Applications of micro—nano bubble technology in environmental pollution control
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Owing to some advantages of high oxidation capacity, high mass-transfer efficiency, high utilisation rate of reagents, simple system for treating
pollutants, micro-nanobubble technology (MNBT) has gradually attracted attention and has been successfully applied in environmental pollution
control. Currently, its applications in this field are mainly in the aspects of surface water purification, sewage (waste) water treatment, soil and
groundwater remediation and sludge treatment which are reviewed. These studies primarily focus on the MNB generation (MNBG) methods, the
parameters of pollution treatment and its effect improvement, the coupling techniques of this technology and other advanced oxidation
technologies. However, in order to successfully promote its applications to the actual environmental pollution control process, especially the
industrial scale, the following efforts are required: covariant response mechanism of water quality — micro—nano aeration parameters — bubble
characteristics, further optimisation of synergistic process with other advanced oxidation methods, development of lower energy consumption
and more efficient MNBG devices. After discussion and analysis, this work further points out that the purification of exhaust gas such as
volatile organic compounds (VOC) and flue gas is one of the research directions worth exploring in the future application of the MNBT.

1. Introduction: Microbubbles (MBs) and nanobubbles (NBs) are
tiny bubbles with a respective diameter of 10-50 pym and <200 nm
[1]. So, the tiny bubbles between the two in diameter are usually
called micro-NBs (MNBs). Researchers have noted that the
MNBs have the following six superior properties to the ordinary
bubbles.

1.1. Specific surface area of the MNBs is large: It can be calculated
that the surface area (S) per unit volume (/') of a bubble is inversely
proportional to the bubble radius () by the following equations:

S = 4m? (1)
V =4/3m" )
S/V =3/r 3)

Thus, for a unit volume, the specific surface area of the MNBs with
a radius of 1 um is 1000 times as much as that of the conventional
bubbles with a radius of 1 mm [2].

1.2. Time when the MNBs stay in the water is longer: Normally, the
macrobubbles rapidly rise and burst at the water surface, whereas the
MBs can exist for a long time under the water surface [3]. Turner [4]
first confirmed that the MBs with a radius of 30 um became stabilised
in a body of the water and persisted for prolonged periods of time.
Ohgaki ef al. [5] found that the NBs of nitrogen, methane or argon
with a radius of 50 nm have a lifetime of more than two weeks.
Additionally, the research results of Takahashi [6] showed that
some NBs could even exist in water for months.

1.3. MNBs can be self-pressurised and dissolved in the water: In
fact, back in 1998, Bredwell and Worden [7] proposed that large
specific surface area and high interior gas pressure of the MNBs
conferred to these bubbles’ high gas dissolution capability. It
is well known that the relationship between the interior gas
pressure and the bubble radius is expressed by the Young—
Laplace equation

P =P +20/r (4)
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where P is the gas pressure; P is the liquid pressure; o is surface
tension; and r is the radius of the bubble [8]. It explains that the
pressure inside the bubble increases with the decrease of the
bubble diameter. As the MNBs rises under the water, it shrinks to
become smaller so as to increase interior gas pressure. According
to Henry’s law, the amount of dissolved gas surrounding a shrink-
ing bubble increases with rising internal gas pressure. Ultimately,
the gas in the MNBs can be dissolved in the water during the
process of shrinkage [3] which can make the gas solubility in the
water reach a state of oversaturation. Fig. 1 [9] shows the differ-
ences in the behaviours among ordinary bubble, MBs and NBs.

1.4. MNBs has high mass-transfer efficiency: The specific surface
area of the bubble determines the mass-transfer efficiency of the
gas. For the MNBs, the mass-transfer rate of the bubble gas from
bubbles to surrounding liquid increases with a decrease in the
bubble radius and an increase in the bubble’s internal pressure
[10]. Therefore, it is believed that the self-pressurised dissolution
of the MNBs can enhance the gas—liquid mass transfer so as that
this exclusive property allows the MNBs to continue the gas
mass-transfer process and maintain an efficient mass-transfer
efficiency even when the gas content in the water reaches the con-
dition of oversaturation. For instance, it has been confirmed that
the MNBs significantly increase the mass-transfer efficiency of
ozone [11] and oxygen [10].

1.5. High zeta potential is formed at the interface of the MNBs: The
charged ions around the interface of the MNBs can create an elec-
trical double layer which is illustrated in Fig. 2 [12]. The interface
potential of the MNBs, which is a crucial factor to determine
the adsorption performance of the bubble interface, represents the
potential difference between the electrical double layer on the
surface of the bubbles. When the MNBs shrink in the water,
the charged ions are rapidly concentrated and enriched at a very
narrow bubble interface, showing a significant increase in zeta
potential and a very high potential value is generated at the interface
before the bubbles burst [9]. Researchers found that the values of
zeta potential are negative under a wide range of pH conditions
and the absolute values are in the range between 3445 mV
(oxygen), 17-20mV (air), 29-35mV (nitrogen), 20-27 mV
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Fig. 2 Distribution of ions at and near the gas—water interface in an
aqueous solution of NaCl and creation of the electrical double layer [12]

(carbon dioxide) and 11-22 mV (xenon) [13], but the MNBs are
positively charged under strongly acidic conditions [12].

1.6. MNBs can spontaneously generate free radicals: When the
MNBs contract and collapse, the disappearance of the gas—liquid
interface lead to drastic changes, which can release the energy accu-
mulated by a high concentration of positive and negative ions on the
interface so as to generate a mass of hydroxyl radicals [9]. However,
the number of free radicals generated is also affected to some extent
by the type of gas in the MNBs [14, 15].

1.7. Applications of the MNBs in environmental pollution control
have been widely concerned: The six major properties mentioned
above make the MNBs show some prominent advantages such as
increasing the solubility of the gas in aqueous solution, enriching
the active oxygen in the water, enhancing adsorption performance
of the bubble and strong oxidation property. Thus, the MNBs
have attracted the interest of researchers. Since Takahashi et al.
[16] conducted the study of bubble formation in dissolved air
pressure flotation in 1979 (the average diameter of the bubbles
generated is 100-200 um), for obtainment of higher-quality
MNBs, many other researchers have developed a variety of the
MNB generation (MNBG) methods such as shear method
[17-19], pressurised dissolution method [20], electrolysis method
[21, 22], micropipette [23] and ultrasonic cavitation [24]. With
the development of these methods, the applications of the MNBs
in the field of environmental pollution control have attracted more
and more attention from researchers. Simultaneously, with the
expansion of its application research, The MNB technology
(MNBT) gradually exhibits technical advantages and bright
development prospects. At present, the applications of the MNBT
in environmental pollution control are mainly in the aspects of
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surface water purification, sewage (waste) water treatment, soil
and groundwater remediation and sludge treatment, which are
reviewed in this Letter.

2. Surface water purification: Surface water has a natural purifica-
tion process. In addition to the direct oxidation of pollutants [com-
bined with the dissolved oxygen (DO) in the water], the purification
process of any natural water body can only be completed with the
direct participation of aquatic organisms, which is called biological
purification, which is the most important and active process of
surface water self-purification. It has been demonstrated that
microbes could effectively decompose, transform and mineralise
nutrients, organic matter and recalcitrant contaminants in urban
rivers [25-27]. DO in the water is a basic condition for the survival
and purification of aquatic organisms. The content of DO in the
water is one of the main factors influencing the biological purifica-
tion of the water body and is also the main index to measure the
self-purification ability of the water body.

Aeration is one of the most important engineering contents in the
water purification. Traditional aeration not only has low efficiency
and high energy consumption, but also produces large bubbles,
causing surface disturbance and odour gas volatilisation. Owing
to the MNBs’ characteristics of large specific surface area, long
stagnation under the water, self-shrinking pressurised dissolution
and radicals’ generation during collapse, aeration with the MNBs
instead of traditional bubbles can not only form a highly dispersed
gas—liquid interface in the water so as to play a good role in the air
flotation water purification and oxidation of organic pollutants (in-
cluding refractory organic pollutants), but also greatly improve the
oxygen-increasing efficiency. Studies have shown that the MNBs
generated from air and nitrogen could enhance the activities of
microorganisms and/or bacteria in both anaerobic and aerobic con-
ditions to accelerate the biodegradation of the pollutants in the water
and sediment [1, 28-36], which also evidence that the MNBs can
improve the biological purification capacity of the water bodies.
As a consequence, it is believed that through aeration with the
MNBs, the water purification can be achieved more effectively.
Sun et al. [37] first used the MNB and submerged resin floating
bed composite technology (MNBSR) to restore two black and
stinking urban rivers in the South of China. After restoration, the
water pollution indices such as DO, ammonia nitrogen (NH;—N),
total phosphorous (TP), chemical oxygen demand, water clarity
and the number of facial coliforms were significantly improved.
It has been reported that positively charged MBs could efficiently
separate algae from the freshwater, with ~90% of cell number
removal and 92% of chlorophyll a reduction [38—40]. Since
the MNB aeration technology can more effectively enhance the
oxygen mass-transfer effect, the concentration of DO and the oxida-
tion effect than the traditional aeration, it can improve the efficiency
and effect of the water purification. However, the research on the
application of the MNBT in the surface water purification is just
beginning, the mechanism and principle of its action need to be
further studied.

3. Sewage (waste) water treatment: Up till now, the applications
of the MNBT in the sewage (waste) water treatment have been
attracting more attention. Liu ef al. [41] carried out comparison
experiments of coagulation MB flotation and coagulation conven-
tional air bubble flotation for the pretreatment of dyeing wastewater.
Results showed that the MBs could reach a higher oxygen
transfer rate (the total mass-transfer coefficient of the MBs was
1.1754 min~' and that of conventional air bubbles was of
0.7535 min_l), and under the same conditions the removal efficien-
cies of COD, colour and oil for the MB flotation increased 30, 110
and 40%, respectively, compared the conventional air bubble flota-
tion. Furthermore, the wastewater biodegradability was increased
from 0.290 to 0.363 after coagulation MB flotation and to 0.301
after coagulation conventional air bubble flotation. It follows that
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the treatment of wastewater by the MNBs is better than by the con-
ventional bubbles. Besides, gas flotation, aeration, disinfection and
advanced oxidation processes combined with the MNBT, which
can more effectively realise adsorption and removal of
suspended solids [42], intensive decomposition of refractory
organic pollutants [39], disinfection [43, 44] and decolourisation
[45], are the most commonly known processes.

3.1. Removal of suspended solids: The strong adsorption perform-
ance of the MNBs can very effectively remove suspended solids, oil
pollutant and fine particulate matter in the sewage (waste) water. To
study the effects of the bubble size and bubble concentration which
have a major impact on the bubble-floc collisions, Li and Tsuge
[19] improved the induced air flotation process with a rotating-flow
MB generator combined a centrifugal pump and altered the air
induced way of the generator. The results indicated that the
smaller MBs were obtained, while the MBs concentration was
increased by the improved method and a slight overdose, achieved
better removal efficiency and no or less flocculation time performed
very well, i.e. the particle removal efficiency of over 95% was
achieved by recycling only 10% of treated water. Through labora-
tory and pilot-scale experiments of the NB flotation technology
with coagulation/flocculation process for the enhanced treatment
of chemical mechanical polishing (CMP) wastewater, Tsai et al.
[46] found out that this method increased the wastewater clarifica-
tion efficiency by 40% as compared with the traditional coagula-
tion/flocculation process, eliminating more than 95% turbidity,
total solids and total silica. Thereby, it can be reasonably believed
that the CMP wastewater could be treated efficiently at a
minimum cost by using this approach. Many reports have shown
that the MNBT is a simple, efficient, low-cost and environmentally
friendly technology for removing oil pollutants and fine particulate
matter from the wastewater [47-55].

3.2. Decomposition of organic pollutants and decolourisation:
There is a lot of experimental evidence indicating intensive decom-
position ability of the MNBs to various organic pollutants in the was-
tewater, even high-concentrated organic wastewater such as dimethyl
sulphoxide [56], phenol [9, 57], thodamine B [58], organic constitu-
ents of dye wastewater [59, 60], alachlor [61] and p-nitrophenol [62].
To further improve the treatment efficiency of organic pollutant, the
synergistic effect of the MNBT and other strong oxidation methods
such as ultraviolet (UV), pure oxygen and ozone is favoured by
researchers. Liu er al. [63] carried out comparison experiments
with three kinds of MBs (air, oxygen and ozone) on the coagulation
flotation process for coke wastewater. The experiments demonstrated
that the absolute zeta potential values of ozone MBs were the highest,
which enhanced flotation efficiency and could generate a large
number of free radicals which effectively oxidised the pollutants
in coke waste. By contrast, either air MB flotation and oxygen MB
flotation processes, pyridine removal efficiencies of the ozone MB
flotation process were 4.5 and 1.7 times higher and benzene
removal efficiency 3.6 and 1.5 times higher. Tasaki et al. [64] used
UV light (185 and 254 nm) auxiliary to enhance the pure oxygen
microair bubble effect on the degradation of methyl orange. The ex-
perimental results showed that under the irradiation of UV auxiliary,
the speeds of the pure oxygen MBs produce hydroxyl radicals could
be increased, the decolourisation rate of methyl orange was acceler-
ated and the total organic carbon removal rate was significantly
improved. It is worth mentioning that MNBs ozonation is a more ef-
ficient process of high-concentrated organic wastewater treatment.
Chu et al. [65] achieved gratifying results utilising ozone MBs to
treat the high-concentrated textile wastewater. In contrast to tradition-
al ozone bubble, the COD removal efficiency was higher by 20% and
the time required for 80% removal of colour was less by 140 min in
the MBs system. More studies [66—72] showed that the synergistic
effects of the MNBT and ozone/UV could give full play to their
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advantages to effectively enhance the decomposition of organics,
the biodegradability and the effect of decolourisation.

3.3. Water disinfection: The MNBT has good application prospects
in water disinfection. For example, high deactivation efficiency of
Escherichia coli can be achieved in water disinfection by the
MBs generated through cavitation [73—77]. Particularly, the disin-
fection process combined the MNBT with ozone, which is a
highly cost-effective method, can further improve efficiency. In
the study of Sumikura ez al. [78], they found out that in contrast
with the traditional ozonation disinfection process, the ozone
MBs has the faster disinfection kinetics of E. coli, the reactor size
required was smaller and less ozone dose was required. Bathing
pool assembly having water full of the ozone NBs for rehabilitation
has been developed to prevent pathogen growth, to provide a more
effective means for cleaning and disinfecting both the bath and the
reservoir than the MBs [79].

In addition, some scholars have also used the MNBT to treat
other pollutants in wastewater such as As(II) [80], ammonia
[81], fluoride [82], residual pesticides [83] etc., the effect of
which is also superior to conventional technology.

The MNBT provides an efficient and cost-effective approach for
wastewater treatment. There are also relatively many studies on this
aspect, in most of which, the main objectives of applying the
MNBT are to downsize the facilities, to reduce operation time
and reduce operation and maintenance cost of water-treatment
plants, with a greater contaminant removal efficiency [84]. These
are the bottlenecks that need to be resolved for the applications
of the MNBT in the wastewater treatment and necessary for any
technologies to be commercialised as well.

4. Soil and groundwater remediation: In situ bioremediation
are one of the most common and environmental-friendly methods
to remediate soil and groundwater [85-89]. The MNBs can
greatly enhance bioremediation by accelerating the oxygen transfer
process [2] while this process is capable of adsorbing small
impurities so as to remove pollutants through its excellent adsorp-
tion capacity. For this reason, the MNBT has an obvious advantage
in soil and groundwater remediation which has aroused great
interest from scholars in this field. In the early 1990s, Jenkins
et al. [90] carried out an experiment on in situ aeration remediation
for soil contaminated by xylene. They injected the oxygen MBs
mixed with Pseudomonas putida into the interstitial space of the
soil column. The results showed that during the process, the MBs
remained in the remediation area for up to 45 min and the utilisation
rate of microbial strains on oxygen was up to 71-82%. After
treatment, the residual xylene concentration in the soil was lower
than the detection limit of the instrument. The study demonstrated
that the hydraulic conductivity of the sand was not affected by
the MNBs inside the pore water, and the mass-transfer rate of
oxygen to the water was found to be 125 times faster than the
macro-bubbled water which was 16 times less DO enhancement
durability compared with micro-NB water [10]. Moreover, it has
been recognized by many other scholars that the applications of
the MNBT in in-situ soil and groundwater remediation showed
strong technical advantages and application potential [2, 91-94].
What is more gratifying is that the results of a pilot test of this
application, conducted in a pharmaceutical facility located in
Milan Province with main contamination by total petroleum hydro-
carbon (TPH) and Benzene, Toluene, Ethyl benzene, m,p-Xylene
and o-Xylene (BTEXS), were great (100% of degradation in 5-6
months) [95]. Moreover, several scholars have successfully
applied the ozone MNBs to the remediation of residual trichlor-
oethene and non-aqueous-phase liquid in saturated soils [96-99].
Even today, soil and groundwater pollution are a serious threat
and their efficient and simple treatment is still an uphill task for
environmental protection. Therefore, more efficient and economic
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methods are needed. As a new in situ repair technology with good
application prospects, the MNBT is worth further studying.

5. Sludge treatment: Although the applications of the MNBT in
the sludge treatment can be traced back to 1985, there are not
many relevant reports so far. The research in this field mainly
focuses on sludge concentration and sludge dissolution. Zabel
[100] used MB flotation technology to concentrate the remaining
sludge. The results were encouraging. However, no new related
reports have emerged afterwards.

It is well known that sludge digestion is one of the traditional bio-
logical techniques for the stabilisation of sewage sludge discharged
from the wastewater treatment plants [101, 102]. However, there are
still some problems and shortcomings in typical sludge digestion
technology such as high-water content, low biodegradability and
high energy cost. Since the MNBs can improve the biodegradability
and cell disintegration of sewage sludge, some scholars have intro-
duced the MNBT into sludge digestion and pretreatment [103, 104].
According to the relevant reports, in comparison with the process of
the same dosage carried by the ordinary bubbles, the MNBT can
obviously enhance the utilisation rate of the gas contained in the
bubbles, greatly improve sludge solubility, significantly increase
the dissolution speed of sludge and reduce the operational costs
[101, 105, 106]. These reports also demonstrated that the MNBT
can significantly improve aquaculture water quality, which is
mainly affected by the aquaculture sludge, to promote the creation
of the benign ecological environment of aquaculture. Owing to the
above-mentioned advantages of the MNBs, they can enhance the
capacity of DO supplementation and microbial activity in aquacul-
ture water to effectively inhibit the production of breeding sludge,
even digest the existing sludge.

6. Conclusions and prospects: In summary, the major objectives
of the current studies are the methods of the MNBG, the parameters
of pollution treatment and its effect improvement, the coupling
techniques of this technology and other advanced oxidation
technologies and the mechanism of pollutant removal and have
achieved the remarkable results. However, in order to successfully
promote its applications to the actual environmental pollution
control process, especially industrial scale, the following efforts
are needed yet: covariant response mechanism of water quality —
micro—nano aeration parameters — bubble characteristics, further
optimisation of synergistic process with other oxidation methods,
development of lower energy consumption and more efficient
MNBG devices.

To be sure, according to the current research results, the MNBT
can be considered as a technology with less chemical consumption,
smaller equipment size, less land area, higher utilisation rate of
oxidants such as ozone, less/no production of secondary pollutants
and excellent effects of pollution treatment. Consequently, it is rea-
sonable to believe that it is a low-cost, efficient and green technol-
ogy which exhibits its great advantages in the applications of
environmental pollution control. Its applications in the field of
environmental pollution control will certainly be further studied.
It may be a good idea to expand its pollution control field to the
exhaust gas purification. For example, the applications in the treat-
ment of VOCs and flue gas. The absorption method is one of
the effective methods to treat VOCs. As mentioned before, the
hypothesis is that the high absorption rate of VOCs can be achieved
efficiently, if it is injected into the absorbent in the form of the
MNBs. The study on the removal of flue gas pollutants using
the MNBT combined with the oxidation—absorption technology
should be an interesting one and is worth exploring. The fundamen-
tal principle of oxidation—absorption technology is that the harmful
components in flue gas oxidised by the oxidants and absorbed by
the absorbing medium for pollutants elimination. It is one of the
promising technologies for flue gas treatment. The six superior
features of the MNBs enhance the possibility of NO and SO, in
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flue gas being oxidised and absorbed so as to improve the
removal efficiency. It may even be considered to conduct
the research on the non-differentiated and non-selective
integrated-removal of multi-pollutants in flue gas using the MNBT.
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