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Abstract: The application of membrane bioreactor (MBR) for wastewater treatment and reuse has received ample
scientific and industrial considerations due to its potential for improved effluent quality, strong anti-shock loading
capacity, less residual sludge and small footprint. Particularly in 2006, since the first operation of a large-scale MBR in
China, it's acceptability for wastewater reclamation had nearly tripled in recent years. This rigorous review work focus on
the overall operational chain for the MBR system with attention placed on the Chinese MBR market, fouling
characteristics, energy costs, and application trend in China. Recent developments in membrane materials,
compositions, and properties are summarized. Roles of cake-layer formation, extracellular polymeric substances (EPS)
and hydrodynamic effect on membrane fouling are critically assessed. Lastly, future perspective regarding long term
development of MBR applications in China and potential areas of fouling mitigation are identified.
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1. INTRODUCTION

The concept of submerged membranes bioreactors
(MBRs) was first introduced by Kazuo Yamamoto,
father of MBRs in 1990’s [1]. It later became one of the
best available technologies in wastewater treatment.
The exponential growth of membrane bioreactor
technology and market is currently creating a stir
globally as the prospect for wastewater reuse and
reclamation continues to build up pressure on existing
facilities.

In 1994, bench work on membrane bioreactor (MBR)
began in China [2] following an initial review work on
MBR published by Chen [3] in 1991. Sequel to that, a
group of scholars from the Dalian Institute of Chemical
Physics, Chinese Academy of Sciences published the
very first English journal article on membrane
bioreactor using a fermenter and a flat pervaporation
module for ethanol fermentation [4]. Since then, the
emergence and application of MBRs across China
have witnessed several landmarks, especially in the
treatment of polluted surface water (such as river and
rainwater runoff), municipal and industrial wastewater
[6]. Starting from the early 1990s, the growth and
application of MBR technology in China have
undergone different maturation stages from a
laboratory-scale operation capacity to large-scale
applications with current production capacity reaching
10°m® /day in 2015 [6].
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The rapid development of MBR in China is partly
due to increasing environmental demand, policy
formulation and market incentive. According to reports,
the government of China proposed in its 12™ National
Five-Year Plan to improve the amount of wastewater
reclaimed from roughly 10% in 2010 to around 15% in
2015 [7]. This projection will undeniably enhance the
relevance of MBR technology which boast of cleaner
effluent production and meets the high quality standard
requirement recently introduced by China Environmen-
tal Protection Administration (EPA) [8]. Compared with
conventional activated sludge (CAS] processes, MBR
possess better configuration which allows the
integration of an advanced membrane separation with
an activated sludge system, thus giving rise to an
independent control of the hydraulic residence time
(HRT) and sludge retention time (SRT) while retaining
a high concentration of sludge biomass in the reactors.
In addition, the MBR process features the ability to
reduce large quantities of residuals [9], smaller
footprint, better effluent quality [10] and induces the
potential to recover wastewater resource which is a
demerit of the CAS process [11]. To date, various
statutory laws and regulations have been released by
the Ministry of Environmental Protection, China to
heighten the input of MBR technologies for wastewater
reuse and to standardize membrane module production
among others [12, 13].

In this review, we attempt to present an in-depth
analysis of the overall operational chain for the MBR
system focusing on academic research, market
development, membrane materials and engineering,
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and industrial applications of MBR in China. In the
following, the fundamental aspects of MBR analysis
viz-a-viz energy cost will be reviewed. The individual
processes taking place in an MBR from changes in
membrane type to effluent output quality will be
described. Lastly, the main conclusions and future
perspectives are identified.

2. MBR SITUATION IN CHINA

2.1. Academic Research Progress of MBR in China

Notable increase in MBR research outputs from
Chinese authors written both in Chinese (Figure 1a)
and English (Figure 1b) emerged about the year 1995.
Since then, a huge amount of research work became
available owing to the insight obtained from their
publications. The databases of Web of Science, Weipu,
Wanfang, China National Knowledge Infrastructure
(CNKI), Elsevier Science Direct, Taylor & Francis,
American Chemical Society (ACS), Wiley
Interdisciplinary Reviews (WIREs), Springer Link, El
village, Pub Med, and Google Scholar were used for
the analysis. Moreover, a peak in Chinese MBR
publications was reached in 2010 after which the
number of articles published declined. This decline is
not unusual as many Chinese researchers became
more attracted to English publications which in recent
years have been the major trend in many academic
institutions across China. Besides, the sharp increase
of MBR English paper publications is simply a reflection
of the potentials of MBR prospect in China.

MBR Publications (in Chinese)

Figure 1a: Peer-reviewed articles (in Chinese) on membrane
bioreactor by Chinese authors, from 1995 to 2015 (up to April
2015).

500

400

300

200 -

MBR Publications (in English)

100

- & R Ry

o PP 1@“@,\@“ »°

A A
'\‘3%6 «991 \‘!Q‘W )

?’Q\Q 0»{]. Q:\D‘

43 ol o o
K Ll L
B T

Years

@\\.7. %0\@,1

Figure 1b: Peer-reviewed articles (in English) on membrane
bioreactor by Chinese authors, from 1995 to 2015 (up to April
2015).

The increasing number of international MBR patents
in the last ten years has completely revolutionized the
prospect of MBR technological application in China as
shown in Figure 2. This is clearly an indication of the
involvement of highly trained and qualified personnel
contributing their quota to the development of MBR
technology. Many of these projects were initiated by
the China Ministry of Science and Technology (MOST)
under the national 9" [14] and 12" “Five-year-plan” [7].
In recent years, increasing growth of membrane and
MBR module manufacturing companies in China
generated fierce competition amongst major players
stimulating the rise of novel MBR applications. Starting
from year 2006, less than 20 Chinese MBR patents
were available. At this time, the number of MBR
researchers began increasing and government
contribution to the MBR industry amplified. Also, the
number of available private and government owned
companies operating full-scale MBR processes were
on the rise. After that period, a geometric increase in
patented publications was witnessed, reaching a total
number of about 250 at the end of 2013.

The decreasing trend of patents amount seen in the
year 2014 could be similar to that observed between
year 2010 and 2012. This argument was put forward as
a result of the aggressive publication of patents within
few months into the year 2015 and the constantly
evolving MBR market in China as predicted by several
market indices [15, 16].
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Figure 2: Internationally patented MBR publications in China
since 2006 (up to April 2015).

2.2. MBR Market Analysis

2.2.1. MBR Market Share

Globally, MBR systems has been implemented in
more than 200 countries with an average growth rate of
approximately 12.7%, and global marketization of MBR
is expected to reach US$1.3 billion in 2015 [17].
However, according to recent report by Global Industry
Analyst (GIA], the MBR market growth is forecasted at
US$888 million by the year 2017, using municipal and
industrial end-user segments indices [18]. This decline
in capital projection could be as a result of the
economic recession experienced across the globe due
to current fall in oil prices. Steady growth of MBR
market is however expected as the economy of some
major player-countries remains unaffected (e.g China
and USA).

GIA further predict that China and Brazil will attain
the fastest growth rates within the given forecast
period. Sales and application of MBR have generally
grown faster than the GDPs of countries installing
them, as the case in China. In another related research
carried out by Transparency Market Research, analysts
predicted that by the end of 2019, MBR market will
reach a value of US$2.5 billion [19]. The global
membrane bioreactor market is currently reported to be
growing at a compound annual growth rate (CAGR) of
14.5% from 2013 to 2019 with municipal wastewater
treatment segment dominating at CAGR of 21.7% in
terms of volume [19]. By 2012, Asia Pacific region
recorded nearly 39% of the total market share while
Europe held 19%.

2.2.2. MBR Installations and Market Prediction

Data of the largest MBR plants in a survey of MBR
installations across the globe between year 2014 and
2017 are shown in Figure 3. A comparatively high rate
of expansion of MBR installation across the globe place
China as the world’s largest MBR market, with over 1.4
million m®/day installed capacity to date and has
730,000 m3/day of additional capacity in the planning
stages. Using the data equation obtained from
Business Communications Company Inc (now BCC
Research) and Srinivasan [16, 20], we predict the
global MBR market growth value from 2006 to 2020 as
shown in Figure 4. Moreover, we compare forecast
figures from Transparency Market Research with our
projection (using fitting data from Frost and Sullivan
(F&S) report [15]), the analysis show significant
correlation with predicted MBR market value for the
year 2019. Hence, we safely predict that the global
market cost of MBR will reach an estimated value of
US$ 2.7 billion by the year 2020.

Report from Frost and Sullivan research service on
China MBR outlook, predicted that the Chinese MBR
market is expected to reach $1.35 billion in 2017 at an
impressive compound annual growth rate of 28.9%
[15]. China, Asia Pacific and the Middle East are
anticipated to be the leading markets in the upcoming
years. Municipalities which are important large buyers
of MBR technology will be the driving forces in these
regions.
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Figure 3: World’'s Largest MBR plants in mega liters per day
[Sampled number of plant(s) in each country starting from
USA include; 3, 1,1, 1, 1, 13, 1, 1, in that order between year
2014 and 2017] (Source: The MBR Site [21]).
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Figure 4: MBR global market value projection (data equation
obtained from Frost and Sullivan (F&S), Business
Communication Company report and Srinivasan, 2007).

2.2.3. MBR Market Advancement in China

In a world of rapidly changing environmental,
industrial and market demands, an analysis of MBR
technological advancement in a country like China will
inevitably be a valuable tool. The evolution of MBR
market in China began in 1998 with the construction of
a municipal based wastewater treatment facility located
in Liaoning, a Northeastern province of China [22].
Following this event, a rapid expansion of the
technology occurred leading to development of some
large scale MBR project which entered the Chinese
market around 2004. The impetus for MBR market
growth has been attributed to water scarcity especially
in northern regions of China [23] and the promotion of
novel technologies stimulating practical applications of
MBR. Evidence of this was demonstrated during the
popularization of MBRs utility across the eutrophic
basins of Lake Dian and Tai adopted by Yunnan and
Jiangsu Provinces respectively. Another factor that has
contributed to MBR market growth is the geometric
increase in water prices owing to newly formulated
policies for water conservation [24].

According to the International Water Association
(IWA) reports in 2010, MBR membrane module
products is currently increasing by a factor of 3 to 5 per
year, and the market itself growing exponentially at a
rate between 115 and 13%. As novel products
continue to enter the market and fiercer competition
among key MBR contractors are being witnessed, the
growing trend in MBR marketization is expected to be
sustained in the coming years. Likewise, more stringent
regulations on wastewater reuse strategies will

inevitably surge up creating wider market for MBR
development in China and rest of the world.

2.3. MBR Plants in China

In China, a number of municipal and industrial scale

MBRs with a minimum design capacity =10,000 m3/day

has being in operation since 2006 [25]. The largest
operating capacity of newly constructed plants is
expected to reach = 2 x 10° m®/day between the year
2015 and 2017. The major players in this development
include the Fuzhou Yangli Wastewater Treatment Plant
(WWTP) Phase |V, installed by United Envirotech Ltd,
Wuhan Sanjintan WWTP constructed by Origin Water
Technology Co., Ltd, Macau WWTP situated in Macau
Special Administrative Region and the Shunyi WWTP
located in Beijing. Completed MBR project in year 2014
include; the Macau WWTP and the Chengdu
Qingbaijiang WWTP (Upgrade), both having capacity of
189,000 m®/day and 20,000 m*/day for municipal and
industrial wastewater treatment and reuse respectively.
The plants were constructed by GE Water Process
Technologies and Origin Water Technology Co., Ltd in
that order.

As at November, 2014, a Joint Venture (JV)
agreement between Beijing Drainage Group Co. Ltd (a
state-owned-enterprise) and United Envirotech Ltd
(UEL) was signed in the amount of RMB120 million
(US$ 19.1 million) to set up a new state-of-art
membrane manufacturing facility with an initial
membrane area capacity of 2 x10° m? assembled into
membrane modules. Memstar Pte Ltd and UEL were
the major membrane supplier and subsidiaries in the
deal. Table 1 illustrates representative large-scale MBR
installations for wastewater treatment in China since
2006. Approximately 56% of these plants are used for
the purpose of domestic/municipal wastewater
treatment while 37% are utilized in industrial
wastewater treatment. The remaining 7% proportion is
employed in treatment of polluted surface water.
Recently, Origin Water supplied its membrane products
for two prominent MBR projects in China: one for
municipal wastewater treatment with a designed
capacity of 200,000 m3/day and the other for surface
water treatment with a 50,000 m’/day capacity.
Interestingly, Chinese MBR providers such as Beijing
Origin Water have emerged as the chief threat to GE
Water’s global MBR position.
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Table 1: Summary Large-Scale MBR Plants and Membrane Suppliers for Wastewater Treatment in China Since 2006
Location MER Facilit Wastewater Ca?acity Membrane Suppliers/ MBR Comane:sr'oned Refere
Y type (m’/day) contractor® 1sst nces
I(Expected)
Beijing Miyun WWTP Municipal 45,000 Mitsubishi-Rayon/Origin water 2006 [26]
Inner Mongolia Jinggiao Power Plant WWTP Municipal 31,000 GE Zenon /Lucency 2006 [25]
Guangdong Xiaohu Island Petrochem. Petrochemical 10,000 Asahi Kasei /Novo 2006 [27]
Industrial Park
Guangdong Huizhou Petrochem. Engr. Corp. | Petrochemical 25,000 Asahi Kasei /Novo 2006 [25]
Hainan Hainan Petrochemical Engr. Petrochemical 12,000 Asahi Kasei /Novo 2006 [25]
Corp.
Beijing Huairou WWTP Municipal 35,000 Asahi Kasei/Origin water 2007 [28]
Beijing Beixiaohe WWTP Municipal 60,000 Siemens Memcor /Siemens 2007 [29]
(Phase 1)
Heilongjiang Harbin Petrochemical Petrochemical 10,000 Memstar/Novo 2007 [25]
Engineering Corporation
Guangdong Huizhou Tianxin Petrochem. Petrochemical 15,000 Asahi Kasei/ Novo 2007 [27]
Engr. Corp.
Tianjin Tianjin Airport Waste water Industrial 30,000 Tianjin Motimo 2007 [25]
system
Beijing Wenyu River Water Treatment | Polluted River | 100,000 Asahi Kasei/Origin water 2007 [25]
plant water
Beijing Pinggu WWTP Municipal 40,000 Asahi Kasei/Origin water 2008 [30]
Sichuan Chengdu Banknote printing Pulp and 10,000 Mitsubishi-Rayon 2008 [25]
complex wastewater system paper mill
Sichuan Sichuan Wenchuang WWTP Municipal 10,000 Memstar/Novo 2009 [30]
Shanxi Liulin WWTP Municipal 30,000 Asahi Kasei/Beijing E&E 2009 [30]
Jiangsu Wuxi Chengbei WWTP Municipal 50,000 Origin water/ Origin water 2009 [31]
Jiangsu Wuxi Shuofang WWTP Municipal 20,000 Mitsubishi-Rayon/ Origin water 2009 [32]
Jiangsu Wuxi Meicun WWTP Municipal 30,000 GE/BMEDI 2009 [33]
Jiangxi Jiujiang Petrochemical Engr. Municipal 12,000 Asahi Kasei /CSEP 2009 [30]
Corp.
Hubei Shiyan Shending River WWTP Municipal 110,000 Origin water /Origin water 2009 [28]
Jiangsu Jiangsu Dafenggang WWTP Pharmaceutic 10,000 Novo/Memstar 2009 [30]
al Industry
Jiangsu Jiangsu Tianxing Binjiang WWTP | Municipal & 30,000 Memstar/Novo 2009 [27]
(Phase ”) Chemical
Jiangsu Kunshan WWTP Municipal 15,000 GE/BCEED 2010 [30]
Guangdong Guangzhou Jingxi WWTP Municipal 100,000 Memstar/Novo 2010 [34]
Yunnan Kunming No.4 WWTP Municipal 60,000 Origin water /Origin water 2010 [35]
Jiangsu Wuxi Hudai WWTP Municipal 21,000 Origin water /Origin water 2010 [31]
Beijing Wenyu River Water treatment | Polluted River | 100,000 | Mitsubishi-Rayon / Origin water 2010 [6]
plant[Phase II) water
Jiangsu Kunshan banknote printing and Pulp and 9,000 Kubota /Poten Enviro 2011 [6]
minting paper mill
Xinjiang China Huadian Corporation Power plant 12,480 Asahi Kasei/CHEC water 2011 [6]
Changji power plant
Yunnan Kunming Luolonghe rainwater | Polluted River 50,000 Origin water /Origin water 2011 [6]
treatment plant water
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(Table 1). Contd.....
Location MBR Facility Wastewater | Capacity | Membrane Suppliers/ MBR Year Refere
type (m3/day) contractor® Commissioned | nces
I(Expected)
Inner Mongolia Hohhot Togtoh industrial park Pharmaceutic 20,000 | Mitsubishi-Rayon /United water 2011 [6]
WWTP (upgrade) al Industry
Jiangsu Yangzhou Qingshan WWTP Municipal & 40,000 Hyflux /Hyflux 2012 [6]
(Phase Il) Chemical
Zhejiang Orient Huagiang textile dyeing Textile dying 14,000 Tianjin Motimo/ Tianjin Motimo 2012 [6]
and printing
Beijing Qinghe WWTP Municipal 150,000 Origin water /Origin water 2012 [6]
(Phase Ill)
Liaoning Liaoyang Central District WWTP Municipal 80,000 Memstar /Novo 2012 [6]
(Upgrade)
Jiangsu Wuxi Chengbei WWTP (phase Municipal 20,000 Kubota /CERI 2012 [31]
V)
Ningxia China Shenhua Ningxia Coal Coal chemical 36,000 Canpure/WBD 2013 [6]
Industry Group
Yunnan Kunming No. 10 WWTP Municipal 150,000 Origin water /Origin water 2013 [6]
Beijing Daxing Huangcun WWTP Municipal 120,000 Origin water /Origin water 2013 [6]
(Upgrade)
Inner Mongolia China Shenhua Group Erdos Coal 9,840 Toray/Poten Enviro 2013 [6]
plant liquefaction
Jiangsu Nanjing Chengdong WWTP Municipal 150,000 Origin water /Origin water 2013 [6]
(Phase Ill)
Sichuan Chengdu Qingbaijiang WWTP Fine 20,000 GE/BEWG 2014 [6]
(Upgrade) chemicals
Jiangsu Nanjing East WWTP (Phase 3) Municipal 150,000 Origin water /Origin water 2014 [21)
Shandong Yantai Taoziwan WWTP Municipal 150,000 Origin water /Origin water 2014 [21)
Jilin Jilin WWPT (Phase 2) Municipal 150,000 Origin water /Origin water 2014 [21)
Hunan Changsha 2nd WWTP Municipal 140,000 Origin water /Origin water 2014 [21)
Hunan Zhuzhou Longquan WWTP Municipal 100,000 | Tianjin Motimo / Tianjin Motimo 2014 [6]
(Phase Ill)
Macau Macau WWTP - 189,000 GE Water / GE Water 2014 [21]
Fujian Fuzhou Yangli WWTP (Phase IV) Municipal 200,000 Memstar /United Enviro 2015 [6]
Jilin Jilin City WWTP (Phase |, Municipal 150,000 Origin water /Origin water 2015 [6]
upgrade)
Hubei Wuhan Sanjintan WWTP Municipal 200,000 Origin water /Origin water 2015 [21]
(Upgrade)
Shanxi Jinyang WWTP [Phase 1) Municipal 120,000 Origin water /Origin water 2015 [21]
Beijing Shunyi WWTP - 234,000 GE Water 2016 [21]
Guangdong Zhuhai Qianshan WWTP - 200,000 Origin water /Origin water 2016 [21]
Macau Special Macau WWTP - 210,000 GE Water 2017 [21]
Administrative
Region

— data unavailable, WWTP — Wastewater treatment plant, Engr. Corp. — Engineering Corporation.

3. ENGINEERING APPLICATIONS OF MBR

3.1. Industrial Wastewater Treatment

Application of membrane bioreactor in the treatment
of industrial wastewater is becoming popular as shown

in Table 1. Current hot topics include the application of
MBR for the treatment of hospital wastewater [36], oily
wastewater [37], landfill leachate wastewater [38], food-

processing wastewater

[39,

40],

pharmaceutical

wastewater [41, 42], petrochemical wastewater [43],
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printing and dyeing wastewater [44]. In addition, MBR
technology is widely used in high concentration organic
wastewater treatment, and industrial wastewater
containing refractory and intractable organics. A
comprehensive survey of MBR applications show that
the main application areas of MBR in industry focuses
on food, textile and chemical industrial wastewater all
of which accounts for a proportion of 18.8% each
(Figure 5]. MBR treatment of mechanical and paper
industrial wastewater are still being considered as
alternative. Tianjin Airport Waste water System was the
first industrial MBR project with a capacity of 30,000
m> /day, indicating the fast growth of MBR applications
in China. The success of these projects initiated a
blooming era for the application of super large-scale
MBRs in China as seen in Table 1.

Lately, the most popular direction for MBR
application in China is the treatment of food industrial
wastewater [45, 46]. Due to the teeming population of
China, a large amount of wastewater are daily released
by food processing industries which contains high
concentrations of COD and suspended solid (SS) [47].
Using anaerobic membrane bioreactor (AnMBR), COD
removal efficiency is generally greater than 90%
considering the characteristics of high organic influent
usually found in food industrial wastewater [48, 49].
This renders AnMBR a suitable treatment option.
Recalcitrant pollutants present in heavy industrial
discharges might be improperly removed using
conventional activated sludge system leading to
serious ecotoxicological and environmental damage to
host organisms. Therefore, the introduction of MBR
technologies in the Chinese industrial sector has

\:Au!umobile manufacturing WW
[[7] Textile industry WW

[-7] Petroleum industrial WW
[__]Food industrial Ww

] Electronic ww

[ ] Mechanical processing WW
|| Papermaking WW

[ ] chemical Industrial WW

18.74%

Figure 5: MBR treatment capacity of various industrial
wastewaters in China (Source: China water net survey data).

become a plausible development. In recent times, the
total large scale MBR design capacities installed
(including municipal, industrial and surface wastewater)
across China has exceeded a million cubic meter per
day accounting for approximately 1.4% of the total
wastewater treatment capacity in China (Figure 6).
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Figure 6: Full-scale capacity development of MBR
applications across the wastewater treatment industry in
China since 2006.

3.2. MBR Fundamental Research Designs

For any MBR design, useful knowledge about the
wastewater components is of great importance due to
substantial variation in wastewater characteristics [47].
Measurable features of industrial wastewaters includes
chemical oxygen demand (COD), biochemical oxygen
demand (BOD), suspended solids (SS), ammonium
nitrogen, heavy metals levels, turbidity, pH, color, and
biological parameter. Depending on the target
pollutants, different types of MBR designs have been
utilized for wastewater treatment some of which
include; hybrid growth membrane bioreactor (HG-MBR)
for treatment of mixed wastewater [50], membrane
distillation bioreactor (MDBR] which has the potential to
tap on waste heat generated in industries to produce
high quality product water [43], and submerged
membrane bioreactor (SAMBR) used especially for oily
wastewater treatment [51].

Others include biofiim membrane bioreactor
[BFMBR) employed to improve the process of
denitrification [52], biomass separation membrane
bioreactor (BSMBR) [53], and forward osmosis
membrane bioreactor (FOMBR) for production of high
quality permeate [54]. At the same time, two other
innovative processes such as the membrane enzyme
bioreactor (MEBR) for hydrolysis of special organic
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substances such as olive oil and whey protein and
membrane pervaporation bioreactor (MPBR) for volatile
organic wastewater treatment [55, 56]. Although, study
of all the types of MBR has been carried out, the
BSMBRs and SAMBR have successively been used in
commercial applications and the remaining types of
MBR are still at the level of lab-scale research.

3.3. Large Scale MBR Designs for Industrial
Wastewater Treatment

Full scale MBRs are commonly run conservatively
to avoid operational crisis. This is because, elaborate
utilization of MBR technology are not completely
immune to challenges such as increase of
transmembrane pressure (TMP] (a common indicator
of membrane fouling), high-energy consumption rate,
inadequate understanding of the complex biological
processes and membrane filtration phenomena which
are characteristics low points confronting further
development of the MBR process [57]. To combat
these issues, a number of MBR configuration have
been put to use including the submerged, external and
airlift MBR design (Figure 7).
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These designs, specifically the external MBR
configuration are tailored towards a direct
hydrodynamic control of membrane fouling and offer
the advantages of easier membrane replacement and
high flux production but at the expense of high energy
consumption [58]. The submerged MBR design tends
to overcome this disadvantage because it involves
lower operating cost and less rigorous cleaning [59].
The airlift MBR configuration modifies the deficiencies
of the previously discussed designs using the side-
stream air-lift principle to yield a robust framework for
energy optimization [60]. In China, all three
configurations have been used for treatment of
municipal wastewater, landfill leachate, industrial and
sewage wastewater [61, 62], though airlift configuration
has been little used. Until now, the industrial design
capacities of MBR applications across China continue
to increase compared with the overall MBR design
capacities (for municipal, industrial and surface water)
which is also gaining increasing popularity as shown in
Figure 8. A steady growth in industrial MBR design by
3% is expected before the end of 2015.
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Figure 7: Schematic representation of membrane bioreactor designs applied in China (a) external design (b) airlift design (c)

submerged design
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Figure 8: Full scale industrial MBR design capacity in relation
to total MBR design capacities installed in China since 2006

4, MEMBRANE PROPERTIES, FUNDAMENTALS
AND FOULING CHARACTERISTICS

4.1. Membrane Materials

The quest for better effluent quality and space
requirement in a rapidly developing country like China
have set the pace for improvement of membrane
materials and design in the modern day MBR system.
Determination of suitable membrane characteristics
such as the hydrophobicity/hydrophilicity, permeability,
nominal pore sizes, porosity, surface charges and
roughness has been extensively investigated since the
1990s [63]. Other properties like oleophobicity,
amphiphilicity, and specific pollutant rejection ability of
membranes are parameters believed to improve MBR
performance [64, 65]. Polymeric ultrafiltration
membranes of Polyvinylidene fluoride (PVDF),
Polyacrylonitrile (PAN) and Polyethersulfone (PES)
have been found to possess different characteristics
with respect to their different affinities for extra-
polymeric substances (EPS) [66]. This variation in
properties tend to improve the fouling resistance of the
membranes with PES been the least resistant and
hence, more research are currently performed to
mitigate this disadvantage due to the cheaper cost of
PES membranes.

Another advancement made in the development of
membrane for MBR is the fabrication of a composite
microfiltration membrane, prepared by blending
polyvinylidene fluoride (PVDF) and hydrophilic
graphene oxide (GO) nanosheets showing high
permeability over a long period of time and less
accumulation of extracellular polymeric substances
[67]. Recent development of advance filtration

membranes like the polymer-based membranes,
ceramic or inorganic membranes, and nano-composite
membranes for MBR applications have led to the re-
structuring of the MBR industries [68, 69], and thus
providing more ground for the rational use of the
technology in China. Inorganic membranes, such as
aluminum, zirconium, and titanium oxide, show better
hydraulic, thermal, and chemical resistance when used
as filters in MBR, though the cost implication is quite
high.

Yet, the prevailing membrane materials used for
MBR are the halogenated hydrocarbon polymers like
polyvinylidene fluoride (PVDF), due to their superior
properties in chemical tolerance, comparably low cost,
mechanical strength and biological stability [70]. PVDF
film materials are generally produced by wet spinning
and thermally induced two-phase separation modes
(phase-inversion method) [71, 72]. Wet spinning is a
relatively mature technology, accounting for 60% of the
MBR market capacity.

4.2. Membrane Module Configuration and
Manufacturers
Membrane configurations including flat-sheet,

tubular, and hollow-fiber which are the earliest module
design have been employed in municipal and industrial
wastewater treatment facilities in China (Figure 9).
Factors including high density packing, permeability
and brittleness of different membrane module
configurations have led to an integral development of
MBR in China. The Daya Bay Guangzhou
petrochemical project launched in 2000 by Asahi Kasei
was the first known membrane project produced by
thermally induced technique and their product
subsequently entered the Chinese market in 2005. The
most recent of all is the introduction of a relatively new
membrane  bioreactor (MBR) with membrane
accommodating carrier (MAC arrier), designed by GE’s
China Technology Center to help industries meet
stringent water discharge requirements and enable
greater water reuse, while achieving cost savings and
increased operating efficiency [73].

MBR with MACarrier (a carbon-based product)
combines a highly efficient MA Carrier with a special
type of membrane called the Zee Weed 500D
membranes (produced by GE Zenon, China). This
integration enhances the removal of recalcitrant
organics and toxicity and can achieve a chemical
oxygen demand (COD) reduction of more than 50
percent compared to a MBR without MA Carrier. One



38 International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 2

Abass et al.

of advantage of this novel technology is the ability of
the MA Carrier to be biologically regenerated in the
bioreactor which helps to cut down on operational
costs. Equally, increasing MBR requirement and high
import costs of membrane products effectively
promoted the development of native MBR
manufacturers as shown in Table 2.

B2 flat sheet
88 hollow fibre

BE= wbular
hollow fibre
83.3%

tubular
2.8%

flat sheet
13.9%

Figure 9: MBR module configuration utilize in China (Source:
China water net survey data).

4.3. Energy Consumption Analysis in MBR

Given that energy demand contributes significantly
to the running cost of an MBR system, it is therefore
important to optimize the process energy consumption

to make the technology more competitive [57]. Aeration
comprises more than 50% of the total energy
requirement in MBR process. Verrecht et al., [74],
conducted a model-based experiment to determine the
key parameters required for optimizing the energy
demand in MBR without compromising the nutrient
removal. The study revealed that decreasing
membrane aeration and sludge retention time (SRT)
were most beneficial for minimizing cost on energy
consumption, while increasing the recirculation flow led
to improved total nitrogen removal but also a gradual
deterioration in total phosphorus removal. Energy
consumption rates between 0.2 and 2.4 kWh/m® were
reported for submerged operation of municipal and
industrial wastewater treatments, and the aeration cost
accounted for more than 80%, whereas energy
consumption generated by permeate suction/permeate
back-flush accounted for less than 3% of total energy
consumption (75].

The most demanding apparatus regarding energy
consumption is the coarse bubble aerator followed by
the mixer. A trial operation was carried out on a MBR
pilot plant to decipher the main energy consuming
process [76], the study reveal that no significant
difference was observed when the mixing and re-
circulating pump time was reduced. In another study,
Zhang et al., [77], successfully applied an experimental
optimum bubbling regime in an MBR system to achieve
an effective and economical means of reducing the

Table 2: Main Membrane Manufacturers in China and their Corresponding MBR Module

Manufacturer Membrane Material* Module Pore Size (um)
SINAP, China PVDF Flat sheet 0.1
Shanghai Zizheng Environ., China PES Flat sheet 0.2
Jiangsu Lantian Peier, China PVDF Flat sheet 0.08-0.3
Zheda Hyflux Hualv, China PP Flat sheet 0.06-0.14
Liaoning Univ. of Petrol. Chem. Technol., China; Toray, Japan PVDF Flat sheet 0.1-0.4
Jiangsu Jiuwu Hi-Tech, Nanjing Univ. of Technol., China Ceramic Tubular 0.02-0.5
Litree, China PVDF & PVC Hollow fiber 0.02
Zhaojin Motian, China PP & PVDF Hollow fiber 0.2
Hangzhou Creflux, China PP Hollow fiber 0.1-0.2
Beijing Scinor, China PVDF Hollow fiber 0.1
Tianjin Motimo, China PVDF Hollow fiber =0.1
Origin Water, China PVDF Hollow fiber 0.3
Donghua Univ., China PVC Hollow fiber 0.2
Zheda Hyflux Hualv, China PP Hollow fiber 0.06-0.27

*PVDF - polyvinylidene fluoride, PVC — polyvinyl chloride, PP — polypropylene, PES — polyether-sulfone
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cost of energy consumption during non-aerating period
to prevent fouling. The energy consumption for side-
stream systems is usually two orders of magnitude
higher than that of submerged systems, and aeration
accounts for only about 20% of the total operation
costs, regardless of whether the system is used for
municipal or industrial wastewater treatments [78].
Generally, the external configuration provides more
direct hydrodynamic control of fouling, and offers the
advantages of easier membrane replacement and high
fluxes but at the expense of frequent cleaning and high
energy consumption (of the order 10 kWh/mS) [58].
Several distinct  advantages of  submerged
configuration are their much lower energy consumption
and fewer rigorous cleaning procedures, as well as the
milder operational conditions due to the lower
tangential velocities.

4.4. Hydrodynamic Relations

Since about 50-70% of energy consumption in MBR
operation is related to aeration, most of the recent
researches now focus on improving aeration efficiency
through a systematic understanding of the
hydrodynamic  conditions suitable for aeration
reduction. In a submerged MBR, an increase in
aeration produces a corresponding rise in shear stress
on the membrane surface, and eliminates the need for
a recirculation pump [79]. Aeration not only provides
oxygen to the biomass, but also maintains the solids in
suspension and scours the membrane surface to
reduce membrane fouling [80]. However, increasing
aeration intensity or flow velocity could increase energy
cost and disrupt sludge flocs, producing small-size
particles and releasing more extracellular polymeric
substances (EPS) that negatively impact membrane
fouling [81, 82]. In addition, under conditions of intense
aeration, solutes and colloids could be incorporated
onto the membrane surface becoming a major foulant.
This occur because, the resistance of solutes and
colloids is not effectively reduced by merely increasing
the shear stress [83, 84].

With respect to hydrodynamic settings, an increase
in cross flow velocity (CFV) result in increased shear
force causing a resultant reduction in floc sizes. This
effect creates a fluctuating increase and decrease of
the critical flux below which severe fouling (removal
and irremovable) in a given MBR filtration system will
not occur [85]. Typically, CFV values of 2-3 m/s are
sufficient to prevent the formation of reversible fouling
and have no obvious effect on microbial activity in
external MBRs [86].

4.5. Membrane Fouling in MBR

The complex nature of membrane foulants and
activated sludge handling remains a puzzle till date. It
represents one of the most challenging issues
constraining the extensive applications of MBRs.
Considering the complexity of activated sludge, it is not
surprising that the fouling behavior in MBRs is more
complicated than that in most membrane applications.
Sludge characteristics are defined by certain
parameters including quantity of dissolved oxygen
(DO), hydraulic retention time (HRT), sludge retention
time (SRT) and the food to micro-organism (F/M) ratio
[87-90]. Understanding the process optimization of
these parameters can assist in the modification of
activated sludge and could indirectly decrease
membrane fouling. All the parameters involved in the
design and operation of MBR processes affect
membrane fouling and this factors have hinder the fast
commercializaton of MBR in some sensitive
wastewater producing industries.

Three fouling stages were proposed by Zhang et al.,
[91] which comprise an initial rise in transmembrane
pressure (TMP), a long-time weak rise in TMP and a
sharp increase in the TMP differential rate also known
as TMP jump [92]. However, some studies have
revealed that the main cause of fouling in MBR is
related to sludge cake formation on membrane surface,
absorption of colloids within/on membrane, spatial and
temporal changes of foulant composition during long-
term operation (for instance, the change of bacteria
community and biopolymer components in the cake
layer), and deposition of sludge flocs onto membrane
surface [93-97].

Extracellular polymeric substances (EPS) and their
sub-groups, such as transparent exopolymer particles
(TEP), self-assembly gels (SAG), biopolymer clusters
(BPC) and soluble microbial products (SMP) are
usually present in the feed water of most wastewater
treatment facilities at varying concentration depending
on the pretreatment technique applied [98-102].
Factors governing membrane fouling by EPS and its
precursors (TEPs) follows a complex pathway and

commonly involves macromolecule—surface
associations (Figure 10). These interactions are
determined by the membrane physiochemical

properties (hydrophobicity, nanoscale roughness, and
surface charges), water chemistry (concentrations of
divalent cations, ionic strength, and pH), and
hydrodynamic conditions such as the cross-flow
velocity and initial permeate flux [103].
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Bar-Zeev et al., [104]).

4.2.1. Fouling Process Control in MBR

Enormous research works are being conducted to
combat/prevent membrane fouling in MBR. These
include: (a) thorough understanding of the process
optimization and operating conditions [105]. Operating
parameters that significantly influence membrane
fouling consist of the aeration intensity [81, 106, 107],
temperature [108, 109], organic loading rate [110], ratio
of suction and non suction time [111], and the filtration
modes [112, 113]. (b) Improvement on mixed liquor
filterability. Several chemical and biological compounds
like diatomite, powdered activated carbon (PAC) and
zeolite have been added to MBR to modify the
filterability of mixed liquor. An investigation conducted
by Yang et al., [114] show that diatomite addition is a
reliable and effective approach for both membrane
fouling mitigation and improvement in pollutants
removal. The MBR system with diatomite addition of 50
mg/L enhanced the removal of COD, TN and TP by
0.9%, 6.9% and 31.2%, respectively, as compared to
the control (without diatomite addition).

Similarly, reduction in membrane fouling was
observed when PAC and zeolite was added to mixed
liquor. Addition of PAC decreased the content of
extracellular polymeric substances (EPS) in microbial

cells, increased the floc-size distribution and prevented
apparently high viscosity of the mixed liquor while
zeolite addition resulted in increased membrane
scouring and decreased the supernatant organic
matters of the mixed liquor [115-119]. Other control
mechanisms are (c) Early detection of membrane
fouling using Surface-Enhanced Raman Spectroscopy
(SERs) [120-122], and (d) Membrane modification to
improve the antifouling properties [123]. To enhance
the antifouling characteristics of the membrane used in
MBR process, a number of means have been proposed
including; plasma-induced tethering of sugar moieties
[124], ammonia or carbon-dioxide plasma treatment
[125, 126], surface modification by sequential, photo-
induced graft polymerization of acrylic acid [127, 128],
and the immobilization of poly(N-vinyl-2-pyrrolidone) on
membrane surface [129-131].

However, the propensity for membrane fouling has
been said to increase with increasing nanoscale
roughness of thin film composite (TFC) membranes
due to the lowering of the energetic barrier required for
particle deposition [132]. Current research reveals a
critical range of roughness scale and suggests the
possibility of utilizing modified membrane surface
morphology for membrane fouling mitigation [133].
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4.2.2. Engineering Control of Fouling in MBR

Due to problems associated with bio films formation
in MBR, it is necessary to undertake certain
mechanical and chemical cleaning procedure to
prevent the membrane surface or pores from being
blocked by pollutants and to stabilize the water flux and
rejection performance of the membrane. This assists in
extending the lifespan of the membrane. In practice,
applying appropriate pretreatment to feed water and
chemically or biochemically modifying the mixed liquor
is a key step to preventing clogging of MBR
membranes. Engineering controls of membrane fouling
in membrane bioreactor is in four stages: First, air
scrubbing; water backwash; chemical cleaning to
prevent pore blockage; and a restorative chemical
cleaning technique which include sub-situ and ex-situ
cleaning (Figure 11). MBR fouling control regularly take
place by pulse aeration in-situ cleaning and non-
cleaning for membrane maintenance in order to
achieve water quality assurance and extend membrane
life. Fouling control measures mentioned above is more
focus on lab-scale and pilot plant-based operation.
Though, the engineering controls described here have
seen few applications in large-scale MBRs in China
[134]. More work are currently ongoing for transfer of
pilot scale fouling controls to industrial level
applications as seen in a recent work by Monclus et al.
[135].

5. CONCLUSIONS AND PERSPECTIVES

In this paper, a critical analysis of MBR applications
in China is described. Much progress has been made
in the last ten years and it can be deduced that MBR

technology proved to be a very efficient tool for
wastewater treatment and reuse in China.

1. MBR was successful developed and proved to
be one of the best available technologies for
wastewater treatment and reuse in China in the
last 10 years.

2. Application of MBR in China is expected to thrive
in the coming years due to the prevailing market
situation, tighter environmental laws and the
global water stress, particularly in Northern
China where water crisis has been recurring in
recent years.

3. The ongoing clamp-down by government on
industries and companies producing hazardous
materials will stimulate actions in the systematic
use of MBR to meeting demanding
environmental standards. Due to these stringent
regulations, a significant increase in MBR plant
capacity and a widening of application areas will
likely emerge in the nearest future.

4, Potential areas for MBR application include food-

related wastewater like poultry, aquaculture, and
other farm-reared animals. Also, more
hospital/pharmaceutical wastewaters which may
contain a wide variety of microbial pathogens
and viruses will be areas of research interest.

However, MBR technological applications are still
laced with challenges including:

1. Applications of MBRs in small city, town and
countryside. With the constant urbanization in
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Figure 11: Schematic diagram showing classification of engineering fouling control strategies
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China, the water environment gets more and
more attention in town and small city, even in
countryside. The applications and management
of MBR, especially the long term operation of
MBR should be an area of focus for sustainable
development.

Energy consumption and conservation. Cost
associated with the energy demand in MBR is
quite high accounting for more than 50% of the
total operating cost. This could be a hindrance to
the expansion of the technology. Energy
consumption could be reduced by enhancing the
aeration efficiency such as decreasing
membrane aeration and SRT based on specific
conditions to minimize cost on energy
consumption for fouling prevention. Another
option is exploring different membrane material
design as described earlier in this review paper.

Inadequate understanding of the process
optimization for large-scale MBR applications.
Fundamental information on issues such as
running cost, energy, operational design, and
manufacturing cost of MBR systems for
wastewater treatments are issues that needs
urgent attention. Additionally, pressure decay
tests cannot be used for flat sheet membranes
hence, improved process automation and control
is arguably one of the key areas for the future of
MBR technology.

Membrane fouling. The concept of membrane
fouling in MBR is a critical limiting factor affecting
the widespread application of MBR for
wastewater reclamation. Fats, oil and grease
remain a concern for MBRs due to the naturally
hydrophobic nature of the membranes. High
organic loadings at the MBR feed water are one
of the main hurdles to overcome. Upcoming
studies should focus on rigorous identification
and characterization of membrane foulants
(including the bacteria community of the foulants,
chemical and biological components of foulants)
and other areas such as comprehensive
mitigation means using early fouling detection
mechanisms.

The challenging aspects of MBRs are by far
incomparable with the promising prospects it
holds. Hence, long-term development of MBR
will focus more on improving membrane fouling
resistance, clogging of either membrane

channels or aerators, cost/energy reduction and
development of antifouling membrane materials.
Additional effort will be seen in areas of
improved membrane air scour efficiency, use of
MBR for portable water production (debatable).
Moreso, aspects where effluent sludge discharge
handling and reclamation requirement exist, will
see improvement thereby promoting the
development of technologically acceptable and
economically feasible treatment alternatives.

ACKNOWLEDGEMENTS

O.K Abass would like to thank the CAS-TWAS

(Chinese Academy of Sciences — The World Academy
of Sciences) for the President's Fellowship. The
authors thank CAS and NSFC for providing support.

REFERENCES

1

(2

(3]

4

(5]

6l

[

(8]

&l

[10]

Yamamoto K, Hiasa M, Mahmood T, Matsuo T. Direct Solid-
Liquid Separation Using Hollow Fiber Membrane in an
Activated-Sludge Aeration Tank. Water Sci Technol 19 89;
21(4-5): 43-54.

Lin Z, Zhao QX, Lu MH, Qi SH, Zhai YL. Study on membrane
filtration activated sludge process. Urban Environment and
Ecology (In Chinese) 19 94; 7(1): 6-11.

Chen YH. Application of MBR for wastewater treatment.
Technol Water Treat (in Chinese) 19 91; 7: 319-23.

Wei Z, Xingju Y, Quan Y. Ethanol fermentation coupled with
complete cell recycle pervaporation system: Dependence of
glucose concentration. Biotechnology Techniques 19 95;
9(4): 299-304.

Huang X, Xiao K, Shen YX. Recent advances in membrane
bioreactor technology for wastewater treatment in China.
Frontiers of Environmental Science & Engineering in China
2010; 4(3): 245-71.
http://dx.doi.org/10.1007/s11783-010-0240-z

Xiao K, Xu Y, Liang S, Lei T, Sun JY, Wen XH, et al.
Engineering application of membrane bioreactor for
wastewater treatment in China: Current state and future
prospect. Front Env Sci Eng 2014; 8(6): 805-19.
http://dx.doi.org/10.1007/s11783-014-0756-8

General Office of the State Council of the People's Republic
of China. "12th Five-Year Plan" - National construction plan
of the urban sewage treatment and reuse facilities. Available
on online at http: /lwww.gov.cn/zwgk/2012-
05/04/content_2129670.htm (accessed Feb. 27, 2015) (in
Chinese) 2012.

General Administration of Quality Supervision SEPA,
Inspection and Quarantine of the People's Republic of China.
GB 18918-2002. Discharge Standard of Pollutants for
Municipal Wastewater Treatment Plant. Beijing: China
Environmental Science Press (In Chinese); 2003.

Shannon MA, Bohn PW, Elimelech M, Georgiadis JG,
Marinas BJ, Mayes AM. Science and technology for water
purification in the coming decades. Nature 2008; 452(7185):
301-10.

http://dx.doi.org/10.1038/nature06599

Engelhardt N, Firk W, Warnken W. Integration of membrane
filtration into the activated sludge process in municipal
wastewater treatment. Water Sci Technol 19 98; 38(4-5):
429-36.




Membrane Bioreactor in China: A Critical Review

International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 2 43

(1]

2]

(3]

[14]

(18]

[16]

7]
(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Guest JS, Skerlos SJ, Barnard JL, Beck MB, Daigger GT,
Hilger H, et al. A New Planning and Design Paradigm to
Achieve Sustainable Resource Recovery from Wastewater.
Environmental Science & Technology 2009; 43(16): 6126-30.
http://dx.doi.org/10.1021/es9010515

Ministry of Environmental Protection of the People's Republic
of China, HJ 2527-2012. Technical Requirement for
Environmental Protection Products - Membrane Biorector.
Bejing: China Environmental Science Press (in Chinese);
2012.

Ministry of Environmental Protection of the People's Republic
of China. HJ 2010-2011. Technical Specification for
Wastewater Treatment By Membrane Biological Process.
Beijing: China Environmental Science Press (in Chinese);
2012.

Wang Z, Wu Z, Mai S, Yang C, Wang X, An Y, et al.
Research and applications of membrane bioreactors in
China: Progress and prospect. Separation and Purification
Technology 2008; 62(2): 249-63.
http://dx.doi.org/10.1016/j.seppur.2007.12.014

Ambitious water reuse targets drive MBR market in China.
Membrane Technology 2012; 2012(1): 5-6.

Membrane Bioreactors: Global Markets [Internet]. BCC
Research, 2008. [cited 14 April 2015]. Available from: http:
/lwww.bccresearch.com/market-research/membrane-and-
separation-technology/membrane-bioreactors-markets-
mst047b.html

Strategic business report covers MBR systems. Membrane
Technology 2009; 2009(9): 8.

Global MBR market forecast to reach $888 million by 2017.
Membrane Technology 2012; 2012(1): 8.

Membrane Bioreactor (MBR) Systems Market By
Configuration (Sidestream And Submerged) For Product
(Hollow Fiber, Flat Sheet And Multi-Tubular Systems) In
Applications  (Municipal Wastewater And  Industrial
Wastewater) - Global Industry Analysis, Size, Share, Growth,
Trends And Forecast, 2012 - 2019 2014: 110.

Srinivasan J. MBR still growing in EU wastewater treatment
market. Water and Waste Water International 2007; 22(5):
43-4.

Judd S, Judd C. The 2015 MBR Survey - the results. The
MBR Site Available online at http: //wwwthembrsitecom/
2015: accessed April 2015.

Zheng X, Wei YS, Fan YB, Liu JX. Research and application
of MBR technology in China. Proceedings of the 1st Session
of the 4th Council of Water Industry Branch of China Civil
Engineering Society (in Chinese), Ningbo, China 2002: 706-
14.

Olsson G. Water, energy and food interactions-Challenges
and opportunities. Front Env Sci Eng 2013; 7(5): 787-93.
http://dx.doi.org/10.1007/s11783-013-0526-z

Chu JY, Wang H, Wang C. Exploring price effects on the
residential water conservation technology diffusion process:
a case study of Tianjin city. Front Env Sci Eng 2013; 7(5):
688-98.

http://dx.doi.org/10.1007/s11783-013-0559-3

Zheng X, Zhou YF, Chen SH, Zheng H, Zhou CX. Survey of
MBR market: Trends and perspectives in China. Desalination
2010; 250(2): 609-12.
http://dx.doi.org/10.1016/j.desal.2009.09.034

Yu KC, Huang X. Design and operation of MBR process of

water reclamation project (in Chinese). Nonferrous Metals
Engineering & Research 2008; 29(6): 4-8

Chen GW, Xu ZL, Cao YM, Shi YQ. Advanced Development
and Industrial Application of Membrane Technology (in
Chinese). Bejing: National Defense Industry Press 2013.

Shen Y-x, Xiao K, Liang P, Sun J-y, Sai S-j, Huang X.
Characterization of soluble microbial products in 10 large-

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

(40]

[41]

[42]

[43]

[44]

scale membrane bioreactors for municipal wastewater
treatment in China. J Membrane Sci 2012; 415-416: 336-45.

Yang AM, Gan YP, Chang J, Ai B, Peng YZ. Process
introduction of MBR of Beijing Beixiaohe reclaimed water
plant (in Chinese). Membrane Science and Technology
2011; 31(4): 95-9.

MBR Plants for Wastewater Treatment in China (>10MLD)
[Internet].

Jiang LL, W.L. Z, Liang T, Hu B. Study on degradation
characteristics of two anoxic A(2A)O-MBR wastewater
treatment system (in Chinese). Technology of Water
Treatment 2013; 39(1): 83-96.

Fan XJ, Jiang LL, Liu XH. Engineering design of integrated
MBR process for municipal wastewater treatment (in
Chinese). China Water & Wastewater 2010; 26(10): 47-50.

Dong LF, Liu S, Zhou MW, Xue T. Application of MBR
technology in three WWTPs in Wuxi (in Chinese). China
Water & Wastewater 2012; 28(4): 20-3.

Santos A, Judd S. The Commercial Status of Membrane
Bioreactors for Municipal Wastewater. Separ Sci Technol
2010; 45(7): 850-7.
http://dx.doi.org/10.1080/01496391003662337

Zhang YY, Guo YM, Liu B, Guo F, Zhang YN, Zhang YF, et
al. Application of 3AMBR in the fourth wastewater treatment
plant of Kunming (in Chinese). Chinese Journal of
Environmental Engineering 2013; 7(9): 3409-14.

Liu QL, Zhou YF, Chen LY, Zheng X. Application of MBR for
hospital wastewater treatment in China. Desalination 2010;
250(2): 605-8.

http://dx.doi.org/10.1016/j.desal.2009.09.033

Qin L, Fan Z, Xu L, Zhang G, Wang G, Wu D, et al. A
submerged membrane bioreactor with pendulum type
oscillation (PTO) for oily wastewater treatment: Membrane
permeability and fouling control. Bioresour Technol 2015;
183C: 33-41.

Xue Y, Zhao H, Ge L, Chen Z, Dang Y, Sun D. Comparison
of the performance of waste leachate treatment in
submerged and recirculated membrane bioreactors.
International Biodeterioration & Biodegradation 2015: In
press.

Xu Q, Hamid A, Wen X, Zhang B, Yang N. Fenton-Anoxic—
Oxic/MBR process as a promising process for avermectin
fermentation wastewater reclamation. Separation and
Purification Technology 2014; 134: 82-9.
http://dx.doi.org/10.1016/j.seppur.2014.07.029

Kim M-S, Lee D-Y, Kim D-H. Continuous hydrogen
production from tofu processing waste using anaerobic
mixed microflora under thermophilic conditions. International
Journal of Hydrogen Energy 2011; 36(14): 8712-8.
http://dx.doi.org/10.1016/j.ijhydene.2010.06.040

Li C, Cabassud C, Reboul B, Guigui C. Effects of
pharmaceutical micropollutants on the membrane fouling of a
submerged MBR treating municipal wastewater: Case of
continuous pollution by carbamazepine. Water research
2015; 69: 183-94.
http://dx.doi.org/10.1016/j.watres.2014.11.027

Reif R, Omil F, Lema JM. Removal of Pharmaceuticals by
Membrane Bioreactor (MBR) Technology 2013; 62: 287-317.
http://dx.doi.org/10.1016/b978-0-444-62657-8.00009-4

Goh S, Zhang J, Liu Y, Fane AG. Membrane Distillation
Bioreactor (MDBR) - A lower Green-House-Gas (GHG)
option for industrial wastewater reclamation. Chemosphere
2014: In press.

Rondon H, EI-Cheikh W, Boluarte IA, Chang CY, Bagshaw S,
Farago L, et al. Application of enhanced membrane
bioreactor (eMBR) to treat dye wastewater. Bioresour
Technol 2015; 183C: 78-85.
http://dx.doi.org/10.1016/j.biortech.2015.01.110




44

International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 2

Abass et al.

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

Liao BQ, Xie K, Lin HJ, Bertoldo D. Treatment of kraft
evaporator condensate using a thermophilic submerged
anaerobic membrane bioreactor. Water Sci Technol 2010;
61(9): 2177-83.

http://dx.doi.org/10.2166/wst.2010.123

Xie K, Lin HJ, Mahendran B, Bagley DM, Leung KT, Liss SN,
et al. Performance and fouling characteristics of a
submerged anaerobic membrane bioreactor for kraft
evaporator condensate treatment. Environ Technol 2010;
31(5): 511-21.

http://dx.doi.org/10.1080/09593330903527898

Lin HJ, Gao WJ, Meng FG, Liao BQ, Leung KT, Zhao LH, et
al. Membrane Bioreactors for Industrial Wastewater
Treatment: A Critical Review. Critical Reviews in
Environmental Science and Technology 2012; 42(7): 677-
740.

http://dx.doi.org/10.1080/10643389.2010.526494

Kanai M, Ferre V, Wakahara S, Yamamoto T, Moro M. A
novel combination of methane fermentation and MBR —
Kubota Submerged Anaerobic Membrane Bioreactor
process. Desalination 2010; 250(3): 964-7.
http://dx.doi.org/10.1016/j.desal.2009.09.082

Liu Y, Zhang K, Bakke R, Li C, Liu H. Membrane installation
for enhanced up-flow anaerobic sludge blanket (UASB)
performance. J Biosci Bioeng 2013; 116(3): 357-61.
http://dx.doi.org/10.1016/j.jbiosc.2013.03.004

Yang F, Wang Y, Bick A, Gilron J, Brenner A, Gillerman L, et
al. Performance of different configurations of hybrid growth
membrane bioreactor (HG-MBR) for treatment of mixed
wastewater. Desalination 2012; 284: 261-8.
http://dx.doi.org/10.1016/j.desal.2011.09.009

Qin L, Zhang G, Meng Q, Zhang H, Xu L, Lv B. Enhanced
submerged membrane  bioreactor combined  with
biosurfactant rhamnolipids: performance for frying oil
degradation and membrane fouling reduction. Bioresour
Technol 2012; 126: 314-20.
http://dx.doi.org/10.1016/j.biortech.2012.08.103

Yang XL, Jiang Q, Song HL, Gu TT, Xia MQ. Selection and
application of agricultural wastes as solid carbon sources
and biofilm carriers in MBR. J Hazard Mater 2015; 283: 186-
92.

http://dx.doi.org/10.1016/j.jhazmat.2014.09.036

Gu GW, He YL. Membrane Bioreactors: Application and
Research in Wastewater Treatment. Chemical Industry Press
2002; Beijing(China).

Zhang Q, Jie YW, Loong WL, Zhang J, Fane AG, Kjelleberg
S, et al. Characterization of biofouling in a lab-scale forward
osmosis membrane bioreactor (FOMBR). Water research
2014; 58: 141-51.
http://dx.doi.org/10.1016/j.watres.2014.03.052

Deng H-T, Xu Z-K, Dai Z-W, Wu J, Seta P. Immobilization of
Candida rugosa lipase on polypropylene microfiltration
membrane modified by glycopolymer: hydrolysis of olive oil in
biphasic bioreactor. Enzyme and Microbial Technology 2005;
36(7): 996-1002.
http://dx.doi.org/10.1016/j.enzmictec.2005.01.025

Wu Y, Xiao ZY, Huang WX, Zhong YH. Enhancements of
fermentation and pervaporation in a coupling silicone rubber
membrane bioreactor. J Chem Eng Chin Univ (in Chinese)
2004; 18: 241-5.

Judd S, Judd C. Principles and Applications of Membrane
Bioreactors for Water and Wastewater Treatment. Second
ed: Elsevier; 2011.

Le-Clech P, Chen V, Fane TAG. Fouling in membrane
bioreactors used in wastewater treatment. J Membrane Sci
2006; 284(1-2): 17-53.
http://dx.doi.org/10.1016/j.memsci.2006.08.019

Liao BQ, Bagley DM, Kraemer HE, Leppard GG, Liss SN. A
review of biofouling and its control in membrane separation

(60]

[61]

(62]

(63]

(64]

[65]

[66]

[67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

bioreactors. Water Environ Res 2004; 76(5): 425-36.
http://dx.doi.org/10.2175/106143004X151527

Fan YB, Li G, Wu LL, Yang WB, Dong CS, Xu HF, et al.
Treatment and reuse of toilet wastewater by an airlift external
circulation membrane bioreactor. Process Biochem 2006;
41(6): 1364-70.
http://dx.doi.org/10.1016/j.procbio.2006.01.023

Chen SH, Liu JX. Landfill leachate treatment by MBR:
Performance and molecular weight distribution of organic
contaminant. Chinese Sci Bull 2006; 51(23): 2831-8.
http://dx.doi.org/10.1007/s11434-006-2177-y

Chuang SH, Lin PK, Chang WC. Dynamic fouling behaviors
of submerged nonwoven bioreactor for filtration of activated
sludge with different SRT. Bioresource Technol 2011;
102(17): 7768-76.
http://dx.doi.org/10.1016/j.biortech.2011.06.016

Meng F, Chae SR, Drews A, Kraume M, Shin HS, Yang F.
Recent advances in membrane bioreactors (MBRs):
membrane fouling and membrane material. Water research
2009; 43(6): 1489-512.
http://dx.doi.org/10.1016/j.watres.2008.12.044

Zhu X, Loo H-E, Bai R. A novel membrane showing both
hydrophilic and oleophobic surface properties and its non-
fouling performances for potential water treatment
applications. J Membrane Sci 2013; 436: 47-56.
http://dx.doi.org/10.1016/j.memsci.2013.02.019

Yao M, Zhang K, Cui L. Characterization of protein—
polysaccharide ratios on membrane fouling. Desalination
2010; 259(1-3): 11-6.
http://dx.doi.org/10.1016/j.desal.2010.04.049

Zhang G, Ji S, Gao X, Liu Z. Adsorptive fouling of
extracellular  polymeric  substances  with  polymeric
ultrafiltration membranes. J Membrane Sci 2008; 309(1-2):
28-35.

http://dx.doi.org/10.1016/j.memsci.2007.10.012

Zhao C, Xu X, Chen J, Wang G, Yang F. Highly effective
antifouling performance of PVDF/graphene oxide composite
membrane in membrane bioreactor (MBR) system.
Desalination 2014; 340: 59-66.
http://dx.doi.org/10.1016/j.desal.2014.02.022

Homayoonfal M, Mehrnia MR, Rahmani S, Mohades
Mojtahedi Y. Fabrication of  alumina/polysulfone
nanocomposite membranes with biofouling mitigation
approach in membrane bioreactors. Journal of Industrial and
Engineering Chemistry 2015; 22: 357-67.
http://dx.doi.org/10.1016/j.jiec.2014.07.031

Yu Z, Song Z, Wen X, Huang X. Using polyaluminum
chloride and polyacrylamide to control membrane fouling in a
cross-flow anaerobic membrane bioreactor. J Membrane Sci
2015; 479: 20-7.
http://dx.doi.org/10.1016/j.memsci.2015.01.016

Liang S, Qi G, Xiao K, Sun J, Giannelis EP, Huang X, et al.
Organic fouling behavior of superhydrophilic polyvinylidene
fluoride (PVDF) ultrafiltration membranes functionalized with
surface-tailored nanoparticles: Implications for organic fouling
in membrane bioreactors. J Membrane Sci 2014; 463: 94-
101.

http://dx.doi.org/10.1016/j.memsci.2014.03.037

Wang D, Li K, Teo WK. Preparation and characterization of
polyvinylidene fluoride (PVDF) hollow fiber membranes. J
Membrane Sci 19 99; 163(2): 211-20.

Tan X, Tan SP, Teo WK, Li K. Polyvinylidene fluoride (PVDF)
hollow fibre membranes for ammonia removal from water. J
Membrane Sci 2006; 271(1-2): 59-68.
http://dx.doi.org/10.1016/j.memsci.2005.06.057

MBR with MACarrier technology targets tough-to-treat
wastewater. Membrane Technology 2014; 2014(7): 4.
http://dx.doi.org/10.1016/S0958-2118(14)70139-9

Verrecht B, Maere T, Benedetti L, Nopens |, Judd S. Model-




Membrane Bioreactor in China: A Critical Review

International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 2 45

(73]

[76]

[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

based energy optimisation of a small-scale decentralised
membrane bioreactor for urban reuse. Water research 2010;
44(14): 4047-56.
http://dx.doi.org/10.1016/j.watres.2010.05.015

Liao B-Q, Kraemer JT, Bagley DM. Anaerobic Membrane
Bioreactors: Applications and Research Directions. Critical
Reviews in Environmental Science and Technology 2006;
36(6): 489-530.
http://dx.doi.org/10.1080/10643380600678146

Gil JA, Tua L, Rueda A, Montafio B, Rodriguez M, Prats D.
Monitoring and analysis of the energy cost of an MBR.
Desalination 2010; 250(3): 997-1001.
http://dx.doi.org/10.1016/j.desal.2009.09.089

Zhang K, Wei P, Yao M, Field RW, Cui Z. Effect of the
bubbling regimes on the performance and energy cost of flat
sheet MBRs. Desalination 2011; 283: 221-6.
http://dx.doi.org/10.1016/j.desal.2011.04.023

Gander M, Jefferson B, Judd S. Aerobic MBRs for domestic
wastewater treatment: a review with cost considerations.
Separation and Purification Technology 2000; 18(2): 119-30.
http://dx.doi.org/10.1016/S1383-5866(99)00056-8

Fu H-Y, Xu P-C, Huang G-H, Chai T, Hou M, Gao P-F.
Effects of aeration parameters on effluent quality and
membrane fouling in a submerged membrane bioreactor
using Box-Behnken response surface methodology.
Desalination 2012; 302: 33-42
http://dx.doi.org/10.1016/j.desal.2012.06.018

Wu J, He C. Effect of cyclic aeration on fouling in submerged
membrane bioreactor for wastewater treatment. Water
research 2012; 46(11): 3507-15.
http://dx.doi.org/10.1016/j.watres.2012.03.049

Meng F, Yang F, Shi B, Zhang H. A comprehensive study on
membrane fouling in submerged membrane bioreactors
operated under different aeration intensities. Separation and
Purification Technology 2008; 59(1): 91-100.
http://dx.doi.org/10.1016/j.seppur.2007.05.040

De Temmerman L, Maere T, Temmink H, Zwijnenburg A,
Nopens |. The effect of fine bubble aeration intensity on
membrane bioreactor sludge characteristics and fouling.
Water research 2015.
http://dx.doi.org/10.1016/j.watres.2015.02.057

Fan F, Zhou H. Interrelated Effects of Aeration and Mixed
Liquor Fractions on Membrane Fouling for Submerged
Membrane Bioreactor Processes in Wastewater Treatment.
Environmental Science & Technology 2007; 41(7): 2523-8.
http://dx.doi.org/10.1021/es062035q

Braak E, Alliet M, Schetrite S, Albasi C. Aeration and
hydrodynamics in submerged membrane bioreactors. J
Membrane Sci 2011; 379(1-2): 1-18.
http://dx.doi.org/10.1016/j.memsci.2011.06.004

Jeison D, Telkamp P, van Lier JB. Thermophilic sidestream
anaerobic membrane bioreactors: the shear rate dilemma.
Water Environ Res 2009; 81(11): 2372-80.
http://dx.doi.org/10.2175/106143009X426040

Tardieu E, Grasmick A, Geaugey V, Manem J.
Hydrodynamic control of bioparticle deposition in a MBR
applied to wastewater treatment. J Membrane Sci 19 98;
147(1): 1-12.

Wang X, Qian J, Li X, Chen K, Ren Y, Hua Z. Influences of
sludge retention time on the performance of submerged
membrane bioreactors with the addition of iron ion.
Desalination 2012; 296: 24-9.
http://dx.doi.org/10.1016/j.desal.2012.04.002

Chen K, Wang X, Li X, Qian J, Xiao X. Impacts of sludge
retention time on the performance of submerged membrane
bioreactor with the addition of calcium ion. Separation and
Purification Technology 2011; 82: 148-55.
http://dx.doi.org/10.1016/j.seppur.2011.09.003

(89]

[90]

1]

[92]

(93]

[94]

(93]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Khan MM, Takizawa S, Lewandowski Z, Habibur Rahman M,
Komatsu K, Nelson SE, et al. Combined effects of EPS and
HRT enhanced biofouling on a submerged and hybrid PAC-
MF membrane bioreactor. Water research 2013; 47(2): 747-
57.

http://dx.doi.org/10.1016/j.watres.2012.10.048

Liu Y, Liu H, Cui L, Zhang K. The ratio of food-to-
microorganism (F/M) on membrane fouling of anaerobic
membrane bioreactors treating low-strength wastewater.
Desalination 2012; 297: 97-103.
http://dx.doi.org/10.1016/j.desal.2012.04.026

Zhang J, Chua HC, Zhou J, Fane AG. Factors affecting the
membrane performance in submerged membrane
bioreactors. J Membrane Sci 2006; 284(1-2): 54-66.
http://dx.doi.org/10.1016/j.memsci.2006.06.022

Cho BD, Fane AG. Fouling transients in nominally sub-critical
flux operation of a membrane bioreactor. J Membrane Sci
2002; 209(2): 391-403.
http://dx.doi.org/10.1016/S0376-7388(02)00321-6

Wang X, Li X, 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(3): 439-45.
http://dx.doi.org/10.1016/j.seppur.2006.05.025

Meng F, Zhang H, Li Y, Zhang X, Yang F, Xiao J. Cake layer
morphology in microfiltration of activated sludge wastewater
based on fractal analysis. Separation and Purification
Technology 2005; 44(3): 250-7.
http://dx.doi.org/10.1016/j.seppur.2005.01.015

Hwang B-K, Lee W-N, Yeon K-M, Park P-K, Lee C-H, Chang
i-S, et al. Correlating TMP Increases with Microbial
Characteristics in the Bio-Cake on the Membrane Surface in
a Membrane Bioreactor. Environmental Science &
Technology 2008; 42(11): 3963-8.
http://dx.doi.org/10.1021/es7029784

Zhang M, Peng W, Chen J, He Y, Ding L, Wang A, et al. A
new insight into membrane fouling mechanism in submerged
membrane bioreactor: osmotic pressure during cake layer
filtration. Water research 2013; 47(8): 2777-86.
http://dx.doi.org/10.1016/j.watres.2013.02.041

Lin H, Liao BQ, Chen J, Gao W, Wang L, Wang F, et al. New
insights into membrane fouling in a submerged anaerobic
membrane bioreactor based on characterization of cake
sludge and bulk sludge. Bioresour Technol 2011; 102(3):
2373-9.

http://dx.doi.org/10.1016/j.biortech.2010.10.103

Villacorte LO, Kennedy MD, Amy GL, Schippers JC. The fate
of Transparent Exopolymer Particles (TEP) in integrated
membrane systems: removal through pre-treatment
processes and deposition on reverse osmosis membranes.
Water research 2009; 43(20): 5039-52.
http://dx.doi.org/10.1016/j.watres.2009.08.030

Cosenza A, Di Bella G, Mannina G, Torregrossa M. The role
of EPS in fouling and foaming phenomena for a membrane
bioreactor. Bioresour Technol 2013; 147: 184-92.
http://dx.doi.org/10.1016/j.biortech.2013.08.026

Li Z, Tian Y, Ding Y, Wang H, Chen L. Contribution of
extracellular  polymeric substances (EPS) and their
subfractions to the sludge aggregation in membrane
bioreactor coupled with worm reactor. Bioresour Technol
2013; 144: 328-36.
http://dx.doi.org/10.1016/j.biortech.2013.06.127

Kennedy MD, Mufioz Tobar FP, Amy G, Schippers JC.
Transparent exopolymer particle (TEP) fouling of
ultrafiltration membrane systems. Desalination and Water
Treatment 2012; 6(1-3): 169-76.
http://dx.doi.org/10.5004/dwt.2009.663

Yao M, Ladewig B, Zhang K. Identification of the change of
soluble microbial products on membrane fouling in
membrane bioreactor (MBR). Desalination 2011; 278(1-3):




46 International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 2

Abass et al.

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

126-31.
http://dx.doi.org/10.1016/j.desal.2011.05.012

Guo W, Ngo HH, Li J. A mini-review on membrane fouling.
Bioresour Technol 2012; 122: 27-34.
http://dx.doi.org/10.1016/j.biortech.2012.04.089

Bar-Zeev E, Passow U, Castrillon SR, Elimelech M.
Transparent exopolymer particles: from aquatic
environments and engineered systems to membrane
biofouling. Environ Sci Technol 2015; 49(2): 691-707.
http://dx.doi.org/10.1021/es5041738

Wang Z, Wu Z, Yu G, Liu J, Zhou Z. Relationship between
sludge characteristics and membrane flux determination in
submerged membrane bioreactors. J Membrane Sci 2006;
284(1-2): 87-94.
http://dx.doi.org/10.1016/j.memsci.2006.07.006

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(2): 185-94.
http://dx.doi.org/10.1016/S0011-9164(02)00997-9

Ji L, Zhou J. Influence of aeration on microbial polymers and
membrane fouling in submerged membrane bioreactors. J
Membrane Sci 2006; 276(1-2): 168-77.
http://dx.doi.org/10.1016/j.memsci.2005.09.045

Gao WJ, Qu X, Leung KT, Liao BQ. Influence of temperature
and temperature shock on sludge properties, cake layer
structure, and membrane fouling in a submerged anaerobic
membrane bioreactor. J Membrane Sci 2012; 421-422: 131-
44,

http://dx.doi.org/10.1016/j.memsci.2012.07.003

Ma C, Yu S, Shi W, Heijman SG, Rietveld LC. Effect of
different temperatures on performance and membrane
fouling in high concentration PAC-MBR system treating
micro-polluted surface water. Bioresour Technol 2013; 141:
19-24.

http://dx.doi.org/10.1016/j.biortech.2013.02.025

Lee D-Y, Xu K-Q, Kobayashi T, Li Y-Y, Inamori Y. Effect of
organic loading rate on continuous hydrogen production from
food waste in submerged anaerobic membrane bioreactor.
International Journal of Hydrogen Energy 2014; 39(30):
16863-71.

http://dx.doi.org/10.1016/j.ijhydene.2014.08.022

Cerén-Vivas A, Morgan-Sagastume JM, Noyola A.
Intermittent filtration and gas bubbling for fouling reduction in
anaerobic membrane bioreactors. J Membrane Sci 2012;
423-424: 136-42.
http://dx.doi.org/10.1016/j.memsci.2012.08.008

Wu Z, Wang Q, Wang Z, Ma Y, Zhou Q, Yang D. Membrane
fouling properties under different filiration modes in a
submerged membrane bioreactor. Process Biochem 2010;
45(10): 1699-7086.
http://dx.doi.org/10.1016/j.procbio.2010.07.002

Ma L, Li X, Du G, Chen J, Shen Z. Influence of the filtration
modes on colloid adsorption on the membrane in submerged
membrane  bioreactor. Colloids and Surfaces A:
Physicochemical and Engineering Aspects 2005; 264(1-3):
120-5.

http://dx.doi.org/10.1016/j.procbio.2010.07.002

Yang XL, Song HL, Lu JL, Fu DF, Cheng B. Influence of
diatomite addition on membrane fouling and performance in
a submerged membrane bioreactor. Bioresour Technol 2010;
101(23): 9178-84.
http://dx.doi.org/10.1016/j.biortech.2010.07.037

Damayanti A, Ujang Z, Salim MR. The influenced of PAC,
zeolite, and Moringa oleifera as biofouling reducer (BFR) on
hybrid membrane bioreactor of palm oil mill effluent (POME).
Bioresour Technol 2011; 102(6): 4341-6.
http://dx.doi.org/10.1016/j.biortech.2010.12.061

Ying Z, Ping G. Effect of powdered activated carbon dosage

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

on retarding membrane fouling in MBR. Separation and
Purification Technology 2006; 52(1): 154-60.
http://dx.doi.org/10.1016/j.seppur.2006.04.010

Skouteris G, Saroj D, Melidis P, Hai FI, Ouki S. The Effect of
Activated Carbon Addition on Membrane Bioreactor
Processes for Wastewater Treatment and Reclamation - A
Critical Review. Bioresource Technol 2015.
http://dx.doi.org/10.1016/j.biortech.2015.03.010

Loulergue P, Weckert M, Reboul B, Cabassud C, Uhl W,
Guigui C. Mechanisms of action of particles used for fouling
mitigation in membrane bioreactors. Water research 2014;
66: 40-52.

http://dx.doi.org/10.1016/j.watres.2014.07.035

Rezaei M, Mehrnia MR. The influence of zeolite (clinoptilolite)
on the performance of a hybrid membrane bioreactor.
Bioresour Technol 2014; 158: 25-31.
http://dx.doi.org/10.1016/j.biortech.2014.01.138

Chen P, Cui L, Zhang K. Surface-enhanced Raman
spectroscopy monitoring the development of dual-species
biofouling on membrane surfaces. J Membrane Sci 2015;
473: 36-44.

http://dx.doi.org/10.1016/j.memsci.2014.09.007

Cui L, Yao M, Ren B, Zhang KS. Sensitive and versatile
detection of the fouling process and fouling propensity of
proteins on polyvinylidene fluoride membranes via surface-
enhanced Raman spectroscopy. Anal Chem 2011; 83(5):
1709-16.

http://dx.doi.org/10.1021/ac102891g

Cui L, Chen P, Chen S, Yuan Z, Yu C, Ren B, et al. In situ
study of the antibacterial activity and mechanism of action of
silver  nanoparticles by  surface-enhanced @ Raman
spectroscopy. Anal Chem 2013; 85(11): 5436-43.
http://dx.doi.org/10.1021/ac400245j

Zhang M, Zhang K, De Gusseme B, Verstraete W. Biogenic
silver nanoparticles (bio-Ag 0) decrease biofouling of bio-Ag
0/PES nanocomposite membranes. Water research 2012;
46(7): 2077-87.
http://dx.doi.org/10.1016/j.watres.2012.01.015

Tang Z-Q, Li W, Zhou J, Yu H-Y, Huang L, Yan M-G, et al.
Antifouling characteristics of sugar immobilized
polypropylene microporous membrane by activated sludge
and bovine serum albumin. Separation and Purification
Technology 2009; 64(3): 332-6.
http://dx.doi.org/10.1016/j.seppur.2008.10.026

Yu H-Y, Liu L-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. J Membrane Sci 2008; 311(1-
2): 216-24.

http://dx.doi.org/10.1016/j.memsci.2007.12.016

Yu H, Hu M, Xu Z, Wang J, Wang S. Surface modification of
polypropylene microporous membranes to improve their
antifouling property in MBR: NH plasma treatment.
Separation and Purification Technology 2005; 45(1): 8-15.
http://dx.doi.org/10.1016/j.seppur.2005.01.012

Yu H, Xu Z, Yang Q, Hu M, Wang S. Improvement of the
antifouling characteristics for polypropylene microporous
membranes by the sequential photoinduced graft
polymerization of acrylic acid. J Membrane Sci 2006; 281(1-
2): 658-65.

http://dx.doi.org/10.1016/j.memsci.2006.04.036

Zhou S, Xue A, Zhao Y, Li M, Wang H, Xing W. Grafting
polyacrylic acid brushes onto zirconia membranes: Fouling
reduction and easy-cleaning properties. Separation and
Purification Technology 2013; 114: 53-63.
http://dx.doi.org/10.1016/j.seppur.2013.04.023

Feng R, Wang C, Xu X, Yang F, Xu G, Jiang T. Highly
effective antifouling performance of N-vinyl-2-pyrrolidone
modified polypropylene non-woven fabric membranes by
ATRP method. J Membrane Sci 2011; 369(1-2): 233-42.




Membrane Bioreactor in China: A Critical Review

International Journal of Membrane Science and Technology, 2015, Vol. 2, No. 2 47

[130]

[131]

[132]

http://dx.doi.org/10.1016/j.memsci.2010.11.072

Wang C, Feng R, Yang F. Enhancing the hydrophilic and
antifouling properties of polypropylene nonwoven fabric
membranes by the grafting of poly(N-vinyl-2-pyrrolidone) via
the ATRP method. Journal of colloid and interface science
2011; 357(2): 273-9.
http://dx.doi.org/10.1016/j.jcis.2011.01.094

Yu H-Y, Xu Z-K, Xie Y-J, Liu Z-M, Wang S-Y. Flux
enhancement for polypropylene microporous membrane in a
SMBR by the immobilization of poly (N-vinyl-2-pyrrolidone)
on the membrane surface. J Membrane Sci 2006; 279(1-2):
148-55.

http://dx.doi.org/10.1016/j.memsci.2005.11.046

Hoek EMV, Bhattacharjee S, Elimelech M. Effect of
Membrane Surface Roughness on Colloid—Membrane DLVO
Interactions. Langmuir 2003; 19(11): 4836-47.
http://dx.doi.org/10.1021/1a027083¢c

[133]

[134]

[135]

Chen J, Mei R, Shen L, Ding L, He Y, Lin H, et al
Quantitative assessment of interfacial interactions with rough
membrane surface and its implications for membrane
selection and fabrication in a MBR. Bioresour Technol 2015;
179: 367-72.
http://dx.doi.org/10.1016/j.biortech.2014.12.055

Sun J, Xiao K, Mo Y, Liang P, Shen Y, Zhu N, et al.
Seasonal characteristics of supernatant organics and its
effect on membrane fouling in a full-scale membrane
bioreactor. J Membrane Sci 2014; 453: 168-74.
http://dx.doi.org/10.1016/j.memsci.2013.11.003

Monclus H, Dalmau M, Gabarron S, Ferrero G, Rodriguez-
Roda I, Comas J. Full-scale validation of an air scour control
system for energy savings in membrane bioreactors. Water
research 2015; 79: 1-9.
http://dx.doi.org/10.1016/j.watres.2015.03.032

Received on 08-06-2015

http://dx.doi.org/10.15379/2410-1869.2015.02.02.04

© 2015 Abass et al.; Licensee Cosmos Scholars Publishing House.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License

(http://creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted, non-commercial use, distribution and reproduction in any medium,
provided the work is properly cited.

Accepted on 10-07-2015

Published on 30-11-2015



