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HIGHLIGHTS GRAPHICAL ABSTRACT

o A novel SF-DMBR system was devel-
oped to quickly recover organics in
wastewater. Membrane

e Recovery rate of carbon source in
wastewater reached as high as 80%.

e High membrane fluxes were realized.

e Less protein content contributed to
the weaker membrane fouling.

Dynamic
membrane

e The evolutions of the fouling com- ] Organic  Carbon-—rich
. matters sludge VFA
ponents were determined by CLSM. Captions — —
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the performance of this SF-DMBR was investigated. Results indicated that 80% of the organic matters in
wastewater could be quickly recovered under continuous operation. Furthermore, the evolutions of the
fouling components were determined during the formation and development processes of dynamic
membrane. After the long-term operation, the decreases of protein concentration, accompanying with

Handling Editor: Chang-Ping Yu the increases of polysaccharides and microorganisms contents due to special operating conditions, were
interestingly observed in the sludge of membrane surface. This could explain why membrane fouling was

Keywords: much weak. Therefore, though high membrane fluxes at 50—150 L/(m?-h) were adopted in this study, the

Carbon source recovery reactor can still obtain a long-term stable operation and the operating cycle reached as long as 8 days.

Sludge adsorption Finally, membrane fouling process was described by combined models.

Self-forming dynamic membrane bioreactor © 2018 Elsevier Ltd. All rights reserved.

Membrane fouling

1. Introduction been proposed and already attracted wide attentions for its po-
tential application. Compared with conventional wastewater
In the 1960s, the new concept of “21st century water plant” has treatment process, it tends to recover the organic matters in
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wastewater rather than simply removes it or converts it into no
value-added products (such as carbon dioxide, nitrogen, waste
phosphate, etc.) (Ansari et al., 2016; Gong et al., 2017), reducing
energy consumption and avoiding generation of excess sludge
(Mccarty et al., 2011). Therefore, it is meaningful to develop tech-
nologies for recovering low value-added organic matters from
wastewater.

Concentrating and enrichment are the premises to achieve the
resource utilization of those organic matters in urban wastewater.
There are already a few methods for concentrating organic matters
in urban wastewater, including coagulation (Akanyeti et al., 2010;
Frijns et al., 2013), forward osmosis process (Alturki et al., 2013;
Cath et al.,, 2013; Lutchmiah et al., 2014), membrane separation
(Bourgeous et al., 2001; Cai, 1999) and adsorption (Kartal et al.,
2010), etc. Lutchmiah et al. (2011) recovered high-quality water
by means of forward osmosis (FO), and the subsequent concen-
trated sewage (containing an inherent energy content) can be
converted into a renewable energy. Akanyeti et al. (2010) recovered
at least 35% of the sewage COD by bioflocculation. However, all of
those technologies were seriously hindered by the high operation
cost.

SF-DMBR is a promising sewage treatment technology, in which
the dynamic membrane is actually a fouling layer forming on
inexpensive support materials with relative big pores (such as non-
woven fabrics, sieves, etc.). It shows the advantages of high mem-
brane fluxes, high retention rate of substrates, low energy con-
sumption and low operation costs (Chu et al., 2010). Moreover, it is
known that the reaction between microorganisms and organic
matters could be divided into two stages (Guellil et al., 2001; Gao
et al., 2007), adsorption and degradation, in wastewater treat-
ment processes. Therefore, if the hydraulic retention time (HRT) of
SF-DMBR was kept short enough, the adsorption process would
dominate while microbial metabolism would be in a position of
weakness, and finally organic matters in wastewater could be
concentrated. Based on the above-mentioned descriptions, a
modified SF-DMBR was built and operated with short HRT and high
membrane fluxes.

Membrane fouling might be the key factor hindering the oper-
ation of this modified SF-DMBR, though it presents great potential
in concentrating and recovery of organic matters from wastewater
(Gong et al., 2014). There are many factors influencing membrane
fouling, such as configuration of membrane module (Xiong et al.,
2014), aeration strength (Kiso et al., 2000), membrane flux (Fuchs
et al., 2005; Ren et al., 2010) and characteristics of the separating
substrates (Hu et al., 2017), etc. Obviously, comparing with com-
mon SF-DMBRs for wastewater treatment, the modified SF-DMBR
for organic matters recovery has to be operated under high mem-
brane fluxes and different separating substrates. Firstly, high
membrane flux could provide short HRT, but also would result in
terrible membrane fouling. Then, the primary sludge is the sepa-
rating substrate of the modified SF-DMBR and has different char-
acteristics from the secondary sludge, such as low proteins content,
good dewaterability, which thus would relieve membrane fouling.
Therefore, the feasibility of this modified SF-DMBR should be
studied and evaluated for organic matters recovery from
wastewater.

In this study, the formation process and fouling characteristics of
the dynamic membrane were studied in the modified SF-DMBR for
recovering organic matters from wastewater. The main objectives
of this study are: (1) to evaluate the performance of the modified
SF-DMBR in recovering organic matters from wastewater, (2) to
analyze the operation stability of dynamic membrane, (3) to study
the characteristics of the membrane fouling under high fluxes and
(4) to investigate the mechanism of membrane fouling.

2. Materials and methods
2.1. Wastewater

Samples of urban wastewater used in this study were synthetic
wastewater and the components were reported in the previous
literature (Chu et al., 2014). Water quality indexes were shown in
the following Table 1. Activated sludge was collected from the
aeration tank of the wastewater treatment plant in Wuxi city,
China. Considering that starvation phase plays an essential role on
the adhesion process, activated sludge need to be aerated without
feed before used in order to obtain the better adsorption (Li et al.,
2006).

2.2. SF-DMBR and experimental set-up

The schematic diagram of the experimental set-up was shown
in Fig. 1. The dynamic membrane bioreactor was the main body
with a working volume of 14 L, which mainly consisted of a stirrer
and a membrane module. The support material of the dynamic
membrane was woven-fabric mesh with pore size of 150 um and
membrane area of 0.04 m?. A polyamide nylon mesh wound over a
hollow cylindrical support made of the polyvinyl chloride with an
external diameter of 51 mm and an internal diameter of 21 mm and
a length of 140 mm. When the flux was changed, the support
membrane was replaced. In the reactor, the stirring device was
used instead of the aeration equipment, which was fixed together
with the membrane module at a rotating speed of 35 r/min, it can
provide a suitable cross flow in addition to mixing. The bioreactor
was operating in a anaerobic condition with temperature 25 °C and
pH 7.0.

The reactor was equipped with a feed tank, a peristaltic pump
and an effluent tank. Activated sludge with a concentration of

Table 1

Water quality index.
Water quality index Values
SCOD (mg-L™1) 250+ 25
TSS (mg-L~ 1) 3000 + 44
TN (mg-L™") 25+0.8
TP (mg-L~1) 7.9+0.8

Values are given as mean values + standard deviation.

Feed tank Sludge storage tank Y Self-forming dynamic Outlet sump
| membrane bioreactor
: = Thermo-alkaline| _ | Acid production
Carbon-rich sludge = ¢ L e

Fig. 1. The schematic diagram of the experimental set-up.
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Table 2
Summary of the five constant flow combined fouling models.

Models Component mechanisms

Equation Fitted parameters

Cake-complete Cake filtration, complete blocking

Cake-intermediate Cake filtration,intermediate blocking

Complete-standard Complete blocking, standard blocking

Ke(s/m?), Kp(s )

=

KcJ?
- :m (1 - xeIn(1 - l(bt)>

= exp(KiJot) (1 + K,;—{"(exp(](ilot) — 1))
P Kp(s™"), K(m™")
(1-Kpt) (1+%1n(14<bt))

K(s/m?), K(m™")

e

Intermediate-standard Intermediate blocking, standard blocking Ig _ exp(Kijot) Ki(m™), K(m™1)
Y (1 s ey )
Cake-standard Cake filtration, standard blocking -2 Kd(s/m?), K(m™1)
P— (1 - M) + K2t
Py 2 0
J-flux (m/s); Jo-initial flux (m/s); Ky-complete blocking constant (s~!); K.-cake filtration constant (s/m?); Ki-intermediate blocking constant (m~'); Ks-standard blocking

constant (m~!); P- pressure (kg/ms?); Po- initial pressure (kg/ms?).

3000 mg/L flowed into the reaction chamber through the sludge
pipe in the bottom, while the wastewater was pumped into the
reactor by a peristaltic pump. The concentration of sludge (in the
form of TSS) in the reactor was measured once a day and main-
tained at 3000 mg/L through discharging sludge regularly. The
reactor was started up when the liquid level reached the level at
setting value. Organic matters were concentrated in the sludge
because they were quickly adsorbed by activated sludge in a short
period. This period was set as HRT for 50 min. Meanwhile, the
activated sludge deposited on the nylon mesh, thus the dynamic
membrane gradually formed. The effluent was discharged with
gravity, while the sludge was trapped in the reactor by membrane.
The activated sludge in the reactor was subjected to recover after
saturation for subsequent acid production by fermentation after
thermo-alkaline pretreatment.

The study was conducted with different high fluxes to investi-
gate the removal of organic matters and the stability of the reactor.
The membrane fluxes adopted in this study were larger than the
majority of existing literatures, which were 50, 100, 150 L/(m?-h),
respectively. In this test, a silicone hose was used to connect to the
water collecting pipe. Therefore, the flux could be controlled
constantly at set value by adjusting the height of whose outlet.

2.3. Confocal laser scanning microscopy (CLSM)

The fouled membrane that was taken out from the reactor
operated with a membrane flux of 100L/(m?-h) was studied to
investigate the growth of cake layer with CLSM. According to the
change of the membrane resistance, the membrane samples were
carried out when the SF-DMBR was operated for hours 26, 113 and
140, respectively.

The staining materials used in this study were Concanavalin A
(ConA) purchased from Molecular Probes, Calcofluor white (CW)
purchased from Sigma, Fluorescein isothiocyanate (FITC) purchased
from Molecular Probes and SYTO 63 purchased from Molecular
Probes (Yang et al., 2007). Every membrane sample was cut into a
size of about 0.5 cm x 0.5 cm. Firstly, SYTO 63 (20 uM) used to label
the microorganisms was dipped on the fouled membrane sample,
placing on a shaker table for 30 min. Secondly, 1 M sodium bicar-
bonate buffer was added to maintain the amine group in non-
protonated form. Next, the sample was stained with the FITC so-
lution (10 g/L) at room temperature for labelling the proteins. Then,
the ConA solution (0.25 g/L) was added to the sample for labelling
a-p-glucopyranose polysaccharides. Subsequently, Calcofluor white
(0.3g/L) was adopted to stain the B-p-glucopyranose poly-
saccharides. After each stage of the labeling process, the sample
was incubated for 30 min at room temperature in the dark, and
then was washed twice with phosphate buffered saline (PBS)

solution to remove the extra probes. Every step must be done in the
dark.

Confocal laser scanning microscopy (CLSM; ZEISS LSM 710,
ZEISS, Germany) was used to characterize the stained membrane
samples. The CLSM images were generated in multi track mode,
and excitation and emission wavelengths of each dye were adopted
according to the methods described by Yuan et al. (2015).

2.4. Hydrophilicity

Contact angle on the membrane surface was measured by
sessile drop method with the Data-Physics OCA15 contact angle
analyzer (DataPhysics Instruments GmbH, Filderstadt, Germany).
The droplet (deionized water) with volume of 1 pL and with a rate
of 1L/s formed on the membrane surface at room temperature. The
injection speed was 5 puL s~ L. A side-view picture was captured after
10 s. Each measurement was made in triplicate and the average of
three measurements was calculated (Zou et al., 2011).

2.5. Combined models of membrane fouling

According to the methods described by Bolton et al. (2006),
changes of resistance may be caused by multiple reasons, so it is
meaningful to combine the single models. Therefore, based on the
method in the literature, we carried out the fitting of the resistance
data under continuous feeding conditions. The models adopted
were shown in the following Table 2 (Bolton et al., 2006).

2.6. Analytical methods

Samples were collected in influent and effluent. Conventional
indexes, including chemical oxygen demand (COD), total sus-
pended solids (TSS), total nitrogen (TN) and total phosphorus (TP)
were analyzed according to the standard methods issued by the
State Environmental Protection Administration of China (2002).
Soluble carbohydrates were measured by the phenol-sulfuric
method with glucose as standard (Dubois et al., 1956). Soluble
proteins were determined by the Lowry-Folin method with bovine
serum albumin (BSA) as standard (Lowry et al., 1951). The different
extracellular polymeric substances (EPS) layers, including loosely
bound extracellular polymeric substances (LB-EPS) and tightly
bound extracellular polymeric substances (TB-EPS), were extracted
by centrifugation and ultrasound method (Yuan et al., 2017). The
filtration resistance was calculated using the following equation:
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TMP
W M

where R is the total membrane resistance (m~'), ] is the instanta-
neous flux (m>-m~2h~"), p is the dynamic viscosity of permeate
water (Pa-s) (Zhang et al., 2010).

3. Results and discussion

3.1. Performance of modified SF-DMBR in organic matters recovery
from wastewater

High recovery efficiency of organic matters was observed in SF-
DMBR from wastewater. As shown in Fig. 2, though very high
membrane fluxes were adopted, the concentrations of all sub-
strates in effluent, namely SCOD, TN and TP, could quickly drop at
first and then stabilize at very low levels. The recovery rates of COD,
TN and TP were up to about 80%, 10% and 30%, respectively. As
shown from the results, 80% of organic matters can be recovered.
However, compared with the results of other literature in the
DMBRs, the recovery rates of TN and TP were relatively low (Chu
et al., 2014). Perhaps it is because the nitrogen and phosphorus in
the synthetic wastewater are soluble, while the adsorption of the
activated sludge for the small soluble molecules is relatively weak.

3.2. Contributions of the dynamic membrane separation on organic
matters recovery

Dynamic membrane presents high efficiency in liquid-solid
separation. The rejection effect of total suspended solids (TSS) by
dynamic membrane was shown in Fig. 3. It can be seen that the
concentration of TSS in the effluent firstly decreased and then kept
stable. The dynamic membrane had not yet formed at the start of
the reactor, the interception capacity of TSS was relatively low
throughout this period. However, a good particle rejection was
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Fig. 2. Recovery of organic matters in wastewater.
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Fig. 3. The changes of TSS and SCOD in reactor and effluent.

quickly obtained after the formation of dynamic membrane within
20 h, and TSS concentration in the effluent was maintained at a low
and stable level. However, the SCOD concentrations in the reactor
and in effluent did not show significant differences, indicating that
the action of the DM was mainly to trap suspended solids which
adsorbed organic matters from wastewater. Because urban waste-
water used in this study were synthetic wastewater, suspended
solids in influent were negligible. This means that the contribution
of DM to recovery of organic matters was mainly reflected in
retention to activated sludge that adsorbed organics. The loss of
adsorbed organic matters, to a great extent, was avoided through
the high efficient solid-liquid separation. Therefore, the recovery
rate of organic matters was improved indirectly by the DM.

Moreover, the low turbidity in effluent means the formation of
the DM (Xiong et al., 2014). According to the retention efficiency of
TSS, the formation time was diverse under different fluxes. When
the membrane flux was at a relatively low level of about 50L/
(m?-h), the concentration of TSS in the effluent tended to stabilize
after 20 h, much higher than 10 and 9 h corresponding to the fluxes
of 100 and 150L/(m?-h), respectively, suggesting the faster for-
mation of the DM under higher fluxes.

3.3. Membrane fouling of SF-DMBR under high membrane fluxes

Membrane fouling developed slowly though high membrane
fluxes were adopted in this study. The changes of membrane
resistance under different membrane fluxes were shown in Fig. 4A.
In most of the previous literatures, the reactors often run under
relatively small membrane fluxes of around 20L/(m?-h) (Duan
et al, 2011; Ersahin et al, 2012; Ren et al, 2010; Zhou et al,,
2008). In this study, the SF-DMBR could operate steadily for a
long period of more than 5 days though the membrane flux reached
as high as 150 L/(m?-h). This good performance should be attrib-
uted to many factors except for the supported materials with large
pore size, such as the nature of the sludge, mixing method and so
on (Sun et al., 2014).

Therefore, a separate study of the reactor was conducted under
the condition of 100L/(m?-h). As shown in Fig. 4B, the process
could be divided into three stages. The resistance declined gradu-
ally in the first stage, so the change rate of the resistance was
negative. In this stage, the water contact angle of the membrane
surface rapidly decreased with the formation of the DM (Fig. 4C),
corresponding to a decrease in hydrophobicity (it is hydrophobic
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Fig. 4. Analysis of the resistance variation: (a) change of the resistance under different fluxes; (b) rate of change in resistance under the flux of 100 L/(m?-h); (c) contact angle on the
membrane surface; (d)the content of EPS in reactor.

when the contact angle is over 90°). The improvement of the hy- thus reducing the amount of pollutants and sludge adsorbed on
drophilicity can reduce the contact and non-directional bonding membrane surface. Therefore, the increase of hydrophilicity may be
between the membrane surface and the molecules intercepted, the main reason to the decrease of membrane resistance at this

510 5.00RV 42, 1mm

Fig. 5. SEM of membrane surface: (a) Clean membrane at 150x magnification; (b) the first stage (26 h) at 500x magnification; (c) the second stage (113 h) at 500 x magnification;
(d) the third stage (140 h) at 300x magnification.
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stage (Zou et al., 2011). In the second stage, the resistance tended to
be stable. In other words, the increase of membrane fouling
occurred slowly. At this stage, the contact angle barely changed, and
the content of EPS (including polysaccharides and proteins) in the
reactor was very low (Fig. 4D), especially of proteins. The ratio of
proteins to polysaccharides in EPS was less than 1.0. The proteins
were reported to be the main materials that cause membrane
fouling (Lee et al., 2003). In the third stage, the resistance rose
rapidly, which may be that the membrane holes were gradually
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blocked during the operation of the reactor and the cake layer was
compacted. So, the compressibility of DM was very low, which led
to poor filtration performance (Vera et al., 2015).

3.4. SEM observation of dynamic membrane
SEM photos of membrane surface in different stages were shown

in Fig. 5. According to the methods described by Yuan et al. (2015),
the changes of cake layer are divided into three stages, namely, the
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Fig. 6. CLSM images of a-p-glucopyranose polysaccharides, -b-glucopyranose polysaccharides, proteins, total cells and Integrated images in the cake layer: (a)—(c) CLSM images of
a-p-glucopyranose polysaccharides from the first stage to the third stage; (d)—(f) CLSM images of $-p-glucopyranose polysaccharides from the first stage to the third stage; (g)—(i)
images of proteins from the first stage to the third stage; (j)—(1) images of total cells from the first stage to the third stage; (m)—(o) Integrated CLSM images of polysaccharides,
proteins and total cells in the cake layer from the first stage to the third stage.
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top cake layer, the middle cake layer and the bottom cake layer.
Therefore, based on the changes of the membrane resistance, the
primary pollution layer formed in the first stage, the intermediate
pollution layer formed in the second stage, the top pollution layer
formed in the third stage corresponding to the Section 3.3. It can be
seen from the Fig. 5 that the pore size of the primary fouling layer
was large and the sludge floc was relatively loose. While the pore
size of the intermediate layer decreased and the sludge layer was
tighter than the primary polluted layer. With the operation of the
reactor, the top pollution layer was more compact.

3.5. Developing process of membrane fouling

In order to thoroughly understand the development mechanism
of membrane fouling, the growth of dynamic membrane was
studied by CLSM. Polysaccharides are one of the major components
of biofilm (Zhang et al., 2014). Because a- and B-p-glucopyranose
polysaccharides have different biodegradability and function in
biological systems (Yuan et al., 2006), their changes in the DM were
observed during the operation of SF-DMBR.

As shown in Fig. 6a-c, a-p-glucopyranose polysaccharides were
observed on the primary fouling layer as a dot distribution. With
the further growth of the cake layer, it can be observed that the
amount of a-p-glucopyranose polysaccharides on the intermediate
fouling layer was more than that of the primary fouling layer. At the
top of the fouling layer, the distribution and abundance of a-p-
glucopyranose polysaccharides developed further. However, over-
all, a-p-glucopyranose polysaccharides were distributed in the
cluster in a highly heterogeneous manner during the operation of
the reactor. It can be seen in Fig. 6d-f that B-p-glucopyranose
polysaccharides were patchy deposition at the initial stage, which
can be attributed to the heterogeneity and hydrodynamic condi-
tions of membrane surface properties (Yuan et al., 2015). This initial
deposition stage can help improve the properties of the membrane
surface for subsequent contamination (Yuan et al., 2015). As the
reactor ran, the number of B-b-glucopyranose polysaccharides on
the intermediate fouling layer increased. On the top fouling layer,
B-p-glucopyranose polysaccharides were thicker and denser.
Compared with a-p-glucopyranose polysaccharides, f-p-glucopyr-
anose polysaccharides were richer in the whole process. According
to the literature (Chu and Li, 2005), the accumulation of poly-
saccharides and other biopolymers increased the fouling resis-
tance, particularly the porefoulling resistance. Therefore, -p-
glucopyranose polysaccharides played a more important role in the
growth of cake layer in this study. Polysaccharides located in the
fouling layer during the OMBR operation have been proved by
other literatures (Wang et al., 2014) and B-p-glucopyranose poly-
saccharides have also been reported to be the dominant (Yuan
et al,, 2015).

EPS is the main structural component of the fouling layer
affecting the membrane permeability. And proteins are one of the
main components of EPS (Yuan et al., 2006). It can be seen from
Fig. 6g-i that the number of proteins on the primary layer was high
and its distribution took on circle structure. With the operation of
the reactor, the number of protein in the fouling layer was few, it
was even hard to be detected on the top layer probably due to the
specific operating conditions of the reactor. This result was
consistent with the data of the EPS content on the DM we measured
(Fig. S1). Short HRT of the reactor results in that the microorgan-
isms in sludge do not metabolize organic matters but adsorb.
Therefore, it was unable to synthesize large amounts of EPS in
sludge, particularly proteins. In addition, the accumulation rate of
proteins in the reactor was less than its adsorption rate. All of these
reasons led to the gradual decrease of proteins on the membrane
fouling layer. Previous fourier transform infrared spectroscopy (FT-

IR) studies revealed that proteins were the main materials on the
fouling layer (Zhang et al., 2012), although the exact mechanism is
not known. Therefore, the low content of proteins may be the main
reason for the stable long-term operation of this reactor under high
membrane fluxes.

The variation of the total cells was shown in Fig. 6j-1. It can be
seen from the figure that, similar to the changes of B-b-glucopyr-
anose polysaccharides, the number of cells increased gradually
during the growth of the fouling layer.

In order to further evaluate the effect of EPS on the development
of fouling layers, the changes in CLSM images incorporate poly-
saccharides, proteins and total cells were shown in Fig. 6(m—o0). On
the primary fouling layer, the proteins and microbial cells were the
main components, that is, EPS deposited on the membrane surface,
and associated with microorganisms. However, the content of
proteins was much more than microorganisms from CLSM images.
With the operating time, more and more f-p-glucopyranose poly-
saccharides deposited on the top layer, almost covering the surface
and accompanied by a decrease of proteins content. Although the
content of microorganisms was also increasing, its content was still
less than the content of B-p-glucopyranose polysaccharides. The
polysaccharides and proteins on each fouling layer had different
distributions. During the growth of the fouling layer, the proteins
were mainly located at the bottom and the polysaccharides were at
the top, and both more than the microorganism. Therefore, in the
whole process, the proteins or polysaccharides always were the
main pollutants, indicating the important role of EPS in the
development of fouling layer.

3.6. Combined models of membrane fouling

Fig. 7 showed the fitting models of the resistance when the
membrane flux was 100L/(m?-h). In order to clarify the reason
resulting in the increase of membrane resistance further, the
combined models were used for the constant-flow filtration, ac-
cording to the literature (Bolton et al., 2006). After fitting, it was
found that the change of resistance in first stage matched with the
complete-standard blocking model (as listed in Table 2). At the
beginning of this stage, membrane pore size was larger than the
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Fig. 7. Resistance vs. time data fit with the combined models.
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particle size of sludge flocs, the sludge particles blocked the
membrane pores and the membrane pore size decreased gradually.
Afterwards, the membrane pore size was less than the particle size
of sludge particles which then deposited on the membrane surface
to form a single layer of sludge without gemination. The second and
third stages belonged to the cake-complete clogging model, in
which the sludge continued to deposit on the membrane surface,
making the pore size of the membrane much smaller than the
particle size. Therefore, the cake layer was compacted gradually
and the compressibility was very low in this stage (Bolton et al.,
2006; Vera et al., 2015), which is consistent with that described
in Sections 3.3 and 3.4. Based on the above variations, the resistance
increased rapidly in the third stage.

4. Conclusions

A modified SF-DMBR system was developed to recover organic
matters in wastewater and the recovery efficiency of organic mat-
ters reached as high as 80%. Moreover, under high membrane fluxes
of 50—150 L/(m?-h), a long-term operation of around 8 days was
achieved during cross-flow filtration. Furthermore, CLSM images
indicated this much weak membrane fouling in this modified SF-
DMBR should contribute to the low concentration of EPS, particu-
larly for proteins content. Finally, the complete-standard blocking
model was found to be matched with the changes of membrane
resistance during initial operation and cake-complete clogging
model matched with that in the latter operation.
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