estimating the purify of water.

Therefore, the polluted water is purified by the adsorption
of the pollutant on the surface of the bubbles, and the change
in concentration of the oleic acid can be predicted using
eq. (8).

7. Conclusions

We summarize our results as follows.
(1) The adsorption of the bubbles is determined by the

chemical potential and equilibrium constant of the

pollutant.
(2) The rate of purification can be calculated using the

equilibrium constant.
(3) The most significant factor determining the adsorption

is the surface area.
(4) The surface tension of microbubbles is not a significant

factor in this study.
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