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8  Abstract

9  Ozonation is a widely applied water treatment process, used for oxidation of contaminants, as
10  well as for the disinfection of water. However, the conventional ozonation process demands a
11 high energy requirement and deep tanks to ensure effective mass transfer and oxidation.
12 Microbubble technologies have emerged which have the potential to improve gas-liquid
13 contacting. Microbubbles have diameters of 1-100 um, while conventional bubbles used in
14  ozonation are between 2 — 6 mm. Microbubbles have many favorable characteristics that make
15  them suitable for ozonation. In this review, the attributes of microbubbles for ozonation have
16  been compared with those of conventional bubbles. The higher interfacial area and lower rise
17 velocity of microbubbles compared with conventional bubbles means that ozone in the gas
18  phase can be more efficiently transferred into the liquid phase. This is due to a higher contact
19  time and increased contact area of the bubble with the bulk liquid. The analysis reveals that the
20  volumetric mass transfer coefficient can be significantly enhanced through the use of
21 microbubbles. In addition, the steady state dissolved ozone concentration was positively
22 impacted by the use of microbubbles. Microbubbles were shown to be able to oxidize a broader
23 range of organic compounds more quickly than for conventional bubbles. However, the review

24 highlighted that comparison of microbubbles with conventional bubbles is not always carried
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out in a fair and consistent way with respect to reactor configuration. Requirements for future
research, more consistent experimental comparisons and the steps needed to enable

implementation of microbubbles have been discussed.
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HIGHLIGHTS:

Extensive comparison of microbubbles with conventional bubbles for ozonation.

Ozone mass transfer enhanced through the use of microbubbles.

Improved micropollutant removal when using microbubble ozonation.

Opportunities for more efficient ozone reactor design using microbubbles.

1. Introduction

Ozonation is one of the most widely used gas-liquid contacting processes in water treatment
for oxidation and disinfection applications (Lim et al., 2019; Merle et al., 2017; Tekle-
Réttering et al., 2019; Wolf et al., 2019). Molecular ozone is an unstable and strong oxidant

that has a standard oxidation potential of 2.07 V (Muruganandham et al., 2014). When
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dissolved into the liquid phase, ozone rapidly undergoes self-decomposition. The self-
decomposition of ozone results in the formation of a number of products and intermediates
including short lived radicals such as HO®, 03~, 05~, HO5™ and HO; (Gardoni et al., 2012).
One of the most desirable decomposition products is the hydroxyl radical, HO* which is a non-
selective, powerful oxidant with a standard oxidation potential of 2.8 VV (Wang et al., 2018).
Due to the strong oxidizing ability of molecular ozone and the hydroxyl radical, ozonation is
particularly effective in the removal of aromatic organic compounds (Chedeville et al., 2009;
Wu et al., 2019), pharmaceuticals (Azuma et al., 2019; Paucar et al., 2018), micropollutants
(Wang et al., 2019), algal by-products (Wu et al., 2012) and contaminants that cause water
coloration (Khuntia et al., 2016). In a water treatment works (WTWSs), a typical ozone
contactor consists of a baffled reactor split into 1 — 2 dosing chambers and > 2 reaction zones
(von Gunten et al., 1999). Ozone gas is supplied through diffuser plates at the base of the dosing
chamber(s), producing bubbles with a size between 2 — 6 mm (Bagero-Rodriguez et al., 2018;
Behnisch et al., 2018; Garrido-Baserba et al., 2018; Terashima et al., 2016) (Figure 1). Ozone
contactors typically have a large footprint and deep tank depth, and therefore require
significant resources, which varies depending upon the treatment objectives and water quality
(Rakness et al., 2018). While reactor volume changes depending on flow treated, all ozonation
contactors have deep tanks, typically around 7m (Tang et al., 2005; Zhang et al., 2014). This
depth is required in order to ensure effective mass transfer of ozone from bubbles formed using

conventional diffusers.
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Figure 1. A typical baffled ozone contactor where (1) liquid inlet (2) diffuser plates (3)

dosing chambers (4) baffles (5) reaction chambers (6) liquid outlet.

In addition to capital investment, ozonation has significant operating costs as 0zone gas must
be generated in-situ and cannot be stored on site due to its instability. The generation of ozone
IS an energy and opex intensive process with an energy demand of ~ 3.3 - 16 kWh / kg O3
(Jodzis and Zigba, 2018; Magara et al., 1995). The cost of the power required to generate ozone
is between 50 — 75% of the ozonation process cost (Evans et al., 2003) and around 15% of the
total non-pumping energy requirement for a WTWSs using ozone (Santana et al., 2014). Whilst
ozone is usually delivered in the form of conventional millimeter sized bubbles, recent
developments have allowed for the use of smaller bubbles known as microbubbles and
nanobubbles. There has been some debate in the literature with respect to the size boundaries
used to describe these small bubbles, with a range of definitions having been used (see
Supplementary Information (SI) Table 1). However, since 2017 there has been a standardized
definition of microbubbles and nanobubbles from the International Organization for
Standardization (1SO), as being bubbles with a diameter of 1 — 100 pum and 1 — 1000 nm

respectively (1SO 20480-1:2017).
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Over the past few decades, interest in the application of microbubbles to water treatment has
increased greatly due to their high surface area to volume ratio (Temesgen et al., 2017), low
rising velocity (Terasaka et al., 2011), increased gas utilization efficiency (Zhang et al., 2018),
increased rate of mass transfer (Wu et al., 2019) and increased rate of contaminant removal
(Azuma et al., 2019). Microbubbles have the potential to decrease operational cost from a
reduction in the required ozone input dose and a decreased requirement for off-gas destruction
(Chuetal., 2008). In addition, increased treatment rates may afford opportunities for reductions

in contact tank dimensions and plant footprint.

Microbubble generation has historically been considered an energy intensive process in which
the cost was deemed too high to be economically viable. This was due to the high power
required to produce microbubbles, using generation methods involving compression or
ultrasonic cavitation (Zimmerman et al.,, 2008). Recently, however, lower powered
microbubble generators have been developed. Modern developments include microbubble
generators such as those produced by spherical bodies (Sadatomi et al., 2005), orifice plates
(Sadatomi et al., 2012), venturis (Deendarlianto et al., 2017), membranes (Kukuzaki et al.,
2010; Liu et al., 2012; Liu et al., 2013) and fluidic oscillators (Al-Mashhadani et al., 2015;
Hanotu et al., 2016; Hanotu et al., 2017; Kamaroddin et al., 2016; Kamaroddin et al., 2020;
Zimmerman et al., 2011a). These types of microbubble generator utilize a restriction in the
fluid flow to cause a pressure drop and an automatic suction of gas (Parmar and Majumder,
2013). Many of these developments have occurred without a specific application in mind,
however they now offer a more realistic opportunity for application of microbubbles in water
treatment. To date, there has not been a comprehensive review of microbubbles for ozonation,

despite a significant expansion of research into this application.

Accordingly, this review aims to critically review the literature to establish the current state of

evidence on the potential benefits of microbubbles systems with regards to the use of ozone.
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The review will explore both the mass transfer and treatment aspects of bubble size on ozone
applications. The review will then consider whether full scale microbubble ozonation is a
feasible option and then discuss the challenges and future perspectives associated with the use

of microbubbles.

2. Mass Transfer

The transfer of gas into liquid is dependent upon the mixing conditions, the size and number
of bubbles and, in the case of reactive gases such as ozone, the kinetics of decomposition
(Fuchun and Cunli, 1990; Shin et al., 1999). The rate at which ozone gas is transferred into
liquid is described through the liquid phase mass transfer coefficient and can be defined for a

bubble that follows Stokes’ law (Clift et al., 1978):
1
D au\s
kL=7L[1+(1+7)l (1)

Where k;,, is the liquid side mass transfer coefficient (m s%), D, is the diffusivity of gas in liquid
(m? sY), d is the bubble diameter (m) and U is the bubble rising velocity (m s). The Stokes’
equation (Talaia, 2007) is valid for particles/bubbles at low Reynolds numbers (< ~ 1) (Park et

al., 2017):

__gd%(p1—pg)
UOO(S) - 18y (2)

Where U, s) is the Stokes’ terminal rising velocity (m sh), g is gravitational acceleration (m
s2), d is bubble diameter (m), p; is liquid density (kg m™), p, is gas density (kg m™) and g, is
dynamic viscosity of the liquid (Pa s).

When the bubble size is £ 100 um the internal pressure within the bubble increases its surface

rigidity leading to a reduction in frictional resistance such that the terminal rise velocity
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deviates from that described by Stokes’ law and is better described by the Hadamard-

Rybczynski equation (Parkinson et al., 2008):

_ 3 __ pgd?
Uso(i—r) = 5 Uw(s) = 2 3)

Where Uy y-g) is the Hadamard-Rybczynski terminal rising velocity (m sh.

In addition, decreases in bubble size reduces the associated buoyant force leading to a low rise
velocity and hence a longer contact time such that a higher proportion of gas is retained in the
bulk liquid and is not lost as off-gas (Shangguan et al., 2018). It is therefore expected that this
will increase the rate of mass transfer and gas utilization efficiency (Suwartha et al., 2020).
The larger bubble sizes associated with conventional ozonation means that the bubbles will rise
quickly through the liquid and burst at the surface (Figure 2). In addition, a number of other
factors impact the overall rate of mass transfer including the rate of ozone self-decomposition
(Wu et al., 2019), the concentration gradient between the gas phase and the steady state liquid
concentration, the gas flow rate (in terms of its impact on bubble size and number density) and
accumulation and surface coating of material at the bubble-liquid interface. The following

considers how these factors influence the mass transfer of ozone.
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Figure 2. Notable properties of microbubbles in comparison to conventional bubbles.

2.1. Volumetric Mass Transfer Coefficient, k.a

The liquid side mass transfer, k;, cannot be easily determined experimentally as in most cases
the interfacial area is either unknown or cannot be reliably measured (Khuntia et al., 2012).
However, the volumetric mass transfer coefficient, kia, which is defined as a function of k;
and the interfacial area, a (m™), can be more easily obtained. Thus, the rate of mass transfer is
often expressed in terms of k;a. The measured volumetric mass transfer coefficient is also

dependent upon the rate of self-decomposition and the steady-state concentration (Wu et al.,

2019):

d

= = (kya —kp)(Cs = €) (@)
kLaM == kLa - kD (5)
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Where k;a" is the measured volumetric mass transfer coefficient (min), k,a is the actual
volumetric mass transfer coefficient (mint), C, is the steady-state dissolved ozone
concentration (mg L), C is the concentration of dissolved ozone (mg L™?), and k_, is the rate
of ozone self-decomposition (min™?). The reporting of kia in the literature is somewhat
inconsistent with some studies reporting a measured kia without the inclusion of kp and other
studies reporting an actual k.a including kp in the calculation. For this reason, all of the data
has been recalculated to include ko. The actual k.a has been used if reported, and if an apparent
kLa was reported, then an average kp was applied in ensure a consistent comparison has been

made (Section 2.6).

The determination of the volumetric mass transfer coefficient for ozone can be problematic due
to its relative insolubility and instability in water (Huang et al., 1998), low rate of mass transfer
and losses in the off-gas (Mitani et al., 2005). It is also influenced by direct and indirect
reactions with pollutants (Chiu et al., 2003). For example, it has been established that the
consumption of ozone through the reaction with contaminants can be faster than the rate of
mass transfer into the water (Levanov et al., 2017). As such, mass transfer experiments are
usually performed in deionized water at a controlled temperature where consumption by

contaminants is negligible and self-decomposition is the only reaction route (Wu et al., 2019).

There have been several studies that have directly compared the ozone kia for microbubbles
and conventional bubbles (Gao et al., 2019; Nam et al., 2019; Shin et al., 1999; Wu et al.,
2019; Xu et al., 2012; Zhang et al., 2018; Zheng et al., 2015). The range of k.a values reported
for microbubbles at pH 7 ranged between 0.09 — 1.5 min™! and between 0.1 — 1.4 min™ for
conventional bubbles (Figure 3). The maximum observed enhancement was 5.2 (Zhang et al.,
2018). There were two instances where no improvement was observed. In both of these cases,
the apparent ki a was extremely small and the applied kp represented a large proportion of the
total value. When the above data was aggregated and considered as a whole, the average
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enhancement in k.a when comparing microbubble to conventional bubble trials was 2.5 + 1.3

times.

From this analysis it was evident that while there was a large variation in the enhancement
factors reported across different studies, microbubbles outperformed conventional systems.
The microbubble enhancement factor is commonly attributed to an increase in surface area.
The small size of microbubbles promotes a larger interfacial area to maximize contact between
the gas and liquid (Akimov et al., 2011). As an example, the interfacial area of a 25 um bubble
compared to a 2 mm bubble is 80 times higher for a given volume of gas. However, it should
be noted that in most cases, the measurement and reporting of bubble diameters (especially for
conventional bubbles), is not routinely carried out. In almost all cases, conventional bubble
size is approximated, or not stated, so a determination of the relationship between ki.a and

bubble diameter is not possible.

Page 10 of 71



217

218

219

220

221

222

223

224

225

226

227

228

= 15 A
E~ .
,
4
@ 1
O
o)
>
3
S 0.5 A o
S S
A
O T T T
0 0.5 1 1.5 2

Conventional bubble k, a / min!

X Gao et al. (2019) @ Wu et al. (2019)

¢ Nam et al. (2019) A Zhang et al. (2018)
® Zheng et al. (2015) O Xu et al. (2012)

¢ Liuetal. (2010) A Shinet al. (1999)

Figure 3. Volumetric mass transfer coefficient for microbubbles and conventional bubbles in

direct-comparison experiments at pH 7.

Further to this, there is considerable variation in the reported k a values between authors. This
reflects variations in the systems used, both in terms of the bubbles generated with respect to
their size, distribution and the experimental apparatus used to conduct the measurements. This
includes differences in: the method of generating bubbles, bubble diameters and concentration,
reactor geometries and liquid depths, and gas flow rates (see SI Table 2). Some of the important
bubble parameters such as size and concentration are often either not reported or do not
consider variable bubble size distributions. For example, we could only find one example
where bubble concentration was reported in the paper (micro/nanobubble concentration
between 4.35-4.63 x107 bubbles per mL (Hu and Xia, 2018)). It is therefore particularly

difficult to compare the effects of different parameters on ozone transfer across multiple
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studies. Accordingly, when comparing data across multiple studies, the underlying trends have
been considered more important than consideration of absolute data values. Direct comparison
between microbubble and conventional bubble systems from the same study are usually more
reasonable as they are typically performed under similar experimental conditions. The
following section considers how different variables influence mass transfer for both

conventional and microbubble ozonation.

2.2. Effect of pH on kia

In ozonation, the pH of the water is an important parameter because it influences the self-
decomposition of ozone. At higher pH, ozone decomposes more quickly due to the increased
amount of hydroxide ions present in the bulk solution which initiate and accelerate the self-
decomposition reaction chain. The effect of changing pH is observed through the associated
changes in the water chemistry with the impact seen in relation to the rate of self-decomposition
(Section 2.6) and steady-state concentration (Section 2.7). Direct comparison of microbubbles
and conventional bubbles at pH’s other than 7 is rarely investigated (Figure 4). One example
comes from Wu et al. (2019) who observed that the kia increased with increasing pH from
0.34 min*tat pH 3 up to 0.58 min™ at pH 9 for microbubble ozonation. Lower values were seen
for conventional bubble ozonation, increasing from 0.27 min*at pH 3 up to 0.37 min* at pH
9. Comparison under acidic conditions have reported enhancement factors of 1.8 at pH 2 (Chu
etal., 2007) and 2.1 at pH 3 (Sun et al., 2020) when comparing microbubbles with conventional
bubbles.

There have also been microbubble studies which have looked at the effect of changing pH
without comparison with conventional bubble systems that indicate an enhancement in transfer

coefficients under more alkaline conditions (Figure 5). The observed increase in kia with
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253 increasing pH has been described as a function of kp (Khuntia et al., 2013). As ko increases
254  with pH, the steady state dissolved ozone concentration decreases. Therefore, at high pH a
255  steady state ozone concentration is reached faster than for a comparable low pH system. To
256 illustrate, in a tap water study using microbubbles of < 30 um diameter, the k.a increased from
257 0.30 min to 0.41 min as the pH increased from 6 to 9 (Jabesa and Ghosh, 2016a). This has
258  also been observed with different ozone input concentrations where the k.a ranged from 0.10
250 —0.14 mint at pH 6 t0 0.16 — 0.24 min* at pH 9 for input concentrations of 329 — 1000 mg L
260 ! with a microbubble diameter of 25 pum. Increasing kia as pH goes up is in line with

261  expectations since kia is directly linked to both kp and the steady-state concentration.

262
0.75
= A
e
— 0.5 -
©
~
(B}
2 3
3 m
@ 0.25 A 0
L
=
0 T T
0 0.25 0.5 0.75

Conventional bubble k a / min-t

®pH 3-Wuetal. (2019) ®pH5-Wuetal. (2019)
ApH9-Wuetal. (2019) mpH 2 - Chuetal. (2007)
OpH 3 - Sun et al. (2020)

263  Figure 4. Volumetric mass transfer coefficient for microbubbles and conventional bubbles at
264  varying pH’s in direct-comparison experiments.

265
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268  Figure 5. The change in ozone k.a for microbubbles with increasing pH.
269
270  2.3. Effect of Ozone Input Concentration on k.a

271 Increasing the concentration of ozone in the input gas is one method for increasing the quantity
272 ozone delivered per unit of time. For a given ozone gas input concentration, it has been
273 observed that microbubble systems achieve a higher kia when directly compared with
274 conventional bubble systems (Table 1). With an ozone input concentration that ranged from
275 10 to 233 mg L%, the range of reported k.a values was between 0.023 — 1.5 min? for
276 microbubbles and 0.0055 — 1.11 min? for conventional bubbles. The maximum observed
277 enhancement was 5.2 times with microbubbles (Zhang et al., 2018). The minimum observed
278 enhancement was 1.2 times (Liu et al., 2010). The average observed enhancement factor was
279  2.5% 1.3times. While it is apparent that more reliable comparisons are needed, the data shows

280  that for a given ozone concentration, the mass transfer of ozone into water is significantly
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higher for microbubbles than when compared to conventional bubbles. The main driver for this

improvement is linked to the increased surface area available for gas transfer.

The effect of ozone input dose on k.a has also been studied for microbubbles without
comparison to conventional bubbles. Zhang et al. (2013) found that increasing the ozone input
dose from 40 to 140 mg L™ resulted in an increase in kia from 0.18 to 0.32 min*. Similarly,
Khuntia et al. (2013) found that increasing the ozone input dose from 329 to 1000 mg L
resulted in an increase in k.a from 0.11 to 0.17 min®. In contrast, when the ozone input
concentration was increased from 30 to 75 mg L™, Huang et al. (2019) observed no increase in
ki.a which remained at 0.73 min™t. Where an increase has been seen, the authors have explained
this as a function of increasing ozone input concentration. Since there is a higher concentration
of ozone in the input gas, both the concentration and rate of ozonation increased (Khuntia et
al., 2013). An alternative view is that the steady-state concentration should increase linearly
with increasing ozone input concentration but k.a should remain almost constant irrespective
of input dose since (Al-Abduly et al., 2014). Further data is needed to confirm whether these

mechanisms hold true for all circumstances where microbubbles are used.

Table 1. Enhancement factor of microbubble k.a against conventional bubble k.a for a fixed

input concentration.

Input Concentration |Microbubble |Conventional |Enhancement Reference
/mgL? kia / min't kia / mint Factor
90 0.23 0.11 2.09|Sun et al. (2020)
20 0.54 0.35 1.54/Wu et al. (2019)
25 1.36 1.11 1.23|Nam et al. (2019)
233 0.023 0.0055 4.18|Gao et al. (2019)
475 0.23 0.044 5.23|Zhang et al. (2018)
12 0.38 0.17 2.24|Zheng et al. (2015)
36 0.3 0.2 1.50|Liu et al. (2010)
132 0.26 0.14 1.86|Chu et al. (2007)
10 1.5 0.54 2.78|Shin et al. (1999)
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2.4. Effect of Superficial Gas Velocity on ki.a

The gas flow rate determines the total amount of ozone that is delivered per unit time and can
impact bubble size and number concentration. It is conventional to express the flow rate as a
superficial gas velocity to account for variations in reactor sizes. The superficial gas velocity
is the apparent speed that a gas moves through the liquid (Equation 6) as a function of gas flow

rate (Muroyama et al., 2013):

Ug = (6)

Where u, is superficial gas velocity (m sh, Qg is gas flow rate (m® st and A is cross sectional
area (m?). Typical superficial gas velocities in full scale plants are 0.26 — 0.87 m min (Secula
et al., 2013) and this compares to experimental systems which vary between 0.0038 and 0.26

m mint,

For a given superficial gas velocity, several comparisons of microbubbles and conventional
bubbles are available (Figure 6). It has been found that the average k.a enhancement factor is
2.3 £ 1.3 where the minimum enhancement was 1.2 times (Nam et al., 2019) and the maximum
was 5.2 times (Zhang et al., 2018). Studies that have looked at the effect of superficial gas
velocity for microbubble kia have been undertaken but have not been directly compared with
results from conventional bubbles. Li and Tsuge (2006) observed a linear increase in ka from
0.12 to 0.44 min! when the superficial gas velocity was increased from 8 x 102 to 4.8 x 102
m min’. Huang et al. (2019) extended the range to higher superficial gas velocities of 6.5 x 10"
210 0.26 m mint and saw an increase of k.a from 0.64 to 0.79 min'! for a microbubble system

using 20 — 30 um bubbles in deionized water.
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Figure 6. kLa vs. superficial gas velocity for microbubble and conventional bubble ozonation.

2.5. Gas Utilization Efficiency

Gas utilization efficiency relates to how much of the supplied gas is transferred into the liquid

and is calculated as (Tizaoui and Zhang, 2010; Zhang et al., 2013):

U = 100 Sin=Cout (7

Where U is the gas utilization efficiency (%), C;,, is the inlet ozone concentration (mg L) and

C,y: IS the ozone off-gas concentration (mg L™Y).
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Since the percentage of ozone by weight in the output gas for an air fed ozone generator is
typically around 6 % (Achar et al., 2020), optimization of gas transfer is critical to minimizing
energy and associated operating costs. The ability to increase gas utilization efficiency is one
of the most frequently mentioned favorable properties of microbubbles. Despite this, gas
utilization efficiency is one of the least frequently reported measurements and there is a paucity
of direct comparisons between microbubbles and conventional bubbles (Table 2). The studies
that have been reported confirm the expected enhancement when using microbubbles. For
instance, Zhang et al. (2018) reported a gas utilization efficiency of 96% for ~51 um bubbles
compared with 60% for conventional bubbles (size not reported) in a shallow 32 cm deep tank
with deionized water. A similar enhancement of 85% compared with 48% was also reported
by Zheng et al. (2015) who compared < 45 um bubbles with a conventional system in “clean”
water using a 1.2 m deep tank. Similarly, gas utilization efficiency was observed to improve
from 72 — 79% to0 99.0 — 99.5 % in another study that compared conventional bubbles (size not
reported) with 50 um microbubbles (Liu et al., 2010). Tank depth was not reported in this

work.

Table 2. Gas utilisation efficiencies for microbubble ozonation.

Col Gas Utilisation Gas Utilisation
Hgiumr; m Efficiency / % Efficiency / % m™? | Reference

g MB CB MB CB
Not 92.2 - )
reported 99,5 NR NR NR Liu et al. (2018)
0.32 96 60 300 187.5 Zhang et al. (2018)
1.2 85 48 70.8 40 Zheng et al. (2015)
Not 83-95 NR NR NR Zhang et al. (2013)
reported
Not 99-995 | 72-79 | NR NR Liu et al. (2010)
reported
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The overall view is that microbubbles have great potential for application with respect to gas
utilization efficiency. However, an observation that has consistently arisen from ozonation
studies that have compared microbubbles with conventional bubbles has been the use of
relatively shallow columns. The maximum column height used was 1.2 m, with some used as
low as 0.3 m (Table 3). However, as has been noted, gas transfer tanks are typically much
deeper, typically >3m (DeMoyer et al., 2001). This tank depth allows sufficient residence time
of conventional bubbles, which rise through the water at much faster rates than small bubbles.
As a consequence, the use of shallow column heights biases the results in favor of the
microbubble systems due to the differences in residence time as a function of bubble size. To
illustrate, the residence time for a 50 um and 2 mm bubble has been calculated for the different
sized column heights used in experiments reported in the literature (Table 3). Residence time
for the larger bubble was between 0.12 and 0.66 s compared to 197 to 1053 s for the
microbubble. To date, there has been no work reported that considers equivalent reactor volume
normalized for bubble residence time. For instance, the impact of the height required to transfer
50% of the contents of a bubble has been calculated as a function of bubble size (Figure 7). In
the case of a 50 um bubble, 50 % of its contents can be transferred in less than 2 m of liquid.
For a 7 m deep tank, bubbles must be no larger than approximately 200 um to ensure 50 %
utilization (Mueller and Boyle, 2002). If a typical 2 mm bubble is used, water depths exceeding
9 m would be required. While there is compelling evidence for enhanced gas utilization when
using microbubbles, it is clear that better experimental comparisons are required that take into
account bubble residence times in the reactor to determine whether reactor volume as well as

tank depth can also be reduced when using microbubbles.
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371 Table 3. Reported water heights used in microbubble and conventional bubble comparison

372 experiments.

Column Height Bubble Residence Time /s

/cm 5Q Hm 2 mm Difference Reference
Diameter | Diameter

30 (Microbubble

60 EConventionaI)) 197 0.25 196.75 Wu et al. (2019)

160 1053 0.66 1052.34 Nam et al. (2019)

30 197 0.12 196.88 Azuma et al. (2019)

80 526 0.33 525.67 Hu and Xia (2018)

31.8 209 0.13 208.87 Zhang et al. (2018)

120 790 0.49 789.51 Zheng et al. (2015)

60 395 0.25 394.75 Xu et al. (2012)

120 789 0.49 788.51 Li and Tsuge (2006)

30 197 0.12 196.88 Shin et al. (1999)

373

374
375
100
£ &
= . A
= 10 A X
> O
= m]
©
g 1 §
- o o)
0 . .
0.1 10 1000
Bubble diameter / um
o Al Ghafri (2017) O Rehman et al. (2015)
¢ Muroyama et al. (2013) 4 Mueller and Boyle (2002)
= Ashley et al. (1992) X Ashley et al. (1991)

388  Figure 7. Liquid depth required for 50 % diffusion to occur for a given bubble diameter.

389
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2.6. Rate of Ozone Self-Decomposition, kp

When ozone is dissolved in water, it undergoes a complex self-decomposition reaction chain.
The current generally accepted decomposition model is based around the peroxone process
(Equations 8 — 14) (Bezbarua and Reckhow, 2004; Fabian, 2006; Ignatiev et al., 2008). The
hydroxide ion is an initiator in the self-decomposition of ozone (Equation 8) and the hydroxyl
radical, a non-selective, highly oxidizing species, is a desirable decomposition product which
can react with compounds that are not readily oxidized by molecular ozone (Equation 14).
Ozone is not only consumed during decomposition; it is also regenerated. This means that the
rate of ozone self-decomposition cannot be inferred from the rate of oxygen and electron

transfer but must incorporate the regeneration step (Equation 14) (Gardoni et al., 2012).

O;+0H - 0,+HO; ks =70 M1st (8)

O; + HO; - 05 + HO;  k, =28x10°M1s? 9)

HO; & 05~ + H* ks =32x10°s? k_s =2.0x10""M*s? (10)
05" + 03 > 05 + 0, ke =3.2x10°s? (11)
05 +H' & HO; k, =52x10°M?'st  k_,=33x10%s* (12)
HO; —» OH® + 0, kg =1.1x10°s* (13)
0y +0H" > 0;+0H™  kg=25x10°M1s? (14)

A second reaction chain involving HO, and HOs intermediates has since been proposed
(Equations 15 — 24) (Sein et al., 2007; von Sonntag, 2008). However, the HOz intermediate

has not been observed experimentally (Gardoni et al., 2012).

03 + OH_ i H04__ klO = k3 (15)
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HO; & HOS + 05 kyy ~ 107 51 k_i; =5.0x10° M?s? (16)

HO;+ 05" - HO; + 0,  kyp =108 M*s? (17)
05+ HO; —» HOZ kis =k, (18)
HOZ < HO; + 03~ kis ~ 107 st k_1s =50x10°M1s? (19)
HO; & 05~ + H* kis = ks k_is = k_s (20)
05" + 05— 05 + 0, kig = k¢ (21)
05~ & 0°” + 0, ki, =1.94x10%s* k_i; =35x10°M1s?t (22)
0" +H,0 & OH* + OH™ k;3 =9.6x10"s? k_ig=12x10°M1s? (23)
OH* +0; - 0, + HO; kio =1.0x10° M5t (24)

As such, there is yet no agreed upon model for the self-decomposition of ozone, despite being
studied for 100 years (Gardoni et al., 2012). Consensus leans towards the use of first order
degradation kinetics (Lopez-Lopez et al., 2007; Vyong Tkhi et al., 2009;), although 1.5 order
(Ku et al., 1996; Kuo et al., 1977) and second order (Ershov and Morozov, 2009; Gurol and
Singer, 1982; Kong et al., 2003) have also been proposed. Reaction orders that are pH
dependent have also been considered (Haruta and Takeyama, 1981; Hsu et al., 2002; Morooka
etal., 1978; Sotelo et al., 1987). These differences arise due to the complex reaction chemistry

of aqueous ozone and the difficulty of experimental reproducibility (Fabian, 2006).

Across the majority of these models, temperature and pressure are considered critical factors
because increases in either accelerate self-decomposition (Bin, 2013; Sotelo et al., 1987).
Several parameters within the water matrix have also been reported to have significant effects

on self-decomposition kinetics including alkalinity, hardness, solids, organic matter and metal
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ions (Hoigné, 1994). This is because different contaminants, present in trace concentrations
(Bin, 2013), can initiate, promote or terminate the self-decomposition reaction chain depending
on how the particular contaminant interacts with molecular ozone and its decomposition
products. For instance, if the water matrix contains high concentrations of initiators that
promote the decomposition of ozone, then indirect ozonation reactions will predominate.
Similarly, appreciable concentrations of compounds that terminate the decomposition reaction
chain, for example radical scavengers such as tert-butyl alcohol, will result in the domination

of direct molecular ozone reactions (Gardoni et al., 2012).

The ko value in conventional bubble ozonation systems has been modelled across the full pH
range (Figure 8). In contrast, there have been relatively few attempts to characterize the self-
decomposition profile for microbubble systems or compare kp in microbubble and
conventional systems directly. Where the kp values of microbubble and conventional systems
have been compared (Wu et al., 2019) it was found that at pH < 7, the kp values for both
systems were almost identical with values of 0.009 min'* at pH 3 and 0.01 min'* at pH 5. The
microbubble system showed a slightly higher kp at pH 7 with a value of 0.031 min™ compared
with 0.023 min? for the conventional system. The difference between the two systems
increased further at pH 9 with values of 0.16 and 0.14 min? for the microbubble and
conventional bubble systems, respectively. The increase in kp is promoted at higher pH when
there are more hydroxide ions present in the water since the hydroxide ion initiates the self-
decomposition reaction chain (Equations 8, 15). This leads to a higher concentration of
hydroxyl radicals since it is a product of self-decomposition and more extensive initiation of
the reaction chain will result in higher concentrations of decomposition products (Equations
13, 23). This is the reason why pH elevation is considered as one of the most effective methods
for enhancing ozonation processes through increased hydroxyl radical formation (Miklos et al.,

2018)
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The explanation for the increase in kp for microbubbles over conventional bubble systems is
frequently explained by an increase in hydroxyl radical formation for the microbubble systems
as a result of the spontaneous collapse of these smaller bubbles. It has been reported that, since
the internal pressure of a bubble is inversely proportional to its spherical diameter, a localized
region of high pressure is formed during the collapsing process and forms a hot-spot due to
adiabatic compression (Agarwal et al., 2011). It has been proposed that this phenomena causes
the spontaneous generation of hydroxyl radicals due to pyrolytic decomposition of ions at the
gas liquid interface. There is some evidence to suggest that strongly acidic conditions could
alter the zeta potential such that bubble collapse is accelerated enough due to increased
repulsion of the bubble wall to cause the generation of hydroxyl radicals (Takahashi et al.,
2007). Another study found that the kp for microbubble ozonation in deionized water was
higher than that seen for conventional bubbles with values of 0.049 min'* and 0.0135 min™*
(Zhang et al., 2018). Again, the increase in kp was attributed to the spontaneous generation of
hydroxyl radicals upon the collapse of microbubbles. Increased hydroxyl radical formation
from bubble collapse in microbubble ozonation has also been reported to increase the

degradation rate of pollutants (section 3).

However, it has been argued that the collapse of a microbubble is not strong enough to cause
the spontaneous generation of hydroxyl radicals under normal conditions with no external
stimulus since this would require localized temperatures in the region of 5000 Kelvin. Such
conditions can normally only be achieved when using a stimulus such as ultrasound (Agarwal
et al., 2011; Takahashi et al., 2007). In most reported cases of reactive oxygen species being
formed directly from bubble collapse, these observations relate to small nanobubbles (Liu et

al., 2016)

The increased production of hydroxyl radicals in microbubble systems is therefore still under

debate and is an area that warrants further investigation. This is particularly the case when
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considered alongside other reported kp values for microbubbles and conventional bubbles that
have not been compared directly in the same studies (Figure 8). These values have been
aggregated and averaged for both microbubbles and conventional bubbles to provide a
comprehensive comparison between the two. The comparison shows that the kp is, on average,
slightly lower for microbubbles than for conventional bubbles, albeit not statistically different.
To illustrate, the kp average value from 6 researchers for microbubbles was 0.026 + 0.014 min
Lat pH 7 (Wu et al., 2019; Zhang et al., 2018; Jabesa and Ghosh, 2016b; Khuntia et al., 2014;
Kukuzaki et al., 2010). The average ko value from 9 researchers for conventional bubbles was
0.047 +0.038 mint at pH 7 (Dehouli et al., 2010; Gao et al., 2005; Ignatiev et al., 2008; Lovato
et al., 2009; Sotelo et al., 1987; Uhm et al., 2009; Valdes et al., 2009; Wu et al., 2019; Zhang

et al., 2018).

The evidence therefore points to the view that the improvements in microbubble performance
are more linked to the fact that these small bubbles reside in the bulk liquid and diffuse their
contents longer than is seen for conventional bubbles rather than accelerated hydroxyl radical
formation from bubble collapse; the latter mechanism only being important for much smaller

bubble sizes
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Figure 8. Aggregated kp values for microbubble (MB) and conventional bubble (CB) ozone

self-decomposition with respect to pH.

2.7. Steady-State Ozone Concentration

The steady-state 0zone concentration is an important process consideration for contactor sizing
and design. The aim is to achieve a sufficient ozone residual suitable for treatment, without
sending the residual ozone downstream of the contactor. The steady-state ozone concentration
is influenced by numerous factors. This includes the gas phase ozone input concentration, gas
utilization efficiency, ozone consumption from reactions with contaminants, temperature, pH
and the rate of ozone self-decomposition (Lage Filho, 2010). To determine the steady-state
condition for a given system, non-steady-state semi-batch tests are conducted until the mass

balance reaches equilibrium (Equation 25) (Wu et al., 2019):

O S kLa(C* - CS) + kDCS (25)
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Where C* is the steady-state equilibrium ozone concentration (mg L) and C; is the steady-
state ozone concentration in the bulk liquid (mg L™). Due to the self-decomposition of ozone,
the steady state concentration in the bulk liquid is lower than the ozone concentration at
equilibrium (Rischbieter et al., 2000). The higher gas utilization efficiency and higher observed
rate of volumetric mass transfer means that microbubble systems deliver more ozone at a faster
rate into the liquid phase than when compared to conventional bubbles. As a result, and based
on previous mass transfer observations, a higher steady-state concentration of dissolved ozone

is typically achievable when using microbubbles (Figure 9).
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Figure 9. Observed microbubble steady-state 0zone concentration vs. observed conventional

bubble steady-state concentration in direct comparison experiments.
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Wu et al. (2019) observed a 1.15 - 1.7 times higher steady state ozone concentration for
microbubble ozonation across the pH range 3 — 11 when compared to conventional bubble
systems. Steady state concentrations that were 1.1 (Chu et al., 2007), 1.15 (Zheng et al., 2015),
1.23 (Nam et al., 2019) and 2.7 (Takahashi et al., 2012b) times higher have also been observed.
Zhang et al. (2018) did not observe a significant difference between microbubble and
conventional bubble steady state concentrations, with reported ozone concentrations of 5.5 and
5.7 mg L, respectively. However, in this case, the microbubble system reached the steady
state condition considerably faster with k.a values of 0.227 and 0.044 mint. Hu and Xia (2018)
reported a steady state ozone concentration of 10.09 and 0.64 mg L™ with microbubbles and
conventional bubbles, respectively, an observed increase of 15.8 times. It was not always clear
why some studies reported differences in steady state ozone concentration, while others did
not. This was most probably linked to the differences in reactor geometry and depth and the
variable experimental set-ups used (see Sl 3). In the case of Hu and Xia (2018), the large
difference in steady state concentration was thought to driven by the size of the bubbles
generated. Hu and Xia (2018) reported the use of “micro-nano” bubbles with a Sauter mean
diameter of 247 = 9 nm, approximately two orders of magnitude smaller than microbubbles

used in other studies.

The main difference between microbubbles and conventional bubble systems was the rate at
which the steady state was achieved. Where microbubbles and conventional bubbles have been
directly compared, the microbubble k.a has been shown to be higher than for the conventional
bubble kia. The implication of a higher achievable steady state concentration for a given ozone
input is that the amount of ozone generation required to maintain equivalent treatment is
decreased due to the more efficient gas transfer. The following section considers how this

translates to degradation of pollutants in water by ozone.
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3. Application of Microbubble Ozonation for Degradation of Contaminants

Ozone-based oxidation and disinfection can be broadly categorized into two types of reaction:
direct reactions with molecular ozone and indirect radical reactions. Unsaturated organic
compounds are typically easily oxidized through direct reactions with molecular ozone (Figure
10). Indirect ozone reactions are much more complex and stem from the decomposition of
ozone into hydroxyl radicals. The hydroxyl radical is associated with the non-selective removal
of recalcitrant compounds due to its powerful oxidizing capability. Degradation of different
contaminant groupings by ozone oxidation delivered by microbubbles and conventional

microbubbles are considered in the following sections.

H H

H H H H H H
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Figure 10. A typical direct ozone reaction with an unsaturated organic molecule.
3.1. Dyestuff

Ozone is commonly used for the degradation of dyes (Takahashi et al., 2012a) and the use of
microbubble systems has been considered as a way of increasing their rate of removal.
Comparison of reported studies supports this view, with enhanced reaction rates between 1.1 —
29 times that seen in the comparative conventional system (Figure 11). To illustrate, the rate
constant for removal of red 3R dye was increased from 0.061 mint in the conventional system
compared to 0.11 min* using a ~ 51 pm microbubble in a 0.32 m deep tank (Zhang et al.,
2018). Similar enhancements have been observed for the treatment of congo red dye from 0.235

mint with conventional bubbles to 0.385 min* with microbubbles (Khuntia et al., 2016),
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Reactive black 5 (RB5) dye from 0.092 to 0.16 min™ (Chu et al., 2007) and methyl orange
from 8.1 x 10 to 0.24 min? (Hu and Xia, 2018). Similarly, Takahashi et al. (2012a) tested
four different dyes (reactive blue, reactive yellow, direct yellow, orange 1) and observed that
the rate constant was enhanced by 1.1 — 3.1 times when using a microbubble system with a

bubble size of 15 — 40 um in a water depth of 1.2 m.
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A Orange | - Takahashi et al. (2012a) ORB 5 - Chu et al. (2007)

Figure 11. Rate constants for microbubbles and conventional bubbles for removal of dyestuff

in direct comparison experiments.

Whilst the rates of degradation were different, the absolute removal of contaminants over the
total duration of the experiments were similar for microbubbles and conventional bubbles. This
has been seen over a 60 minute exposure experiment using acid red 3R dye (Zhang et al., 2018),
for reactive blue and orange I dyes over a 120-minute experiment (Takahashi et al., 2012a),
congo red dye over 20 minutes (Khuntia et al., 2012) and for RB5 dye during a 120-minute

experiment (Chu et al., 2007). Slight differences were observed when treating reactive yellow
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and direct yellow dyes in 2 m deep reactor columns. For conventional ozonation, 94 and 90 %
removal was observed for reactive yellow and direct yellow dyes after 90 — 120 minutes. This
was in contrast to 95 and 98 % respectively for the microbubble ozonation system in a

(Takahashi et al., 2012a).

More significant differences have been reported in an experiment over a shorter duration,
treating methyl orange in a 0.8 m tank for 30 minutes (Hu and Xia, 2018). The conventional
system achieved only 15% removal compared to 100 % for the microbubble equivalent. It was
posited that this was due to the high concentration of dissolved ozone that could be delivered
by the microbubble system which reached a maximum of 10 mg L whereas the conventional

system achieved only 0.64 mg L.

3.2. Pharmaceuticals

The removal of pharmaceuticals with ozone using microbubble and conventional systems
reveal a broader range of impacts, but with the majority of cases showing an improvement
when using microbubbles (Figure 12). For instance, Azuma et al. (2019) investigated the
removal of 39 pharmaceuticals in a 5-minute test using a 0.3 m deep tank. The majority of the
compounds were considered to react relatively well with ozone and resulted in more than 99
% removal irrespective of the bubble size used. In contrast, eleven pharmaceuticals showed
significantly enhanced removal with microbubble ozonation. These compounds were not easily
removed by ozonation. This offers evidence of the potential to extend the range of treatable
compounds with ozone by using microbubble delivery systems. These experiments were
normalized for input dose over a fixed time period so it can be inferred that the microbubble
systems delivered a higher effective dose of ozone. For these experiments, the ozone input

concentration was 6.5 mg L with a flow rate of 0.018 m® hr corresponding to a feed rate of
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1.0 mg L™t mint. The calculation of an effective dose was not possible due to the lack of data
on gas utilization and dissolved ozone concentration. However, based on ozone consumption
there was 2.2 times more ozone consumed with the microbubble system after 5 minutes when
compared to the conventional system. This reinforces the view that the explanatory reason for
the microbubble improvements is primarily related to the increased in the effective ozone dose
supplied. Three further pharmaceuticals (atenolol, ethinylestradiol and ibuprofen) were
investigated by Lee et al. (2019) and it was found a 1.3 — 2.5 times improvement in the total
removal after 5 minutes of ozonation with microbubble ozonation compared with the

conventional system.

Whilst the overall removal is important, the rate of degradation should also be considered as it
gives a more explicit comparison of the performance differences between microbubbles and
conventional bubbles. A faster rate of degradation was observed for 35 of the 39
pharmaceuticals for the microbubble system. The range of removal enhancements was between
1.05 - 104 times, with a median of 2.4, for the microbubble system over the conventional
bubbles (Azuma et al., 2019). The explanation for these observations was consistent with an
increase in the effective ozone dose applied in the microbubble reactor, which in turn led to
higher ozone consumption and oxidation. It should be noted that these experiments were
performed in a shallow reactor (0.3 m) that would provide much longer residence times for the
microbubbles, giving them a longer time period over which to discharge their contents when

compared to the conventional bubbles.
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Figure 12. Percentage removal of pharmaceutical chemicals for microbubble and conventional

bubbles in direct comparison experiments.

3.3. Other Organic Compounds

Microbubble ozonation has been shown to significantly enhance the rate of degradation of a
range of other organic compounds (Figure 13). For example, the switch from conventional
bubble to microbubble ozonation significantly improved the rate of degradation of p-
nitrophenol, with the rate constant increasing from 0.015 to 0.16 min™* (Cheng et al., 2019),

nitrobenzene from 0.032 to 0.10 min* (Wu et al., 2019) and the heterocyclic compound 1,4-
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dioxane with an increase from 0.001 to 0.0025 min™ (Xu et al., 2012). For other compounds,
a more modest enhancement has been observed such as for phenol with an enhancement from
0.072 to 0.30 min* based on a 20 — 50 um microbubble system with a water depth of 0.3 m

(Wu et al., 2019).
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Figure 13. Rate constants for microbubbles and conventional bubbles for removal of a range

of organic compounds where they have been directly compared.

The pH of the water has been established to be critical on the rate of compound degradation as
the rate of ozone self-decomposition and the generation of hydroxyl radicals are both heavily
dependent upon pH. For instance, Wu et al. (2019) tested the effectiveness of microbubble
ozonation of phenol and nitrobenzene at different pH values (Figure 14). Phenol is a compound

that is readily degraded in the presence of both molecular ozone and hydroxyl radicals. It is
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reported to have a reaction rate constant with molecular ozone of 1.8 x 10° L mol™ s (Joshi
and Shambaugh, 1982) compared with 6.6 x 10° L mol™ s for hydroxyl radicals (Buxton et
al., 1988). Nitrobenzene is a compound that has a very low reactivity with molecular ozone,
with a rate constant of 9 x 102 L mol? s (Hoigné and Bader, 1983). This is negligible
compared to its reaction rate with the hydroxyl radical, reported to be 3.2 + 0.4 L mol* s
(Beltran, 2004; Neta and Dorfman, 1968). Thus, the extent of degradation of nitrobenzene gives

an indirect indication of hydroxyl radical production.

The degradation rate of both compounds increased with increasing pH (Wu et al., 2019). For
example, the degradation rate constant for the microbubble ozonation of phenol increased from
0.16 min't at pH 3 t0 0.31 min at pH 7 to 0.43 min™ at pH 11. The rate constants were lower
for the conventional bubbles, but increased from 0.037 min* at pH 3 to 0.072 min™* at pH 7
and 0.24 min™ at pH 11. For nitrobenzene, the rate constants were less than those seen for
phenol but increased with an increase in pH for both systems. To illustrate, the degradation rate
constant increased from 0.014 min™ at pH 3 to 0.032 min™* at pH 7 and to 0.061 min™ at pH 11
for the conventional systems. Higher rate constants were seen for the microbubble system
which increased with pH from 0.037 min™ at pH 3 to 0.10 min™ at pH 7 and to 0.16 min™ at
pH 11. These results are consistent with the increase in hydroxyl radical formation with

increasing pH as a result of the self-decomposition of ozone (Section 2.6).

In some cases, the reported rates of removal with microbubble ozonation has not followed the
expected increase with pH. For example, Khuntia et al. (2016) reported that an increase in pH
from 3 to 7 to 9 resulted in a consistent increase in the rate of colour removal of congo red dye
with conventional bubble ozonation from 0.21 to 0.235 to 0.255 min™. The microbubble
system, however, followed a different pattern in which reaction kinetics were similar at pH 3,
7 and 9, resulting in rate constants of 0.40, 0.385 and 0.41 min’, respectively. In this case, the

rate constants for degradation of this compound were comparatively high, suggesting that the
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695  compound was efficiently degraded by ozone. As there was little sensitivity to pH, molecular
696  0zone was likely to be responsible for breaking down the dye molecule and hence the removal
697  of color from the water.
698  The results show that in most comparisons, microbubble processes have faster reaction kinetics
699  than seen for conventional bubbles for a range of contaminants and micropollutants. The pH
700  of the reaction is important for a range of compounds, with higher pH increasing the reaction
701 rate, a result consistent for both conventional bubble and microbubble ozonation. The degree
702 of improvement is dependent on the sensitivity of the compound to degradation by either ozone
703 or hydroxyl radicals.
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704  Figure 14. The impact of increasing pH on the rate constant for removal of various compounds
705 by ozonation using microbubbles and conventional bubbles.
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4. Challenges and Future Prospects of Microbubble Ozonation

The advantages of enhanced ozone mass transfer for microbubble systems have been shown to
be predominantly related to the increase in specific surface area and the increased bubble
residence time within the water column. The review of comparative studies has shown that
microbubbles afford opportunities for improving existing ozonation systems. The following
section discusses how microbubbles could be practically implemented by considering: 1)
microbubble generation methods; 2) reactor configurations and 3) further challenges to

address.

4.1 Microbubble generation methods

The main challenges associated with the application of microbubble generators in water
treatment are around scale-up and process design. At present the vast majority of work,
particularly for low-powered microbubble generators, has been carried out at laboratory and
pilot scale. Those systems that have been developed for full-scale implementation can treat
flows around 1 megalitre per day (MLD) with a power requirement under 1 kwh m=. As such,
commercially available microbubble generators would only be able to treat relatively modest
flows. However, advancements in generation systems are making the application more feasible

for larger systems.

There are several different methods for generating microbubbles and their modes of action has
been comprehensively reviewed previously (Temesgen et al., 2019; Parmar and Majumder,
2013; Khuntia et al., 2012). All of these generators produce bubbles based on a reduction in
pressure caused by surface tension and a change in energy causing cavitation and bubble
formation (Temesgen et al., 2019). Cavitation can be achieved hydrodynamically or through

the application of an acoustic field. The hydrodynamic approach is the most widely used
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method due to a more favourable energy balance and is the focus of the discussion here. The
most common types of hydrodynamic microbubble generator are ones that use turbulent flow,

mechanical shear, pressurized dissolution and forced bubble detachment (Table 4).

Specifically for ozone applications, mechanical shear and pressurized dissolution types of
system have been used, often in combination with one another. Mechanical shear microbubble
generators utilise some form of rotating and pumping device, using centrifugal pumps (da Silva
Henauth et al., 2016), turbine pumps (Yao et al., 2016) or external mixing (Li et al., 2016).
These systems physically shear the injected gas into microbubbles. In some cases, automatic
gas suction is achievable through the introduction of a pressure from a rapidly rotating impeller,
but such systems are often used in conjunction with a gas supply (Wu et al., 2019). There is
currently little published evidence of large scale application for ozonation using these types of
microbubble generator, with the highest reported liquid flow rate of 4.5 m® hr! (Nam et al.,
2019). These types of microbubble generator are often limited by their capacity for gas flow,
which is often only a small percentage of the liquid flow capacity. The highest reported gas
flow rate for ozonation was 0.25 m? hr! with a liquid flow rate of 2.4 m® hr'! (Takahashi et al.,
2012a). However, these types of microbubble generators have potential at larger scales, as
commercial units are available for dissolved air flotation applications for liquid flow capacities
of up to 58 m® hr! and a gas flow capacity of 4.6 m® hr'! with a power consumption of 0.52

kWh m= (www.nikunijapan.com). The limiting factors for scale up of these types of

microbubble generators is that they require a constant liquid flow, require some level of
contactor redesign and require significant power input. In the case of ozonation, preferable
application may be to consider dosing ozone into a smaller side-stream flow prior to mixing

the concentrated liquid into a larger main flow.

The turbulent flow microbubble generator operates by placing a restriction in a pipe of flowing

liquid. As the liquid passes through the restriction, the velocity of the flowing liquid increases
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and causes a pressure drop to below atmospheric pressure in the region immediately after the
restriction. A series of holes allow for the automatic suction of gas. Common types of turbulent
flow microbubble generators include the spherical body (Budhijanto et al., 2015; Deendarlianto
et al., 2015; Kawahara et al., 2009; Sadatomi et al., 2005; Sadatomi et al., 2007), orifice
(Sadatomi et al., 2012), Venturi (Baylar et al., 2007; Baylar et al., 2010; Rahman et al., 2014;
Huang et al., 2018; Majid et al., 2018) and swirling flow (Terasaka et al., 2011; Li et al., 2013a;
Li et al., 2013b; Levitsky et al., 2016; Yamashita et al., 2017; Hu and Xia, 2018; Xu et al.,
2018). The advantage of these types of microbubble generator is that they have no moving
parts and require no power. These systems are somewhat similar to a conventional diffuser,
although they require a constant liquid flow in order to operate optimally. The turbulent flow-
microbubble generators are scalable, with reported liquid flow rates of up to 30 m® hr! (Sun et
al., 2017). Commercial Venturi systems are already available for ozonation and typically
operated by dosing a high ozone concentration into a side stream flow before being mixed back

with the main flow, enabling application in large scale municipal treatment plants.

One of the most novel types of microbubble generator is the fluidic oscillator. This type of
generator has a unique mode of operation in which the gas flow oscillates through a specially
designed channel which causes the premature detachment of bubbles at the diffuser pores. The
research studies undertaken to date with this type of technology have all been associated with
small scale trials using gas flow rates of 0.06 m® hr!. However, commercial processes for
aeration of wastewater have been developed treating flows of 40 m3hr and above

(http://perlemax.com/downloads/WW DZFO info.pdf). The fluidic oscillator has been

demonstrated to be superior to a standalone diffuser, primarily in aeration and flotation
applications (Hanotu et al., 2012; Hanotu et al., 2014; Abdulrazzaq et al., 2015; Al-
Mashhadani et al., 2015; Hanotu et al., 2016; Hanotu et al., 2017). Although no published

examples of fluidic oscillation for ozonation were identified, the advantage of this type of
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microbubble generator being that it would act effectively as an in-line addition to existing
diffusers and would not require extensive redesign of ozone contactors (Zimmerman et al.,

2011b).

The key consideration for the more wide scale application of microbubble generators is the
operational limitation associated with gas and liquid flows. Unlike conventional diffusers, the
majority of microbubble generators require a liquid flow. Particularly for the generators that
use automatic gas suction or pumping, a constant velocity of liquid passing through the
generator is therefore important. In addition, for these types of generator, the gas flow rate is
also dependent on water depth (Sadatomi et al., 2012), flow rate (Sadatomi et al., 2005),
velocity (Sadatomi et al., 2007), number, size and location of drilled holes (Sadatomi et al.,
2005) and the size of the restriction. It has also been shown that the diameter of the resulting
microbubbles is heavily influenced by the gas and liquid flow rates. Majid et al. (2018)
observed an increase in bubble diameter from 700um to 1250um when gas flow rate was
increased from 0.012 to 0.066 m® hr! However, a decrease in diameter from 700um to
400um was observed when the liquid flow rate was increased from 1.8 to 4.8 L min™. It was
also noted that increasing gas flow rate decreased the kia. As such, these factors need to be
considered as the capacity of microbubbles systems improves. In WTWs, where the flow is
variable, maintaining a constant flow and velocity of water through the generator will
becomes an operational challenge. Often the maximum achievable gas flow rate is linked to
the liquid flow rate of the generator and it appears that many types of microbubble generator
are limited in their ability to significantly adjust gas flow rate. These features mean that the
most likely application of microbubbles may be to dissolve ozone into a side stream prior to

mixing with the main flow.
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g8o7  Table 4. Different types of microbubble generators and their operational gas and liquid flow rates.

Category Type Scale Gas Sgtselzllgqv;/ hrt IF_z:aClglldrrf-"J cm’_l Reference
Industrial | Air 0.01 2.0 Majid et al. (2016)
Lab Air 0.04 2.0 Deendarlianto et al. (2015)
. Lab Air 0.05 0.2 Budhijanto et al. (2015)
Spherical body Lab Air 0.20 2.2 Kawahara et al. (2009)
Lab Air 0.51 3.7 Sadatomi et al. (2007)
Lab Air 0.90 2.5 Sadatomi et al. (2005)
Lab Air 0.06 4.8 Juwana et al. (2018; 2019)
Orifice Industrial | Air 0.05 16.0 Majid et al. (2016)
Lab Air 0.05 3.7 Deendarlianto et al. (2015)
Turbulent Elow Lab Air 1.08 3.7 Sadatomi et al. (2012)
Lab Ozone 0.24 16.2 Hu and Xia (2018)
Lab Air 0.53 0.7 Xu et al. (2018)
Lab Ozone 0.02 Not reported Zhang et al. (2018)
Swirling flow Lab Air Not reported 0.1 Levitsky et al. (2016)
Lab é‘” 0.06 12 Li et al. (2006)
zone
Lab Ozone 0.06 12 Li and Tsuge (2006)
Lab Air 0.06 4.8 Majid et al. (2018)
Venturi Lab Air 0.06 4.8 Deendarlianto et al. (2017)
Lab Air 0.12 30.0 Sun et al. (2017)
Gas-liquid mixing pump Lab Ozone 0.18 Not reported Cheng et al. (2019)
Shear force generator Lab Ozone 0.03 Not reported Gao et al. (2019)
Mechanical Shear Gas-liquid mixing pump Lab Ozone 0.18 Not reported Huang et al. (2019)
Shear force generator Lab Ozone 0.06 4.5 Nam et al. (2019)
Centrifugal pump Lab Ozone 0.03 0.6 Wu et al. (2019)
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808

809

810

811

812

Gyratory accelerator Lab Ozone 0.04 Not reported Zhang et al. (2013)
Shear force generator Lab Ozone 0.24 24 Takahashi et al. (2012a)
Shear force generator Lab Ozone 0.00 Not reported Xu et al. (2012)
Gyratory accelerator Lab Ozone 0.03 Not reported Chu et al. (2007)
Lab Ozone 0.02 Not reported Azuma et al. (2019)
Lab Ozone 0.12 Not reported Liu et al. (2018)
_ Pilot Ozone Not reported Not reported Jabesa and Ghosh (2016a)
g‘:ﬂ:&'ﬁgg Not reported Lab Ozone Not reported Not reported | Khuntia et al. (2016)
Lab Ozone 0.03 Not reported Zheng et al. (2015)
Lab Ozone Not reported Not reported Khuntia et al. (2013)
Lab Ozone Not reported Not reported Liu et al. (2010)
Diffuser 0.22 - 0.55 pum device Lab Ozone 0.03 Not reported Sun et al. (2020)
Pilot Air Not reported Not reported Hanotu et al. (2017)
E‘;:Zif]n?;?tb'e Fluidic oscillation Lab Air Not reported | Not reported | Hanotu et al. (2016)
Lab Air 0.06 Not reported Abdulrazzq et al. (2015)
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4.2 Reactor configuration

With the incorporation of microbubble generators into ozonation, there is the potential for
significant changes to reactor configuration which in turn may reduce capital and operational
costs in several areas, including chemical consumption, off-gas destruction, ozone generation
and plant footprint. As has been demonstrated, the gas utilisation efficiency of ~100% for
microbubbles (Chu et al., 2007; Chu et al., 2008; Zhang et al., 2018) has the potential to reduce
or remove the need for expensive off-gas destruction systems (Zimmerman et al., 2011). The
enhanced gas utilization efficiency infers that less ozone is required in order to achieve a target
ozone residual. Based on the difference in k.a for direct comparisons of conventional bubbles
with microbubbles, it may be possible to reduce reactor volume by between 16 and 81% when
using microbubbles (based on the minimum and maximum k.a enhancement seen by Nam et
al. (2019) and Zhang et al. (2018) respectively), while still achieving similar or better residual
ozone concentration (Figure 15). As a consequence, a smaller nominal ozone contactor volume
when using microbubbles might be feasible when compared to systems develop using
conventionally sized bubbles. Given that the capital cost of an ozonation system is typically
65% of the total cost of an ozonation system, significant reductions may therefore be realized
through application of microbubbles. These savings need to be considered alongside the capital
costs of multiple microbubble generators (costs not available), as well their operation and

maintenance costs.
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Figure 15. Reactor volume reductions for microbubbles based on k.a difference between
experiments carried out for conventional and microbubble systems. Assumption based on

removal of fast reacting compounds in mass transfer limited system.

Whilst the reviewed data presents a strong evidence base for the enhancement that can be
delivered through the use of microbubble systems it must be stressed that these data are based
on results from laboratory trials. Two approaches for implementation of microbubbles into
ozone systems can be considered: in-line or side-stream ozonation (Figure 15). Importantly,
the experimental methods employed in most research to date have used relatively shallow water
depths, which biases the results in favor of microbubbles in a way that might not be realized in
practice. For instance, the high gas utilization efficiencies reported for microbubbles (Table 2)
suggest that microbubbles will diffuse the entirety of their contents in less than 1 m of water
depth. While this might encourage design of shallower contactors for new ozone installations,
there may be more challenging considerations if retrofitting of microbubble ozone systems was
being considered. In such cases, the water would require mixing to avoid stratified zones of
either high or no dissolved ozone in the reactor. This would have to be achieved through

external mixing which will impart additional energy costs which are not generally considered.
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However, this also affords an opportunity where ozone mass transfer could be conducted in a

side stream unit. The ozonated water in the sidestream would then be recombined into the main

flow, maximizing energy utilization and enabling constant flow to the contactor to be easily

achieved (Figure 15). This approach would also better align with the limited gas and liquid

flow rates achievable with current microbubble generators, enabling treatment of larger flows.
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Figure 15. Possible microbubble generator arrangements at full scale where the top figure is

in-line and bottom is the side-stream mode.
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4.3 Further challenges to address

Given the faster reaction kinetics observed for microbubbles in shallow columns in comparison
to conventional bubbles, this might afford opportunities for reduced volumes and contact times
in shallower reactors. Accordingly, the impact of water depth on the assessment of the efficacy
of microbubble compared to conventional systems requires further investigation. In addition,
this would provide clear evidence of the true impact of reducing bubble size on the
enhancement of mass transfer and degradation kinetics to enable translation into real systems.
This would also provide the framework for a standard approach to testing enabling comparison
between different microbubble technologies. To achieve this more consistent and accurate
bubble sizing is also required that covers both microbubbles and conventional systems to better
refine the comparisons and reactor geometries. This also needs to consider variables that are
not usually reported in comparative studies, such as bubble delivery in the water column and

the density (concentration) of bubbles.

While the high surface area to volume ratio confers significant mass transfer advantages for
microbubbles, this feature may also result in disadvantages when bubble coating is considered.
Microbubble systems will be potentially more impacted by material accumulation from surface
active compounds than when larger bubbles are used (Parkinson et al., 2008). This is an
important aspect to consider given that most of the aforementioned microbubble ozonation
studies have investigated contaminant degradation in pure water matrices. Accumulated
material at the gas-liquid interface increases surface rigidity, decreases the net buoyancy force
by adding weight and adds an additional resistance to mass transfer (Rosso and Stenstrom,
2006). For instance, from the limited studies carried out, surface coating has been associated
with a 1.4 reduction in dissolution time (Tanaka et al., 2020) and has been shown to retard the
efficacy of degradation of pharmaceuticals (Lee et al, 2019). To illustrate, the degradation rate

of ethinylestradiol decreased from 0.10 to 0.07 min! for microbubbles with and without humic
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acid surface coatings, corresponding to a 30% retardation of the degradation due to surface
coating effects. The equivalent was also seen for conventional bubbles where the coating
decreased the degradation rate constant from 0.07 to 0.04 min™. Similar results were also
observed for degradation of ibuprofen and atenolol, with the bigger impact observed for the
conventional bubble systems in all cases indicating that the increased surface area reduced the
adsorbed layer thickness. However, this is an under explored area as smaller bubbles contain
less active reactant material per bubble and so it is suggested that a critical layer thickness to
bubble size ratio will exist beyond which all the reactant is utilized in oxidizing the compounds
within the surface coating. In such cases, the microbubble systems would exhibit a preferential
focus towards hydrophobic compounds and potentially restrict efficacy towards degradation of
hydrophilic compounds. The importance of surface coating on microbubble ozonation
therefore needs to be established to ensure that the improvements seen in pure water laboratory

tests translates across to more complex water matrices containing background organic matter.

There has also been an emergence of studies combining ozone microbubbles with other
chemicals and catalyst materials to facilitate enhanced degradation of various contaminants.
For example, researchers have combined iron nanoparticles or powdered activated carbon with
ozone microbubbles for catalytic treatment of various organic contaminants (Hou et al., 2020;
Zhang et al., 2018). Much greater understanding of the role ozone microbubbles play in these
processes is required, but there may be potential for the development of systems more
comparable with advanced oxidation processes (AOPs) that are currently used for highly

recalcitrant pollutants.
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5. Conclusions

The adoption of microbubble delivery systems for use with ozone is shown to enhance both
the mass transfer rate and the steady state concentration that can be achieved. The enhanced
mass transfer rates are observed ceteris paribus with specific evidence in relation to input
ozone concentration and the superficial gas velocity. Further, the ozone self-decomposition
rate appears unaffected by changing bubble size such that the enhanced mass transfer
corresponds to an improvement of degradation of target compounds. There was no evidence to
show that collapse of microbubbles was a mechanism that contributed to the enhanced
performance of the smaller bubbles. The results indicate that more effective treatment of
compounds that are currently poorly degraded by conventional ozone systems may be
achievable when using microbubbles. However, the evidence is based on experiments utilizing
shallow water depth that will positively bias results towards the microbubble systems, which
may not be realizable in all practical situations. As such, it is recommended that future work
explores the role of water depth along with surface coating to establish a standardized approach
for the comparison and selection of microbubble ozone delivery systems for use in water

treatment.
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