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Abstract

Anaerobic membrane bioreactors (AnMBRs) have been recognized as an effective method for
enhanced wastewater treatment and re-use. However, the loss of the membrane performances
due to membrane fouling remains a major obstacle in the extensive application of membrane
bioreactors. In this study, a hollow fiber submerged anaerobic membrane bioreactor (SAnMBR)
was developed for biorefining effluent and industrial wastewater treatment, and membrane
fouling was controlled during the operation period. Subsequently, the effects of wastewater
characteristics and mixed liquor properties on membrane fouling in an SAnMBR and a
thermophilic submerged aerobic membrane bioreactor (TSAMBR) were studied with four

different types of industrial wastewaters.

In the first part of this thesis, a laboratory-scale hollow fiber SAnMBR was operated for over
5 months to assess its performance for biorefining effluent treatment and the effect of organic
loading rate (OLR) on the membrane performance, sludge properties and membrane fouling of
the SAnMBR. The results showed that the SAnMBR is not ideally feasible for the treatment of
the synthetic biorefining effluent due to the relatively low chemical oxygen demand (COD)
removal efficiency (40-70%), the reduction in biogas production rate and the intolerability of the
high OLR. A higher OLR resulted in a higher EPS concentration and smaller sludge particles,
thus leading to faster membrane fouling. The study showed that too high OLR should be avoided

for the operation of SAnMBR.

In the second part of this thesis, a laboratory-scale hollow fiber SAnMBR was operated for
160 days to assess its performance for thermo-mechanical pulping wastewater treatment and

membrane fouling behaviour under different influent COD concentrations and biogas sparging
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rates. A COD removal efficiency of 83 + 4 % was achieved under all testing conditions, although
the residual COD in permeate increased slightly with an increase in influent COD. The biogas
yield slightly decreased with a higher feed concentration. The extracellular polymeric substances
(EPS) production increased with an increase in OLR. Membrane performance was affected by
both the influent COD concentration and biogas sparging rate. The fouling layer samples were
characterized by conventional optical microscopy (COM), scanning electron microscopy (SEM)-
energy-dispersive X-ray analyzer (EDX), and Fourier transform infrared (FTIR) spectroscopy.
The results suggest that it is feasible and attractive to treat thermo-mechanical pulping
wastewater by a hollow fiber SAnMBR. Non-uniform cake layer formation was the dominant
mechanism of membrane fouling. An increase in biogas sparging rate actively mitigated the
accumulation and deposition of sludge on/in membrane module, thus favored the enhancement

of membrane flux and an efficient long-term operation.

In the third part of this thesis, characterization of the four different types of wastewaters and
mixed liquors indicates that differences in particle size distribution (PSD), colloidal particle
content, protein to polysaccharides ratio (PN/PS), and soluble compounds molecular weight
distribution were studied. The differences in wastewater and mixed liquor characteristics were
correlated to the changes in membrane filtration behaviour in both systems. The amount of
colloidal particles in feed and mixed liquor plays a dominant role and is more important than the
quantity of total suspended solids in controlling membrane fouling. The ratio of proteins to
polysaccharides is more important than the total quantity of soluble organic substances in
controlling membrane fouling. The results suggest that a full characterization of the feed and
mixed liquor may be used as a tool to predict the membrane performance of membrane

bioreactors.
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Chapter 1

Introduction

1.1 Overview of the present study

Membrane bioreactor (MBR) has received considerable attention in recent years. It
has been well implemented in treating both municipal and industrial wastewaters
(Visvanathan and Abeynayaka, 2012; Le-Clech, 2010). The MBR system has many
advantages over the conventional activated sludge process in terms of its excellent
effluent quality, high removal efficiency of chemical oxygen demand (COD), small
footprint and integration of biological treatment and filtration (Jeison and van Lier, 2007;
Akram and Stukey, 2008). In recent years, considerable attention has been paid to the use
of membrane technologies in conjunction with anaerobic reactors, namely anaerobic
membrane bioreactors (AnMBRs). With the incorporation of membrane technologies,
complete biomass retention eliminates the impact of biomass separation problems and
takes advantage of the biogas production in the anaerobic process for energy recovery.
The methanogenic organisms and sulfate-reducing bacteria with slow growth rates in the
anaerobic sludge can be retained to achieve a high biogas production and sulfate
reduction rate (Vallero et al. 2005). However, the loss of the membrane performances due
to membrane fouling remains a major obstacle in the extensive application of MBR.
Membrane fouling results in a rapid reduction of permeation flux or an increase of trans-
membrane pressure (TMP), energy consumption, frequent membrane cleaning and

replacement, thus increasing the operation cost of the process. Because of the great
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complexity and variability of the operational and the environmental conditions, current

understanding of membrane fouling is still insufficient.

For the different configurations of AnMBRs, submerged anaerobic membrane
bioreactor (SAnMBR) has gained great attention. As compared to side-stream AnMBR,
SAnMBR can reduce energy costs and biomass stress associated with recirculation. In
addition, such a configuration allows for the self-cleaning of the membrane surface by
recirculating the biogas produced. Gas sparging is an important parameter in the design
and operation of an MBR. For an aerobic MBR, air sparging achieves good mechanical
mixing conditions and contributes to membrane fouling control and enhancement of
filtration performance (Cui et al. 2003). Several strategies regarding air sparging, such as
intermittent air sparging (McAdam et al. 2010), different aerator configurations (Park et
al. 2010), bubble flow properties (Yamanoi et al. 2010) have been evaluated to enhance
membrane performance and reduce energy cost. For AnMBRs, a reduction in biogas-
sparging time caused an increase in TMP and a decrease in effluent quality (Vyrides et al.
2009). An increase in biogas sparging level also increased the critical flux (Jeison and
van Lier, 2006). Higher flux without deteriorating wastewater treatment efficiency
implies high productivity accompanied by low unit cost. Hence, pursuance of flux
enhancement is always crucial for the broad application of SAnMBRs in the future.
However, limited work has been done on the effect of biogas sparging rate on

performance and membrane fouling behaviors for SAnMBRs.

Because of the variable nature of industrial wastewaters, seasonal variations in feed
strength are often encountered for either short-term transient or a long-term operation.

These variations can affect the performance of SAnMBRs by affecting the microbial



balance among the fast-growing acidogens and the slow-growing methanogens. A low
feed concentration which may correlate to a low organic loading rate (OLR) will disfavor
the reaction rate and cause serious membrane fouling, because a long-term starvation can
lead to the loss of cell activity and even biomass decay releasing large amounts of
biomass-associated products (BAPs). On the other hand, a high feed concentration may
result in either metabolism inhibition or a great biological growth by providing more
sufficient substrate to the biomass. Depending on the influent COD concentration (3800 -
15900 mg/L) and hydraulic retention time (HRT) applied, the COD removal efficiencies
ranged from 64% to 85 % for the treatment of municipal landfill leachate using lab-scale
anaerobic sequencing batch reactors (Timur et al. 1999). During practical operation, the

reactor stability to feed strength is one of the most important considerations.

In the case of membrane fouling, it is directly or indirectly affected by a number of
factors, such as wastewater characteristics, sludge properties, operating and
environmental conditions as well as hydrodynamic conditions (Drews, 2010; Meng et al.
2009). Although extensive studies have been conducted on the effects of sludge
properties (Choi et al. 2006; Satyawali and Balakrishnan, 2009) and operating and
environmental conditions (Huang et al. 2011; Miyoshi et al. 2009) on membrane fouling,
the factor of wastewater characteristics has not been well studied. There are only a few
studies that addressed the effect of wastewater characteristics (Arabi and Nakhla, 2008;
Park et al. 2006) on membrane fouling. Therefore, it is highly desirable to understand the
importance of wastewater characteristics on membrane fouling in both submerged
anaerobic membrane bioreactor (SAnMBR) and submerged aerobic membrane bioreactor

(SAMBR) systems.



1.2 Objectives

The objectives of this thesis are: (1) to study the feasibility of using a hollow fiber
SAnMBR for biorefining effluent and thermo-mechanical pulping pressate treatment; (2)
to evaluate the effects of the organic loading rate (OLR) on the performance and
membrane fouling behavior of the SAnMBR treating biorefining effluent; (3) to evaluate
the effects of biogas sparging rate and influent COD concentration on the performance
and membrane fouling behavior of the SAnMBR treating thermo-mechanical pulping
wastewater, in terms of COD removal, biogas production, particle size distributions

(PSDs), trans-membrane pressure (TMP) rise and fouling layer characterization.

On the other hand, to gain more insight into the optimization of MBRs design, another
objective of this thesis is to provide a comprehensive characterization of four types of
industrial wastewaters and the mixed liquors, to correlate the wastewater characteristics
and mixed liquor properties to the observed differences in membrane fouling in both the

SAnMBR and the SAMBR system (each system treating two types of wastewaters).

1.3 Outline of this thesis

The general introduction including the motivation and the objectives of this research is
presented in Chapter 1. Chapter 2 provides a comprehensive literature review of previous
studies on AnMBR, including its configuration, operation, application and membrane
fouling issue. Chapter 3 presents the materials and methods used in this study. Chapter 4
discusses the performance and membrane fouling of the hollow fiber SAnMBR for
biorefining effluent and thermo-mechanical pulping pressate treatment, respectively. The
wastewater and mixed liquor characteristics and their role in membrane fouling were
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discussed in this chapter as well. The general conclusions from this study and

recommendations for future research are summarized in Chapter 5.



Chapter 2

Literature Review

2.1 Anaerobic Membrane Bioreactor (AnMBR)

The concept of anaerobic membrane bioreactor (AnMBR) was introduced in the
1970s (Grethlein, 1978). It can be simply defined as the integration of anaerobically
biological treatment process and membrane filtration in the absence of oxygen. With the
retaining of the solids within the reactor, the effluent contains no suspended BOD. Thus

the effluent quality is improved.
2.1.1 Anaerobic treatment process

Anaerobic wastewater treatment includes a series of processes in which
microorganisms break down biodegradable materials in an oxygen free environment.
Anaerobic processes have been successfully used to treat pulp and paper, food processing,
and agricultural wastewaters for more than a century (Liao et al. 2006). In anaerobic
treatment process, the initial feedstock would be finally converted to biogas that is mainly

composed of methane and carbon dioxide.

However, the anaerobic digestion process is occurred in 4 stages (Figure 2.1):
hydrolysis, acidogenesis (fermentation), acetogenesis and methanogenesis (Buhr and
Andrews, 1977). Hydrolysis is the chemical and biological reactions where complex

organic matters (e.g. carbohydrates, proteins, fats) are broken down into soluble simple



organic molecules (e.g. sugars, amino acids, fatty acids). Acidogenesis is the biological
reactions where simple monomers are converted into volatile fatty acids (VFAs) by
acidogenic (fermentative) bacteria. Besides VFAs, other byproducts (alcohols, ammonia,
carbon dioxide, and hydrogen sulfide were made as well. Acetogenesis is the biological
process where the VFAs produced through acidogenesis process are further converted to
largely acetic acids, as well as carbon dioxide and hydrogen by the microorganism known
as acetogenic bacteria. Methanogenesis is the biological reaction where the methanogens
convert the intermediate products into biogas (methane, carbon dioxide) and water (Buhr

and Andrews, 1977).

In AnMBR, the stability of anaerobic digestion process is very important. The
anaerobic microorganisms can cause the reactor instability by any disturbances. For
example, the acetogenesis and methanogenesis are less robust than the hydrolysis and
acidogenesis. The optimal pH range for methanogens is 6.8-7.2 (Rajeshwari et al. 2000).
A higher pH results in negative impacts on biogas production, chemical oxygen demand
(COD) removal and the performance of the membrane filtration (Gao et al. 2010). Gao et
al. 2010 studied the effect of elevated pH shock on an SAnMBR. The study showed that
pH 9.1 and 10.0 shocks exerted significant long-lasting negative impacts on the
performance of the AnMBR. It took 6 and 30 days for the SAnMBR to recover from pH
9.1 and 10.0 shock respectively (Gao et al. 2010). Adjustment of the operational
conditions to provide a stable and proper environment for the biological metabolism is

always necessary.
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Figure 2.1 the four-stage anaerobic digestion process: (1) Hydrolysis; (2) Acidogenesis

(Fermentation); (3) Acetogenesis; (4) Methanogenesis.




2.1.2 Membrane process

Membrane is defined as a barrier separating two fluids. The membrane filtration
process is regarded as the essential part of a membrane bioreactor. It has been
successfully incorporated into biological processes (Liao et al. 2006). The existence of
membrane in membrane bioreactors is not only to retain all biomass in the reactor, but
also to complement decreased biological removal efficiency by rejecting soluble organics
(Ho and Sung, 2009). What’s more, the membrane process will decouple the solid
retention time (SRT) from the hydraulic retention time (HRT), eliminate the suspended
solids in the permeate for completely biomass retention and allow higher biomass

concentration and higher organic loading rates (OLRs).

Types of membrane processes can be classified into microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), electrodialysis (ED),
dialysis and pervaporation (PV) (Beerlange et al. 2001), whereas the first four types

produce permeate. Table 2.1 shows the characteristics of different membrane processes.

Table 2.1 Characteristics of different membrane processes (Melamane, 2003)

Parameters MF UF NF RO
Operating 1-4 2-7 10-40 15-100
Pressure (bar)

Pore size (um) 0.1-1.5 0.01-0.05 0.001-0.01 <0.0002
MWCO range >300000 300000-100 200000-20000 <500
(Dalton) 000

Size-cut-off- 0.1-20 0.005-0.1 0.001-0.01 <0.001
range (um)




There are two main types of membrane operations in anaerobic membrane bioreactor.
It is commonly called an external cross-flow membrane operation and submerged
membrane operation when the membrane is operated under pressure and vacuum,
respectively (Liao et al. 2006) (Figure 2.2 (a) (b)). Lin et al. (2010) indicated that external
cross-flow membrane operation usually employs high cross-flow velocity along the
membrane surface to provide membrane driving force and control membrane fouling. For
submerged membrane operation, the vacuum force across the membrane is achieved by
creating negative pressure on the permeate side. The distinct advantages of submerged
membrane operation are lower energy cost and less cleaning procedures (Judd, 2004). A
new membrane operation, air-lift side-stream (Figure 2.2 (c)), has been developed in
recent years (Shariati et al. 2010, Lin et al. 2011). The concept of air-lift side-stream
membrane operation incorporated the side-stream operation and the low energy
requirement of submerged operation. Heran et al. (2006) confirmed the interest of air-lift
side-stream membrane operation by injecting the air at the bottom of the membrane
module to induce an important suspension circulation and the local turbulence closed to

the membrane surface in a side-stream membrane module.
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Figure 2.2 Membrane operation process: (a) external operation, (b) submerged operation,

(c) air-lift side-stream operation.

Basically, two types of membrane module, hollow fiber and flat sheet, are used in

membrane bioreactors. Most MBRs use hollow fiber membranes due to its low cost and

high packing density. Flat sheet membranes are believed to be more expensive than

hollow fiber membranes. Both membrane modules can be operated in pilot plant for

several months without external cleaning. For example, the hollow fiber membrane

module was operated for 4 months for a domestic wastewater treatment aerobically

without external cleaning with a flux of 20-45 LMH in a waste water treatment plant

11



(WWTP) (Bodik et al. 2009). The operation of flat sheet membrane was conducted for
the same domestic wastewater without external cleaning for 6 months with flux of 20-60
LMH (Bodik et al. 2009). For fouling modes, the hollow fiber membrane exhibited
fouling with a cake layer. However, under the similar conditions, the flat sheet membrane

suffered from fouling of pore blocking easily (Hai et al. 2005).

2.1.3 Operational parameters in AnMBR

The operational parameters that affect effluent flux in an external membrane system
are transmembrane pressure (TMP) and cross-flow velocity. The operational parameters
that affect effluent flux in a submerged membrane system are TMP, sparging intensity,
and the duration of the relaxation period (Berube et al. 2006). Some parameters,
including TMP, cross-flow velocity, operating temperature, are introduced in this section.
Other operational parameters such as organic loading rate (OLR), SRT, HRT, especially

their influences on membrane fouling, are discussed later section (section 2.3.2.2).

Compared to the TMP in the external membrane system, submerged membrane
system has a relatively low TMP. The TMP has impacts on the flux in an AnMBR.
Ahmad et al. (2005) reported that the increase in TMP led to an increase in both the
initial and final flux values for different types of membranes (ceramic and PVDF).
However, a higher TMP may result in an increase in the fouling layer thickness, coupled
with a decrease in the fouling layer voidage (Thomassen et al. 2005). Thomassen et al.
(2005) studied the effect of varying TMP and cross-flow velocity on the microfiltration
fouling of a model beer. They indicated that under a constant cross-flow velocity an

increase in TMP led to a reduction in transmission of components in the model beer
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while an increase in the cross-flow velocity resulted in an increased transmission of

components through membrane at a given TMP.

Cross-flow velocity operation is applied in external membrane system as a means to
provide high shear conditions at the membrane surface. Much in the same manner as the
cross-flow velocity, gas sparging is extensively used in submerged membrane systems to
provide high shear conditions at the membrane surface. Increasing the cross-flow velocity
or the gas sparging would increase the shear force on the biomass in the AnMBR (Berube
et al. 2006). High shear forces can reduce the size of the biomass or flocs in the mixed
liquor and increase the release of soluble microbial products. However, Beaubien et al.
(1996) reported that the performance of the biological part of an MBR system depended
mainly on the mass loading while the separative component was impacted only by
operating parameters such as cross-flow velocity, pressure and suspended solids
concentration. It was possible to maintain a relatively high permeate flux in an AnMBR
by sparging the submerged membrane system with air (Lee et al. 2001). However,
sparging the anaerobic system with air for long duration resulted in non-anaerobic
conditions that significantly reduced the activity of the microorganisms in the system.
Stuckey et al. (2003) effectively used biogas in the headspace in an AnMBR as a source
of relatively inert gas for continuously sparging a submerged membrane system.
Similarly, Liao’s group developed an SAnMBR system using the produced biogas as
recirculated gas to minimize membrane fouling by scouring the membrane surface (Gao

etal. 2010, Lin et al. 2010, Liao et al. 2010, Xie et al. 2010).

It was earlier reported that a higher temperature could be maintained in an AnMBR

(32°C) compared to the aerobic counterparts (29°C) (Baek and Pagilla, 2003). Lin et al.

13



(2010) operated a thermophilic AnMBR at high temperature of 55 °C. In all microbial
systems, temperature increase leads to increased microbial activity. Higher operating
temperatures have beneficial effects on permeate flux by reducing the viscosity of the
permeate. In conclusion, the three common temperatures ranges at which AnMBR

operates are thermophilic (50-65°C), mesophilic (20-45°C) and psychrophilic (<20°C).

2.2 Applications of AnMBR for industrial wastewater treatments

The membrane biological reactor (MBR) configuration has proven to be optimal for
treatment of many industrial wastewaters when treatment efficiency is an important
consideration (Lin et al. 2011). Early in 1982, Dorr Oliver introduced an AnMBR system
for treatment of industrial wastewater. Many studies have indicated that the AnMBR
technology held great promise for treatment of high strength wastewaters (e.g. industrial
wastewater). Since that time, a number of AnMBR research and development studies
have been completed (Sutton et al. 2002). Table 2.2 shows the AnMBR performance for
treatment of food processing and non-food processing industry wastewater (Lin et al.

2011).

The characteristics of industrial wastewaters are sector specific, although, in general,
they have the potential to have a high organic strength and contain synthetic and natural
chemicals that may be slowly degradable or non-biodegradable anaerobically or toxic.
Industrial wastewater may also have extreme physicochemical nature, such as pH,
temperature, and salinity. Compared to municipal wastewater whose organic strength
range is around 250-800 mg COD/L, the industrial wastewater is usually the strong or

extremely strong wastewater (>1000 mg COD/L) (Lin et al. 2011). Industrial wastewaters

14



may contain a large variety of potentially inhibiting or toxic compounds, such as heavy
metal, phenols, chlorinated and biocides (Sipma et al. 2010). Some of the toxic
compounds may be mostly inert to biodegradation and may require additional
physicochemical treatment.

For food processing wastewater treatment, SAnMBR can be a key technology
because the wastewaters from the food industry are generally biodegradable and nontoxic.
He et al. (2005) successfully used an AnMBR to treat high-concentration food
wastewater containing starch and fat. The COD removal in their study was as high as 81-
94%. They also reported that the control of operating parameters in the AnMBR was very
important. For example, pH control by addition of an alkali solution was needed to
maintain the total buffering capacity during the AnMBR operation; a relatively high
temperature could slightly enhance organic degradation rate of the food wastewater and
significantly increase water flux. It should be mentioned that due to the high suspended
solids (SS) in the food industry wastewater, pre-treatment of the feedwater to remove the
SS before the treatment of AnMBR should be conducted.

Non-food processing industrial wastewaters include effluents from the pulp and paper,
chemical, pharmaceutical, petroleum, and textile industries. For non-food processing
wastewater, the pulp and paper industry is responsible for large discharges of highly
polluted wastewaters. The sources of different wastewaters in the pulp and paper industry
are from various processes: wood preparation, pulping, pulp washing, screening, washing,
bleaching, paper machine and coating operations (Pokhrel and Viraraghavan, 2004). A
number of treatment technologies have been used to treat and reuse the pulp and paper

industry wastewater, such as physical process (steam stripping) and traditional biological
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treatment (Pokhrel and Viraraghavan, 2004). Since the operational costs of the steam
stripping process are proportional to the volume of the liquid to be treated and the
discharges of the pulp and paper wastewater keeps increasing these days, biological
treatment process has become the dominating treatment technology. Although pulp and
paper wastewater can be both aerobically and anaerobically treated, anaerobic processes
are considered more suitable to treat high concentration organic effluent with pollution
decreasing and energy production (Lin et al. 2011, Wijekoon et al. 2011). Minami et al.
(1991, 1994) successfully investigated an external AnMBR for pulp and paper
wastewater treatment with excellent permeate quality. However, external AnMBRs may
consume large energy due to the high cross-flow velocity. To overcome the drawbacks of
external AnMBR, a promising technology of SAnMBR was mentioned in the work of Lin
et al. (2009). What’s more, to save energy in a further step, Lin studied a thermophilic
submerged AnMBR to treat pulp and paper wastewater which is usually discharged at a
high temperature of 50-70°C. Although Lin’s results showed that thermophilic SAnMBR
provided adorable permeate quality, a serious membrane fouling was a challenge and
needed further investigations (Lin et al. 2009, Lin et al. 2010).

For other non-food process industrial wastewater, the potential role of AnMBR needs
to be further studied. A COD removal of 50% at an OLR of 15 kg/m’/day was achieved
in an AnMBR system treating a type of textile wastewater (Hogetsu et al. 1992). You et
al. (2009) combined anaerobic and aerobic membrane bioreactor to treat azo dye
wastewater. The COD removal achieved 92%. Due to the color presented in the textile
wastewater, a combined AnMBR and aerobic MBR process would be a promising

technology for the textile wastewater treatment. The AnMBR system is used for energy
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recovery and the subsequent use of aecrobic MBR can achieve color removal to produce
an effluent for subsequent reuse. Zayen et al. (2009) proved that landfill leachate can be
treated by AnMBR without any physical or chemical pre-treatment. At stable conditions,
the treatment efficiency was high with an average COD reduction of 90% and biogas
yield of 0.46 L biogas/g COD removed.

As mentioned above, AnMBR can be applied for a number types of industrial
wastewaters including both food processing wastewater and non-food processing
wastewater. It is anticipated that more full-scale AnMBR systems will be in operation in

the near future.

2.3 Membrane fouling

2.3.1 Mechanisms of membrane fouling

Membrane fouling is regarded as a major obstacle that limits the performance of
membrane bioreactors. The definition of membrane fouling can be described as permeate
flux decline because of accumulation of substances within membrane pores and/or onto
membrane surface (Hong et al. 2002). Membrane fouling mechanisms are firstly
observed as the adsorption and accumulation of solutes and colloids on the membrane
surface or within the membrane pore (pore blocking). The sizes of the solutes and
colloids in this mechanism should be smaller or comparable to the membrane pore size.
At the same time, the sludge particles larger than the pore size will deposit onto the
membrane surface to form cake layer, as shown in Figure 2.3. But the shear force will
cause the detachment of the sludge particles to the membrane. In a long-time operation,

the spatial and temporal changes of foulants composition occur (Meng et al. 2009).
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Figure 2.3 Membrane fouling process in MBRs: (a) pore blocking; (b) cake layer.

According to the components of fouling, membrane fouling can be classified into
biofouling, organic fouling and inorganic fouling (Liao et al. 2006, Meng et al. 2009).
Bioflouling is caused by the accumulation and deposition of sludge flocs on the
membranes or the metabolism and growth of bacteria cells on the membranes (Peng and
Escobar, 2005). Liao et al. (2006) indicated that the adsorption of extracellular polymeric
substances (EPS) and soluble microbial products (SMP) lead to biofouling on membrane
and pore surfaces as well. Organic fouling refers to the accumulation of biopolymers onto
the membranes. Zhou et al. (2007) reported that the major components of the
biopolymers were proteins and polysaccharides. In general, these two biopolymers are
generated during biological activity. Inorganic fouling is due to the chemical and
biological precipitation of a large number of cations (i.e., Ca*", Mg*", A’ and Fe’") and
anions (i.e., C0O3%, SO4*, PO4* and OH’) presented in the membrane bioreactors.
Generally, inorganic fouling happens in anaerobic MBRs. The most common inorganic
foulant is struvite (MgNH4PO4-6H,0). Other inorganic floulants include CaCO; and

K,oNH4PO4 (Liao et al. 2006).

Membrane fouling can also be classified into removable fouling, irremovable fouling

and irreversible fouling (permanent fouling), according to the removability of the foulants
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on the membrane (Meng et al. 2009). The removable fouling can be easily removed by
physical cleaning (i.e. aeration, backwashing) due to its loosely attached foulants. For
irremovable fouling, chemical cleaning (i.e. acidic cleaning, alkaline cleaning) is needed
to eliminate the strongly attached foulants. However, irreversible fouling is defined as the
fouling cannot be removed by any methods so that the membrane cannot be recovered to
its original state. It can be readily understood that removable fouling may lead to cake
layer formation, while pore blocking is caused by irremovable fouling and irreversible

fouling (Meng et al. 2009).

2.3.2 Factors affecting membrane fouling

Membrane fouling can be reflected by the decrease in the permeate flux or the
increase in transmembrane pressure (TMP) during a membrane process. All the
parameters involved in the design and operation processes have impacts on membrane
fouling. The major factors affecting the membrane fouling can be divided into five
categories: membrane characteristics, operating conditions, biomass properties,

environmental conditions, and hydrodynamic conditions.

2.3.2.1 Membrane characteristics

Membrane characteristics (i.e. membrane material, pore size, porosity, roughness,
surface charge, hydrophilicity/hydrophobicity, module structure) have direct impacts on
membrane fouling (Meng et al. 2009). Membrane materials can be categorized into two
types: organic and inorganic. Organic polymer materials include: polyolefin,
polyethylene (PE), polyvinylidene fluoride (PVDF) and polyvinyl chloride (PVC), etc.

Inorganic materials are metals, ceramic and porous glass, etc. Compared to inorganic
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membrane material, organic membrane material is applied in most cases due to its low
cost and convenience of control. Yamato et al. (2006) found out that PVDF membrane
was better than PE membrane in the aspect of reducing irreversible fouling. In terms of
the pore size of membrane, it was suggested that a narrow pore size is preferred to control
the membrane fouling of the pore blocking in membrane filtration process. Therefore, it
is assumed that membrane with large pore size (i.e. MF) would present higher fouling
than small pore size membranes (i.e. UF). As for the hydrophilicity and hydrophobicity
property of the membrane, membrane fouling on hydrophobic membranes is more severe
because of the hydrophobic interaction between foulants and membranes (Meng et al.

2009).

2.3.2.2 Operating conditions

In an MBR, the biological system design and operation parameters, e.g. SRT, HRT,
or OLR (Zhang et al. 2010), F/M ratio, nutrient conditions, etc., play significant roles in
the membrane filtration performance. The operating conditions (i.e. permeate flux, TMP,
aeration intensity (Menniti and Morgenrith, 2010) exert direct shear stress on the

membrane surfaces and sludge itself.

Flux selection provides the most important factor in determining fouling rate. At high
flux, rapid membrane fouling due to colloidal aggregation and heterogeneous deposits
takes place. On the other hand, the fouling rate can be reduced with some specific value
of flux which is called critical flux. The critical flux concept was introduced by Field et al.
(1995) more than 15 years ago and was defined as the flux below which fouling does not

occur. However, because of the complexity of the MBR system and the inevitability of
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membrane fouling even without flux operation, Jeison (2007) redefined the concept of
critical flux as the flux above which the relation between flux and TMP becomes non-
linear. In order to maintain a certain flux for a long term operation, the sub-critical flux is

used to gain low and moderate level of fouling.

Aeration or gas sparging applied in MBR has a complicated influence on membrane
fouling. In aerobic MBRs, aeration carries out three functions: providing oxygen to the
biomass, maintaining the solids in suspension and scouring the membrane surface to
suppress fouling (Bouhabila et al. 1998, Cui et al. 2003, Dufresne et al. 1997). In
anaerobic MBRs, biogas can be recirculated to achieve similar effects (Liao et al. 2006).
It has been reported that increasing the aeration intensity in MBRs will reduce the fouling
rate and achieve a better hydrodynamic conditions. However, increasing the aeration
intensity could increase energy cost and disrupt sludge flocs, producing small size
particles and releasing more EPS which negatively impact membrane fouling (Khan and

Visvanathan, 2008).

Organic loading rate (OLR) is determined by the influent organic concentration and
hydraulic retention time (HRT). Visvanathan et al. (1997) noted that reduced fouling (no
TMP increase) at higher HRT values. On the contrary, a low HRT or high OLR as food
to microorganism (F/M) ratio increased membrane fouling rates (Trussell et al. 2006).
This could be explained by the relation of HRT to the mixed liquor suspended solids
(MLSS): a shorter HRT provides more nutrients to the biomass, and leads to a greater
biological growth and so a higher MLSS (Dufresne et al. 1996). Solid retention time
(SRT) can also influence membrane fouling by altering sludge composition and MLSS

concentration (Bouhabila et al. 2001, Patsios and Karabelas 2011, Urbain et al. 1998).
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Either a too short SRT or a too long SRT was found to result in extensive membrane
fouling (Huang et al. 2008, Ng et al. 2006). There is an optimum SRT determined by

different operating conditions for each MBR (Meng et al. 2009).

2.3.2.3 Biomass properties

As AnMBR is a complex and enclosed system that concentrates the foulants in the
sludge suspension, biomass properties such as the mixed liquor suspended solids (MLSS)
concentration, colloids (Wang and Tarabara, 2008), particle size distribution (PSD),
extracellular polymeric substances (EPS) (Wang et al. 2009), soluble microbial products
(SMP) (Meng et al. 2007) can contribute to the overall performance of an AnMBR. The
relative contributions of suspended solids (SS), colloids, and dissolved molecule on

membrane fouling were 24%, 50%, and 26%, respectively (Bouhabila et al. 2001).

Membrane filtration performance in MBRs was proven to depend on the
concentration of MLSS. MLSS concentration is defined as the concentration of
suspended solids in the sludge suspension. Chiemchaisri and Yamamoto (1994) reported
that the flux decreased abruptly if the MLSS concentration exceeded 40,000 mg/L in a
submerged membrane bioreactor. Also, Chang and Kim (2005) confirmed that the
membrane fouling took place more rapidly at higher MLSS concentrations. Membrane
fouling resistance was considered to increase exponentially with an increase of MLSS
concentration (Meng et al. 2007). The reason of the effect of MLSS concentration on
membrane fouling can be explained by the filtration process. During the filtration process,
water in the mixed liquor passed through the membrane, while the suspended solids in

the mixed liquor were retained on the membrane surface, which could induce the
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membrane fouling. On the other hand, some studies showed that MLSS concentration did
not have the impacts on membrane permeability. Hong et al. (2002) reported that the
MLSS exhibited very little influence on permeate flux for the range of 3600-8400 mg/L.
Lee et al. (2001) even suggested the improvement of membrane permeability with

increasing in MLSS concentration.

It has been observed that colloidal particles in the mixed liquor have particularly
impacts on membrane fouling. Due to any turbulence in the bioreactor caused by system
operation, weak flocs in biomass can be easily broken into smaller particles. The relative
contribution of colloids to the membrane fouling resistance was found to be 30% by
Defrance et al. (2000). Bai and Leow (2002) found that the smaller particles such as
colloidal ones played a more important role in membrane fouling. The specific resistance
of the colloids and solutes fraction was about ten times as high as the specific resistance
of the total sludge including the suspended solids, colloids and solutes (Bouhabila et al.

2001).

Many studies showed that the particle size distribution of sludge was an important
factor that affects membrane fouling: the membrane fouling resistance increased as
sludge particle size decreased. The Carman-Kozney equation establishes the impacts of
particle size distribution on the cake layer resistance: the smaller particles deposited on
the membrane surface would generate greater specific resistance. This conclusion was
proven by Bai and Leow (2002). They studied the effect of operation parameters on
membrane fouling in a cross-flow microfiltration system and observed that particles

smaller than 50 um create greater specific resistance and lead to greater cake resistance.
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Meanwhile, the filtration rate was determined by the smallest particles in the suspension

(Kromkamp et al. 2006).

EPS and SMP have been regarded as the most significant factors affecting membrane
fouling. EPS, including proteins, carbohydrates, lipids, and nucleic acids, is the
polymeric substances extracted from sludge flocs, while SMP, mainly consisting of
macromolecule organisms, is the soluble microbial products which is produced during

biological reactions (Meng et al. 2009). SMP can be seen as soluble EPS.

The total amount of EPS showed a significant positive effect on the membrane
fouling resistance. The macromolecules (proteins, DNA, carbohydrates, lipids, and
nucleic acids) are retained in the suspension sludge by the membrane in the MBR process.
Nagaoka et al. (1996) indicated that the accumulation of EPS can cause an increase of
viscosity of the mixed liquor and thus an increase in the filtration resistance. Cho et al.
(2005) found that the specific cake resistance became higher as the amount of bound EPS
increased. Most of EPS components are either tightly bound to cells (TB-EPS) or loosely
bound to cells (LB-EPS) (Li and Yang, 2007). TB-EPS and LB-EPS can be separated by
a modified heat extraction at temperature of 50 °C. Wang et al. (2009) found in their
study that compared to TB-EPS, LB-EPS showed more significant positive correlations
with membrane fouling. It is reported that both the quantity and composition of bound
EPS in sludge suspension or on the membrane surface influenced membrane fouling (Ji
and Zhou, 2006). Although protein and carbohydrates are typically characterized in the
solution containing EPS, Dvorak et al. (2011) reported that more than 34% of the EPS

components in the activated sludge are humic substances.
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SMP, representing the soluble EPS, have been found to be released into solution
during substrate metabolism, biomass growth, and biomass decay (Barker and Stuckey,
1999). SMP have been classified into two groups: substrate utilization associated
products (UAP) and biomass associated products (BAP). UAP are associated with
substrate metabolism and biomass growth and are produced at a rate proportional to the
rate of substrate utilisation, while BAP are associated with biomass decay and are
produced at a rate proportional to the concentration of biomass. SMP are produced across
a wide range of molecular weight (MW): < 0.5 to > 50 kDa (Barker and Stuckey, 1999).
The SMP of larger MW (> 30 kDa) was the most abundant fraction in the MBR (Pan et al.
2009). Jarusutthirak and Amy (2006) also indicated that the SMP with high molecular
weight play an important role in creating high resistance of the membrane, leading to a
reduction of permeate flux. SMP can block membrane pores, absorb on membrane
surface, form a gel layer, and/or build up on cake layer through physical and chemical
adsorption, leading to smaller filtration areas, greater hydraulic resistance (Rosenberger

et al. 2005) and finally a decrease in filtration flux (Liao et al. 2004).

2.3.3 Membrane fouling characterization

The development of techniques for membrane fouling characterization has advanced
the knowledge of mechanisms involved in membrane fouling. Scanning electron
microscopy (SEM) is one of the most common instruments providing high resolution
images