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In recent years, microbubble and nanobubble technologies have drawn great attention due to their wide
applications in many fields of science and technology, such as water treatment, biomedical engineering,
and nanomaterials. In this paper, we discuss the physics, methods of generation of microbubbles (MBs)
and nanobubbles (NBs), while production of free radicals from MBs and NBs are reviewed with the

focuses on degradation of toxic compounds, water disinfection, and cleaning/defouling of solid surfaces

including membrane. Due to their ability to produce free radicals, it can be expected that the future pros-

Keywords" pects of MBs and NBs will be immense and yet more to be explored.
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1. Microbubbles and nanobubbles

Microbubbles (MBs) and nanobubbles (NBs) are tiny bubbles
with a respective diameter of 10-50 um and <200 nm, and have
been explored for various applications. The existence of NBs as sta-
ble entity has been debated for a long while due to some thermo-
dynamic considerations. For example, the total free energy of the
system has been supposed to increase along with the formation
of NBs unless the surface was extremely rough. However, high
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Laplace pressure inside NBs would likely cause them to dissolve
into solution quickly (Ljunggren and Eriksson, 1997; Eriksson and
Ljunggren, 1999).

Fig. 1 shows the key differences among macrobubbles, MBs and
NBs. MBs tend to gradually decrease in size and subsequently
collapse due to long stagnation and dissolution of interior gases
into the surrounding water, whereas NBs remains as such for
months and do not burst out at once (Takahashi, 2009). It has been
revealed that the interface of NBs consists of hard hydrogen bonds
similar to those found in ice and gas hydrates. This in turn leads to
reduced diffusivity of NBs that helps to maintain adequate kinetic
balance of NBs against high internal pressure.
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Fig. 1. Schematic diagram showing macro, micro and nanobubbles (Takahashi
et al., 2007b).

2. Physics of micro and nanobubbles

The existence of NBs at the liquid-solid interface has been dem-
onstrated by various techniques, e.g. atomic force microscopy
(AFM) (Tyrrell and Attard, 2001; Holmberg et al., 2003; Steitz
et al, 2003; Simonsen et al., 2004; Switkes and Ruberti, 2004;
Agrawal et al., 2005; Zhang et al., 2006a,b,c). It has been shown
that NBs at the liquid-solid interface resemble spherical caps with
height and diameter of about 10 and 100 nm, respectively. In fact,
this is supported by the fact that NBs can be fused by the tip of AFM
to form a larger bubble (Simonsen et al., 2004). It was initially
believed that NBs might have high surface tension, thus the gas
should be ‘pressed out’ of NBs within microseconds after their
formation (Matsumoto and Tanaka, 2008). However, NBs can form
freely and remain stable for long periods of time under the right
conditions. The stability of NBs results from a lower interfacial cur-
vature than expected due to a high contact angle (Yang et al., 2003;
Zhang et al., 2006¢). The formation of NBs in aqueous solutions of
small organic molecules (e.g. tetrahydrofuran, ethanol, urea, and
a-cyclodextrin) has also been reported (Jin et al., 2007a,b).

Surface charge and bubble rising speed are vital factors for
understanding the properties of MBs and NBs. It was found in an
electrophoresis cell that MBs moved towards the oppositely
charged electrode. The surface charge of each MB can be deter-
mined from the speed of its movement, which is correlated with
the value of ¢ potential (Yoon and Yordan, 1986; Everett, 1988; Li
and Somasundaran, 1991; Graciaa et al., 2000; Kim et al., 2000;
Takahashi, 2005). In fact, due to the long stagnation of MBs, their
{ potential can be easily measured and in distilled water this is
about —35 mV. It has been found that MBs are negatively charged
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under a wide range of pH. Although OH™ and H" ions have been
shown to influence the charging mechanism of the gas-water
interface (Takahashi, 2005). The { potential of the MBs has been
found to be constant under similar water conditions irrespective
of their size, indicating that the amount of electrical charge per
unit area at the gas-water interface would remain constant
(Takahashi, 2005). Nevertheless, increased { potential with the rate
of shrinkage of MBs has been observed during collapse of MBs
(Fig. 2).

Decrease in size of MBs below the water surface results in high
internal pressure inside MBs, which is directly proportional to the
bubble’s diameter. The relationship between pressure and diame-
ter is expressed by the Young-Laplace equation:

p—pi4 27 (1)
dp

where P is the gas pressure, Pl is the liquid pressure, ¢ is the surface
tension of the liquid and dj, is the bubble diameter. According to
Henry’s law, the amount of dissolved gas surrounding a shrinking
bubble increases with the increase in gas pressure. The area sur-
rounding a MB has been shown to change its state in a pressure—
temperature (P-T) diagram to favor hydrate nucleation (Sloan,
1998). This is one of the typical characteristic of MBs.

3. Generation of free radicals by collapsing microbubbles in
water

According to the Young-Laplace equation (Eq. (1)), for a bubble
with diameter 1 pum at 298 K, the internal pressure is about
390 kPa, which is almost four times higher than the atmospheric
pressure. Since the rate of increase in the internal pressure of
MBs is inversely proportional to its size, a high pressure spot is
eventually created at the final stage of the MB collapse (Fig. 3). If
the collapsing speed of MBs is higher than the speed of sound in
water, the temperature inside the collapsing bubbles may increase
drastically due to adiabatic compression. Since the shrinkage rate
of the collapsing bubbles is extremely slow compared to the ultra-
sonically induced cavitation bubbles, the temperature inside the
collapsing MBs is likely much lower than that inside the cavitation
bubbles (>5000K) (Takahashi et al., 2007a). Due to pyrolytic
decomposition that takes place within the collapsing bubbles, the
"OH radical and shock waves can be generated at the gas-liquid
interface (Kimura and Ando, 2002). Since the rate of movement
of electrolyte ions in water is not sufficiently high to counteract
the increasing rate of shrinkage of the MBs, it is possible for some
excess ions to be accumulated at the gas-water interface during
the final stage of the collapse process which accounts for acceler-
ated increase in the { potential (Takahashi et al., 2007b). As a
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Fig. 2. Changes in the size and { potential of microbubbles over time (Takahashi et al., 2007b).
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Fig. 3. Increase in the interior gas pressure of MBs during shrinkage (at T=298 K,
P =100 kPa.) (Li et al., 2009b).

result, the decomposition of ozone for producing ‘OH radicals
would be expedited in case of ozone MBs (Takahashi et al.,
2007a). The MBs of gases with oxidizing power (e.g. ozone) can
be applied to various water treatment processes since the ozone
MBs have high solubility and improved disinfection ability due to
the generation of "OH radical and/or pressure waves (Sumikura
et al., 2007).

Generation of free radicals through the collapse of MBs in the
absence of dynamic stimulus has been experimentally demon-
strated by electron spin resonance spectroscopy (Takahashi et al.,
2007b). 5,5-dimethy-1-pyroroline-N-oxide was chosen as the
spin-trap agent to trap the free radicals generated in the process
of collapse. The solution pH was found to have significant effect
on the quantity of free radicals generated by the collapse of oxygen
MBs, e.g. lowered pH enhanced generation of free radicals. Mean-
while, the type of gas used for the generation of MBs can also affect
the quantity of free radicals generated. For example, oxygen MBs
favored the formation of ‘OH radical compared to nitrogen MBs
(Li et al., 2009a).

4. Methods for the generation of MBs and NBs

Formation, growth and collapse of MBs in solution is often
referred to as cavitation. Based on the mode of generation, cavita-
tion is broadly classified into four categories, i.e. acoustic, hydrody-
namic, optic and particle cavitation. The cavitation induced by the
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passage of ultrasonic waves is so-called acoustic cavitation, while
cavitation due to the pressure variations in the flowing liquid is
termed as hydrodynamic cavitation. Acoustic and hydrodynamic
cavitations may result in the desired physical and chemical
changes in a solution, but optic and particle cavitations are incapa-
ble of bringing about any change in the bulk solution.

Millions of hot spots in the reactor can be generated through
hydrodynamic and acoustic cavitation due to very high localized
energy density which in turn results in extremely high pressure
and temperatures in the range of 10-500 MPa and 1000-
10,000 K, respectively (Suslick, 1990). However, it should be noted
that the collapse of MBs in the absence of dynamic stimulus would
not favor the creation of such hot spots (Takahashi et al., 2007b).
Nowadays, few methods have been developed for the generation
of MBS and NBs. The two widely used methods are based on
decompression and gas-water circulation. For the decompression
type generator, a supersaturated condition for gas dissolution is
created at high pressure of 304-405 kPa (Fig. 4). At such high pres-
sure, supersaturated gas is highly unstable and eventually escapes
out from the water. As the result, large number of MBs would be
generated instantly. However, for gas-water circulation type gen-
erator, the gas is introduced into the water vortex, and gas bubbles
are subsequently broken down into MBs by breaking up the vortex
(Takahashi, 2009). Generation of the ozone MBs through
decompression has been found to be more efficient than through
gas—-water circulation (Ikeura et al., 2011). Similar to the decom-
pression type, the venturi-type MB generator has also been widely
used. This has the advantages of compact size, low pump power
and high-density generation of MBs normally with a mean diame-
ter below 100 pm. The venturi-type generator consists of three
main parts, i.e. inflow, tubule and tapered outflow. Cavitation
occurs due to decrease in static pressure of the pressurized fluid
entering the tubule part. In the tubule part, velocity of the fluid in-
creases at the cost of decrease in static pressure. Simultaneously,
gas entering into the tubule part from outside develops a multi-
phase-flow of the gas and liquid. When the fluid exceeds the speed
of sound, a pressure wall with a shock wave is created in the
tubule. MBs are thus generated through the collision of gas with
the pressure wall developed with a shock wave (Yoshida et al.,
2008).

Besides the use of decompression and gas—-water circulation
methods for the generation of MBs, a palladium electrode coupled
with ultrasonication has been used for generation of NBs with a
mean diameter of 300-500 nm (Kim et al., 2000). Moreover, it
has been reported that NBs with a mean diameter of 400-
700 nm could be created by ultrasonication of a mixed surfactant
solution with regular purging using octafluoropropane gas
(Oeffinger and Wheatley, 2004). Lastly, it should be pointed out
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Fig. 4. Decompression and gas-water circulation methods for the generation of MBs/NBs (Ikeura et al., 2011).
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that generation of monodispersed MBs and NBs using the above
methods still remain a major challenge.

5. Determination of bubble size

Laser diffraction particle size analyser has often been used to
measure the size and size distribution of MBs and NBs (Kukizaki
and Goto, 2006; Tasaki et al., 2009b). The monodispersity of bub-
bles is determined according to the particle size dispersal coeffi-
cient ¢:

90 10
Db 7Db

0= Dgo

(2)
where D}°, D;° and D}° are the diameters corresponding to 90%, 50%,
and 10% by volume respectively, on the relative cumulative bubble
size distribution curve; D;° represents the mean bubble diameter.
The specific interfacial area (a, m?> m3) of MBs and NBs is defined
by:
6¢&c
=% 3)
Ve
= 4
Vi Ve 4)

where ¢&; is the gas holdup, Vi is the volume occupied by the gas
phase (bubbles), V; is the volume occupied by the liquid phase.
The particle size can also be determined by scanning electron
microscopy (SEM). For this purpose, a replica film had been devel-
oped (Ohgaki et al., 2010). Particle counting spectrometer for liq-
uids which uses light-obscuration method can also be used for
measuring the size distribution of MBs (Takahashi et al., 2003,
2007a).

&

6. Water treatment by MBs and NBs technology

In the past few years, more and more attention has been given
to the potential applications of the MBs and NBs for water treat-
ment due to their ability to generate highly reactive free radicals.
Recently, MBs/NBs have been used for detoxification of water
(Yamasaki et al., 2010), while it has been reported that air and
nitrogen MBs/NBs can enhance the activity of aerobic and anaero-
bic microorganisms in submerged membrane bioreactor. Evidence
shows that nitrogen MBs/NBs cannot only be applied for water and
wastewater treatment, but also for fermentation, brewing as well
for human waste treatment. MBs/NBs have been found to catalyze
chemical reactions, and enhance the detoxification efficiency,
thereby improving the efficiency of chemical treatment of water.
The main purpose of water pretreatment is to reduce biological,
chemical and physical loads in order to reduce the running costs
and increase the treated water quality. In this context, air MBs/
NBs as a pretreatment means has been shown to be highly benefi-
cial for downsizing the water/wastewater treatment plants and
improving the quality of product water (Yamasaki et al., 2009,
2010).

6.1. Degradation of organic pollutants

MBs generated through hydrodynamic cavitation have been
employed for degradation of various organic compounds, such as
alachlor (Wang and Zhang, 2009), p-nitrophenol (Kalumuck and
Chahine, 2000), rhodamine B (Wang et al., 2008) and decoloriza-
tion of dye effluent stream (Sivakumar and Pandit, 2002).
Takahashi et al. (2007b) investigated the decomposition of phenol
in aqueous solution with air MBs in the absence of dynamic stim-
ulus (e.g. UV irradiation and incident ultrasonic wave). When

1.5 mM phenol solution was subjected to air MBs collapse for 3 h
without addition of acid, no change in the phenol concentration
was observed. However, 30% of phenol was decomposed after acid
(e.g. nitric, sulfuric or hydrochloric acid) was added to the phenol
solution, while intermediates, such as hydroquinone, benzoqui-
none, formic acid and oxalic acid were detected. Phenol could
therefore be removed by free radicals generated through collapse
of air MBs in the presence of a strong acid. The removal of polyvi-
nyl alcohol (an ozone resistant) in terms of TOC by collapse of
ozone MBs was also achieved under strong acidic conditions in
the absence of dynamic stimulus (Takahashi et al., 2007a). As dis-
cussed earlier, the formation of hot spots by adiabatic compression
of cavitation bubbles in an aggressive collapse process may further
enhance organic degradation (Hart and Henglein, 1986). However,
no reduction in TOC concentration confirmed that the hot spots
generated by the ultrasound did not boost the generation of ‘OH
radicals for the TOC removal. Excessive accumulation of ions
around the gas-water interface of the collapsing MBs would lead
to ion concentrations high enough for converting ozone to ‘OH rad-
icals. The TOC reduction by ozone MBs under strong acidic condi-
tions was much greater than using other conventional
techniques. Ozonation of a mixture of benzene, toluene, ethylben-
zene and xylenes had been reported at different salt concentrations
ranging from 0 to 2 M (Walker et al., 2001). It was found that the
production of MBs helped to improve the mass transfer efficiency
and further enhanced the removal of soluble organics from simu-
lated seawater.

Ozonation of synthetic wastewater containing azo dye and CI
Reactive Black 5 was investigated using collapsing ozone MBs
(Chu et al., 2007). In this experiment, the total mass transfer coeffi-
cient and pseudo-first order rate constant were found to be 1.8 and
3.2-3.6 times higher than those found in the bubble contractor,
respectively. It was clearly shown that the production of ‘OH radicals
was increased in the MB system. Evidence shows that the production
of *OH radicals using vacuum UV irradiations (Oppenldnder and Gli-
ese, 2000) can lead to fast oxidation of organic compounds in water
and wastewater as compared to the conventional ozone system
without "OH radicals (Echigo et al., 1996). In addition, use of vacuum
UV is restricted because of the recombination of carbon-centered
radicals during photo degradation which yields undesirable byprod-
ucts, such as oligomers and polymers (Han et al., 2004). Recently, use
of MBs and NBs technique to overcome the shortcomings of vacuum
UV process has been explored (Tasaki et al., 2009a). Under vacuum
UV irradiations the degradation of methyl orange in the presence
of oxygen MBs was found to be accelerated due to the enhanced
mass transfer of oxygen and substrate within the vacuum UV reactor
(Tasaki et al., 2009b). The decolorization of methyl orange became
faster under 185 + 254 nm irradiation with oxygen MBs. The critical
role of NBs in degradation of surfactants and nonsurfactant under
vacuum UV irradiations has also been investigated. The rate of min-
eralization of sodium dodecylbenzenesulfonate with 720 nm NBs
was found to be much faster than that with MBs (Tasaki et al.,
2009a). The observed enhanced mineralization of surfactants can
be attributed to the high adsorption capacity of NBs due to their
small size, and large specific surface area that facilitates the reaction.

6.2. Water disinfection

Generation of highly reactive free radicals and turbulence asso-
ciated with the collapsing MBs provides great potential for water
disinfection. Hydrodynamic cavitation has been shown to be a
much cost-effective technique for water disinfection as compared
to acoustic cavitation. However, lab-scale study suggests that the
cost of hydrodynamic cavitation for water disinfection is still high-
er than conventional chlorination and ozonation (Jyoti and Pandit,
2001).
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The effect of ozone MBs on Escherichia coli was investigated un-
der various conditions. It has been found that the faster disinfec-
tion kinetics of E. coli by ozone MBs was observed, leading to a
reduced reactor size and small ozone dose as compared to the con-
ventional ozone disinfection for the same disinfection efficiency of
a 2-log inactivation (Sumikura et al., 2007). In this process the "OH
radical and shock waves generated by the collapse of MBs have
been considered as the main cause for inactivation of coliform,
while specific contribution of each effect to inactivation of coliform
still remains unknown. Moreover, high deactivation efficiency of
E. coli has also been achieved in water disinfection by MBs gener-
ated through hydrodynamic cavitation (Jyoti and Pandit, 2001,
2003, 2004; Arrojo et al., 2008; Mezule et al., 2009). Bathing pool
assembly having water full of ozone NBs for rehabilitation has also
been developed to prevent pathogen growth (Chen, 2009). This
assembly consists of a bath, a reservoir and two circulating sys-
tems. The circulating systems are connected to bath and reservoir
via oxygen and ozone generator. Each circulating system is
equipped with high pressure emulsifying device that facilities gen-
eration of free radicals and anions from dissolved oxygen and
ozone. The amount of ozone in the bath and the reservoir is main-
tained at the range of 0.5-5 and 0.2-0.5 mg L™, respectively. At a
pressure of 304-1013 kPa provided by the high pressure emulsify-
ing device, ozone is rapidly dissolved into water and ozone NBs in
the range of 10-20 nm are thus produced. It was found that the
subsequent burst of NBs would provide a more effective means
for cleaning and disinfecting both the bath and the reservoir than
traditional ultrasonic vibrator.

6.3. Cleaning and defouling of solid surfaces

NBs have been applied for the prevention and removal of pro-
teins adsorbed onto solid surfaces. It has been shown that adsorp-
tion of proteins onto various surfaces could be inhibited by NBs,
thus preventing the surfaces from fouling (Wu et al., 2006, 2007).
For example, NBs can block adsorption of bovine serum albumin
on mica surface (Wu et al., 2006), while NBs also helps remove or-
ganic contaminants from pyrolytic graphite (Wu et al., 2007, 2008)
and gold surfaces (Liu et al., 2008). Recently, similar defouling effect
of NBs was also observed on stainless steel surface (Chen, 2009).

The use of high frequency, low power ultrasound along with
MBs has shown great potential in control of bacteria and algae
attachment onto solid surfaces (Broekman et al., 2010). Destabi-
lized and reduced biofilms have been observed after treatment
by MBs. The bubble size has been found to affect the membrane
fouling in case of tubular (Cui et al., 2003) and hollow fiber mem-
branes (Lu et al., 2008; Willems et al., 2009). (Tian et al., 2010)
investigated the influence of mm sized air bubbles on membrane
fouling of immersed hollow fiber membranes for ultrafiltration of
river water, and found that continuous air bubbling would be more
effective than intermittent bubbling in fouling control. In case of
continuous bubbling, air bubbles scrub the membrane surface dur-
ing the process of filtration and hence reduce the chances for the
formation of concentration polarization and fouling layer on mem-
brane surface. Moreover, it was observed that smaller air bubbles
were more efficient in reducing fouling. In addition, similar phe-
nomenon was also observed in other study of membrane fouling
control by bubbling (Yeo et al., 2006; Van Kaam et al., 2008; Zarra-
goitia-Gonzalez et al., 2008; Cornelissen et al., 2009).

7. Long-term perspectives of micro and nanobubbles
technology

MBs and NBs have exhibited great potential in various engi-
neering applications. For example, wide use of oxygen NBs has

been anticipated due to their extremely high bioactivity and mass
transfer efficiency. Due to their ability to generate free radicals
without the use of any toxic chemical, MBs have been proven to
be a new environmental friendly technique for oxidation of organic
compounds, water disinfection and fouling control. It is reasonable
to consider that MBs and NBs would have wide applications where
materials come into contact with biological media, such as medical
equipment, membrane cleaning, ship and filter regeneration. MBs
and NBs may provide a promising path for a convenient, clean,
cheap and environmental friendly technique suitable for cleaning
of conducting surfaces. Hence, it can be concluded that the use of
MBs and NBs in developing new technology is still ahead to be
explored.
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