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ABSTRACT

A novel airlift reactor for the removal and degradation of humic acids (HAs) was presented
and employed, combining a ceramic membrane reactor with a pressurized ozonation pro-
cess. The degradation of organic matter was enhanced since HA could be effectively
rejected in the reactor by adopting TiO2 ultrafiltration membrane with an average pore size
of 5.5 nm. Ozone was pressurized into the reactor to improve both the reaction and the sep-
aration processes. In addition, the application of compressed gaseous ozone can alleviate
membrane fouling by reaction with HAs to reduce the thickness of filter cake. Thanks to
the effective retention and catalytic ozonation of the TiO2 membrane, the removal rate of
CODCr and TOC increased to 91.0, 70.0% from 61.0, 36.5%, respectively, compared with a
conventional airlift reactor. Further, the ratio of BOD5/COD increased to 0.52 from 0.01,
which means the biodegradability of the feed solution was significantly improved with the
reactor, thus it could play an important role in improving the efficiency of water treatment
and reducing the cost of downstream biological steps.
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1. Introduction

Humic substances represent a major fraction of
dissolved natural organic matter (NOM) in surface
water, usually accounting for 50–90% of the total dis-
solved NOM [1,2]. Mounting investigation has shown
that humic substances are the major precursors in the
formation of trichloromethane compounds and other
disinfection by-products after water chlorination [3–6].
Humic substances also have a high ability to form

complex with various heavy metal ions and toxic
organic pollutants in water, which leads to the forma-
tion of indissoluble and toxic matter [7]. Hence, the
removal of humic substances has been an essential
topic in water treatment for improving the quality of
direct drinking water.

The application of membrane filtration for the
treatment of water and wastewater has expanded rap-
idly over the last two decades due to its effective per-
formance of removing particles, micro-organisms and
organic matter from surface waters [8,9]. Nevertheless,
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one of the major obstacles in using membrane
filtration is an increase in operational cost because of
the decrease in the permeate flux due to membrane
fouling and concentration polarization. Numerous
studies have been explored in order to decrease mem-
brane fouling and control concentration polarization,
such as changing membrane structure parameters (size
and shape of pores, surface roughness, and porosity)
and optimizing technology (coupling with other
techniques, enhanced flux based on gas–liquid two-
phase flow) [10–13].

Ozone is currently used for water treatment
because of its high oxidation and disinfection potential
[14,15]. In an ozonation process, the total organic car-
bon (TOC) and chemical oxygen demand (CODCr) of
wastewater will decrease due to the destruction of the
aromaticity and depolymerization, causing the high
apparent molecular weight (MW) fractions to decrease
and the carboxylic functions to increase [3,6,16]. Ozon-
ation and pre-ozonation have been proven to be an
effective way to reduce the membrane fouling and
enhance the permeate flux by the degradation of high
MW NOM [17,18]. However, the polymeric mem-
branes, commonly used in water treatment industry,
have low chemical resistance and tend to degrade by
ozone [19]. To avoid this, some researchers had
adopted to dislodge ozone, before the solution flows
into the membrane modules, by nitrogen to make sure
that the ozone is not getting in touch with the
membrane, which increases the operational cost
greatly [10].

Ceramic membranes have more advantages than
polymeric membranes to combine with ozonation of
thermally, chemically mechanical stable, longer life-
times [20,21], and most importantly, the ozone resis-
tant [22]. The use of hybrid ozonation–ceramic
membrane can efficiently reduce membrane fouling.
The thickness of the foulant layer will be decreased by
the ozonation of organic foulant into small molecules,
reduce the adsorption on the membrane surface by
change the hydrophobic aromatic groups to more
hydrophilic groups and the catalytic properties of
metal oxides in the separation layer of membrane [23].
In recent years, the reactive catalytic ceramic mem-
brane has been developed, which manifested itself as
an improved recovery of the permeate flux because of
good performance of catalytic activity when combined
with ozonation [24,25]. Furthermore, the hybrid ozona-
tion–ceramic membrane systems have also proven to
be an effective way to control the formation of carcin-
ogenic bromate by reducing the ozone exposure and
improving the ozone utilization [26–28].

The airlift membrane reactor can remove pollution
and serve as an effective device in the treatment of

water by combining a membrane separation technol-
ogy and reaction process [29]. The operating principle
of this reactor is to utilize the density difference
between the fluid in a vertical membrane tube with a
sparged gas and that of a feed tank, in which the
liquid level is at the same or lower height than the
sparged tube [30]. In this process, the gas simulta-
neously provides the driving force for fluid circulation
and the transmembrane pressure (TMP) for membrane
filtration, while the sparged gas will react with the
fluid. Compared with the traditional membrane reac-
tor, the airlift membrane reactor is considered to be an
effective, simple and low-cost technique [31,32]. It can
increase the shear force at the membrane surface by
facilitating the formation of slug flow and enhance the
membrane permeation flux via alleviating concentra-
tion polarization phenomenon [29,33,34].

Hence, in this paper, we introduced a method to
remove and degrade humic acids (HAs) by using an
airlift ceramic membrane ozonation reactor (ACMOR).
Ozone has three functions in this membrane reactor,
such as providing TMP, circulating liquid, and reaction
with pollutant. The compressed ozone gas entered into
the membrane reactor by a gas sparger forms a gas–-
liquid two-phase flow to drive the circulation of the
feed solution and react with HA. A TiO2 ultrafiltration
(UF) membrane with an average pore size of 5.5 nm
was implicated. The effects of pressurized ozone in the
reactor on the membrane permeate performance and
the efficiency of improving water quality (UV254, TOC,
CODCr, and BOD5) were investigated.

2. Materials and methods

2.1. HAs sample

Aldrich-humic acid (53680, technical grade Sigma-
Aldrich) was used as a model substance although, it is
a terrestrial peat-derived humic material and its
weight-averaged MW is larger than typical aquatic
HA [35]. It has been widely used as a model foulant
by many membrane researchers since it is easily avail-
able and well characterized [36].

An HA stock solution was prepared and diluted to
the required feed solution concentrations with deion-
ized water. The pH was adjusted by adding either
HCl or NaOH. All aqueous solutions were prepared
with deionized water.

2.2. UF membrane

The ceramic UF membrane was fabricated via an
improved polymeric sol–gel method. The sol contain-
ing P123 was obtained according to that reported in
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our previous works [37]. The tubular support with an
average pore size of 50 nm (8mm in inner diameter,
100mm in length, and 2mm in wall thickness) was
provided by Membrane Science & Technology
Research Center (Nanjing, China). The sol was dip
coated on the support and then aged at 60˚C 35% RH
for 12 h. The obtained gel was calcined at 400˚C for
4 h in air with the heating rate of 0.5˚C/min to burn
off the polymer template. All the procedures were
repeated four times to obtain crack-free TiO2 UF mem-
brane. Characteristics of the membrane are shown in
Table 1. The scanning electron microscopy (SEM)
image in Fig. 1 shows that the surface of the
membrane is homogeneous throughout the whole area
and no defects can be found. Fig. 2 shows the cross-
sectional SEM image of the composite membrane. The
thin TiO2 layer with an approximate thickness of
1.5 μm can be seen clearly on the right side of the
composite membrane.

2.3. Experimental apparatus

The airlift ceramic UF membrane ozonation reactor
used in these experiments is shown in Fig. 3. It con-
sists of an ozone-pressurized system (E-1, E-2, E-3, E-
4, E-5) and a ceramic membrane reactor. Ozone was
produced from dry air using an ozone generator (E-1
NPA-15, NIPPON Co., Ltd China), and then pressur-
ized with a pneumatic booster pump (E-3). The com-
pressed ozone was introduced into the reactor
through a gas diffuser at the bottom of the reactor.
Storage tanks (E-2, E-5) were used as pressure buffer
tanks. The gaseous ozone concentration was controlled
by changing the voltage, applied to the ozone genera-
tor. The airlift reactor included a volume of 800mL
feed tank and the membrane module, in which tubu-
lar ceramic membrane was sealed with O-ring, was
flange mounted with the reactor. The volumetric gas
flow rate was adjusted by a calibrated flow meter and
the TMP was regulated through a back pressure valve
V2 at the gas outlet of the reactor. At last, a 5% potas-
sium iodide (KI) solution was employed as the

absorption solution for residual ozone tail gas. The
operating condition for this system is shown in
Table 2.

2.4. Analytical methods

The morphology of the surface and cross-section of
the membrane were examined by a high-resolution
scanning electron microscope (SEM, S4800, Hitachi,
Japan). The gaseous ozone concentration was deter-
mined by iodometry using KI solutions to calculate
the amount of ozone in the gaseous phase. The TOC
concentration was determined by a TOC-VCPH
(Shimadzu, Japan) and a detection limit of 0.004mgL−1.
CODCr was obtained by a DRB200 (HACH, USA), while
biological oxygen demand within 5 d (BOD5) was
measured with a BOD TraK analyzer (HACH, USA).
A UV/VIS spectrophotometry (UV-3600 spectropho-
tometer, Shimadzu, Japan) was carried out to

Table 1
Characteristics of the membrane employed in this study

Parameters UF membrane

Material TiO2

Type Tubular
Average pore size (nm) 5.5
Membrane surface area (cm2) 23.6
Type of filtration Cross-flow
Pure water flux (Lm−2 h−1 bar−1) 155

Fig. 1. SEM image of the surface of the TiO2 UF
membrane.

Fig. 2. SEM image of the cross-section of the TiO2 UF
membrane.
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determine the evaluation of the HA degradation. Two
different wavelengths were measured; UV254 was used
for aromatic compounds, while the removal of color
was performed at 400 nm [38]. Removal rates of HA
were determined using the following formulae [16]:

Cf

Ci
¼ UV254 tð Þ

UV254 0ð Þ
(1)

R ¼ Ci � Cf

Ci
� 100% (2)

where R is the removal rate of HA (%), Ci is the con-
centration of feed solution, and Cf is the concentration
after the reaction, while UV254(0) and UV254(t) are the
absorbance of the HA solution at 254 nm at the initial
time and the reaction time “t”, respectively.

The HA concentration in permeate samples of the
membrane (Cp) was analyzed using the same method

mentioned above, and the retention of the membrane
(r) was calculated using the following formula:

r ¼ Ci � Cp

Ci
� 100% (3)

3. Results and discussion

3.1. Effect of ozone on membrane flux

Gas sparging has proven to be an effective way to
enhance membrane permeates flux due to the forming
gas–liquid two-phase flow. In Fig. 4, normalized flux
(J/J0) vs. operation time was presented under different
operation conditions including: (a) static UF (no gas–-
liquid two-phase flow circulating in the system), (b)
UF with compressed nitrogen (forming gas–liquid
two-phase fluid by compressed nitrogen), and (c) UF
in the ACMOR (forming gas–liquid two-phase fluid
by compressed ozone). The critical stable normalized
flux was improved from 0.37 to 0.46 compared with a
static UF. The possible reason was that, it enhanced
the shear force on the membrane surface via formation
of a gas–liquid two-phase flow when introducing the
sparging nitrogen into this system [33] that disrupted
the concentration polarization layer and hindered the
formation of fouling layer to enhance the UF process.
And, the normalized flux was further improved with
compressed ozone instead of nitrogen since the
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Fig. 3. Schematic of the airlift ceramic UF membrane ozonation reactor.

Table 2
Operating condition for the system

Parameters

TMP (MPa) 0.15–0.35
Temperature (˚C) 25 ± 0.5
Ozone gas flow rate (Lmin−1) 5
Gaseous ozone concentration (mg/L) 8, 15, 25, 50
Diameter of gas diffuser (mm) 1.5
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reaction of ozone and hydroxy radicals with NOM
could effectively reduce the thickness and resistance
of the filer cake formed during filtration. Fig. 5 shows
the relationships between the ozone concentration and
the normalized flux, the greater the ozone gas concen-
tration, the greater the normalized flux. With the
ozone gas concentration increase from 8 to 25mg/L,
there was a significant increase in normalized flux
from 0.52 to 0.75, respectively. As the ozone gas con-
centration further increased from 25 to 50mg/L, the
normalized flux had a little change. The synergetic
mechanism of catalytic ozonation and gas–liquid TiO2

membrane UF are shown in Fig. 6. Gas slugs, which
contain ozone, were formed in a vertical channel of

ceramic tubular membrane. As reported by Nawrocki
[39], hydroxyl groups are present on TiO2 membrane
surface in water. These hydroxyl groups react with
dissolved ozone to generate radicals intermediates
(O2

.− and HO2
.), which can act as the initiator of chain

reactions to produce hydroxyl radicals.

3.2. Effect of pressure on membrane performance

The evolution of the permeate flux at different
pressures is shown in Fig. 7. The flux decreased in
the initial 50min to a steady-state level. Simulta-
neously, we observed that the rate of decline for the
permeate flux increased with increasing pressure
and this phenomenon could be attributed to the
increase in thickness and the compactness of the
fouling layer [29,40]. When increasing the pressure,
the accumulation of organic matter in the fouling
layer was enhanced and reduced the difference of
the critical steady flux at different pressures. The
values for the steady state permeate fluxes were 138,
129, and 120 L/m2h for pressures of 0.35, 0.25, and
0.15MPa, respectively. Thus, the flux could not be
effectively increased by the increase in pressure.
Meanwhile, the variation of rejection rates with fil-
tration time at different pressures is given in Fig. 8.
It was observed that the retention rate was enhanced
with filtration time due to the formation of fouling
layer on the membrane surface and/or partially
blocking the membrane pores. The retention rate of
HA slightly decreased with the increase in pressure,
that reached 96.7, 95.6, and 94.8% at 90min when
the pressure was varied to 0.15, 0.25, and 0.35MPa,
respectively.

3.3. Effect of ACMOR on TOC and COD removal

The removal rate of TOC and CODCr were investi-
gated when employing ACMOR and ozonation alone
(Figs. 9–12). It was found that 70% TOC and 91%
CODCr were removed via ACMOR after 60min, which
were obviously higher than the results from the airlift
reactor with ozonation alone. Under the ozonation
alone condition, the removal rate of TOC and COD
were improved with increasing ozonation time. But
after 60min, only 36.5% TOC and 61% COD were
removed. These results reveal that single ozonation is
insufficient to mineralize marine HA to carbon dioxide
and water, which is in agreement with the work of
Imai et al. [16].

In Fig. 9, at the first 10min, the TOC had a sharp
decrease to 3.9 mg/L from the initial concentration
(20.5 mg/L), and then it increased slightly to 6.3 mg/L

Fig. 4. Effect of ozone and nitrogen on flux: Ci of 10mg L−1,
pressure of 0.35MPa, gaseous ozone concentration 8mg/L,
gas flow rate of 5 Lmin−1, pH of 10.

Fig. 5. Effect of gaseous ozone concentration on flux: Ci of
10mg/L, pressure of 0.35MPa, gas flow rate of 5 Lmin−1,
pH of 10.
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with time, and the removal rate decreases from 80 to
70% in 60min. The reason was that the HA had been
rejected at the beginning, and then decomposed into
small MW organic matter. The small organic com-
pounds could diffuse through the pores of membrane
and resulted in rejection of only relatively large MW
organic compounds during filtration. This also demon-
strates that high MW organic matter was degraded
into low MW organic matter by ozonation; however,

complete removal was impossible [16,41]. Moreover,
ozonation combined with membrane filtration as an
advanced process resulted in the removal of CODCr.
In Fig. 10, the CODCr decreased from 64.5 to 5.8 mg/L
and the removal rate of CODCr was stabilized at 91%
with reaction and filtration time. It means that ceramic
UF membrane with a small pore size has a preferable
removal rate for TOC and CODCr from this
experiment.

Fig. 6. Mechanism of compressed ozone enhanced permeate flux in ceramic tubular membrane.

Fig. 7. Permeate flux evolution at different pressures: Ci of
10mg L−1, gaseous ozone concentration of 8mg L−1, pH of
10, and gas flow rate of 5 Lmin−1.

Fig. 8. HA retention at different pressures: Ci of 10mg L−1,
gaseous ozone concentration of 8mg L−1, pH of 10, and
gas flow rate of 5 Lmin−1.
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The appearance changes of HA solution over time
by two different operation ways are shown in Fig. 13.
The color of the HA solution became weaker with
increasing reaction time. The color removal reached
95% by ACMOR (Fig. 13(b)) at 60min, which is higher
than by ozonation alone (Fig. 13(a)) about 75%. This
also demonstrated that the removal of HA by the
ACMOR was very efficient.

3.4. Effect of ozonation on biodegradability

We further evaluated the biodegradability of the
solution treated by the ACMOR via examining the

evolution of the ratio of BOD5/COD. In Fig. 14, the
value of the feed solution is about 0.01 and then
increased to 0.52 after treated with ozone for 60min.
The reason was that pressurized ozone broke down
(or rearranged) the molecular structures of organic
matter, converting the non-biodegradable organics to
more biodegradable substances, which simultaneously
alleviated membrane fouling and enhanced the flux.
The improvement in HA biodegradability makes this
method remarkably important in the application of
the ACMOR to wastewater treatment for improving
the efficiency and reducing the burden of the further
biological steps.

Fig. 9. Effect of ozonation and membrane filtration on
TOC: Ci of 10mg L−1, ozone concentration of 50mg L−1,
pH of 10, gas flow rate of 5 Lmin−1, and pressure of
0.15MPa.

Fig. 10. Effect of ozonation and membrane filtration on
CODCr: Ci of 10mgL−1, ozone concentration of 50mg L−1, pH
of 10, gas flow rate of 5 Lmin−1, and pressure of 0.15MPa.

Fig. 11. Effect of ozonation on TOC: Ci of 10mg L−1, ozone
concentration of 50mg L−1, pH of 10, gas flow rate of
5 Lmin−1, and pressure of 0.15MPa.

Fig. 12. Effect of ozonation on CODCr: Ci of 10mg L−1,
ozone concentration of 50mg L−1, pH of 10, gas flow rate
of 5 Lmin−1, and pressure of 0.15MPa.
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3.5. Membrane cleaning

Membrane fouling causes severe flux decline and
affects the quantity of the water produced. The pure
water flux even decreases by 50% compared with
fresh membrane, if not adopt any membrane cleaning
measures, because the organic matters could deposit
onto membrane surface or into membrane pores. In
this experiment, the TiO2 UF ceramic membrane could
be regenerated via an easy chemical cleaning proce-
dure: the ceramic membrane was cleaned with 2%
NaOH solution at 75˚C for 60min after each experi-
ment, followed by thorough rinsing with deionized
water. The results of the cleaning tests, after each
experiment, are presented in Fig. 15, and the flux
recovery ratio is higher than 90% of the flux of the
new membrane.

4. Conclusion

The new ACMOR was demonstrated to be a very
efficient technology in the degradation of HAs, when
compared with currently solely applied ozonation or
membrane filtration process. The compressed ozone
has a great effect on TiO2 membrane permeate flux by
relieving concentration polarization and decreasing
membrane fouling. The permeate flux increased with
the increase in gas ozone concentration. The degrada-
tion of organic matter was improved via the effec-
tively rejection HA of TiO2 UF membrane. In addition,
compressed gas zone significantly enhanced biode-
gradability by degrading the high MW organic matter
(HAs) to low MW organic matter. Thus, this technol-
ogy has potential application in the purification of
wastewater and the degradation of other organic pol-
lutants in wastewater.

(b)(a)

Fig. 13. The appearance of solutions at different times (from 0 to 60min): (a) refers to ozonation alone and (b) refers to
ACMOR.

Fig. 14. The change in biodegradability during ozonation:
Ci of 50mg L−1, ozone concentration of 50mg L−1, pH of
10, gas flow rate of 5 Lmin−1, and temperature of 50˚C.

Fig. 15. The recovery of membrane cleaning flux.

292 H. Mei et al. / Desalination and Water Treatment 56 (2015) 285–294



Acknowledgments

This work is supported by the key program of the
National Natural Science Foundation of China
(21125629, 21176116), the National 863 Plans Projects
of China (No. 2012AA03A606) and Natural Science
Foundation of Jiangsu Province (BK201180).

References

[1] M.H.B. Hayes, C.E. Clapp, Humic substances: Consid-
erations of compositions, aspects of structure, and envi-
ronmental influences, Soil Sci. 166(11) (2001) 723–737.

[2] K. Kabra, R. Chaudhary, R.L. Sawhney, Treatment of
hazardous organic and inorganic compounds through
aqueous-phase photocatalysis: A review, Ind. Eng.
Chem. Res. 43(24) (2004) 7683–7696.

[3] N.J.D. Graham, Removal of humic substances by oxi-
dation/biofiltration processes—A review, Water Sci.
Technol. 40(9) (1999) 141–148.

[4] G. Hua, D.A. Reckhow, Comparison of disinfection
byproduct formation from chlorine and alternative dis-
infectants, Water Res. 41(8) (2007) 1667–1678.

[5] J. Kim, Y. Chung, D. Shin, M. Kim, Y. Lee, Y. Lim, D.
Lee, Chlorination by-products in surface water treat-
ment process, Desalination 151(1) (2003) 1–9.

[6] B. Seredynska-Sobecka, M. Tomaszewska, A.W.
Morawski, Removal of humic acids by the ozonation–
biofiltration process, Desalination 198(1–3) (2006)
265–273.

[7] H. Seki, A. Suzuki, Adsorption of heavy metal ions
onto insolubilized humic acid, J. Colloid Interface Sci.
171(2) (1995) 490–494.

[8] T. Leiknes, The effect of coupling coagulation and floc-
culation with membrane filtration in water treatment:
A review, J. Environ. Sci. 21(1) (2009) 8–12.

[9] X. Zhang, D.K. wang, J.C. Diniz da Costa, Recent pro-
gresses on fabrication of photocatalytic membranes for
water treatment, Catal. Today 230 (2014) 47–54.

[10] J. Kim, S.H.R. Davies, M.J. Baumann, V.V. Tarabara,
S.J. Masten, Effect of ozone dosage and hydrodynamic
conditions on the permeate flux in a hybrid ozona-
tion–ceramic ultrafiltration system treating natural
waters, J. Membr. Sci. 311(1–2) (2008) 165–172.

[11] M. Sanchez-Polo, J. Rivera-Utrilla, U. von Gunten,
Metal-doped carbon aerogels as catalysts during ozon-
ation processes in aqueous solutions, Water Res. 40
(18) (2006) 3375–3384.

[12] S.-H. You, D.-H. Tseng, W.-C. Hsu, Effect and mecha-
nism of ultrafiltration membrane fouling removal by
ozonation, Desalination 202(1–3) (2007) 224–230.

[13] Y. Zhu, X. Quan, F. Chen, X. Fan, Y. Feng, CeO2–TiO2

coated ceramic membrane with catalytic ozonation
capability for treatment of tetracycline in drinking
water, Sci. Adv. Mater. 4(12) (2012) 1191–1199.

[14] B. Legube, N.K.V. Leitner, Catalytic ozonation: A
promising advanced oxidation technology for water
treatment, Catal. Today 53(1) (1999) 61–72.

[15] U. von Gunten, Ozonation of drinking water: Part I.
Oxidation kinetics and product formation, Water Res.
37(7) (2003) 1443–1467.

[16] D. Imai, A.H.A. Dabwan, S. Kaneco, H. Katsumata,
T. Suzuki, T. Kato, K. Ohta, Degradation of marine
humic acids by ozone-initiated radical reactions,
Chem. Eng. J. 148(2–3) (2009) 336–341.

[17] S.G. Lehman, L. Liu, Application of ceramic mem-
branes with pre-ozonation for treatment of secondary
wastewater effluent, Water Res. 43(7) (2009)
2020–2028.

[18] S. Van Geluwe, L. Braeken, C. Vinckier, B. Van der
Bruggen, Ozonation and perozonation of humic acids
in nanofiltration concentrates, Desalin. Water Treat.
6(1–3) (2009) 217–221.

[19] P.V. Shanbhag, A.K. Guha, K.K. Sirkar, Membrane-
based ozonation of organic compounds, Ind. Eng.
Chem. Res. 37(11) (1998) 4388–4398.

[20] S. Lee, J. Cho, Comparison of ceramic and polymeric
membranes for natural organic matter (NOM)
removal, Desalination 160(3) (2004) 223–232.

[21] T. Tsuru, Inorganic porous membranes for liquid
phase separation, Sep. Purif. Rev. 30(2) (2001) 191–220.

[22] B.S. Karnik, S.H. Davies, M.J. Baumann, S.J. Masten,
Use of salicylic acid as a model compound to investi-
gate hydroxyl radical reaction in an ozonation–mem-
brane filtration hybrid process, Environ. Eng. Sci. 24
(6) (2007) 852–860.

[23] S. Lee, K. Lee, W.M. Wan, Y.S. Choi, Comparison of
membrane permeability and a fouling mechanism by
pre-ozonation followed by membrane filtration and
residual ozone in membrane cells, Desalination 178
(1–3) (2005) 287–294.

[24] L.M. Corneal, M.J. Baumann, S.J. Masten, S.H.R.
Davies, V.V. Tarabara, S. Byun, Mn oxide coated cata-
lytic membranes for hybrid ozonation-membrane fil-
tration: Membrane microstructural characterization, J.
Membr. Sci. 369(1–2) (2011) 182–187.

[25] H. Park, Y. Kim, B. An, H. Choi, Characterization of
natural organic matter treated by iron oxide nanopar-
ticle incorporated ceramic membrane-ozonation pro-
cess, Water Res. 46(18) (2012) 5861–5870.

[26] M. Moslemi, S.J. Davies, Bromate formation in a
hybrid ozonation–ceramic membrane filtration system,
Water Res. 45(17) (2011) 5529–5534.

[27] M. Moslemi, S.J. Davies, Empirical modeling of bro-
mate formation during drinking water treatment using
hybrid ozonation membrane filtration, Desalination
292 (2012) 113–118.

[28] I.G. Wenten, H. Julian, Ozonation through ceramic
membrane contactor for iodide oxidation during
iodine recovery from brine water, Desalination 306
(2012) 29–34.

[29] F. Zhang, W. Jing, W. Xing, N. Xu, Experiment and
calculation of filtration processes in an external-loop
airlift ceramic membrane bioreactor, Chem. Eng. Sci.
64(12) (2009) 2859–2865.

[30] Z.F. Cui, S.R. Bellara, P. Homewood, Airlift cross-
flow membrane filtration—a feasibility study with
dextran ultrafiltration, J. Membr. Sci. 128(1) (1997)
83–91.

[31] Y.B. Fan, G. Li, L.L. Wu, W.B. Yang, C.S. Dong, H.F.
Xu, W. Fan, Treatment and reuse of toilet wastewater
by an airlift external circulation membrane bioreactor,
Process Biochem. 41(6) (2006) 1364–1370.

H. Mei et al. / Desalination and Water Treatment 56 (2015) 285–294 293



[32] F. Wicaksana, A.G. Fane, V. Chen, Fibre movement
induced by bubbling using submerged hollow fibre
membranes, J. Membr. Sci. 271(1–2) (2006) 186–195.

[33] Z.F. Cui, S. Chang, A.G. Fane, The use of gas bubbling
to enhance membrane processes, J. Membr. Sci. 221
(1–2) (2003) 1–35.

[34] F. Zhang, W. Jing, W. Xing, Modeling of cross-flow fil-
tration processes in an airlift ceramic membrane reac-
tor, Ind. Eng. Chem. Res. 48(23) (2009) 10637–10642.

[35] J. Hur, M.A. Schlautman, Using selected operational
descriptors to examine the heterogeneity within a bulk
humic substance, Environ. Sci. Technol. 37(5) (2003)
880–887.

[36] S.K. Hong, M. Elimelech, Chemical and physical
aspects of natural organic matter (NOM) fouling of
nanofiltration membranes, J. Membr. Sci. 132(2) (1997)
159–181.

[37] X. Cao, W. Jing, W. Xing, Y. Fan, Y. Kong, J. Dong,
Fabrication of a visible-light response mesoporous
TiO2 membrane with superior water permeability via
a weak alkaline sol–gel process, Chem. Commun. 47
(12) (2011) 3457–3459.

[38] D. Hongve, G. Akesson, Spectrophotometric determi-
nation of water colour in Hazen units, Water Res. 30
(11) (1996) 2771–2775.

[39] J. Nawrocki, M.P. Rigney, A. McCormick, P.W. Carr,
Chemistry of zirconia and its use in chromatography,
J. Chromatogr. A 657(2) (1993) 229–282.

[40] M. Mota, J.A. Teixeira, A. Yelshin, Influence of cell-
shape on the cake resistance in dead-end and cross-flow
filtrations, Sep. Purif. Technol. 27(2) (2002) 137–144.

[41] Y. Song, B. Dong, N. Gao, S. Xia, Huangpu river water
treatment by microfiltration with ozone pretreatment,
Desalination 250(1) (2010) 71–75.

294 H. Mei et al. / Desalination and Water Treatment 56 (2015) 285–294


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. HAs sample
	2.2. UF membrane
	2.3. Experimental apparatus
	2.4. Analytical methods

	3. Results and discussion
	3.1. Effect of ozone on membrane flux
	3.2. Effect of pressure on membrane performance
	3.3. Effect of ACMOR on TOC and COD removal
	3.4. Effect of ozonation on biodegradability
	3.5. Membrane cleaning

	4. Conclusion
	Acknowledgments
	References



