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Formation of Fine Bubbles by Plasma in Water
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Abstract— Plasma in water is capable of forming bubbles because streamer gas channels formed by the discharge show the same
process of cavitation bubble dynamics, such as growth, shrink, collapse, rebound, and fragmentation. This paper introduces the
formation of fine/ultrafine bubbles, generation of hydrogen gas in bubbles, an estimation of the amount of electrical charge in bubbles,

and a method for distinguishing gas bubbles from solid particles.
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I. INTRODUCTION

Formation of fine bubbles in liquids has been studied
extensively. For example, bubble formation occurs in blood
due to a decrease in pressure, causing decompression sickness
[1], and in magma due to a wide range of pressure and
temperatures [2]. In the industrial field, it is known that the
collapse of cavitation bubbles results in erosion of hydraulic
machines, and causes a decrease in efficiency of some
hydraulic equipment, such as pumps and propellers [3].

Methods of fine bubble formation include those that use a
flowing liquid (venturi, ejector, rotary liquid flow), those that
use a pressurization and decompression, those that do not use
a flowing liquid (porous membrane, electrolysis and rotary gas
flow), those that use a polymer (emulsion solvent vaporization,
cross linking polymerization and atomization-reconstitution),
and those that use a type of low power generation (breakdown
and organic membrane) [4].

The single cavitation bubble generated by a laser or spark
has been used to clarify bubble dynamics [5,6]. Theoretical
studies based on Rayleigh’s theory have also been performed
and have clarified that the initial collapsing process
corresponds to the Rayleigh—Plesset model, and that rebounds
occur after the initial bubble collapses. The rebounds become
smaller, and the bubble disappears or becomes stable in the last
stage. These results suggest the generation of microbubbles
after the collapse of a bubble. It is also known that the hot spot
generated at the initial stage by the spark or the laser becomes
plasma, because the temperature reaches 10,000 to 20,000 K
[6]. A thermal dissociation of the water occurs when the
plasma is generated, implying that non-condensable gases are
generated by chemical reactions among dissociated atoms and
molecules.  However, the effect of chemical reactions on
microbubble generation after the collapse of the bubbles has
not been clarified in either the case of the laser or the spark.
Plasma in water [7] has been recently applied to many
applications, such as water treatments [8], sterilization [9],
medical treatments [10,11], material processes [12], and
agriculture treatments [13], as it can easily generate chemically
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active species, ultraviolet radiation, heat, shock waves, and
fine bubbles [7,14,15].

We have been investigating the formation of fine/ultrafine
bubbles using plasma in water. In this review, we introduce
how fine/ultrafine bubbles are formed by plasma in water, the
kind of non-condensable gas included in the bubbles, how the
bubbles are observed, and a method to distinguish between gas
bubbles and solid particles.

II. FORMATION OF FINE BUBBLES

Fig. 1 shows the experimental setup. Plasma was
generated at the tip of a tungsten electrode with the curvature
radius of 0.03 mm, which was covered with silicone except for
the end face of the electrode.

An electrically insulated and ring-shaped grounded copper
wire electrode was installed at the bottom of a cell filled with
ultrapure water. A high voltage was applied to the wire
electrode, which was covered by a ceramic tube and silicone
except for the end face. A wire ground electrode was set at the
bottom of the cuvette.

Fig. 2 (a) shows the plasma-generated fine bubbles with
applying a positive pulse voltage of 6 kVg,. The bubbles were
generated at the tip of a needle electrode. In 100 ms, the bubble
jet was generated from the tip of the powered electrode. The
bubbles expanded and the whole vessel was filled with small
bubbles at £ = 20 s. After the plasma generation was stopped,
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Fig. 1. (a) Experimental setup and (b) photograph of the plasma emission.
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Fig. 2. Photographs and waveforms of the voltage and current for the generation of fine bubbles in the cases of (a) the positive applied voltage of 6 kV,
and (b) the negative applied voltage of -3.5 to -5.5 kV. The time below the photograph denote the discharge time.

Fig. 3. Photographs of plasma-generated bubbles. Arrowed bubbles are

less than 5 um. [17]

TABLE 1
AVERAGE DIAMETER OF THE PLASMA-GENERATED ULTRAFINE
BUBBLES
Voltage
Condition Control |application| Plasma | Plasma
only
Diameter (nm) NA 455 132 164
Star)dard deviation NA 130 3 37
of diameter (nm)
Number of samples 3 3 3 25
DLS- DLS- | NANO
Instrument model 6500 DLS-6500 6500 FOX

then the bubbles started to rise and disappear immediately. Fig.
2 (b) shows the plasma-generated fine bubbles with applying
a negative voltage of -5.5 kV to -3.5 kV. The amount of
generated bubble and the diameter is much smaller than the
case of positive voltage. Although visible bubbles were not
observed, fine bubbles of less than 5 um, which are invisible
to the naked eye, still remained in the water, as shown in Fig.
3[17].

Table 1 shows the average diameter of the ultrafine
bubbles that were analyzed by dynamic light scattering devices
(Otsuka Electronic, DLS-6500 and Sympatec, NANOFOX) in
the case of maximum and minimum applied voltages of —5.5
and -3.5 kV, respectively, with a frequency of 10 kHz.
Because bubbles on the micro-meter scale rise and disappear
owing to buoyancy, the bubbles on the nano-meter scale of
~150 nm remain in the water in the case of plasma generation.
In the case of the voltage application only, the average
diameter of the bubbles was 455 nm because of electrolysis.
This implies that bubble size increases if electrolysis occurs.
The devices were not able to detect any bubbles in the cases
where a voltage was not applied. This result shows that stable
ultrafine bubbles can probably be generated by using plasma
in water [16].

III. GROWTH AND COLLAPSE OF STREAMER CHANNEL

Figs. 4 and 5 show a series of shadowgraph images of the
positive and negative streamer propagations and collapse
processes, respectively. The positive streamer was generated
at the tip of the needle electrode that was set in the quartz
cuvette (10 x 10 x 45 mm) filled with pure water when a high
voltage of +14 kV was applied. A grounded wire electrode was
located at a gap of 2 mm from the tip of the needle electrode.
The frame rate of the camera was 10 Mfps with an exposure
time of 50 ns.

At t = 3.0 us, a protrusion was formed at the tip of the
bubble cluster and the streamer started to propagate after 0.1
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7.9 us

Fig. 4. Series of shadowgraph images of positive streamer propagation, growth of streamer gas channels, shrink and collapse of the gas channels, and

formation of fine bubbles.
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Fig. 5. Series of shadowgraph images of growth and collapse of negative streamer gas channels and the formation process of fine bubbles.

us. Numerous filamentary streamer channels were generated
and propagated semi-spherically. Inception and propagation of
the positive streamer in highly spatial temporal resolution are
reported in the references [18-21]. After the propagation of
streamers stopped at ¢ = 3.3 ps, the gas channels expanded
because most of the gas in the channels was water vapor
generated by the heat of discharges. The gas channel expanded
to a maximum size at 1 = 7.4 ps, then it started to shrink. Finally,
fine bubbles were formed after they separated, collapsed, and
rebounded.

The negative streamer propagated with a coralline-like
shape, rather than a filament-like shape, under the same
condition as the positive case, except that the applied voltage
was —23 kV. The streamer expanded with an appearance of
pulsed currents and exhibited a maximum area at ¢ = 23 ps.
Then, the streamer channels started to shrink and collapsed at
t =78 ps. Finally, fine bubbles remained after rebounds.

As shown in Fig. 2, the amount of generated fine bubbles
in the case of positive polarity is much greater than that of the
negative polarity. This is probably caused by the different
shapes of the streamers, because the positive streamer was
fragmented into several bubbles when it was collapsed. On the
other hand, the negative streamer seemed to collapse as one

bubble. However, the ultrafine bubbles shown in Table I was
observed in the case of the negative polarity, however ultrafine
bubbles were not observed in the case of the positive polarity.
This result suggests that the bubbles generated by the negative
polarity might be ultrafine bubbles which are invisible by
naked eyes.

These results show that the fine/ultrafine bubbles can be
generated by collapse of streamer gas channels.

IV. CHARGE ESTIMATION OF PLASMA FINE BUBBLES

The charge at the interface of the bubble is considered to
increase stability of bubbles and a zeta potential is known as
representative of the amount of charge of the bubble. It is
reported that: (1) there is no relation between the zeta potential
and bubble diameter, (2) the zeta potential of microbubbles is
affected by pH, and (3) the zeta potential of a microbubble is
negative [4]. We have succeeded in estimating the amount of
charge of plasma fine bubbles using their movements under a
static electric field.

Fig. 6 shows the moving traces of the residual bubbles
under the electric field. The bubbles move along the electric
line of force with an average velocity of 17 m/s and a
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Fig. 6. Moving traces of the residual bubbles. The periods of the traces
are (a) =0-3.0 ps, (b) r=0-1.7 ps, (c) t=0-3.0 ps, (d) = 0-1.5 ps. The
time resolution of the bubble movement is 0.1 ps.
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Fig. 7. Moving velocity of the residual bubbles against the distance
between the center position of bubbles and the needle electrode at 7= 0.5
ps. The data was sampled from three different discharges.

maximum velocity of 58 m/s, as shown in Fig. 7. The amount
of charge of a bubble is estimated by using the following

equation.

dv

mo= qE — 6murv - (1)

Here, m is the mass of the bubble (1.0 x 10722 kg), v is the
moving velocity of the bubble (57 m/s), r is the radius of the
bubble (5 um), £ is the electric field strength (1.29 MV/cm),
and u is the coefficient of viscosity of the water (I mPa-s).
Thus, the amount of charge of the bubble ¢ can be estimated
as —4.2 x 107'* C. This result satisfies the above-mentioned
condition, that is, the negative charge.

V. HYDROGEN GAS IN PLASMA-INDUCED BUBBLES

Plasma-generated bubbles remained for some time, but
disappeared immediately when the component of gas was the
water vapor due to condensation. We focused on hydrogen gas
as a non-condensable gas because it is not dissolved in water
before plasma generation. To detect the hydrogen gas in a
plasma-generated bubble, the dynamics of laser- and spark-
induced bubble and dissolved hydrogen gas concentration
were clarified using the experimental setup shown in Fig. 8.

Fig. 9 shows the potential energy of a rebound bubble
versus the mass of dissolved H» per pulse in the cases of the

47

Sync signal Bubble
_l Dissolved
Flash lamp :E H. meter
Electrodes =
= |
Power
supply
Walter Laser
[1 Vessel

~Camera

Delay
generator

Fig. 8. Schematic of the experimental setup for observation of bubble
dynamics and measurement of dissolved hydrogen [22].
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Fig. 9. Potential energy of rebound bubbles against mass of dissolved
hydrogen [22].

laser and the spark. The potential energy of the rebound bubble
increased linearly with an increase in generated hydrogen gas.
This result shows that there is a universal relationship between
the potential energy of rebound bubbles and the mass of
dissolved H, and provides further evidence of the effect of
hydrogen gas on cavitation bubble dynamics [22].
Furthermore, plasma in water generated emission lines of OH
and H, and decreased the oxidation-reduction potential
although the pH and conductivity were not significantly
changed [22].

VI. METHOD FOR DISTINGUISHING BETWEEN GAS
BUBBLES AND SOLID PARTICLES

Ultrafine bubbles have potential medical and
environmental treatments. However, those bubbles cannot be
distinguished from gas bubbles and solid particles by
conventional methods. To solve this problem, we developed
ultra-fine bubbles, a method to distinguish between gas
bubbles, and solid particles.

Fig. 10 shows the schematic of the experimental setup. It
consisted of a Nd:YAG nano-pulse laser for the generation of
a shockwave, a focusing optical system, a water vessel, a high
speed camera of 200 Mfps (maximum), a microscope lens, and
a Nd:YAG continuous laser for a back light. The nano-pulse
laser was focused at the center of the water vessel. A pressure
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sensor was set to measure the pressure of the compression and
expansion waves. The expansion wave was generated by
reflection of a laser-induced shock wave at the water surface,
because there is a significant difference between the acoustic
impedances of water and air. The acoustic impedance of water
is Z,, = 1.5 X 10° kg/m?s, and that of air is Z, = 4.3 X
102 kg/m?ss.

From these values, the reflectance of the pressure can be

estimated as

Rp =0Zw—2/CZy+2,)=-099 (2)
leading expansion wave accompanying negative pressure by
the reflection at the water surface [23].

The stable micro bubbles were generated using ultrasound
contrast agents (UCA), which can form bubbles of 2 —3 pm in
diameter. The bubble size distribution was also measured by a
laser scattering method. Acrylic particles of 5 um in diameter
were used as solid particles, because they are spherical, of
uniform size, and the diameter is close to that of micro bubbles.

Fig. 11 shows the visualization of water after passing the
expansion wave at approximately 3 us after the initial shock
wave was generated. Here, (a) is the case of ultrapure water
without addition of bubbles or particles, and (bl) and (b2) are
the cases of addition of micro bubbles with the UCA densities
0f 0.92 pg/ml and 9.2 pg/ml, respectively. Further, (c1), (c2),
and (c3) are the cases of addition of acrylic particles with
densities of 0.88 pg/ml, 8.8 ug/ml, and 88 pg/ml, respectively.
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Fig. 10. Schematic of experimental setup for observing growth of
cavitation bubbles by application of the expansion wave for the micro
bubbles and acrylic particles.
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Fig. 11. Visualization of water after passing the expansion wave. Bubble
growth was observed only in the case of micro bubbles [23]. The scale
bar is 500 pm.

After passing the expansion wave, bubble growth was only
observed in the case of micro bubbles (bl) and (b2). The
number of visualized bubbles increased with time, and
achieved a maximum value at approximately 5—7 us. However,
no bubble was observed in the case of ultrapure water (a) and
acrylic particles (c1)—(c3). This result implies that an adequate
negative pressure is able to identify between gas bubbles and
solid particles [24].

VII. CONCLUSION

This work introduces the formation of fine bubbles,
growth and collapse of streamer channels, charge estimation
of plasma fine bubbles, use of hydrogen gas in plasma-induced
bubbles, and a method for distinguishing between gas bubbles
and solid particles with additional new results.
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