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Abstract

Titanium oxide particles were treated by water jet cavitation (WJC) generated and multif-
unction cavitation (MFC) using an ejector nozzle. Generation, growth, and collapse of
cavitation are repeated with the particles of titanium oxide and platinum. Because the
cavitation has an extremely high collapse pressure, the surface of the titanium oxide particles
is processed by the microjets of cavitation in a reactor comprising the ejector nozzle. In the
multifunction cavitation, ultrasonic irradiation of a waterjet during floating cavitation was
used to generate microjets with hot spots. Hot working can be performed at the nanoscale
on a material surface using this MFC process, resulting in morphological changes and
variations in the surface electrochemical characteristics. The fundamental characteristics of
multifunction cavitation were investigated theoretically and experimentally. Furthermore,
the additional nozzle was put on the ejector nozzle in order to increase the temperature and
pressure of bubble and the mechanismwas clarified. The quantities of hydrogen and oxygen
generated from titanium dioxide particles treated by multifunction cavitation in response to
UV and visible light irradiation were remarkably increased compared to the amounts pro-
duced by particles treated by WJC processing. In this chapter, the methods and their results
of processing particles by cavitation are introduced.
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1. Introduction

In recent years, a variety of industrial applications have been identified for cavitation

processing, including peening, surface and molecular structure modifications, fatigue strength

improvement, and surface cleaning. Waterjet cavitation involves imparting mechanical action

to the surface of a material as the result of the extremely high pressures generated during the

collapse of a microjet close to the surface [1]. In contrast, ultrasonic cavitation is known to

generate hot spots that can promote chemical reaction by producing temperatures of several

thousand K [2]. The authors have developed the multifunction cavitation, which is caused by

ultrasonic irradiation of a waterjet during floating cavitation to generate microjets with hot

spots. This technique combines the properties of both waterjet and ultrasonic cavitation.

Furthermore, the additional nozzle was put on the waterjet nozzle (ejector nozzle) in order to

increase the temperature and pressure of bubble. The generation mechanism of ultra-high

temperature and pressure cavitation was clarified theoretically. The multifunction cavitation

was applied to the enhancement of the photocatalytic properties of titanium oxide under

visible light.

At present, there are many technical challenges associated with the development of new

energy sources as alternatives to thermal and nuclear power generation. Since the use of

hydrogen as a fuel generates only water, hydrogen is seen as a potential clean energy source

that does not produce hazardous exhaust gases such as carbon monoxide (CO), hydrocarbons

(HCs), or nitrogen oxides (NOx). Hydrogen generation via the decomposition of water using a

photocatalyst has been studied extensively, and photocatalytic hydrogen generation under UV

irradiation has been developed, typically using titanium oxide as a substrate. Ideally, this

technology would exhibit high efficiency in the visible light portion of the electromagnetic

spectrum. The study reported herein represents an attempt to move closer to this goal by

developing highly efficient, visible light-responsive photocatalyst materials [3].

Titanium oxide (TiO2) is widely used as a white pigment in paints, UV absorbing materials,

and cosmetics. It is both inexpensive and safe, and can even be used as a food additive. In

addition, the application of titanium oxide to photoelectrodes and photocatalyst materials

with applications in solar energy conversion is also anticipated [4]. The TiO2 photocatalyst

reaction proceeds most efficiently under irradiation by UV light (350 nm). However, only a

portion of the sun’s emission spectrum is at this wavelength, so it is important for effective

energy conversion to be able to use visible light, which comprises one half of the solar energy

output. There have been many studies attempting to append other compounds to titanium

oxide-based catalysts to obtain visible light responsiveness, but none have successfully pro-

duced hydrogen using these catalysts. Previously, we developed a new method for the nano-

scale processing of TiO2 particles as well as a new technique for adding a Pt co-catalyst to TiO2

particles [5]. Furthermore, TiO2 particles were processed by multifunction cavitation [6–11] in

order to modify the surface morphology and electrochemical surface condition. It was deter-

mined that multifunction cavitation is effective at improving the photocatalytic properties of

TiO2 under visible light irradiation.
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2. Theory of multifunction cavitation and ultra-high temperature and

pressure cavitation

2.1. Multifunction cavitation mechanism

Figure 1 shows the mechanism of our multifunction cavitation process, in which ultrasonic

radiation is imparted to the cavitation cloud generated by a high pressure waterjet. In this

method, the microjets generate mechanical action, but so-called “hot spots [12]” at which

chemical reactions can occur are also formed. As the ultrasonic cavitation proceeds, isothermal

expansion takes place once the pressure is above the Blake threshold value. Following this

expansion, Rayleigh shrinkage occurs. Repeated expansion and shrinkage leads to cavitation,

which in turns results in high pressure collapse and the generation of high temperature hot

spots. In the conventional heat treatment of metals, the application of heat treatment after cold

working is quite different from cold working after heat treatment. In contrast, multifunction

cavitation has the capacity to allow so-called microlevel or nanolevel forging, in which the

material is simultaneously worked and heat treated.

Figure 1. The multifunction cavitation mechanism and mechanical-electrochemical processing by multifunction cavita-

tion microjet.
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2.2. Blake threshold

The liquid pressure in the vicinity of the bubble wall, pB, may be expressed as follows:

pB ¼ p0 þ
2σ

R0
� pV

� �

R0

R

� �3k

þ pV �
2σ

R
(1)

Here, the surface tension, σ, is defined as the surface energy per unit area. In the case of pure

water, this value is 7.275 � 10�2 (N/m) (J/m2) at 20�C. The other terms in this equation are the

bubble radius R, the equilibrium bubble radius Ro, the static pressure p0 (normally, 1 atm), and

the vapor pressure pv.

When the heat exchange between the bubble and the surrounding liquid is negligible, ther-

mally insulated conditions can be assumed and k ¼ γ ¼ Cp=Cv. Here, γ is the heat capacity

ratio, equal to the ratio of the molar heat capacity at constant pressure to the molar heat

capacity at constant volume (in the case of air, γ = 1.4). When the expansion and the shrinkage

of the bubbles is minimal, the process becomes isothermal and k = 1. According to Eq. (1), in

the case of an air bubble with Ro = 10 μm in water at 20�C, the minimum value of �0.014 bar

occurs at a bubble radius of 30 μm. If the liquid pressure falls below �0.004 bar during the

ultrasonic irradiation, the bubble is able to expand greatly.

The minimum value of pB (pB,min) required to expand the bubble can be obtained from Eq. (2):

pB,min ¼ pv �
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When ultrasonication is applied to the liquid, the liquid pressure at a distance from the bubble

wall can be expressed by p0 þ ps tð Þ. Here, p0 is the atmospheric pressure and ps(t) is the pressure

induced by ultrasonication at time t. The time-dependent term can be expressed as

ps tð Þ ¼ A sinωt, where A is the sound pressure amplitude and ω is the angular frequency.

Therefore, the minimum value of ps(t) is �A and the bubble is able to expand at the point at

which the value derived from Eq. (2) is equal to p0 � A. This condition can be summarized by

the following equation:

ABlake ¼ p0 � pB,min ¼ p0 � pv þ
4σ
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2σ

3R3
0 p0 þ

2σ
R0
� pV

� �

v

u

u

t
(3)

Thus, the bubble will overcome the effect of surface tension (that is, the Laplace stress) and

expand significantly when A ≥ ABlake, where ABlake is the Blake threshold value [13].

In the case that the bubble radius is less than the equilibrium radius, a high sound pressure

is necessary to expand the bubble. However, when the bubble radius is greater than the

equilibrium radius, the Blake threshold value is approximately equal to atmospheric pressure.

Therefore, because the diameters of bubbles being circulated in the waterjet are typically more
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than 100 μm, cavitation can readily proceed without the application of especially high sound

pressure.

As noted above, the application of ultrasonication during conventional waterjet cavita-

tion (or floating cavitation), generates both high pressure and high temperature cavita-

tion through repeated isothermal expansion and compression under thermally insulated

conditions.

2.3. Multifunction cavitation induced by low pressure liquid flow

During the flow of an ideal liquid, the external pressure p0 in any infinite direction (that is,

atmospheric pressure), the pressure p, and the velocity v, are related according to Bernoulli’s

theorem:

v0
2

2g
þ
p0
γ

¼
v2

2g
þ

p

γ
(4)

Here, g is the acceleration due to gravity and γ is the specific gravity of the liquid. From this

relationship, the following equation is derived:

p ¼ p0 þ
r

2
v20 � v2
� �

(5)

Here, p (or pv) is the pressure at an arbitrary point and the density of the liquid is expressed by

r ¼ γ=g.

As p0 decreases or v is increased, p is reduced. When the pv term of Eq. (3) is substituted for the

p term in Eq. (5), the following formula is obtained, which expresses the conditions required

for cavitation expansion:

ABlake ¼ �
r

2
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� �
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The flow rate at a far distance v0 is zero and the relationship between v and the Blake threshold

value is shown in Figure 2(a). The flow rate v is calculated to have a value of 4.52 m/s when the

Blake threshold value becomes 1 bar. This result indicates that elevated sound pressure is

necessary in order to expand the cavitation at high flow rates.

2.4. Multifunction cavitation induced by liquid flow circulation

Normal waterjet cavitation (or flow cavitation) is typically generated by the application of high

pressure waterjets using underwater nozzles. In such cases, the low pressures induced by the

whirlpool motion of the fluid result in cavitation.

In the case of a potential flow, the circulation Γ can be defined as follows:
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2πru ¼ Γ (7)

This value is not uniform but rather varies with the radius rc from the internal nucleus. The

pressure p at a given radius position rc will be less than the pressure p1 at a position associated

with a wider radius r1, and may be expressed as follows:

p ¼ p0 �
rΓ

2

8π2r14
2r1

2
� rc

2
� �

(8)

Because rc = 0 at the nuclear center, the pressure at the center pm represents the minimum

pressure, and may be calculated as in Eq. (9):

pm ¼ p0 �
rΓ

2

4π2r12
(9)

When the pressure at the nuclear center, pm (pv), equals the saturated steam pressure at the

temperature in the region around the flowing water, cavitation will occur. In the case of high

pressure waterjets from a nozzle, a circulation whirlpool is formed in the vicinity of the nozzle

exit, resulting in flow cavitation. In the case that the equilibrium radius of the air bubble is R0,

and substituting pm for pv (the steam pressure) in Eq. (3), the conditions necessary for whirl-

pool cavitation are achieved, as expressed in the following equation:
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At high values of the flow velocity u from the waterjet nozzle, circulation is increased, and

when R0 equals the circulatory nuclear radius r1, the following equation holds true:

ABlake ¼
rΓ
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Assuming circulation of the nuclear radius, the following expression can be written:

Figure 2. Relationship between the Blake threshold value and the flow rate or the circulation flow rate during waterjet

cavitation (a) induced by low pressure liquid flow; (b) induced by circulation generated by liquid flow.
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Because the first term on the right hand side of this equation has the greatest effect and the

Break threshold increases, significant sound pressure is required to inflate the circulation

bubble when the circulation becomes overly large.

Figure 2(b) presents the relationship between u and ABlake. At an ABlake value of 1 bar, the value

of u is 3.2 m/s. Under these conditions, high sound pressure is needed to inflate the circulation

bubble because the cavitation flow rate in the area of the nozzle exit is more than 100 m/s.

These results demonstrate that multifunction cavitation should take place far from the nozzle

exit.

As noted, the introduction of ultrasonic irradiation to floating cavitation can result in isother-

mal expansion. In this technique, the supersonic wave is a primary wave and the pressure

pitch repeats with a period of wavelength λ. As an example, in the case of an underwater

sound velocity of 500,000 mm/s, λ is 1,500,000 mm/s / 28,000 Hz = 53.6 mm when employing a

28 kHz supersonic wave.

2.5. The Rayleigh-Plesset equation

The expansion and shrinkage of bubbles may be expressed using the Rayleigh-Plesset equation

[14, 15] shown below:

RR
��
þ
3R2

�

2
¼

1

r
pg þ pv �

2σ

R
�
4μR

�

R
� p0 � ps tð Þ

 !

(13)

Here, R is the bubble radius, σ is the surface tension, pg is the gas pressure, p0 is the static

pressure, pv is the vapor pressure, and ps tð Þ is the sound pressure at time t. The acceleration

rate shown below in Eq. (14) can be obtained from Eq. (13).

R
��
¼ �

3R2
�

2R
þ

1

rR
pg þ pv �
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R
�
4μR

�

R
� p0 � ps tð Þ
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(14)

When a bubble shrinks severely, such that R
� 2

increases, the first term on the right-hand side

will be important while the second term can be ignored, and Eq. (15) is obtained:

R
��
≈ �

3R2
�

2R
(15)

The acceleration R
��� �

of the air bubble wall will always be negative, indicating that the velocity

decreases.
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When an air bubble shrinks, R
�

< 0 and this decrease in the shrinkage rate tends to increase the

value of R
�

. That is, the right side of Eq. (15) increases to generate a larger negative value.

Therefore, the acceleration rises and there is a more pronounced drop in the velocity. The air

bubble shrinkage accelerates automatically and become increasingly large; this is termed

Rayleigh shrinkage or Rayleigh collapse.

The air bubble shrinkage continues to accelerate, with gas molecules and steam within the

bubble. As such, the pressure in the bubble rises and a portion of the gas dissolves in the liquid

around the bubble. In addition, a part of the steam condenses on the bubble interior wall and

returns to a liquid. However, many gas molecules and a quantity of steam remain because of

the constrictive speed of the bubble. Therefore, the pressure in the bubble continues to rise. The

high rate of shrinkage of the bubble also causes heat generated by the shrinkage, and trans-

mitted to neighboring liquids by outward flow from the air bubble interior, increasing the

thermal energy of the bubble. This represents the adiabatic process that occurs in conjunction

with so-called insulated compression. The temperature in the bubble increases and the pres-

sure pg also rises.

The value of pg increases especially rapidly, from 10 to 100 MPa, as the bubble is compressed

and the internal density eventually matches that of the surrounding liquid. As a result, term 2

on the right side of Eq. (14) increases and the acceleration of the air bubble wall takes on a large

positive value such that the air bubble shrinkage ceases. At this point, the temperature in the

bubble can exceed several thousand K.

The cavitation resulting from low flow pressure has a size of more than 100 μm, a value that is

larger than that associated with ultrasonic cavitation, since the size of the inner part of the

bubble is limited by the vapor pressure of the water. It is a characteristic of this cavitation

collapse pressure that it is larger than that associated with ultrasonic cavitation. The cavitation

generated by low flow pressure and circulation is associated with expansion and shrinkage,

leading to multifunction cavitation. Multifunction cavitation involves larger bubbles with

higher temperatures and pressures than those generated during conventional cavitation pro-

cesses, increasing the work ratio of the microjets.

The mechanism described above transitions floating cavitation to the multifunction cavitation

process in which hot spots are generated. This multifunction cavitation is applied to the solid

surface as soon as the cavitation starts to collapse, and the associated decrease in the cavitation

volume in conjunction with the high velocity waterjet generates a so-called microjet, just as in

conventional cavitation. Because the microjet in this new process is capable of both mechanical

and electrochemical action, it can generate changes in both surface morphology and chemical

characteristics of the material being treated. Thus, multifunction cavitation is anticipated to

have applications in various industrial fields, including photocatalysis, clean energy, medical

care, chemistry, and engineering.

2.6. Ultra-high temperature and pressure cavitation

In order to generate the high-temperature and high-pressure cavitation, the effect of placing an

additional nozzle on a waterjet nozzle is evaluated experimentally and theoretically. Instead of
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a waterjet nozzle, the ejector nozzle is attached to the additional nozzle to measure the static

pressure around the exit point of the waterjet nozzle, as shown in Figure 3 [11] and Figure 4.

The static pressure at the exit of waterjet nozzle decreases with the increase of dynamic

pressure caused by high flow rete. The static pressure in case of only the waterjet nozzle, that

Figure 3. Generation of high-temperature and high-pressure cavitation by swirling straight nozzle (inflow hole: 1 piece).

Figure 4. Generation of high-temperature and high-pressure cavitation by swirling taper nozzle (inflow hole: 2 pieces).
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no additional nozzle is combined to is �8.5 kPa. On the other hand, the static pressure at the

exit of ejector nozzle in the swirl flow straight nozzle shown in Figure 1 is a high negative

pressure of �36.5 kPa. The negative pressure of the swirl taper nozzle further decreases to be

�47.5 kPa. The static pressure at the exit point of the waterjet nozzle decreases with the

increase of dynamic pressure caused by a high flow rate. The static pressure when there is

only the waterjet nozzle with no additional nozzle combined with it is �8.5 kPa. On the other

hand, the static pressure at the exit point of the ejector nozzle in the swirl flow straight nozzle

shown in Figure 1 has a high negative pressure of �36.5 kPa. The negative pressure of the

swirl taper nozzle further decreases to �47.5 kPa.

In a swirl flow straight nozzle and a swirl flow taper nozzle, the surrounding water enters

through the inflow pipe and the swirl flow occurs due to the static pressure decreasing at the

exit point of the waterjet nozzle. When the inflow hole is closed, the static pressure at the

nozzle outlet portion is �3 kPa, and the negative pressure becomes smaller than �6 kPa when

the swirl nozzle is not attached. This is probably because the supply of ambient water is

restricted as compared to when there is no additional nozzle, so the fluid pressure in the

swirling nozzle increases, the inflow of high pressure water decreases, and the dynamic

pressure at the outlet decreases.

The discharge pressure of the high-pressure pump used in this experiment was 35 MPa and the

flow rate was 15 L/min, but when a waterjet nozzle with a nozzle diameter of ϕ 0.8 mm was

used, the measured value of the flow rate was 6.9 L/min. The flow velocity of nozzle discharge

obtained from the nozzle sectional area is 229 m/s.

An increase in the number of occurrences of cavitation due to a swirling flow in the nozzle and

a pressure required for bubble expansion are obtained. When the internal pressure pn of the

swirling nozzle becomes negative, the flow velocity vi in the inflow hole can be obtained by

Eq. (16). Here, the pressure pi at the entrance of the inflow hole is set to atmospheric pressure.

In practice, however, it is necessary to consider the tube inlet loss and tube friction pressure

loss. The pressure loss is expressed by Eq. (17), the actual pipe flow rate u is expressed by

Eq. (18), and the flow rate Q is expressed by Eq. (19), with the pipe inlet loss coefficient ζ being

0.5 and the tube friction coefficient λ being 0.03.

pn ¼ pi �
r

2
vi

2 (16)

1

2
vi

2
¼ ζin

u2

2
þ λ

l

d

u2

2
(17)

Here, the inlet loss coefficient ζ in: 0.5, the pipe friction coefficient λ: 0.03, d: pipe inner

diameter (20 mm)

u ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vi2

1þ ζin þ λ l
d

s

(18)

Q ¼
π

4
d2u (19)
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The relationship between the pressure pn at the outlet of the waterjet nozzle and the flow

velocity u within the pipe and the relationship between the pressure pn at the outlet of the

waterjet nozzle and the flow rate Q within the pipe are shown in Figures 5 and 6, respectively.

As shown in Figures 5 and 6, the flow rate was 6.83� 10�4 m3/s and the flow rate was 2.17 m/s

at the swirling straight nozzle (one inflow hole) having a pressure of �36.5 kPa at the outlet of

the waterjet nozzle, and the waterjet had a flow rate of 7.79 � 10�4 m3/s and flow velocity of

2.48 m/s in the swirling taper nozzle (2 inflow holes) with the nozzle outlet pressure of

�47.5 kPa.

After entering at 7�, a swirling flow is formed, but it was assumed that the inner wall of 64 mm

of the SFN nozzle was the earliest swirling flow. Thus, the maximum radius of the swirling

flow was 32 mm, which was half of the 64 mm inner diameter of the SFN. The vortex flow that

has flowed into the swirl nozzle can be treated as a circulation Γ defined by the expression (20).

Figure 5. Flow rate in inflow hole and pressure in swirling nozzle.

Figure 6. Relationship between flow velocity in inflow hole and pressure in swirling nozzle.
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2πru ¼ Γ (20)

Here, the circulation of the bubble nucleus is Γ, rc = 0, the pressure at the center is pm, the

pressure in the swirl nozzle is pn, and the circulation radius is r. An arbitrary pressure p in the

vortex is given by Eq. (21).

p ¼ pn �
ru2

2
(21)

However, with the actual vortex, this state cannot be continued to the center, and it forms the

core part corresponding to the strength of the vortex. Inside the nucleus, the value of the

circulation is not constant and varies according to Eq. (22) by the radial position rc.

2πr1 u
r1

rc

� �

¼ Γ (22)

Considering the flow in this swirl nozzle, the radius r1 of the nucleus is determined as the

turning radius obtained from the position of the inflow hole. The circulation Γ increases as the

inflow velocity increases and the pressure pm of the swirl center (nucleus center) is further

reduced as compared with the nozzle exit pressure pn as shown in the Eq. (23).

pm ¼ pn �
rΓ

2

4π2r12
(23)

It is considered that the negative pressure increases from the one-hole swirling straight nozzle

to the two-hole taper nozzle, as shown in Figure 7.

Cavitation number is a dimensionless number used for analysis of cavitation in hydrodynam-

ics. It is mainly used for analyzing fluid machinery using a liquid such as a pump, water

piping, and hydraulic equipment. The cavitation number Ca is defined as a dimensionless

version of the difference between the pressure of the liquid and the vapor pressure, and is

expressed by Eq. (24),

ca ¼
pm � pv
1=2ð Þrvn2

(24)

where pm is the absolute pressure, pv is the vapor pressure (20�C), (1/2)rvn
2 is the representa-

tive pressure (dynamic pressure), r is the fluid density, and vn is the representative velocity of

the flow (swirl center flow velocity).

Ca = 1 at the cavitation generation point, and when Ca < 1, cavitation occurs in this piping

system. The smaller the cavitation number, the more easily cavitation occurs. The faster the

representative speed of flow, the easier the cavitation occurs. Generally, when the temperature

is high, the vapor pressure rises, so cavitation tends to occur.

In this study, the flow velocity from the nozzle exit is estimated from the spreading of the free

jet from the waterjet nozzle, and Figure 8 is obtained when the cavitation number is obtained.
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Compared with the case when there are no additional nozzles, it can be seen that the number

of cavitation increases for a one-turn swirl straight nozzle, and furthermore that the two-hole

swirling taper nozzle tends to generate more cavitation bubbles. As a result, the number of

waterjet bubbles flowing out of the additional nozzle and being irradiated with ultrasonic

waves increases, and more high-temperature and high-pressure cavitation is generated.

The liquid pressure pB in the vicinity of the bubble wall is expressed by Eq. (25). As shown in

Figure 9, in the case of the initial bubble radius R0 = 10 μm, when the pressure (liquid pressure)

around the bubble reaches a minimum value of 0.003 bar (absolute pressure) or less, the bubble

can expand greatly.

pB ¼ p0 þ
2σ

R0
� pv

� �

R0

R

� �3κ

þ pv �
2σ

R
(25)

Here, pv is the water vapor pressure, p0 is the ambient pressure, σ is the surface tension, R0 is

the equilibrium radius, R is the bubble radius, and κ is the specific heat ratio (1–1.4). Figure 9

Figure 8. Relationship between the distance from the waterjet nozzle and cavitation number.

Figure 7. Relationship between distance from the waterjet nozzle and swing center pressure.
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shows the pressure and bubble radius of the process of bubble growth when the bubble radius

is 10, 100, 150, and 200 μm at 1 atm. When the swirl flow nozzle (SFN) is used, the pressure is

reduced to an absolute pressure of about 0.6 atm (dashed line), so that the bubbles increase by

about 20% at each size. In addition, in the multi-bubble state, a local low-pressure region is

formed due to bubble collapse. Therefore, as shown in Figure 9, large bubbles tend to expand

with lower pressures, and when the pressure is lower than the critical pressure, the bubbles

expand greatly. The addition of a negative sound pressure, such as by irradiation with ultra-

sonic waves, is required to reduce the pressure below the critical pressure. As described above,

the swirl flow nozzle rapidly expands the numerous bubbles produced by the WJC. As a

result, bubbles flowing out of the swirl flow nozzle produce ultra-high-pressure cavitation.

Further, when the swirl flow nozzle is tapered, the circulation radius gradually increases and

the pressure at the circulation center decreases, so that it is possible to further increase the size

of the bubble and achieve high temperature and high pressure (see Figures 7 and 8).

Figure 9 shows the dependence of initial bubble radius on temperature and pressure of high-

temperature and high-pressure cavitation bubbles. The initial bubble radius of the conven-

tional ultrasonic cavitation and that of the multifunction cavitation is assumed to be 4 and

100 μm, respectively. On the other hand, the initial bubble radius of the ultra-high-temperature

and pressure cavitation is supposed to be 300 μm, owing to the expansion by the SFN. The

isothermal expansion and adiabatic compression provides the increase in temperature and

pressure. In conventional ultrasonic cavitation, the bubble pressure can be increased only to

10 MPa, but it is 1� 105 MPa in the conventional functional cavitation and over 5� 106 MPa in

the ultra-high-temperature and high-pressure cavitation using the swirl flow nozzle. In the

conventional ultrasonic cavitation, the temperature can be raised only to 3900 K, whereas the

temperature increases remarkably to 1 � 108 K in the multifunction cavitation. On the other

hand, in the conventional ultrasonic cavitation, the temperature can be raised only to 3900 K,

Figure 9. Relationship between bubble radius and liquid pressure near bubble wall.
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whereas the temperature increases remarkably to 1 � 108 K in the multifunction cavitation.

The bubble temperature of 1 � 1010 K is obtained in the super-high-temperature and high-

pressure cavitation using the SFN. However, in fact, at the final stage of contraction, although

the increase in the bubble temperature is suppressed by chemical reaction heat and heat

conduction accompanying the thermal decomposition of steam, it is handled as a qualitative

comparison in the calculation formula. In conventional measurement data of sonolumi-

nescence, it is considered that the maximum bubble temperature is 100,000 K, and it is

considered that this temperature has been reached in this calculation (Figure 10).

3. Experimental

Previously, we developed an ejector nozzle that can produce mechanochemical cavitation. As

shown in Figure 11, sub-stream suction occurs in small-sized high-pressure ejector nozzles

because the dynamic pressure of the high-pressure water in the nozzle can increase. Moreover,

the sub-stream contains water, TiO2 particles, and Pt particles mixed with the high-pressure

water. In the ejector nozzle, the generation, growth, and collapse of cavitation are repeatedly

applied to the surfaces of the titanium oxide and platinum particles. Because the cavitation has

an extremely high collapse pressure, the surfaces of the titanium oxide and platinum particles

are processed by the cavitation microjets in the ejector nozzle reactor. The surface area of the

titanium oxide and platinum particles should increase, which would lead to the increment of

Figure 10. Dependence of initial bubble radius on temperature and pressure of high temperature and high-pressure

cavitation bubbles. (a) Acoustic pressure. (b) Bubble radius. (c) Pressure inside bubble. (d) Temperature inside bubble.
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reaction activation point and improved photocatalysis. For comparison with the cavitation

processed powder, titanium oxide particles and mixed titanium oxide and platinum particles

were immersed in water and stirred with a magnetic stirrer. This represents a more conven-

tional approach, in which TiO2 and Pt particles undergo simple mixing in solution via a

magnetic stirring mechanism [16]. Generally, the Pt or other co-catalyst is added to TiO2 in a

concentration range of 0.1–1.0 wt% when investigating photocatalytic properties [17], and it

has been reported that a Pt content of 0.75 wt% in Pt-TiO2 produces the best photocatalytic

performance [18]. However, since it was anticipated that some of the Pt in the sub-stream

would be lost during the Ejector Cavitation (EC) processing, a TiO2 to Pt ratio of 10:1, which

corresponds to 9.1 wt% Pt, was also employed for comparison. In order to compare the results

of EC processing with the results obtained by processing with simple ultrasonic cavitation, a

TiO2–9.1 wt% Pt (1 μm) particle mixture was suspended in water and subjected to ultrasonic

irradiation for 30 min. In these trials, the frequency of the ultrasonic waves was 38 kHz and the

power output was 100 W. The particles processed via EC, ultrasonic cavitation and simple

stirring were all collected by heating the solutions to evaporate the water.

Titanium oxide may adopt three different crystal structures, each with the chemical formula

TiO2. The first is rutile-type, the second is anatase-type and the third is brookite-type. The

anatase-type and the rutile-type are typically used in photocatalysis studies. The anatase-type

has better photocatalytic properties than the rutile-type, although the rutile-type tends to

absorb light with longer wavelengths (closer to visible light) than the anatase-type. The rutile-

type TiO2 used for experimental trials was obtained by the chlorine method (also known as the

gas phase method). The TiO2 content of the resulting material was 99.997%, the average

particle size ranged from 200 to 300 nm, the rutilation coefficient was 100% as measured by

X-ray diffraction, and the specific surface area was 6.57 as assessed by the BET method. The

anatase-type TiO2 employed in this work was TIPAQUE® A-100, synthesized by the sulfuric

Figure 11. Cavitation processing of a photocatalyst powder by the ejector reactor.
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acid method (the liquid phase method). A-100 is small-particle, sulfate-processed anatase that

exhibits greater brightness and a more bluish color tone than rutile. The non-surface treated

product is less durable, but has good self-cleaning properties and is sufficiently versatile that it

can be used in cosmetics as well as industrial-type applications such as plastics, rubber and

traffic paints. The average particle size of the material was 160 nm, the TiO2 content was 98%,

its oil absorption was 22/100 g and its pH ranged from 6.5 to 8.0. The platinum particles were

greater than 99.0% pure and had a bulk density of 3.80 g/cm3, a specific surface area of 20.99

(as measured by the BET method), and a loss on drying of 0.29% on heating to 80�C.

Figure 12 shows the equipment used to measure the photocatalytic properties of titanium

powders. The cavitation processed particles and the stirred particles were placed on a quartz

glass sample stand, and the chamber was exhausted by a turbomolecular pump to a vacuum

level of 5 � 10�4 Pa. The total pressure was measured by an ionization gauge. The position of

the specimen was controlled by the feedthrough motion of magnet coupling. Monochromatic

UV light from a xenon lamp source with a wavelength of 365 nm and a power density of

4000 mW/cm2 was irradiated onto the specimen through a quartz glass viewport. The total

amount of UV energy ranged from approximately 200–400 mW, and the focal distance of the

lens was 120 mm. The gas generated from the TiO2 surface under ultraviolet irradiation was

measured by quadrupole mass spectrometry (QMS). In the initial 20 seconds of these measure-

ments, the quadrupole mass spectrometry was performed without the ultraviolet irradiation.

Then, ultraviolet irradiation and the mass spectrometry were both applied to the specimen for

the next 20 seconds. Finally, the irradiation was stopped while the quadrupole mass spectrom-

etry continued for another 20 seconds. Furthermore, LED device emitting light ranging from

400 to 800 nm and having a power density of 100 mW/cm2 was used to generate simulated

sunlight and this light was applied to the test specimen through a quartz glass viewport. The

gases generated from the TiO2 surface under visible light irradiation were quantified by

Figure 12. Schematic of equipment used in the present photocatalytic experiments.
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quadrupole mass spectrometry. In the initial 20 seconds of each trial, the quadrupole mass

spectrometer was operated without applying visible light irradiation, after which visible light

irradiation was applied to the specimen until hydrogen and oxygen generation was detected

based on their respective peaks.

The specimen produced by ejector cavitation processing (as shown in Figure 11) did not

generate hydrogen through water splitting in response to visible light irradiation, whereas

hydrogen generation did occur upon UV irradiation. This can be explained by noting that the

energy of UV light is greater than that of visible light. Because the band gap associated with

water splitting by the photocatalyst is in the range 3.0–3.2 eV, the generation of holes in the

valence band and the movement of electrons to the conduction band are both difficult when

the increased reaction points are generated only by nanolevel ejector processing. As noted,

multifunction cavitation results in both mechanical and electrochemical processing by the

microjet as a consequence of the presence of hotspots and their chemical reaction field. There-

fore, reductions in the band gap and the promotion of water splitting would be expected. In

present study, the surface potential images of titanium oxide particles was measured by KFM

(Kelvin Probe Force Microscope).

A Kelvin force microscope (KFM) was used to measure surface potential. A KFM observes

specimen morphology and potential by variations in the work function and the contact poten-

tial. “Work function” is the energy required in order to extract a single electron from the

surface of the substance, or, in other words, how easy it is to extract hydrogen. This is

diagrammed in Figure 13.

Figure 13. Schematic diagram of the Kelvin force microscope.
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4. Results and discussion

Chemical reactions of the ITO film on the soda-lime glass can also be induced by multifunction

cavitation, as shown in Figure 14. The ITO film is composed of In2O3 and SnO2 and its melting

point is in the range of 1800–2200 K, while the soda-lime glass on which the ITO film is

deposited has a melting point of 1270 K and is made from a mixture of SO2, Na2CO3, and

CaCO3. The microjet hot spots were found to peel the ITO film from the glass to generate

particles consisting of a combination of the ITO film and the soda-lime glass.

Figure 15 presents a surface FE-SEM image of TiO2 particles supporting minute Pt particles

after EC processing. Nanoscale roughness was formed on the surface of the TiO2 particles after

the cavitation processing. The pressure of cavitation collapse was estimated to be approximately

1000MPa. It is considered that the titanium surface was processed by the micro-jet of cavitation,

when the cavitation approaches to the surface of the titanium particles in the ejector reactor.

Because the exit of the ejector nozzle is narrow and has a small gap, the particles are very likely

to encounter the cavitation and suffer the micro-jet fabrication in the ejector nozzle. Because the

specific surface area of the titanium oxide particles increases, the reaction activation point

changes, and the amount of gases generated should increase under ultraviolet irradiation.

Figure 14. Chemical reactions of an ITO film on soda-lime glass following multifunction cavitation (a) region at which the

ITO film was not removed; (b) region at which the ITO film was removed.
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The Pt nanoparticles were detached from the surfaces of the original Pt particles and attached

to the surfaces of the TiO2 particles, as shown in Figure 15. Such nanoparticles are thought to

act as a co-catalyst to promote the photocatalytic reaction. Conventionally, Pt addition is

performed using an electrodeposition method [16], in which Pt becomes attached to the

titanium oxide surface by stirring Pt and TiO2 particles in a methanol/water solution under

UV irradiation for about 40 hours [16]. In contrast, it takes only a few seconds to add Pt

nanoparticles to the titanium oxide surface in case of EC processing. Thus, EC processing is

an effective method not only for nanoscale surface processing but also for supporting one

substance on another.

After treating the mixture of TiO2 and Pt particles with multifunction cavitation, nanoscale

TiO2 particles were obtained and were found to agglomerate to produce porous structures, as

shown in Figure 16. The microjets resulting from floating cavitation of the waterjet were not

able to fabricate nanoscale TiO2 particles such as these. In addition, the hot work performed by

the microjet hot spots tended to melt the TiO2 particles. It should be noted that Pt co-catalyst

particles were also generated during the multifunction cavitation process and were

intermingled with the molten, porous TiO2.

It may be premature to expect that surface treatment by micro-jet can enhance the photocatalytic

properties in emulsified water under visible light. However, the bandgap of rutile-type TiO2

Figure 15. FE-SEM images of TiO2 particles supported by Pt particles as a co-catalyst after cavitation processing

(�100,000). (a) Pt particle mixed with TiO2 and (b) minute Pt particles supporting TiO2 particles.

Figure 16. FE-SEM images of titanium oxide particles (a) as-received, (b) after WJ processing, (c) after MFC processing

(�100,000).
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is 3.0 eV at a wavelength of 413 nm, whereas the bandgap of anatase-type TiO2 is 3.2 eV at a

wavelength of 388 nm. In this study, a mechanical cavitation jet was used for surface processing

in an ejector reactor. If the sub-stream contains not only TiO2 but also Pt but also a chemical,

mechanochemical cavitation is generated. This mechanochemical cavitation has a synergy of

mechanical processing and chemical processing in the study of ballast water treatment [19, 20]

and in the study of improvement of corrosion resistance. The bandgap water splitting should be

decreased by the processing of mechanochemical cavitation.

When water is irradiated with ultrasound, acoustic cavitation occurs with the concurrent

generation of active oxygen species and shock waves [21–23]. Previously, the use of ultrasound

was investigated for disaggregation of agglomerated particles and surface modification of

diamond nanoparticles [24]. Coating of host particles with guest nanoparticles by ultrasonic

irradiation in liquid CO2 has also been studied [25, 26], as well as mixing and conjugation of

nanoparticles using ultrasonic cavitation in high-pressure liquid CO2 [27, 28]. Sonodynamic

therapy was applied to cancer cells based on the delivery of titanium oxide (TiO2) nanopart-

icles modified with avidin protein, which preferentially discriminated cancerous cells from

healthy cells [29]. Figure 18 compares the amount of hydrogen, oxygen and water generated

from EC-processed, ultrasonic cavitation (UC)-processed and stir-processed TiO2 particles

supporting Pt (TiO2 + 9.1 wt% Pt). It can be seen that gas generation for the UC-processed

particles is less than that for the EC-processed material. In this study, the EC processing

technique was investigated with the aim of obtaining a new photocatalytic material, and it

was shown to represent a potentially useful approach to nanoscale surface processing and

synthesis of hybrids of different particles, with applications not only in the field of photoc-

atalysis but also other industrial processes (Figure 17).

It was found that the work ratio generated by multifunction cavitation could be varied by

tuning the pressure and processing duration as well as the power and frequency of the

ultrasonic wave. The balance between hot treatment by hot spots in the microjet and high

pressure physical working by the microjet is thus determined by both the waterjet and

Figure 17. Comparison of EC processing, UC processing and stir processing with regard to amount of gas generation

from TiO2 particles supporting Pt (TiO2 + 9.1 wt% Pt) under UV irradiation.
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ultrasonication parameters. In the case of TiO2, the highest work ratio was obtained when

applying a waterjet pressure of 35 MPa together with a duration of 2 min, an ultrasonication

power in the range of 150–300 W (ideally 225 W) and frequencies of 28, 40, and 100 kHz (with

28 kHz being optimal).

Figure 18 shows FE-SEM image and elemental maps for TiO2 particles supporting Pt particles

and other compounds produced by processing with multifunction cavitation. As noted, the

TiO2 powder was 99.997% pure and the Pt powder was more than 99.0% pure. Therefore, both

materials contained low levels of impurities such as Al, Fe, Si, Na, Mg, and S. In the high

Figure 18. (a) FE-SEM image and elemental maps of (l) Ti, (k) Pt, and (d) O for TiO2 particles supporting Pt particles and

other compounds of (b) C, (c) Na, (e) Mg, (f) Si, (g) S, (h) Al, (i) Ca, (j) Cl, produced by processing with multifunction

cavitation.
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potential reaction field of multifunction cavitation, these impurities will gather locally in the

porous structure of the TiO2. In fact, NaCl crystals can be observed in Figure 16.

Figure 19 demonstrates the enhanced visible light photocatalytic properties obtained by

processing with multifunction cavitation. The levels of hydrogen and oxygen that were gener-

ated following multifunction cavitation were greatly increased compared to the quantities

obtained from material treated with standard waterjet processing. Interestingly, even the

waterjet processing was more effective than the conventional approach, in which TiO2 and Pt

particles undergo simple mixing in solution via a magnetic stirring mechanism. It should be

noted that the quantities of hydrogen and oxygen produced by water splitting under visible

light irradiation were in accordance with the expected stoichiometric ratio, indicating efficient

photocatalysis.

As experiments showing the effectiveness of MFC, experimental results of WJC processing, UC

processing, UC processing after WJC processing, and WJC processing after UC processing

were compared (Figures 20 and 21) [30].

A significant increase in the amount of hydrogen generation by MFC processing compared to

the other processing indicates that high-temperature and high-pressure microjet is generated,

suggesting an increase in the water splitting reaction point due to the increase in surface area.

It can also be realized from Figure 17(b) and (c). In addition, there is a high possibility that the

band gap of water splitting by MFC treatment was reduced. Compared with other treatment

methods, the amount of hydrogen generation dramatically increased in MFC treatment, and it

became clear that microjet with hot spot is effective for water splitting. Also from the result of

oxygen generation shown in Figure 19, it was confirmed that the amount of oxygen generation

dramatically increased by MFC treatment as well.

Figure 19. Visible light photocatalytic generation of hydrogen by TiO2 following processing by multifunction cavitation

or waterjet cavitation.
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Figures 22 and 23 present the results for surface potential. Figure 22 shows the results for

rutile, and Figure 23, for anatase. The images on the left show the results before MFC

processing, and those on the right, after processing. Table 1 also provides the measured values

of the surface potential.

Figure 21. Oxygen generation from various cavitation processed TiO2 particles supported by Pt particles.

Figure 20. Hydrogen generation from various cavitation processed TiO2 particles supported by Pt particles.
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The results for surface potential in Figure 23 indicate that both rutile- and anatase-type TiO2

during processing by MFC decreases the surface potential. Also, as Table 1 shows, for an

evaluation of the surface potential of a single particle of TiO2 powder, the mean surface

Figure 22. Results of surface potential imaging (Rutile-type TiO2).

Figure 23. Results of surface potential imaging (Anatase-type TiO2).
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potential of a rutile-type TiO2 before MFC processing was 0.554 V, while it fell to 0.272 V after

processing, a difference of �0.282 V in the contact potential. In anatase-type TiO2, the mean

surface potential before MFC processing was 9.928 V, but it fell to 0.166 V after processing, a

difference of �9.762 V in the contact potential. The anatase-type TiO2 showed a far higher

reduction than the rutile-type TiO2. This advantage of the anatase-type TiO2 is consistent with

its superior results in dissociation of water and with the already-known lower band gap of

rutile-type TiO2 under visible light.

Table 2 shows how the measured volume of evolved H as measured with a QMS compared

with the surface potential results. In rutile-type specimens, the surface potential fell after

processing, while the volume of evolved H increased. This is consistent with the promotion of

H generation by the low band gap. There was also a correlation between the difference

between evolved H volume and surface potential in both rutile- and anatase-type specimens.

In rutile-type specimens, the surface potential fell after processing, while the volume of

evolved H increased. This is consistent with the promotion of H generation by the low band

gap. The particles processed by swirling taper nozzle (inflow hole: 2 pieces) of Figure 4 further

Table 1. Measured surface potential values.

Table 2. Relationship between surface potential and H + H2 pressure.
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decreased to the surface potential of 0.172 V in case of rutile-type. This is a result of processing

by ultra-high temperature and pressure cavitation.

5. Conclusions

After processing titanium dioxide particles and platinum particles as a co-catalyst by cavita-

tion jet using an ejector nozzle (EC) and the multifunction cavitation (MFC), the photocatalytic

performance of the modified particles under ultraviolet radiation and visible light irradiation

was examined. The following results were obtained.

1. The fundamental characteristics of multifunction cavitation was assessed theoretically and

experimentally.

2. In order to increase the temperature and pressure of MFC, the effect of additional swirl

flow nozzle (SFN), which was put on a waterjet nozzle, was evaluated experimentally and

theoretically.

3. The amount of hydrogen, oxygen, and water released from the particles was increased by

EC processing.

4. Surface irregularities at the nanoscale were formed on the titanium oxide surface by EC

processing.

5. TiO2 particles were found to support Pt nanoparticles, which were detached from the

original Pt particles during EC processing.

6. Materials processed by EC exhibited a higher photocatalytic performance than those

processed by ultrasonic cavitation (UC).

7. The application of ultrasonication to the floating cavitation of a waterjet was found to

produce microjets containing hot spots.

8. Multifunction cavitation exhibited the capacity to perform nanolevel hot working at a

material surface, modifying the surface morphology and the surface electrochemical con-

dition by hot spot melting.

9. The balance between hot treatment by hot spots in the microjet and working due to the high

pressure in themicrojet was determined by the waterjet and ultrasonication power conditions.

10. The amounts of hydrogen and oxygen generated by titanium dioxide particles in response

to visible light was remarkably increased following treatment by multifunction cavitation

compared to the results obtained following waterjet (EC) processing.

11. Doping with Pt using multifunction cavitation processing lowered the surface potential.

12. The band gap energy was also reduced concomitantly with the reduction of the surface

potential, and this improved the efficiency of generation of H in the dissociation of water.
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