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four major foulants in the cake layer formed on a filtration membrane. Fluorescent images
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of the foulants were obtained using a confocal laser scanning microscope (CLSM). The three
dimensional structure of the cake layer was reconstructed, and the internal flow was
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calculated using computational fluid dynamics (CFD). Simulation results agreed well with

Membrane fouling

the experimental data on the permeability of the cake layer during filtration and showed

CLSM

better accuracy than the calculation by Kozeny–Carman method. β-D-Glucopyranose

Cake layer

polysaccharides and proteins are the two main foulants with relatively large volume

CFD

fractions, while α-D-glucopyranose polysaccharides and nucleic acids have relatively large

Permeability

specific surface areas. The fast growth of β-D-glucopyranose polysaccharides in the volume
fraction is mainly responsible for the increase in cake volume fraction and the decrease in
permeability. The specific area, or the aggregation/dispersion of foulants, is less important
to its permeability compared to its volume fraction.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Submerged membrane bioreactors (SMBRs) are widely used in
wastewater treatment. The SMBR system has many advantages over conventional activated sludge methods, including
smaller space requirement, higher effluent quality, and lesser
sludge production (Judd, 2010). However, membrane fouling
inevitably happens, which causes an increased flow resistance and that severely declines the permeation flux (Zhao
et al., 2000). The fouling problem causes high energy consumption and frequent cleaning/replacement of the membrane, directly increasing the operational costs (Miura et al.,
2007; Yang et al., 2006). For a fouled membrane, the total
filtration resistance consists of three parts: the initial

resistance of a clean membrane (membrane resistance), the
pore blocking resistance (fouling resistance), and the cake
layer resistance caused by a cake formed by pollutant
particles on the membrane surface (Chang and Lee, 1998;
Cheryan, 1998; Guo et al., 2008). Among the three resistances,
cake layer resistance is considered the dominant one (Lee
et al., 2001; Chu and Li, 2006; Wang et al., 2007).
The cake layer consists of multiple foulants, such as
proteins and polysaccharides. The structure, composition,
and permeability of the cake layer change during the filtration
process (Yu et al., 2006). Chen et al. (2016) investigated the
mechanisms of membrane fouling caused by a gel layer and
found that filtration resistance linearly increased with gel
thickness. Studies have been conducted on the influences
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that cause the formation of cake layers, including sludge
characteristics, operation conditions, and membrane materials (Le-Clech et al., 2006; Meng et al., 2009). However,
understanding the fouling process without considering the
complex structure of the cake layer remains difficult. Understanding the flow within the cake layer is helpful in revealing
the fouling mechanism of SMBR.
Several approaches are used to observe the cake layer
structure, such as scanning electron microscopy (Lee et al.,
2001; Fan and Huang, 2002) and atomic force microscopy
(Bowen et al., 1999; Yamamura et al., 2008). Gao et al. (2011)
characterized the cake layer structure by using various
analytical techniques and observed that the areal porosity
decreased from the top layer to the bottom layer. Recently,
fluorescent staining and confocal laser scanning microscopes
(CLSMs) have been frequently used to morphologically visualize cake layers (Neu and Lawrence, 1999; Strathmann et al.,
2002; Yun et al., 2006). The main advantage of fluorescent
staining is that the different membrane foulants are shown
when corresponding fluorescence probes are used. Yoon Kim
et al. (2006) probed the cells, polysaccharides, and proteins
in a cake layer by using three stains: SYBR Green I,
fluorescent-labeled lectins and Hoechst 2495. Chen et al.
(2006a, 2006b) probed nucleic acids, α-D-glucopyranose polysaccharides, β-D-glucopyranose polysaccharides, and proteins
using four stains: SYTO 63, Concanavalin A (Con A), Calcofluor
White, and Fluorescein Isothiocyanate (FITC). These components constitute the major biopolymers in a cake layer. In this
study, a multiple staining protocol was conducted to probe the
four major foulants in the cake layer.
With the detailed component images acquired, the structural parameters of the cake layer, such as porosity, can then
be calculated (Chen et al., 2006a, 2006b; Hwang et al., 2007).
Computational fluid dynamics (CFD) can then be used to
calculate 3D flow in the cake layer (Yang et al., 2012), and
important flow parameters, such as permeability, can be
obtained. However, the CFD calculations are only accurate
when experimental validation is used. Thus far, very few
studies have been performed on this subject.
In this study, both experiment and CFD simulation were
performed on a submerged membrane filtration process. A
multiple staining protocol was conducted to probe the four
major foulants in the cake layer formed on the membrane,
and fluorescent images for each foulant were obtained. The
3D structure of the cake layer was reconstructed from the
fluorescent images. Then, the flow in the cake layer was
calculated using the CFD. The CFD method was compared
with the Kozeny–Carman model on permeability calculation.
The influence of volume fraction and specific surface area of
each foulant on its flow at different filtration times was
analyzed.

Fig. 1 – Schematic diagram of the submerged membrane
filtration system.

balance and a PC. The filter membrane was fixed on the
membrane chamber module with a filtration area of 1.77 cm2.
A water head of about 7.5 kPa (a 77 cm-high water column
below the membrane) supplied the filtration pressure. The
stirring rate is 200 r/min. The operating temperature was kept
at 20°C. The filtrate weight was measured using the electronic
balance and recorded by the PC.

1.2. Permeability from experiment

1. Materials and methods

A mixed cellulose esters membrane (HAWG04700, Millipore) is
employed as the filtration membrane. It has a 0.45-μm pore
size, 150-μm thickness and 79% porosity. The membrane is
hydrophilic and made from biologically inert materials of
cellulose acetate and cellulose nitrate. Prior to use, the
membrane was immersed in deionized water for 24 hr to
remove the soluble impurities and additives from the fabrication process. Active waste sludge was acquired from a
wastewater treatment plant in Beijing. After 4-h gravitational
sedimentation, most suspended solids were removed from
the active sludge to show the contribution of colloidal
fractions in supernatant. The chemical oxygen demand for
the sludge and filtrate was 16,000 and 86.7 mg/L respectively.
The elemental composition of the dried samples was as
follows: C, 41.4%; H, 6.3%; and N, 5.6%. The sludge pH was
approximately 6.9. Membrane filtration experiments were
conducted under the same conditions, with different filtration
times of 300, 600, 900, 1200, 1500, and 1800 sec. The permeability
of the cake layer at different times was calculated using the
experiment method illustrated below.
In the filtration experiments, the permeate flux of fluid
across the membrane was expressed by Darcy's law with the
resistance-in-series model:

1.1. Experimental system

Jt ¼

A schematic of the submerged membrane filtration system is
shown in Fig. 1. The system consisted of a feed tank, a stirrer, a
membrane chamber, a filtrate collection vessel, an electronic

where Jt (m/sec) is the membrane permeate flux, △Pt (Pa) is
the transmembrane pressure, μ (Pa·sec)is the fluid viscosity,
Rt (m−1) is the total membrane filtration resistance, Rm (m− 1) is

ΔPt
ΔPt

¼
μRt μ Rm þ Rc þ R f

ð1Þ
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the membrane resistance, Rc (m− 1) is the cake layer resistance
and Rf (m−1) is the fouling resistance.
The cake layer resistance, Rc (m−1) is calculated as follows:
Rc ¼

ΔPt
μ



1 1
−
Jt Jmf


ð2Þ

where, Jmf (m/s) is the membrane permeate flux under the
same transmembrane pressure after the cake layer is
removed by washing with tap water.
The permeability of the cake layer, Kc (m2) is expressed by
Darcy's law:
Kc ¼

μJc
Lc
Lc ¼
ΔPc
Rc

ð3Þ

where Jc (m/sec) is the permeate flux through the cake layer,
△Pc (Pa) is the pressure drop through the cake layer, Lc is the
thickness of the cake layer.
From Eqs. (2) and (3), the permeability of the cake layer is
expressed as:
Kc ¼

μLc Jt Jmf
ΔPt Jmf −Jt

ð4Þ

Kc was obtained by recording the pressure drops and
permeate fluxes at different times during the filtration
process.

β-linked D-glucopyranose polysaccharides. After each of the
four staining stages, the sample was washed twice with
phosphate-buffered saline to remove any excess stain.
Confocal laser scanning microscopy (CLSM, Zeiss LSM710-3
channel, Germany) was performed to investigate the internal
structure of the fouling layer. The fluorescence of calcofluor
white was detected via excitation at 400 nm and with the
emission width at 410–480 nm. The fluorescence of FITC was
detected via excitation at 488 nm and with the emission
width at 550–540 nm. The fluorescence of Con A conjugates
was detected via excitation at 543 nm and with the emission
width at 550–600 nm. The fluorescence of SYTO 63 was
detected via excitation at 633 nm and with the emission
width at 650–700 nm.
The fluorescent images were first converted to grayscale
images and then into binary images with the threshold
values determined by Otsu's scheme (Chu and Lee, 2004).
The binary images were used to generate the 3D CFD grids of
the pores in the cake layer. The connectivity of the neighboring pixels in all analyses was set to four for edge detection.
The marching cube algorithm for triangulating the surfaces
was adopted. The advancing front algorithm was applied to
fill each region of pores with unstructured tetrahedral
volumetric grids. The tetrahedral grids were converted to the
equivalent hexahedral grids to be compatible for the CFD
software (Fluent, ANSYS).

1.3. Fluorescent staining and CFD calculation
Fluorescein isothiocyanate (FITC, Sigma) was applied to stain
the amine-reactive compound, such as the proteins and
amino sugars. The α-and β-D-glucopyranose polysaccharides
were stained and probed separately because they had
different biodegradabilities and may thus have different
functions in biological systems like the SMBR. Fluorescentlabeled lectin Concanavalin A (Con A, Molecular Probes)
conjugated with tetramethylrhodamine were employed to
bind the α-mannopyranosyl and α-glucopyranosyl sugar
residues. Calcofluor white (Sigma) was applied to stain the
β-D-glucopyranose polysaccharides. SYTO 63 (Molecular
Probes), a cell-permeative nucleic acid stain, was utilized to
differentiate EPS from the cells.
The SYTO 63 was first dripped onto the membrane sample,
and then the membrane was placed on a shaker table for
30 min. Next, a sodium bicarbonate buffer was added to the
sample to retain the amine group in non-protonated form.
Afterward, the FITC solution was added to the sample and left
for 1 hr at room temperature. Subsequently, the Con A
solution was added to the sample and incubated for another
30 min. Finally, calcofluor white was applied to stain the

2. Results and discussion
2.1. Experimental results
Membrane fouling increases both cake layer resistance Rc and
fouling resistance Rf. After the cake layer is removed, Rf
becomes the main resistance. Table 1 shows the values of the
two membrane permeate fluxes Jt (with the cake layer on) and
Jmf (with the cake layer removed) at different filtration times.
The value of Jt decreases rapidly owing to the growing cake
layer. The reduction of Jmf with time reflects the increase of Rf,
which is the increased blockage of the membrane pores
during the filtration process. To measure the thickness of
the cake layer, CLSM was used to acquire the cross-sectional
view of the cake layer. Appendix A Fig. S1 shows the
cross-sectional view of the cake layer formed after 10 min of
filtration. The thickness of the cake layer Lc increased during
the filtration process. Having obtained the values of Jt, Jmf, and
Lc, the permeability of the cake layer Kc could then be
calculated using Eq. (4). The values of Lc and Kc are also listed
in Table 1.

Table 1 – Permeate fluxes Jt and Jmf, cake layer thickness Lc, and permeability Kc at different times.
t (sec)

300

600

900

1200

1500

1800

Jt × 103 (m/s)
Jmf × 103 (m/s)
Lc (μm)
Kc (μm2)

6.03 ± 0.04
6.45 ± 0.05
38 ± 1
0.767 ± 0.035

5.32 ± 0.06
5.73 ± 0.02
43 ± 1
0.694 ± 0.032

4.02 ± 0.07
5.09 ± 0.06
50 ± 1
0.206 ± 0.017

2.80 ± 0.03
4.87 ± 0.04
57 ± 1
0.0818 ± 0.0063

1.35 ± 0.04
4.35 ± 0.03
61 ± 1
0.0258 ± 0.0025

1.14 ± 0.02
3.97 ± 0.02
65 ± 1
0.0225 ± 0.0022

The values are determined by average value of 5 measurements.

98

J O U RN A L OF E N V I RO N ME N TA L S CIE N CE S 5 6 (2 0 1 7) 9 5–1 0 1

Fig. 2 – Fluorescent image (a), binary image (b) and 3D grid (c) of the cake layer.

2.2. Fluorescent images and CFD simulation
The four foulants in the cake layer were probed. In the fluorescent
images, blue represents β-D-glucopyranose polysaccharides, red
represents α-mannopyranosyl and α-glucopyranosyl sugar residues, green represents proteins, and cyan represents nucleic
acids. The fluorescent images were first converted to grayscale

images and then into binary images. Fig. 2a shows one
fluorescent slice image of the cake layer formed after 10 min of
filtration and Fig. 2b shows its final binary image. In Fig. 2b, the
white zones represent the foulants in the cake layer, while the
black zones represent the pores for fluid permeation. The
scanned region of the cake layer was 212.55 × 212.55 × 43 μm3
in size and 512 × 512 × 87 in pixel. Fig. 2c shows the 3D CFD grid

Fig. 3 – Confocal laser scanning microscopy (CLSM) images (after 10 min of filtration) of β-D-glucopyranose polysaccharides
(a), proteins (b), α-D-glucopyranose polysaccharides (c), and nucleic acids (d).
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Porosity P was calculated by counting the foulant pixel number
and the pore pixel number, and then dividing the pore pixel
number by the total pixel number (solid + pore). The volume of
cake layer V was calculated by multiplying the total pixel
number with the pixel volume (0.42 μm ×0.42 μm × 0.50 μm).
The solid mass surface area A was calculated by multiplying the
area of the surface unit (the surface between solid and pore
pixels, 0.42 μm × 0.42 μm) with its number.
Kozeny–Carman equation has been widely used to calculate permeability in numerous studies:
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Fig. 4 – Permeability Kc obtained from CFD calculation and
experiment.

of the cake layer after 10 min of filtration. Six sets of grids in total
were constructed for the cake layers at different filtration times.
Fig. 3a–d presents the CLSM images of the β-D-glucopyranose
polysaccharides, proteins, α-D-glucopyranose polysaccharides,
and nucleic acids in the cake layer after 10 min of filtration.
Appendix A Figs. S2–S6 show the CLSM images of other filtration
time. With the fluorescent images were acquired, the structure
of the cake layer was constructed. Porosity and other structural
parameters were obtained by image analysis methods. During
this process, pores with a diameter smaller than one pixel
(0.42 μm) were neglected. Yang et al. (2007) investigated the pore
size distribution of a cake layer and found that large pores that
accounted for 15% of the porosity reduced the mean permeability by 58%. The pore size distribution of the cake layer varied
from a few pixels to a few hundred pixels in these series of
experiments, and the permeability contributed by pores with a
diameter smaller than 1 pixel was limited.
To acquire the permeability of the cake layer, CFD grids were
imported to the software FLUENT for calculation. Every grid had
about 600,000 hexahedral cells. The calculation was performed
at a maximum relative error of 0.1%. The flux across the cake
layer could be easily obtained from the CFD calculation
results. Therefore, the permeability of the cake layer could be
calculated. Fig. 4 shows the permeability values obtained from
both CFD calculations and filtration experiments.
The permeability of the cake layer slowly decreases at the
beginning, quickly attenuates, and finally levels out. The
CFD results agree well with the experiments conducted over
the entire filtration time, showing the validity of the CFD
calculation.

2.3. Kozeny–Carman equation for permeability
From the binary images of the cake, pore structural parameters,
such as porosity and solid mass surface area, could be obtained.

cP3

ð5Þ

S ð1−PÞ2
2

where S is the specific surface area (A/V), and c is a constant
for a given porous media. With P and S obtained from the
binary images of the cake, the permeability of the cake layer
can also be calculated by using Eq. (5). To fit all the
experimental data of permeability during the filtration
process, the value of c in Eq. (5) needs to be changed with
time, as listed in Table 2. Using a single value of c cannot give
good prediction of all the experimental data of permeability
throughout the filtration process. This shows the limit of
using the Kozeny–Carman model for calculating the permeability of cake layers. As to the gap between the experimental
filtration resistance of a cake layer and the filtration resistance calculated through the Kozeny–Carman equation,
Zhang et al. (2013) proposed an osmotic pressure model to
explain this issue. Thus, CFD simulation is more suitable for
the direct flow calculation of complex structures such as cake
layers, with good prediction in all stages of fouling.

2.4. Foulant volume fraction and specific surface area
Fluorescent images were further used to generate the structure of an individual foulant, with only proteins, nucleic acids,
α-D-glucopyranose polysaccharides, or β-D-glucopyranose
polysaccharides. Then, the structure of each foulant was
analyzed. Fig. 5 shows the volume fraction of each and all
foulants in the cake layer at different filtration times.
As seen in Fig. 5, the β-D-glucopyranose polysaccharides and
proteins were the two main foulants with relatively large volume
fractions. In the entire filtration process, the volume fractions of
proteins, nucleic acids, and α-D-glucopyranose polysaccharides
increase slowly, while that of β-D-glucopyranose polysaccharides jumps during 600–900 sec, causing a fast increase in the
volume fraction of the cake layer (all foulants). Yu et al. (2014)
investigated membrane fouling process in drinking water
treatment and found that the concentration of polysaccharides
within the cake layer was a key factor causing membrane
fouling. The study also showed that lower concentration of
polysaccharides caused a decrease of cake layer thickness.

Table 2 – A series of pore structure parameters of the cake layer in different times.
t (sec)

300

600

900

1200

1500

1800

P
S (μm−1)
c

0.360 ± 0.007
2.62 ± 0.03
46.1 ± 1.2

0.333 ± 0.004
2.68 ± 0.05
60.1 ± 1.4

0.195 ± 0.005
2.73 ± 0.04
134 ± 2.7

0.175 ± 0.003
2.60 ± 0.06
70.4 ± 1.2

0.172 ± 0.006
3.11 ± 0.02
33.6 ± 0.8

0.147 ± 0.002
2.94 ± 0.03
44.6 ± 1.1
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1.2

period. These results indicate that the aggregation/dispersion
state of a foulant is not as important to flow as is its volume
fraction.

β -D-glucopyranose

protein

Percentage

1.0

α-D-glucopyranose

nucleic acid
all foulants

0.8
0.6

3. Conclusions

0.4

In this study, the permeability of the cake layer slowly
decreases at the beginning, then quickly attenuates, and finally
levels out. The permeability calculated from CFD method agrees
well with the experimental data. When Kozeny–Carman
method is used for permeability calculation, the value of the
constant needs to be changed according to time in order to fit all
the experimental data throughout the filtration process. The
CFD method is more superior because of its good prediction all
over the filtration process.
β-D-Glucopyranose polysaccharides and proteins are the
two main foulants. The two foulants have relatively large
volume fractions and aggregate in the cake layer. The
α-D-glucopyranose polysaccharides and nucleic acids have
relatively large specific surface areas and disperse within the
cake layer. The fast growth of β-D-glucopyranose polysaccharides is mainly responsible for the increase in volume fraction
of the cake layer and the decrease in permeability. During
filtration, the changes in specific surface area of the foulants
do not show apparent correlations with the change in cake
permeability. Therefore, the specific area, or the aggregation/
dispersion state of a foulant, is of lesser importance to its
permeability compared to its volume fraction.

0.2
0.0

300

600

900

1200

1500

1800
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Fig. 5 – Volume fractions of each and all foulants in the cake
layer at different times.
Compared with Fig. 4, the fast increase of β-D-glucopyranose
polysaccharides during 600–900 sec corresponds well to the fast
decrease in permeability during this period. The fast decrease in
permeability shows the dominant role of β-D-glucopyranose
polysaccharides in flow permeation. The specific surface areas
are obtained for all the foulants and are shown in Fig. 6. The
values of the specific surface areas are shown in Table 2.
As seen in Fig. 6, the main foulants β-D-glucopyranose
polysaccharides and proteins have relatively small specific
surface areas, while α-D-glucopyranose polysaccharides and
nucleic acids have relatively large ones. This difference is
attributed to the aggregation of β-D-glucopyranose polysaccharides and proteins, while α-D-glucopyranose polysaccharides and nucleic acids scatter within the cake layer, as shown
in Fig. 3. Yu and Graham (2015) investigated membrane
fouling by extracellular polymeric substances and found that
the internal fouling (pore blocking) mainly determined by the
adsorption of low MW organic matter to the membrane pores.
The low MW organic matter tends to scatter within the cake
layer and caused increased the pore blocking resistance rather
than the cake layer resistance. Although the permeability of
the cake layer changes rapidly during 600–900 sec (Fig. 4), the
specific surface area of the cake layer (all foulants in Fig. 6)
does not show a corresponding rapid change during this
β-D-glucopyranose
protein
α-D-glucopyranose
nucleic acid
all foulants

-1

Specific surface area (m )

5

4

2

300

600

900

This work was supported by the National Natural Science
Foundation of China (Nos. 51176090 and 51321002).

Appendix A. Supplementary data
Supplementary data to this article can be found online at
doi:10.1016/j.jes.2016.09.005.

REFERENCES

3

1

Acknowledgment

1200

1500

1800

t (sec)
Fig. 6 – Specific surface area of each and all foulants in the
cake layers at different times.

Bowen, W.R., Hilal, N., Lovitt, R.W., Wright, C.J., 1999.
Characterisation of membrane surfaces: direct measurement
of biological adhesion using an atomic force microscope.
J. Membr. Sci. 154 (2), 205–212.
Chang, I.S., Lee, C.H., 1998. Membrane filtration characteristics in
membrane-coupled activated sludge system—the effect of
physiological states of activated sludge on membrane fouling.
Desalination 120 (3), 221–233.
Chen, M.Y., Lee, D.J., Tay, J.H., 2006b. Extracellular polymeric
substances in fouling layer. Sep. Sci. Technol. 41 (7),
1467–1474.
Chen, M.Y., Lee, D.J., Yang, Z., Peng, X.F., Lai, J.Y., 2006a. Fluorecent
staining for study of extracellular polymeric substances in
membrane biofouling layers. Environ. Sci. Technol. 40 (21),
6642–6646.

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 5 6 (2 0 1 7 ) 9 5–1 0 1

Chen, J., Zhang, M., Li, F., Qian, L., Lin, H., Yang, L., Wu, X., Zhou,
X., He, Y., Liao, B.Q., 2016. Membrane fouling in a membrane
bioreactor: high filtration resistance of gel layer and its
underlying mechanism. Water Res. 102, 82–89.
Cheryan, M., 1998. Ultrafiltration and Microfiltration Handbook.
CRC press.
Chu, C.P., Lee, D.J., 2004. Bilevel thresholding of sliced image of
sludge floc. Environ. Sci. Technol. 38 (4), 1161–1169.
Chu, L., Li, S., 2006. Filtration capability and operational
characteristics of dynamic membrane bioreactor for municipal
wastewater treatment. Sep. Purif. Technol. 51 (2), 173–179.
Fan, B., Huang, X., 2002. Characteristics of a self-forming dynamic
membrane coupled with a bioreactor for municipal wastewater
treatment. Environ. Sci. Technol. 36 (23), 5245–5251.
Gao, W.J., Lin, H.J., Leung, K.T., Schraft, H., Liao, B.Q., 2011.
Structure of cake layer in a submerged anaerobic membrane
bioreactor. J. Membr. Sci. 374 (1), 110–120.
Guo, J., Xia, S., Wang, R., Zhao, J., 2008. Study on membrane
fouling of submerged membrane bioreactor in treating bathing
wastewater. J. Environ. Sci. 20 (10), 1158–1167.
Hwang, B.K., Lee, W.N., Park, P.K., Lee, C.H., Chang, I.S., 2007. Effect
of membrane fouling reducer on cake structure and
membrane permeability in membrane bioreactor. J. Membr.
Sci. 288 (1), 149–156.
Judd, S., 2010. The MBR Book: Principles and Applications of
Membrane Bioreactors for Water and Wastewater Treatment.
Elsevier.
Le-Clech, P., Chen, V., Fane, T.A., 2006. Fouling in membrane
bioreactors used in wastewater treatment. J. Membr. Sci. 284
(1), 17–53.
Lee, J., Ahn, W.Y., Lee, C.H., 2001. Comparison of the filtration
characteristics between attached and suspended growth
microorganisms in submerged membrane bioreactor. Water
Res. 35 (10), 2435–2445.
Meng, F., Chae, S.R., Drews, A., Kraume, M., Shin, H.S., Yang, F.,
2009. Recent advances in membrane bioreactors (MBRs):
membrane fouling and membrane material. Water Res. 43 (6),
1489–1512.
Miura, Y., Watanabe, Y., Okabe, S., 2007. Membrane biofouling in
pilot-scale membrane bioreactors (MBRs) treating municipal
wastewater: impact of biofilm formation. Environ. Sci.
Technol. 41 (2), 632–638.
Neu, T.R., Lawrence, J.R., 1999. Lectin-binding analysis in biofilm
systems. Methods Enzymol. 310, 145.
Strathmann, M., Wingender, J., Flemming, H.C., 2002. Application
of fluorescently labelled lectins for the visualization and

101

biochemical characterization of polysaccharides in biofilms of
Pseudomonas aeruginosa. J. Microbiol. Methods 50 (3), 237–248.
Wang, X.M., Li, X.Y., Huang, X., 2007. Membrane fouling in a
submerged membrane bioreactor (SMBR): characterisation of
the sludge cake and its high filtration resistance. Sep. Purif.
Technol. 52 (3), 439–445.
Yamamura, H., Kimura, K., Okajima, T., Tokumoto, H., Watanabe,
Y., 2008. Affinity of functional groups for membrane surfaces:
implications for physically irreversible fouling. Environ. Sci.
Technol. 42 (14), 5310–5315.
Yang, W., Cicek, N., Ilg, J., 2006. State-of-the-art of membrane
bioreactors: worldwide research and commercial applications
in North America. J. Membr. Sci. 270 (1), 201–211.
Yang, Z., Juang, Y.C., Lee, D.J., Duan, Y.Y., 2012. Pore blockage of
organic fouling layer with highly heterogeneous structure in
membrane filtration: role of minor organic foulants. J. Membr.
Sci. 411, 30–34.
Yang, Z., Peng, X.F., Chen, M.Y., Lee, D.J., Lai, J.Y., 2007. Intra-layer flow
in fouling layer on membranes. J. Membr. Sci. 287 (2), 280–286.
Yoon Kim, H., Yeon, K.M., Lee, C.H., Lee, S., Swaminathan, T., 2006.
Biofilm structure and extracellular polymeric substances in
low and high dissolved oxygen membrane bioreactors. Sep.
Sci. Technol. 41 (7), 1213–1230.
Yu, W., Graham, N.J., 2015. Application of Fe(II)/K2MnO4 as a
pre-treatment for controlling UF membrane fouling in drinking
water treatment. J. Membr. Sci. 473, 283–291.
Yu, W., Xu, L., Graham, N., Qu, J., 2014. Pre-treatment for
ultrafiltration: effect of pre-chlorination on membrane fouling.
Sci. Rep. 4, 6513.
Yu, S., Zhao, F., Zhang, X., Jing, G., Zhen, X., 2006. Effect of
components in activated sludge liquor on membrane fouling
in a submerged membrane bioreactor. J. Environ. Sci. 18 (5),
897–902.
Yun, M.A., Yeon, K.M., Park, J.S., Lee, C.H., Chun, J., Lim, D.J., 2006.
Characterization of biofilm structure and its effect on
membrane permeability in MBR for dye wastewater treatment.
Water Res. 40 (1), 45–52.
Zhang, M., Peng, W., Chen, J., He, Y., Ding, L., Wang, A., Lin, H.,
Hong, H., Zhang, Y., Yu, H., 2013. A new insight into membrane
fouling mechanism in submerged membrane bioreactor:
osmotic pressure during cake layer filtration. Water Res. 47 (8),
2777–2786.
Zhao, Y., Wu, K., Wang, Z., Zhao, L., Li, S., 2000. Fouling and
cleaning of membrane–a literature review. J. Environ. Sci. 12
(2), 241–251.

