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Abstract In this paper, three identical membrane biore-
actors (MBRs) were operated in parallel in order to specify
the influence mechanism of hydraulic retention time (HRT)
on MBR. The results showed that the removal efficiency of
chemical oxygen demand (COD) was stable though it de-
creased slightly as HRT decreased, but biomass activity and
dissolved oxygen (DO) concentration in sludge suspension
decreased as HRT decreased. The filamentous bacteria grew
easily with decreasing HRT. The extracellular polymeric
substances (EPS) concentration and sludge viscosity in-
creased significantly as filamentous bacteria excessively
grew. The over growth of filamentous bacteria, the increase
of EPS and the decrease of shear stress led to the formation of
large and irregular flocs. Furthermore, the mixed liquid
suspended solids (MLSS) concentration and sludge viscosity
increased significantly as HRT decreased. The results also
indicated that sludge viscosity was the predominant factor
that affecting hydrodynamic conditions of MBR systems.

Keywords Membrane bioreactor (MBR) - Membrane
fouling - Hydraulic retention time (HRT) - Extracellular
polymeric substances (EPS) - Hydrodynamics

Introduction

Membrane bioreactor (MBR) is a biological wastewater
treatment process that uses membrane to replace the
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gravitational settling of the conventional activated sludge
process for the solid—liquid separation of sludge suspen-
sion. MBRs, in which biomass is strictly separated by a
membrane, offer several advantages over the conventional
activated sludge process, including a higher biomass con-
centration, reduced footprint, low sludge production, and
better permeate quality [1, 2]. But a major obstacle for the
application of MBRs is the rapid decline of the permeation
flux as a result of membrane fouling [3-5]. To establish
strategies for fouling control, understanding of the fouling
behavior is indispensable.

The organic loading rate (OLR) has significant relation
with feed concentration, hydraulic retention time (HRT)
and so on. In general, short HRT can induce large OLR.
Thus, HRT is a very important operating parameter in
MBR systems, which correlated not only to the treatment
efficiency of the MBR systems [6, 7], but to the charac-
teristics of biomass in an activated sludge system [8, 9].
Ren et al. [7] reported that when HRT was 5 h and the
influent COD was less than 3,000 mg/L, the effluent
quality could meet the accepted Chinese standards for
water reclamation; when HRT was 3.2 h and the influent
COD was smaller than 3,000 mg/L, the effluent quality
could meet the normal Chinese discharged standard. Cho
et al. [9] reported that in the short HRT and high flux
condition, the nutrient removal efficiency increased com-
pared to the long HRT and low flux condition, increasing
HRT by 30% resulted in a decrease of nutrient removal
efficiency by 10%. However, the short HRT or high OLR
and high flux condition resulted in the acceleration of
membrane fouling.

Much work has been performed to study the mecha-
nisms of membrane fouling in MBRs, including the influ-
ence of biomass characteristics on membrane permeability.
Chang and Kim studied the effect of biosolids concentra-
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tions on permeate flux during the membrane filtration of
activated sludge suspensions with different MLSS con-
centrations, and found that the fouling cake resistance de-
creased as MLSS concentration decreased [10]. Yamamoto
et al. [1] reported that the flux decreased abruptly if the
MLSS concentration exceeded 40,000 mg/L in a sub-
merged MBR. Bai and Leow [11] and Lim and Bai [12]
examined the different size fractions of particles in the
activated sludge wastewater, and found that the smaller
particle size played a more important role on membrane
fouling. The particle size distributions (PSD) of activated
sludge suspensions have significant impacts on fouling
cake layer permeability [13].

Recently, many MBRs studies have identified extracel-
lular polymeric substances (EPS) as the most significant
biological factor responsible for membrane fouling, which
are microbial products due to metabolism and cell autolysis
[14]. The quantitative analysis of EPS have performed
because EPS have been reported not only as major sludge
floc components keeping the floc together in a three-
dimensional matrix, but also as key membrane foulants in
MBR systems [15]. Accumulation of EPS both in the
sludge suspension and on the membranes may cause an
increase in the viscosity of the sludge suspension and an
increase in the filtration resistance of the membrane [15]. It
was also found that the filamentous bacteria concentration
in MBRs had negative influence on MBR [16, 17]. Our
previous work also showed that MLSS concentration, EPS
and sludge particle size are the predominant factors
affecting membrane fouling potential [13].

Since the MBR system includes living microorganisms
and their metabolites, the operating conditions should have
significant influence on sludge characteristics and mem-
brane permeation. In fact, the HRT has no direct effect on
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membrane fouling, but the different HRT can cause various
OLRs. In the present work, the influence of HRT on
membrane fouling is analyzed, and the relationship be-
tween HRT and biomass characteristics and hydrodynamic
conditions, including EPS, PSD, filamentous bacteria
concentration, MLSS concentration, sludge viscosity,
cross-flow velocity, and are studied systematically to
specify how the HRT affects membrane permeability.

Materials and methods
Operation of MBRs

As shown in Fig. 1, the experimental system basically
consisted of three activated sludge bioreactor (MBR-A,
MBR-B, and MBR-C). The bioreactor was made of PVC.
Two baffle plates divided the bioreactor into one riser zone
and two down-comer zones. The membrane module was
submerged in the riser. The area of riser zone was
6 x 20 cm?. In each MBR a membrane module with a total
area of 0.1 m? was submerged. The hollow fiber membrane
module was made of polyethylene and had a normal pore
size of 0.1 ym (DAIKI, Tokyo, Japan). In MBR-B and
MBR-C, a secondary membrane module was submerged to
obtain short HRTs. The role of the secondary membrane
module was just to adjust the HRT. The secondary mem-
brane module was cleaned every day to maintain the HRT
of MBR-B and MBR-C. The fouling behavior of secondary
membrane module was not investigated. The HRT of
MBR-A was controlled at 10-12 h, and the HRTs of MBR-
B and MBR-C were decreased to 6-8 and 4-5 h by the
secondary modules. Thus, the decreased HRT can induce
high OLR as shown in Table 1.
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Table 1 Operating conditions of the submerged MBRs

Items MBR-A MBR-B MBR-C
Working volume (L) 12 12 12
HRT (h) 10-12 6-8 4-5
Organic loading rate 0.70-0.84 1.1-1.4 1.7-2.1
(KgCOD/(m® day))

SRT (day) 30 30 30
Aeration intensity (L/h) 150 150 150
TMP (KPa) 3.97 3.97 3.97
Temperature (°C) 25 25 25

Three identical MBRs were operated continuously in
parallel with the same feed wastewater. The composition of
the feed water was as follows: Sucrose (350 mg/L), urea
(91 mg/L) and dipotassium hydrogen phosphate (K,HPO,)
(44 mg/L) were used as the main nutrition for activated
sludge, and calcium chloride (CaCl,) was applied as
microelement. Sodium bicarbonate (NaHCO5) was used as
a buffer to adjust the mixed liquor pH to about 7.0. In order
to investigate the membrane fouling degree accurately, a
constant low pressure was used in the tests. During the
operation of MBRs, the membrane module was driven by a
fixed water head drop (WHD), AH =40 £ 0.5 cm. The
degree of membrane fouling was evaluated by membrane
permeate flux. Activated sludge suspension was taken from
the sedimentation tank of Dalian Chunliu Wastewater
Treatment Plant. Prior to our experiments, the sludge sus-
pension was acclimated for 30 days in other submerged
MBRs.

In general, MBRs were thought to enable immense
process intensifications through very high MLSS concen-
trations and resulting low footprint. In MBR process,
however, higher MLSS concentrations give rise to high and
non-Newtonian viscosities which impeded oxygen transfer
and require more energy for pumping [18-20]. Therefore,
lower biomass concentration is currently employed. So, the
choice of the MLSS concentration is very important for the
startup of the three MBRs. In this experiment, a moderate
MLSS concentration of about 6,000 mg/L. was used in
order to avoid the disadvantage mentioned above. Other
operating parameters are shown in Table 1.

Analytical methods

The extraction of bound EPS was based on a cation ion
exchange resin (Dowex—Na form) method [21]. Bound EPS
was normalized as the sum of carbohydrate and protein,
which were analyzed using phenol/sulfuric-acid method
and folin method [22], respectively.

The relative density of filamentous bacteria was
evaluated by means of microscopic observation (Olympus,

BH2-RFCA). The filament index (FI) was measured using
the arbitrary scale recommended by Jenkins et al. [23]. The
FI was rated on a scale of FI = 1-5, where FI = 1 repre-
sents little or no filamentous organisms, and FI = 5 repre-
sents excessive growth of filamentous organisms [24].

The size distributions of the sludge suspensions were
determined by focused beam reflectance measurement
(Model M400L, Lasentec, Redmond, WA, USA). The
dissolved oxygen (DO) concentration was measured by a
DO meter (55/12 FT, YSI Corporation, Owings Mills, MA,
USA). The dynamic viscosity was determined using a
rotational viscosity meter (Model NDJ-7, Shanghai, Chi-
na). COD, MLSS, and specific oxygen uptake rate (SOUR)
were analyzed in accordance with standard methods [25].

The membrane surface was observed with the help of a
scanning electron microscope (SEM) (KYKY-2800B,
Beijing, China). As the operation was terminated, a piece
of membrane fiber was taken for SEM analysis. The sample
was fixed with 3.0% glutaraldehyde in 0.1 M phosphate
buffer at pH 7.2. The sample was dehydrated with ethanol,
silver-coated by a sputter and observed in the SEM.

A propeller flow velocity meter (LS45, Chongqing
Hydrological Apparatus Manufacture of the Hydraulic
Ministry) was used to measure the cross-flow velocities of
sludge suspension. The cross-flow velocities are average
values of observed data at twenty measuring sites under the
same aeration intensity.

Results and discussion
Performance of the MBRs

The mean COD removal efficiencies for about 2 months’
operation are summarized in Table 2. COD concentrations
in supernatant and in effluent represented the removal
efficiencies in the bioreactors and in the total MBR pro-
cesses, respectively. The total COD removal efficiencies in
the three MBRs could be kept over 94% regardless of HRT
conditions. The bioreactors were responsible for ~85-93%
of COD removal. The COD removal efficiency slightly
increased as HRT increased due to the lower OLR. It can
be seen that the membrane showed a significant contribu-
tion (4-10%) to COD removal due to the complete reten-
tion of all particulate COD and macromolecular COD
components by the membrane. It also has been shown that
as the HRT decreased to 1.5 h and the COD of the feed
wastewater reached up to 900 mg/L, the MBR could also
obtain a COD reduction of 95-99% [26]. These results
imply that the MBR system still had a high quality filtrate
as it operates under high OLR or small HRT.

The DO concentrations with different HRT are illus-
trated in Table 2. As shown in Table 2, the DO concen-
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Table 2 Mean values of COD

removal efficiencies, DO MBR COD (mg/L) DO (mg/L) SOUR on day 50
. . (mgO,/gVSS/h)
concentrations, and biomass Influent Supernatant Effluent
activities in the MBRs
MBR-A 350 24.60 (92.97) 11.95 (96.59) 3.8-6.5 3.141
MBR-B 350 38.68 (88.95) 16.17 (95.38) 0.6-3.4 1.877
MBR-C 350 51.48 (85.29) 18.98 (94.58) 0.2-1.5 0.313
70 Table 3 Statistical results of mean permeate flux at different phase
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Fig. 2 Evolution of membrane permeate flux during the whole test

tration decreased dramatically as HRT decreased. The low
HRT caused a high oxygen utilization rate to degrade
pollutants. Additionally, this might be explained by an
impeded transfer rate of both substrate and oxygen due to
an increase of the sludge viscosity and MLSS concentra-
tion at short HRT or high OLR.

Specific oxygen uptake rate is an important parameter
[27] for the characterization of biomass activity and it is
in close association with biomass characteristics. HRT or
OLR affects the metabolic activity of the sludge sus-
pension in the bioreactor, as reflected by the SOUR. As
shown in Table 2, SOUR had a similar change tendency
with DO. The change of SOUR could be correlated with
DO and biomass characteristics such as MLSS concen-
tration, sludge viscosity and so on. The increase of
MLSS concentration and sludge viscosity would lead to
an increase of oxygen and substrate diffusion limitation
in the sludge suspension, so the activities of biomass
decreased.

The evolution of permeate flux during the membrane
filtration of sludge suspension is presented in Fig. 2. It is
important to note that large HRT resulted in a low fouling
degree in the whole filtration time (MBR-A). Obviously,
the curve of Fig. 2 can be roughly separated into two
phases: from day 1 to day 35 (phase I), from day 35 to day
65 (phase II). From Table 3, it can be seen that the steady
membrane flux declined rapidly after day 35, especially for
MBR-B and MBR-C.
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Nagaoka et al. [28] investigated the influence of OLR
on membrane fouling in two parallel submerged MBR s,
and found that the high OLR (1.5 g-TOC/L/day) showed
a sudden increase of the pressure and a decrease of flux
after 40th days, which could not be recovered even by
membrane cleanings, while the low OLR (0.5 g-TOC/L/
day) showed little increase of the pressure until 120th
days. The data obtained from the current investigation,
together with previous work in the literature, indicate
that HRT or OLR was a very significant operating
parameter that affects membrane performance in MBR
systems.

SEM images were taken to determine the morphology of
the foulants making up the fouling layer on the membrane
surface. In Fig. 3, the SEM images show that a fouling
cake layer built up on the membrane surface. It was found
that the fouling cake layers formed on the membrane sur-
faces were mainly composed of filamentous bacteria or
fungi with some bacillus attached on the surface. There
were more filamentous bacteria in the cake layer of MBR-
B and MBR-C than MBR-A. Even though the cake layers
had much pores, the cake layers formed in MBR-B and
MBR-C were much thicker than that formed in MBR-A.
One possible reason for the difference of morphology of
the formed layer is that the increase of filamentous bacteria
concentration and EPS concentration led to an increase of
bridge action among the deposited bacteria. Filamentous
bacteria acted as the framework with cocci or bacilli as the
matrix in the cake layer.

Except HRT, the three MBRs had the same operating
parameters and the transmembrane pressure (TMP) is a
constant value. Although HRT had no direct action on
membrane fouling, HRT or OLR had impacts on the
change of biomass characteristics for that it had close
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Fig. 3 SEM images of fouling
cake layers on the membrane
surfaces for MBR-A (a), MBR-
B (b), and MBR-C (¢, d),
respectively
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Fig. 4 Evolution of filamentous bacteria concentration during the
whole test

relation with DO concentration and SOUR of biomass (see
Fig. 10).

Filamentous bacteria and floc size distribution

The over growth of filamentous bacteria have a negative
influence on membrane permeability during the operation
of MBR systems [16, 29, 30]. In this work, the filamentous
bacteria concentration, which was quantified as FI, was
evaluated to specify the influence of filamentous bacteria
on membrane fouling and biomass characteristics. The
results are presented in Fig. 4. It can be seen that there was
an over growth of filamentous bacteria in MBR-C on day
27, then there was excessive filamentous bacteria in MBR-
B on day 38.

The causes of sludge bulking are numerous and, to some
degree, still unknown. It has been reported that nutrient
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imbalances and oxygen deficiency are often blamed for the
bulking of sludge [31]. The growth of certain filamentous
bacteria, such as Sphaerotilus and Haliscomenobacer hy-
drssis, is favored by relatively low DO concentrations [32].
However, it also has been reported that other filamentous
bacteria, e.g. Microthrix parvicella can grow over a wide
range of oxygen concentrations [33]. Deficiency of DO is
believed to be one of the major causes responsible for most
filamentous growth in activated sludge process. Filamen-
tous bacteria have high surface-to-volume (A/V) ratio than
non-filamentous bacteria. This high A/V ratio enables them
to take up more nutrients as the bioreactor operates under
high OLR. Therefore, we can conclude that the excessive
growth of filamentous bacteria in MBR-C and MBR-B was
mainly resulted from the low DO concentration and the
high OLR.

The sludge floc size distributions of the three MBRs
were measured on day 50 and showed in Fig. 5. It indicates
that the sludge floc size increased with decreasing HRT
(Fig. 5). The mean floc size for MBR-A, MBR-B, and
MBR-C were 87.43, 118.85, and 127.34 pum, respectively.
This result also can be explained from the over growth of
filamentous bacteria. The excessive growth of filamentous
bacteria would produce an abundance of filaments
extending from the flocs into the bulk solution, producing a
bridging lattice, which prevents the agglomeration of floc
particles [34]. Therefore, as filamentous microorganisms
started to grow, the sludge flocs became more irregularly
shaped and porous [35], and the bound EPS increased
sharply [16]. In addition, the shear stress or cross-flow
velocity of the MBRs gave an order of MBR-A > MBR-
B > MBR-C (see Hydrodynamic conditions section). In
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Fig. 6 Evolution of EPS concentration during the whole test

general, the decrease of shear stress will lead to the for-
mation of larger sludge particles. Thus, the overgrowth of
filamentous bacteria, the high EPS concentration and the
low shear stress were the main reasons that lead to the
increase of floc size in MBR-B and MBR-C.

Evolution of EPS in sludge suspension

Extracellular polymeric substances matrix is very hetero-
geneous, in which a variety of polymeric materials have
been found: carbohydrates, proteins, lipids, and nucleic
acids. In this work, the sum of total proteins and carbo-
hydrates was considered to represent the total amount of
EPS because these are the dominant components typically
found in extracted EPS [36].

From Fig. 6, we can see that the sludge suspensions in
MBR-B and MBR-C had higher EPS concentrations than
that in MBR-A, indicating that the lower HRT condition
could result in more EPS in the sludge flocs. It also can be
seen that the EPS concentration especially in MBR-B and
MBR-C increased abruptly on day 35.

Previous literatures demonstrated that the over growth
of filamentous bacteria could result in much more release
of EPS, and did great harm to membrane permeation [16,
29]. Therefore, it can be concluded that the sudden increase
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of EPS concentration in MBR-B and MBR-C was mainly
resulted from the over growth of filamentous bacteria.
Moreover, the filamentous bacteria caused the formation of
irregularly shaped sludge flocs [16], which worsen the
membrane permeability for the fixing action of filamentous
bacteria. Therefore, many foulants deposited on the mem-
brane surface and the filamentous bacteria used as the
fixing type of adhering the membrane fouling material to
increase the clinging intensity of the membrane foulants
(see Fig. 3).

Results from recent reports indicate that EPS is the
major membrane foulants during MBRs operation [37—40].
The composition and quantity of the organic fraction of the
EPS would correlate to the membrane fouling [41]. Na-
gaoka reported that the high OLR could lead to much
production of EPS and result in severe membrane fouling
[28].

Evolution of MLSS concentration and dynamic
viscosity

Significant increases of MLSS concentration and viscosity
of the sludge suspension in an MBR have often been re-
ported when municipal wastewater was treated [19, 42].
Figures 7 and 8 show the evolution of sludge concentration
and sludge viscosity with operation time. From Fig. 7, it
can be seen the MLSS concentration in MBR-A reached a
steady value of about 7,500 mg/L. However, the MLSS
concentration increased from 5,300 mg/L to 13,000 mg/L
and 17,000 mg/L in MBR-B and MBR-C, respectively.
Steady-state MLSS concentration in bioreactor was ex-
pected to decrease with longer HRT. Yoon et al. [43] re-
vealed that as the HRT increases over 12 h, MLSS
concentration in bioreactor will be stabilized at less than
15,000 mg/L, where stabilized MLSS concentration means
no further sludge production.

Many researchers have given attention to the effects of
MLSS concentration on membrane fouling [42]. Katayon
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et al. [44] investigated the impact of MLSS concentration
on the performance of a MBR for treating food industry
wastewater, and found that the mean flux value of process
at low MLSS concentration (4,340-5,390 mg/L) was much
higher than that at high MLSS concentration (6,330—
10,780 mg/L). Various MBR studies showed that very little
flux decline was observed for sludge concentrations smaller
than 10,000 mg/L [45, 46]. The effect of MLSS concen-
tration on membrane fouling varied from one study to
another, because the experimental conditions were
different from each other, and produced discrepant results.
The data obtained from the current investigation, together
with previous work in the literature, do not explain the
exact membrane fouling mechanism caused by MLSS

Fig. 10 A schematic relation
between HRT and sludge
characteristics and membrane
performance

concentration, but do indicate that the MLSS concentration
is an important factor affecting membrane permeability.

To investigate the impact of HRT or OLR on sludge
viscosity, a rotational viscosity meter was used to deter-
mine the dynamic viscosity of sludge suspension. The
dynamic viscosity of pure water at 20°C measured by this
rotational viscosity meter was 1.0 mPas. From Fig. 8§, it
can be seen that MBR-B and MBR-C always had higher
dynamic viscosity values than MBR-A, and the dynamic
viscosity of the three MBRs increased suddenly on day 35.
Xing et al. [47] found that there was a linear relation be-
tween sludge viscosity and sludge concentration in MBR
systems. Nagaoka [48] found that there was a strong
dependency of the filtration resistance on the dynamic
viscosity. They also found that the accumulation of EPS in
bioreactor caused the increase of dynamic viscosity, then
led to rapid decline of membrane permeate flux. More
polymers and small particles would accumulate on the
membrane surface as a result of the higher dynamic vis-
cosity.

The dynamic viscosity is a reflection of the magnitude
of viscous substances, which may be considerably con-
tributed by the polymers such as protein, carbohydrate, and
so on. An increase of biopolymers in the sludge suspension
will increase its viscosity, and hence reduce the MBRs
permeate flux [49, 50]. Thus EPS has great contribution on
the increase of the dynamic viscosity of the mixed liquor.
In our previous work, we found that the sludge suspension
with excessive filamentous bacteria had high viscosity for
the presence of too much EPS [16]. The results, together
with previous literatures, indicate that MLSS concentration
EPS and filamentous bacteria were the major factors that
cause the increase of sludge viscosity (please see Fig. 10).

In the membrane filtration, the deposition of sludge flocs
is determined by two factors: the suction force generated
from TMP and the shear force generated from aeration.
With the suction force the sludge flocs presenting high
viscosity can easily accumulate on the membrane surface
and the filamentous bacteria has a fixing action on the
membrane foulants, which adhere and penetrate between
the membrane and membrane foulants. That is why the
over growth of filamentous bacteria in sludge suspension
resulted in severe membrane fouling.

— e |
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Hydrodynamic conditions

Besides the sludge characteristics, the membrane fouling
behavior also correlates significantly with the hydrody-
namics of MBRs. In a submerged MBR, shear stress is
created by aeration, which not only provides oxygen to the
biomass, but also maintains the solids in suspension and
scours the membrane surface and so alleviates membrane
fouling. In the whole operation, the same aeration intensity,
0.2 m>/h, was used. It has been shown that the cross-flow
velocity of sludge suspension has exponential relation with
sludge viscosity [51].

From Fig. 9, it can be seen that as the sludge viscosity was
smaller than 2.0 mPas, it had little influence on the cross-
flow velocities, which could keep over 0.20 m/s. But, the
cross-flow velocity of sludge suspension decreased sharply
as the sludge viscosity was larger than 2.0 mPas. The cross-
flow velocity was only 0.020 m/s as the sludge viscosity
increased to 4.0 mPas. Liu et al. [52] reported that a critical
cross-flow velocity of about 0.30 m/s appeared to exist.
When the cross-flow velocity was lower than the critical
value, the TMP, which was used to characterize membrane
fouling potential, increased sharply with decreased cross-
flow velocity. The flocs with high viscosity could easily
deposit onto the membrane surface, but the lower cross-flow
velocity under higher sludge viscosity could not scour the
foulants effectively. Therefore, severe membrane fouling
would occur as the sludge viscosity was too high.

As the long-term operation of the three MBRs was ter-
minated, the membrane module was taken out and flushed
with tap water to removal the cake layer or reversible
fouling. After the hydraulic cleaning, the membrane flux of
each MBR reached to 72, 81, and 75%. This result indi-
cates that the HRT had little influence on irreversible
fouling in our study. In addition, as shown in Fig. 10, the
effect of HRT on membrane fouling and biomass charac-
teristics can be summarized using a schematic relation.

Conclusions

This paper presents a comparative study of the effect of
HRT on membrane permeate performance, biomass char-
acteristics and hydrodynamic conditions (shown in
Fig. 10). From the results reported here, the following
conclusions can be drawn:

(1) COD removal in the bioreactor slightly decreased
with decreasing HRT, but total efficiency could be
maintained over 94% regardless of HRT. DO and
SOUR decreased as HRT decreased. This could be
explained by impeded transfer rate of both substrate
and oxygen due to high MLSS concentration and
sludge viscosity.

@ Springer

(2) The low HRT would result in high EPS concentration,
high MLSS concentration and sludge viscosity. These
factors had negative effect on membrane fouling.
Therefore, too low HRT may have a negative effect
on membrane permeate flux. The low HRT could
cause excessive growth of filamentous bacteria in
sludge suspension. Filamentous bacteria had great
impacts on the performance of MBR systems because
it led to more release of EPS, higher sludge viscosity
and irregular shaped flocs. Filamentous bacteria used
as the fixing type of adhering the membrane fouling
material to increase the clinging intensity of the
membrane foulants. In the case of our here experi-
mental results, MLSS concentration, EPS, sludge
viscosity, and filamentous bacteria had strong impacts
on membrane fouling behavior.

(3) Sludge viscosity was an important factor that af-
fects the hydrodynamic conditions of MBRs. The
cross-flow velocity of sludge suspension decreased
sharply as sludge viscosity increased larger than
2.0 mPas. Under low cross-flow velocity, the shear
stress induced by aeration could not scour the cake
layer from membrane surface, thereby inducing
severe membrane fouling. The HRT had little
influence on irreversible fouling. Suitable HRT or
OLR need to be maintained during the operation of
MBR systems.
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