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ABSTRACT

Catalytic ozonation coupled with membrane filtration has been widely used in water treatment to
improve effluent quality as well as control membrane fouling. In this study, the removal of natural
organic matter (NOM) from surface water and the mitigation of membrane fouling by O,/H,0,/TiO,
pre-oxidation coupled with ceramic membrane in static cycling model were investigated. The results
showed that the pre-oxidation of O,, O,/H,0, and O,/TiO, significantly improved the removal rate
of NOM, with the sequence of OS/TiO2 > 03/H202 > O, Under the 03/T102 pre-oxidation, the mac-
romolecular substances such as aromatic proteins, fulvic acid-like and humic-like substances were
completely removed, which may be due to the accelerated ozonolysis and *OH formation by TiO,.
Meanwhile, three-dimensional fluorescence spectra and molecular weight distribution showed that
humic acids and biopolymers were the main pollutants, and also the main causes for membrane
fouling. The pre-oxidation of O,, O,/H,0, and O,/TiO, significantly mitigated the membrane foul-
ing via the degradation of humic acids and biopolymers with the order of O,/TiO, > O,/H,0, > O,.
Under the optimal pretreatment, the resistance of membrane fouling was significantly reduced,
and the transmembrane pressure (TMP) decreased by 62.2%. Redundancy analysis showed that
the molecular weight was the most important factor for total fouling resistance, while turbidity was
negatively correlated with the fouling resistance. In addition, the O,/H,O,/TiO, pretreatment can
also enhance NOM removal and membrane fouling mitigation under long-term (48 h) cycle model.

Keywords: Pre-oxidation; Ceramic membrane; Surface water; Natural organic matter; Membrane
fouling

1. Introduction aquatic ecosystems, with the average concentrations rang-
ing from a few mg/L to hundreds of mg/L [1]. NOM was
characterized with complex compositions which can sig-
nificantly influence the quality of natural waters [2]. The
specific fractions of NOMs, such as humic acid (HA) and
fulvic acid (FA), has strong complexation ability with heavy

The quality of surface waters, especially for the drink-
ing water, had been seriously polluted in many areas in
recent years. Natural organic matter (NOM) has been
reported to be one of the most prevalent compounds in
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metals, which significantly affect the transportation, bio-
availability and toxicity of those metals [3]. In addition, a
series of disinfection by-products can be produced as the
raw water containing NOM was treated with disinfectants
[4], which posed a serious threat to human health. In addi-
tion, presence of NOM could increase the amount of water
treatment agents as well as reduce treatment efficiency.
Therefore, the removal of NOM from surface water receives
increasing attentions in recent years.

Conventional methods for NOM removal include coag-
ulation/flocculation/precipitation, activated carbon adsorp-
tion, advanced oxidation process (AOP), etc. [5]. Among
them, the coagulants have been widely used in NOM
removal. For example, NOM was removed by 50%~60% after
the treatment with high dosage of coagulants [6]. Lee et al.
[7] used different doses of biochar to adsorb the aromatic
organics from the river waters and the overall adsorption
capacity was 6.4 mg-DOC/g-C. However, the coagulants
and adsorbents were characterized with high sludge yield
and cost. In contrast, AOP exhibits the advantages of thor-
ough decomposition of organic matter, high degradation
efficiency and absence of secondary fouling. During AOP
process, the reactive oxygen species (ROS) such as hydroxyl
radicals (*OH) were generated. The high oxidation capacity
of ROS can enable AOP to achieve complete oxidation or
mineralization of organic pollutants under ideal conditions.
It was shown that, even though part of NOM was oxidized
and decomposed into low molecular weight organic matter
[8], AOP usually exhibited a mineralization rate of about
30%-90% [9,10]. Among them, ozone (O,) was a widely used
oxidant, which had been widely used for the degradation
of NOM and organic pollutants. However, due to the rela-
tively low *OH concentration, hydrogen peroxide and cat-
alyst were usually added to form catalytic ozonation. For
example, Tubi¢ et al. [11] explored the effect of different O,/
H,O, ratios on the removal of NOM in Serbian groundwa-
ter and found that the removal efficiency increased with
increasing O,/H,0, ratio.

In recent decades, membrane filtration technology had
received increasing attentions, while a single membrane
filtration procedure can not completely remove the NOM.
It was reported that the NOM trapped in nanofiltration
membrane could reach about 80%, and NOM and other
pollutants accumulating on the surface and inside of the
membrane resulted in membrane fouling [12]. Pretreatment
and some coupled processes could effectively improve
NOM removal efficiency and mitigate membrane foul-
ing. For instance, Deng et al. [13] found that the removal
rates of UV, and dissolved organic carbon (DOC) for
coagulation coupled with membrane filtration were 65%
higher than the uncoupled techniques. Zhou et al. [14] cou-
pled nanometer MgO with microfiltration membrane to
remove NOM and a total of 92% removal efficiencies were
obtained. Cheng et al. [15] found that when 4.0 mg/L O,
was added, the total fouling index of humic acid, sodium
alginate and river waters decreased by 39%, 78% and 42%,
respectively, and 9 mg/L of O, pretreatment could remove
35.5% of biopolymer [16]. These results indicated that the
pre-ozonation coupled with membrane filtration could
effectively degrade NOM and mitigate membrane foul-
ing. However, excessive ozone might damage the filtration

performance of polymer membrane by changing its phys-
ical and chemical properties, such as surface charge, sur-
face hydrophilicity and pore size [17]. Therefore, it was
necessary to enhance the material of filtration membrane
in long-term operation, and inorganic ceramic membrane
was a possible choice. Compared with polymeric mem-
brane, the ceramic membrane exhibited many advantages,
including robust mechanical, thermal and chemical stabil-
ity, long service life and high hydrophilicity [18,19], and
strong antifouling ability [20]. For example, Tang et al.
[21] coupled ozonation with ceramic membrane and found
that when ozone dosage was 5 mg/L, the TMP and cake
layer resistance reduced by 55.6% and 61.5%, respectively.

In this study, an O,/H,0,/TiO, pre-oxidation system was
used to enhance the degradation of NOM in surface water
as well as to mitigate the membrane fouling. The regional
components of three-dimensional fluorescence and the effect
of different pre-oxidation on the mitigation of membrane
fouling were analyzed. Redundancy analysis (RDA) was
used to reveal the correlation among different MOM param-
eters, removal efficiencies and membrane fouling resistance.
Results obtained are of great significance to guide the prac-
tical application of membrane technology in the removal of
NOM from surface water.

2. Materials and methods
2.1. Reagents and surface water

H,O, (30%, Analytical Pure), nano-TiO, P25 (Degussa,
particle size of 20 nm, surface area of 50 m?%g), NaOH
(Analytical Pure), NaClO (Analytical Pure), and ozone
generator (XZY-DMN-5G, Anhui) were obtained based on
the previous methods. Surface water was taken from Lake
Ruoyu, Wujin Campus of Changzhou University, and fil-
tered by sand filter tank to remove the suspended particles.
The physico-chemical properties of water samples were as
follows: pH: 7.5, turbidity: 0.4 NTU, total organic carbon
(TOC): 4.84 mg/L, UV_,,: 0.069 cm™, and specific ultraviolet

254"

absorbance (SUVA): 1.43 L/mg-m.

2.2. Experimental setup and operation

The total volume of membrane reactor was about 50 L,
with the size of 300 mm (length) x 300 mm (width) x 600 mm
(height) (Fig. 1). Baffles were used to separate the reactor into
25 L of pre-oxidation reaction zone and 25 L of ceramic mem-
brane pool zone. Static circulation model was employed in
the experiment. Prior to the reaction, 1.4~2 mg/L of O, and
0.029 mmol/L of H,O, or 1 g/L of TiO, catalysts were added
into the raw water. The electric stirrer (JJ]-1A, Changzhou,
Jiangsu) was conducted with a speed of 400 rpm to ensure
the complete mixture. The pretreated waters were firstly
entered into the membrane pool area, and the ceramic dia-
phragm was pumped with negative pressure by peristaltic
pump to circulate the water back to the pre-oxidation reac-
tion area. The pump was operated with a model of 8 min
(on): 2 min (off). A pressure sensor (MIK-P300, Hangzhou,
Zhejiang) was installed between the ceramic membrane and
the peristaltic pump to measure the TMP, which was trans-
ported to the computer for data analysis via a paperless
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Fig. 1. O,/H,O,/TiO, pretreatment coupled with ceramic
membrane.

recorder (MIK-R200T, Hangzhou, Zhejiang). The character-
istic parameters for the ceramic membrane were as follows:
material: ALO,, average pore size: 0.1 um, filtration area:
0.05 m? pure water flux: 0.025 m*/m*h. Under the same
experimental conditions, the other four parallel filtration
experiments, including single ceramic membrane filtration
(CMF), O, pre-oxidation/membrane filtration (O,-CMF), O,/
H,O, pre-oxidation/membrane filtration (O,/H,O,-CMF) and
O,/TiO, pre-oxidation/membrane filtration (O,/TiO,-CMF),
were carried out simultaneously.

2.3. Analytical methods
2.3.1. Determination of water samples

The water sample was filtered by 0.45 um microfiltra-
tion membrane before determination. The TOC was deter-
mined by total organic carbon analyzer (multiN/C2100, Jena,
Germany), and ultraviolet (UV) absorbance at 254 nm was
measured by UV-Visible spectrophotometer (IS5, Shanghai,
China). The turbidity was determined by turbidity meter
(TDT-1, Wuhan, China).

2.3.2. Three-dimensional fluorescence spectrum

Fluorescence excitation—emission matrices (EEM) were
measured using a fluorescence spectrophotometer (Cary
Eclipse, Shanghai, China), with excitation spectra (Ex) from
220 to 400 nm in 5 nm increments and emission spectra (Em)
from 280 to 550 nm in 2 nm increments. The five regions of
EEM spectrum can be divided into region I (Ex/Em: 220-
250/280-330 nm), region II (Ex/Em: 220-250/330-380 nm)
(aromatic proteins), region Il (Ex/Em: 220-250/380-480 nm)
(fulvic acid-like substances), region IV (Ex/Em: 250-440/280-
380 nm) (soluble microbial products (SMP)), and region V
(Ex/Em: 250-400/380-540 nm) (humic-like substances) [22].

Matlab R 2022a was used for fluorescence regional inte-
gration (FRI) analysis of EEM spectra data. The Rayleigh and
Raman scattering were deducted by trigonometric differ-
ence method, and the fluorescence integral of each sample
can be obtained.

2.3.3. Molecular weight distribution

The molecular weight (MW) distribution of water sam-
ples was determined using high performance gel chromatog-
raphy (HPSEC) combined with on-line UVA (LC-UV, 254 nm)
and DOC detection (LC-DOC). The mobile phase was com-
posed of silica gel column and phosphate buffer solution
(0.008 mol/L of Na,HPO, and 0.018 mol/L of KH,PO,). The
flow rate and column temperature were 0.6 mL/min and
30°C, respectively. The standard sodium polystyrene sul-
fonate was used to calibrate the MW distribution of water
samples.

2.3.4. Membrane cleaning procedures and fouling resistance

After each filtration, the fouled ceramic membrane
was cleaned with physical and chemical methods. The
steps included: (1) Firstly, the diaphragm was sponged and
rinsed with pure water to remove reversible membrane
fouling such as filter cake layer on the membrane surface
and then emptied; (2) The ceramic membrane was hydrau-
lically backwashed with 72 L/(m*h) constant current for
90 s; (3) The ceramic membrane was soaked in 0.01 mol/L of
NaOH and 0.01 mol/L of NaClO mixture for 5 h.

In order to evaluate the effect of pre-oxidation on
membrane fouling mitigation, the Darcy’s law and series
resistance model were used to calculate membrane foul-
ing resistance [23]. Reversible fouling resistance was the
difference between the resistance before and after physical
cleaning, while the irreversible fouling resistance was those
between the resistance before and after chemical cleaning.

R:M:R"1+Rir+Rr 1)
W

where TMP is the trans membrane pressure (Pa), u is the vis-
cosity of water at 25°C (0.8949 x 10 N-s/m?), ] is the osmotic
flux (L/hrm?), R, R, R and R, are the total fouling resis-
tance, membrane resistance, irreversible fouling resistance
and reversible fouling resistance, respectively.

The total fouling resistance was calculated according
to Eq. (2).

_ TMP

R _
W,

2

where R is the total fouling resistance at the end of
filtration, and ], is the osmotic flux at the end of filtration.

The resistance of propria membrane was calculated
according to Eq. (3).

_TMP
W,

R

m

®)

where R is the resistance of membrane calculated by cyclic
filtration of ultra-pure water, and ], is the osmotic flux
filtered by ultra-pure water.

The reversible fouling resistance could be calculated
according to Eq. (4).
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where R is the reversible fouling resistance which is the
difference between the resistance before and after physi-
cal cleaning, and ], is the osmotic flux of filtered ultra-pure
water.

When R and R were measured, the irreversible
fouling resistance was calculated according to Eq. (5).

R,=R-R, -R ©)

where R, is the irreversible fouling resistance which is the
difference of resistance before and after chemical cleaning.

2.3.5. Membrane fouling analysis

Due to the slight membrane fouling during the 12 h of
short-term operation, the 48 h of batch experiment at 54 L/
(m?*h) membrane flux was applied to investigate the mem-
brane fouling, which was further evaluated via using scan-
ning electron microscopy (SEM) (JSM-IT100, Japan), Energy
dispersive X-ray spectroscopy (EDX) (DRY SD, Japan)
and Fourier-transform infrared (FTIR) (Nicolet IS5, USA).

2.3.6. RDA analysis

The correlation between membrane fouling resistance
(total resistance, reversible resistance and irreversible resis-
tance) and influent characteristics (UV,,,, TOC, SUVA, tur-
bidity, EEM, MW) was analyzed by RDA method. The RDA
was analyzed via a linear model in which seven different
influent parameters were set as explanatory variables and
three membrane fouling resistance as response variables.
The significance level of each explanatory variable to the
response variables was evaluated by Monte Carlo permuta-
tion test. All data were analyzed using Canoco5 software.

3. Results and discussion

3.1. Enhanced NOM removal by pre-oxidation coupled with
ceramic membrane

In this study, CMF was used as the control, and three
oxidation systems and three pre-oxidation: O, oxida-
tion (1.4~2 mg/L dosage), O,/H,O, oxidation (1.4~2 mg/L
of O, + 0.029 mmol/L of H,0,), and O,/TiO, oxidation
(1.4~2 mg/L of O, + 1 g/L of TiO,) coupled with ceramic
membrane were adopted, with the results in Fig. 2. The
values of UV, TOC and SUVA in effluent decreased sig-
nificantly after the application of O,, O,/H,0, and O,/TiO,
oxidation alone. The removal rates of UV,,, and TOC values
by O,/TiO, oxidation was 82% and 46%, respectively, which
was 16% and 6% higher than that of O, oxidation, and 4%
and 4% higher than that of O,/H,0, oxidation, which indi-
cated that the pre-oxidation could significantly degrade the
NOM. As seen in Fig. 2a, after 12 h of filtration, only 7% of
UV,,, and 20% of TOC could be removed, which indicated
that the removal efficiencies for single CMF was limited,
while the removal rates of UV, and TOC increased to 78%

and 42% after 12 h filtration of O,-CMF, indicating that

ozone could significantly degrade the organic matters. The
main reason was that O, exhibited strong oxidation ability
which could directly oxidize the double bonds and specific
functional groups of aromatic rings [24].

After O,/H,O,-CMF filtration for 12 h, the removal rates
of UV,,, and TOC were 83% and 45%, respectively, which
were slightly higher than that of O-CMF. Although both
H,O, and O, can directly degrade the organic matters, the
co-existence of H,0, can promote O, to produce more *OH,
thus accelerating NOM degradation [25]. Previous stud-
ies compared the removal of ofloxacin by O, and O,/H,0,
treatments and found that the removal rate increased from
30% to 55% due to the H,O, enhanced O, decomposition and
*OH formation [26].

After 12 h of filtration with O,/TiO,-CMF, the removal
rates of UV,,, and TOC were 86% and 47%, respectively,
which were slightly higher than that of O,/H,O,-CMF,
demonstrating that O,/TiO, pre-oxidation was the most
effective procedure for NOM removal. The possible mecha-
nisms for O,/TiO, pre-oxidation may be: (1) ozone molecules
were adsorbed on the catalyst surface and decomposed into
*‘OH; (2) organic compounds were adsorbed on the catalyst
surface and reacted with the adsorbed ozone molecules;
(38) ozone molecules and organic compounds were both
adsorbed on the catalyst surface which enhanced the cata-
lytic reactions [27].

However, compared with the UV, the pre-oxidation
coupled with ceramic membrane exhibited a lower removal
efficiency for TOC, with the highest removal efficiency of
only 47%. This may be due to the fact that the pre-oxida-
tion can oxidize macromolecular organic substances such
as humic acids into small molecular substances, but cannot
completely mineralize into carbon dioxide and water. As seen
in Fig. 2c, the UV, value decreased faster than that of TOC,
resulting in decreased SUVA values. In addition, the turbid-
ity of effluent waters for all systems was <0.01 NTU (Fig. 2d),
which demonstrated that the ceramic membrane exhibited
a good retention performance for suspended particles.

3.2. Effect of pre-oxidation coupled with ceramic membrane on
NOM properties

3.2.1. EEM spectrum

The EEM spectra of different treatment systems are
shown in Fig. 3. As shown, 5 fluorescence peaks were
observed in the raw water samples, indicating the presence
of aromatic proteins, fulvic acid-like substances, SMP and
humic-like substances. As shown in Table 1, the fluorescence
intensities of peaks I-V were 1,941; 1,843; 6,588; 10,402 and
32,529, respectively, showing that the fulvic acid-like sub-
stances, SMP and humic-like substances were the main sub-
stances. In addition, the peak intensities for CMF decreased
to 909; 1,318; 4,196; 7,149 and 16,314, respectively, demon-
strating the limited retention for NOM removal. However,
after the other pretreatments, the peak intensities decreased
significantly (Fig. 3c—e), which indicated that application of
the pretreatment can effectively degrade the organic mat-
ters. For instance, the peak intensities decreased by more
than 80% with the application of O, and/or O,/H,O, pre-
treatments, while they were even disappeared after O,/TiO,
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Fig. 2. Effect of different pretreatment coupled with ceramic membranes on NOM removal. (a) UV

turbidity.

pretreatment showing the complete removal. Similar results
can be also found in previous studies demonstrating the
efficient removal of organic matters in various systems [28].

3.2.2. Molecular weight distribution

In order to investigate the effect of different systems
on NOM removal, the LC-TOC and LC-UV were employed
to determine the apparent MW distribution. As shown in
Fig. 4a, the untreated surface water included three main
peaks, representing biopolymers (20,000-200,000 Da), humic
substances (350-20,000 Da), and low molecular weight
organics (<350 Da) [29]. It was obvious that the biopolymers
and humus substances were the main substances. After filtra-
tion by CME, there was no significant difference in the peak
intensity of humic substances, demonstrating the limited
retention of humic substances by CMF. However, the peak
intensities of biopolymer decreased significantly, which indi-
cated that the CMF could remove the high molecular weight
organics. With the addition of O,, O,/H,O, and O,/TiO, pre-
treatments, the peak intensities of humic substances and
biopolymers decreased significantly, while some low molec-
ular weight organic compounds appeared. The decreased
peak intensities of humic substances and biopolymers can
be ascribed to the electrophilic interaction of ozone with the
specific functional groups such as double bonds and aro-
matic rings of organic compounds [30]. As for the LC-TOC
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chromatography, the peak intensities of both biopolymers
and low molecular weight organic compounds were not
detected (Fig. 4b), while those of humic substances can be
clearly observed. After each pretreatment, the peak inten-
sities of humic substances gradually decreased due to the
formation of the free radical [31]. Overall, the O,/TiO, pre-
treatment exhibited the highest effects for NOM removal,
which was consistent with the previous studies (Fig. 2).

3.3. Effect of pre-oxidation on membrane fouling
3.3.1. Critical membrane flux

The common critical flux measurement methods include
flux ladder method, mass conservation method, work-
ing curve plotting method, direct observation method and
pressure ladder method [32,33]. In this study, the flux step
method (constant flux method) was used to measure the
membrane flux. After the membrane was operated for a
period of time At (no less than 30 min), the changes of the
TMP in At were observed. If the TMP remained stable, the
peristaltic pump was used to adjust the flow rate to obtain
a higher membrane flux, and the changes of TMP in At were
measured again. If TMP increased over time, the critical
membrane flux was considered to be located between the
two membrane fluxes. In this experiment, changes in TMP
after 12 h of filtration under three membrane fluxes of 30,
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Fig. 3. Effect of different pretreatments on NOM fluorescence characteristics. (a) Raw water, (b) CMF, (c) O,-CMF, (d) O,/H,O,-CMF,
and (e) O,/TiO,-CMF.

42 and 54 L/(m*h) are shown in Fig. 5. The TMP increased = Table 1

with increasing membrane flux, demonstrating that the  Fluorescence integrals of each region
membrane fouling was significantly enhanced as the mem-
brane flux increased. The 42 L/(m*h) was thus used as the Region 1 I I v v
critical membrane flux, while the higher membrane flux, that Technology

is, 54 L/(m*h), was used in the following studies to explore

the effect of pre-oxidation of membrane fouling mitigating. Raw water 194l 1843 6,588 10,402 32,529
CMF 909 1,318 4,196 7,149 16,314
3.3.2. Effect of different pre-oxidation on membrane fouling O,-CMF 125 21 0 4719 2,256
0O,/H,0,-CMF 63 0 11 5,582 1,339
2, 3 272 7 7
When the membrane flux was 54 L/(m*h) (45.08 L/ O,/TiO -CME 0 0 0 % 0

min), the TMP and the membrane fouling resistance of
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four filtration systems were used for comparative analy-
sis. As shown, the TMP gradually increased with increas-
ing running time. When CMF alone was run for 12 h, TMP
increased by 9 KPa and the total resistance of membrane
fouling reached 1.482 x 10 m™'. The main reason may be due
to the deposition on the membrane surface and membrane
pore blockage of organic matters. The TMP of O,-CMF, O,/
H,O,-CMF, and O,/TiO,-CMF was low and exhibited a little
change with running time, which indicated that pre-oxida-
tion could effectively mitigate membrane fouling [34,35],
especially for the O,/TiO,-CMF treatment. Chen et al. [36]
also found that both ozone and catalytic ozone could mit-
igate membrane fouling, and the higher membrane flux in
the O,/TiO,-CMF treatment mainly be due to the enhanced
conversion of ozone into *OH.

As shown in Fig. 6b, high membrane fouling resistance,
including membrane inherent resistance, reversible fouling
resistance and irreversible fouling resistance, was observed
for the CMF treatment, while the pre-oxidation could mit-
igate the fouling resistance, with the order of O,/TiO, > O,/
H,O, > O, pre-oxidation can simultaneously reduce

b

1.6

I Total resistance

I Reversible fouling resistance
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Fig. 6. Influence of different pre-oxidation on membrane fouling. (a) Transmembrane pressure filtered by different pre-oxidation
coupled ceramic membranes for 12 h and (b) membrane fouling resistance filtered by different pre-oxidation coupled ceramic

membranes.
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reversible fouling resistance (about 90%) and irreversible
fouling resistance (about 60%). Obviously, the mitigation of
irreversible fouling resistance was relatively low, so the pro-
portion of irreversible fouling increased after pre-oxidation.
Some hydrophobic macromolecules were oxidized to small
molecules, resulting in mitigating reversible fouling resis-
tance [37]. In addition, the small hydrophilic organic matter
generated by pre-oxidation may block the membrane pore
and cause irreversible fouling [38].

3.3.3. Cleaning solution analysis of membrane fouling

The UV,,,, TOC and EEM of chemical cleaning solution
under four operation conditions are shown in Figs. 7 and
8. As shown, obvious aromatic proteins and fulvic acid-
like substances could be seen in the cleaning solution of
CMF system (Fig. 7a), while the fluorescence intensities of
all peaks decreased significantly due to the application of
0, O,/H,0, and O,/TiO, pretreatments (Fig. 7b-d), which
indicated that pre-oxidation could effectively mitigate mem-
brane fouling Variations in UV,,, and TOC among different
treatments also indicated that pre-oxidation could effectively
mitigate the membrane fouling and O,/TiO, pretreatment
exhibited the highest removal efficiencies (Fig. 8), which
was consistent with previous results (Fig. 6).
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3.4. Long-term membrane fouling

Under the same operate condition, the experimental
setup with different filtration models were run in batch
for 48 h, and the ceramic membrane was characterized by
SEM, energy-dispersive X-ray spectroscopy (EDS) and FTIR
to further reveal the membrane fouling.

As shown in Fig. 9, the surface of the clean ceramic
membrane was porous, while a thick layer of pollutants
was covered due to the 48 h of filtration by CMF (Fig. 9a—c).
After O,/TiO-CMF filtration for 48 h, the contaminants
on the ceramic membrane surface were significantly alle-
viated and the membrane surface became porous, which
improved the filtration performance and mitigated mem-
brane fouling. In addition, as shown in Fig. 9d—f, the struc-
ture of ceramic membrane was mainly composed of porous
support layer and surface separation layer. Compared with
the cross-section of the original ceramic membrane, the sep-
aration layer of the polluted ceramic membrane trapped
many contaminants, blocking the membrane pores and
surface, resulting in membrane fouling. After pre-oxida-
tion, the contaminants in the separation layer almost dis-
appeared, which indicated that O,/TiO, pre-oxidation could
significantly degrade NOM and mitigate membrane foul-
ing. In addition, the results of EDS (Fig. 10) also showed
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Fig. 7. Effects of different filtration models on the excitation—emission matrices of chemical cleaning solutions. (a) CMF, (b) O,-CMF,

(¢) O/H,0,-CMF, and (d) O,/TiO,-CMF.
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Fig. 9. Scanning electron microscopy images of ceramic membrane surface and cross-section. (a,d) Clean ceramic membrane, (b,e)
ceramic membrane of CMF for 48 h, and (c,f) ceramic membrane of O,/TiO,-CMF for 48 h.

that compared with clean ceramic membrane, some usually
found elements in the surface waters, such as Na, Mg, Si,
Cl, Ca, Ti and Fe, were newly observed on the surface of
ceramic membrane after 48 h filtration of CMF. However,
after the filtration of O,/TiO,-CMF, the Fe element disap-
peared on the surface of ceramic membrane, and the pro-
portion of Si element decreased significantly.

Fig. 11 shows the FTIR of the surface contaminants of
the ceramic membrane after 48 h filtration of control, CMF
and O,/TiO,-CMF, with the peak assignment in Table 2. It
was obvious that after O,/TiO, pre-oxidation, the strength of
functional groups of O-H, C-H, -CH,, C=C, C=O and C-O
decreased significantly, and those of aromatic C-H, C-O,
O-H and some aromatic rings C=C and C=O almost dis-
appeared. The results further indicated that TiO, catalytic
ozone destroyed benzene ring and double bonds, which

revealed that O,/TiO, pre-oxidation could efficiently remove
many organic compounds such as aromatic hydrocarbons,
alkanes and carboxylic esters, thus mitigating the membrane
fouling.

3.5. Redundancy analysis of membrane fouling

Generally, membrane fouling refers to unacceptable
deposits on pores and surfaces of membrane. During the
mass transfer process, the retentate was accumulated,
adsorbed and adhered on the membrane surface or inside
the membrane pores, and gradually formed a filter cake
layer or gel layer on the membrane surface or in the pores
over time [39]. The main causes for membrane fouling were
organic matters, inorganic components, and microorganisms
[40]. Particles were accumulated on the membrane surface



56 K.Y. Li et al. / Desalination and Water Treatment 304 (2023) 47-59
7
a Al
6 -
5 -
e
3 -
2 -
1 o Pt
C Ca
0 T T T T T T T
0 1 2 3 4 5 6 7
Energy (KeV)
10 4.0
b Al C Pt
3.5
8 -
3.0
~ 6 ~ 2.5 4
" n Ti
-'; 2.0 Si
S Me =
44 1.5 Mg
Na C Na
Si | l
Pt 1.0
24 Tipe Cl O
Clo l 1 05 a ¢ Ti
Ca ; Fe
0 T T T T T T T 0'0 T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Energy (KeV) Energy (KeV)
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Fig. 11. Fourier-transform infrared spectroscopy diagram of
the surface contaminants of the ceramic membrane after 48 h
filtration of control, CMF and OS/T i0,-CMF.

forming a filter cake layer, and the organic and inorganic
matters were adsorbed on the membrane holes forming gel
layer. Three-dimensional fluorescence spectra and molecular
weight distribution showed that humic acids and biopoly-
mers were the main substances responsible for the mem-
brane fouling. The pre-oxidation of O,, O,/H,O, and O,/

Table 2
Peak assignment of Fourier-transform infrared spectra

Absorption peak Assignment

position (cm™)

3,397; 3,433; 3,415 O-H in carboxyl and phenol
2,915; 2,925; 2,920 Aliphatic functional group C-H
2,850; 2,854 -CH,

1,652; 1,631; 1,592;
1,549; 1,485
1,400~1,000

Aromatic rings C=C and C=O
(carbonyl, quinone, ester or carboxyl)
C-O (hydroxyl, ester, or ether) and
O-H (phenolic)

777~870 Aromatic C-H

TiO, significantly mitigated the membrane fouling by deg-
radation humic acids and biopolymers.

The pre-oxidation of O, O,/H,0, and O,/TiO, signifi-
cantly removed NOM and decreased the concentrations of
TOC and UV,,, in surface water. The EEM spectra showed
that the raw water and the CMF effluent were characterized
with obvious fulvic acid-like substances, SMP and humic-
like substances (Fig. 3). After pre-oxidation, the fluorescence
intensity of each region decreased obviously, which indicated
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Fig. 12. Redundancy analysis of membrane fouling resistance
and influent water characteristics for O,, O,/H,0, and O,/TiO,
pre-oxidation.

that the organic matter was removed significantly. The raw
surface water included biopolymers (20,000-200,000 Da),
humic acid-like substances (350-20,000 Da), and low molec-
ular weight organics (<350 Da) (Fig. 4). The peak intensities
of biopolymer were significantly decreased after ceramic
membrane filtration, which indicated that ceramic mem-
brane could remove high molecular weight organic com-
pounds [41]. The pre-oxidation of O,, O,/H,0, and O,/TiO,
significantly mitigated the membrane fouling. Under O,/TiO,
pre-oxidation, the maximum TMP was reduced by 62.2%
(Fig. 6a).

RDA was used to further clarify the correlation between
membrane fouling resistance (total resistance, reversible
resistance and irreversible resistance) and influent water
characteristics [EEM, MW (TOC), MW (UV), TOC, UV,
turbidity]. As shown in Fig. 12, the first and second axes of
the RDA explained 97.11% and 2.89% of the total variance.
The five parameters of EEM, MW (TOC), MW (UV), TOC
and UV, were positively correlated with membrane fouling
resistance, while the turbidity exhibited a negative correla-
tion, which was consistent with previous studies [42]. It can
be seen that after O,, O,/H,0, and O,/TiO, pre-oxidation, the
membrane fouling mitigating was mainly due to the rapid
decrease of organic matter and the improvement of water
quality (Figs. 2—4). In addition, compared with O, and O,/
H,0,, O,/TiO, pre-oxidation exhibited the efficient effect
on fouling mitigation (Figs. 6-8). The reason might be that
the nano TiO, could rapidly promote ozone decomposi-
tion to produce “OH. As shown in Fig. 12, R, was positively
correlated with TOC, which indicated that the decrease of
TOC led to the alleviation of reversible fouling resistance.

Results on the TOC, UV, and EEM of chemical cleaning
solutions (Figs. 7 and 8) showed the low concentrations of
organic matter, indicating the slight membrane fouling. This
may be due partly to the fact that this study was performed
in the batch model with short running time. In the long-
term membrane fouling experiments, an enhanced removal
of NOM as well as the mitigated membrane fouling were
also observed by O,, O,/H,0, and O,/TiO, pre-oxidation.

4. Conclusion

This study systematically investigated the pre-oxida-
tion coupled with ceramic membrane filtration for NOM
removal and membrane fouling mitigating in surface water
treatment. The main conclusions are as follows:

¢ After O, O,/H,O, and O,/TiO, pre-oxidation, the NOM
was degraded via direct and indirect oxidation, with a
high decrease in TOC, UV, and SUVA, etc. The removal
efficiencies for NOM decreased in the order of O,/
TiO,>0,/H,0, > O,

¢ Under the O,/TiO, pre-oxidation, the fluorescence inten-
sity of aromatic proteins, fulvic acid-like substances and
humic-like substances even disappeared, leaving a small
amount of SMP. The removed organic matter was mainly
medium and high molecular weight organic matters,
including humus and biopolymer. Three-dimensional
fluorescence spectra and molecular weight distribu-
tion showed that humic acid and biopolymer were the
main substances responsible for membrane fouling.
The pre-oxidation of O,, O,/H,0, and O,/TiO, signifi-
cantly mitigated the membrane fouling by degradation
humic acids and biopolymers.

¢ The pre-oxidation of O, O,/H,O, and O,/TiO, signifi-
cantly mitigated the membrane fouling with the order
of O,/TiO, > O,/H,O, > O,. Under optimal pre-oxidation,
TMP was reduced by 62.2%.

e MW (UV) was the most important positive correlation
factor for R while turbidity was negatively correlated
with R. The redundant results showed that the mem-
brane fouling mitigating was mainly attributable to the
degradation of organic matter.

e The long-term membrane fouling experiment also
proved that the pre-oxidation coupled with ceramic
membranes could effectively remove NOM in surface
water and mitigate membrane fouling.
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