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ABSTRACT 

 

PHENOL REMOVAL USING CERAMIC MEMBRANE 

BIOREACTOR 

 

Leong Mui Lan 

 

This research aimed to evaluate the performance of ceramic membrane 

bioreactor (MBR) in the treatment of phenol containing wastewater. The 

effects of increasing phenol concentrations on the sludge characteristic and 

flux performance were investigated. Sludge morphology changed from 

predominantly normal floc, to Zoogloeal floc and then co-existence of 

Zoogloeal floc and weak microfloc when activated sludge was exposed to 

synthetic wastewater without phenol, with 200 mg/L phenol and then with 

increasing phenol to 600 mg/L. Predominance of bulking floc at 400 mg/L of 

phenol gave poor sludge settleability, while predominance of dispersed growth 

of pin-point floc at 600 mg/L of phenol deteriorated the quality of effluent 

with discharged suspended sludge. Removal of chemical oxygen demand 

(COD) and phenol in submerged membrane bioreactor (sMBR) up to 85 % 

and 90 %, respectively, were achieved even though at high concentration of 

600 mg/L phenol. On top of that, the transition of normal floc to bulking floc 

and then microfloc changed the nature of fouled layer from porous cake layer 
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to non-porous “gel” like fouled layer and then pore clogging fouled layer, 

respectively. Besides, permeability of the membrane declined with operating 

time. When the sMBR was operated at higher suction pressure, the membrane 

fouled at higher rate with higher percentage of relative flux compared to low 

suction pressure. In mitigating membrane fouling, intermittent bubbling and 

suction was able to recover the relative flux up to 90 % for sMBR operated at 

high suction pressure without phenol. Inversely, the flux recovery was found 

to be higher at low suction pressure if toxic phenol was present in wastewater. 

Lastly, utilisation of low cost ceramic membrane is practical as it is robust to 

backwashing. 
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CHAPTER 1 

 

INTRODUCTION 

 

Water is vital for the existence of living organisms. However, rapid 

population growth and economic development in most of the countries have 

resulted in limited availability of fresh water resources including Malaysia. It was 

reported that about 98 percent of Malaysia fresh water supply comes from surface 

water with minimal treatment from household and industrial discharges (Asia-

Pacific Economic Cooperation, 2009). Therefore, the issue of raw surface water 

contamination and effluent qualities due to the excessive pollution from 

household and industrial development has become a worldwide concern (Smith et 

al., 2005 and Philips et al., 2003).  

 

1.1 Industrial wastewater 

 

The composition of wastewater varies widely depending on the sources. In 

general, wastewater may contain water, pathogen, organic and inorganic particles, 

macro-solids, gases, emulsion and toxins. Wastewater comprises of liquid wastes 

that are discharged from several sources especially domestic and industrial 

sources. It is characterised in terms of physical, chemical and biological 

compositions. Chemical compositions such as contents of organic, inorganic and 

gases are the main consideration to generate clean surface water. These chemical 

wastes can adversely affect the quality of water and encompass a wide range of 
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potential contaminants and concentrations. For biological composition, the 

elimination of pathogen is crucial in wastewater treatment as this may cause the 

spread of disease. Thus, the discharge from industrial wastewater is of important 

to increase the usability of water for ordinary purpose or into certain extent to 

prevent the occurrence of hazard to public health via chemical poisoning or 

pathogen infection.  

 

1.1.1 Phenol in Industrial Wastewater 

 

Toxic organic constituent is not a naturally occurring substance in an aquatic 

ecosystem. When these wastes enter the stream, they will stimulate adverse effect 

towards the aquatic life. The major contributors to toxic pollution are herbicides 

and pesticides from agriculture and industrial compounds. 

 

Phenol and its degradation by-products in the environment are toxic aquatic 

pollutants. Phenol is a potential and known human carcinogen, and is closely 

related to human health concerned, even at low concentration.  

 

Phenol is a molecule which contains hydroxyl group attached to the benzene 

ring structure (Figure 1.1). Phenol is slightly acidic as the molecule has weak 

tendency to lose H
+
 ion from the hydroxyl group to form highly water-soluble 

phenoxide anion C6H5O
−
. Since phenol is relatively soluble and stable in water, its 

degradation to reach safety levels of 0.1 to 1 mg/L is hard (L’Amoura et al., 2008). 

http://en.wikipedia.org/wiki/Anion
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However, phenol readily degrades in water surface due to the exposure to sunlight, 

but this degradation takes longer time in deep soil and groundwater (Bhatti et al., 

2002).  

 

Figure 1.1: Molecule Structure of Phenol 

 

Phenol is commonly found in industrial compound in environmental 

matrices. It is widely used in various kinds of industries such as petroleum 

refineries, gas and coke oven industries, pharmaceuticals, explosive manufacture, 

phenol-formaldehyde resin manufacture, plastic and varnish industries. Phenol 

enters the environment during the manufacturing and processing steps. Thus, it is 

common to discover phenolic pollutants in the raw water of these industries. 

Phenol concentration ranging from 50 to 2000 mg/L has been reported in many 

industrial wastes produced in industries and operations (Garcia et al., 1997; Jusoh 

and Razali, 2008; Kumaran and Paruchuri, 1996). 

 

Proper treatment is required before the wastewater is discharge to external 

environment since high phenol concentration is toxic to living organisms. The 

Department of Environment (DOE) Malaysia has limited the phenol concentration 

at 0.001 and 1 mg/L for industrial wastewater discharge into any inland 
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wastewater depending on the catchment areas (Environmental Quality Act, 1974). 

There are two common methods used to eliminate the phenol contents in 

wastewater, i.e., physico-chemical and biological methods. However, most of the 

physico-chemical methods cause secondary problems in the effluents such as the 

generation of chlorophenol if chlorination is used in the phenol degradation 

(Marrot et al., 2006). Besides, the physico-chemical method to degrade phenol 

usually involves high capital. Thus, the biological method such as activated 

sludge process has been used extensively in phenol removal to overcome the 

weakness of secondary pollution and high capital in the physico-chemical method.  

 

1.2 Overview of Membrane Technology 

 

Membrane technology has received great attention as an alternative to 

conventional water treatment. Membrane treatment utilises a semi permeable 

membrane for the isolation of suspended and dissolved solids in water. There are 

two general membrane separation processes, i.e., electrical-driven and pressure-

driven. In electrical driven membrane process, current is employed to remove ions 

across the membrane, while purified water is retained in the system. On the other 

hand, pressure-driven process makes use of hydraulic pressure to drive water flow 

through the porous membrane. Pressure-driven membrane allows water to flow 

through the membrane, while inorganic, organic, silica, suspended solids and 

microorganisms are trapped within the pore of the membrane. 
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Pressure-driven membrane processes include microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis. Microfiltration and ultrafiltration serve as 

porous barriers and are often used to remove large organic molecules, colloidal 

particles and most of the bacteria (Figure1.2). Membranes used in wastewater 

treatment are typically made of polymeric, ceramic and other metal oxide 

materials. The selection of the membrane depends on the membrane properties 

and the application. For example, cellulose polymers are widely used due to its 

low cost. Polyamide membrane employed in low pressure system is more 

chemically resistance, has longer lifespan, and is able to remove most of the 

dissolved salts and organics. Ceramic membrane is one kind of metal oxide 

membrane and commonly used in industrial processes due to its high temperature 

resistance (EPRI, 1997).  

 

 

Figure 1.2: Filtration Spectrum (EPRI Community Environmental Center, 1997) 
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1.3 Membrane Bioreactor 

 

Membrane bioreactor (MBR) is a biological wastewater treatment 

technology coupled with membrane filtration technology. It involves the 

combination of membrane filtration and activated sludge processes for wastewater 

treatment. The coupling of activated sludge process with membrane filtration 

technology has gained popularity as advanced wastewater treatment alternative to 

conventional activated sludge process due to several advantages such as small 

footprint, high mixed liquor suspended solids (MLSS) operation, and thus 

produces good quality effluent (Sun et al., 2006; Rosenberger et al., 2002; Muller 

et al., 1995; Ueda et al., 1999). In general, MBRs are classified into two types, i.e., 

submerged MBR (sMBR) and external MBR (Figure 1.3). 

 

Figure 1.3: Submerged (a) and External (b) Configurations of MBR 
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The sMBR is more popular as compared to the external MBR due to its 

simplicity of the design and lower energy consumption. In the sMBR, the 

membrane module is immersed into the bioreactor to act as solid-liquid separator. 

sMBR is able to produce high quality effluent (Judd, 2008). Bubbles are 

introduced in the submerged MBR to suspend the activated sludge and maintain 

oxygen concentration for the biodegradation process. Moreover, bubble aeration 

in the sMBR consumes only low energy to limit the deposition of foulants on the 

membrane surface. To achieve the same purpose, external MBR requires the need 

of high rate recirculation pumps (Judd, 2005).  

 

The major obstacle for the sMBR remains to excessive membrane fouling. 

The occurrence of fouling is very complicated and often involves many aspects 

like physical, chemical and biological properties. Factors that influence the 

membrane fouling are the nature of the feed, membrane properties, biomass 

characteristics and hydrodynamic environment experienced by the membrane (Le-

Clech et al., 2006). The loss of membrane permeability due to fouling requires 

frequent cleaning of membrane, which further reduces membrane lifespan and 

lastly increases the operating and maintenance costs (Sablani et al., 2001).  

 

The challenge of the application of MBR is on how to control the 

membrane fouling during its operation. Overall, there are five common fouling 

prevention and control strategies: influent pre-treatment, membrane 

characteristics, hydrodynamic control of operation, chemical addition control, and 
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biological control (Le-Clech et al., 2006; Meng et al., 2006; Meng et al., 2007; 

Nywening and Zhou, 2008; Ying and Ping, 2006).  

 

Influent pretreatment such as the usage of bar screening can prevent 

potential foulants from interrupting the filtration process. The effect of membrane 

characteristics such as pore size distribution has been extensively studied since 

1990s. It was found that narrow pore size distribution is able to minimise fouling 

both in MBR and conventional membrane separation processes (Meng et al., 

2009). In view of the membrane properties which are usually determined by 

manufacturer, the filtration efficacy can be prolonged through the control of the 

biomass characteristics and hydrodynamic operation. Operating condition and 

feedwater characteristics indirectly affect the fouling behavior through the 

modification of sludge characteristics. Thus, the control of sludge retention time 

(SRT), hydraulic retention time (HRT), aeration intensity and permeate flux have 

been widely studied to minimise the occurrence of fouling (Chae et al., 2006, Guo 

et al., 2008; Zhang et al., 2006).  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Phenol Removal 

 

Phenol is one of the most common organic pollutants in water stream. It is 

known as potential human carcinogen, and is closely related to human health 

concerned, even at low concentration. According to Jordan et al. (2002), the 

production rate of phenol is estimated to be about 6 million ton per year, with 

increasing production globally.  Phenol is manufactured through several processes 

such as Hock process (three-step cumen synthesis and oxidation processes), 

reaction of benzensulfonate with caustic soda, sodium benzensulfonate alkaline 

fusion or oxidation of toluene via benzoic acid (Jordan et al., 2002; Schmidt, 

2005; Franck and Stadelhofer, 1989; Wittcoff and Reuben, 1996; Weissermel et 

al., 1997). Phenol has a wide range of applications such as disinfectant, 

preparation of medicine, peptizing agent, extracting solvent, production of 

phenolic resins (35 % of phenol applications), monomer for epoxy resins (28 % of 

phenol applications) and monomer for nylon-6 (16 % of phenol applications) 

(Guido et al., 2008). Therefore, phenol containing wastewater must not be 

discarded into open water body without treatment due to its toxic nature.  
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In recent review, phenol is usually separated from water stream through 

separation processes such as steam distillation, extraction, adsorption, membrane 

pervaporation and membrane based solvent extraction. Besides, phenol may also 

be abated in water solution through oxidation and biofiltration (Guido et al., 

2008). However, physical and chemical removal of phenol may generate 

secondary by-products that will eventually enter the environment as toxic aquatic 

pollutants.  

 

Physical-chemical method such as ozonisation, adsorption, reverse 

osmosis, electrolytic oxidation, H2O2, and photocatalysis, are commonly used in 

treating phenol containing wastewater. The reason of chemical processes using 

oxidising agents is to effectively reduce the content of phenolic compounds in the 

wastewater. During the oxidation process, oxidising agents transform these toxic 

substances to less harmful elements which are safe to be discharged to the 

environment.  

 

Ozone is one of the strongest oxidants technically applied because it is 

readily available, water-soluble and generally leaves to less-toxic substance. 

Ozone is a powerful oxidising agent and can effectively transform phenolic 

compounds to the products that are less fouling potential than the parent 

compounds. Ozone molecules can react with electron-rich sites of the organic 

molecules, or by indirect pathway whereby the hydroxyl radicals resulting from 

the reaction of ozone act as the oxidants for the next chain reactions. In the 
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process, ozone molecules attack the nucleophilic sites and unsaturated bonds of 

the phenol to give intermediates such as hydroquinone, benzoquinone and 

catechol, while oxalic acid becomes the main product (Gimeno et al, 2005).  

 

Photocatalysis is the acceleration of a photoreaction in the presence of a 

catalyst. This greatly enhances the oxidation of phenol by UV irradiation. 

Electron-hole pairs created by the catalyst will generate free radicals to undergo 

secondary oxidation or reduction reaction. Oxidation of phenol or other organic 

contaminants can be done by coating titanium dioxide nanoparticles onto 

magnetic particles, while agitating and exposing the contaminants to UV light. 

Titanium dioxide photocatalysis has been greatly investigated for its application 

in the removal of pollutant such as phenol due to its low cost, non-toxic, and 

resistant to photo-corrosion with high oxidation strength (Thompson and Yates, 

2006). 

 

Adsorptive process with the use of activated carbon as an adsorbent is 

widely applied in the removal of contaminants in liquid streams or wastewater 

(Radovic et al., 2000). Adsorptive process involves a series of activities such as 

saturation, adsorption, desorption and regeneration. Two general types of 

activated carbon such as granular activated carbon and activated carbon fiber are 

used to remove organic pollutant such as phenol. Adsorption of phenolic waste on 

the activated carbon is greatly influenced by the carbon pore size distribution and 

the property of the phenol as an adsorbate. Phenolic compounds undergo 
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oligomerisation on the activated carbon surface when oxygen is present in the test 

environment and appreciable increases in the adsorptive capacity.  Laszlo et al. 

(2003) proposed the interactions between carbon surface and phenol in three 

stages: (i) electron donor-acceptor interactions between aromatic phenolic ring 

and the basic surface oxygen (carbonyl group); (ii) dispersion among the aromatic 

phenolic ring and the pi electrons of the carbon structure; (iii) electrostatic 

attraction and repulsion in the presence of ions. Regeneration efficiency of the 

activated carbon has been a major concern in the activated carbon usage. Some of 

the phenols and its derivatives may adsorb on carbon irreversibly, where the 

irreversibly adsorbed phenol cannot be desorbed in water or by heating process 

(Terzyk, 2007). This leads to the difficulty in the regeneration of adsorbent such 

as activated carbon despite various methods such as thermal regeneration (using 

steam, hot water or heated nitrogen and microwave heating technology) and 

chemical regeneration (using pH-swing or solvent extraction) were studied and 

developed (Ama et al., 2004; Bercic et al., 1996). 

 

The use of chemicals such as hydrogen peroxide alone or hydrogen 

peroxide coupling with iron (II) salt (Fenton reaction) are the common non-

catalytic and homogeneous catalytic destructions of phenol through oxidation. 

Hydrogen peroxide (H2O2) has high oxygen content, low cost, and it acts as a 

strong oxidant in both acidic and basic solutions. Iron (II) salt in Fenton reaction 

can increase the reactivity of hydrogen peroxide to produce high fluxes of 

hydroxyl radicals which can oxidize phenol and other organic compounds in 
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solution (Neyens and Baeyens, 2003). Besides hydrogen peroxide, Throop (1975, 

1977) had reported alternative oxidation procedures for the elimination of phenol 

through oxidation by chlorine, chlorine dioxide and potassium permanganate. 

Unfortunately, these methods are not adopted due to the formation of secondary 

chlorinated organic compounds and the dispersion of manganese compounds. 

Furthermore, the costs of these chemicals are expensive and the pHs of the 

reactions need to be controlled precisely.  

 

In biological treatment process, the microorganisms degrade phenol into 

other non-toxic chemical compounds. Aerobic biodegradation of phenol is 

common and occurs through the main intermediate, which is catechol derivatives; 

followed by its cleavage via ortho- and meta-oxidation (Figure 2.1). Extradiol 

opening of the catechol derivatives contributes to the formation of acetaldehyde 

and pyruvate, while intradiol opening of the catechol derivatives form succinate 

and pyruvate as final products (Barrios-Martinez et al., 2006). All these products 

are eventually being as carbon sources through the metabolism of microorganism. 
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Figure 2.1: Phenol Degradation (Barrios-Martinez et al., 2006) 
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2.1.1 Activated Sludge Process 

 

Activated sludge is a natural microbial consortium consisting of 

microorganisms, non-living organic materials, and inorganic compounds. 

Activated sludge process is defined as a system where the biological flocs are 

continuously circulated to contact with each other, while oxidise the organic 

contents in the presence of oxygen (Lawrence et al., 2009). Types of 

microorganisms used in the biodegradation of wastewater are selected based on 

the tolerance of biomass to toxic compounds, and the variable environment which 

achieve desirable treatment. In the past, most of the researches conducted 

involved single microbial species which may limit in field applications as variety 

of contaminants are present in the waste (Guido, 2008).  

 

Two common phenol degrading bacteria are Rhodococci and 

Pseudomonades. Biological treatment of the phenolic compounds is not easy 

because at either low concentration (lower than 200 mg/L), or at sufficiently high 

phenol concentration, the growth rate of the microorganisms can be inhibited, 

which further retarded the metabolic capability of microorganisms using phenol 

as a substrate for their growth (Marrot et al., 2006). The presence of toxicants 

such as phenol can result in the deflocculation, which causes settling problems in 

the sedimentation tank. Thus, to achieve satisfactory phenol removal efficiency, 

phenol concentration needs to be maintained below the threshold limits and 

acclimatisation of the microorganisms to the toxic wastewater is a must. 
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Acclimatised activated sludge degrades phenolic compounds more efficiently than 

the pure strains by one or more than two orders of magnitude faster (Lawrence et 

al., 2009).  

 

Marrot et al. (2006) reported that mixed cultures showed better quality for 

phenol degradation than the pure culture. The contact of co-aggregative cell (floc 

formation) in the mixed culture enables the mutualistic relationship for biofilm 

growth and enhances the overall development of the microbial community in the 

system. Long Jiang et al. (2006) had proven the advanced performance of mix 

culture in degrading phenol containing waste compared to pure strain. The co-

aggregation of two bacterial strains (Propioniferax-like PG-01 and Comamonas 

sp. PG-08) degraded phenol at an initial phenol concentration of 250 mg/L was 

found to be faster than each strain did separately. Besides, Saravanan et al. (2008) 

also investigated the biodegradation of phenol by mixed microbial culture in 

treating synthetic waste containing phenol. Mixed microbial culture, isolated from 

the sewage treatment plant was selected to study in batch shake flask using 

synthetic phenol in the concentration range of 100 to 500 mg/L. It was found that 

increasing phenol concentration from 100 to 500 mg/L increased the lag phase 

from 0 to 66 hours and prolonged the biodegradation process from 84 to 354 

hours. They concluded that the biodegradation rate of phenol decreased with 

increasing initial phenol concentration. 
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Other than microbial community, the floc structures also play an important 

role in determining the phenol degradation efficacy. In general, floc structure is 

classified into three groups (ideal normal, bulking and pinpoint floc) based on the 

balance between floc-forming and filamentous bacteria (Gray, 1990). Normal floc 

showed a good balance between floc-forming and filamentous bacteria with 

bigger floc size of more than 100 µm, with sludge volume index (SVI) of about 

70 mL/g. On the other hand, proliferation of filamentous bacteria was observed in 

bulking sludge with floc size more than 100 µm but at high SVI value.  

Conditions such as dissolved oxygen (DO), low pH, increasing sulphides 

concentration, and nutrient deficiency will stimulate the growth of filamentous 

species (Gerardi, 2002). Despite filamentous microorganism gives settleability 

problem, it can still be used in wastewater treatment. The other kind of floc, pin-

point floc consists of floc-forming bacteria without a filament backbone and 

usually less than 50 μm in diameter (Richard et al., 2003). Dispersed growth or 

pin-point floc occurs very often in industrial wastewater due to the high organic 

loading. The existence of pin-point floc gives low SVI with turbid effluent which 

further deteriorates the treatment efficiency.  

 

In recent years, a combination of the membrane filtration process and the 

biodegradation process in the biological system, called membrane bioreactor 

(MBR), has been employed to treat toxic waste such as phenol. Barrios-Martinez 

et al. (2006) and Marrot et al. (2006) studied the feasibility of MBR system to 

treat high phenol content in synthetic wastewater. Phenol was used as the limiting 
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substrate in their studies. The performance of the MBR was evaluated through the 

membrane performance and the biodegradation of phenol. It was found that the 

acclimatised activated sludge was able to completely remove the phenol as high 

as 50 g/day and achieved the steady state in just a few hours. They concluded that 

acclimatisation was important to support the microorganism to ensure that they 

had the necessary enzymatic material to degrade phenol and to reveal a new 

population which was adapted to phenol and able to consume phenol as substrate.  

 

2.2 Membrane Bioreactor (MBR) Technology 

 

Membrane technology has gained great interest in the past few years and 

has wide applications in the treatment of wastewater and water reclamation. 

Membrane bioreactor (MBR) is named after the two major processes in the 

reactor, which are biological wastewater treatment process coupled with 

membrane filtration technology. The activated sludge process is employed for the 

biological waste degradation, while the treated effluent is subjected to membrane 

separation.  Due to the more stringent in effluent discharge standards in most of 

the countries, the MBR technology has become an attractive alternative to 

conventional activated sludge systems, which is possible to be used for expansion 

and upgrading of the existing systems (Ahn et al., 1999).  
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There are two common configurations of MBR, i.e., external MBR and 

submerged MBR. The membrane can be either fixed externally to the reactor and 

operated under pressure, or submerged in the reactor and operated under vacuum.  

 

For external MBR, cross-flow membranes are used and the membrane 

module is located apart from the activated sludge reactor. This can ideally control 

the fouling by reducing the deposition of foulants on the membrane surface 

(Chang et al., 2002). However, the external MBR usually consumes more energy 

and requires larger footprint. Furthermore, the tubular membrane used in the cross 

flow MBR has lower packing density and is more expensive (Rosenberger et al., 

2002). Owing to this, mixed liquor is pumped into the tubular membrane module 

to obtain the required high shear stresses to reach high permeate flux values 

(Lacoste et al., 1993). Consequently, high circulation velocity is always needed in 

the tubular membrane that contributes eventually to high head loss and high 

energy consumption (Krauth and Staab, 1993).   

 

On the contrary, low cost capillary and hollow fibre membranes are 

common in most submerged MBR. This kind of membranes has higher packing 

density and can be operated at lower transmembrane pressure (TMP). As a result, 

the operation flux can be reduced and energy consumption is less. Furthermore, 

the coarse bubbles generated from the aeration in the reactor are utilised to 

maintain sufficient oxygen for the microorganism metabolism, and create shear 

stress to suppress the deposition of foulants on the membrane surface. This 
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eliminates the requirement of high rate circulation pump as in external MBR 

(Judd, 2004). Besides, submerged MBR has lower tendency towards fouling, and 

contributing to less cleaning and replacement of membrane (Cote and Thompson, 

2000; Gander et al., 2000). In view of the low energy consumption, together with 

less fouling tendency of the membrane, submerged MBR is more popular in the 

application in domestic and industrial wastewater treatment. 

.  

2.3 Advantages and Disadvantages of Submerged MBR  

 

MBR technology is actively used for municipal and wastewater treatments 

as this system can produce excellent effluent quality for water reuse or recycling 

(Liao et al., 2006; Meng et al., 2009; Judd, 2006; Yang et al., 2006). High quality 

effluent is usually accomplished by the membrane filtration with suitable pore 

size, resulting in low turbidity, suspended solids and biochemical oxygen demand 

with bacteria free effluent.  

 

Submerged MBR (sMBR) is well-known for its compact and small 

footprint build-up. The introduction of MBR has eliminated the need for 

secondary clarifier, and thus minimised the problems associated with sludge 

settling (Defrance et al., 2000; Rosenberger et al., 2002; Ueda and Hata, 1999). 

Besides, the membrane module immersing in the reactor can retain the biomass. 

As the MBR is able to retain the biomass completely in the reactor, it can be 

operated at high biomass concentration with low food to microorganism (F: M) 
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ratio. This minimises the sludge production in the MBR as the biomass is mostly 

lost through endogenous degradation (Sun et al, 2006). When the excess sludge 

production is minimised, the organic removal efficiency increases accordingly to 

give effluent with low COD strength.  

 

 Fluctuation of the organic loading to the reactor is common and this 

inconsistency in loading always affects the biological treatment efficiency. 

Fortunately, this shock loading seldom happens in MBR as high MLSS in MBR is 

able to cope with the shock loading with slight adjustment on the F: M ratio. 

Therefore, the introduction of toxicant, such as phenol, can be degraded more 

effectively in the MBR. 

 

Due to the above mentioned advantages, MBR has gained high attention in 

water and wastewater treatment. The superior performance of the MBR has 

attracted increasing number of researchers to further improve its treatment 

efficacy. However, the membrane fouling and cost of membrane remain the major 

obstacles for wide application of this technology. 

 

Membrane fouling is associated with the deposition of foulants on the 

membrane surface which further reduces the operational flux. This leads to high 

energy consumption and chemical requirement to clean the membrane and 

recover the ideal flux. Besides, membrane life-span may be shortened as 

irreversible fouling due to the pore blocking is hardly removed by physical or 
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chemical cleanings. For the last few years, even though the fouling factors in the 

MBR such as sludge characteristics, operational parameters, membrane materials 

and feedwater characteristics were considerably reviewed, the information of the 

complex nature of foulants and activated sludge properties on fouling are still the 

driving force for researcher to find out the effective approaches to solve the 

current problems (Chang et al., 2002; Le-Clech et al., 2006; Meng et al., 2009). 

 

2.4 Submerged Membrane Bioreactor Operations 

 

MBR has been receiving great attention in past few years, even though the 

fouling nature is not yet fully understood. It is important to note that with proper 

operation of the system, better control of membrane fouling can be achieved. 

According to Meng et al. (2009), operating conditions such as sludge retention 

time (SRT), hydraulic retention time (HRT), aeration and permeate flux were the 

key determinants to prolong the optimal operation of the MBR. 

 

 Proper controls of SRT and HRT are important to ensure optimisation of 

the MBR operation (Barker and Stuckey, 1999; Grelier et al., 2006). Based on 

several studies, it was concluded that the reduction of SRT and HRT might 

increase the transmembrane pressure (TMP), which increased the fouling of MBR 

and contributed to poor performance of MBR (Ahmed et al., 2007; Meng,  et al., 

2007; Ng et al., 2006; Zhang et al., 2006b). This is because when HRT and SRT 

decreased, the concentration of the soluble microbial products (SMP) and bound 
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extracellular polymeric substances (EPS) in sludge floc were increased (Cho et al., 

2005; Liang et al., 2007). Bound EPS is referred to as proteins, polysaccharides, 

nucleic acids, lipids, humic acids and other constituents found at or outside the 

cell surface. The major role of these bound EPS is to keep the floc in three-

dimensional matrix, but also the contributor to membrane fouling (Meng et al., 

2009). On the contrary, SMP is a pool of organic compounds released into 

solution as a result of substrate metabolism and biomass decay. Both SMP and 

bound EPS are directly related to the growth and substrate utilisation. Therefore, 

increase of organic loading might stimulate high production of EPS and SMP, 

leading to high sludge viscosity, rise of TMP and eventually fouling potential 

(Laspidou and Rittmann, 2002). Ahmed et al. (2007) reported that prolonged SRT 

provided better membrane permeation. Their study found that increase of SRT 

from 20 to 100 days decreased the potential of membrane fouling. Therefore, it is 

important to control the HRT and SRT at optimal level, in order to control the 

bound EPS and SMP concentrations, and thus limiting the membrane fouling.    

 

 Aeration in MBR is very crucial. Besides providing oxygen to biomass to 

attain required dissolved oxygen (DO) concentration, aeration is also used to 

suspend the biomass in the reactor. More importantly, aeration is capable of 

mitigating the fouling. According to Wicaksana et al. (2006), aeration could 

mitigate membrane fouling by inducing hydraulic shear on membrane surface and 

causing lateral movement for membrane hollow fibres. Regulation of aeration is 

important in determining the floc structure and membrane filtration in the MBR. 
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In addition, the impact of aeration intensity on optimal operation of MBR is very 

complex. High aeration certainly can reduce the attachment of foulants on 

membrane surface, but it will also lead to floc breakage. Once the floc breakage 

occurs, colloids and solutes will become the major foulants (Fan and Zhou, 2007).  

 

In the MBR operation, permeate flux is another critical parameter to 

control the transfer of treated effluent and suspended or dissolved solids, while 

affecting the deposition of cake layer on the membrane surface. Generally, 

fouling is increased with increasing operational flux as foulants may transfer at a 

higher rate towards the membrane surface. However, Nagoka and Nemoto (2005) 

discovered that when operational flux was increased below the critical flux, the 

decreasing of loading rate or increasing shear force was able to reduce the fouling 

potential. Critical flux is defined as maximum permeate flux where stable flux can 

be maintained for certain period of time without an increase in TMP (Defrance 

and Jaffrin, 1999). Below the critical flux, TMP increases linearly with permeate 

flux (Figure 2.2). However, when exceeding the critical flux, the linear 

relationship of TMP and flux is no longer existed (Bacchin et al., 2006). 
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Figure 2.2: Flux and TMP Relationship to Determine the Critical Flux 

  

2.5 Factors Affecting Membrane Fouling 

 

Membrane fouling remains the major obstacle for wide application of 

MBR technology. Lee et al. (2001) proposed that the membrane fouling process 

in the MBR can be attributed to pore blocking and cake layer deposition. In the 

application of MBR, membrane fouling occurs in the following sequences (Meng 

et al., 2009): 

(1) Adsorption of solutes or colloids within or on membrane surface 

(2) Attachment of sludge flocs on membrane surface 

(3) Formation of cake layer on membrane surface 

(4) Detachment of foulants by shear stress 

(5) Spatial and temporary changes of foulant compositions, such as bacteria 

community and components, in long-term operation. 

Critical flux  

Flux, J 

TMP 
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Membrane fouling is a time-controlled process. It may be reversible or 

irreversible depending on the interactions between foulants and membrane 

materials (Wiesner and Aptel, 1996). Reversible or removable fouling is caused 

by loosely attached foulant layer on the membrane surface, which can be easily 

removed by physical cleaning. However, for irreversible fouling, it is always 

induced by pore blocking which is hardly removed by any approach even with 

chemical cleaning. The concept of removable and irremovable fouling is based on 

the nature of fouling such as biofouling, organic fouling and inorganic fouling 

(Meng et al., 2009). In general, membrane fouling is often associated with 

phenomena such as concentration polarization, adsorption, scaling, pore clogging, 

cake formation and biofouling. There is synergistic interaction between organic 

fouling and inorganic fouling due to the formation of complexes during the 

treatment process (Kabsch-Korbutowicz, 1992). 

 

2.5.1 Biofouling 

 

Biofouling is always associated with the biological activities in the system. 

It is defined as the deposition and the growth of bacteria cells or flocs along the 

membrane surface, especially when the MBR is operated at low pressure (Pang et 

al., 2005). Biofouling is initiated with the deposition of cells on the membrane 

surface, followed by the growth of cells and the formation of cake layer. Sludge 

characteristics such as particle size, settleability, mixed liquor suspended solids 

(MLSS), extracellular polymeric substance (EPS) and soluble microbial product 
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(SMP) are commonly related to the occurrence of biofouling. The size of the 

activated sludge or its components such as SMP and EPS strongly affects the 

membrane fouling. If the size of the sludge or their components is comparable or 

smaller than the membrane pore size, adsorption and pore blocking may occur. 

Inversely, cake layer may deposit on the membrane surface. 

 

 Some researchers suggested that MLSS was the main factor that 

contributing to membrane fouling. High MLSS concentration is often found to 

increase the fouling potential (Chang et al., 2001; Magara and Itoh, 1991). In 

contrast, in certain condition, high MLSS concentration can mitigate the fouling 

(Lee et al., 2001), or even has small or no impact on fouling (Fan and Zhou, 2007; 

Hong et al., 2002; Le-Clech et al., 2003; Rosenberger et al., 2002). Both Hong et 

al. (2002) and Le-Clech et al. (2003) found that there was no correlation between 

MLSS concentration and the critical flux when the MBR was operated between 2 

and 8 g/L.  

 

EPS are biopolymer substances that are identified to be one of the most 

significant contributors to biofilm formation on the membrane surface (Hong et 

al., 2002). EPS concentration is closely related to the sludge settleability, which 

may affect membrane fouling (Meng et al., 2006). It was found to have ability to 

form gel layer, which further enhanced microbial attachment and organic 

adsorption and eventually deteriorated the fouling (Judd, 2004; Laspidou and 

Rittmann, 2002). In addition, SMP has been recognized to be a one of the 
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significant foulants in MBR (Rosenberger et al., 2006). Besides, Iritani et al. 

(2007) discovered that the relative contribution of SMP towards membrane 

fouling was approximately 100 %. Furthermore, Lyko et al. (2008) suggested that 

SMP components might form complex with metal cations, and accumulate on the 

membrane surface or penetrate into the pores depending on the back transport 

mechanisms such as inertial lift, shear-induced diffusion and Brownian diffusion 

(Meng et al., 2009). If the SMP passed through the membrane pore, post 

treatment was needed to eliminate these contaminants. Otherwise, SMP 

concentration could be controlled through operation parameters such as SRT and 

HRT as discussed in Section 2.4.  

 

2.5.2 Organic Fouling 

 

Organic fouling is always referred to the deposition of biopolymer such as 

proteins and polysaccharides on the membrane surface (Zhou et al., 2007). 

Usually, proteins or polysaccharides are easily deposited onto membrane due to 

the permeate flow, but is difficult to back transport. Most of the literatures 

indicated that organic fouling is mostly originated from SMP or EPS of the 

activated sludge. Metzger and colleagues (2007) conducted a study to investigate 

the spatial distribution of foulants on membrane surface. The inner layer was 

discovered to predominate with high concentration of bound proteins as compared 

to upper layer (consisting of sludge flocs) and intermediate layer (consisting of 

bacteria aggregates and SMP). However, the second intermediate layer was found 
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to contain high concentration of polysaccharides. Besides, Teychence et al. (2008) 

found that polypeptides in the deposition compounds contributed to membrane 

fouling based on the results of HP-SEC and fluorescence analyses. Furthermore, 

Rosenberger et al. (2006) suggested that high polysaccharide concentrations with 

molecular weight larger than 120 kDa in sludge supernatant contributed to high 

fouling rates.  

 

2.5.3 Inorganic Fouling 

 

Even though biofouling and organic fouling are the main focus for the past 

few years, some recent findings suggested that inorganic fouling might also 

contribute to significant fouling problem. Kang et al. (2002) and Ognier et al. 

(2002) proposed that inorganic membrane material such as ceramic experienced 

more serious inorganic fouling due to the precipitation of calcium carbonate and 

alkalinity of the sludge present in wastewater. You et al. (2006) pointed out that 

inorganic fouling was irreversible due to the cohesive properties between the 

inorganic foulants and the membranes. Besides, Wang et al. (2008) revealed that 

the coupling of organic and inorganic foulants enhanced the cake layer formation.  

 

Scaling or inorganic fouling is formed through two general ways, 

chemical precipitation (due to the presence of cations and anions in MBR) or bio-

precipitation (due to ionisable groups in biopolymer). Concentration polarisation 

contributes to chemical precipitation of inorganic salts such as iron, carbonate or 
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phosphate, on the membrane surface.  Chemical precipitation usually occurs when 

the concentration of inorganic anions or cations have exceeded the saturation 

concentration as a result of concentration polarisation. You et al. (2005) found 

that aeration and carbon dioxide from the metabolism of microorganism could 

affect the potential of membrane scaling due to the saturation of carbonate salts. 

However, it is possible to pre-treat the wastewater with chemicals such as EDTA, 

where it could remove the hardness of wastewater, and reduce the occurrence of 

inorganic fouling (Al-Amoudi and Lovitt, 2007). Biological precipitation occurs 

primarily due to the presence of ionisable groups such as acidic functional group 

(R-COOH) from the biopolymers. Costa et al. (2006) proposed that when the R-

COOH functional group interacted with the metal ions in wastewater, it would 

form a dense gel layer which increased the rate of flux declination. The metal ions 

could be neutralised and formed complex with the organic foulants depositing on 

the membrane surface when the ions moved along with the treated water.   

 

In summary, the basic factors that influence the membrane fouling are 

membrane properties, hydrodynamic environment experienced by the membrane 

and feedwater characteristics. In addition, feedwater characteristics and 

hydrodynamic conditions are able to modify the sludge properties and the 

membrane fouling behavior. For example, the introduction of toxic influent may 

affect the activity and biological performance in the treatment plant by changing 

the dominance of sessile species (Brindle and Stephenson, 1996; Meng et al, 

2009; Papadimitriou et al., 2007; Rosenberger et al., 2005). Membrane fouling 
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occurs more readily on hydrophobic membrane than on hydrophilic membrane 

due to the hydrophobic interaction between the foulants and membrane Thus, 

many attentions have been attributed to modify the membrane from hydrophobic 

to hydrophilic in order to reduce the fouling (Yu et al., 2005b). Also, the 

physiochemical characteristics and physiology of activated sludge such as shape, 

size, porosity, extracellular polymeric substances (EPS), soluble microbial 

products (SMP), carbohydrates and polysaccharides were found to be the key 

factors determining the membrane fouling (Chang et al., 2002; Lee et al., 2003; 

Li et al., 2005a; Li et al., 2005b; Van Dijk and Roneken, 1997; Yu et al., 2005). In 

order to optimise the performance of MBR, control strategies to operate the 

system should be implemented accordingly by adopting the favorable conditions 

to mitigate the membrane fouling. 

 

2.6 Mitigation of Membrane Fouling 

 

Based on the literature, the factors affecting membrane fouling are mainly 

membrane materials, biomass characteristics, feedwater characteristics and 

operating conditions (Le-Clech et al., 2006). The severity of fouling is directly 

determined by the sludge characteristics and hydrodynamic conditions, while 

operating conditions and feedwater have indirect influence on it through 

modifying the sludge characteristics (Meng et al., 2009). Therefore, the common 

strategies to mitigate the membrane fouling are classified as hydraulic, chemical 

and biological controls. Most of the studies suggested that membrane fouling can 
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be controlled by reducing flux, increasing membrane aeration and physical or 

chemical cleaning of membrane (Chang and Judd, 2002; Judd, 2005; Chang and 

Lee, 1998)  

 

2.6.1 Role of Membrane Materials in Preventing Fouling 

 

In the submerged MBR, the membrane module is immersed in the reactor 

to retain the biomass during separation, and hence produce satisfactory effluent 

quality. Membrane is only used as a filter in the MBR to produce effluent that 

meets the standard criteria required. Therefore, it is feasible to substitute the 

commercial high cost membrane with a cheaper and porous membrane. In order 

to minimise the occurrence of membrane fouling, membrane material remains the 

major consideration in the set-up of the MBR (Meng et al., 2009). Membrane 

used for treatment must possess high chemical and thermal resistance with 

advanced mechanical strength, which is compatible to be used in wastewater 

treatment. In addition, membrane fouling occurs more readily on hydrophobic 

membrane than on hydrophilic membrane due to the hydrophobic interaction 

between the foulants and membrane (Yu et al., 2005a; Yu et al., 2005b). 

Hydrophilic membrane can prevent the hydrophobic interaction between the 

foulants and membrane, and hence reduce the deposition of foulants on the 

membrane surface.  
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Besides, Manem and Sanderson (1996) suggested the membrane used for 

filtering biological suspensions should be neutral or negatively charged to 

minimise the floc adsorption. Zhang et al. (2008) studied the fouling resistance of 

three polymeric membranes for ultrafiltration. They discovered that the affinity 

capability between polyacrylonitrile (PAN) with EPS was the lowest as compared 

to polyvinylidene fluoride (PVDF) and polyethersulfone (PES). Besides, Yamato 

et al. (2006) suggested that PVDF membrane could prevent the irremovable 

fouling more effectively as compared to polyethylene (PE) membrane. Other than 

polymeric membrane, inorganic membrane such as stainless steel membrane, are 

commonly used in special applications such as high temperature wastewater 

treatment (Meng et al., 2009). Zhang et al. (2005, 2006c) found that stainless steel 

membrane could be an alternative membrane for the treatment of high 

temperature wastewater as it could achieve higher permeate flux.  

 

Due to the impact of membrane materials on the fouling resistance, great 

attention has been focused to modify the membrane properties such as pore size 

distribution and hydrophobicity. For example, Yu et al. (2005a, 2005b, 2008) had 

developed plasma treatment on the membrane surface to improve the anti-fouling 

property of PE hollow fiber microporous membranes. The fouling potential of 

NH3 and CO2 plasma treated membranes were found to be lower than those 

unmodified membrane with shallow modification depth. However, this plasma 

modification is hardly to be extended on large scale due to the complicated 

surface chemical reaction which is difficult to understand in detail. To overcome 
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the weakness of plasma treatment, Yu et al. (2007) further investigated the 

membrane surface modification using graft polymerization method coupled with 

UV radiation. The photo-chemical modified membrane showed better filtration 

ability as the hydrophilicity of the membrane was greatly increased. Even though 

the membrane fouling resistance can be increased by surface modification, 

development of low-cost and anti-fouling membrane is still the major concern in 

order to widely apply the membrane technology in municipal and industrial 

wastewater treatment. 

 

2.6.2 Hydrodynamic Controls in Mitigating Membrane Fouling 

 

Hydrodynamic control of the membrane filtration process includes 

reducing flux, increasing membrane aeration and intermittent permeation (Chang 

and Judd, 2002; Judd, 2005; Chang and Lee, 1998)  

 

2.6.2.1 Role of Flux  

 

Low pressure operation of MBR with low initial flux is able to decelerate 

the deterioration of membrane fouling (Field et al., 1995). On the other hand, high 

membrane flux was found to increase the attachment of particles or molecules 

onto the membrane and overwhelming the back transportation rate. When the 

membrane flux is high, the large particles or molecules with high back 

transportation rate are pulled towards the membranes and cause fouling (Kimura 
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et al., 2008). Nagoka and Nemoto (2005) revealed that when operational flux 

increased below the critical flux, fouling potential could be reduced. When the 

submerged MBR is operated at low suction pressure, the foulants are transported 

at a lower rate towards membrane surface. Thus, this can greatly reduce the 

fouling rate due to slow cake formation. Nonetheless, low pressure membrane 

usually has high fouling potential due to the biological floc, EPS, and biocolloids 

if the MBR is not operated in the crossflow mode with imposition of shear stress 

at the membrane surface. Commonly, low pressure MBR is either used in 

processing high solids content feed where air bubbling is used to control fouling, 

or, used in low solids content feed where regular backwash is employed to 

remove deposition (Fane et al., 2005). Therefore, in order to operate the MBR in 

low pressure or low flux, it is important to couple with hydrodynamic control 

such as backwash and increase shear stress, to optimise the membrane operation 

with least energy.  

 

2.6.2.2 Role of Aeration  

 

Other than permeate flux, another common effective way to control 

membrane fouling is through the shear-stress generated from aeration and 

intermittent permeation (relaxation). In recent years, air-sparging has gained 

attention to enhance the hydrodynamic conditions and efficient use of aeration in 

the MBR (Delgado et al., 2008). Aeration is a significant factor to determine the 

MBR’s performance by providing the oxygen for biodegradation while 
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suppressing the build up of cake layer on the membrane surface. Air bubbles is 

utilised to generate localized cross-flow conditions along the membrane surface 

and thus reducing the deposition of cake layer on the membrane (Bouhabila et al., 

1998; Ueda et al., 1997; Ivanovic and Leiknes, 2008). However, the relationship 

between aeration intensity and MBR performance was complicated and not well 

developed. Also, there was no direct relationship between the fouling resistance 

and the aeration intensity (Han et al., 2005). Although high aeration can reduce 

the attachment of sludge layer on the membrane surface, it also leads to the floc 

breakage (Gui et al., 2002). Colloids and solutes arise from the damaged sludge 

may become the other major foulants at high aeration intensity which cannot be 

reduced by shear stress (Fan and Zhou, 2007). Besides, Shane Trussell et al. 

(2007) found that increasing the coarse bubble aeration intensity could increase 

the MLSS concentration before a decline of 10 % in membrane permeability.  

 

To overcome the weakness of aeration strength on membrane fouling, 

intermittent aeration has been developed to allow the restructuring of activated 

sludge and to mitigate the membrane fouling effectively. Furthermore, aeration is 

a very cost-consuming parameter in the operation of MBR due to the energy 

consumption. Approximately 80 % of the total energy cost in a submerged MBR 

is contributed by aeration. Thus, proper management of aeration seems to be 

important in order to mitigate the fouling and operation cost of MBR 

simultaneously (Gander et al., 2000b; Owen et al., 1995; Van Kaam et al., 2008). 

Other than aeration mode (continuous or intermittent), the air-sparging technology 



37 

 

has also been studied to enhance the flux in submerged MBR. Chang and Judd 

(2002) found that air-lift module was able to increase the permeate flux by 43 % 

when coarse bubble was introduced. The air-jet module experienced pore 

clogging due to the deposition of biosolids inside the lumen during the operational 

period. However, if the pore clogging could be prevented by periodic backwash, 

the air-jet sparging could produce 20 % higher fluxes than air lift module.  In brief, 

aeration intensity, aeration mode and air-sparging technology are the effective 

approaches to mitigate membrane fouling in the MBR. Therefore, thorough 

investigation on the interactions among these three approaches might be helpful to 

improve the fouling resistance.  

 

2.6.3 Biological Controls in Mitigating Membrane Fouling 

   

Based on the recent reviews, the physiochemical characteristics and 

physiology of sludge floc such as shape, size and porosity were found to be the 

key factors determining the membrane fouling. Meng et al. (2009) reviewed that 

operating parameters such as SRT, HRT, dissolved oxygen (DO) and food-to-

microorganism ratio (F: M) could modify the sludge characteristics. Thus, 

biological control of such parameters (HRT, SRT, sludge concentration or MLSS, 

F: M ratio) would modify floc structures and effectively mitigate the fouling 

(Chang et al., 2002; Lee et al., 2003; Li  et al., 2005; Van Dijk and Roneken, 

1997; Yu  et al., 2006). Increase in the MLSS could reduce the HRT at a given 

time, resulting in more compact treatment process and reducing sludge production. 
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However, there was a conflict of interest, i.e., the increase in MLSS declined the 

membrane’s permeability due to the accumulation of foulants on the membrane 

surface (Shane Trussell et al., 2007). 

 

An interesting finding revealed that special structure of the sludge floc 

could reduce membrane fouling by forming porous cake layer on the membrane 

surface which might be removed by air scouring. The flocs were overlapped and 

left some holes among the deposited cake layer. The formation of porous cake 

layer could alleviate membrane fouling by preventing the SMP from directly 

attaching on the membrane (Yu et al., 2006). Besides, sludge particle size was 

found to influence filtration characteristics in the MBR. The sludge particle size is 

strongly affected by hydrodynamic controls of the operation such as aeration 

intensity and HRT. If the biological flocs are comparable, or smaller than the 

membrane pores, adsorption and pore blocking may occur, contributing to 

irreversible fouling. On the other hand, if the flocs are larger than the membrane 

pores, cake layer may form on the membrane surface (Bai and Leow, 2002; Lim 

and Bai, 2003). In addiction, large floc particles were found to increase the 

membrane permeability in the presence of low SMP by serving as “second 

membrane”. This “second membrane” blocks the SMP from directly contacting 

with the membrane module (Yu et al., 2006). Weak floc and small particles like 

organic solutes and colloids existing in the turbulent environment may lead to floc 

breakage and cause dense cake layer formed on the membrane surface. In order to 

minimise the potential of floc breakage, aeration intensity and feedwater 
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characteristics should be monitored closely.   

 

On the other hand, microbial cell length and sludge bulking conditions 

were also related to cake compressibility constant and membrane fouling (Choi et 

al., 2002; McCarthy et al., 1998). Bulking bacteria was one of the problems in the 

operation of submerged MBR. The existence of filamentous bulking bacteria was 

observed with increasing sludge volume index (SVI). The excessive growth of 

filamentous bacteria was found to enhance the deposition of foulants on the 

membrane surface due to the sudden increase of bound EPS. As a consequence, 

the sludge viscosity and the hydrophobicity were enhanced, which increased the 

fouling rate and shortened the stable filtration period (Sun et al., 2007). In order 

to limit the fouling due to sludge bulking, preventive action such as proper control 

of food-to-mass ration (F:M), low mean cell residence time (MCRT), short 

hydraulic retention time (HRT), nutrient efficiency and reduction of readily 

degradable carbonaceous biochemical oxygen demand (cBOD) should be adopted 

(Gerardi, 2002). 
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2.6.4 Chemical Controls in Mitigate Membrane Fouling 

 

Mitigation of membrane fouling by means of chemical approach is always 

associated with the addition of coagulant and adsorbent. Powdered activated 

carbon (PAC) is a common adsorbent used in the MBR to uptake soluble organic 

and to enhance the flocculation ability. The effectiveness of PAC in controlling 

the membrane fouling has been studied by researchers. Introduction of PAC not 

only reduces the biopolymers in sludge suspension, but also provides a solid 

support for the biomass growth and reduces the floc disintegration (Ying and Ping, 

2006; Ng et al., 2006). Furthermore, PAC is also able to uptake the EPS content in 

the reactor at an optimum dosage of 1.2 g/L (Li et al., 2005). It was found that the 

irremovable fouling resistance was reduced when the EPS content was minimised 

upon the addition of PAC. Although PAC addition could increase the performance 

of MBR, it would still reduce the flux due to the increasing of sludge viscosity, if 

the addition of PAC is beyond the optimal level (Akram and Stuckey, 2008). 

 

Coagulants such as alum and zeolite are also used to enhance the 

membrane filtration by improving the floc structure and strength, besides 

removing SMP (Lee et al., 2001). Addition of 1 g/L of zeolite could encourage the 

attach growth of microorganisms and enhance the membrane permeability. 

Holbrook et al. (2004) revealed that addition of alum could decrease the SMP 

content by 25 % and improved the membrane hydraulic performance. Both the 

studies of Lee et al. (2001) and Holbrook et al. (2004) proved that there were no 
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optimal coagulant concentrations to reduce the membrane fouling. However, 

addition of alum could increase the particle size distribution and subsequently 

lowered the specific resistance and improved permeability.  

 

Other than alum and zeolite, addition of calcium, ferric chloride and 

chitosan can also reduce the SMP concentration, which will further lower the 

hydrophobicity, induce flocculation, reduce floc breakage and reduce pore 

blocking possibility (Ji et al., 2008; Song et al., 2008; Zhang et al., 2008). Fan 

and Zhou (2007) compared the effectiveness of ferric chloride, alum and organic 

polymer in reducing the colloidal total organic compound (TOC) and time to filter 

(TTF) in the MBR. Organic polymer was found to be able to increase the MLSS 

particle size effectively and was more efficient in improving TTF, but had little 

impact on sludge filterability. All these studies indicated that the addition of 

coagulants and adsorbents into biomass suspension could eliminate organic 

solutes and colloids, which further achieve the objective of controlling membrane 

fouling.  
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2.7 Membrane Cleaning 

 

Membrane cleaning is the final resolution for removing the foulants, 

which is usually classified into physical or chemical cleaning. Physical cleaning is 

associated with membrane permeation and membrane backwash. Backwash is 

referred as the back transport of foulants back to the biomass suspension. Usually, 

backwash frequency, duration and intensity are the key parameters in the design 

of backwashing. Several factors that determine the frequency and duration of 

backwash are type of membrane, sludge retention time, aeration mechanism and 

aeration rate (Le-Clech et al., 2006). Yigit et al. (2009) discovered that longer 

backwash duration with less frequency could recover the flux more effectively 

than frequent backwashing.  

  

Besides backwashing, membrane relaxation could significantly improve 

membrane filtration. When the membrane operation is temporarily discontinued, 

back transport of foulants is enhanced as the reversible attached foulants can 

diffuse away from the membrane due to the concentration gradient and shear 

stress (Le-Clech et al., 2006; Hong et al., 2002).  

 

 Even though periodic backwashing and membrane relaxation can recover 

the membrane permeability, the effectiveness may decrease with operation time 

with the accumulation of irreversible foulants on membrane surface (Le-Clech et 

al., 2006). Therefore, chemical cleaning can be adopted as maintenance and 
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recovery cleanings. Usually, the chemical reagents used for backwashing or soak 

cleaning are sodium hypochlorite (NaOCl), sodium hydroxide (NaOH) and 

hydrogen peroxide (H2O2). If backwashing is performed, high concentration of 

NaOCl or citric acid will be used. The concentrated chemical solution is allowed 

to stay in the membrane for a certain duration, and backwash is initiated for few 

times depending on the degree of fouling. In soak cleaning, membrane is 

immersed into separate tank filled with chemical overnight with specific 

frequency (depending on the application and the nature of foulant). 

 

 In summary, membrane selection, mixed liquor characteristics, sludge 

properties and membrane cleaning methods are important in alleviating 

membrane fouling. Hydrophilic membrane is always the primary choice for the 

application of submerged MBR to avoid the hydrophobic interaction between the 

foulants and the membrane. Besides, hydrodynamic conditions in the MBR can be 

achieved by regulating the aeration mode and aeration intensity. Next, 

incorporation of chemicals such as adsorbents or coagulants can enhance the 

membrane permeability through the removal of organic colloids and solutes, 

while encouraging the attach growth of sludge. Lastly, the sludge properties can 

be modified by regulating the feeding compositions and operating conditions as 

this could also prevent undesired fouling.  
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2.8 Problem Statements 

 

In Europe and Asia, MBR researches and applications are focused more on 

municipal wastewater treatment with large flow and low organic strength. 

Although MBR has been widely installed all around the world, most of the public 

sewage treatment plants in Malaysia are still using mechanical plants such as 

sequencing batch reactor and trickling filter. Investment and operation cost of the 

MBR are too expensive for developing countries like Malaysia. Especially the 

costly commercial membrane has restricted wide application of MBR. In addition, 

membrane fouling is the major drawback for MBR. Consequently, frequent 

membrane cleaning and replacement are required in the MBR operation, which 

increase the operating costs. Many anti-fouling strategies have been proposed for 

the MBR process. Among these reviewed strategies, replacement of the 

commercial membrane with cheaper filters should be the most feasible one. These 

alternative filters with appropriate pore size and resistance to chemical and 

temperature should be considered as they could achieve comparable effectiveness 

as in the use of costly commercial membrane.   

 

Besides, according to the literature review, the relationship between the 

activated sludge and the membrane filtration has been greatly evaluated. The 

focus was especially on membrane fouling. Most of the researches mainly 

investigated the technical control on membrane fouling by regulating the 

operation conditions such as aeration and backwash.  Despite of this, the 
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progression in the prevention of fouling is relatively slow. Moreover, the 

influence of toxicants such as phenol in the feeding compositions towards the 

sludge characteristics and membrane fouling is not widely studied. Since the 

major foulant is biomass, it is important to determine the nature of sludge at 

different feeding compositions and various operation modes. In view of this, the 

morphology and the particles size of the activated sludge can play an influential 

role on determining the flux performance. Therefore, characteristics of sludge 

would be essential to understand the fouling nature in the MBR and the 

modification of sludge morphology can enhance the performance of submerged 

MBR. Unfortunately, the relationship between the sludge characteristics and 

membrane fouling is complicated and is not extensively explored. As activated 

sludge is evolved from microorganisms, it is feasible to change their properties by 

regulating the feeding compositions and the operating conditions in the treatment 

system. By minimising the occurrence of fouling-induced floc in biomass, 

membrane fouling rate can be reduced to satisfactory level (Masse et al., 2006).  

 

MBR primarily uses chemicals and energy to control fouling. For example, 

intermittent permeation, membrane backwashing and the addition of cleaning 

agents are the mostly used applications. Effectiveness of various bubbling modes 

for fouling mitigation in the MBR is influenced by the operating conditions. Thus, 

proper management of aeration seems to be important in order to mitigate the 

fouling and reduce operation cost of MBR simultaneously. To overcome the 

weakness of aeration strength on membrane fouling, intermittent aeration is 
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developed to allow the restructure of activated sludge and mitigate the membrane 

fouling effectively. Furthermore, aeration is the most cost-consuming parameter in 

the operation of MBR due to the energy consumption. Approximately 80 percent 

of total energy cost in a submerged MBR is contributed by aeration. About two-

thirds of energy used in municipal MBRs is needed to generate crossflow from air 

sparging to control fouling (Gui et al., 2002; Fan and Zhou, 2007). However, 

there is no clear relationship on the aeration intensity and membrane fouling 

resistance. Therefore, the mode of aeration has become a key factor to mitigate 

the fouling with minimal energy consumption. 
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2.9 Objective 

 

Membrane bioreactor is commonly used nowadays to treat wastewater for 

reuse purpose. In this project, removal of phenol was evaluated in membrane 

bioreactor operated with continuous aeration. The aim of this research was to 

evaluate the performance of combined biological treatment and membrane 

filtration to give final effluent quality that meets the local discharge standards. 

The main objectives of this study were: 

 

(1) To evaluate the performance of ceramic membrane bioreactor (MBR) in the 

treatment of phenol containing wastewater.  

 

(2) To investigate the effect of increasing phenol concentrations on the sludge 

characteristics and its impact towards membrane fouling. 

 

(3) To study the filtration performance of MBR at varying suction pressures. 

 

(4) To investigate the effect of various bubbling modes in mitigating membrane 

fouling in the MBR process. 
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Chapter 3 

 

Materials and Methodology 

 

3.1 Preliminary Studies 

 

Preliminary studies, such as to investigate the impact of phenol toxicity on 

biodegradation via specific oxygen uptake rate (SOUR), the potential of phenol 

removal by stripping process via volatilisation test, and acclimatisation of 

activated sludge with increasing phenol concentrations using batch study were 

conducted. 

 

3.1.1 Specific Oxygen Uptake Rate (SOUR)  

 

The SOUR test was employed to study the toxicity effect of phenol on 

activated sludge (Lee, 2001). It was run by measuring the uptake of dissolved 

oxygen at varying initial phenol concentrations. Mixed liquor was collected 

during the React mode and the uptake of the dissolved oxygen was observed and 

recorded as the decrease of dissolved oxygen in the mixed liquor, indicated by the 

Dissolved Oxygen meter (YSI 52) at appropriate time interval.  

 

50 mL of mixed liquor from the reactor was used as seed in 300 mL BOD 

bottle (Figure 3.1). 250 mL of the synthetic influent with varying phenol 
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concentrations (ranged from 0 to 2000 mg/L) was subjected into the BOD bottle. 

The pre-calibrated DO probe was immediately inserted into the bottle and the DO 

readings were recorded at every ten seconds until the DO dropped to 1.0 mg/L. 

Linear plots of the change of recorded DO against time with R
2
>0.99 were 

constructed for every phenol concentration. The SOUR was interpreted as the 

milligram of oxygen consumed per gram of mixed liquor volatile suspended 

solids (MLVSS) per hour or it could be calculated from the slope of the plot of 

oxygen uptake data against time per gram of MLVSS (Equation 3.1). 

 

 

(Equation 3.1) 

 

Figure 3.1: Illustration for the Specific Oxygen Uptake Rate (SOUR) Study 
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3.1.2 Phenol Volatilisation Test 

 

Volatilisation test was performed as pre-experimental test to determine the 

potential of phenol loss under aerated condition (Yoong et al., 2000). Therefore, 

in the test, any loss of phenol would be caused by air stripping from aeration. The 

test was carried out in a 4 L batch reactor with phenol substrate at low (~100 

mg/L), medium (~500 mg/L) and high concentrations (~700 mg/L) as shown in 

Figure 3.2. Aeration and mixing were provided using air stone and air pump. 20 

mL of the sample was collected from each reactor at the beginning of the test and 

then every one hour for analysis. The total duration of the test was eight hours. 

The phenol concentration and COD of the phenol substrates collected at every one 

hour interval were used to investigate whether there was any loss of phenol by 

volatilisation. COD test was analysed following APHA 5220-C Closed Reflux & 

Titrimetric Method (APHA, 1998), while the phenol balance of the solution was 

tested using UV-Vis spectrophotometer between the wavelength of 190 and 400 

nm (lambda max at 269 nm) (Singer and Yen, 1980). 

 

Figure 3.2: Illustration for the Phenol Air Stripping Test
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3.2 Acclimatisation of Activated Sludge towards Phenol  

 

Acclimatisation of activated sludge formed by microbial consortium is 

important as it enhances the interaction between all the species present in flocs, 

while possess enzymatic material required for the phenol degradation and reveals 

the new population which is adopted to the toxic agent and is able to consume it 

as a substrate (Barrios-Martinez et al., 2006; Marrot et al., 2006). Batch operation 

was adopted for the acclimatisation of activated sludge towards increasing phenol 

concentration (0 to 600 mg/L). The acclimatisation was carried out in a single 

tank reactor with dimension of 35 cm (H) × 15 cm (W) × 40 cm (L). The working 

volume of the reactor was 18 L. Initially, activated sludge was cultured for two 

months in a batch study with synthetic wastewater containing base-mix (Table 

3.1) as a carbon source. At the end of the culturing stage and there after, phenol 

was introduced to replace the base-mix as a carbon source.  

 

The sequencing batch reactor (SBR) was operated two cycles per day with 

Fill, React, Settle, Draw and Idle periods with the ratio of 2:8:1:0.5:0.5 for a cycle 

time of 12 h. Synthetic wastewater containing phenol was fed to the reactor 

during the Fill mode with a flow rate of 58 mL/min. Phenol was biodegraded in 

the aerated mixed liquor during the 8 h React mode. Later the treated effluent was 

discharged (Draw mode) after the mixed liquor was allowed to settle for an hour. 

Aeration was provided throughout the Fill and React modes. Therefore, the 

biodegradation of phenol had already begun at the beginning of the Fill mode 
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(Figure 3.3). 

 

When the activated sludge was adapted to synthetic wastewater containing 

phenol with increasing concentration of phenol from 0 to 600 mg/L, the extent of 

sludge acclimatisation together with its performance in degrading phenol were 

monitored through daily effluent analysis (Chemical Oxygen Demand-COD and 

phenol concentration), sludge characteristics (sludge concentration and 

settleability) and profile study.  

 

Profile study was conducted based on the degradation of phenol by 

analysing the COD and phenol concentration in the mixed liquor along the Fill 

and React modes at different phenol concentrations. The mixed liquor was 

collected during Fill and React modes, filtered and the filtrate was analysed for 

COD and phenol concentrations. Besides, the utilisation of dissolved oxygen 

(DO) by microorganism to degrade phenol in the reactor was also monitored 

during the Fill and React modes.  
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Table 3.1: Feeding Composition of Synthetic Wastewater for Batch Reactor 

During Acclimatisation 

 

 

Figure 3.3: Schematic Illustration of Batch Operation during Acclimatisation 

 

 

Composition Concentration (mg/L) 

 

Bactopeptone 

 

188 

Sucrose 563 

Ammonium chloride 172 

Magnesium sulphate 49 

Dipotassium hydrogen phosphate 250 

Iron (III) chloride 11.3 

Sodium bicarbonate 14.7 
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3.3 Sludge Characteristics Study 

 

The change in the sludge characteristic was evaluated to investigate the 

impact of varying phenol concentrations in synthetic wastewater on the activated 

sludge. This change was closely monitored at every phenol concentration during 

and after the acclimatisation of activated sludge to that particular phenol 

concentration. Characteristics of the sludge were assessed through mixed liquor 

suspended solids (MLSS), sludge volume index (SVI), sludge morphological 

observation and sludge particle size distribution. 

 

The MLSS and SVI were studied based on APHA 2540-D Total 

Suspended Solids Dried at 103-105ºC and APHA 2710-D The Determination of 

Sludge Volume Index, respectively (APHA, 1998). The MLSS indicates the 

concentration of suspended solids in the mixed liquor sample, whereas, the SVI is 

used to monitor the settling characteristics of the activated sludge and other 

biological suspensions. The activated sludge was also characterised in terms of 

particle size distribution by Particle Size Analyser (CILAS 1180 Liquid) and 

morphology observation by light microscope. Well-mixed activated sludge was 

collected from the reactor for morphological and particle size distribution study. 

A drop of sludge was deposited on the slide and covered with a covered slip. 

Image of the sludge was observed under bright field light microscope with 

magnification of 10 X. The microscope was attached to the Nikon digital camera 

and three pictures were captured at every four corners and the centre of the slide. 
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A total of 60 pictures were captured from four slides (for each phenol 

concentration studied) and 600 flocs were selected for particle size distribution 

study. The images were calibrated using micrometer slides and further interpreted 

by Image J software (Figure 3.4).  The floc size distribution was determined 

statistically using Microsoft Excel and illustrated in histogram and particle 

distribution function (linear scale). 

 

 

 

 

 

Figure 3.4: Illustration for Sludge Characteristics Study 
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3.4 Submerged Membrane Bioreactor (sMBR) Set-up 

 

When the sludge was acclimatised to the desired phenol concentration, it 

was then subjected to the sMBR operation. During the sMBR operation, the 

extent of the membrane fouling or flux performance was evaluated at various 

suction pressures. In addition, the fouling characteristic of the membrane was also 

studied under the influence of various phenol concentrations and was explained 

and related to sludge characteristics at different phenol loadings. Lastly, various 

modes of aeration were performed to investigate the mitigation of membrane 

fouling. 

 

The sMBR was equipped with an aerated bioreactor, membrane unit and 

suction line consisting of vacuum pump, vials and sample collection flask (Figure 

3.4). Ceramic membrane module (commercially available in hypermarket) was 

used in the experiment. Parallel water filtering assembly was attached to the 

diaphragm vacuum pump (GAST model: DOA-P504-BN) to create 

transmembrane pressure for the hollow membrane module. 
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Figure 3.5: Experimental Set-up of MBR 

 

3.4.1 Membrane Characteristics 

 

A low-cost commercial household hollow ceramic membrane module was 

employed in this study (Figure 3.6).  Based on the scanning electron microscopy 

(SEM) study, the membrane was made from diatomaceous earth which is 

hydrophilic in nature (Figure 3.7). The immersed membrane module has an active 

membrane area of 0.038 m
2
 with nominal pore size of 0.5 μm.  
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Figure 3.6: Type of Membrane Used in MBR Operation 

 

 

Figure 3.7 SEM Result for Ceramic Filter   
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3.4.2 Submerged Membrane Bioreactor (sMBR) Operation 

 

The schematic diagram for the experimental set-up is illustrated in Figure 

3.8. The bioreactor was made of glass with a working volume of 22 L to ensure 

the membrane module was fully immersed in the bioreactor. A commercial 

household dead-end hollow ceramic membrane module was immersed in the 

bioreactor for membrane separation.  

 

During the operation, the bioreactor was continuously fed with synthetic 

wastewater with the composition shown in Table 3.1. Timer and peristaltic pump 

were used to control this continuous feeding process from feeding tank to 

bioreactor. Aeration was supplied by air pump connected to air-stone to suspend 

the biomass and provide oxygen to the microorganism. Besides, membrane 

scouring was achieved with air pump where air bubbles were distributed through 

the aeration ring located at the bottom of the membrane. The influent flow rate 

was set based on the permeate flux, which should maintain constant working 

volume in the bioreactor. Permeate was collected from sample collecting flask 

using a diaphragm vacuum pump attached to suction line. The suction pressure 

was applied within the range of -7.5 to -30 kPa for each bubbling mode (without 

bubbling, continuous bubbling and intermittent bubbling).  
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Figure 3.8: Schematic Illustration of MBR Operation 

 

3.5 Flux Characteristics Study 

 

The suction pressure was applied by diaphragm vacuum pump in a range 

of -5 to -30 kPa for every feeding composition (base-mix without phenol, 200, 

400 and 600 mg/L phenol concentrations) to evaluate the impact of feeding 

composition on the floc and flux characteristics. Flow rate of the permeate 

(Equation 3.2) was determined by measuring the volume of permeate collected 

over specific time (fixed at one minute in this study). Permeate flux could be 

defined as the ratio of flow to membrane surface area. The permeate flux 

(Equation 3.3) was calculated by measuring the volume of permeate over time 

and expressed in term of relative flux, J/Jo (%) (Equation 3.4). The flux was 

determined at every two minutes until steady-state flux was observed for all the 
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studies. Fouling rate was determined by obtaining the gradient from flux 

declination plot and expressed in term of (J/J0) / min (Equation 3.5). 

  

Flow Rate = Volume of permeate collected (L) / Time (Hour) (Equation 3.2) 

 

Flux, J = Flow (L/ Hour) / Membrane Area (m
2
)   (Equation 3.3) 

               (Expressed in LMH or L/ m
2
. Hour) 

 

Relative Flux = Flux at specific time (J) / Initial flux (J0) X 100 % (Equation 3.4) 

 

Fouling Rate = Slope of the plot of relative flux against time 

(Expressed in (J/Jo)/min)                  (Equation 3.5) 

 

3.6 Membrane Scouring and Cleaning 

 

The principle limitation of the MBR process lies in the membrane fouling 

due to the deposition of fouled layer on the membrane surface. Various methods 

have been adopted to suppress the deposition of fouled layer on the membrane 

surface. Most of which is to increase the shear stress along the membrane surface 

through the bubbles generated from aeration. This study was aimed to investigate 

the effect of various aeration modes, namely, without bubbling, with intermittent 

bubbling or with continuous bubbling on the fouling characteristic in the sMBR.  
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For intermittent bubbling mode, intermittent bubbling and pausing of 

suction (relaxation) were applied to the membrane for a duration of one minute 

once the relative flux (J/Jo) was declined to lower than 70 % from the initial flux 

(Jo). For continuous bubbling mode, the shear stress was continuously introduced 

to prevent the deposition of fouled layer on the membrane surface. 

 

 Chemical cleaning and backwashing were employed to recover the 

membrane permeability after each operation. Chemical cleaning of the membrane 

module was performed by sonic cleaning in 1% sodium hydroxide solution for 20 

minutes. Then, backwashing was performed on the membrane by reversed suction 

after each experiment. 

 

 The membrane permeability was determined using pure water before and 

after the cleaning processes. A new membrane was used if the recovery of the 

membrane permeability was less than 90 %. Membrane permeability indicates 

how much energy is required to make permeate or the degree of fouling (You et 

al., 2006). Permeability is the ratio of flux to transmembrane pressure (Equation 

3.6). 

 

     Permeability = Flux / TMP    (Equation 3.6) 

                             = Flow / Membrane Area. TMP  

(Expressed in LMH / kPa Or L / m
2
. hour. kPa) 
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3.7 Effluent Analytical Methods 

 

Organic waste degradation was determined by subjecting the permeate 

collected from the MBR operation to chemical oxygen demand (COD) test and 

total suspended solids (TSS) according to APHA 5220-C Closed Reflux & 

Titrimetric Method and APHA 2540-D Total Suspended Solids Dried at 103-

105ºC, respectively (APHA, 1998). Mixed liquor suspended solids (MLSS) and 

sludge volume index (SVI) were measured based on APHA 2540-D Total 

Suspended Solids Dried at 103-105ºC and APHA 2710-D The Determination of 

Sludge Volume Index, respectively (APHA, 1998). Phenol concentration was 

determined by UV–Vis spectrophotometer between a wavelength range of 190 

and 400 nm with maximum absorption at 269 nm (Singer and Yen, 1980). 
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Chapter 4 

 

Results and Discussion 

 

4.1 Preliminary Studies 

 

4.1.1 Specific Oxygen Uptake Rate (SOUR) 

 

Based on APHA standard methods (2710 A, 2710 B), SOUR test is known 

as the oxygen consumption or respiration rate (APHA, 1998). This parameter is 

defined as milligram of oxygen consumed per gram of mixed liquor volatile 

suspended solids (MLVSS) per hour. SOUR measures influent organic load and 

its biodegradability. Besides, this test also provides an indication of the presence 

of toxic or inhibitory wastes, degree of stability and the condition of a sample, and 

calculation of oxygen demand rates at various points in the aeration basin (APHA, 

1998). As dissolved oxygen uptake and aerobic microbial respiration in the 

system are closely linked, it was observed that the SOUR values were particularly 

corresponded to the changes in microbial activity. Therefore, to determine the 

tolerance of activated sludge towards phenol, the toxicity of phenol on activated 

sludge was investigated at phenol concentration ranging from 100 to 2000 mg/L. 

Figure 4.1 shows the SOUR decreased as phenol concentration increased.  
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Figure 4.1: Specific Oxygen Uptake Rate (SOUR) of Activated Sludge at Varying 

 Phenol Concentrations 

 

From the study, a decrease in SOUR indicated that the toxicity of phenol 

had retarded the bioactivity of the activated sludge. According to the literature, 

SOUR values may provide a helpful guideline to indicate the condition of the 

treatment plant as summarised in Table 4.1 (APHA, 1998). 
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Table 4.1: Indication of SOUR Values on System Condition 

SOUR Values Indication 

>20 Not enough solids for the BOD loading 

12 – 20 Good BOD removal and a sludge that settles well in the final 

clarifier. 

<12 Too many solids or there has been a toxic occurrence. 

 

The plot of SOUR gave a good indication of the biological activity in the 

reactor in the absence of phenol. In the absence of phenol (base-mix with 0 mg/L 

phenol), the SOUR of the activated sludge was about 14 mg O2/ (g MLVSS.h) 

(Figure 4.1). According to Table 4.1, this SOUR value indicated the activated 

sludge usually performed well by giving high COD removal and good sludge 

settleablity (discussed in Sections 4.2.1 and 4.3.3). As the phenol concentration 

increased from 50 to 2000 mg/L, SOUR values decreased accordingly from 13 to 

6 mg O2/ (g MLVSS.h). The decrease of SOUR indicated low microbial activity 

due to the retardation of increasing phenol toxicity towards the bioactivity of the 

sludge. The acclimatisation of activated sludge to the increasing phenol 

concentration is particularly important since high phenol concentration inhibits 

the growth of the activated sludge. The toxicity effect of phenol on the activated 

sludge bioactivity was further shown in the COD and phenol removals in batch 

study at increasing phenol concentrations (Section 4.2). 
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4.1.2 Phenol Volatilisation 

 

Based on the phenol volatilisation tests in Figure 4.2, it was observed that 

the phenol concentration remained relatively constant during the whole duration 

of the test. There was no phenol loss under aerated condition for low, medium and 

high phenol concentrations.  

 

Figure 4.2: Volatilisation Test of Phenol at Varying Phenol Concentrations under  

Sustain Aeration. 
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This result showed that when phenol was subjected into the reactor, it was 

fully biodegraded by the activated sludge instead of evaporation or air-stripping 

process. Therefore, the loss of phenol due to volatilisation during the experiments 

could be neglected.   

 

4.2 Acclimatisation of Activated Sludge towards Phenol 

 

Sequencing batch reactor (SBR) was employed to acclimatise the 

activated sludge to increasing phenol concentrations. Acclimatisation was carried 

out in batch study to support the activated sludge to produce the enzymatic 

material needed to degrade phenol and to reveal new population which can adapt 

to phenol and which is able to consume phenol as carbon source (Marrot et al., 

2006). The length of the acclimatisation period varies enormously depending on 

the concentration of phenol and the bioactivity of the activated sludge. Linkfield 

et al. (1989) also found that the period of acclimatisation might be long in 

anaerobic environments. Thus, the activated sludge was acclimatised in an aerobic 

condition throughout the present study. 

 

The extent of the activated sludge in acclimatising the phenol was 

evaluated through daily effluent chemical oxygen demand (COD) and effluent 

phenol removal efficiency, together with the profiles of phenol, COD and 

dissolved oxygen (DO) in the reactor. 
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4.2.1 Daily Effluent Analysis for COD and Phenol Removal 

 

Variation of effluent COD at different influent phenol concentrations (100 

to 600 mg/L) is illustrated in Figure 4.3.  

 

 

Figure 4.3: Effluent COD and Effluent Phenol in SBR Fed with Synthetic         

Wastewater Containing phenol at Increasing Concentration. 

 

Throughout the study, the activated sludge exhibited good phenol removal 

efficiency with no phenol detected in the effluent up to 400 mg/L of influent 

phenol concentration. This indicated that phenol was completely degraded for 

influent phenol concentrations up to 400 mg/L. In addition, the COD present in 



70 

 

the effluent was always below 100 mg/L which meets the industrial wastewater 

discharged requirement by local government (DOE, 1974; Jusoh and Razali, 

2008). Uygur and Kargi (2004) discovered that no inhibition on COD removal by 

activated sludge if the initial phenol concentrations are regulated below 400 mg/L. 

Thus, it can be assumed that the COD present in the effluent was largely caused 

by effluent suspended solids that discharged from the reactor. 

 

However, accumulation of phenol was observed when the activated sludge 

was subjected to 600 mg/L of influent phenol concentration. The effluent COD 

and phenol concentrations fluctuated between 50 to 450 mg/L and 0 to 100 mg/L, 

respectively. These effluent quality levels did not comply to the Malaysia 

Department of Environment (DOE) discharge requirement where the effluent 

discharge into inland waters for the purpose of human consumption shall contain 

COD less than 100 mg/L and phenol concentration less than 1 mg/L. The ability 

of activated sludge acclimatised to 600 mg/L of influent phenol concentration 

declined drastically, probably attributed by the phenol toxicity which retarded the 

activity of activated sludge towards biodegradation. As observed in Figure 4.1, the 

retardation of phenol toxicity towards activated sludge biodegradation was shown 

in very low SOUR. 
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4.2.2 Profile Study for COD and Phenol Removal 

 

The biodegradation of phenol in the sequencing batch reactor (SBR) was 

also evaluated by analysing chemical oxygen demand (COD) and phenol 

concentration in the mixed liquor during the Fill and React modes. Besides, the 

dissolved oxygen (DO) level in the reactor during the biodegradation of phenol 

was also monitored. Figures 4.4 (a) to 4.4 (c) show the phenol, COD and DO 

profiles, respectively, at different influent phenol concentrations.  

 

(a) 

Figure 4.4: Profiles of (a) Phenol, (b) COD and (c) DO in SBR Fed with Synthetic  

Wastewater Containing Base-mix, 200, 400 and 600 mg/L Influent    

Phenol Concentrations 
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(b)   

 

(c)             

     

Figure 4.4: Profiles of (a) Phenol, (b) COD and (c) DO in SBR Fed with Synthetic 

Wastewater Containing Base-mix, 200, 400 and 600 mg/L Influent 

Phenol Concentrations 
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Introduction of phenol into the SBR up to 200 mg/L was immediately 

degraded with small accumulation of about 10 mg/L of phenol (Figure 4.4 (a)) in 

mixed liquor during the Fill mode. This corresponded to an accumulation of 80 

mg/L of COD (Figure 4.4 (b)). Besides, the profiles study showed that 

degradation of COD and phenol had reached steady-state where the concentration 

of COD and phenol became constant at below 100 and 1 mg/L, respectively, 

within the Fill mode. This meant that phenol was very quickly degraded before 

the end of the Fill mode and the removal efficiency of phenol nearly 100% could 

be achieved within the Fill mode when only low influent phenol concentration 

was introduced into the SBR. This result was further supported by the DO profiles 

in Figure 4.4 (c). Low DO values during the Fill mode indicated that the activated 

sludge utilised most of the dissolved oxygen to degrade the accumulated phenol in 

the reactor. Once the phenol in the bioreactor was almost degraded, and activated 

sludge required less DO, the DO in the reactor increased to about 5 mg O2/L.   

 

When the SBR was subjected to the introduction of higher influent phenol 

concentration of 400 mg/L, accumulation of both COD and phenol became more 

significant. The added phenol was not quickly assimilated by activated sludge in 

the SBR but slowly accumulated to a maximum of 85 mg/L phenol (Figure 4.4 

(a)) which corresponded to 250 mg/L COD (Figure 4.4 (b)) during the Fill mode. 

This accumulation showed that the bioactivity of the activated sludge was 

retarded and thus biodegradation rate of the substrate dropped. It took about 

another 20 minutes after the Fill mode in order for both COD and phenol in mixed 
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liquor to achieve steady-state. As in the case of 200 mg/L phenol, the DO level in 

the reactor dropped to minimum during the Fill mode when oxygen was required 

for biodegradation. The DO level increased slowly and maintained at around 6 mg 

O2/L (Figure 4.4 (c)) once the steady-state was achieved. 

 

Inhibition of activated sludge towards biodegradation of phenol has 

actually been proven in the SOUR study (Figure 4.1). In addition, removal 

efficiency of phenol in the SBR declined with increasing influent phenol 

concentration. However, with the sufficiently long React mode, the accumulated 

phenol in the SBR would eventually be assimilated with high removal efficiency. 

This finding was in agreement with Uygur and Kargi (2004) study, where the 

phenol was almost completely degraded up to 400 mg/L.  

 

 However, when influent phenol concentrations increased further to 600 

mg/L, accumulation of phenol and COD up to 200 and 1000 mg/L, respectively, 

was observed at the end of Fill mode (Figures 4.4 (a) and (b)). Moreover, the 

biodegradation rate of phenol was very much lower at 600 mg/L influent phenol 

concentration as compared to 400 mg/L influent phenol concentration. This 

showed that the bioactivity of the activated sludge was badly inhibited and it took 

up the whole eight hours React mode to biodegrade this accumulated substrate. In 

spite of this, there was still about 100 mg/L phenol corresponding to 600 mg/L 

COD left in the effluent at the end of React mode. In this instance, the activated 

sludges in the reactor were still tried hard to degrade the substrate and this kept 
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the DO level in the reactor very low, about 2 mg O2/L (Figure 4.4 (c)) throughout 

both the Fill and React modes. This suggested that the bioactivity of activated 

sludge was strongly affected by the toxicity of phenol as proven in the SOUR 

study (Figure 4.1). Removal efficiency of phenol at this 600 mg/L influent phenol 

concentration was deteriorated due to the retardation of activated sludge 

bioactivity at high phenol concentration. It can be concluded that activated sludge 

could not acclimatise to high phenol concentration very well. At this stage, the 

activated sludge performed very poorly by giving very high COD (as detected in 

effluent of Figure 4.3) and turbid effluent due to poor sludge settleability even at 

long React mode of operation.  

 

 In summary, at lower phenol concentration of 200 mg/L, activated sludge 

can adapt to this level of phenol concentration very well with high substrate 

removal efficiency. At higher phenol concentration of 400 mg/L, the phenol 

toxicity exerted to activated sludge increased and the extent of acclimatisation 

dropped. However, good removal efficiency could still be sustained by providing 

long React time. Further increasing the phenol concentration to 600 mg/L would 

definitely increase the toxic level towards activated sludge. Owing to this, 

inhibition took place and bioactivity of the activated sludge declined. The 

activated sludge was not well acclimatised at this phenol level and eventually 

removal efficiency of the substrate was deteriorated. 
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4.3 Sludge Characteristics at Varying Influent Phenol Concentrations 

 

The change of wastewater nature has striking effect on the characteristics 

of activated sludge in the biological suspensions (Le-Clech et al., 2003). Floc 

structure is one of the most frequent monitored parameters as flocs are the 

functional and operative units in the bioreactor, with varying texture and sizes 

influenced by the environmental conditions (Arregui et al., 2010). The treatment 

effectiveness and the effluent clarification are relied on the floc dimensions, 

structure, aggregation and filamentous aspect, which are the crucial parameters in 

wastewater treatment process to optimise the plant performance (Sezgin et al., 

1978). Therefore, characteristics of activated sludge were taken into consideration 

during the study of the impact of varying influent phenol concentrations on the 

phenol removal efficiency and fouling propensity in the sMBR. The fouling 

effects of the synthetic influent are generally attributed to such properties as 

wastewater composition, types and characteristics of contaminants, organic 

loading, temperature, and pH (Geng and Hall, 2006). In the case of using phenol 

as feed, the resulting retardation and disintegration of activated sludge into 

smaller floc generally leads to higher fouling rate due to irreversible pore 

blocking (Wisniewski and Grasmick, 1998). Therefore, it is important to monitor 

the sludge characteristics for every concentration of influent phenol to verify the 

feasibility of activated sludge for phenol removal efficiency and to assess the 

filterability of sMBR for attaining high quality effluent.  
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The effect of increasing influent phenol concentration on the sludge 

characteristics was investigated through the observation of the sludge’s particle 

size distribution, sludge morphology, mean floc size, sludge settleabilities and 

sludge concentrations.  

 

4.3.1 Particle Size Distributions and Sludge Morphology Studies 

 

Figures 4.5 and 4.6 illustrate the sludge size distribution and relative 

frequency histogram for floc equivalent diameter at varying feeding compositions 

throughout the study. The floc structures throughout the study at varying feeding 

compositions are illustrated in Figure 4.7. 
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Figure 4.5: Sludge Size Distribution When Activated Sludge Acclimatised to 

Synthetic Wastewater Containing Base-mix and Increasing Phenol 

Concentrations. 
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(e)

(b)

(c)
(d)

(f)

(a)

 

Figure 4.6: Relative Frequency Histogram for Floc Equivalent Diameter when  

            Activated Sludge Acclimatised to Synthetic Wastewater Containing  

(a) Base-mix; (b) 100 mg/L; (c) 200 mg/L; (d) 300 mg/L; (e) 400 

  mg/L and (f) 600 mg/L Influent Phenol Concentration 
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(a) (b)

(c) (d)

(e) (f)
 

Figure 4.7: Microscopic Observation (10 X magnification) of the Activated 

Sludge Acclimatised to Synthetic Wastewater in the Reactor 

Containing: (a) Base-mix; (b) 100 mg/L; (c) 200 mg/L; (d) 300 

mg/L; (e) 400 mg/L and (f) 600 mg/L Influent Phenol Concentration 
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When the activated sludge was exposed to synthetic wastewater 

containing only base-mix (without phenol), the equivalent diameter of this 

acclimatised activated sludge was mainly distributed between 0 and 100 μm and 

appeared most frequently around 50 μm (Figures 4.5 and 4.6(a)). According to 

Amaral and Ferreira (2005), particle size within 10 to 100 μm was classified as 

normal floc. This normal floc with irregular shapes and without undesired 

filamentous growth was observed in the activated sludge which was acclimatised 

to the synthetic wastewater without phenol (Figure 4.7(a)). 

 

On the other hand, when the activated sludge was acclimatised to synthetic 

wastewater with increasing phenol concentration to 300 mg/L, the sludge 

equivalent diameters were concentrated at around 0 to 200 μm (Figures 4.6 (b) to 

(d)) with the minimal occurrence of Zoogloeal floc (Figures 4.7 (b) to (d)). The 

Zoogloeal growth was indicated by the dendrite projections from the floc 

aggregates. Gerardi (2002) had suggested several conditions associated with the 

Zoogloeal growth which included high or low food-to-mass ratio (F: M), high 

mean cell residence time (MCRT), long hydraulic retention time (HRT), nutrient 

deficiency and the presence of readily degradable carbonaceous biochemical 

oxygen demand (cBOD). The occurrence of Zoogloeal growth in this study was 

possibly caused by the high F: M ratio as the influent phenol loading was 

increased from 100 to 300 mg/L, while the mixed liquor suspended solids 

(MLSS) which corresponded to sludge concentrations were decreased gradually 

(Section 4.3.3). 
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The sludge size ranges of both activated sludge exposed to base-mix and 

200 mg/L influent phenol concentration feeding compositions were found to be 

smaller than those of the flocs in conventional activated sludge process which 

usually range from 70 to 300 μm (Zhang et al., 1997). The smaller size of flocs in 

both of these feeding compositions had provided an advantageous condition for 

the mass transfer of carbon and oxygen. This enhanced the organic removal in the 

MBR as the smaller sludge more readily adapt to the changes in feed water 

quality as discussed in Section 4.4.3 (Huang et al., 2001). The sludge fed with 

sucrose and 200 mg/L phenol did not encounter bulking problem throughout the 

operation, which was indicated by the low SVI values (Figure 4.8 in Section 

4.3.3).  

 

There was a drastic change in the floc size distribution and floc 

morphology when the activated sludge acclimatised to 400 and 600 mg/L of 

phenols. The floc size distributed with bimodal curves from 0.1 to 600 μm and 9 

to 1300 μm, respectively, at 400 and 600 mg/L influent phenol concentrations. 

This disclosed a fact that two populations of flocs were dominated in the activated 

sludge, a microfloc with size less than 10 μm and macrofloc with size more than 

100 μm, which was attributed to broad distributions of sludge size at both 400 and 

600 mg/L influent phenol concentration. The co-existence of both types of flocs 

was examined under the microscope (Figures 4.7 (e) to (f)). Zoogloeal floc and 

weak microfloc were observed in activated sludge which was fed with 400 and 

600 mg/L of phenol. 
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As referred to Figure 4.5, bimodal distribution of the sludge size that 

acclimatised to 400 mg/L phenol was skew to right, leading to more Zoogloeal or 

bulking floc than the weak microfloc. The occurrence of Zoogloeal floc was 

mainly due to high food-to-microorganism (F:M) ratio in the reactor as the 

influent phenol loading was increased from 200 to 400 mg/L, while the mixed 

liquor suspended solids which corresponded to sludge concentrations were 

decreased gradually (Section 4.3.3) (Gerardi, 2002). These bulking flocs would 

eventually cause settling problem and give high sludge volume index (SVI). 

 

Once the influent phenol concentration increased to 600 mg/L, the co-

existence of weak microfloc and Zoogloeal floc was also observed (Figure 4.7), 

with sludge size distributing from 9 to 1300 μm, but was skew more to smaller 

floc size (Figure 4.5). This meant that at 600 mg/L of influent phenol 

concentration, weak microfloc was predominate than Zoogloeal floc. Phenol 

inhibited the microbial activity and flocculation of the sludge (Uygur and Kargi, 

2004; Yu and Gu, 1996). At relatively high 600 mg/L phenol concentration, 

phenol toxicity inhibited the floc from aggregation which led to dispersed growth 

with pin-point floc that resulted in low SVI with turbid effluent (Gray, 1990), 

which further deteriorated the removal efficiency (Figure 4.3). The decrease of the 

bioactivity at increasing phenol concentrations was evidenced in the SOUR study 

(Figure 4.1). The bioactivity dropped approximately 30% when the phenol 

concentration increased to 400 mg/L. This SOUR was further declined to more 

than 60 % after the activated sludge was exposed to 2000 mg/L phenol (Figure 
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4.1). Thus, the influence of the increasing phenol concentration in the synthetic 

wastewater on the sludge morphology was proven. 

 

4.3.2 Mean Floc Size 

 

Table 4.2 revealed the mean floc size in the activated sludge that 

acclimatised to base-mix and increasing phenol concentration throughout the 

operation.  

 

Table 4.2:  Mean Floc Diameters at Varying Feed Compositions 

Feed Mean Floc Diameter (μm) 

Base-mix 41 

200 mg/L Phenol 44 

400 mg/L Phenol 160 

600 mg/L Phenol 167 

 

As elaborated earlier (Section 4.3.1), the sludge exhibited irregular shape 

and loosely aggregated in structure when it was fed with base-mix only. On the 

other hand, minimal occurrence of Zoogloeal floc with dendrite projections from 

the floc aggregates was observed when activated sludge acclimatised to 200 mg/L 

of phenol. The occurrence of these flocs was noted by having mean floc size of 41 

and 44 μm, respectively, as base-mix and 200 mg/L phenol were fed as influents. 
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 There was a drastic increased in the mean floc sizes when the activated 

sludge was acclimatised to 400 and 600 mg/L of phenols, which were 160 and 

167 μm, respectively. This was due to the co-existence of Zoogloeal floc and 

weak microfloc (Figures 4.5 and 4.7) in the activated sludge. The occurrence of 

Zoogloeal floc was identified by dendrite projections and was mainly due to high 

food-to-microorganism (F: M) ratio in the reactor. The changed of the sludge 

morphology from predominantly normal floc to Zoogloeal floc and then the co-

existence of Zoogloeal and microfloc when the activated sludge was exposed to 

the synthetic wastewater without phenol, with increasing phenol to 200 mg/L, and 

then to 600 mg/L, respectively, would further influence the sludge settleability. 

According to Gray (1990), normal floc showed a good balance of floc-forming 

and filamentous bacteria with bigger floc size of more than 100 µm, with sludge 

volume index (SVI) of about 70 mL/g. On the other hand, proliferation of 

filamentous bacteria was observed in bulking sludge with floc size more than 100 

µm, but at high SVI value. As discussed later in Section 4.3.3, the sludge 

settleability measured in terms of SVI was actually shown to be affected by the 

change of sludge’s morphology. 
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4.3.3 Sludge Settleabilities and Sludge Concentrations  

 

Figure 4.8 presents the sludge concentrations measured as mixed liquor 

suspended solids (MLSS), and sludge settleability measured as sludge volume 

index (SVI), while Figure 4.9 exhibits the effluent suspended solids when the 

activated sludge was acclimatised to synthetic wastewater at different influent 

phenol concentrations.  

 

 

Figure 4.8: Sludge Settleability and Sludge Concentration of Activated Sludge   

Acclimatised to Synthetic Wastewater Containing Base-mix and with 

Increasing Phenol Concentrations 
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Figure 4.9: Effluent Suspended Solids of Activated Sludge Acclimatised to 

     Synthetic Wastewater Containing Base-mix and with Increasing 

           Phenol Concentrations 

 

The SVI is primarily used to evaluate the mixed liquor thickening 

characteristics besides settleability (Metcalf and Eddy, 2003). The SVI could have 

close relation to extracellular polymeric substances (EPS), which act as bridge for 

binding cells and other particulate materials together. The settleability and 

compactness of the activated sludge are directly related to floc structure (Pujols 

and Canlers, 1992). Hence, the floc structure is the key factors in determining the 

sludge compactness and settleability, which further affecting the biological 

removal efficiency. Bulking floc and floc disintegration are the two most common 

factors leading to the sludge settling problems (Comas et al., 2003). As discussed 

earlier, microscopic observations (Figure 4.7) performed on the mixed liquor 
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samples exhibited the alterations in sludge morphology which further influenced 

the sludge settling characteristics (Figure 4.8).  

 

When feeding composition consisted of base-mix or low influent phenol 

concentration of 200 mg/L, the activated sludge posed good settleability and 

compactness with SVI scattered below 50 mL/g (Figure 4.8). The sludge also 

grew from 3 to 12 g/L when the feeding composition was base-mix. As phenol 

was introduced into the reactor, the sludge concentration dropped gradually and 

scattered around 8 to 10 g/L. The decrease in the MLSS might be due to the 

sudden toxicity effect exerted to activated sludge when 200 mg/L of phenol was 

introduced. Once the activated sludge adapted to phenol, the sludge’s growth 

balanced up the loss and maintained at quite high MLSS (about 10 g/L). Owing to 

this sufficient amount of sludge, the phenol could be assimilated efficiently and 

resulted in high removal efficiency (Figure 4.3). 

 

As shown in Figure 4.8, it was noted that increasing influent phenol 

concentration up to 400 mg/L increased the SVI. The SVI increased gradually 

beyond 50 mL/g when activated sludge was acclimatised to 400 mg/L phenol. 

Based on the morphology observations and particle size distributions studies, low 

SVI for the activated sludge that was acclimatised to the synthetic wastewater 

containing phenol concentration below 400 mg/L was basically due to the 

predominant of normal floc with minimal Zoogloeal floc that gave good 

compactness. Dendrite projection from the Zoogloeal floc enhanced the sludge 



89 

 

settleability by bridging up the floc, and therefore produced clear effluent without 

suspended sludge (Figure 4.9). However, poorer settleability was observed at the 

latter stage of the acclimatisation of activated sludge to 400 mg/L influent phenol 

concentration with a SVI of around 120 mL/g. When the settleability of the sludge 

was deteriorated, the sludge concentration also declined accordingly to 4 g/L 

(Figure 4.8) due to the retardation of sludge’s growth and sludge loss to the 

discharged effluent.  

 

Suspended solids in the effluent after the mixed liquor had settled for 30 

minutes also indicated the floc structure in the sludge suspension (Chang et al., 

1999). At the latter stage of the acclimatisation of activated sludge to 400 mg/L 

phenol, owing to the toxicity of phenol at this phenol concentration, some of the 

floc were inactivated and disintegrated to weak microflocs which were quite close 

to dispersed or pin-point floc (Uygur and Kargi, 2004; Yu, 1994). In addition, 

bulking floc was more predominate than this microfloc as shown in sludge size 

distribution (Figure 4.5). This bulking floc contributed to poor compactness of 

sludge blanket during settling, resulting in the increase of SVI beyond 50 mL/g 

(Figure 4.8), while the dispersed growth led to discharged suspended sludge in the 

effluent (Figure 4.9). Similar finding was also reported by Uygur and Kargi (2004) 

where the SVI was found to increase drastically when the phenol concentration 

was higher than 400 mg/L due to the inactivation and disintegration of the 

organisms. However, Yu and Gu (1996) discovered that at low influent phenol 

concentration of less than 400 mg/L, growth of filamentous bacteria was 
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stimulated and reduced the sludge settleability. As influent phenol concentration 

increased to more than 800 mg/L, the accumulated phenol exerted inhibitory 

effect to microorganisms and stimulated the growth of dispersed bacteria which 

caused turbid effluent (Yu and Gu, 1996).  

 

The turbidity in effluent of activated sludge which was acclimatised to 400 

and 600 mg/L phenol (Figure 4.9) revealed the presence of microfloc and bulking 

floc simultaneously. Due to the retardation of sludge’s growth by high phenol 

toxicity, the MLSS also decreased gradually from 8 g/L at the beginning of 400 

mg/L influent phenol operation to around 5 to 6 mg/L at the end of 600 mg/L 

influent phenol operation (Figure 4.8). According to Laspidou and Rittmann 

(2002), increase of organic loading might stimulate high production of EPS, 

leading to high sludge viscosity. Therefore, increasing phenol concentration to 

600 mg/L would encourage the sludge disintegration and the release of EPS from 

the sludge deflocculation. This increased the binding of sludge floc, which caused 

the occurrence of macrofloc and microfloc at this influent phenol concentration. 

 

In summary, the introduction of increasing phenol concentration and thus 

its toxicity is important in influencing the sludge characteristics. For influent 

phenol concentration less than 400 mg/L, normal floc with minimal Zoogloeal 

floc in the activated sludge enhanced the sludge settleability with a very clear 

effluent. On the other hand, co-existence of Zoogloeal floc and microfloc was 

observed in the activated sludge that was acclimatised to relatively high phenol 
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concentration of 400 and 600 mg/L. Predominance of bulking floc at 400 mg/L 

showed high SVI and exhibited poor sludge settleability, while predominance of 

dispersed growth of pin-point floc at 600 mg/L deteriorated the quality of effluent 

with discharged suspended sludge. 

 

4.4 Membrane Bioreactor 

 

Increasing phenol concentration in wastewater increased the toxic level 

that was exerted to the activated sludge. High concentration of phenol or its 

toxicity will disintegrate the sludge and lead to dispersed growth that eventually 

deteriorates the quality of treated effluent with discharged suspended sludge. In 

order to provide higher quality effluent and to overcome this kind of settleability 

problem, submerged membrane bioreactor (sMBR) was used in which solid-liquid 

separation was achieved by means of membrane filtration instead of conventional 

process of settling and drawing. Also, with the development of less expensive 

ceramic membrane, sMBR process will play an important role in wastewater 

treatment in future. However, the main disadvantage of MBR process is the 

occurrence of membrane fouling. Thus, better understanding of the influence of 

influent loading on fouling and developing control strategies will further facilitate 

the wide application of this technology. In this study, the extent of the membrane 

fouling or flux performance was evaluated at various suction pressures. In 

addition, the fouling characteristic of the membrane was also studied under the 

influence of various phenol concentrations, and was explained and related to 
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sludge characteristic at different phenol loadings. Besides, treated effluent in 

sMBR was monitored to analyse its treatment efficiency and to assess the 

performance of the sMBR system. Lastly, improvements on the sMBR’s 

filterability performance was achieved by evaluating various bubbling modes 

(non-bubbling, continuous bubbling and intermittent bubbling) on the fouling rate.  

 

4.4.1 Membrane Permeability 

 

The effect of suction pressures on the permeate flux and the membrane 

permeability is presented in Figure 4.10.  

 

Figure 4.10: Membrane Permeability of the Ceramic Membrane in Pure Water  

          And Mixed Liquor at Varying Suction Pressures 



93 

 

Owing to the fouling effect, the permeability of the membrane in pure 

water was higher (35.164 L/m
2
.h.kPa) compared to the permeabilities in the 

mixed liquor of MBR (22.687 L/m
2
.h.kPa). The presence of suspended solids in 

the wastewater caused the clogging and deposition of flocs on the membrane 

surface which further deteriorated the membrane permeability.  

 

4.4.2 Flux Characteristics at Varying Suction Pressures 

 

In general, the deposition of foulants on the membrane is proportional to 

the permeate flow or the operation flux. In order to understand how the suction 

pressure affects the flux declination, the permeate flux was monitored at varying 

feeding compositions during the operation of submerged membrane bioreactor 

(sMBR).  In this study, the suction pressure was regulated by diaphragm vacuum 

pump in a range of -7.5 to -30 kPa for every feeding composition (base-mix 

without phenol, 200, 400 and 600 ppm phenol concentrations). Flow rate of the 

permeate was determined by measuring the volume of permeate collected over 

specific time (fixed at one minute in this study). The extent of fouling in sMBR 

system was assessed quantitatively through the variation of the relative flux (J/Jo) 

with time. The relative flux (J/Jo) is expected to decrease with time due to fouling 

phenomenon. 
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In general, the permeate flux decreased with time at three different suction 

pressures of -7.5, -15 and -30 kPa at varying influent phenol concentrations as 

shown in Figures 4.11 (a) to 4.11 (d). 
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(a)

 
(b) 

 
Figure 4.11: Relative Flux of the Ceramic Membrane with Respect to the                      

Operation Time at Varying Suction Pressures in sMBR Fed with   

Synthetic Wastewater Containing (a) Base-mix, (b) 200 mg/L, (c) 

400 mg/L, (d) 600 mg/L of Influent Phenol Concentration  



96 

 

(c)

 
(d) 

 
Figure 4.11: Relative Flux of the Ceramic Membrane with Respect to the                    

Operation Time at Varying Suction Pressures in sMBR Fed with  

Synthetic Wastewater Containing (a) Base-mix, (b) 200 mg/L, (c) 

400 mg/L, (d) 600 mg/L of Influent Phenol Concentration  
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       The decrease of the permeate flux over time was mainly due to the 

continuous operation of suction filtration that induced the deposition of foulant on 

the membrane surface and reduced the flow of permeate through the membrane. 

In addition, initial sharp decline in the relative flux was observed at the first five 

minutes operation time for the sMBR operated with pressures of -15 and -30 kPa 

at all the feeding compositions (Figures 4.11 (a) to (d)).  

 

Table 4.3 shows the declining rate of the permeate flux increased with 

increasing suction pressure. A sudden increase in fouling rate was observed when 

the suction pressure was increased from -7.5 to -15 kPa, and the fouling rate 

became relatively stable at -30 kPa with slight decrease for sMBR fed with 

synthetic wastewater containing phenol. The increase of fouling rate was mainly 

caused by the pore clogging and the formation of compact cake layer on the 

membrane surface at high suction pressure. The compact cake layer served as a 

barrier for the flow of liquid through membrane at high suction pressure. 
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Table 4.3: The Effect of Increasing Phenol Concentration in Synthetic          

Wastewater on the Fouling Rate for sMBR Operated at Varying   

Suction Pressures. 

 

Synthetic 

Wastewater 

containing 

Fouling Rate for MBR Operated at Varying Suction 

Pressures (% relative flux/min) 

-7.5 kPa -15 kPa -30 kPa 

Base-mix 0.5 6.8 8.0 

200 mg/L Phenol 0.8 7.9 7.4 

400 mg/L Phenol 3.2 7.4 6.3 

600 mg/L Phenol 1.5 3.2 2.2 

 

In the sMBR fed with synthetic wastewater containing base-mix and 200 

mg/L influent phenol concentration (Figures 4.11 (a) and (b)), the membrane 

fouled at a higher rate at higher suction pressure of -15 and -30 kPa as compared 

to those operated at low suction pressure (-7.5 kPa). Besides, rapid declination of 

the permeate flux was also observed which was caused by high initial operating 

flux at high suction pressure. Hong et al. (2002) proposed that the thickness of 

fouled layer was directly related to foulant flux entering the cake layer which was 

the function of foulant concentration and permeate flow. The transportation and 

the compression of fouling components onto the membrane layer were enhanced 

at high suction pressure (Bilad et al., 2011). Thus, the sMBR operated at high 

suction pressure might transfer the foulant at a higher rate towards the deposited 

cake layer, resulting in a sharp declination in relative flux. This can be seen in 

Table 4.3 where the fouling rate increased from 0.5 and 0.8 % relative flux/ min at 
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suction pressure of -7.5 kPa to 6.8 and 7.9 % relative flux/ min at suction pressure 

of -15 kPa for sMBR fed with synthetic wastewater containing base-mix and 200 

mg/L phenol, respectively.  

 

Furthermore, particle size distribution study (Figure 4.5) showed that the 

size of the bioflocs fell within the range of 0.1 to 100 μm with an average floc 

size of 41 and 44 μm for the sMBR fed with synthetic wastewater containing 

base-mix and 200 mg/L influent phenol, respectively. According to the floc size 

distribution (Figure 4.5), normal floc with minimal Zoogloeal floc were 

predominated in the activated sludge fed with synthetic wastewater containing 

base-mix and 200 mg/L phenol. Sludge size of this kind of flocs was greater 

compared to the pore size of the membrane. Therefore, it was only loosely 

aggregated with the formation of cake layer. The permeate could still pass 

through the porous cake layer attached loosely on membrane surface and could be 

easily removed by the liquid flow or the shear-stress from aeration. 

 

Nonetheless, for sMBR fed with synthetic wastewater containing 400 and 

600 mg/L phenol, the membranes fouled faster, 3.2 and 1.5 % relative flux/ min, 

respectively, at -7.5 kPa, as compared to the sMBR used to treat 200 mg/L 

influent phenol. These were mainly due to the presence of two distinctive floc 

sizes (Figures 4.5 and 4.6), i.e., Zoogloeal floc (which corresponded to increasing 

EPS and lipids concentration in the mixed liquor) and microfloc (which might 

induce serious pore blocking and irreversible fouling). At 400 mg/L phenol, 
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Zoogloeal or bulking floc was predominated compared to microfloc. According to 

Laspidou and Rittmann (2002), increase of organic loading might stimulate high 

production of extracellular polymeric substance (EPS) and soluble microbial 

products (SMP), which lead to high sludge viscosity, rise of transmembrane 

pressure (TMP) and eventually fouling potential. On the other hand, when phenol 

concentration increased to 600 mg/L, weak microfloc was dominated due to the 

floc disintegration. These small flocs could easily clog the membrane pore which 

was hardly removed by the shear stress generated from liquid flow.  

 

Apart from the observation mentioned earlier, that is membrane fouled 

faster at higher suction pressure, the relative flux was also found to be lower at -

7.5 kPa than at -15 and -30 kPa, especially for sMBR fed with synthetic 

wastewater containing base-mix and 200 mg/L influent phenol concentration 

(Figures 4.11 (a) and (b)). This can be explained by the thickness and 

compactness of fouled layer on the membrane surface. At low suction pressure of 

-7.5 kPa, the membrane experienced lower compression force leading to the 

formation of thick and loose fouled layer along the membrane surface (Figure 

4.12 (a)). The loosely packed and thick fouled layer might trap the air within the 

overlapped floc particles in fouled layer. Overtime, thicker and thicker fouled 

layer was formed gradually and more air was trapped.  This hindered the flow of 

permeate through the membrane and eventually the relative flux was lowered. In 

contrast, at high suction pressure of -15 and -30 kPa, due to the high 

transportation rate of foulant to membrane and high compression force 
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experienced by the membrane, thin and compact fouled layer was formed very 

quickly (Figure 4.12 (b)). This thin and compact fouled layer was still able to 

facilitate the filtration of permeate, thus higher relative flux can be maintained (up 

to 80 % relative flux at suction pressure of -30 kPa, Figures 4.11 (a) and (b)). 

Nonetheless, at high suction pressure, the membrane fouled extremely fast with 

8.0 and 6.8 % relative flux/ min (Table 4.3) for sMBR fed with synthetic 

wastewater containing base-mix and 200 mg/L phenol, respectively.  

 

Figure 4.12:  Illustrations of the Fouled Membranes Operated at (a) -7.5 kPa and 

(b) -30 kPa 
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Figure 4.11 (d) shows an exceptional flux characteristic where the lowest 

relative flux of 20 % was obtained at the highest suction pressure of -30 kPa. As 

explained earlier, thin and compact fouled layer was favored at high suction 

pressure without air trapping within the overlapped floc particles. This allowed 

the continuous filtration of the permeate through the membrane. However, at 

increasing phenol loading to 600 mg/L, the sludge characteristics study showed 

that the floc was disintegrated. The blockage of membrane pores by these 

disintegrated flocs was hardly to be removed by the shear stress from liquid 

circulation and eventually led to irreversible fouling.  

 

In summary, when the sMBR was operated at higher suction pressure, 

foulants were transported to the membrane surface at a faster rate. Thin, compact 

and without air trapping fouled layer was formed very quickly on the membrane 

surface owing to the high compression force experienced by the membrane. 

Therefore, fouling rate increased with suction pressure with higher percentage of 

relative flux. In contrast, thick and loosely fouled layers were formed gradually at 

lower suction pressure. The membrane fouled slower with lower percentage of 

relative flux as the trapped air within the overlapped flocs in fouled layer hindered 

the flow of permeate through the membrane. 
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4.4.3 Effluent Characteristics 

 

The effluent quality of the sMBR at varying feeding compositions is 

summarised in Table 4.4 to evaluate the performance of sMBR in removing 

phenol. 

 

Table 4.4: COD and Phenol Removals of sMBR Fed with Synthetic Wastewater 

Containing Base-mix and Increasing Phenol Concentration at Low and  

High Suction Pressures 

                

Feeding 

 

Suction 

Pressure 

 

 

 

Base-mix 

 

200 mg/L  

 

Influent 

Phenol 

 

400 mg/L  

 

Influent 

Phenol 

 

600 mg/L  

 

Influent 

Phenol 

 

-7.5 

kPa 

COD 

Removal 

94% 89% 88% 85% 

Phenol 

Removal 

- 92% 92% 90% 

 

-30 

kPa 

COD 

Removal 

90% 70% 84% 35% 

Phenol 

Removal 

- 80% 89% 65% 

 

 

4.4.3.1 Synthetic wastewater containing base-mix (without phenol) 

 

The sMBR showed good performance in removing organic constituents 

contributed from base-mix (sucrose and peptone) in the influent wastewater. In 

the sMBR, COD in the permeate was solely contributed by the remaining soluble 

organic constituents as suspended solids were completely retained by membrane 
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filtration. Cote et al. (1998) and Gander et al. (2000a) reported that membrane in 

the MBR was able to improve the COD removal by 30% as the membrane 

completely retained the suspended COD and high molecular weight organic 

compounds. Through the permeate analysis, it was discovered that biological 

removal efficiency dropped with increased suction pressures. The COD removals 

in the sMBR fed with base-mix were the highest, 94 % and 90 %, respectively, 

when the sMBR was operated at -7.5 and -30 kPa of suction pressures. At higher 

suction pressure, influent and permeate flow rate had to be increased accordingly 

to maintain the constant working volume in the experimental reactor. Sun et al. 

(2006) reported that microorganism in the reactor required sufficient time to 

completely oxidise the organic constituents to carbon dioxide and water, while 

synthesis the remaining into new cellular materials.  This explained at high 

suction pressure, hydraulic retention time was reduced and led to incomplete 

degradation of COD in the mixed liquor, resulting in higher COD in permeate.  

 

4.4.3.2  Synthetic wastewater with varying phenol concentrations 

 

The concentration of phenol in the industrial wastewater usually ranged 

between 100 and 1000 mg/L (Al- Malack, 2007). In Section 4.3, the characteristic 

of the sludge was proven to be affected by increasing phenol loading from 0 to 

600 mg/L, where the sludge’s morphology shifted from predominantly normal 

floc to Zoogloeal floc and then co-existence of Zoogloeal floc together with 
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disintegrated floc. The shift of the sludge morphology would actually influence 

the phenol removal efficiency as can be seen in Table 4.4.  

 

The performance of the submerged MBR (sMBR) in removing organic 

constituents declined as the activated exposed to phenol containing wastewater. 

As observed in Table 4.4, the COD and phenol removals in the sMBR dropped 

slightly to 89 % and 92 %, 88 % and 92 %, 85 % and 90 %, respectively, when 

the sMBR was operated at -7.5 kPa with influent phenol concentrations of 200, 

400 and 600 mg/L. When the sMBR was operated at -30 kPa for the same phenol 

concentrations influent, the COD and phenol removals were further reduced to 

70 % and 80 %, 84 % and 89 %, 35 % and 65 %, respectively.  

 

These observations revealed that longer degradation period was required 

for higher concentration of phenol in influent. In the operation of the sMBR, 

hydraulic retention time (HRT) of the reactor solely depends on the suction 

pressure of membrane filtration. Thus, the higher the suction pressure, the shorter 

the HRT in order to maintain the constant working volume in the reactor. This 

means that the shorter the contact time between microorganism and phenol in the 

sMBR. Even though the sludge has already acclimatised to that particular phenol 

concentrations at each run, there was still accumulation and incomplete removal 

of phenol in the mixed liquor and permeate. This was due to the increasing toxic 

effect exerted to microorganism by increasing phenol loading. Uygur et al. (2004) 

discovered that as the phenol concentration was more than 400 mg/L, the 
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activated sludge might be inhibited from COD and nutrients removal (Uygur and 

Kargi, 2004). The inhibitory effect of phenol towards the sludge activity was 

further supported by SOUR in Section 4.1.1 (Figure 4.1). However, the sMBR 

was also proven to show the feasibility in producing clear effluent using 

acclimatised sludge (Barrios-Martinez et al., 2006). Very clear effluent was 

observed and none of the discharged suspended sludge was detected in the 

collected permeate throughout the sMBR operation at different phenol loadings or 

at different suction pressures. 

 

4.5 Effect of Sludge Characteristics on Membrane Permeabilities 

 

According to Farquharson (2007), fouling potential would increase with 

decreasing particle size. However, Meng et al. (2006) reported that fouling rates 

had a negative correlation with mean particle size for particles falling in certain 

ranges. Therefore, particle size distribution is one of the important factors 

affecting fouling other than mean floc size. Table 4.5 outlines the impact of 

feeding composition on the mean floc size and membrane permeability. 
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Table 4.5: The Effect of Feeding Composition on the Mean Floc Size and the 

     Membrane Permeability 

 

Feeding Composition Mean Floc Size 

(μm) 

Membrane Permeability 

(L/m
2
.h.kPa) 

Control - 40.6 

Base-mix 41 27.4 

200 mg/L Phenol 44 22.7 

400 mg/L Phenol 160 10.1 

600 mg/L Phenol 167 12.4 

 

 

Permeability of the membrane declined from 27.4 to 12.4 L/m
2
.h.kPa 

when the sMBR was fed with synthetic wastewater containing base-mix and then 

with increasing phenol concentration. As explained in Section 4.3, the 

characteristic of the sludge was strongly influenced by different phenol loadings. 

This included the sludge size distribution (Figure 4.5) and sludge’s morphology 

(Figure 4.7). The change in membrane permeabilities for each type of influent 

clearly depicted the influence of phenol concentration on the sludge’s size and 

their structure, which further affected the filtration performance in the sMBR.  

 

Membrane permeabilities for the operation of sMBR fed with synthetic 

wastewater containing only base-mix and 200 mg/L phenol were found to be quite 

similar, which were 27.4 and 22.7 L/m
2
.h.kPa (Table 4.5), respectively. This 

similarity could be explained by particle size distribution and floc’s structure. 

Based on the morphology observations in Figure 4.7, the flocs that were 

acclimatised to these two synthetic wastewaters (base-mix and 200 mg/L influent 
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phenol concentration) were dominated with normal floc with minimal Zoogloeal 

floc without undesired filamentous growth. In addition, the floc size distribution 

(Figure 4.5) showed that the size of the floc at these feeding concentrations 

ranged within 0.1 to 100 µm with an average floc size of around 40 µm. Sludge 

size of this kind of floc was greater than the pore size of the membrane. Therefore, 

it was only loosely aggregated with the formation of cake layer. As observed in 

the reduction of relative flux over time in the sMBR (Figures 4.11 (a) and (b)), 

these weak and less compact flocs deposited as porous cake layer on the 

membrane surface when suction pressures were applied across the membrane. 

The cake layers accumulated on the membrane surface were found to have voids 

within the overlaps of flocs which were proven by Yu et al. (2006) using scanning 

electron microscope (SEM). With the porous fouled layer, permeate could still 

pass through the voids between the deposited particles easily even though the 

cake layer created certain resistance to the permeate flow. Furthermore, the 

loosely attached porous cake layer on the membrane surface could be easily 

removed by the flow of liquid or the shear-stress from aeration.  

 

The mean values for the flocs present in both influents (base-mix and 200 

mg/L phenol) were found very close to the optimal mean floc size suggested by 

Sun et al. (2006). Sun et al. (2006) identified that the optimal floc size with 50 

μm would enhance the MBR performance by attaining the highest flux rate and 

reduce the membrane fouling. This finding explained the high membrane 

permeabilities (Table 4.5) and lower fouling rate (Table 4.3) of the sMBR fed 
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with synthetic wastewater containing base-mix and 200 mg/L phenol at low 

suction pressure.  

 

The influence of floc size on the membrane permeability was further 

evidenced at 400 and 600 mg/L influent phenol concentrations. At 400 and 600 

mg/L influent phenol concentrations, the membrane permeabilities were 

decreased tremendously to 10.1 and 12.4 L/m
2
.h.kPa, respectively. As shown in 

Figure 4.5, bimodal curves were observed in the sMBR fed with 400 and 600 

mg/L phenol concentrations. This indicated two population of flocs were co-

existing in the sMBR; a microfloc with size less than 10 μm and macrofloc or 

Zoogloeal floc with size greater than 100 μm. The concurrent presence of these 

two distinctive flocs is illustrated in Figure 4.7. At 400 mg/L phenol, Zoogloeal or 

bulking floc was predominated compared to microfloc. According to Laspidou 

and Rittmann (2002), increase of organic loading might stimulate high production 

of extracellular polymeric substance (EPS) and soluble microbial products (SMP), 

which led to high sludge viscosity, rise of transmembrane pressure (TMP) and 

eventually fouling potential. The bulking floc tends to form non-porous “gel” like 

fouling layer due to compact floc structure and viscous mixed liquor (Meng et al., 

2006; Nakanishi et al., 1987). The “gel layer” easily attached on the membrane 

surface and blocked the membrane pores, which was hard to be removed by air-

scouring or liquid flow, and led to lower membrane permeability (Yu et al., 2006).  
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On the other hand, when phenol concentration increased to 600 mg/L, 

weak microfloc was dominated due to the floc disintegration. These small flocs 

can easily clog the membrane’s pore. Wisniewski and Grasmick (1998) found that 

the mixed liquor suspension produced from the floc disintegration consisted of 

particles having size of around 2 μm. Besides, the existence of microfloc in this 

study was confirmed by high turbidity of the effluent after settlement (Figure 4.9), 

which corresponding to non-settleable fraction in the mixed liquor. The microfloc 

with diameter which was comparable or smaller than the membrane pores might 

be adsorbed on the pore wall, and inducing serious pore blocking. Pore blocking 

caused irreversible fouling, and the cake layer was strongly attached on the 

membrane surface which was hardly removed by shear stress generated from 

liquid flow. 

 

Further explanation of low membrane permeability at high influent phenol 

concentration can be elaborated with the presence of EPS. The release of EPS 

from the floc disintegration led to the adherence of floc into large aggregates (Le-

Clech et al., 2006). The secretion of EPS around the cell surface and intercellular 

space served as “glue” to adhere the existing Zoogloeal floc into bulking floc. 

From microscopic observation, the Zoogloeal floc appeared as compact and 

regular shape structure with dendrite projections. The SVI for 400 and 600 mg/L 

influent phenol were very close to 100 mL/g (Figure 4.8), indicating bulking and 

the formation of poor settleability sludge in sludge suspension. Bulking sludge at 

high influent phenol concentration fouled the membrane more severely than 



111 

 

normal granular sludge at low influent phenol concentration (Choi et al., 2002; 

Lim and Bai, 2003; Thompson and Forster, 2003). Moreover, the presence of 

Zoogloeal floc was corresponding to the increasing EPS and lipids concentration 

in the mixed liquor. As the EPS and lipid concentrations increased, the viscosity 

of the sludge in the mixed liquor was enhanced and consequently the porosity and 

the structure of fouling cake layer were affected (Kim et al., 1998).  

 

4.6 Mitigation of Membrane Fouling 

 

Although the MBR process generates acceptable quality effluent during 

fouling, continuous membrane filtration tends to decrease the membrane 

permeability due to the deposition of foulants on the membrane. In order to 

increase the flux or membrane permeability and to maintain the optimal permeate 

flux in the sMBR, the deposited cake layers need to be removed. Usually, specific 

cleaning methods such as intermittent aeration and relaxation are carried out to 

remove the fouled layer on the membrane surface. In this study, mitigation of 

membrane fouling by scouring effect created from the uplifting air bubbling was 

investigated.  

 

Figures 4.13 to 4.16 illustrate the effect of various bubbling scenarios on 

the relative flux at suction pressures of -7.5 and -30 kPa when the sMBR was fed 

with synthetic wastewater containing base-mix, 200, 400 and 600 mg/L influent 

phenol concentrations.  
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(a) 

 

(b) 

 

Figure 4.13: Comparison of Relative Flux at Varying Bubbling Modes for sMBR 

        Fed with Synthetic Wastewater Containing Base-mix Operated at (a) 

       -7.5 and (b) -30 kPa 
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(a) 

 

(b) 

 

Figure 4.14: Comparison of Relative Flux at Varying Bubbling Modes for sMBR 

Fed with Synthetic Wastewater Containing 200 mg/L Influent 

Phenol Concentration Operated at (a) -7.5 and (b) -30 kPa 
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(a) 

 

(b) 

Figure 4.15: Comparison of Relative Flux at Varying Bubbling Modes for sMBR 

         Fed with Synthetic Wastewater Containing 400 mg/L Influent 

         Phenol Concentration Operated at (a) -7.5 and (b) -30 kPa 
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(a) 

 

(b) 

 

Figure 4.16: Comparison of Relative Flux at Varying Bubbling Modes for sMBR 

Fed with Synthetic Wastewater Containing 600 mg/L Influent 

Phenol Concentration Operated at (a) -7.5 and (b) -30 kPa 
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In general, the relative fluxes declined with the operation time when the 

sMBR were operated without bubbling and with continuous bubbling modes. As 

observed, the performance of the continuous bubbling and suction in mitigating 

fouling did not exceed that of the non-bubbling mode (Figures 4.13 to 4.16). 

When the membrane was fouled, the relative flux was maintained at a higher 

percentage of relative flux with mitigation mode of without bubbling than that 

with continuous bubbling. There was no flux enhancement in the continuous 

bubbling operation due to the fluid resistance generated from the uplifting bubbles 

(Hong et al., 2002). The bubbles that were continuously lifted up from the bottom 

of membrane served as a barrier for the flow of permeate. This indicated that the 

effect of continuous scouring on the membrane for mitigation of fouling was not 

significant.  

 

The sMBR operated with intermittent bubbling and suction showed 

superior performance in mitigating membrane fouling as the relative flux could be 

recovered during the relaxation interval. As the air bubbles were lifted up from 

the aeration ring locating at the bottom of membrane, the deposited cake layer on 

the membrane surface was removed by the shear stress. This further enhanced 

during the intermittent membrane relaxation, where the relaxation assisted the air 

bubbles to diffuse the foulants back to the mixed liquor suspension. Consequently, 

the deposited cake layer on the membrane surface was loosened and depleted, and 

eventually the relative flux was recovered to about 70% and 90% at suction 

pressures of -7.5 and -30 kPa, respectively, for the sMBR fed with synthetic 
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wastewater containing only base-mix (Figures 4.13 (a) and (b)). For the sMBR 

fed with synthetic wastewater containing 200 mg/L phenol, the recovery of the 

relative flux could be achieved up to about 80 % for both suction pressures of -7.5 

and -30 kPa (Figure 4.14 (a) and (b)). Similarly to the sMBR with 400 and 600 

mg/L phenol, as high as 70 % to 100 % (Figures 4.15 (a) and (b)) and 80 % to 

90 % (Figures 4.16 (a) and (b)) of flux recovery were obtained, respectively, at 

suction pressures of -7.5 and -30 kPa. 

 

 Higher flux recovery was observed at -30 kPa as compared to -7.5 kPa for 

the sMBR fed with base-mix. This might be due to the thickness and compactness 

of the fouled layer (Figures 4.12). Fouled layer at -7.5 kPa was loosely-packed 

and thick due to the low compression force (Figure 4.12 a). The thick fouled layer 

could block the uplifting bubbles to scour the membrane surface. Besides, there 

were vacant spaces between the overlapping floc particles which could trap the air 

bubbles within the slimy fouled layer. The trapped air bubbles along the 

membrane surface acted as an obstacle for the flow of permeate (Figure 4.17). 

When higher suction pressure was applied to the sMBR, higher compression force 

led to the formation of thin and compact cake layer (Figure 4.12 (b)). This kind of 

compact cake layer did not allow the entrapment of air bubbles. Hence, the air 

bubbling could scour the foulants deposited on the membrane surface more 

efficiently, and induced higher flux recovery (Figure 4.17 (b)). This implies an 

important finding that, the flux could be recovered ideally when intermittent 
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bubbling and relaxation was employed in the operation of high suction pressure 

MBR.  

 

Contrarily, higher flux recovery was observed at lower suction pressure 

when the sMBR was fed with higher phenol loading. For the sMBR fed with 400 

and 600 mg/L influent phenol concentrations (Figures 4.15 and 4.16), flux 

recovery of up to 100 % and 90 %, respectively, was obtained at lower suction 

pressure than at higher suction pressure (only 70 % and 80% flux recovery, 

respectively). This might be due to the appearance of floc in the mixed liquor. At 

influent phenol concentration of 400 mg/L, bimodal of sludge size distribution 

was obtained with predominance of bulking floc. The bulking floc tend to form 

non-porous “gel” like fouling layer due to compact floc structure and viscous 

mixed liquor (Meng et al., 2006; Nakanishi et al., 1987). The “gel layer” was 

easily attached on membrane surface and blocked the membrane pores, which was 

hard to be removed by air-scouring or liquid flow, and led to lower membrane 

permeability (Yu et al., 2006). On the other hand, when phenol concentration was 

increased to 600 mg/L, weak microfloc was dominant due to the floc 

disintegration. Higher influent phenol concentration might induce the floc to 

disintegrate into smaller floc. These small flocs would easily clog the membrane’s 

pore. On top of the morphology of floc that caused irreversible pore clogging, 

higher suction pressure of -30 kPa would transport the foulant to the membrane 

surface faster with greater compression force. Consequently, irreversible thin and 

compact fouled layers were formed as well as pore clogging. This finding implies 
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that the mitigation of membrane fouling is not only relied on the mode of 

bubbling and the suction pressure, instead, the phenol loading that influenced the 

characteristics of the sludge also played a significant role in improving the flux 

recovery. 

 

 

Figure 4.17: Illustrations for the Intermittent Scouring Effect Along Membrane  

   Surface Operated at (a) -7.5 kPa and (b) -30 kPa 
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Complete recovery of flux was not achieved by intermittent bubbling and 

membrane relaxation. This finding was similar to the study reported by Hong et al. 

(1997), where the permeate flux was only partially recovered. Incomplete 

recovery of permeate flux after relaxation was mainly due to the irreversible 

fouling. These adsorbed bioflocs on the membrane surface and pores which could 

not be removed by mechanical scouring, even no suction pressure was applied to 

the membrane. According to Decarolis et al. (2001), pore clogging fouling would 

only be recovered by chemical cleaning or backwashing. Air backwashing was 

more superior to the air scouring to maintain the membrane permeability (Chae et 

al., 2006). Therefore, it is practical if low cost ceramic membrane was used as it 

is robust to backwashing. 

 

In summary, air scouring generated from the gas bubbles was able to 

mitigate the fouling as proposed by most of the researchers. Membrane fouling 

could be effectively mitigated by intermittent air scouring and relaxation. Whilst, 

there was no significant enhancement of membrane permeability with the 

application of continuous air scouring as compared to the membrane without 

scouring effect. However, with the presence of toxic substance, such as phenol in 

the feeding composition, the change of the sludge’s characteristics needed to be 

considered in the fouling mitigation. 
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CHAPTER 5 

 

CONCLUSIONS 

 

 Phenol removal by using ceramic submerged membrane bioreactor 

(sMBR) was successfully evaluated. In the treatment of wastewater containing 

phenol, the effect of increasing phenol concentration on the characteristics of the 

sludge and the performance of sMBR were investigated. Fouling characteristics of 

the membrane at different suction pressures and the mitigation of membrane 

fouling at various bubbling modes were also successfully evaluated. 

 

The change in the characteristic of the sludge was evaluated to investigate 

the impact of varying phenol concentrations in synthetic wastewater towards the 

activated sludge. It was found that the sludge morphology changed from 

predominantly normal floc to Zoogloeal floc when the activated sludge was 

exposed to synthetic wastewater without phenol and then with increasing phenol 

to 400 mg/L. The occurrence of normal floc with minimal Zoogloeal floc in the 

activated sludge enhanced the sludge settleability with a very clear effluent. At 

relatively high influent phenol concentration of 400 and 600 mg/L, the co-

existence of bulking floc and microfloc was observed through the bimodal sludge 

size distribution study. Predominance of bulking floc at 400 mg/L gave poor 

sludge settleability with high SVI values, while predominance of dispersed 
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growth of pin-point floc at 600 mg/L deteriorated the quality of effluent with 

discharged suspended sludge. 

 

The shift of the morphology of the sludge at different phenol 

concentration influenced the performance of sMBR in the treatment of phenol 

containing wastewater. Up to 94 % of COD removal was achieved when sMBR 

was fed with synthetic wastewater with base-mix (without phenol). Even though 

when phenol in synthetic wastewater was increased to 600 mg/L, treatment 

performance of sMBR can still be maintained with COD and phenol removal of 

85 % and 90 %, respectively. However, biological removal efficiency declined 

with increased suction pressures. Hydraulic retention time of the MBR and also 

the contact time between microorganism and phenol were reduced at high suction 

pressure. This led to incomplete degradation of COD in the mixed liquor, 

resulting in lower COD and phenol removals.  

 

The extent of the membrane fouling or flux performance was evaluated at 

various suction pressures ranging from -7.5 to -30 kPa. It was found that 

permeability of the membrane in the bioreactor declined with operating time due 

to the accumulation of foulants on membrane surface. When the sMBR was 

operated at higher suction pressure, thin and compact fouled layer was formed 

very quickly on the membrane. Foulants were transported to the membrane 

surface at a faster rate leading to higher fouling rate. In contrast, the membrane 

fouled slower with lower percentage of relative flux when the sMBR was 
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operated at lower suction pressure. Thick and loosely fouled layers were formed 

gradually, which trapped air within the overlapped flocs in fouled layer that 

hindered the flow of permeate through the membrane. 

  

Fouling characteristic of the membrane was closely related to the sludge 

characteristic at different phenol concentrations. For sMBR fed with base-mix and 

200 mg/L phenol, the loosely aggregated normal floc and minimal Zoogloeal floc 

with floc size greater than the pore size of the membrane led to the formation of 

porous cake layer. This porous cake layer attached loosely on the membrane 

surface and could be easily removed by the flow of liquid or the shear-stress from 

aeration. At 400 and 600 mg/L of phenol concentrations, floc disintegration took 

place, leading to the co-existence of bulking floc and microfloc. The 

predominance of bulking floc at 400 mg/L of phenol tend to form non-porous 

“gel” like fouling layer, while the predominance of disintegrated microfloc at 600 

mg/L phenol caused irreversible pore blocking in sMBR. 

 

Mitigation of membrane fouling was performed by introducing shear 

stress along the membrane surface at varying bubbling modes (non-bubbling, 

continuous bubbling and intermittent bubbling). Intermittent bubbling and suction 

during the operation of sMBR showed superior performance in recovering the 

relative flux. Up to 90 % of flux recovery was obtained for sMBR fed with base-

mix at high suction pressure. Inversely, flux recovery was found to be higher at 

low suction pressure if toxic phenol was present in wastewater. Therefore, it was 
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concluded that membrane fouling could be effectively mitigated by intermittent 

air scouring and relaxation. In addition, the change of the sludge’s characteristics 

owing to the presence of toxic substance at high concentration needed to be 

considered in the fouling mitigation as well besides bubbling modes and suction 

pressures. Furthermore, incomplete recovery of permeate flux owing to 

irreversible pore clogging fouling can only be recovered by chemical cleaning or 

backwashing. Hence, utilisation of low cost ceramic membrane in MBR is 

practical as it is robust to backwashing.  
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Appendix A 

 

Chemical Oxygen Demand 

(APHA 5220-C Closed Reflux & Titrimetric Method) 

  

Organic compounds such as phenol can be fully oxidised to carbon 

dioxide and water in the presence of strong oxidising agent under acidic 

conditions. Therefore, COD test was employed to determine the amount of 

organic compounds in samples. Four reagents were required in the closed 

reflux, titrimetric method. 

 

i) Standard potassium dichromate digestion solution, 0.01667 M:  

   

To prepare this, about 500 mL of distilled water was added to into a 

primary standard grade, previously dried at 150 C for 2 hours of 4.903 

g K2Cr2O7, 167 mL concentrated H2SO4 together with 33.3 g HgSO4. 

The mixture was dissolved by continuing stirring. The mixture was 

cooled to room temperature and then diluted to 1000 mL. This mixture 

was named as digestion solution stored in a 1 L reagent bottle in a cool 

dry place.    

 

ii) Sulphuric acid reagent:       

   

10.11 g of Ag2SO4 reagent grade, crystal or powder was added to 

concentrated H2SO4 at a rate of 5.5 g Ag2SO4/kg H2SO4. When Ag2SO4 

was fully dissolved in H2SO4, the solution was topped up with H2SO4 to 

1 L.  The solution was let to stand 1 to 2 days to dissolve. The solution 

was then stored in a 1 L reagent bottle. 

 

iii) Ferroin indicator solution:       

   

The indicator solution was purchased commercially.  

 

iv) Standard ferrous ammonium sulphate titrant (FAS), approximately 0.1 

M:     

To prepare this, 39.2 g of Fe (NH4)2(SO4)2.6H2O was dissolved in 

distilled water. 20 mL of concentrated H2SO4 was added later. The 

mixture was cooled and to be diluted to 1000 mL with distilled water. 

The solution needed was standardised daily against standard K2Cr2SO7 

digestion solution as follow: 

5.00 mL digestion solution was pipetted into a small beaker. 10 mL 

reagent water was added to substitute for sample. The solution was 

cooled to room temperature. 1 to 2 drops of ferroin indicator were 

added and the solution was then titrated with FAS. 
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Appendix A 

 

Chemical Oxygen Demand 

(APHA 5220-C Closed Reflux & Titrimetric Method) 

  

Molarity of FAS solution  

= (Volume 0.01667M K2Cr2O7 solution titrated, ml / Volume FAS used  

in titration, ml) X 0.1        

    (Equation A.1) 

 

COD test for sample: 

Effluents from SBR and MBR were subjected to COD test after being 

drawn out. 2.5 mL of the effluent sample (without filter) was added to 1.5 mL 

potassium dichromate digestion reagent in a 16 X 100 mm culture tube. Then, 

3.5 mL of sulphuric acid reagent was added slowly into the culture tube to 

make up a total final volume of 7.5 mL Two blanks (used 2.5 mL distilled 

water) were prepared on every test to ensure no other organic material 

interfered the COD of the sample being measured. When all the reagents were 

mixed in culture tube, the tube was inserted into pre-heated aluminium block 

on hot plate which had been calibrated to the temperature of 140 ˚C-170 ˚C. 

After 2 hours of reflux, the culture tube was removed from the aluminum block 

and cooled to room temperature. The solution was then titrated with 

standardised FAS solution. Minimum distilled water was used to rinse the 

residue solution in the tube and cap. Ferroin indicator was used as an indicator. 

The end point was reached when the colour of the solution changes from blue-

green to red-brown. The volume of titrant (FAS) used to titrate the sample was 

used to calculate COD. The mathematical model to calculate the COD is given 

by:  

COD as mg O2/L = (A-B) x M x 8000 

mL sample       

(Equation A. 2) 

 

Where A is the volume of FAS used for blank (distilled water); B is the volume 

of FAS used for sample; M is the molarity of FAS and 8000 is the 

miliequivalent weight of oxygen X 1000 ml/L. 
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Appendix B 

 

Phenol Concentration Determination 

 

Determination of phenol concentration in the sample was performed by 

UV-spectrophotometer (Perkin-Elmer Lambda 35 Series). The sample was 

scanned over the wavelength range from 190 to 400 nm with lambda maximum 

at 269 nm (Singer and Yen, 1980). For each scanned peak obtained, the area-to-

base under the peak was integrated using Winlab software. After integration, 

the concentrations of phenol in the sample could be calculated from the 

calibration curve of area-to-base data against the standard solution of phenol.  
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Appendix C 

 

Mixed Liquor Suspended Solids 

(APHA 2540-D Total Suspended Solids Dried at 103˚C-105˚C) 

 

MLSS refers to the suspended or non filterable solids concentration in 

the mixture of wastewater and suspended culture that is used in activated 

sludge processes. To measure MLSS, 100 ml of mixed liquor was collected 

from the reactor. The MLSS was separated from the water by filtered through 

45 mm Whatman Glass Fiber Filter Paper. The filter papers together with 

MLSS were dried in oven at 100 ˚C for 24 hours. The concentration of sludge 

was expressed as MLSS in the unit of mg/L. 

             (Equation C. 1) 
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Appendix D 

 

Sludge Volume Index 

(APHA 2710-D Sludge Volume Index) 

 

Sludge volume index was used to determine the settling characteristics 

of the sludge. The suspended solids concentration or MLSS of the well-mixed 

sample and the data of 30 minutes settled sludge volume (SV30) were required 

to calculate SVI. To obtain SV30, 100 mL of well-mixed suspension was let to 

settle in a 100 mL measuring cylinder. The sludge volume after 30 minutes of 

settling time was expressed in term of millilitres per litres.  SVI could thus be 

determined by dividing the SV30 (ml/L) with MLSS (mg/L).  

 

            (Equation D. 1) 
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Appendix E 

 

Specific Oxygen Uptake Rate 

Concentration, (mg/L) SOUR, mg O2/ (g MLVSS.h) 

0 13.69 

60 12.88 

100 12.35 

200 11.73 

500 10.04 

1000 8.84 

1500 7.63 

2000 5.85 
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Appendix E 

 

Specific Oxygen Uptake Rate 

 

DO Measurement with Time at Varying Feeding Compositions: 

At base-mix At 20 mg/L Phenol At 60 mg/L Phenol 

Time(s) DO(mg O2/L) Time(s) DO (mg O2/L) Time(s) DO (mg O2/L) 

10 6.51 10 5.89 10 6.76 

20 5.12 20 5.64 20 5.75 

30 5.55 30 5.51 30 5.60 

40 5.44 40 5.32 40 5.51 

50 5.21 50 5.00 50 5.26 

60 4.99 60 4.87 60 5.12 

70 4.73 70 4.59 70 4.92 

80 4.48 80 4.34 80 4.68 

90 4.26 90 4.19 90 4.45 

100 4.04 100 3.93 100 4.26 

110 3.81 110 3.74 110 4.02 

120 3.54 120 3.52 120 3.80 

130 3.31 130 3.34 130 3.54 

140 3.10 140 3.09 140 3.35 

150 2.89 150 2.92 150 3.12 

160 2.66 160 2.65 160 2.92 

170 2.41 170 2.45 170 2.73 

180 2.22 180 2.25 180 2.54 

190 2.00 190 2.05 190 2.23 

200 1.81 200 1.85 200 2.04 

210 1.58 210 1.65 210 1.84 

220 1.40 220 1.45 220 1.64 

230 1.21 230 1.30 230 1.44 

240 1.04 240 1.13 240 1.28 

250 0.88 250 0.98 250 1.11 

260 0.74 260 0.85 260 0.94 

270 0.60 270 0.70 270 0.79 

280 0.49 280 0.59 280 0.65 

290 0.39 290 0.50 290 0.54 

300 0.30 300 0.40 300 0.41 

310 0.23 310 0.32 310 0.33 

320 0.17 320 0.25 320 0.26 

330 0.12 330 0.19 330 0.21 

340 0.10 340 0.14 340 0.15 

350 0.08 350 0.11 350 0.11 

360 0.08 360 0.10 360 0.08 
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Appendix E 

 

Specific Oxygen Uptake Rate 

 

DO Measurement with Time at Varying Feeding Compositions: 

At 100 mg/L Phenol At 200 mg/L Phenol At 500 mg/L Phenol 

Time 

(s) 

DO (mg 

O2/L) 

Time 

(s) 

DO (mg 

O2/L) 

Time 

(s) 

DO (mg 

O2/L) 

10 6.19 10 6.60 10 6.15 

20 5.98 20 5.69 20 6.02 

30 5.83 30 5.82 30 5.95 

40 5.65 40 5.69 40 5.74 

50 5.46 50 5.47 50 5.62 

60 5.23 60 5.33 60 5.56 

70 5.04 70 5.11 70 5.42 

80 4.82 80 4.86 80 5.26 

90 4.58 90 4.71 90 5.00 

100 4.36 100 4.51 100 4.83 

110 4.17 110 4.4 110 4.73 

120 3.91 120 4.17 120 4.53 

130 3.73 130 3.97 130 4.31 

140 3.51 140 3.76 140 4.15 

150 3.32 150 3.53 150 3.91 

160 3.05 160 3.34 160 3.77 

170 2.88 170 3.17 170 3.58 

180 2.67 180 2.95 180 3.38 

190 2.41 190 2.77 190 3.26 

200 2.23 200 2.55 200 3.21 

210 2.05 210 2.36 210 3.06 

220 1.86 220 2.20 220 2.87 

230 1.66 230 2.00 230 2.7 

240 1.47 240 1.82 240 2.55 

250 1.30 250 1.66 250 2.33 

260 1.12 260 1.48 260 2.17 

    270 1.3 270 2.00 

    280 1.15 280 1.78 

    290 1.01 290 1.62 

        300 1.46 

        310 1.31 

        320 1.16 

        330 1.01 
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Appendix E 

 

Specific Oxygen Uptake Rate 

 

DO Measurement with Time at Varying Feeding Compositions: 

At 1000 mg/L Phenol At 2000 mg/L Phenol 

Time (s) DO (mg O2/L) Time (s) DO (mg O2/L) 

10 6.18 10 6.1 

20 5.99 20 5.45 

30 5.86 30 5.59 

40 5.85 40 5.7 

50 5.77 50 5.73 

60 5.52 60 5.63 

70 5.51 70 5.54 

80 5.37 80 5.57 

90 5.22 90 5.33 

100 5.11 110 5.29 

110 4.96 130 5.12 

120 4.85 150 5.01 

130 4.7 170 4.75 

140 4.51 190 4.6 

150 4.32 210 4.38 

160 4.26 230 4.27 

170 4.14 250 4.02 

180 3.92 270 3.88 

190 3.8 290 3.62 

200 3.63 310 3.5 

210 3.49 330 3.32 

220 3.33 350 3.1 

230 3.2 370 2.95 

240 3.03 390 2.71 

250 2.9 410 2.54 

260 2.73 430 2.36 

270 2.58 450 2.18 

280 2.45 470 2.01 

290 2.29 490 1.8 

300 2.13 510 1.62 

310 2.01 530 1.45 

320 1.87 550 1.27 

330 1.71 570 1.09 

340 1.59     

350 1.43     
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Appendix F 

 

Phenol Volatilisation Test 

 

(a) At low phenol concentration 

Time (hour) Phenol (mg/L) COD (mg/L) 

0 84.42 216.24 

1 72.13 225.74 

2 72.47 178.22 

3 71.84 162.38 

4 74.53 160.79 

5 78.22 173.47 

6 74.41 175.05 

7 73.00 224.16 

8 90.08 206.73 

 

(b) At intermediate phenol concentration  

Time (hour) Phenol (mg/L) COD (mg/L) 

0 506.90 1200.00 

1 416.82 1168.32 

2 426.07 1057.43 

3 407.62 1057.43 

4 431.28 1049.5 

5 401.57 994.06 

6 417.60 962.38 

7 418.57 1200.00 

8 473.44 1215.84 

 

(c) At high phenol concentration 

Time (hour) Phenol (mg/L) COD (mg/L) 

0 714.64 1734.65 

1 692.20 1671.29 

2 685.90 1671.29 

3 695.46 1750.50 

4 689.11 1893.07 

5 673.62 1893.07 

6 714.88 1576.24 

7 702.30 1702.97 

8 698.06 1687.13 

 

 

 

 



 

Appendix G 

 

Sequencing Batch Reactor Study 

 

Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

1 14.95 0.126    0.084 0.126 

2 7.80 0.051 11.51 16.50 9.60 0.034 0.051 

3 7.87 0.097    0.065 0.097 

4 11.31 0.072 12.33 16.21 10.60 0.048 0.072 

5 3.96 3.090 10.54 17.08 10.82 2.060 3.090 

8 20.59 0.045 12.12 17.32 10.75 0.030 0.045 

9 8.71 0.080 11.76 17.85 10.47 0.053 0.079 

10 24.55 0.054 11.18 17.88 8.67 0.036 0.054 

11 33.74 0.012 12.40 17.73 11.33 0.008 0.012 

12 45.15 0.032    0.021 0.031 

14 1.58 0.027    0.018 0.027 

15 32.64 0.041 11.09 19.82 9.30 0.027 0.040 

16 32.64 0.118 11.70 17.93 9.74 0.079 0.118 

17 13.50 0.116 11.15 18.83 9.31 0.077 0.115 

18 24.80 0.123 10.17 19.65 8.52 0.082 0.123 

19  0.149    0.099 0.148 

21 47.33       

22 63.65 0.191 10.06 20.86 8.31 0.127 0.190 

23 55.49 0.241 12.16 17.26 10.61 0.161 0.241 
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Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

24 42.40 0.091    0.061 0.091 

25 64.00 0.084 8.80 19.32 7.73 0.056 0.084 

26 56.00 0.249    0.166 0.249 

28 76.80 0.151    0.101 0.151 

29 213.07 1.881 7.17 15.32 6.40 1.254 1.881 

30 23.76 0.039 5.76 22.55 5.09 0.026 0.039 

31 46.73 0.136 6.37 17.24 5.61 0.091 0.136 

32 94.26 0.180    0.120 0.180 

33 64.62 0.184 7.14 14.00 6.30 0.123 0.184 

35 73.73 0.277 6.40 23.41 5.69 0.185 0.277 

36 31.37 0.265 6.05 23.12 5.39 0.177 0.265 

37 45.49 0.187 6.34 20.50 5.59 0.125 0.187 

38 61.96 0.147 6.48 20.04 5.73 0.098 0.147 

43 60.77 0.328 5.74 19.15 5.12 0.219 0.328 

44 50.00 0.172 5.48 20.12 4.86 0.115 0.172 

45 30.00 0.195 5.39 20.39 4.82 0.130 0.195 

46 65.38 0.162 5.66 19.41 5.09 0.108 0.162 

49 59.20 0.523 5.17 23.19 4.66 0.349 0.523 

50 43.43 0.108 5.48 21.87 4.98 0.072 0.108 

51 50.29 0.126 4.90 20.38 4.41 0.084 0.126 

52 26.23 0.157 5.01 19.93 4.52 0.105 

0.157 
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Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

 53 10.33 0.103 4.86 18.48 4.30 0.069 0.103 

56 36.56 0.093 5.83 22.27 5.32 0.062 0.093 

57 41.33 0.108 5.60 21.42 5.07 0.072 0.108 

58 42.40 0.237 5.78 20.75 5.22 0.158 0.237 

59 17.60 0.048 6.08 18.07 5.55 0.032 0.048 

60 15.20 0.058 5.20 23.06 4.70 0.038 0.058 

63 44.69 0.006 5.55 23.40 5.02 0.004 0.006 

64 5.49 0.025    0.017 0.025 

65 24.66 0.069 5.49 23.67 4.91 0.046 0.069 

66 63.50 0.018 6.19 24.19 5.32 0.012 0.018 

67 2.35 0.078 8.91 14.58 5.22 0.052 0.078 

68 12.29 0.022    0.015 0.022 

70 4.57 0.069 5.78 27.64 5.16 0.046 0.069 

71 85.46       

72 41.14 0.039 5.93 21.99 5.41 0.026 0.039 

74 21.37 0.087 5.65 24.74 4.93 0.058 0.087 

77 19.59 0.021 5.94 23.56 5.34 0.014 0.021 

78 32.65 0.036 5.58 25.09 4.90 0.024 0.036 

79 12.80 0.034 6.68 22.44 6.09 0.023 0.034 
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Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

80 4.80 0.025 5.60 24.99 4.95 0.017 0.025 

81 31.20 0.006 7.05 19.90 6.33 0.004 0.006 

82 7.76 0.018 7.23 20.73 6.47 0.012 0.018 

84 7.76 0.034 6.80 22.04 5.82 0.023 0.034 

85  0.019 6.38 25.06 5.27 0.013 0.019 

86 30.10 0.006 7.10 22.51 5.99 0.004 0.006 

87 18.82 0.021 6.97 22.92 5.57 0.014 0.021 

88 4.71 0.062 7.20 23.61 5.86 0.041 0.062 

91 9.41 0.015 7.22 22.15 6.47 0.010 0.015 

92 45.49 0.022    0.015 0.022 

93 28.24 0.039 7.88 20.30 6.57 0.026 0.039 

94 6.27 0.070 6.43 26.40 5.81 0.046 0.070 

95 12.55 0.235 8.38 17.88 7.53 0.157 0.235 

100 9.90 0.088    0.059 0.088 

102 49.22       

103 58.67 0.100 7.99 21.28 7.05 0.067 0.100 

105 33.52 0.018 7.35 21.76 6.61 0.012 0.018 

106 7.62 0.055 8.76 21.67 7.50 0.037 0.055 

107 10.67 0.008 8.78 19.35 7.87 0.005 0.008 

108 45.76 0.070 8.43 18.97 7.44 0.047 0.070 
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Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

109 25.60 0.057 8.67 19.60 7.68 0.038 0.057 

110 17.60 0.042 9.79 19.40 8.78 0.028 0.042 

113 25.60 0.058    0.039 0.058 

114 99.20 0.012 10.71 19.60 9.38 0.008 0.012 

115 25.37 0.250 8.67 20.75 7.61 0.167 0.250 

116 23.82 0.012 7.27 22.00 6.50 0.008 0.012 

117 137.73 0.030 6.45 20.14 5.77 0.020 0.030 

118 27.44 0.024 8.15 18.39 7.33 0.016 0.024 

119 7.77 0.088 10.83 20.30 9.43 0.059 0.088 

120 9.50 0.049 8.59 23.26 7.67 0.033 0.049 

121 36.80 0.070 9.38 20.24 8.35 0.047 0.070 

122 9.60 0.037 10.88 20.20 9.67 0.025 0.037 

123 30.40 0.016 10.57 21.75 9.41 0.011 0.016 

124 28.80 0.090 11.34 20.26 9.94 0.060 0.090 

126 45.60 0.061 11.69 18.81 10.27 0.041 0.061 

127 35.20 0.018 11.01 19.97 9.05 0.012 0.018 

128 0.80 0.039 12.22 18.81 10.19 0.026 0.039 

129 46.40 0.031 11.78 21.20 9.80 0.021 0.031 

130 20.80 0.037 9.73 21.56 8.04 0.025 0.037 

131 80.00 0.042 12.32 17.85 10.06 0.028 0.042 
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Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

132 73.60 0.037 12.02 19.96 10.13 0.025 0.037 

133 20.00 0.058 11.67 19.70 9.65 0.039 0.058 

134 30.40 0.064 12.84 21.02 11.51 0.043 0.064 

135  0.033    0.022 0.033 

136 12.80 0.018 11.61 19.79 10.14 0.012 0.018 

137 6.00 0.013 10.99 20.00 9.68 0.009 0.013 

138 30.80 0.058 14.37 18.08 12.44 0.039 0.058 

141 18.40 0.015 13.11 22.87 11.55 0.010 0.015 

142 30.80 0.442 12.10 20.64 10.42 0.295 0.442 

143 20.40 0.528 12.57 23.06 10.91 0.352 0.528 

144 3.60 0.669 11.13 22.45 9.82 0.446 0.669 

145 24.00 6.496 12.61 22.19 10.89 4.331 6.496 

146        

147 21.60 1.015 13.23 20.39 11.70 0.677 1.015 

148 14.80 0.094 13.72 22.58 11.77 0.063 0.094 

150 19.20 0.628 13.25 23.38 11.61 0.419 0.628 

151 20.00 4.162 11.88 21.87 10.48 2.775 4.162 

155 3.20 0.085 11.31 21.21 10.08 0.057 0.085 

156 25.60 0.619 9.98 22.04 8.88 0.413 0.619 

157 40.80 0.778 12.71 24.38 10.91 0.519 0.778 
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Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

158 39.20 1.134 12.59 20.64 11.21 0.756 1.134 

159 24.80 1.104 11.52 26.03 10.05 0.736 1.104 

161 22.40       

162 4.00 0.045 12.40 24.18 11.04 0.030 0.045 

163 9.60 0.042 12.47 24.04 11.17 0.028 0.042 

164 16.00 0.081 12.86 24.86 11.56 0.054 0.081 

165 17.60 0.048 12.71 24.38 11.42 0.032 0.048 

166 20.80 0.060 12.79 25.01 11.44 0.040 0.060 

167 17.60 0.283 12.00 24.16 10.66 0.189 0.283 

168 50.00 4.183 12.84 26.46 11.19 2.789 4.183 

169 29.20 5.647 10.90 29.33 9.61 3.764 5.647 

170 40.00 2.043 11.68 29.10 9.98 1.362 2.043 

171 16.00 5.366 10.93 31.08 9.32 3.577 5.366 

172 86.40 2.780 12.40 27.41 9.82 1.853 2.780 

173 62.40 4.962 10.83 30.46 8.96 3.308 4.962 

176 19.20 1.699 10.56 30.23 8.81 1.133 1.699 

177 28.00 2.601 10.57 31.20 8.72 1.734 2.601 

178 39.20 3.859 10.76 30.64 8.63 2.573 3.859 

179 28.00 3.294 10.71 30.79 8.80 2.196 3.294 

182 43.20 5.643 7.27 45.36 6.23 3.762 5.643 

183 34.40 2.850 11.27 28.37 9.52 1.900 2.850 
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Day COD (mg/L) Phenol (mg/L) MLSS (g/L) SVI (ml/g) MLVSS (g/L) 
Effluent Suspended 

Solids (g/L) 
Waste Sludge (g/L) 

184 58.40 3.420 11.09 27.94 8.85 2.280 3.420 

185 34.40 3.547 8.43 33.19 7.19 2.365 3.547 

186 11.20 2.796 6.45 48.00 5.52 1.864 2.796 

188 14.00 1.495 8.43 42.66 6.53 0.997 1.495 

189 16.80 0.208 7.41 44.52 6.40 0.139 0.208 

190 39.20 1.168 7.54 43.75 6.24 0.779 1.168 

191 30.40 2.550 8.14 42.95 6.63 1.700 2.550 

192 14.40 1.777 7.54 43.74 6.53 1.185 1.777 

193 21.60 0.313 6.34 50.41 5.08 0.209 0.313 

196 18.40 6.601 7.43 43.05 6.10 4.401 6.601 

197 24.80 4.684 6.65 48.07 5.60 3.123 4.684 

198 10.40 3.445 6.23 49.73 5.09 2.297 3.445 

199 12.80 1.824 5.90 49.08 4.63 1.216 1.824 

200 12.00 1.587 6.40 49.92 5.58 1.058 1.587 

201 27.20 2.155 6.90 44.87 5.87 1.437 2.155 
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Appendix H 

 

Profile Study for Sequencing Batch Reactor 

 

(a) At Base-Mix 

 

Time DO (mg/L) pH COD (mg/L) 

0 1.47 4.60 19.20 

5 0.51 4.75 49.60 

10 0.24 4.56 36.80 

15 0.21 4.53 44.80 

25 0.30 4.47 22.40 

35 0.25 4.83 64.00 

45 0.30 4.84 36.80 

60 0.53 4.86 84.80 

75 0.65 4.79 35.20 

90 0.71 4.90 41.60 

105 0.60 4.83 30.40 

120 1.35 4.85 36.80 

123 2.41 4.88 24.00 

126 3.42 4.92 30.40 

130 4.14 4.95 24.00 

135 4.39 4.91 30.40 

140 5.55 4.95 25.60 

145 5.58 4.97 24.00 

160 5.68 4.90 54.40 

180 6.24 4.73 35.20 

210 6.69 4.85 24.00 
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Appendix H 

 

Profile Study for Sequencing Batch Reactor 

 

 (b) At 200 mg/L Influent Phenol Concentration 

 

Time DO (mg/L) pH Phenol (mg/L) COD (mg/L) 

0 2.33 5.38 N/D 33.85 

10 0.02 5.48 1.161 32.31 

20 0.04 5.47 9.228 46.15 

30 0.04 5.40 9.177 78.46 

35 0.04 5.37 8.341 87.60 

40 0.03 5.36 5.043 90.77 

45 0.02 5.34 5.820 83.20 

50 0.01 5.30 4.348 80.00 

55 0.01 5.34 2.510 44.62 

60 0.02 5.45 0.916 29.23 

65 0.31 5.24 0.024 40.00 

70 0.58 5.22 N/D 31.10 

75 0.79 5.22 N/D 43.08 

80 0.98 5.22 N/D 41.40 

85 1.02 5.24 N/D 43.90 

90 1.01 5.23 N/D 40.00 

95 0.96 5.18 N/D 29.23 

100 1.06 5.10 N/D 35.40 

110 1.30 5.19 N/D 24.62 

115 1.59 5.05 N/D 28.60 

120 1.90 5.03 N/D 26.15 

125 2.58 5.17 N/D 31.10 

130 2.46 5.17 N/D 23.08 

140 3.15 5.13 N/D 35.38 

150 4.70 5.14 N/D 41.54 

155 5.00 5.05 N/D 37.90 

160 5.30 5.12 N/D 38.90 
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Appendix H 

 

Profile Study for Sequencing Batch Reactor 

 

(c) At 400 mg/L Influent Phenol Concentration 

 

Time DO (mg/L) pH Phenol (mg/L) COD (mg/L) 

0 0.07 3.54 15.561 80.25 

10 0.05 3.43 64.550 214.66 

20 1.15 3.45 72.950 226.70 

30 0.48 3.32 81.519 238.50 

40 0.66 3.33 85.594 246.14 

50 0.16 3.30 86.066 266.11 

60 1.47 3.34 85.393 247.20 

70 1.82 3.31 81.882 229.25 

80 2.04 3.30 80.611 227.71 

90 1.54 3.29 74.182 221.10 

100 1.10 3.27 70.345 204.67 

105 0.88 3.27 67.073 210.00 

110 0.81 3.26 56.718 207.74 

115 0.74 3.25 42.465 129.41 

120 1.54 3.22 32.132 87.94 

125 1.26 3.22 17.916 91.90 

130 0.86 3.21 7.740 52.20 

135 0.84 3.20 N/D 44.93 

140 3.76 3.20 N/D 46.60 

145 4.98 3.20 N/D 59.60 

150 6.00 3.19 N/D 52.61 

160 6.04 3.16 N/D 52.80 

170 5.84 3.18 N/D 57.10 

180 5.84 3.28 N/D 46.46 
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Appendix H 

 

Profile Study for Sequencing Batch Reactor 

 

(d) At 600 mg/L Influent Phenol Concentration 

 

 

Time DO (mg/L) pH Phenol (mg/L) COD (mg/L) 

0 6.41 3.44 62.410 640.03 

20 1.30 3.75 132.680 742.45 

40 1.13 4.34 160.840 760.25 

60 1.28 4.55 174.950 832.76 

90 1.44 4.90 188.550 984.35 

120 1.02 5.24 196.160 984.25 

140 0.95 4.23 193.330 1088.64 

160 0.95 4.96 191.140 984.85 

180 0.97 4.86 192.360 776.72 

200 0.93 4.74 186.420 880.09 

230 1.01 4.63 184.800 896.91 

260 1.49 4.14 176.360 806.42 

290 1.30 4.01 171.480 745.65 

320 1.40 4.24 153.670 713.60 

350 1.45 3.95 131.130 710.41 

380 1.92 3.97 112.360 633.60 

420 1.99 3.57 100.550 627.24 

480 2.01 3.97 97.840 614.45 

540 2.13 3.65 82.330 540.82 

600 2.09 3.77 75.330 521.64 
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Appendix I 

 

Scanning Electron Microscope for Ceramic Filter 

 

      
 

 

    
 

 

 
 



 

 

Appendix J 

 

 

Sludge Size Distribution for Activated Sludge Fed with Base-mix 

 

Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

0.10 30.00 29.90 15.05 26 0.04333333 4.333333333 0.001449275 

30.00 60.00 30.00 45 306 0.51 51 0.017 

60.00 90.00 30.00 75 258 0.43 43 0.014333333 

90.00 120.00 30.00 105 10 0.01666667 1.666666667 0.000555556 

120.00 150.00 30.00 135 0 0 0 0 

150.00 180.00 30.00 165 0 0 0 0 

180.00 210.00 30.00 195 0 0 0 0 

210.00 240.00 30.00 225 0 0 0 0 

240.00 270.00 30.00 255 0 0 0 0 

270.00 300.00 30.00 285 0 0 0 0 

300.00 330.00 30.00 315 0 0 0 0 

330.00 360.00 30.00 345 0 0 0 0 

360.00 390.00 30.00 375 0 0 0 0 

1
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Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

390.00 420.00 30.00 405 0 0 0 0 

420.00 450.00 30.00 435 0 0 0 0 

450.00 480.00 30.00 465 0 0 0 0 

480.00 510.00 30.00 495 0 0 0 0 

510.00 540.00 30.00 525 0 0 0 0 

540.00 570.00 30.00 555 0 0 0 0 

570.00 600.00 30.00 585 0 0 0 0 

600.00 630.00 30.00 615 0 0 0 0 

630.00 660.00 30.00 645 0 0 0 0 

660.00 690.00 30.00 675 0 0 0 0 

690.00 720.00 30.00 705 0 0 0 0 

720.00 750.00 30.00 735 0 0 0 0 

750.00 780.00 30.00 765 0 0 0 0 

780.00 810.00 30.00 795 0 0 0 0 

810.00 840.00 30.00 825 0 0 0 0 

840.00 870.00 30.00 855 0 0 0 0 

870.00 900.00 30.00 885 0 0 0 0 

900.00 930.00 30.00 915 0 0 0 0 
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Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

930.00 960.00 30.00 945 0 0 0 0 

960.00 990.00 30.00 975 0 0 0 0 

990.00 1020.00 30.00 1005 0 0 0 0 

1020.00 1050.00 30.00 1035 0 0 0 0 

1050.00 1080.00 30.00 1065 0 0 0 0 

1080.00 1110.00 30.00 1095 0 0 0 0 

1110.00 1140.00 30.00 1125 0 0 0 0 

1140.00 1170.00 30.00 1155 0 0 0 0 

1170.00 1200.00 30.00 1185 0 0 0 0 

1200.00 1230.00 30.00 1215 0 0 0 0 

1230.00 1260.00 30.00 1245 0 0 0 0 

1260.00 1290.00 30.00 1275 0 0 0 0 

1290.00 1320.00 30.00 1305 0 0 0 0 

1320.00 1350.00 30.00 1335 0 0 0 0 

 

 

 

 

1
6
6

 



 

 

Appendix K 

 

Sludge Size Distribution for Activated Sludge Acclimatised to 200 mg/L Phenol 

 

Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

0.10 30.00 29.90 15.05 70 0.11666667 11.66666667 0.003901895 

30.00 60.00 30.00 45 467 0.77833333 77.83333333 0.025944444 

60.00 90.00 30.00 75 60 0.1 10 0.003333333 

90.00 120.00 30.00 105 3 0.005 0.5 0.000166667 

120.00 150.00 30.00 135 0 0 0 0 

150.00 180.00 30.00 165 0 0 0 0 

180.00 210.00 30.00 195 0 0 0 0 

210.00 240.00 30.00 225 0 0 0 0 

240.00 270.00 30.00 255 0 0 0 0 

270.00 300.00 30.00 285 0 0 0 0 

300.00 330.00 30.00 315 0 0 0 0 

330.00 360.00 30.00 345 0 0 0 0 

360.00 390.00 30.00 375 0 0 0 0 

390.00 420.00 30.00 405 0 0 0 0 
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Dp,min,j = 

minimum 

diameter 

in class 

(  

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

420.00 450.00 30.00 435 0 0 0 0 

450.00 480.00 30.00 465 0 0 0 0 

480.00 510.00 30.00 495 0 0 0 0 

510.00 540.00 30.00 525 0 0 0 0 

540.00 570.00 30.00 555 0 0 0 0 

570.00 600.00 30.00 585 0 0 0 0 

600.00 630.00 30.00 615 0 0 0 0 

630.00 660.00 30.00 645 0 0 0 0 

660.00 690.00 30.00 675 0 0 0 0 

690.00 720.00 30.00 705 0 0 0 0 

720.00 750.00 30.00 735 0 0 0 0 

750.00 780.00 30.00 765 0 0 0 0 

780.00 810.00 30.00 795 0 0 0 0 

810.00 840.00 30.00 825 0 0 0 0 

840.00 870.00 30.00 855 0 0 0 0 

870.00 900.00 30.00 885 0 0 0 0 

900.00 930.00 30.00 915 0 0 0 0 

930.00 960.00 30.00 945 0 0 0 0 
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Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

960.00 990.00 30.00 975 0 0 0 0 

990.00 1020.00 30.00 1005 0 0 0 0 

1020.00 1050.00 30.00 1035 0 0 0 0 

1050.00 1080.00 30.00 1065 0 0 0 0 

1080.00 1110.00 30.00 1095 0 0 0 0 

1110.00 1140.00 30.00 1125 0 0 0 0 

1140.00 1170.00 30.00 1155 0 0 0 0 

1170.00 1200.00 30.00 1185 0 0 0 0 

1200.00 1230.00 30.00 1215 0 0 0 0 

1230.00 1260.00 30.00 1245 0 0 0 0 

1260.00 1290.00 30.00 1275 0 0 0 0 

1290.00 1320.00 30.00 1305 0 0 0 0 

1320.00 1350.00 30.00 1335 0 0 0 0 
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Appendix L 

 

Sludge Size Distribution for Activated Sludge Acclimatised to 400 mg/L Phenol 

 

 

 Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

0.10 30.00 29.90 15.05 0 0 0 0 

30.00 60.00 30.00 45 0 0 0 0 

60.00 90.00 30.00 75 2 0.00333333 0.333333333 0.000111111 

90.00 120.00 30.00 105 10 0.01666667 1.666666667 0.000555556 

120.00 150.00 30.00 135 30 0.05 5 0.001666667 

150.00 180.00 30.00 165 36 0.06 6 0.002 

180.00 210.00 30.00 195 49 0.08166667 8.166666667 0.002722222 

210.00 240.00 30.00 225 82 0.13666667 13.66666667 0.004555556 

240.00 270.00 30.00 255 107 0.17833333 17.83333333 0.005944444 

270.00 300.00 30.00 285 99 0.165 16.5 0.0055 

300.00 330.00 30.00 315 75 0.125 12.5 0.004166667 

330.00 360.00 30.00 345 45 0.075 7.5 0.0025 

1
7
0

 



 

 

Dp,min,j = 

minimum 

diameter 

in class 

(  

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

390.00 420.00 30.00 405 10 0.01666667 1.666666667 0.000555556 

420.00 450.00 30.00 435 17 0.02833333 2.833333333 0.000944444 

450.00 480.00 30.00 465 6 0.01 1 0.000333333 

480.00 510.00 30.00 495 1 0.00166667 0.166666667 5.55556E-05 

510.00 540.00 30.00 525 1 0.00166667 0.166666667 5.55556E-05 

540.00 570.00 30.00 555 0 0 0 0 

570.00 600.00 30.00 585 0 0 0 0 

600.00 630.00 30.00 615 0 0 0 0 

630.00 660.00 30.00 645 0 0 0 0 

660.00 690.00 30.00 675 0 0 0 0 

690.00 720.00 30.00 705 0 0 0 0 

720.00 750.00 30.00 735 0 0 0 0 

750.00 780.00 30.00 765 0 0 0 0 

780.00 810.00 30.00 795 0 0 0 0 

810.00 840.00 30.00 825 0 0 0 0 

840.00 870.00 30.00 855 0 0 0 0 

870.00 900.00 30.00 885 0 0 0 0 

900.00 930.00 30.00 915 0 0 0 0 

1
7
1

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

Dp,min,j = 

minimum 

diameter 

in class 

(  

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

930.00 960.00 30.00 945 0 0 0 0 

1020.00 1050.00 30.00 1035 0 0 0 0 

1050.00 1080.00 30.00 1065 0 0 0 0 

1080.00 1110.00 30.00 1095 0 0 0 0 

1110.00 1140.00 30.00 1125 0 0 0 0 

1140.00 1170.00 30.00 1155 0 0 0 0 

1170.00 1200.00 30.00 1185 0 0 0 0 

1200.00 1230.00 30.00 1215 0 0 0 0 

1230.00 1260.00 30.00 1245 0 0 0 0 

1260.00 1290.00 30.00 1275 0 0 0 0 

1290.00 1320.00 30.00 1305 0 0 0 0 

1320.00 1350.00 30.00 1335 0 0 0 0 
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Appendix M 

 

Sludge Size Distribution for Activated Sludge Acclimatised to 600 mg/L Phenol 

 

Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

0.10 30.00 29.90 15.05 10 0.01666667 1.666666667 0.000557414 

30.00 60.00 30.00 45 105 0.175 17.5 0.005833333 

60.00 90.00 30.00 75 104 0.17333333 17.33333333 0.005777778 

90.00 120.00 30.00 105 82 0.13666667 13.66666667 0.004555556 

120.00 150.00 30.00 135 81 0.135 13.5 0.0045 

150.00 180.00 30.00 165 36 0.06 6 0.002 

180.00 210.00 30.00 195 46 0.07666667 7.666666667 0.002555556 

210.00 240.00 30.00 225 32 0.05333333 5.333333333 0.001777778 

240.00 270.00 30.00 255 17 0.02833333 2.833333333 0.000944444 

270.00 300.00 30.00 285 18 0.03 3 0.001 

300.00 330.00 30.00 315 11 0.01833333 1.833333333 0.000611111 

330.00 360.00 30.00 345 7 0.01166667 1.166666667 0.000388889 

360.00 390.00 30.00 375 5 0.00833333 0.833333333 0.000277778 

390.00 420.00 30.00 405 8 0.01333333 1.333333333 0.000444444 
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Dp,min,j = 

minimum 

diameter 

in class 

 

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

420.00 450.00 30.00 435 2 0.00333333 0.333333333 0.000111111 

450.00 480.00 30.00 465 6 0.01 1 0.000333333 

480.00 510.00 30.00 495 3 0.005 0.5 0.000166667 

510.00 540.00 30.00 525 1 0.00166667 0.166666667 5.55556E-05 

540.00 570.00 30.00 555 1 0.00166667 0.166666667 5.55556E-05 

570.00 600.00 30.00 585 4 0.00666667 0.666666667 0.000222222 

600.00 630.00 30.00 615 4 0.00666667 0.666666667 0.000222222 

630.00 660.00 30.00 645 4 0.00666667 0.666666667 0.000222222 

660.00 690.00 30.00 675 0 0 0 0 

690.00 720.00 30.00 705 2 0.00333333 0.333333333 0.000111111 

720.00 750.00 30.00 735 0 0 0 0 

750.00 780.00 30.00 765 2 0.00333333 0.333333333 0.000111111 

780.00 810.00 30.00 795 0 0 0 0 

810.00 840.00 30.00 825 3 0.005 0.5 0.000166667 

840.00 870.00 30.00 855 0 0 0 0 

870.00 900.00 30.00 885 2 0.00333333 0.333333333 0.000111111 

900.00 930.00 30.00 915 0 0 0.333333333 0 

930.00 960.00 30.00 945 0 0 0.333333333 0 
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Dp,min,j = 

minimum 

diameter 

in class 

(  

Dp,max,j = 

maximum 

diameter 

in class 

 

p,j = 

class 

width 

 

Dp,j = 

class 

midpoint 

 

nj = 

number 

of 

particles 

per class 

nj/nt = 

fraction of 

particles in 

class 

N(Dp,j)/nt = 

percent of 

particles less 

than upper 

interval size 

f(Dp,j) = 

nj/(nt p,j) = 

normalized 

number of 

particles per 

class width 

960.00 990.00 30.00 975 0 0 0.333333333 0 

990.00 1020.00 30.00 1005 0 0 0.333333333 0 

1020.00 1050.00 30.00 1035 0 0 0.333333333 0 

1050.00 1080.00 30.00 1065 1 0.00166667 0.5 5.55556E-05 

1080.00 1110.00 30.00 1095 0 0 0 0 

1110.00 1140.00 30.00 1125 0 0 0 0 

1140.00 1170.00 30.00 1155 2 0.00333333 0.333333333 0.000111111 

1170.00 1200.00 30.00 1185 0 0 0 0 

1200.00 1230.00 30.00 1215 0 0 0 0 

1230.00 1260.00 30.00 1245 0 0 0 0 

1260.00 1290.00 30.00 1275 0 0 0 0 

1290.00 1320.00 30.00 1305 1 0.00166667 0.166666667 5.55556E-05 

1320.00 1350.00 30.00 1335 0 0 0 0 
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Appendix N 

 

Membrane Permeability of the Ceramic Membrane  

 

(a) In Pure Water 

 

Pressure, kPa Flux, L/m2.hr 

-5 56 

-7.5 120 

-15 336 

-20 400 

-25 592 

-30 720 

 

(b) In Mixed Liquor 

 

 

Pressure, kPa Flux, L/m2.hr 

-10 352 

-20 736 

-25 896 

-30 1072 

-35 1184 
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Appendix O 

 

Relative Flux of the Ceramic Membrane in sMBR fed with Base-Mix 

 

(a) At -7.5 kPa  (b) At -15 kPa   (c) At -30 kPa 

 

Time 

(min) 

Relative flux, 

J/Jo (%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

0 100.00 
0 

2 

100.00 

69.76 

0 

2 

100.00 

79.20 

2 94.99 4 60.46 4 78.90 

4 94.99 6 58.13 6 81.48 

6 94.99 8 55.81 8 80.00 

8 94.99 10 55.81 10 81.48 

10 89.99 12 55.81 13 85.18 

12 89.99 14 55.81 15 81.48 

14 89.99 16 58.13 18 85.18 

16 89.99 18 58.13 20 85.18 

18 89.99 20 58.13 25 83.33 

20 84.99 22 58.13 30 83.10 

24 84.99 24 53.48 35 83.10 

28 84.99 26 53.90 40 85.80 

32 84.99 28 53.48 45 81.60 

36 79.99 30 51.16 50 81.00 

40 79.99 32 51.16 55 75.60 

45 74.99 34 51.16 60 72.22 

50 74.99 40 51.16 

55 72.00   45 46.51 

60 69.99 50 48.83 

  55 46.51 

  60 48.83 
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Appendix P 

 

Relative Flux of the Ceramic Membrane in sMBR fed with 200 mg/L Phenol 

 

(a) At -7.5 kPa  (b) At -15 kPa   (c) At -30 kPa 

 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

0 100.00 0 100.00 0 99.99 

2 97.43 2 71.05 2 82.35 

4 94.87 4 68.42 4 72.05 

6 92.30 6 63.15 6 70.58 

8 89.74 8 63.80 8 63.23 

10 89.74 10 65.78 10 61.76 

13 87.17 12 66.20 12 60.29 

16 84.61 14 65.60 14 57.35 

19 82.05 16 65.78 16 54.41 

21 79.48 18 65.78 18 52.94 

25 79.48 20 63.15 20 51.47 

29 71.79 24 63.60 22 48.52 

33 69.23 28 64.60 24 47.05 

37 64.10 32 62.10 26 44.11 

40 58.80 36 63.80 28 42.64 

45 55.70 40 60.52 30 41.17 

50 55.90 45 57.89 33 39.70 

55 54.50 50 58.30 36 38.23 

60 54.00 55 59.30 39 36.76 

65 53.00 60 59.30 42 35.29 

70 52.10 
  

46 35.29 

    
50 33.82 

    
55 32.35 

    
60 32.35 
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Appendix Q 

 

Relative Flux of the Ceramic Membrane in sMBR fed with 400 mg/L Phenol 

 

(a)  At -7.5 kPa      (b) At -15 kPa       (c) At -30 kPa 

 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

0 100.00 0 100.00 0 100.00 

2 80.00 2 80.35 2 62.28 

4 69.18 4 71.42 3 56.14 

6 62.89 6 51.02 6 35.96 

8 60.50 8 34.43 7 30.70 

10 54.71 10 28.06 10 21.92 

12 50.31 12 24.23 12 21.05 

14 42.00 14 22.95 14 18.40 

16 38.36 16 21.68 16 17.54 

18 32.70 18 20.00 19 14.03 

20 28.93 20 21.68 20 14.91 

22 25.15 22 20.40 22 14.03 

24 23.27 24 19.13 24 13.15 

26 22.10 26 16.58 26 12.28 

28 22.70 28 15.30 30 13.85 

30 20.30 30 14.20 35 14.03 

35 19.49 32 12.24 40 13.15 

45 21.38 35 12.50 
  

55 20.12 38 10.90 
  

  
40 9.94 

  

  
50 10.20 

  

  
60 9.94 
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Appendix R 

 

Relative Flux of the Ceramic Membrane in sMBR fed with 600 mg/L Phenol 

 

(a)  At -7.5 kPa      (b) At -15 kPa       (c) At -30 kPa 

 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

Time 

(min) 

Relative 

flux, J/Jo 

(%) 

0 100.00 0 100.00 0 100.00 

2 68.18 2 90.47 4 98.20 

5 63.64 4 86.40 6 95.83 

6 57.40 5 85.71 8 93.40 

8 54.54 7 76.19 10 90.40 

10 52.60 10 71.30 12 87.50 

13 51.10 12 71.42 14 77.70 

15 50.20 15 71.60 16 73.50 

20 48.40 17 70.70 18 68.90 

25 43.64 20 71.42 24 50.00 

30 39.00 25 68.90 26 45.60 

35 37.27 30 66.67 28 42.40 

40 38.18 35 66.67 30 33.33 

50 38.40 40 61.90 32 31.10 

  
50 57.14 34 28.70 

  
60 55.00 38 23.60 

    
40 22.10 

    
42 22.10 

    
45 21.50 

    
50 20.30 

    
60 20.30 
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Appendix S 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with Base-mix At 

 -7.5 kPa 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

2 95.00 2 84.61 2 75.67 

4 95.00 4 80.76 4 72.97 

6 95.00 6 76.92 6 70.27 

8 95.00 8 73.07 9 67.56 

10 90.00 10 84.61 11 64.86 

12 90.00 12 76.92 13 62.16 

14 90.00 14 53.84 14 59.45 

16 90.00 16 65.38 16 64.86 

18 90.00 18 61.53 18 62.16 

20 85.00 20 57.69 20 59.45 

24 85.00 22 57.69 25 62.16 

28 85.00 24 55.76 30 62.16 

32 85.00 26 46.15 35 56.75 

36 80.00 28 53.84 40 54.05 

40 80.00 31 53.84 50 56.75 

45 75.00 33 48.07 60 62.16 

50 75.00 35 53.84 65 59.45 

55 70.00 37 65.38 70 54.05 

60 70.00 39 53.84 80 56.76 

  

41 50.00 

  

  

43 61.53 

  

  

45 57.69 

  

  

47 57.69 

  

  

49 53.84 

  

  

51 61.53 

  

  

53 59.61 

  

  

55 57.69 

  

  

57 53.84 

  

  

59 69.23 
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Appendix T 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with Base-mix At  

-30 kPa 

 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

2 80.60 2 70.00 3 82.60 

4 79.10 4 68.00 6 77.50 

6 81.48 6 92.00 9 76.70 

8 80.90 8 70.00 12 74.60 

10 81.48 10 74.00 15 73.91 

13 82.10 12 72.00 18 71.01 

15 81.48 14 72.00 21 72.46 

18 81.60 16 68.00 24 72.10 

20 82.40 18 72.00 27 72.46 

25 82.40 20 90.00 30 73.40 

30 82.70 22 90.00 35 73.70 

35 83.30 24 90.00 40 74.00 

40 82.70 26 80.00 45 75.20 

45 83.00 28 78.00 50 74.20 

50 81.80 30 78.00 55 74.90 

55 79.10 32 76.00 60 74.20 

60 77.00 34 68.00 65 78.26 

  
36 92.00 70 75.36 

  
38 80.00 75 76.81 

  
40 74.00 80 78.26 

  
42 74.00 85 75.36 

  
44 68.00 90 76.81 

  
46 92.00 

  

  
49 74.00 

  

  
51 70.00 

  

  
54 68.00 

  

  
56 96.00 

  

  
59 74.00 

  

  
62 80.00 
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Appendix U 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with 200 mg/L 

Phenol At -7.5 kPa 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

2 97.44 2 74.28 2 51.72 

4 94.87 4 68.57 4 41.37 

6 92.31 6 82.85 6 37.93 

8 89.74 8 71.42 8 37.93 

10 89.74 10 68.57 10 37.93 

13 87.17 12 57.14 13 37.93 

16 84.61 14 77.14 16 37.93 

19 82.05 16 68.57 19 37.93 

21 79.48 18 60.00 22 37.93 

25 79.48 20 54.28 25 37.93 

29 71.79 22 82.85 30 40.00 

33 69.23 24 65.71 35 37.93 

37 64.10 26 60.00 40 37.93 

40 58.80 28 77.14 45 39.40 

45 55.70 30 60.00 50 40.30 

50 55.90 32 57.14 55 37.93 

55 54.50 34 54.28 60 41.38 

60 54.00 36 82.85 
  

  
38 62.85 

  

  
40 57.14 

  

  
42 74.28 

  

  
44 57.14 

  

  
46 51.42 

  

  
48 65.71 

  

  
50 54.28 

  

  
52 48.57 

  

  
54 57.14 

  

  
56 51.42 

  

  
58 42.85 

  

  
60 62.85 

  

  
62 45.71 

  

  
64 62.85 

  

  
66 51.42 

  

  
68 45.71 

  

  
70 62.85 
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Appendix V 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with 200 mg/L 

Phenol At -30 kPa 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

2 82.35 2 84.37 2 69.69 

4 72.05 4 78.12 4 62.12 

6 70.58 6 81.25 6 59.20 

8 63.23 8 78.12 8 57.40 

10 61.76 10 67.18 10 54.40 

12 60.29 12 82.81 12 51.70 

14 57.35 14 70.31 14 47.50 

16 54.41 16 62.50 16 43.80 

18 52.94 18 60.93 18 42.42 

20 51.47 20 57.81 20 42.42 

22 48.52 22 78.12 22 40.90 

24 47.05 24 60.93 24 37.80 

26 44.11 26 59.37 26 36.60 

28 42.64 28 56.25 28 34.50 

30 41.17 30 54.68 30 34.84 

33 39.70 32 82.81 32 33.20 

36 38.23 34 68.75 34 33.33 

39 36.76 36 62.50 36 31.30 

42 35.29 38 60.93 40 31.81 

46 35.29 40 62.50 45 29.00 

50 33.82 42 57.81 50 29.20 

55 32.35 44 78.12 55 36.90 

60 32.35 46 70.31 60 33.20 

    48 67.18     

    50 62.50     

    52 60.93     

    54 59.37     

    56 54.68     

    58 76.56     

    60 65.62     

    62 62.50     

    64 60.93     

    66 56.25     

    68 51.56     
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Appendix W 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with 400 mg/L 

Phenol At -7.5 kPa 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

2 80.00 4 90.00 2 64.10 

4 69.18 8 70.00 4 63.24 

6 62.89 10 80.00 8 42.73 

8 60.50 14 85.00 12 32.47 

10 54.71 18 80.00 14 25.64 

12 50.31 22 70.00 16 20.51 

14 42.00 24 100.00 18 20.51 

16 38.36 28 100.00 20 17.09 

18 32.70 30 100.00 23 15.38 

20 28.93 32 90.00 26 12.82 

22 25.15 34 90.00 30 14.52 

24 23.27 36 85.00 35 11.96 

26 22.10  38 75.00 45 12.82 

28 22.70 42 65.00 55 13.67 

30 20.30 44 80.00     

35 19.49 46 85.00     

45 21.38 48 90.00     

55 20.12 50 80.00     

    52 80.00     

    54 70.00     

    56 100.00     

    60 80.00     

    68 75.00     

    70 65.00     
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Appendix X 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with 400 mg/L 

Phenol At -30 kPa 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

2 62.28 2 85.45 2 77.77 

3 56.14 6 78.18 4 69.44 

6 35.96 10 69.09 6 44.44 

7 30.70 12 87.27 8 38.88 

10 21.92 16 80.00 10 27.77 

12 21.05 20 69.09 12 16.66 

14 18.40 22 76.36 14 13.88 

16 17.54 25 72.72 16 12.22 

19 14.03 27 67.27 18 10.55 

20 14.91 29 80.00 20 8.88 

22 14.03 30 72.72 24 6.66 

24 13.15 34 65.45 28 6.11 

26 12.28 36 76.36 32 5.27 

30 13.85 39 65.45 36 4.99 

35 14.03 41 76.36 40 4.72 

40 13.15 44 65.45 
  

  
46 72.72 

  

  
48 56.36 

  

  
50 69.09 

  

  
52 52.72 

  

  
54 63.63 

  

  
56 58.18 

  

  
58 55.63 

  

  
60 40.00 
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Appendix Y 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with 600 mg/L 

Phenol At -7.5 kPa 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

2 68.18 3 86.66 3 60.00 

3.6 63.63 6 80.00 6 46.67 

6 57.40 9 86.66 9 46.67 

8 54.54 12 86.66 12 40.00 

10 52.60 15 86.66 14 40.00 

13 51.10 18 86.66 16 40.00 

15 50.20 21 86.66 18 37.33 

20 48.40 24 86.66 20 40.00 

25 43.63 27 93.33 25 34.67 

30 39.00 30 93.33 28 40.00 

35 37.27 33 93.33 30 37.33 

40 38.18 36 93.33 35 36.00 

50 38.40 40 93.33 40 36.00 

    43 93.33     

    46 93.33     

    50 86.66     
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Appendix Z 

 

Relative Flux at Varying Bubbling Modes for sMBR Fed with 600 mg/L 

Phenol At -30 kPa 

 

Without Bubbling Intermittent Bubbling Continuous Bubbling 

Time J/Jo (%) Time J/Jo (%) Time J/Jo (%) 

0 100.00 0 100.00 0 100.00 

4 98.20 3 86.67 2 95.45 

6 95.83 9 75.56 4 84.09 

8 93.40 11 80.00 6 84.09 

10 90.40 15 77.78 8 79.54 

12 87.50 18 71.11 10 79.54 

14 77.70 20 93.33 12 79.54 

16 73.50 22 88.89 15 79.54 

18 68.90 24 75.56 18 72.72 

24 50.00 28 71.11 21 74.99 

26 45.60 32 66.67 24 72.72 

28 42.40 34 88.89 27 70.45 

30 33.33 36 75.56 30 70.45 

32 31.10 40 71.11 33 65.90 

34 28.70 44 64.44 36 65.90 

38 23.60 46 77.78 39 63.63 

40 22.10 48 68.89 42 63.63 

42 22.10 50 71.11 45 63.63 

45 21.50 54 68.89 48 63.63 

50 20.30 58 66.67 52 63.63 

60 20.30 63 62.22 56 63.63 

  
66 55.56 60 54.54 

  
68 75.56 62 47.72 

  
70 66.67 64 47.72 

  
72 57.78 66 47.72 

  
78 55.56 68 50.00 

  
80 75.56 70 47.72 

  
83 68.89 72 49.91 

  
88 53.33 75 47.72 

    
80 43.18 

    
90 47.72 
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