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This study proposed a novel membrane filtration and dissolved ozone flotation integrated
(MDOF) process and tested it at pilot scale. Membrane filtration in the MDOF process was
operated in gravity-driven mode, and required no backwashing, flushing, or chemical
cleaning. Because ozone was added in the MDOF process, ozonation, coagulation, and
membrane filtration could occur in a single reactor. Moreover, in situ ozonation occurred in
the MDOF process, which differs from the conventional pre-ozonation membrane filtration
process. Significant enhancement of turbidity removal was further achieved through the
addition of membrane filtration. Membrane fouling was mitigated in the MDOF process
compared to the MDAF process. In situ ozonation in the MDOF process decreased the
fluorescence intensity and transformed the high MW dissolved organics into small MW
compounds. For the fouling layer, the extracellular polymeric substance (EPS) contents and
cake layer morphology were analyzed. The results indicated that the contents of EPS
decreased. Furthermore, a thinner and more loosely structured cake layer formed in the
MDOF process. Because coagulation and ozonation occurred simultaneously in a single
reactor, the generation of hydroxyl radicals was enhanced through the catalytic effect of
Al-based coagulants on ozone decomposition, which further alleviated membrane fouling in
the MDOF process.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Dissolved air flotation (DAF) is a clarification technology used for
removing low density particles from water (Edzwald, 2010).
However, DAF exhibits limited removal performance for dissolved
il.com. (Pengkang Jin).

o-Environmental Science
organic matter (DOM). To enhance DOM removal, the addition of
ozone instead of air was applied, and dissolved ozone flotation
(DOF) was proposed (Jin et al., 2006; Jin et al., 2016; Lee et al., 2004).
DOF is an innovative water treatment process that combines
ozonation and flotation (Jin et al., 2015). Compared with the
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conventional tertiary wastewater treatment process, which
comprises coagulation, sedimentation, and filtration, the DOF
process is superior in terms of decolorization and the removal of
odors and organic matter (Jin et al., 2015).

The DAF process can be used as a pretreatment step for
membrane filtration and is usually placed horizontally, in-
line with the membrane filtration process (Edzwald, 2010). In
to our previous study, the DOF process that was developed
had a vertical configuration (Jin et al., 2006; Jin et al., 2015). In
addition, purified water was collected from the bottom part of
the reactor. Therefore, it is possible to design a gravity-driven
membrane (GDM) filtration system to make full use of the
water pressure-head if the membrane module can be placed
at the base of the reactor. In the GDM filtration process, the
microfiltration (MF)/ultrafiltration (UF) membrane is located
40–100 cm below the water level (i.e., at a hydrostatic pressure
of 40–100 mbar) (Fortunato et al., 2016; Wu et al., 2017).
Compared to conventional pressurized or vacuum-driven
MF/UF processes, the GDM filtration process is free of the
need for chemical cleaning and has extremely low energy
consumption (Ma et al., 2017; Wu et al., 2016).

Membrane fouling is an inevitable impediment, limiting
the membrane performance and the application of MF/UF,
which causes a reduction in permeation flux, an increase in
filter resistance, and the need for more frequent physical/
chemical cleaning (Chang et al., 2015; Wang et al., 2017a;
Zheng et al., 2014). Several approaches have been proposed for
mitigating membrane fouling, including ozonation (Cheng et
al., 2016; Geluwe et al., 2011; Xue et al., 2016) and coagulation
(Huang et al., 2018; Wang et al., 2018). Compared with the DAF
process, ozone is introduced instead of air to enhance the
oxidation ability. However, little is known about the effect of
ozone addition on GDM filtration in the DOF process.

In most cases, ozone has been dosed in a pre-ozonation
mode, which requires an extra tank for ozone to come in
contact with thewater flow (Huang et al., 2009). The application
of pre-ozonation can mitigate membrane fouling, as ozone can
oxidize DOM to lower molecular weight (MW) substances and
can change themolecular structure and hydrophilic proportion
of DOM (Kim et al., 2009; Song et al., 2017). However, it was
reported that pre-ozonation could not mitigate irreversible
fouling caused by the formation of a gel layer on themembrane
surface and the blockage of membrane pores that occurs
during the filtration process (Lee et al., 2014). To overcome
this problem, an innovative method that causes oxidation to
occur inside the membrane pores was proposed to further
alleviate or even stop fouling in situ (Zhang et al., 2013). Direct
molecular ozone oxidation and hydroxyl radical oxidation of
the feed and foulants deposited on membrane surfaces and
within membrane pores were reported to be the main
mechanisms for mitigating membrane fouling in situ through
ozonation (Song et al., 2017; Szymanska et al., 2014). In the DOF
process, ozone is dissolved in water and released in the DOF
reactor. Therefore, the ozonation occurs in situ and is integrated
with membrane filtration (Jin et al., 2015). It is of interest to
investigate the removal and fouling performance of the
integrated membrane filtration and DOF process (MDOF).
There is also limited information related to the effect of in situ
ozonation on GDM filtration.
The aim of this study was to investigate the removal
performance of the MDOF process using a pilot scale reactor
fed by secondary effluent from a local domestic WWTP.
Furthermore, the characteristics of membrane fouling in the
MDOF process were also analyzed at different ozone dosages to
better understand the alleviation of membrane fouling. This
study can facilitate the application of the MDOF process as an
alternative wastewater reclamation process.
1. Materials and methods

1.1. Experimental setup and operating conditions

A schematic illustration of the experimental setup is given in
Fig. 1. The capacity of the experimental setup is 1.5 m3/hr. The
MDOF process integrates dissolved ozone flotation (DOF) and
membrane filtration together in a single reactor. The major
component of the MDOF reactor is a closed cylindrical
compartment with an inner column at the center, thus
dividing the cylindrical space into a contact zone and a
separation zone. There are two inlets at the bottom of the
contact zone. One inlet serves as an entrance for the raw
water, i.e., the secondary effluent, after mixing with an 80 mg/
L dosage of coagulant (polyaluminum chloride, PAC) through
an online hydraulic mixer. The second inlet is the entrance for
recycled flow (40% recycling rate) with dissolved ozone. The
two flows are well mixed hydraulically in the contact zone.
Because of the sharp pressure decrease, micro-ozone bubbles
are released at the entrance of the contact zone. Therefore, a
contact reaction of ozone with pollutants and the attachment
of pollutants onto micro-size ozone bubbles occurs and forms
floc-bubble-aggregates at the same time in the contact zone.
Water carrying the suspension of floc-bubble-aggregates, free
bubbles, and unattached floc particles flows to the separation
zone. Here, free bubbles and floc-bubble-aggregates can rise to
the surface of the reactor to form the float layer. The sludge of
the float layer is collected on the top of the reactor and
discharged periodically. Part of the clarified water is further
filtered by two flat sheet PVDF micro-filtration membranes
(SINAP, pore size: <0.1 μm, effective area: 0.1 m2) positioned at
the bottom of the separation zone. The total height of the
tested MDOF reactor was 3.0 m, with a diameter of 0.78 m.
Therefore, the membrane filtration could be operated in
gravity-driven mode. The rest of the treated water was
withdrawn from the bottom of the separation zone. A
magnetic valve was installed on the treated water pipe,
which was automatically controlled by a time controller so
that it could be switched to “open” and “closed” at pre-set
time intervals. As the valve opened, treated water flowed out
of the MDOF reactor at a regular rate. As the valve closed, the
treated water flow was shut down, and the water level began
to rise in the MDOF reactor. Thus, sludge in the float layer
accumulated on the top could be discharged. Both the residual
gas during normal operation and the residual gas along with
the discharged sludge in the sludge tank can be collected into
the ozone destructor. In the MDOF reactor, ozone gas was
generated by an ozone generator (CF-G-2-50g, GUOLIN, China)
and dissolved in recycled water using an ozone dissolving
pump (20NPD04Z, Nikuni, Japan), followed by a saturator that



Fig. 1 – Experimental setup of MDOF process.
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was operated at a pressure of 0.4 MPa. Appendix A Table S1
summarizes the standard operating conditions of the MDOF
reactor.

During the operation of the MDOF reactor, the ozone
dosage can be adjusted by changing the input power of the
discharge tube of the ozone generator. In this study, 35% and
65% of the maximum input power was applied, which
corresponds to 0.91 and 1.74 mg O3/mg DOC, respectively
(The raw water DOC was 7.899 ± 0.858 mg/L). The detailed
ozone dosage calculation and measurements can be seen in
the Appendix A Text. S1 and Table S2.

1.2. Raw water quality

The reactor was fed by the effluent from the sedimentation
tank in a municipal wastewater treatment plant (WWTP) in
Xi'an, China. The WWTP mainly treats domestic wastewater
with a biological anaerobic–anoxic–oxic (AAO) treatment
process. The raw water possessed the following characteris-
tics: DOC = 7.899 ± 0.858 mg/L, UV254 = 0.119 ± 0.009 cm−1,
turbidity = 2.69 ± 0.99 NTU, pH 7.49 ± 0.17, alkalinity =
4.375 ± 0.220 mmol/L as HCO3

−, NO3-N = 0.159 ± 0.014 mg N/L,
and chlorides = 216.53 ± 31.18 mg/L.

1.3. Analytical methods

1.3.1. Water quality analysis
Water quality parameters were monitored during the operation
of the MDOF reactor. DOC was measured using a Shimadzu
TOCVCPH analyzer with an infrared detector. The DOC analyzer
was calibrated with potassium hydrogen phthalate standard
solutions before each run. All the samples were filtered with a
0.45-μm filter, acidified with H2SO4, and purged with nitrogen to
remove inorganic carbon before measurement. UV254 was
measured at 254 nm with a UV–VIS spectrophotometer (UV-
4802 UNIC™, China) using 1-cm path-length quartz cells.
Turbidity was measured using a turbidity meter (HI93703-1
HANNA, Italy). Total coliforms were measured according to the
Chinese National Environmental Protection Agency (CNEPA)
Standard Methods (CNEPA, 2002).

1.3.2. Cake sludge collection
The cake sludge formed on the membrane surface was
scraped off with a plastic sheet when the flat sheet membrane
was taken out from the MDOF reactor at the end of the
experiments. The collected cake sludge was suspended in a
certain volume of ultrapure water. The well-mixed diluted
cake sludge sample was then used for the following analyses.

1.3.3. Extracellular polymeric substance (EPS) extraction and
analysis
EPS extraction of the cake sludge sample was conducted
according to the thermal treatment method (Hu et al., 2013).
The analysis of the extracted EPS samples was carried out
using the modified Lowry method for proteins (Hartree, 1972),
using bovine serum albumin (BSA) as the standard, and using
the phenol–sulfuric acid method for polysaccharides (Dubois
et al., 1956), using glucose as the standard.

1.3.4. Particle size distribution analysis
The PSD of the cake sludge suspension was analyzed and
compared using a laser granularity distribution analyzer (LS230/
SVM+, Beckman Coulter Corporation, USA) with a detection
range of 0.4–2000 μm.

1.3.5. Molecular weight distribution analysis
The characterization of the apparent molecular weight distri-
bution (MWD) of DOM in the MDOF process was performed
using size exclusion chromatography (SEC) coupled with a UV
detector. The detection wavelengths were 254 nm. The high-
performance liquid chromatography (HPLC) system was a
Shimadzu LC-2010AHF with a Zenix SEC-100 column (Sepax
Technologies, USA). The injection volume was 20 μL, and the
column temperature was 30°C. The mobile phase was a
150 mmol/L phosphate buffer solution (PBS) with a pH of 7.0 ±
0.1, and the flow rate was 0.8 mL/min.
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1.3.6. Fouling layer morphology analysis
Small pieces of membrane were cut off with a sterile knife for
analysis without damaging the structure of the cake layer
from different positions of themembrane. A total of 1.5 μL/mL
SYTO 9 (S34854, Molecular Probes®) and ConA (C860, Molec-
ular Probes®) in MilliQ water was used to stain the samples in
sequence. SYTO 9 was used to stain the nucleic acids of the
cells, and ConA was used for polysaccharide staining. The
staining process was done in the dark at room temperature for
30 min. Then, the samples were rinsed three times with
MilliQ water to remove excess staining liquid before moving
to the next staining probe.

The samples were immersed in MilliQ water prior to
confocal laser scanning microscope (CLSM) analysis. The
CLSMz-stack pictures of the stained biofilm samples were
takenwith a Leica SP8 confocal laser scanningmicroscope with
a 10x objective (HCX PL APO CS 10x/0.40 Dry). SYTO 9 was
excited with a 488 nm wavelength, and the emission wave-
length was 500–550 nm. ConA was excited with a 550 nm
wavelength, and the emission wavelength was 570–630 nm. A
1024 × 1024 image resolution was chosen, resulting in pixel
size of 1.14 μm for image acquisition. The size of each
image was 1.16 × 1.16 mm. Image analysis was conducted
with an Image Structure Analyzer (ISA-2, Center for Biofilm
Engineering-Montana State University) to obtain biofilm poros-
ity and thickness data in the image stacks from samples taken
from different positions of themembrane, and averaged results
were obtained.
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1.3.7. Three-dimensionalexcitation-emission matrix (3D-EEM)
analysis
Fluorescence measurements were conducted using a spectro-
fluorometer (FP-6500, Jasco, Japan) with a 150 W xenon lamp.
The analyses were performed at ambient temperature. A 1-cm
quartz cuvette with four optical windows was used for the
analyses. Emission scans were performed from 250 to 550 nm
in 5 nm steps, while excitation wavelengths were measured
from 200 to 450 nm at 2 nm intervals. The slit widths for
excitation and emission were 5 nm. The detector was set to
high sensitivity and the scanning speed was kept at 2000 nm/
min. The fluorescence spectra for ultrapure water were
measured using the same method and subtracted from all of
the sample spectra to eliminate water Raman scattering and
to reduce other background noise throughout the experimen-
tal period. The EEM spectra were plotted as contours. The
X-axis represents the emission spectra, while the Y-axis
represents the excitation wavelength, and the third dimen-
sion, i.e., the contour line, is given to express the fluorescence
intensity.
2. Results and discussion

2.1. Removal performance

The removal performance of the MDOF reactor fed by WWTP
effluent is shown in Fig. 2. It can be seen from Fig. 2 that the
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DOC removal performance increased after addition of the
ozone. However, with increasing ozone dosage, the DOC
removal exhibited little variation. This is consistent with our
previous study finding approximately 40% TOC removal
efficiency using the DOF process in wastewater reclamation
(Jin et al., 2006). Furthermore, the previous results also implied
that TOC removal efficiency was enhanced compared to the
DAF process (Jin et al., 2006). With increasing ozone dosage,
the UV254 removal efficiency increased because of ozone
addition. Ozone can react with unsaturated aromatic struc-
tures in organic matter, thus reducing UV254 (Chen et al., 2017;
Gong et al., 2008). In the DOF reactor, ozonation and
coagulation occurred simultaneously within a single reactor
(Jin et al., 2006). Our previous study indicated that a metal
coagulant in this process functions as catalyst to promote •OH
generation in this kind of system and increases the removal
efficiency of dissolved organic matter (Jin et al., 2017).
Nevertheless, membrane filtration resulted in hardly any
further removal of dissolved organic matter and UV254

according to Fig. 2. In the DOF part, part of the turbidity
could be removed, and there was still some residual turbidity
as shown in Fig. 2. Therefore, further separation processes
were needed (Jin et al., 2016; Eades and Brignall, 1995). In this
case, membrane filtration had superior and stable turbidity
removal efficiency, and there was little effect of ozone dosage
on the turbidity removal performance in the MDOF process.

2.2. Fouling behavior

Fig. 3 illustrates the flux curves at different ozone dosages
during the operation of the MDOF reactor. The time-depen-
dent flux profiles followed a similar “two-stage trend” (Peter-
Varbanets et al., 2010). As shown in Fig. 3, the flux in the first
stage decreased significantly in the first 30 days. In the
second stage, the permeate flux remained stable at approxi-
mately 70, 60, and 55 L/(m2 hr) for ozone dosages of 1.76, 0.91
and 0 mg O3/mg DOC, respectively. Stabilization of the
permeate flux was related to the development of a heteroge-
neous fouling layer adhered to the membrane surface (Derlon
et al., 2013). According to Fig. 3, the addition of ozone could
mitigate membrane fouling. Therefore, the MDOF process was
more favorable for membrane filtration operation compared
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with the MDAF process. Ozonation could completely miner-
alize some low MW organic molecules and/or partially
decompose large molecules into hydrophilic and small-
molecule substances, inducing less accumulation of organic
matter on the membrane surface (Van Geluwe et al., 2011).
Therefore, despite the higher energy cost of the MDOF process
caused by the application of ozone, the operation cycle of
MDOF process can be extended because of the mitigation of
membrane fouling. Furthermore, the stabilized flux in this
study was higher than that found in previous GDM research,
which can be attributed to the much higher water level (2.0 m
water level) compared with previous studies (Ding et al., 2018;
Wang et al., 2017b; Shao et al., 2016). A previous study implied
that higher hydrostatic pressure results in an increase in
stable flux (Akhondi et al., 2015).

2.3. Characterization of dissolved organic matter in the MDOF
process

Soluble microbial products (SMP) secreted by microorganisms
during biological treatment processes, e.g., humic-like sub-
stances and protein-like substances, are considered critical
membrane foulants (Zheng et al., 2014). Fig. 4 shows the effect
of ozone addition on the fluorescence characteristics of DOM
in the MDOF process. Fig. 4 shows that only one notable
fluorescent peak was observed, i.e., Ex/Em 240/400 nm, which
is identified as a fulvic-like substance (Pons et al., 2004).
However, the fluorescence intensity exhibited little decrease
without ozone addition because of the limited DOM removal
performance in the MDAF process. With increasing ozone
dosage, the peak intensity further decreased, and the peak
location was blue-shifted. A blue-shift is associated with the
decomposition of condensed aromatic moieties and the
break-up of large molecules into smaller fragments (Coble,
1996; Korshin et al., 1999; Swietlik et al., 2004). Furthermore,
many studies reported that high molecular weight organic
matter can transform into low molecular weight organic
matter during ozonation (Jin et al., 2016; Wert et al., 2011;
Zhang et al., 2008). The addition of ozone to the membrane
tank decreases the accumulation of organic matter retained
on the membrane surface or in the membrane pores because
of the increased hydrophilicity of smaller molecular weight
organic matter (Yu et al., 2016a). Therefore, in this case, the
MDOF process alleviates membrane fouling compared to the
MDAF process. Appendix A Fig. S1 further confirms that the
addition of ozone can transform large molecular weight
organics into smaller molecular weight organics, which can
also explain the blue-shift of fluorescence peaks in Fig. 4.

2.4. Characterization of the fouling layer

2.4.1. EPS contents of fouling layer
It has been suggested that membrane fouling can be generally
regarded as the irreversible deposition of dissolved extracellu-
lar polymer substances (EPS), which are mainly composed of
proteins and polysaccharides (Xue et al., 2016; Zheng et al.,
2009; Yu et al., 2014, 2017). Fig. 5 represents the EPS concentra-
tion (proteins and polysaccharides) at the end of each run for
different ozone dosages. Fig. 5 shows that the fouling layer
(cake layer) was mainly composed of polysaccharides. This



Fig. 4 – EEM spectra of DOM in MDOF process at different ozone dosages.
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result was consistent with previous studies (Chang et al., 2015;
Yu et al., 2016b). Some studies indicated that polysaccharides
within the cake layer may be a key factor causing membrane
fouling (Yu et al., 2014; Amy and Cho, 1999; Chon and Cho,
2016). In this case, coagulation was achieved in the MDOF
reactor. It is believed that the higher concentration of proteins
and polysaccharides in the cake layer enabled the coagulant
flocs or particles (also containing EPS) to attach easily to the
cake layer on themembrane surface, thereby forming a thicker
cake layer (Yu et al., 2016b; Yu et al., 2014). Nevertheless, the
addition of ozone decreased the EPS content. By increasing the
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ozone dosage, the EPS concentration in the cake layer further
decreased. It has been reported that ozone is capable of
degrading polysaccharides (Song et al., 2015) and proteins
(Sharma, 2010). Therefore, it has been proposed that ozone can
react with EPS, especially polysaccharides, to alleviate mem-
brane fouling. It was revealed that ozone can decrease the
concentration of EPS, particularly polysaccharides and proteins
in the membrane cake layer (Yu et al., 2016a). The reduced EPS
and bacterial concentrations resulted in a much thinner cake
layer. It was found that the reduction of polysaccharide
concentrations by pre-ozonation was statistically correlated
with membrane fouling mitigation (Wang et al., 2017a). On the
other hand, as EPS is produced by bacteria on the membrane
surface, the quantity of total bacteria in the MDOF reactor was
investigated, and the results are shown in Appendix A Fig. S2.
Because of the powerful disinfection potential, the total
bacteria count decreased, which also resulted in a reduction
in the EPS concentration in the cake layer. Therefore, the
reduction of EPS in the cake layer was attributed to both the
direct reaction with ozone and a decrease in the total bacteria
count.

2.4.2. Fluorescence characteristics of EPS from the cake layer
EEM fluorescence spectra of EPS extracted from membrane
foulants were also analyzed to further understand the fouling
characteristics. As illustrated in Appendix A Fig. S3, three
fluorescence peaks were observed, which were located at Ex/
Em of 235/340, 250/435, and 275/330 nm. The peaks located at
Ex/Em of 235/340 and 275/330 nm have been reported as
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aromatic protein-like substances and tryptophan protein-like
substances, respectively (Chen et al., 2003; Yamashita and
Tanoue, 2003). Additionally, the peak at Ex/Em 250/435 nm
was identified as fulvic-like substances (Pons et al., 2004).
Three fluorescence peaks were also observed for the extracted
EPS, and the fluorescence intensity decreased generally at an
ozone dosage of 0.91 mg O3/mg DOC in the MDOF process. The
peaks located at Ex/Em of 235/375 and 275/340 nm both had
red-shifts compared to the case without ozone. A red-shift is
related to the presence of carbonyl-containing substituents,
hydroxyl, alkoxyl, amino groups, and carboxyl constituents
(Chen et al., 2002). Ozonation can lead to an increase in the
amount of oxygen-containing groups such as carbonyl-
containing groups, hydroxyl groups, and carboxyl groups,
which can account for the red-shift of the two protein-like
substances (Jin et al., 2016). Furthermore, XPS analysis also
proves the increasing content of oxygen-containing groups in
the extracted EPS (Appendix A Fig. S4). However, the peak at
Ex/Em of 240/400 nm (fulvic-like substances) was blue-shifted
compared to the case without ozone. When the ozone dosage
increased to 1.74 mg O3/mg DOC, only two fluorescence peaks
were observed (i.e., an Ex/Em of 235/350 and 245/430 nm). The
peak at an Ex/Em of 235/350 nm (aromatic protein-like
substances) was blue-shifted, while the peak at an Ex/Em of
245/430 nm (fulvic-like substances) was red-shifted. In addi-
tion, the fluorescence intensity of both peaks was further
decreased. It is well known that the constituents of EPS, such
as protein-like substances and humic-like substances, play an
important role in membrane fouling (Wang et al., 2017b; Xue
et al., 2016; Yu et al., 2016b, Yu et al., 2017; Lee et al., 2006).
According to Appendix A Fig. S3, compared with the MDAF
process, the MDOF process can remove or inhibit the
formation of protein-like and fulvic-like substances in ex-
tracted EPS to mitigate membrane fouling.

2.4.3. Particle size distribution in the cake layer
Particle size is important since this determines, to a major
degree, the nature of interactions between EPS and the UF
membrane (Yu et al., 2017). The interactions can be in the form
of a cake layer, pore blocking, or the adsorption/accumulation
of organic matter within the membrane pores. It is likely that
serious membrane fouling will be caused if the particle size is
close to the diameter of the membrane pores. In contrast,
particles that are significantly smaller than, or larger than, the
pore size, are unlikely to induce significant membrane fouling
(Yu et al., 2017). It was also reported that the aggregation of
particles can alleviate membrane fouling due to pore blocking
and irreversible fouling (Abdelrasoul et al., 2017). Appendix A
Fig. S5 represents the particle size distribution of the fouling
layer. It can be seen that the particle size increased with
increasing ozone dosage, both in terms of mean size and
distribution. Because of their size, the larger particles that
formed had little impact on the membrane pores in this case
(0.1 μm), and they formed a relatively porous cake layer on the
surface of the membrane. This finding can explain the
mitigation of membrane fouling with the application of
ozonation. It has been reported that ozonation can increase
the amount of oxygen-containing functional groups such as
hydroxyl and carboxyl groups of dissolved organic matter (Jin
et al., 2016). Moreover, aluminum in the coagulant can easily
complex with hydroxyl or carboxyl groups on organic matter to
form aggregates (Song et al., 2015), which results in larger
particle sizes in the cake layer and higher flux with ozone
addition.

2.4.4. Morphology of the fouling layer
To further analyze membrane fouling in the MDOF process,
the fouling layer morphology was examined via CLSM. The 3D
reconstruction images of the fouling layer at different ozone
dosages are shown in Fig. 6. The size of each image is
1.16 × 1.16 mm. The green and red colors represent bacterial
cells and polysaccharides, respectively. Fig. 6 shows that the
membrane surface was unevenly covered by foulants with
different thicknesses and with varying morphology. Accord-
ing to Fig. 6, the fouling layer thickness generally decreases
with increasing ozone dosage. The calculated average bio-
volume is shown in Appendix A Fig. S6. Moreover, the bio-
volume of the foulants decreased significantly after addition
of ozone in the MDOF process. In addition, the average
porosity of membrane foulants increased with increasing
ozone dosage. According to previous studies (Cheng et al.,
2016; Huang et al., 2018; Yu et al., 2016a), much thinner cake
layers were also observed after the addition of ozone. Two
possible reasons could explain this (Yu et al., 2016b). On the
one hand, when ozone was added to the membrane tank, the
lower EPS content results in less EPS passing through the cake
layer and onto the surface of membrane. On the other hand,
the nature of organic matter dissolved in the membrane tank
changed markedly from hydrophobic to hydrophilic as a
result of ozone addition, thereby inducing less organic matter
to be adsorbed on the membrane surface.

The porosity distribution along the membrane foulant
thickness is also shown in Fig. 6. Moving from the surface of
membrane to the bulk phase, the porosity first decreased and
then increased with three different ozone dosages. The same
phenomenon was also obtained by previous studies (Hwang
et al., 2012, Hwang et al., 2007; Hong et al., 2007). The
membrane foulant attached to the membrane surface at the
very early initial stage may have a loose structure, whereas
the bio-cakes formed by cohesion might be more tightly
compacted than the membrane foulants formed by adhesion
from the membrane surface to 50–100 μm. This could explain
why the porosity of the cake layer decreased as the depth
increased (Hwang et al., 2007). Furthermore, bacterial cells
and polysaccharides in the upper part of the cake layer would
have a greater propensity to slough and back-transport to the
bulk phase than those inside the cake layer. Therefore, the
porosity increased as the cake layer approached the bulk
phase (Hwang et al., 2007).

2.5. Membrane fouling mitigation mechanism

Size exclusion is widely recognized as a coremechanism of UF
membrane filtration. Substances such as polysaccharides and
proteins that are close to the membrane pore size can cause
pore blockages that severely increase filtration resistance,
while substances much larger than membrane pores lead to
cake formation (Lohwacharin and Takizawa, 2009). The
addition of ozone in the MDOF process can transform large
MW organics into smaller fragments. Much research has also
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confirmed that pre-ozonation can decompose organic mole-
cules into smaller fragments, which are more hydrophilic
(Cheng et al., 2016; Van Geluwe et al., 2011). Additionally,
hydrophilic reaction products formed through pre-ozonation
exhibit a lower propensity for adsorption onto membrane
surfaces (Cheng et al., 2016). Furthermore, several studies
have applied in situ ozonation to mitigate membrane fouling
(Song et al., 2017; Song et al., 2018; Tang et al., 2018).
Compared with pre-ozonation, in situ ozonation significantly
improved mitigation performance for hydraulically irrevers-
ible fouling, which was attributed to the oxidation of foulants
accumulated on the membrane surface and in the membrane
pores (Song et al., 2017). The generation of hydroxyl radicals
during ozonation can further enhance oxidation of the
accumulated foulants on the membrane surface and within
the membrane pores (Song et al., 2017). Furthermore, the
existence of chlorides in the WWTP effluent can also work as
adjuvant for the foulants oxidation (Monteagudo et al., 2016;
Gomes et al., 2019). At the same time, coagulation has been
shown to be an effective and low-cost approach for reducing
membrane fouling because of the removal of macro-organic
matter and bacteria by coagulation (Yu et al., 2016a; Kimura et
al., 2014). However, in this study, the mechanism of mem-
brane fouling mitigation in the MDOF process is somewhat
different from that in previous studies. The proposed mem-
brane fouling mitigation mechanism is shown in Fig. 7. In the
MDOF process, coagulation and in situ ozonation occurred
simultaneously in one reactor. Besides the in situ ozonation
and coagulation in the MDOF process for membrane fouling
mitigation, according to our previous work (Jin et al., 2017), Al-
based coagulants can act as a catalyst to enhance the
decomposition of ozone and generate more hydroxyl radicals
compared with ozonation alone, which is the reason why
membrane fouling in the MDOF process can be better
alleviated compared to the MDAF process.
3. Conclusions

A novel integrated membrane filtration and DOF (MDOF)
process was proposed in this study. Membrane filtration in
the MDOF process further enhances the turbidity removal
performance. Membrane filtration in the MDOF process was
operated in a gravity-driven mode. The MDOF process differs
from the conventional process of pre-ozonation before
membrane filtration, in that in situ ozonation occurred in the
MDOF process because ozonation, coagulation, and filtration
occurred in a single reactor. Under the operating conditions,
membrane fouling was mitigated in the MDOF process
compared with that in the MDAF process. In situ ozonation
in the MDOF process can decrease the fluorescence intensity
and transform high MW dissolved organics into lower MW
organics. In addition, the EPS contents of the cake layer
significantly decreased in the MDOF process. The addition of
ozone also resulted in a thinner and more loosely structured
cake layer. Moreover, coagulation and ozonation occurred
simultaneously in a single reactor in the MDOF process. Al-
based coagulants can act as catalysts to enhance the
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decomposition of ozone to generate more hydroxyl radicals
compared with ozonation alone. Therefore, membrane foul-
ing can be better alleviated in the MDOF process compared to
the MDAF process.
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