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ABSTRACT          
 
  
 
ENERGY REDUCTION WITH STAGED SCOURING AERATION FOR SUBMERGED  

 
MEMBRANE BIOREACTORS IN WASTEWATER TREATMENT 

 
  
 
Jingjin Bao        Advisor: 
University of Guelph, 2012      Professor H. Zhou 
 
  
      
The use of staged scouring aeration to reduce energy for membrane fouling was studied using one 

pilot-scale submerged membrane bioreactor to treat municipal wastewater. The experiments were 

conducted by varying each of permeate fluxes, scouring air scouring intensities and sequence 

during both permeation and relaxation periods while keeping other factors same. The critical and 

recoverable fluxes were measured by the stepwise flux method. Mixed liquor, permeate and 

filtrate was characterized by analysing COD, cTOC, SMP contents, etc. The recorded 

transmembrane pressure data were used to calculate the fouling resistance after relaxation and 

fouling rate of each cycle.  

The results showed that when operated at relatively high permeate flux rate, membrane fouling 

could be effectively controlled by using relatively lower air scouring intensity and/or less 

infrequent aeration sequence during the permeation combined subsequently with more vigorous 

and frequent air scouring during the relaxation. At lower permeate flux rate with good 

permeability sludge, membrane fouling was effectively controlled by relatively low air scouring 

intensity and/or relatively infrequent aeration sequence during both permeation and relaxation 

periods. For each sludge condition, an optimal combination of cyclic air scouring intensity and 

sequence existed which could minimize the aeration energy consumption while maintaining 

effective fouling control. The frequency of aeration sequence plays a more dominant role than 

the air scouring intensity during the permeation in aeration optimization. 
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1 GENERAL INTRODUCTION 

1.1 Background 

Decreasing fresh water resource coupled with environmental pollution, continuous 

increase in water demand due to rapid population growth and economic development has 

attracted huge public interest in the upcoming global water crisis. Increasing interests has 

been directed to reclaim wastewater for reuse and reduce water pollution. More and more 

strict regulations for wastewater discharges are challenging the conventional wastewater 

treatment and reuse method. Membrane bioreactors (MBRs) have been accepted as a 

competitive alternative to conventional biological process and thus been employed by 

thousands of municipal and industrial wastewater treatment facilities (Meng et al., 2009).  

 

The main advantages of MBRs, which combine the membrane filtration with the 

conventional activated sludge process (CAS), provides excellent effluent quality due to 

high particle rejection efficiency. That easily overcomes the shortcomings of 

sedimentation tank in CAS. MBRs may also have additional advantages including high 

biodegradation efficiency due to longer SRT, less sludge production, good disinfection 

capability, resistance to wide fluctuations of influent quality, increased nitrification rate, 

small footprint and reactor requirements (Chang et al., 2002; Le-Clech et al., 2006). 

However, membrane fouling and high capital and operating cost remain to be the major 

obstacles to its widespread application. 

 

Membrane fouling, which is caused by the deposition of microorganisms, colloids, 

solutes, and cell debris deposit, adsorb and accumulate within membrane pores and/or 
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onto membrane surfaces, leads to the decrease in hydraulic permeability, increase in the 

frequency of membrane cleaning and replacement  (Chang et al., 2002; Meng et al., 

2009). Early research postulated that MLSS concentration was the dominant parameter 

affecting membrane fouling. Further research suggested that MLSS is a poor individual 

membrane fouling indicator (Jefferson et al., 2004). Recent research showed that the 

fouling may be caused by extracellular polymeric substance (EPS) which can be bound to 

the flocs or soluble microbial products (SMP) which is dissolved in the mixed liquors 

(Drews, 2010). Despite of these efforts, there is still a lack of understanding of fouling 

mechanisms due to varied composition of mixed liquor and the complex interaction 

between biomass and membrane. Yet it is difficult to establish any general model of 

membrane fouling behavior in MBRs (Chang et al., 2002; Drews, 2010). 

 

Among various membrane fouling control techniques, air scouring is considered the most 

effective method to mitigate the deposition of fouling materials during the operation of 

submerged MBRs (Drews, 2010). Aeration causes flow circulation and shear stress on 

membrane surface, thereby, scouring the deposited fouling materials away from the 

membrane surface while providing oxygen to biomass and maintaining the sludge 

particles in suspension (Le-Clech et al., 2006; Meng et al., 2009). However, the air 

scouring could be very energy-intensive, contributing up to more than 60% of overall 

energy consumption for MBR operation. Further reduction in energy consumption is still 

highly desirable. 
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1.2 Problem Statement 

Although membrane fouling mechanisms remain to be fully understood due to so many 

physical, chemical and biological factors involved, scouring aeration has been considered 

as the most sufficient fouling control method for hollow fibre submerged MBRs. 

However, high operation cost for air supply limited the application and promotion of 

MBRs. One of approaches is to reduce the energy consumption by optimizing the air 

scouring intensity and aeration sequence. The effects of different combination of air 

scouring intensity and sequence during permeation periods and relaxation periods have 

not been thoroughly studied. It is expected that the optimal aeration condition will be 

specific to the mixed liquor characteristics including colloidal TOC (cTOC) 

concentration, time to filter (TTF), diluted solid volume index (DSVI), mixed liquor 

suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), total 

suspended solids (TSS), total solids (TS), chemical oxygen demand (COD), dissolved 

oxygen (DO), pH, soluble microbial products (SMP) and permeate flux, but the 

interrelationship between them is still to be established. The purpose of this research is to 

investigate the effects of staged scouring aeration using a pilot-scale submerged 

membrane bioreactor operated at different permeate fluxes, scouring air scouring 

intensities and sequence during both permeation and relaxation periods to treat municipal 

wastewater. 

1.3 Objectives 

The general goal of this research is to demonstrate the potential of staged air scouring 

technique in order to reduce the energy consumption while providing effective fouling 

control for submerged MBRs in wastewater treatment. The specific objectives are: 
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1. To quantify the effects of air scouring intensities and aeration sequence on 

membrane fouling applied during permeation and relaxation respectively in terms 

of membrane total fouling resistance and fouling rates. 

2. To recommend an optimum aeration protocol for SMBR. 

1.4 Thesis Organization 

This thesis contains five chapters. Chapter 1 provides a general introduction of research 

background to highlight the objectives of the thesis. Chapter 2 presents a literature review 

relevant to MBR fundamentals, membrane fouling and the effects of aeration in MBRs. 

Chapter 3 details the experimental apparatus setup and methodology.  All the results and 

discussions are presented in Chapter 4. Chapter 5 summarizes the study conclusions, and 

outlines the recommendations for future research. Additional information on detailed 

protocols and a whole set of experimental data is presented in the appendixes. 
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2 LITERATURE REVIEW 

2.1 Overview of MBR Technology 

Nowadays conventional water and wastewater treatment processes are often difficult to 

meet the growing demands due to the following reasons (Zhou & Smith, 2002): 

1. Increasing media attention and public consciousness about environmental issues 

lead to more stringent relative regulations which contain wider range of 

contaminates types and lower Maximum Contaminant Levels (MCLs). 

2. Water resources are shrinking as the rapid development of population and industry. 

Membrane filtration process, as one of the most popular advanced water and wastewater 

treatment technologies, has been employed by thousands of municipal and industrial 

wastewater treatment plants due to the superior effluent quality. Membrane filtration 

process can be defined as the selective separation of particulate, colloid and dissolved 

matter from liquid. The upper size limit of constituents being able to pass though 

typically ranges from 0.0001 to 1.0 μm, dependent on the type of membrane filtration 

(Metcalf & Eddy, 2003).  

 

DiGiano et al. (2004) indicate that membrane bioreactors (MBRs), which combine active 

sludge and membrane filtration these two technologies, provide a very high removal of 

pathogens and less HRT than the traditional activated sludge systems to achieve a given 

SRT. MBRs also are operated at high MLSS but low sludge production; remove BOD 

and COD sufficiently and encourage water reuse, while membrane fouling and high cost 

are the uppermost obstructers for general MBR implementation (Meng et al., 2009). 



 

6 

There are three main flow patterns for MBRs: dead-ended, crossflow and submerged 

system (Belfort et al., 1994) 

 

2.2 Membrane Fouling 

Mass transport leads to membrane pore blocking and cake formation on membrane, 

which are the main constituents for membrane fouling. Membrane foulants, which can be 

defined as microorganisms, colloids, solutes, and cell debris deposit, adsorb and 

accumulate onto membrane surfaces (also referred to as blinding) and/or within 

membrane structure (pore restriction or pore plugging/occlusion), causes permeate flux 

diminishing and/or transmembrane pressure (TMP) increasing (Judd, 2011; Meng et al., 

2009). According to the different cleaning methods, membrane fouling was identified by 

Judd (2011) as: 

1) Reversible fouling: also can be termed as ‘temporary’ fouling, which is caused by 

loosely attached foulants and can be easily removed by physical cleaning methods 

such as backwash (also called backflushing), relaxation and aeration. The typical 

phenomenon of it is the formation of cake layer on the membrane surface, which 

is the predominate component of membrane fouling in MBRs.  

2) Irreversible fouling: or termed as ‘permanent’ fouling, which is caused by pore 

restriction, pore plugging or strongly attached substance. Chemical cleaning is 

used to eliminate it. The common agents under normal conditions are NaClO 

solution for organic foulants and citric acid for inorganic foulants. But frequent 

applications of chemical cleaning may reduce the lifetime of membrane and cause 
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environmental issues due to disposal of used chemical agents (Yamamura et al., 

2007). 

3) Irrecoverable fouling: or termed as “absolute” fouling, which cannot be removed 

by any cleaning approach. It is long-term fouling which builds up over decades 

and may ultimately determine membrane life. The only way to get rid of it is to 

change the membrane module leading high maintenance cost. As an unreasonable 

flux would generate rapid irrecoverable fouling in MBRs, operation under critical 

flux is suggested, which perform a TMP increment is acceptable so that the 

chemical cleaning is not required (Le-Clech et al., 2006).  

 

2.3 Factors Affecting Membrane Fouling 

2.3.1 Membrane Properties 

Membrane characteristics such as pore size and distribution, porosity, roughness, surface 

charge, configuration, hydrophilicity/hydrophobicity and materials, etc., have been 

confirmed to effect on MBRs performance, especially membrane fouling (Le-Clech et al., 

2006; Meng et al., 2009). 

 

2.3.1.1 Pore Size and Distribution 

Pore size is one of the most important parameters in membrane process. It determines 

whether the particles with different size would pass through the membrane or be blocked. 

So pore size has a strong interaction with particle size in feed solution for membrane 

fouling. Smaller pore size would obstruct wider range of particles and lead to higher 
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removable fouling resistance than membrane with large pore. But irreversible fouling 

occurs more often in large pore membrane due to the internal pore plugging (Le-Clech et 

al., 2006). Narrow pore size distribution offers better membrane fouling control (Meng et 

al., 2009). 

  

2.3.1.2 Membrane Configuration 

Vertical flat plates, hollow fiber membrane are usually configured in submerged MBRs, 

while tubular membrane is preferred in side stream process (Le-Clech et al., 2006). 

Different filtration types are related to some specific configuration. NF and RO typically 

introduce the spiral wound configuration, whereas MF and UF usually adopt hollow fiber 

membrane. 

 

2.3.1.3 Hydrophobicity 

Membrane fouling occurs more severely on hydrophobic membranes than hydrophilic 

membranes due to the solute rejection on the membrane surface. So many studies are 

conducted to reduce the hydrophobicity of membrane by modifying membrane 

characteristics (Meng et al., 2009). But Fang and Shi (2005) claimed that hydrophilic 

foulants are more readily to deposit on the membranes with greater hydrophobicity. For 

example, SMP has already been identified as one of the most important foulants (Le-

Clech et al., 2006).  
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2.3.1.4 Membrane Materials 

There are two main types of membrane materials: organic and inorganic. Inorganic 

membrane like aluminum, zirconium, titanium oxide, stainless steel, and ceramic 

membrane has some significant advantages such as high chemical and temperature 

resistance; higher permeate flux and high strength raw wastewater. But due to their high 

cost and brittleness, they are not the preferred option for commercial use MBRs. 

Polymeric-based organic membranes have the most widely applications nowadays, 

especially for polyethylene (PE) and polyvinylidene fluoride (PVDF). And PVDF shows 

a better prevention of irreversible fouling in MBR performance (Le-Clech et al., 2006; 

Meng et al., 2009; Zhou & Smith, 2002). 

 

2.3.1.5 Membrane Surface Charge 

During membrane filtration, surface charge of membrane and solute is one of the major 

influences that affect membrane fouling (Le-Clech et al., 2006). Since most ionic 

functional groups, microbial flocs and macromolecules in active sludge are negatively 

charged; it is favourable that the membrane has a negative or neutral surface to reject 

particles and suspended colloids (Belfort et al., 1994).  

 

2.3.2 Mixed Liquor Characteristics 

2.3.2.1 Mixed Liquor Suspended Solids (MLSS) 

In the history of MBR technology, MLSS was initially considered as the dominant 

parameter affecting membrane fouling. Many researches had been looking into the effect 
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of MLSS on MBR system, but it was still poorly understood. The increase in MLSS 

concentration leading to poor MBR performance has been reported (Chang & Kim, 2005; 

Çiçek et al., 1999; Fane et al., 1980; Trussell et al., 2007). On the other hand, positive 

impact or even insignificant effect has been observed. The conception of critical MLSS 

concentration was proposed and had been verified by many researchers. That means there 

is a threshold value of MLSS concentration existing, above which membrane fouling 

would increase (Drews, 2010; Le-Clech et al., 2006). Typical range for MLSS 

concentration of aerobic MBR system is 3-30g/L (Brindle & Stephenson, 1996). A 

narrower range of MLSS (8-12g/L) for optimised MBR operating condition was 

suggested by Rosenberger et al. (2005). Dilution of mixed liquor samples might change 

the floc structure or particle size distribution. Mixed liquor samples with MLSS 

concentration originally exceeding 10g/L presented worse filterability after being diluted 

than those originally lower than 10g/L because a remarkable amount of small particles in 

the range of 10-20µm were released by deflocculation (Lousada-Ferreira et al., 2010). It 

is still not clear that how MLSS concentration interacts with other foulant parameters, so 

MLSS is a poor individual membrane fouling indicator (Jefferson et al., 2004). 

Nowadays research attention of MLSS has been transferred to extracellular polymeric 

substances (EPS) which can be bound to the flocs or soluble microbial products (SMP) 

which is dissolved in the mixed liquors (Drews, 2010). Details of SMP in MBRs will be 

discussed in Section 2.3.2.4. 

 

2.3.2.2 Dissolved matter 

The impact of dissolved matter in mixed liquor has been studied for years. Dissolved 
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solutes cause both internal and external fouling by deposition in the membrane pores and 

intense concentration polarization, respectively (Belfort et al., 1994). Thus, dissolved 

matter is considered as the main factor for irreversible membrane fouling which can be 

generally only removed by chemical cleaning due to pore blocking (Chang et al., 2002). 

A general correlation between permeate flux and dissolved organic carbon (DOC) was 

proposed by Ishiguro et al. (1994) 

 ( )J a b log DOC= +  (2.1) 

where a and b are empirical constants. Dissolved organic carbon (DOC) was also 

suggested as an alternative to complex and costly measurements of soluble microbial 

products (SMP) by Lyko et al. (2008). For ideal solution, the osmotic pressure can be 

calculated by the van’t Hoff equation, 

 icRT
M

ν
Π =  (2.2) 

where ν i is the number of ions in the solution, c is the solute concentration (kg/m3), R is a 

constant (8.314×103 kg m2/s2 K kg mol), T is the temperature (K), and M is the 

molecular weight (kg/kg mol). Hence for the microfiltration of small molecules, Π is 

much higher than the operating pressure so that cannot be ignored. Middle size dissolved 

matter (M = 342 to 107 kg/kg mol) such as proteins can also lead to relatively high 

osmotic pressures with large concentrations. The osmotic pressure of large colloids and 

particles can be negligible compared to the transmembrane pressure (Belfort et al., 1994). 

Different relative contributions on membrane fouling for suspended solids, colloids and 

dissolved matter were reported (Bouhabila et al., 2001; Defrance et al., 2000). However, 

both the studies proposed the sum of resistances causing by each constituent were larger 

than the measured total resistance, indicating that individual fouling resistances cannot be 



 

12 

added up together.  

 

2.3.2.3 Particle Size Distribution 

Particle size has been considered as one of the most important parameters to the cake 

layer resistance. According to Kozeny–Carman equation, the specific cake resistance (α) 

is expressed as a function of porosity of cake layer (ε), particle density (ρ) and particle 

size (dp

 

) as following (Baker et al., 1985):  

2 3

180(1 )

pd
εα

ρ ε
−

=
⋅ ⋅

 (2.3) 

Combined Eq.2.3 with the conventional cake filtration theory, the cake resistance (Rc

 

) is 

often expressed as: 

2 3

180(1 ) b
c

p

CR
d
ε ν

ρ ε
− ⋅ ⋅

=
⋅ ⋅

 (2.4) 

where ν is permeate volume per unit area, Cb

 

 is bulk MLSS (or MLVSS) concentration. 

Non-spherical particles need a shape correction factor for application. Thus, Eq. 2.4 

indicates that the permeability of cake layer is rising with the increasing particle size. 

However, some other researchers also observed that for very small particles, electrostatic 

repulsion played a crucial role in cake formation. It leads to the higher cake resistance 

with the increase in particle size until a certain value was reached (Fane et al., 1983; 

McDonogh et al., 1992). 

The general particle size for crossflow MBR, submerged MBR and conventional active 

sludge is 7-8 µm, 20-40 µm and 20-120 µm respectively, which associate with decreasing 
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specific cake resistance (Cicek et al., 1999a; Cicek et al., 1999b; Zhang et al., 1997). 

Belfort et al. (1994) revealed that shear-induced diffusion dominates the particle back-

transport in submerged MBRs for their average particle size range.  

 

2.3.2.4 Soluble Microbial Products (SMP) 

The concept of SMP is derived from extracellular polymeric substances (EPS), which has 

been studied as the main foulants in MBRs for decades, but there was no report on SMP 

fouling in MBRs until 2001. EPS used to be the general and overall concept for different 

types of macromolecules including polysaccharides, proteins, nucleic acids, phosphor-

lipids and other polymeric substances which are not intercellular (Le-Clech et al., 2006).  

But now the terms related to EPS and SMP, such as bound EPS, soluble EPS, biological 

cell floc (eEPS), etc., and their definitions are still confused in the recent publications. 

Laspidou et al. (2002) built up a unified theory to mediate the obvious contradictions 

among different understanding of researchers (see Figure 2-1). The definition of SMP is 

that soluble cellular components which are released during cell lysis, spread out through 

the cell membrane, are missed during synthesis or are excreted for some purpose 

(Laspidou et al., (2002). SMP are the same things as soluble EPS, and consist of soluble 

macromolecules, colloids and slimes. The term, bound EPS, is identified as EPS in this 

review. 
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Figure 2-1. Schematic representation of the unified model for active biomass, EPS, 
SMP, and inert biomass (Laspidou et al., (2002) 
 

2.3.2.4.1 Effect and Behaviour of SMP on Membrane Fouling 

EPS, rather than SMP, had been regarded as the main membrane foulants in MBRs due to 

the ability of keeping sludge floc in a three-dimensional matrix which is the significant 

barrier to permeate flux (Le-Clech et al., 2006). Recently, more and more attention has 

been diverted to the impacts of SMP on membrane fouling. SMP cause membrane 

fouling by adsorption of macromolecules on the membrane surface, pore plugging and/or 

form a cake layer which provide nutrient for biofilm formation and extra hydraulic 

resistance to permeation (Rosenberger et al., 2005). SMP is more readily to accumulated 

in MBRs because of membrane rejection, thus leading to high fouling resistance (Meng et 

al., 2009).  

 

The relevance between SMP and membrane fouling is pointed out. Many publications 

indicate that SMP are strongly correlated to the sludge filterability, even more than EPS. 
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Critical flux tests were conducted under the same condition for both MBR and 

conventional activated sludge process (CASP) sludge which contain the same levels of 

EPS and higher SMP concentration in MBR sludge. The results of higher fouling 

propensity of MBR sludge can only be explained to attribute to the SMP components 

(Le-Clech et al., 2006). Cicek et al.(2003) revealed that permeate flux is related to soluble 

organic compounds but not to total mixed liquor COD. The independence of critical flux 

from EPS concentration is posted on Figure 2-2. 

 
Figure 2-2. Effects of EPS on critical flux (Fan et al., 2006) 
 

Three different suspensions were filtrated in order to determine the contribution of each 

fraction (SS, colloids and solutes) in mixed liquor to total membrane fouling. The 

colloidal fraction was found as the key fouling component in dead-end membrane 

filtration system. (Itonaga et al., 2004) The critical flux seems only correlated to colloidal 

TOC (ranging from 0.01-1.0μm) which is attributed to SMP rather than EPS in 

submerged MBRs (Fan et al., 2006). 

 

Different components of SMP contribute different portion in membrane fouling. 
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Carbohydrate concentrations in the supernatant (SMPc) of MBRs show a positive linear 

relationship with fouling rates (slope of resistance over time), which indicate the key role 

of SMPc in membrane fouling (Rosenberger et al., 2006). Little publication about the 

effect of SMPp on MBR fouling had been issued till 2006 (Le-Clech et al., 2006). Fan et 

al. (2006) revealed that the concentration of SMPc and SMPhumic in the sludge 

supernatant had more correlation with critical flux than SMPp do in Figure 2-3. However, 

humic substances with small MW, which can be thought to pass through the membrane, 

may not significantly contribute to MBR fouling. (Drews et al., 2006) So a comparison of 

the SMPhumic concentration between sludge supernatant and membrane permeation is 

needed to figure out the fouling effect of SMPhumic

 

 fraction in mixed liquor. 

 
Figure 2-3. Effects of SMP and its components on critical flux (10.7–12.0 °C, 
MLSS=9.7–11.9 g/L). (a) Soluble EPS; (b) Soluble carbohydrate; (c) Soluble protein; 
(d) Soluble humic substances (Fan et al., 2006) 
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2.3.2.4.2 Control of SMP in MBRs 

The removal of SMP components is determined by the back transport movement of the 

deposited particles from membrane surface to the mixed liquor. The back transport 

mechanisms in MBRs consist of inertial lift, shear stress and Brownian diffusion. There 

are two general approaches to achieve SMP control: adjustment of operation conditions 

and addition of adsorbents or coagulants to reduce SMP concentration in MBR system.  

 

The process parameters affecting SMP formation in MBRs have been summarized as 

SRT, DO, temperature and feed water composition (Meng et al., 2009). The most 

significant parameter could be considered as SRT. Many publications reveal that SMP 

decreases with increasing SRT. It was also observed that DO and nitrate concentrations 

have a positive influence on SMP elimination. So high DO concentrations will reduce the 

SMP concentration and provide the better filterability of sludge. And it has been found 

that a temperature shift leads to sludge flocs deflocculation which caused an increase in 

turbidity and SMP concentration. Aeration also affects SMP performance in submerged 

MBRs (J. P. Nywening & Zhou, 2009). Details can be found in Section 2.4.3.1.1. 

 

The SMP concentration can be reduced by adding adsorbents or coagulants into MBR 

system due to floc formation or the enhancement of flocculation ability. Powered 

activated carbon (PAC) is a simple and convenient adsorbents used in fouling control. 

The PAC affects the MBR system by forming biologically activated carbon (BAC) and 

adsorption of biopolymers in the sludge suspension. The PAC provides a solid support 

for biomass growth, and enhances the sludge floc strength.  
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The membrane fouling rate in MBRs with different coagulants has been found in the 

decreasing order of Control MBR without coagulant, Al2(SO4)3

 

 added MBR, Chitosan 

added MBR and Polymeric ferric sulfate (PFS) added MBR. Polymeric coagulants have 

been found  supplying more positive charges and longer chain molecules, so that they had 

a better effect on elimination of fouling propensity. Optimum dosage of polymeric 

coagulant is required; otherwise “colloidal re-stabilization” would occur (Meng et al., 

2009). 

2.3.3 Operating Conditions 

The operation conditions in MBRs such as aeration and cleaning affect membrane fouling 

directly. Other operating parameters which do not have direct influence on membrane 

fouling are sludge retention time (SRT), HRT, food to microorganism ratio (F/M), 

dissolved oxygen (DO), organic loading rate (OLR), etc. They impact membrane fouling 

indirectly by modifying sludge characteristics (Meng et al., 2009). 

  

2.3.3.1 Aeration 

Aeration plays a much more significant role in submerged MBRs than in pumped 

crossflow or dead-end systems. In addition, a crossflow MBR can mitigate the membrane 

fouling by raising crossflow velocity (CFV). Aeration can offer flow circulation and 

shear stress on the membrane surface without the installation of a recirculation pump. 

Aeration in MBR systems is used for three main purposes: (1) provide oxygen to biomass, 

(2) maintain the sludge particles in suspension, (3) mitigate fouling by scouring the 
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membrane surface (Le-Clech et al., 2006; Meng et al., 2009). Wicaksana et al. (2006) 

also indicate that aeration gives positive influence on MBR performance by causing fiber 

displacement and fiber looseness in full scale plant, which affects shear force at the 

membrane surface by the relative movement of the membrane and surrounding liquid. 

Although aeration has remarkable influence on the particle deposition on membrane 

surface, it only has a limited impact on pore plugging and adsorption (Bouhabila et al., 

2001). So other fouling control methods must be used with aeration as combination. 

 

Because of significant contributes of membrane aeration to the overall energy demand, 

much development of commercial MBR systems has been focused on reducing aeration 

amount while keeping the membrane permeability. A key parameter is the specific 

aeration demand (SAD), either air flow rate per membrane surface area (SADm in m3/ 

(m2 h)) or, more economically important, air flow rate per permeate volume produced 

(SADp in m3/m3). SADp is a useful unitless aeration efficiency indicator, which 

characterizes the intensity of aeration required to obtain the permeation of desired amount, 

with a general range of 5 – 50 (Judd, 2011; Le-Clech et al., 2006). Verrecht et al. (2008) 

stated that the values of SADm were between 0.21 and 0.88 m/h for a selection of plants 

operating under optimal conditions, with permeate fluxes sustained between 24 and 31 

L/m2/h. Typically, flatsheet membranes have higher SADm but lower SADp

 

 values than 

hollow fiber membrane since they are commonly operated at higher flux (Drews, 2010). 

2.3.3.1.1 Two-phase flow 

A spate of interest in the use of gas-liquid two phase flow to enhance the various 
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membrane process performances has been occurred since the 1990s. Cui et al. (2003) 

provided a state-of-the-art review of bubbling in several kinds of MBR systems. Plenty of 

parameters are related to increasing the air scour efficiency. Besides aeration rate and 

bubble size, the geometry of membrane module and tank also have significant impacts on 

the actual crossflow velocity, shear force and bubble-membrane contact (Drews, 2010). 

But for a given membrane bioreactor, aeration rate is the only parameter which can be 

adjusted to optimize the performance. 

 

In gas-liquid two-phase flow systems, the complicated mixture can produce a large 

number of dynamic structures termed flow patterns or flow regimes. Nearly 100 names 

have been used to describe the different patterns, but most of them are just alternative or 

has quite minor difference with the main flow patterns (Whalley, 1987). Figure 2-4 

illustrates the most common flow patterns in vertical tube for upward flow. The air flow 

rates are increasing from the fine bubble flow, in which the liquid remains continuous, to 

the mist flow, in which the gas phase forms the continuous media and contains the liquids 

droplets (Judd et al., 2001).  

 
Figure 2-4. Air-liquid flow regimes in a cylindrical channel (Judd et al., 2001) 
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The most adopted flow patterns in MBR systems are bubble flow and slug flow due to the 

relatively low actual air flow rates. Bubble flow is formed with fine bubbles which size is 

much less than the tube or channel size, while slug flow occurs when the bubble size is 

more than 60% of the tube diameter and shaped like bullet (Cui et al., 2003). The slug 

flow provides the most effective flux enhancement in membrane process. However, the 

tubular membrane is usually employed only for side-stream MBRs and provides the well-

defined channels. The control of hydrodynamic conditions becomes yet more 

complicated and difficult in submerged hollow fiber membrane systems (Judd, 2011). 

 

Bubble size is not only determined by diffuser ports, but also affected by the viscosity of 

mixed liquor (Wicaksana et al., 2006). Higher viscosity contributes to bubble coalescence 

and solubility, which leads to larger bubbles forming and greater resistance to mass 

transfer (Judd, 2011). Worse air distribution also occurs at higher viscosities, which 

attributes to the smaller bubbles being trapped in the tank (Jin et al., 2001). Some 

researchers observed that the smaller bubbles provide better performance of fouling 

control (Fane et al., 2005; Wicaksana et al., 2006), but the majority of the studies 

indicates that larger bubbles are more efficient for scouring the membrane surface due to 

the more turbulence and higher circulation velocities created (Prieske et al., 2008). 

 

Submerged hollow fibers in MBRs can be aligned in either horizontal or vertical 

orientation. The former provides transverse flow for the bubbles, while the latter provides 

axial flow. For single-phase liquid flow, tangible proof has shown that transverse flow 

across hollow fibers gives better mass transfer than external axial flow due to the benefits 
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of frequent surface renewal, eddy formation and improved flow distribution (Futselaar et 

al., 1993). However, in the occasion of air-liquid two-phase flow, vertical fiber 

orientation is preferred since the overall effect of turbulence caused by bubbling is larger 

than the fiber orientation on filtration (Chang et al., 2002). 

 

2.3.3.1.2 Air Scouring Intensity 

Air scouring intensity refers to the ratio of airflow rate to the area of membrane tank floor. 

High air scouring intensity in MBR systems can be achieved by either increasing the air 

flow rate or packing the modules more densely. If all the membrane modules in the 

systems are fixed, air flow rate becomes the only parameter that controls air scouring 

intensity. An optimum value of airflow rate exists for aeration in submerged MBRs, 

beyond which little improvement in fouling control could be realized (Ueda et al., 1997).  

 

Intensive air scouring improves shear induced diffusion and inertial lift, which can lessen 

the attachment of sludge on the membrane surface, but would also damage the sludge 

flocs reducing their size and releasing SMP in the MBRs. Too high aeration must lead to 

heavier membrane fouling by fine materials (Le-Clech et al., 2006; Meng et al., 2009). 

Further study (Fan and Zhou, 2007) showed that too high aeration might result in the 

preferential deposition of colloids and solutes over large micron particles in MBRs 

because the back transport of smaller particles is inversely related to the size of particles. 

Park et al. (2005) indicated that intense aeration may break the microbial flocs and 

increase not only SMP contents but also EPS contents as well. Nywening et al. (2009) 

proposed an approach using a TMP-air scouring effectiveness contour diagram to help 
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select the optimum aeration rate in terms of scouring aeration efficiency, a quantity 

defined as the volume of permeate per the unit volume of scouring air supplied (see 

Figure 2-5).  

 

 
Figure 2-5. Transmembrane pressure - scouring aeration effectiveness contour 
diagram (Nywening & Zhou, 2009) 
 

A subsequent study further observed that for cyclic or pulse scouring aeration schemes 

commonly being used in practice, the cake reversibility depended mainly on the permeate 

flux while being affected much less by air scouring intensity applied during the 

permeation (see Figure 2-6a). In contrast, the dispersal of cake during the subsequent 

relaxation increased with both relaxation duration and air scouring intensity (see Figure 

2-6b), inferring that effective fouling control might be achieved by using so-called staged 

air scouring technique, that is, applying relatively low air scouring intensity during the 

permeation followed by more vigorous air scouring during the relaxation (Nywening and 
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Zhou, 2012).  

 

 
Figure 2-6. Effects of air scouring intensity applied on cake dispersal: a) during 
permeation (permeate flux = 45.6 L/m2

 

/h, aeration sequence = 10s-on/10s-off) b) 
during relaxation (Nywening and Zhou, 2012) 

Ji and Zhou (2006) proposed a novel explanation that aeration rates in MBR systems 

directly controlled the quantity and composition of SMP, EPS and total polymers in the 

biological flocs, and ultimately the ratio of protein/carbohydrate deposited on the 

membrane surface. Higher protein/carbohydrate ratios of sludge particles contribute to 

more hydrophobicity, which are easier to attach on the hydrophobic membrane surfaces. 

With the increasing aeration, the ratio of protein/carbohydrate decreased, which lead to 

reducing membrane fouling. However, this mechanism may not apply for other studies 

due to the synthetic wastewater influent used. And it cannot explain the effects of bubble-
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induced fouling control observed with model feeds (Wicaksana et al., 2006). There must 

be some other parameters like viscosity affecting fouling phenomenon besides air flow 

rate. The air scouring intensity is still expected to have a very complex influence on MBR 

performance. 

 

2.3.3.1.3 Aeration Sequence 

Nowadays it is generally accepted by most researchers that intermittent aeration mode is 

better than continuous aeration mode for energy saving purpose (Drews, 2010; Le-Clech 

et al., 2006; Meng et al., 2009). Guibert et al. (2002) indicated that by the strategy of 

injecting air sequentially on either side of a group of hollow fiber bundles, the local air 

scouring intensity can be increased to a higher value than the continuous aeration mode. 

Better performance also can be achieved by improved depolarization because the aerated 

column of water on one side of the bundle has a lower density than the column of water 

without aeration on the other side flows across the bundle. The effectiveness of ‘air-

cycling’ strongly depends on the cycle frequency: 10-10 s was the best whereas 5-5 s was 

even worse than continuous aeration mode. 

 

 However, the effectiveness of intermittent aeration for a given MBR system is strongly 

depending on the characteristics of mixed liquor (Nywening & Zhou, 2009) and air flow 

frequency. In addition, the fraction of permeation time without aeration in their tests only 

dropped to 0.5, so it was impossible to compare the effects of intermittent aeration and 

continuous aeration. According to the results of operation at different aeration 

frequencies, the performance of continuous aeration mode was fairly outstanding. 
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Intermittent aeration only at very high frequencies (1 Hz & 0.5 Hz) could achieve better 

permeability than continuous mode, while the typical aeration frequency conducted 

commercially is as low as 0.05 Hz (Judd et al., 2006). The scale of experimental 

apparatus, membrane configuration and the length of test time also has effects on it. This 

thesis was focused on pilot scale submerged hollow fiber MBRs treating municipal 

wastewater. The previous research results may not apply.  

 

Guibert et al. (2002) found that the aeration frequency even dropped down to 60s-60s 

could still work better than continuous mode, while Jiang et al. (2005) observed that 10s 

on/60s off mode received much more fouling resistance than those with higher aeration 

frequency. That might be because Guibert et al. (2002) used synthetic influent of 

bentonite suspension at 1.5 g/L but Jiang et al. (2005) treated municipal wastewater. The 

bentonite suspension didn’t have EPS/SMP contents which have most influence on 

membrane fouling. Even its concentration was much lower than normal MLSS 

concentration of mixed liquor (8-15 g/L). The fouling cake of bentonite suspension was 

reversible and could be so easily scoured off from membrane surface that the system still 

worked without aeration for every 60s. 

 

Some studies claimed that they adopted intermittent aeration mode but actual situations 

were more complicated. Bellara et al. (1996) used a crossflow hollow fiber MBR that 

CFV could provide shear force even without any aeration. Van Kaam et al. (2008) used 

two kinds of air source: continuous fine bubbles and intermittent coarse bubbles at the 

frequency of 1 min/6 min and 1 min/12 min. Ueda et al. (1996) stirred the mixed liquor 
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with inflow for 30-50 min firstly, then supplied aeration for 30-45 min. These situations 

still could be considered as continuous aeration mode. The oscillating cassette cycling 

pattern obtained lower fouling rate than immobile modules by extra dragging shear force 

(Guibert et al., 2002). But it requires relatively strong air scouring intensity uplift the 

membrane modules. So it's still hard to determine whether this pattern is better or not for 

aeration efficiency.  

 

Most aeration sequence tests were short term experiments for tens of minutes. For 

example, Judd et al. (2006) conducted the standard flux step tests for 30 minutes filtration 

periods. The periods of cyclic sparging aeration tests were no more than 50 minutes (J. P. 

Nywening & Zhou, 2009). Filtration experiments were rarely carried out for longer than 

20 minutes (Bellara et al., 1996). Fan & Zhou (2007) even didn’t mention the time length 

of filtration periods which got the fouling rates with different aeration sequence. So it is 

still in doubt to apply these results to long term MBR operations. 

 

2.3.3.2 Permeate Flux 

Flux is the most significant factor in determining fouling rate and has attracted research 

attention since the mid-1980s (Le-Clech et al., 2006). Many of the early studies have 

been performed under constant pressure conditions, which is characterized by rapid flux 

decrease at the beginning of filtration followed by a slower decline until a relatively 

steady state flux is reached (Chang et al., 2002). The initial high instantaneous flux of 

constant pressure condition leads to rapid membrane fouling. Whilst constant flux 

operation brings more gradual but maybe less reversible fouling due to the fast formed 
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cake layer at the start of constant pressure operation (Schaller et al., 2006). Currently, the 

constant flux condition is the most choice in practical MBR applications for the sake of 

stable permeate productivity and convenient fouling monitoring represented by TMP rise 

(Le-Clech et al., 2006). Low operational flux may not ensure the effluent flow rate. But 

extremely high permeate fluxes offer severe membrane fouling and raise the cleaning 

frequency, which would waste permeation and reduce membrane life. So it is very 

important to optimize the flux rate in the MBRs operations. That is, a reasonable flux rate 

should be selected to avoid significant fouling.  

 

Critical flux concept is first introduced by Field et al. (1995). It is claimed that there is no 

fouling occurs below the critical flux condition. As gradual membrane fouling is 

unavoidable, the concept of critical flux has been modified for a lot of time during the 

past decades. Bacchin et al. (2006) indicate that the critical flux concept is mainly used in 

two ways: one is the flux at which the flux–TMP curve starts to deviate from linearity, 

another is the first permeate flux at which irreversible fouling occurs. Critical flux is 

strongly affected by the back transport which is generated by crossflow, imposed liquid 

flow and/or aeration as well as the specific solute–membrane interactions (Belfort et al., 

1994). The critical flux can be increased via modification of aeration rates in submerged 

MBR systems has been reported (Howell et al., 2004). Generally, critical flux is 

determined by short-term experiments like the step wise approach, which can not 

accurately predict the long-term fouling performance due to the complex hydrodynamic 

conditions. Thus the concept of sustainable flux has been taken into account for the sake 

of the reversibility of foulants, permeate productivity and operational costs. Sustainable 
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flux can be interpreted as the maximized operation flux with the tolerable rise in TMP 

before rapid fouling occurs (Guo et al., 2008), and it only can be measured through long-

term filtration periods. The sustainable flux is usually defined as sub-critical flux by 

default in practice (Le-Clech et al., 2006).  

 

Since the cost of membrane modules has dramatically declined (Drews, 2010), most 

MBR systems choose increasing the membrane surface area combined with low flux 

operation to guarantee the water production and to limit the rapid and severe membrane 

fouling (Le-Clech et al., 2006). Defrance et al. (2000) confirmed the absence of floc 

deposition by visual observation of the membrane with a microscope at low flux 

operation. But the composition of the foulants adsorbed on the membrane was very 

similar to the materials in the supernatant of the mixed liquor. The slight TMP rise at low 

flux thus attribute to the deposition of solutes and colloids on or within the membrane in 

the initial stages of filtration. Then more severe insidious irreversible fouling caused by 

fine particles may occur in the low flux operation (Chang et al., 2002). Hwang et al. 

(2008) investigated the relationship between permeate fluxes and the structure of 

biocakes. The profiles obtained at low flux are much less homogenous because of the 

poor substrate, nutrient and oxygen supply. The bacteria in the bottom suffer from lack of 

food and oxygen which may cause increasing biocake porosity, cell death and SMP 

release. The live/dead ratio maintains above 1 at higher flux, but for the low flux it drops 

below 1 while TMP begins to rise abruptly. The results show that TMP increase at higher 

flux seems to have the simplex cause of cake formation and pore plugging. However, 

membrane fouling at low flux is also attributed to the biological changes in the substrate 
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of biocakes besides physical effects. Thus, permeate flux doesn’t only impact the 

membrane fouling conditions through hydrodynamic but also via biological effects. 

 

2.3.3.3 Sludge Retention Time (SRT) 

SRT is one of the most important operation parameters affecting membrane fouling 

propensity in MBRs performance. SRT controls the biomass characteristics in mixed 

liquor such as MLSS, the biomass diversity, the supernatant organics, EPS, the colloids 

etc (Jinsong et al., 2006). Ahmed et al. (2007) observed that the specific cake resistance 

as well as EPS content decreased as SRT increased. This study also suggested that pore 

size might play a greater role than physical cleaning mode for this type of fouling. MLSS 

concentration can be easily raised up by longer SRT, but it would not lead to severe 

fouling absolutely (Le-Clech et al., 2006). Some studies indicate that extremely short 

SRT (2 or 3 days) could cause membrane fouling rising rapidly (Ng et al., 2006; Trussell 

et al., 2006). And some other researchers find that MBRs with high SRT have better 

filterability, settle ability and dewater ability of active sludge and low fouling potential 

(Halbouni et al., 2008; Ouyang & Liu, 2009). But infinite extended SRT is not 

necessarily related to lower fouling, so an optimization for SRT is required. 
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3 MATERIALS AND METHODS 

3.1 Experimental Apparatus Setup and Operation 

Figure 3-1 shows the schematic of ZeeWeed® 500 submerged MBR Pilot Plant installed 

at the City of Guelph Wastewater Treatment Plant. It consists of an aerobic tank and a 

membrane tank equipped with three submerged ZeeWeed®

 

 500 membrane modules. Raw 

wastewater, after passing through a rotary drum screen (Baycor, 0.75mm) to remove 

large particles and hairs, prior to was pumped into the aerobic tank. Mixed liquor in the 

aerobic tank was transported to the bottom of the membrane bioreactor by a centrifuge 

pump at five times permeate flow rate, while the overflow was returned to the aerobic 

tank by gravity. Permeate was withdrawn by vacuum at a constant flow rate from outside 

to the inside of the membrane modules with a progressive cavity pump (Serfilco, Model 

60.61C4.D1.OC). Hydraulic retention time (HRT) was controlled by permeate flux. 

Excess sludge was wasted three times a day in order to keep the aeration tank MLSS 

around 8 mg/L. Sludge retention time (SRT) varied with the volume of the wasting 

sludge, ranging from 8 to 21 days. 

Two tube aerators were installed underneath the membrane modules to supply air 

scouring for membrane fouling mitigation. Figure 3-2 shows the structure of the aerators. 

There are two different sizes of holes in the tube: four large holes are downwards, while 

the smaller holes are upwards. For each aerator, the scouring air flow rate was controlled 

by manually adjusting the valves connected to the rotameters. A programmable logic 

controller (PLC) was used to automatically control the permeate flow rate, sludge 

circulation, water levels in both membrane bioreactor and aerobic tank. Various process 
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parameters were continuously recorded at 10s intervals, including MLSS concentration, 

temperature, DO, transmembrane pressure (TMP) and actual permeate flow rate. Table 3-

1 and 3-2 summarize the main specifications of components and operating conditions for 

the pilot plant, respectively. 

 

Table 3-1. MBR pilot plant specifications 
Parameter Unit ZeeWeed® 500 
Screen opening mm 0.75 
Aerobic tank m 2.4L × 2.9W × 2.5H 
Aerobic tank operating volume m 14.1 3 
Membrane tank m 0.85L × 0.47W × 2.4H 
Membrane tank operating volume m 0.95 3 
Membrane type   ZW500D-01E-A-100-R5 
Fiber length mm 1912 
Fiber outer diameter mm 1.9 
Fiber internal diameter mm 0.8 
Nominal membrane pore size μm 0.04 
Number of membrane modules    3 
Total membrane area  m 103.2 2 
Aerator type   Tube aerators 
Number of aerators    2 
Maximum permeation TMP kPa 55.0 

 

Table 3-2. Pilot Operating Conditions 
Parameter Unit ZeeWeed® 500 
HRT hrs  3 to 6 
SRT days  8 to 21 
MLSS g/L  6.5 to 9 
F/M Ratio    0.2 to 0.25 
Permeation/Relaxation minutes  12/1 
Net Flux L/m2  21 to 42 /h 
Sludge Recirculation Rate (5Qinf L/m) 2  105 to 210 /h 
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A Raw wastewater I Membrane modules 
B Screen J Aerators 
C Delivery pump K Permeate/backwash pump 
D Air supply L Sludge wasting pump 
E Aerobic tank M Backwash tank 
F Recirculation pump N Permeate 
G Blower O Excess sludge 
H Membrane tank 

  
    Figure 3-1. Setup of the ZeeWeed®

 

 500 membrane bioreactor pilot plant 
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Figure 3-2. Photos of Tube aerators in MBR system 
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Figure 3-3. Photo of rotameters and manually control valves 
 

3.2 Experimental Plan 

3.2.1 Preliminary Tests 

3.2.1.1 Critical and Recoverable Flux Tests 

The critical fluxes were measured by a stepwise permeate flux method similar to that 

described by Ognier et al. (2002). Prior to the testing, the MBR system stopped 

permeation and kept the air scouring on for 10 minutes with an air scouring intensity of 

30.6 m3/h in order to clean the membrane modules. The measurements were conducted 

by stepwise increasing the permeate flux for a fixed duration (12 min) and 1 minute 

relaxation between every two steps. The transmembrane pressure (TMP) at first minute 



 

36 

after permeation started (TMP1) and the end of each step (TMP2) were recorded and 

plotted as a function of flux (see Figure 3-4). The critical flux value (Jc) was obtained 

where that TMPs deviated from the cleaning water curve, which was a straight line pass 

through the origin. The recoverable flux (Jr), which meant the maximum operational flux 

with tolerable and recoverable fouling, was defined as the point where TMP1 and TMP2 

curves were separated from each other. Above the recoverable flux valve, TMP2 

increased dramatically against permeate flux. 

 

 
Figure 3-4. Critical and recoverable flux determination 

 

3.2.1.2 Threshold Intensity of Aeration Tests 

The threshold intensity of aeration (TI) was determined by the method as suggested by 

Han et al. (2005) and illustrated in Figure 3-5. The MBR system was operated with a 

permeate flux between critical flux and recoverable flux at different scouring air scouring 

intensities without relaxation. Variation of TMP was monitored and recorded. Although 

the air scouring effect increased with air scouring intensity, when the air scouring 
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intensity exceeded the threshold value the scouring effect became very hard to be 

improved. From these series of tests (see Figure 3-5), a proper value can be selected as TI. 

 

 
Figure 3-5. Threshold intensity of aeration definition 
 

3.2.2 Staged Scouring Aeration Procedures 

A series of staged scouring aeration tests were conducted using the submerged MBR pilot 

operated at steady-state MLSS concentration. The experiments were conducted by 

varying one process parameter at a time while keeping others constant in order to 

examine the effects of different scouring aeration conditions on membrane fouling. Prior 

to each test, the membrane modules were relaxed without permeation for 10 min while 

keeping continuous air scouring (30.6 m3/h) to remove the reversible foulants from 

membrane surface. The permeation was then restarted at the preset permeate flux, 
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scouring aeration intensity and aeration sequence for 12 min, followed by the relaxation 

for one min. The pilot cycled the 12 min permeation and one min relaxation for about 

eight h or until the transmembrane pressure reached the allowable maximum, typically no 

less than 55.0 kPa. To remove the reversible fouling materials, maintenance cleaning was 

executed by bachwashing the membrane modules with hypochlorous acid (500 mg/L) for 

50 min once a week or after each set of the tests were completed for keeping the sludge 

characteristics stable. The detailed experimental arrangements for each series were 

summarized in Table A1-1 in Appendix A. 

 

3.2.2.1 Scouring Air scouring intensity Procedures 

The staged aerated tests were divided into three stages. The first stage was aimed to 

examine the effect of scouring air scouring intensity applied during the permeation on 

membrane fouling. Different air scouring intensities were while maintaining same 

scouring aeration conditions during the relaxation. The operational permeate flux was 

selected from 20.0 to 45.0 L/m2

 

/h based to ensure it fall within the range from the critical 

flux and the recoverable flux measurements. Each set of tests was completed within a 

week to minimize the effect of the variation in sludge characteristics. Each condition was 

repeated at least once to minimize the interference of experimental errors. The test 

procedure is summarized in Table 3-3. 
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Table 3-3. Scouring air scouring intensity test procedure 

No. 

Permeation  Relaxation  

Flux    
J(L/m2

Aeration  

/h) 
Flux    

J(L/m2

Aeration  

/h) 
sequence Intensity sequence Intensity 
s-on/s-off % of TI s-on/s-off % of TI 

A1 

20.0 - 45.0  10/10 

100 

0  10/10 

100 
A2 75 100 
A3 50 100 
A4 25 100 
B1 

20.0 - 45.0  10/30 

100 

0  10/10 

100 
B2 75 100 
B3 50 100 
B4 25 100 

 

3.2.2.2 Scouring Aeration Duration Tests 

The second stage of tests was conducted by varying the scouring aeration duration 

applied during permeation. Table 3-4 described the test procedure. Test C1 & C2 used the 

highest air scouring intensity as a reference to evaluate the potential of reduced air supply 

while achieving effective membrane fouling control. 

 

Table 3-4. Scouring aeration duration test procedure 

No. 

Permeation  Relaxation  

Flux    
J(L/m2

Aeration  

/h) 
Flux    

J(L/m2

Aeration  

/h) 
sequence Intensity sequence Intensity 
s-on/s-off % of TI s-on/s-off % of TI 

C1 

20.0 - 45.0 

 10/10 100 

0 

 10/10 100 
C2 Continuous 50 Continuous 50 
C3  10/30 100  10/10 100 
C4  10/10 50  10/10 100 
C5 Continuous 25 Continuous 50 
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3.2.2.3 Scouring Aeration for Relaxation Tests 

Finally, the third stage of tests was to examine the effect of scouring aeration used during 

the relaxation on membrane fouling. The scouring aeration conditions during the 

relaxation were not kept the same any more. They changed with the aeration conditions 

during the permeation simultaneously. Test D1 & D2 with the highest air scouring 

intensity were used as references. (See Table 3-5). 

 

Table 3-5. Scouring aeration for relaxation test procedure 

No. 

Permeation  Relaxation  

Flux    
J(L/m2

Aeration  

/h) 
Flux    

J(L/m2

Aeration  

/h) 
sequence Intensity sequence Intensity 
s-on/s-off % of TI s-on/s-off % of TI 

D1 

20.0 - 45.0 

 10/10 100 

0 

 10/10 100 
D2 Continuous 50 Continuous 50 
D3  10/10 75  10/10 75 
D4  10/10 50  10/10 50 
D5  10/10 25  10/10 25 
D6  10/30 100  10/30 100 

 

3.3 Wastewater and Mixed Liquor Sampling 

Daily wastewater samples were taken from the raw wastewater after screening, the 

permeate and the mixed liquor in the aerobic and membrane tanks. Time to filter (TTF) 

and diluted solid volume index (DSVI) were measured on site immediately after the 

samples were taken. The filtrate samples were collected on-site to minimize 

biodegradation. All the samples including raw water, permeate, filtrate and mixed liquors 

were stored in a cooler inside with an ice pack and transported back to the Environmental 

Engineering Laboratory in the University of Guelph for further analysis. 
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3.4 Analytical Methods 

Mixed liquor suspended solids (MLSS), mixed liquor volatile suspended solids (MLVSS), 

total suspended solids (TSS), total solids (TS), chemical oxygen demand (COD), 

dissolved oxygen (DO), pH and TTF were measured for the wastewater and mixed liquor 

samples according to Standard Methods (APHA, 1996). DSVI was measured after 

diluting the MLSS samples from the membrane tanks four times with permeates. Total 

organic carbon (TOC) and total nitrogen (TN) were analyzed using a TOC analyzer 

(TOC-VCSH

 

, Shimadzu, Japan). The difference between the filtrate passed through a 1.5 

μm glass fiber filter (934-AH, Whatman, USA) and the permeate directly collected from 

the membrane modules (nominal pore size 0.04 μm) was referred to as the colloidal TOC 

(cTOC) to indicate the concentration of colloidal particles (Fan et al., 2006). Particle size 

distribution was measured using a Malvern Mastersizer 2000 (Malvern Instruments, UK). 

Soluble microbial products (SMP) were extracted by centrifuging the mixed liquor 

samples at 3700rpm, 4°C for 30 min, and then collected the supernatant to pass through 

0.7μm glass fibre filter and discard the sludge pellets. The concentration of SMP was 

calculated by summing the contents of carbohydrate, protein and humic substances. 

Carbohydrate was determined by the anthrone method based on Gaudy (1962) and 

modified by Raunchier et al. (1994). Protein and humic substance were measured by the 

corrected Lowry method (Frølund et al., 1996), which originated from Lowry (1951). The 

coefficients in corrected Lowry formulas were checked and amended. Detailed SMP 

analytical procedure and results can be found in Appendix A. Table 3-6 to 3-8 

summarized the main characteristics of the screened raw wastewater, mixed liquor filtrate 
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and permeate, mixed liquor in aerobic and membrane tanks, respectively. The 

concentration of MLSS in membrane tank is 17.7±1% more than that of the aeration tank 

and less than 15g/L, which is within the typical range of 8-12 g/L (Judd, 2011). The COD 

value of raw wastewater is around 400 mg/L, which is in the general range of municipal 

wastewater. The COD removal efficiency is 94.8% and the COD value for effluent is 

around 20 mg/L which meets the environmental restriction requirements quite well. 

 

Table 3-6. Main characteristics of raw wastewater 

Parameter Units 
Raw Wastewater After Screen 

Mean ± S.E. No. of Samples * 
COD(Total) mg/L 413.2 ± 18.5 78 
COD(Soluble) mg/L 118.6 ± 5.9 79 
TOC(Soluble) mg/L 37.9 ± 1.8 34 
TOC(Supernatant) mg/L 56.6 ± 2.4 34 
TN(Soluble) mg/L 34.7 ± 1.2 34 
TN(Supernatant) mg/L 37.0 ± 1.2 34 
 pH   7.98 ± 0.03 76 
TSS mg/L 323.5 ± 23.3 33 
TS g/L 0.8 ± 0.1 29 

* S.E.: standard error. 

 

Table 3-7. Main characteristics of mixed liquor filtrate and permeate 

Parameter Units 

Mixed Liquor Filtrate 
after 1.5μm Filter 

Permeate of Membrane 
Tank 

Mean ± S.E. 
No. of 

Samples 
Mean ± S.E. 

No. of 
Samples 

COD mg/L 58.0 ± 8.8 31 21.3 ± 2.0 31 
TOC mg/L 10.7 ± 0.5 32 7.1 ± 0.2 32 
TN mg/L - - 29.2 ± 0.9 32 
 pH 

 
- - 7.61 ± 0.04 32 

Turbidity 
 

4.7 ± 0.5 31 0.30 ± 0.03 29 
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Table 3-8. Main characteristics of mixed liquor in aerobic and membrane tanks 

Parameter Units 
Aerobic Tank Membrane Tank 

Mean ± S.E. 
No. of 

Samples 
Mean ± S.E. 

No. of 
Samples 

MLSS g/L 7.9 ± 0.1 65 9.3 ± 0.1 59 
MLVSS g/L 5.8 ± 0.1 65 6.8 ± 0.1 59 
DO mg/L 4.7 ± 0.3 72 - - 
SMP           
    Protein mg/L 5.3 ± 0.7 15 - - 
    HA mg/L 53.9 ± 2.2 15 - - 
    Carbohydrate mg/L 77.4 ± 3.8 19 - - 

 

3.5 Data Analysis 

3.5.1 Fouling Resistance Calculation 

The total filtration resistance (Rt

 

) was calculated from the recorded permeate flux (J), 

transmembrane pressure (TMP), temperature and fluid viscosity at 20°C (Belfort et al., 

1994): 

20 C

R t
TMP

J µ °

=
⋅

 (3.1) 

Since the permeate flux was affected by temperature, the measured permeate flux was 

corrected to 20°C according to: 

 ( ) ( )
( )20 T

20 C T CJ J 1.025 −
° °= ×  (3.2) 

 

3.5.2 Fouling Rate Calculation 

The total fouling rate (Ft) was calculated dividing the change in the total resistance (Rt) 

with time (van der Marel et al., 2009) and presented in Figure 3-6.  
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2 1F t t t

t
dR R R
dt t

−
= =

∆  (3.3) 

For each permeation cycle, Δt (11 min) was deducted the first minute to allow initial 

ramp-up of equipment from the total length. The calculated Rt values were then plotted 

against time. A straight line was obtained by using simple linear regression. The slope 

was the fouling rate of the permeation cycle, while the intercept on Y axis was the Rt

 

 

after the relaxation for the permeation cycle. 

 
Figure 3-6. Schematic representation of fouling rate determination 
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4 RESULTS AND DISCUSSION 

Several preliminary tests were performed on the ZeeWeed® 500 submerged MBR pilot 

plant to select the standard working permeate flux and threshold intensity of aeration (TI). 

SRT verified from 8 to 21 days in order to maintain the MLSS concentration in aeration 

tank around 8 mg/L. HRT was in the range of 3-6 hours which determined by permeate 

flux and the water level in the aerobic tank. Critical and recoverable flux testing and SMP 

analysis were conducted once a week and results data were summarized in Appendix. 

The threshold intensity of aeration was measured only once during the whole test period 

and result is presented in Figure 4-1. From the figure it can be seen that 30.6 m3/h had the 

best performance among all aeration conditions. 30.6 m3/h improved a lot than the second 

high rate, which is 25.5 m3/h. The aeration system cannot work in a stable condition 

when air flow rate is higher than 30.6 m3/h, and the design air flow rate for the air differs 

used in the Pilot B is 30.6 m3/h. Due to all the reasons above, 30.6 m3/h was chosen as TI 

and baseline aeration condition, which was shown in Table 4-1 (abbreviated as: 10/10; 

30.6 m3

 

/h). Details of all pilot scale experimental arrangements are presented in 

Appendix 3. 

Table 4-1. Baseline aeration condition 
Permeation (12 min) Relaxation (1 min) 

Aeration 
sequence 

Q (m3

Aeration 
sequence 

/h) Q (m3/h) 

Aerator 1 Aerator 2 Aerator 1 Aerator 2 

10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 
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Figure 4-1. Determination of threshold intensity of aeration 
 

The Rt values could only be compared within each bench of test to observe the fouling 

tendency. Because the MBR system was kept operating even after testing period in order 

to maintain the sludge characteristics stable, there must be some irreversible fouling 

occurred in the membrane modules. And the membrane chemical cleaning processes 

were conducted between the test series or even less, the foulants gradually accumulated 

on/in the membrane resulted in higher Rt values for the later tests in the series. The order 

of tests at different air flow rate in each series was randomly selected, so there was not a 

relationship existing between the Rt values and air flow rate. However, the fouling rates 

were still comparable by taking the mixed liquor characteristics and operation parameters 

into account. 
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4.1 Scouring Air scouring intensity Tests 

4.1.1 Effects of Scouring Air scouring intensity during Permeation 

Figure 4-2 and 4-3 show the total filtration resistance after relaxation and the fouling 

rates for four air flow rate tests in Test I & II. The pilot plant was operated at constant 

permeate flux of 23.3 L/m2/h in Test I and relatively high rate of 38.8 L/m2/h in Test II. 

Air flow rates during permeation were varied at 8.5 or 10.2 m3/h, 15.3 m3/h, 22.9 m3/h 

and 30.6 m3/h with a sequence of 10s-on/10s-off, while the aeration conditions of 

relaxation periods were kept the same as the baseline condition in Table 4-1. Within 8 h 

short term experimental period, both Rt and Ft

 

 did not increase over the time at each of 

the air flow rates applied during the permeation, as long as the vigorous and frequent air 

scouring are provided during relaxation period.. The result of this test reveals that 

effective reversible fouling control can be achieved by only reducing the air flow rates 

during the permeation period, which implies that a significant portion of energy can be 

saved, considering the fact that the permeation is much longer than relaxation for most of 

MBR operations. 

Nywening (2007) also observed that the variation of air scouring intensity in the range of 

40-61.2 m3/h during the permeation had little effect on the cake dispersal, as the 

continuous vigorous air flow rate of 61.2 m3/h was applied during the relaxation. This 

may be explained as the strong air scouring intensity during relaxation is sufficient to 

effectively shear down the cake from the membrane surface. And the air scouring 

intensities vary during permeation may cause the change of cake composition for 

different sizes of particles but is unrelated to the fouling control performance. Van Kaam 
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(2008) reported the similar results that steady membrane fouling control could be 

achieved by continuous fine bubbles at low air flow rate (50 L/h) coupled with 

intermittent coarse bubbles at instantaneous higher air flow rate for 1 min every 6 min 

(200 L/h) or 12 min (372 L/min). The settlement index of mixed liquor paralleled with 

the aeration tests was investigated: better settlement index was coupled with more 

intermittent aeration. This result indicates that mixed liquor flocculation is less destroyed 

by less frequent but more vigorous aeration, which provides more effective fouling 

mitigation. 

 

Although the Rt at air flow rates of 22.9 m3/h and 15.3 m3/h increased slightly during the 

first three hours, they became stable subsequently. The Ft values were nearly the same 

and constant while the Ft at air flow rates of 8.5 m3/h was a little bit higher than the other 

three. There was an obvious lift for all the Rt in Figure 4-3a in the first hour. They tended 

to be steady afterwards except the Rt at air flow rates of 10.2 m3/h, even though the 

growth was so small that could be negligible. The Ft at air flow rates of 10.2 m3/h in 

Figure 4-3b was much higher than the other three and fluctuated in a range of 0.1 m-1·s-

1×109

 

. It reveals that the lower operation flux requires less membrane aeration, thus 

confirms the findings of other researchers (Verrecht et al., 2008). 

The flux in Test II was 38.8 L/m2/h, which was much higher than normal working flux 

within the range of 20-30 L/m2/h (23.3 L/m2/h in Test I). It was still a recoverable flux 

according to the result of short term critical flux test due to the relatively high 

temperature in the Test II period. Guglielmi et al. (2007) also observed the seasonal 
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fluctuations of critical flux which had the lower values during the cold seasons and higher 

values during warm seasons, respectively. Since the flux data all have been normalized at 

20 °C, the positive effect of high temperature on fouling control is much more 

complicated than the simple direct impact on permeate viscosity. More detailed 

discussion about the influence of temperature on MBR permeability and sustainability 

can be found in Section 4.3 
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Figure 4-2. Effects of four air flow rates during the permeation with a sequence of 
10s-on/10s-off, J = 23.3 L/m2

  

/h: a) total resistance after relaxation and b) fouling 
rate (Test I) 
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Figure 4-3. Effects of four air flow rates during the permeation with a sequence of 
10s-on/10s-off, J = 38.8 L/m2

  

/h: a) total resistance after relaxation and b) fouling 
rate (Test II) 
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4.1.2 Effects of Air Flow Rate at Low Sequence during Permeation 

Low cyclic aeration sequence can be practical without compromising the membrane 

fouling control under certain conditions (Nywening & Zhou, 2009). Thus, the effects of 

different air flow rates associated with low aeration sequence were examined. Figure 4-4 

and 4-5 show the scouring effects for the aeration sequence of 10s-on/30s-off during 

permeation in Test III-3 & V. Aeration conditions during the period of relaxation were 

still kept the same as the baseline condition (see Table 4-1). The operational flux of 27.2 

L/m2/h in Test III-3 was sub-critical under the aeration conditions of 30.6 m3/h 10s-

on/10s-off two days before the test, but it became super-critical during the test period. 

The highest air flow rate (30.6 m3/h) associated with the sequence of 10s-on/30s-off was 

tested in Test III-3 and did not provide the stable operation. The values of Rt and Ft

 

 kept 

increasing in Figure 4-4. Thus, it was not necessary for more tests at lower air flow rates. 

However, Guibert (2002) found that 60s on/60s off mode was still stable and even had 

better fouling control performance than some other modes with more frequent aeration 

sequence. The contradict results might be due to the bentonite suspension at 1.5 g/L used 

in Guibert’s tests rather than real mixed liquor. Much lower MLSS concentration than the 

typical range (8-12 g/L) and no SMP/EPS influence created much better dispersion 

ability of bentonite suspension than real mixed liquor. Other researchers who adopted 

municipal wastewater as influent indicated the larger fouling resistance with lower 

aeration frequency as well (Jiang et al., 2005; Nywening & Zhou, 2009).  
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Figure 4-4. Effects of 30.6 m3/h with low aeration sequence (10s-on/30s-off, J = 
27.2 L/m2

 
/h) during the permeation (Test III-3) 

On the contrary, Figure 4-5 shows the excellent fouling control performance of MBR 

system under the low aeration sequence (10s-on/30s-off) with four different air flow rates 

(10.2 m3/h, 15.3 m3/h, 22.9 m3/h and 30.6 m3/h) in Test V. The constant permeate flux of 

21.4 L/m2/h was selected, and the baseline condition (10/10; 30.6 m3

 

/h) was operated as 

reference. Obviously, less frequent aeration sequence with even lower air scouring 

intensities during permeation only had a minor negative impact on the fouling control. 

This confirmed the findings of Nywening (2007) that the cyclic scouring aeration with 

low sequence during the permeation can be practiced with sufficient fouling control as 

long as the frequent vigorous aeration applied during the relaxation. But he also indicated 

that the effects of low aeration sequence on fouling performance are specific to the 

characteristics of the mixed liquor (Nywening & Zhou, 2009). 
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Jiang (2005) also reported that MBR behavior was stable at the aeration frequency of 10s 

on/10s off and 10s on/30s off but not steady at an even lower aeration cyclic frequency of 

10s on/60s off. These conflict results of Test III-3 and Test V might be due to two main 

reasons: the relatively higher permeate flux in Test III-3, and the different filterability of 

mixed liquor for these tests. This suggests that the performance of MBR under low 

aeration sequence is very sensitive to mixed liquor characteristics. The sustainability of 

the low aeration sequence mode is very fragile even though more energy for aeration can 

be saved. A relatively low sub-critical permeate flux should be chosen as the operational 

permeate flux rather than a value closed to the critical flux for safety reason. 
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Figure 4-5. Effects of four air flow rates during the permeation with a sequence of 
10s-on/30s-off, J = 21.4 L/m2

 

/h: a) total resistance after relaxation and b) fouling 
rate (Test V) 
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MLVSS and the value of TTF, DSVI did not account for the permeability differences.  

 

The colloidal TOC seems to be the key parameter which affects sludge permeability most 

rather than SMP concentrations since Test II & V had the lowest cTOC concentration but 

the highest Jc and Js value. This result matches Fan (2006)’s finding. The total SMP 
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concentrations were not representative for permeability, which might due to the 

carbohydrate part. The sums of protein part and humic substances part in Test II & V 

were still the lowest. However, Avella (2010) indicated that using the corrected Lowry 

Method for protein quantification might differentiate proteins from interfering humic 

substances. So using the SMP concentration of protein part and humic substances part to 

represent sludge permeability is still disputable.  

 

Temperature is another main parameter related to sludge filterability. High temperature 

reduces the viscosity of mixed liquor. According to Darcy’s Law, the flux (J) is inversely 

proportional to the viscosity of permeate. Decreasing viscosity would also enhance the 

shear force to reduce the fouling resistance on the membrane surface (Belfort et al., 

1994).The results in Table 4-2 approximately consistent with the above discipline, except 

Test II and III-3 which have the similar temperature. 

 

Table 4-2. Summary of main mixed liquor characteristics 

Test 
MLSS (g/L) MLVSS 

(g/L) cTOC TTF DSVI Jc** Js** T 

AT* MT* AT MT mg/L s ml/L L/m2 L/m/h 2
°C /h 

I 7.78 9.61 5.68 7.10 8.67 42 360 18 30 13.7 
II 8.52 10.12 6.43 7.64 2.57 63 363 27 40 15.6 

III-3 7.15 10.20 5.28 8.00 4.07 52 300 27 35 15.9 
V 7.49 8.79 5.20 6.26 0.35 34 188 27 40 19.1 

*AT: aeration tank; MT: membrane tank. 
**Details of determined conditions are in Appendix 2. 
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Table 4-3. SMP concentration 

Test 
SMP 

Protein Humic Carbs Total 
mg/L mg/L mg/L mg/L 

I 4.77 64.48 74.51 143.76 
II 2.45 58.81 67.06 128.32 

III-3 6.88 60.07 65.45 132.39 
V 5.63 52.77 106.39 164.80 

 

4.2 Effects of Scouring Aeration Duration 

The net air flow rate of the whole MBR system (Qnet) can be saved by both reducing the 

air scouring intensity of each single aerator (Qg) and the fraction of permeation time with 

scouring aeration (tg) (e.g. at an aeration sequence of 10s-on/30s-off, tg = 10/(10+30) = 

0.25). Since there are two air diffusers in the membrane tank, the total Qnet is equal to the 

sum of each air diffuser’s Qnet. The Qnet, Qg and tg of each diffuser are always identical, 

so the total Qnet

 

 can be expressed as following: 

net net1 net 2 g gQ  Q  Q  Q t 2= + = ×  (4.1) 

In order to verify the scouring effects of the same Qnet but different Qg and tg during 

permeation periods, four series (IV, VI, VII & IX) of tests were conducted on Pilot B. 

The air flow rates of continuous mode are described as “Cont.; Qg” (e.g. at Qg for aerator 

1 and aerator 2 of 10.2 m3/h and tg of 1, the air flow rate is “Cont.; 10.2 m3/h”). Aeration 

conditions during the relaxation were set as the baseline condition or “Cont.; 15.3 m3

 

/h” 

for continuous mode, which has the same total net air flow rate as the baseline aeration 

condition (see Table 4-4). 
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Table 4-4. Baseline aeration condition for continuous mode 
Permeation (12 min) Relaxation (1 min) 

Aeration 
sequence 

Q (m3

Aeration 
sequence 

/h) Q (m3/h) 

Aerator 1 Aerator 2 Aerator 1 Aerator 2 

Continuous 15.3 15.3 Continuous 15.3 15.3 
 

4.2.1 Super-critical Operation 

At the permeate flux above the critical flux, the influence of four Qnet during the 

permeation with two aeration sequences (10s-on/10s-off cyclic mode and continuous 

mode) in Test IV is shown in Figure 4-6. The pilot plant was operated at the constant 

permeate flux of 31.1 L/m2/h which was super-critical. Aeration conditions during the 

relaxation were set as the baseline conditions. The tests with the same Qnet were 

conducted within 24 h for the purpose of controlling the sludge characteristics constant. 

The Rt values increased as the order of the tests with different aeration settings except 

“10/10; 30.6 m3/h” and “Cont.; 15.3 m3/h” (see Figure 4-6a). These two tests were 

conducted in the end of Test IV, but their Rt 

 

values were not the highest. This might be 

because the air scouring intensity of these two sets was strong enough to scour off partial 

foulants accumulated on the membrane modules previously. 

For both cyclic and continuous mode, Ft decreased with the increasing of Qnet (see Figure 

4-6b). The fouling rate of cyclic mode was higher than the one in continuous mode with 

the same Qnet. And the difference of Ft between cyclic mode and continuous mode with 

the same Qnet declined with the increasing of Qnet. The curves of “10/10; 30.6 m3/h” and 

“Cont.; 15.3 m3/h” two sets almost coincide with each other, while Ft at “10/10; 10.2 
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m3/h” is much higher than Ft at “Cont.; 5.1 m3/h”. That means the advantage of 

continuous mode over cyclic mode is more remarkable at low air flow rate under the 

supercritical condition. This implies that lowering the aeration intensity (Qg) during the 

permeation is more effective than shortening the aeration duration (tg) to reduce the 

energy consumption without compromising fouling control. This might be explained by 

that at low air flow rate, shear force is not sufficient enough to scour off all the reversible 

foulants stick on the membrane surface during the permeation. Thus, uninterrupted 

aeration provides better prevention of particle accumulation on the membrane modules 

than the cyclic aeration even though the instant air flow rate is relatively higher. Since the 

same Qnet

 

 values were applied, the energy consumptions are equal for both cyclic and 

continuous modes. However, continuous aeration mode can save the cost of installation 

and robust operation for the actuators and valves. According to this set of results, cyclic 

mode doesn’t show any advantage over continuous mode. 

The opposite result was reported by Fan and Zhou (2007) that the fouling rates at air flow 

rates of 2 L/min and 4 L/min in cyclic mode (10s-on/10s-off) were obviously lower than 

those at air flow rates of 1 L/min and 2 L/min in continuous mode which have the same 

net air flow rate. The difference might be due to the following reasons: 

(1) The air flow rate was too low to control membrane fouling. As well, the permeability 

of sludge was not good enough. The air scouring intensity needs to be increased during 

the periods of the relaxation. 

 (2) Even the fouling rate for continuous mode was higher; the fouling resistance still 

could be reversible after the relaxation. 
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 (3) Different observation from mine was obtained. More tests are required to verify 

which mode is better.  

 

  

 

Figure 4-6. Effects of four Qnet during the permeation at two aeration sequences 
(10s-on/10s-off & continuous mode, J = 31.1 L/m2/h): a) total resistance after 
relaxation and b) fouling rate (Test IV) 
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4.2.2 Sub-critical Operation 

Figure 4-7, 4-8 and 4-9 compare the fouling behaviors of three aeration sequences (10s-

on/10s-off, 10s-on/30s-off cyclic mode and continuous mode) at one Qnet with two 

baseline aeration conditions in Test VI, VII & IX. Three series of tests were duplicated 

by different orders of aeration conditions and at three different constant permeate fluxes 

(34 L/m2/h, 24.3 L/m2/h & 29.1 L/m2/h) which were all sub-critical. Aeration during the 

relaxation was raised increased to be same as that of the baseline conditions. Similar 

results were obtained for these tests. Although the Qnet of three tested conditions declined 

to only 50% of the Qnet of the baseline aeration conditions, all the fouling control 

performances were almost the same, except “10/30; 30.6 m3/h” had slightly higher 

fouling rates. The absolute values of Ft for “10/30; 30.6 m3/h” maintained around 0.1 m-

1·s-1×109

 

, which still provide excellent fouling control. 

Nywening (2007) figured out that when strong air scouring was applied during the 

relaxation, the fouling control performance was not related to the air scouring intensity or 

the aeration sequence as long as there was aeration supplying during the permeation. 

Previous tests also proved that energy can be saved by applying aeration at low air flow 

rate and/or in low aeration sequence during permeation. That means Qnet can be reduced 

via decreasing Qg and/or tg. The results of Test VI, VII & IX showed that there was only 

little difference between “10/10; 15.3 m3/h” and “Cont.; 7.7 m3/h” two conditions, but the 

Ft of “10/30; 30.6 m3/h” was always obviously higher than other conditions. It confirms 

that tg plays a more dominant role than Qg does in optimization of aeration conditions 

when Qnet is equal. So the priority of decreasing the air scouring intensity during the 
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permeation over dropping aeration sequence is recommended in minimizing aeration 

energy consumption. Since the difference between “10/10; 15.3 m3/h” and “Cont.; 7.7 

m3

 

/h” were not evident, more tests are required to verify the advantage of continuous 

mode over cyclic mode. 

 

 

Figure 4-7. Effects of three aeration sequences (10s-on/10s-off, 10s-on/30s-off & 
continuous mode, J = 34 L/m2/h) during the permeation with same Qnet: a) total 
resistance after relaxation and b) fouling rate (Test VI)  
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Figure 4-8. Effects of three aeration sequences (10s-on/10s-off, 10s-on/30s-off & 
continuous mode, J = 24.3 L/m2/h) during the permeation with same Qnet

  

: a) total 
resistance after relaxation and b) fouling rate (Test VII) 
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Figure 4-9. Effects of three aeration sequences (10s-on/10s-off, 10s-on/30s-off & 
continuous mode, J = 29.1 L/m2/h) during the permeation with same Qnet

 

: a) total 
resistance after relaxation and b) fouling rate (Test IX) 
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4.2.3 Effects of Mixed Liquor Characteristics on Fouling Rate 

The weekly average values of main mixed liquor characteristics for Section 4.2 are listed 

in Table 4-5. Daily data can be found in Appendix 2. SMP data are listed in Table 4-6. 

Even the concentration of cTOC for Test VI was the lowest in this set of data; the 

permeability of Test VI was not as good as Test IX. Temperature became the controlling 

parameter which impacts on sludge filterability most rather than cTOC for this set of tests. 

 

Table 4-5. Summary of main mixed liquor characteristics 

Test 
MLSS (g/L) MLVSS 

(g/L) cTOC TTF DSVI Jc Js T 

AT MT AT MT mg/L s ml/L L/m2 L/m/h 2 °C /h 

IV 6.84 8.35 5.08 6.28 4.81 59 310 20 30 15.4 
VI 7.98 9.14 5.74 6.58 1.88 35 200 25 35 18.6 
VII 7.67 8.80 5.60 6.40 2.52 25 205 - - 19.6 
IX 9.33 10.67 6.62 7.40 2.70 30 220 25 40 22.9 

 

Table 4-6. SMP concentration 

Test 
SMP 

Protein Humic Carbs Total 
mg/L mg/L mg/L mg/L 

IV 9.62 48.33 54.97 112.92 
VI 1.43 53.21 61.76 116.40 
VII 4.59 37.28 56.42 98.30 
IX - - 51.09 - 

 

4.3 Effects of Scouring Aeration for Relaxation 

Intermittent vigorous and frequent aeration only for relaxation periods requires 

installation and robust operation of the actuators and valves. More complicated 



 

66 

controlling system and more training for the operators are needed as well. If the aeration 

conditions of relaxation periods can be kept the same as permeation periods, more capital 

and operational cost can be saved. Figure 4-10 shows the scouring effects for two 

aeration sequence (10s-on/10s-off and 10s-on/30s-off) at the air flow rate of 30.6 m3/h 

during both permeation and relaxation periods while maintaining a constant permeate 

flux of 29.1 L/m2

 

/h in Test III. It is clear that the performance of MBR system was not 

stable without vigorous and frequent aeration during the relaxation period. The low 

aeration sequence was not sufficient enough to scour the foulants off from the membrane 

surface. There is no need to do more tests for lower air flow rates at 10s-on/30s-off 

sequence during both permeation and relaxation periods.  

Figure 4-10. Effects of 30.6 m3/h with two aeration sequences during the 
permeation and the relaxation, J = 29.1 L/m2

 
/h (Test III-1&2) 
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relaxation with a constant permeate flux of 24.3 L/m2

(1) The viscosity of mixed liquor was higher at lower temperature (Lin & Shien, 2001). 

The hydrodynamic conditions close to the membrane surfaces would be weaken by the 

increasing sludge viscosity, like rapid decreasing in the shear stress generated by aeration 

(Meng et al., 2007). The raised sludge viscosity would modify the bubble size and 

significantly dampen the fibre movement in the membrane tanks (Wicaksana, 2006). 

/h in Test VIII. As shown, the 

performances of MBR have little relationship with air flow rate during both permeation 

and relax period. Test VIII was conducted in June, and the average temperature was as 

high as 20 °C. However, Test III was operated in May, which average temperature was 

around 15 °C. Temperature has the greatest impact on the sustainability of MBR system 

in this situation. Similar results were presented by Jiang et al. (2005). Two sets of tests 

carried out at the temperature of 17-18 °C and 13-14 °C, respectively. The fouling 

resistance increased significantly when the operational temperature was artificially lower 

down even after the flux and the permeate viscosity had been normalized to eliminate the 

effect of temperature. Thus, the poorer permeability at low temperature cannot be simply 

explained by Darcy’s law, and there must be some other factors contribute as following: 

(2) The characteristics of mixed liquor were changed at low temperature. The 

defloculation of active sludge was intensified as the temperature decreased, which caused 

the release of EPS and SMP that increased the effluent turbidity and membrane fouling 

resistance (Wilén, 2000).  

(3) The particle back transport velocity, calculated by the Brownian diffusion coefficient 

which is linear to the absolute temperature, was reduced at low temperature. 

 (4) The biodegradation of COD declined at the decreased temperature and probably led 
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to a higher concentration of solute and particle COD in the MBR systems. This 

phenomenon was confirmed by Fawehinmi et al. (2004) that higher SMP concentration 

levels observed in an anaerobic MBR at the operational temperature of 20 °C than at 

30 °C. 

 

 The working flux of 24.3 L/m2/h for Series VIII was much lower than the critical flux 

which was 41.9 L/m2/h. The lower permeate flux is selected because of the longer 

duration of sub-critical operation (Guglielmi et al., 2007).They suggested a linear 

relationship between different sub-critical flux values and the length of stable operation. 

This could be another reason for the better sustainability of Test VIII than Test III. The 

Rt values at 10.2 m3/h were higher than other three air flow rates, and the Ft values at 

15.3 m3/h were lower than other three. That might be due to the test order in one series: 

10.2 m3/h was the last while 15.3 m3

 

/h was the first test within the week. More tests are 

required to confirm the steadiness of fouling control for long-term period and winter time. 
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Figure 4-11. Effects of four air flow rates during the permeation and the relaxation 
at aeration sequence of 10s-on/10s-off, J = 24.3 L/m2

 

/h: a) total resistance after 
relaxation and b) fouling rate (Test VIII) 
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4.3.1 Influence of Mixed Liquor Quality 

The weekly average values of main mixed liquor characteristics for Section 4.3 are listed 

in Table 4-7. Detailed daily data can be found in Appendix 2. The results of SMP 

concentrations are listed in Table 4-8. The sludge in Test III has better permeability than 

in Test VIII. The concentration of cTOC and temperature appear to be the best index of 

sludge filterability. 

 

Table 4-7. Summary of main mixed liquor characteristics 

Test 
MLSS 
(g/L) 

MLVSS 
(g/L) cTOC TTF DSVI Jc Js T 

AT MT AT MT mg/L s ml/L L/m2 L/m/h 2 °C /h 

III-1&2 7.69 9.15 5.67 6.74 4.07 60 300 27.8 35 15.5 
VIII 9.09 9.88 6.27 7.07 1.72 24 190 40 55 19.5 

 

Table 4-8. SMP concentration 

Test 
SMP 

Protein Humic Carbs Total 
mg/L mg/L mg/L mg/L 

III-1&2 6.88 60.07 65.45 132.39 
VIII 2.14 50.27 86.73 139.14 
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5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

This thesis studied the staged scouring aeration using a pilot-scale submerged membrane 

bioreactor operated at different permeate fluxes, scouring air scouring intensities and sequence 

during both permeation and relaxation periods to treat municipal wastewater. Tests were 

conducted to examine the optimal combination of air scouring intensity and sequence to save 

energy. The following conclusions were drawn based on the results of this research: 

1. Both total resistance (Rt) and fouling rate (Ft) did not increase over the time at each 

of the air flow rates applied during the permeation, as long as the vigorous and 

frequent air scouring are provided during relaxation period.  

2. The performances of MBR have little relationship with air flow rate during both 

permeation and relax period only if mixed liquor has excellent permeability and 

relatively low permeate flux rate are applied. 

3. The performance of MBRs at low operation flux is more sustainable and stable than 

relatively higher flux even though they are all sub-critical. 

4. Higher temperature brings lower viscosity, better sludge permeability, higher 

critical flux and less aeration demand. This suggests that the optimum scouring 

aeration varies seasonally. 

5. Mixed liquor characteristics impact MBR performance a lot. cTOC, MLSS, TTF 

could indicate the sludge filterability sometimes but are not representative all the 

time. It is essential to figure out the key parameters which can represent sludge 

filterability. 
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6. The advantage of continuous mode over cyclic mode is more significant at low air 

flow rate under the supercritical condition. Lowering the aeration intensity (Qg) 

during the permeation is more effective than shortening the aeration duration (tg

 

) to 

reduce the energy consumption without compromising fouling control. This might 

be explained by that at low air flow rate, shear force is not sufficient enough to 

scour off the reversible foulants, so uninterrupted aeration at lower air flow rate 

provides better prevention of particle accumulation on the membrane modules than 

the intermittent aeration at relatively high air flow rate. 

5.2 Recommendations 

This study demonstrated the effectiveness of staged scouring aeration which could save 

energy without compromising membrane fouling control. The following 

recommendations are made based on the results: 

1. The optimal combination of air scouring intensity and aeration sequence is specific 

to each mixed liquor and dependent on multiple parameters. More tests are required 

under different conditions to verify the controlling sludge characteristics among SRT, 

raw water characteristics, SMP and MLSS concentration, etc. 

2. Chemical cleaning will change the sludge characteristics. If sludge characteristic 

sensitive tests are running, chemical cleaning for MBR modules should be avoided. 

3. Continuous aeration mode can save energy by cutting the air scouring intensity 

during permeation period. It still can achieve effective fouling control by vigorous air 

scouring during the relaxation period. It can also save the cost of installation and robust 

operation of the aeration actuators and valves. More tests are required to confirm 
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whether continuous mode or intermittent mode is more effective, but still continuous 

mode can be the option due to the energy savings. 

4. It is worth trying to stop aeration at the first several seconds of relaxation time to 

allow compressed cake on the membrane surface to loosen, and then starting strong 

aeration may obtain easier cake dispersion. 

5. The vigorous and frequent air can be adopted once more during the permeation time 

rather than just during the relaxation period. That may achieve lower base air 

scouring intensity during most permeation periods to save more energy. 

6. Automation of aeration valves is required for long term fouling observations. 

7. For larger pilot scale or full scale plants with more than two air diffusers, air flow 

saving can be made by grouping all the diffusers into several subgroups, then 

alternately turning on the diffusers of different subgroups. More tests are required to 

compare with the oscillating cassette cycling pattern for energy saving purposes. 

8. The performance of aeration is influenced by the operation parameters during both 

permeation and relaxation periods. Standardized conditions are required to measure 

the fouling rate and resistance. 

9. It is necessary to figure out the relevance between optimal aeration mode and mixed 

liquor characteristics and establish a general model in future research. 
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APPENDIX 1: SMP ANALYSIS 

SMP Analytical Procedure 

Sampling 

1. Use clean bottles (1L) to take mixed liquor samples from the City of Guelph 

Wastewater Treatment Plant and analyze in the same day. 

2. Storage should be at 4°C. 

Extraction 

1. Transfer sample to 250mL centrifuge bottles.  

2. Centrifuge for 30min at 3700rpm, 4°C. 

3. Collect the supernatant to pass through 0.7μm glass fibre filter and discard the 

sludge pellets. 

4. Collect the filtrate for SMP analysis. 

5. SMP concentration results are reported in mg/L 

 

Total carbohydrate analysis 

The anthrone method based on Gaudy (1962) was modified by Raunkjaer et al. (1994). 

Pure glucose is used as standard. 

1. Analysis procedure 

a. Add 2.00 mL extracted sample to vials. 

b. Add 4.00 mL H2SO4

c. Place vials in ice water to cool immediately. 

-Anthrone solution to sample vials. 
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d. Cap vials and vortex each of them for 15 seconds. 

e. Place vials in boiling water bath for 14.0 min and then re-vortex them. 

f. Cool down the vials by a 5℃ ice bath for 5.0 min. 

g. Measure the absorbance at 625nm using a 1 cm cuvette. 

2. Standard curve 

a. Prepare standard glucose solutions 

b. Add standard solutions into vials at by 2.00 ml 

c. Same as procedure 1 b~g, but just add 4.00 ml H2SO4 

d. Build up standard curve by plotting absorbance as y axis and concentration 

mg/L as x axis 

for blank. 

e. Calculate the total carbohydrate concentration from the equation of standard 

curve and the sample absorbance. 

 

Protein and Humic Acid Analysis 

Protein and Humic Acid were determined by the corrected Lowry method (Frolund et al., 

1996), which originated from Lowry (1951). 

1. Prepare solutions 

a. Humic acid standard solutions (lifetime is 24h). 

b. Prepare BSA standard solutions with concentrations as follows (lifetime is 

24h). 

c. Reagent A: 143mM NaOH and 270mM Na2CO3, 1L, lifetime is 1 year, store 

on shelf:      5.720g NaOH and 28.616g Na2CO

d. Reagent B: 57mM CuSO

3 

4, lifetime is 1 year   9.236g CuSO4(anhydrate) 
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e. Reagent C: 124mM sodium tartrate (dehydrate), lifetime is 1 year   28.530g 

sodium tartrate 

f. Dilute stock Folin reagent with Milli-Q water (5:6)(v/v), make roughly 20ml 

g. Reagent D: mix A, B, C with a ratio of 100:1:1, lifetime is 1 day 

h. Reagent E: mix A and C with a ratio of 100:1, lifetime is 1 day 

2. Standard Curve 

a. BSA samples 

1) Add 2.00ml of milli-Q water for blank vial 

2) Add 2.00ml of BSA standard solutions for other vials 

b. HA samples 

1) Add 2.00ml of milli-Q water for blank vial 

2) Add 2.00ml of HA standard solutions for other vials 

c. The next steps have to be done on a timed schedule. They dictate the efficacy 

of the method. Have a stopwatch ready to time it all 

1) BSA vials: transfer 2.8ml of D to each of the BSA vials (including 

blanks). Vortex each one for 5 seconds. Allow each vial to sit at room 

temp for 10min. 

2) HA vials: add 2.8ml of E to each HA vial including blanks. Vortex each 

one in turn for 5 seconds. Then stay at room temp for 10min. 

3) At 10min, add 0.4ml of diluted Folin reagent to each BSA vial 

sequentially, followed by another 0.4ml Folin to each HA vial. Vortex for 

5 seconds each. Keeps the timer running for another 45min before being 

read by the spectrophotometer. 
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4) Measure the absorbance at 750nm using a 1 cm cuvette for each vial 

sequentially. 

d. Make the protein and humic acid absorbance curves by plotting concentration 

on the X axis, and absorbance on the Y axis. 

3. Measurement of protein and humic acid in wastewater samples 

a. Samples to be analyzed need to be separated into ones being analyzed for 

humics and ones being analyzed for protein. Protein vials are reacted with 

reagent D, while humic vials will be reacted with reagent E. 

b. BSA vials: Add 2.80ml reagent D to each vial (including blanks). Vortex 

each one for 5 seconds. Allow each vial to sit at

c. HA vials: add 2.80ml reagent E to each vial (including blanks). Vortex each 

one for 5 seconds.  

 room temp for 10min. 

d. At 10min, add 0.4ml diluted Folin reagent to each BSA vial sequentially, 

followed by another 0.4ml Folin to each HA vial. Vortex for 5 seconds each. 

Keeps the timer running for another 45min before being read by the 

spectrophotometer. 

e. Measure the absorbance at 750nm using a 1 cm cuvette. 

f. Use corrected Lowry formulas to calculate protein and humic acid 

concentrations. 

4. Amendment of coefficients in corrected Lowry formulas 

Original corrected Lowry formulas consist of 4 equations as following: 

Atotal = Aprotein + Ahumic

A

  

blind = 0.2 Aprotein +Ahumic  
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Aprotein = (Atotal -Ablind

A

) /0.8 

humic =Ablind - 0.2 A

They are based on two basic assumptions:  

protein 

1. Absorbance of humic acid using reagent E is equal to the absorbance of humic 

acid using reagent D;  

2. Absorbance of protein using reagent E is reduced by 80% of the absorbance of 

protein using reagent D, which are translated into equations as following: 

Ahumic’E = Ahumic’D   That is: Ahumic’E / Ahumic’D 

A

= 1 

protein’E = 0.2 Aprotein’D That is: Aprotein’E / Aprotein’D

Coefficients “1” and “0.2” were checked using BSA (Fract V, Cold Alcohol 

Precipitated, Biotech Grade, Fisher Scientific, USA) and Humic acid (Aldrich 

Chemical Company, Inc., USA). Results were presented in Table A1-1 & Table 

A1-2. The average ratio E/D of humic acid was 0.97, at 5% confidential level, 

A

 = 0.2  

humic’E / Ahumic’D = 1 was obtained. However, the average ratio E/D of protein 

was 0.26, at 5% confidential level, Aprotein’E / Aprotein’D = 0.2 was not established. 

Aprotein’E / Aprotein’D

A

 = 0.26 was assumed. This might due to different chemicals 

used and different laboratory equipment and environment. Corrected Lowry 

formulas were modified as following: 

total = Aprotein + Ahumic

A

  

blind = 0.26 Aprotein +Ahumic

A

  

protein = (Atotal -Ablind

A

) /0.74 

humic =Ablind - 0.26 A

 

protein 
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Table A1-1. Humic acid absorbance data 

No. 
Conc. Absorbance Ratio 

 (mg/L) Reagent D Reagent E E/D 

1 20.10 0.06216 0.05768 0.93 
2 50.24 0.18455 0.18763 1.02 
3 70.34 0.26691 0.25729 0.96 
4 100.48 0.38147 0.35833 0.94 
5 150.72 0.54805 0.53839 0.98 
6 200.96 0.70482 0.70256 1.00 
7 5.08 0.05141 0.04830 0.94 
8 10.16 0.05212 0.06008 1.15 
9 20.32 0.11445 0.09241 0.81 

Avg. - - - 0.97 
 

 

Table A1-2. Protein (BSA) absorbance data 

No. 
Conc. Absorbance Ratio 

 (mg/L) Reagent D Reagent E E/D 

1 100.04 0.57072 0.12427 0.22 
2 100.04 0.56481 0.13795 0.24 
3 100.04 0.59154 0.17004 0.29 
4 150.06 0.80442 0.20248 0.25 
5 150.06 0.81313 0.20813 0.26 
6 150.06 0.81376 0.21235 0.26 
7 200.08 1.03361 0.28626 0.28 
8 200.08 1.00291 0.28120 0.28 
9 200.08 1.03161 0.27870 0.27 

Avg. - - - 0.26 
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APPENDIX 2: CRITICAL AND RECOVERABLE FLUX DATA 
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TMP2 @ 10/10; 30.6 m3

 

/h and cleaning water flux - Apr 6, 2011 

 

TMP2 @ 10/10; 30.6 m3

 

/h and cleaning water flux - Apr 11, 2011 (Test I) 
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10/10; 22.1 m3

 

/h - May 9, 2011 (Test II) 
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/h - May 16, 2011 (Test III-1, 2) 
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10/10 & 10/30; 30.6 m3

 

/h  - May 17, 2011 (Test III-3) 
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/h - May 24, 2011 (Test IV) 
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10/10; 25.5 m3/h & 10/30; 30.6 m3

 

/h - Jun 6, 2011 (Test V) 
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APPENDIX 3: DETAILED EXPERIMENTAL ARRANGEMENT 

 
Table A3-1. Summary of experimental arrangement for the staged scouring 
aeration tests conducted on the ZW-500 Pilot Plant 

Test 

Permeation (12 min) Relaxation (1 min) 
Flux Aeration 

sequence 

Q (m3
Aeration 
sequence 

/h) Q (m3/h) 
J 

L/m2
Aerator 

1 /h 
Aerator 

2 
Aerator 

1 
Aerator 

2 

I 

23.8 
10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 

23.3 
10s 15.3 0 10s 30.6 0 
10s 0 15.3 10s 0 30.6 

23.3 
10s 22.9 0 10s 30.6 0 
10s 0 22.9 10s 0 30.6 

23.3 
10s 8.5 0 10s 30.6 0 
10s 0 8.5 10s 0 30.6 

II 

41.7 
10s 15.3 0 10s 30.6 0 
10s 0 15.3 10s 0 30.6 

38.8 
10s 10.2 0 10s 30.6 0 
10s 0 10.2 10s 0 30.6 

38.8 
10s 22.9 0 10s 30.6 0 
10s 0 22.9 10s 0 30.6 

38.8 
10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 

III 

29.1 

10s 30.6 0 10s 30.6 0 
10s 0 0 10s 0 0 
10s 0 30.6 10s 0 30.6 
10s 0 0 10s 0 0 

29.1 
10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 

27.2 

10s 30.6 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 30.6 10s 30.6 0 
10s 0 0 10s 0 30.6 

IV 31.1 

10s 22.1 0 10s 30.6 0 
10s 0 22.1 10s 0 30.6 

Continuous 11.1 11.1 Continuous 11.1 11.1 
10s 15.3 0 10s 30.6 0 
10s 0 15.3 10s 0 30.6 

Continuous 7.7 7.7 Continuous 15.3 15.3 
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Test 

Permeation (12 min) Relaxation (1 min) 
Flux Aeration 

sequenc
e 

Q (m3
Aeration 
sequence 

/h) Q (m3/h) 
J 

L/m2 Aerator 1 /h 
Aerator 

2 
Aerator 

1 
Aerator 

2 

  
10s 10.2 0 10s 30.6 0 
10s 0 10.2 10s 0 30.6 

    Continuous 5.1 5.1 Continuous 15.3 15.3 
    Continuous 15.3 15.3 Continuous 15.3 15.3 
    10s 30.6 0 10s 30.6 0 
    10s 0 30.6 10s 0 30.6 

V 21.4 

10s 30.6 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 30.6 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 
10s 15.3 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 15.3 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 22.9 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 22.9 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 6 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 6 10s 30.6 0 
10s 0 0 10s 0 30.6 

VI 34 

Continuous 7.7 7.7 Continuous 15.3 15.3 
10s 15.3 0 10s 30.6 0 
10s 0 15.3 10s 0 30.6 
10s 30.6 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 30.6 10s 30.6 0 
10s 0 0 10s 0 30.6 

Continuous 15.3 15.3 Continuous 15.3 15.3 
10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 
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Test 

Permeation (12 min) Relaxation (1 min) 
Flux Aeration 

sequence 

Q (m3
Aeration 
sequence 

/h) Q (m3/h) 
J 

(L/m2
Aerator 

1 /h) 
Aerator 

2 
Aerator 

1 
Aerator 

2 

VII 24.3 

10s 15.3 0 10s 30.6 0 
10s 0 15.3 10s 0 30.6 
10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 
10s 30.6 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 30.6 10s 30.6 0 
10s 0 0 10s 0 30.6 

Continuous 7.7 7.7 Continuous 15.3 15.3 
Continuous 15.3 15.3 Continuous 15.3 15.3 

10s 15.3 0 10s 15.3 0 
10s 0 15.3 10s 0 15.3 

VIII 24.3 

10s 15.3 0 10s 15.3 0 
10s 0 15.3 10s 0 15.3 
10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 
10s 22.9 0 10s 22.9 0 
10s 0 22.9 10s 0 22.9 
10s 6 0 10s 6 0 
10s 0 6 10s 0 6 

IX 29.1 

10s 15.3 0 10s 30.6 0 
10s 0 15.3 10s 0 30.6 
10s 30.6 0 10s 30.6 0 
10s 0 0 10s 0 30.6 
10s 0 30.6 10s 30.6 0 
10s 0 0 10s 0 30.6 

Continuous 7.7 7.7 Continuous 15.3 15.3 
Continuous 15.3 15.3 Continuous 15.3 15.3 

10s 30.6 0 10s 30.6 0 
10s 0 30.6 10s 0 30.6 
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APPENDIX 4: MIXED LIQUOR CHARACTERITISTICS 

Table A4-1. Mixed liquor characteristics and filterability test results for Pilot B 

Test Date 
Flux MLSS (g/L) MLVSS (g/L) cTOC TTF DSVI Jc** Js** T 

L/m2 AT* /h MT* AT MT mg/L s ml/L L/m2 L/m/h 2 °C /h 

I-1 April 11, 2011 23.8 7.30 - 5.29 - - - - 18 30 15.6 
I-2 April 12, 2011 23.3 7.51 10.01 5.58 7.51 8.67 43 360 N/A N/A 13.7 
I-3 April 13, 2011 23.3 7.93 9.32 5.73 6.85 - 42 - N/A N/A 14.1 
I-4 April 15, 2011 23.3 8.07 9.51 5.88 6.93 - 40 - N/A N/A 13.4 
II-1 May 10, 2011 41.7 7.90 10.78 6.01 8.18 2.50 57 350 27 40 15.5 
II-2 May 11, 2011 38.8 8.50 10.13 6.37 7.62 - 60 - N/A N/A 15.6 
II-3 May 12, 2011 38.8 9.50 11.11 7.25 8.47 2.64 71 375 N/A N/A 15.8 
II-4 May 13, 2011 38.8 8.87 10.46 6.63 7.83 - 64 - N/A N/A 16.9 
III-1 May 16, 2011 29.1 7.69 9.15 5.67 6.74 - 60 - 27.8 35 13.5 
III-2 May 16, 2011 29.1 7.69 9.15 5.67 6.74 - 60 - N/A N/A 13.6 
III-3 May 18, 2011 27.2 7.15 10.20 5.28 8.00 4.07 52 300 27 35 15.9 
IV-1 May 25, 2011 31.1 6.70 7.80 4.97 5.77 4.87 53 300 20 30 15.6 
IV-2 May 26, 2011 31.1 6.72 8.86 4.99 6.78 - 61 - N/A N/A 15.9 
IV-3 May 27, 2011 31.1 7.11 8.39 5.28 6.30 4.75 63 320 N/A N/A 15.9 
IV-4 May 28, 2011 31.1 7.47 8.37 5.41 5.96 - 62 - N/A N/A 16.4 
V-1 June 7, 2011 21.4 7.39 8.71 5.28 6.23 0.50 40 175 27 40 18.2 
V-2 June 8, 2011 21.4 6.98 8.63 4.85 6.08 - 34 - N/A N/A 19.6 
V-3 June 9, 2011 21.4 7.12 9.61 4.80 7.02 0.20 32 200 N/A N/A 19.4 
V-4 June 10, 2011 21.4 8.46 8.22 5.85 5.69 - 29 - N/A N/A 17.7 
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Test Date 
Flux MLSS (g/L) MLVSS (g/L) cTOC TTF DSVI Jc** Js** T 

L/m2
AT* /h MT* AT MT mg/L s ml/L L/m2 L/m/h 2

°C /h 

VI-1 June 14, 2011 34.0 8.02 8.75 5.70 6.22 1.11 49 200 25 35 17.7 
VI-2 June 15, 2011 34.0 8.11 9.21 5.84 6.64 - 33 - N/A N/A 18.2 
VI-3 June 16, 2011 34.0 7.97 9.08 5.75 6.65 2.64 27 200 N/A N/A 18.9 
VI-4 June 17, 2011 34.0 7.78 9.38 5.74 6.92 - 32 - N/A N/A 18.7 
VII-1 June 21, 2011 24.3 7.50 8.12 5.47 5.84 1.81 25 225 N/A N/A 19.5 
VII-2 June 22, 2011 24.3 7.42 8.51 5.42 6.26 - 25 - N/A N/A 19.5 
VII-3 June 23, 2011 24.3 7.42 8.58 5.38 6.16 3.23 25 185 N/A N/A 19.8 
VII-4 June 24, 2011 24.3 8.57 9.79 6.35 7.19 - 23 - N/A N/A 19.6 
VIII-1 June 28, 2011 24.3 8.94 10.24 6.46 7.36 2.00 23 190 40 55 20.0 
VIII-2 June 29, 2011 24.3 8.35 9.80 5.95 6.89 - 25 - N/A N/A 18.9 
VIII-3 June 30, 2011 24.3 8.62 10.02 6.19 7.20 1.45 23 190 N/A N/A 19.6 
IX-1 July 26, 2011 29.1 9.64 11.35 6.83 8.02 3.52 36 250 25 40 21.8 
IX-2 July 27, 2011 29.1 8.664 10.46 6.176 7.228 - 28 - N/A N/A 23.0 
IX-3 July 28, 2011 29.1 8.972 10.08 6.256 6.676 1.88 25 190 N/A N/A 23.3 
IX-4 July 29, 2011 29.1 8.924 10.07 6.336 7.056 - 26 - N/A N/A 22.3 

* AT: aeration tank; MT: membrane tank. 
** Details of determined conditions are in Appendix 2 
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Table A4-2. SMP data for Pilot B 

Test Date 
Filter 

pore size 
SMP 

Protein Humic Carbs Total 
μm mg/L mg/L mg/L mg/L 

  March 7,2011 

1.5 

4.85  171.28  132.57  308.70  

  March 
14,2011 15.26  120.76  100.53  236.55  

  March 24, 
2011 - 100.25  117.63  217.88  

  
March 31, 

2011 0.58  137.75  99.89  238.22  
  April 6, 2011 3.93  103.54  86.38  193.86  
  April 6, 2011 

0.7 

5.80  73.47  86.38  165.65  

I 
April 11, 

2011 4.77  64.48  74.51  143.76  

  
April 25, 

2011 7.89  49.00  72.97  129.87  
  May 6, 2011 10.28  54.75  95.71  160.74  

II May 9, 2011 2.45  58.81  67.06  128.32  
III May 16, 2011 6.44  56.99  66.50  129.94  
  May 19, 2011 6.88  60.07  65.45  132.39  

IV May 24, 2011 9.62  48.33  54.97  112.92  
  May 30, 2011 - - 97.59  97.59  

V June 6, 2011 5.63  52.77  106.39  164.80  
VI June 13, 2011 1.43  53.21  61.76  116.40  
VII June 20, 2011 - - 79.21  79.21  
  June 24, 2011 4.59  37.28  56.42  98.30  

VIII June 29, 2011 2.14  50.27  86.73  139.14  
  July 4, 2011 1.66  49.23  84.50  135.39  
  July 11, 2011 5.35  51.86  77.89  135.10  
  July 18, 2011 - - 78.63  78.63  

IX July 25, 2011 - - 51.09  51.09  
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