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ARTICLE INFO ABSTRACT

Keywords: Microbubble technology is a promising development in the optimisation of gas-liquid contacting processes.

Micr“"_?“bbles When applied to ozonation, microbubbles have demonstrated significant enhancements to mass transfer, dis-

l:)esnmges solved ozone residual and the speed and extent of compound removal. However, the mechanism by which
zonation

microbubbles enhance performance over conventional bubbles is not well understood and numerous explana-
tions exist within the literature. To elucidate the critical components that drive such enhancements the per-
formance of microbubbles (Sauter mean diameter 37 um) and conventional bubbles (5.4 mm) were compared
under identical conditions in terms volumetric mass transfer coefficient, steady state dissolved ozone concen-
tration, rate constant for ozone self-decomposition and the rate constant for degradation of two pesticides:
mecoprop and metaldehyde. Overall, the improvement observed in performance can be attributed to the increase
in the volumetric mass transfer coefficient through the combination of an increase in specific interfacial area and
a decrease in the mass transfer coefficient. The increase in area outweighed the decrease in mass transfer co-
efficient such that an overall improvement factor of 1.6 was observed for microbubbles over conventional
bubbles. All other differences were an artefact of the enhanced mass transfer leading to higher dissolved ozone
concentrations when operating at a fixed input dose. For the first time it has been shown that when normalised to
the amount of ozone transferred to the water, no enhancement in hydroxyl radical production, bromate for-

Drinking water
Mass transfer

mation or impact from the background constituents could be observed.

1. Introduction

Over the past decade, microbubble technology has emerged as a
promising route for enhancement of a number of processes that utilise
bubbles, including vegetable growth (Tamaki et al., 2020), the ripening
and removal of residual pesticides on fruit products (Li et al., 2021;
Pongprasert et al., 2020), fisheries aeration (Heriyati et al., 2021),
biodiesel production (Ahmad et al., 2019) and in gas-liquid contacting
processes for water and wastewater treatment (Marbelia et al., 2020;
Thomas et al., 2020; Dong et al., 2023). One commonly applied process
where transfer of gas into the liquid phase is required in water treatment
is ozonation due to its oxidising and disinfection capabilities (Seridou
and Kalogerakis, 2021). Molecular ozone (Og) is an unstable, powerful
oxidant with a standard oxidation potential of 2.07 V (Jin et al., 2022).
When ozone dissolves in water, it undergoes a series of complex self-
decomposition reactions in which numerous short-lived radicals,
including the hydroxyl radical, are formed. Hydroxyl radicals are a non-
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selective, powerful oxidant with a standard oxidation potential of 2.8 V
(Wang et al., 2018) which makes the production of hydroxyl radicals
desirable. Accordingly, in ozone-based water treatment, the removal of
contaminants proceeds through either direct reactions with molecular
ozone or through indirect reactions with hydroxyl radicals. Ozonation is
particularly useful in the removal of colour (Khuntia et al., 2016), aro-
matic organic compounds (Nam et al., 2021), pharmaceuticals (Azuma
et al., 2019; Paucar et al., 2019), pesticides (Ikehata and El-Din, 2005)
and a wide variety of other micropollutants (Derco et al., 2021). Whilst
highly effective, the operational cost of ozonation is significant due to its
relatively low mass transfer efficiency (Huang et al., 2020; Jodzis and
Zigba, 2018), low solubility (Yang et al., 2021), losses through off-gas
(Zhang et al., 2018) and its inability to be stored due to its instability
(John et al., 2022a).

Ozone is typically delivered through conventional millimetre-sized
bubbles. As such, one potential route for enhancing the process is to
reduce bubble size to within the range 1-100 um (microbubbles) using
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recently developed generator technology such as turbulent flow, me-
chanical shear, pressurised dissolution and forced bubble detachment
microbubble generators (John et al, 2022a). Studies using microbubbles
have confirmed microbubbles offer: increased interfacial area (Temes-
gen et al., 2017), lower rise velocity (Swart et al., 2020), enhanced gas
utilisation efficiency (Zheng et al., 2015; Muroyama et al., 2013),
increased rate of mass transfer (Wu et al., 2019) and increased rate of
contaminant removal (Cheng et al., 2019; Lee et al., 2019) when
compared with conventional bubbles (Table 1). For instance, the volu-
metric mass transfer coefficient has been reported to be as much as 5.2
times higher when using microbubbles over conventional bubbles
(Zheng et al., 2015). Hu and Xia (2018) reported a steady state dissolved
ozone concentration that was 15.8 times higher with microbubble
ozonation compared with conventional. Numerous authors have re-
ported enhancements in the removal of a variety of compounds when
using microbubbles with enhancement ratios ranging from 1.63
(Khuntia et al., 2016) to 30 (Hu and Xia, 2018). However, the mecha-
nism by which performance is enhanced is not well understood. Several
mechanisms have been proposed to suggest that microbubble ozonation
enhances hydroxyl radical production through microbubble collapse
(Zheng et al., 2015), faster ozone self-decomposition (Zhang et al.,
2018), slower ozone self-decomposition (Nam et al, 2021) and
increased ozone consumption (Wu et al., 2019). The hypothesis that
microbubbles lead to enhanced hydroxyl radical formation was explored
previously, which revealed no difference in radical production for
microbubbles (37 um) and conventional bubbles (5.4 mm) when nor-
malising for effective ozone dose and under typical pH used in opera-
tional drinking water treatment plants (pH 6-8) (John et al., 2022b).
Thus, the contrast in performance between the two bubble types under
these conditions is hypothesised to be driven by mass transfer mecha-
nisms. Another aspect of application of ozonation to surface waters for
oxidation and disinfection is the potential risk in relation to the for-
mation of bromate from naturally occurring bromide in the water (Li
et al., 2018). This particular aspect has not been widely investigated
when ozone microbubbles have been used in laboratory and pilot
experiments.

The lack of clarity over the mechanisms by which microbubble sys-
tems enhance performance limits the opportunity to optimise such sys-
tems or provide robust design procedures. Accordingly, the aim of the
current work was to understand the controlling mechanism(s) by which
microbubbles enhance the performance of ozonation. To achieve this, a
set of controlled experiments directly comparing the removal of the
pesticides mecoprop and metaldehyde for both microbubble and con-
ventional bubble ozonation were carried out. In order to assess the
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mechanism by which the performance was enhanced, controlled mass
transfer tests were also conducted. Importantly, the comparison
considered effective ozone dose to account for differences in reactor
geometry and design, a feature that is not routinely considered in most
previous work on microbubbles. A variety of parameters, including the
volumetric mass transfer coefficient, steady state dissolved ozone con-
centration and rate of ozone decomposition were assessed for both
microbubble and conventional bubble ozonation at three pH represen-
tative of typical water treatment operation (pH 6, 7, 8). A secondary
objective was to test the hypothesis that the use of microbubbles during
ozonation leads to a greater extent of bromate formation in the ozona-
tion of bromide containing waters when compared with conventional
bubbles. This was achieved by undertaking direct-comparison experi-
ments with pre-treated surface water.

2. Materials and methods
2.1. Chemicals

Metaldehyde (Technical grade, Sigma Aldrich) and mecoprop
(Analytical grade, Sigma Aldrich) were used as the target compounds.
Sulphuric acid (HySO4, technical grade, Fisher) and sodium hydroxide
(NaOH, technical grade, Fisher) were used for pH adjustment. Potassium
iodide (>98 %, Merck) was used as the ozone quenching agent. N,N-
diethyl-1,4-phenylene diamine (DPD) photometric ozone tests (Merck)
were used to measure the dissolved ozone concentration. Methanol
(Liquid chromatography mass spectrometry (LCMS) grade, > 99.9 %,
Fisher) and ultrapure water (18 MQ, Elga Purelab) were used as the
mobile phases for LCMS analysis. Ammonium formate (Technical grade,
Sigma Aldrich) was used as the mobile phase buffer for LCMS analysis.
Deionized water was obtained from a 15 MQ, Elga Purelab unit.

2.2. Experimental setup

Microbubble and conventional bubble experiments were conducted
in a cylindrical acrylic reactor (Model Products) with a height of 80 cm
and an inner diameter of 45 cm. When filled with 100 L of liquid, the
water height was 62 cm. The experiments were conducted in semi-batch
mode (Fig. 1).

Ozone gas was generated from compressed air using a corona
discharge ozone generator (C-Lasky C-L010-DT, Advanced Ozone
Products) with an operational gas flow rate of 2-10 L min~'. For ex-
periments normalised for input ozone gas dose, ozonation was delivered
with 100 % output from the ozone generator. The gas flow rate of the

Table 1

Mass transfer and kinetics comparison between microbubbles (MB) and conventional bubbles (CB).
Bubble Diameter kya/min ! kp/min ! Cy/mg L1 ka/min ! References
MB/um CB/mm MB CB R MB CB R MB CB R MB CB R
<50 - 1.38 1.15 1.2 - - - 1.2 1.11 1.08 - - - Nam et al. (2021)
<50 >1 - - - - - 35 24 1.46 - - - Sun et al. (2020)
2.35 £ 0.84 ~3 0.058 0.046 1.26 - - - - - - - - - Gao et al. (2019)
20-50 mm-size 0.54 0.35 1.54 0.030 0.023 1.3 2.8 2.3 1.22 0.1 0.032 3.13 Wau et al. (2019)
0.25 mm-size - - - - - - 10.09 0.64 15.8 0.24 0.008 30 Hu and Xia (2018)
51.4 mm-size 0.23 0.044 5.2 0.049 0.013 3.77 5.7 5.5 1.04 0.11 0.061 1.80 Zhang et al. (2018)
- - - - - - - - - - - 0.39 0.24 1.63 Khuntia et al. (2016)
<45 ~1 0.34 0.23 1.48 - - - 9.6 8.4 1.14 - - - Zheng et al. (2015)
15-40 - - - - - - - 24 9 2.67 0.099 0.032 3.09 Takahashi et al. (2012)
5-50 1-5 0.095 0.109 0.87 - - - 2.5 2.2 1.14 0.0025 0.001 2.5 Xu et al. (2012)
~50 - 0.32 0.25 1.28 - - - - - - - - - Liu et al. (2010)
<58 A few mm - - - - - - 15 14 1.07 0.16 0.091 1.76 Chu et al. (2007)

kya is the volumetric mass transfer coefficient (min™b).

kp is the rate constant for ozone self-decomposition (min™b).

C; is the steady state dissolved ozone concentration (mg L™H.
kq is the rate constant for target compound removal (min™Y).
R is the ratio of microbubble to conventional.
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Fig. 1. Experimental setup for the microbubble and conventional bubble experiments.

ozone generator was set to 2 L min !, which provided an input (applied)
gas phase concentration of 4.75 pmol L™! min~?!. For the experiments
that were normalised for effective ozone dose (equivalent dissolved
ozone concentration), the ozone input was manually adjusted until re-
sidual ozone concentrations matched for the microbubble and conven-
tional systems. Microbubbles were generated using a regenerative
turbine microbubble generator (Nikuni KTM20N trial unit, Aeration &
Mixing). The microbubble generator had a recirculating liquid flow rate
of 16.6 L min~! and a gas flow meter with a range of 0-5 L min~!. The
aqueous phase was continuously recirculated through the microbubble
generator. Conventional bubbles were generated from a fine pore
diffuser (132 mm ceramic air stone diffuser, Finest Aquatic LTD) con-
nected directly to the ozone generator. In order to match the configu-
ration of the microbubble generator as closely as possible, a separate
liquid pump (AF-1500, Hidom) with a flow rate of 16.6 L min~* was
used to recirculate the aqueous phase for the conventional bubble
experiments.

The pH was measured using a portable pH meter (HI-8424, Hanna
Instruments), water resistant pH electrode (HI-1230B, Hanna In-
struments) and temperature probe (HI-7662, Hanna Instruments). The
pH was modified using sodium hydroxide or sulfuric acid. The pH was
maintained + 0.1 throughout each experiment with dropwise addition
of dilute sodium hydroxide or sulfuric acid without buffer. The aqueous
temperature for all experiments was 20 + 1 C. The starting temperature
of the water in all experiments was 20 + 1 °C and this did not deviate by
more than 1 °C during the course of the experiments.

For the single micropollutant removal experiments, an initial con-
centration of 0.056 pmol/L of metaldehyde or mecoprop was used
throughout (equivalent to 10 pg and 12 pg/L respectively). A 20 mL
aliquot was removed at pre-defined time intervals and immediately
quenched with 200 uL potassium iodide solution to cease ozonation. 10
mL of sample was used for dissolved ozone measurement with the DPD
ozone test and measured using a spectrophotometer (Pharo 300, Spec-
troquant). A portion of the retained sample was filtered through a 0.2
um syringe filter (Minisart, Sartorius) for LCMS analysis. For the
bromate formation tests, water was taken from a water treatment works
(WTW) in the East of England which treats water from a reservoir
source. The water was taken before secondary ozone and following pre-
ozone, coagulation, clarification and rapid gravity filtration treatment.
During the experiments, 120 mL of sample was taken at pre-defined time
intervals and immediately quenched with 1.2 mL potassium iodide. 10
mL of sample was used for dissolved ozone measurement using the DPD
ozone test and measured using the spectrophotometer. 10 mL of sample
was filtered through a 0.2 pum syringe filter for LCMS analysis. The
remaining 100 mL of sample was stored in labelled sample bottles for
bromate analysis using inductively coupled plasma mass spectrometry
(ICP-MS) at an accredited external laboratory.

2.3. Pesticide analysis

Mecoprop and metaldehyde concentrations were determined using
LCMS (ExionLC, Triple Quad 5500+, Sciex). An Acquity C18 ethylene
bridged hybrid column (1.7 pm x 2.1 mm x 50 mm) (Waters) main-
tained at 60 ‘C was used and the sample injection volume was 10 uL. The
mobile phase flow rate was 0.45 mL min~'. The mobile phase consisted
of ultrapure water with 2 mmol/L ammonium formate (A) and methanol
with 2 mmol/L ammonium formate (B). For mecoprop, the initial mobile
phase ratio was 95:5 A:B. It was ramped linearly to 5:95 A:B over 3 min
and held for 30 s before returning to 95:5 A:B for the final 30 s for a total
run time of 4 min per sample. For metaldehyde, the initial mobile phase
ratio was 95:5 A:B. It was ramped linearly to 5:95 A:B over 2 min and
held for 24 s before returning to 95:5 A:B over 6 s and maintained for 90
s for a total run time of 4 min per sample.

2.4. Measurement of bubble size distribution and gas hold-up

Microbubble size distribution was measured using focus-beam
reflectance measurement (FBRM 600L, Mettler Toledo) continuously
over a period of 30 min. A minimum of 30,000 counts were collected and
the instrument range was 1-4000 pm.

Conventional bubble size distribution was measured using high
speed video (HERO8, GoPro) mounted to a camera tripod (JB01511-
BWW, Joby) with a waterproof LED video light (XShot, Suptig) which
was submerged into the water. The camera was focussed on a precision
ruler with 1 mm spacing (Precision ruler, Dorcrafts) which acted as a
size reference. Video was shot at 240 frames per second for 10 min. The
video was slowed to 30 frames per second and desaturated using video
editing software (GoPro Studio, GoPro). Image frames from the video
were extracted using media software (VLC Media Player, VLAN). The
image frames were processed manually using image processing software
(ImageJ) and the diameter of in-focus bubbles was measured against the
size reference. A minimum of 1000 individual in-focus bubbles were
measured for each run for a total of 3000 measurements.

The Sauter mean diameter for the microbubble and conventional
bubble distributions were calculated as follows (Abbasian-arani et al.,
2021):

== @
nd;

where d3, is the Sauter mean diameter (m) and n; is the number of
bubbles with diameter d; (m). Bubble size distributions were measured
atpH 7.

Gas holdup was measured as the gas volume ratio in the reactor,
determined from the change in water height following the addition of
bubbles using:



A. John et al.

H, — Hy
- -9 2
& Ho 2
where ¢ is the gas hold-up, Hy is the height of water in the reactor with
bubbles, Hy is the height of water in the reactor with no bubbles.

2.5. Theory

The overall degradation rate enhancement of a micropollutant when
using microbubbles can be expressed as a function of the mass transfer,
ozone self-decomposition and kinetic ratios between microbubble and
conventional bubble systems:

Er, :f((lkb,,-ﬂkp-,haw})y5k“[,om) 3)

where ¢, is the observed overall degradation rate enhancement, a,, is
the improvement due to mass transfer, f is the enhancement due to

ozone self-decomposition, y; ,  is the improvement due to the reaction
(O3

kinetics with ozone, & is the enhancement due to the reaction ki-

a(eOH)
netics with hydroxyl radicals. The purpose of this work was to identify
the difference between the use of microbubble and conventional bubble
ozonation with regards to how the different factors contribute to the
overall improvement in removal.

For this purpose, volumetric the mass transfer coefficients (ky,) must
be compared. The k;, is comprised of the liquid side mass transfer co-
efficient, k;, and the specific gas to liquid interfacial area, a. In a pure
semi-batch ozonation system (as used in the current study), with ozone
as the only compound in ultra-pure water, the mass balance can be
described by:

% = ka(C" = C) +kpC “
where kza is the volumetric mass transfer coefficient (min’l), C" is the
steady state equilibrium dissolved ozone concentration (mg L™1), C is
dissolved ozone concentration (mg LY and kp is the first order rate
constant for ozone self-decomposition (min~1). For microbubbles, a fit
to the model suggest that the average behaviour of the dispersed
microbubble phase interacts with the average bulk liquid composition in
such a way that the liquid phase controls mass transfer. In the present
case, where there is a large reservoir of bubbles which recirculate in the
reactor, the gas phase will not change significantly, implying further
that the liquid phase will control the system and Equation (4) will hold.
When mass transfer reaches equilibrium, the mass balance can be
described by (Wu et al., 2019):

0 = kpa(C" —C,) — kpC, (5)

where C; is the steady state dissolved ozone concentration (mg LY.
Through substitution, k;a can be determined graphically:
€ (kea—kp)(C; = C) (6)
dt
The kpa can be found through the measurement of the increase in dis-
solved ozone concentration over time until a steady state was reached. A
plot of In(C; —C) against time has the gradient (k,a —kp) which allows
for kya to be calculated provided that kp is also known. The kp can be
determined experimentally after a steady state has been reached. Once
at a steady state, the ozone generator was turned off. The decrease in
ozone concentration against time was measured and kp, is found through
a plot of In(C) = kpt. In the absence of contaminants, it can be assumed
that the only reaction route when ozone is dissolved in deionized water
is self-decomposition and follows a first order process (Roustan et al.,
1996). The ka term can be further analysed by separately calculating
the interfacial area (a) which can be estimated from:
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where a is the interfacial area (m™); &g is the gas hold-up; d3z is the
Sauter mean diameter, the dimension used in systems with fine bubbles
(Wang et al., 2020). The experimental mass transfer coefficient can then
be derived:

ka

k= (®

a
where k;, is the mass transfer coefficient (m/s).

The Hatta number (Ha) was calculated to determine whether the
reaction between ozone and the pollutant pesticide occurred on the
bubble surface or in the bulk liquid phase (Blatkiewicz et al., 2023).
Where Ha > 1, this indicates that the reaction takes place on the bubble
surface film and that the bubble will play an important role in control-
ling the reaction kinetics. Where Ha < 1, this implies that the reaction
takes place in the bulk liquid and that mass transfer plays the most
important role in controlling reaction kinetics. In the present case, the
reactant (ozone) concentration reached a steady state and did not
change significantly during the reaction, hence the simplified form of
the Hatta term was used (Blatkiewicz et al., 2023):

(Dwyo3)rk
kL

Ha = (C)]

where k is the pseudo-first order rate constant of the reaction, kj, is the
bubble mass transfer co-efficient and Dy, o3 is a coefficient of diffusion
of ozone in water, Dy,03 can be estimated at temperature T from
(Johnson and Davis 1996):

1896)

(Dwyo3)7 = 1.10 x 10 %7 10)

where T is the experimental temperature in degrees Kelvin.
3. Results and discussion
3.1. Performance of microbubble ozonation in a synthetic matrix

The rate of removal of both mecoprop and metaldehyde increased as
pH increased for both the microbubble and conventional bubble ozon-
ation (Fig. 2). In the case of mecoprop, a pesticide known to be degraded
by ozonation, the residual concentration was below 5 % of the initial
concentration after 15, 10, and 10 min for the microbubble systems
compared to 20, 15 and 15 min for the conventional system for pH
values of 6, 7 and 8 respectively. Greater differences were observed in
the case of metaldehyde, a pesticide known to be recalcitrant to ozone
but degradable by hydroxyl radicals. In this case the residual concen-
tration after 45 min was 58 %, 46 % and 5 % of the initial concentration
for the microbubble systems at pHs of 6, 7 and 8 respectively. The
corresponding values for the conventional system were 75, 66 and 32 %
respectively. Overall, the use of the microbubble systems led to higher
removal for a given input ozone dose. Increased pH led to higher rates of
removal for both of the pesticides due to the increased rates of formation
of the non-selective and strongly oxidative hydroxyl radicals under these
conditions (John et al., 2022a).

The pseudo-first order rate constant for the removal of mecoprop at
pH 6, 7 and 8 was 0.31 + 0.01, 0.34 + 0.02 and 0.37 + 0.04 min~!
respectively for the microbubble system and 0.17 + 0.02, 0.21 + 0.02
and 0.25 + 0.02, respectively for the conventional systems. The corre-
sponding improvement factors between microbubbles and conventional
bubbles for each pH condition was 1.8, 1.6 and 1.5 times (Fig. 3). Due to
its low reactivity with molecular ozone, the pseudo-first order rate
constant for the removal of metaldehyde was much lower than that of
mecoprop. To illustrate, the values at pH 6, 7 and 8 were 0.012 + 0.002,
0.017 + 0.004 and 0.042 + 0.004 min~' respectively for the



A. John et al.

Chemical Engineering Science 283 (2024) 119369

1e 1 @ 1 &
f i
0.8 o.s-§ 0.8
Q
== 0.6 1 % < 0.6 = 0.6 -
= = = o2
0,04 f% O, 0.4 4 % 2,04 4
o
»
024 @ % 0.2 § 024 @ 5
| % e 2 G e e oo _._9_._._._._._._. °
0 A 0 - ® 0+—" 0 000000

SALITTE SEF SEF
UOojs- iii%ii U@ois- .££%§§§ UOo:s- ? i
50‘4- 50.4- }} 50.4- {i%%}

0 10 20 30 40 50

Time / min

| OpH 6 - Mecoprop - Conventional
@ pH 6 - Mecoprop - Microbubble

0 10 20 30 40 50

Time / min

OpH 6 - Metaldehyde - Conventional
@ pH 6 - Metaldehyde - Microbubble

0 10 20 30 40 50
Time / min

OpH 7 - Mecoprop - Conventional
@ pH 7 - Mecoprop - Microbubble

0 10 20 30 40 50

Time / min

OpH 7 - Metaldehyde - Conventional
@ pH 7 - Metaldehyde - Microbubble

0 10 20 30 40 50

Time / min

O pH 8 - Mecoprop - Conventional
@ pH 8 - Mecoprop - Microbubble

0 10 20 30 40 50
Time / min

OpH 8§ - Metaldehyde - Conventional
@ pH 8 - Metaldehyde - Microbubble

Fig. 2. Removal of mecoprop (top) and metaldehyde (bottom) with microbubble and conventional bubble ozonation at pH 6 (left), 7 (middle) and 8 (right).
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mecoprop for microbubble and conventional bubble ozonation at pH 6, 7, 8.

microbubble system and 0.006 + 0.001, 0.009 + 0.002 and 0.021 +
0.003 min~! for the conventional system. The corresponding improve-
ment factors due to using microbubbles was slightly higher than for
mecoprop with values of 2.0, 1.9 and 2.0 times. The current improve-
ment factors are at the low end of those previously reported (Table 1), To

illustrate, Wu et al. (2019) observed an average rate constant
improvement of 3.4 and 2.8 times for the microbubble ozonation of
phenol and nitrobenzene, respectively, across the pH range 3-11.
Takahashi et al. (2012) observed a rate constant improvement of 1.1-3.1
times in favour of microbubble ozonation in the removal of four
different dyes. All these previous studies use a common input dose and
attribute the observed enhancement to increased *OH production (Sun
etal., 2020; Wu et al., 2019; Hu and Xia, 2018; Zhang et al., 2018; Wang
etal., 2017; Yao et al., 2016; Zheng et al., 2015). Previous research has
shown that under the pH conditions used in this study, microbubbles did
not produce more hydroxyl radicals than conventional bubbles for a
given effective ozone dose (John et al., 2022b). During the final stages of
bubble dissolution it has been posited that extremes of pressure and
temperature give rise to the formation of hydroxyl radicals during quasi-
adiabatic compression (Takahashi et al. 2007; Fan et al., 2023). Given
that ozone has relatively low solubility, microbubbles containing this
gas may rarely fully dissolve in water, reducing the potential for final
bubble dissolution and thus reducing the probability for this mechanism
to occur (unlike for more soluble gases such as oxygen). Therefore, the
contrast observed in this study between the two bubble systems were
related to mass transfer differences, which influenced the effective
ozone dose.

To consider this, the data was replotted using the time integral of
dissolved ozone concentration (ozone exposure) (Fig. 4). In all cases the
comparison of the two systems revealed the same extent and rate of
removal for the micropollutants for a given pH, once the standard de-
viation of experimental replicates was considered. No discernible dif-
ference was observed with respect to pH for mecoprop, consistent with
its effective reactivity with molecular ozone (Gulde et al., 2021). A clear
increase in removal was observed as pH increased for metaldehyde
which was consistent with the previously observed increase in *OH
production at higher pH for the same experimental system (John et al.,
2022b). The *OH driven oxidation is known to be a predominant
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Fig. 4. Removal profile of mecoprop (top) and metaldehyde (bottom) normalised against Oz-exposure for microbubble and conventional bubble ozonation at pH 6

(left), 7 (middle) and 8 (right).

mechanism of removal for metaldehyde (Tang et al., 2016). Importantly,
the conventional bubble system results followed a similar behaviour to
the microbubbles, further supporting the view that the smaller micro-
bubbles did not provide an enhanced rate of *OH formation at the higher
pH condition (John et al., 2022b). Consequently, the improvements
previously reported for MBs are a result of the enhanced mass transfer
observed such that the target dissolved ozone dose can be achieved using
a reduced input dose. In the current case, this equates to a reduction in
input dose of 1.9-2.5 times, identifying potential savings achievable if
switching to a microbubble system for ozonation. Regarding the
respective mechanisms that are responsible for the observed enhance-
ment, the data above indicates that the y, , andéy,.,,, terms of Equation
(3) (related to the reaction rates between ozone and hydroxyl radicals),
are equal to 1 since when normalised for effective dose the degradation
rates between the two systems are the same. This implies that micro-
bubbles enhance performance through some function of k;, a, kpa and/
or kp.

3.2. Mass transfer

3.2.1. Steady state concentration and Self-Decomposition

In order to further explore the mechanism by which microbubbles
enhance ozonation performance, mass transfer tests were conducted.
The increase in dissolved ozone concentration for a fixed input dose was
measured over time until a steady state was reached. For conventional
bubble ozonation, C; values of 1.21 + 0.03, 0.98 + 0.04 and 0.83 +
0.03 mg L ™! were obtained at pH 6, 7, and 8 respectively (Fig. 5). For
microbubble ozonation, the C; values at pH 6, 7 and 8 were 2.56 + 0.07,
2.27 +0.11 and 1.43 + 0.04 mg L. The increase in dissolved ozone at
steady state for the microbubble systems represented an enhancement of
2.1, 2.3 and 1.7 times respectively. Previous literature supports the
observation of increase in dissolved ozone concentration for a given
input dose but with lower ratios that are between 1.1 and 1.7 (Chu et al,

6 7 8
pH

OConventional B Microbubble

Fig. 5. Steady state dissolved ozone concentration for microbubble and con-
ventional bubble ozonation at pH 6, 7, 8.

2007; Zheng et al., 2015; Wu et al, 2019). However, differences are to be
expected since Cs is influenced by many factors including gas phase
ozone input concentration, pH, consumption from reactions with con-
taminants, gas utilisation efficiency and self-decomposition (Lage Filho,
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2010).

Self-decomposition is particularly important due to its link to hy-
droxyl radical production, involving a complex series of reactions which
are pH dependent (Gardoni et al., 2012). To explore this aspect, kp was
determined experimentally by monitoring the decrease in ozone con-
centration over time (Fig. 6). Self-decomposition rate constants of
0.0016 + 0.0005, 0.0051 4 0.0015 and 0.013 + 0.001 min~! were
observed at pHs 6,7 and 8 respectively in the conventional bubble sys-
tem. These compared to 0.0019 + 0.0006, 0.0053 + 0.0012 and 0.013

4+ 0.0008 min~! for the microbubble system indicating no discernible

difference that could be explained by differences in bubble size. This was
confirmed statistically using a Mann-Whitney U test with a 95 % con-
fidence interval such that kp values are the same irrespective of ozone
delivery method but vary with pH as expected (Mao et al., 2021). These
observations contradict previous reported trials that considered ozone
self-decomposition (Wu et al., 2019; Zhang et al., 2018). For instance,
Zhang et al. (2018) noted an increase in the rate of ozone self-
decomposition from 0.013 min~! to 0.049 min~! when microbubbles
were used in place of conventional bubbles; an increase of 3.7 times.
However, decreased kp has also been reported (Nam et al., 2021), where
almost no decomposition with microbubbles was observed. In the cases
where kp was increased for microbubbles, this has been proposed to be
due to the increased self-decomposition from the production of *OH due
to collapsing microbubbles, whilst the justification for observing no
decomposition was attributed to the long stagnation time of micro-
bubbles. Evidently, these two observations from the literature infer
opposing microbubble behaviour which suggests that some other
experimental difference may explain the differences observed in kp. In
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the current case, no difference in self-decomposition was observed such
that the exponent f in equation (3) is equal to unity.

3.2.2. Volumetric mass transfer coefficients

The volumetric mass transfer coefficient (k,a) was 0.067 + 0.009,
0.091 + 0.005 and 0.15 + 0.03 for the conventional system and 0.12 +
0.004, 0.15 + 0.02 and 0.30 + 0.03 for the microbubble system as the
pH changed from 6 to 7 to 8 respectively (Fig. 7). The corresponding
improvement factors (¢) were 1.7, 1.6 and 2.0 due to the use of the
microbubble system over that of the conventional bubble system. The
improvement factors reported here are at the high end of the range
previously reported between 1.2 and 1.8 (Nam et al., 2021; Wu et al.,
2019; Zheng et al., 2015; Liu et al., 2010).

The kpa value itself consists of two components: the mass transfer
coefficient, k;, and the specific gas-to-liquid interfacial area, a. For the
microbubbles, there was a relatively narrow distribution with 50 % of
the microbubbles having a diameter of < 4.9 um. The 25th and 75th
percentile bubble diameters were 3.1 and 10.0 um respectively. The
Sauter mean diameter, which is the most appropriate diameter model for
systems with fine bubbles (Wang et al., 2020), was 37 pm. For the
conventional bubbles, the equivalent Sauter mean diameter was 5.4 mm
(range 1-10 mm).

The interfacial areas of the microbubble and conventional bubble
systems (Equation (7) were 454 and 0.889 m~! for the microbubble and
conventional bubble systems respectively, a difference of >510 times.
Utilising the values for interfacial area, the experimental values for k;,
were calculated as 3.3 x 10™% and 1.0 x 10~ m/s for microbubble and
conventional bubble ozonation, respectively at pH 7. The observed in-
crease in k; for the conventional system compared to microbubble
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Fig. 7. Parity plot of volumetric mass transfer coefficient for microbubble
ozonation against conventional bubble ozonation for pH 6, 7, 8.

system is congruent with the work of Kawahara et al, (2009) who noted
that k; increased with an increase in diameter and attributed this to
bubble-induced turbulence. This also aligns with the expected reduction
in rise velocity observed (relative to that expected of a spherical bubble)
for bubbles over 2 mm due to oscillations, deformation of the bubble and
increase in drag which slows the bubble and increases residence time
allowing more effective dissolution of its contents (Clift et al., 1978).

The improvement factor for microbubble interfacial area was > 500,
while the k; was 303 times less than for the conventional bubbles. This
indicates that overall microbubble performance enhancement was a
function of the product of the mass transfer coefficient and the interfa-
cial area:

a=06.6, 11

A comparison of the improvement factors indicates that the overall
performance enhancement (¢) was driven by the volumetric mass
transfer coefficient (ay,, ). This in turn was driven by the increase in the
mass transfer area (6,), which more than compensated for the reduction
in the mass transfer coefficient (6, ). The implication being that the
relationship between overall enhancement and bubble size is a complex
balance of the two factors such that an optimum bubble size will likely
exist for each system that considers the constituents involved (through
the diffusivity) and the hydrodynamics (through the boundary layer
thickness).

The Hatta number was calculated to be «1 for both bubble systems
and for both micropollutants: microbubble — 9.4 x 10~ and 2.0 x 10753,
conventional — 2.4 x 107> and 5.05 x 10~° for mecoprop and metal-
dehyde respectively under conditions of pH 7. This showed that the
reaction kinetics were controlled by the mass transfer of ozone into the
bulk water phase for both microbubble and conventional systems. In
other words, for both systems, the chemical reaction with the micro-
pollutants was relatively slow compared to the diffusion of ozone into
the bulk liquid, hence the reactions occur largely in the bulk liquid
rather than the diffusive layer of the conventional and micro sized
bubbles.
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3.3. Influence of microbubble ozonation on micropollutant removal and
bromate formation in natural water

In order to determine the performance of the microbubble system for
the removal of a micropollutant in a complex matrix and the impact on
bromate formation, 0.056 umol/L of mecoprop was spiked into a part-
treated natural water source, representative of a water that would be
presented to an ozone process. The background matrix contained 4.1 +
0.2 mg dissolved organic carbon (DOC) and 100-150 pg/L of bromide.
No DOC removal was observed across the ozone exposure experiments.
All experiments were performed using water retrieved from the same
batch.

The rate constant for the removal of mecoprop in the natural water
source using conventional sized bubbles was 0.12 + 0.01 min~! at pH 6.
This value was 70 % of the 0.17 + 0.02 min~! obtained from the syn-
thetic water experiments (Fig. 8). This compared to 0.22 + 0.02 min~!
in the natural water source and 0.31 + 0.01 min~! in the synthetic
matrix for the microbubble system. The improvement factors in both
water matrices were both 1.8, indicating that the presence of other
contaminants in the real water did not alter the benefit of using a
microbubble system for enhanced mass transfer. The enhanced transfer
of more ozone was confirmed from the Os-exposure in the water, which
was 1304 + 75 ymol/L min for the microbubble system and 832 + 7.5
umol/L min for the conventional systems, an improvement ratio of 1.6 at
pH 6. When the microbubble ozone dose was normalised for effective
ozone dose, this resulted in a value close to that seen for the conven-
tional system input dose, with a value of 811 + 39 umol/L. A similar
observation was seen at pH 7, where the conventional bubble ozone
exposure was 651 + 77 umol/L min and the microbubble ozone expo-
sure was 711 + 51 pmol/L min when normalised for effective ozone
dose.

Bromate formation is an important operational consideration when
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Fig. 8. Pseudo-first order rate constants for the removal of mecoprop in part-
treated natural water for conventional bubble ozonation (white), microbubble
ozonation normalised for effective ozone dose (grey) and microbubble ozona-
tion normalised for input ozone dose (black) at pH 6 and 7 (only two conditions
could be assessed due to restrictions in the water volumes that could be
collected from the live WTW site - these were chosen based on the closeness to
the operational conditions used on site for ozonation).
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considering ozone implementation, where it is controlled in drinking
water at levels around 0.08 pmol L~! (Jarvis et al., 2007). Here it was
shown that the bromate formation followed a linear relationship with
ozone exposure that was dependent on pH. The bromate concentrations
were 0.054 + 0.002 pmol/L for conventional bubble ozonation, 0.049
+ 0.001 umol/L for microbubble ozonation normalised for effective
ozone dose and 0.088 + 0.015 umol/L for microbubble ozonation nor-
malised for input dose at pH 6. At pH 7, the bromate concentrations were
higher, with conventional bubble ozonation resulting in 0.19 £+ 0.02
umol/L, while the bromate concentration for microbubble ozonation
normalised for effective ozone dose was 0.21 + 0.02 pmol/L (Fig. 9).
The increased bromate formation at higher pH was expected as a result
of the increased formation of OBr~, an important intermediate in the
formation of bromate (Song et al., 1996). The results showed that, when
normalised for input dose, the total bromate formation was 1.64 times
higher for the microbubble system. However, the effective ozone
exposure was 1.57 times higher. When normalised for effective ozone
dose, there was no significant difference in the extent of bromate for-
mation between the microbubble and conventional bubble systems.
Such observations are aligned to the fact that the bromate formation
chemistry is dependent on the dissolved ozone concentration. For a fixed
effective ozone dose, bromate formation was equivalent in the micro-
bubble and conventional bubble systems. The impact of using micro-
bubble systems is that more ozone transfer is achieved a given input
dose. This is primarily due to the increased surface area available for gas
diffusion for smaller bubbles, but also due to the increased pressure that
results as bubble size decreases (according to the Young-Laplace term).
As dictated by Henry’s Law, as gas pressure increases, the solubility of
the gas in the bubble increases. However, accumulation of compounds
on the bubble surface can reduce its surface tension, which in turn will
reduce the Laplace pressure in the bubble. Similarly, the role of counter-
diffusion of gas into the bubbles remains something of an unknown,
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particularly in the case of reactive gases such as ozone. Unpicking the
influence of each of these factors on gas mass transfer needs to be the
focus of future research. The added benefit of the microbubble being
that lower ozone input doses would be required to achieve the same
effective dose. Further work is required to determine the energy balance
of generating microbubbles when compared to conventional bubbles.
However, given that there are numerous ways of efficiently generating
microbubbles at scale (Zhang et al., 2023), when this is considered
alongside the mass transfer benefits observed it is expected that for
many applications microbubbles will be a favourable option.

4. Conclusion

The work has sought to understand the driving forces behind the
reported enhancements that occur when using microbubble systems
compared to conventional bubble systems for reactive mass transfer
applications such as ozonation in water treatment. Comparison of the
different components revealed that the overall enhancement is pre-
dominately driven by an improvement in the overall volumetric mass
transfer coefficient (k;a). For microbubbles, this had two contributions:
firstly, a reduction in the mass transfer coefficient (k;) and secondly, an
increase in the specific interfacial surface area (a). In the case of the
microbubble system investigated here, an overall improvement of 1.6
was observed when compared to conventional bubbles, thus the increase
in gas transfer area outweighed the reduction in the mass transfer co-
efficient. No enhancement was observed between microbubbles and
conventional bubbles when performance was normalised to a fixed
effective ozone dose in terms of ozone self-decomposition or pesticide
degradation rate. However, when normalised to input dose all aspects
increased and this was related to an increase in the steady state dissolved
ozone concentration when microbubbles were applied. The reaction
kinetics were shown to be relatively slow compared to the mass transfer
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of ozone into the bulk liquid for both microbubble and conventional
bubble systems. In the present case, it was therefore demonstrated that
the reactions occur largely in the bulk liquid rather than the diffusive
layer of the conventional and micro sized bubbles.

Comparison between experiments on synthetic and real waters
revealed that the background constituents in the real water did not
preferentially impact either the microbubble or conventional bubble
systems, resulting in similar improvement factors in both cases. Further,
when normalised to effective dose both systems produced the same
levels of bromate. The work indicates that future focus should be on
understanding the optimum bubble size of any give application based on
its impact on both k;, and a.
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