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Abstract

Microbial contamination of water in the form of highly-resistant bacterial spores can cause a
long-term risk of waterborne disease. Advanced photocatalysis has become an effective
approach to inactivate bacterial spores due to its potential for efficient solar energy conversion
alongside reduced formation of disinfection by-products. However, the overall efficiency of
the process still requires significant improvements. Here, we proposed and evaluated a novel
visible light photocatalytic water disinfection technology by its close coupling with
micro/nano bubbles (MNBs). The inactivation rate constant of Bacillus subtilis spores reached
1.28 h'!, which was 5.6 times higher than that observed for treatment without MNBs. The
superior performance for the progressive destruction of spores’ cells during the treatment was
confirmed by transmission electron microscopy (TEM) and excitation-emission matrix (EEM)
spectra determination. Experiments using scavengers of reactive oxygen species (ROSs)
revealed that H>O; and -OH were the primary active species responsible for the inactivation

of spores. The effective supply of oxygen from air MNBs helped accelerate the hole oxidation
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of H202 on the photocatalyst (i.e. Ag/TiOz). In addition, the interfacial photoelectric effect
from the MNBs was also confirmed to contribute to the spore inactivation. Specifically,
MNBs induced strong light scattering, consequently increasing the optical path length in the
photocatalysis medium by 54.8% at 700nm and enhancing light adsorption of the
photocatalyst. The non-uniformities in dielectricity led to a high-degree of heterogeneity of
the electric field, which triggered the formation of a region of enhanced light intensity which
ultimately promoted the photocatalytic reaction. Overall, this study provided new insights on
the mechanisms of photocatalysis coupled with MNB technology for advanced water

treatment.

Keywords: Light scattering; microbial spores; nanobubble technology; photodegradation;

reactive oxygen species

1. Introduction

Waterborne diseases are transmitted through microorganisms such as viruses, bacteria and
protozoa (Dalrymple et al., 2010). Among such microbial contaminants, bacteria spores are
the most dormant form of bacteria and can survive for many decades. They are extremely
resistant to environmental stresses including high ambient temperature, pressure and radiation,
and can co-exist with toxic chemicals (Setlow, 2014). The resistance is mainly attributed to 1)
the dehydrated, highly mineralised core enclosed in a thick protective spore coat, and 2) the
saturation of their DNA with small, acid-soluble spore proteins that greatly alters the
enzymatic reactivity of the DNA (Leggett et al., 2012; Setlow, 2014; Sella et al., 2014). Once
the spore is exposed to more favourable conditions, it can resume the growth process and
potentially spread waterborne diseases (Li et al., 2018). Therefore, technology development
for the destruction and inactivation of bacteria spores has attracted great attention in the field

of water disinfection.

Commonly used disinfection processes such as ozonation, chlorination and germicidal
ultraviolet radiation have been used and investigated for inactivation of bacterial spores
(Setlow et al., 2002). Research has shown that chlorination treatment using chlorine dioxide
(ClO2) can eliminate hydrogen peroxide resistant Bacillus pumilus SAFR-032 spores, from
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1.3x10° pg/mL to undetectable levels after 24 hours (Friedline et al., 2015). Chlorine-resistant
Bacillus cereus spores were inactivated by ozonation (O3) treatment (Ding et al., 2019).
However, these oxidants (C102 and O3) can interact with components in the background water
matrix (dissolved organic matter, intracellular organic matter, algal matter) leading to the
formation of unwanted disinfection by-products (or their precursors), which have been linked
with possible adverse health effects (Ding et al., 2019; Zhong et al., 2019). Ultraviolet (UV)
irradiation is another process that has been used for the disinfection of spores such as Bacillus
subtilis strain MWO01 (Wassmann et al., 2012). However, all of these processes require

expensive chemicals and/or costly equipment to generate the disinfectant on-site.

Addressing this issue requires novel ways of treating the spores using processes that have
lower cost, less energy consumption and reduced secondary environmental impacts.
Photocatalysis is becoming a viable option because of its potential to use sunlight to drive the
disinfection process using a solid catalyst such as titanium dioxide (TiO2) (Xia et al., 2015;
McGivney et al., 2017; Zhou et al., 2020). The relatively high disinfection capacity is
attributed to the production of photon-excited reactive oxygen species (ROSs), including
electrons (¢), holes (h"), ‘OH, H2O and -Oy". Previous studies have shown that H,O, can
penetrate approximately 4 um into the spore’s cell wall within 1 ms (Lim et al., 2016),
enabling the synergetic bactericidal processes to be triggered by all ROSs. However, the e
and /4" can easily recombine in the solution, and the half-lives of ‘OH and ‘O, are only
approximately 10 and 10 s, respectively (Phaniendra et al., 2015). Such drawbacks reduce
the capacity of ROSs in being able to penetrate the coat and cell membrane of the spore,

preventing attack of the intracellular DNA (Du et al., 2016).

In order to suppress € /h" recombination and enhance the generation of ROSs, efforts
including surface modification and nanocrystallization of the photocatalyst (Jiang et al., 2017;
Parangi and Mishra, 2019; Hu et al., 2020), and design/optimization of novel reactors
(Athanasiou et al., 2016) have been made in photocatalysis processes. However, these
methods require complicated manufacturing and a high associated cost. In this study, we

proposed a novel alternative mico/nano bubble (MNB) approach to enhance aqueous
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disinfection of spores using visible light photocatalysis. MNBs are ultrafine gas-filled bubbles
in the micro/nanometer size range. These bubbles possess several important characteristics,
including low buoyancy, slow rising velocity, and a high internal gas density state (Fan et al.,
2020; John et al., 2020; Wang et al., 2021a). Due to the larger relative surface area and their
longevity, MNBs containing air can sustainably supply oxygen to the surrounding water
(Zhang et al., 2006; Lyu, et al., 2019). This feature is proposed to assist in removing the
excited electrons, preventing recombination of the electron-hole pair (Almquist and Biswas,
2001). Moreover, small bubbles have high single-scattering albedo in the solution (Churnside,
2010). As such, the electromagnetic illumination could drive the electric charges near the
bubble into oscillatory motion and lead to secondary radiation (Bohren and Huffman, 2008).
The smaller the bubble is, the longer the wavelength will be. As a consequence, stronger
lateral/backward scattering intensity might be achieved from MNBs (Bohren and Huffman,
2008; Kim and Chang, 2017). Therefore, it was hypothesised that this light scattering effect
could improve the light efficiency in photocatalytic reactions. To the best of our knowledge,
the effect of MNBs on photocatalytic disinfection and the underpinning mechanisms have not

been studied previously.

The present study assessed the bactericidal effectiveness and unveiled the photochemical
mechanisms of the proposed MNB process coupled with visible light photocatalytic
disinfection. The Bacillus subtilis spore was chosen as the model microbial contaminant as it
is one of the most commonly found spore forming bacteria in water. The bactericidal
efficiency was investigated through monitoring the inactivation rate and the progressive
destruction of spores by transmission electron microscopy (TEM) and excitation-emission
matrix (EEM) spectra analysis. An ROS scavenging experiment was carried out to identify the
main reactive radicals that contribute to the spore inactivation. Moreover, the influences of
MNBs on O> supply and light scattering during photocatalysis was also determined. The
photochemical mechanisms during the process were confirmed by Mie theory computational

and finite difference time domain (FDTD) model simulations.

2. Materials and methods



2.1. Preparation and characterisation of photocatalyst and micro/nano bubbles
Nanosized Ag/TiO, particles were prepared as the photocatalyst through a sol-gel process
(Lee et al. 2005). The topography and particle size of the photocatalyst were observed using
high-resolution transmission electron microscopy (HRTEM) and the elements were detected
using energy dispersive x-ray spectroscopy (EDS) (SEI Model XL30-ESEM, Philips,
Netherland). The major phase of the synthesised particles was analysed by an X-ray
diffractometer (XRD) (Dmax 2200 PC, Rigaku, Japan) using Cu Ko radiation. The UV-vis
diffuse reflection spectra was acquired by a UV-vis-NIR Varian Cary 500 spectrophotometer.
X-ray photoelectron spectroscopy (XPS, Thermo Scientific Ka, USA) were used to obtain the
high resolution XPS spectra of Cls, Ols, Ti 2p, and Ag 3d in Ag/TiO».

MNB emulsion was prepared in the sterilized distilled water using an MNB generator (Model
XZCP-K-0.75, Xiazhichun, China) following the cavitation concept. The generator was
operated for 25 min before using for subsequent photocatalytic experiments. The number and
size distribution of MNBs were determined by a Multisizer 4e counter (Beckman Coulter,
Brea, USA). The characteristic size of the MNBs was described by the Sauter mean diameter
(Wang et al., 2018), and the DO was monitored by a PreSens DO probe (Fibox 4, Germany).
In order to obtain an equivalent DO condition in the control treatment group, conventional
aeration was conducted by an air blower and a porous plate diffuser (Songbao SB718, China),
resulting in millimetre-sized bubbles (Fan et al., 2020). Pre-aerated water was then introduced

into the photocatalytic reactor (section 2.3).

2.2. Bacterial and Sporulation

Bacillus subtilis strain CMCC63501 was used as an indicator microorganism in this study.
Cells of the strain were grown in Luria-Bertani (LB) medium at 37 °C to their
mid-exponential growth phase. Colonies of Bacillus subtilis were transferred and incubated in
1/10 nutrition for 7 days to form spores following the procedures described by Choi et al.
(2007) and Jung et al. (2008). The spores were washed from the medium using DI water and
centrifuged three times (Li et al., 2018). The remaining spore suspension was heated to 80 °C
and then held at that temperature for 10 min using a thermostatically controlled water bath to
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inactivate any remaining Bacillus subtilis cells. The numbers of spores were measured
through diluted plate counting, and the initial concentration of spores in the following

experiments was approximately 10> CFU/mL.

2.3. Photocatalytic unit setup and experimental operation

The photocatalytic disinfection experiments were performed in 2.75%9.5 cm (diameterxheight)
glass reactors. The visible light irradiation was performed on the side using a 300 W-xenon
lamp (100 mW/cm?, CERMAX-LX-300, USA) through a 420 nm cut-off filter (HOYA Glass
Co., Japan). 40 mL of the homogenised spore solution (10> CFU/mL) was added to the reactor.
The concentration of the photocatalyst (Ag/T10>) was 1 g/L. The survival ratios of spores by
the application of MNB-aerated water as the solution (MNBs group) was compared with the
control group without the application of MNBs. An experiment with catalyst and MNB but no

irradiation was also conducted to obtain the bactericidal baseline.

After preparation, all systems were monitored for 1 hour and the sampling interval was 10
min. The samples were used to determine the survival ratio of the spores, where the colonies
of germinated spores were identified and counted after 12 h incubation at 37 °C by a spread
plate technique. Inactivation rates (k) of spores were calculated from the slopes of the
-In(C/Cyp) / t regressive lines, where C; denoted the spore concentration at time ¢, and Cyp was
the initial spore concentration. The morphology and structural changes of spores during the
photocatalytic processes were determined at the beginning and end of the experiment. EEM
analysis was employed to evaluate the fluorescence properties and the structure of the
released intracellular substances of spore at excitation wavelengths from 220-450 nm and
emission wavelengths from 280-510 nm at 5 nm intervals (LS-55, PerkinElmer, USA). The
morphology of spores was investigated by TEM (Du et al. 2016). All materials used in the
experiments were pre-sterilised, and all experimental groups were conducted in duplicate and

sample analysis was conducted in triplicate.

2.4. Investigation of the MNBs induced bactericidal mechanisms

2.4.1. ROSs scavenging experiment



To identify the specific role of individual ROS in the proposed bactericidal process, an ROS
scavenging experiment was conducted under the same experimental conditions as described
in Section 2.3. Four radical scavengers, i.e. sodium oxalate (0.5 mmol/L), isopropanol (0.5
mmol/L), Fe (I1)-EDTA (0.1 mmol/L), and TEMPOL (2 mmol/L), were added in the initial
solutions to quench 4%, -OH, H,0,, and -Oy", respectively (Du et al., 2016). The samples from
the MNB treatment and control groups were collected to monitor the survival rates of the

bacterial spores.

2.4.2. The effect of the Oz supply from MNBs

Increased O supply from air MNBs could come from two possible routes. Firstly, the
superaturation of O2 from the hydrodynamic cavitation during the MNB generation. Secondly,
from the sustainable diffusion of O, from MNBs due to their longevity and high specific
surface area. To investigate, the experiment in Section 2.3 was repeated for a system with and
without MNBs present. An additional experiment was carried out using nitrogen filled MNBs
to slightly degas the above-mentioned air MNBs solution (where the DO was over 10 mg/L)
until the initial DO reached 8.80 mg/L to enable a comparison to be made with the control
group experiments of similar initial DO. During the experimental period, the survival rates of
the bacterial spores and the DO concentrations were determined with an oxygen micro-sensor

(Fibox 4, Germany).

2.4.3. Modelling of MNBs-induced light scattering

Following classical electromagnetic theory, light scattering of an MNB triggered by charge
excitation or re-radiation of the electromagnetic energy can be schematically illustrated (Fig.
1). The scattering is identical at all polar angles ¢, while the distribution of the scattered
intensities at different angles 6 has a great influence on light propagation. Therefore, in this
study, Mie theory was applied to calculate the scattering properties, which provided an
analytical solution of Maxwell’s equations for the scattering of electromagnetic radiation by
spherical particles in terms of infinite series (Wriedt, 2012). The scattering spectra of a single
MNB or spore (the scattering phase function) and the relative scattering intensity at specific
propagation distance were calculated using the Mie computational package: PyMieScatt
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(Sumlin et al., 2018). Calculation details are shown in the Supporting Information (SI, Text S1
). The finite difference time domain (FDTD) model was applied to numerically simulate the ne
ar field optical properties (SI, Text S2). A plane-wave and the polarization were set to be the x
and y-axis, respectively (Fig. 1). A field and power monitor in the frequency domain was

used to record the electrical intensity (|E]* representing the optical intensity). Three scenarios
of FDTD modelling were simulated: 1) water alone; 2) single MNB, single spore, and single
Ag/TiO; particle; and 3) 50 Ag/TiO: particles placed at the surface of the spore with an MNB

placed closely to the spore.
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Fig. 1. Schematic of light scattering induced by bubble and the 2D FDTD model formulation.

3. Results and discussion

3.1. Characterisation of the photocatalyst and MNBs

The prepared Ag/TiO> photocatalyst had an average particle diameter of 22.8 nm and
contained 0.76% (w/w) of Ag in the doped TiO: (Fig. 2a). The high resolution XPS spectra of
Cls, Ols, Ti 2p, and Ag 3d in Ag/TiO> indicated that the main crystal type of TiO, was
confirmed to be the anatase phase (20=25.3, 37.4, 47.3, and 54.3°) (Xin et al., 2020) (Fig. S1).
The bandgap energy (E,) for the photocatalyst was determined by a Tauc plot,
(Ahv)’® = A(hv-E,) (Fig. 2b) (Chen et al., 2019). The values of E, for Ag/TiO, and TiO, were
1.5 and 3.1 eV, respectively, showing a substantial band gap reduction and a distinct redshift
after Ag-doping. Considering that bandgap narrowing may lead to more absorption of visible
light and photogenerated electron transfer (Xing et al., 2014), the prepared Ag/TiO> was

considered suitable for enhancement of the photocatalytic disinfection performance under
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visible light irradiation.

The total number of MNBs in the suspension was 1.84x10° particles/mL with a Sauter mean
diameter of 2.7 um (Fig. 2c). Approximately 30% of the bubbles present were in the
nanometer range (<l um). There was a significantly higher DO (10.49 mg/L) in the
MNB-aerated water compared to the water aerated using macro-bubbles (8.89 mg/L) after 20
mins of operation (Fig. 2d). Previous studies have reported that MNB application can induce a
gas supersaturated condition (Wu et al., 2019) which was consistent with the observations
seen here. The ultrafine bubbles have a greater surface area per unit volume and can therefore
increase the O gas transfer rate into the surrounding water (Fan et al., 2021a). In turn, this is
expected to enable more efficient activation of the electron hole during photodegradation
(Almquist and Biswas, 2001). More importantly, Zhang et al., (2006) confirmed the
high-gas-density state in nanobubbles, where the inner gas may exist as an aggregation, rather
than an ideal gas phase, and the diffusion of the inner gas is likely to be slow and take place
over a long period. Thus, the ultrafine bubbles may act as an ‘O bank’ to sustainably supply

O during the process and promote the photocatalytic treatment.
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ig. 2. (a) SEM graaph, EDS result and X-ray diffraction pattern of Ag/TiO; (b) Bandgap values
obtained from the diffuse reflectance spectra of Ag/TiO, and TiO»; (c) The size and of MNBs in the
solution; (d) The DO variations as a function of time in MNB- and normal- aerated water.

3.2. Bactericidal efficiency under visible light photocatalytic disinfection process

The survival rate of the spores (C/Co) in the MNBs treatment group decreased to 33.3%

within 1 h, while the survival rate was 76.9% in the control group (Fig. 3a). In the group with

catalyst and MNB but no irradiation, the survival rate was constantly above 98.4% (data not

shown). The inactivation rate k in the control group (0.23 h'') without the application of

MNBs was consistent with previously reported values (0.06-1.01 h') seen during

photocatalytic treatment (Sreeja and Shetty, 2016; Obuchi, et al., 2019). However, this study

demonstrated that MNBs could facilitate the reaction and resulted in an approximately 5.7

times higher inactivation rate (1.29 h™).
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Fig. 3. (a) Comparison between the inactivation capacities of the MNBs treatment (w/ MNBs) and
control (w/o MNBs) groups; (b) TEM images of the spores’ morphology during the treatment process;
(c) EEM spectra of the soluble microbial products in water during the spore inactivation.

TEM images indicated the near-spherical Bacillus subtilis spore has a diameter of
approximately 880 nm (Fig. 3bl, t=0 h). The untreated spore exhibited a damage-free and
well-preserved coat, indicating that the spores were healthy. The reduced integrity of the
bacterial spore was a direct indicator of damage to the cellular structure, which has been
observed in other photocatalytic treatment processes (Du et al., 2016). In this study, the coats
of the spores were destroyed and their shape was deformed by both treatment groups (Fig.
3b2-3). However, the addition of MNBs (Fig. 3b3) clearly induced more severe damage
compared with the group without MNBs (Fig. 3b2). The photocatalysis also caused
plasmolysis, which prevented observation of the intracellular structures in the micrograph
images. This is an effect seen elsewhere during studies on the oxidative destruction of spores
(Du et al., 2016; Zhou et al., 2020). Cell debris could also be observed, suggesting the spores

suffered considerable damage after the treatment.

The EEM fluorescence spectra analysis was used to illustrate the dynamics of organic
substances in the solution during the photocatalytic disinfection process (Fig. 3c1-3). Four
fluorescent components were identified, comprising tryptophan-like substances (region II),

fulvic-like substances (region III), microbial by-product like substances (region IV), and
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humic-like substances (region V) (Wang et al., 2021b). Before the treatment (t=0h), only a
small amount (relatively low intensity) of soluble microbial by-product like compounds were
present in the solution (Fig. 3cl), which may be attributed to the secreted extracellular
polymeric substance from the spores (Feng et al., 2020). Along with the photocatalysis
process, the cellular structures of spores were damaged (Fig. 3b2-3) and intracellular organic
substances could be released from cells (Du et al., 2016). It supports that the tryptophan-like
substances, fulvic-like substances, and humic-like substances significantly increased in the
treatment group without MNB addition after 1 hour (Fig. 3c2) and in the treatment group with
MNB addition after 0.5 hours (Fig. S2). Moreover, such extracellular and release intracellular
organic substances are able to be decomposed by photocatalysis (Fan et al., 2019). The
fluorescence intensity of all substances in the treatment group with MNBs dramatically
reduced to a much lower level after 1 hour (Fig. 3c3) compared with that in the treatment
group without MNBs (Fig. 3¢3), indicating that the application of MNBs could accelerate the
visible light photocatalytic bactericidal process. It is hypothesised that all organic substance
would not be identified after a longer treatment period than the current experiment, which

should be investigated in further studies.

3.3. The role of ROS in photocatalytic disinfection mechanisms

TiO; photocatalysis is a photon-driven reaction process with multiple steps, starting from a
photo adsorption event at the surface of the TiO; (Fan et al., 2019). When TiO> adsorbs
photons with energy higher than, or equal to, its bandgap, electrons in the filled valence bands
will be excited to the vacant conduction bands, leaving holes in the valence bands. The
generation of the electron-hole pair and all ROSs, including 4", e, ‘OH, H2O», and ‘O, can

be descriped in the following reactions (Du et al., 2016; Li et al., 2020):

TiO,thv > e +h"
h"+H,0 »> -OH+H"
h"+0OH — -OH
0,te” >0,

‘0, +H" > H,0-
2H,0- — 0,+H,0,
H,0, +-:0,” - -OH+OH +O,

In this study, different scavenging experiments were conducted to identify the key active
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species responsible for the spores’ inactivation. After adding radical scavengers to eliminate
the activity of H2O2 and -OH radicals formed during photocatalysis, the survival rates of the
spores (C/Co) significantly increased from 0.33 to 0.86-0.79 in the MNB treatment group and
from 0.77 to 0.89-0.88 in the control group MNBs (Fig. 4a). However, the effects of
quenching %" and -O> on the inactivation of the spores was not significant for both groups,
with and without MNBs. It can therefore be concluded that H>O» and -OH were the primary
active species, and the 4" and O took part in the inactivation less intensively. The -OH has a
high redox potential (2.8 eV) but is short-lived, and therefore is unlikely to diffuse further
than 1 um from the TiO; surface (Yan et al., 2018). Although H>O> has a weak oxidation
capacity (1.78 eV), it is relatively stable with a half-life of several days in water (Clark et al.,
2010), which could benefit the permeation of the chemical through the cell wall of the spores.
Consequently, the results supported the view that H>O> could work as a spearhead and
initially penetrate the cell before damaging the interior structures of the spores. Other ROSs
may be involved in damaging the protective coat of the spores and further disrupt the

structural integrity once the cell was lysed.

Compared with the results between the two treatment groups, survival rates of the spores
(C/Co) in the MNBs treatment group (0.33-0.86) were always significantly lower compared to
those seen for the control group without MNBs (0.77-0.89) (Fig. 4a). The collapse of MNBs
has been proposed as a means to directly generate -OH and -O>" (Fan et al., 2019) and may in
part explain the improved bactericidal efficiency of the MNB system. However, this is only
expected to be observed for very small bubbles in the low nanometre range (Liu et al., 2016),
smaller than the bubbles measured here. Instead, the increased treatment efficiency was
attributed to the increased transfer of Oy into the system, as well as the change in the optical

characteristics provided by the MNBs.
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Fig. 4. (a) Photocatalytic disinfection performance of Bacillus subtilis spores in the MNBs treatment
(w/ MNBs) and control (w/o MNBs) groups in the presence of scavengers (t=1 h). ‘Non’ denotes no
addition of any scavengers. (b) The spores inactivation dynamics and the DO variations in the control
(initial DO=8.80 mg/L) and MNBs treatment groups (initial DO=8.80 and 10.49 mg/L, respectively).

3.4. The effect of oxygen from MNBs

It is well known that O» can serve as an electron acceptor to generate superoxide radicals and
trap electro-generated electrons to mitigate recombination of e /h" (Kondrakov et al., 2016).
Thus, the rate of photocatalysis can be improved by increasing the DO concentration in
solution (Liang et al., 2008; Subramanian and Kannan, 2008). The commonly used
hydrodynamic cavitation method for MNB generation can induce extra O delivery to water
by forming a supersaturated solution (Fig. 2d). This enables sustainable diffusion of O> from
the long-lasting MNBs. The abovementioned potential contributions of Oz on the
photocatalysis process were investigated separately in the present study. The removal of the
spores was higher in the oxygen supersaturated system with MNBs that had an initial DO of
10.49 mg/L (66.7%, k= 1.29 h'') when compared to the MNBs system at a lower initial DO
of 8.80 mg/L (53.1%, k = 0.83 h!) (Fig. 4b). This agreed with the previous finding that the
higher DO level could benefit the treatment. Nevertheless, the supersaturated system is
unstable, because of the high vibrational energy of dissolved oxygen molecules and the low
entropy (Harano et al., 2018). Once bubble addition was stopped, the oversaturated O> is
quickly released or consumed and the solution returns to a saturated and stable state

(Hirakawa et al., 2007). This helps explain the fast DO reduction by the end of the experiment
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(1.40 mg/L) in the supersaturated MNB solution compared with the DO reduction (0.82 mg/L)

in the MNB system with lower initial DO.

For the comparison of systems at equivalent initial DO concentration of 8.80 mg/L, the
treatment group without MNBs had significantly lower removal of spores (23.1%, k = 0.23
h!), although the reduction of DO in the group without MNBs (1.39 mg/L) was significantly
higher than that (0.82 mg/L) seen in the group with MNBs. As the O2 in the solution could be
continuously replenished by MNBs through inter-bubble gas diffusion (Temesgen et al., 2017),
the reduction of the DO level calculated based on instantaneous measurements of the initial
and end-state may not be used to explain the difference of the treatment. Moreover, the
superior spore inactivation efficiency in the group with MNBs can also be considered to be a
combination effects of the increased O supply and the light scattering effect (see section 3.5).

However, it was not possible to attribute the contribution of each mechanism.

3.5. Photochemical mechanisms following application of MNBs

The Mie analysis shows the scattering spectra of a single MNB (d=2.73 um), spore (d=0.88
um), and Ag/TiO; particle (d=22.78 nm) in water drawn in polar plots at an incident
wavelength (1) of 500, 600, and 700 nm (Fig. 5 a-c). Considerable intensity of scattering
could be observed in all directions for a single bubble, spore or catalyst particle. Therefore, in
the presence of all types of the particle (bubble, spore, and Ag/TiO), the light cannot
penetrate through the solution in a straight line, and the light propagation becomes defocused
(Fan et al., 2021b). The smaller the particle is the variation in the scattering intensity with
angle becomes smaller. As the particle becomes larger and the incident wavelength becomes

shorter, more scattered light falls in the forward direction (Fig. S3 and S4).

A single Ag/TiO; particle has an isotropic intensity distribution and the scattering intensity
was much lower than that seen for both the bubble and spore. This was because the
nano-sized Ag/TiO; fell into the Rayleigh scattering regime (Kim and Chang, 2017) and thus
its scattering cross section was the lowest observed (Fig. S5a). Nevertheless, the total relative

scattering intensity of the catalyst particles in the test solution was the strongest (Fig. 5d-f)
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due to it being at the highest concentration, resulting in a high total scattering cross section
(Fig. S5b) (Bohren and Huffman, 2008). Therefore, the order of total relative scattering
intensity was: total (mixture of MNBs, spores, and Ag/TiO; particles), spores and Ag/TiO>
particles, Ag/TiO> particles, MNBs, and spores. When compared to the conventional
photocatalytic system (spores and Ag/TiO; particles), the addition of MNBs in the ternary
system evidently displayed stronger light scattering, which thus prolongs the optical path
length in a specific region near to the light source (Fan et al., 2021b). Considering the
maximum distance across the photocatalytic reactor between the light source and the water
medium was 30 mm, the addition of MNBs into the Ag/TiO;-spore system increased the total
relative scattering intensity by on average 16.6% at a wavelength of 500 nm, 35.6% at A = 600
nm, and 54.8% at A = 700 nm. Therefore, the MNBs played an important role in increasing the
optical path length in the Ag/TiO»-spore suspension, thus enhancing light adsorption and the
photocatalytic reactions in an aqueous solution. These analyses agreed well with the results

from the inactivation of spores and the production of ROSs seen in the previous section.
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Fig. 5. (a)-(c) The scattering phase function of single bubble, spore and Ag/TiO; particle; (d)-(f) The
relative scattering intensity at different propagation distances in Ag/TiO» suspension, spore suspension,
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MNB emulsion, spore+Ag/TiO, mixture and the spore -Ag/TiO,-MNB mixed system (total). (a) and
(d): A =500 nm, (b) and (e): A = 600 nm; (c) and (f): A = 700 nm. In (a)-(c), 0° represents the direction
of the incident light, 180° represents the direction of the totally back-scattered light, and all scattered
lights at other angles are termed lateral scattering.

The interfacial photoelectric effects of the different particles were verified by the FDTD
model. The effect of a single target particle (MNB, Ag/TiO: particle and spore) on the
propagation of the incident beam at three different wavelengths (500, 600, and 700 nm) is
shown in Fig. S6-8. A single MNB had the largest scattering cross-section and the highest
scattering intensity, followed by the spore and then the Ag/TiO; particle. This was consistent
with the Mie analysis (Fig. 5a-c). The near-field distributions of optical intensity for a bubble
and a spore adhered to a Ag/TiO» particle is illustrated in Fig. 6. When the plane wave arrives
at the surface of the bubble or spore, the distribution of the electric field displays a high
degree of heterogeneity with periodic oscillation. This is the origin of the angular scattering
properties of the MNBs (Fig. 6a-c). In particular, the maximum light intensity in the regions
of both the edge of the bubble and in diverged directions is visible. In the presence of MNB,
the electric field was enhanced in these regions (Fig. 6d), with the enhancement locally
reaching up to 4 times the intensity of incident light compared to the values observed in the
absence of MNB (Fig. 6¢). If spores coated by Ag/TiO; particles locate in these regions with

enhanced light intensity, the photocatalytic reaction will be promoted.

In addition to the mechanistic investigations carried out here, it should be noted that the
interfacial adsorption of contaminants and/or particles on bubble surfaces is possible (Nguyen
et al., 2006). Thus, MNBs may adsorb both spores and Ag/TiO» particles in close proximity to
the bubble surface, benefiting the performance of the photocatalytic disinfection. However,
the contribution of this process was not quantified in the current study, and is an area where

further research is required.
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Fig. 6. (a) Electric field distribution near an illuminated spore with attached Ag/TiO- particles. The
incident wavelength is 500 nm. (b) Electric field distribution near an illuminated MNB with a nearby
Ag/TiO; particles coated spore. (c) and (d) are the enlarged images for certain positions of (a) and (b),
respectively.

3.6. Implementation potential

Photocatalysis, as an advanced oxidation technique, has been the subject of extensive research
over recent decades. However, this technology is not widely used operationally because of its
low efficiency. This is explained by the enhancement of the process at high energy short
wavelengths of light, fast charge recombination, and low migration of the photo-generated
electrons and holes into the bulk solution (Koe et al., 2020). The current study demonstrated
that MNBs can enrich the oxygen content in aqueous solution and increase the light
absorption of photocatalysts, consequently the photocatalytic disinfection could be
significantly enhanced. In order to implement practical applications and upgrade the water
disinfection facilities, the MNBs approach could be effectively incorporated into current

widely used photocatalytic units, such as fixed-bed reactors (Fig. S9a). The applied fine
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photocatalyst particles (Ag/TiO2) can be immobilized onto a solid support matrix, for example
glass beads, zeolite or directly onto membranes, enabling easy separation and reuse of the
photocatalysts (McCullagh et al., 2011). The MNB can be applied directly into the water prior
to entering the photocatalytic units, enabling stable performance. An alternative approach is to
apply the photocatalysts and MNBs directly into contaminated water sources, taking
advantage of natural solar irradiation. In this concept, floating photocatalysts using
self-buoyant media or low density carriers, have been applied on the surface of natural waters
to decompose cyanobacteria, antibiotics, and toxic metals (Fig. S9b) (Xing et al., 2018). MNB
technology has recently been introduced into natural waters for water and sediment
remediation in eutrophic waters (Zhang et al., 2018). Combining MNBs with photocatalysis is
therefore expected to provide synergetic effects on in-situ natural water remediation with a

large specific surface area (Fig. S9b).

While the present study demonstrates the feasibility of MNB photocatalysis for disinfection
applications, it is expected that this will translate to oxidation of chemical pollutants,
including organic micropollutants. MNBs have also been postulated to generate free radicals
during bubble collapse which may additionally contribute to enhanced oxidation reactions,
potentially facilitating degradation of a broad range of contaminants with and without
photocatalysts being present (Liu et al., 2016; Fan et al., 2019). Nevertheless, given the
complexity of light propagation, photochemical reactions and bubble dynamics in real water
bodies, further study on the impacts of background matrix and hydraulics on the efficiency of

MNB-assisted photocatalysis processes is needed for disinfection and oxidation applications.

4. Conclusions

Our study has demonstrated that micro/nano bubble (MNBs) can act as a chemical free
additive to enhance the disinfection capability of the conventional visible light photocatalytic
process. The inactivation efficiency of Bacillus subtilis spores with MNBs present was
significantly higher than that in the system without MNBs. The H>O; and -OH were the

primary ROSs that contributed to the disinfection processes. The presence of MNBs provided
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a sustainable oxygen supply to activate the hole oxidation by capturing photoelectrons, and
inducing strong light scattering to increase the optical path length in the solution. Meanwhile,
the dielectric change at the bubble-solution interface leads to ‘high-degree’ heterogeneity of
the electric field, resulting from the formation of regions with enhanced light intensity, where
the photocatalytic reactions can be promoted. Notably, the current research was conducted
over one-hour photocatalysis experiments. Longer-term continuous experiments and upscaled
reactor configurations should be investigated in order to move towards full-scale application
of the process. This will enable a full cost-benefit analysis of the process to be carried out.
Nevertheless, this study opens up new prospects for the development of photocatalysis

coupled with MNBs for advanced water treatment.
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S1. Mie analysis of light scattering induced by MNB

According to classical electromagnetic theory, light scattering of a bubble triggered by charge
excitation or re-radiation of the electromagnetic energy was schematically illustrated in Fig. 1.
The scattering is identical at all polar angles ¢, while the distribution of the scattered
intensities F(0,p) at different angles 6 has great influence on the light propagation. The
ultrafine MNBs with high inner pressure in water usually tend to be spherical, and the bubble
size in this study was comparable to the light wavelength. Mie theory was thus applied to
calculate the scattering properties, which provided an analytical solution of Maxwell’s
equations for the scattering of electromagnetic radiation by spherical particles in terms of
infinite series (Wriedt, 2012). For unpolarized incident light, since the scattered energy in the
far-field is 7, |5, +|s,[*, the F(0,¢) and the relative scattering intensity (R, ) at different
propagation distance (z) can be derived as (Wriedt, 2012; Sumlin et al., 2018)

A2 2 2
15(0!)=W10(|Sl| +|S2| ) (1)
1 2 2
Fla,p)y=2 (S, +|s:[) (2)
4F(a, p)
P(cosa)=m 3)
0..= =3 @n+(a, [+, 4)
Ty 2n+1
Sl = Zn:m(anﬂn +bnTn) (5)
ey 2n+1
5= p n(n+1)(anrn o) (©)

where, I(a) is the intensity of scattering light at the point P with distance R from the bubble
center; i is the wavelength of incident light (Fig. S1); S, and S, are the amplitude
functions; Q

.. 1s scattering efficiencies; a, and b, are the Mie coefficients. =, and 7,

are all functions of scattering angle, which are calculated from recurrence relations.
Calculations were performed with the Mie computational package PyMieScatt (Sumlin et al.,
2018). For a spherical air bubble, the refractive index was set as nai=1 while nwawer=1.33,
Nspore=1.52, and nag/mio2=2.50.

In a bubbly emulsion, a light beam will be continuously scattered as it propagates in liquid

with identical scattering bubbles. For a small propagation distance a-, the scattered light
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intensity can be written as

Al=1(z)-p-0,-Az (7)

where pis the concentration of the scattering bubbles, and o, is the scattering cross section
of each bubble which can be calculated using PyMieScatt. As the propagation distance z
increases, more light is scattered. Assuming the initial intensity of the incident beam is 1, the

scattered intensity (7,

scat

(z) ) and relative scattering intensity (R, ) at the propagation length -
can be written as
{IS% (2) = 1, -[1-exp(~po, )]

R, =1,,(2)/1,=[1-exp(-poc, z)]x100%

scat

(8)

S2. Finite-difference time-domain (FDTD) modeling

As the sizes of MNBs, spores, and Ag/TiO» particles were in the um and nm ranges, the local
optical field intensity around them was an important factor of the optical excitation. The
MNBs can not only induce macro scatterings, but also modify the near field distribution of the
optical field. For this scattering process, far-field scattering originates from the near-field
properties. The interfered electric field near the bubble was calculated using the
finite-difference time-domain (FDTD) method (Chowdhury et al., 2008; Oskooi et al., 2010).
The FDTD method discretizes Maxwell’s time-dependent curl equations using
central-difference approximations for the space and time partial derivatives of the electric and

magnetic fields.

In the FDTD method, the evolution of the electromagnetic fields is simulated by solving the

following Maxwell’s time-dependent curl equations (Bohren and Huffman, 2004):

r
r
VxE:—a—B
ot
r r
B=u*H
r )
r
VxH:a_D
ot
r r
D=¢*FE

where E and H are electric and magnetic fields, respectively.  and M denote the
permittivity and permeability, D and B represent the electric displacement field and
magnetic flux density. The simulated area is finely divided into spatial grids in Cartesian
coordinates. In each grid cell, the partial differential equations are solved using

central-difference approximations. After the pulsed stimulation of an electromagnetic wave
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source, the fields in the simulated area are updated in small time steps. The properties of
fields in the frequency domain can be obtained by the Fourier Transform of the transient
response. Therefore, the amplitude of sinusoidal electric fields (‘ E‘) can be calculated at
certain frequencies.

A schematic representation of the 2D FDTD computational domain is shown in Figure S1. A
plane-wave was set to propagate toward the y axis, and the polarization was set to be in the x
direction (Fig. S1). A field and power monitor in the frequency domain was used to record the
electrical intensity (|g[, representing the optical intensity). The simulated area was set to be
4.8 umx5.5 um, which was large enough to see the near field properties around the spore,
MNB, and Ag/TiO; particle. The final monitoring domain shown in Fig. S1 was
“2um <y <18um - gpd -lum <y <3.5um - The simulation area was surrounded by perfect
matched layers (PML), which absorbed all the electromagnetic waves reaching the simulation
boundaries, so that there was no unwanted reflection left. Three scenarios of FDTD modeling
were simulated: (1) water alone; (2) single MNB, single spore, and single Ag/TiO; particle; (3)
Fifty Ag/TiO> particles were placed at the surface of the spore, and An MNB was placed
closely to the spore. Since the optical intensity / is proportional to the square of the amplitude
of the oscillating electric field |g*, the electric field distribution in the simulation area was
recorded in the frequency domain. The relative intensity of || at different positions was
denoted by different colors. Colors ranging from blue to red represented intensities that
ranged from weak to strong. The diameters of the bubble, spore and the Ag/TiO» particle were
set to the tested average values in photocatalytic experiments. The interfacial photoelectric

effects induced by the MNBs could be obtained by comparing the different scenarios.
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Fig. S1 High resolution XPS spectra of Cls, Ols, Ti 2p, and Ag 3d in Ag/TiO> sample.

30


https://doi.org/10.1021/jp802414k

400

E 350

3

W 300

250 | )
300 350 400 450 300 350 400 450

300 350 400 450 500
Em(nm)

Fig. S2 EEM spectra of the soluble microbial products in water during the spore inacitivation
in MNBs treatment group.
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Fig. S3 The relative scattering intensity in the angle range 6=0-5° under different scenarios.
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Fig. S6 FDTD simulation of the electric field distribution in target domain. The incident
wavelength is 500 nm. (a) water alone; (b) near an illuminated spore; (c) near an illuminated
Ag/TiO; particle; (d) near an illuminated MNB.
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Fig. S7 FDTD simulation of the electric field distribution in target domain. The incident
wavelength is 600 nm. (a) water alone; (b) near an illuminated spore; (c) near an illuminated
Ag/TiO; particle; (d) near an illuminated MNB.
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Fig. S8 FDTD simulation of the electric field distribution in target domain. The incident
wavelength is 700 nm. (a) water alone; (b) near an illuminated spore; (c) near an illuminated
Ag/TiO; particle; (d) near an illuminated MNB.
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