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a b s t r a c t

A hybrid photocatalysis with ceramic membrane filtration system is demonstrated for degradation of 
humic acids (HAs), which are typical refractory components of natural organic matter (NOM) pres-
ent in water and wastewater. More specifically, the combination of chemical oxidation photocataly-
sis process with physical separation via a ceramic membrane filtration was explored. The effects of 
operating parameters such as transmembrane pressure and the membrane pore size on the permeate 
flux and organic removal was investigated. The interaction between the two solutes in the system, 
humic acids and TiO2 photocatalyst, played an important role in the observed flux decline during 
ceramic ultrafiltration (UF) and microfiltration (MF). Results showed that the MF membrane showed 
flux rates that were about 30% lower than the ones achieved with UF membranes. The dissolved 
organic carbon (DOC) removal was found to be higher in UF membrane (> 70%) compared to MF 
membrane (50%). Finally from the liquid chromatography (LC) analysis showed that after photocata-
lytic treatment, there is a change in the molecular weight distribution of the organic compounds and 
preferential adsorption of those compounds by TiO2 results in different fouling mechanisms in UF 
and MF membranes. It can be concluded that the use of ceramic membrane not only acts as a barrier 
in recovering the TiO2 photocatalyst but also assists in DOC reduction.
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1. Introduction

Heterogeneous photocatalysis using TiO2 as a photocat-
alyst has proven to be an effective method for the treatment 
of organic compounds present in water and wastewaters. 
Although photocatalytic oxidation process is efficient in 
mineralising various organic compounds there remains 

two key challenges. Firstly the recovery and recycle of pho-
tocatalyst is needed and secondly the intermediate oxida-
tion products formed during the photocatalytic oxidation 
process are freely transported into final stream [1]. Both the 
above challenges can be resolved using membrane sepa-
ration process as they not only aid in the separation of sus-
pended photocatalyst, but also improve the effluent quality 
by separation of organic compounds. In recent years hybrid 
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photocatalysis-membrane system have been developed to 
effectively separate the TiO2 photocatalyst and also enhances 
the effluent quality by selective separation of intermediates 
and byproducts that are produced from the photocatalytic 
oxidation [2]. Amongst various configurations of the hybrid 
system described in the literature the systems utilizing pres-
sure driven membrane processes, using polymeric mem-
branes such as microfiltration (MF) [3–6] and ultrafiltration 
(UF) [1,4,7,8] have mainly been investigated. Such systems 
were applied for removal of various contaminants, including 
pharmaceuticals [9,10], and natural organic matter (NOM) 
[4,7] from water. Recently, Ho et al., utilized a hybrid photo-
catalysis–MF process for the treatment of a synthetic waste-
water [11]. The treated wastewater after photodegradation in 
a photoreactor was allowed to settle for 1 h in a settling tank, 
in which turbidity of the supernatant was reduced from 878 
NTU to 30 NTU, and after that it was pumped into a sub-
merged membrane reactor. The authors found that such a 
system allowed to reduce the membrane fouling and enhance 
the filtration flux. Similar conclusions were drawn by Pidou 
et al. [12] who observed that photocatalytic pretreatment of 
synthetic grey water allowed to reduce membrane fouling. 
However, they also reported that a minimum UV residence 
time of 120 min in the continuous stirred-tank reactor (CSTR) 
was necessary. 

Even though numerous advantages of these hybrid sys-
tem, they reveal also some problems, mainly low permeate 
quality, especially in case of polymeric MF/UF [13], and mem-
brane fouling due to the presence of photocatalyst (TiO2) par-
ticles [6,14] . Recently ceramic membranes are promising as an 
alternative to polymeric membranes due to high stability to 
high temperature and pressure, high mechanical strength and 
abrasion resistance, chemical and biological inertia for wide 
pH range adaptability, long service life and good recoverabil-
ity [15–17]. Therefore the merger of ceramic membranes with 
photocatalysis is considered a novel and unique opportunity 
for wastewater treatment [18]. Recently Dow et al. [19] stud-
ied the use of ozone–coagulation–ceramic membranes at pilot 
scale where it was demonstrated that at the high flux obtain-
able with ozone– coagulation–ceramic membranes and the 
cost was comparable to polymeric membranes with pre-co-
agulation.  In addition, the inclusion of advanced oxidation 
processes such as ozonation or photocatalytic oxidation as a 
pre-treatment step with ceramic membranes, can significantly 
reduce fouling by organic compounds and improve water 
quality that in turn reduces the operating cost. Additionally, 
ceramic ultrafiltration provides an additional barrier against 
pathogenic microbes such as virus rejection. Therefore this 
study explores the feasibly of combining a batch recirculated 
photoreactor with a tubular ceramic membrane ultra and 
microfiltration for heterogeneous photocatalyst applications. 

Our first paper described the influence of several exper-
imental variables including solution pH and salinity on the 
removal of model humic acid (HA) solution using TiO2/
UV photocatalytic oxidation process [20]. Our second paper 
described the combined operation of the integrated photo-
reactor-ceramic UF process system on the removal of model 
humic acid solution under several experimental variables 
such as photocatalyst dose and solution salinity [21]. The main 
objectives of this study were HA removal and improving 
permeate flux. The results revealed that this hybrid system 
results in synergistic effects including oxidation by the pho-

tocatalytic reaction, rejection of HA by ceramic membrane 
filtration and separation of TiO2 particles from permeate by 
membrane rejection. The results showed that relatively high 
removal of total organic carbon (TOC) and UV absorbance, 
removal of HA fouling potential and the complete recov-
ery of TiO2 slurry using this hybrid system were achieved. 
However the steady state permeate flux decreases slightly 
with the presence of NaCl concentrations and TOC removal, 
and the reduction in UV absorbance decreased slightly with 
increasing NaCl concentrations due to interfacial effects on 
the ceramic membrane filter. This study is an extension of 
our previous studies where the objective of this work was 
to investigate the effects of transmembrane pressure (TMP) 
and membrane pore size on the ceramic membrane perfor-
mance. The overall removal efficiency is assessed in terms of 
both DOC concentration and UV254 absorption. As per our 
previous studies, humic acid and TiO2 were used as the test 
pollutant and photocatalyst respectively.

2. Methods

2.1. Materials

Microfiltration (MF) and ultrafiltration (UF) ceramic 
membranes were used in this study. The ultrafiltration 
membrane used was a tubular titania ceramic membrane 
(SchumasivTM, Pall Co., Japan) made of a titania (TiO2) coat-
ing on an alumina (α-Al2O3) support with pore size of 5 nm 
(approximate molecular weight cut off of 10 KDa) and an 
effective surface area of 48.38 cm2. The microfiltration mem-
brane used was a zirconia membrane (SchumasivTM, Pall 
Co., Japan) made of a zirconia (ZrO2) coating on an alumina 
(α-Al2O3) support with pore size of 100 nm (approximate 
molecular weight cut off of 200 KDa) and an effective sur-
face area of 50 cm2. TiO2 powder (P25 from Degussa) used 
in these experiments has a 50 m2/g of active surface area 
and is composed of a 80/20 anatase/rutile ratio. In aque-
ous dispersions, TiO2 forms large agglomerations and was 
measured as 300 nm. HA stock solution used in this work 
was prepared by mixing 6 g of HA powder (Fluka AG, Che-
ische Fabrik. CH-9470 Buchs, Switzerland) in 2 L deionized 
water, stirred over a period of 2 days with a magnetic stir-
rer. The feed solution (HA0) containing 20 mg/L HA was 
prepared by appropriate dilution of stock solution. Six 18W 
UV-A lamps (NEC Blacklight Lamp) with a spectral irra-
diance of the UV ranges from 320–400 nm (UV-A, Photo-
electric Instrument Factory of Beijing Normal University, 
China) were employed as UV light source. 

2.2. Apparatus 

The experimental rig (Fig. 1) was composed with a 2 L 
photocatalytic reactor, UV lamp and a cross flow filtration 
unit. The photocatalytic reactor with an illuminated surface 
area of the reactor was 713 cm2 and made up of stainless 
steel with baffle plates, such that the water flowed in a zig-
zag manner through 5 open channels. A peristaltic pump 
(Masterflex 7592-45, Cole-Parmer, USA) was used to circu-
late the TiO2 slurry at a flow rate of 0.5 L/min in the photo-
catalytic reactor and 1.2 L/min in the UF membrane and 0.8 
L/min in the MF membrane.
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2.3. Experimental procedures 

HA and TiO2 slurry were mixed by magnetic stirrer in 
the dark for 15 min in order to obtain adsorption equilib-
rium before each photocatalytic treatment.  The solution 
(2L), to be treated, was pumped from the feed tank into 
the photocatalytic reactor and was irradiated by UV for 
1 hr. All the experiments were conducted at a tempera-
ture of at 20ºC and at UV intensity of 3.4 mW/cm2. After 
photocatalytic reactions, the treated slurry from the batch 
photocatalytic reactor was feed into the tubular ceramic 
ultra and microfiltration membrane unit for removal and 
recovery of the TiO2 particles. The permeate flux was con-
tinuously measured using a balance via data acquisition 
software. All experiments were performed at a tempera-
ture of 20ºC. The permeability of the ceramic ultrafiltration 
and microfiltration membranes were 0.29 and 2.6 L/hr m2 
kPa respectively.

2.4. Analyses

2.4.1. DOC, UV254 and turbidity measurements

Samples were collected at designated time intervals and 
filtered through 0.45 μm filter. The Shimadzu TOC V-CSH 
analyser was used to measure DOC concentration of the 
samples. The aromatic organic constituent of the water sam-
ple was measured by the absorption of the filtered sample at 
a wavelength of 254 nm against organic-free water as blank 
(UV254–UV absorbing, Method 10054, HACH). The turbid-
ity of the water sample was measured using HACH 2100 
portable turbidimeter. The result shows that the ceramic UF 
and MF membranes are very effective for the separation of 
TiO2 photocatalyst which were less than 0.15 and 0.2 NTU 
respectively.  

2.4.2. Liquid chromatography (LC)

LC analyses were carried out using a TSK gel column 
(G3000 SW, C-No. SW 3600482) using a phosphate buffer 
(10 mM KH2PO4 + 10 mM Na2HPO4, 0.04 M, pH 6.8) as the 
mobile phase. The column was operated with a flow-rate of 
0.5 mL/min and a 50 μL injection volume. This was coupled 
with a UV-visible photodiode array (λ = 200–800 nm). The 
LC column was calibrated using polystyrene sulphonate 
(PSS) compounds with molecular weight standards of 3420, 
4600, 6200, 15,650 and 39,000 Da. 

3. Results and discussions

3.1. Effect of pore size on the permeate flux and HA degradation

Fig. 2 shows the effect ceramic membrane pore sizes 
(UF and MF) on the permeate flux after UV/TiO2 photo-
catalytic oxidation reaction. The initial pure water flux for 
ZrO2 (MF) membrane was 270 L·/m2·h1 under TMP of 20 
kPa and TiO2 (UF) membrane was 28 L /·m2·h1 under TMP 
of 100 kPa. It is interesting to note that after 60 min filtra-
tion of TiO2 suspension after photocatalytic treatment, ZrO2 
membrane flux reduced from 270 L·/m2·h1 to 164 L·/m2·h1 
and TiO2 membrane flux is reduced from 28 L /·m2·h1 to 
27.4 L /·m2·h1. The observed differences in the normalised 
permeate flux behavior during TiO2 and ZrO2 membrane 
filtration was associated with the composition of humic 
acid after photocatalytic treatment and TiO2 concentrations. 
Photocatalytic oxidation is very efficient in destroying aro-
matic structures in organic matter and increasing the hydro-
philicity of the organics. The smaller the membrane pores, 
the more difficult for particles to penetrate them, resulting 
in less severe pore blocking in TiO2 membrane compared 
to ZrO2 membrane. A previous study also showed that the 
surface chemistry of ZrO2 membrane had a significant influ-
ence on the filtration performance and organic fouling [22]. 
In particular, hydrophilic organic matter with low molecu-
lar weight had a specific contribution to organic fouling of 
ZrO2 membranes. The results confirmed that smaller mol-
ecules have a stronger affinity to ZrO2 membranes either 
forming a cake layer or causing pore blockage leading to 
higher flux decline. The TiO2 membrane showed better 
effects in terms of permeate flux and turbidity removal rate. 
The turbidity of the TiO2 suspension after photocatalytic 
treatment reduced from 2589 to 0.12 NTU and 0.25 NTU for 
the TiO2 and ZrO2 membranes respectively.

Fig. 3(a) shows that the DOC removal over the dura-
tion of hybrid treatment. The first 15 min of the reaction 
shows the adsorption of HA on the TiO2 surface in the dark, 
ranging from 29 to 38% DOC removal and after 15 min, UV 
exposure commenced and after 1 hr of UV irradiation, the 

Fig. 1. Schematic diagram of the photocatalysis/ ceramic mem-
brane system. (1) Feed tank (2) Photoreactor (3) UV lamp (4) Per-
istaltic pump (5) Ceramic membrane.

Fig. 2. Normalised flux vs time for different pore sizes of ceram-
ic membranes (TiO2 concentration: 0.5 g/L, HA concentration: 
20 mg/L, TMP: 100 kPa (UF) & 20 kPa (MF), pH: 7.5; UV inten-
sity: 3.4 mW/cm2).
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DOC removal was 40 to 49%. The DOC removal by photo-
catalysis was low, which suggests the need for higher TiO2 
concentrations. The DOC removal after 1 hr ceramic mem-
brane filtration was 70 and 50% for TiO2 and ZrO2 mem-
branes respectively. 

Fig. 3(b) represents the relative UV absorbance 
removal over the duration of the hybrid treatment. The 
reduction in UV absorbance after photocatalytic treat-
ment was 55 to 56%.  The reduction in UV absorbance 
after 1 hr of ceramic membrane filtration was 97 and 77% 
for 5 nm and 100 nm respectively (Fig. 3(b)). The DOC and 
UV 254 removal by the membrane alone was 30 and 19% 
and 93 and 48% for the TiO2 and ZrO2 membranes respec-
tively. The lower removal of DOC and  higher removal of 
UV 254 indicates that HA was not completely mineralised 
by photocatalytic oxidation but the aromatic structures of 
the HA were partially broken or changed to various forms 
with different adsorptive properties [1]. Results showed 
that membrane pore size and surface chemistry plays a 
role in the removal of DOC and UV absorbance through 
the rejection of HA adsorbed to TiO2 particles, which is 
either adsorbed on the TiO2 particle surfaces or dissolved 
in the concentrate phase. 

3.2. Effect of TMP on the permeate flux and HA degradation

Fig. 4 presents an effect of TMP on the steady state per-
meate flux of ceramic ultrafiltration after TiO2/UV pho-
tocatalytic treatment. The steady state flux increases with 
TMP for the all TiO2 concentrations (0.1, 0.5 and 1 g/L).  
The overall flux was increasing linearly with increasing 
pressure in the range of TMP used. Further the steady state 
permeate flux shows closer agreement with the non-fouled 
membrane (clean water flux) performance.  In addition, 
regression analysis conducted on the plots in Fig. 4 led to a 
value of 0.28. 0.26 and 0.25 l/hr m2 kPa for the slope of the 
straight line for the TiO2 concentrations of 0.1, 0.5 and 1 g/L 
respectively. These values are well compared to the value of 
the hydraulic permeability for clean water obtained for the 
ceramic membrane (0.29 l/hr m2 kPa).  This result also con-
firms that no significant fouling on ceramic ultrafiltration 
membrane at different catalysts loading and under different 
TMP [23,24].

Previous studies have shown that coupling photocatal-
ysis and pressure-driven membrane processes using poly-
meric membranes resulted in a decrease of the permeate 
flux and do not have the capacity to remove low-molecular 
organic compounds present in wastewaters as well as the 
products of their photo degradation [23,24]. Whereas in this 
study using the hybrid photocatalysis–ceramic UF process 
there was no significant flux decline observed. Moreover, 
no significant influence of photocatalyst concentration on 
permeate flux was found in this case.

The synergic effects of the integrated photocatalysis and 
ceramic ultrafiltration membrane system were evaluated 
in terms of DOC removal efficiency under different TMP 
under different TiO2 concentrations (Fig. 5).

Photocatalysis alone was able to remove about 78% of 
DOC when 1 g/L of TiO2 was used. When it was coupled 
with ceramic membrane filtration, the organic degrada-
tion efficiency of the integrated system was not showed 
further improvement at all TMP. When 0.5 g/L of TiO2 
was used, the photocatalysis alone was able to remove 
about 52% of DOC and combined with ceramic mem-
brane filtration the DOC removal was more than 75% 

Fig. 3. (a) Dissolved organic carbon (DOC) removal efficiency; (b) reduction in UV absorbance of the photocatalytic—ceramic mem-
brane integrated system for different pore sizes (HA concentration: 20 mg/L, TiO2 concentration: 0.5 g/L, TMP: 100 kPa (UF) & 20 
kPa (MF), pH: 7.5; UV intensity: 3.4 mW/cm2).

Fig. 4. Effect of TMP on the UF permeate flux under different 
TiO2 concentrations (HA concentration: 20 mg/L, pH: 7.5; UV 
intensity: 3.4 mW/cm2).
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under lower TMP and around 70% under higher TMP.  
While 0.1 g/l of TiO2 was used, the photocatalysis alone 
was able to remove about 25% of DOC and combined with 
ceramic membrane filtration the DOC removal was more 
than 80% under higher TMP and around 75% under lower 
TMP. This result indicates that even at lower TiO2 con-
centration, the overall DOC removal of the hybrid system 
increased to 75% compared to higher TiO2 concentration, 
showing ceramic ultrafiltration could effectively remove 
the remaining DOC after the photocatalysis process at 
lower TMP.

Fig. 6 represents the relative UV absorbance during the 
entire treatment under different TMP. Photocatalysis alone 
was able to remove about 75% of UV absorbance when 1 
g/L of TiO2 was used. When it was coupled with ceramic 
membrane filtration, the reduction in UV absorbance was 
about 95% at all TMP and found more than 97% at lower 
TMP after 30 min of filtration. When 0.5 g/L of TiO2 was 
used, the photocatalysis alone was able to remove about 
50% of UV absorbance and combined with ceramic mem-
brane filtration the reduction in UV absorbance was more 
than 95% under all TMP. While 0.1 g/L of TiO2 was used, 
the photocatalysis alone was able to remove about 12% 
of UV absorbance and combined with ceramic membrane 
filtration the reduction in UV absorbance was more than 
96% under all TMP. The result indicates that the ceramic 
membrane filtration could effectively remove relative UV 
absorbance even at low TiO2 concentration and low TMP 
were used.

Fig. 5. DOC removal efficiency of the photocatalytic–ceramic ultrafiltration membrane integrated system under different TMP and 
various TiO2 concentrations (HA concentration: 20 mg/L, pH: 7.5; UV intensity: 3.4 mW/cm2).

Results show that certain combinations of TiO2 con-
centrations and TMPs provide significant improvements 
in both the DOC and UV254 rejection rates. For example, 
rejection of DOC is less sensitive to the increase in TMP 
when 1 g/L of TiO2 was used.  Whereas the rejection of 
DOC decreases when TMP increases for 0.5 g/L of TiO2 
was used. In the case of 0.1g/L of TiO2, rejection of DOC 
increases when TMP increases. On other hand there were 
more than 95% rejections of UV254 for all theTiO2 concen-
tration and at all TMPs. In ceramic UF membrane filtration 
with lower TiO2 dose, increase in TMP increases the rejec-
tion of DOC possibly due to un-destructed aromatics form-
ing a cake layer on the membrane, not affecting the flux but 
enhancing the rejection. The results show that small TiO2 
dosages and UF with lower TMPs are effective in removing 
HA from water.

3.3. Liquid chromatography (LC)

Fig. 7 shows LC chromatogram of untreated feed, feed 
treated with TiO2 and UV, and after 5 nm and 100 nm mem-
brane filtration. The chromatogram of untreated HA con-
sists of two main peaks denoted as peak 1 and 3 at molecular 
weights of approximately 650 and 50,000 Da, respectively. 
After photocatalytic oxidation treatment, 50% of peak 3 
was removed so the reactions oxidised the organics and 
two new peaks denoted as ‘4’ and ‘5’ corresponding to 340 
and 220 Da appeared due to the breakdown of organics into 
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smaller compounds. The increase in absorbance intensity of 
peak ‘2’ from peak ‘1’ of untreated HA sample after photo-
catalytic oxidation is possibly due to aggregation between 
small MW compounds and the successive degradation of 
by-products. Both the UF and MF membranes showed com-
plete removal of larger molecular weight compounds (peak 
2). UF membrane showed up to 50% removal of smaller 
molecular weight compounds whereas MF membranes 
showed very little removal of smaller molecular weight 

compounds (peak 4 and 5). As can be seen from the LC anal-
ysis, majority of the HA contains smaller molecular weight 
compounds in the range of 100–5000 Da. After photocata-
lytic treatment, there is a change in the molecular weight 
distribution of the compounds and preferential adsorption 
of those compounds by TiO2 particles results in different 
kind of fouling in UF and MF membranes.

4. Conclusions

A hybrid photocatalysis and ceramic membrane sys-
tem was investigated by treating HA with different TMP 
and TiO2 concentrations. The hybrid system results in syn-
ergistic effects including oxidation by the photocatalytic 
reaction, rejection of HA by ceramic membrane filtration 
and separation of TiO2 particles from permeate by mem-
brane rejection. The results reveal that the ceramic mem-
brane filtration could effectively remove the remaining 
DOC and UV absorbance after the photocatalysis process 
even at lower TMP. The result indicates that the ceramic 
MF membranes showed higher flux decline compared 
to ceramic UF membrane after photocatalytic treatment. 
Results show that membrane filtration plays a role in the 
removal of DOC and UV absorbance through the rejection 
of HA adsorbed to TiO2 particles, which is either adsorbed 
on the TiO2 particle surfaces or dissolved in the concen-
trate phase. The LC analysis reveal that there is a change in 
the molecular weight distribution of the compounds after 

Fig. 7. LC analysis of HA at different stages of treatment (HA 
concentration: 20 mg/L, TiO2 = 0.5 g/l, pH: 7.5; UV intensity: 
3.4 mW/cm2).

Fig. 6. Reduction in UV absorbance of the photocatalytic–UF ceramic membrane integrated system under different TMP and various 
TiO2 concentrations (HA concentration: 20 mg/L, pH: 7.5; UV intensity: 3.4 mW/cm2).
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photocatalytic treatment leads to preferential adsorption 
of those compounds by TiO2 particles as well as on mem-
branes resulting different kind of fouling mechanisms on 
UF and MF membranes.

Acknowledgement

The authors would like to acknowledge the financial 
support of the VU-RDGS grant from the Victoria University, 
Melbourne, Australia. The authors also would like to thank 
Darli Myat for helping with LC analysis.

References
[1]  S.-A. Lee, K.-H. Choo, C.-H. Lee, H.-I. Lee, T. Hyeon, W. Choi, 

H.-H. Kwon, Use of ultrafiltration membranes for the sep-
aration of TiO2 photocatalysts in drinking water treatment, 
Indust. Eng. Chem. Res., 40 (2001) 1712–1719.

[2]  D.P. Ho, S. Vigneswaran, H.H. Ngo, Photocatalysis-membrane 
hybrid system for organic removal from biologically treated 
sewage effluent, Separ. Purif. Technol., 68 (2009) 145–152.

[3]  G. Zhang, J. Zhang, L. Wang, Q. Meng, J. Wang, Fouling mech-
anism of low-pressure hollow fiber membranes used in sep-
arating nanosized photocatalysts, J. Membr. Sci., 389 (2012) 
532–543.

[4]  X. Huang, M. Leal, Q. Li, Degradation of natural organic mat-
ter by TiO2 photocatalytic oxidation and its effect on fouling of 
low-pressure membranes, Water Res., 42 (2008) 1142–1150.

[5]  N. Ma, Y. Zhang, X. Quan, X. Fan, H. Zhao, Performing a micro-
filtration integrated with photocatalysis using an Ag-TiO2/
HAP/Al2O3 composite membrane for water treatment: Eval-
uating effectiveness for humic acid removal and anti-fouling 
properties, Water Res., 44 (2010) 6104–6114.

[6]  M.-J. Kim, K.-H. Choo, H.-S. Park, Photocatalytic degradation 
of seawater organic matter using a submerged membrane reac-
tor, J. Photochem. Photobiol. A: Chemistry, 216 (2010) 215–220.

[7]  S. Patsios, V. Sarasidis, A. Karabelas, A hybrid photocatalysis–
ultrafiltration continuous process for humic acids degrada-
tion, Separ. Purif. Technol., 104 (2013) 333–341.

[8]  K. Sopajaree, S.A. Qasim, S. Basak, K. Rajeshwar, An integrated 
flow reactor-membrane filtration system for heterogeneous 
photocatalysis. Part II: Experiments on the ultrafiltration unit 
and combined operation, J. Appl. Electrochem., 29, 1111–1118.

[9]  R. Molinari, F. Pirillo, V. Loddo, L. Palmisano, Heterogeneous 
photocatalytic degradation of pharmaceuticals in water by 
using polycrystalline TiO2 and a nanofiltration membrane 
reactor, Catalysis Today, 118 (2006) 205–213.

[10]  F. Martínez, M.J. López-Muñoz, J. Aguado, J.A. Melero, J. 
Arsuaga, A. Sotto, R. Molina, Y. Segura, M.I. Pariente, A. 
Revilla, L. Cerro, G. Carenas, Coupling membrane separation 
and photocatalytic oxidation processes for the degradation of 
pharmaceutical pollutants, Water Res., 47 (2013) 5647–5658.

[11]  D.P. Ho, S. Vigneswaran, H.H. Ngo, Integration of photocat-
lysis and microfiltration in removing effluent orgnaic matter 

from treated sewage effluent, Separ. Purif. Technol., 45 (2010) 
155–162.

[12]  M. Pidou, S.A. Parsons, G. Raymond, P. Jeffrey, T. Stephenson, 
B. Jefferson, Fouling control of a membrane coupled photocat-
alytic process treating greywater, Water Res., 43 (2009) 3932–
3939.

[13]  S. Mozia, Photocatalytic membrane reactors (PMRs) in water 
and wastewater treatment. A review, Separ. Purif. Technol., 73 
(2010) 71–91.

[14]  R. Molinari, L. Palmisano, E. Drioli, M. Schiavello, Studies on 
various reactor configurations for coupling photocatalysis and 
membrane processes in water purification, J. Membr. Sci., 206 
(2002) 399–415.

[15]  Y. Zhao, J. Zhong, H. Li, N. Xu, J. Shi, Fouling and regenera-
tion of ceramic microfiltration membranes in processing acid 
wastewater containing fine TiO2 particles, J. Membr. Sci., 208 
(2002) 331–341.

[16]  S. Muthukumaran, D.A. Nguyen, K. Baskaran, Performance 
evaluation of different ultrafiltration membranes for the rec-
lamation and reuse of secondary effluent, Desalination, 279 
(2011) 383–389.

[17]  S. Muthukumaran, K. Baskaran, Comparison of the perfor-
mance of ceramic microfiltration and ultrafiltration mem-
branes in the reclamation and reuse of secondary wastewater, 
Desal. Water Treat., 52 (2014) 670–677.

[18]  N. Dow, D. Murphy, J. Clement, M. Duke, Outcomes of the 
Australian ozone/ceramic membrane trial on secondary efflu-
ent: [Performance results from a trial using ozone combined 
with ceramic membranes to treat secondary effluent at Eastern 
Treatment Plant in Melbourne.], Water (Melbourne), 40 (2013) 
45.

[19]  N. Dow, J. Roehr, D. Murphy, L. Solomon, J. Mieog, J. Black-
beard, S. Gray, N. Milne, B. Zhu, A. Gooding, J. Currie, G. 
Roeszler, J. Clement, M. Duke, Fouling mechanisms and 
reduced chemical potential of ceramic membranes combined 
with ozone, Water Practice Technol., 10 (2015) 806–813.

[20]  S. Muthukumaran, L. Song, B. Zhu, M. Darli, C. Jin-Yuan, G. 
Stephen, D. Mikel, UV/TiO2 photocatalytic oxidation of recal-
citrant organic matter: Effect of salinity and pH. Water Sci. 
Technol., 70 (2014) 437–443.

[21]  L. Song, B. Zhu, G. Stephen, D. Mikel, S. Muthukumaran, 
Hybrid processes combining photocatalysis and ceramic 
membrane filtration for degradation of humic acids in saline-
water, Membranes, 6 (2016).

[22]  C. Li, Comparative study on performance and organic foul-
ing of ZrO2 ceramic membranes in ultrafiltration of synthetic 
water and wastewater treatment plant effluent, in, King 
Abdullah University of Science and Technology, Saudi Arabia, 
2011, pp. 81.

[23]  R. Molinari, M. Borgese, E. Drioli, L. Palmisano, M. Schiavello, 
Hybrid processes coupling photocatalysis and membranes for 
degradation of organic pollutants in water, Catalysis Today, 75 
(2002) 77–85.

[24]  K. Sopajaree, S. Qasim, S. Basak, K. Rajeshwar, An inte-
grated flow reactor-membrane filtration system for heteroge-
neous photocatalysis. Part I: Experiments and modelling of 
a batch-recirculated photoreactor, J. Appl. Electrochem., 29 
(1999) 533–539.


