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Abstract 
 

Submerged anaerobic membrane bioreactor (SAnMBR) technology is 

becoming an attractive alternative for industrial wastewater treatment as it improves 

the biological process while allowing for the recovery of energy through biogas 

production. However, membrane fouling presents one of the main drawbacks of the 

technology. It is generally believed that operating below the critical flux can reduce 

the fouling rate. Another drawback hampering the wide-spread application of the 

SAnMBR technology is its competitors, mainly conventional high-rate anaerobic 

systems, like up-flow anaerobic sludge blanket (UASB) reactors which are known for 

their high OLRs (up to 40 kgCOD/m3.d). 

This Thesis focused on two parts. In the first part, investigated the effects of 

sparging rates (8.72, 6.0 and 4.38 m3/m2.h) and mixed liquor total solids (MLTS) 

concentrations (15, 10.6, 7.7 and 5.7 g/L) on the critical flux in a short term study. 

The study concluded that both MLTS concentration and sparging rate are key 

factors to be considered for optimization of the SAnMBR. Critical flux increased as 

the sparging rate increased for all MLTS concentrations, but no further increase was 

noted above (6.0 m3/m2.h). The relationship between the critical flux and MLTS 

concentrations of 5.7, 7.7 and 10.6 g/L can be approximated by a linear relationship 

for all the sparging intensities tested (the critical flux decreased as MLTS 

concentrations increased), but no further decrease in the critical flux was noted at 

MLTS concentration of 15.0 g/L. The short term study was followed by a long term 

study to validate the concept of the critical flux. The SAnMBR was operated at sub-
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critical flux but membrane fouling occurred (decreased flux and increased TMP) 

within five weeks operation mainly caused by a gel layer formation. The results 

suggest that the concept of critical flux is not valid for SAnMBRs. 

In the second part, a high-rate SAnMBR was developed. The results were 

stunning as the SAnMBR’s performance surpassed the UASB’s performance. The 

SAnMBR maintained organic loading rate (OLR) of 39.85 ± 1.14 Kg COD/m3.d for 

more than 100 days at chemical oxygen demand (COD) removal efficiency of more 

than 99.7% (with very low effluent COD concentration of 42 ± 17 mg/L)  and 

excellent biogas production (0.39 ± 0.07 L CH4 /g COD removed) and CH4 

composition of 66.89% ± 1.52. The results suggest that SAnMBR can compete with 

UASB and achieved superior effluent quality for system closure or water reuse. 

In part I, no membrane fouling was developed under stable operation for over 

300 days. In part II, gel layer formation was the main mechanism of fouling. 

Inorganic fouling was more important than organic fouling in both part I and II 

studies. 
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Chapter 1 : Introduction 

1.1 Overview of the present study 

Environmental contamination is one of the major challenges facing human beings 

in the twenty-first century. We are also facing the repercussions of climate change, 

increased global demand on fossil fuels, unstable energy supply, and constant 

exploitation of the very limited natural resources (Khanal et al., 2008). The conventional 

methods of pollution control, that focus on removing pollutants from a single medium, 

that is, transformation of contaminants from liquid to solid or gas phases and vice versa, 

is no longer considered an attractive option. It has become immensely important to 

encourage research efforts on sustainable approaches that not only alleviate 

environmental pollution, but also ease the stress on diminishing natural resources and 

skyrocketing energy shortage (Khanal et al., 2008). Anaerobic wastewater treatment 

process has long been considered as a more cost effective treatment technology than 

the aerobic treatment of various kinds of wastewater ranging from low to medium to 

high strength, including municipal and industrial wastewaters. The success of anaerobic 

treatment is accredited to low biomass yield, high organic loading potential, less nutrient 

requirement, smaller reactor volume and low operations & maintenance capitals. 

Furthermore, biogas recovery from anaerobic treatment can be used as a renewable 

energy source, thus reducing green house gas emission (Wijekoon et al., 2011). At the 

present, high rate anaerobic treatment of industrial wastewaters is considered an 

established effective technology. The success of high rate anaerobic treatment can be 

attributed to the retention of slow growing methanogenic bacteria in the bioreactor by 
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effectively decoupling of solids retention time (SRT) and hydraulic retention time (HRT) 

(Lomte and Bobade., 2013). The commonly used methods of biomass retention are 

settling, attachment and granulation. The granulation is the most commonly applied 

process, as substantiated by the profusion of up-flow anaerobic sludge bed (UASB), 

expanded granular sludge bed (EGSB) and internal circulation (IC) reactors for the 

treatment of industrial wastewaters  (Dereli et al., 2012). Due to the combination of 

simple construction and a high volumetric treatment capacity, the up-flow anaerobic 

sludge blanket (UASB) is the most dominant high rate anaerobic reactor (Chong et al., 

2012). UASB reactors are extensively applied in treating most of the wastewaters 

containing high concentrations of soluble organic matter. However, UASB still faces 

many challenges such as long duration for start-up period, biomass wash-out, 

requirement for effluent polishing and failure to treat wastewaters at extreme conditions 

(e.g. high temperature, high salinity and presence of toxicity) (Lomte and Bobade 

(2013); Martinez-Sosa et al.,  2011; An et al., 2009; Najafpour et al., 2008). 

In recent years, the Anaerobic membrane bioreactors (AnMBRs) has gained 

popularity and emerged as a competitive high rate technology as it offers in addition to 

the advantages of conventional high rate reactors; superior effluent quality (free of 

solids and pathogens), complete retention of biomass, decouple SRT from HRT and 

more importantly overcomes the weaknesses of the UASB (Dereli et al., 2012). 

Nonetheless membrane fouling and low organic loading rate are a synonym for 

AnMBRs. So far, AnMBRs have been operated at much lower OLRs compared to 

UASB despite the potentials to be developed further. In order for the AnMBRs to 

compete with UASB, high rate AnMBRs need to be developed to convince the market to 
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switch to AnMBRs. We must stress that there is no any other technology that can beat 

AnMBR in terms of overall performance with the exception of OLR.  

 The deterioration of the membrane performances due to membrane fouling 

remains the major obstacle hampering the extensive application of AnMBRs. Membrane 

fouling is responsible for the rapid decline of permeation flux or an increase in trans-

membrane pressure (TMP), higher energy consumption, more frequent membrane 

cleaning and replacement eventually increasing the operational cost of the AnMBR 

process. Due to the complexity, variability and interaction of the membrane properties, 

operational and the environmental conditions, membrane fouling have not been fully 

understood and explained. Further research on membrane fouling mechanisms is 

imperative to develop effective membrane fouling control strategies. 

Based on membrane integration into the bioreactors, two MBR process 

configurations have been developed: side-stream and submerged (see section 2.1.5). In 

side-stream MBRs, membrane modules are located outside the reactor (external cross 

flow), and the mixed liquor of the reactor circulates over a recirculation loop containing 

the membrane and the permeation is obtained through pressure. In submerged MBRs, 

the membranes are situated inside the reactor (submerged) and a vacuum pump is 

used to draw the effluent through the membrane. Side-stream MBRs are energy 

intensive process while submerged MBRs involve lower energy needs. Thus, 

submerged MBRs are gaining popularity. However, biogas sparging is needed to scour 

the membrane surface as a fouling control strategy. Biogas sparging rate has been 

proved to influence the/ membrane fouling but the optimum sparging intensities are not 
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fully understood yet and more research needs to be conducted (Stuckey (2012); 

Bornare et al., 2014; Watanabe et al., 2014) 

 Biomass properties such as particle size distribution (PSD), mixed liquor 

suspended solids (MLSS) concentration and extracellular polymeric substance (EPS) 

can seriously affect the biological performance and membrane fouling (Meng et al., 

2006). Higher MLSS concentrations may increase energy demand, as well as 

increasing the risk of membrane fouling (Judd (2008)). However, no guidelines have 

established on recommended MLSS concentrations due to its complex effect on the 

overall performance of AnMBRs. 

1.2 Novelty of the study 

 No high OLR anMBR over 24 kg COD/m2.d has been developed with excellent 

performance to compete with UASB. 

 The limited studies of MLSS effect on critical flux were achieved by varying the SRT 

to change MLSS concentration which also changes sludge properties. We have 

carried on an accelerated study on the effect of MLSS on critical flux by minimizing 

the change of sludge properties.  

1.3 Research objectives  

The overall goal of this study was to investigate and develop the next generation 

of SAnMBR technology for industrial wastewater treatment and benefit from the biogas 

production and the superior quality of the AnMBR effluent that can be re-used or 
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recycled without further treatment and be fully integrated in the much desired system 

enclosure of the industrial processes. 

The specific objectives of the study were designed to: 

 Develop a high-rate AnMBR to compete with conventional anaerobic wastewater 

treatment, namely, up-flow anaerobic sludge blanket (UASB) 

 Investigate the effect of mixed liquor suspended solids (MLSS) and biogas 

sparging rate on critical flux and membrane fouling 

 Study membrane fouling and its control 

 Characterize membrane fouling and foulants  

1.4 Outline of this thesis  

This thesis is organized in five chapters. Chapter 1 includes the general 

introduction, the motivation and research objectives of this study. Chapter 2 presents a 

comprehensive literature review of previous studies on AnMBR, including details on the 

evolution of anaerobic membrane treatment process, MBR configurations, operation, 

application and membrane fouling and fouling control strategies. In Chapter 3, a flat 

sheet membrane was submerged in a laboratory-scale anaerobic bioreactor (FS-

SAnMBR) and was operated for petro-chemical synthetic wastewater treatment. The 

effect of MLSS concentration and biogas sparging intensity on the critical flux of 

submerged anaerobic membrane bioreactor (SAnMBR) was studied. The critical fluxes 

at various MLSS concentrations and spraging intensities were investigated in a short 

term studies followed with a long term operation to evaluate one of the critical fluxes 

measured in the short term study. In Chapter 4 a hollow fibre-submerged anaerobic 
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membrane bioreactor (HF-SAnMBR) was used to develop a high rate SAnMBR to 

compete with the conventional high rate anaerobic treatment processes mainly the up-

flow anaerobic sludge blanket (UASB). The overall performance of the HF-SAnMBR 

was monitored in terms of organic loading rates (OLRs), chemical oxygen demand 

(COD) removal efficiency, biogas production and composition. Sludge properties role in 

membrane fouling was investigated and finally, the membrane fouling characterisation 

in terms of resistances was performed. The general conclusions from these studies and 

recommendations for future research are summarized in Chapter 5. 
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Chapter 2 : Literature Review 

2.1 Anaerobic Membrane Bioreactor (AnMBR) 

2.1.1 Introduction 

The Anaerobic membrane bioreactor (AnMBR) process can be simply defined as 

a biological treatment process operated in the absence of oxygen and using a 

membrane to provide complete solid-liquid filtration (Visvanathan and Abeynayaka., 

2012). The first known commercial Anaerobic Membrane Bioreactor (AnMBR) was built 

in the early 1980s, by Dorr-Oliver for high-strength whey processing wastewater 

treatment, the development was named membrane anaerobic reactor system (MARS) 

(Lin et al., 2013; Skouteris et al., 2012; Liao et al, 2006). Since then, AnMBRs have 

been widely studied for application in the treatment of municipal and industrial 

wastewaters of various strengths (Skouteris et al., 2012). As the AnMBRs could operate 

independently in relation to the SRTs, it becomes capable of tolerating high organic 

loading rates. This is an advantage which makes it an attractive option for low (i.e., 

municipal wastewater) to high strength industrial wastewater treatment, energy recovery 

and low excess sludge production (Visvanathan and Abeynayaka., 2012). 

2.1.2 What is Membrane? 

 A membrane can be defined as a material forming a thin wall having the 

capability of selectively resisting the transfer of fluids with different constituents and can 

effectively separate these constituents from the liquid. Hence, membranes must be 

produced with materials having a reasonable mechanical strength that can sustain a 
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high throughput of a desired permeate with a high degree of selectivity. The most 

effective physical structure of the membrane material is rested on a thin layer of 

material with a narrow range of pore size and a high surface porosity (Visvanathan and 

Aim., 2002). Based on membrane pore sizes, there are four types of membranes: 

microfiltration (MF; 0.05~10 μm), ultrafiltration (UF; 0.002~0.01 μm), nanofiltration (NF; 

0.001~0.002 μm) and reverse osmosis (RO; ~0.002 μm) (Watanabe et al., 2014). 

2.1.3 Membrane Bioreactor 

Membrane Bioreactor (MBR) technology is the combination of the biological 

degradation process with solid-liquid separation or membrane filtration process.  

Generally, micro or ultra-filtration membranes with pore sizes in the range of 0.1 to 0.4 

μm are employed in MBRs (Zhu et al., 2014; Bornare et al., 2014). The overall quality of 

water treated by the MBR technology equates the combination of secondary clarification 

and effluent microfiltration. Therefore, the MBR systems are becoming an attractive 

option for the treatment and reuse of various types of wastewaters such as industrial 

and municipal wastewaters (Zhu et al., 2014). 

2.1.4 The Anaerobic Digestion Process  

Anaerobic digestion (AD) is considered a very complex reduction process 

consisting of a number of biochemical reactions taking place under anaerobic conditions 

and several types of microorganisms are involved in the complex process. During the 

anaerobic process, biogas (mainly composed of methane and carbon dioxide) is 

produced as the end product. Methane formation in the anaerobic digestion occurs in 
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four different steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis 

(Adekunle and Okolie., 2015).   

Hydrolysis: It is the first step in the anaerobic digestion process initiating 

transformation of insoluble organic materials and large molecular compounds such as 

proteins, lipids, polyssacharides, cellulose, fats etc. into soluble organic compounds 

suitable for the use as an energy source and cell carbon (e.g., glucose, 

monosaccharides, fatty acids, amino acids and other simple organic materials. 

Acidogenesis (Fermentation):  In this step, the monomers produced in the 

previous step are further digested by different anaerobic bacteria (acidogenic bacteria) 

and converted into short chain organic acids (e.g., formic, butyric, lactic, propanoic, 

acetic), alcohols, acetate, hydrogen, ketones and carbon dioxide.  

Acetogenesis: In this phase the fermentation products are consumed as 

substrate for the microorganisms (acetogenic bacteria) and through a biological reaction 

are broken-down into acetate, hydrogen, and carbon dioxide (CO2). 

Methanogenesis: This is the final phase of the anaerobic digestion where the 

production of methane and carbon dioxide from intermediate products takes place. The 

biological reaction is carried out by methanogenic bacteria under strict anaerobic 

conditions. It is important to note that the methanogenesis is a very critical step in the 

whole anaerobic digestion process as it is the slowest biochemical reaction of the 

process. Figure 2-1 shows the overall biochemical process. 
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Figure 2-1: Anaerobic digestion biochemical conversion pathways  

(Adapted from Adekunle and Okolie., 2015) 

It is important to note that anaerobic microorganisms particularly the 

methanogens are very sensitive to environmental changes. Since methanogenesis is a 

rate limiting reaction in anaerobic digestion process, its stability directly depends on the 

environmental conditions such as operating pH, temperature, nutrients and trace 

elements and toxicity. Besides, methanogens are greatly susceptible to the variations in 

substrate loading. For example, changes in temperature in anaerobic reactors should 

not exceed 0.6-1.2 oC per day. The optimum pH range of acetogens / acidogens is 5.5-

7.2 while methanogens have a very narrow pH range of 6.8-7.8. As a result, it is 

imperative to maintain reactor pH around the neutral to optimize the methanogenic 

activity (Visvanathan and Abeynayaka., 2012). 
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2.1.5 Integration of membrane modules into the AnMBR systems 

In general there are two principle methods of integrating the membrane modules 

into the AnMBR process:  the side-stream configuration (also termed external cross-

flow) and the submerged configuration. In the first case, the membrane is isolated from 

the bioreactor and a pump is employed to push bioreactor effluent into the membrane 

modules and permeate through the membrane (Figure 2-2). This type of configuration is 

also called an external cross-flow. The cross-flow velocity of the liquid (in the range of 

1–4 m/s) across the membrane surface produces a turbulent cross-flow and serves as 

the main mechanism to disrupt cake formation on the membrane. This method is a very 

energy intensive process; therefore, the attention is shifting towards the submerged 

configuration.  In the second option, the membranes are submerged in the mixed liquor, 

and permeate is obtained by mechanical suction or by gravity flow. Due to the 

interaction of mixed liquor with the membrane, fouling can occur and needs to be 

controlled. This can be done by biogas sparging to disrupt the cake layer formation. Off 

course in case of aerobic MBRs, air can be used to scour the membrane surface and 

provide aeration. The major advantage of having the membrane submerged in the 

bioreactor is that the energy required for pumping and recycling the sludge is 

eliminated. On the other hand, biogas must to be recycled from the headspace to 

underneath of the membrane modules to provide biogas scouring for fouling control. 

The submerged (also called vacuum-driven) membrane approach can be 

installed in two configurations. The membrane may be submerged directly into the 

bioreactor (Figure 2-3) or submerged into a separate filtration tank (Figure 2-4). The 

latter configuration resembles the external membrane configuration, thus, requiring a 
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pump to return the retentate to the bioreactor to maintain constant sludge concentration. 

Nevertheless, unlike the external cross-flow membrane configuration, permeate here is 

obtained by suction instead of pressure. The separate tank configuration (Figure 2-4) is 

mostly applied in for full-scale aerobic wastewater treatment plants (WWTPs) as it 

simplifies cleaning of the submerged membranes, because the chambers can be 

isolated instead of physically removing the membranes. In general, submerged 

configurations have proved to be more cost and energy effective than the side-stream 

configurations (Stuckey (2012); Li et al., 2008; Liao et al., 2006). 

In terms of membrane shape configurations, there are three common shapes: 

hollow fiber, flat sheet and tubular. The most common shapes are the hollow fiber and 

flat sheet for micro-filtration (MF) and ultra-filtration (UF) application in the AnMBR 

technology (Judd (2010)). 

 

Figure 2-2: Side-stream process configuration (External cross-flow) 

(Adapted from Liao et al, 2006) 
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Figure 2-3: Submerged membrane configuration  

(Membrane submerged inside the reactor- Adapted from Liao et al, 2006) 

 

Figure 2-4: Membrane configuration (membrane submerged in a separate 

filtration tank) - (Adapted from Liao et al, 2006) 
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2.2 Anaerobic membrane bioreactor (AnMBR) for treatment of 

industrial wastewaters  

Due to their outstanding advantages like high quality effluent, biogas production 

and low sludge yield, anaerobic membrane bioreactors (AnMBRs), which is a 

combination of anaerobic bioreactors and membrane filtration units for biomass 

retention in a single step, have proved to become state-of-the-art technology in 

wastewater treatment and are increasingly gaining popularity (Lin et al., 2012; Drews et 

al., 2010; Judd (2008); Liao et al., 2006). So far, AnMBR technology has been applied 

to treat various types of wastewaters such as synthetic wastewaters, food processing 

wastewaters, industrial wastewaters, high-solids-content waste streams and municipal 

wastewaters (Liao et al., 2006). The term industrial wastewaters may refer to the 

wastewaters generated from industries such as food, pulp and paper, textile, tannery, 

pharmaceutical, oil and petrochemical, landfill leachate and other industries (Lin et al., 

2013; Lin et al., 2012). As the disposal of wastewaters generated from the industries 

into the municipal sewer systems is no longer permitted, integration of on-site 

wastewater treatment plants into the process of industrial operations is becoming the 

norm. In recent years, the success of submerged MBR technology in municipal 

wastewater treatment has greatly influenced the application of MBRs in the industrial 

wastewater treatments (Lin et al., 2012).  

Furthermore, the rapid industrialization has resulted in the generation of a large 

quantity of effluents from the industrial sectors. Some of these effluents are 

characterized by high organic strength and/or extreme physical–chemical nature (e.g., 

pH, temperature, salinity, high calcium concentrations, FOG content, high SS content), 
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and containing synthetic and natural compounds that may inhibit (be toxic to) the 

biological treatment processes. At these extreme conditions, AnMBRs can be viewed as 

an attractive and the only viable option for treatment as the traditional high-rate 

conventional reactors such as upflow anaerobic sludge bed (UASB) have poorly 

performed due to the failure of the sludge bed formation (Lin et al., 2013; Dereli et al., 

2012). 

Wastewaters generated from food processing industries are rich in organics 

(COD concentration of 1000 – 85,000 mg/L) with a wide range of suspended solids 

concentration ranging from 50 to 17,000 mg/L. Hence, they are easily biodegradable, 

making the anaerobic treatment the most suitable treatment option. In general COD 

removal efficiency in treating these industrial wastewaters was more than 90%, with 

applied OLRs ranging from 2-15 kg COD/m3/day (Liao et al., 2006). 

Evaporator condensate (EC), one of the major constituents of the effluent 

produced from pulp and paper industry, was studied by various researchers using both 

mesophilic (37 °C) and thermophilic (55 °C) AnMBRs. The results showed more than 

93% COD removal efficiency at influent COD concentration of 10,000 mg/L and OLRs in 

the range of 1-24 kg COD/m3/day (Lin et al., 2013).  

Treatment of simulated petrochemical industrial wastewater by a submerged 

(SAnMBR) using a flat sheet MF membrane resulted in a very high COD removal 

efficiency at high organic loading rates of 25 kg COD/m3/day in a long term operation. 

Slaughterhouse wastewater treatment by an AnMBR was also investigated at high 

organic loading rates in the range of 4.4 and 13.3 kg COD/m3/day. However, a process 

failure was observed when OLR reached 16.3 kg COD/m3/day due to volatile fatty acid 
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(VFA) accumulation in the bioreactor. Interestingly, AnMBR treating palm oil mill (POM) 

wastewater recorded very high COD removal rate of more than 96% at OLRs of 1–11 

kg COD/m3/day and HRTs ranging from 7 to 600 days (Dereli et al.,  2012). 

As discussed above, AnMBR technology can be successfully applied for the 

various types of industrial wastewaters with efficient performance, this success is 

expected to lead to a tremendous growth in the full-scale application of the anMBR 

technology in the near future.   

2.3 Effect of operating and environmental conditions on performance 

and membrane fouling in AnMBRs  

Anaerobic treatment process is a complicated system which is greatly influenced by 

many factors such as operating conditions (organic loading rate (OLR), HRT, SRT and 

membrane flux) and environmental conditions (pH and temperature).  

2.3.1 Operating temperature 

Generally, most of the AnMBRs systems are operated either in the mesophilic 

range at around 35 ºC or at around 55 ºC in the thermophilic range, mainly due to their 

slow growth rate. These high temperatures can be very helpful due to the nature of hot 

industrial wastewaters by eliminating the cooling process. In addition, the lower viscosity 

of the biomass suspension at higher temperatures can lead to higher fluxes (Skouteris 

et al., 2012; Stuckey (2012)). The mixed-liquor temperature also impacts the COD 

removal efficiencies; higher temperatures lead to increased COD removal efficiencies. 

For example, Skouteris et al (2012) documented that total COD removal efficiency of 



19 | P a g e  
 

95% and 85% were achieved at 25 ºC and 15 ºC respectively. Psychrophilic 

temperatures of around 20 ºC have also been tested by some researchers. However, 

there may be issues about the loss of methane in the effluent due to its enhanced 

solubility at low temperatures (Skouteris et al., 2012; Stuckey (2012)). 

2.3.2 Operating pH  

There are two groups of anaerobic bacteria in terms of optimum pH: acid-

producing bacteria (acidogens) and methane-producing bacteria (methanogens). The 

acidogens can be optimized in the pH range of 5.5–6.5, while methanogens prefer a 

higher pH range of 7.8–8.2. In typical anaerobic environment where both cultures must 

coexist, the optimal pH range is between 6.8 and 7.4. As the methanogenesis is the 

rate-limiting step, when both groups of microorganisms are present, it is imperative to 

keep the reactor pH close to neutral (Khanal (2008)). 

2.3.3 Organic loading rate (OLR) 

The organic loading rate (OLR) is a measure of treatment capability of the 

bioreactor per unit volume of the digester and typically expressed in the units of (Kg 

COD/m3.day). It can be mathematically calculated as:  

OLR = 
   

 
 

Where Q represents the flow rate (m3/day), C represents the COD concentration 

of the influent (mg/L), and V represents the volume of the bioreactor (m3). 
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Modern high-rate anaerobic bioreactors have the capability of treating wastewater at 

very high organic loading rates (typically 10 – 40 kg COD/m3.day). These high OLRs 

translate to more wastewater being treated per unit volume of the bioreactor. This is 

mainly attributed to the fact that, oxygen transfer is not a limitation in the anaerobic 

digestion processes (Khanal (2008)). Fakhru’l-Razi (1994) discussed the following 

procedures of increasing the OLR in an AnMBR:  

i. Increase the influent COD concentration  

ii. Increase the membrane flux (if possible), or increase the membrane area at a 

fixed flux  

iii. Decrease the volume of the bioreactor at a given influent COD concentration 

iv. Increase the wasting rate of the mixed liquor 

 

High OLRs and short HRTs are theoretically applicable in AnMBRs. Nonetheless, 

the OLR of the AnMBR system is not an independent parameter and it should be 

considered along with SRT and activity of the sludge. In other words, high biomass 

concentrations do not always necessarily translate into application of high OLR (Dereli 

et al., 2012). AnMBR systems have the major advantage of tolerating fluctuations in 

organic loading similar to its tolerance to the changes in temperature. 

2.3.4 Sludge retention time (SRT) 

The sludge retention time (SRT) refers to the average time the activated-

sludge solids spend in the treatment system. The SRT is an important parameter in 

design and operating of the biological systems and is usually expressed in days 

https://www.google.ca/search?hl=en&biw=1366&bih=623&site=webhp&q=define+nonetheless&sa=X&ved=0CB8Q_SowAGoVChMIvN36g_fPxwIVCzM-Ch18_gIQ
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(Rittmann & McCarty., 2012). In general, as a rule of thumb, SRTs in high-rate 

anaerobic bioreactors are equal or greater than 3 times the doubling time of the rate 

limiting biomass. Thus, assuming doubling times of 4–10 days of acetotrophic 

methanogenic bacteria, a SRT of more than 20 days is generally recommended for 

mesophilic anaerobic high-rate reactors. AnMBRs offer the major advantage of a SRT 

completely independent from HRT, allowing full control of the SRT regardless of the 

sludge quality. Typical SRTs applied in AnMBRs are between 30 to 300 days. Infinite 

SRTs also have been reported, indicating that no sludge wasting practically occurred 

during the MBR operation. Generally, high SRTs are preferred since it leads to less 

sludge waste and higher sludge concentrations in the bioreactor. On the other hand, 

long SRTs may also influence the activity of the methanogenic sludge owing to a 

decrease in viable microorganism concentration (Dereli et al., 2012; Skouteris et al., 

2012). 

2.3.5 Hydraulic retention time (HRT)  

The hydraulic retention time (HRT) refers to the average length of time the 

wastewater spends in the treatment system (Rittmann & McCarty., 2012). The HRT is 

key parameter in performance optimisation of an AnMBR as low HRTs translate to 

smaller reactor volume and thus lower construction and maintenance costs. Hence, the 

influence of HRT on the biological performance of AnMBRs has been investigated by 

many researchers. HRT values ranging from a few hours (i.e. 2 h) to a few days (i.e. 20 

d) have been reported in literature. In general, COD concentrations both within the 

bioreactor and effluent increases slightly with a decrease in HRT due to the increased 

organic load (OLR) (Ozgun et al., 2013; Skouteris et al., 2012; Stuckey et al 2012; Liao 
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et al., 2006). Ozgun et al (2013) hypothesized that there is an optimum HRT for each 

application, which is determined by various parameters such as system hydraulics, 

wastewater characteristics, temperature, F/M ratio, reactor design and sludge 

properties, to obtain both efficient biological removal and filtration performance. 

2.3.6 Critical Flux 

Critical flux is known as the flux below no membrane fouling occurs (Field et al., 

1995). Membrane flux is an important parameter affecting the fouling rate. In General, 

operating below the critical flux can reduce the fouling rate. The concept of the critical 

flux in MBRs was first introduced by Field et al. (1995); the authors defined the critical 

flux as: “The critical flux hypothesis for micro-filtration is that on start-up there exists a 

flux below which a decline of flux with time does not occur; above it, fouling is observed. 

This flux is the critical flux and its value depends on hydrodynamics and probably other 

variables.” Two forms of the concept were introduced: strong form and weak form. The 

strong form states that the flux acquired during sub-critical flux is equated to the clean 

water flux attained under the equivalent conditions (Le Clech et al., 2003a). The weak 

form defines the sub-critical flux as the flux immediately established and maintained 

during the start-up of the biomass filtration, though it does not certainly equate to the 

clean water flux (Le Clech et al., 2003a). Since then the concept of the critical flux and 

the various factors influencing the critical flux has been extensively studied by many 

researchers (Monclus et al., 2010; Robles et al., 2012; Fox and Stuckey., 2015). These 

factors affecting the critical flux include: biomass properties, environmental conditions 

(pH and temperature), membrane properties and hydrodynamic conditions.  
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Numerous methods have been used to measure the critical flux, such as direct 

membrane observation, mass balances, and TMP observation in flux step method (or 

cycling experiments). Mass balances and microscopic observations are less likely to be 

applied in full-scale plants or in submerged MBR systems. Nevertheless, pressure 

increase at constant flux operation (or pressure step method) and flux step method can 

be smoothly applied for critical flux measurement in any type of MBR process, both at 

lab and full-scale (Jeison (2007)).  

Table 2-1 (modified from Robles et al., 2012) summarises some of the critical 

studies reported in literature under different operating conditions: wastewater type, 

reactor scale, membrane type and pore size, reactor type, operating MLSS 

concentration, air and or biogas sparging intensity 

2.3.7 Biogas sparging rate 

Biogas sparging is the most common way to provide shear stress over the 

membrane surface in order to reduce the fouling rate or to restrict foulants interaction 

with the membrane (Dereli et al., 2012). Robles et al. (2012) investigated effect of 

various sparging intensities on the critical flux of SAnMBR at MLSS concentration of 23 

g/L and noted a linear dependency between the critical flux and the biogas sparging 

intensity. Increasing the biogas sparging rate in submerged AnMBRs enhances the 

hydrodynamic conditions but also increases energy cost, disrupts sludge flocs and 

negatively impacts membrane fouling (Lin et al., 2012). Therefore; optimisation of the 

biogas sparging rate is a critical factor in economical success of the AnMBRs. 
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Table 2-1: Summary of some critical flux studies published in literature (Modified from Robles et al., 2012). 

Wastewater 
(type) 

MBR 
(type) 

Type of 
Membrane 

Pore size 
(µm) 

MLSS 
(gL-1) 

JC,20 
(LMH) 

Sparging rate 
(m3m-2h-1) 

Reference 

Synthetic UASB FS 0.22 0.3–0.55 30-50 - Cho and Fane (2002) 
Synthetic Aerobic FS 0.4 20 10-22 - Howell et al. (2004) 
Municipal Aerobic FS 0.4 8 17.5 8.6 Wu et al. (2008) 
Municipal Aerobic FS 0.8 8 29.5 8.6 Wu et al. (2008) 
Municipal Aerobic FS 0.2 8 41.5 8.6 Wu et al. (2008) 
Synthetic Aerobic FS 0.45 10 25 - Guo et al. (2008) 
Municipal Aerobic FS 0.37 14 5 - Bottino et al. (2009) 
Municipal Aerobic FS 0.1 10 50 - Van der Marel et al. (2009) 
Synthetic Aerobic Tubular 0.2 3 10 1.9 Le-Clech et al. (2003) 
Municipal Aerobic Tubular 0.2 3 10 1.9 Le-Clech et al. (2003) 
Synthetic Anaerobic Tubular 0.2 25 16-22 - Guglielmi et al. (2006) 
Synthetic Anaerobic Tubular 0.2 35 3-6 - Jeison and Van Lier (2007) 
Domestic Aerobic HF 0.1 12-19 19 - Guglielmi (2002) 
Domestic Aerobic HF 0.4 10-18 20 - Guglielmi (2002) 
Municipal Aerobic HF 0.04 10 25-31 0.3–1.0 Stephenson et al. (2000) 
Municipal Aerobic HF 0.04 10 28 0.35 Guglielmi et al. (2007) 
Municipal Anaerobic HF 0.05 23 12–19 0.17–0.5 Robles et al. (2012) 

 
 

Notes: FS: flat-sheet; HF: hollow-fibre; MLSS: mixed liquor suspended solids concentration; JC20: 20 ºC-normalised 

critical flux; and S(A/G)Dm: specific air/gas demand per m2 of membrane area.
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2.4 Membrane fouling and fouling mitigation techniques in 

AnMBRs  

2.4.1 What is membrane fouling?  

Membrane fouling is a process where solute or particles deposit onto a 

membrane surface or into membrane pores in a way that degrades the 

membrane's performance. Membrane fouling leads to serious flux decline and 

may affect the quality  

of the produced water. Intense fouling may necessitate vigorous chemical 

cleaning or membrane replacement which in turn increases the operating costs 

of a treatment plant (Franken (2009)). Membrane fouling is regarded as the 

major obstacle to the widespread use of this technology. Because of the 

economical impacts, fouling has been the main issue in membrane and 

specifically MBR research in the last decade or so. There has been steady 

increase in the number of published articles on fouling, with approx. 30% of all 

MBR research focused on fouling (Drews (2010)). 

Based on removability of foulants, Meng et al (2009) introduced three classes of 

fouling: removable fouling, irremovable fouling and irreversible fouling. In 

removable fouling, foulants can be easily removed from the membrane surface 

by application of physical cleaning (like backwashing) while chemical cleaning is 

required for the elimination of the irremovable fouling. The irremovable fouling is 

a result of pore blockage and strongly adsorbed foulants on the membrane 
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surface during the membrane filtration operation. The irreversible fouling (or 

permanent fouling) is represented by the foulants which cannot be removed 

during physical and chemical cleanings and it is believed to occur over a long 

period of membrane filtration operation (Drews (2010)). According to the location, 

membrane fouling can be classified into internal (due to membrane pore 

blockage) and external (due to cake layer formation) with cake layers meaning 

porous layers formed by rejected particles on the membrane surface. Internal 

fouling is normally irreversible, while cake layer formation is reversible (Skouteris 

et al., 2012). 

Based on fouling components, membrane fouling can be divided into three 

main categories; biofouling, organic and inorganic fouling. These three fouling 

mechanisms occur simultaneously; however, contribution of each type depends 

on several factors such as membrane characteristics, sludge characteristics, 

environmental conditions, reactor design and operating strategy (Meng et al., 

2009; Liao et al., 2006). 

Biofouling: Biofouling occurs due to the interactions of the components of 

biological treatment broth with membrane surfaces which leads to deposition and 

growth of microorganisms on the surface of membranes. Biofouling can be 

classified as pore clogging, sludge cake formation or adsorption of extracellular 

polymeric substances (EPS). 

Inorganic fouling: Inorganic fouling (or scaling) in AnMBRs occurs due to 

the chemical precipitation of inorganic colloids and crystals and /or biological 

precipitation of inorganic-organic compounds. Cat-ions like Ca2+, Mg2+, Fe3+, and 
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Al3+ can react with anions such as CO3
2-, SO4

2-, PO4
3- and OH- and lead to 

chemical precipitation once the saturation concentrations are exceeded on the 

membrane surfaces.  Furthermore, the inorganic materials existing in the 

systems can also be attracted to the membrane surfaces or clog membrane 

pores causing inorganic fouling (Wang et al., 2014). Precipitation of Struvite 

(MgNH4PO4·6H2O) is the most common inorganic foulant, and it can precipitate 

on organic and inorganic membranes. In addition, there are other inorganic 

foulants such as K2NH4PO4 and CaCO3 (Liao et al., 2006). AnMBRs are 

vulnerable to inorganic fouling much more than aerobic MBRs, partially because 

of greater chances for pH shifts attributable to carbon dioxide partial pressure 

changes and the production of ammonia and phosphate in high concentrations, 

mostly during sludge digestion (Liao et al., 2006). 

Organic fouling: The term of organic fouling refers to those organic 

substances that are mainly dissolved in the feed solution and have the tendency 

of sticking to the membrane surface. Foulants such as oil, humic acids, 

macromolecules, proteins, polysaccharides, anti-foaming agents are all 

contributors to formation of an organic gel layer on top of the membrane surface 

or in pores. Adsorption is the main cause of the built-up of the initial layer 

(Franken (2009); Wang et al., 2014). The somewhat high chemical oxygen 

demand (COD) concentrations in AnMBRs effluent (in comparison to aerobic 

MBR systems) increases the relative contribution of organic fouling in AnMBRs. 

As higher organic loading rates (OLRs) tend to produce higher residual CODs 

and it is the residual COD not the COD removal rate that affects the membrane 
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fouling. Operations with higher solids retention time (SRT) may decrease organic 

fouling as it leads to lower effluent concentration (Liao et al., 2009). 

2.4.2 Modeling of membrane fouling 

For porous membranes, pores are the active area of the membrane. Thus, 

most fouling mechanisms are linked to the pores and the processes which lead 

to a reduction in the number or area of the active pores. Based on this theory, 

mainly four fouling mechanisms for porous membranes can be identified. As 

illustrated in figure 2-5, these fouling mechanisms are (Field (2010)): 

i. complete pore blockage 

ii. internal pore blockage 

iii. partial pore blockage 

iv. cake layer filtration 

 

 

Figure 2-5: Fouling mechanisms of membranes 

(Adapted from Field (2010)). 

(1) Complete pore blockage; (2) Internal pore blockage; (3) Partial pore 

blockage; (4) Cake layer filtration. 
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2.4.3 Factors affecting treatment performance and membrane fouling 

in AnMBR 

There are many factors affecting treatment performance and membrane 

fouling of AnMBRs as illustrated in figure. 2-6.They can be grouped into five main 

categories of factors which strongly influence the nature and complexity of 

membrane fouling and the biological performance: membrane properties, sludge 

characteristics, hydrodynamic conditions, operating conditions, and 

environmental conditions. The complex interactions of these factors in AnMBRs 

are not fully understood (Hai  et al., 2013). 

2.4.3.1 Membrane properties 

Membrane properties such as membrane material, pore size or molecular 

weight cut-off (MWCO), porosity, roughness, surface charge and hydrophilicity / 

hydrophobicity can impede MBR performance by impacting on the membrane 

fouling (Hai et al., 2013;Peeva., 2011; Meng et al., 2009; Liao et al., 2006). The 

most common commercial pore size of anaerobic MBRs is in the range of coarse 

Ultrafiltration (UF) to fine Microfiltration range (MF) (Stuckey (2012)). The 

membrane pore size or molecular weight cut-off can significantly affect the 

membrane flux, with the larger pore size (or higher molecular weight cut-off) 

leading to an increase in the flux (Liao et al., 2006). However, Stuckey (2012) 

reported conflicting results, noting no consistency between membrane pore size 

and hydraulic performance. He attributed the contradictions to the complexity of 

the biological suspensions in the MBR process along with operational 
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parameters such as hydrodynamics and the duration of the test. Membrane 

materials can be categorized into three main types: organic (polymeric), metallic 

and inorganic (ceramic) (Lin et al., 2012). Various membrane materials have 

been reported in MBR studies. The most common materials are: organic 

polymers (e.g. polyethylene (PE), polyvinylidene fluoride (PVDF) and polyvinyl 

chloride (PVC)), inorganic materials (like ceramic and porous glass) and metals 

(stainless steel) (Huang et al, 2010). Membrane materials can significantly affect 

the membrane fouling. Bérubé et al (2006) reported that the cake layer formation 

on organic membrane surfaces in an AnMBRs consisted of both 

biological/organic compounds and inorganic precipitates while struvite was the 

main inorganic constituent of the cake layer. Membrane shape may also impact 

the membrane fouling. As documented by Skouteris et al., (2012), Trans-

membrane pressure (TMP) values were observed to be higher across HF 

membranes than across FS membranes when operated under comparable 

conditions, suggesting HF membranes are more prone to fouling. Surface 

modification of membranes (by means of coating or grafting) can alter membrane 

properties while maintaining their macro-porous structure. The surface 

modifications can increase the surface hydrophilicity, change the surface charge, 

or subsidize the surface with an anti-bacterial function (Stuckey (2012)). 

According to Jung and Kang (2003); permeate flux decline rate was higher in 

hydrophobic membrane than hydrophilic membrane, they observed 

approximately 10-30% flux drop for hydrophobic membranes than for hydrophilic 

membranes operated under the same identical conditions. 
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2.4.3.2 Biomass properties 

Biomass properties can greatly influence biological performance of the 

AnMBR and the membrane fouling. MLSS properties include particle size 

distribution (PSD), mixed liquor suspended solids (MLSS) concentration, sludge 

charge, extracellular polymeric substance (EPS), soluble microbial products 

(SMP), suspended solids (SS) in supernatant, dynamic viscosity (µ), relative 

hydrophobicity (RH), and zeta potential (Meng et al., 2006).  

Studies conducted on PSDs of the mixed liquor have generally identified 

supernatant of the mixed liquor (specifically the colloidal fraction) as the 

contributor of the greatest permanent fouling propensity (Jud (2008)). Hai et al 

(2013) reported that larger particle size on the membrane surface can be 

removed much more easily at the same shear condition compared to smaller 

floccs, thus, reduces the impact on membrane fouling. Jeison and Lier (2008) 

observed lower critical fluxes of 6-7 LMH for smaller sludge particle size whereas 

larger particles yielded critical flux of 20 LMH and concluded that particle size 

was a key factor controlling the attainable fluxes. 

Extracellular polymeric substance (EPS) concentrations, both bound and 

soluble (or SMP), is often regarded as the sludge factor of prime influence in 

relation to membrane fouling. Membrane inner pore accumulation and adsorption 

of EPS and SMP prefer biomass attachment and cake layer formation and may 

cause severe fouling. Operational conditions such as HRT, SRT, OLR, 

temperature, pH and shear rate are the most important parameters affecting both 

the concentration and composition of EPS and SMP (Ozgun et al., 2013; Meng et 
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al., 2006). Huang et al (2011) investigated the effect of HRT and SRT on 

treatment performance and membrane fouling of SAnMBR and concluded that, at 

8 and 10 hour HRTs, infinite SRT in SAnMBR produced highest MLSS and SMP 

concentrations and accelerated particle deposition and biocake/biofilm formation 

on the membrane surface. Also at longer SRT, lower extracellular polymeric 

substances (EPS) decreased flocculation of particulates and particle sizes, 

further deteriorate membrane performance.  

Mixed liquor suspended solids (MLSS) concentration directly affects cake 

layer formation on the membrane surface, therefore decreases the permeate flux 

(Chang and Kim. 2005). Higher sludge concentrations may increase energy 

demand, as well as increasing the risk of membrane clogging (Judd (2008)). 

Damayanti et al. (2011) investigated effect of mixed liquor suspended solids 

(MLSS) concentration on critical flux in aerobic MBR and concluded that when 

MLSS concentration increased from 5 to 20 g/L the critical flux became four 

times lower. Trussell et al. (2007) studied the effects of various factors on 

membrane fouling in aerobic SMBR by monitoring the membrane flux and 

reported that, the mixed liquor viscosity increased as the MLSS concentration 

increased ultimately affecting the membrane flux. 
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Figure 2-6: Factors influencing the treatment performance and membrane 

fouling in AnMBRs - (Adapted from Hai et al., 2013) 

 

2.4.4 Membrane fouling mitigation techniques 

Membrane fouling decreases productivity as it reduces flux, increases 

operational energy by increasing the trans-membrane pressure (TMP), 

necessitates frequent cleaning and my lead to membrane replacement. Due to 
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these economical impacts, membrane fouling is regarded as the major obstacle 

for wider application and use of the technology. Thus, it has received extensive 

attention from researchers across the globe. Membrane fouling control strategies 

in AnMBRs boils down to reducing the fouling rate and cleaning the fouled 

membrane (Hai et al., 2013, Liao et al., 2006).    

Reducing the fouling rate techniques include: membrane modification, 

operating below critical flux, Relaxation, biogas sparging, Backwashing with 

(permeate, air or biogas), control of operating conditions (e.g. SRT, HRT, 

biomass concentration) and addition of coagulants/flocculants such as activated 

carbon (AC) and granular activated  carbon (GAC) to modify the mixed liquor 

(Hai et al., 2013).     

Backwashing using permeate, air or biogas refers to back-flushing of the 

membrane. It has been proved very effective in removing most of the reversible 

fouling caused by pore blocking, pushing particles back into the bioreactor. 

Additionally, it can partially or fully dislodge the loose cake layer from the 

membrane surface. Effective utilization of backwashing technique would optimize 

parameters like frequency, duration and intensity of backwashing as different 

combinations of these factors proved to be more efficient in various studies (Hai 

et al., 2011). 

Unfortunately, reducing the fouling rate cannot eliminate the need for 

chemical cleaning as the decline in flux or increase in TMP or combination of 

both caused by the fouling will become unbearable, thus, chemical cleaning will 

be inevitable. Chemical cleaning has received a considerable attention in recent 
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studies and is being extensively applied in removing membrane fouling and 

recovering the permeability of membrane (Wang et al., 2008, Liao et al., 2006). 

Chemical cleaning includes maintenance and recovery cleaning. Maintenance 

cleaning refers to the regular cleaning (e.g. every week) using moderate 

chemical concentration to sustain design permeability and minimize the 

frequency of intense cleaning. Recovery cleaning (intensive chemical) is usually 

done once or twice per year when the flux or TMP can no longer be maintained 

(Hai et al., 2011). Membrane cleaning can be performed in-situ (or in place) and 

ex-situ based on whether the membrane modules remain within the AnMBR 

during cleaning (Wang et al., 2008). There are four classes of the chemical 

reagents used in membrane cleaning: Acids, bases, oxidants and other 

chemicals (chelating agents, surfactants, etc.). Acids (such as hydrochloric acid, 

sulfuric acid, citric acid, etc.) are successful in removing inorganic fouling which 

are formed by chemical precipitation of inorganic compounds (multivalent 

cations) and biologically- triggered mineralization between the biopolymer and 

salts. Alkaline cleaning (NaOH) has proved to be efficient in removing biological 

fouling by breaking large organic particles like colloids and microbes into fine 

particles. Oxidants and disinfectants (such as sodium hypochlorite, perhydrol, 

etc.) target removal of organic and biological foulants through oxidation and / or 

disinfection. Ozone aeration has also been used to disintegrate organic foulants. 

Other chemical reagents that can be applied for membrane cleaning may include 

metal chelating chemicals (e.g. citric acid as mentioned above, ethylene diamine 

tetraacetic acid (EDTA) and sodium tripolyphosphate(STP)), surfactants (e.g. 
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sodium dodecyl sulfate (SDS)) and other chemical detergents. Much more 

effective cleaning can be achieved by employing multi-step chemical cleaning, 

for example, sodium hypochlorite cleaning could be followed by acid cleaning 

and/or alkaline cleaning. Sodium hypochlorite (NaClO) is the dominant cleaning 

reagent in full-scale AnMBRs, which is commonly combined with citric acid 

during cleaning operations. The combination of NaClO with NaOH may also be 

used (Wang et al., 2014; Huang et al., 2011; Wang et al., 2008; Hai et al., 2013; 

Liao et al 2006). 

Other interesting mechanical cleaning procedures were also investigated 

and developed. For example, a hollow fiber membrane module integrating self-

mechanical-cleaning function was developed in China and found suitable for high 

biomass concentration and flux operation. Another study investigated removal of 

the fouling in a submerged flat-sheet MBR by means of sponge scouring (Wang 

et al., 2008). According to Wang et al (2014) and Lin et al (2012) ultrasonication 

has been applied successfully for membrane cleaning in various membrane 

filtration operations. Ultrasonic cleaning was found effective in removing the cake 

layers and controlling the gel layer in AnMBR. 

2.4.5 Membrane fouling characterization in AnMBRs 

The introduction of new innovative techniques and enhancing the existing 

ones for characterization of membrane fouling has greatly contributed in 

advancing the knowledge of mechanisms involved in membrane fouling 

(Ferrando et al., 2005). Currently there are several visualization techniques used 

for membrane fouling characterization such as scanning electron microscopy 
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(SEM), confocal scanning laser microscopy (CSLM), atomic force microscopy 

(AFM), fourier transform infrared (FTIR) spectroscopy and direct observation 

(DO). Scanning electron microscopy (SEM) is one of the most common 

instruments which can prove high resolution images at nano/micro-meter scale. 

SEM was employed for direct observation of the fouling layer and to evaluate the 

effectiveness of the fouling mitigation methods. However, due to the pre-

treatment protocols (such as drying and gold coating) needed by SEM it is 

impossible to maintain the natural state of the fouling layer during the 

characterization (Hai et al., 2013). As drying of samples for SEM analysis may 

cause shrinkage of membrane pores and a collapse of foulants off the fouling 

layers, an improvement was made by introduction of the environmental scanning 

electron microscope (ESEM) which can be used for wet samples. On the 

contrary, ESEM provides much lower resolution of 0.5 µm compared to 0.01 µm 

for SEM. In addition no cross-section can be obtained using ESEM (Drews 

(2010)). Confocal scanning laser microscopy (CSLM) is one of the optical 

microscopic techniques that were commercially introduced in the early nineties. 

CSLM in addition to other benefits provides high-resolution images captured from 

different depths of a three-dimensional (3D) object, thus rendering invasive 

techniques unnecessary for sample preparation. One of the major advantages of 

CSLM over most of the other characterization techniques is its ability to 

distinguish among different species (depending on their fluorescent emission) 

and visualize on-line the adsorption–desorption processes that occur at different 

depths of the membrane (Ferrando et al., 2005). Zator et al (2007) was able to 
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calculate the portion of pore surface where protein and/or dextran were detected 

using data obtained from CSLM.  The data obtained was up to a depth of 3 µm 

inside the membrane, and provided valuable information about the membrane 

pore blockage. Atomic force microscopy (AFM), also known as scanning force 

microscopy, this instrumental technique is mainly used to examine surface 

topography and interactions on the molecular scale. It can convert the scanning 

signals into a three-dimensional topographical map of the surface. AFM renders 

a horizontal resolution of 0.1 nm and a vertical resolution of 0.01 nm. AFM has 

been widely used in characterizing the structure and morphology (or topography) 

of different types of clean microfiltration (MF) and ultrafiltration (UF) membranes. 

Specifically, most of the studies were conducted on examining pore size, 

porosity, pore size distribution and membrane surface roughness (Chan and 

Chen, 2004). Fourier transform infrared (FTIR) spectroscopy is another 

instrument commonly used to characterize functional groups of organic 

molecules adsorbed on the surface of the membrane (Drews (2010)). Direct 

observation (DO) also known as direct observation through the membrane 

(DOTM) offers non-invasive, in situ, visualisation and quantification of fouling 

development and the removal process from hollow fiber membranes in real-time, 

however, is limited to visually accessible systems such as dilute suspensions and 

single fibres (Drews (2010); Marselina et al., 2009).  

These instruments can be used in combination or as individual tools. For 

example, DOTM and CLSM have been extensively used in characterising 

membrane biofouling (Meng et al., 2009). Similarly, energy-dispersive X-ray 
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spectroscopy (EDX) and SEM were used by Berube et al (2006) to characterise 

an inorganic precipitate of AnMBR. The results indicated that the inorganic 

precipitate was composed of struvite (MgNH4PO4·6H2O), calcite, and clay which 

were induced by production of ammonium and phosphate ions during anaerobic 

digestion of the organic materials. 
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Chapter 3 : Effects of MLSS concentration and biogas 
sparging intensity on critical flux of submerged 
anaerobic membrane bioreactor (SAnMBR) 

3.1 Introduction 

 In recent years, submerged anaerobic membrane bioreactor (SAnMBR) 

has been regarded as a novel technology for industrial wastewater treatment as 

it offers many advantages compared to the conventional wastewater treatment 

systems. It utilizes a submerged membrane in anaerobic reactor for separation of 

solids thus providing an excellent effluent quality, low sludge yield, higher-

treatment performance, a small footprint, biogas production and lower energy 

consumption (Liao et al., 2006; Lin et al., 2012; Fox and Stuckey., 2015; Estrada-

Arriaga et., al 2015). The application of membrane separation also resolves the 

difficulty of retaining slow-growth anaerobic microorganisms with short solids 

hydraulic retention times (HRT) by eliminating unwanted sludge wash-out and 

decoupling solids retention time (SRT) from hydraulic retention time (HRT). By 

controlling the SRT it is now possible to achieve desired or high biomass 

concentration in the SAnMBR which makes it attractive for industrial wastewater 

treatment (Wu et al., 2008; Monclus et al., 2010; Huang et al., 2011; Lin et al., 

2012; Chang (2014); Schwarz et al., 2006). However, membrane technology still 

faces a major challenge of membrane fouling which directly affects the permeate 

flux and subsequently operational and energy costs causing frequent membrane 

replacement, membrane maintenance and membrane cleaning (Espinasse et al., 
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2002; Chang and Kim., 2005; Robles et al., 2012; Estrada-Arriaga et al., 2015). 

Permeate flux is an important parameter influencing the fouling rate (Yu et al., 

2003; Wu et al., 2008).It is generally believed that operating below the critical flux 

can reduce the fouling rate (Pollice et al., 2005; Damayanti et al., 2011). The 

concept of the critical flux (Jcrit) in MBRs was pioneered by Field et al. (1995). 

Since then the concept has inspired many researchers (Espinasse et al., 2002; 

Yu et al., 2003; Andreottola &  Guglielmi., 2003; Le Clech et al., 2003a; Le Clech 

et al., 2003b; Kim and DiGiano.,2006; Bacchin et., 2006; Monclus et al., 2010; 

Robles et al., 2012; Fox and Stuckey., 2015;) who studied the various factors        

affecting the critical flux. Among these factors affecting the critical flux are the 

mixed liquor suspended solids (MLSS) concentration and the biogas sparging 

intensity. MLSS concentration directly impacts cake layer formation on the 

membrane surface and hence decreases the permeate flux (Chang and Kim. 

2005). Increasing the biogas intensity in submerged AnMBRs improves 

hydrodynamic conditions but also increases energy cost, disrupts sludge flocs 

and negatively impacts membrane fouling (Lin et al., 2012). The most common 

approaches to minimize fouling in submerged AnMBRs are adjusting biogas 

sparging intensity and the permeate flux (Kim and DiGiano., 2006; Lin et al., 

2012; Robles et al., 2012). Therefore; optimising the biogas sparging rate and 

MLSS concentration are critical factors in success of AnMBRs. 

A critical review on the critical flux studies suggests that most of the 

studies focused on aerobic MBRs and only limited studies on AnMBRs. 

Furthermore, the change in MLSS is achieved by either varying solids retention 
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time (SRT), which led to the simultaneous changes in other sludge properties, 

such as extracellular polymeric substances (EPS), particle size distributions, 

hydrophobicity and surface charge (Liao et al., 2001), or taking MLSS from the 

activated sludge plants or MBRs and stored in cold temperature until the time of 

critical flux experiments. However, a number of studies found the storage time 

and temperature had significant impact on sludge properties as well (Bura et al., 

1998; Nielsen et al., 1996). Table 3-1 shows the summary of these studies. 

Damayanti et al. (2011) found that an increase in MLSS concentration from 5 to 

20 g/L led to a decrease in critical flux by four times in an aerobic MBR. Similar 

results were obtained by Wu et al. (2008). Furthermore; Robles et al. (2012) 

found a linear dependency between the critical flux (JCrit) and the sparging 

intensity in an AnMBR. Moreover, several sludge properties, such as EPS, 

particle sizes, hydrophobicity, and surface charge, have been reported to have 

significant effects on membrane fouling and consequently the critical flux (Wu et 

al., 2008). Considering the fact that no consensus has been reached in the 

literature regarding the effects of sludge properties on membrane critical flux, Wu 

et al (2008) stressed the importance of carrying out experiments under identical 

sludge characteristics to facilitate comparison of results. The actual method used 

to change MLSS concentration can have a significant effect on biomass 

characteristics, as it can be changed both with and without acclimatisation (Le 

Clech et al., 2003b). 

Even though these intensive studies conducted so far, as summarized in 

Table 3-1, have significantly contributed in understanding the critical flux concept 
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and the factors influencing the critical flux in MBRs, However, limited studies 

have focused on submerged AnMBRs. In fact most of the studies examined 

submerged aerobic MBRs and side-stream (SS) configurations (Xie et al., 2010; 

Jeison & Lier., 2007). Therefore, it is desirable to carry out the critical flux 

experiments under various MLSS concentrations and biogas sparging intensities 

during the continuous operation of a SAnMBR while minimizing the change of 

sludge properties except for the MLSS concentration.  

The objectives of this paper were to critically investigate the effect of 

MLSS concentration under various biogas sparging intensity on critical flux in 

SAnMBRs by designing an accelerated experiment of changing MLSS while 

minimizing the change of other sludge properties. More importantly, accelerated 

critical flux tests were carried out during the continuous operation of a SAnMBR 

while minimizing changes in MLSS properties or taking out the MLSS from the 

SAnMBR and store in cold temperature. Following the accelerated experiments, 

a long-term operation under sub-critical condition was executed to evaluate 

validity of the critical flux concept by operating the SAnMBR in one of the critical 

flux results attained in the accelerated short-term experiments and membrane 

fouling characterization was performed at the end of the long term operation.  
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Table 3-1: Summary of some critical flux studies reported in literature 

Type of 
Wastewater Scale 

Reactor 
Volume 

(L) 
Membrane 

 
Pore 
Size 
(µm) 

 
Reactor 

Type 
 

Influent 
COD 

(mg/L) 
MLSS 
(g/L) 

Sparging Rate 
(m3/m2.h) 

Flux 
(LMH) 

(HRT) 
(d) 

(SRT) 
(d) 

Reference 
 

Settled 
sewage 

Pilot 
Scale 2500 HF 0.1 Anaerobic 290 8 0.24 & 0.48 14.5, 17.0  -- -- Monclus et al. 

(2010) 

Municipal Pilot 
Scale 1300 HF 0.05 Anaerobic 388 ± 95 23 

0.17, 0.23, 
0.33, 0.4, 0.5 

 
12-19 0.25-

1.083 30-70 Robles et al. 
(2012) 

-- Pilot 
Scale 40 Tubular 0.01 Aerobic -- 4, 8, 12 6.9, 14.8,21.7 37-109 -- -- Le Clech et al. 

(2003b) 

-- Pilot 
Scale 40 Tubular 0.1 Aerobic -- 4, 8, 12 7.61, 16.3, 23.9 16-121   Le Clech et al. 

(2003b) 
Raw 

wastewater 
Lab 

Scale 50 HF 0.22 Aerobic -- 3 0 to 254 7.32 -
50.16 -- -- Yu et al. (2003) 

Palm oil mill Lab 
Scale 20 FS 0.4 Aerobic 45,000 5,10,15,20 -- 

9.2, 
7.1,4.7, 

2.5 
-- 70 Damayanti et al 

(2011) 

Municipal Lab 
Scale 6 HF UF Aerobic -- 4.2, 6.15, 

7.940a 7.14 < 20 -- -- Estrada-Arriaga 
et al. (2015 

Synthetic 
 

Lab 
Scale 3 Flat sheet 0.4 Anaerobic 460 ± 30 --- 1.2, 2.4,3.6 7.2 , 11.8 0.5 -- Fox & Stuckey 

(2015) 

Municipal Lab 
Scale 33 FS 0.2 Aerobic -- 4.5 

2.86, 5.71, 
8.71, 11.43, 

14.29 
42.5-48.5 0.125 40 Wu et al., 

(2008) 

Municipal Lab 
Scale 33 FS 0.2 Aerobic -- 9.6, 12.4, 

15.9, 22.6 

2.86, 5.71, 
8.71, 11.43, 

14.29 

24-50b 
0.125 40 Wu et al., 

(2008) 

Synthetic Lab 
Scale -- HF -- Aerobic -- 

3.7, 2.9, 
0.25, 
0.09 

Fixed -- -- -- Chang and Kim 
(2005) 

Municipal 
 

Pilot 
Scale 

1,514 
 HF UF Aerobic 345 15 0.54, 0.82, 1.08 -- -- 10, 20, 

30 
Trussell et al. 

(2007) 

Real Kraft EC. Lab 
Scale 10 FS 0.3 Anaerobic 5600-

10000 5-10 0.6-1.5 5.6-12.5 -- -- Xie et al. (2010) 

Synthetic Lab 
Scale 10 FS 0.30 Anaerobic 17,296 ± 

285 
15, 10.6, 7.7, 

5.7 8.72, 6.0, 4.38 8.02 -
15.06 NA Not 

used This study 

 
Notes: 

 (--) Indicates value not reported 
 (7,940a ) Concentration reported in MLVSS 
 (24-50b) Value is approximate (scaled from graph) 
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3.2 Material and Methods 

3.2.1 Laboratory scale SAnMBR setup and operation 

The schematic diagram of the submerged AnMBR used in this study is shown in 

Fig. 3-1. The SAnMBR has a volume of 10 L and is composed of a bottom (sludge 

blanket) zone (4 L) and a top (filtration) zone (6 L).  A flat sheet microfiltration 

membrane module with effective filtration area of 0.03 m2 (10 cm × 15 cm on each of 

side of the module) was submerged in the top zone of the SAnMBR. The bottom zone 

was used to form sludge granules acting as the sludge blanket and was intended to 

replicate the UASB reactor. The flat sheet membranes used in this study were made of 

polyvinylidene fluoride (PVDF) materials  and their molecular weight cut off (MWCO) 

were characterized as 70,000 Da and the pore sizes was 0.3 µm (Shanghai SINAP 

Membrane Science &Technology Co. Ltd., China). 

Underneath the membrane module on each side, a stainless steel tube diffuser 

was located and the headspace biogas was recirculated by two gas recycle pumps 

(Masterflex Console Drive, Model 7520-40, Thermo Fisher Scientific, USA) to provide 

biogas sparging for fouling control on the membrane surface. The biogas sparging rate 

was controlled as needed during the experiments by settling the digital pump speeds. 

Additional gentle mixing was achieved by a magnetic stirrer at the bottom of the reactor. 

 The seeded sludge was obtained from another SAnMBR treating synthetic 

wastewater and was stored in -25 °C prior to starting of these experiments. The 

SAnMBR temperature was maintained constant at 37 ± 1 °C by continuously circulating 
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warm water through the water jacket of the reactor. The feed wastewater stored at 4oC 

in a refrigerator was preheated in a water bath to 37 ± 1 °C prior to entering into the 

SAnMBR. 

 The pH of the bioreactor was controlled at 7.0 ± 0.2 by adjusting the feed pH. 

NaOH solution was used to raise the feed pH which was typically around 3.5. The feed 

wastewater was pumped into the bottom of the bioreactor automatically by a feeding 

pump (Masterflex Model 7520-50, Barnant Co., USA), which was controlled by a water 

level sensor (Madison Co., USA), and controller (Flowline, USA) to maintain a constant 

liquid level in the bioreactor. 

Synthetic wastewater (simulation of kraft pulping evaporator condensate) 

composed of methanol was used for the experiments. Macro-nutrients, nitrogen (NH4Cl) 

and phosphorus (KH2PO4) were added to the synthetic wastewater in a proportion of 

COD: N: P of 100:2.6:0.4 to sustain the nutrient concentrations requirement for biomass 

growth in an anaerobic environment (Vogelaar et al., 2002). According to the 

recommendation of Welander et al. (1999) a trace element solution was supplemented 

to the influent to prevent trace metal limitations of the methanogens. The permeate was 

intermittently obtained by using a peristaltic pump (Masterflex, C/L, Model 77120-70, 

Barnant Co., USA) operating in three minutes on and two minutes off mode. To control 

the membrane flux the permeate pump speed was adjusted and calibrations were made 

when necessary. The trans-membrane pressure (TMP) was measured by a vacuum 

gauge which was connected to the membrane module in the bioreactor and the 

permeate suction pump. Nitrogen gas was used to remove oxygen from the bioreactor 

whenever the system was opened to remove or clean the membranes. 
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Figure 3-1: Schematic of the laboratory scale submerged anaerobic membrane 

bioreactor (SAnMBR). 
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3.2.2 Analytical methods  

3.2.2.1. Critical flux determination 

The critical flux measurements were conducted on a constant flux basis (using 

flux-step method) and the corresponding changes in TMP were monitored (Le Clech et 

al., 2003b; Monclus et al., 2010).  Accordingly each flux step was measured for 5 

minutes membrane operation cycle (on and off) and was triplicated such that each step 

was composed of 15 minutes of permeation and relaxation before increasing the flux to 

the next step. Each run started at a low constant flux and was incrementally increased 

in step heights of 1 to 2 LMH due to the challenge of changing the permeation pump 

speed at a fixed interval. If the TMP did not increase within the step length then the flux 

was stepped up to the next level. The upper limit of the critical flux was taken as the 

point where the flux–TMP relationship became non-linear (Bacchin et al., 2006) or 

simply when an ever increasing TMP was observed within the step length. The lower 

limit of the critical flux was taken as the flux in the previous step. The critical flux was 

obtained by averaging the lower and upper limits. Each critical flux measurement was 

conducted three times and the membrane was physically cleaned prior to each critical 

flux measurement. A new membrane was used for each MLTS concentrations of 15 g/L, 

10.6 g/L, 7.7 g/L and 5.7 g/L. Biogas sparging intensities selected were low (4.38 m3.m-

2.h-1), intermediate (6.0 m3.m-2.h-1) and high (8.72 m3.m-2.h-1) for each MLTS 

concentration.  After completing the tests with the three sparging intensities and MLTS 

concentration of 15 g/L, the MLTS was immediately wasted to reach the next level of 

MLTS concentration of 10.6 g/L and the critical flux measurements were performed as 

described above. Similar process was followed for MLTS concentrations of 7.7 g/L and 



57 | P a g e  
 

5.7 g/L. The short-term accelerated critical flux experiments were completed within four 

weeks. 

3.2.2.2 MLSS concentrations and biomass acclimation 

A synthetic wastewater prepared from methanol with an average COD of 17,296 

± 285 mg/L was used throughout this study. Upon start-up of the reactor the biomass 

was acclimated to this synthetic wastewater for 136 days to achieve a steady-state 

operation prior to starting the critical flux experiments. No wasting of MLSS occurred 

except as per above and as required for sampling. The purpose of immediately wasting 

the sludge (no control of SRT) to reduce to the desired concentration was to minimize 

changes in MLSS properties. Changes of MLSS concentration by controlling the SRT 

has been known to change the MLSS properties (Le-Clech et al., 2003b). Accelerated 

critical flux experiments were carried out within the shortest possible time to minimize 

changes in MLSS properties. At the end of critical flux tests, the previously wasted 

sludge was stored at -25 °C and was used to increase the MLTS concentration to 

around 11.46 ± 0.92 g/L for the long term operation of SAnMBR to study effect of long 

term operation. 

3.2.2.3 Particle size distributions  

 
The particle size distributions (PSDs) of the mixed liquor samples and 

supernatant were measured using Malvern Mastersizer 2000 instrument 

(Worcestershire, UK) which has a detection range of 0.02-2000 μm. The instrument 

detects the scattered light by means of a detector that converts the signal to a size 

distribution based on volume or number. Each sample was automatically measured 
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three times with a standard deviation of 0.1-4.5%. The PSD measurements were 

measured twice for each set of critical flux tests (i.e. one MLSS concentration & one 

sparging rate). Samples of mixed liquor were taken from three different zones of the 

reactor and the supernatant for the top zone mixed liquor. The PSD was routinely 

monitored for the long term operation.   

3.2.2.4 Water samples 

 
COD of (influent, effluent, and supernatant), mixed liquor total solids (MLTS) and 

mixed liquor suspended solids (MLSS) concentrations were determined according to 

standard methods (APHA, 2005). MLSS: MLTS ratio was 0.9705. The mixed liquor 

samples were taken from the top zone of the SAnMBR and centrifuged at a 

centrifugation force of 18700g for 20 minutes to obtain supernatant for chemical oxygen 

demand (COD) measurement and particle size distribution (PSD). Samples were 

measured twice for each set of critical flux tests and were routinely monitored after the 

end of the critical flux tests for the long term operation. 

3.2.2.5 Biogas production and composition measurements 

 
Biogas samples were taken from the headspace of the SAnMBR using a syringe. 

Biogas composition (methane, nitrogen, and carbon dioxide) was measured by gas 

chromatography (Shimazu, GC-2014) which is equipped with a thermal conductivity 

detector and a silica gel packed column. Helium gas at a flow rate of 30 mL/min was 

used as the carrier for the equipment. Biogas composition was monitored throughout 

the experimental period of the critical flux tests and thereafter it was measured once a 

week during the long term operation. Biogas production rate was measured using water 
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displacement method and was measured two to three times per week through the 

experimental operation. 

3.2.2.6 Analysis of membrane resistance and Permeability 

The resistance-in-series model (Rt = Rm + Rc + Rp) was used to evaluate the 

filtration characteristics. Membrane resistance was analyzed by Darcy’s law as follows: 

Rt = Rm + Rc + Rp = 
Jx
TP




   ……………………………………….……………… (1) 

Where Rt is the membrane total resistance (1/m), Rm is the new membrane 

resistance (1/m), Rp is the resistance cause by pore blocking (1/m), Rc is the cake layer 

resistance formed by the cake layer deposition over the membrane surface during 

filtration (1/m), ΔPT is the trans-membrane pressure (Pa), η is the dynamic viscosity of 

the permeate (Pa.s); and J is the measured membrane flux (m3/m2.s). Each resistance 

value was measured using the same membrane module used in the laboratory-scale 

SAnMBR for the critical flux tests and the long term operation.  

The experimental procedure to measure each resistance value was as follows:(a) 

Rm was evaluated by measuring the clean water flux of tap water; (b) Rt was obtained 

from the final flux of the biomass filtration (at the end of the long term operation of the 

SAnMBR) and the corresponding trans-membrane pressure was similarly obtained; (c) 

the membrane surface was then gently flushed with tap water and cleaned with a wet 

sponge to remove the cake layer formed during filtration on SAnMBR. After that, the 

clean water (tap water) flux was measured again to determine the resistance of the 

membrane equating to (Rm + Rp). From steps (a) to (c), Rt, Rm, Rp and Rc were 
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calculated. Rt & Rm were directly calculated using equation (1) above; then from step (c) 

and equation (1), Rc & Rp were calculated. This procedure to determine Rt, Rm, Rp and 

Rc was used by other researchers (Lin et al., 2009; Chang and Kim, 2005). 

The following equation was also used to determine organic fouling resistance, 

inorganic fouling resistance and permanent fouling (irremovable fouling) resistance: 

Rp = Rorganic + Rinorganic + Ppermanent ………………………………………………… (2) 

Where, Rorganic is the organic fouling resistance (1/m), Rinorganic is the inorganic 

fouling resistance (1/m) and Ppermanent is the permanent fouling (irremovable fouling) 

resistance (1/m). After step (c) above, the membrane was chemically cleaned by 

submerging in 200 ppm sodium hypochlorite solution for two hours to remove organic 

foulants. (d) Clean water flux test was done to measure the resistance (Rm + (Rinorganic + 

Ppermanent)) and subsequently Rorganic was calculated. Finally, after step (d), the 

membrane was chemically cleaned by submerging in 2000 ppm citric acid solution for 

two hours at pH 2.5 to remove inorganic foulants. Then (e) clean water flux test was 

done to measure the resistance (Rm + Ppermanent) so Rinorganic & Ppermanent could be 

obtained from these steps and equation (2) above. 

Membrane performance in terms of permeability was measured by a temperature 

corrected (to 20 °C) permeability K20°C using the following equation (Trussell et al., 

2007). 

K20°C = / ΔPT                    …………………………………………… (3) 

K20°C = Permeability of the membrane at 20 °C, L/m2 *h*bar (LMH/bar) 
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T = temperature of water, °C 

J = membrane flux, L/m2 .h (LMH) at temperature T 

ΔPT = the trans-membrane pressure (Pa) 

From the steps explained above and equation (3) permeability corresponding to each 

type of resistance can be calculated and their effects evaluated.  

3.2.2.7 Statistical analysis 

 
Statistical analysis was carried out using the Microsoft Excel software with a view 

to characterize the influence of mixed liquor suspended solids (MLSS) concentration 

and sparging rate on the critical flux. The analysis of variance (ANOVA) and/or student 

T-Test were used to test for differences between treatment means when investigating 

the effect of MLSS concentration & sparging rates on the critical flux. The statistical type 

I error (or alpha) was set at 0.05 for all statistical tests conducted in this study. First, 

ANOVA was used to test the significance of each factor (MLSS concentration & 

sparging rates) based on the three observations (n=3, as the critical flux measurement 

was replicated three times) and the various sparging rates (3 levels) and MLSS 

concentrations (4 levels). Then, where the treatment means were not equal the student 

T-Test was used to test each pair of means to find out where the difference lies. 
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3.3 Results and discussions  

3.3.1 Accelerated critical flux experiments (Short term study) 

3.3.1.1 Overall performance of the SAnMBR 

 
To ensure the consistency of the biological performance during the whole 

accelerated experimental period; the performance of the SAnMBR was continuously 

monitored. COD removal efficiency of 99.73 ± 0.05% was observed at influent COD 

concentration of 17,296 ± 285 mg/L yielding effluent COD concentration of 62 ± 41 

mg/L. Biogas yield was 0.42 ± 0.13 L biogas/g COD consumed. The biogas was 

composed of 76.63 ± 1.27% CH4 (Methane), 15.55 ± 2.74 % CO2 and 7.82 ± 3.37 N2. 

These values are consistent with the values found in literature (Lin et al., 2010; Lin et 

al., 2011) and substantiate the normal behaviour of the SAnMBR during the 

experiments. 

3.3.1.2 MLSS properties 

 
Fig. 3-2 shows the particle size distributions (PSDs) of MLTS at a concentration 

of 15 g/L under various biogas sparging rates (4.38, 6.0 and 8.72 m3/ m2.h). Similarly, 

the PSD (results not shown) of MLTS at three other concentrations of 10.6 g/L, 7.7 g/L 

and 5.7 g/L were plotted as well. The results showed limited impact of biogas sparging 

rates on PSD at the same MLTS concentration. Fig. 3-3 illustrates PSDs of MLTS at 

various concentrations (15 g/L, 10.6 g/L, 7.7 g/L and 5.7 g/L) and the same biogas 

sparging rate of 8.72 m3/ m2.h. The PSDs of MLTS at various concentration and other 

two biogas sparging rates were also plotted (results not shown here). The results 
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suggested that PSDs of MLTS were similar at different MLTS concentrations. Overall, 

the results from Fig. 3-2 and 3-3 indicate that the PSD of MLTS had no any notable 

changes during the period of accelerated experimental study of critical flux 

determination; which supports our intent of the constant MLSS properties. 

 

 

  

 

Figure 3-2: Particle size distributions for MLTS concentration of 15 g/L at various 

sparging rates 
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Figure 3-3: Particle size distributions of various MLTS concentrations at sparging 

rate of 8.72 m3/m2.h 

   

As the fraction of smaller particles (fine colloidal particles) is more important than 

the fraction of larger flocs in controlling membrane fouling (Lin et al., 2011; Lin et al., 

2009) and would accumulate in the supernatant, the PSDs of supernatant were 

measured at the various conditions. Figs. 3-4 & 3-5 depict the plots of supernatant 

PSDs under various conditions. A close look at these plots reveals similar PSDs but 

some slight variations mainly at the peaks of smaller size particle distributions (< 1 µm). 

The appearance of the peaks of smaller particles (<1 um), as compared to the PSD of 

MLTS (Figs. 3-2 and 3-3), was due to the fact that smaller particles were concentrated 

in the supernatants after centrifugation and thus weight (or vol%) of smaller particles 
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flocs was the same at different MLTS concentrations, but after concentration by 

centrifugation, the absolute amounts of small flocs accumulated in supernatants would 

be higher from a higher MLTS. Thus, some notable differences were observed in Figs. 

3-4 and 3-5.  Fig. 3-4 suggests that an increase in biogas sparging rate from 4.38 to 6.0  

m3/m2.h had limited impact on the  fraction (peak) of smaller particles (<1µm) but a 

further increase to 8.72 m3/ m2.h led to an increased fraction of smaller particles (˂1 

µm). The results suggest that there is a critical biogas sparging rate, after which its 

impact on the PSDs of supernatants is notable, due to increased shear force and break-

up of flocs. The relatively higher peaks (or vol %) of smaller particles (<1 µm) at the 

higher MLTS concentrations (15 and 10.6 g/L) (Fig. 3-5) was due to the fact that a 

larger amount of smaller particles existed at the higher MLTS concentrations. This is 

consistent with the supernatant COD level under various MLTS concentrations as 

shown in Fig. 3-6. The higher level of supernatant CODs at a higher level of MLTS was 

related to a larger amount of smaller particles. This can be substantiated by the higher 

supernatant COD for the highest sparging rate in comparison to the lowest (Figure 3-5). 

The effect of intermediate sparging rate (6.0 m3/m2.h) was comparable to the highest 

sparging rate in this regard. Figure 3-5 represents the PSDs of the highest sparging rate 

on the several MLTS concentrations. The difference lies in the content of smaller size 

particles (< 1 µm); the general trend was that the smaller particles concentration 

decreased with the decrease in MLTS concentration; however, 15 & 10.6 g/L displayed 

comparable results and similarly 7.7 & 5.7 g/L. This observation can be supported by 

the supernatant CODs as shown in figure 3-6. Analogous results can be concluded from 
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the rest of the conditions not depicted here. We can conclude that the MLSS properties 

remained fairly constant with the exception of the slight variations as discussed above. 

 

       

 
 
 
 
 

Figure 3-4: Particle size distributions of supernatant for MLTS concentration of 15 
g/L at various sparging rates 
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Figure 3-5: Particle size distributions of supernatant for various MLTS 
concentrations at sparging rate of 8.72 m3/m2.h 

 

Figure 3-6: Supernatant COD of the various MLTS concentrations at the various 
sparging rates 
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3.3.1.3 Effect of MLSS concentrations & sparging rates on critical flux 

Figure 3-7 depicts the effect of sparging rates on the critical flux at the various 

MLTS concentrations. The sparging rates were found to have significant effect on the 

critical flux under various MLTS concentrations (ANOVA, P < 0.05). At three MLTS 

concentrations ( 5.7, 10.6 and 15 g/L), an increase in the biogas sparging rate initially 

from 4.38 to 6.0 m3/m2.h led to an increase in the critical flux but no further improvement 

in critical flux was observed with a further increase of biogas sparging rate from 6.0 to 

8.72 m3/m2.h (student t test, p>0.05). This can be explained by the change in shear 

forces and sludge properties. At the initial stage, an increase in the biogas sparging rate 

resulted in improved shear forces on membrane surfaces  (i. e. more power to prevent 

particles deposition on the membrane) but the change in sludge properties were limited 

(as shown in Fig. 3-4) and thus led to improved critical flux. However, although a further 

increase in the biogas sparging rate (from 6.0 to 8.7 m3/m2.h) led to a further increased 

shear forces on membrane surface but simultaneously led to the break-up of large flocs 

into smaller flocs, as evidenced by the increase of the fraction of smaller flocs (<1 um) 

(Fig. 3-4). The positive impact of increasing biogas sparging rate on critical flux was 

compensated by the negative influence of increased smaller flocs and thus no further 

improvement in critical flux was observed. This is consistence with findings of other 

authors which state the existence of a maximum aeration rate beyond which there is no 

further increase in the flux can be gained (Fox and Stuckey., 2015). Monclus et al. 

(2010) proposed existence of a critical aeration rate for aerobic MBRs analogous to the 

critical flux concept. Similarly our results suggest the existence of the critical biogas 

sparging rate for SAnMBRs stressing the importance of optimising the sparging rate in 
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SAnMBRs. When MLTS concentration was lowered to 7.7 g/L, the critical flux increased 

consecutively with the increase of sparging rate from 4.38 m3/ m2.h to 6.0 m3/ m2.h and 

to 8.72 m3/ m2.h (T-Test, P < 0.05). However, the increase in critical flux was only about 

8.47% while the increase in sparging rate (from 6.0 m3/ m2.h to 8.72 m3/ m2.h) 

exceeded 45% which is economically unbalanced and we can fairly assume no flux 

increase above the intermediate sparging rate.  

Figure 3-8 illustrates the effect of MLTS concentration on critical flux under the 

different sparging rates tested. The results indicate that MLTS concentration had a 

remarkable effect on the critical flux (ANOVA, p<0.05). The critical flux decreased with 

an increase in MLTS concentration from 5.7 to 10.6 g/L (ANOVA, p <0.05) but no further 

decrease in critical flux was observed when the MLTS concentration was increased 

from 10. 6 to 15 g/L under two (4.38 and 6.0 m3/m2.h) of the three biogas sparging rates 

tested (student t-test, p>0.05). The solids flux towards the membrane increased as 

MLTS concentration increased (Trussell et al., 2007), thus causing the decline in the 

critical flux. At MLTS concentration of 15.0 g/L, the effect of biogas sparging equated 

the transport of the particles towards the membrane and consequently the critical flux 

remained almost constant. At the highest biogas sparging rate (8.72 m3/m2.h) tested, no 

significant change in critical flux was observed when the MLTS was changed either from 

5.7 to 7.7 or from 10.6 to 15 g/L (Student t-test, p<0.05). A significant decrease in 

critical flux was observed with an increase in MLTS from 7.7 to 10.6 g/L (Student t-test, 

p<0.05). This could be attributed to the increased smaller particle concentration induced 

by the high shear force of 8.72 m3/ m2.h. A critical MLTS concentration range concept 

similar to the critical flux/aeration concept can be proposed here.  Based on fig. 3-8, 
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there is a linear relationship between the critical flux and the MLTS concentrations 

(under the various sparging rate) up to a threshold value (10.6 g/L) beyond which no 

further decrease in the critical flux occurs. For example, as the flux remained 

comparable in the MLTS range 10.6 g/L – 15 g/L for each of the sparging rates tested; 

The SAnMBR could highly benefit from the higher limit of the MLTS concentration (i.e. 

15 g/L) when treating higher strength wastewaters rather than using the lower limit of 

10.6 g/L as both concentrations yielded same flux. These results are consistent with the 

current practise of limiting the MLSS concentration in the range 10 to 15 g/L (Schwarz 

et al., 2006). This demonstrates the importance of optimising the MLSS concentration in 

SAnMBRs and further studies could be conducted to further explore this area. 

It is noteworthy to mention that all these critical flux measurements were carried 

out under an accelerated testing with minimum changes in other sludge properties other 

than MLSS concentration.  An optimal biogas sparging rate at 6.0 m3/m2.h was 

identified to have high critical flux and save energy. The relationship between the critical 

flux and MLTS concentration in the range (5.7 to 10.6 g/L) under the several sparging 

rates tested could be approximated by a linear relationship. However, no remarkable 

loss in critical flux was observed at MLTS concentration of 15 g/L for the various 

sparging rates. This may also propose existence of critical MLSS concentration range. 

Further studies are needed to investigate this; as the SAnMBR could highly benefit from 

the increased MLSS concentration having no notable effect on the membrane flux.      
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Figure 3-7: Critical flux versus sparging rates (4.38, 6.0 & 8.72 m3/ m2.h) for the 
various MLTS concentrations 

 
 

Figure 3-8: Critical flux versus the various MLTS concentrations at the various 
sparging rates (4.38, 6.0 & 8.72 m3/m2.h) 
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3.3. 2 Long term operation 

3.3.2.1 SAnMBR performance 

 
In the accelerated study it was found that the critical flux for MLTS concentrations 

of 10.6 & 15.0 g/L under a biogas sparging rate of 6.0 m3/ m2.h was 10.3 LMH. To verify 

the validity of the critical flux concept, a long-term study over 142 days at a sub-critical 

flux of 8.0 ±1 LMH was conducted under a MLTS concentration of 11.46 ± 0.92 g/L and 

the optimal biogas sparging rate of 6.0 m3/m2.h.  

Figure 3-9 shows COD variation of influent, effluent and the supernatant with 

experimental time. Overall, excellent COD removal efficiency of 99.78 ± 0.0016% was 

achieved with a low effluent COD concentration of 37.95 ± 27.1 mg/L and supernatant 

COD was 462 ± 73 mg/L. Figures 3-10 and 3-11 show biogas production rate and 

composition with experimental time, respectively. The biogas production rate was 0.46 ± 

0.1 L biogas/g COD consumed, which was composed of 78.73 ± 2.14% CH4 , 19.00 ± 

1.7 % CO2  and 2.23 ± 0.8 N2 . The biogas production rate and composition are similar 

to that reported by (Lin et al. (2010 and 2011)). 

The PSDs of MLTS and supernatants are shown in figures 3-12 and 3-13. Similar 

PSDs of MLTS were observed in the three cyclic membrane operations. On the other 

hand, supernatant PSDs varied marginally. 
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Figure 3-9: Influent, Supernatant & Permeate COD (mg/L) – Long term operation 

 
 

 

Figure 3-10: Biogas production rate versus time (Long term operation) 
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Figure 3-11: Variation of biogas composition (%) -Long term operation 

 
 

 
 

Figure 3-12: Particle size distributions of the mixed liquor (Long term operation) 
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Figure 3-13: Particle size distributions of the supernatant (Long term operation) 
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± 0.27 LMH (cycle 1), 7.7 ± 0.32 LMH (cycle 2), and 7.64 ± 0.33 (cycle 3) was achieved 

for approximately six weeks in each cyclic membrane operation. After that, membrane 

flux could not be maintained at the sustainable flux level and eventually led to 

membrane cleaning. The results of TMP changes, as shown in Figure 3-15, suggest a 

typical three-stage TMP profile: an initial increase stage from 5 kPa to 10 kPa in the first 

week; then a flat TMP stage for approximately four weeks and eventually TMP increase 

again in the first two cyclic membrane operations. Similar performance was observed by 

(Li et al., 2013). 

 

 

 

Figure 3-14: Variation of flux with time (Long term operation) 
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Figure 3-15: TMP versus time (Long term operation) 
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Figure 3-16: Variation of organic loading rate (OLR) versus time 

 (Long term operation) 
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in cycle 3. This drop in permeability (8.4%) at the end of cycle 1 and 16.2% at the end of 

cycle 2 caused the drop in flux in cycles 2 & 3 as can be seen in Figure 3-14 and clearly 

demonstrate the increasing importance of the pore clogging (organic, inorganic and 

permanent fouling) throughout the long term operation (cycles 1 to 3). 

These results show that membrane fouling occurs even if the membrane is 

operated at subcritical flux, thus, forcing us to reject the critical flux concept. Similar 

findings were reported by (Li et al., 2013; Le Clech et al 2003a; Jeison and van Lier 

(2007)). 

3.3.2.3 Membrane fouling characterization 

 
At the end of the long term operation, membrane fouling cleaning and 

characterization was performed. The various resistances and corresponding 

permeability have been calculated and the results are illustrated in Fig 3-15 & 3-16. 

Table 3-2 also shows each resistance value and its percent contribution in Rt. Rc 

accounted for 94.88% of the total resistance indicating that the gel layer resistance is 

the dominant fouling mechanism influencing the permeate flux. Rp represented 2.05% of 

the total resistance which is subdivided to (Rorganic = 0.81%, Rinorganic = 1.21% and Rperm 

= 0.02%). The ratio of Rc/ (Rc+Rp) was 97.89% clearly demonstrating the gel layer is 

the main factor influencing the membrane fouling. Although the inorganic fouling 

(Rinorganic) amounted to about 60% of the Rp it is very obvious that the Rp was not 

significant compared to Rc.  
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Figure 3-17: Permeability of the Membrane (LMH/bar) at various conditions. 

            

 
Figure 3-18: Membrane Resistance (m-1) at various conditions. 

Note: (Rp = Rorganic + Rinorganic + Permanent) 
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increased to 60% after gel layer removal which supports the gel layer dominance of the 

membrane fouling. After cleaning the membrane by NaClO the permeability increased 

to about 71.83% and 99.73% of the permeability was recovered following the citric acid 

cleaning. These findings strongly support the less-significance of the pore fouling and 

the prevalence of the gel layer fouling over the other types. We can also conclude that 

the flux decline and TMP increase during the long term operation was mainly controlled 

by the gel layer (loss of 57% of permeability) and pore fouling which contributed to 40% 

loss in permeability and no permanent membrane fouling was developed.  

 
 
 
Table 3-2: Membrane Resistance (m-1) 

     Rp   

Resistance Rt Rm Rc Rorganic Rinorganic Rperm Rc/(Rc+Rp) 

Value 2.44E+13 7.49E+11 2.31E+13 1.97E+11 2.96E+11 5.69E+09   
97.89% Percent %   3.07% 94.88% 0.81% 1.21% 0.02% 

 

3.4 Conclusions 

3.4.1 Short term study 

This short term study examined the effects of MLSS concentrations and sparging 

rates on the critical flux in SAnMBR. The study concluded that both MLSS concentration 

and sparging rate are key factors to be considered for optimisation and effective 

operation of the SAnMBR. The results can be summarized as follows: 
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 Mixed liquor PSDs remained constant under all sparging rates for all MLTS 

concentrations. 

 Smaller size particles concentration in the supernatant increased with the 

increase in sparging rate for all MLTS concentrations but the impact was 

minimum in the range 10.6 g/L - 15.0 g/L and in the range of 5.7 g/L – 7.7 g/L. 

Similar trends were observed for the supernatant COD   

 MLSS properties remained fairly constant with the exception of the slight 

variations in smaller particles concentration induced by the shear force of the 

sparging rate; however further studies are needed.    

 Both the MLSS concentrations and sparging rates showed significant effect on 

the critical flux. Critical flux increased as the sparging rate increased for all MLSS 

concentrations, but no further increase was noted above (6.0 m3/m2.h) 

 The relationship between the critical flux and MLTS concentration in the range 

5.7 to 10.6 g/L can be approximated by a linear relationship for all the sparging 

intensities tested (the critical flux decreased as MLTS concentrations increased), 

but the critical flux stayed almost flat when MLTS concentration was increased to 

15.0 g/L. This observation can be very beneficial when higher MLSS 

concentrations are desired above 10.6 g/L 

  A critical MLSS concentration range concept similar to the critical flux/aeration 

concept can be proposed based on our results. 

 



83 | P a g e  
 

3.4.2 Long term operation 

The long term operation demonstrated that FS-SAnMBR is a promising 

technology for industrial wastewater treatment. Excellent COD removal efficiency of 

99.78 ± 0.0016% was achieved with low effluent COD concentration of 37.95 ± 27.1 

mg/L at influent COD concentration of 17,235 ± 447 mg/L. However, membrane fouling 

still remains the main hurdle. The FS-SAnMBR was operated at sub-critical flux but 

significant fouling occurred (decreased flux and increased TMP) after six weeks 

operation mainly caused by gel layer formation. Membrane fouling characterization 

confirmed the gel layer formation was the main mechanism of fouling. Fouling due pore 

clogging increased with the operational time; by end of the long term operation it was 

responsible for 40% of permeability loss. Virtually complete recovery of the permeability 

could be obtained by removing cake layer then chemical cleaning for removal of organic 

and inorganic foulants, indicating that the permanent fouling was not important.  
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Chapter 4 : Development of a high-rate submerged anaerobic 
membrane bioreactor (SAnMBR) 

4.1 Introduction 

Due to the global attention to reduce green-house gas emissions and recover 

energy from waste, anaerobic treatment of industrial wastewater has become very 

appealing compared to aerobic wastewater treatment and has been growing rapidly 

(Visvanathan and Abeynayaka (2012); Chong et al., 2012). Conventional high rate 

anaerobic technology for industrial wastewaters treatment, like up-flow anaerobic 

sludge blanket (UASB) and expanded granular sludge bed (EGSB), is a well- 

established technology that has many benefits such as high organic loading rates 

(OLRs), recovery of energy (by production of biogas), low sludge yield and smaller 

bioreactor volume (Dereli et al., 2012). Due to the combination of simple construction 

and a high volumetric treatment capacity, UASB is the most dominant high rate 

anaerobic reactor. In full-scale plants worldwide, the UASB constitutes more than 50% 

of the market (i.e. 852 out of 1599 plants) (Kleerebezem and Macarie, 2003; Dereli et 

al., 2012; Gomec, 2010; Chong et al., 2012). Full-scale UASB reactors are operated at 

high influent chemical oxygen demand (COD) concentration ranges of 1,000 to 20,000 

mg/L, hydraulic retention times (HRTs) of 2.4 hours to 8 days, COD removal rate of 

more than 60% and very high organic loading rates (OLRs) of 3 - 40 kg COD/m3.day 

(Visvanathan and Abeynayaka, 2012; Kleerebezem and Macarie, 2003; Ahn et al., 

2001). The current commercial high rate anaerobic bioreactor systems include 

BIOPAQ®UASB (OLR of 10-15 kgCOD/m3.day at influent COD of 1000-20000 mg/L) 
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("BIOPAQ®UASB," 2015), ADI-UASB (OLR of 8-10 kgCOD/m3.day), ADI-ECSB 

(external circulation sludge bed) (OLR of 16~24 kgCOD/m3.day) (Wilson (2014))  and 

BIOBED® ADVANCED (OLR ~20 kgCOD/m3.day) ("Veolia Water Technologies," 2015). 

Although granular sludge based processes (e.g. UASB) are successfully applied 

for the anaerobic treatment of a wide range of wastewaters, certain limitations exist. 

They have performed poorly in treating industrial wastewaters at extreme conditions, 

such as high organic content (i.e wastewater with > 60 g COD/L), high salinity, high or 

low  temperatures, high FOG (fat, oil and grease) content, high concentrations of 

suspended solids (SS), OLR and HRT shocks, calcium scaling and toxicity. These 

characteristics impede the granulation process and biomass retention or deteriorate the 

biological activity of treatment systems (Dereli et al., 2012; Mockaitis et al 2006; 

Visvanathan and Abeynayaka, 2012). The major problems associated with the 

conventional UASB reactor in treating wastewaters at normal conditions include: long 

duration for start-up period, requirement for sufficient amount of granular sludge, 

biomass wash-out, requirement for effluent polishing (e.g. aerobic post treatment for 

UASB effluent), failure to remove pathogens and poor effluent quality that cannot be re-

used or recycled in the industrial processes (Martinez-Sosa et al.,  2011; An et al., 

2009; Najafpour et al., 2008; Khan et al 2014; Mockaitis et al., 2006). Therefore, it is 

highly desirable to develop novel technologies that have the advantages of the UASB 

but can overcome the disadvantages of UASB.  

In recent years,  anaerobic membrane bioreactors (AnMBRs) have emerged as a 

competitive technology as it offers superior effluent quality (free of solids and 

pathogens) and complete retention of biomass, irrespective of its settling and/or 
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granulation characteristics (Fox and Stuckey, 2015; Lin et al., 2011; Dereli et al., 2012; 

Xie et al., 2010; Liao et al., 2006). Most importantly, the AnMBRs are able to overcome 

some of the challenges of UASB as discussed above (Bornare et al., 2014) and 

produce high quality of effluent for water reuse or system closure. In lab-scale studies of 

industrial wastewater treatment, AnMBRs have performed very promisingly. They have 

successfully treated high strength wastewaters of more than 80,000 mg COD/L at high 

OLRs up to 25 kgCOD/m3.day, COD removal efficiency of 92->99%, biogas yield of 

0.24 – 0.38 L CH4/g COD removed and composition of 63-90% (Bornare et al., 2014; 

Xie at al., 2010; Visvanathan and Abeynayaka, 2012; Fakhru'l-Razi and Noor,1999; 

Dereli et al., 2012; Lin et al., 2013). Pilot-scale studies reported OLRs of 0.14 ~ 10 

kgCOD/m3.d at influent CODs up to 56,900 mg/L and COD removal rates of ≥ 98% 

(Watanabe et al., 2014; Dereli et al., 2012). Full-scale applications are at much lower 

OLRs of ~ 3 kg COD/m3.d and high feed COD up to 101 g/L with an excellent COD 

removal of 72->99% (Dereli et al., 2012). ADI’s commercial AnMBR (ADI-AnMBR) can 

operate in the OLR ranges of 2-8 kgCOD/m3.day (Wilson (2014)). 

Although the AnMBR has much potential, it has not been utilized fully, due to the 

competition of the conventional high-rate UASB and EGSB.  Low OLRs have been 

synonymous with AnMBRs. Therefore, it is desirable to develop high-rate AnMBR 

technology to compete with the established UASB and EGSB technologies. The 

objectives of this study were to develop a high rate SAnMBR (OLR > 40 kgCOD/m3.d) 

to pave the way for high rate OLR AnMBR (OLR > 20 kgCOD/m3.d) in pilot- and full- 

scale applications and thus AnMBRs can compete with the conventional anaerobic 

reactors such as UASB, to investigate the membrane fouling and its control, and to 
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characterize membrane fouling and foulants at higher OLRs that were not achieved in 

previous studies. 

4.2 Material and Methods 

4.2.1 The laboratory scale HF-SAnMBR setup and operation  

Figure 4-1 depicts the hollow fibre SAnMBR (HF-SAnMBR) used in this study. 

The HF-SAnMBR has a total working volume of 10 L and is composed of a bottom 

sludge blanket zone (4 L) and a top filtration zone (6 L).  The purpose of the bottom 

zone was to form sludge granules’ acting as the sludge blanket, hence, the HF-

SAnMBR was designed to simulate the performance of the UASB reactor and benefit 

from the membrane separation. A hollow-fibre (HF) membrane module made of 

polyvinylidene fluoride (PVDF) material and with effective filtration area of 0.03 m2 and 

pore size of 0.04 µm was submerged in the top zone of the HF-SAnMBR. The HF 

membrane module was used for approximately two years in a previous study of AnMBR 

(Gao et al., 2014; Gao et al., 2013) prior to this study and was supplied by GE Water & 

Process Technologies, Oakville, Ontario, Canada.  

The HF membrane module was fabricated as a complete module with a built-in 

hardware to facilitate biogas sparging. The biogas in the headspace was recirculated by 

a gas recycle pump (Masterflex Console Drive, Model 7520-40, Thermo Fisher 

Scientific, USA) to furnish mixing of the mixed liquor in the top filtration zone and to 

control solids deposition on the HF membrane fibres by scouring the surface by the 

produced bubbles. The biogas sparging rate was fixed at 6.0 m3.m-2 .h-1 during the 

entire experimental period.  
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The seeded sludge used in this study was obtained from a full-scale UASB 

treating pulping wastewater at Tembec Industries Inc. (Timiskaming, Quebec). The 

temperature of the mixed liquor of the HF-SAnMBR was maintained constant at 37 ± 1 

°C by continuously circulating warm water through the water jacket of the bioreactor and 

was supplemented by preheating the feed wastewater (which was stored in  4 °C in a 

refrigerator) to 37 ± 1 °C prior to entering the HF-SAnMBR through the water bath. 

 

 

Figure 4-1: Schematic of the laboratory scale submerged anaerobic membrane 

bioreactor (SAnMBR). 
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The pH of the mixed liquor in the SAnMBR was monitored regularly and was 

adjusted manually by controlling the feed pH.  NaOH solution was used to raise the feed 

pH which was typically < 3. The mixed liquor sludge pH was maintained at 7.0 ± 0.2. 

The HF-SAnMBR pH was reasonably stable during the steady-state operation and was 

easily controlled by adding the required amount of the NaOH solution at each phase of 

operation. The influent (wastewater) was pumped automatically into the bottom zone of 

the HF-SAnMBR by a feeding pump (Masterflex Model 7520-50, Barnant Co., USA). 

The feed pump was controlled by a water level sensor (Madison Co., USA), and 

controller (Flowline, USA) to constantly maintain the liquid level in the HF-SAnMBR. 

The effluent was intermittently obtained by a peristaltic pump (Masterflex, C/L, 

Model 77120-70, Barnant Co., USA), which was operated in a three minutes permeation 

and two minutes relaxation mode. A timer connected to the permeate pump was used to 

control the operation mode.  To manage the membrane flux, the permeate pump speed 

was adjusted and calibrated whenever necessary. The trans-membrane pressure (TMP) 

was measured by a vacuum pressure gauge that was connected to the HF membrane 

module in the bioreactor and the permeation pump. Nitrogen gas (99.998 %) was 

introduced to the HF-SAnMBR to remove the oxygen from the bioreactor whenever the 

HF-SAnMBR system was opened to remove or clean the membrane 

The operation of the HF-SAnMBR system was arranged into three phases: 

Phase 1 (day 1 to 78); Phase 2 (day 79 to 193); Phase 3 (day 194 to 338); SRT ranged 

from 25 to 50 days while HRT was in the range of 2.35 to 2.7 days during the steady 

state operation. 
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4.2.2 Synthetic Wastewater 

In the petrochemical industry of manufacturing dimethyl terephthalate (DMT), the 

generated wastewater is mainly composed of high concentrations of methanol and 

acetic acid (Ramakrishna and Desai., 1997; Sharma et al., 1994). Synthetic wastewater 

composed of methanol and acetic acid was used for this experimental study (methanol 

to acetic acid COD ratio of 2.66:1). As the synthetic wastewater was lacking macro-

nutrients, nitrogen (NH4Cl) and phosphorus (KH2PO4) were added to the synthetic 

wastewater at a ratio of COD: N: P of 100:2.6:0.4 to sustain the nutrient concentrations 

requirement for biomass growth and maintenance in an anaerobic environment 

(VogelaLiar et al., 2002; Lin et al., 2010). A trace element solution was also 

supplemented to the synthetic wastewater to prevent trace metal limitations of the 

methanogens as per the recommendations found in literature (Rittmann & McCarty 

(2012); Badshah et al., 2012; Welander et al., 1999; Huang et al., 2011). Table 4-1 

shows the list of micronutrients and concentrations used in this study (Rittmann & 

McCarty (2012)). Furthermore, Mg2+ ion was added to the influent wastewater to provide 

sufficient hardness for the biomass growth and granulation. The concentration of Mg2+ 

was maintained at 0.1 mM added in the form of MgCl2 (Xie et al., 2010). The required 

amount of methanol, acetic acid, macro-nutrients, micro-nutrients, Mg2+ ion and NaOH 

were mixed in tap water in 8 L containers and stored in 4 °C during usage.  
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Table 4-1: List of micronutrients and concentrations used in this study (Adapted 

from Rittmann & McCarty (2012)) 

Micronutrient Concentration in feed (mg/g COD) Chemical form of addition 

Iron 0.03 FeCl2·4 H2O  

Cobalt 0.003   CoCI2.6H2O   

Nickel 0.004 NiCI2.6H2O      

Zinc 0.02 ZnCl2         

Copper 0.004 CuCl2.2 H2O    

Manganese 0.004 MnCl2.4H2O    

Molybdenum 0.004 NaMoO4.2H2O      

Selenium 0.004 Na2SeO4      

Tungsten 0.004 NaWO4   

Boron 0.004 H3BO3 
 

4.2.3 Analytical methods  

4.2.3.1 Water Quality Measurements 

CODs of influent, permeate and supernatant, mixed liquor suspended solids 

(MLSS) and mixed liquor total solids (MLTS) were measured according to the standard 

protocols (APHA, 2005). MLSS / MLTS ratio was 0.9623. The mixed liquor supernatant 

was obtained by centrifuging a sample at 18000g of gravitational acceleration for 20 

minutes. The samples were taken from the top zone of the HF-SAnMBR and the end 

supernatant was used for chemical oxygen demand (COD) and particle size 

distributions (PSDs) measurement. The permeate COD was measured without further 

treatment by taking samples directly from the HF-SAnMBR. Samples were measured 
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two to three times per week and additional measurements were conducted whenever 

the situation dictated.  

4.2.3.2 Measurements of the biogas production rate and composition  

Biogas samples were taken from the headspace of the HF-SAnMBR using a 

syringe. The biogas produced in the HF-SAnMBR was mainly composed of methane, 

nitrogen, and carbon dioxide. The biogas composition was measured by a gas 

chromatography (Shimazu, GC-2014) which is equipped with a thermal conductivity 

detector (TCD) and a silica gel packed column (5,486 × 3.18 mm). Helium gas was 

used as the carrier for the equipment at a flow rate of 30 mL/min. Biogas composition 

was monitored throughout the study period and was normally measured once per week. 

Biogas yield or production rate was measured using a water displacement method. 

4.2.3.3 Particle size distributions  

The particle size distributions (PSDs) of the mixed liquor and supernatant 

samples of the HF-SAnMBR were determined by Malvern Mastersizer 2000 instrument 

(Worcestershire, UK) that has a detection range of 0.02-2000 μm. The Mastersizer 2000 

instrument detects the scattered light by means of a detector that converts the signal to 

a size distribution based on number or volume. Each sample was automatically 

measured (by the built-in software) three times with a standard deviation of 0.1-4.5%. 

The average of the three measurements was automatically provided by the instrument 

and the average was used for data analysis of this study. Samples of the mixed liquor 

were taken from three different zones of the HF-SAnMBR and the supernatant for the 

top zone mixed liquor was obtained as described in section 4.2.3.1. The PSDs were 

regularly monitored throughout the experimental period.   
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4.2.3.4 Analysis of membrane flux, resistance and permeability 

The resistance-in-series model (Rt = Rm + Rf = Rm + Rc + Rp) was used to 

evaluate the membrane filtration characteristics. Membrane resistance was analyzed 

using Darcy’s law as follows: 

Rt = Rm + Rf = Rm + Rc + Rp = 
Jx
TP




   ……………………………….…… (2) 

Where Rt represents the membrane total resistance (1/m), Rm is the new 

membrane resistance (1/m), Rf (1/m) is the total fouling resistance (Rc + Rp), Rp is the 

resistance due to the pore blocking(1/m), Rc is the cake layer resistance caused by the 

cake layer deposition over the membrane surface during filtration (1/m), ΔPT is the 

trans-membrane pressure(Pa), η is the dynamic viscosity of the effluent (Pa.s) and J is 

the measured membrane flux (m3/m2.s). Each resistance value was determined using 

the exact HF membrane module used in the laboratory-scale SAnMBR for this study.  

The experimental protocol used to measure each resistance value was as 

follows:(a) Rm was assessed by measuring the clean water flux of tap water; (b) Rt was 

calculated from equation (2) using the final flux of the biomass ultra-filtration (at the end 

of the operation of the HF-SAnMBR) and the corresponding trans-membrane pressure. 

(c) The HF membrane surface (or fibres) was then gently washed with tap water and 

cleaned with a sponge to remove the cake layer formed during filtration on the HF-

SAnMBR. After that, the pure water flux was measured again to find the resistance of 

the membrane equating to (Rm + Rp). From steps (a) to (c), Rt, Rm, Rf, Rp and Rc were 

calculated. Rt & Rm were directly calculated using equation (2) above; then from step (c) 
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and equation (2), Rf, Rc & Rp were calculated. This method of evaluating Rt, Rm, Rp and 

Rc was used by (Jeison et al., 2009; Lin et al., 2009; Chang and Kim (2005)). 

The organic fouling resistance, inorganic fouling resistance and permanent 

(irremovable fouling) resistance were determined using the following equation: 

Rp = Rorganic + Rinorganic + Ppermanent ……………………………………… (3) 

Where, Rorganic represents the organic fouling resistance (1/m), Rinorganic 

represents the inorganic fouling resistance (1/m) and Ppermanent represents the 

permanent fouling resistance (1/m). 

After step (c) above, the chemical cleaning of the HF membrane was performed 

by submerging the HF module in 200 ppm sodium hypochlorite (NaClO) solution at pH 

10 for two hours to remove the organic foulants (Andreottola and Guglielmi (2003)). (d) 

The resistance (Rm + (Rinorganic + Ppermanent)) was estimated by carrying out a clean water 

flux test. Subsequently Rorganic and (Rinorganic + Ppermanent) were calculated. Lastly, after 

step (d), the HF membrane module was chemically cleaned by submerging it in a 2000 

ppm citric acid solution at pH 2.5 for two hours to remove the inorganic foulants (Wang 

et al., 2014; Liao et al., 2006). Then (e) clean water flux test was done to measure the 

resistance (Rm + Ppermanent) so Rinorganic & Ppermanent could be obtained from these steps 

and equation (3) above.                           
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4.3 Results and discussions  

4.3.1 Biological performance (COD removal, Biogas, OLR) 

Figure 4-2 shows variations of influent, effluent and supernatant COD with the 

operational time in phases 1-3. An excellent COD removal efficiency was achieved 

throughout the operational time.  The COD Removal efficiency was 99.63% ± 0.10%, 

99.71% ± 0.35% and 99.85% ± 0.12% for phases 1-3, respectively, with effluent COD 

concentrations of 76 ± 19, 57 ± 19, 42 ± 17 mg/L for phases 1-3, correspondingly. A 

decreasing trend was observed in the effluent COD concentration in phase 1-3 from 76 

± 19 to 42 ± 17 mg/L. The high COD removal efficiency is consistent with that of 

previous studies (Xie et al., 2010) and was probably due to the fact that both methanol 

and acetic acids are easily biodegradable compounds. At the beginning of each phase, 

the feed COD was increased to increase OLR, a corresponding slight increase (~100 

mg/L) in the effluent COD concentration was observed, but the system was able to 

recover and adapt to the new conditions within a short period of time (approximately 

one week). A high supernatant COD (4,936 mg/L) at the start-up period of phase 1 was 

observed and then it decreased to a low level (874 mg/L) after 10 weeks.  At the end of 

phase 3 the feed COD was gradually increased again but the system was not able to 

recover, the removal efficacy dropped rapidly marking the end of the operational time 

and the system was shut down. 
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Figure 4-2: Variation of Influent, effluent and supernatant COD with operational 

time - (Phase 1-3). 
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exceeded 20 Kg COD/m3.d at the end of phase 1 due to increased feed concentration 

and improved flux. In phase 2 (days 79-193), the SAnMBR was operated for more than 
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increased several gradual steps then was dropped one step due to the sudden flux 

improvement causing the OLR to reach 45.6 Kg COD/m3.d at permeate COD of 177 

mg/L and feed COD of 36,504 mg/L at days 199. To avoid system disturbance, the 

influent COD was immediately decreased to 33,419 mg/L and the system was able to 

recover within few days and the OLR increase was resumed. By day 227 the feed was 

increased again to 37561 ± 442 mg/L and remained constant till day 336. During this 

period of the more than 100 days, the SAnMBR maintained an OLR of 39.85 ± 1.14 Kg 

COD/m3.d at removal efficiency of more than 99.7%. At end of phase 3, on day 336, the 

feed COD was increased again to increase OLR; however, the system was not able to 

tolerate further increase, system failure was observed and the reactor was shut down 

on day 338. The maximum safe OLR was 41.65 Kg COD/m3.d at influent COD of 38150 

mg/L, effluent COD of 36 mg/L and removal efficiency of 99.91%. 

 

Figure 4-3: Variation of OLR with time (phase 1-3). 
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Methane (Biogas) production rates of the HF-SAnMBR under the various OLRs 

are shown in figure 4-4. The wide spread of data in phases 1 and 2(from 0.21-0.70) L 

CH4 /g COD removed can be attributed to biogas collection method and feeding pattern 

(semi-continuous) used. Due to the experimental set up restrains, only 2 litres of biogas 

could be collected at a time. If the biogas collection time was coincidently with the 

feeding time, some of the biogas in the bioreactor would be pushed out of the bioreactor 

to the biogas collector and thus a higher biogas production rate was observed. On the 

other hand, if biogas collection started right after feeding, some biogas will be 

accumulated in the bioreactor due to the decrease in liquid level of the bioreactor and 

thus a lower biogas production rate would be observed. Therefore, the biogas 

production throughout the day varied significantly in phases 1 and 2 as the feed was not 

pumped in continuously (controlled by a sensor). In phase 3, a large volume of biogas 

would be produced in a short period of time, due to the higher OLRs. Therefore, the 

impact of feeding pattern was minimized and a more stable biogas production rate was 

observed. However, the average biogas production rates are similar in each phase. The 

overall biogas yield was 0.44 ± 0.12, 0.39 ± 0.13 and 0.39 ± 0.07 L CH4 /g COD 

removed for phase 1 to 3 respectively. The biogas yield results of this study are similar 

to the theoretical value (0.397 L CH4 / g COD removed at 37 ˚C (Hu and Stuckey 2006)) 

and indicate that the high rate SAnMBRs can indeed readily convert the waste to 

methane with an excellent biogas yield. Phase 2 & 3 were the most stable periods and 

yielded typical production rates, showing no correlation to the OLR increase. 
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Figure 4-4: Variation of biogas production (phase 1-3). 
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Fakhru'l-Razi and Noor (1999)). According to Rico et al. (2015), this phenomenon can 

be attributed to the increased carbon dioxide production per unit volume of the liquid 

phase as the OLR increases, saturating the liquid phase with CO2. As a consequence, 

most of the produced CO2 is released in the gas phase which in turn decreases the 

methane percentage in the biogas. Higher OLRs are perfect for the growth of 

acidogenic bacteria which produce more CO2 and reduce the CH4 content (Fakhru'l-

Razi and Noor (1999)).  

 

 

Figure 4-5: Variation of biogas composition in phase 1-3 
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4.3.2 Membrane performance 

4.3.2.1 Flux and TMP 

Figures 4-6 & 4-7 represent instant membrane flux and TMP profiles 

respectively. The variation in trans-membrane pressure (TMP) is an important 

parameter used to evaluate the membrane performance in SAnMBR as TMP is directly 

related to the rate of membrane fouling when operated at constant permeate flow rate 

(Lin et al., 2009). There was a significant fluctuation in TMP & Flux in phase 1. The 

lower instant membrane flux was caused by higher membrane fouling rates (e. g. high 

TMP jumps (Figure 4-7)) during the transition of seed anaerobic sludge adapted to the 

new substrates (methanol and acetic acid), which caused sludge deflocculation and pin-

point floc formation and thus a larger amount of fine colloidal flocs (Figure 4-12) and a 

higher level of supernatant COD (Figure 1-2). The level of supernatant COD and the 

amount of fine colloidal flocs decreased with time, due to wasting of mixed liquor in the 

filtration zone and thus the TMP decreased (after day 36), as it is well-known that the 

amount of fine colloidal flocs and supernatant COD are positively correlated to 

membrane fouling rate (Lin et al., 2011; Lin et al., 2010). The instant membrane flux 

was improved with time in phase 1, due to reduced membrane fouling and TMP. The 

improvement in TMP and membrane fouling was related to the decrease in supernatant 

COD level (Figure 1-2) and decrease in the amount of fine colloidal particles (<1 um) 

(Figure 4-12). Under stable operation in Phases 1-3, a stable instant membrane flux 

was maintained. In phase 2, the average flux was 9.52 ± 0.38 LMH and the 

corresponding TMP was 5.51 ± 0.54 kPa while in phase 3 the flux was slightly higher at 

9.84 ± 0.47 LMH slightly higher TMP of 5.99 ± 0.48 kPa. The results suggest that 
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excellent membrane performance was achieved for a long-term operation (over 10 

months) under tested conditions. 

It is worth noting that the HF-SAnMBR was operated without any membrane 

cleaning and the only fouling control techniques used were the biogas sparging (6.0 

m3/m2.h) and intermittent permeation (3 minutes on and 2 minutes off). These results 

may suggest that the biogas sparging combined with relaxation is very efficient in 

controlling membrane fouling of the high rate-SAnMBR for long term operation as 

demonstrated in this study.  

 

 

 

Figure 4-6: Flux profile 
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Figure 4-7: TMP profile 
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inorganic fouling and permanent pore plugging occurred. The ratio of Rc/ (Rc+Rp) was 

97.98% and clearly demonstrates that the cake layer is the main factor affecting the 

membrane fouling. Rp was insignificant, and among its subcategories Rperm was 

slightly dominant than Rinorganic (50% and 40% of Rp respectively). It is worthy of 

noting that the Rperm value was obtained for a HF membrane module used for 

approximately three years in SAnMBR. The results suggest that permanent membrane 

fouling is not important in the SAnMBR. The results also suggest that inorganic fouling 

is more important than organic fouling, after cake layer formation. Therefore, strategies 

for cake layer formation should be developed to control membrane fouling. For chemical 

cleaning, more attention should be paid to inorganic foulants removal. 

 

 

 

Figure 4-8: Membrane resistance at various conditions 
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Figure 4-9: Various types of membrane resistance 

 

4.3.3 Sludge properties role in membrane fouling 

The MLTS concentration of the top filtration zone in each phase is tabulated in 

Table 4-1. MLTS concentration was initially about 22 g/L and then gradually decreased 

to about 15 g/L to minimize fouling at the early stage of operation. Although MLTS 

concentration increased with the increased OLR, it did not influence the membrane 

fouling rate in phase 2 & 3, as shown in Figure 1-7. 

Table 4-2: MLTS concentration of the top filtration zone in each phase 
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It is interesting to note that the formation of sludge granular at the bottom zone of 

the reactor was successful, thus, validating our intent of simulating UASB reactor. 

Figure 4-10 shows a sample (taken on day 327 in phase 3) of sludge granular 

measured using a ruler, the length was approximately 3-5 mm and granular biomass 

concentration was 71 g/L. Kleerebezem and Macarie (2003) documented that the 

granular sludge has a diameter of 0.5-3.0 mm and biomass concentration of 

approximately 100 g/L. 

Supernatant COD (figure 4-4) was initially very high (4,936 mg /L) and gradually 

decreased to about 800 mg/L at the end of phase 1. The original seed sludge might 

have contained a substantial amount of insoluble material such as fine solids, and cell 

debris or biodegradable fine particles which may have caused the high supernatant 

COD and, thus, high TMP and low flux. These particles might be wasted or gradually 

digested by anaerobic sludge by the end of phase 1; resulting in the low supernatant 

COD of about 800 mg/L. Membrane fouling was clearly demonstrated by the high TMP 

in phas-1 due to the high supernatant COD.  A significant fluctuation in TMP/flux was 

noted in phase 1, ranging from 28.12 ± 11 kPa during days 1-34 to 6.82 ± 2.43 kPa 

during days 35-78 and this was matched by supernatant COD concentrations of 4936 - 

1500 mg/L and 1500 – 771 mg/L respectively. The TMP fluctuation can mostly be 

attributed to the faulty permeation pump which was replaced upon observation.  

However, a sudden significant improvement in TMP and flux was noted on day 35 which 

may be credited to the power shut-down for approx 8 hours, thus, causing starvation of 

bacteria and digestion of much of the remaining smaller particles within the reactor.  

Nevertheless, the supernatant COD was gradually dropping from day 1 to 78. It has 
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been reported that the supernatant COD contributes to the flux reduction; actually, it is 

the most important parameter governing the flux at solid concentration below 20 g 

TSS/L. The drop in flux is partially reversible once the supernatant COD is degraded 

within the bioreactor (Martinez-Sosa et al, 2011). These phenomena were clearly 

observed throughout this study. Phase 2 & 3 supernatant COD were 1,083 ± 210 and 

989 ± 128 mg/L receptively, demonstrating that supernatant COD continuously 

improved from phase 1 to 3. No membrane fouling was observed in phase 2 & 3, thus, 

constant flux and TMP was recorded. The supernatant COD was found to be constantly 

higher than the effluent COD (more than 15 times) in all phases. The higher reactor 

supernatant COD is due to the retention of organic matter by the membrane ultra-

filtration and the cake layer. Some of the COD may have been degraded by a bio-film 

when passing through the membrane. Similar observations were noted by (Martinez-

Sosa et al, 2011; Gao et al., 2010; Mahendran et al., 2010; Hu and Stuckey (2006)). 

Based on our observations, supernatant COD is directly related to membrane fouling; a 

typical pattern of increasing and decreasing TMP along with the supernatant COD was 

observed. This can be clearly seen in the TMP and supernatant COD profiles in phase 

1-3.  
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Figure 4-10: A sample of granular sludge size taken from the bottom zone of the 

HF-SAnMBR 

 

A reprehensive particle size distribution (PSD) of the top zone mixed liquor for 

phase 1-3 is shown in figure 4-11. Phase 1 had the highest concentration of smaller 

particles (less than 10 µm) while phase 2 showed the lowest concentration of smaller 

particles. Smaller particles concentration in phase 3 was slightly higher than phase 2 

and this may be attributed to the slightly higher MLTS concentration in phase 3. Particle 

size distribution of the supernatant COD for Phase 1-3 are illustrated in figure 4-12. In 

phase 1, the concentration of smaller particles (less than 10 µm) was significantly high 

while phase 2 & 3 were low and comparable with phase 3 being slightly higher than 

phase 2. The results of the PSDs for mixed liquor and supernatant CODs are 

consistent. However, comparison of supernatant CODs with PSDs in each phase 

provides much better picture of the membrane fouling and performance behaviour 

throughout the study. Interestingly, the high peak for smaller particles concentration 
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seen on phase -1 graph (figure 4-12) for supernatant PSDs decreased (became 

smaller) with time from the beginning of phase-1. This is consistent with the supernatant 

COD behaviour discussed above. Particle size of the anaerobic mixed liquor is directly 

affiliated with the fouling behaviour, since smaller particles have more tendencies to 

deposit on the membrane surface. In fact, a steady increase in the critical flux was 

observed with the increase in particle size (Martinez-Sosa et al, 2011). 

 

 

Figure 4-11: Particle size distribution of the mixed liquor (Phase 1-3) 
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Figure 4-12: Particle size distribution of the supernatant COD (Phase 1-3) 

 

4.4 Conclusions 
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 An excellent membrane performance was observed under stable operation. 

Biogas sparging and membrane relaxation were sufficient to maintain a low TMP 

(5-6 kPa) and no chemical cleaning was needed for nearly one year. 

 .Under steady-state operation, no cake layer formation was observed and 

inorganic fouling was the dominant mechanism of membrane fouling. 
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Chapter 5 : Recommendations 

 

5.1 Recommendations for Future Work 

The following studies are recommended for the future research and application of 

SAnMBR in treatment of industrial wastewater. 

 This study used synthetic wastewater composed of methanol and acetic acid to 

test the limits of AnMBR in terms of OLR, real wastewater containing methanol 

and acetic acid can be used to further strengthen our results. 

 Biogas sparging and permeate relaxation proved to be very effective fouling 

control measures. Optimization of the relaxation is necessary in the future 

developments. 

 A sudden flux improvement was observed each time the feed COD concentration 

was increased. Further studies are needed to confirm and utilize this observation. 

 Biogas production for the entire day should be measured to determine accurate 

biogas yield. 

 Hybrid AnMBR reactor simulating UASB and attached growth media along with 

the submerged membrane can be tested  

 More studies should be conducted to investigate the concept of the critical 

sparging rate and critical MLSS concentrations as these could highly benefit the 

AnMBR technology. 

 Membrane fouling is a complex phenomenon and needs further studies. 


