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Abstract Since the introduction of the membrane
bioreactor (MBR) in China in the early 1990s, remarkable
progress has been achieved on the research and application
of this technology. China has now become one of the most
active fields in the world in this regard. This review
outlines the development of MBR-based processes in
China and their performance of treating municipal and
industrial wastewaters. Since membrane fouling is a
critical operational problem with MBR processes, this
paper also proposes updated understanding of fouling
mechanisms and strategies of fouling control, which are
mainly compiled from publications of Chinese research-
ers. As for the commercial application of MBR in the
country, the latest statistics of large-scale MBR plants
(> 10000 m*-d™") are provided, and the growth trend of
total treatment capacity as well as its driving force is
analyzed.

Keywords membrane bioreactor (MBR), municipal was-
tewater treatment, industrial wastewater treatment, mem-
brane fouling, commercial application, China

1 Introduction

The membrane bioreactor (MBR), an innovative combina-
tion of membrane technology and biological process for
wastewater treatment, has been exhibiting great advan-
tages over the conventional activated sludge (CAS)
process owing to its preponderantly higher efficiency for
solid-liquid separation than that of a secondary sedimenta-
tion tank. The representative advantages of MBR include
[1]: (1) high efficiency for pollutant removal, producing
stable and directly reclaimable effluent water; (2) complete
separation of sludge from water providing a more stable
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and flexible operation mode attributed to the separation of
hydraulic retention time (HRT) and sludge retention time
(SRT); (3) high concentration of mixed liquor suspended
solids (MLSS) giving rise to a higher volumetric load that
enables minifying the reactor scale; (4) low sludge
production favoring cost saving of subsequent excess
sludge disposal; and (5) possible enhancement of con-
taminant removal ability of microbes in the reactor.

In light of its excellence, MBR has been attracting
increasing attention in its research-development and
promising application in wastewater treatment and recla-
mation since its introduction to China at the beginning of
the 1990s. To date China has become one of the world’s
most active and attractive fields for both academic research
and commercial application of MBR. Herein we will give
an overview of recent advances in both research and
application of MBR in China.

2 Research progress

Since MBR was introduced into China in the early 1990s,
researches on MBR have been undertaken at an accelerat-
ing rate. Figures 1 (a) and (b) show the rough trend of
intensified efforts in MBR research in recent years, taking
the amount of published papers as an indicator. As can be
seen in Fig. 1 (a), the annual papers increased tremen-
dously, especially in the recent 5 years. Figure 1 (b)
demonstrates the increasing contribution of China to the
world’s research progress. Up to the end of 2009, about
one fifth of Science Citation Index (SCI) papers and one
fourth of Engineering Index (EI) papers on MBR treating
wastewater can be credited to China. Therefore, China has
become a vital force in the world’s MBR research, and will
play a more and more important role in the foreseeable
future.

The objectives of research on MBR may lie in two
aspects: optimization and utilization. The optimization
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Fig. 1 Trend of SCI and EI publications from Chinese institutes on MBR treating wastewater. (a) Trend of the amount of annually
published papers from Chinese institutes; (b) trend of the proportion of annually published papers contributed by Chinese institutes

(Search conditions: (TS=

(membrane bioreactor AND wastewater) AND CU= (China)) and (TS = (membrane bioreactor AND

wastewater)) in the database of SCI-EXPANDED for SCI contributed by China and by the whole world, respectively, while ((membrane
bioreactor AND wastewater) wn KY AND China wn CO) and ((membrane bioreactor AND wastewater) wn KY) in the database of
Compendex for EI contributed by China and by the whole world, respectively. CO = country of origin, CU = country, KY = subject/title/

abstract, TS = topic, wn = within)
aims at, for instance, better performance for target
pollutants removal or required water production (e.g.,
better water quality), higher operational efficiency in the
time aspect (e.g., higher flux) or spatial aspect (e.g.,
smaller footprint), lower constructional and operational
cost (e.g., enhanced membrane tolerance and reduced
membrane replacement), and lower energy consumption
during operation (e.g., weaker membrane fouling propen-
sity). Research on the utilization of MBR includes the
exploration of new functions, pragmatization, scaling up
and operation maintenance.

Considering the above objectives, the recent research

progress in China will be addressed as three parts: the
composition of an MBR system, the functionality of MBR
in terms of pollutant removal, and membrane fouling
falling into the category of operational problems of MBR.

2.1 Composition of MBR systems

2.1.1 MBR configurations

MBR systems can be configured in two ways according to
the position of membrane module: submerged and side-
stream MBRs. Side-stream MBR was introduced into
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China prior to submerged MBR, which is in accord with
the course of the world’s MBR research. Submerged MBR
(SMBR) was first introduced in 1989 by Yamamoto et al.
[2]. After that, such configuration was recognized as an
alternative for MBR systems featured by more compact
configuration and less energy consumption due to waiver
of external recirculation. This energetic advantage allows
the submerged configuration to be more favorable in MBR
application and thus in MBR research over the past decade.
Meanwhile, side-stream MBR mainly pertains to industrial
or specific wastewater treatment [3,4] or is related to
fundamental aspects, such as cross-flow membrane filtra-
tion [5-7].

2.1.2 Membrane materials and modules

A number of membrane materials and modules that have
been used in MBR studies are summarized in Table 1. The
prevailing materials employed so far are halogenated
hydrocarbon polymers such as polyvinylidene fluoride
(PVDF), with considerations given to mechanical strength,
chemical tolerance, biological stability, fabrication diffi-
culty, etc. As a variant within the halogenated polyvinyl
series, polyvinyl chloride (PVC) endowed with chlorine is
also used in MBR. Meanwhile, polymeric hydrocarbons
without any heteroatom, such as polyethylene (PE) and
polypropylene (PP), are still popular. Apart from the
above, polyether sulfone (PES), a common ultrafiltration
membrane material showing a relatively hard-brittle
nature, is also used for some cases of microfiltration.
Most of the studies have been focused on the utilization
of hollow fiber membranes while a few are on flat sheet
membranes, with metal flat sheet membranes included.
The domestic hollow fiber membranes are mainly

produced by Tianjin Motimo (PVDF) and Zheda Hyflux
Hualv (PP). The domestic flat sheet membranes are mainly
produced by Shanghai Institute of Applied Physics (or
SINAP). Ceramic membranes were also studied in MBR
process due to their special qualities. Domestic membrane
fabrication is expected to accelerate promisingly in the
near future.

Since the relatively high cost of the membrane is one of
the considerable obstacles to broader application of MBR,
many efforts have been made concerning the fabrication of
membranes with the results showing continuous cost
decline. Meanwhile, self-forming dynamic membrane
bioreactor (SFDMBR) a process even without man-
ufactured membrane has been considered, with cheap
coarse pore-sized materials such as Dacron mesh [8,9],
nonwovens [10,11], stainless steel mesh [12], etc.,
employed as filtration media. The sludge cake layer and
gel layer dynamically formed on the filtration medium
were found effective in enhancing the solid-liquid
separation, and the effluent quality could be kept at a
stable level with undetectable suspended solid (SS)
concentration [8], suggesting the future potential of this
kind of material. Apart from microbial flocs and colloids,
some inorganic particles such as diatomite [12] and
powder activated carbon (PAC) [13] have also been
utilized with the assistance of organic substances from
sludge to form a dynamic membrane.

2.2 Pollutant removal performance of MBR-based
processes

Up to now, MBR has exhibited outstanding versatility for
both municipal and industrial wastewater treatment.
Moreover, the capability of an MBR for pollutant removal

Table 1 Main membrane materials and modules used in MBR studies in China

membrane material module nominal pore size/um manufacturer
0.1-0.4 Mitsubishi Rayon, Japan

PE hollow fiber 0.4 Korea Membrane Separation, Korea
PP hollow fiber 0.1-0.2 Zheda Hyflux Hualv, China
PVC hollow fiber 0.01 Litree, China
PVDF hollow fiber 0.4 Mitsubishi Rayon, Japan

0.1 Asahi Kasei, Japan

0.04 Siemens Memcor, Germany

0.04 GE, USA

0.1 Origin Water, China

0.22 Tianjin Motimo, China

0.01 Litree, China
chlorinated PE flat sheet 0.4 Kubota corporation, Japan

0.08 Toray, Japan
PVDE flat sheet 02 SINAP, China
metal flat sheet 0.2 Hitachi Metals, Japan
PVDF tubular 150 kDa Norit X-Flow, Netherlands
ceramic tubular® 0.2 Nanjing Univ. of Technol., China

Note: a) pressurized side-stream MBR
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can be enhanced and/or expanded via flexible combination
with other units yielding integrated processes. Herein the
pollutant removal performance of MBR-based processes is
overviewed.

2.2.1 Municipal wastewater treatment

2.2.1.1 Regular contaminant removal

Water shortage is a significant problem in China, which is
particularly the case in the northeastern and northwestern
areas. MBR is an attractive technology for wastewater
reclamation since it can provide stable and excellent
effluent. Very extensive works have demonstrated that
MBR is effective in removing turbidity, SS and chemical
oxygen demand (COD) indicative of organic matter. The
typical removal efficiency of turbidity, SS and COD
is >99% [14-16], >99% [14,17] and > 90% [14,15,17—
19], respectively, according to data from pilot-scale MBRs.
The major mechanism of pollutant retention by membrane
in MBR is sieve effect. According to the typical pore size
on the order of 0.05-0.5 um (Table 1), there is no doubt
that membrane can readily reject suspended particles and
most colloids. In addition, the retention of dissolved
organic matters (DOM) has also been observed. Wang and
Wu [17] found that the typical bimodal distribution of
molecular weight (MW) of DOM in MBR supernatant was
6.1-382000 kDa while that in effluent was 10.9-1870 kDa.
Moreover, continuous decrease of total organic carbon
(TOC) in membrane effluent was observed, especially for
gelling substances [20], which further confirms the
enhancement of retention efficiency via pore narrowing
or gel layer formation, in a manner similar to dynamic
membrane formation.

2.2.1.2 Nutrient removal

With respect to the stringent anti-eutrophication regula-
tions, MBR is required to have the qualities for nitrogen
and phosphorus removal. For nitrogen removal, since
MBR can easily achieve an ammonium (NH3-N) removal
efficiency higher than 90% [14,18,21], recent studies have
been focused more on total nitrogen (TN) removal. In this
regard, alternate mixed liquor conditions (e.g., dissolved
oxygen (DO)) are needed to facilitate nitrification and
denitrification processes. The most popular process for this
purpose is anoxic/oxic-MBR (A,/O-MBR) (or any other
process containing this part). In Cao et al.’s pilot study [22]
of an anaerobic/anoxic/oxic-MBR (A/A,/O-MBR) where
the ratio of recirculation from membrane (aerobic) zone to
anoxic zone was 300%, TN removal was found to be
74.4%, close to the theoretical value. Other processes have
also been proposed, such as the up-flow anaerobic sludge
blanket (UASB) and aerobic MBR (i.e., UASB-MBR) [23]
enabling simultaneous methanogenesis and nitrogen

removal. The TN removal increased from 48.1% to
82.8% with the sludge recirculation ratio (from MBR to
UASB) increasing from 50% to 800%, with the assistance
of the realization of shortcut biological nitrogen removal
(SBNR) process during which the ammonium-nitrogen is
oxidized to the form of nitrite rather than nitrate, thereby
consuming less COD. SBNR is considered particularly
favorable for nitrogen removal from wastewaters with a
low C/N ratio. Besides conditions of spatial alternation of
nitrification and denitrification, TN can also be removed
under time-alternate conditions. Zhang et al. [24] observed
a TN removal >65% in a sequencing batch MBR
(SBMBR) when COD/TN ratio was 6.3 and TN load was
0.22kg-m™>-d.

Apart from the spatial-alternate or time-sequencing
processes, even a single-tank MBR has been found to be
capable of removing TN effectively, with the assistance of
simultaneous nitrification and denitrification (SND), which
is enabled by the heterogeneous environment (of, for
instance, DO, substrate concentration and microbiology)
within a sludge floc along its thickness direction (see
Fig. 2). He et al. [25] achieved a TN removal around 86.6%
in a single-tank MBR at DO = 0.8 mg-L'. The effective-
ness of SND could be influenced by food/microorganism
(F/M) ratio, COD/TN, DO, pH as well as steric factors
such as size and compactness of sludge flocs [25]. It has
been found in MBR that higher COD/TN and F/M ratios
are advantageous to SND [25,26] on condition that
nitrification is not inhibited; while for each of DO and
pH, there exists an optimum located in moderate range
(around DO= 1 mg-L"' [25,26] and pH= 7 [25]). SND
could be facilitated by addition of carriers to form biofilm
[27] or utilization of aerobic granular sludge [28].
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Fig. 2 Scheme of heterogeneous environment in a sludge floc for
SND (obtained from Ref. [25])

With respect to phosphorus removal, particular attention
has been paid to MBR functionalized with enhanced
biological phosphorus removal (EBPR) [22,29-35]. In
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Zhang et al.’s study [32], an EBPR-MBR system
composed of one anaerobic zone, two anoxic zones and
the membrane (aerobic) zone was constructed and fed with
synthetic domestic wastewater continuously. In order to
investigate the effect of SRT on phosphorus removal, four
comparative runs were operated at SRTs of 20, 30, 40 and
50d. It can be seen in Fig. 3 that high total phosphorus
(TP) removal could be achieved even when SRT was
prolonged to 40 d. This was due to increased phosphorus
content in the sludge (expressed as kg-P-kg '-MLSS) with
increased SRT, which allowed for reduction of excess
sludge discharge while sufficient phosphorus removal was
ensured [32]. In addition to oxygen, NO; -N in anoxic
environment has also been found to be an electro-acceptor
during phosphorus uptake, with this process referred to as
denitrifying phosphorus removal (DPR) ascribed to
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Fig. 3 Average phosphorus removal in the EBPR-MBR at
different SRTs [32]
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denitrifying phosphorus removing bacteria (DPB).
According to the phosphorus balance in the EBPR-MBR
system performed by Zhang et al. [31], 66.7%—78.8% of
TP removal was due to biological phosphorus accumula-
tion, 52% of which was attributable to DPR. It should be
additionally noted that, not only microorganisms but also
extracellular polymeric substances (EPS) surrounding
them can play a role in phosphorus removal. Zhang et al.
[36] analyzed the various phosphorus forms in EPS from
different processes using *'P-nuclear magnetic resonance
(NMR) spectroscopy (spectra shown in Fig. 4). It can be
seen that compared to EPS from CAS of poor TP removal
ability, EPS from EPBR-MBR contained a significant
amount of polyphosphate (characterized as “end poly-P”
and “middle poly-P” peaks in Fig. 4). In the EPS from
EPBR-MBR, polyphosphate accounted for ca. 55% of total
phosphorus [36], suggesting biological phosphorus accu-
mulation could occur in EPS that is also contributive to
total TP removal via sludge discharge.

The concentration of phosphorus in aqueous phase can
be further lowered via membrane rejection. The phos-
phorus in aqueous phase includes inorganic phosphates of
small molecular size and colloidal phosphorus typically
larger than 0.025 um on membrane partitioning [37].
Colloidal phosphorus is recognized as in the form of
phosphorus chemically bonding with macromolecules
such as protein-like substances (according to three-
dimensional excitation-emission matrix (EEM) fluores-
cence spectroscopic analysis [38]) from soluble microbial
products (SMP). Figure 5 shows the obvious existence of
colloidal phosphorus (accounting for ca. 50% of TP in
supernatant) and that this fraction was well intercepted
during membrane filtration. It should be noted, however,
that a new microfiltration membrane (with the pore size
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Fig. 4 Typical 3Ip.NMR spectra from the investigated EPS of three sludge samples (modified from that provided by Zhang et al. [36])



250

Front. Environ. Sci. Engin. China 2010, 4(3): 245-271

— 40.10
40.05
: 0

MBR supernatant

40,15 T

g

TP/(m

— 10.10
% 4 0.05
g 0

MBR effluent

)

4015 7

Z 10}
£ larger substances
& 0.5
< X
0F
1.5
= 10}
E
=
& 05
0
0

TP/(mg-L

24

(%)
(%)

elution volume/mL

Fig. 5 Molecular weight distribution and TP distribution in MBR supernatant and effluent (modified from that provided by Zhang [38]).
Molecular weight distribution was measured by a gel filtration chromatography (GFC) instrument

usually on the order of 0.05-0.5 um, c.f. Table 1) is never
effective in rejecting colloidal phosphorus. Only after the
membrane fouling layer grows to some sufficient extent
could colloidal phosphorus be well retained. The fouling
layer-enhanced phosphorus retention could be confirmed
by Zhang’s observation [38] that the retention rate of
colloidal phosphorus increased rapidly from 2% to 60—
70% in accord with trans-membrane pressure (TMP)
elevation during one month’s operation (“2%” correspond-
ing to freshly cleaned 0.4 pm-membrane), and the
retention rate reached 87.3% when the membrane was
severely fouled (TMP >50kPa at a constant flux of
~12L-m>-h™ or LMH).

In addition to spatial-alternate MBR processes such as
A1/A,/O-MBR, some time-sequencing MBR processes are
also effective in phosphorus removal. The sequencing
batch membrane bioreactor (SBMBR) developed by
Zhang et al. [24] exhibited a stable TP removal around
90%. Dai et al. [34] investigated the denitrifying
phosphorus removal progress in an SBMBR and found
that the proportion of denitrifying phosphorus removing
bacteria increased from 19.4% to 69.6% of total phosphate
accumulating organisms due to condition improvement.
Yuan et al. [39] developed an alternating of anoxic and
anaerobic membrane bioreactor (AAAM) process a
system operated in a manner combining both spatial and
time alternation to enhance simultaneous nitrogen
and phosphorus removal. In this process composed of three
zones, the mixed liquor in the aerobic zone was recycled at
a rate of 200% to either of the other two zones alternately,

thereby yielding alternate switches between anoxic/anae-
robic/aerobic-MBR and anaerobic/anoxic/aerobic-MBR
modes. The resultant TN and TP removal successfully
attained 67.4% (near theoretical value) and 94.1%,
respectively.

Apart from biological means, physicochemical methods
have also been employed in MBRs to elevate phosphorus
removal. For instance, Cui et al. [40] developed an
electrocoagulation-MBR (EC-MBR) process by installing
iron-anode plate and titanium-cathode mesh into the down-
flow zone of an SMBR. By controlling the electric current
intensity and current-on time thereby adjusting iron ion
release, the TP removal could be maintained over 95%
with the effluent TP < 0.5 mg-L".

2.2.1.3 Pathogen removal

Concerning the safety of reclaimed wastewater used for
lavatory flushing, vehicle washing, urban greening, etc.,
the feasibility and effectiveness of pathogen removal by
MBR should be well investigated. Since microfiltration
mostly applied in MBR can readily reject protozoa,
helminths (as well as their eggs), fungal spores and
bacteria due to their sizes being larger than membrane
pores, more attention has to be paid to the retention of
viruses. The virus removal performance by an SMBR fed
with real municipal wastewater was investigated by Wu
et al. [41], using indigenous somatic coliphages (SC) as an
indicator of viruses. The feed SC concentration was
(2.81+1.51) x 10*PFU-mL". It was found that in the
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SMBR system, biomass played the most important role in
SC removal, achieving a high removal efficiency of over
98%. Membrane rejection was an essential supplement to
biomass effect, which is particularly the case when the
membrane was fouled, allowing the effluent SC to be less
than 10 PFU-mL™'. The fouling layer-enhanced virus
retention has also been reported by a few other researchers,
using phage T4 [42—-44], phage {2 [44], etc., as indicators.
Further study by Wu et al. [41] revealed that gel layer
played a more important role in SC rejection than cake
layer, especially at higher filtration fluxes (Fig. 6),
whereas, Lv et al. [42] found that cake layer prevailed in
phage T4 retention. This may be because the SMBR in the
latter study was operated in the constant-pressure mode
with only 8.5 kPa of TMP and the flux averaged just about
3 LMH (estimated from Ref. [42]) which is much smaller
than those in Fig. 6, such that the gel layer might be looser
with wider channels [45,46] thereby rendering lower gel
layer contribution to virus rejection than presented in
Fig. 6.
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Fig. 6 SC rejection contribution of different fouling layers at
three fluxes when the membrane was severely fouled [41] (LRVM
denotes the log;, removal value by membrane (LRVM = log,,
(CJ/C,), where C and C, stand for SC concentrations in the
supernatant and effluent, respectively)

2.2.1.4 Micro-pollutant removal

Micro-pollutants, such as endocrine disrupting compounds
(EDCs), pharmaceutical and personal care products
(PPCPs) and persistent organic pollutants (POPs), are
regarded as toxic even at trace concentrations. EDCs may
be grouped into: 1) phenolic compounds including
bisphenol A (BPA), alkylphenols (such as 4-n-octylphenol
(4-n-OP), 4-n-nonylphenol (4-n-NP) and 4-tert-octylphe-
nol (4-tert-OP)) and alkylphenol polyethoxylates (such as
nonylphenol polyethoxylates (NP#EO)), and 2) steroidal
estrogens including estrone (E1), 17p-estradiol (E2), 17a-
estradiol (17a-E2), estriol (E3), 17a-ethynylestradiol
(EE2), etc. PPCPs may be grouped into: 1) anti-
inflammatory and analgesic drugs such as aspirin (ASA),
diclofenac (DCF), ibuprofen (IBP) and ketoprofen (KTP),

2) antibiotics such as sulfamethoxazole (SMZ), norflox-
acin (NOR) and cefmetazole (CMZ), 3) lipid regulating
drugs such as clofibric acid (CFA), 4) developers such as
diatrizoate (DTZ), 5) musks such as tonalide (AHTN) and
gallaxolide (HHCB), and 6) other drugs such as caffeine
(CAF), carbamazepine (CBZ) and sulpiride (SLP).

The typical (average) concentrations of EDCs and musks
range from 71.3ng-L™" of 4-n-NP to 1968.1ng-L™"' of
HHCB in municipal wastewater and their residual
concentrations from 20.4ng-L™"' of E3 to 827.0ng-L™"' of
HHCB after conventional activated sludge (CAS) treat-
ment, according to Zhou et al.’s statistics based on
wastewater treatment plants (WWTPs) in Beijing
[47,48]. It has been reported that the hormone system of
adult trout and/or roach representative of fish could be
obviously disrupted when the concentration of 4-tert-OP
reached the level of 10 ug-L™, or when that of E1 or E2
exceeded the magnitude of 10 ng-L™" [49]. And for EE2
which is highly endocrine-disruptive, concentrations even
as low as 0.1 ng-L™' may induce estrogenic abnormality
[49], while the concentration of residual EE2 in WWTP
effluent was found to be on the order of ~100 ng-L™"' [48].
In consideration of the environmental risk of these micro-
pollutants to public health and the ecosystem, wastewater
containing these substances should be satisfactorily treated
before discharge or reuse. While most CAS processes are
not effective enough in this respect, the utilization of MBR
should be worth trying in view of its possible advantages.

Chen et al. [50] made a comparison between an
MBR and a CAS reactor with respect to BPA removal.
For the influent concentration of BPA ranging from 0.05—
20 mg-L', a stable removal of over 93.7% was attained in
the MBR while that in the CAS reactor was less stable
despite that their average efficiency was similar. Moreover,
the MBR could bear much higher volume loadings than the
CAS reactor while the BPA removal efficiency was
maintained at a high level. Similar results were obtained
with regard to NPrEO removal also by these two reactors
[51]. Zhou et al. [52] conducted an investigation into the
removal of eight typical EDCs by an MBR in comparison
with a sequencing batch reactor (SBR). The eight target
EDCs selected were 4-n-OP, 4-n-NP, NPnEO, BPA, El,
E2, E3 and EE2, with their removal rates shown in Fig. 7.
As can be seen, for substances that are relatively easily
biodegradable such as BPA, E2 and E3, both reactors
showed excellent removal efficiency of more than 95%.
However, with regard to those more refractory compounds
such as E1 and EE2, MBR demonstrated much better
removal than SBR. Compared to the concentration of
specific target compounds, the total estrogenicity, which is
evaluated as E2 equivalent quantity (EEQ) determined via
yeast estrogen screen (YES) assay (c.f. Ref. [53] for
details), is considered to be an essential index of the overall
occurrence and risk of EDCs. It was found that the EEQ
removal efficiency of around 90% in MBR was much
higher than that of around 50% in SBR [52].
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Fig. 7 Removal rates of target EDCs in MBR and SBR [52]

The EDCs removal behavior of full-scale MBR
combined with anaerobic-anoxic-oxic process (i.e., A;/
A,/O-MBR) was also investigated [54]. It was found that
more than 97% of BPA, E1, E2, 170-E2 and E3, 87% of
EE2, and over 70% of 4-n-OP and 4-n-NP could be
removed by this combined process. The estrogenicity was
markedly reduced from 72.1 ng-EEQ-L™ in the influent to
4.9ng-EEQ-L " in the effluent.

In order to better understand the mechanisms of EDCs
and PPCPs removal in an MBR-based process, it is
important that their transportation and transformation be
clarified. Figure 8 illustrates the fate of EDCs and PPCPs in
an MBR system. The major fate is usually considered to be
physical adsorption by sludge or biodegradation. Accord-
ing to Wu et al.’s observation [54], the adsorption by
sludge played a prominent role in the removal of most of
the selected hydrophobic EDCs, with the solid-water
distribution coefficients (the ratio of solid-phase concen-
tration to aqueous-phase concentration) found to be mostly
above 10000 L-kg'-SS. The n-octanol/water partition
coefficient (K,) of the target compound has been
recognized as a primary parameter predicting the propen-
sity for adsorption. An empirical linear relationship
between K., and adsorption equilibrium constant was

established based on statistical analysis of adsorption of
various nonionic organic chemicals on similar-sourced
organic absorbents [55]. On the other hand, biodegradation
has also been found to be very significant in some cases,
such as when Chen et al. used an MBR to remove BPA
[50] or NPrEO (n=1-4) [56]. Zhou et al. [52] provided an
insight into the effect of SRT on EDCs removal in an MBR,
with the results shown in Fig. 9. As can be seen, for 4-n-
NP, NPz#EO, E1, EE2 and the total estrogenicity expressed
as EEQ, their removal was effectively improved by
increasing SRT, suggesting that the enhancement of
biodegradation overweighed the diminishing of adsorp-
tional contribution due to decreased excess sludge. Further
research is needed to reveal the detailed mechanisms.

2.2.2 Industrial wastewater treatment

In the industrial sector, MBR has also become more and
more active in the treatment of both high strength
wastewaters (such as brewery wastewater, sauce waste-
water and food processing wastewater) and refractory
wastewaters (such as coke plant wastewater, petrochemical
wastewater and dyeing wastewater). Table 2 exemplifies
recent researches on the application of MBR to industrial
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Fig. 8 Scheme of possible fate of EDCs and PPCPs in an MBR system



253

Xia HUANG et al. Recent advances in MBR technology for wastewater treatment in China

HIN'T 08 = X
‘(IFINS Ut) D007 = “duwdy

J9jemalsem

‘(IGNS un) 18w 0 e T =0d JH [eonnoeoeuweyd
9°,-89=Hd TL¢t=Hd ‘(IgNS u) 18 7 = SSTN ‘wnl 7770 PIseq-SISOYIUAS
[€9] 0¥ ~ dOd T6L85-68LS =A0D ‘(IS U U S = T9H tond AANS-AVdL AaAd [eo1aYo
HN'T8'CI =xng
6-S =dlL D007 = "dway | 1-8W 7T =0d
(%06 <) T>NL ST-L=NL T BYIT=SSTN dH 107EMIISEM
(%56 <) T> N-*HN S'9LLTI-T'6SCT =A0D 001 < NL/AOD ‘wii zzo UIDIPAW 3SAUIYD
[29] (9696 <) 0T ~ A0D 0091-0001 =SS ‘POOT =1¥S US = I¥H ropd AdNS AaAd [euonIpes) pISoTIp
DoSt—0,0€ = "dwd)
s+ =Hd 18wy =0a
(%¥'+8) TT=NL 1T-L =NL | 1-88-€ =SSTN wi 770 IOJEMOISEM
[19] (%L¥6) $¥S =A0D 00S1-00L =d0D oE-01 =L¥H Qe[ NS oS ssaqures Ao[usip pore[nus
HN'TOT =xng
Dol T-DobT = "dwdy
CagNs ) |_1-3w e-z =0d
(%¥L) 0€1 > NL 00505 =NL (AgNS ) | T-3€1 =SSTN dH
(916) 07> N-*HN 0S¥—00€ = N-*HN Iy = 9IS ‘wm 7770 Tojemalsem
[09] (%¥6) 0L > A0D 000Z-00ST =d0D (ENS U 49 pue (v up) 4§ = TYH Qe[ AINS-O/4V ‘daad Suissaoo1d pooy
(%0°SL-6'Th)
sown} uonnyIp )¢—§| =JIo[od eI €'0C V'Y =dAL
(9%001-%9°08) ¥1-0 =A09d 06870t 1 = "dwidy
(%L°06~%€ ¥S) 65—S1 =A0D sawr) uonnyIp (),L—O¢ =I0[0d g W) | T-3w €6-0€ =0d
(%L 66-%T'86) $6-9¢ =A04d 188 €10 =SSTN JH
NIN €0-1°0 = Aprqinmy 126-821 =a0d . (P-SSTSY)-A0D348'0-80°0 =N/A ‘wil 7z Joremolsesm Sunuud
[65] wo-SH $£91 = Aanonpuod NIN $8-ST = Anprqm ‘Uz1-9 = L4H qel AAN-0/'V ‘AdAd  Pue SulAp i usjoom
18°0 =dL (suey o1q0IOE UI) T‘H.mE 7<0d
> N-HN CagAS W) | 1-38 =SSTIN
$>aod w0+ S 0007 = Aanonpuod ‘(gans w)
L'6¥ =a0d 00$1>a0d L (P-SSTNSY)-A0D31 T'0 > W/d dH
NIN €6°0 = Anpiginy NIN 0L = AnpIqIm “(1e101) 4 07 = IS w170
[8s] >SS 0S¢ =SS ‘(Te1on) 4 81 = LIH sonid AGNS-0/0/V ‘SAd  1eremdysem Jirur toded
HNT St = xng
260€ = "dway ‘7'1—0L =Hd
(%€°86) L1°0 = Ad1X0) 9)n0E 70T = K1otxoy aynoe ‘EWs w) | 1-8wg<oda
(%6'66 <) §°0 > [oudyd 8L01-1€€ = [oudyd ‘(eBeioae) | T-371 =SSTN
(%S'1L) TIT =NL LT19-0TT =NL 09 < NL/AOD dH
(%5°66) 80 =N-*HN 8876 = N-*HN ‘(resod) p 00T =.L9S ‘wrl 70
[LS] (%8'68) ¥9T =A0D 01€€-C811 =0 ‘(12109) 4 0 = IMH el YENS-0/V/'V ‘Ad  1ojyemajsem jueld ox0d
REN| (PUONER (Huengut uonipuod Junerodo J[eds SmmoooE (Purquow ad4) 101eMOISEM

s19jeMI)sem OI0ads pue [ernsnpul Jurean sassa001d YA JO 0ULWIONd T d[qBL



Front. Environ. Sci. Engin. China 2010, 4(3): 245-271

254

TA.wE ur , U7 JO UOHENUUOD judreAnba se passardxo st £101x0) gnoe ‘sasayjuared ur pajussard

ST AOUQIONJ [BAOWIAI {payIoads jou J1 . - Sw ST J[un UONENUIOUO0d Y} {JOD QN[0S = OIS ‘SU0qIed0IpAY dnewore o1[oLoL[od = SHVJ ‘sopronsad suno[yoouesio =sgdHQ ‘[oudydjfuou-4 = N- (9 {(Jv-dSVN) I1NT

J1qoIdeUL-)aNUR[q AFPNs dlqororue mogdn ue pue (Y L.SD) 101981 UL} PALINS SNONUNUOI © JO Pasodwod wsAs uonsadip d1qordeue aseyd-om) = Qvd.L “YGIN PaSowqgns = YIS 1019B1 Wyolq pag-payded siqoroeue
=494d ‘uoqied pajeanse paropmod = Jyd ‘OIX0 = () ‘UONEPIXO [BIIWAYO0NII[O = O ‘UONB[NSL0d [BIIWAYD = ))) I0)[I JIqOIdBUE = [V OIXOUR = Ty ‘Olqoioeue = 'y (q ‘Ioqy mo[[oy = JH 999ys g =S (B :S9I0N

I'L-69=Hd €9-8'¢ =Hd
7’0 > JuejoeyINS druorue 6'8—G ¢ =IuejoRLINS dIUOIUL
$°0> N-HN 0'1-9'0 =N-*HN
$>qod 2166 =A04d
0F > dod TTE-0ET =d0D HIWTEI =xng I
AIN [ > Anpiging NIN S8T-9%1 = Anprgim T8 €ET & SSTN w7
loL] PaoRIdp J0U =SS 0S—ST =SS TIY = I19S ‘'U9°€ = I9H Jorid JAINS ‘Ad IoRMA)SEM Ljeq
[wooT fod ¢z > 100 g w01 2d 0091 <1700 7
1 > N-*HN L'€T-1°01 =N-HN
¥'0>aod $s-0T7 =dod HWTL'8 ~ xng dH
0€>d0D S'LLT-8% =A0D T86€6T=SSTN ‘w4
[69] NIN ¥ > Anprginy NIN6'LT-1°9 = AIpiqim I =1¥S UTL ~ IIH Ty JYAINS ‘Ad Joyemaysem [epdsoy
L 1-8UZ6 =dN-b L T-8U00p =dN-v
1 1-3uz's8y =SHVd - T-3u 7’8811 =SHVd
L 1-8u8' 11 =5dD0 L 1-8u €07 =8dD0O
878 = NL SPYT =NL e 06 =dNL
¥Z =aog 009S = o9 ‘agns w | 1-3w g0 =0d IH
LOOT =d00S #8001 = dODS T-8T01 =SSTN “wl 7z
[89] 0l =D0L 7967 =200L (1er01) p 6°6 = IMH qe| AINS-IV AdAd 9Jeyoea] [[ypue]
Do0€ = "dwoy ‘g7, =Hd Sq I0JEMOISEM
€ > N- fON + N-‘ON agN W) | T-S8L'1 =SSTA ‘wrigg' )  Suleog-wniuouwnwe
[L9] 0Z > N-*HN 00% =N-*HN I = 1¥S ‘YT =1LdH qe| y9dd-d49NS AdAd Y31y on_yIuLks
(%5°06)d-_fOd
(%0°€8) T9¢ =NL 07 = d-_fod 0057 = "dwd ‘g'g—9°, =Hd JH
(%9°€8) SH€ =N-*HN 0S2-00T = N-*HN ‘€6 =NL/AOD ‘w0 Iojema)sem giSuons
[99] (%56 <) 011 >d0D 000 ~ AOD NN =1¥S PS'1 = I¥H qe| AAINS-O/°V dd Y31y dndYyuks
000€ = "dway ‘g'g =Hd A4
ATEE.EEV 9¢' T =N/O ‘w7z 0 Iojemoelsem K10joey
[s9] (%666 <)1 > N- fON 00L€—00S€ = N- ON ‘(Iesod) 4 0¢ = LIH qe] AGNS-0/°Y AdAd dArsofdxa Suneniut
Dot = "dwdy
‘0'8-0°L =Hd ‘(0 up)
L T-8wy pue By un | T-8w | =0d
| 1-89-7=SSTN \AINS ©) pappe
‘(FNS-0/°V W) 496 = IMH OVd M g
[+9] 001 >d00 00057—0000T = AOD L 187=0Vd qel  INS-O/°V/0d/DD dH  191eMd)sem opIolajoeq
REN| (PUIengR (Huengul uonrpuod unerado Jeds Smmoooa (PueIquow odAy 191BMO)SEM
(ponunuo))



Xia HUANG et al. Recent advances in MBR technology for wastewater treatment in China 255

B SRT=5d @ SRT=10d 0O SRT=20d 0O SRT=404d

100 - - - =
£a T { = ]-F }
8ot
=
2 60f
=
E 40t
20}
0 L i L i L 1L L1
E2 E3 BPA  4-1-OP  4-n-NP  EE2 NP#EO  EI EEQ

Fig. 9 Effect of SRT on EDCs removal by MBR [52]

wastewater treatment. For the high strength wastewaters,
MBR can mitigate problems such as sludge bulking that
are commonly troublesome for the CAS processes, thus
enhancing treatment efficiency and permitting stable
operation. Moreover, the relatively small footprint should
be also favorable for the practical application of MBR in
the industrial sector. For the refractory industrial waste-
waters, membrane can retain all the biomass as well as part
of the less biodegradable pollutants in the bioreactor,
thereby probably improving the pollutant removal both
physically (via direct membrane rejection) and biologically
(via enhancement of biodegradation favored by lower F/M
ratios).

Compared to municipal wastewater, industrial waste-
water demonstrates characteristically high load and/or low
biodegradability; moreover, there are usually remarkable
disparities among wastewaters from different industrial
sources. Therefore, elaborate consideration should be
given to the design of MBR processes in the industrial
sector to suit the specific feed conditions. For example,
with respect to high strength organic wastewaters,
anaerobic digestion is often applied prior to aerobic
MBR process; for refractory wastewaters, anaerobic
treatment governed by hydrolysis and acidification is
usually proposed to ameliorate the biodegradability.
Additional attention should be sometimes paid to the
pre-treatment such as: regulation of acidity or alkalinity, or
flotation to remove oily substances which are troublesome
for subsequent biological treatment and membrane perfor-
mance.

Additionally, in order to better the treatment of some
specific wastewaters which are highly refractory, MBR
could be further reinforced by novel technologies (such as
bio-enhancement via genetic engineering). Liu et al. [71-
73] used a laboratory-scale MBR to treat synthetic
pesticide wastewater containing a high concentration
(15-20 mg-L™") of atrazine, which is in the POPs family
and demonstrates eco-toxicity even at ppb level. The
MBR was bio-augmented with a genetically engineered
microorganism (GEM) and realized a high and stable

removal efficiency of above 90% after a start-up period of
around 10 days [72]. Moreover, the MBR equipped with
0.4 um PE membrane exhibited excellent retention of
GEM, with the effluent GEM less than 10> CFU-mL ! in
the initial stage of filtration and undetectable with the
development of fouling layer [71]. In comparison, the CAS
system operated in parallel showed severe GEM leakage
especially with the occurrence of sludge bulking, leading
to relatively high potential ecological risk to the environ-
ment, despite the natural decay of GEM [73]. This would
also add to the advantages of MBR over CAS.

2.3  Membrane fouling

Membrane fouling has been recognized as a major obstacle
to the wider application of membrane technology to
wastewater treatment. Considerable energy consumption
and engineering cost could be raised by membrane fouling
through reduction of filtration efficiency, increase in
frequency and intensity of cleaning, and shortening of
membrane lifetime, etc. Membrane fouling is considered to
be spontaneous during the microfiltration or ultrafiltration
process in MBR and seems inevitable in spite of all anti-
fouling measures taken so far. Nevertheless, it should be
greatly important that cost-effective efforts be made in
order to alleviate/decelerate membrane fouling as much as
possible. For this purpose, it is essential to understand the
mechanisms of membrane fouling comprehensively and to
develop robust anti-fouling strategies.

2.3.1 Membrane fouling formation

2.3.1.1 Basic understandings

Membrane fouling is considered to result essentially from
the interaction between membrane and foulant under
certain conditions. Thus, membrane fouling can be
influenced by properties of the fouling participants (i.e.,
membrane and foulant) as well as operating conditions.
Important fouling-related membrane properties may
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include material composition [74], physicochemical
properties such as hydrophobicity [74—77] and surface
charge [78,79], and steric properties such as pore size,
porosity and surface roughness [74,77]. Likewise, foulant
may be characterized from perspectives of substance types,
physicochemical properties and steric properties.

Foulant can be roughly divided into organic and
inorganic species. Major attention has been paid to organic
foulants, whereas inorganic foulants have also been found
significant in some cases [80], probably in the form of
inorganic scales or combined with organic skeletons.
Inorganic fouling-inducing elements are usually abundant
in wastewaters and are represented, apart from O, C and H,
by multivalent metallic elements such as Ca, Mg, Al and
Fe, and nonmetallic elements with low electronegativity
such as Si and P. The grouping of organic foulants is much
more complicated. In the macromolecular category,
organic foulants are mostly grouped into polysaccharides,
proteins and humic substances. It should be noted,
however, that this grouping of organic foulants is some-
what empirical and superficial, and that the fouling
behaviors should be more essentially governed by the
physicochemical and steric characteristics exhibited by
these foulants.

The most often mentioned physicochemical properties
of foulant under consideration are hydrophobicity and
surface charge. Both of the properties could be qualita-
tively determined via column chromatography method
based on differential adsorption and elution [81-82],
yielding hydrophilic/hydrophobic fractions and acid/base/
neutral fractions. Another useful method for determining
hydrophobicity is the bacterial adherence to hydrocarbons
(BATH) test based on the partition of the target (bacteria)
between aqueous phase and hydrocarbon droplet surface
[83]; this method has recently been applied to the case of
sludge flocs with the result termed relative hydrophobicity
(RH) [84]. Additionally, surface charge could be otherwise
quantified as zeta potential [84,85], though sensitive to the
ionic condition applied in the measurement [86]. As for the
steric properties of foulant, most attention has been
focused on foulant size (or molecular weight at the
macromolecular level) [82,87,88], with which the major
fouling mechanism may vary substantially, as will be
discussed later. Moreover, the concentration of foulant in
the form of flocs, colloids or macromolecules can also play
a role in fouling [85,89,90].

The operating conditions that could impact on mem-
brane fouling may be supposedly divided into local
conditions (specialized in the vicinity of the membrane,
which are usually hydraulic conditions) and bulk environ-
ment. Local conditions include filtration mode (of
constant-flux or constant-pressure), flux [90-93], TMP
[46], etc., conceptually perpendicular to membrane
surface, and cross-flow velocity (CFV) [90], cross-flow
pattern [77,94], shear rate [45,95], etc., parallel to
membrane surface. Additionally, the manner of the
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periodic alternation of these hydraulic conditions, for
instance, suction/relaxation proportion [91,92,96] or on-
line backwash interval and duration [97,98], could also
affect fouling. The fouling-related bulk environment may
include temperature [98,99], pH [100], viscosity [85], etc.
Moreover, there are some typically indirect operating
factors, such as HRT [101], SRT [81,102], membrane
configuration (e.g., membrane fiber length [46,103,104])
and mixed liquor conditioning (e.g., dosage of coagulants
[105,106], adsorbents [107] or carriers [95,108-110]),
which play roles in fouling via affecting those direct
factors from foulant properties or operating conditions
mentioned above.

The toughness of membrane fouling could be further
described as removable fouling, irremovable but reversible
fouling, and irreversible fouling, judging by results of
physical cleaning (for removability) and chemical cleaning
(for reversibility) [111]; however, this division is not strict
and is strongly dependent upon the cleaning conditions,
such as cleaning mode, intensity and duration.

The process of membrane fouling typically consists of,
in sequence, initial stage involving membrane pore
blocking and narrowing (also known as internal fouling),
gel layer stage, and cake layer stage. The fouling
mechanisms of each stage as well as the roles of foulants
with different sizes will be further discussed later.

2.3.1.2 Foulant identification

Herein only organic foulants are overviewed with regard to
their general prevalence in fouling. The overall signifi-
cance of major components of organic foulants (including
suspended solids and supernatant organics) was statisti-
cally studied by Wu and Huang using Pearson correlation
analyses [85]. MLSS (> 0.45 um) was found to be related
significantly to the apparent rate of increase in filtration
resistance (i.e., kg = AR¢At, where R; is filtration
resistance; say also fouling rate) when MLSS was higher
than 10g-L"', whereas no definite correlation was
observed when it was lower than 10 g-L™". On the other
hand, supernatant organics, expressed as supernatant TOC
(< 0.45 um), were found to play an even major role in
overall fouling. These substances could be subdivided into
colloidal organic carbon (COC) and soluble organic carbon
(SOC), the latter of which was defined as the remainder
after Al,(SO,4);-flocculation removing COC from super-
natant TOC. The correlation between the concentration of
these substances and fouling rate is given in Fig. 10.
Further insight into the roles of supernatant TOC in fouling
evolution indicates that, apart from membrane pore
blocking and gel layer formation, these substances could
also participate in cake layer building through blocking the
pores and spaces between particles in the cake layer and
considerably increase the specific filtration resistance of
the cake layer [112].

Supernatant organics are composed of SMP and
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Fig. 10 Relationship between apparent fouling rate (kg) and (a) TOC, (b) COC, (c) SOC, (d) polysaccharide content and (e) protein
content in the supernatant based on Pearson correlation analyses [85] (kg = ARy/At, where Ry is filtration resistance; COC = colloidal
organic carbon, SOC = soluble organic carbon; supernatant TOC = COC + SOC)

nonbiodegradable organic matters derived from feed water
[113]. SMP are considered to be the most important
contributor to supernatant TOC [85], and can be classified
into: utilization-associated products (UAP) derived from
original substrate, and biomass-associated products (BAP)
generated by hydrolysis of extracellular polymeric sub-
stances (EPS) [114] that are describable as tightly-bound
EPS (TB-EPS) and loosely-bound EPS (LB-EPS) [115].
Supernatant organics are primarily grouped into poly-
saccharides, proteins and humic substances, among which
it has been remarked that polysaccharides (c.f. Fig. 10 (d))
and/or proteins are more significantly related to fouling
[85,116—118]. Moreover, it can be inferred from many
studies [81,82] that polysaccharides and/or proteins are
usually the most abundant organic species in supernatant
of MBR treating municipal wastewater, whereas the case is
more complicated for industrial wastewater treatment. The

molecular weight (MW) distributions of polysaccharides,
proteins and humic substances are illustrated in Fig. 11. It
can be seen that, all of these distributions exhibited wide
ranges from < 1 kDa to > 100 kDa (or crudely, from < 1

nm to > 10 nm) approximately in a bimodal pattern, with
similar findings reported by many other researchers
[113,119]. The peak zone of larger MW is more commonly
concerned with fouling of microfiltration membranes as
will be explained later. The average sizes of the major
groupings typically follow the order: polysaccharides >
proteins > humic substances. Additionally, the MW
distribution of supernatant organics could vary according
to operating conditions; for instance, the average MW was
found to shift downwards (with the proportion of
polysaccharides decreased and the peak of larger MW
weakened correspondingly) during prolonged operation at
SRT =20 d [120]. As for the hydrophobicity of supernatant
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Fig. 11 Molecular weight distribution of TOC and typical foulants in MBR supernatant based on membrane partitioning (data extracted

from Zhao et al.’s work [88])

organics, it can be inferred from Fig. 12 that hydrophilic
substances (HIS) and hydrophobic acids (HOA) are the
main contributors to supernatant TOC, and that poly-
saccharides and proteins demonstrate an almost hydro-
philic nature. It is worthy of note, however, that the
classical division of supernatant organics into polysacchar-
ides, proteins and humic substances is not strict; there is
always to some extent an overlap among these groupings
(i.e., a single macromolecule, e.g., a proteo-polysacchar-
ide, might behave in multiple ways according to common
analytical methods at present) [88].

2.3.1.3 Fouling mechanisms

As has been mentioned in Section 2.3.1.1, the major
mechanism(s) can vary greatly with foulant size, the range
of which in this regard could be roughly divided into three
zones where: 1) foulant size>>membrane pore size, 2)
foulant size is comparable with membrane pore size, and 3)
foulant size<membrane pore size. According to the
microfiltration membrane pore size usually in the range
0f 0.05-0.5 um (c.f. Table 1), the foulant size in these three
zones may be typically on the order of > 1 um, 0.01-1 pm
and < 0.01 pm, respectively. Herein we will give an
overview of the major mechanism(s) for each zone, on
the basis of findings mainly proposed by Chinese
researchers.

(1) For foulant size much larger than membrane pore size

Foulants lying in this size range are described as suspended
solid particles or sludge flocs that can build a cake layer on
the membrane surface. The driving force for transport of a
foulant particle to the membrane surface is the drag force
of filtration, whilst those for back transport include
Brownian diffusion, shear-induced diffusion and inertial
lift, among which Brownian diffusion is usually consid-
ered less significant with respect to this foulant size range

100
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Fig. 12 Hydrophilic/hydrophobic fraction distribution of TOC
and typical foulants in MBR supernatant based on the method
using nonionic macroporous chromatographic resin column
(SupeliteTM DAX-8 resin) (data extracted from Shen et al.’s
work [82]) (HIS = hydrophilic substances, HOA = hydrophobic
acids, HOB = hydrophobic bases, HON = hydrophobic neutral
substances)

[121]. Moreover, when the particle arrives at the
membrane or cake layer surface (providing pivot posi-
tions), there is an opposition between the filtration drag
torque and the shear torque, the latter of which gives rise to
surface transport that is anti-fouling [121].

The key parameters related to these fouling processes
include filtration flux, shear rate, particle size and particle
concentration. Since filtration drag force as well as its
torque is directly related to filtration flux, it is under-
standable that flux should be a crucial fouling-inducing
factor. The significance has been confirmed by extensive
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works [90-93]. Moreover, there exists a critical flux over
which fouling will deteriorate sharply [91], possibly
corresponding to the filtration drag effect overwhelming
the back-transport effects.

Modeling works suggest that higher shear rate is
favorable for all the back transport and surface transport
processes mentioned above [121]. Shear rate can be
otherwise parameterized as cross-flow velocity, aeration
intensity, etc. The significance of the anti-fouling effect of
aeration intensity was confirmed by Gui et al. [91], with the
effect found to be more pronounced at higher MLSS
concentrations. The existence of a critical aeration
intensity as well as a critical cross-flow velocity was
validated by Liu et al.’s modeling work [90].

As for the effect of particle size, it was found that most
of the back transport effects (except for Brownian
diffusion) as well as filtration drag force are favored by
larger particle size, and that the overall back transport is
more sensitive to particle size than is filtration drag [121].
Thus, larger particle size should be preferable for the
purpose of anti-fouling, and there should be a “critical
foulant size” in response to the force balance. This is in
accord with the finding that fouling caused by particles
with mean diameter smaller than 80 pm was significantly
more severe than by those larger than 80 um, based on
statistical analysis of mixed liquor samples from various
MBRs [85].

The comprehensive effect of flux (J, in LMH), cross-
flow velocity (U, in m-s™) and SS concentration (X, in
g-L™") on the increase rate of TMP (kg, in m™-h™) has
been quantitatively described by a multiplied power
function expressed as:

kg = XU, (1)

This relationship, though somewhat empirical, was
found to be statistically valid and parameterizable (e.g., A
=8.933 x 107, @=0.532, #=0.376, and y = —3.047 in the
case of Liu et al.’s study) [90].

(2) For foulant size comparable with membrane pore size

Colloidal and macromolecular foulants sized about
0.01-1 pm may participate in all fouling stages, as has
been mentioned in Section 2.3.1.2. Herein particularly
concerned are their detailed roles in the initial stage and gel
layer stage of fouling. For distinguishing these stages, the
classical blocking laws for constant-pressure filtration
[122,123] or constant-flux filtration [124] could be useful,
describing the mechanisms as standard blocking, complete
blocking, cake filtration (or bridging filtration), and
intermediate blocking falling empirically between the
standard type and the cake type. Cake blocking law is
applicable to description of gel layer as well as cake layer
for constant-flux filtration, as has been validated by Wang
and Waite’s work showing that gel layer could be

instantaneously consolidated to acquire a stable depth-
average specific resistance fitting the cake type, despite
that the gel layer is highly compressible and far from
uniform over its depth [46]. On the other hand, standard
blocking, complete blocking and intermediate blocking
laws pertain to description of the initial stage of fouling.

For the initial stage of fouling, it was found that HIS was
the most responsible for the rapid flux decline in the initial
stage of microfiltration using hydrophilically enhanced
PVDF membrane, and that the role of the fraction of HIS
with MW > 100 kDa was particularly prominent despite its
relatively low abundance [82]. This should be ascribed to
steric effect rather than hydrophobic affinity between
membrane and foulant. A considerable overlap between
size distributions of membrane pores and foulant with
MW > 100 kDa was observed [88], indicating the possi-
bility of effective size exclusion, which could be further
confirmed by the predominance of complete blocking
revealed by modeling analysis coupled with atomic force
microscopy (AFM) examination [82]. The course of size
exclusion may be anatomized into steps as follows: 1) the
foulant molecule enters the membrane volume a bit easily
as long as at least one dimension of the molecule is smaller
than the pore size; and 2) the foulant molecule directly
plugs the pore when it rotates with its larger side applied to
the pore channel or when it goes to a bottleneck of the
passage; or 3) the foulant molecule gets entrapped and
“locked” in the membrane matrix if the molecule is flexibly
long-chained (which is particularly the case for poly-
saccharide-like substances) and the pore channels are
tortuous and interconnected (which is usually the case for
most polymeric membranes) [88]. These size exclusion
processes are illustrated by Fig. 13. In comparison with
size exclusion, hydrophobic interaction as well as electro-
static interaction was found insignificant in the initial stage
with regard to flux decline (i.e., apparent fouling
phenomenon) [82]. However, we cannot exclude the
possibility that they have profound impacts on following
fouling evolution.

For the gel layer stage of fouling, the organics associated
are termed gelling soluble and colloidal microbial products
(gSCMP), which are mainly composed of polysaccharides
(as an example, polysaccharides, proteins and humic
substances were shown to be in the ratio of 6.8:1.7:1
within a gel layer in Wang and Waite’s study [20]). It is
recognized that the gel layer is structurally supported by a
network of polysaccharides while other SCMP compo-
nents are trapped on their passage through the assemblage
(and have minor structural contribution) [20]. As a
representative polysaccharidic foulant, alginate was widely
applied to studies on gel-related fouling mechanisms. A
honeycomb-like structure of gel layer formed by Ca-
alginate was observed [45]. Over the range of the applied
pressures of 11.7—135 kPa, the alginate gel layer was found
to be very porous with a water content of more than 96%
but very low Darcy permeability of less than 1 x 1077 m?,
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Fig. 13 Scheme of fouling-inducing size exclusion processes

possibly due to lack of wide-through channels [46]. The
apparent channel size was estimated to be on the order of
5-30nm when TMP<100kPa according to Hagen-
Poiseuille relationship [45]. The firm bridging between
polysaccharide chains to form a network is principally
attributed to covalent interactions, such as that with the
assistance of complexation with multivalent metal cations.
Calcium ion was found to be a key player in this regard for
most cases rather than magnesium ion (which shows
slightly weaker complexation than calcium ion) and ferric
ion (which is usually less abundant); while carboxylic (and
presumably phosphoric) groups were most likely the
binding sites. The binding stability constant of Ca-
gSCMP was estimated to be ca. 4.9 x 10° M, assuming
a 1:1 complexation [20].

For the colloidal and macromolecular foulants men-
tioned in this section, there might also exist a critical flux
for the initial stage or a limiting flux (for an observational
pseudo fouling-ceasing state) for the following fouling
layer stages, as may be inferred from Tang and Leckie’s
analyses of force balance for the case of nanofiltration (NF)
and reverse osmosis (RO) [125]; but the hypothesis for
microfiltration or ultrafiltration is still unproven as far as
we know.

(3) For foulant size much smaller than membrane pore size

For foulants with size much smaller than membrane pores,
size exclusion should be negligible and adsorptive fouling
in the membrane matrix should prevail. The propensity and
rate of this kind of fouling could be quantitatively
described by adsorption equilibrium and rate constants,
determinable via Thomas’ dynamic adsorption model
based on Langmuir kinetics [126,127]. It was found that
bovine serum albumin (BSA, representative of prot-eins)
and Aldrich humic acid (filtered to be < 0.05 um) showed
higher propensity of adsorptive fouling than dextran T70
(DEX, representative of polysaccharides) [89], despite that
DEX is almost non-charged exhibiting minor electrostatic
repulsion. The driving force is thus considered to be
hydrophobic attraction which may very likely overweigh
electrostatic repulsion. The membrane-binding affinity (or
area-divided interaction energy, associated with adsorption
equilibrium constant) is not only dependent upon

hydrophobicity, but should also be positively correlated
to the foulant size as suggested by the extended Derjaguin-
Landau-Verwey-Overbeek (XDLVO) theory [128]. More-
over, it was shown that the adsorbed amount (i.e.,
adsorptive fouling extent) is a function of not only the
membrane-binding affinity but also the concentration of
foulant in the solution [89].

2.3.2 Membrane fouling control

2.3.2.1 Membrane and module optimization

A great deal of attention has been paid to hydrophilic
enhancement of membrane via, e.g., surface modification,
which aims to implant polar organic functional groups onto
membrane surface. Surface modification could be con-
ducted by means of plasma treatment, surface grafting,
surface coating, surface blending, etc. UV photo-induced
graft polymerization of acrylic acid and acrylamide on a PP
membrane surface was successfully performed by Yu et al.
[75,76,78], with decreased water-contact angle and
increased zeta potential (absolute value) observed with
increased grafting degree; however, too much grafting
amount could in reverse lead to considerable porosity loss.
Plasma treatment was found efficient in creating hydro-
philic functional groups on membrane surface, with the
plasmas in use including air plasma [129], O, plasma
[130], N, plasma [131], CO, plasma [132], H,O plasma
[133], NH;3 plasma [134], etc.; whereas, the damage
rendered by plasma treatment as well as the instability of
plasma-induced hydrophilicity needs to be concerned.
Surface coating via adsorption of surfactants was also
investigated. Xie et al. [135] used polysorbate 20 (also
known as Tween 20) to form a monolayer on PP membrane
surface, such that the polar ends of Tween 20 molecules
were oriented outwards uniformly thereby hydrophilizing
the membrane surface. However, the physical tolerance
(to, e.g., desorption, cross-flow and aeration) and the
biochemical stability of the coating layer under SMBR
conditions are also worthy of note. In order to harmonize
the requirements of performance (e.g., hydrophilicity),
fabrication ease and durability, some researchers suggested
that membrane be blended with copolymers comprising
various functional segments. As an example, Li et al. [136]
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blended PES membrane with a terpolymer of poly
(acrylonitrile-acrylic acid-N-vinyl pyrrolidinone) (P(AN-
AA-NVP)), in which AN provided water insolubility, AN
hydrophilicity and negative charge, and NVP hydrophili-
city and miscibility with PES.

Apart from the simple-patterned hydrophilic modifica-
tion, a number of studies have been devoted to
morphological improvement such as, covering membrane
outer surface or pore surface with star copolymers [137], or
brush or comb copolymers [138—-140] to form a hydro-
philic fine-hair layer (as illustrated in Fig. 14) preventing
foulant from depositing. Polyethylene glycol (PEG) or
PEG-containing copolymers have been usually adopted
owing to the flexibly long-chained structure and out-
standing hydrophilicity (PEG known as the “most”
hydrophilic synthetic polymer [128]). The integration of
hydrophilic repulsion and steric hindrance could provide
membrane with excellent anti-fouling nature. It should be
noted however, that excessive modification could be
adverse to membrane’s mechanical properties [141].

PMMA

Loy oo e

-y

(b)

Fig. 14 Scheme of (a) an amphiphilic brush-like copolymer and
(b) the attachment of these copolymers to membrane surface (Poly
(methyl methacrylate-r-poly(ethylene glycol) methyl ether metha-
crylate) (PMMMA-r-PEGMA)) blended with PVDF membrane is
taken as an example and the pictures obtained from Ref. [140])

Recent attention has also been paid to novel membrane
modification methods using, e.g., mineral nanoparticles
and zwitterionic materials. Li et al. [142] prepared a TiO,
nanoparticle  self-assembly membrane based on
polyvinylidene fluoride/poly(styrene-alt-maleic anhy-
dride) blend. The as-prepared membrane, with nanosized
anatase TiO, crystals observable on the surface, exhibited
superior resistance to protein adsorptive fouling. The
successful examples of PES membranes modified by TiO,
nanoparticles have also been reported [143,144]. The
mechanism of TiO, bonding with membrane surface was
supposed to be complexation or hydrogen-bond-bridged

interaction between titanium and certain functional groups
(e.g., carboxyl, ether and sulfone groups) on the membrane
[142,143]. Zwitterionic polymers, bearing both cationic
groups such as tertiary amine or quaternary ammonium
groups and anionic groups such as sulfonic or carboxylic
groups, have been applied to modification of PES
ultrafiltration membranes [145-147]. The zwitterionicity
may be expressed in different polymer segments [145] or
even in a single monomer unit such as carboxybetaine or
sulfobetaine [146,147]. However, to date this modification
technology in China has been mostly limited to ultrafiltra-
tion membranes with relatively low molecular weight
cutoff MWCO), as far as we know.

As for configuration of, e.g., hollow fiber membranes,
the anti-fouling effect of membrane fiber length alteration
has been studied. It has been found that the local flux along
a fiber is unevenly distributed due to frictional water head
loss [46], and involves a dynamic redistribution during
membrane suction, such that part of the fiber may
experience supra-critical flux even when the overall
average flux is sub-critical [104]. Thus, shorter membrane
fiber length [103] (as well as larger inner diameter of fiber
[46]) should be preferable for the purpose of fouling
mitigation.

2.3.2.2 Mixed liquor conditioning

Dosing the mixed liquor with additives is an important
strategy for fouling mitigation. The additives, such as
carriers, suspensible particles, coagulants and other
chemical agents, can exert their anti-fouling impacts
physically or chemically.

Addition of suspended polypropylene carriers (cylin-
drically shaped, diameter x length=3 mm X 3 mm) was
found effective in inhibiting cake layer formation, the
mechanism attributable to inertial lift being enhanced by
increased shear rate with the addition of the carriers.
However, an overdose could break sludge flocs and
deteriorate fouling (c.f. Section 2.3.1.3 (1) for the effect
of floc size on fouling). The optimum carrier doses were
1%, 1.3% and 2.3% (v/v) at MLSS of 5, 8 and 11 g-L,
respectively [95].

Addition of powdered activated carbon (PAC) sized 1-
80 um (median diameter = 39.0 um) was found to increase
the median diameter of sludge flocs from 48.8 um to over
57 um and meanwhile reduce supernatant organics effec-
tively through adsorption, thereby ameliorating fouling.
However, an overdose of PAC could reduce critical flux
because excess PAC itself could be a foulant [107]. The
effect of powdered zeolite addition was also investigated
by a few researchers, finding that zeolite could modify
some properties of sludge flocs and could likely form a
“protection coating layer” over the membrane surface
whereby benefitting filterability [148,149]. However, like
PAC, an overdose of powdered zeolite could also
exacerbate fouling [150].
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Inorganic coagulants, including aluminum sulfate, ferric
chloride, polyaluminum chloride (PACI) and polyferric
sulfate (PFS), were utilized for mixed liquor conditioning
and their anti-fouling effect compared in Wu et al.’s study
[105]. Through the addition of inorganic coagulants, the
floc size was enlarged accompanied by the reduction of
supernatant TOC, and consequently the specific filtration
resistance of fouling layer could be reduced. It was found
that the polymeric coagulants (especially PFS) were more
effective in this regard than those monomeric ones.
Moreover, considering the possibility that these coagulants
might cause inorganic fouling, a long-term observation of
PFS’s performance in an SMBR fed with domestic
wastewater was conducted. At the optimal PFS dosage of
1.0 mM-Fe-equivalent and the dosing interval of 15-30d,
no substantial deposition of the exotic Fe on the membrane
surface was observed, and neither did severe inorganic
fouling occur [106]. The addition of Fe-containing
coagulant could be otherwise implemented via electrolysis
of iron-anode plate in an electrocoagulation-MBR (EC-
MBR) whereby iron ions could be released into the mixed
liquor decelerate fouling evolution [40]. The anti-fouling
effect of organic flocculants such as polyacrylamide
(PAM) and chitosan was also studied. At the dosages
of <20 mg-L™' and<150 mg-L™" for PAM and chitosan
respectively, membrane fouling was significantly alle-
viated, as a concomitant of increased floc size and
decreased SMP concentration [84].

The effect of ozone addition on mixed liquor condition-
ing was also investigated. It was found that ozone at a
dosage of less than 0.7mg-g'-SS could lead to an
enhanced filterability in initial stages as well as a
decelerated fouling evolution. The underlying mechanism
was deduced to be the ozone-induced re-flocculation. The
LB-EPS surrounding the sludge flocs may be “trimmed”
off by ozone, rendering the flocs higher hydrophobicity
and lower surface charge so that destabilization of the
flocs was achievable. The mean diameter of the flocs
was observed to grow from 49.9 um to 69.8 um due to
the re-flocculation, thereby mitigating fouling possibly
according to the above-mentioned size effects (c.f. Section
2.3.1.3 (1)). However, a dosage over 0.7 mg-g'-SS could
break the flocs and release colloidal and soluble organics,
which could contrarily deteriorating fouling [151].

2.3.2.3 Operational improvement

The effect of shear rate and filtration flux on fouling has
been discussed above (see Section 2.3.1.3), as has the
existence of their critical values for anti-fouling. Moreover,
it is also recognized that the suction/relaxation alternation
could have significant impacts [91]. It was found that in
one suction/relaxation circle, too long suction-time and too
short relaxation-time rendered severe fouling [92], while
shortened suction-time and prolonged relaxation-time over
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an appropriate range could alleviate fouling but with the
effectiveness of further adjustment limited [96]. It is
worthy of additional note that, the suction/relaxation-time
ratio did not show monotonic correlation with fouling
propensity [92], thus may create difficulties with predictive
assessment of parameter optimization.

2.3.2.4 Membrane cleaning

Apart from the most well-known physical cleaning
measures such as tap-water flushing, permeate rinsing,
cross-flow scouring, backwashing and soaking, ultrasoni-
cation has also been found useful, especially for on-line
physical cleaning. Periodic sonication was successfully
applied to aerobic MBR [152] as well as to anaerobic MBR
[153]. Liu et al. showed that ultrasound was particularly
effective in alleviating gel-type fouling [152]. However,
excessive ultrasonic intensity and working time could
break sludge flocs and release soluble and colloidal
organics thereby exacerbating fouling [154,155]. More-
over, prolonged duration of sonication might be adverse to
sludge activity (especially to nitrification activity) [154]. It
should be also noted that, the ultrasound-associated
acoustic cavitation may cause damage to the membrane.
Proper selection of ultrasonic intensity and working time,
and keeping a certain thickness of fouling layer on
membrane surface could be effective ways to protect the
membrane against damage [156].

The most commonly utilized chemical cleaning reagents
include sodium hypochlorite (NaClO), sodium hydroxide
(NaOH), hydrochloric acid (HCI), citric acid, etc. It is
widely accepted that the oxidizing agent NaClO can
remove most of the microorganisms and organic foulants
from membrane effectively [157,158]. NaOH can also
remove a wide variety of organic foulants [158], possibly
via alkaline hydrolysis or dissolution. HCI is effective in
breaking metal-associated structures including metal-
organic foulant complexation [159] and inorganic scales
[157], presumably in the light of proton’s activity; and it
can also remove part of polysaccharide-like substances
[158]. Citric acid can remove metallic foulants as well, due
to its acidity [160] and/or its outcompetitive binding ability
with metal ions (e.g., the binding stability constants being
50 x 10°M 1, 3.2 x 10°M "' and 2.0 x 10> M! for CaL
(L denoting citric acid ligand), CaHL and CaH,L,
respectively [161], compared to 4.9 x 10°M™ for Ca-
gSCMP [20]). On-line chemical cleaning using NaClO
was applied to a pilot-scale SMBR treating municipal
wastewater and its long-term fouling behavior observed
in Wei et al.’s study [16]. The MLSS level was around
10 g-L " and the filtration flux was maintained at 30 LMH.
When the TMP reached 15 kPa, the membrane was back-
washed with NaClO solution at a dosage of 4-6 g-Cl-m *-
membrane (or 54—-81 mg-Cl-L '-reactor effective volume).
During 190 days of operation, the on-line chemical cleaning
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was carried out for 7 times, controlling fouling effectively
without off-line chemical cleaning. Meanwhile, the on-line
chemical cleaning exhibited little effect on sludge activity
and removal efficiency of COD and NHj3-N, therefore
verifying the feasibility of this anti-fouling strategy.

3 Commercial application

The application of MBR technology in China up to now
may have experienced several stages as follows: (1)
laboratory experiments, pilot-scale tests and a few
demonstration projects from 1990 to 2000, (2) practical
application on the scale of hundreds of tons per day mainly
serving for small residential areas and industrial fields from
2000 to 2003, (3) practical application on the scale of
thousands of tons per day for municipal and industrial
wastewater treatment from 2003 to 2006, and (4) practical
application of large-scale MBRs (of over 10000 m*-d™)
from 2006 to the present. The earliest practical MBRs in
China, in the beginning of 2000s, were on the scale of only
several ten tons per day; whereas by the end of 2009, there
had been approximately a total of more than a hundred full-
scale MBR installations in service (only taking into
account those larger than 100m?®-d™'), providing a
treatment amount of nearly 1.2 x 10°m’-d'. Among
these installations, there are nearly 30 large-scale MBR
plants each with a designed capacity greater than
10000 m*-d ', as enumerated representatively in Table 3.
In addition, about another 8 large-scale MBR plants with a
total capacity of 3.7 x 10°m?*-d™" have been contracted
and are expected to be commissioned in 2010. Among all
large-scale MBRs particularly noteworthy are Miyun MBR
plant (in Beijing) and Shiyan Shending River MBR plant
(in Hubei Province) (Fig.15), which are landmarks of
MBR application in China. Miyun MBR was the first to
reach the capacity of 10000 m*-d™'; and Shiyan Shending
River MBR, commissioned in October 2009 for municipal
wastewater treatment, is so far the largest MBR plant in
China, possessing a capacity of 110000 m*-d'. Now,
China has become one of the most active countries in the
world for MBR application. The expansion of domestic
MBR market has been tremendous; it is expected that in
the next 5 years it will keep on growing at an annual rate of
around 50%, which should be much higher than the global
average rate.

MBR technology has been commercially applied to the
treatment of a variety of wastewaters in China, including
municipal wastewater, industrial wastewater, landfill
leachate, bathing wastewater, hospital wastewater, etc.,
among which municipal wastewater treatment and indus-
trial wastewater treatment account for about 60% and 30%
of the total capacity, respectively. In the industrial sector,
about half the capacity is devoted to petrochemical
wastewater, which is followed by chemical industrial
wastewater, food processing wastewater, dyeing

(b)

Fig. 15 View of (a) Miyun MBR plant (in Beijing) for municipal
wastewater treatment (design capacity: 45000 m3-d71) and (b)
Shiyan Shending River MBR plant (in Hubei Province) for
municipal wastewater treatment (design capacity: 110000 m3-d71)

wastewater and the others.

The major membrane unit suppliers in China now are
Asahi Kasei (Japan), Mitsubishi Rayon (Japan), GE
(USA), Siemens Memcor (Germany), Origin Water
(China), Memstar (Singapore), Tianjin Motimo (China),
Norit (Netherlands), Litree (China), SINAP (China), etc.
Besides overseas-funded membrane suppliers, Chinese
companies have also shown noticeable contribution.
Different from the European MBR market, hollow fiber
membrane modules are prevailing in the China MBR
market.

As for the professional companies dealing with the
engineering design, equipment manufacture and operation
management of MBR plants, besides some well known
overseas-funded companies like GE, Siemens and NOVO
(Singapore), a lot of domestic companies have grown up
such as Origin Water, Tianjin Motimo, etc. Origin Water,
GE, NOVO and Siemens are now leading the market as the
top four, according to the summed capacity of the large-
and medium-sized plants built by the end of 2009.
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Of the various factors influencing the MBR markets in
China, water scarcity is the most important one. This
problem, particularly severe in the northeastern and
northwestern areas, is further exacerbated by water
pollution. In China, there is a law specially drawn up to
manage the water resources of the country. It is “The water
law of the People’s Republic of China” revised in 2002,
where wastewater reclamation and reuse are encouraged
by the 52nd item. The government further issued national
standards for reclaimed water to promote wastewater reuse
(GB/T 18919-2002, GB/T 18920-2002, GB/T 18921-
2002, GB/T 19772-2005, GB/T 19923-2005 and GB
20922-2007 for classification of wastewater reuse, urban
miscellaneous uses, scenic environment uses, groundwater
recharge, industrial use and farmland irrigation, respec-
tively). Very extensive works have demonstrated that the
MBR effluent is qualified for national reclaimed water
standards; thus MBR application has earned promotion in
this context. In addition, the serious eutrophication in some
sensitive drainage basins (such as Tai Lake basin and Dian
Lake basin) has accelerated the drawing up of more
stringent discharge regulations by local governments to
prevent the deterioration of water quality. As an example,
the installation of four MBRs in Wuxi City (by Tai Lake) in
2009 was motivated by this need. Despite the big area of
China, some large cities still do not have enough land
available for construction of municipal wastewater treat-
ment plants. The advantage of MBR with small footprint is
especially attractive in these areas. Besides, remarkable
decrease in MBR investment costs as well as increasing
acceptance and maturity of this technology (especially
those owned by domestic companies) should also be the
driving force for the tremendous growth of the MBR
market.

Wider and larger application of MBR in China in the
future is foreseeable; however, the economic factors
including higher investment and running costs compared
to conventional processes are also substantial. As can be
seen in Table 3, so far most large-scale MBRs treating
municipal wastewater have been centered in Beijing and
Jiangsu Province, both of which are more developed than
most of the other provinces. In addition, standardized
guidance for engineering design, equipment manufacture
and operation management of MBRs should be formulated
to regulate MBR application.

4 Conclusions

MBR, a newly introduced technology to China excelling in
wastewater treatment, has attracted extensive attention in
the recent 15 years. Great progress has been achieved on
both academic research and commercial application of
MBR in the country over the last few years. China has now
become one of the world’s most active fields in this
respect. In light of the increasing requirement and
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expanding market, it is expected that this technology will
be further promoted, developed and applied at a tremen-
dous speed. However, in order to support the rapid
development of MBR in China, there are still critical
challenges from both technological and managerial
perspectives, such as: (1) further enhancement of treatment
performance via process optimization in response to
increasingly stringent standards, (2) extension of MBR’s
functionality to fulfill updating requirements of pollutant
removal (such as elimination of emerging pollutants), (3)
further reduction of membrane cost and improvement of
membrane quality (e.g., with prolonged membrane life-
time), (4) development of robust anti-fouling strategies,
and (5) regulation of the MBR market and development of
standardized guidance for engineering design, equipment
manufacture and operation management.

Acknowledgements This work was supported by the National Science
Fund for Distinguished Young Scholars (Grant No. 50725827) and the
National High Technology Research and Development Program (863
program) of China (Grant No. 2009AA062901).

References

1. Huang X, Gui P, Fan X J, Wang C W, Qian Y. Study on the
progress of membrane bioreactor technology for wastewater
treatment. Research of Environmental Sciences, 1998, 11: 40-44
(in Chinese)

2. Yamamoto K, Hiasa M, Mahmood T, Matsuo T. Direct solid-liquid
separation using hollow fiber membrane in an activated sludge
aeration tank. Water Science and Technology, 1989, 21: 43-54

3.He Y L, Xu P, Li C J, Zhang B. High-concentration food
wastewater treatment by an anaerobic membrane bioreactor. Water
Research, 2005, 39: 41104118

4. Xu M, Wen X, Huang X, Li Y. Membrane fouling control in an
anaerobic membrane bioreactor coupled with online ultrasound
equipment for digestion of waste activated sludge. Separation
Science and Technology, 2010, 45: 941-947

5. Zhang F, Jing W H, Xing W H, Xu N P. Experiment and
calculation of filtration processes in an external-loop airlift ceramic
membrane bioreactor. Chemical Engineering Science, 2009, 64:
2859-2865

6. Tian K J, Liu X A, Jiang T, Kennedy M D, Schippers J C,
Vanrolleghem P A. Modelling the biological performance of a
side-stream membrane bioreactor using ASMI1. Journal of
Environmental Sciences, 2004, 16: 1020-1023

7. Yang Q, Huang X, Shang H T, Wen X H, Qian Y. Resistance
analyses for recirculated membrane bioreactor. Environmental
Science, 2006, 27: 2344-2349 (in Chinese)

8. Fan B, Huang X. Characteristics of a self-forming dynamic
membrane coupled with a bioreactor for municipal wastewater
treatment. Environmental Science & Technology, 2002, 36: 5245—
5251

9. Fan B, Huang X, Wen X, Yu Y. Filtration capability of the bio-
dynamic membrane. Environmental Science, 2003, 24: 91-97 (in



10.

12.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

Xia HUANG et al. Recent advances in MBR technology for wastewater treatment in China

Chinese)

Wu 'Y, Huang X, Wen X, Chen F. Function of dynamic membrane
in self-forming dynamic membrane coupled bioreactor. Water
Science and Technology, 2005, 51: 107-114

. WuY X, Cai Q, Zhou X H, Huang X, Shi H C. Characteristics of

dynamic membrane based on oxygen microelectrode. Environ-
mental Science, 2005, 26: 113-116 (in Chinese)

Chu H Q, Cao D W, Jin W, Dong B Z. Characteristics of bio-
diatomite dynamic membrane process for municipal wastewater
treatment. Journal of Membrane Science, 2008, 325: 271-276

. YeM S, Zhang HM, Yang F L. Experimental study on application

of the boundary layer theory for estimating steady aeration
intensity of precoated dynamic membrane bioreactors. Desalina-
tion, 2008, 230: 100-112

Yang Q, Shang H T, Wang J L. Treatment of municipal wastewater
by membrane bioreactor: a pilot study. International Journal of
Environment and Pollution, 2009, 38: 280-288

Liu HB, Yang C Z, Pu W H, Zhang J D. Removal of nitrogen from
wastewater for reusing to boiler feed-water by an anaerobic/
aerobic/membrane bioreactor. Chemical Engineering Journal,
2008, 140: 122-129

Wei C H, Huang X, Wen X H. Pilot study on municipal wastewater
treatment by a modified submerged membrane bioreactor. Water
Science and Technology, 2006, 53: 103—110

Wang Z W, Wu Z C. Distribution and transformation of molecular
weight of organic matters in membrane bioreactor and conven-
tional activated sludge process. Chemical Engineering Journal,
2009, 150: 396402

. DuC, Wu Z B, Xiao E R, Zhou Q H, Cheng S P, Liang W, He F.

Bacterial diversity in activated sludge from a consecutively aerated
submerged membrane bioreactor treating domestic wastewater.
Journal of Environmental Sciences, 2008, 20: 1210-1217

Liu R, Huang X, Chen L J, Wang C W, Qian Y. A pilot study on a
submerged membrane bioreactor for domestic wastewater treat-
ment. Journal of Environmental Science and Health Part A, 2000,
35: 1761-1772

Wang X M, Waite T D. Role of gelling soluble and colloidal
microbial products in membrane fouling. Environmental Science
& Technology, 2009, 43: 9341-9347

Yang L, Wei C H, Huang X, Wang B Q. Pilot study on
simultaneous nitrogen and phosphorus removal in submerged
membrane bioreactor treating municipal wastewater. China Water
and Wastewater, 2006, 22: 13—17 (in Chinese)

Cao B, Huang X, Kitanaka A, Yang Y F, Yang D L. Pilot test on
enhanced biological nitrogen and phosphorus removal by using
A,/O-MBR. China Water and Wastewater, 2007, 23: 22-26 (in
Chinese)

AnY'Y, Yang F L, Chua H C, Wong F S, Wu B. The integration of
methanogenesis with shortcut nitrification and denitrification in a
combined UASB with MBR. Bioresource Technology, 2008, 99:
3714-3720

Zhang HM, Xiao J N, Cheng Y J, Liu L F, Zhang X W, Yang F L.
Comparison between a sequencing batch membrane bioreactor and
a conventional membrane bioreactor. Process Biochemistry, 2006,
41: 87-95

He S B, Xue G, Wang B Z. Factors affecting simultaneous

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

267

nitrification and de-nitrification (SND) and its kinetics model in
membrane bioreactor. Journal of Hazardous Materials, 2009, 168:
704-710

Meng Q J, Yang F L, Liu L F, Meng F G. Effects of COD/N ratio
and DO concentration on simultaneous nitrification and denitrifi-
cation in an airlift internal circulation membrane bioreactor.
Journal of Environmental Sciences, 2008, 20: 933-939

Yang S, Yang F L, Fu Z M, Lei R B. Comparison between a
moving bed membrane bioreactor and a conventional membrane
bioreactor on organic carbon and nitrogen removal. Bioresource
Technology, 2009, 100: 2369-2374

Wang J F, Wang X, Zhao Z G, Li J] W. Organics and nitrogen
removal and sludge stability in aerobic granular sludge membrane
bioreactor. Applied Microbiology and Biotechnology, 2008, 79:
679-685

Xia S B, Jiang L J, Wang H W, Zhang Z J. Enhanced biological
phosphorus removal in a novel sequencing membrane bioreactor
with gravitational filtration (GFS-MBR). Desalination and Water
Treatment, 2009, 9: 259-262

Wang Y L, Yu S L, Shi W X, Bao R L, Zhao Q, Zuo X T.
Comparative performance between intermittently cyclic activated
sludge-membrane bioreactor and anoxic/aerobic-membrane bior-
eactor. Bioresource Technology, 2009, 100: 3877-3881

Zhang Z, Huang X, Xiao K, Li H, Zhao X, Sha H, Zhang Y.
Enhanced phosphorus removal in biological nitrogen and phos-
phorus removal process using membrane bioreactor. Journal of
Tsinghua University, 2008, 48: 1472—1474, 1478 (in Chinese)
Zhang Z C, Huang X, Xiao K, Li H T, Xue T. Impact of sludge
retention time on enhanced biological phosphorus removal using
membrane bioreactor. In: 2nd IWA-ASPIRE conference &
exhibition 2007, Perth

LuXJ,LiSJ,LiuL X, LiY S, Zhang B P. Experimental study on
enhanced removal of nitrogen and phosphorus by integrated
membrane bioreactor. China Water and Wastewater, 2008, 24: 7—
10 (in Chinese)

Dai W C, Zhang H M, Xiao J N, Yang F L, Zhang X W, Zhang X
Y. Enrichment of denitrifying phosphate accumulating organisms
in sequencing batch membrane bioreactors. Environmental
Science, 2007, 28: 517-521 (in Chinese)

Zhang H M, Xiao J N, Cheng Y J, Zhang X W, Yang F L.
Comparing experiments on enhancing nitrogen and phosphorus
removal in membrane bioreactor. Acta Scientiae Circumstantiae,
2005, 25: 242-248 (in Chinese)

Zhang Z C, Huang X, Yang H J, Xiao K, Luo X, Shang H, Chen Y
M. Study on P forms in extracellular polymeric substances in
enhanced biological phosphorus removal sludge by 3'P_NMR
spectroscopy. Spectroscopy and Spectral Analysis, 2009, 29: 236—
239 (in Chinese)

Hens M, Merckx R. The role of colloidal particles in the speciation
and analysis of “dissolved” phosphorus. Water Research, 2002, 36:
1483-1492

Zhang Z C. Characteristics of biological phosphorus removel
process using membrane bioreactor. Dissertation for the Doctoral
Degree. Beijing: Tsinghua University, 2008 (in Chinese)

Yuan L M, Zhang C Y, Zhang Y Q, Ding Y, Xi D L. Biological
nutrient removal using an alternating of anoxic and anaerobic



268

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Front. Environ. Sci. Engin. China 2010, 4(3): 245271

membrane bioreactor (AAAM) process. Desalination, 2008, 221:
566575

CuiZG,LiSY, XialJ L, Xue T, Huang X. Enhanced phosphorus
removal in membrane bioreactor combined with electrocoagula-
tion. China Water and Wastewater, 2009, 25: 1—4 (in Chinese)
Wu J, Li H, Huang X. Indigenous somatic coliphage removal from
a real municipal wastewater by a submerged membrane bioreactor.
Water Research, 2010, 44: 1853—1862

Lv W, Zheng X, Yang M, Zhang Y, Liu Y, Liu J X. Virus removal
performance and mechanism of a submerged membrane bioreactor.
Process Biochemistry, 2006, 41: 299-304

Zheng X, Lu W Z, Yang M, Liu J X. Evaluation of virus removal in
MBR using coliphages T4. Chinese Science Bulletin, 2005, 50:
862-867

Zheng X, Liu J X. Virus rejection with two model human enteric
viruses in membrane bioreactor system. Science in China Series B,
2007, 50: 397404

Wang X M, Waite T D. Impact of gel layer formation on colloid
retention in membrane filtration processes. Journal of Membrane
Science, 2008, 325: 486-494

Wang X M, Waite T D. Gel layer formation and hollow fiber
membrane filterability of polysaccharide dispersions. Journal of
Membrane Science, 2008, 322: 204213

Zhou H, Huang X, Gao M, Wang X, Wen X. Distribution and
elimination of polycyclic musks in three sewage treatment plants of
Beijing, China. Journal of Environmental Sciences, 2009, 21: 561—
567

Zhou H, Huang X, Wang X, Zhi X, Yang C, Wen X, Wang Q,
Tsuno H, Tanaka H. Behaviour of selected endocrine-disrupting
chemicals in three sewage treatment plants of Beijing, China.
Environmental Monitoring and Assessment, 2010, 161: 107-121
Routledge E J, Sheahan D, Desbrow C, Brighty G C, Waldock M,
Sumpter J P. Identification of estrogenic chemicals in STW
effluent. 2. In vivo responses in trout and roach. Environmental
Science & Technology, 1998, 32: 1559-1565

Chen J H, Huang X, Lee D J. Bisphenol A removal by a membrane
bioreactor. Process Biochemistry, 2008, 43: 451-456

Chen J H, Huang X, Li S Y, Wen X H, Qiao D L. Comparison of
bisphenol A (BPA) and nonylphenol ethoxylate (NP#EO) removal
with a membrane bioreactor versus a conventional activated sludge
reactor. Acta Scientiae Circumstantiae, 2008, 28: 433—439 (in
Chinese)

Zhou Y J, Huang X, Zhou H D, Chen J H, Xue W C. Removal of
typical endocrine disrupting chemicals by membrane bioreactor: In
comparison with sequencing batch reactor. Water Science and
Technology (in press)

Zhou H D, Huang X, Wang X L, Wen X H. Evaluation of
estrogenicity of sewage samples from Beijing, China. Environ-
mental Science, 2009, 30: 3590-3595 (in Chinese)

Wu CY, Xue W C, Zhou H D, Huang X, Wen X H. Removal of
endocrine disrupting chemicals (EDCs) in a large scale membrane
bioreactor plant combined with anaerobic-anoxic-oxic process for
municipal wastewater reclamation. Water Science and Technology
(in press)

Burkhard L P. Estimating dissolved organic carbon partition
coefficients for nonionic organic chemicals. Environmental

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Science & Technology, 2000, 34: 4663-4668

Chen J H, Zhou Y J, Huang X, Tsuno H. The behavior of
nonylphenol ethoxylate in MBR and CASR. China Environmental
Science, 2008, 28: 501-506 (in Chinese)

Zhao W T, Huang X, Lee D J. Enhanced treatment of coke plant
wastewater using an anaerobic-anoxic-oxic membrane bioreactor
system. Separation and Purification Technology, 2009, 66: 279—
286

Zhang Y Z, Ma C M, Ye F, Kong Y, Li H. The treatment of
wastewater of paper mill with integrated membrane process.
Desalination, 2009, 236: 349-356

Zheng X, Liu J X. Dyeing and printing wastewater treatment using
a membrane bioreactor with a gravity drain. Desalination, 2006,
190: 277-286

Wang Y, Huang X, Yuan Q. Nitrogen and carbon removals from
food processing wastewater by an anoxic/aerobic membrane
bioreactor. Process Biochemistry, 2005, 40: 1733—1739

Zhang ST, Yang F L, Liu Y H, Zhang X W, Yamada Y, Furukawa
K. Performance of a metallic membrane bioreactor treating
simulated distillery wastewater at temperatures of 30 to 45 degrees
C. Desalination, 2006, 194: 146—155

Chen Z B, Hu D X, Ren N Q, Zhang Z P. Simultaneous removal of
organic substances and nitrogen in pilot-scale submerged mem-
brane bioreactors treating digested traditional Chinese medicine
wastewater. International Biodeterioration and Biodegradation,
2008, 62: 250-256

Chen Z, Ren N, Wang A, Zhang Z P, Shi Y. A novel application of
TPAD-MBR system to the pilot treatment of chemical synthesis-
based pharmaceutical wastewater. Water Research, 2008, 42:
3385-3392

Han W Q, Wang L J, Sun X Y, Li J S. Treatment of bactericide
wastewater by combined process chemical coagulation, electro-
chemical oxidation and membrane bioreactor. Journal of Hazar-
dous Materials, 2008, 151: 306-315

ShenJ Y, He R, Han W Q, Sun X Y, LiJ S, Wang L J. Biological
denitrification of high-nitrate wastewater in a modified anoxic/
oxic-membrane bioreactor (A/O-MBR). Journal of Hazardous
Materials, 2009, 172: 595-600

FuZ M, Yang F L, Zhou F F, Xue Y. Control of COD/N ratio for
nutrient removal in a modified membrane bioreactor (MBR)
treating high strength wastewater. Bioresource Technology, 2009,
100: 136-141

Zhang Y X, Zhou J T, Zhang J S, Yuan S Z. An innovative
membrane bioreactor and packed-bed biofilm reactor combined
system for shortcut nitrification-denitrification. Journal of
Environmental Sciences, 2009, 21: 568-574

Xu'Y, Zhou Y, Wang D, Chen S, Liu J, Wang Z. Occurrence and
removal of organic micropollutants in the treatment of landfill
leachate by combined anaerobic-membrane bioreactor technology.
Journal of Environmental Sciences, 2008, 20: 1281-1287

Wen X H, Ding H J, Huang X, Liu R P. Treatment of hospital
wastewater using a submerged membrane bioreactor. Process
Biochemistry, 2004, 39: 1427-1431

Liu R, Huang X, Chen L, Wen X, Qian Y. Operational
performance of a submerged membrane bioreactor for reclamation
of bath wastewater. Process Biochemistry, 2005, 40: 125-130



71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

3.

84.

85.

86.

87.

Xia HUANG et al. Recent advances in MBR technology for wastewater treatment in China

Liu C, Huang X. Enhanced atrazine removal using membrane
bioreactor bioaugmented with genetically engineered microorgan-
ism. Frontiers of Environmental Science & Engineering in China,
2008, 2: 452-460

Liu C, Huang X, Wang H. Start-up of a membrane bioreactor
bioaugmented with genetically engineered microorganism for
enhanced treatment of atrazine containing wastewater. Desalina-
tion, 2008, 231: 12-19

Liu C, Huang X, Yang J-L. Leakage and survival of genetically
engineered microorganism in the environment applied for waste-
water bioaugmentation treatment. Environmental Science, 2008,
29: 25712575 (in Chinese)

Le Clech P, Chen V, Fane T A G. Fouling in membrane bioreactors
used in wastewater treatment. Journal of Membrane Science, 2006,
284: 17-53

YuHY,LiuLQ, Tang Z Q, Yan M G, Gu J S, Wei X W. Mitigated
membrane fouling in an SMBR by surface modification. Journal of
Membrane Science, 2008, 310: 409417

Yu HY, Xu Z K, Lei H, Hu M X, Yang Q. Photoinduced graft
polymerization of acrylamide on polypropylene microporous
membranes for the improvement of antifouling characteristics in
a submerged membrane-bioreactor. Separation and Purification
Technology, 2007, 53: 119-125

Judd S. The MBR book: Principles and applications of membrane
bioreactors in water and wastewater treatment. 1st ed. London:
Elsevier, 2006

YuHY, XuZK, Yang Q, HuM X, Wang S Y. Improvement of the
antifouling characteristics for polypropylene microporous mem-
branes by the sequential photoinduced graft polymerization of
acrylic acid. Journal of Membrane Science, 2006, 281: 658—665
Zhan J, Liu Z, Wang B, Ding F. Modification of a membrane
surface charge by a low temperature plasma induced grafting
reaction and its application to reduce membrane fouling. Separa-
tion Science and Technology, 2004, 39: 2977-2995

Meng F G, Zhang H M, Yang F L, Liu L F. Characterization of
cake layer in submerged membrane bioreactor. Environmental
Science & Technology, 2007, 41: 4065-4070

Liang S, Liu C, Song L F. Soluble microbial products in membrane
bioreactor operation: Behaviors, characteristics, and fouling
potential. Water Research, 2007, 41: 95-101

Shen Y X, Zhao W T, Xiao K, Huang X. A systematic insight into
fouling propensity of soluble microbial products in membrane
bioreactors based on hydrophobic interaction and size exclusion.
Journal of Membrane Science, 2010, 346: 187—193

Rosenberg M, Gutnick D, Rosenberg E. Adherence of bacteria to
hydrocarbons: A simple method for measuring cell-surface
hydrophobicity. FEMS Microbiology Letters, 1980, 9: 29-33

Ji J, Qiu J, Wai N, Wong F-S, Li Y. Influence of organic and
inorganic flocculants on physical-chemical properties of biomass
and membrane-fouling rate. Water Research, 2010, 44: 1627-1635
Wu J, Huang X. Effect of mixed liquor properties on fouling
propensity in membrane bioreactors. Journal of Membrane
Science, 2009, 342: 88-96

Hunter R J. Zeta potential in colloid science: Principles and
applications. London: Academic Press, 1981

Zhang H F. Impact of Soluble Microbial Products and Extracellular

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

269

Polymeric Substances on Filtration Resistance in a Membrane
Bioreactor. Environmental Engineering Science, 2009, 26: 1115—
1122

Zhao W T, Shen Y X, Xiao K, Huang X. Fouling characteristics in
a membrane bioreactor coupled with anaerobic—anoxic—oxic
process for coke wastewater treatment. Bioresource Technology,
2010, 101: 38763883

Xiao K, Wang X, Huang X, Waite T D, Wen X. Analysis of
polysaccharide, protein and humic acid retention by microfiltration
membranes using Thomas’ dynamic adsorption model. Journal of
Membrane Science, 2009, 342: 22-34

Liu R, Huang X, Sun Y F, Qian Y. Hydrodynamic effect on sludge
accumulation over membrane surfaces in a submerged membrane
bioreactor. Process Biochemistry, 2003, 39: 157-163

Gui P, Huang X, Chen Y, Qian Y. Effect of operational parameters
on sludge accumulation on membrane surfaces in a submerged
membrane bioreactor. Desalination, 2003, 151: 185-194

Wen C, Huang X, Qian Y. Domestic wastewater treatment using an
anaerobic bioreactor coupled with membrane filtration. Process
Biochemistry, 1999, 35: 335-340

Wei C H, Huang X, Zhao S G, Wen X H. Operating characteristics
of submerged membrane bioreactor at sub-critical Flux. China
Water and Wastewater, 2004, 20: 10-13 (in Chinese)

Lu Y, Ding Z, Liu L, Wang Z, Ma R. The influence of bubble
characteristics on the performance of submerged hollow fiber
membrane module used in microfiltration. Separation and
Purification Technology, 2008, 61: 89-95

Huang X, Wei C H, Yu K C. Mechanism of membrane fouling
control by suspended carriers in a submerged membrane
bioreactor. Journal of Membrane Science, 2008, 309: 7-16

Gui P, Huang X, Chen Y, Wen X H, Qian Y. Influence of the
operation parameters on membrane filtration. Environmental
Science, 1999, 20: 38—41 (in Chinese)

Zheng X, Fan Y B, Wei Y S. A pilot scale anoxic/oxic membrane
bioreactor (A/O MBR) for woolen mill dyeing wastewater
treatment. Journal of Environmental Sciences, 2003, 15: 449-455
Jiang T, Kennedy M D, Guinzbourg B F, Vanrolleghem P A,
Schippers J C. Optimising the operation of a MBR pilot plant by
quantitative analysis of the membrane fouling mechanism. Water
Science and Technology, 2005, 51: 19-25

Lei S, Lin W, Xinyan Y. Low temperature influence on package
membrane bioreactor (MBR) operation in remote mountain areas.
In: 3rd International Conference on Bioinformatics and Biomedical
Engineering 2009, Beijing

Dong B Z, Chen Y, Gao N Y, Fan J C. Effect of pH on UF
membrane fouling. Desalination, 2006, 195: 201-208

Meng F, Shi B, Yang F, Zhang H. Effect of hydraulic retention time
on membrane fouling and biomass characteristics in submerged
membrane bioreactors. Bioprocess and Biosystems Engineering,
2007, 30: 359-367

Zhang J S, Chuan C H, Zhou J T, Fane A G. Effect of sludge
retention time on membrane bio-fouling intensity in a submerged
membrane bioreactor. Separation Science and Technology, 2006,
41: 1313-1329

BuQJ,Zhu H T, Wen X H, Huang X. Study on effect of membrane
fiber length on critical flux in a novel membrane bioreactor. Acta



270

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Front. Environ. Sci. Engin. China 2010, 4(3): 245-271

Scientiae Circumstantiae, 2008, 28: 446451 (in Chinese)

Yu K C, Wen X H, Bu Q J, Huang X. Critical flux enhancements
with air sparging in axial hollow fibers cross-flow microfiltration of
biologically treated wastewater. Journal of Membrane Science,
2003, 224: 69-79

Wu J, Chen F, Huang X, Geng W, Wen X. Using inorganic
coagulants to control membrane fouling in a submerged membrane
bioreactor. Desalination, 2006, 197: 124-136

Wu J, Huang X. Effect of dosing polymeric ferric sulfate on fouling
characteristics, mixed liquor properties and performance in a long-
term running membrane bioreactor. Separation and Purification
Technology, 2008, 63: 45-52

Cao X X, Wei C H, Huang X. Study on effect of powdered
activated carbon on the fouling in a submerged membrane
bioreactor. Acta Scientiae Circumstantiae, 2005, 25: 1443-1447
(in Chinese)

Wei C H, Huang X, Wang C W, Wen X H. Effect of a suspended
carrier on membrane fouling in a submerged membrane bioreactor.
Water Science and Technology, 2006, 53: 211-220

Yang Q Y, Yang T, Wang H J, Liu K Q. Filtration characteristics of
activated sludge in hybrid membrane bioreactor with porous
suspended carriers (HMBR). Desalination, 2009, 249: 507-514
Yang Q Y, Chen J H, Zhang F. Membrane fouling control in a
submerged membrane bioreactor with porous, flexible suspended
carriers. Desalination, 2006, 189: 292-302

Meng F G, Chae S R, Drews A, Kraume M, Shin H S, Yang F L.
Recent advances in membrane bioreactors (MBRs): Membrane
fouling and membrane material. Water Research, 2009, 43: 1489—
1512

Wang X M, Li X Y, Huang X. Membrane fouling in a submerged
membrane bioreactor (SMBR): Characterisation of the sludge cake
and its high filtration resistance. Separation and Purification
Technology, 2007, 52: 439445

Meng F, Drews A, Mehrez R, Iversen V, Ernst M, Yang F, Jekel M,
Kraume M. Occurrence, source, and fate of dissolved organic
matter (DOM) in a pilot-scale membrane bioreactor. Environ-
mental Science & Technology, 2009, 43: 8821-8826

Ni B J, Zeng R J, Fang F, Xie W M, Sheng G-P, Yu H-Q.
Fractionating soluble microbial products in the activated sludge
process. Water Research, 2010, 44: 2292-2302

Wang Z W, Wu Z C, Tang S J. Extracellular polymeric substances
(EPS) properties and their effects on membrane fouling in a
submerged membrane bioreactor. Water Research, 2009, 43: 2504—
2512

Meng F, Zhang H, Yang F, Zhang S, Li Y, Zhang X. Identification
of activated sludge properties affecting membrane fouling in
submerged membrane bioreactors. Separation and Purification
Technology, 2006, 51: 95-103

Yang F L, Shi B Q, Meng F G, Zhang H M. Membrane fouling
behavior during filtration of sludge supernatant. Environmental
Progress, 2007, 26: 86-93

Wang Z W, Wu Z C, Tang S J. Characterization of dissolved
organic matter in a submerged membrane bioreactor by using
three-dimensional excitation and emission matrix fluorescence
spectroscopy. Water Research, 2009, 43: 1533-1540

Wang Z W, Wu Z C, Yin X, Tian L M. Membrane fouling in a

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

submerged membrane bioreactor (MBR) under sub-critical flux
operation: Membrane foulant and gel layer characterization.
Journal of Membrane Science, 2008, 325: 238-244

Huang X, Liu R, Qian Y. Behaviour of soluble microbial products
in a membrane bioreactor. Process Biochemistry, 2000, 36: 401—
406

Belfort G, Davis R H, Zydney A L. The behavior of suspensions
and macromolecular solutions in crossflow microfiltration. Journal
of Membrane Science, 1994, 96: 1-58

Hermia J. Constant pressure blocking filtration laws—application
to power-law non-newtonian fluids. Transactions of the Institution
of Chemical Engineers, 1982, 60: 183—187

Hermans P H, Bredée H L. Principles of the mathematical
treatment of constant-pressure filtration. Journal of the Society of
Chemical Industry, 1936, 55: 1T-4T

Hlavacek M, Bouchet F. Constant flowrate blocking laws and an
example of their application to dead-end microfiltration of protein
solutions. Journal of Membrane Science, 1993, 82: 285-295
Tang C'Y, Leckie J O. Membrane independent limiting flux for RO
and NF membranes fouled by humic acid. Environmental Science
& Technology, 2007, 41: 47674773

Thomas H C. Heterogeneous ion exchange in a flowing system.
Journal of the American Chemical Society 1944, 66: 1664—1666
Thomas H C. Chromatography: A problem in kinetics. Annals
New York Academy of Sciences, 1948, 49: 161-182

van Oss C J. Interfacial forces in aqueous media. 2nd ed. Boca
Raton: Taylor & Francis, 2006

YuHY,LiuL Q, Tang Z Q, Yan M G, Gu J S, Wei X W. Surface
modification of polypropylene microporous membrane to improve
its antifouling characteristics in an SMBR: Air plasma treatment.
Journal of Membrane Science, 2008, 311: 216-224

YuHY,He XC,LiuL Q,GulJ S, Wei X W. Surface modification
of poly(propylene) microporous membrane to improve its
antifouling characteristics in an SMBR: O, plasma treatment.
Plasma Processes and Polymers, 2008, 5: 84-91

YuHY,He XC, LiuL Q, GuJ S, Wei X W. Surface modification
of polypropylene microporous membrane to improve its antifoul-
ing characteristics in an SMBR: N, plasma treatment. Water
Research, 2007, 41: 47034709

YuHY, Xie Y, Hu M X, Wang J L, Wang S Y, Xu Z K. Surface
modification of polypropylene microporous membrane to improve
its antifouling property in MBR: CO, plasma treatment. Journal of
Membrane Science, 2005, 254: 219-227

YuHY, Tang Z Q, Huang L, Cheng G, Li W, Zhou J, Yan M G, Gu
J'S, Wei X W. Surface modification of polypropylene macroporous
membrane to improve its antifouling characteristics in a submerged
membrane-bioreactor: H,O plasma treatment. Water Research,
2008, 42: 43414347

Yo HY, Hu M X, Xu Z K, Wang J L, Wang S Y. Surface
modification of polypropylene microporous membranes to
improve their antifouling property in MBR: NHj3 plasma treatment.
Separation and Purification Technology, 2005, 45: 8—15
XieYJ,YuHY, Wang S Y, Xu Z K. Improvement of antifouling
characteristics in a bioreactor of polypropylene microporous
membrane by the adsorption of Tween 20. Journal of Environ-
mental Sciences, 2007, 19: 1461-1465



136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Xia HUANG et al. Recent advances in MBR technology for wastewater treatment in China

Li L, Yin Z, Li F, Xiang T, Chen Y, Zhao C. Preparation and
characterization of poly(acrylonitrile-acrylic acid-N-vinyl pyrroli-
dinone) terpolymer blended polyethersulfone membranes. Journal
of Membrane Science, 2010, 349: 5664

Zhao Y H, Qian Y L, Pang D X, Zhu B K, Xu Y Y. Porous
membranes modified by hyperbranched polymers II. Effect of the
arm length of amphiphilic hyperbranched-star polymers on the
hydrophilicity and protein resistance of poly(vinylidene fluoride)
membranes. Journal of Membrane Science, 2007, 304: 138-147
Liu F, Du C H, Zhu B K, Xu Y Y. Surface immobilization of
polymer brushes onto porous poly(vinylidene fluoride) membrane
by electron beam to improve the hydrophilicity and fouling
resistance. Polymer, 2007, 48: 2910-2918

Zhu L P, Dong HB, Wei X Z, Yi Z, Zhu B K, Xu Y Y. Tethering
hydrophilic polymer brushes onto PPESK membranes via surface-
initiated atom transfer radical polymerization. Journal of Mem-
brane Science, 2008, 320: 407415

Liu F, Xu Y Y, Zhu B K, Zhang F, Zhu L P. Preparation of
hydrophilic and fouling resistant poly(vinylidene fluoride) hollow
fiber membranes. Journal of Membrane Science, 2009, 345: 331—
339

Ma X, Su Y, Sun Q, Wang Y, Jiang Z. Preparation of protein-
adsorption-resistant polyethersulfone ultrafiltration membranes
through surface segregation of amphiphilic comb copolymer.
Journal of Membrane Science, 2007, 292: 116-124
LiJH,XuYY, Zhu L P, Wang J H, Du C H. Fabrication and
characterization of a novel TiO, nanoparticle self-assembly
membrane with improved fouling resistance. Journal of Membrane
Science, 2009, 326: 659-666

Luo M L, Zhao J Q, Tang W, Pu C S. Hydrophilic modification of
poly(ether sulfone) ultrafiltration membrane surface by self-
assembly of TiO, nanoparticles. Applied Surface Science, 2005,
249: 76-84

Wu G, Gan S, Cui L, Xu Y. Preparation and characterization of
PES/TiO, composite membranes. Applied Surface Science, 2008,
254: 7080-7086

Shi Q, Su'Y, Zhao W, Li C, Hu Y, Jiang Z, Zhu S. Zwitterionic
polyethersulfone ultrafiltration membrane with superior antifoul-
ing property. Journal of Membrane Science, 2008, 319: 271-278
Zhang Q, Zhang S, Dai L, Chen X. Novel zwitterionic poly(arylene
ether sulfone)s as antifouling membrane material. Journal of
Membrane Science, 2010, 349: 217-224

Wang T, Wang Y Q, Su Y L, Jiang Z Y. Antifouling ultrafiltration
membrane composed of polyethersulfone and sulfobetaine copo-
lymer. Journal of Membrane Science, 2006, 280: 343-350

He S B, Xue G, Kong H N. Zeolite powder addition to improve the
performance of submerged gravitation-filtration membrane bior-
eactor. Journal of Environmental Sciences, 2006, 18: 242-247
Dong B Z, Xia L H, Chen Y, Gao N Y, Fan J C. Improvement of
ultrafiltration membrane performance by powdered zeolite.
Technology of Water Treatment, 2006, 32: 8-11 (in Chinese)
LiYY, Zhao Y H, Yang J, Wang C Y, Xing L, Dong R J. Influence
of adding zeolite on membrane filtration resistance in MBR and its
decolorizing effect. China Water and Wastewater, 2008, 24: 49-51
(in Chinese)

Huang X, Wu J L. Improvement of membrane filterability of the

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Institute of Technology, Japan from 3/1995 to 3/1997 as an

271

mixed liquor in a membrane bioreactor by ozonation. Journal of
Membrane Science, 2008, 318: 210-216

Liu X, Chen F T, Huang X, Zhu S Q. On-line ultrasound on fouling
control of membrane bioreactor. China Environmental Science,
2008, 28: 517-521 (in Chinese)

Sui P, Wen X, Huang X. Feasibility of employing ultrasound for
on-line membrane fouling control in an anaerobic membrane
bioreactor. Desalination, 2008, 219: 203-213

Chen F T, Fan Z H, Wu J L, Huang X. Effects of online ultrasonic
cleaning on fouling control and mixed liquor properties in
membrane bioreactor. China Water and Wastewater, 2008, 24:
4044 (in Chinese)

Liu X, Chen F T, Huang X. Effect of on-line ultrasound on the
properties of activated sludge mixed liquor in a membrane
bioreactor. Acta Scientiae Circumstantiae, 2008, 28: 440—445 (in
Chinese)

Wen X, Sui P, Huang X. Exerting ultrasound to control the
membrane fouling in filtration of anaerobic activated slud-
ge—mechanism and membrane damage. Water Science and
Technology, 2008, 57: 773-779

Mo L, Huang X. Fouling characteristics and cleaning strategies in a
coagulation-microfiltration combination process for water purifica-
tion. Desalination, 2003, 159: 1-9

Yamamura H, Kimura K, Watanabe Y. Mechanism involved in the
evolution of physically irreversible fouling in microfiltration and
ultrafiltration membranes used for drinking water treatment.
Environmental Science & Technology, 2007, 41: 67896794
Zhang G, Liu Z. Membrane fouling and cleaning in ultrafiltration
of wastewater from banknote printing works. Journal of Membrane
Science, 2003, 211: 235-249

Chen J H, Huang X. Fouling reasons and cleaning methods of
nanofiltration membrane filtrated with the effluent of membrane
bioreactor. Environmental Science, 2008, 29: 24812487 (in
Chinese)

Morel F M M, Hering J G. Principles and applications of aquatic
chemistry. New York: John Wiley & Sons, Inc, 1993

Xia Huang received her PhD degree in
Environmental Chemistry and Engineering
from Tokyo Institute of Technology, Japan
in 1988. Then she joined the Department of
Environmental Science and Engineering,
Tsinghua University, and became associate
| professor in 1992 and got the full professor
. position in 1997. She worked in Department
of Ecological Engineering of Toyohashi

associated professor. She focuses on membrane based wastewater

treatment processes, microbial fuel cell for wastewater treatment and

electricity generation, and novel nitrogen and phosphorus removal
processes. She has published more than 100 papers in recent 5 years,
and was awarded Environ. Sci. Technol. 2009 best paper, the 2nd
Class of the State Science and Technology Progress Award twice and

several awards issued by Ministry of Education of China.



	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37
	bmkcit38
	bmkcit39
	bmkcit40
	bmkcit41
	bmkcit42
	bmkcit43
	bmkcit44
	bmkcit45
	bmkcit46
	bmkcit47
	bmkcit48
	bmkcit49
	bmkcit50
	bmkcit51
	bmkcit52
	bmkcit53
	bmkcit54
	bmkcit55
	bmkcit56
	bmkcit57
	bmkcit58
	bmkcit59
	bmkcit60
	bmkcit61
	bmkcit62
	bmkcit63
	bmkcit64
	bmkcit65
	bmkcit66
	bmkcit67
	bmkcit68
	bmkcit69
	bmkcit70
	bmkcit71
	bmkcit72
	bmkcit73
	bmkcit74
	bmkcit75
	bmkcit76
	bmkcit77
	bmkcit78
	bmkcit79
	bmkcit80
	bmkcit81
	bmkcit82
	bmkcit83
	bmkcit84
	bmkcit85
	bmkcit86
	bmkcit87
	bmkcit88
	bmkcit89
	bmkcit90
	bmkcit91
	bmkcit92
	bmkcit93
	bmkcit94
	bmkcit95
	bmkcit96
	bmkcit97
	bmkcit98
	bmkcit99
	bmkcit100
	bmkcit101
	bmkcit102
	bmkcit103
	bmkcit104
	bmkcit105
	bmkcit106
	bmkcit107
	bmkcit108
	bmkcit109
	bmkcit110
	bmkcit111
	bmkcit112
	bmkcit113
	bmkcit114
	bmkcit115
	bmkcit116
	bmkcit117
	bmkcit118
	bmkcit119
	bmkcit120
	bmkcit121
	bmkcit122
	bmkcit123
	bmkcit124
	bmkcit125
	bmkcit126
	bmkcit127
	bmkcit128
	bmkcit129
	bmkcit130
	bmkcit131
	bmkcit132
	bmkcit133
	bmkcit134
	bmkcit135
	bmkcit136
	bmkcit137
	bmkcit138
	bmkcit139
	bmkcit140
	bmkcit141
	bmkcit142
	bmkcit143
	bmkcit144
	bmkcit145
	bmkcit146
	bmkcit147
	bmkcit148
	bmkcit149
	bmkcit150
	bmkcit151
	bmkcit152
	bmkcit153
	bmkcit154
	bmkcit155
	bmkcit156
	bmkcit157
	bmkcit158
	bmkcit159
	bmkcit160
	bmkcit161



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e0020000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d00280063002900200032003000300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


