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Abstract

Water in fluid inclusions achieved a superheated condition by isochoric cooling method and
the kinetic characteristic of bubble nucleation in water was investigated. The conventional study
did not succeed in drawing a picture of bubble nucleation in water. The present study demonstrates
that the homogeneous nucleation theory can describe the kinetic property of bubble nucleation in
water, and that density fluctuation is a random event which brings about bubble nucleation in
superheated water, and the lifetime of superheated water can be predicted with respect to the depth

of penetration into the metastable region by the theory.

KEYWORDS: bubble nucleation, superheated water, life time, nucleation rate, fluid inclusion
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§ 1. Introduction

Bubble nucleation is of great interest to researches in many fields, such as sonochemistry,
vapor explosion and micro-bubble technology. Although the nucleation in water is most important
for technical purposes, the mechanism of the formation is not sufficiently understood. Bubble
nucleation has two aspects; one is vapor formation in superheated liquids and the other is gas phase
formation in supersaturated liquid with dissolved gases. As these phenomena are caused by the
spontaneous density or composition fluctuations related to thermal movement, kinetic information
about the process is crucial for understanding the mechanism. The time of formation of the first
nucleus yields valuable information concerning the kinetics of the process. And superheated or
mechanically stretched liquid is appropriate for experimental investigation because, once the first
nucleus is formed, its subsequent rapid expansion enables us to recognize the formation of gas
phase almost simultaneously.

The nucleation rate, which is the most important factor in kinetic study of nucleation,
shows the number of nucleation events occurring in a unit volume per unit time. The rate is
theoretically determined from the homogeneous nucleation theory as the number of embryo
overwhelming the critical radius related to the energetic barrier for nucleation and is expressed by
the following equation:1®

J=NiB exp -W*/ kgT) , 1)
where the preexponential factor of N1B is the proportionality coefficient and is expressed by the
average number of noncompensated conversions of molecules into a critical nucleus. The
exponential function is related to thermodynamic factor, whose value corresponds to the probability
of the energy reaching the magnitude of the minimal work, W¥, required to trigger nucleation. ks
is Boltzmann’s constant and T is absolute temperature.

There were two conventional methods for experimentally confirming the theory. The
droplet explosion method was to acquire a superheated limit of liquid by measuring the
temperature of explosion of the liquid droplet floating upward in a suitable liquid medium, and it
was demonstrated that the limits of most liquids were expressed by values of nucleation rate, Log 10
J =8 ~ 12. 278 For water, however, the agreement was not quite as good.291D The equation
J=1012m—3s-1 predicted a superheated limit of abut 300°C for water at atmospheric pressure, but
attempts to experimentally determine the superheated limit by Blander et al.!? and Apfell®
produced measured values of between 250°C and 280°C with their corresponding nucleation rate
being J=10-1188 gnd 10-132 m—3s—1. Subsequently, the isochoric cooling method for acquiring the
superheated condition of water in fluid inclusions has been developed,416 and Zheng et al.l1?
showed the evidence that the limit of superheated water is also well predicted by the homogeneous
nucleation theory.

The bubble chamber method has been used not only for determining the attainable
superheats of liquids but also for measuring the lifetime of the liquids under a variety of
superheated conditions.131819 The liquid under study was held in a thermostatically controlled
glass tube and put into a metastable state by relieving the pressure to a specified value. In studying
the nucleation kinetics, temperature, pressure and time that the liquid remains in the superheated

state were measured. The dependence of the mean lifetime of superheated liquids on the depth of
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entry into the metastable region was determined, and the temperature dependence of the lifetime
was compared with the value theoretically determined from the equation;10.19-21)
<t = 1/(N), (2)

where <t > is the mean lifetime and V is the volume of the metastable liquid. For most liquids, the
data for <t > < 5s showed fairly good agreement with the nucleation theory, and the radical
departure of the experimental data for <t > > 5s1is thought to be caused by background radiation
that induces nucleation at much smaller superheats.1.311.21) Nevertheless, for water, we do not
have dependable data for drawing a picture of the bubble nucleation processes.

The study is to clarify the dependence of the mean lifetime of superheated water on the
depth of entry into the metastable region as well as the kinetic limit of superheated condition using

fluid inclusions.

§ 2. Fluid inclusion

Most minerals have grown in a fluid medium, such as a silicate melt or an aqueous solution.
After crystallization, minerals are usually fractured several times, and these fractures heal in the
presence of fluids. During both crystal growth and fracture healing, small amount of the
surrounding fluid medium are often trapped as fluid inclusions in the host crystal.’® Fluid
inclusions are small, typically 10 - 100 z m in size. They have been used as a novel method for the
study of the metastable state of water, because their small size is more appropriate for the study
than conventional methods owing to fewer disturbances by background radiation or the presence of
impurities that can trigger the formation of a new phase.141517.22) For the study of superheated
water, the isochoric cooling method is use to create the metastable condition. The preexistence of
bubble in a fluid inclusion will be dissolved by heating to higher than the homogenization
temperature, and the subsequent cooling permits the liquid to enter into a metastable state owing
to mechanically stretching due to the difference of the thermal expansion ratio between the liquid
and the host crystal (Fig.1). The depth of the penetration into the metastable region increases as

the temperature reduces until the appearance of a bubble caused by the homogeneous nucleation.

§ 3. Method

The sample of the present study was a thin section of quartz, approximately 0.2mm in
thickness. There were many fluid inclusions in the sample, and two inclusions of different sizes
were selected for the study (Fig.2). The same aqueous liquid must have been trapped at same
condition because of their vicinity and the same homogenization temperature of 273.4°C. Raman
spectroscopic analysis of the liquid did not identify any particular peaks except for water, and the

solidifying temperature of the liquid was 0.0 C.
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Pressure

Figure 1 Schematic P-T diagram for water in an inclusion.There is a pre-existing bubble in the
inclusion at starting point a. During heating, the pressure follows the equilibrium vapor pressure
curve for as long as the bubble remains up to homogenization temperature 5. After the bubble
disappears, the pressure changes along an isochoric line as the temperature increases (b - ¢ and

subsequently decreases (c- d) until the bubble reappears (d— e).
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Figure 2 Two inclusions for the measurement of lifetime.
Their homogenization temperature was 273.4 C. The liquid and bubbles contained in the
inclusions were measured by micro-Raman spectroscopic analysis; we did not observe any peak

except for that of water. The solidifying point of the liquid was 0.0°C.
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An isochoric cooling method was used for making a superheated condition in water. The
temperature of the sample was controlled by a microscopic heating stage (Linkam LK-600). Fig.3
shows the test procedure for determination of the lifetime of superheated water at a given
temperature. The temperature reduction to a fixed temperature was rapid enough, 50°C/min, and
the lifetime was measured from the starting point of the condition to the appearance of a bubble.
During the temperature reduction the pressure of water in inclusions followed an isochoric change
fixed by the liquid equation of the state and the pressure at a fixed temperature was determined
according to the extrapolation of the isochoric into the metastable region.1416.17.23) The pressure
deviation from the true isochoric path due to the compressibility and the thermal expansion of

quartz was estimated to be approximately 3.3% at the temperature of bubble reappearance.14.1?

bubble disappearance
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o homogenization
E temperature
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= d
— — ] e
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temperature a

: lifetime
Time

Figure 3 Test procedure for determination of lifetime at a given fixed temperature. The
temperature was controlled using a microscopic heating stage (Linkam LK-600). After the
pre-existing bubble disappears, the temperature rapidly reduces to a constant temperature at a
rate of 50°C/min. The time that elapses from the onset of the fixed temperature to the reappearance
of a bubble is measured as the lifetime of the metastable water. To reduce the statistical error in

determining the mean lifetime of the superheated liquid, more than 40 measurements were carried
out at each fixed temperature.

§ 4. Result and discussion

The formation of nuclei at a metastable state must be accomplished by thermal fluctuation
of molecules and the phenomenon can be treated as a sequence of random events. Fig. 4 shows a
histogram of the lifetimes of superheated water in the bigger inclusion at the fixed temperature of

258.8°C. The distribution of the number (n) of events falling in the interval (z, r+A r) is shown,
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and is satisfactorily described by an exponential distribution given by the following equation:
n=Nexp(—c/{t>) A /<> (3)

where NN is the total number of observations, and <t > is the mean lifetime. The distribution
indicates that bubble nucleation is a Poisson process in which events appear independently of each
other, i.e., the time spent waiting for nucleation has no effect on the probability of its occurrence in
the future. This property shows the formation of nuclei can be treated as a sequence of random
events along the time axis.3719 Since the Poisson distribution of nucleation was also observed at
any other fixed temperature, the results demonstrated that the temperature reduction to the fixed
conditions was rapid enough for making a steady state nucleation, not a transit nucleation,21.24 and
there was not a serious time lag for observation from the onset of the fixed temperature of the

heating stage to that of the inclusions.

19

li] 10 20 30 40 50
T (sec)

Figure 4 Histogram of experiments on bubble reappearance under isothermal conditions in the

bigger inclusion : T=258.8 C, N=60, <t> =10.4 sec. The smooth curve is calculated from
Eq.(3).

To clarify the mechanism of bubble nucleation, the mean lifetime of superheated water at a
variety of fixed temperature was considered. Table 1 summarizes the results of the experiments.
The nucleation rates were calculated from the following equation:®

J=Ni(3 0 /7 m)2exp(—16 = o 3/3keTi( 7 Psat(T)) —P12) ,

n = exp(Vi(P—Psat(TD)/RTY , (4)
where J1is the nucleation rate, o 1is the interfacial tension, ksis the Boltzmann constant, T\ is the
temperature, Pst(T) is the saturation vapor pressure at Ti, vi is the specific volume, Pi is the
pressure and R is the ideal gas constant. It has been demonstrated that the mean lifetime of

metastable water decreased with temperature, and that when the values of the two inclusions were
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compared at a same temperature the lifetime of the smaller inclusion was longer than that of the
bigger one. The nucleation rate (J) increased with a decreasing temperature because of the rapid

pressure reduction as an isochoric change.

Table 1. Calculated pressures, nucleation rates and measured lifetimes at fixed
temperatures. To overcome the uncertainty caused by rapid temperature reductions,
mean lifetimes of less than 1 sec were eliminated.

Temperature Pressure Logiod Lifetime : mean=* SE (s)
(‘C) (kPa) (J:m™3s1) The bigger The smaller

258.9 —16,028 6.89 18.1+2.8 46.36.6
258.8 —16,141 7.13 10.4*=2.0 27.6+5.3
258.7 —16,258 7.36 5.5£0.9 18.3+2.4
258.6 —16,367 7.59 3.7£0.4 10.4*+1.6
258.5 —16,480 7.82 2.0+0.2 6.4+1.3
258.4 —16,593 8.04 1.2%+0.1 3.710.9
258.3 —16,706 8.26 --- 2.4+0.4

The mean lifetime of metastable liquid can be theoretically determined from the nucleation
rate according to equation (2). We can recognize the positive effect of the volume on the probability
of nucleation, but it was impossible to estimate the volume of inclusions correctly. The following
equation derived from the equation of (2) permits us the comparison between the experimentally
obtained data and the theoretically determined values.

| dlog//dT | = | dlog <t> /dT |. (5)

Fig.5 shows both of the theoretically determined lines and the experimentally obtained plots. For
easy comparison, the lines were drawn to path through the points experimentally obtained at
258.4 °C. The slopes of the experimentally obtained data as a function of temperature are in good
agreement with the prediction of the kinetic theory of homogeneous nucleation. And we do not
recognize any departure from the lines even if the mean lifetime was longer than 10 sec, which is a
common phenomenon in the experimental data of other liquids by the bubble chamber
method.137.11,18 According to the given explanation for the departure the good agreement of the
present study for longer lifetime is caused by the smaller effect of background radiation, which
induces nucleation at much weaker superheats, due to the smaller quantities of metastable liquid
in inclusions.

The development of computer simulation is giving us a clearer picture of the bubble

nucleation processes. It has been demonstrated that, in a Lennard-Jones fluid, voids are being
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created as embryos in consequence of thermal movement of liquid molecules and the embryo being
larger than the critical radius for nucleation expands automatically to make a vapor phase.2529
Although, for water, the creation of voids must not be realistic because of its strong interaction
between molecules, the thermal fluctuation of water molecules generates a localized lower density
region than average and the event of bubble nucleation must occur when the reduction of density is
beyond the critical value determined by the depth of penetration into the metastable region. Since
the density fluctuation is a sequence of random events, the possibility of going beyond the critical
value increases with the waiting time and the metastable volume. The preset study experimentally
demonstrated that the characteristic of bubble nucleation in superheated water can be described by
the homogeneous nucleation theory. This finding will be a base for many technical applications

related to bubble nucleation in water.

100

‘3 inclusion B¢
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Figure 5 Temperature variation of the mean lifetimes of superheated water in each of the
inclusions. The short vertical lines indicate the statistical uncertainty in the determination of <<t
> from the results of 40~60 measurements. The gradients of curves are theoretically determined
from equations (4) and (5). For easy comparison, the curves are drawn to pass through the points
experimentally determined at 258.4°C for both inclusions.
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Abstract:

Micro-bubble technology is now gathering much interest in industrial fields for its supreme gas
dissolving ability. This study was the first trial in using micro-bubbles in hydrate formation and it has been
demonstrated that a micro-bubble system is a promising method for hydrate formation for two reasons:

1) its excellent gas dissolution ability and 2) its ability to change the condition of hydrate nucleation to the milder

side due to the micro-bubbles’ property of increasing interior gas pressure while decreasing in size under water.

The most remarkable property of micro-bubbles is the decrease in size and collapse under water, while
ordinary macro-bubbles quickly rise and burst at the surface. This phenomenon provides significant potential to
micro-bubbles for a variety of practical purposes. This study has demonstrated that the properties of
micro-bubbles create exceptional conditions for hydrate formation by changing the nucleating condition to milder
on a P-T diagram.

Gas hydrates are clathrate in which water molecules form a hydrogen-bonded network enclosing
roughly spherical cavities that are filled with gas molecules. ' The natural gas industry has problems with hydrate
formation in natural gas transport pipes. Research focused on understanding the origin and property of hydrate
could contribute to a solution to this problem so that its appearance in pipelines could be minimized. Methane
hydrates are now recognized as being very widespread in marine sediments and in permafrost regions and has
been considered as a future energy source. Understanding the properties of hydrate shows several advantages in
employing hydrate formation as a means of gas storage and transportation. Possibilities and advantages include
prolific storage capacity, relatively low storage pressure compared to liquid phase, and safety features such as

slow release of gas from hydrate in case of storage tank rupture and flammable gases essentially enclosed in ice.
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Hydrate formation is also considered as a promising separation method; gas hydrate crystals contain only water
and the hydrate-forming substances, and the composition of the hydrate-forming substances in the hydrate crystal
is different from that in the original mixture. Accordingly, these properties of gas hydrates are going to be looked
at with a keen interest in industrial applications. Much research has been carried out to effectively produce gas
hydrate for commercial use .** Since one of the most important factors for rapid hydrate formation is
acceleration of gas dissolution into water, micro-bubble technology is the most promising candidate for gas
hydrate formation in industrial operations.

Micro-bubble has several compelling factors for its exceptional ability of gas dissolution - the wide
surface area, very long stagnation and a pressurized interior gas due to surface tension. There are some
conventional methods of producing bubbles in water such as supplying gas through small pores or shearing gas
body by rotating blades, however, it is difficult to produce micro-bubbles smaller than 50pm in diameter. The
micro-bubble aerator is a patented work that permits us to generate very fine gas bubbles by hydrodynamic
function (Figure 1). > Water introduced into the apparatus by a pump spiraled up along the wall and went down to
the outlet along the center of the apparatus. A gas was automatically introduced from the gas-inlet owing to the
pressure drop caused by circulating flow, and a twirl of gas formed along the center axis was forced out from the
outlet with circulating water. The mixture of gas and water was dispersed by the force of circulation, and the
shearing force generated at the outlet separated the mixture into fine bubbles. The size distribution of generated
bubbles depended on the quality and conditions of the water, and we recognized that the peak of the distribution
was about 25um in diameter in distilled water at room temperature.

Figure 1 shows a schematic diagram of the experimental apparatus. A transparent acryl water tank
enabled us to observe micro-bubble and hydrate formation. The tank was also monitored with a CCD-camera
system, and recorded by video. The volume of contained water in the tank was about 35L.. Water was circulated
through the micro-bubble aerator by a commercially available water pump whose originally designed flow
capacity is 30 L/min with a power of 80W. The particulate distribution was measured throughout the test by a
particle counting spectra meter for liquids (Particle Measuring Systems, LiQuilaz-E20), which measured particle
distribution between 2 and 125um by light obscuration particle counting method. The whole system was situated
in a thermostatic chamber for temperature control.

Since the present system operated at atmospheric pressure, Xenon was used as the guest gas of hydrate
to satisfy the equilibrium condition of hydrate phase. ® One percent of Tetrahydrofuran (THF) was added to
distilled water in the tank as a promoter of hydrate generation to alter the equilibrium condition above the freezing
point at the ambient pressure. ’

At any temperature above the freezing point, after the aeration had started we observed smoke-like
materials dispersing from the outlet of the aerator. But the subsequent phenomenon was different according to the
operating temperature. At a temperature of 2.5°C the density of the material would reach a point of saturation.
Figure 2 shows the particle distribution in the water after the saturation and the graph has a broad peak about
40pm in diameter. These particles were micro-bubbles and they disappeared within a couple of minutes after the
aeration had been stopped. On the contrary, in the case of 1.4°C, the density of dispersed materials was thickening
until the aeration was stopped and the dense material could exist even after the stoppage of aerator and the
materials gradually sank with making small flocculation. The particle distribution in the water at 2 min after the
aeration was almost the same as in Figure 2, but the numbers of particles smaller than about 25um continuously

increased and the distribution changed as shown in Figure 3 at 5 min after the aeration. There were two peaks in
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the distribution. The broad peak of about 40um in diameter was consistent micro-bubbles, and the new growing
peak about 15um in diameter was related to generating hydrate particles. And the following analysis of the gas
dissociated from the particles using a gas chromatography proved that the particles were Xenon hydrate.

The temperature below which hydrate formation had occurred was investigated and it has been
demonstrated that micro-bubbles effectively generated Xenon hydrate at any temperature less than 1.6°C at
atmospheric pressure with 1.0%THF. The dissociation temperature of the hydrate was also investigated by
increasing the temperature of the water and every hydrate particle disappeared until the temperature reached 3.5°C.
The dissociation temperature is considered to be the phase equilibrium of the hydrate, and by conventional
hydrate formation methods the formation temperature is usually 3-5°C lower than the dissociation temperature
while compared at the same pressure. For confirmation of the difference between micro-bubble and macro-bubble
we investigated the hydrate formation by ordinary bubbling and did not observe any hydrate formation at 0.5°C
with not only 1.0%THF, the same conditions as the micro-bubble test, but also at 1.5%THF. Accordingly,
micro-bubbles changed the condition of gas hydrate formation closer to the equilibrium condition. Since, in the
hydrate stable region, the nuclei automatically increased in its size, the most important factor in the difference
between micro-bubbles and macro-bubbles was the effect of micro-bubbles on hydrate nucleation.

The most significant property of micro-bubbles is its decreasing in size under water, and the surface
tension increasing the pressure inside the bubble inversely proportional to the bubble’s diameter. The relationship
between pressure and diameter is expressed by the Young-Laplace equation,

P=Pl+2c/r
where P is the gas pressure, Pl is the liquid pressure, ¢ is the surface tension, and r is the radius of the bubble.
According to the Henry’s law the amount of dissolved gas around the shrinking bubble is increasing with rising
gas pressure. As shown in Figure 4 the surrounding area of micro-bubble is practically changing its state on P-T
diagram to favorite side for hydrate nucleation; the amount of dissolved gas in the vicinity of the bubble is
increasing with the bubble pressure to near or over the supercooling limit even though the whole system is not

supercooled enough for hydrate nucleation.*"°

The nuclei produced at the surrounding area of micro-bubbles
were growing at the given hydrate stable condition and generated a new peak around 15um in diameter as shown
in Figure 3. Some of the nuclei could grow to hydrate films enclosing micro-bubbles and the whole bubbles could
change to hydrate particles with the films being thickened.

The advantages of using micro-bubble for hydrate formation depend on the ability to change the
nucleation condition as well as its excellent gas dissolving capability. We need more research work to understand
the properties of micro-bubbles, but it can be said that the micro-bubble system could be an excellent way to

produce hydrate in industrial applications
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Figure 1 Micro-bubble aerator and experimental set-up for hydrate
formation by micro-bubble system

Micro-bubble aerator generated very fine gas bubbles by
hydrodynamic function, and most of the dispersed bubbles collapsed
under water without bursting at the water surface. At the experiment,
Xenon was used as the guest gas of hydrate to satisfy the equilibrium
condition of hydrate phase at atmospheric pressure.
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Figure 2 Particle distribution of micro-bubble in distilled water with
1.0% THF at 2.5°C

The dispersed particle in the water after the saturation had a broad
peak about 40pm in diameter. These particles were micro-bubbles
and they disappeared within a couple of minutes after the aeration had
been stopped.

46



90

80 —

SOt 1 rtrt it 0100t

01 1rt1ri1r101r1701r101101180100 0100

Number (/ml)
]
]

011t rt1r 1111

20001 trt+r+1tr 0100t

4 8 12 16 20 24 28 32 36 40 44 48 52 56

Diameter ( 4 m)

Figure 3 Particle distribution of micro-bubble and hydrate in distilled water
with 1.0%THF at 1.4°C

The broad peak of about 40pm in diameter was consistent micro-bubbles, and
the new growing peak about 15um in diameter was related to generating

Xenon hydrate.
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Figure 4 Model of hydrate nucleation around shrinking micro-bubble

The gas pressure of a shrinking micro-bubble was increasing, and the
amount of dissolved gas in the vicinity of the bubble was also increasing
with the bubble pressure to near or over the supercooling limit (B — C)
even though the whole system is not supercooled enough (A) for hydrate
nucleation.
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Microbubbles are very fine bubbles and appropriate for the investigation of the gas-water interface
electrical charge, because of their long stagnation, due to slow buoyancy, in the electrophoresis cell
observation area. This study investigated the { potential of microbubbles in aqueous solutions, and
revealed that the bubbles were negatively charged in a wide range of pH conditions. The potential
was positive under strong acidic conditions, and the inorganic electrolytes decrease the potential by
increasing the amount of counter ions within the slipping plane. OH and H" are crucial factors for
the charging mechanism of the gas-water interface, while other anions and cations have secondary
effects on the { potential, because counter ions are attracted by the interface charge. The addition of
a small amount of propanol and butanol provided significant information for considering the
mechanism of the gas-water interface charge. Even though these alcohols did not have any
electrical charge, they had a strong effect on the gas-water interface charge and dispersed the {
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potential of the microbubbles in the aqueous solution. These alcohols tended to adsorb to the
interface and affect the hydrogen bonding network at the interface, so that it was concluded that the
gas-water interface electrical charge must be related to the difference of the construction of the

hydrogen bonding network between the bulk water and the gas-water interface.

Microbubble, Zeta potential, Electrophoresis, Electrolytes, Alcohols, Gas-water interface, H', OH-,

Hydrogen-bonding network

Introduction

The electrical properties of gas bubbles are important in determining the interaction of
bubbles in coalescence and the way bubbles interact with other materials, such as solid particles and
oil droplets, to provide a basis for technical application in many fields, such as foam fractionation,
food processing, and purification processes. '™ Most of the previous studies on the surface charge of
bubbles have been conducted with electrophoresis methods.”'® These studies have demonstrated
that the bubbles in distilled water are negatively charged and that simple inorganic electrolytes
change the magnitude of the bubble charge without altering the sign of the charge, on the condition
that any precipitates are not adsorbed at the gas-water interface. However it has been very difficult
to conduct systematic research to clarify the charging mechanism by electrophoretic methods,
because the motion imparted by the electric field is difficult to distinguish in the presence of a
gravitational field. Recently, new technologies have been established to produce very fine bubbles
with diameter less than 50 um in aqueous fluids, permitting the precise evaluation of the electric
properties of the gas-water interface without any complicated technique in the electrophoresis
method. This study has clarified the effects of additional electrolytes and alcohols on the bubble

charge and has approached a mechanism of gas-water interface electrical property.

Microbubble

One of the most significant characters of a microbubble less than 50 pm in diameter, is the
decrease in size and subsequent collapse under water, because of long stagnation and excellent gas
dissolution ability. There are some conventional methods of producing bubbles in water such as
supplying gas through small pores or shearing a gas body with rotating blades. It is difficult to
produce microbubbles without the addition of any electrolytes or surfactants into the water, because
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of the strong surface tension of water. Recently several methods have been invented to generate
very fine gas bubbles in aqueous solutions and Figure 1 shows a microbubble aerator used in this
study.

Gas inlet L

PRSP A /.
— \ Water inlet

\_R/ (connected with niumn)

Outlet of microbubble

and

Figure 1. Microbubble aerator. Water was introduced through the water inlet using a water pump,

and spiraled up along the wall. The centrifugal force, caused by the circulating flow, automatically

introduces a gas from the gas-inlet and the vortex of gas that formed along the center axis was

strongly separated into fine bubbles at the outlet of the apparatus by the shearing force of the

dispersed water.

Water introduced into the apparatus by a pump is spiraled up along the wall and down to the outlet
along the center of the apparatus. The centrifugal force caused by the circulating flow automatically
introduces a gas from the gas-inlet and a vortex of gas is formed along the center axis. The gas body
is separated into fine bubbles at the outlet of the apparatus by the strong shearing force of the
dispersed water and the circulation power.

The rising speed of the microbubble is a very important factor for the consideration of
electrokinetic properties and this was measured in a small transparent cell with a microscope system,
described below, with magnification from %200 to X400, and imaging of 640 by 480 pixels at 30
frames/s. The estimated error for the measurement of the bubble diameter was less than 5%. The
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rising speed was evaluated by the distance each bubble moved over a period of greater than 1
second, using graphic data processing. Figure 2 shows the rising speed as a function of bubble
diameter, and it has been demonstrated that the speed was roughly described by the theoretical
values of Stokes’ law;!”
V=118 xgd*/v

where V (m/s) is the rising velocity of the bubble, g (m/s°) is the gravitational acceleration, d (m) is
the diameter of the bubble and v (m?/s) is the kinematic viscosity of water. The rising speed of 50
um microbubbles is approximately 1 mm/s and the long stagnation of microbubbles in the
observation field of the electrophoresis cell enabled the evaluation of the electrical property of the
gas-water interface by measuring the { potential of microbubbles with a non-complicated measuring

system.
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Figure 2. The rising speed of microbubbles in distilled water (Electric conductivity was less than

1.5uS/em). The speed was roughly described by the theoretical values of Stokes’ law (the broken

line).

Method

Figure 3 shows a schematic diagram of the experimental setup for the study. The apparatus
used for the measurements was of the microelectrophoresis type. The setup consisted of a water
reservoir with a microbubble aerator, an electrophoresis cell, two electrodes and a constant voltage
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power source, water pumps, a microscope system with a magnification lens of x75, and a computer.
The electrophoresis cell was composed of quartz glass with stainless steel sides; the internal
dimensions of the rectangular cell were 1.0 mm thick, 23.0 mm wide and 75.0 mm in length. The
cell was positioned vertically, relative to the microscope objective. The electrodes consisted of
silver axles and silver thin plates bent to a spiral shape with a 120 cm® contact area with the
surrounding water. These electrodes were settled in stainless steel cells under an electrically isolated
condition, and the cells were connected to the stainless steel sides of the electrophoresis cell with
stainless steel pipes. An electric voltage of 350 V was supplied to the electrodes using a constant
voltage power source through a transfer switch which was used to change the direction of the
electric potential drop in the electrophoresis cell. The real voltage difference between both ends of
the electrophoresis cell was checked with a potentiometer. Microbubbles generated by the aerator in
the water reservoir were introduced to the electrophoresis cell using water pump B, and were
observed using the microscope system. Light was scattered using thin white screens behind the cell,

for clear observation of the spherical bubbles in the cell.

Microbubble

Water aerator

Reservoir

Pump B

L

™ Electrophoresis -
‘ Cell /(? '

Electrode Electrode

Microscope &
CCD Camera

Figure 3. Experimental setup of the study. The microbubble aerator generated very fine bubbles in

the water reservoir (approximately 10 L). The bubbles were introduced into an electrophoresis cell,

and the movement of the microbubbles was analyzed under an electric field for the determinations

of bubble diameter and zeta potential using a graphic data processing method.

The experimental difficulty of studying electrophoretic mobility is related to the effect of

electroosmotic flow in the cell. Electroosmosis is caused by the formation of an electric double
layer at the surface of the cell-wall which subsequently creates a movement of the aqueous solution.
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The electrophoresis related to the double layer at the gas-water surface creates a movement of
bubbles in the aqueous solution. There is a stationary region between the wall and the center,
because the direction of fluid movement at the center part of the rectangular cell is opposite that of
the wall side, and the electrophoretic mobility of bubbles at the stationary region can be correctly
evaluated without electroosmosis effect.'® The previous works characterized the electroosmotic
flow in the electrophoresis cell, and the bubbles in the region can be easily recognized by changing
the direction of the electric potential drop alternately.'® As shown in Figure 4, the trace line of the
microbubble in the stationary region was clearly zigzagged with straight lines, while the movement
of the bubble located in the electroosmotic area was disturbed by the inertial movement of the
surrounding water and the trace lines were bent.

The { potential of bubbles in aqueous solutions was obtained using a graphic data
processing method. Figure 5 shows the trace of bubble movement for about 3 seconds in the
stationary region; the travel distance along the Y axis was related to the bubble size, and that along
the X axis corresponded to electrophoretic mobility. The bubble diameter was obtained from the
rising speed of the bubble according to the relationship shown in Figure 2; the data that was
obtained using the microscopic system with a higher magnification lens. The { potential was
determined from electrophoretic mobility using the Smoluchowski equation as:'

E=np/e
where ( is the zeta potential (V), 1 is the viscosity of water (kg m™ s™), € is the permittivity of water
(kg m>s? coul?), and p is the mobility (m?s™ V).

Figure 4. Examples of the shapes of bubble movement in the stationary level (left) and outside the
level (right). The movement of the bubble located in the electroosmotic area was disturbed by the

inertial movement of the surrounding water and the trace lines were bent.
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Figure 5. Traces of bubble movement for approximately 3 seconds. The zeta-potential and the
diameter of the microbubble were calculated from the velocity of the bubbles on X and Y axes,
respectively. The alternative charge in the direction of the electrical potential drop made the bubbles
turn in the cell. The bubbles affected by the electroosmotic flow were easily identified by the
bubble movement because the inertial water movement in the electroosmotic area disturbed the

quick turning of the bubbles.

The C potential of microbubbles in distilled water

Most of the previous studies on the { potential of gas bubbles were conducted with water
containing added electrolytes or surfactants, in order to generate small bubbles.”'*!""!%1%1¢ The ¢
potential of the microbubble in distilled water is important as the basis of the gas-water interface
charge, because the character of the gas-water interface charge in distilled water was simple due to
the dilute ionic concentration. Figure 6 shows the { potential of microbubbles in distilled water.
Despite no addition of electrolyte or surfactant, aside from dissolved ambient CO,, the
microbubbles were negatively charged with an averaged ( potential of approximately -35 mV, in
distilled water at pH 5.8. There was no relationship recognized between the magnitude of the
potential and the bubble diameter.
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Figure 6. { potential of microbubbles in distilled water. Despite no addition of electrolyte or
surfactant, aside from dissolved ambient CO,, the gas-water interface was negatively charged and

no appreciable variation in the potential was observed in correlation with bubble size.

Although the surface charge of colloidal material in water has been explained by the
ionization of the surface of the material or the adsorption of an ionic surfactant, another charging
mechanism must be considered for the gas-water interface, because the distilled water did not
contain any ionic surfactant and the interior gas was not ionized in the normal condition of the
experiment. The gas-water interface is negatively charged, so that OH must play an important role
in the electrical charge. Experimental data obtained to date show that bubbles in water without any
surfactant are negatively charged, and the charging mechanism has been explained by the excess of
OH ions compared to H' ions at the gas-water interface. Most researchers have explained the
adsorption of OH ™ onto the interface by the difference of hydration energy between H™ and OH, or
by the orientation of water dipoles at the interface; hydrogen atoms pointing towards the water
phase and oxygen atoms towards the gas phase, causing an attraction of anions to the interface.
79101416 76 confirm these assumptions, more detailed data of the gas-water interface charge is
required, and the charging mechanism will be discussed later.

The effect of bubble size on the { potential is of great interest and the Dorn potential
measurement by Usui et. al. demonstrated that the variation in bubble surface charge depended on
the bubble diameter.”” However, in this study there was no relationship recognized between the
potential of the microbubble and the bubble size, and the result suggested that the amount of
electricity per unit surface area at the interface was not dependent on the bubble size. The
extrapolation of the result of the microbubble to a bubble with infinite diameter suggested that the
amount of electricity of a flat gas-water interface is same with that of microbubble.
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The effect of an inorganic electrolyte on the { potential

One predominant factor of the gas-water interface charge must be the role of ions at and
near the interface. Most previous studies have recognized that the gas-water interface charge is
caused by the adsorption of OH onto the interface, and some researchers have tried to explain the
adsorption of the anion by the difference in the hydration energies of H' (—1127 kJ/mol) and OH"
(—489 kJ/mol).””'*"® In this section, the role of ions at and near the gas-water interface in the
electrical charge is illustrated by the addition of electrolytes to distilled water.

If the hydration energy of an ion is a crucial factor of adsorption of the ion to the gas-water
interface, it is of great interest to determine the effect of inorganic electrolytic ions, with a variety of
hydration energies, on the electrical charge of the microbubbles. Figures 7 and 8 show the effect of
NaCl and MgCl, on the { potential of the microbubbles, respectively. Both of the electrolytes
caused a reduction in the { potential, depending on their concentration. According to the assumption
regarding the hydration energy, the ClI anion (317 kJ/mol) tended to remain longer at the
gas-water interface than the Na' cation (406 kJ/mol) and Mg*" (~1904 kJ/mol). It was expected
that the negative value of the zeta potential of the microbubbles would increase; however, the
results indicated the opposite effect of electrolytes on the { potential of the microbubble,
especially in the case of MgCl,, even though there is a bigger difference in the hydration energies of
Mg”*" and CI, than the difference between H and OH . It has been demonstrated that the difference
in the hydration energies of inorganic electrolytes does not contribute to the adsorption of the ions
for the gas-water interface charge.
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Figure 7. The relationship between the { potential of microbubbles and the concentration

of NaCl in the water. The electrolyte reduced the zeta potential by increasing the amount of
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counter ions within the slipping plane.
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Figure 8. The relationship of the zeta potential of the microbubbles and the concentration of
MgCl2 in the water. The electrolyte reduced the zeta potential to a greater degree than NaCl, due

to the difference in the ionic valency of the cations and the pH reduction of the water.

Consideration of the reason for the strong reduction in the negative value of the { potential
by the addition of MgCl, will contribute to a deeper understanding of the interface charge. The
jonic valency of Mg®" could be an important factor and will be discussed later in regard to the
electric double layer. The interface electrical charge might be related to the amounts of H and OH™
at the interface, because the pH change of the aqueous solution according to the concentration of the
electrolytes; this does not occur in the case of NaCl. Therefore, it would be very useful to clarify the
effect of pH on the { potential of the microbubble.

Figures 9 and 10 show the { potential of microbubbles in water with pH=10.26 and 2.68.
The value of the pH was adjusted by the addition of NaOH and HCI to distilled water at room
temperature. Figure 11 shows the relationship between the average value of the { potential of the
microbubbles and the pH of the water. The results demonstrated that there is a strong effect of the
pH of the water on the { potential of microbubbles. In a wide range of pH conditions, the { potential
indicated a negative sign and the negative value increased with an increasing pH, until it reached a
plateau of approximately —110 mV at pH ~10. For acidic conditions below pH=4.5, the { potential
of the microbubbles showed a positive value. The strong effect of pH on the { potential of the
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microbubbles indicated that both H" and OH  played a very important role in the gas-water
interface charge by adsorption of these ions at the interface, and that other additional ions, such as
Na' and CI', did not have any significant effect on the { potential of the microbubble, besides their
influence as counter ions. The plateaus of the { potential at high and low pH were explained by H"
and OH moving back to the bulk of water, due to the increased chemical potential at the interface.
The fact that the interface is positively charged under strongly acidic conditions shows that there is
an excess of H' over OH ™ at the interface. It is difficult to explain the mechanism of the positively
charged gas-water interface by the assumption of the orientation of water dipoles at the interface, as

well as the difference of hydration energy between H™ and OH , because both assumptions only
explain the case for excess OH at the gas-water interface.

=140 7
n
_ . n
120 - = ""g a -
1 n
<) . n
E -100 = 7
g ]
8 -80
=
=]
g
<)
(o9 -60
\
-40
=20
0 T T T T T T T T 1
0 10 20 30 40 50 60

Bubble diameter ( ¢ m)

Figure 9. The { potential of microbubbles at pH=10.26 determined by the addition of NaOH to

distilled water.
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Figure 10. The { potential of microbubbles at pH=2.68 determined by the addition of HCI to

distilled water.
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Figure 11. The relationship between the { potential of the microbubbles and the pH of the water,
determined by HCI and NaOH. The surface charge of the gas-water interface was strongly affected

by the pH of the water. The result indicated the important role of H" and OH’ in the surface charge.

Figure 12 illustrates the distribution of ions at and near the gas-water interface in an
aqueous solution of NaCl. The adsorbed H" and OH  are crucial factors influencing the interface
charge, and the electrolyte ions are attracted to the interface, as for the counter ions, by electrostatic
force and generation of the electrical double layer. The { potential is the electrical potential at the
slipping plane, so that the increase in counter ions reduces the { potential according to the number
of counter ions that exist between the interface and the slipping plane. As the force of the attraction
depends on the valency of the counter ions, ions with a valency of +2 or higher tend to be attracted
to the interface more strongly than ions with a valency of +1, due to static electricity, and this
results in a reduction of the { potential due to the dense concentration of the counter ions inside the
slipping plane.

The significant change in the C potential of the microbubbles, depending on the pH of the
aqueous solution, suggests that H" and OH play an important role at the interface in the gas-water
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interface charge. The negative value of { potential in the wide range of pH conditions suggests that
OH tends to be more effectively adsorbed to the interface than H'. The next investigation aims to
clarify the mechanism of the adsorption of H and OH to the gas-water interface.
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Figure 12. The distribution of ions at and near the gas-water interface in an aqueous solution of
NaCl. The electrolyte ions are attracted to the interface charged by H" and OH™ and create the
electrical double layer. The { potential is the electrical potential at the slipping plane and the

potential is determined by the amount of ions and their valency in the slipping plane.

The effect of additional alcohol on the { potential

It is demonstrated that H" and OH have an exclusive effect on the gas-water interface
electrical charge. These ions are the essential elements of the hydrogen-bonding network of water,
besides the H,O molecule, so it is necessary to consider the charging mechanism from the point of
view of the hydrogen-bonding network. The hydrogen-bonding network at the gas-water interface
must be different from that in bulk water, because intermolecular cohesive forces in the interface
phase are not compensated and the properties of a water interface layer, such as the density,
viscosity, electrical conductivity and dielectric permittivity are different from that of the bulk
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water.”! Investigations of molecular dynamics computer simulations and surface specific techniques,
such as vibrational sum-frequency spectra, revealed an anomaly in the surface structure of water,
such as the presence of the dangling OH stretch.'®*****” The purpose of this study is to illustrate the
role of a hydration-bonding network in the gas-water interface electrical charge.

Some kinds of alcohols have a surface activity by being adsorbed to the gas-water interface,
and the effect of disturbance of the hydrogen-bonding network at the interface on the electrical
charge can be investigated by adding the alcohols to distilled water. Figures 13 and 14 show the {
potential of the microbubbles in binary mixtures of ethanol-water and 1-propanol-water,
respectively. In the case of l-propanol, a wide spread of the { potential was observed with
positively charged bubbles in the aqueous solution with pH=5.8, while the addition of ethanol did
not disperse the { potential so widely. As shown in Figures 15 and 16, both alcohol additions
resulted in reducing the negative value of the  potential of the microbubbles, depending on their
concentration and the significant difference between them was found in the distribution range of the
{ potential. It was also recognized that methanol had the same effect as ethanol on the { potential of

the microbubble and that 2-propanol and butanol dispersed the { potential of the microbubble
widely, as for 1-propanol.
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Figure 13. The { potential of microbubbles in a binary mixture of 0.5% ethanol and water.
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Figure 14. The { potential of microbubbles in a binary mixture of 0.5% 1-propanol and water
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Figure 15. The relationship of the { potential of microbubbles and the concentration of ethanol
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The dilute binary mixtures of the lower primary alcohols, such as methanol-water and
ethanol-water have a similar network of hydrogen bonds with water and the network is
microscopically homogeneous throughout the bulk and the gas-water interface.””***° On the
contrary, the mixtures of water and higher alcohols, such as propanol and butanol, have the same
network structure of hydrogen-bonded linkage, but are microscopically somewhat
heterogeneous.’'>® These alcohols tend to be adsorbed to the gas-water interface, so that the
addition of a small amount of the alcohols significantly disturbed the hydrogen-boding network at
the interface.

It has been demonstrated that the addition of salts to water-alcohol binary mixtures induces
the separation of these molecules due to the increase in microheterogeneity of the solution, as
confirmed by liquid spray mass spectroscopy studies of their microscopic structure in aqueous
solution.”*** Figure 17 shows the relationship between the average value of the microbubble
potential in 3% ethanol-water binary mixtures and the pH of the aqueous phase, adjusted by the
addition of HCl and NaOH. The results indicate that even when ethanol is used, the { potential
values are widely dispersed following addition of HCl and NaOH. Consequently, it may be assumed
that the addition of HCl and NaOH causes the alcohol to adsorb to the gas-water interface due to the
separation of water and the alcohol, resulting in the disturbance of the hydrogen-boundary network
at the interface.

These alcohol molecules are not electrically charged, so the drastic change in the { potential
of the microbubbles caused by the addition of these alcohols must be attributed to the change in the
microscopic structure of the microbubble at the interface. These results demonstrate that the
gas-water interface electrical charge is related to the hydrogen-bonding network of water. The
electric charge of the interface in the aqueous solution is caused by a greater excess of H" and OH™
at the interface than in the bulk. These ions are the essential elements of the hydrogen-bonding
network; therefore, the structural formation of the gas-water interface must include a greater
number of these ions at the interface than in the bulk aqueous phase. As shown in Figures 11 and 17,
the negative value of the { potential for the microbubble in a wide pH range suggests that OH is
more effective than H' at influencing the microscopic structure of the microbubble at the gas-water
interface.

Conclusion

Microbubbles are promising candidates for future practical applications and they allow
investigation of the electrical properties of the gas-water interface without the need for any
complicated measuring methods. This study resulted in the clarification of the { potential of
microbubbles in aqueous solutions, and revealed that microbubbles are negatively charged in a wide
range of pH conditions and positively charged under strongly acidic conditions. It was also
demonstrated that OH and H' are crucial factors for the electrical charge of the gas-water interface,
and that the difference in the construction of the hydrogen bonding network between the gas-water
interface and the bulk of water must be attributed to an excess of these ions at the interface over the

amount in the bulk.
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Free radicals are generated by the collapse of ultrasound-induced cavitation bubbles when they are

forcefully compressed by dynamic stimuli. Radical generation occurs as a result of the extremely

high temperatures induced by adiabatic compression during the violent collapse process. It is

generally believed that extreme conditions are required for this type of radical generation. However,

we have demonstrated free-radical generation from the collapse of microbubbles (diameter = <50

pm) in the absence of a harsh dynamic stimulus. In contrast to ultrasound-induced cavitation

bubbles, which collapse violently after microseconds, the microbubbles collapsed softly under

water after several minutes. Electron spin-resonance spectroscopy confirmed free-radical generation

by the collapsing microbubbles. The increase of the surface charges (zeta potentials) of the
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microbubbles, which were measured during their collapse, supported the hypothesis that the
significant increase in ion concentration around the shrinking gas—water interface provided the
mechanism for radical generation. This technique of radical generation from collapsing
microbubbles could be employed in numerous engineering applications, including waste-water

treatment.

Accumulated ions; Collapse; Electron-spin spectroscopy; Free radical; Shrinking gas—water

interface; Zeta potential

Introduction

Microbubbles are distinguished by having a diameter <50 um, and have important technical
applications due to their tendency to decrease in size and subsequently to collapse under water.
Figure 1 schematically illustrates the key differences in behavior between normal macrobubbles and
microbubbles: the former rapidly rise and burst at the water surface, whereas the latter are stable for
longer periods of time underwater. Microbubbles gradually decrease in size due to the dissolution of
interior gases by the surrounding water, and they eventually disappear’. We have demonstrated that
microbubbles can be useful in the formation of gas hydrate due to their ability to alter the nucleation
condition and their efficient gaseous solubility'. The relationship between the interior gas pressure
and the bubble diameter is expressed by the Young—Laplace equation”:

P=P+20c/r

Here, P is the gas pressure, P; is the liquid pressure, o is the surface tension, and r is the radius of
the bubble. According to Henry’s law, the amount of dissolved gas surrounding a shrinking bubble
increases with rising gas pressure. The area surrounding a microbubble has been shown to change
its state in a pressure—temperature (P-T) diagram to favor hydrate nucleation'. This is a typical
characteristic of microbubbles. In addition, we have found that free radicals are generated from
collapsing microbubbles and it is useful in several technical applications, including the
decomposition of organic chemicals and waste-water treatment. The purpose of the current study
was to clarify the phenomenon of radical generation from microbubbles in the absence of dynamic
stimuli, such as ultrasound or shock waves, with the aim of advancing the technical applications of
this phenomenon.
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Figure 1 Microbubble behavior. The ordinary macrobubbles rose rapidly and burst at the surface of

the water. By contrast, the microbubbles decreased in size and disappeared under the water.

Experimental Methods

Figure 2 shows a schematic of the microbubble generator used in this study (Awawa,
Shigen-kaihatu Co., Ltd.). Water in a transparent acrylic tank was circulated by a pump through a
gas-dissolution tank and a microbubble-generating nozzle. Ambient air was introduced into the
circulating water at the suction side of the pump, and was dissolved by means of a high-pressure
system located at the discharge side. A gaseous phase of microbubbles was produced from the water
supersaturated with air, due to the pressure reduction at the nozzle. Figure 3 depicts the
microbubble generator and the acrylic tank filled with distilled water. Figure 4 shows the
bubble-size distribution in the water tank during the operation of the microbubble generator, as
measured by a particle-counting spectrometer for liquids (LiQuilaz-E20; Particle Measuring
Systems Inc.) using a light-obscuration method. The condensed microbubbles, which were typically
observed as two peaks in the distribution, gave the water in the tank a milky appearance. After the
generator was deactivated, it took ~5 min for the water to return to its original state of transparency.

The study consisted of three distinct tests to confirm the phenomenon of radical generation
from collapsing microbubbles. Test-1 is comprised of an electron spin-resonance (ESR) test, and
Test-2 and Test-3 focused on the decomposition of various chemicals by the generated radicals.

Test-1: Many radical species are relatively reactive and, hence, typically transient, making their
detection difficult on an ESR timescale. We therefore used 5,5-dimethyl-1-pyroroline-N-oxide
(DMPO) as a spin-trap reagent. When reactive radical species are formed in the presence of this
diamagnetic compound, which is undetectable by ESR, they are trapped by the reagent. The
resultant stable paramagnetic nitroxyl radical adducts can be observed on an ESR spectrum.
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The distilled water in the tank was tested as follows. A sample of water plus microbubbles
was removed from the tank and placed in a glass container, away from physical stimuli such as
hydrodynamic cavitation’”. The electrical conductivity of the water was approximately 1.5 uS/cm,
and the temperature was approximately 20 C. The sample was mixed with 5 mM DMPO under
gentle stirring. The water, which initially had a milky appearance, was then left to stand for 10 min,
by the end of which time it had become transparent. The sample was transferred to a quartz flat cell
and the ESR spectrum was measured at room temperature using an RE-2X ESR spectrometer
(JEOL Ltd.) under the following conditions: microwave power = 10 mW; modulation amplitude =
0.2 mT; time constant = 1 s; and scanning time = 16 min. The hyperfine splitting constant was
calibrated using Mn”" as an external standard. The test was repeated with the addition of various

acids, such as sulfuric acid, to the sample in the glass containers at the same time of DMPO mixing.

Test-2: The ability of microbubbles to generate free radicals that decompose phenol was tested in a
four stage procedure. The experimental setup of this study mimicked that shown in Figure 2, with
the exception of an additional water bath to maintain the reservoir temperature below 50 C, despite
continuous operation of the microbubble generator. The water reservoir was filled with 5 L distilled
water containing 1.5 mM phenol. The ambient air supplied to the generator provided the
microbubble source. The maximum pressure produced in the water circulation of the microbubble
system was less than 0.4 MPa. This test was performed in the water reservoir following continuous
generation of microbubbles for 3 hours. In each constituent trial of the test, one of the following
was added to the water reservoir prior to activation of the microbubble generator: nitric acid,
sulfuric acid, and hydrochloric acid. A control in which no acid was added was also performed.
Compounds that were produced during the test in the reservoir water, following addition of each
acid, were analyzed by HPLC (X-LC, Jusco Co., Ltd.).

Test-3: Perfluorooctanoic acid (PFOA) is a material that is not decomposed by the hydroxyl radical.
It has been demonstrated that sonochemical action decomposes the material via a direct pyrolysis
reaction, due to extreme high temperature by adiabatic compression®. In this test 1.0 mM PFOA was
added to the water reservoir to test for decomposition via the same method as described Test-2, with
the addition of 3mL H,SO4. The compounds present in the reservoir water were analyzed by gas
chromatography-mass spectroscopy (GCMS-QP2010, Shimazu Co., Ltd.).

DMPO and PFOA were purchased from Tokyo Kasei Kogyo Co., Ltd., and DMPO was
stored at around —20 °C. All other chemicals were obtained from Wako Pure Chemical Industries
Ltd.
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Figure 2 Schematic of the microbubble generator used in this study. Test-1 was conducted to

confirm the radical generation by ESR measurement. To remove physical stimuli caused by

microbubble generator, the sample of water was placed in a glass container prior to the mixing of

DMPO with the sample.

Figure 3 Microbubbles in a transparent acrylic tank filled with distilled water. (A) Before the

operation of the microbubble generator. (B) Immediately after the operation began. (C) The

condensed microbubbles gave the water a milky appearance. (D) Around 2 min after the apparatus

was switched off, the water at the bottom of the tank began to become transparent again due to the

rising and collapsing microbubbles. The water became fully transparent ~5 min after the generator

had been switched off.
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Figure 4 Size distribution of microbubbles measured using a particle-counting spectrometer for
liquids. Two peaks were observed in this type of microbubble generator.

Results

Test-1: Figure 5 shows the ESR spectrum of the sample of distilled water from the tank. Six lines
were observed after spin-trapping with DMPO, and the ESR parameters were similar to those of
DMPO-R, suggesting that alkyl radicals had been generated from trace amounts of organic
contaminants’ . The ESR spectra varied depending upon the addition of acids to the water. Figure
6 shows the ESR spectrum of a sample with 0.18 M sulfuric acid (H,SOs), which contains four lines
(the hyperfine splitting constants of Ay = Ay = 14.9 G) and is similar to that of DMPO-OH,
1712 1n the

absence of microbubbles, no radical generation was induced by treatment with DMPO alone or with

suggesting that the microbubbles induced the formation of hydroxyl radicals (-OH)

the addition of H,SO4. We observed identical spectra to that derived from the H,SO,4 sample upon
addition of hydrochloric acid (HCl) and nitric acid (HNO;). When NaCl was added, we also
observed the spectrum of DMPO-OH, which was very weak in intensity. The DMPO-R spectrum
was slightly higher than that of distilled water.

Test-2: Prior to the test, we confirmed radical generation by adding DMPO to the water reservoir
and sampling the water for subsequent ESR measurements after the microbubble generator had
been operating for 3 min. The ESR spectra were similar to those previously acquired in Test-1. The
primary difference was that the peak amplitudes were enhanced due to the increased amounts of
free radicals produced by continuous operation of the microbubble generator.

Figure 7 shows the results of test. Without the addition of acid, we did not observe any
perceptible change in the concentration of phenol after 3 h of continuous operation of the
microbubble generator. We then added 3 mL HNOs; to the water before the next test, in order to
generate -OH, which is a stronger oxidant than the alkyl radical, from the collapsing microbubbles.
About 30% of phenol was decomposed throughout the 3-h test period and we observed the
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intermediate products of the phenol decomposition, such as hydroquinone, benzoquinone, formic
acid, and oxalic acid'®. Similar results were observed following the addition of H,SO4 and HCI,
which also resulted in -OH generation.

Test-3: We did not observe any perceptible decomposition of PFOA throughout the 80 min test.

The result indicates the microbubble collapse does not lead ‘hot-spot’ generation, which can be
caused by acoustic and hydrodynamic cavitation.

ImT

Figure 5 ESR spectrum of microbubbles in distilled water using DMPO as a spin-trapping reagent.

The ESR spectrum was identical to that of DMPO-R, showing that alkyl radicals were generated.

ImT

Figure 6 Test repeated with the addition of sulfuric acid to the water. The spectrum changed to that

of DMPO-OH, indicating the production of -OH.
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Figure 7 Changes in the concentrations of phenol with and without the addition of nitric acid.

Discussion

It is important to consider the mechanism of free-radical generation from cavitation bubbles
produced by ultrasound, in order to understand this process in collapsing microbubbles. When water
is irradiated by a strong ultrasonic wave, numerous tiny gas bubbles appear and collapse violently,
which is a phenomenon known as acoustic cavitation. These tiny bubbles repeatedly expand and
contract according to the pressure oscillation of the incident ultrasonic wave. The speed of the
bubble collapse increases up to the sound velocity in water, and the temperature inside a given
bubble can increase dramatically due to adiabatic compression during its violent collapse. The
temperature increases to >5,000 K during this process, and free radicals (such as -OH) are created

14-18
. In

by decomposing water vapor and non-condensable gases (including air) inside the bubbles
recent years hydrodynamic cavitation has been attempted as an alternative to acoustic cavitation®”.
When large pressure differentials are generated within a moving liquid, hydrodynamic cavitation is
observed and is accompanied by a number of physical effects, such as erosion. It has been
demonstrated that the chemical effects of hydrodynamic cavitation and acoustic cavitation respond
identically to experimental parameters. Hydroxyl radical is generated as the dominant radical
species by the extremely high temperature caused by the adiabatic compression in association with
both hydrodynamic and acoustic cavitation.

The current study demonstrated free-radical generation from the collapse of microbubbles in
the absence of a dynamic stimulus, such as ultrasound or large pressure differentials. The shrinking
rate of the collapsing microbubbles was extremely slow compared with that of ultrasound-induced
cavitation bubbles: the microbubbles collapsed completely over a time course of tens of seconds,
whereas the cavitation bubbles collapsed within microseconds. The result of Test-3 indicates that

PFOS was not decomposed by the collapse of microbubbles, suggesting that neither pump
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movement nor microbubble collapse leads to substantial increases in temperature. Further, the
shrinking speed of the collapsing microbubble is not sufficiently rapid to generate an adiabatic
compression. It was therefore unlikely that the mechanism of free-radical generation by
microbubbles was similar to that in cavitation bubbles — the latter being related to the extremely
high temperatures caused by adiabatic compression during violent collapse. It is generally accepted
that radical generation requires extreme conditions, such as high temperature. Here we offer an
alternate theory, based on the accumulation of ions, to explain radical generation from collapsing
microbubbles.

Surface charge is an important factor in understanding the properties of microbubbles. In an
electrophoresis cell, microbubbles move towards the electrode with an opposite electrical charge.
The surface charge of each microbubble can be determined from the speed and direction of its
movement in the presence of an electrical potential, and can be evaluated by the value of the
potential®*. In distilled water, microbubbles are electrically charged to a ( potential of
approximately —35 mV. This value changes according to the precise conditions of the water.
Adsorbed OH and H" are crucial factors influencing the gas—water interface charge; electrolyte
ions are attracted to the interface by the electrostatic force and generate an electrical double layer.
The € potentials of microbubbles under specific water conditions are similar, regardless of their size.
Therefore, the amount of electrical charge around the gas—water interface is the same per unit area®.
However, observations of collapsing microbubbles over time have shown that the { potential
increases according to the rate of shrinkage, which is itself inversely proportional to the bubble size
(Figure 8). These observations suggest that the rate of movement of electrolyte ions in water is not
sufficiently high to counteract the increasing rate of shrinkage of the microbubbles. Consequently, it
is likely that some excess ions become trapped at the gas—water interface, thereby increasing its
potential during the process of collapse. At present, there are insufficient data to conduct a detailed
analysis. However, the accelerative increase of the { potential of a microbubble suggests the
extreme accumulation of ions during the final stage of the collapse process. Moreover, the
extinction of the gas—water interface might cause a drastic environmental change for the ions
originally concentrated at the bubble surface. Therefore, the instantaneous high density of ions at
the site of the collapsed microbubble could potentially describe the phenomenon of free-radical
generation, and the exact composition of the ions that have accumulated around the interface could
affect the type of free radicals generated. The drastic environmental change caused by the extinction
of the gas—water interface might trigger radical generation via dispersion of the elevated chemical
potential that has accumulated around the interface.

This study was conducted to verify the application of free radicals generated by collapsing
microbubbles in the decomposition of an organic chemical. The microbubble collapse can not be
used as the method of degradation of PFOA, because the microbubble collapse will not lead to
‘hot-spot” generation. However, the decomposition of phenol via a hydroxyl radical reaction,
without the addition of a harsh stimulus (such as ultrasound or ozone), will be important for future
practical applications of microbubbles.
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Figure 8 Changes in the size and { potential of microbubbles over time. (A) An example of the
changes in the diameter of microbubbles. The rate of shrinkage was inversely proportional to the

bubble size. (B) The ¢ potential of the microbubbles was also inversely proportional to their size.

Conclusions

This study demonstrated free-radical generation from collapsing microbubbles in aqueous solutions.
The mechanism of radical generation differed from that of cavitation bubbles formed via incident
ultrasonic waves, and might have been related to ionic accumulation around the collapsing
microbubbles. The decomposition of phenol by the free radicals generated without ozone or

ultrasound indicated that microbubbles will be promising candidates for future practical

applications.
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Hydroxyl radicals are strong oxidants in aqueous solution, reacting rapidly with a wide range of
dissolved compounds. In contrast, ozone is a highly selective oxidant. Understanding the process by
which ozone is transformed into hydroxyl radicals is important in the treatment of waste water and
drinking water. We use electron spin-resonance spectroscopy to demonstrate that when
microbubbles of ozone in strongly acidic aqueous solution collapse, the ozone progressively
decomposes and large quantities of hydroxyl radicals are generated. Moreover, the degradation of
polyvinyl alcohol, which is ozone resistant, was also observed during the collapse of the
microbubbles. These findings indicate that ozone microbubbles are potentially useful in future

water-treatment applications.

Keywords: Accumulated ions; Collapse; Electron-spin spectroscopy; Shrinking gas—water interface;

Zeta potential

Introduction

Microbubbles are tiny bubbles with diameters of less than 50 pm'~. When formed in water,
microbubbles decrease in size and eventually disappear. Air microbubbles have been shown to
generate free radicals as they collapse, thought to be related to an increase in the ion concentration
around the shrinking gas—water interface. Under acidic conditions it has been shown that hydroxyl
(OH) radicals are generated, which are strong oxidants in water with the ability to decompose
phenol. Although ozone is used for the oxidation of organic chemicals in water, the treatment of
drinking water and waste water might be improved by utilizing advanced oxidation processes
(AOPs) that accelerate the generation of hydroxyl radicals*®. This is because hydroxyl radicals
react rapidly with many dissolved compounds in the water matrix, whereas ozone is a selective
oxidant. We have investigated the process of free-radical generation during the collapse of ozone
microbubbles. This is in contrast to conventional ozone-based AOPs, which are generally initiated
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by elevating the pH, adding hydrogen peroxide or through exposure to ultraviolet irradiation. We

have also explored potential technical applications to drinking-water and waste-water treatments.

Experimental Methods

Figure 1 shows a schematic diagram of the experimental setup used in the current study.
Water in a 5-L glass container was circulated by a microbubble generator (Awawa A-02;
Shigen-kaihatu Co., Ltd.). Gas from an ozone generator (CS2-0205R; Toyoshima Electric Co., Ltd.)
was introduced into the circulating water on the suction side of the pump at a rate of ~1 L/min. The
concentration of ozone was ~2%, and the remainder of the mixture was enriched with oxygen from
the ambient air by a pressure-swing adsorption system. The gas was dissolved by means of a
high-pressure system located on the discharge side of the pump. Microbubbles were produced from
water that was supersaturated with the gas by the reduction in pressure at the nozzle. The diameters
of the condensed microbubbles were determined using a particle-counting spectrometer for liquids
(LiQuilaz-E20; Particle Measuring Systems Inc.), and two peaks in the distribution at ~12 pm and
50 pm were typically found. The microbubbles gave the water in the container a milky appearance’.
After the generator had been deactivated, it took ~5 min for the water to return to its original state

of transparency.
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Figure 1. Schematic diagram of the microbubble generator used in this study.

The study consisted of two distinct tests to confirm the generation of OH radicals by the
collapsing ozone microbubbles. Test 1 involved electron spin-resonance (ESR) measurements, and
test 2 focused on the decomposition of polyvinyl alcohol (PVA) as a target material for this novel
ozone-based AOP. PVA is relatively resistant to degradation by ozone and is not readily
biodegradable. The Fenton reaction, which is an AOP that generates OH radicals by the reaction of
hydrogen peroxide with ferrous ions, is currently considered to be the best method for the
environmental remediation of highly contaminated waste water”*. However, this technique is

expensive in practice and produces large quantities of iron sludge.
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Test 1. Many radical species are moderately reactive and hence typically transient, making
their detection difficult on an ESR timescale. We therefore used 5,5-dimethyl-1-pyroroline-N-oxide
(DMPO) as a spin-trap reagent. When reactive radical species are formed in the presence of this
diamagnetic compound, which is not detected by ESR, they are trapped to form stable paramagnetic
nitroxyl radical adducts, which can be observed in ESR spectra.

We added 5 mM DMPO to the water in the glass container for use in subsequent ESR
measurements. The electrical conductivity of the water was ~1.0 uS/cm before the addition of
DMPO, and the temperature was ~20 °C. A sample of the water was transferred to a quartz flat cell
after the microbubble generator had begun operating, and an ESR spectrum was measured at room
temperature using an RE-2X ESR spectrometer (JEOL Ltd.) under the following conditions:
microwave power = 10 mW; modulation amplitude = 0.2 mT; time constant = 1 s; scanning time =
16 min. The hyperfine splitting constant was calibrated using Mn®" as an external standard. The
measurement was repeated under acidic conditions by adding 0.04 N HCI to the circulating water in
the glass container. The pH values of the DMPO-containing water with and without added HCI
were ~1.5 and 4.5, respectively.

Test 2. A cooling water bath was added to the setup shown in Figure 1 in order to maintain
the reservoir temperature at <35 °C throughout the test period. The total organic carbon (TOC)
content of water samples was measured by a TOC analyzer (TOC-V CSH; Shimadzu Co., Ltd.).

DMPO was purchased from Tokyo Kasei Kogyo Co., Ltd., and stored at —20 °C. All other
chemicals were obtained from Wako Pure Chemical Industries Ltd.

Results

Test 1. Prior to the microbubble tests, we confirmed the generation of radicals by ozone
macrobubbles of several hundred micrometers in diameter, produced using a glass-bonded diffuser
instead of a microbubble generator. Gas from the ozone generator was introduced into the 5-L glass
container at a rate of ~2 L/min. The concentrations of DMPO and HCIl were the same as those in the
microbubble tests. Figure 2 shows the ESR spectrum of a sample without HCI taken 20 s after the
bubbling had started. Four lines (the hyperfine splitting constants Ay = Ay = 14.9 G) were observed,
and the ESR parameters were similar to those of DMPO-OH, suggesting that the ozone bubbling

induced the formation of hydroxyl radicals (-OH)*"'

. The highest peaks were observed after ~20 s,
and the peak intensities subsequently decreased with time due to deterioration of the spin-trap
reagent by ozone and the generated OH radicals. We observed similar trends with time in the
DMPO-OH spectra for the samples containing HCI. In both cases, the spectra disappeared ~6 min
after the start of ozone bubbling. These results indicate that the presence of HCI had no effect on the
rate of generation of hydroxyl radicals.

Figures 3 and 4 show the results of the microbubble tests. The ESR spectrum of a sample
of water without HCI, taken 20 s after the microbubble generator began to operate, is shown in
Figure 3. The highest peaks were observed at this point in time; the spectrum disappeared after ~6
min of microbubble generation due to deterioration of the spin-trap reagent. The DMPO-OH peaks
are less intense than those in Figure 2. This might be caused by the difference in the rates of ozone
supply, ~2 L/min in the macrobubble test and ~1 L/min in the microbubble test. Figure 4 shows the
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ESR spectrum of a sample of water containing HCI, collected after 5 s of microbubble generation.
Although the highest peaks were observed after a shorter time interval than for the sample without
HCI, the spectrum disappeared after only 1 min of microbubble generation. This is consistent with a
faster rate of generation of OH radicals, which would cause a faster deterioration of the spin-trap
reagent and lead to the early suppression of the spectrum as well as the early appearance of the
maximum peak intensities. In a previous experiment involving air microbubbles in the presence of
HCI1, DMPO-OH peaks with the same height were observed after 5 s of microbubble generation’,
which was attributed to the generation of OH radicals caused by the significant increase in ion
concentration around the shrinking gas-water interface during the bubble-collapse process.
However, we did not observe any deterioration of the spin-trap reagent during the test period of 10
minutes. On the contrary, the height of the DMPO-OH peaks continued to increase with time. It is
possible that a significantly greater number of OH radicals are generated by collapsing ozone
microbubbles than by collapsing air microbubbles. Our results also demonstrate that strongly acidic

conditions significantly accelerate the transformation of ozone to hydroxyl radicals.

—_—

ImT

Figure 2. ESR spectrum of distilled water sample containing ozone macrobubbles and DMPO taken
20 s after bubbling had started. The spectrum indicates the presence of DMPO-OH, pointing to the
production of hydroxyl radicals. The same level of DMPO-OH was observed with the addition of

HCL
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Figure 3. ESR spectrum of distilled water sample containing ozone microbubbles and DMPO taken

20 s after bubbling had started. The spectrum indicates the presence of DMPO-OH.

ImT

Figure 4. ESR spectrum of sample containing ozone microbubbles and DMPO with the addition of

HCI, taken 5 s after bubbling had started. The spectrum shows that more hydroxyl radicals were

generated under these strongly acidic conditions.

Test 2. Figure 5 shows the decomposition of PVA by ozone microbubbles with the
addition of HCIL. The TOC content of the test samples decreased continuously with time, and ~30%
of the PVA decomposed during the 2-h test period. Since we observed the formation of froth during
the initial ~30 min of microbubble generation, the decrease of TOC during the initial period might
include the removal of organic froth by overflow from the glass container. We repeated the test
using ozone macrobubbles, with and without the addition of HCI. No changes were detected in the
TOC contents of samples taken during the 2-h test period after the initial froth formation had ceased.
We also conducted tests to study the effects of ozone macrobubbles combined with ultrasound or
hydrogen peroxide. Ultrasound at a frequency of 400 kHz and a power of 600 W was dispersed
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from a generator (6400-12; Alex Co., Ltd.) located at the bottom of the 5-L glass container holding
the acidified PVA solution. No change was observed in the TOC contents of samples taken after the
initial froth formation had ceased. The combined effect of ozone macrobubbles and hydrogen
peroxide was tested under basic conditions (a pH of ~9) by adding NaOH to the PVA solution. The
result is shown in Figure 5. We observed a slight reduction of TOC content after hydrogen peroxide
was added at 90 min, but at a much lower rate than in the case of ozone microbubbles under
strongly acidic conditions.
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Figure 5. Changes in TOC content of water containing PVA. The PVA decomposed significantly in

the presence of collapsing ozone microbubbles.

Discussion

High-pH conditions are thought to be favorable for the generation of OH radicals in ozone
systems, because the radical chain that produces them is stimulated by the chemical reaction
between ozone and hydroxide ions™. It is thus remarkable that OH radical generation was
accelerated by the addition of HCI in the current study. The presence of HCI did not affect the level
of OH radical production in the normal bubbling tests. This implies that hydroxyl ions were not
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present in sufficient quantities to affect the generation of OH radicals under the test conditions. It
also raises the problem of identifying the mechanism of the accelerated radical generation by
microbubbles in acidic solution.

The transformation of ozone to OH radicals by ozone microbubbles may be considered
from the same perspective as the generation of radicals by collapsing air microbubbles, which takes
place in the absence of dynamic stimuli such as ultrasound or large pressure differences. In the air
microbubble experiments, ESR measurements detected alkyl radicals in distilled water containing 5
mM DMPO, and OH radicals were detected under strongly acidic conditions caused by the addition
of HCl, H,SO, and HNO;’. Tons dissolved in the aqueous solution strongly affect the zeta (()
potential of microbubbles, and play an important role in determining the nature of the gas-water
interface during their collapse. However, the reason for the generation of OH radicals rather than
alkyl radicals under strongly acidic conditions in tests with air microbubbles has remained unclear.
pH has a significant effect on the charge of the gas—water interface, and the { potential of
microbubbles changes from negative to positive under strongly acidic conditions™'*™"”. Thus, the
types of ion that accumulate at the interface during the collapse process might be related to the
change in the type of radical species generated. Furthermore, the same environmental conditions
might accelerate the decomposition of ozone and hence the generation of OH radicals in the case of
ozone microbubbles.

The mechanism of the accelerated generation of OH radicals from collapsing ozone
microbubbles under strongly acidic conditions is unknown because there are insufficient data for a
detailed analysis. However, the PVA decomposition tests provide us with important insight into
possible mechanisms. It is well known that ultrasound radiation accelerates the decomposition of
ozone due to the high temperature (hot-spot) that is generated by adiabatic compression in the
violent collapse process of cavitation bubbles'®. However, we did not observe a significant
reduction of the TOC content of the PVA solution during the test period of 120 minutes after initial
froth formation when a combination of ultrasound and ozone macro-bubbling was used. Therefore,
the high temperature induced by the violent collapse process of cavitation bubbles generated by the
ultrasound did not enhance the generation of OH radicals sufficiently to affect the TOC content
during the test period. In the case of ozone microbubbles, we initially expected that the formation of
a hot-spot was responsible for the increased generation of OH radicals under strongly acidic
conditions. The acidity would cause a change in the { potential of the microbubbles, accelerating the
collapse speed due to a reduction in electrostatic repulsion between opposite sides of the bubble
wall. If the speed of collapse is high enough, a hot-spot could be generated by adiabatic
compression. However, since the ultrasound test indicated that the high temperature induced by the
violent collapse process of the acoustic cavitation had little effect on the TOC content of the
solution during the test period, high temperature cannot be responsible for the increased generation
of OH radicals by ozone microbubbles under strongly acidic conditions. We also observed a
reduction in TOC content using a combination of ozone macrobubbles and hydrogen peroxide
under basic conditions, a conventional AOP. The reduction in TOC content by ozone microbubbles
under strongly acidic conditions was much greater than that using the conventional method. This
observation prompted us to consider the possibility of another mechanism for the decomposition of
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PVA. If the extreme accumulation of ions around the gas-water interface of a collapsing
microbubble is sufficient to cause the transformation of ozone to OH radicals, then the environment
around the collapsing microbubble may be favorable to induce the decomposition of organic
chemicals.

Conclusion

This study demonstrates the transformation of ozone to hydroxyl radicals caused by
collapsing ozone microbubbles under strongly acidic conditions. It is likely that the accumulation of
ions around the gas—water interface during the collapse of the microbubbles plays an important role
in this process. The rapid reduction in the TOC content of PVA solutions suggests that collapsing
microbubbles can be used not only for the progressive decomposition of ozone, but also for
inducing chemical reactions that lead to the decomposition of organic chemicals. Our results
indicate that ozone microbubbles are appropriate for use in a novel method of waste water
treatment.
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