
Enhancement of membrane filtration ability by pretreatment of secondary
effluent using a new photocatalytic oxidation system

Ren-Yang Hornga,b, Chih-Pin Huanga�, Min-Chao Changb, Hsin Shaob, Mathias Ernstc,
Martin Jekeld

aInstitute of Environmental Engineering, National Chiao Tung University, No. 75, Po-ai St., Hsinchu, Taiwan
bEEL, Industrial Technology Research Institute, 321 Section 2, Kuang Fu Road, Hsinchu, Taiwan
cSiemens Water Technologies, Wallace & Tiernan GmbH, Auf der Weide 10, 89312 Guenzburg, Germany
dDepartment of Water Quality Control, Technical University of Berlin, Sekr. KF 4, Str. Des 17. Juni 135, D-10623 Berlin, Germany
Tel. þ886 (3) 5726463; e-mail: cphuang@mail.nctu.edu.tw

Received 15 September 2008; accepted 29 March 2009

A B S T R A C T

Secondary effluent including different kinds of foulants, e.g. extracellar polymeric substances
(EPS), soluble microbial products (SMP), and humic acids was considered as a major barrier for
wastewater reuse and reclamation when a membrane was applied to obtain high quality treated
water. A new hybrid system of photocatalytic oxidation and non-woven membrane separation
was studied for treating secondary effluent. Initially, the foulant properties, such as polysacchar-
ide, protein, and biopolymer, etc., were examined in a batch test. The experimental results
revealed that foulants in secondary effluent could be photodegraded. Then, a continuous experi-
ment with this new hybrid system, three applied fluxes of 16.6, 33.3, and 50.0 L/m2/h (LMH), was
applied to investigate the photodegradation ability and the filtration behavior. The results
revealed that the concentration of foulants in permeate increased with increasing applied flux, due
to the reduction of hydraulic retention time (HRT). In comparison with the system using microfil-
tration (MF) or ultrafiltration (UF) membrane, larger specific flux was obtained in our non-woven
membrane system. In addition, a batch-stirred cell test using UF membrane was performed to
compare filtration performance before and after photodegradation in secondary effluent. Such
results proved that this new hybrid system was an effective treatment process for foulant removal
in secondary effluent.

Keywords: Secondary effluent; Photocatalytic oxidation; EPS; Biopolymer; Non-woven
membrane

1. Introduction

Secondary effluent contains colloids and infra-
colloids [1] or extracellar polymeric substance (EPS)
[2] which have been identified as playing an impor-
tant role in fouling microfiltration (MF) and

ultrafiltration (UF) membranes [3]. Secondary effluent
components are quite complex and are of interest
when microporous membranes are applied as a pre-
treatment process before reverse osmosis (RO). The
fractions of chemical oxygen demand (COD) sepa-
rated by molecular weight cut-off (MWCO) have
revealed that solute is major contributor for mem-
brane fouling [1]. Furthermore, there is a relationship�Corresponding author

Desalination and Water Treatment 6 (2009) 184–189

www.deswater.com

111 # 2009 Desalination Publications. All rights reserved



between the apparent molecular weight distribution
(AMWD) and membrane resistance in secondary
effluent using UF membrane [4].

Coagulation, adsorption or both have been used to
pre-treat secondary effluent before membrane filtra-
tion in order to reduce fouling causing materials and
enhance membrane permeability [1,2]. However, coa-
gulants added resulted in increasing running and
sludge disposal costs. Exhausted activated carbon
regeneration costs after adsorption also need to be
considered. Consequently, an advanced oxidation
process (AOP) has also been proposed for oxidizing
foulants in secondary effluent. Preozonation can
break foulants down into small fractions, but this
process cannot completely oxidize the pollutants in
secondary effluent, which may result in different
fouling characteristics [4]. By contrast, heterogeneous
photocatalysis has been considered as one of the
more promising AOPs for treating persistent organic
pollutants [5] and humic acids [6] in water and waste-
water treatment.

A suspended photocatalyst has more effective
photocatalytic activity than a fixed one because more
active surface area is available. However, the effective
separation of suspended photocatalysts in an aqueous
solution is still an issue. In recent years, the separation
of photocatalyst particles from an aqueous solution has
been tried by using MF [7], UF [8], or even nanofiltra-
tion (NF) [9] membrane. However, problems such as
low flux, high operational pressure, and membrane
fouling were still not overcome.

It is well known that non-woven fabric with a ran-
dom structure is cheap and has been extensively
applied as a filtration material for water treatment
[10]. In our laboratory, we have successfully developed
submerged non-woven fabric membrane bioreactor
technology for industrial wastewater treatment [11]
and wasted sludge reduction [12]. Afterward, we also
developed a side stream non-woven membrane reactor
to separate photocatalysts and degrade methylene blue
[13]. In previous study, we used the hybrid system
combining a photocatalytic oxidation with titanium
dioxide particles separated by submerged non-woven
membrane to simplify a process [14]. The aims of this

study were to photodegrade foulants in secondary
effluent in a batch test to investigate the photodegrada-
tion ability with different react time. Sequentially, we
examined the filtration performance of the hybrid
system in a continuous mode with various operating
conditions to compare their filtration behavior. Finally,
we also tested the secondary effluent before and after
photodegradation to determine whether there was any
improvement in filtration performance of UF mem-
brane in a batch-stirred cell test.

2. Methods and materials

2.1. Characteristics of secondary effluent

The secondary effluent conducted in this study was
emitted from the Ruhleben wastewater treatment
works (Berlin, Germany). The effluent was pre-
filtrated with a 100 mm filter before the photocatalytic
experiments. The characteristics of the secondary efflu-
ent are listed in Table 1 [15].

3. Experimental conditions

3.1. Description of batch test

A batch reactor having a working volume of 8 L
(22 cm (diameter (j))�21 cm (height (H))) without
installing a submerged non-woven membrane was
used. Degussa P25 TiO2 powder with a primary particle
size of 20–30 nm was selected as photocatalyst. The con-
centration of the photocatalyst was set at 1000 mg/L in
all batch tests. A set of four black lamps (F4T5BLB, San-
kyo Denki, Japan) each with 4 W power and a wave-
length of 365 nm was used for UV radiation. The light
intensity of each lamp was 6 mW/cm2. Each lamp
(15 mm (j) � 134 mm (length (L)) was submerged into
the reactor using lamp holder (40 mm (j)� 300 mm (L))
which was made of Pyrex glass and located at the
middle of radius. A mixer with 150 rpm was installed
at center of batch reactor to maintain suspending photo-
catalysts during experimental periods. pH value of sec-
ondary effluent was adjusted from 7.5 to 5.5 to obtain
the highest photocatalytic oxidation efficiency for all fou-
lants (data were not available here) before experiments.

Table 1
Characteristics of secondary effluent in Ruhleben WWTWs

pH Turbidity
(NTU)

DO�

(mg/L)
DOC�

(mg/L)
UV254

�

(cm�1)
SUVA�

(Lm�1 mg�1)
Protein
(mg/L)

Polysaccharide
(mg/L)

7.2 1.7 4.9 11.7 0.27 2.3 10.9 4.6

�DO, dissolved oxygen; DOC, dissolved organic carbon; UV254, ultraviolet light (specifically at a wavelength of 254 nm);
SUVA, specific ultraviolet absorbance.
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The samples with photocatalysts were taken from
bulk solution in reactor and settled 10 min. Then, the
supernatant was filtrated by a 0.45 mm acetate nitrate fil-
ter (Sartorius, Goettingen, Germany) before analysis and
precipitated photocatalysts were returned to reactor. All
experiments were carried out at room temperature.

3.2. Description of continuous test

The hybrid system of photocatalytic oxidation and
non-woven membrane separation was used for a con-
secutive test, as shown in Fig. 1. The reactor was made
of Pyrex glass with a working volume of 22.4 L. The
reactor was divided into two sections by a UV light
blocking baffle: a photocatalytic reaction region with
volume of 16 L (20 cm (L) � 20 cm (width (W)) � 40
cm (H)), and a membrane separation region with
volume of 6.4 L (8 cm (L) � 20 cm (W) � 40 cm (H)).
A non-woven membrane cell with pore size of 2.0 mm
manufactured by KNH Co. Ltd., Taiwan, was sub-
merged into the filtration region of reactor. The opti-
mum pore size of non-woven membrane used in
hybrid system was determined in previous study
[16]. The aeration units were installed at the bottom
part of the reactor to maintain suspending particles in
reactor, and also induce a cross flow along the mem-
brane surface. The photocatalysts and UV lamps used
in continuous mode were same as in batch test. The
permeate was drawn by a suction pump. A vacuum
pressure gauge and flow meter were installed and con-
nected to a computer to monitor trans-membrane pres-
sure (TMP) and record flow rate during the entire
experiment. The samples were taken from permeate
of non-woven membrane using a 0.45 mm acetate
nitrate filter before analysis except the measurement
of residual turbidity. All experiments were carried out
at room temperature.

3.3. Analysis

Foulants (polysaccharide and protein) were mea-
sured by photometric methods [17], based on Dubois
and Lowry method, respectively. Photometric signals
of samples for polysaccharide, protein, and UV254

were conducted with a Perkin Elmer UV/Vis Spectro-
meter Lambda 12 (Perkin-Elmer GmbH, Berlin, Ger-
many) at different wavelengths.

DOC concentration of analyzed samples was mea-
sured by High Total Organic Carbon (TOC) meter
(Elementar Analysensysteme) after being filtrated by
a 0.45 mm acetate nitrate filter.

Liquid Chromatography–Organic Carbon Detec-
tion–Organic Nitrogen Detection (LC-OCD-OND)
(manufacturer DOC-LABOR Dr. Huber, Karlsruhe,
Germany) was used to analyze a biopolymer and

humic acids with a dissolved organic carbon detector
used non-dispersive infrared absorption (Ultramar 6
from Siemens, Munich, Germany), a UV254 detector
(K-200-UV254) and a size exclusion column HW55S
(GROM Analytik þ HPLC GmbH, Herrenberg, Ger-
many). The LC unit separates organic compounds
according to their molecular size through the size
exclusion column.

3.3.1. UF membrane filtration performance by a
batch-stirred cell test [18]

The filtration performances of UF membrane with
samples taken from batch and continuous experiments
before and after photodegradation were determined as
normalized flux declined over specific cumulative
permeate volume, using a batch-stirred cell test (Ami-
con 8200, Millipore, USA) and a hydrophilized poly-
ether sulfone (PES) UF membrane with MWCO 150
kDa (NADIR @ UP150, Germany).Used filtration area
for test was 28.7 cm2. A stirrer was set 150 rpm to control
a cake layer on the surface of UF membrane. All mea-
sured samples were prefiltrated with a 0.45 mm acetate
nitrate filter. All membrane filtration experiments were
performed at 1 bar TMP and at room temperature.

4. Results and discussion

4.1. Batch study

4.1.1. Foulant reduction as a function of reaction time

Suspended photocatalytic oxidation of foulants in
terms of DOC, protein, polysaccharide, SUVA, and
UV254 in secondary effluent was studied at pH 5.5 and
TiO2 concentration of 1000 mg/L. The concentration of
foulants versus different UV irradiation times is pre-
sented in Fig. 2. There were no obvious changes in any
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1. Photocatalytic reaction region, 2. membrane separation zone, 3. influent pump, 
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10. UVA lamp, 11. photocatalyst suspension
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Fig. 1. Schematic diagram of the hybrid system coupling
photocatalytic oxidation with a non-woven membrane reactor.
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of the constituents when a sample was taken immedi-
ately after a pH adjustment from 7.2 to 5.5. Then
followed by 30 min adsorption by photocatalysts with-
out UV radiation, we observed that all constituents
were adsorbed onto the photocatalysts reducing their
concentration (Fig. 2) after adsorption. This was a posi-
tive result for a heterogeneous photocatalytic system
which is dominated by surface reactions. After radia-
tion by UV light, the concentration of the foulants in the
secondary effluent was progressively photodegraded
with time, as shown also in Fig. 2.

4.1.2. Effect of photocatalytic time on filtration
performance of UF membrane

We carried out a batch-stirred cell test with UF
membrane to examine the degree of membrane fouling
in secondary effluent under different photocatalytic
oxidation times. Basically, lower fouling potential was-
tewater indicated higher filtration ability, which
resulted in less normalized flux decline for the same
permeate volume [15]. Fig. 3 shows the normalized
flux decline as a function of specific cumulative perme-
ate volume (Specific cumulative permeate volume is
cumulative permeate volume divided by membrane
area.). The normalized flux reduction of secondary
effluent without photocatalysts was around 70%. A
similar trend of the normalized flux reduction was
observed after pH adjustment. After 30 min, adsorp-
tion without radiation the normalized flux reduction
was about 30%. After 2 h, photocatalytic oxidation, the
normalized flux reduction was less than 10%. There-
after only a slight normalized flux reduction was
observed after 4 and 6 h reaction time, as shown Fig. 3.
The experimental results confirmed that foulants in
secondary effluent could be photodegraded and which

would dramatically improve the filtration performance
of UF membrane in a batch-stirred cell test.

4.1.3. LC-OCD profile at different reaction times

The DOC composition of the secondary effluent
was characterized by using size exclusion chromato-
graphy with continuous UV254 and organic carbon
detectors. An LC-OCD chromatogram is typically com-
posed of four principal fractions, biopolymers (includ-
ing EPS), humic substances, low molecular weight
acids, and low molecular weight neutrals, which are
eluted from the column with decreasing molecular
weight with increasing elution time [2]. Biopolymers
were identified as a more sensitive and precise indica-
tor for membrane fouling [2,16]. In this study, we
focused on how the concentration of biopolymers
varied with different reaction times. Fig. 4 shows the
LC-OCD chromatogram profile of secondary effluent
at different photocatalytic oxidation times. The first
peak, at an elution time of about 40 min, represents bio-
polymers. The six lines represent biopolymer values of
secondary effluent, immediately after pH reduction,
after 1/2 h of adsorption, and at 2, 4, and 6 h of photo-
catalytic oxidation, respectively. The biopolymer pro-
file after photocatalysis is shown close to the base
line, as depicted in Fig. 4. This means that biopolymer
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mixing rate ¼ 150 rpm, filtered volume ¼ 500 mL): effect of
adsorption (0.5 h) and irradiation time.
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could be removed by photodegradation. Moreover, the
second peak, shown in Fig. 4, represents humic acids
after an elution time of around 65 min. This peak was
also reduced with increasing reaction time. These
results confirmed that biopolymer and humic acids can
be removed by photocatalytic oxidation. The shift to
the right hand side of the humic acids peak (Fig. 4) also
shows that the molecular weight of the humic acids
was reduced by photocatalysis resulting in lower foul-
ing potential of UF membrane in a batch-stirred cell
test. The quantified biopolymer is shown in Fig. 5. A
concentration of biopolymer in secondary effluent of
around 438 mg C/L decreased with increasing reaction
times, and was dramatically reduced to range from 32
to 53 mg C/L after photodegradation. More than 87% of
the biopolymer was removed from secondary effluent
treated by photocatalysis. Most of it was oxidized by
photocatalysis which led to dramatically improved fil-
tration performance when tested with a batch-stirred
cell test.

4.2. Continuous test

4.2.1. Foulants reduction with different applied fluxes

Non-woven membrane instead of microporous
membrane, e.g. MF or UF was incorporated into sys-
tem to separate the suspended TiO2 particles in contin-
uous test. Non-woven membrane with a pore size
larger than either MF or UF has been showed to obtain
lower TMP and stable applied flux in a hybrid photo-
catalytic system [16]. Three fluxes, i.e. 16.6, 33.3, and
50.0 LMH were applied continuously for 24 h each. The
quality of the treated water for protein, polysaccharide,
biopolymer, DOC, SUVA, and UV254 at different
applied fluxes is shown in Fig. 6. The concentration
of pollutants in the treated water increased with
increasing applied flux due to the reduction of hydrau-
lic retention time (HRT). Treated secondary effluent
was then subjected to a batch-stirred cell test. Fig. 7
shows that normalized flux reduction in influent was

around 60%. The trends of normalized flux reduction
for the three applied fluxes were similar and less than
10%. Although the concentration of the pollutants in
treated water was different with applied fluxes, filtra-
tion performance was improved because the major fou-
lants were photodegraded (Fig. 6).

4.2.2. Effect of different applied fluxes on filtration
performance in a hybrid system

TMP, specific flux, and residual turbidity for each
applied flux experiment are summarized in Table 2.
A little accumulated TMP increased with increasing
applied flux because a more dense cake layer was
formed on the surface of the non-woven membrane.
This phenomenon also explained why residual turbid-
ity (shown in Table 2) decreased with increasing
applied flux. Finally, specific flux, defined as applied
flux divided by TMP, was calculated to compare our
results with other photocatalytic oxidation plus mem-
brane systems using MF or UF membrane. Specific flux
was reduced from 128.5 to 3.1 LMH/kPa when applied
flux was increased from16.6 to 50.0 LMH and TMP was
increased from 0.1 to 16.0 kPa. Therefore, specific flux
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was usually several times higher than in systems using
MF or UF membrane [19], when an appropriate flux,
i.e. equal to or less than 33.3 LMH was applied in this
hybrid system.

5. Conclusions

A new hybrid system coupling photocatalytic
oxidation with non-woven membrane separation was
found to be an effective treatment process for removing
foulants in secondary effluent. The experimental
results demonstrated that the foulants could be photo-
catalytic oxidation in our batch and continuous tests. In
batch experiment, the photocatalytic efficiency in terms
of biopolymer removal was more than 87% after 2 h
photodegradation. However, the photocatalytic effi-
ciency decreased with increasing applied flux in con-
tinuous test. The appropriate applied flux was equal
to or less than 33.3 LMH to obtain an excellent filtration
performance in terms of lower TMP and higher specific
flux. In batch-stirred cell test, the remarkable enhance-
ment of filtration performance to below level of fouling
potential on UF membrane was also obtained.

Acknowledgements

The authors acknowledge the financial support by
Ministry of Economic Affair (MOEA) in Taiwan for this
work. We would also like to thanks Mr. X. Zheng and
Miss R. Mehrez who are PhD candidate in Department
of Water Control, TU Berlin, Germany, for their assis-
tance in LC-OCD analysis and technical supports.

References

[1] D. Abdessemd, G. Nezzal and R. Ben Aim, Fraction of a second-
ary effluent with membrane separation, Desalination, 146 (2002)
433-437.

[2] J. Haberkamp, A.S. Ruhl, M. Ernst and M. Jekel, Impact of coa-
gulation and adsorption on DOC fractions of secondary effluent
and resulting fouling behavior in ultrafiltration, Water Res., 41
(2007) 3794-3802.

[3] M. Mietten-Peuchot and R. Ben Aim, Improvement of cross-
flow microfiltration performance with flocculation, Proc. 5th
World Filtration Congress, Nice, 1990, pp. 488-493.

[4] X. Wang, L. Wang, Y. Liu and W. Duan, Ozonzation pretreat-
ment of ultrafiltration of the secondary effluent, J. Membr. Sci.,
287 (2007) 187-191.

[5] T.E. Doll and F.H. Frimmel, Removal of selected persistent
organic pollutants by heterogeneous photocatalysis in water,
Catal. Today, 101 (2005) 195-202.

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

[7] S. Mozia, M. Tomaszewska and A.W. Morawski, A new photo-
catalytic membrane reactor (PMR) for removal of azo-dye acid
red 18 from water, Appl. Catal. B Environ., 59 (2005) 131-137.

[8] A.A. Lee, K.H. Choo, C.H. Lee, H.I. Lee, T. Hyeon, W. Choi and
H.H. Kwon, Use of ultrafiltration membranes for the separation
of TiO2 photocatalysts in drinking water treatment, Ind. Eng.
Chem. Res., 40 (2001) 1712-1719.

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

[10] A.F. Turbak, Non-woven: Theory, Process, Performance, and
Testing, Tappi Press, Atlanta Georgia, 1993.

[11] M.C. Chang, R.Y. Horng, H. Shao and Y.J. Hu, Performance and
filtration characteristics of non-woven membranes used in sub-
merged membrane bioreactor for synthetic wastewater treat-
ment, Desalination, 191 (2006) 8-15.

[12] R.Y. Horng, H. Shao, W.K. Chang and M.C. Chang, The feasibil-
ity study of using non-woven MBR for reduction of hydrolyzed
biosolids, Water Sci. Technol., 54 (5) (2006) 85-90.

[13] M.C. Chang, R.Y. Horng, H. Shao and Y.J. Hu, Separation of
titanium dioxide from photocatalytically treated water by
non-woven fabric membrane, Filtration, 6 (4) (2006) 340-344.

[14] R.Y. Horng, M.C. Chang, H. Shao, Y.J. Hu and C.P. Huang, The
usage of non-woven fabric materials as separation media in sub-
merged membrane photocatalytic reactor for degradation of
organic pollutants in water, Separation Sci. Technol, 42 (2007)
1381-1390.

[15] X. Zheng, R. Mehrez, M. Jekel and M. Ernst, Bio-filtration of
treated domestic wastewater as a pretreatment to ultrafiltration:
effect on protein and polysaccharide related fouling, The 4th
IWA International Membrane Conference Membranes for
Water and Wastewater Treatment, Harrogate, UK, 2007.

[16] R.Y. Horng, M.C. Chang, H. Shao, Y.J. Hu and C.P. Huang,
Application of TiO2 photocatalytic oxidation and non-woven
membrane filtration hybrid system for degradation of 4-
chorophenol, Desalination, accepted for publication.

[17] S. Rosenberger, H. Evenblij, S.T. Poele, T. Wintgens and C.
Laabs, The importance of liquid phase analyses to understand
fouling in membrane assisted activated sludge process-six case
studies of different European research groups, J. Membr. Sci.,
263 (1-2) (2005) 113-126.

[18] S. Lee and C.H. Lee, Effect of membrane properties and
pretreatment on flux and NOM rejection in surface water nano-
filtration, Separation Purif. Technol., 56 (2007) 1-8.

[19] R. Molinari, M. Mungari, E. Drioli, A. Di Paola,V. Loddo, L. Pali-
sano and M. Schiavello, Study on a photocatalytic membrane
reactor for water purification. Catal. Today, 55 (2000) 71-78.

Table 2
Summary of filtration behavior in continuous test

Applied flux (LMH) TMP (kPa) Residual turbidity (NTU) Specific flux (LMH/kPa)

16.6 0.1 1.0 128.5
33.3 2.7 0.8 12.5
50.0 16.0 0.7 3.1

Ren-Yang Horng et al. / Desalination and Water Treatment 6 (2009) 184–189 189


