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ABSTRACT: The persistent issue of ceramic membrane fouling poses significant challenges to its widespread implementation. To
address this concern, ozone nanobubbles (ozone-NBs) have garnered attention due to their remarkable mass transfer efficiency. In
this investigation, we present a novel ozone-NB generator system to effectively clean a fouled ceramic membrane that is typically
employed in the dye industry. The surface characteristics of the ceramic membrane underwent significant alterations, manifesting
incremental changes in surface roughness and foulant accumulation reduction, as evidenced in atomic force microscopy, scanning
electron microscopy, X-ray fluorescence, and energy-dispersive spectroscopy. Remarkably, the sequential 4 h cleaning process
demonstrates an effective outcome leading to an almost 2-fold enhancement in the membrane flux. The initial fouled state of 608 L/
h/m2 increased to 1050 L/h/m2 in the 4 h state with a recovery of 50%. We propose such membrane performance improvement
governed by the ozone-NBs with a size distribution of 213.2 nm and a zeta potential value of −20.26 ± 0.13 mV, respectively. This
effort showcases a substantial innovative and sustainable technology approach toward proficient foulant removal in water treatment
applications.

1. INTRODUCTION
Membrane filtration is a highly effective and versatile pressure-
driven separation technique utilized for particles’ mechanical
and chemical sieving.1,2 Among the commonly employed
membrane materials, ceramic and polymeric membranes stand
out as prominent options. Ceramic membranes, in particular,
offer several distinct advantages over their polymeric counter-
parts. Ceramic membranes display exceptional mechanical
strength, durability, and resistance to harsh chemical cleaning
processes.3 Moreover, ceramic membranes are well-suited for
high-temperature environments and effectively handle slurries
containing abrasive suspended materials. Their inherent
resistance to biological deterioration further enhances their
appeal in various industries. These membranes have gained
widespread usage in these sectors, enabling efficient solid−
liquid separation processes.3−6

Unfortunately, membrane fouling is a persistent challenge
encountered in the operation of membranes, particularly in

water and wastewater treatment. This issue has garnered
significant attention due to the widespread adoption of
membrane technology in these domains.7 The fouling
phenomenon mostly occurs as a result of the precipitation
and deposition of undesired molecules or particles onto the
membrane surfaces and pores.8 It is worth noting that the
fouling not only reduces the flow of the stream passing through
the membrane but also has a substantial impact on the
membrane’s selectivity due to pore blockage (size exclusion),
changes in surface chemistry, and the adsorption of
foulants.2,9−12
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In recent years, several technologies have been proposed to
address fouling. For example, in situ and ex situ methods
consist of backwashing, air/gas sparing, scouring, and chemical
cleaning. However, it is important to note that these methods
often suffer non-negligible drawbacks such as being energy-
intensive and potentially harmful to the membrane surface.7,13

For instance, in backwashing, the elevated pressure and flow
rate could potentially harm the membrane’s surface and its
structural integrity.3,13 In addition, the nature of foulants, such
as abrasives, is potent to harm the membrane during
backwashing. Therefore, sustainable and effective fouling
mitigation strategies in membrane technology development
are highly desired to counter such issues.
Researchers are currently focusing on the development of

microbubble (MB) and nanobubble (NB) technologies for
membrane cleaning.3,14 NBs specifically have higher mass
transfer and bursting energy compared to MBs. Temesgen et
al. proposed that NBs are bubbles with less than 1 μm in size,
while MBs have slightly larger sizes in the range of 10−100
μm.15 Several reports have discussed the utilization of air as a
gas phase in NBs, considering the oxygen content, as reported
by Dayarathne et al. and Ghadimkhani et al. Dayarathne et al.
demonstrated that water containing air-MBs and air-NBs could
disrupt the concentration polarization layer that forms on
reverse osmosis membranes.14 Ghadimkhani et al. investigated
the cleaning of ceramic membranes using air-NBs and
observed its effectiveness in removing synthetic fouling caused
by NaCl and MgCl2.

3 However, air is not categorized as a
strong oxidant, and the generation of reactive oxygen species
(ROS) that plays a crucial role in the degradation could be
achieved only through water pyrolysis.16 Therefore, providing
an efficient and effective potent oxidant in the form of NBs is
required.
Ozone is a promising oxidant in NB systems considering the

high reduction potential. Additionally, in the ozone-NB
system, ROS could potentially be generated not only by
water pyrolysis but also by ozonation reaction through an
indirect way.16−18 NBs act as a physical barrier, effectively
encapsulating the contaminating layers on its surface.19−22

When contamination-encapsulated, the oxidant would oxidize
it. Compared to larger bubbles, ozone-based NBs produced by
NB generators exhibit a longer lifetime in the water column.23

When dissolved ozone interacts with impurities, the treated
water maintains the saturated ozone concentration, as

highlighted by Meegoda and Batagoda24 As a result, NBs
retain their physical characteristics within the water column for
several months under normal pressure conditions. Hutagalung
et al. investigated the combined use of ozone-NBs and
advanced oxidation processes to remove the dye effluent. The
findings indicated that ozone-NBs exhibited a significantly
higher capability, removing 60% of chemical oxygen demand
compared to macro bubbles with only 40% removal
efficiency.17

Tian et al. reported that continuous air bubbling was
effective in reducing fouling. Additionally, the size of the air
bubbles was found to influence membrane fouling.25 However,
the specific effects of these parameters in ozone-NBs on the
cleaning process in membrane filtration have not been
extensively explored. To address this research gap, this study
focuses on examining the cleaning process using an ozone-NB
system. The contaminated membrane used in the experiment
was obtained from a dye-filtering company. The primary
objective of this research is to gain insights into the underlying
mechanisms of the physical interactions between ozone-NBs
and ceramic membranes as well as the cleaning processes. By
investigating these aspects, the study aims to understand better
the utilization of ozone-NBs toward effective cleaning in
membrane filtration systems.

2. MATERIALS AND METHODS
2.1. Experimental Setup. Our system consists of three

sequential processes: NB generation, cleaning, and circulation.
The schematic of the cleaning system is illustrated in Figure 1.
It is readily apparent that the fouled ceramic membrane is
positioned within the enclosed water tank with a volume of 3
m3. The membrane is classified as ultrafilters (UFs) equipped
with a pore size of 0.05 μm. Additionally, the diameter of this
membrane is around 41 mm with 19 pieces of 6 mm channels.
The material composition of the membrane filter layer is TiO2,
while the supporting shell is composed of Al2O3. Table 1
presents the detailed information on ceramic membranes.
The fouled membrane employed in this study was obtained

from a company called Perusahaan Umum Percetakan Uang
Republik Indonesia, which initially employed the membrane to
filter dye solution. Thus, in this study, the experimental fouling
process of ceramic membranes was not a focus. The flux of the
fouled membrane was measured at 608 L/h/m2 by using the

Figure 1. Schematic diagram of experiment apparatus: (1) water, (2) ceramic membrane, (3) tank, (4) valve, (5) distribution pump, (6) oxygen
concentrator, (7) ozone generator, (8) gas flowmeter, (9) NB generator, (10) rotameter, (11) temperature indicator, (12) pressure indicator, (13)
oxygen, and (14) ozone.
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flux test instrument for the cross-flow membrane26 depicted in
Figure 2. A distribution pump facilitated the circulation of
water throughout the system. The water stream was then
directed through a NB generator and injected with ozone. The
ozone gas was generated from oxygen as the source using an
ozone generator, employing the corona discharge method to
ensure sufficient ozone production. We used ∼30 g/L ozone
with concentrated oxygen produced from a concentrator
(Yuwell 8F-3AW) to achieve a purity level exceeding 90%. The
NB generator employed in this study shares conceptual
similarities with the orifice plate principle outlined in the
previous research.17,27 The plate dimension is 50.8 mm in
diameter and within one unit comprising 15 sets of plates. The
NB generator consists of 114 honeycomb-shaped holes with a
diameter of 2.35 mm and a spacing of 1 mm.
The inlet water containing NBs is directed into the tank

housing the fouled membrane to facilitate fouling removal.
Subsequently, water is continuously circulated through the
system using a distribution pump. The duration of this process
in our study varied from 1, 2, 3, and 4 h, respectively. It is
worth mentioning that NB technology operates based on the
occurrence of cavitation, which results from a significant
decrease in pressure within the flow. Our previous research has
demonstrated that our system achieved a cavitation number
(Cv) of around 0.909.17 According to Saharan et al., the
cavitation phenomenon typically occurs when Cv ≤ 1.28−30

2.2. Characterizations. The morphologies and structures
of the ceramic membranes were characterized and analyzed
using surface-based techniques such as atomic force micros-
copy (AFM, Park NX10) and field-emission scanning electron

microscopy (FE-SEM, Thermo Scientific Quanta 650). The
percentage of each element present on the surface of the
ceramic membrane was confirmed using energy-dispersive
spectroscopy (EDS) analysis equipped with the FE-SEM setup.
The porosity of the membrane surface was determined through
a two-dimensional calculation on the scanning electron
microscopy (SEM) image, following the methodology in
previous studies.31,32 The elemental component of the dye,
which served as the source of the foulant in this experiment,
was determined using X-ray fluorescence (XRF) analysis
conducted on a Rigaku NEX OC+EZ series instrument (serial
number QC1520) operating in the range 3000−20,000 keV.
The chemical bonds in the foulants were analyzed by Fourier
transform infrared spectroscopy (FTIR, Thermo Scientific
Nicolet iS10).
To analyze the size distribution and zeta potential of ozone-

generated NB in water, a particle size analyzer (Zetasizer Pro
Blue, Malvern) was employed based on the dynamic light
scattering method. This instrument is capable of determining
bubble sizes in the range of 0.3 nm−10 μm.

2.3. Membrane Flux Test. The cleaning performance was
assessed by quantifying the outgoing membrane flux across the
system, which was evaluated by using a comprehensive setup
consisting of a hydraulic compressor, valves, a membrane
holder, a pressure regulator, and an analytical balance. The
membrane flux system is depicted in Figure 2. The applied
pressure of the membrane flux was maintained at approx-
imately 3 bar, simulating the operational conditions under
which these membranes are employed. The membrane flux,
also called water flux, is precisely defined as the volume of
water that passes through the tested membrane per unit of
time and area.33 In addition, several other transport features
such as rejection or retention and selectivity parameters could
be useful to further characterize fouling formation. However,
our focus in this investigation specifically related to the
emphasis on water flux due to its feasibility within the available
infrastructure. This flux value can provide insights into the
energy requirements of the filtration process. This flux value
can provide insights into the energy requirements of the
filtration process. An ideal filter should exhibit a high water
flux, which signifies a lower energy consumption during
filtration. The membrane flux (J) can be calculated using the

Table 1. Ceramic Membrane Specification

manufacturer WTG Water Treatment GmbH
membrane type tubular
material membrane supporting shell α-Al2O3
material membrane filter layer UF: TiO2
pore size 50 nm
portable water flux 1500 L/h/m2 (working pressure 3 bar)
number of channels 19
channel diameter 6 mm
pH working area of operations 0 to 14

Figure 2. Schematic diagram of the cross-flow membrane flux apparatus: (a) compressor, (b) air filter, (c) valve, (d) pressure indicator, (e) water
tank, (f) tank stand, (g) membrane holder, (h) membrane, and (i) mass balance.
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following formula, taking into account parameters such as the
volume of the permeate (V), membrane surface area (A), and
filtration time (t).

=
·

J
V

t A (1)

Here, V represents the volume of permeate Liters (L), A
denotes the membrane surface area in square meters (m2), and
t signifies the duration of the filtration process in hours (h).

3. RESULTS AND DISCUSSION
3.1. Elemental Analysis of Foulants. Prior to the

treatment, we characterized the elemental analysis of a dye
serving as a foulant agent using XRF as depicted in Figure 3a.

XRF analysis of the foulant unveils the presence of elemental
constituents, namely, calcium (Ca), manganese (Mn), nickel
(Ni), copper (Cu), and zirconium (Zr). The identification of
these elements was accomplished through the detection of
their characteristic peaks during the analysis. Specifically, the
following elemental peaks were observed:34,35 Ca exhibited a
peak at 3.690 keV, designated as Ca-Kα; Mn displayed a peak
at 5.896 keV, referred to as Mn-Kα; Ni exhibited a
characteristic peak at 7.476 keV, denoted as Ni-Kα; Cu
manifested as a peak at 8.046 keV, identified as Cu-Kα; lastly,
Zr showed a distinctive peak at 15.771 keV, known as Zr-Kα.

Furthermore, the FTIR analysis provides vibrational detailed
inputs into the functional group of foulants, as depicted in
Figure 3b. The presence of a peak at 3281 cm−1 indicates the
hydrogen bond that is usually found in the range between 3650
and 3250 cm−1. Another significant feature in the FTIR is the
peak at 1639 cm−1. This peak is associated with the stretching
vibration of the carbon−carbon double bonds (C�C). The
presence of this peak implies the existence of unsaturated
carbon compounds. Additionally, the foulant’s FTIR spectrum
displays peaks at 1555 and 1402 cm−1. The peak at 1555 cm−1

corresponds to the stretching vibration of nitrogen−oxygen
bonds, characteristic of aromatic compounds. Meanwhile, the
peak at 1402 cm−1 is indicative of the stretching vibration of
sulfur−oxygen bonds, specifically organic sulfates.36

3.2. Elemental Analysis of Membrane Surfaces. Figure
4a,b depict SEM images of the surface of fouled and clean
membranes. The morphology observed initially reveals the
presence of dark regions, which is attributed to the presence of
pores, while the white areas could be associated with the
membrane material and the foulant. Furthermore, the
elemental composition is carried out using EDX analysis to
provide detailed weight percentage information.
Further investigation using EDS revealed that these

structures share a similar chemical composition to the
contributing elements that were previously identified by XRF
analysis, as shown in Table 2. Notably, aside from titanium
(Ti) and aluminum (Al) present in the membrane material
itself, certain elements, namely, Zr, Mn, Ca, and Ni, exhibited a
strong association with the foulant. Additionally, silicon (Si), a
common microelement in water, particularly in groundwater,
was also detected in this analysis.37−39 Furthermore, the crucial
constituents that are responsible for fouling are successfully
demonstrated via subsequent reduction in the cleaning
procedure, thereby indicating the successful efficacy of the
cleaning process in mitigating foulant accumulation. Alongside
the decrease in the weight percentages of foulants, the
membrane components also exhibited an augmentation.
Additionally, employing the surface porosity method by
Abdullah and Khairurrijal,31 the result revealed that the fouled
membrane exhibited a lower surface porosity (59.9%)
compared to its cleaned state (63.5%). It is readily apparent
that fouling could lead to a decrease in porosity. This is
because fouling can block the pores in the membrane,
preventing water from flowing through this membrane.40,41

However, the fouling was successfully removed from the
membrane pores, facilitating incremental changes of the
membrane porosity.
Furthermore, the cross-sectional morphology of the

membrane was also examined, as depicted in Figure 4c,d. It
is evident that there was a reduction in the deposited foulant in
the outer edge region of the membrane, which corresponds to
the entry point for the dye solution. Initially, the thickness of
the deposited foulant was estimated to be 16 μm, while the
cleaned membrane exhibited a thickness of only 13 μm. The
oxidation process in this region effectively reduced the
presence of the deposited foulant. EDX analysis results of
the fouled membrane in the cross-sectional area are illustrated
in Table 3. Notably, sodium (Na) could be detected in this
analysis, likely attributed to the foulant. Na has a relatively low
atomic number (11), which means that the X-rays emitted by
Na possess a low emission energy. This makes it difficult to
separate the Na signal from the background noise.42 Thus, it is
challenging to detect this element solely by using XRF.

Figure 3. (a) XRF pattern of a dye as a foulant in the membrane and
(b) FTIR spectrum of a dye as a foulant in the membrane.
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Additionally, the other elements of the foulant, namely, Ca,
Cu, and Ni, were also quantifiable in this cross-sectional area.
After the cleaning process, most of these elements exhibited a
decrease in their weight percentage. Na and Ca, initially
present at 0.50 and 0.35%, respectively, were reduced to 0.38
and 0.29%. Similarly, the weight percentages of Cu, Ni, and
Mn decreased from 0.08, 0.01, and 0.30% to 0%. However, Zr
elements could not be detected in this particular cross-
sectional area. Conversely, the membrane elements, Ti, Al, and
O, exhibited an increase in their weight and atomic
proportions due to the reduction in the other elements. The
proportion of carbon (C) associated with the organic
components that are present in the dye solution has shown
substantial changes, indicating that the oxidation process
disrupted the chemical bonds among the organic components.
Meanwhile, the presence of oxygen can be attributed to the
membrane element and the organic constituents of the foulant.
In XRF analysis, the identification of both C and O were
challenging due to the low energy fluorescence exhibited by
these elements.43,44 Finally, the appearance of the chlorine
element observed in the EDX analysis data can be linked to the
utilization of process water, which is used for diluting the dye
within the factory.

3.3. Analysis of Surface Morphologies. The three-
dimensional morphological characteristics of both the fouled

and cleaned membrane surfaces were further examined by
using AFM shown in Figure 5. These analyses provided
insights into the surface topography of the membrane. Prior to
cleaning, the membrane surface exhibited a smoother
appearance, as indicated by the root-mean-square (rms)
roughness value of ∼93.65 nm. In contrast, the cleaned
membrane displayed a rough and undulating surface, with an
rms roughness of ∼109.6 nm. The variation in the surface
roughness between the fouled and cleaned states offers
valuable information regarding the deposition of foulants on
the membrane surface.
It is important to note that contaminants have the ability to

mask the inherent undulations of the membrane surface,
resulting in a seemingly smoother surface after their
deposition. The degree of surface roughness can influence
the fouling rate in some ways. Rougher surfaces can provide
more surface area for contaminants to attach to as well as
increase the friction between the membrane and the
fluid.12,45,46 Consequently, this phenomenon impedes the
upward movement of contaminants from the membrane
surface and promotes their accumulation. Following the
cleaning process, the roughness of the membrane surface
increased, which can be attributed to the reduction in foulants
that covered the initially rough surface.

3.4. Cleaning Mechanism. Figure 6 sheds light on how
the ROS is generated from the ozone-NBs and how the
subsequent cleaning process occurs in ceramic membranes.
Three sequential paths were proposed in the cleaning process
including ROS generation from the oxidative agent, continued
by foulant encapsulation and foulant degradation. The
oxidative agent was modified using a hydrodynamic cavitation
process taking place in the NB generator. Initially, the
pressurized ozone was injected into the water flow, following

Figure 4. SEM images of the (a) fouled membrane surface and (b) cleaned membrane surfaces and the cross-sectional area of the (c) fouled
membrane and the (d) cleaned membrane.

Table 2. EDX Analysis of the Surface Area of the Fouled
Membrane and Cleaned Membrane

condition weight (%)

Ti Al Si Zr Mn Ca Ni

fouled 95.7 1.8 1.0 0.6 0.5 0.3 0.1
cleaned 96.6 2.0 0.6 0.3 0.3 0.2 0.0

Table 3. EDX Data of the Cross-Sectional Area of the Fouled Membrane and Defouled Membrane

condition weight (%)

O C Al Ti Si Na Ca Cu Ni Mn Zr Cl

fouled 46.03 25.56 15.24 10.79 0.97 0.50 0.35 0.08 0.01 0.30 0.00 0.17
defouled 51.00 16.79 18.49 13.73 1.04 0.38 0.29 0.00 0.00 0.00 0.00 0.08
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the methodology described in the previous studies.17,27,47 The
multiphase flow, consisting of ozone and water, passed through
the honeycomb structure of the NB generator. As the
multiphase flow traversed the honeycomb structure, the
breakdown of the flow led to the subsequent formation of
ozone NBs. The product ozone NB has a higher surface
contact compared to the MBs.
The physical modification significantly influences the further

process of ROS generation.9−50 We rationalize that the
conventional thermodynamics of the bubble collapse phenom-
enon led to ozone breakdown. Furthermore, this process
comprises three sequential stages, namely, initiation, prop-
agation, and termination. The following Young−Laplace
equation provided an explanation on the stability and behavior
of the gas−liquid interface within the NBs.51,52

=P R2 / (2)

ΔP is the pressure difference across the curved interface, γ is
the surface tension of the liquid−gas interface, and R is the
radius of curvature of the interface. When an NB forms, it
exhibits a curved interface due to the surface tension of the
liquid. The pressure inside the bubble is greater than the
pressure outside, resulting in a pressure difference across the
curved interface. This pressure difference can be described

using Young−Laplace eq 2, which states that it is inversely
proportional to the radius of curvature of the interface. In
simpler terms, smaller bubbles with smaller radii of curvature
will experience higher pressure differences across their
interfaces compared to larger bubbles.51−53 Consequently,
the pressure inside the NBs can be significantly higher than the
surrounding pressure. This pressure difference contributes to
the structural stability of NBs, preventing their rapid
dissolution. The elevated internal pressure helps to counter-
balance the tendency of the bubble to shrink and maintain its
integrity over an extended period. This increased pressure
within the NB is crucial for sustaining its existence and
prolonging its lifetime. The collapse of NBs results in the
generation of highly localized pressures and temperatures,
known as cavitation.54 The high temperatures and pressures
experienced during collapse lead to the formation of ROS
specifically hydroxyl radicals (•OH).55−57 Due to their high
reactivity, hydroxyl radicals rapidly react with a broad range of
organic contaminants, including pollutants, pathogens, and
dyes.17,58,59

Figure 7a,b represents the size and zeta potential of NBs
upon 4 h processing, respectively. The peak distribution value,
representing 100% of the ozone-NB, is found to be ∼213.2 nm
in size. Notably, the quantity and size of NBs can significantly

Figure 5. Three-dimensional topographic AFM images of the membrane surface: (a) fouled membrane and (b) cleaned membrane.

Figure 6. Proposed mechanisms of the ceramic membrane cleaning process.
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impact their mass transfer efficiency. We propose that
producing a substantial amount of the desired NBs with a
large surface area would enhance the mass transfer flow in the
cleaning process.
The zeta potential of the NBs was measured at about −20.26

± 0.13 mV at the final residence time of 240 min. The
corresponding distribution of the zeta potential is shown in
Figure 7b. Upon examining the evolution of zeta potential
from the beginning to the 240 min markedly the turnover
process that evidently led the zeta value transition from a

positive to increasingly negative value, signaling the introduc-
tion of ROS into the targeted solution. Figure 7c and Table S1
exhibit the alteration of zeta potential throughout the
sequential 4 h process.
The zeta potential of NBs plays a significant role in

determining their stability and behavior within the colloidal
system.60,61 Various factors can influence the zeta potential of
NBs, including the surface charge and composition of the
surrounding liquid medium.54,62 In this case, the presence of
ROS could impact the zeta potential of colloidal particles,
including NBs. ROS interacts with the surface of particles,
leading to surface charge variation that subsequently affects the
zeta potential. The negative zeta potential observed here is
attributed to the presence of the generated ROS at the bubble
interface, which contributes to the stability of NBs.7,21,63 It is
important to note that the zeta potential primarily reflects the
charge of the bubble rather than its density in water. The
electrically charged surface of the NBs causes particles to repel
one another, preventing coalescence or merging of bubbles.
This electrostatic repulsion plays a crucial role in maintaining
the stability of the NBs and preventing their aggregation or
coagulation with other bubbles or particles in the surrounding
medium.63−65

We systematically varied the cleaning time to examine the
remediation recovery in four different durations: 1, 2, 3, and 4
h, while maintaining a fixed pressure of 3 bar. The ceramic
membrane was evaluated in both its initial fouled state and
upon the cleaning procedure and then compared with the
pristine state. Figure 8 provides a visual representation of the
alterations observed in the ceramic membrane during the
cleaning process. Initially, the fouled part of the membrane is
visible, appearing as a dark blue color, indicating the presence
of deposited foulants in the membrane channels. As the
cleaning process progresses, the color gradually becomes
lighter and more homogeneous, indicating the removal of
fouling materials. In the final stage, after the 4 h process, the
membrane’s appearance transforms into a light blue color, and
no visible deposits can be found in the membrane channels.
Compared to that in a pristine state, the 4 h state displayed a
similar visual condition. This visual evidence confirms the
effectiveness of the cleaning process in restoring the cleanliness
of the ceramic membrane.
Moreover, the average membrane flux values obtained in the

four different cleaning times are 662, 800, 932, and 1050 L/h/
m2 for 1, 2, 3, and 4 h, respectively. In comparison, the fouled
state exhibited a membrane flux of 608 L/h/m2 while the
pristine water flux was 1500 L/h/m2. Detailed information can
be found in Figure 9 and Table S2.
Notably, over the 4 h cleaning process, the flux recovery

reached 50% and its flux was nearly doubled compared to the
fouled state. This observation suggests that the accumulation
of ROS, as previously mentioned, played a crucial role in
effectively reducing the foulant on the membrane surface.3 The
continuous generation and accumulation of ROS during the
extended cleaning time likely contributed to the enhanced
reduction of foulants, leading to an improved water
permeability of the membrane. These results highlight the
importance of prolonged cleaning cycles in achieving a higher
membrane flux and overall improved performance of the
ceramic membrane system.

Figure 7. (a) Particle size distribution of ozone-NBs with the x-axis is
plotted in the logarithmic scale. (b) Zeta potential value of ozone-NBs
after a 4 h process. (c) Dynamic changes in zeta potential over the
sequential 4 h process.
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4. CONCLUSIONS
The study revealed a significant improvement in the
remediation performance of the ceramic membrane upon the
cleaning procedure by ozone-NBs, as evidenced by a
remarkable increase in membrane flux from its initial value
of 609 to 1051 L/h/m2. The membrane underwent continuous
changes over 4 h, transitioning from a dark blue color
(indicating the presence of dye fouling) to a lighter shade of
blue, indicating a reduction in dye fouling on the membrane
surface. We propose findings originating from ROS generation
during ozone-NB cavitation. This hypothesis is supported by
the DLS analysis with the zeta potential resulting in a negative
value (−20.26 ± 0.13 mV). This indicates the presence of
predominantly negatively charged surfaces in the water
associated with the characteristic feature of ROS. Furthermore,
quantitative analysis revealed that 100% of the ozone-NBs with
a size of 213.2 nm is observed in the water stream during the 4
h cleaning period. This finding further confirms the generation
and presence of ozone-NBs, which are believed to contribute
substantially to the efficient foulant removal from the ceramic
membrane. Overall, this integrated ozone-NB system exhibits
significant potential as an innovative and sustainable
technology for effectively removing foulants in water treatment
applications.
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