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ABSTRACT 

 

 

Anaerobic membrane bioreactor (AnMBRs) has been widely employed in the municipal 

and industrial wastewater treatment due to its attractive advantages. By the comparison to 

the conventional aerobic membrane bioreactor, AnMBR has low yield anaerobic microbes 

which produce relatively lower sludge concentration, requires minimum energy that can 

produce biogas to be used as energy source. In this study, it was found that higher dosages 

of powdered activated carbon (PAC) had better membrane fouling control. To investigate 

the mechanisms involved in helping the fouling control, (i) particle size distribution; (ii) 

concentration of mixed liquor suspended solids (MLSS) and mixed liquor volatile 

suspended solids (MLVSS); (iii) chemical oxygen demand (COD); (iv) extracellular 

polymeric substances (EPS) concentration analysis as well as (v) biogas production were 

measured and analysed to support and explain the findings. 
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CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

1.1 Background 

 

In the late 1960s, Membrane Bioreactor (MBR) is the combination of common 

biodegradation process by activated sludge and a direct separation of treated wastewater 

from anaerobic microorganisms by membrane filtration has allowed the MBR system to 

achieve an astonishing market value in conventional wastewater treatment (Le-clech et al., 

2006). MBR provides advantages such as smaller footprint, higher quality of effluent, 

better disinfection capability, higher volumetric loading and low production of excess 

sludge (Judd, 2011).  

 

In comparison to conventional activated sludge (CAS) process, higher operational 

costs is required in MBR as the use of aggressive chemicals for membrane cleaning has 

created an environmental burden (Brepols et al., 2008).  However, the critical issue faced 

in MBR system are still major problem in membrane fouling, mainly due to irreversible 

fouling caused by cake accumulation (Ognier et al., 2002) onto membrane surface and 

pore blocking (Choi et al., 2005; Liu et al., 2005). The mitigation controls of membrane 

fouling include (i) backwashing (Le-clech et al., 2006); (ii) periodic filtration (Chua et al., 

2002); (iii) sustainable flux; (iv) chemical cleaning (Lim & Bai, 2003) and (iv) specific 

hydrodynamic design. 
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Previous reported findings from many researchers mentioned that performance of 

MBR can be further enhanced by addition of powdered activated carbon (PAC) as an 

adsorbent to improve fouling control by modifying characteristics of mixed liquor 

suspension (Li et al., 2005; Seo et al., 2004; Ng et al., 2006; Ma & Yu, 2012). One of the 

remarkable effects brought by addition of PAC is the concurrent processes of adsorption 

and degradation effects where the formation of biofilm on PAC as known as biologically 

activated carbon (BAC) to undergo biodegradation process of pollutants that previously 

adsorbed by PAC. In addition, scouring effect of PAC on membrane surface has proved 

to perform well for the membrane flux (Ng et al., 2010; Yang et al., 2006).  

 

Despite PAC addition enhances MBR performance, the operating condition to 

indirectly control the membrane fouling is important as well. The optimum sludge 

retention time (SRT) control can determine the stability of MBR sludge where the floc 

stability is reflected by the MBR fouling rate which indicated by changes in 

transmembrane pressure (TMP) (Yu & Su, 2012). Temperature is influenced by the 

viscosity of digester sludge in terms of mesophilic and thermophilic conditions. The 

correlation between SRT and temperature can be considered as the maximum SRT was 

determined by concentration of mixed liquor suspended solids (MLSS) and the viscosity 

of sludge (Meabe et al., 2013).  
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1.2 Problem statement 

 

In MBR, many advantages are found when it comes to comparison between MBR and 

conventional activated sludge (CAS). However, the major drawback of using MBR as a 

wastewater treatment process is still limited by the membrane fouling issue which led to 

high operational and maintenance (O&M) cost. Besides, high energy consumption due to 

excess energy needed to heat the reactor in order to cultivate the anaerobic activated 

sludge at mesophilic and thermophilic conditions. (Lew et al., 2009; Lettinga et al., 2001). 

 

 Besides, many researches have studied the effect of PAC on membrane fouling 

control in AnMBR and mostly treatment are sewage or industrial wastewater as basis. 

Anyhow, the feasible studies on different dosage of PAC at mesophilic and thermophilic 

regimes on membrane fouling control are still limited especially on treating the Palm Oil 

Mill Effluent (POME). Therefore, in my studies, investigation and comparison of the 

effect at different low PAC dosages on membrane fouling control are concerned under 

mesophilic regimes in terms of cost saving prospective along with the POME as 

wastewater to be treated. 

 

 

 

1.3 Objectives 

 

i. To investigate the effects of hybrid AnMBRs added with different PAC dosage 

concentrations in treating POME. 

ii. To study the mechanisms involved in controlling fouling of AnMBRs at different 

PAC concentrations at mesophilic regime. 
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1.4 Outline of reports 

 

There are five chapters included in my studies. The first chapter, introduction chapter 

covers the background of studies, problem statement and objectives. Secondly, chapter 

two is literature review which highlights all the relevant information including the 

operating conditions, membrane fouling problem and effect of PAC on membrane fouling 

control which related to AnMBR in this project studies. Third chapter reviews the research 

methodology which includes experimental set-up, materials and analytical methods 

meanwhile the forth chapter reports the results and discussions based on the fact-finding 

throughout the experimental analysis. Last but not least, the conclusions and 

recommendations are proposed to improve the studies. 
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CHAPTER 2 

 

 

 

LITERATURE REVIEW 

 

 

 

In this chapter, there are four sections to be discussed which are related to summarization 

of the relevant information needed for this study. The first section is the introduction to 

anaerobic membrane bioreactor system (AnMBR). The second section is the operation 

conditions including sludge retention time (SRT) and temperature. The third section 

reviews the membrane fouling studies, for instances, the fundamentals, classification, 

factors and the mitigation control of membrane fouling. For the last section is the studies 

of the introduction, mechanisms and optimum dosage of the additives, powdered activated 

carbon in the MBR system.  

 

 

 

2.1 Introduction to anaerobic membrane bioreactor system (AnMBRs) 

 

Recently, anaerobic membrane bioreactor system (AnMBR) is gaining attention due to its 

ability to treat a wider range of strength of wastewaters. The ability to convert biochemical 

oxygen demand (BOD) of wastewater to usable biogas with minimum energy 

consumption (Chang, 2014) and AnMBR has become popular. In this study, high strength 

wastewater, Palm Oil Mill Effluent (POME) is treated using AnMBRs. POME pollute our 

environment if not properly treated (Rupani et al., 2010). The characteristics of raw POME 

and the regulatory discharge limits in Malaysia are as shown in FIG 2.1. 
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Table 2.1: Characteristics of raw POME and the regulatory discharge limits 

 

Source: (Ma, 2000)a , (Ahmad et al., 2003)b 

 

Higher strength wastewaters consists of higher organic matter which induces a 

great energy which can be harvested in the anaerobic treatment (Visvanathan & 

Abeynayaka, 2012). The AnMBR is an integrated system of the anaerobic biological 

wastewater treatment process and the low pressure ultrafiltration or microfiltration 

membrane filtration which allows separation of treated wastewater from anaerobic 

biomass as well as concentrate the biomass in AnMBR. (Chang, 2014). There are several 

benefits of using AnMBR compared to common aerobic treatment such as (i) lower sludge 

production due to low yield of anaerobic microorganisms; (ii) lower energy consumption 

as no aeration needed; and (iii) potential resource recovery because energy (from biogas 

production) and nutrients (NH4
+ and PO4

3-) can be obtained from the anaerobic 

degradation process (Ferrera et al., 2015). However, this system has one main drawback 

which is membrane fouling (Liao et al., 2006). 
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2.2 Operating conditions 

 

There are three major operating conditions such as sludge retention time (SRT), 

temperature and pH were fixed in this study.  

 

 

 

2.2.1 Sludge retention time (SRT) 

 

SRT is one of the critical operating paramaters which is used to manipulate the 

characteristics of biomass suspension and its fouling propensity (Grelier et al., 2006). 

Some researchers reported that longer SRTs can achieve higher effiency in treating 

wastewater by forming a more acclimatised biomass (Xing et al., 2000; Rosenberger & 

Kraume, 2002; Shin & Kang, 2001). Longer SRT (>15days) can relatively (i) reduce 

fouling propensity on the membrane (Bouhabila et al., 2001; Innocenti, et al., 2002) and 

with the high SRT, (ii) the concentration of MLSS and MLVSS would increase 

theoretically followed by (iii) decrease the net sludge production due to the resulting low 

(F/M) ratio and (iv) enhance the development of nitrifying bacteria to improve the 

nitrification capability (Xing et al., 2000; Bouhabila, et al., 2001; Rosenberger & Kraume, 

2002; Huang & Qian, 2001; Han, et al., 2005). However, according to Meng et al. (2009), 

a too long SRT (>40 days) would result in membrane fouling while a too short SRT (<15 

days) might detrimental to membrane performance. According to Tian & Su (2012), MBR 

sludge at lower SRT inhibits poorer stability and loose structure and might cause serious 

membrane fouling. Ng et al. (2013) also reported MBR with SRT (30 days) shows a better 

filtration performance compared to MBR with SRT 10 days. Prolonged SRT might (i) 

encourages higher MLSS and viscosity (Rosenberger & Kraume, 2002; Han et al., 2005), 

(ii) decrease the permeate quality with a prolonged SRT of  more than 30 days (Innocenti 

et al., 2002) and (iii) accumulate the inorganic compounds at the bottom of the bioreactor 

(Rosenberger et al., 2002). Thus, the moderate SRT 30 days are fixed as one of the 

operating condition in my project. 
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2.2.2 Temperature 

 

Temperature plays as one of the important operating conditions in MBR system due to its 

influence on permeate fluid viscosity (Mulder, 2000). Temperature was recently found to 

have effects on permeability including the sludge viscosity, shear stress/forces close to the 

membrane surface and solubilisation of organic matter (Lyko et al., 2008). There are two 

temperature conditions to be studied in this project which are at the mesophilic (35°C) and 

thermophilic (55°C) conditions. In mesophilic temperature regime, AnMBR operated well 

in anaerobic digestion compared to the thermophilic regime due to its weak stability 

(Meabe et al., 2013). In terms of COD level in the permeate, higher soluble COD (brown 

in colour) are found in thermophilic conditions compared to mesophilic condition (light 

yellowish in colour). It is because the increasing hydrolysis at higher temperature followed 

by the higher volatile fatty acids (VFA) concentration (Meabe et al., 2013).  In addition, 

filtration performance shows a better permeability at mesophilic conditions as due to the 

size of particle pass through the membrane. The smaller particles in thermophilic sludge 

are deposited onto the membrane pore which enchance the pore-blocking mechanisms, 

thus, lead to low permeabilities (Meabe et al., 2013). It concluded that mesophilic regime 

is preferable in membrane filtration performance after the permeate flux is determined by 

the physical properties of sludge (Jeison & Lier, 2008). 

 

However, thermophilic regimes can increase the destruction rate of organic solids 

and eliminate pathogens (Kim et al., 2002). Since the characteristics of sludge is 

significantly different when under the studied of both temperature, the smaller floc size 

and poorer supernatant quality at higher temperatures led to an increase in filtration 

resistance (Lin et al., 2009). 
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2.2.3 pH 

 

pH would impact the microbial metabolism and chemical activity within the bioreactor. It 

can alter the energy yielding, efficiency of substrate degradation, membrane morphology, 

performance of methanogenic bacteria and the release of metabolic products (Baily & 

Ollis, 1986). The optimum pH for anaerobic bioreactor is within 6-8 (Ward et al., 2008). 

According to Gao et al. (2010), membrane fouling rate would increase significantly when 

pH 8 is increased to pH 9.1 and fouling rate is the highest at pH 10. Moreover, in terms of 

sludge properties, pH 8 shows no significant influence on MLSS concentration meanwhile 

pH 9.1 would retarde sludge production followed by decrease in MLSS concentration with 

a pH 10 (Gao et al., 2010).  

 

 

 

2.3 Membrane fouling 

 

Membrane fouling is the accumulation of undesirable materials onto the surface or inside 

the pores of a membrane and eventually lead to loss in permeability or membrane damage 

(Leonard et al., 2014). 

 

 

 

2.3.1 Fundamentals of membrane fouling  

 

According to Meng et al. (2009), factors which cause membrane fouling are mainly due 

the mechanisms such as (1) the adsorption and accumulation of colloids and sludge on the 

membrane surface; (2) separation of foulants due to shear forces; (3) the structural and 

physical changes of the foulant configuration during the long-term operation. TMP is 

defined as the characterization of the membrane fouling intensity as well as an indicator 

for the filtration performance in the MBRs (Ng et al., 2010). An occurrence of TMP jump, 

recently found in an investigation, was the sudden rise in the concentration of extracellular 
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polymeric substances (EPS) at the bottom of cake layer and probably result the fatality of 

bacteria between cake layers (Hwang et al., 2008). Figure 2.1 shows the schematic 

illustration of the occurrence of TMP jump in three stages process: stage 1- conditioning 

fouling; stage 2-slow/steady fouling; stage 3-TMP jump. However, the relationship of 

membrane fouling rate is confused due to the fouling rate investigated in lab-scale is 

hardly used to justify in the comparison of long term full-scale operation (Kraume et al., 

2009). 

 

 

Figure 2.1: Schematic illustration of the occurrence of TMP jump 

Source: Judd, 2011 
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2.3.2 Classification of membrane fouling 

 

According to Lee at al. (2001), membrane fouling is affected by three predominant fouling 

components such as sludge particles, colloids and solutes as shown in Figure 2.2. 

 

 

Figure 2.2: Membrane fouling process in MBRs: (a) pore blocking and (b) cake layer 

Source: Lee et al., 2011 

 

If the size of foulants are equivalent with the membrane pores size (i.e., colloids) or 

smaller than the membrane pores size (i.e., solutes), pore blocking and adsorption might 

happen (Meng et al., 2009). On the other hand, if the size of foulants (i.e., sludge flocs 

and colloids) are bigger the pore size of membrane, sludge cake deposition tends to form 

on the membrane surface (Meng et al., 2009). 

 

 To date, the perceptions on fouling classifications are mystifying due to different 

definitions proposed in publications. Table 2.1 shows the typical ranges of two fouling 

rates occurring at full scale (Kraume et al., 2009; Guglielmi et al., 2007; Pollice et al., 

2005). Generally, the term reversible fouling is defined as fouling which can be removed 

by physical methods (i.e. backwashing or relaxation under crossflow conditions) and 

reversible fouling takes place due to loosely attached foulants (Drews, 2010). According 

to Choi et al. (2005), irreversible fouling occurs due to the formation of pore blocking 

followed by the strongly attached foulants during filtration. Chemical cleaning is needed 

to eliminate the foulants accumulated between the membrane layers.  

 

 

 

 

120µm 

0.2µm 



12 

 

Table 2.2: Typical ranges of two fouling rates occurring at full scale 

Category Fouling rate in mbar/min Time frame 

Reversible fouling 0.1-1 10 minutes 

Irreversible fouling 0.001-0.01 6-12 months 

Source: Kraume et al., 2009; Guglielmi et al., 2007; Pollice et al., 2005 

 

 

 

2.3.3 Membrane fouling factors  

 

 The main factors that cause membrane fouling are related to the biomass features, type 

of feedstock and operating conditions (SRT, hydraulic retention time (HRT) and food to 

microorganism ratio (F/M)) (Le-Clech et al., 2006). In MBRs operation, the sludge 

characteristics and hydrodynamic conditions are used to govern the fouling behaviour. 

Table 2.2 presents the relationship between various fouling factors and membrane fouling 

based on the source from Meng et al. (2009). 
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Table 2.3: Relationship between various fouling factors and membrane fouling 

 

Source: Meng et al., 2009 

 

 

 

2.3.3.1 Extracellular polymeric substances (EPS) 

 

According to Geesey (1982), EPS is termed as Extracellular Polymeric Substances which 

is the formation of microbial aggregates. Generally, EPS can be in either bound or soluble 

form. The soluble form of EPS is known as soluble microbial products (SMP) in MBRs. 

The major constistuents found in EPS are polysaccharides and proteins followed by other 

components such as humic acids, nucleic acids, lipids, uronic acids (Liu & Fang, 2003; 

Yu, 2008; Frolund et al., 1996). EPS created a significant barrier to permeate flow in 
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MBRs that results in membrane fouling. Numerous reports show that the effects of EPS 

in membrane fouling was through the extraction of EPS from the sludge floc (Le-clech et 

al., 2006). The techniques of extraction, for instances, cation exchange resin heating 

methods (Slang et al., 2005; Gorner et al., 2003; Frolund et al., 1996), heating methods 

(Morgan et al., 1990), centrifugation with formaldehyde (Zhang et al., 1999). Among all 

these extraction, formaldehyde centrifugation is the most effective method with the largest 

concentration of extracted EPS (eEPS). 

 

 

 

2.3.3.2 Soluble microbial product (SMP) 

 

Soluble microbial product (SMP) can exist in different amount with no fixed composition 

as well as its characteristics on determining the impact on membrane permeability (Drews, 

2010). However, most of the publication reported that only SMP has the significant effect 

on membrane fouling when compared to bound EPS (Tardieu, et al., 1999; Rosenberger 

& Kraume, 2002; Rosenberger et al., 2006; Yamato, et al., 2006; Fan, et al., 2006).  

 

SMP is termed as the matrix of soluble organic compounds that released during 

cell lysis followed by diffusion into cell membrane, is lost during synthesis or are excreted 

for certain purpose (Laspidou & Rittmann, 2002; Li, et al., 2005). Rosenberger et al. (2005) 

reported that SMP are would form gel-like structure on the membrane surface, blocked 

the membrane pores where they provide nutrient for biofilm formation and a hydraulic 

resistance to permeate flow during filtration process. This is because both soluble 

carbohydrate (polysaccharide) and humic substances are two key colloidal total organic 

carbon (TOC) components that result in membrane fouling (Fan, et al., 2006; Meng, et al., 

2006) . In addition, the colloidal TOC acts as an indicator to predict the sludge fouling 

tendency. There are three techniques to separate the water phase from biomass in order to 

isolate SMP (Evenblij & van der Graaf, 2004). The most effective way of isolation when 

compared to centrifugation or sedimentation are the simple filtration through filter paper 
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with pore size of 12µm as it is most preferable due to its removal efficiency of colloidal 

material (Evenblij & van der Graaf, 2004). 

 

 

 

2.3.4 Mitigation of MBR fouling 

 

There are three major methods can be used to prevent MBR fouling. The elaboration of 

the methods are as follows. 

 

 

 

2.3.4.1 Physical cleaning 

 

The two standard operating strategies to control membrane fouling in physical ways are 

membrane backwashing and membrane relaxation (Le-clech et al., 2006). Most of the 

reversible fouling results from pore blocking can be eliminated by backwashing where the 

permeate pumped in reversible direction and detached sludge cake from membrane 

surface (Bouhabila et al., 2001; Psoch & Schiewer, 2005; Psoch & Schiewer, 2006). The 

optimization of backwashing is required based on some important key parameters such as 

its frequency, duration and the ratio between those two parameters, intensity, energy and 

permeate consumptions (Bouhabila et al., 2001; Psoch & Schiewer, 2005; Psoch & 

Schiewer, 2006). On the other hand, membrane productivity can be well improved by 

membrane relaxation (or non-continuous operation of the membrane) (Le-clech et al., 

2006). During the membrane relaxation, reversible attached foulants can be removed from 

membrane surface under the concentration gradient and thus enhancing the back transport 

of foulants (Hong et al., 2002). If an air scouring effect is added during relaxation, the 

removal effiency of it might increase (Chua et al., 2002). 
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2.3.4.2 Chemical cleaning 

 

There are three types of chemical cleaning according to different time basis. For instances, 

chemically enhanced backwash (on a daily basis), maintenance cleaning with higher 

chemical concentration (weekly) and intensive (or recovery) chemical cleaning (once or 

twice a year) (Le-clech et al., 2006).  Chemical cleaning is a more robust way to remove 

EPS and foulants. The commonly used chemical cleaning agents include sodium 

hypochlorite (NaClO), sodium hydroxide (NaOH), hydrochloric acid (HCl) and citric acid 

in MBR (Brepols et al., 2008; Wei, et al., 2011; MJ. Kim, 2011). NaClO and NaOH have 

the highest cleaning removal effiency among these chemical agents due to their 

oxidizability and alkaline hydrolysis effect (Brepols et al., 2008). Despite of using 

chemical agents, sonification chemical process, one of the techniques to eliminate cake 

formation by breaking down the fouling cake into smaller fragments (Fang & Shi, 2005). 

However, sonification method is not effective on all types of fouling because the pore 

blocking might worsen this type of fouling. And thus, by combining sonification, 

backwashing and chemical agent cleaning can reach an optimization removal effect (Fang 

& Shi, 2005). 

 

 

 

2.3.4.3 Sustainable flux 

 

The sustainable flux in MBR is conceptualized as chemical cleaning is not necessary if 

the TMP increases gradually at an acceptable rate (Ng et al., 2005).  A reasonable flux 

rate without significant fouling should be recognized as the most economical way to 

control membrane fouling (Le-clech et al., 2006). Most MBR systems operate at low 

fluxes to limit rapid and severe membrane since the permeate rate and fouling decrease 

simultaneously (Le-clech et al., 2006). As mentioned in 2.2 and Figure 2.1, the sustainable 

flux is occurring in slow and steady fouling stage (stage 2). Meanwhile for the critical flux 

is noticeable higher than sustainable operating flux since the critical flux happens in 

between stage 2 and stage 3 as shown in Figure 2.1 (Wang et al., 2006). Critical flux was 
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examined during short term experiments while the sustainable flux have to be assessed for 

longer period of time (Le-clech et al., 2006). Thus, flux value is important to be 

determined and well managed in MBR system as it presents as one of the membrane 

fouling factors. 

 

 

 

2.4 Adsorbent agent- Powdered Activated Carbon (PAC) 

 

Adsorption refers as the attachment of a substance at the interface between liquid and 

solids in a physical and chemical process. Activated carbon is commonly used as 

adsorbent due to its highly porous material and a large surface area provided for the 

adsorption and biodegradation process (Brady & Moran, 2012). Activated carbon is 

available in two forms which are powdered activated carbon (PAC) and granular activated 

carbon (GAC).  

 

 

 

2.4.1 Introduction to PAC 

 

Addition of PAC into MBR system has been widely used as a method of membrane 

fouling control (Le-clech et al., 2006). PAC addition modified the sludge characteristics 

by increasing the removal of low molecular weight organics by adsorption; it also acts as 

a supporting medium for attached bacterial growth, influences the bacterial population 

and affects the EPS concentration (Kim et al., 1998). In addition, PAC additions could 

enhance membrane flux, increase the porosity of sludge cake layer, decrease in sludge 

production and increase the resistance to toxic substances (Kim et al., 1998; Li et al., 2005; 

Aquino et al., 2006; Lesage et al., 2007). 
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2.4.2 Mechanisms of PAC in fouling mitigation 

 

Three fouling control mechanisms of using PAC in MBR identified. First, the behavior of 

PAC acts as an absorbent of the methanogenic bacteria, second, PAC with scouring effect 

to limit the foulant accumulation, and third, the combination of PAC to form biologically 

activated carbon (BAC) lead to concurrent adsorption and degradation effects (Ng et al., 

2010). The most significant effect among the mechanisms is the combined adsorption and 

biodegradation effect rather than the biological or adsorption process alone (Pirbazari, et 

al., 1996; Liu, et al., 2005; Seo, et al., 2004). The function of this concurrent process is 

the adsorption of pollutants on PAC is allowed to be biodegraded by the bacteria in the 

biofilm of BAC where the PAC could act as a foundation for the formation of biofilm that 

consists of immobilized bacteria (Walker & Weatherley, 1999; Lin et al., 2000). Therefore, 

the bioregeneration of saturated BAC could be enhanced in the formation of a biofilm on 

the PAC (Li et al., 2005; Ng, et al., 2010). There are two different research findings 

comment upon the scouring effect of PAC which due to  (i) neutralization and removal of 

fine foulants that deposited on membrane surface followed by enhancement of fluid 

turbulence with bubling effect (Li et al., 2005; Dosoretz & Boddeker, 2004) and (ii) 

formation of BAC with high porosity and low compressibility or formation of a permeable 

“precoat” BAC layer to allow cake deposition (Liu et al., 2005; Kim et al., 1998). 

Membrane fouling could be adversed with PAC addition if the PAC replenishment is not 

steady or the size of PAC is not within an optimum range (Ng et al., 2013). As a result, it 

is important to study and optimize the effect of PAC dosage and size in order to mitigate 

membrane fouling. 
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2.5 Biogas production 

 

Biogas produced from AnMBR with POME as feedstock is able to be captured and used 

as a clean and renewable resource because of the discharge is less harmful to the 

environment compared to burning of fossil fuel (Lim & Low, 2013). The estimated 

potential energy to be harvested in biogas production can be used as fuel to generate 

electricity on the assumption of demonstration scale. The compounds in the biogas are 

methane (CH4), carbon dioxide (CO2), hydrogen sulphide (H2S), moisture and other trace 

gas compound whereby methane concentration is in the range of 50-70% of biogas volume 

(Zhao et al., 2010). 
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CHAPTER 3 

 

 

 

METHODOLOGY 

 

 

 

This chapter consists of four sections which include experimental set-up, materials and 

analytical methods.   

 

 

 

3.1 Experimental setup 

 

Three anaerobic bioreactors (AnMBRs) with one litre capacity were setup at bench-scale 

in this study. The microbial seed and feedstock, Palm Oil Mill Effluent (POME) were 

required to cultivate the anaerobic sludge in AnMBRs and they were supplied by the local 

wastewater treatment plant, Tian Xiang Group in Perak, Malaysia. In this experiment, 

different PAC dosage at 1g/L, 3g/L and 5g/L were adopted. The operating condition for 

these AnMBRs such as SRT was fixed at 30 days and the temperature was set at 35°C. 

Replenishment of aged biologically activated carbon (BAC) and POME was practiced to 

maintain the good performance of AnMBRs. The POME was required to be filtered 

through 53µm sieve to remove the large particle including dirt, sediment and grease before 

feed into AnMBRs. Nitrogen airbag was connected to the gas probe of AnMBRs for 

desludge and feed session to prevent oxygen intake in order to achieve an anaerobic 

condition.  Supernatent extracted from the AnMBRs were undergoing dead-end filtration, 

an indicator of short term test in order to predict the long term performance of membrane 
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fouling control. Last but not least, every single AnMBR was equipped with gas collector 

to collect the biogas. The schematic diagram of the lab scale AnMBR is shown in Figure 

3.1.  

Supernatant

Sludge

Gas

Probe

Discharge/ Feed

Desludge/ Feed

Gas Colletor

 

Figure 3.1: The schematic diagram of lab scale AnMBR 

 

 

 

3.2 Materials 

 

 

 

3.2.1 Powdered Activated Carbon (PAC) 

 

The PAC adopt in this studies is extra pure Charcoal Powdered Activated Carbon from 

GENE Chem. The specification of PAC is listed in Table 3.1. 
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Table 3.1: The specification for PAC used in MBR 

Composition Value 

pH 4.5-7.5 

Soluble matter in ethanol 0.20 % 

Soluble matter in hydrochloric acid 0.20 % 

Chloride (Cl) 0.10 % 

Sulfur compound (SO4) 0.15 % 

Iron (Fe) 0.10 % 

Zinc (Zn) 0.10 % 

Heavy metal (Pb) 0.01 % 

 

 

 

3.2.2 Palm Oil Mill Effluent (POME) 

 

The POME is supplied by a palm oil processing factory named Tian Xiang Group in Perak.  

The POME used is considered as high strength industrial wastewater with COD of 80000 

mg/L. The feedstock of POME is required to be filtered by using filtered sieve plate with 

the mesh size of No. 270 (0.053mm). 

 

 

 

3.2.3 Anaerobic sludge 

 

The microbial seed used to cultivate the anaerobic sludge is supplied by Tian Xiang Group 

in Perak, Malaysia. Prior to use, the sludge was filtered by a 53 µm sieve to remove large 

particles such as sediments and dirt.  
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3.2.4 Membrane 

 

Cellulose Acetate Membrane Filter with the combination of higher flow rate and thermal 

stability with very low adsorption characteristics and applicable to be used in pressure 

filtration devices. The characteristics are as shown in Table 3.2. 

 

Table 3.2: The characteristics of membrane used in MBR 

Characteristics Value 

Pore size 0.2µm 

Diameter 47mm 

Thickness 120µm 

Flow rate for water 24 ml/min/cm2/bar 

 

 

 

3.3 Analytical Methods 

 

 

 

3.3.1 Total Suspended Solid (TSS) and Volatile Suspended Solid (VSS) 

 

The TSS and VSS which are also known as mixed liquor suspended solid (MLSS) and 

mixed liquor volatile suspended solid (MLVSS) can be determined by using the standard 

given, Standard Method, 21st Edition. The filtration process was conducted by using 

micro-glass fiber filter AH-934 after the samples were removed from AnMBRs. Then, 

weight of the filtered samples were measured by using M-power Analytical 

Balance AZ214 (Sartorius weighing technology, Germany) as shown in Figure 3.2. The 

filtered sample was placed in oven at the temperature of 105°C for 2 hours. Later it was 

transferred to a dessicator to be cooled down. Weight was recorded to determine the TSS. 

After the TSS was determined, the samples were transferred to a Muffle Furnace and 
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ignited at the temperature of 550 oC for 15 minutes. The samples had to cool down before 

being weighted.  

 

Figure 3.2: M-power Analytical Balance AZ214 

 

 

 

3.3.2  Chemical Oxygen Demand (COD) 

 

Methods to determine COD were based on the Standard Method, 21st Edition. The 

supernatant was extracted from bioreactors followed by dilution using 100mL of 

volumetric flask in the factor of 250. Then the samples were measured by the HACH test 

kits with a range of 0-1500 mg L-1 in the COD digester block (DRB 200, Germany). The 

samples were then heated in COD reactor (Figure 3.3) for 2 hours at the temperature of 

150°C and tested by a spectrophotometer after it was cooled down (DRB 6000, Germany) 

 

Figure 3.3: COD Reactor Hach DRB-200 
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3.3.3  Particle Size Distribution (PSD) 

 

Particle size of PAC and biomass floc size are measured by using the Malvern Mastersizer 

2000 Particle Size Analyser is as shown in Figure 3.4. This analyzer is able to detect 

particle sizes from the range of 0.02µm to 2000 µm. The scattered light is detected by a 

detector that induce the signal to a size distribution on volume or number basis. Each 

sample was calibrated 3 times with a standard deviation of 0.1-4.5%.  

 

Figure 3.4: Malvern Mastersizer 2000 Particle Size Analyser 

 

 

 

3.3.4  pH Measurement 

 

The pH of the mixed liquor was determined by using pH electrode meter (Hanna HI 2550, 

USA) for a constant period in order to ensure the pH is lied within the neutral range. The 

electrode was calibrated with buffer solution of pH 4, 7 and 10 before the measurement. 

The electrodes were then rinsed with distilled water and dried with a tissue before each 

measurement.  
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3.3.5  Transmembrane pressure (TMP) 

 

Transmembrane pressure is the pressure used to force the fluid in the MBR to pass through 

the membrane. In this study, the transmembrane pressure was measured using 

transmembrane pressure transducers and the data was recorded by a digital pressure data 

logger (Logit, USA). 

 

 

 

3.3.6 Extracellular Polymeric Substances (EPSs) 

 

EPSs consist of the major components which include protein and polysaccharides. They 

both were determined using supernatent of the samples. Firstly, the sample was 

centrifuged using HERMLE Centrifuge at 3000rpm, 9 acceleration at the temperature of 

25°C for 30 minutes. Supernatent was extracted into a few test tubes to test for the 

polysaccharides and protein by using micropipette. The concentration of polysaccharides 

were determined with the steps as follows, (i) 14mL of phenol filled together with some 

of deionized water was prepared, (ii) each 1mL of sample was added with 1mL of phenol 

followed by 5mL of 1mol/L H2SO4 and wrapped the test tubes with aluminium foil 

wrapper, (iii) the samples are required to place in Vortex Shaker at 1500rpm for 15 

seconds and (iv) samples were placed in a dark spot area for 15 minutes and the 

concentration of polysaccharides were determined later by using HACH UV/VIS 

spectrophotometer (Model DR 6000) as shown in Figure 3.4.  The concentration of protein 

were determined with the steps as follows, (i) 1mL of sample was added with 10mL 

Bradford reagent with bovine serum albumin (BSA) as standard, (ii) the samples are 

required to place in the Vortex Shaker at 1500rpm for 15 seconds and (iii) samples were 

allowed to settle for 15 minutes and concentration of protein were determined later by 

using HACH UV/VIS spectrophotometer (Model DR 6000).   
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Figure 3.5: HACH UV/VIS spectrophotometer (Model DR 6000) 
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CHAPTER 4 

 

 

 

RESULTS AND DISCUSSIONS 

 

 

 

In this chapter, performance of the various AnMBRs were discussed and analysed. 

Membrane fouling is still the large hindrance to the good performance of MBR in 

wastewater treatment. However, with the addition of PAC in MBR, it was found that PAC 

would be transformed into biologically activated carbon (BAC). BAC is able to adsorb 

the foulants and provide the previously attached bacteria to biodegrade the foulants (Ng 

et al., 2010). In this study, SRT (30days), temperature (35°C) and pH (7-8) were constant 

throughout the entire project. Frequent replenishment of old aged BAC of the AnMBRs 

is required because the saturated BAC with foulants without refreshing could have adverse 

effect on the membrane fouling control (Remy et al., 2010).  

 

In this study, different dosages of PAC (1, 3 and 5g/L) were added into three 

AnMBRs at temperature of 35°C to investigate effects of membrane fouling control. The 

factors affected the performance of the AnMBRs were compared in terms of their sludge 

characteristics (MLSS, SMP/EPS, particle size distribution); membrane fouling rate; COD 

removal efficiency as well as biogas production rate. 
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4.1 Start-up of AnMBRs  

 

Three bench-scale 1L AnMBRs were setup at the temperature of 35°C. The three 

AnMBRs had different PAC dosages of 1g/L, 3g/L and 5g/L respectively. The indication 

for stabilisation of the three AnMBRs were investigated via the concentration of MLSS 

and MLVSS analysis by observing the growth rate of microbes.  

 

 

 

4.2 Concentration of MLSS and MLVSS in AnMBRs 

 

The concentration of MLSS represents the concentration of suspended solids including 

the organic, inorganic or non-biological solids in the bioreactor. Meanwhile, the 

concentration of MLVSS is the concentration of volatile suspended solids and they consist 

of microorganisms and organic matter.  Therefore, the concentration of MLVSS is 

approximately equivalent to the amount of microorganisms in bioreactor. In order to 

conduct experimental analysis, the MLSS and MLVSS were measured 2-3 times per week 

when the system has reached steady state after 3 months of cultivation.  

 

 

 

4.2.1 Effect of different dosages of PAC on MLSS and MLVSS concentration 

 

 

As per Figure 4.1, the MLSS concentration has a steady increment of 14.7% (from 16.4g/L 

to 19.2 g/L) and 12.8% (from 19.2 g/L to 22.1 g/L) respectively when the dosage of PAC 

added into AnMBRs increased from 1 to 3 g/L and 3 to 5 g/L. Meanwhile, the MLVSS 

concentration also showed a steady increment of 16.0% (from 12.9g/L to 15.4 g/L) and 

16.2% (from 15.4 g/L to 18.4 g/L) respectively when the dosage of PAC added increased 

from 1 to 3 g/L and 3 to 5 g/L. This may be because adsorption effect of PAC could enrich 

microbial growth as it provide large surface area for microbial to attach, feed and grow. 
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Moreover, the PAC acts as a shelter for the microorganisms to inhibit the high shear 

situation.  

 

Figure 4.1: The concentration of MLSS and MLVSS at different dosage of PAC at 

mesophilic regime 

 

 

 

4.2.2 Particle size distribution of BAC flocs in volume and number 

 

In Figure 4.2 and Figure 4.3 show the floc size distribution of the AnMBRs at different 

dosages under mesophilic condition (35°C). Based on the volume distribution (D50) curve, 

3g/L and 5g/L of BAC were found to have larger floc size compared to 1g/L BAC. Bigger 

BAC size indicate it can accommodate more microorganisms and also good for membrane 

fouling control. Figure 4.3 also shows an increase in BAC floc size following an increase 

in PAC dosages. It could be explained that higher concentration of BAC can enhance the 

MLSS production and lead to larger floc size of BAC which is good for membrane fouling 

control. 
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Figure 4.2: Particle size distribution of BAC in volume at different dosages under 

mesophilic condition 

 

 

Figure 4.3: Particle size distribution of BAC in number at different dosages under 

mesophilic condition 

 

 

 

 

 

 

 

 

1g/L BAC (D50) 31.95 ± 3.665 µm 

5g/L BAC (D50) 37.40 ± 4.377 µm 

3g/L BAC (D50) 38.38 ± 5.206 µm 

1g/L BAC (D50) 1.326 ± 0.135 µm 

3g/L BAC (D50) 1.555 ± 0.032 µm 

5g/L BAC (D50) 1.599 ± 0.047 µm 
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4.3 Concentration of protein and polysaccharides in the AnMBRs added with 

different dosages of PAC at mesophilic regime (35°C) 

 

Bound EPS as mentioned previously in chapter 2, it consists of proteins, polysaccharides, 

lipids, humic acids, nucleic acids, etc (Meng et al., 2006). Figure 4.6 shows an increment 

in PAC dosages resulted in lower concentration of proteins and polysaccharides. With an 

increase in PAC dosage, the polysaccharides concentration shows a decrease up to 6% 

meanwhile the protein concentration shows a decrease up to 9.3%. The PAC added were 

able to adsorb the organic or inorganic substrates in the AnMBRs and allowed the bacteria 

attached to surface of PAC to form BAC to biodegrade the extracellular of organics 

adsorbed. According to Ahmed et al. (2007), when the bound EPS rose, the accumulation 

of foulants were increased, consequently resulted in the rise of TMP and reduce the 

performance of membrane fouling control. Figure 4.5 shows the common zig-zag trend of 

protein concentration from day 1 to day 15 which induces the higher standard deviation 

as shown in Figure 4.4. This is because the molecular weight of proteins have a wider 

range from 67 to 200 kilodalton (kDa) and different results may be attributed to different 

sludge used (Gorner et al., 2003). In the principle of different sludge used, the 

concentration of protein from feedstock was varied due to the replenishment of feedstock 

every week.  

 

 

Figure 4.4: Concentration of proteins and polysaccharides with different dosages of 

PAC at mesophilic regime 
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Figure 4.5: Variation of protein concentration during the experimental analysis 

 

 

 

4.4 Performance of AnMBRs added with different PAC dosages in membrane 

fouling control 

 

According to Park et al. (1999), by increasing PAC doses up to 5g/L could reduced the 

membrane fouling rate and cake layer formation on membrane surface. In this study, 

performance of three AnMBRs with addition of different PAC dosages were investigated 

and Figure 4.6 and Figure 4.7 shows that AnMBR added with 1g/L of PAC performed 

worst compared to the AnMBRs added with higher dosages. The AnMBR added with 

5g/L of PAC had the best membrane fouling control. It is because less PAC in AnMBR 

resulted in less surface area provided for the adsorption of soluble organices and 

biopolymers, the attachment of microbial cells and fine particles, and higher deposition of 

inorganic precipitates on membrane surface and thus induce higher TMP and reduce the 

permeate flux. In addition, higher PAC concentration in the AnMBRs would have large 

floc size which is good for better membrane fouling control. 

0

500

1000

1500

2000

2500

3000

3500

4000

0 5 10 15

P
ro

te
in

 C
o

n
ce

n
tr

at
io

n
 (

m
g
/L

)

Time (days)

1g/L PAC

3g/L PAC

5g/L PAC



34 

 

 

Figure 4.6: Transmembrane pressure of AnMBRs at different PAC dosages added 

at mesophilic regime 

 

 

Figure 4.7: Flux decline profiles of AnMBRs at different PAC dosages added at 

mesophilic regime 
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4.5 Comparison of biogas production, total COD removal efficiency and reactor 

efficiency 

 

 

 

4.5.1 Effect of different PAC dosages in biogas production 

 

In general, biogas refers to gas produces from anaerobic digestion. This is addressing 

global energy needs and providing various environmental benefits. The source of biogas 

production is originated from the energy released from methanogenic activities and 

metabolism (Mao et al., 2015).  Figure 4.8 shows that biogas production was enhanced 

with an increasing PAC dosages in bioreactor. This can suggest that higher dosage of PAC 

provides larger surface area as mentioned previously and thus promote relatively higher 

methanogenic activity (Borowski et al., 2014).  

 

 

Figure 4.8: Biogas production at different PAC dosages added at mesophilic regime 
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4.5.2 Effect of different PAC dosages in total COD removal efficiency 

 

Figure 4.9 shows the COD removal rate increased with an increasing of PAC dosages. 

This may be due to higher BAC concentration is able to remove more COD from the 

AnMBR through the processes of adsorption, biodegradation and regeneration. 

 

 

Figure 4.9: Total COD removal efficiency at different PAC dosages added at 

mesophilic regime 

 

 

 

4.5.3 Relationship between biogas production, COD removal efficiency and reactor 

efficiency 

 

COD represents the organic compounds and it can converted to biogas by bacteria under 

an anaerobic condition and thus biogas can refer as a direct indication for COD 

degradation (Mao et al., 2015). In this way, AnMBR operation costs can be reduced by 

harvesting the biogas and convert it to become energy to support the system. Reactor 

efficiency is computed as the conversion of the production of biogas for 1g of COD 

produced.  In this study, POME is categorized as high strength wastewater which the 

conversion of 1g of COD produced 25.11mL/hr of biogas in PAC dosage of 1g/L. On the 
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other hand, in 3g/L (PAC) produced 26.26mL/hr of biogas while 5g/L produced 

27.32mL/hr of biogas in the conversion of 1g of COD.  

 

  

Figure 4.10: The reactor efficiency at different PAC dosages added at mesophilic 

regime 

 

 

 

4.6 Treatment performance of three AnMBRs 

 

The performance of the various AnMBR added with different PAC dosages are 

summarized as per Table 4.1. Table 4.1 shows that the best performance is the AnMBR 

added with 5g/L of PAC. This may be due to AnMBR with higher PAC dosages had lower 

EPS, larger floc sizes and higher MLSS and MLVSS.   
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Table 4.1: Treatment Performance of AnMBRs 

 

 

 

 

 

 

 

Parameter AnMBR 1 AnMBR 2 AnMBR 3 

Temperature, °C 35 35 35 

SRT, days 30 30 30 

HRT, days 6  6 6 

PAC dosage, g/L 1 3 5 

pH 7.41 ± 0.23 7.34 ± 0.25 7.38 ± 0.20 

Feed COD, g/L 4.74 ±1 4.74 ± 1 4.74 ± 1 

Permeate COD, g/L 0.92 ± 0.14  0.74 ± 0.04 0.57 ± 0.13 

Total COD removal 

efficiency, % 

80.36 ± 1.16 84.08 ± 2.55 87.49 ± 5.30 

MLSS, g/L 16.40 ± 5.27 19.23 ± 1.10 22.07 ± 3.18 

MLVSS, g/L 12.93 ± 3.95 15.40 ± 1.06 18.37 ± 2.76 

Protein  

concentration, mg/L 

2284.98 ± 

1495.71 

2222.76 ± 

1503.42 

2072.44 ± 

1373.24 

Polysaccharides 

concentration, mg/L 

36.57 ± 4.01 35.19 ± 3.14 34.37 ± 7.42 

Particle size D50  

(volume), µm 

31.95 ± 3.67 38.38 ± 5.21 37.40 ± 4.38 

Particle size D50  

(number), µm 

1.326 ± 0.14 1.555 ± 0.03 1.599 ± 0.05 

Biogas production, mL/day 119 ± 11.3 124 ± 2.8  130 ± 9.9 

Reactor Efficiency (mLhr-1 

biogas/g COD) 

25.11 ± 5.7 26.16  ± 1.4 27.32  ± 4.9 
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CHAPTER 5 

 

 

 

CONCLUSION AND RECOMMENDATIONS 

 

 

 

5.1 Conclusion 

 

In the considerations of cost effective, low dosages of 1g/L, 3g/L and 5g/L of PAC were 

studied about their efficiency to enhance the performance of the AnMBRs at mesophilic 

regime instead of thermophilic regime. Several mechanisms has explained the positive 

effect of low PAC dosages on sludge characteristics, COD removal efficiency and biogas 

production were investigated. In this study, with an increasing PAC dosages in AnMBR; 

(i) concentration of activated sludge were increased; (ii) BAC floc sizes were bigger; (iii) 

EPS concentration (proteins and polysaccharides) were reduced; (iv) total COD removal 

efficiencies increased and (v) performance of membrane fouling control were enhanced.  

 

The study has shown AnMBRs added with PAC dosage of 5g/L operated at SRT 

30 days and mesophilic regime performed best in membrane fouling control. This may be 

due to the higher PAC dosage provided greater surface area to allow more microbes and 

organic or inorganic substances to attach on it. In addition, this would enhance the biogas 

released from the metabolism of microbial activity.  
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5.2 Recommendations 

 

The study of optimisation on membrane fouling control using mathematical modelling 

could be carry out in terms of PAC dosages difference, PAC sizes and temperature ranges 

from ambient, mesophilic and thermophilic regimes. Besides, the mehanisms could be 

focus more on identification and characterisation of membrane fouling (i.e., biocake 

architecture, advanced analyses of individual components, two phase fluiddynamics and 

the role of specific microorganisms). Last but not least, enhancement of the performance 

of low-cost membrane should be determined by modifying their surface properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 

 

 

 

 

REFERENCES 

 

 

 

A. Pollice, A. B. B. J. S. J., 2005. Sub-critical flux fouling in mem-brane bioreactors—a 

review of recent literature. Desalination, Volume 174, pp. 221-239. 

 

Ahmad, A., Ismail, S. & Bhatia, S., 2003. Desalination. Water Recycling from Palm Oil 

Mill Effluent (POME) Using Membrane Technology, Volume 157, pp. 87-95. 

 

Ahmed, Z. et al., 2007. Effects of sludge retention time on membrane fouling and 

microbial community structure in a membrane bioreactor. Journal of Membrane 

Science, 287(2), pp. 211-218. 

 

Akram, A. & Stuckey, D., 2008. Flux and performance improvement in a submerged 

anaerobic membrane bioreactor (SAMBR) using powdered activated carbon (PAC). 

Process of Biochemistry, 43, 93–102., Volume 43, p. 93–102. 

 

Aquino, S., Hu, A., Akram, A. & Stuckey, D., 2006. Characterization of dissolved 

compounds in submerged anaerobic membrane bioreactors (SAMBRs). Journal of 

Chemical Technology and Biotechnology, Volume 81, pp. 1894-1804. 

 

B.Q.Liao, J. K. a. D., 2006. Anaerobic Membrane Bioreactors: Application and 

Reserach Directions. Critical Review in Environmental Science and Technology, 

36(6), pp. 489-530. 

 

Baily, J. & Ollis, D., 1986. Biochemical engineering fundamentals. 2 ed. New York: 

McGraw-Hill. 

 

Borowski, S., Domanski, J. & Weatherley, L., 2014. Waste Management. Anaerobic co-

digestion of swine and poultry manure with municipal sewage sludge, Volume 34, pp. 

513-521. 
 

Bouhabila, E., Aim, R. B. & Buisson, H., 2001. Fouling characterisation in membrane 

bioreactors. Separation and Purification Technology, Volume 22-23, pp. 123-132. 

 

Bouhabila, E. H., Aim, R. B. & Buisson, H., 2001. Fouling Characterisation in 

Membrane Bioreactors. Separation and Purification Technology, Volume 22-23, pp. 

123-132. 

 



42 

 

Brepols, C. et al., 2008. Strategies for chemical cleaning in large scale membrane 

bioreactors. Water Science Technology, Volume 57, pp. 457-463. 

 

Brepols, C. et al., 2008. Strategies for chemical cleaning in large scale membrane 

bioreactors. Water Science Technology, Volume 57, pp. 457-463. 

 

Chae, et al., 2006. Mitigated membrane fouling in a vertical submerged membrane 

bioreactor (VSMBR). Journal of Membrane Science, 280(1-2), pp. 572-581. 

 

Chang, I. & Kim, S., 2005. Wastewater treatment using membrane filtration - effect of 

biosolids concentration on cake resistance. Process Biochemistry, 40(3-4), pp. 1307-

1314. 

 

Chang, S., 2014. Anaerobic Membrane Bioreactors (AnMBR) for Wastewater 

Treatment. Advances in Chemical Engineering and Science, Volume 4, pp. 56-61. 

 

Choi, H. et al., 2005. Effect of Permeate Flux and Tangential Flow on Membrane 

Fouling for Wastewater Treatment. Separation and Purification Technology, 45(1), 

pp. 68-78. 

 

Cho, et al., 2005. The activated sludge and microbial substances influences on 

membrane fouling in submerged membrane bioreator: unstirred batch cell test. 

Desalination, 183(1-3), pp. 425-429. 

 

Chua, H., Arnot, T. & Howell, J., 2002. Controlling fouling in membrane bioreactors 

operated with a variable throughput. Desalination, Volume 149, pp. 225-229. 

 

Dosoretz, C. & Boddeker, K., 2004. Removal of trace organics from water using a 

pumped bed-membrane bioreactor with powdered activated carbon. Journal of 

Membrane Science, Volume 239, pp. 81-90. 

 

Drews, A., 2010. Membrane fouling in membrane bioreators-Charasterisation, 

contradictions, cause and cures. Journal of Membrane Science, Volume 363, pp. 1-

28. 

 

Drews, et al., 2006. Influence of unsteady membrane bioreactor operation on EPS 

formation and filtration resistance. Desalination, 192(1-3), pp. 1-9. 

 

Evenblij, H. & van der Graaf, J., 2004. Occurence of EPS in activated sludge from a 

membrane bioreactor treating municipal wastewater. Water Science and Technology, 

Volume 50, pp. 293-300. 

 

Fan, F., Thou, H. & Husain, H., 2006. Identification of wastewater sludge characteristics 

to predict critical flux for membrane bioreactor processes. Water Research, 40(2), pp. 

205-212. 

 



43 

 

Fangang Meng, S.-R. C. A. D. M. K. H.-S. S. F. Y., 2009. Recent advances in 

membrane bioreactors (MBRs): Membrane fouling and membrane material. Science 

Direct, Issue 43, pp. 1489-1512. 

 

Fang, H. & Shi, X., 2005. Pore fouling of microfiltration membranes by activated 

suldge. Journal of Membrane Science, Volume 264, pp. 161-166. 

 

Frolund, B., Palmgren, R., Keiding, K. & Nielsen, P., 1996. Extraction of extracellular 

polymers from activated sludge using a cation exchange resin. Water resource, 

Volume 30, pp. 1749-1758. 

 

Frolund, B., Palmgren, R., Keiding, K. & Nielsen, P., 1996. Extraction of extra-cellular 

polymers from activated sludge using a cation exchange resin. Water Resource, 

Volume 30, pp. 1749-1758. 

 

G. Guglielmi, D. C. S. J. G. A., 2007. Flux criticality and sus-tainability in a hollow 

fibre submerged membrane bioreactor for municipal wastewater treatment. J. Membr. 

Sci. , Volume 289, pp. 241-248. 

 

Gao, W., Lin, H., Leung, K. & Liao, B., 2010. Process Biochemistry. Influence of 

elevated pH shocks on the performance of a submerged anaerobic membrane 

bioreator, Volume 45, pp. 1279-1287. 

 

Geesey, G., 1982. Microbial exopolymers: ecological and economic considerations. 

ASM News, Volume 37, pp. 325-333. 

 

Gorner, T. et al., 2003. Water Resources. Activated sludge exopolymers: separation and 

identification using size exclusion chromatography and infrared micro-spectroscopy, 

Volume 37, pp. 2388-2393. 

 

Gorner, T. et al., 2003. Activated sludge exopolymers: separation and identification 

using size exclusion chromatography and infrared micro-spectroscopy. Water 

Resource, Volume 37, pp. 2388-2393. 

 

Grelier, P., Rosenberger, S. & Tazi-Pain, A., 2006. Influence of sludge retention time on 

membrane bioreactor hydraulic performance. Desalination, 192(1-3), pp. 10-17. 

 

Guo, W., Vigneswaran, S., Ngo, H. & W, X., 2007. Experimental investigation on 

acclimatized wastewater for membrane bioreactors. Desalination, Volume 207, pp. 

383-391. 

 

Han, S. S., Bae, T. H., Jang, G. G. & Tak, T. M., 2005. Influence of Sludge Retention 

Time on Membrane Fouling and Bioactivities in Membrane Bioreactor System. 

Process Biochemistry, 40(7), pp. 2393-2400. 

 

Hong, S. et al., 2002. Fouling control in activated sludge submerged hollow fiber 

membrane bioreactors. Desalination, Volume 143, pp. 219-228. 



44 

 

 

Huang, X. G. P. & Qian, Y., 2001. Effect of Sludge Retention Time on Microbial 

Behaviour in a Submerged Membrane Bioreactor. Process Biochemistry, 36(10), pp. 

1001-1006. 

 

Hwang, B. L. W. Y. K. P. P. L. C. C. I. D. A. K. M., 2008. Correlating TMP increases 

with microbial characteristics in the bio-cake on the membrane surface in a 

membrane bioreactor. Environmental Science and Technology , 42(11), pp. 3963-

3968. 

 

Innocenti, 1., Bolzonella, D., Pavan, P. & Cecchi, F., 2002. Effect of sludge age on the 

performance of a membrane bioreactor: Influence on Nutrient and Metals removal. 

Desalination, 146(1-3), pp. 467-474. 

 

J. Ferrera, R. P. F. D. ,. J. G. A. R. M. R. J. S. J. R. A. S., 2015. Design methodology for 

submerged anaerobic membrane bioreactors (AnMBR): A case study. Separation and 

Purification Technology, Issue 141, pp. 378-386. 

 

Jang, N., Ren, X., Cho, J. & Kim, L., 2006. Steady-state modeling of bio-fouling 

potentials with respect to the biological kinetics in the submerged membrane 

bioreactor (SMBR). ournal of Membrane Science , 284(352-360), pp. 352-360. 

 

Jeison, D. & Lier, J. v., 2008. Anaerobic wastewater treatment and membrane filtration: 

a one night stand or a sustainable relationship. Water Science Technology, 57(4), pp. 

527-532. 

 

Jeong, T.-Y., Cha, G.-C., Yoo, I.-K. & Kim, D.-J., 2007. Characteristics of bio-fouling 

in a submerged MBR. Desalination, 207(1-3), pp. 107-112. 

 

Kim, J., Lee, C. & Chun, H., 1998. Comparison of ultrafiltration characteristics between 

activated sludge and BAC sludge. Water Research , 32(11), pp. 3443-3451. 

 

Kim, L. & Jang, N., 2006. The effect of calcium on the membrane biofouling in the 

membrane bioreactor (MBR). Water Research , 40(14), pp. 2756-2764. 

 

Kim, M., Ahn, Y. & Speece, R., 2002. Comparative process stability and efficiency of 

anaerobic digestion; mesophilic vs. Thermophilic. Water Research, Volume 36, pp. 

4369-4385. 

 

Kim, M., Sankararao, B. & Yoo, C., 2011. Determination of MBR fouling and chemical 

cleaning interval using statistical methods applied on dynamic index data. Journal of 

Membrane Science, Volume 375, pp. 345-353. 

 

Kimura, et al., 2005. Membrane fouling in pilot-scale membrane bioreactors (MBRs) 

treating municipal wastewater. Environmental Science and Technology, 39(16), pp. 

6293-6299. 

 



45 

 

Kraume, M. et al., 2009. Desalination. Fouling in MBR-what use are lab investigations 

for full scale operation?, Issue 236, pp. 94-103. 

 

Laspidou, C. & Rittmann, B., 2002. A unified theory for extracellular poly-meric 

substances, soluble microbial products, and active and inert biomass. Water 

Resource, Volume 36, pp. 2711-2720. 

 

Lebegue, J., Heran, M. & Grasmick, A., 2008. Membrane bioreactor: distribution of 

critical flux throughout an immersed HF bundle. Desalination, 231(245-252), pp. 

245-252. 

 

Le-clech, P., Chen, V. & Fane, T. A., 2006. Fouling in membrane bioreactors used in 

wastewater treatment. Journal of membrane science, Volume 284, pp. 17-53. 

 

Le-Clech, P. C. V. F. T., 2006. Fouling in membrane bioreactors used in wastewater 

treatment. Journal of Membrane Science, 284(1-2), pp. 17-53. 

 

Lee, J. A. W.-Y. L. C.-H., 2001. Comparison of the filtration characteristics between 

attached and suspended growth microorganisms in submerged membrane bioreactor. 

Water Research, 35(10), pp. 2435-2445. 

 

Leonard D. Tijing, Y. C. W. J.-S. C. S. L. S.-H. K. H. K. S., 2014. Fouling and its 

control in membrane distillation- A review. Journal of Memrbane Science, Issue 475, 

pp. 215-244. 

 

Lesage, N., Sperandio, M. & Cabassud, C., 2007. Study of a hybrid process: adsorption 

on activated carbon/membrane bioreactor for the treatment of an industrial 

wastewater. Chemical Engineering Process, 47(3), pp. 303-307. 

 

Lesjean, B. et al., 2005. Correlation between membrane fouling and soluble/ colloidal 

organic substances in membrane bioreactors for municipal wastewater treatment. 

Water Science and Technology, 51(6-7), pp. 1-8. 

 

Lettinga, G., Rebac, S. & Zeeman, G., 2001. Challenge of psychrophilic anaerobic 

wastewater treatment. Trends in Biotechnology, Volume 19, pp. 363-370. 

 

Lew, B. et al., 2009. Anaerobic membrane bioreactor (AnMBR) for domestic 

wastewater treatment. Desalination, Volume 243, pp. 251-257. 

 

Liang, S., Liu, C. & Song, L., 2007. Soluble microbial products in membrane bioreactor 

operation: behaviors, characteristics, and fouling potential. Water Research , 41(1), 

pp. 95-101. 

 

Li, H. et al., 2005. Comparison of nitrification performance and microbial community 

between submerged membrane bioreactor and conventional activated sludge system. 

Water Science Technology, Volume 51, pp. 193-200. 

 



46 

 

Lim, A. & Bai, R., 2003. Membrane fouling and cleaning in microfiltration of activated 

sludge wastewater. Journal of membrane science, Volume 216, pp. 279-290. 

 

Lim, S. & Low, C., 2013. European International Journal of Science and Technology. A 

retrofitted Palm Oil Mill Effluent Treatment System for Tapping Biogas, 2(5), pp. 

106-115. 

 

Lin, C., Tsai, T. & Liu, J., 2000. Enhanced biodegradation of petrochemical wastewater 

using ozonation and BAC advanced treatment system. Water Research, Volume 35, 

pp. 699-704. 

 

Lin, H. et al., 2009. Sludge properties and their effects on membrane fouling in 

submerged anaerobic membrane bioreactors (SAnMBRs). Water Resource, Volume 

43, pp. 3827-3837. 

 

Liu, S., Yang, X., Wang, B. & Wang, W., 2011. Modeling od membrane fouling based 

on extracellular polymers in submerged MBR. Advanced in Control Engineering and 

Information Science, Volume 15, pp. 5478-5483. 

 

Liu, Y. & Fang, H., 2003. Influences of extracellular polymeric substances (EN) on 

flocculation, settling, and dewatering of activated sludge. Critical Review of 

Enviromenntal Science Technology, Volume 33, pp. 237-273. 

 

Liu, Y., Wang, L., Cui, H. & Zhang, J., 2005. Performance improvement of hybrid 

membrane bioreactor with PAC addition for water reuse. Water Science and 

Techonlogy, Volume 52, pp. 383-391. 

 

Li, X., Hai, F. & Nghiem, L., 2010. Simultaneous activated carbon adsorption within a 

membrane bioreactor fo an enhanced micropollutant removal. Biosource Technology, 

Volume 102, pp. 5319-5324. 

 

Lyko, S. et al., 2008. Long-term monitoring of a full-scale municipal membrane 

bioreactor-characterisation of foulants and operational performance. Journal of 

membrane science, Volume 317, pp. 78-87. 

 

M. Kraume, D. W. J. S. V. I. A. D., 2009. Fouling in MBR—what use are lab 

investigations for full scale operation?. Desalination, Volume 236, pp. 94-103. 

 

M.Mulder, 2000. Basic Principles of Membrane Technology. Dordrecht, Kluwer 

Academic Publishers. 

 

Ma, A., 2000. Palm Oil Development. Environmental Management for the Oil Palm 

Industry, Volume 1-10, p. 30. 

 

Ma, C. & Yu, S. S. W. T. W. H. S. R. L., 2012. High concentration powdered activated 

carbon-membrane bioreactor (PAC-MBR) for slightly polluted surface water 

treatment at low temperature. Bioresource Technology, Volume 113, pp. 136-142. 



47 

 

 

Mao, C., Feng, Y., Wang, X. & Ren, G., 2015. Renewable and Sustainablr Energy 

Reviews. Review on research achievements of biogas from anaerobic digestion, 

Volume 45, pp. 540-555. 

 

Meabe, E., Deleris, S., Soroa, S. & Sancho, L., 2013. Journal of Membrane Science. 

Performance of anaerobic membrane bioreator for sewage sludge treatment: 

Mesophilic and themophilic processes, Volume 446, pp. 26-33. 

 

Meabe, E., S.Deleris, Soroa, S. & Sancho, L., 2013. Performance of anaerobic 

membrane bioreator for sewage sludge treatment: Mesophilic and thermophilic 

processes. Journal of Membrane Science, Volume 446, pp. 26-33. 

 

Meng, F. et al., 2009. Recent advances in membrane bioreactors (MBRs): Membrane 

fouling and membrane material. Water Research , Volume 43, pp. 1489-1512. 

 

Meng, F., Shi, B., Yang, F. & Zhang, H., 2007. Effect of hydraulic retention time on 

membrane fouling and biomass characteristics in submerged membrane bioreactors. 

Bioprocess and Biosystems Engineering, Volume 30, pp. 359-367. 

 

Meng, F. et al., 2006. Effect of Filamentous Bacteria on Membrane Fouling in 

Submerged Membrane Bioreactor. ournal of Membrane Science, 272(1-2), pp. 161-

168. 

 

MJ. Kim, B. S. C. Y., 2011. Determination of MBR fouling and chemical cleaning 

interval using statistical methods applied on dynamic index data. Journal of 

Membrane Science, Volume 375, pp. 345-353. 

 

Morgan, J., Forster, C. & Evison, L., 1990. A comparative study of the nature of 

biopolymers extracted from anaerobic and activated sludges. Water Resource, 

Volume 24, pp. 743-750. 

 

Ng, C., 2008. The effect of powdered activated carbon and two compartment 

configuration on membrane bioreactor performance, s.l.: Nanyang Technological 

University. 

 

Ng, C. et al., 2013. Optimization of membrane bioreactors by the addition of powdered 

activated carbon. Bioresource Technology, Volume 138, pp. 38-47. 

 

Ng, C., Sun, D. & Fane, A., 2006. Operation of membrane bioreactor with powdered 

activated carbon addition. Separation Science and Technology, Volume 41, pp. 1447-

1466. 

 

Ng, C. et al., 2005. Strategies to improve the sustainable operation of membrane 

bioreactors. Singapore, in: Proceedings of the International Desalination Association 

Conference. 

 



48 

 

Ng, C. et al., 2010. Mechanism of fouling control in membrane bioreactors by the 

addition of powdered activated carbon. Separation Science and Technology, 47(7), 

pp. 873-889. 

 

Ng, H. et al., 2006. Effects of solid retention time on the performance of submerged 

anoxic/ oxic membrane bioreactor. Water Science and Technology , 53(6), pp. 7-13. 

 

Nguyen, L. et al., 2012. Removal of trace organic contaminants by a membrane 

bioreator-granular activated carbon (MBR-GAC) system. Bioresource Technology, 

Volume 113, pp. 169-173. 

 

Ognier, S., Wisniewski, C. & Grasmick, A., 2002. Membrane fouling during constant 

flux filtration in membrane bioreactor. Membrane Technology, pp. 6-10. 

 

Park, H., Choo, K. & Lee, C., 1999. Flux enhancement with powdered activated carbon 

addition in the membrane anaerobic bioreactor. Separation of Science and 

Technology, Volume 34, p. 2781–2792. 

 

Pirbazari, M., Ravimiran, V., Badriyha, B. & Kim, S., 1996. Hybrid membrane filtration 

process for leachate treatment. Water Research, Volume 30, pp. 2691-2706. 

 

Psoch, C. & Schiewer, S., 2005. Critical flux aspect of air sparging and backflushing on 

membrane bioreactors. Desalination , Volume 175, pp. 61-71. 

 

Psoch, C. & Schiewer, S., 2006. Anti-fouling application of air sparging and 

backflushing for MBR. Journal of Membrane Science, 283(1-2), pp. 273-280. 

 

Psoch, C. & Schiewer, S., 2006. Resistance analysis for enhanced wastewater membrane 

filtration. Journal of Membrane Science, Volume 280, pp. 284-297. 

 

Ramesh, A., Lee, D. & Lai, J., 2007. Membrane biofouling by extracellular polymeric 

substances or soluble mcirobial products from membrane bioreactor sludge. Applied 

Microbiology and Biotechnology, Volume 74, pp. 699-707. 

 

Remy, M., Potier, V., Temmink, H. & Rukens, W., 2010. Water research. Why low 

powdered activated carbon addition reduces membrane fouling in MBRs, Volume 44, 

pp. 861-867. 

 

Remy, M. et al., 2009. Low dose powdered activated carbon addition at high sludge 

retention times to reduce fouling in membrane bioreactors. Water Research, Volume 

43, p. 345–350. 

 

Rosenberger, S. et al., 2005. The importance of liquid phase analyses to understand 

fouling in membrane assisted activated sludge processes-six case studies of different 

European research groups. Journal of membrane science, Volume 113-126, p. 263. 

 



49 

 

Rosenberger, S. & Kraume, M., 2002. Filterability of Activated Sludge in Membrane 

Bioreactor. Desalination, 151(2), pp. 195-200. 

 

Rosenberger, S. et al., 2002. Performance of a Bioreactor with Submerged Membranes 

for Aerobic Treatment of Municipal Wastewater. Water Research, 36(2), pp. 413-

420. 

 

Rosenberger, S. et al., 2006. Impact of Colloidal and Soluble Organic Material on 

Membrane Performance in Membrane Bioreactors for Municipal Wastewater 

Treatment. Water Research, 40(4), pp. 710-720. 

 

Rupani, P., Singh, R., Ibrahim, M. & Esa, N., 2010. World Applied Sciences Journal. 

Review of Current Palm Oil Mill Effluent (POME) Treatment Methods: 

Vermicomposting as a Sustainable Practice, 11(1), pp. 70-81. 

 

S. Judd, C. J., 2011. The MBR Book- The principles and Applications of Membrane 

Bioreactors for Water and Wastewater Treatment. 2nd ed. Burlington: Butterworth-

Heinemann. 

 

Sakawi, Z., 2011. Journal of Applied Sciences in Environmental Sanitation. Municipal 

solid waste management in Malaysia: Solution for sustainable waste management, 

6(1), pp. 29-38. 

 

Seo, G. et al., 2004. Domestic wastewater reclamation by submerged membrane 

bioreactor with high concentration powdered activated carbon for stream restoration. 

Water Science and Technology, Volume 50, pp. 173-178. 

 

Seo, G., Moon, C., Chang, S. & Lee, S., 2004. Long term operation of high 

concentration powdered activated carbon mem-brane bioreactor for advanced water 

treatment. Water Science and Technology, Volume 50, pp. 81-87. 

 

Shin, H. S. & Kang, S. T., 2001. Characteristics and Fates of Soluble Microbial Products 

in Ceramic Membrane Bioreactor at Various Sludge Retention Times. Water 

Research, 35(13), pp. 3265-3271. 

 

Slang, N., Ren, X., Choi, K. & Kim, I., 2005. Comparison of membrane biofouling in 

nitrification and denitrification for the membrane bio-reactor (MBR). in: Proceedings 

of the IWA on Aspire, Singapore. 

 

Sperandio, M., Masse, A., M.G., E.-B. & Cabassud, C., 2005. Characterization of sludge 

structure and activity in submerged membrane bioreactor. Water Science and 

Technology, 52(10-11), pp. 401-408. 

 

Sun, Y., Wang, Y. & Huang, X., 2007. Relationship between sludge settleability and 

membrane fouling in a membrane bioreactor. Frontiers of Environmental Science and 

Engineering in China, 1(2), pp. 221-225. 

 



50 

 

Tardieu, E., Grasmick, A., Geaugey, V. & Manem, J., 1999. Influence of 

Hydrodynamics on Fouling Velocity in a Recirculated MBR for Wastewater 

Treatment. Journal of Membrane Science, 156(1), pp. 131-140. 

 

Tian, Y. & Su, X., 2012. Bioresouce Technology. Relation between the stability of 

activated sludge flocs and membrane fouling in MBR: under different SRTs, Volume 

118, pp. 477-482. 

 

Trussell, R., Merlo, R., Hermanowicz, S. & Jenkins, D., 2007. Influence of mixed liquor 

properties and aeration intensity on membrane fouling in a submerged membrane 

bioreactor at high mixed liquor suspended solids concentrations. Water Research, 

41(5), pp. 947-958. 

 

Visvanathan, C. & Abeynayaka, A., 2012. Membrane Water Treatment. Developments 

and future potentials of anaerobic membrane bioreactors (AnMBRs), 3(1), pp. 1-23. 

 

Walker, G. & Weatherley, L., 1999. Biological activated carbon treatment of industrial 

wastewater in stirred tank reactors. Chemical Engineering Journal, Volume 75, pp. 

69-75. 

 

Wang, Z. et al., 2006. Relationship between Sludge Characteristics and Membrane Flux 

Determination in Submerged Membrane Bioreactors. Journal of Membrane Science, 

284(1-2), pp. 87-94. 

Ward, A., Hobbs, P., Holliman, P. & Jones, D., 2008. Bioresouce Technology. 

Optimization of the anaerobic digestion of agricultural resources, 99(17), pp. 7928-

7940. 

 

Watanabe, Y., Kimura, K. & Itonaga, T., 2006. Influence of dissolved organic carbon 

and suspension viscosity on membrane fouling in submerged membrane bioreactor. 

Separation Science and Technology, 41(7), pp. 1371-1382. 

 

Wei, C. et al., 2011. Critical flux and chemical cleaning-in-place during the long-term 

operation of a pilot-scale submerged membrane bioreactor for municipal wastewater 

treatment. Water Resource, Volume 45, pp. 863-871. 

 

Xing, C. H., Tardieu, E., Qian, Y. & Wen, X. H., 2000. Ultrafiltration Membrane 

Bioreactor for Urban Wastewater Reclamation. Journal of Membrane Science, 177(1-

2), pp. 73-82. 

 

Yamato, N., Kimura, K., Miyoshi, T. & Watanabe, Y., 2006. Difference in Membrane 

Fouling in Membrane Bioreactors (MBRs) caused by Membrane Polymer Materials. 

Journal of Membrane Science, 280(1-2), pp. 911-919. 

 

Yang, Q., Chen, J. & Zhang, F., 2006. Membrane fouling control in a submerges 

membrane bioreator with porous, flexible suspended carriers. Desalination, Volume 

189, pp. 292-302. 

 



51 

 

Ying, Z. & Ping, G., 2006. Effect of powdered activated carbon dosage on retarding 

membrane fouling in MBR. Separation and Purification Technology, Volume 52, p. 

154–160.. 

 

Yu, T., 2008. Behaviour of bacterial extracellular polymeric substances from acti-vated 

sludge: a review. Intl. Environ. Pollut., Volume 32, pp. 78-89. 

 

Yu, T. & Su, X., 2012. Relation between the stability of activated sludge flocs and 

membrane fouling in MBR: Under different SRTs. Bioresource Technology, Volume 

118, pp. 477-482. 

 

Zhang, J., Chuan, C., Zhou, J. & Fane, A., 2006. Effect of sludge retention time on 

membrane bio-fouling intensity in a submerged membrane bioreactor. Separation 

Science and Technology, 41(7), pp. 1313-1329. 

 

Zhang, X., Bishop, P. & Kinkle, B., 1999. Comparison of extraction methods for 

quantifying extracellular polymers in biofilms. Water Science Technology, Volume 

39, pp. 211-218. 

 

Zhao, Q. et al., 2010. Purification Technologies for Biogas Generated by Anaerobic 

Digestion, s.l.: Climate Friendly Farming. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



52 

 

 

 

 

APPENDICES 

 

 

 

APPENDIX A: Experimental Set-up 

 

 

 

 

Figure A.1: Three AnMBRs with different PAC dosages (1g/L, 3g/L and 5g/L) 

 

 

Figure A.2: Three biogas collectors and water reservoir tank 
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APPENDIX B: Membrane Filtration Test 

 

 

 

 

Figure B.1: Cross Flow Membrane Test Rig 

 

 

Figure B.2: Dead End Membrane Test Rig 


