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Abstract 

Membrane fouling remains a challenging issue which is the main obstacle of wider applications 

of anaerobic membrane bioreactors (AnMBRs). This is because the cake layer in AnMBRs is 

thicker and less removable than that in aerobic membrane bioreactors due to the different 

sludge characteristics. Pretreatment of feed wastewater can efficiently control membrane 

fouling by altering the feed water properties with the addition of fouling reduction enhancers, 

such as adsorbents and flocculants. Activated carbon, such as powdered activated carbon 

(PAC), which is comparatively simple and effective adsorbent, has been largely applied as an 

adsorbent to aerobic membrane bioreactors for membrane fouling mitigation. However, only a 

limited amount of research has focused on the application of PAC to AnMBRs. Although some 

studies have reported the effects of PAC addition on pollutants removal performance and 

fouling control of AnMBR system, few studies discussed the overall nutrient and organics 

removal performance as well as detailed membrane fouling behaviour regarding PAC addition 

at an ambient temperature. In addition, no study has been carried out on the effect of PAC on 
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microbial community in AnMBR. The long-term effects of the optimal PAC dosage, which 

was found to be 5 g/L from the short-term experiments, on conventional AnMBR performance 

with a hollow fiber membrane were investigated in this study. The optimal one-off PAC dosing 

could increase average COD and total organic carbon (TOC) removal rates up to 15.71% and 

15.69%, respectively. The PAC addition exhibited not only lower transmembrane pressure 

(TMP) increase rate, but also reduction of soluble microbial product (SMP) and extracellular 

polymeric substances (EPS). High protein fraction of SMP as well as increased zeta potential 

in AnMBR with PAC addition could enhance hydrophobicity, which improved the flocculation 

ability of sludge. In addition, lower total membrane resistance and pore blocking resistance 

indicated that PAC addition could prevent both severe pore blocking and irreversible fouling, 

due to the lower amount of polysaccharide of SMP in cake layer. PAC addition could reduce 

the abundance of fouling-related bacteria such as Cloacibacterium and Smithella, which 

contribute to the biofouling development due to the high affinity to attach on membrane surface. 

This is because the high adsorption capacity of PAC could enabled 1.7-4.7 times lower 

abundance of those bacteria by inhibiting proliferation of them. These results demonstrated 

that PAC addition to AnMBR could effectively mitigate membrane pore blocking and 

irreversible membrane fouling as well as improve microbial community. 

 

Keywords: Anaerobic membrane bioreactor; Membrane fouling; Enhancers; Powdered 

activated carbon 
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1.1 Background 

1.1.1 The necessity of wastewater treatment 

 Water is the most essential part for life. However, because of the limited amount of water on 

the Earth, a great portion of the world’s population is facing the huge threat of water scarcity. 

It is reported that almost 3.5 billion people will be living in water-scarce regions by 2025, while 

billions of people are already suffering from water shortage issue (Jo, 2017). Due to the fast 

population growth and the subsequent increase in demand for fresh water, research on 

alternative water sources is vital. In addition, while the quantity of water greatly contributes to 

water scarcity issue, the quality of water also significantly contributes to the water shortage. 

Along with the continuous use of surfactants, pesticides, and industrial chemicals, the 

emergence of contaminants such as dissolved organics, heavy metals, and pharmaceuticals has 

limited the reuse of wastewater. This water quality degradation has posed a challenge to the 

wastewater treatment technologies. Anaerobic membrane bioreactor has been proved its 

efficiency in achieving high-quality effluent with excellent removal of chemical oxygen 

demand (COD) and suspended solids (SS) enabling effective wastewater reuse. In addition, the 

effluent from AnMBR with mineralized ammonia and orthophophate facilitates its direct reuse 

for agricultural purpose (Ozgun et al., 2013). Thus, it is necessary to understand and apply 

adequate technologies for high-quality water reuse as well as the production of different water 

quality for various usage purposes. 

 

1.1.2 Anaerobic membrane bioreactor 

Anaerobic digestion, which consists of four steps of hydrolysis, acidogenesis, acetogenesis, 

and methanogenesis for biomass to convert into biogas, is one of the most commonly applied 
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processes for wastewater treatment. Although it has some drawbacks such as sensitivity to 

temperature, it can offer energy recovery by the generation of methane as a final product, as 

well as hydrogen and volatile fatty acids (VFA) as intermediate products (Khan, 2019). An 

anaerobic membrane bioreactor (AnMBR) is a technology which integrates anaerobic digestion 

and membrane technology. It has been increasingly used due to several benefits over an aerobic 

membrane bioreactor, such as long solid retention time (SRT), low sludge production, and 

potential energy usage. While the anaerobic digestion requires a mesophilic range of 

temperature, AnMBR can be operated in lower temperatures by extension of SRT. Although 

anaerobic process has been mainly applied for the treatment of industrial and high strength 

wastewater, AnMBR technology can be favorable for the treatment of low strength organic 

loads such as municipal wastewater by achieving slow-growth biomass retention with short 

hydraulic retention time (HRT) (Lin et al., 2013a). 

 

1.1.3 Membrane fouling 

One of the biggest obstacles in both aerobic and anaerobic membrane bioreactors is membrane 

fouling, since it can deteriorate the reactor performance and shorten the lifespan of the 

membrane. The membrane fouling normally occurs due to the initial attachment of sludge 

components on the surface of membrane and the subsequent blockage of membrane pores and 

cake layer formation. Once soluble and particulate matter start to accumulate on the membrane 

surface and inside the pores, physicochemical and biological interactions occur between the 

membrane and foulants. Thus, membrane fouling should be controlled by regular physical and 

chemical membrane cleaning as well as membrane replacement, which accounts for a high 

amount of the operation costs. Membrane fouling can be categorized into three fouling types 

according to the different cleaning requirements, which are removable, irremovable, and 
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irreversible fouling. It also can be divided into organic, inorganic, and biofouling according to 

the foulant components.  

Membrane fouling can be mitigated by changing feed water properties which can influence the 

formation as well as the compactness of the cake layer. There are several different pretreatment 

methods, including alkaline, acid, ozone pretreatment, or the addition of fouling reduction 

enhancers. The addition of enhancers, such as adsorbents, carriers and other chemical agents 

can effectively alter feed water characteristics leading to significant alleviation of membrane 

fouling. Adsorbents, such as activated carbon and zeolite, are able to promote organic 

compounds to adsorb and heavy metal ions to ion-exchange. Coagulants including ferric 

chloride and polyaluminum chloride can promote coagulation, while suspended carriers can 

assist flocculation. In consequence, enlarged floc particle size and decreased soluble organic 

matter in the supernatant can alleviate membrane fouling (Drews, 2010; Lin et al., 2013a). 

Powdered activated carbons have been broadly applied in membrane bioreactors due to their 

high adsorption capability, improvement of biodegradation, and subsequent removal of 

refractory pollutants (Skouteris et al., 2015).  

 

1.2 Objectives of the study 

To date, there are a number of investigations of fouling mitigation effect in aerobic MBRs by 

adding powdered activate carbon (PAC) as an adsorbent. However, only a limited number of 

studies has been done to investigate the impact of PAC addition in AnMBRs. Moreover, 

although previous studies have investigated the effects of PAC addition into AnMBRs, they 

mainly focused on removal performance of particular substances (Baêta et al., 2016; Xiao et 

al., 2017). For example, one study only focused on the removal of organic compounds like 

dyes by adsorbing toxic byproducts like aromatic amines, while the other focused on 
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pharmaceutical compounds like antibiotics. Several studies have reported membrane fouling 

control along with removal performances, however they only paid attention to parameters such 

as flux change, concentration of soluble microbial product (SMP) and extracellular polymeric 

substances (EPS) in mixed liquor, and sludge floc size. To the best of our knowledge, no 

previous research has examined the impact of PAC addition on microbial diversity in AnMBR 

as well. In addition, the currently available studies were carried out at around 35 ℃ in 

submerged AnMBRs, despite the operating temperature affecting membrane fouling 

aggravation. Studies have reported that excessive PAC dosage could have adverse results on 

fouling behaviour (Akram and Stuckey, 2008). Therefore, the optimization of dosage is 

necessary for the best removal performance as well as fouling control before conducting a long 

term experiment. Hence, this study firstly examined the optimization of PAC dose to 

submerged AnMBR in regards to nutrient and organic carbon removals as well as 

transmembrane pressure (TMP) change. Then, it was focused on the overall effects of PAC 

addition to submerged AnMBR at room temperature (22 ± 1 ℃) during longer term. The main 

objectives of this research are: 

1) To determine an optimal dose of PAC to a conventional submerged AnMBR system in 

terms of nutrients (NO3-N, NH4
+-N, PO4

3-P, and NO2-N), total organic carbon (TOC) and 

chemical oxygen demand (COD) removals as well as TMP development regarding 

membrane fouling control;  

2) To evaluate the long-term effect of the optimal PAC dose on the removal efficiencies 

including nutrient, TOC and COD removals in AnMBR; and 

3) To investigate the membrane fouling behaviour with the optimal PAC addition in terms of 

zeta potential, variation of TMP development and filtration resistances, and variation of 

SMP and EPS concentration in both mixed liquor and cake layer over the whole operation 
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period; 

4) To explore the effect of PAC addition on the microbial community in conventional 

AnMBR. 

 

1.3 Scope of the study 

1.3.1 Optimization of powdered activated carbon addition to anaerobic membrane bioreactor 

Three sets of experiments were conducted with three different PAC doses, including 1, 3, and 

5 g/L, using a synthetic wastewater. Each experiment was operated for 25 days in a submerged 

AnMBR, including one chemical membrane cleaning in each experiment. These experiments 

were conducted to investigate the optimal concentration of PAC dose by the examination of 

membrane fouling behaviour in terms of TMP change, as well as nutrients, TOC and COD 

removal. 

 

1.3.2 Long-term experiment of powdered activated carbon addition 

A detailed experiment study was conducted using a submerged AnMBR with PAC addition 

and the other submerged AnMBR without PAC addition in parallel operation. A submerged 

AnMBR was dosed with optimal PAC concentration which was investigated from the previous 

experiment, and operated for 67 days including two chemical membrane cleanings. The other 

AnMBR was operated without PAC addition for 63 days including three chemical membrane 

cleanings. The experiment was conducted to study the long-term effects of optimal PAC dose 

in AnMBR, such as nutrients, TOC and COD removal performance and membrane fouling 

mitigation. Membrane fouling behaviour was analysed by TMP development and zeta potential 
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of the mixed liquor. The variation of membrane fouling resistance during the operation time 

was also evaluated using the resistance-in-series model (Choo and Lee, 1996). In addition, the 

variations of concentration and compositions of SMP and EPS in both mixed liquor and cake 

layer were measured throughout the whole operation time. Finally, the difference of microbial 

community between two reactors was investigated.  

 

1.4 Organization and major contents of the thesis 

The thesis consists of six chapters as follows: 

Chapter 1 includes an importance of wastewater treatment, AnMBR and membrane fouling, 

and briefly introduces fouling control strategies. The overview of this thesis including study 

objectives and scope of the study are also presented in this chapter.  

Chapter 2 reviews the current circumstance of water scarcity and wastewater reuse, and general 

information about wastewater treatment technologies. The fundamentals of membrane 

bioreactors, including aerobic and anaerobic membrane bioreactors, as well as membrane 

fouling were given in this chapter. Finally, the strategies for fouling control in membrane 

bioreactor were introduced, and studies of different fouling reduction enhancers including 

powdered activated carbon were reviewed.  

Chapter 3 presents the details about experimental materials and methodologies used in this 

study. It presents the characteristics of anaerobic sludge, composition of synthetic wastewater, 

and analytical methods including nutrient, COD, TOC, SMP, and EPS analysis, and membrane 

resistance measurement. The experimental setup and operating conditions for each set of 

experiments are also included in this chapter.   
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Chapter 4 shows the optimization of PAC dosage in AnMBR with short-term operations of 25 

days. The three different PAC dosages were selected and the operation of each dosage was 

conducted one by one. It highlights the removal performance of TOC, COD, and nutrients, and 

membrane fouling behaviour regarding TMP change.  

Chapter 5 demonstrates the effects of the optimal PAC dose on the removal performance of 

AnMBR and also membrane fouling mitigation. This chapter investigates the removal 

efficiency of nutrients, TOC, and COD, and membrane fouling behaviours in terms of TMP 

change, membrane resistance, concentration of SMP and EPS, as well as microbial diversity 

change of AnMBR with optimal PAC dose, compared to no PAC addition.  

Chapter 6 summarizes the major results and findings of this study. Additionally, the 

recommendations for future study are given in this chapter. 
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Literature review 

 

 

 

 

 

 

 
 
This chapter is based on the journal paper entitled “A review on membrane fouling control in 

anaerobic membrane bioreactors by adding performance enhancers”. 
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2. Literature review 

2.1 Wastewater treatment 

2.1.1 Limitation of water resource and wastewater reuse 

One of the most essential ingredients for life is water. However, since the amount of water 

resources on the Earth is limited, the water scarcity issue is rapidly being exacerbated due to 

the increasing population growth and water demand. In fact, almost one quarter of the children 

in the world are expected to experience extremely severe water shortage issue by 2040 

(UNICEF, 2017). As the water resources are recycled through the circulation process of the 

atmosphere on the Earth, the fresh water availability is limited despite the increasing demand 

for fresh water. Therefore, it is inevitable to research alternative water sources. 

The fast industrialization has produced large amount of industrial wastewater from textile, pulp 

and paper, chemical, manufacturing, and food industries containing synthetic substances which 

can be toxic to biological environment. The presence of trace pollutants like pharmaceutically 

active compounds (PhACs) in municipal wastewater has also emerged serious environmental 

and health concerns. The industrial wastewater is usually categorized as a high strength 

wastewater, while the municipal wastewater is low organic strength wastewater with 300–350 

mg/L of COD (Khan, 2019; Lin et al., 2013a). According to the United Nations (UN), there is 

no adequate wastewater treatment for over 80% of worldwide wastewater (Connor et al., 2017). 

Moreover, the world’s population living in cities will increase up to 70% by 2050. Most cities 

are not able to manage wastewater efficiently and sustainably due to the lack of proper 

infrastructure (United Nations and Social Affairs, 2014). However, the risks of water quality 

deterioration can be sustainably reduced by the measures of wastewater reuse. Reclaimed and 

recycled water have become attractive options as reliable water resources due to their 

sustainability. For effective wastewater reuse, that features high water usage efficiency, it is 

necessary to understand and apply suitable treatment techniques for different purposes with 
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different qualities. Furthermore, the presence of chemicals or inorganic matters such as 

personal care products, pharmaceuticals, high salinity, and heavy metals, have been 

increasingly found in reclaimed wastewater and limiting the reuse of wastewater. Some organic 

pollutants in water, such as organochloride pesticides (OCPs), polycyclic aromatic 

hydrocarbons (PHAs), and bisphenol A, can cause severe impacts by disrupting endocrine of 

aquatic organisms and human bodies, even with tiny amount of exposure. These toxic and 

carcinogenic contaminants can so easily bioaccumulate in the food chain causing a long-term 

harmful effect (Khan et al., 2018). Therefore, the application of adequate treatment 

technologies is required for suitable quality of wastewater reuse.  

 

2.1.2 Technologies for wastewater treatment 

Wastewater treatment systems are likely to be based on the natural processes, and different 

facilities can differentiate the application of technologies and their intensity for diverse 

purposes. Physical processes like settling, chemical processes like coagulation and flocculation, 

biological processes and any combination of these processes, including physicochemistry and 

biochemistry can be applied. In terms of microbiological processes, they can be categorized 

into two technologies according to the type of microbial growth, which are fixed and suspended. 

In fixed technologies such as trickle filters and rotating biological contactors, microorganisms 

can grow on a surface of solid material to form a biofilm. On the other hand, in the activated 

sludge process or membrane bioreactor, microorganisms are in suspension for the removal of 

pollutants (Salgot and Folch, 2018; Waqas et al., 2020; Zhang et al., 2018).  

A conventional activated sludge process is the most commonly used biological wastewater 

treatment in many municipal wastewater treatment plants (WWTPs). The process uses 

microorganisms to degrade and transform organic matters and nutrients into basic substances 

and a stable biomass. The wastewater is firstly settled in the sedimentation tank and settleable 
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inorganic and organic solids are removed. The wastewater then flows through the aerobic 

reactor, which has 2-3 mg/L of dissolved oxygen and 1000-10,000 mg VSS/L of total 

suspended solids, while aerobic microorganisms can degrade the organic substances and 

nitrogen and phosphorus removal. After the degradation, microorganisms are settled in the 

secondary clarifier, which has usually 4000-12,000 mg VSS/L, and recycled back to biological 

reactor. For the further removal of nutrients and toxic materials from the effluent from the 

secondary treatment, tertiary treatment is required to dispose or provide reusable water (Salgot 

and Folch, 2018; Zhou et al., 2018). 

Membrane technologies, which can effectively separate solids or concentrate liquids from 

wastewater, have been playing an essential role in both industrial and municipal wastewater 

treatment. As the membrane technology is a novel purification and separation technology, it is 

widely applied for the purposes of changing the quality of water from surface runoff, brackish 

water, well water and seawater (Jo, 2017).  

Membrane separation process is based on a pressure-driven force relying on the membrane 

pore size in order to selectively separate components accordingly. The membrane process can 

be sorted into microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse 

osmosis (RO) according to the membrane pore sizes. The pore size of the membrane decreases 

from MF to NF and then finally RO, and the operating pressure increases as the membrane 

pore size decreases. Since the pore sizes of MF and UF operations ranges between 0.1-10 μm 

and 2-100 nm, respectively, they can reject macromolecules such as suspended solids, organic 

colloids, and bacteria. In contrast to MF, UF is able to reject virus, while both MF and UF 

allow dissolved ions to pass through the membrane. When the pore size is between 0.5-1 nm, 

the transition from pore flow to diffusion of solution occurs. Since NF and RO membranes 

have smaller pore sizes than MF and UF, they involve diffusion, partitioning and sorption. 

While ideal NF membrane can remove multivalent and divalent ions, ideal RO membrane can 



 

13 
 

reject every ionic species and only allows water molecules to penetrate the membrane (Jo, 2017; 

Munirasu et al., 2016).  

In terms of membrane material, polymeric and inorganic (metallic and ceramic) membranes 

are commonly used for membrane technologies especially for membrane bioreactors. Inorganic 

membranes, such as stainless steel, aluminium, and titanium oxide, provides superior resistance 

to abrasion, corrosion, and high temperature, showing high permeate flux and fouling recovery. 

However, polymeric membranes such as polyvinylidene difluoride (PVDF) and 

polyethersulfone (PES) have gained more popularity due to the lower cost (Lin et al., 2013a). 

In recent studies, the modification of membrane surface or fabrication of nanocomposite 

membranes has gained great attention in order to decline the biofouling tendency by enhancing 

the hydrophilicity of membrane surface. Various kinds of nanoparticles such as silver 

nanoparticles (AgNPs), polycitrate-Alumoxane (PC-A) nanoparticles can be combined with 

polymers to make the nanocomposite membranes (Pirsaheb et al., 2019; Zhang et al., 2020b). 

Membrane-based technologies have been increasingly used in wastewater treatment to produce 

and supply high quality water for drinking and industrial purposes. Membrane distillation (MD) 

is one of the thermal desalination technologies which can completely separate macromolecules, 

inorganic ions as well as other non-volatile components using hydrophobic membrane. The 

process is based on the vapour pressure difference across membrane as a driving force, 

allowing transportation of only vapour molecules from the feed. MD can be applied not only 

for wastewater treatment, but also seawater desalination and dairy fluids processing. Forward 

osmosis (FO) is another emerging membrane technology. In the RO process, higher pressure 

than osmotic pressure of feed water is required to allow water molecules to pass through the 

membrane. Meanwhile, the FO process can occur spontaneously due to permeate containing 

high osmotic solution and the natural occurrence of osmotic pressure differences between the 
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feed and permeate. The combination of MD and FO has also been studied for refinery 

wastewater treatment (Alkhudhiri et al., 2012; Munirasu et al., 2016).  

 

2.2 Membrane bioreactor 

2.2.1 Aerobic membrane bioreactor  

The membrane bioreactor (MBR), which is the combination of conventional activated sludge 

processes and membrane technology, is one of the most prospective technologies for 

wastewater treatment. MF or UF membranes are normally used in MBR systems and the 

module configuration can be either plate or hollow fibre membranes. In contrast to 

conventional activated sludge processes which include a secondary clarifier to remove biomass, 

in the MBR process, the biomass can be filtered through the membrane during the aerobic 

degradation. Therefore, the MBR system provides considerable benefits such as small footprint, 

excellent performance with high mixed liquor suspended solids (MLSS) concentration, lower 

sludge production, high and consistent effluent quality, and independent manipulation of HRT 

and SRT. However, there are also some disadvantages such as the relatively high cost of 

installation and operation, additional cost for membrane cleaning and replacement, and 

limitations of operation parameters requirements for membrane tolerances (Jo, 2017).  

 

2.2.2 Anaerobic membrane bioreactor 

Anaerobic digestion is one of the significant processes in wastewater treatment because it can 

perform removal of pollutants and energy generation at the same time. Even though it has some 

problematic issues such as sensitivity to temperature, the necessity of long SRTs, and post-

treatment for the effluent that is hard to discharge directly, there are many remarkable benefits 
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(Smith et al., 2012). Compared to aerobic systems, it is energy efficient as it does not require 

aeration and produces less sludge to be treated. Therefore, the costs of aeration and sludge 

disposal can be much lower than with aerobic treatment. Moreover, the generation of biogas 

which can be recovered and used as energy such as methane is also one of the best advantages 

in anaerobic digestion.   

Anaerobic digestion process involves four major phases of hydrolysis, acidogenesis, 

acetogenesis and methanogenesis. Many hydrolytic microorganisms, such as Bacterides, 

Clostridia, Micrococci, and Streptococcus, facilitate conversion of suspended polysaccharides, 

proteins, and fats into amino acids, sugars and fatty acids in the hydrolysis stage. At the 

acidogenesis stage, the products from the previous stage are converted into hydrogen, carbon 

dioxide, acetates, and VFAs. Then, acetogenesis occurs, which includes the conversion of 

VFAs into acetate, hydrogen, and carbon dioxide. Finally, methanogenesis mainly occurs with 

acetotrophic and hydrogenotrophic methanogens. While acetotrophic methanogens can convert 

the acetate into both methane and carbon dioxide, the hydrogenotrophic methanogens can 

transform hydrogen and carbon dioxide into methane (Khan et al., 2019).   

AnMBR technology, which combines anaerobic digestion and membrane filtration, has been 

gaining increasing popularity. AnMBRs have the same benefits as aerobic MBRs, such as a 

footprint reduction and superior permeate quality. AnMBRs also can provide several 

advantages over the aerobic processes, including long SRT, low sludge production and 

potential energy use (Lin et al., 2013a). Moreover, as AnMBR is the integration of anaerobic 

digestion process with membrane separation, these processes can provide benefits as well. 

Throughout the anaerobic digestion process, organic materials are biodegraded into VFAs and 

hydrogen as intermediate products and methane as a final product (Khan et al., 2016). All these 

products can make the AnMBR an energy neutral or even energy positive. In addition, unlike 

anaerobic digestion that requires mesophilic ranges from 35 ℃ to 37 ℃, AnMBR can be 
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operated in room temperature or even in cold temperatures by expanding SRT, which is both 

cost and energy-efficient (Robles et al., 2018). Ceramic and metallic membranes have been 

widely applied in the early research of AnMBRs, as they resulted in better permeate flux, 

thermal resistance as well as fouling recovery. However, due to their high costs, polymeric 

membranes like PVDF, polyethylene (PE), and polypropylene (PP) have gained more attention 

for recent studies (Lin et al., 2013a). Along with the polymeric membranes, MF and UF 

membranes of flat sheet, tubular or hollow fiber configuration have been applied to AnMBRs, 

while the hollow fiber module has been the most commonly used for submerged AnMBRs due 

to its high packing density (Lin et al., 2013a). 

However, there are some issues that need further attention in AnMBR technology. One of the 

most challenging issues is membrane fouling, which deteriorates the performance of membrane 

and shortens membrane lifespan. Membrane fouling generally occurs when the components of 

sludge interact with membrane material, causing an initial pore blocking and cake layer 

formation. It is reported that membrane fouling in AnMBR can have more severe impacts 

compared to the aerobic system in terms of pollutant removal efficiency, sludge characteristics, 

even using the same membrane material (Lin et al., 2013a). Meng et al. (2009) also mentioned 

that the cake layer formed with anaerobic sludge might have comparatively lower removability 

than that with aerobic sludge.  

There are two main configurations in AnMBR in terms of whether the membrane is located 

inside or outside of the bioreactor. These two configurations have different approaches to 

operating under pressure or under vacuum and using gravity. When the operation is under high 

pressure, membrane should be separated from the bioreactor, so this is usually called an 

external cross-flow or sidestream configuration. A pump is required to this configuration, 

which can cause high energy consumption. In this case, high-strength wastewater containing a 

large amount of organic components can be managed. So-called submerged or immersed 
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membrane configurations, which are operated under vacuum and use gravity to membrane 

filtration, can be divided into two configurations again: a directly immersed form into 

bioreactors, and a separated form from the bioreactors. These submerged configurations can 

usually be applied to low-strength wastewater management. The separated chamber 

configuration is generally used for full-scale AnMBRs as the isolation of the membrane 

chamber is easier to clean the membrane without removing it from the reactor (Robles et al., 

2018). Figure 2-1 below is describing a schematic outline of the three AnMBR configurations 

as well as the AnMBR used in this study.
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Figure 2-1.  Schematic outline of AnMBR configurations. (a) External cross-flow configuration. (b) Submerged configuration with directly 

immersed membrane into the bioreactor. (c) Submerged configuration with membrane immersed in an external chamber. (d) Configuration of 

AnMBR used in this study.
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2.3 Membrane fouling  

Membrane fouling is one of the biggest unresolved obstacles of every membrane technology, 

including aerobic and anaerobic MBRs. Many studies have been carried out and the increasing 

number of researchers are still focusing on fouling and cleaning, because membrane fouling 

reduces the performance of the membrane which needs to be cleaned physically and chemically.  

When the membrane bioreactor continues to be operated and various contaminants are filtrated, 

membrane fouling occurs and can consequently lead to performance degradation. The 

definition of membrane fouling can be the unwanted deposition and aggregation of components 

such as colloids, solutes and microorganisms. It is basically due to the communication between 

the membrane itself and the compounds from the sludge suspension, and therefore causes a 

decrease in operation productivity, periodic membrane cleaning and replacement, and 

reduction of membrane lifespan (Guo et al., 2012; Lin et al., 2013a). 

Classifications of the membrane fouling have slightly different definitions in each publication 

although they can basically be divided into two groups of reversible and irreversible fouling. 

Reversible fouling includes two types of fouling, removable and irremovable fouling. 

Removable fouling means that membrane performance can be easily recovered through simple 

physical cleaning such as backwashing and relaxation because the foulants are not attached 

very tightly. On the other hand, irremovable fouling is scarcely removed by physical cleaning 

and hence chemical cleaning is necessary. In general, removable and irremovable fouling result 

from cake layer formation and pore blocking, respectively. Irreversible fouling, in contrast, 

cannot be eliminated by any methods and is caused by precipitation of both organic and 

inorganic substances into the membrane pores from the initial stage and subsequent deposition 

and multiplication of cells, producing EPS (Lin et al., 2013a).  
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2.3.1 Organic and inorganic fouling 

Membrane fouling can also be classified into three different groups according to foulant 

constituents. Both organic and inorganic compounds are influential to membrane fouling, 

which are called ‘organic fouling’ and ‘inorganic fouling’ respectively. Organic fouling occurs 

as a result of deposited biopolymers of which the main components are proteins and 

polysaccharides, and also dissolved organic matter (DOM) which is mostly constituted of SMP 

(Guo et al., 2012). It contains three layers and these layers have all different characteristics. 

The upper layer consists of insecurely tied sludge flocs and SMP, while the intermediate layer, 

much denser than the upper layer, is composed by SMP and aggregation of bacteria as well as 

polysaccharides due to soluble carbohydrate accumulation. The lower layer, the pore fouling 

layer, contains predominantly SMP and EPS, and this layer is irremovable since it is strongly 

bound to the membrane and the densest among the three layers (Iorhemen et al., 2016). As a 

consequence, SMP and EPS are the basis of organic fouling and have a significant influence 

on fouling development. On the other hand, inorganic fouling mainly results from chemical 

precipitation due to hydrolysis and oxidation. The mineral scale formed by the deposition of 

inorganic salts is mainly caused by crystallization and particulate fouling during the scaling on 

membrane surface. Thus, when the salt concentration is higher in the feed water, more 

inorganic scaling tends to occur. The main substances of inorganic fouling are commonly Ca, 

Mg, Fe, carbonate, sulfate and silica due to their low solubility in water (Guo et al., 2012).  

 

2.3.2 Biofouling 

The main determinants of biofouling is microbial metabolites such as SMP and EPS. Once they 

are accumulated and adsorbed on the surface or inside pores of membrane, it is called biological 

fouling, and this might occur when bacteria cells or flocs adhere to the membrane, growing 
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while metabolism takes place (Guo et al., 2012). The biofilm can be formed firstly by the 

adhesion of planktonic cells on the surface and the subsequent formation of colonies and their 

development of biofilms. The major components of biofilms are cell biomass and EPS. EPS 

can be subdivided into soluble EPS and bound EPS. The soluble EPS is biodegradable and a 

product of bound EPS which is dissolved by bacterial hydrolysis. Both EPS consist of various 

organic macromolecules such as proteins, polysaccharides, lipids and other polymeric 

compounds. Proteins and polysaccharides are normally considered to be main contributors to 

fouling. When the EPS are released from the microbial aggregates into water, they are called 

SMP.   

 

2.3.3 Membrane fouling in AnMBR 

As the membrane is one of the major donors to capital as well as operational costs in AnMBRs, 

membrane fouling can be an obstacle that limits scaling-up and wider use of AnMBRs. 

Although membrane fouling occurrence generally characterised by pore blocking and 

subsequent cake layer formation in both aerobic and anaerobic MBRs, the properties of 

membrane fouling can be significantly different. It is reported that the cake layer removability 

in AnMBR was lower than that in aerobic MBR due to the difference of sludge characteristics 

(Lin et al., 2013a). Compared to the cake layer having reversible features in an aerobic MBR, 

the cake layer formed in AnMBRs was irremovable by relaxation or back flushing due to the 

consolidation. It was also found that the thickness of the cake layer in a submerged AnMBR 

was much higher than that in aerobic MBR, which were 1900-2100 and 20-200 μm, 

respectively (Gao et al., 2011). In addition, due to a relatively high concentration of carbonate 

and bicarbonate from anaerobic digestion, AnMBR might have more propensity for the 

inorganic fouling than aerobic MBR (Ramos et al., 2014). The membrane fouling in AnMBRs 
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can be significantly affected by temperature as well. When the two submerged AnMBRs were 

operated under different temperature conditions with 55 ℃ and 37 ℃, the higher temperature 

resulted in higher filtration resistance. As the temperature increased, the floc size became 

smaller and greatly deposited on membrane surface building into a cake. Moreover, higher 

operating temperature could lead to more production of SMP and EPS causing more membrane 

fouling (Charfi et al., 2012).   

 

Table 2-1. Classification of membrane fouling types 

Criteria Fouling 
types 

Description (Main foulants and mechanisms) 

Cleaning 
methods 

Reversible  Removable Easy recovery after physical cleaning like 
backwashing and relaxation. 

Irremovable Chemical cleaning is needed to remove 
foulants. 

Irreversible   Cannot be recovered by any cleaning 
methods due to precipitation of organic and 
inorganic substances in the pores and 
multiplication of cells, producing EPS. 

Foulant 
composition 

Colloidal  Organic or inorganic particulates or colloids initially block 
membrane pores and develop a cake layer. 

Organic  Dissolved organic matter (DOM) such as SMP attach on the 
membrane surface and block pores by adsorption. 

Inorganic  Dissolved inorganic components, like calcium, magnesium, 
iron and silica, precipitate on the membrane by hydrolysis 
and oxidation as well as crystallization. 

Biofouling Microorganisms deposit on the membrane by bioadhesion 
and bioadsorption, and metabolism of bacteria forms 
microcolony developing biofilm.  
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2.4 The strategies for fouling control in MBR 

2.4.1 Optimization of operation conditions 

The operation conditions of MBR, such as HRT, organic loading rate (OLR), temperature, food 

to microorganisms (F/M) ratio, and upflow velocity, have significant impact on membrane 

fouling. Since the bound EPS production is mainly influenced by HRT and OLR, which govern 

biomass concentration and F/M ratio, these parameters are closely related to membrane fouling 

propensity. As the HRT decreased, the membrane flux increased and thus fouling tended to 

increase. In addition, the increase of OLR and F/M ratio promoted the generation of bound 

EPS, which caused more severe membrane fouling (Wu et al., 2013). Moreover, it was found 

that the decrease of SRT from 100 days and 30 days to 20 days and 10 days, respectively, 

resulted in more membrane fouling (Huang et al., 2011b).  

In the case of anaerobic condition, temperature change significantly affects methanogenic 

activity. The temperature increase results in decrease of liquid viscosity, leading to membrane 

flux improvement. Similar to aerobic MBR, HRT plays an important role for fouling control 

in AnMBR, showing that shorter HRTs can lead to more membrane fouling (Maaz et al., 2019). 

The upflow velocity of AnMBR also plays a vital role while having contrary results. The 

increase of upflow velocity facilitated a better mixing of substrate and biomass, whereas it 

could also break the sludge aggregation into fine particles due to strong shear force, leading to 

more generation of microbial byproducts and more fouling (Ozgun et al., 2015).  

 

2.4.2 Membrane modification  

Another strategy for fouling control is modification of membrane characteristics, including 

material, pore size, and hydrophilicity. In terms of membrane material, there are three types of 

membrane, which are polymer, metallic, and ceramic membranes. Among these three types of 
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membranes, polymeric membranes have lower permeability than ceramic membranes. As the 

pore size of membrane considerably influences permeate flux, it was found that larger 

membrane pore size could lead to higher fouling rates compared to smaller pore sizes (Maaz 

et al., 2019). In addition, it was studied that the increase of hydrophilicity by the addition of 

engineered nanomaterials (ENMs), such as silver nanoparticles and titanium dioxide 

nanoparticles, could effectively mitigate the membrane fouling because of the high packing 

density of membranes in aerobic MBR (Meng et al., 2017).  

 

2.4.3 Pretreatment of feed water  

2.4.3.1 Alkaline pretreatment  

The variations of pH can significantly influence the mixed liquor properties and microbial 

activities and the following membrane fouling behaviours. Sodium hypochlorite (NaClO) is a 

common membrane cleaning reagent for effective cleaning of organic foulants. The addition 

of different NaClO dosage between 5 and 50 mg/g SS to MBR could significantly affect 

microorganisms in terms of metabolism behaviours and cell lysis in activated sludge (Han et 

al., 2016). Furthermore, alkaline treatment of pH 11 under anaerobic condition also showed 

efficient disintegration of organic compounds and enhancement of VFA production (Yu et al., 

2013).  

 

2.4.3.2 Acid pretreatment 

Acid pretreatment could also be effective in fouling control by changing microbial community 

and feed water properties. The 0.5 mM of nitric oxide in aerobic MBR resulted in effective 

reduction of membrane fouling by the reduction of biofilm growth as well as delay of a new 
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biofilm formation on the membrane. This could be caused by a decrease in the abundance of 

Proteobacteria, which was dominant in biofilm formation, from 61% to 44% with the addition 

of nitric oxide (Jo et al., 2019). Furthermore, the formation of EPS in the mixed liquor 

significantly caused membrane fouling under pH 5.5 condition in aerobic MBR (Sanguanpak 

et al., 2015). 

 

2.4.3.3 Ozone pretreatment 

Ozone is one of the powerful oxidizing agents which can oxidize various recalcitrant organic 

matters without the addition of other chemicals. Previous studies have shown the impacts of 

the ozonation on the membrane fouling in MBRs. Ozonation was able to effectively reduce the 

membrane fouling by improving the biodegradability of the organic components. Natural 

organic matter (NOM) such as humic substances and polysaccharides, is one of the major 

problems causing membrane fouling. Ozone oxidation of feed water before membrane 

filtration could change chemical structures of NOM and resulted in significantly reduced 

membrane fouling (Van Geluwe et al., 2011). Xue et al. (2016) also investigated the effects of 

ozone pretreatment of an anoxic-aerobic MBR for treatment of oil-sands-process affected water. 

The result showed that 30 mg O3/L of mild ozonation was able to enhance the degradation of 

organic compounds and change the structure of microbial community. The abundance of 

microorganisms excreting EPS and forming biofilm, such as Rhodocyclales and Cytophagale, 

remarkably lowered after the ozonation. As a result, not only EPS production but also the EPS 

protein/polysaccharides ratio decreased, facilitating the reduction of membrane fouling (Xue 

et al., 2016; Zhu et al., 2017). Recent study showed that ozone pretreatment after algal 

treatment of reverse osmosis concentrate before the microfiltration process efficiently removed 

nutrients as well as caffeine and carbamazepine. This combination of ozone and algal 
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pretreatment could also alleviate flux decline while enhancing the reversibility of the MF 

fouling (Woo et al., 2019). 

  

2.4.3.4 Addition of fouling reduction enhancers 

a. Activated carbon  

Activated carbon (AC) has been widely applied in MBRs due to its high adsorption capability, 

enhancement of biodegradation, and subsequent removal of recalcitrant pollutants. The 

addition of AC can also efficiently mitigate membrane fouling, as it might enhance membrane 

flux as well as the removal performance of COD and recalcitrant pollutants (Skouteris et al., 

2015; Zhang et al., 2019a). Moreover, the use of AC in anaerobic digestion process has been 

gaining more attention because it facilitates the alleviation of organic shock loading, the 

enrichment of microorganisms and the improvement of anaerobic digestion stability (Zhang et 

al., 2019a). 

There are two types of AC, namely powdered activated carbon (PAC) and granular activated 

carbon (GAC). PAC has high porosity and large surface area, which can lead to high adsorption 

capacity, while removing odour, colour and taste (Zhang et al., 2019a). Compared to PAC, 

GAC has larger size, which is more easily retained in the reactor and more economical when 

it is used continuously, because GAC can be regenerated by thermal process. Due to the larger 

size, GAC also has stronger physical interactions with membrane surface (Wu et al., 2017). 

The application of GAC to AnMBRs will be focused in this section, and the fouling reduction 

mechanism of PAC and its addition to aerobic and anaerobic MBRs will be discussed in the 

following section of 2.5.  
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In recent years, the addition of GAC has been extensively applied in anaerobic digestion 

processes to enhance both reactor efficiency and microorganisms. The anaerobic digestion 

process contains electron exchange between fermentative bacteria and methanogens in the form 

of metabolites, such as acetate, H2 and methanol. Previous studies have demonstrated that 

conductive additives like GAC enabled direct electron exchange instead of metabolites, which 

could eventually enhance methanogenic conversion of short-chain fatty acids, such as acetate, 

butyrate, and propionate, and subsequent improvement of methane production (Barua et al., 

2019; Florentino et al., 2019; Park et al., 2018). Zhang et al. (2017d) showed that GAC 

remarkably promoted methanogenesis by enhancing direct interspecies electron transfer 

between fermentative bacteria, Geobacteraceae, and methanogens, Methanosaetaceae. 

Another study has also concluded that surface modified GAC with magnetite stimulated 

enrichment of electroactive bacteria, such as Shewanella, Pseudomonas, Geobacter and 

Desulfuromonas, enhancing the methane production by a degradation of propionate to acetates 

and electrons that can be utilized by methanogens (Barua et al., 2019). 

As a membrane fouling mitigation strategy, methods of inducing unsteady-state shear on the 

membrane surface, such as bubbling and vibration have been applied to MBRs. Particle 

fluidization has recently been presented as an alternative to bubbling, as it could have the same 

effect on membrane fouling reduction with at least ten times lower energy requirements than 

bubbling. Particularly, the fluidization of GAC has gained significant attention, because larger 

GAC is more effective in the longer term of operation (Wang et al., 2016a; Wang et al., 2016b). 

Therefore, previous studies have reported that GAC fluidization resulted in significant 

alleviation of membrane fouling in anaerobic fluidized membrane bioreactor (Aslam et al., 

2018; Gao et al., 2014a; Gao et al., 2014b; Shin et al., 2014; Wu et al., 2015a; Yoo et al., 2012). 

In the studies of integrated anaerobic fluidized-bed membrane bioreactor, high amount of 

protein was adsorbed resulting in remarkable improvement of membrane filtration (Gao et al., 
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2014a; Gao et al., 2014b). The effect of GAC fluidization has been demonstrated with its 

energy efficient and effective advantages, unlike the popular air-sparging method which 

requires comparatively high energy costs (Wang et al., 2018c). As GAC fluidization is one way 

to induce unsteady-state shear on membrane, which has been identified as cost-effective, it 

eventually lower the energy requirement in the process (Zamani et al., 2015). As a case in point, 

the electrical energy requirement for anaerobic fluidized-bed ceramic membrane bioreactor 

operation was estimated to be 0.039 kW h/m3, which was only 17% of electrical energy that 

can be generated from produced methane (Aslam et al., 2017). The average energy 

consumption of GAC fluidization is generally reported as 0.15 kW h/m3, whereas that of gas 

sparging is twice higher, which is 0.31 kW h/m3 including pumping and mixing (Evans et al., 

2019). The table 2-2 summarizes the effects of GAC in anaerobic fluidized membrane 

bioreactor. 

In the research of Ding et al. (2014), they added 50 g/L of GAC to an expanded membrane-

coupled granular sludge bed (EGSB) and showed a remarkable enhancement of COD removals 

(80% vs 62% without PAC) and decrease in SMP concentration. The cake layer resistance, 

which was the main fouling mechanism in membrane-coupled EGSB process, was also 

decreased by 53.5%. Another research by Wang et al. (2018b) treating wastewater containing 

phenol and quinolone reported that a 2 g/L of GAC could not only remove COD and SMP by 

adsorption, but also enhance the degradation of phenol and quinolone. The high adsorption 

capacity of GAC could capture some fouling-causing compounds like SMP prior to attachment 

on membrane surface. Meanwhile, GAC could scour the foulants from the membrane surface 

and prevent the accumulation of foulants. Hence, the use of GAC as suspended medium 

effectively mitigated irreversible fouling (Johir et al., 2011). As a case in point, scouring effect 

of GAC with flux of 16 LMH in a two-stage anaerobic fluidized membrane bioreactor was able 

to mitigate membrane fouling, along with effective removal of 20 common pharmaceuticals 
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(i.e. ibuprofen, caffeine, and sulfamethoxazole, etc.) through adsorption and biodegradation 

(Dutta et al., 2014a; Lim et al., 2019). 

Although having positive effects on membrane fouling control, Wu et al. (2015a) suggested 

that the behaviour and characteristics of GAC might have a harmful influence on membrane 

performance. Due to the fine carbon particles that are released from GAC, the fouling could be 

aggravated by blocking the pores and forming a thin cake layer. GAC abrasion also led to a 

partial loss from the initial membrane quality. The reduction in adsorption capacity of GAC 

over time was also a major limitation. Thus, the exhausted GAC needs to be replaced or 

regenerated by thermal process to recover the adsorption capability (Korotta-Gamage and 

Sathasivan, 2017). 

Furthermore, the energy requirements for fluidization and membrane fouling mitigation were 

significantly different depending on the particle size of GAC as well as adsorption capacity. 

When the adsorption of fresh GAC predominantly took place, comparatively small GAC 

particles with had greater effect on fouling reduction due to large surface area, along with less 

energy consumption. However, after the adsorption capacity was exhausted, dominant process 

for fouling reduction became the scouring effect. Then, the relatively large GAC particles were 

more effective in fouling reduction, but more energy is required for fluidization (Aslam et al., 

2014). Charfi et al. (2017) showed that 2-3 mm of GAC particles acted better as a method of 

fouling reduction by removing accumulated cake layer, whereas small particles from 0.18 mm 

to 0.5 mm rather intended to accumulate on membrane surface. It was also found that, although 

large particles were more effective in scouring due to inertial forces, the energy requirement 

on fluidizing the particle was also higher (Wang et al., 2016a). Thus, further studies are 

necessary for a better understanding of production of fine carbon particles, GAC abrasion and 

choosing suitable particle sizes for mitigating membrane fouling. 
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  Table 2-2.   Effects of GAC on performance of fluidized AnMBRs 

Reactorsa GAC properties 
and Packing ratio 

Feed water  Operating condition Effects of GAC on 
performance 

References 

SAF-MBR • 139 kg  
• Calgon F300, 

USA 
• 0.8-1mm 
• 25% 

Primary-settled 
domestic wastewater 

• SRT : 485 d 
• HRT : 4.5–6.8 h 
• Temperature : 8–30 ℃ 
• Average effluent COD : 

~23 mg/L 
 

• No chemical 
membrane cleaning  

Shin et al. 
(2014) 

SAF-MBR • >0.85mm 
• 25% in AFBR 

and 50% in 
AFMBR 

Synthetic wastewater • HRT : 8.7 h 
• Feed COD: 150 mg/L 
• Flux : 5 L/m2·h  
• Temperature : 25 ℃ 

• Complete removals 
of diclofenac, 
ibuprofen and 
sulfamethoxazole  

Lim et al. 
(2019) 

SAF-MBR • 30 g 
• 10 × 30 mesh  
• MRX-M, Calgon 

Carbon Corp., 
Pittsburgh 

Municipal wastewater 
primary-clarifier 
effluent 

• HRT : 2.3 h 
• Flux : 6–11 L/m2·h  
• OLR : 1.0–3.5 

kgCOD/m3·d 
• Temperature : 25 ℃ 

• No requirement of 
other fouling control  
process 

• Lower electrical 
energy requirements 

Yoo et al. 
(2012) 

SAF-
CMBR 

• 300g  
• 10 × 30 mesh  
• MRX-M, Calgon 
• Carbon Corp., 

Pittsburg, PA 
• 50% 

Domestic wastewater • HRT : 1.3–2.1 h 
• Feed COD: 250 mg/L 
• Flux : 22 L/m2·h  
• Temperature : 25 ℃ 
• pH : 7.3 -7.6 

• Lower biosolids 
production  

• Low energy 
requirement (10% of 
energy converted 
form methane) 

Aslam et al. 
(2018) 

AFCMBR • 50% Dilute wastewater 
 

• HRT : 1.3–2.1 h 
• Feed COD: 300mg/L 
• Flux : 22 L/m2·h  
• Temperature : 25 ℃ 

• Lower energy 
requirement 

• No adverse effect of 
maintenance 
cleaning on organic 
removal  

Aslam et al. 
(2017) 
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Two-stage  
AnFMBR 

• 10 × 30 mesh 
• Bulk density: 

500–1000 m2/g 
• specific gravity: 

0.85 and 2 g/cm3 
• 25% in AFBR, 

50% in AFMBR 

Municipal wastewater • HRT : 1.28 h 
• OLR : 5.65 kgCOD/m3·d  
• Feed COD: 250mg/L 

• Effective removals 
of  pharmaceuticals  

• No requirement of 
other fouling control 
process  

Dutta et al. 
(2014a) 

AnFMBR • >2 mm,  
• 0.85-2 mm 
• 0.5-0.85 mm  
• 0.18-0.5 mm 
• <0.18 mm 
• 10%, 30%, 50% 

Synthetic wastewater 
 

• Flux : 50 L/m2·h  
• Feed COD: 250 mg/L 

• Energy requirement 
increased with 
particle size 

• The higher the 
packing ratio, the 
greater the fouling 
reduction 

Aslam et al. 
(2014) 

AnFMBR • N/A 
 

Screened domestic 
wastewater 

• SRT : 12 d 
• HRT : 4 h 
• Flux : 7.6–7.9 L/m2·h  
• OLR : 1.3–1.4 

kgCOD/m3·d  
• Temperature : 13–32 ℃ 

•  

• Similar BOD5 and 
COD removal 
efficiencies (around 
85%) achieved when 
operating at a 65% 
shorter HRT than 
gas-sparing system 
(removals of around 
90%) 

Evans et al. 
(2019) 

AnFMBR • Lignite coal 
(0.42-0.85 mm, 
650 m2/g) 

• Peat bog (0.85-
2.4 mm, 600-800 
m2/g)  

Synthetic wastewater • Flux : 14 L/m2·h  
 

• Fouling reduction 
and detrimental 
effects on membrane 

Wu et al. 
(2015a) 



 

32 
 

• Peat bog (2.4-4.6 
mm, 600-800 
m2/g) 

IAFMBR • 40 g 
• 10 × 30 mesh 

 

Domestic wastewater 
 

• HRT : 6 h 
• Flux : 7.1 L/m2·h  
• Feed COD: 247-449 mg/L 
• Permeation : 23.2 L/d 
• Temperature : 35, 25, 15 ℃ 
• pH : 7.18–7.99 

• High protein 
adsorption by GAC 

Gao et al. 
(2014a) 

IAFMBR • 200-300 g 
• 10 × 30 mesh 

 

Domestic wastewater • HRT : 4, 6, 8 h 
• Flux : 0.27 m3/m2·d  
• Feed COD: 300 mg/L 
• Temperature : 35 ± 2 ℃ 
• pH : 7.5 ± 0.21 

• Adsorption of 
protein in cake layer 
by GAC  

• Improved membrane 
filtration  

Gao et al. 
(2014b) 

aAFCMBR, anaerobic fluidized bed ceramic membrane bioreactor; AnFMBR, anaerobic fluidized membrane bioreactor; SAF-MBR, staged anaerobic fluidized 
membrane bioreactor; IAFMBR, integrated anaerobic fluidized-bed membrane bioreactor; SAF-CMBR, staged anaerobic fluidized bed ceramic membrane bioreactor.  
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b. Biochar 

Biochar is a porous and carbonaceous residue obtained from thermal decomposition of biomass 

in an oxygen deleted environment, or other processes such as pyrolysis, hydrothermal 

carbonisation, gasification and torrefaction. It is usually produced at a lower temperature under 

700 ℃, because reaction above 900 ℃ causes the destruction of walls between pores, which 

results in widening pores of biochar (Luo et al., 2015; Qambrani et al., 2017). Unlike AC, it is 

produced without any activation, and this non-activation makes the specific surface area of 

biochar less efficient compared to AC. However, the production cost of biochar is one tenth 

cheaper than that of AC (Luo et al., 2015; Masebinu et al., 2019; Pan et al., 2019). After a 

series of reactions of biomass such as dehydration, depolymerisation and carbonisation during 

thermal decomposition, three products,  namely condensable liquid (bio-oil), non-condensable 

gases (syngas) and biochar are produced, which depends on the type of biomass used and 

process conditions (i.e. temperature and residence time). Biochar usually consists of fixed 

carbon, labile carbon and other volatile compounds, as well as moisture and ash. Fast pyrolysis 

aims at liquid oil production, whereas the goal of slow pyrolysis is biochar production, as the 

slow evaporation of water and release of volatile components can result in an increase of 

relatively fixed carbon content of the solid (Masebinu et al., 2019; Weber and Quicker, 2018). 

The heterogeneous surface of biochar, which has both carbonised and non-carbonised fractions, 

accommodates several adsorption mechanisms. Physical adsorption, surface precipitation and 

the pore-filling are the major routes of adsorption. Moreover, for positively charged organic 

compounds, hydrophobic effect and hydrogen bonding of biochar surface are the important 

adsorption routes. On the other hand, the removal of inorganic compounds largely depends on 

electrostatic attraction, precipitation, and ion exchange (Fagbohungbe et al., 2017; Masebinu 

et al., 2019). 
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The addition of biochar on anaerobic digestion process has shown to be effective in terms of 

biogas production and selectively enrich microbial groups. The biochar addition was able to 

enhance VFA production and degradation, and improve both hydrogen and methane production 

(Luo et al., 2015; Sunyoto et al., 2016). Some studies demonstrated that better biogas 

production could be resulted from enhanced direct interspecies electron transfer (DIET) 

process by enrichment of electrogenic Geobacter and Bacteroidetes, which are potential direct 

interspecies electron transfer partners during anaerobic digestion (Lü et al., 2016; Wang et al., 

2018a). In addition, since biochar contains redox active moieties such as quinines, phenolics 

and phenazines, they can catalyse the electron transfer between biochar and outer membrane 

cytochromes during redox reactions (Shanmugam et al., 2018; Wang et al., 2020). Moreover, 

biochar addition significantly enhanced methanogenesis by facilitating the enrichment of 

Methanosarcina even in high ammonium stress, and also favoured anaerobic sludge 

granulation, due to the ability of promoting biofilm formation and reducing the inhibition 

behaviour of ammonia (Mumme et al., 2014; Shen et al., 2020). Similar to the biogas yield 

enhancement, biochar could facilitate hydrogen production via enrichment of hydrogen-

producing bacteria (Zhang et al., 2017a). The alleviation of sulphide toxicity during anaerobic 

treatment of sulphate-rich wastewater using biochar was investigated and biochar promoted 

reactor stability by adsorption of H2S from biogas (Oliveira et al., 2020). Due to the adsorption 

capability and functional groups on the surface, biochar was also able to adsorb EPS and 

enhance sludge granulation, which could lead to significant mitigation of membrane fouling in 

aerobic MBRs (Jiang et al., 2020; Ming et al., 2020; Sima et al., 2017). 

Some previous studies have demonstrated that biochar could be beneficial to anaerobic 

membrane bioreactor. Bamboo charcoal, one kind of biochar, was able to enhance the removal 

performance of AnMBR as well as mitigate membrane fouling. In this study, two AnMBRs 

treating bamboo industry wastewater were analysed with and without bamboo charcoal 
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addition. The result showed that COD removal efficiency increased about 5% after the addition 

of bamboo charcoal, as well as reduced membrane fouling owing to the decrease of both 

concentration of SMP and resistance of the fouling layer. Meanwhile, the methane yield 

became higher as a result of greater microbial activity of dominant microorganisms in methane 

production, such as Methanosaeta, Methanospirillum and Methanobacterium, occurring 

additionally inside the pores of the bamboo charcoal (Mei et al., 2016). More recent study 

showed that membrane fouling was effectively reduced in a biochar-amended AnMBR along 

with 56% of decreased TMP rising rate and decreased proteins of EPS. In addition, Arcobacter, 

one of the bio-foulants that is involved in membrane biofouling, was hardly accumulated due 

to the presence of biochar (Chen et al., 2020). 

 

c. Waste yeast 

Waste yeast is traditionally used as a protein supplement in animal feed or alimentary substrate 

for the food processing industry. The brewing industry is the major source of spent yeast, which 

also produces other residues in addition to brewery wastewater, such as methanogens and small 

cellulosic particles (Zupančič et al., 2012). Due to the high degradation capacity of yeast, it 

was favourable in treatment of landfill leachate, which contains high amount of recalcitrant 

compounds like phenolic compounds as well as toxic substances such as halogenated and heavy 

metals (Reis et al., 2017). Yeast has lower tendency to adhere on membrane surfaces than other 

microorganisms, so that its application in MBR can be beneficial in membrane fouling control 

and system operation (Reis et al., 2017). The presence of yeast in aerobic MBR could 

significantly remove not only COD, colour and EPS, but also refractory substances including 

polyacrylamide (Brito et al., 2019; Silva et al., 2019; Song et al., 2019; Zhang, 2020). 
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Anaerobic co-digestion, which balances the nutrient component of different residues, is widely 

applied as a way to dilute potential toxic compounds and enhance biogas production (Neira 

and Jeison, 2010). Some previous studies have demonstrated that additional co-substrates in 

anaerobic wastewater treatment increased methane production by maintaining a pH level 

within the methanogenesis range between 7.0 and 7.5, while improving the degradation of low 

biodegradable substrates (Agler et al., 2010; Zupančič et al., 2012). The research on the 

supplementation of yeast in brewery wastewater treatment as a co-substrate in a upflow 

anaerobic sludge blanket (UASB) reactor showed enhanced biogas production by 50%, while 

no significant changes in COD removal efficiency and accumulation of VFAs were observed 

up to 1.1 (v/v)% of brewery yeast concentration (Neira and Jeison, 2010; Zupančič et al., 2012). 

These results indicated that the additional waste yeast could be a feasible substrate in anaerobic 

digestion in terms of high biodegradability and biogas yield.  

The supplementation of yeast wastes as co-substrate in an AnMBR can have positive effects 

on membrane fouling control as well. A research by Yun et al. (2019) investigated the effects 

of yeast addition to AnMBR treating low-grade coal wastewater (LCWW). Compared to no 

methane production in the absence of yeast wastes, AnMBR with yeast wastes gradually 

increased COD removal efficiency as well as methane production. In addition, the presence of 

yeast wastes showed the significant growth of some microorganisms such as Methanococcus 

and Methanosarcina which were responsible for the degradation of LCWW and biogas 

production. However, due to the metabolism of these bacteria, the fraction of SMPs and 

aromatic group with high molecular weight (> 1 kDa) also increased. Thus, the addition of 

yeast wastes could be a potential alternative as an additive to AnMBR due to their positive 

effects on biodegradation of LCWW and growth of microorganisms, but further research 

should be carried out to find out the effect on fouling control. 
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d. Iron 

Iron, which is the most abundant transition metal on the Earth, is also an essential component 

for the growth of most living organisms. Although iron itself is a non-toxic and electron donor 

in redox reactions, the presence of iron in anaerobic environment plays an important role in the 

electron cycling and metabolic activity of microorganisms (Baek et al., 2019; Wei et al., 2018). 

The Fe(II) and Fe(III), which are generated from several iron compounds, can be provided as 

nutrients for microbial activity or as redox mediators to facilitate the conversion of organic 

matters to methane (Baek et al., 2019). One of the strong reductants, zero-valent iron (ZVI), is 

an active anode material in electrocoagulation, and electrically produces Fe(II) ions which 

promote coagulation and effectively decrease the soluble and colloidal particular matters. 

Although the generation of Fe(II) ions from ZVI in aerobic process needs to be triggered by 

the electric field, it can occur spontaneously in the anaerobic digestion process. The protons, 

which are released by acidogens during the acidification, can help spontaneous generation of 

Fe(II) ions without any drive of electric field (Zhang et al., 2020a). 

Many previous studies have investigated the addition of iron or ZVI into anaerobic digestion 

which could significantly increase methane production and improve COD removal (Kong et 

al., 2018; Ruan et al., 2017; Suanon et al., 2017; Wu et al., 2015b). When iron was added to 

anaerobic aquatic environment, hydrogen was produced by iron corrosion. This hydrogen 

evolution can benefit methane production by enhancing both hydrogenotrophic 

methanogenesis and homoacetogenesis. In addition, iron was able to serve as an electron donor 

to reduce oxidation-reduction potential (ORP), and led to the decrease in propionic-type 

fermentation and subsequent enhancement of methanogenesis. As the accumulation of 

propionate destroyed the pH balance between acidogenesis and methanogenesis as well as 

hindered the methanogenesis of acetate, it should be reduced during the anaerobic process 



 

38 
 

(Feng et al., 2014; Liu et al., 2012). Although anaerobic digestion can be limited by low 

efficiency of hydrolysis and acidification, ZVI could intensify the activities of enzymes related 

to hydrolysis and acidification, such as protease which is responsible for catalysing hydrolysis 

of polysaccaharide to monoses (Feng et al., 2014). Moreover, the presence of ZVI stimulated 

the growth of hydrogen-consuming microorganisms such as homoacetogens and 

hydrogenotrophic methanogens, thereby enhancing acetate or methane production (Feng et al., 

2014; Xu et al., 2019). In addition, iron could also effectively eliminate odorous H2S gas by 

precipitation of FeS. Likewise, the iron might be used for phosphate recovery in the form of 

compounds of iron and phosphate such as vivianite (Wei et al., 2018). It was also found that 

the supplementation of iron salts to anaerobic digestion could be potentially advantageous to 

membrane fouling by supporting granulation and stabilisation. When ferrous iron was supplied 

to UASB reactor, anaerobic bacteria and EPS tended to adhere to iron in order to form a more 

stable structure with 56 % of enlarged granule diameter. Moreover, inorganic precipitates such 

as ferrous sulphide could contribute to the stability of granules. 

The iron addition to AnMBR provided remarkable benefits on membrane fouling mitigation in 

several previous studies. Dong et al. (2015) showed the influence of FeCl3 as an additive in 

long-term operation of an AnMBR treating municipal sewage. The performance of the AnMBR, 

including removal efficiencies of COD and BOD5, was enhanced by adding 26 mg/L of FeCl3. 

Furthermore, even though the addition of FeCl3 caused the increase of MLSS concentration 

and a more thickened cake layer, membrane fouling has been mitigated due to the more porous 

cake layer formation and increased filterability of mixed liquor. Zhang et al. (2017c) also 

investigated the addition of FeCl3 to AnMBR, which effectively reduced membrane fouling by 

increasing both sludge floc size and the colloids as well as decreasing SMPs. Since iron 

remained in the reactor as a precipitate, resulting in minimal concentration of iron in the 

effluent or supernatant, it was expected to be advantageous for a long-term operation. In a 
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recent study, ZVI has been applied into AnMBR with and without electric field. Although ZVI 

with electric field facilitated the increase of iron releasing rate of ZVI by 12 times and enhanced 

removal performances of COD and total phosphorous (TP) by about 3% and 50%, respectively, 

it resulted in more severe fouling due to the high density of Fe-rich fouling layer. However, 

ZVI without electric field significantly mitigated membrane fouling rate by 20% through the 

enhancement of mixed liquor filterability (Zhang et al., 2020a).  

 

e. Calcium 

Calcium can be another special additive to alleviate fouling and enhance characteristics of 

granular sludge by enhancing bioflocculation. EPS, which is known to be the main substance 

affecting membrane fouling, typically contains negatively charged functional groups such as 

hydroxyl and carboxyl. Due to negatively charged EPS, cations play an important role in sludge 

flocculation. Divalent cations including calcium ions tend to combine preferentially with 

carboxylic functional groups of EPS and form bridges between the EPS molecules. This bridge 

formation promotes the improvement of bioflocculation, enlarges flocs and mitigates fouling 

(Chen et al., 2011; Zhang et al., 2016; Zhang et al., 2017b; Zhao et al., 2015a). Since the cost 

of calcium salts are relatively low, they have been widely used in aerobic process as an additive, 

which improve the properties of mixed liquor (Barros et al., 2020; Zhang et al., 2016). However, 

the decline in permeability and subsequent inorganic fouling occurred with high concentration 

of calcium of 830 mg/L, due to the precipitation of calcium carbonate. Therefore, more research 

is necessary to have a better understanding of effects of calcium addition and find out the 

optimal calcium concentration (Zhou et al., 2014). 

The addition of calcium can also positively affect anaerobic processes. Some previous studies 

have been conducted to evaluate the influence of calcium addition and the most effective 
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dosage for anaerobic digestion. When five different concentrations of calcium chloride (CaCl2), 

which are 0, 1, 3, 5, and 7 g/L, were added to anaerobic digestion process, 3 g/L of calcium 

concentration was optimal for the best performance of anaerobic digestion and biogas 

production (Ahn et al., 2006). Similarly, according to a study of Ahmad et al. (2011), calcium 

oxide (CaO) in the UASB reactor enhanced granulation and the accumulation of biomass as 

well as the degradation of butyrate and acetate acid. Since the addition of calcium on anaerobic 

digestion process significantly increased the abundance of Methanosaeta as the dominant 

methanogen, the methane production could be improved (Salama et al., 2020). However, an 

overdose of calcium from 5 to 7 g/L of concentration, which may lead to precipitation and limit 

mass transfer between microbes and organic compounds, further inhibit anaerobic process. 

When the precipitates such as calcium carbonate were formed on the surface or within the 

granules, they can cause sludge washout, as well as the declined methanogenic activity and 

diffusion limitation (Ahmad et al., 2011).  

Due to the positive effects of calcium addition on anaerobic process, the use of calcium as an 

additive in membrane bioreactors can also be a promising way to reduce membrane fouling 

(Ding et al., 2015). An investigation for the effects of calcium addition (0, 50 and 100 mg/L of 

calcium) was conducted in three sequencing batch reactors with external dead-end 

microfiltration. The result showed that the highest dosage of calcium was able to enhance the 

reduction of fine particles, EPS and colloids in supernatant, leading to the mitigation of 

membrane fouling (Liu and Sun, 2012). This significant reduction of membrane fouling was 

mainly due to calcium promoted bioflocculation, which achieved high volumetric organic 

removal and increased methane production rate. Furthermore, the enlarged size of anaerobic 

sludge granules by calcium addition was also reported in some studies using membrane-

coupled expanded granular sludge bed (EGSB) reactor or UASB reactors (Cunha et al., 2018; 

Faria et al., 2019; Gagliano et al., 2020). When calcium chloride was added to the EGSB reactor, 
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the membrane fouling was alleviated effectively and the concentration of SMP decreased (Ding 

et al., 2015). 

 

f. Polyaluminum chloride  

One of the aluminum salts, polyaluminum chloride (PAC), generally consists of various 

polynuclear aluminum hydrolysis products, including Al monomers such as Al(OH)2+, dimer 

(Al2(OH)2
4+), trimer (Al3(OH)4

5+), Al13 (AlO4Al12(OH)24(H2O)12
7+) and aluminum hydroxide 

(Al(OH)3). Due to the presence of these products, PAC is superior to the traditional aluminum 

coagulants, such as AlCl3 and Al2(SO4)3, for removing organic matters (Wu et al., 2019). The 

behaviour of aluminum coagulants can be greatly affected by basicity values (B), which is the 

molar ratio of OH/Al3+, because the dominant hydrolysis products are different under different 

basicity conditions. PAC with high basicity value (B = 2.4) resulted in increased membrane 

fouling propensity, as well as higher DOC removal efficiency and zeta potential of flocs, 

compared to PAC with lower basicity (B = 2.0 and B = 1.6). This phenomenon might be related 

to the different dominant mechanisms of coagulation according to the content of Al species. 

As the percentage of Al13 increased along with the basicity value increase, it could provide a 

larger amount of positive charges for charge neutralization rather than adsorption bridge effect. 

As the flocs produced from charge neutralization are smaller than those from adsorption bridge 

effect, it could result in more severe membrane fouling (Zhao et al., 2015b). 

Many previous studies have reported high charge neutralization capacity of PAC, which can 

lead to enlarged floc size and better filtration performance. The dose of PAC and subsequent 

hydrolysis can provide positive charge, which can neutralize the negatively charged sludge 

flocs and colloids. This neutralization results in weaker repulsion among flocs and colloids, 

and easier formation of large particles. In addition, SMP and EPS in mixed liquor can be 
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compressed and removed from membrane surface by the charge neutralization and adsorption 

of PAC (Wang et al., 2019c). When PAC was added in anaerobic digestion process, it 

facilitated the reduction of SMP and improved sludge filterability. However, a high 

concentration of PAC over 500 mg/L in anaerobic digestion could inhibit short chain fatty acids 

(SCFA) production as well as anaerobic process such as hydrolysis, acidogenesis and 

methanogenesis by decreasing the ratio of bioavailable nutrient, especially phosphorous (Chen 

et al., 2018b; Yu et al., 2015).  

The positive effects of PAC dosing into AnMBR as an inorganic coagulant on membrane 

fouling control have been studied in some previous research. The addition of PAC could 

influence microbial characteristics as well as cake layer structure in the anaerobic digestion 

process. The abundance of anaerobic microorganisms, especially Cloacimonetes and Smithella, 

was significantly enriched in AnMBR (Zheng et al., 2018). Moreover, PAC was able to 

increase the hydrogen yield by washing out hydrogen consumers, including Acetoanaerobium 

and Desulfobulbus (Wu et al., 2019). It was also reported that the cake layer on the membrane 

surface became more porous and looser when PAC was added, which could provide better 

filterability. A result from a study showed that PAC dosing could lower the composition rate 

of carbohydrate in SMP and EPS, as well as compress the concentration of EPS. This resulted 

in reduction of adherence capacity of sludge and more substantially porous cake layer (Wang 

et al., 2019c; Yao et al., 2015).  

 

g. Zeolite  

Zeolite is a porous substance with high crystallinity, which mainly consists of aluminium, 

oxygen, and metals such as titanium, tin, and zinc. While natural zeolite can be normally found 

in rocks near volcanoes all over the world, it can also be synthesized or modified in order to 
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improve properties for different applications. Both natural and modified zeolites can be used 

for adsorption and ion exchange. The presence of cations like Na+, Ca2+, K+ and Mg2+ on the 

porous surface of zeolite facilitates ion exchange from a contact solution. Thus, the use of 

zeolite can be applied in both aerobic and anaerobic biological processes including nitrification 

and denitrification, activated sludge, and anaerobic digestion. In aerobic processes, zeolite can 

act as an ion exchanger as well as a biomass carrier, whilst in anaerobic processes, zeolite can 

also act as an inhibitor of ammonia and heavy metals by ion exchange (Montalvo et al., 2020; 

Wijesinghe et al., 2018; Yuniarto et al., 2013). 

Zeolite has been reported to improve the performance of anaerobic processes as a porous 

microbial carrier as well as ion-exchanger. Its high ion-exchange capacity can contribute to 

enhance NH4
+ removal which is known as an inhibitor of anaerobic digestion. Indeed, Lin et 

al. (2013b) used modified zeolite to reduce NH4
+ concentration by ion exchange with Na+ and 

Ca2+ as dominant ions for NH4
+ adsorption. Additionally, the application of zeolite also showed 

remarkable improvement in methane production and COD removal (Dutta et al., 2014b; 

Sudibyo et al., 2018; Wang et al., 2019a). These improvements of anaerobic digestion can be 

attributed to ion exchange of NH4
+, cations like Ca2+ and Mg2+ and long chain fatty acids 

(LCFA) (Nordell et al., 2013; Wang et al., 2019a). Another researcher focused on the microbial 

communities apart from ion exchange, and suggested that zeolite could specifically preserve 

the growth and immobilisation of microorganisms, especially Methanosarcina and 

Methanobacteriums (Poirier et al., 2017). 

Zeolite has been widely applied to aerobic and anaerobic membrane bioreactor for membrane 

fouling reduction. This is because it can improve the settlement of sludge as well as the removal 

of nitrogen and phosphorous. As zeolite has high porosity and large surface area, it provides a 

stable environment for bacterial attachment, and substantial microbial aggregation can enhance 
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the settleability of sludge (Wei et al., 2013). As a result, membrane fouling can be alleviated 

by forming rigid sludge flocs and enhancing membrane permeability. Likewise, the application 

of zeolite as a carrier showed effective removal of COD and suspended solid (SS) which could 

facilitate better membrane performance and less fouling in anaerobic fluidized membrane 

bioreactor (Chen et al., 2019a; Li et al., 2020). When an anaerobic fluidized membrane 

bioreactor was operated with natural zeolites as carriers, the removal rate of SS significantly 

improved by 22%. It was also observed that the anaerobic microorganisms were able to attach 

on the surface of zeolites with remarkable growth. Thus, no membrane fouling was observed 

due to the low COD and SS concentrations (Chen et al., 2019a). 

 

h. Beads 

The use of granular media fluidizing in AnMBR has been gaining attention along with the 

development of anaerobic fluidized bed membrane bioreactor. Previous studies showed that 

fluidization of glass beads and polyethylene terephthalate (PET) beads can act as turbulence 

promotors and scouring media, respectively, which effectively controlled membrane fouling. 

Polymer-based gel beads have also been proved to be an ideal microbial carrier, based on their 

cost effectiveness, high bio-compatibility, strong stability for long-term use, as well as porous 

structure for microbial attachment and aggregation. Moreover, controlling the size and density 

of the beads can be achievable by changing the synthesis conditions (Pandey and Sarkar, 2017; 

Wang et al., 2019b). Polyvinyl alcohol (PVA), which is water soluble polymer, can form gel 

beads by cross-linking with other materials like sodium alginate and chitosan (Cho et al., 2017). 

Moreover, when PVA and chitosan form more stable structure through covalent bonds with 

metal ions, they can be applied in different fields as adsorbent materials, antibacterial agents, 

or biocarriers (Gutha et al., 2017; Jiao et al., 2017). A research by Wang et al. (2019b) showed 
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the effect of PVA/chitosan gel beads and PVA/chitosan/iron gel beads on anaerobic sludge. 

Both gel beads favoured the adhesion and aggregation of methanogens, mainly 

Mathanospirillum, Methanosaeta and Methanobacterium.  

According to Düppenbecker et al. (2017b), the use of fluidized glass beads in AnMBR with 

external tubular membrane could be a promising option for alleviating membrane fouling in 

AnMBRs. The optimal diameter of 1.5-mm fluidized glass beads reduced the fouling despite 

the membrane has been damaged by abrasion. Moreover, the COD removal rate was remained 

between 77% and 83%, and methane production increased by around 30% as well. The same 

research group also evaluated the fouling behaviour by three different ceramic membranes 

including ZrO2 and Al2O3 ultrafiltration membranes and TiO2 microfiltration membrane. The 

presence of fluidized glass beads was able to reduce the fouling rate by around 95% for all 

three membranes. Although all types of membranes were damaged by abrasion of glass beads, 

Al2O3 microfiltration membrane showed the least abrasion in a clean water filtration test 

(Düppenbecker et al., 2017a). Similarly, the fluidization of PET beads with bigger size and 

lower density also demonstrated significant fouling reduction by scouring the membrane 

(Charfi et al., 2018a; Charfi et al., 2018b). These fluidized beads can mitigate membrane 

fouling by two mechanisms. Firstly, the mixing action of particles can lead to increase in 

turbulence and thus concentration polarization can be decreased. Secondly, scouring effect on 

the previously deposited foulants can also alleviate fouling (Düppenbecker et al., 2017b).  
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Table 2-3. Effects of other enhancers on AnMBR performance  

Enhancer 
type 

Enhancer 
details Dose Configuration 

of reactora Feed water Operating 
conditions 

Effects of other enhancers 
on performance References 

Biochar 

• Bamboo 
charcoal 

• Watson 
Bamboo 
Charcoal 
Products 
Company in 
Anji. BC 

• Particle size 
of 0.5 mm  

19.01 g/L External 
AnMBR 

Bamboo 
industry 
wastewater  

• SRT : 150 d 
• HRT : 3 d 
• OLR : 6 

kgCOD/m3⸳d 
• Temperature : 

32 ± 2 ℃ 

• Increase in COD 
removal efficiency by 
5% 

• Increase in biogas 
production and methane 
yield  

• Declined SMP 
concentration and cake 
layer resistance  

• Increased microbial 
diversity and activity of 
methanogens 

Mei et al. 
(2016) 

• Biochar with 
adsorption 
capacity of 
biopolymers 

• Particle size 
of 0.25-0.4  
mm 

 

4 g/L Biochar-
amended 
external 
AnMBR  

Pharmaceuti
cal 
wastewater 

• SRT : 120 d 
• HRT : 24 h 
• VSS : 14.67 

g/L 
• OLR : 7 

kgCOD/m3⸳d 
• Temperature : 

32 ± 2 ℃ 

• Effective removal of 
adsorbable organic 
halogen (AOX) (average 
61.5% vs 56.2% without 
biochar)  

• Decrease in TMP rising 
rate by 56% 

• Slower TMP jump  
• Reduced proteins of EPS  
• Decrease in abundance 

of biofoulant, mainly 
Arcobacter  

Chen et al. 
(2020) 
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Waste 
yeast 

 
 

N/A LCWW to 
YW of 
50:50 

Submerged 
AnMBR 

Low-grade 
coal 
wastewater  

• HRT : 1 d 
• COD : 2 g/L 
• OLR : 1 

kgCOD/m3⸳d 
• Temperature : 

35 ± 1 ℃ 
• pH : 7.8–8.0 

 

• High COD removal 
efficiency (58%) and 
methane production (182 
CH4 mL/g COD); 

• Improved degradation of 
LCWW  

Yun et al. 
(2019) 

Iron 

N/A 26 mg/L of 
FeCl3 

Pilot scale 
AnMBR 

Municipal 
wastewater  

• HRT : 8.5 h 
• SRT : 70 d 
• Flux : 17 LMH 
• COD : 383 ± 

113 mg/L 
• pH : 6.7–6.8 
• Temperature : 

23 ± 1 ℃ 

• Improved COD and 
BOD5 removals by 
13.8% and 10.8%, 
respectively 

• Increased filterability of 
mixed liquor with 
reduced colloidal matter 

• Increased porosity of 
fouling layer  

Dong et al. 
(2015) 

N/A 150 mg/L 
of FeCl3 

AnMBR Synthetic 
sewage 

• Flux : 15 LMH 
• Feed COD : 

500 mg/L  
• VSS : 5.0-5.5 

g/L 
• Temperature : 

35 ℃ 
• pH : 6–7  

• Increased sludge floc 
size and colloids particle 
size 

• Reduced thickness of 
fouling layer 

• Decreased levels of COD 
and proteins  

Zhang et al. 
(2017c) 

Two pairs of 
electrodes with 
flat ZVI anodes 
(90 cm × 5 cm × 
0.3 cm) and 
titanium 

 AnMBR Municipal 
wastewater  

• HRT : 10 h 
• Flux : 15 LMH 
• Temperature : 

35 ℃ 
• COD : 483 ± 

16 mg/L 

• Enhanced COD removal 
by 3%, and TP removal 
by 50%, and H2S 
removal (> 500 ppm with 
electric field vs < 60 

Zhang et al. 
(2020a) 
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cathodes (90 cm 
× 5 cm)  

ppm without electric 
field) 

• Membrane fouling 
mitigation by the 
improvement of mixed 
liquor filterability 

Calcium 

367.5 mg/L of 
CaCl2 

100 mg/L Dead-end 
microfiltration 

Granular 
sludge 
mixed 
liquors from 
SBR 

• HRT : 4 h 
• SRT : 96 d 
• SS : 5000 

mg/L 
• TMP : 5 kPa 

• Reduction of fine 
particles, colloids and 
SMP  

• Limited deposition of 
fine particles and 
colloids on the 
membrane as cake layer 
served as a prefilter 

Liu and Sun 
(2012) 

2.5 mM of CaCl2 100 mg/L Membrane-
coupled EGSB 

Synthetic 
wastewater 

• HRT : 4 h 
• COD : 310–

360 mg/L 
• pH : 7.0–7.5 
• TMP : 30 kPa 
• Flow rate : 

0.75 L/h 

• Decrease in SMP 
concentration in the 
effluent by 47.7 - 60.7%  

• Decline in cake layer 
resistance by 42.8% 

• Delayed transition from 
pore blocking to cake 
filtration  

Ding et al. 
(2015) 

Polyalumi-
num 

chloride 

N/A 500 mg/L AnMBR Anaerobic 
sludge 

• HRT : 3.4 d 
• SRT : 40 d 
• TS : 30.16 g/L 
• VS : 1.2 g/L 
• Temperature : 

35 ℃ 

• Improved filterability of 
mixed sludge liquor 

• Decreased concentration 
of SMP and zeta 
potential of sludge  

• Reduced TMP increase 
rate  

Yu et al. 
(2015) 
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N/A 200 mg/L AnCMBR Phenol- and 
quinoline-
containing 
wastewater 

• HRT : 48 h 
• Flux : 4.32 

LMH 
• MLSS : 35.77 

g/L 
• MLVSS : 20 

g/L 
• Temperature : 

35 ± 1℃ 

• Changes in the structure 
of bulk sludge and cake 
layer  

• Changes in the 
component of SMP and 
EPS  

• Reduced specific 
resistance to sludge 
filtration 

 
 

Wang et al. 
(2019c) 

N/A 500 mg/L AnMBR Excess 
anaerobic 
sludge 

• HRT : 3.4 d 
• SRT : 40 d 
• TS : 30.16 g/L 
• VS : 13.22 g/L 
• Temperature : 

35 ℃ 

• Enrichment of anaerobic 
microorganisms such as 
Cloacimonetes and 
Smithella  

• Slightly reduced ratio of 
VS/TS 

Zheng et al. 
(2018) 

Zeolite 

Natural zeolite 
(0.2 – 1 nm of 
pore size, 3 of 
hardness, 2.1 
g/cm3 of density) 

350 mL AnFMBR  Campus 
domestic 
wastewater 

• HRT : 2.5 h 
• COD : 130 ± 

38 mg/L 
• pH : 7.2 ± 0.2 
• Flux : 10 LMH 
• Temperature : 

20 - 35 ℃ 
 

• Increase in SS removal 
rate by 22 % 

• TMP < 0.2 bar 
• Significant growth of 

anaerobic microbes on 
the surface of zeolite  

Chen et al. 
(2019a) 

Beads 

Glass beads 
(soda-lime glass, 
2500 kg/m3 of 
density, Worf 
Glaskugeln, 
Germany) 

4 mm as 
support 
layer 

AnFMBR Municipal 
wastewater 

• HRT : 1.7 h 
• SRT : 46 d 
• COD : 369 ± 

98 mg/L 
• pH : 7.0–7.5 
• TMP : 30 kPa 

• Increase in methane 
production by around 
30% 

• Reduction of the fouling 
rate by around 95% 

Düppenbec
ker et al. 
(2017a); 
Düppenbec
ker et al. 
(2017b) 
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• Temperature : 
20 ℃ 

• Upflow 
velocity : 24–
37 m/h 

 

• Least abrasion by Al2O3 
microfiltration 
membrane  

Polyethylene 
terephthalate 
beads (3 mm of 
size and 1.3 of 
specific gravity) 

0.4 v/v of 
packing 
ratio 

AnFMBR  Synthetic 
wastewater  

• HRT : 3.75 h 
• SRT : 37.5 d 
• COD : 250 

mg/L 
• pH : 7.0–7.5 
• Temperature : 

25 ℃ 
• Flux : 10 LMH 

• Higher effectiveness 
when applying PET 
beads with bigger size 
and lower density  

• Significant fouling 
mitigation  by souring 

Charfi et al. 
(2018b) 

aAnCMBR, anaerobic ceramic membrane bioreactor; AnFMBR, anaerobic fluidized membrane bioreactor; AnMBR, anaerobic membrane 
bioreactor; EGSB, expanded granular sludge bed; 
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2.5 Powdered activated carbon (PAC) as a fouling reduction enhancer 

2.5.1 Effects of PAC on membrane fouling  

PAC can reduce the membrane fouling through three mechanisms. Firstly, at the initial stage 

of PAC addition, adsorption of organic matters occurs, which greatly removes the DOM from 

wastewater. Secondly, after initially adsorbing organic matter and becoming saturated, 

microorganisms aggregate on the porous surfaces of PAC particles as the supporting medium 

for attached bacterial growth (Chong, 2015). Finally, the formation of biologically activated 

carbon (BAC) promotes the degradation of pollutants and modifies the sludge properties, which 

is the most important mechanism. After the colonization of microorganisms, the planktonic 

microorganisms transform into biofilm. Once attached bacteria produce EPS, it helps not only 

the attachment of microorganisms to biofilm, but also the stabilisation of the biofilm structure. 

The active biofilm continues to biodegrade organic compounds as well as reduce the 

attachment of microorganisms on the membrane surface so that it can relieve the membrane 

biofouling (Gao et al., 2016; Korotta-Gamage and Sathasivan, 2017). In addition, the scouring 

effect of PAC also alleviates membrane fouling, as it can remove the deposited cake layer on 

the membrane surface while limiting the accumulation of foulants (Chong, 2015). Figure 2-2 

illustrates the mechanism of fouling reduction when activated carbon is added. 

More recent studies have confirmed that PAC has positive effects on sludge morphology, 

aggregation ability and microbial properties, and thus the pollutants removal mechanism can 

be enhanced. The study by Zhang et al. (2017c) reported that PAC addition in a submerged 

AnMBR was able to form larger floc size of the sludge compared to AnMBR without PAC. 

However, in case of long-term operation over 140 days, the sludge diameter rather decreased 

from 20.66 μm to 17.00 μm, which is a contrary result from previous research of PAC in 

aerobic MBR (Lei et al., 2019). This may have resulted from the fact that PAC enabled the 



 

52 
 

generation of free living filamentous microbes after the long term operation and prevented the 

large floc size formation in mixed liquor. In addition, the sludge aggregation ability was able 

to be assessed using the total interaction energy which is a function of separation distance 

between the sludge surfaces. It could be calculated by summing Lifshitz-van der Waals energy, 

Lewis acid-base energy and repulsive or attractive electrostatic double layer energy (Yu et al., 

2019). PAC addition showed highly negative value of total interaction energy per unit area of 

sludge, which indicated that the characteristics of sludge surface has transformed into 

hydrophobicity, and thus sludge cells adherence could be strengthened by stronger attractive 

interaction. This improvement of aggregation ability led to more stable sludge flocs and 

potentially reduced the EPS release, which mitigated the pore blocking and irremovable 

membrane fouling (Hu et al., 2014). The increased bacterial diversity and evolution of the 

bacterial community were also attributed to PAC addition creating additional microbial 

environment in the form of BAC, which promoted the enrichment and growth of some special 

functional bacteria. The enrichment of Acinetobacter, Comamonas, Flavobacterium and 

Pseudomonas, which can contribute to the formation of sludge flocs and degradation of 

organics, were highly promoted (Yu et al., 2019). When PAC was applied in anaerobic batch 

biofilm reactors as a biofilm carrier for the enhancement of refractory compounds degradation, 

it increased the abundance of Methanothrix, Methanomassiliicoccus, and Methanobacterium 

which were favourable for the methane production (Shi et al., 2019). 

 

2.5.2 Use of PAC in aerobic MBR 

The addition of PAC to aerobic MBR has been broadly used for the removal of organic and 

inorganic pollutants. The presence of 2 g/L of PAC in aerobic MBR treating pharmaceutical 

wastewater provided high COD removal rates of up to 98% as well as 99% removal of etodolac, 
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which is one of the pharmaceutical active compounds (Kaya et al., 2016). Another study of 

MBR with 4 g/L of PAC treating coal gasification wastewater investigated enhancements of 

total phenols and ammonium removal efficiencies in addition to higher COD removal (Jia et 

al., 2014). Furthermore, MBR with PAC could effectively remove inorganic pollutants from 

groundwater, such as iron, manganese, and ammonia. The concentration of Fe2+, Mn2+, and 

NH4+-N significantly decreased from 15 mg/L to 0.2 mg/L, 1.2 mg/L to 0.1 mg/L, and 2.2 mg/L 

to 0.05 mg/L, respectively (Du et al., 2017). Other studies showed that the PAC addition to 

MBR system reduced trihalomethane formation potential from the effluent, and effectively 

attemuated bacterial aerosols, which have negative effects on human health and also require 

excessice aeration during MBR processes (Gao et al., 2016; Noh et al., 2019). Another recent 

bit of research applied PAC to sulfur-based carriers for the removal of nitrate in MBR process. 

The result showed that the removal of nitrate improved due to the increased denitrification 

efficiency by adding PAC (Woo et al., 2020). These results demonstrated that the PAC addition 

could improve the biodegradability of both organic and inorganic matters.  

At the same time, PAC addition was able to improve the diversity and richness of bacterial 

community. Recent study investigated the improvement in abundance of Comamonas and 

Methanomethylovorans, which can degrade the recalcitrant micropollutants, as well as 

Cyanobacteria and Verrucomicrobia, which play important roles in the nitrification process 

(Asif et al., 2020). MBR system with PAC also improved the manganese oxidizing bacteria, 

such as Leptothrix, Pseudomonas, and Planctomyces, and ammonia oxidizing bacteria, such as 

Nitospira and Nitrosomonas, which could efficiently remove inorganic pollutants (Du et al., 

2017).  

Many previous studies have applied PAC to aerobic MBR as an adsorbent to mitigate  

membrane fouling. Adsorbents provide the opportunity to adsorb disolved organic polymers 
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like SMPs, hence it can reduce the propensity of membrane fouling (Iorhemen et al., 2016). 

When the 4 g/L of PAC was added to MBR, the TMP rise rate significantly decreased and 

promoted coagulation of colloids and small particles to transform into larger particles (Jia et 

al., 2014). In addition, the cake layer resistance, which is the predominant fraction in the total 

membrane resistance, could decrease with the PAC addition (Jamal Khan et al., 2012). Another 

study showed that the EPS concentration in the sludge could not be affected by PAC addition, 

while the EPS composition could be altered. The EPS composition, in terms of the protein and 

polysaccharide ratio, resulted in higher ratio which can lead to lower fouling potential 

(Mohamadi et al., 2020).  

 

2.5.3 Use of PAC in AnMBR 

As the usage of PAC has been demonstrated to be effective for the removal performance and 

membrane fouling mitigation, many researchers have also applied the PAC addition to 

AnMBRs. Since the adsorption capability of PAC was able to modify the sludge properties as 

well as remove organic and inorganic matters, it could efficiently reduce the membrane fouling 

and improve the performance of the AnMBR. In a study of Hu and Stuckey (2007), 1.7 g/L of 

PAC addition to submerged AnMBR showed significant benefits on the removal of fine 

colloidal particles as well as membrane flux improvement and TMP reduction. It was also 

found that PAC addition showed 22.4% of increase rate in COD removal, while GAC showed 

no significant increase. The reason why PAC was more efficient than GAC in terms of COD 

removal, might be due to the greater surface area per mass than GAC. Another study, which 

applied 1.7 g/L of PAC as well, showed 30% increased dissolved organic carbon (DOC) 

removal and decrease in SMP concentration (Vyrides and Stuckey, 2009). On the other hand, 

when the more PAC concentration of 4 g/L was added, the SMP was rather accumulated while 
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having excellent COD and colour removal efficiency ((Baêta et al., 2016; Baêta et al., 2013). 

Several studies have revealed that the PAC addition not only decreased turbidity and colour, 

but also removed potential foulants such as fine colloids and SMP, which could lead to the 

reduction of fouling layer thickness (Baêta et al., 2012; Chong, 2015; Zhang et al., 2017c). 

Table 2-4 summarizes the effects of PAC addition on membrane fouling control in submerged 

AnMBRs.   

PAC can also be beneficial to AnMBRs in terms of the removal of antibiotics, which have 

negative impact on membrane fouling. In fact, the existence of antibiotics in AnMBRs has 

worsened performance and membrane fouling, since it could lead to a decrease of the floc size 

and pH, and an increase in the secretion of EPS and SMP. Moreover, it could facilitate the 

development of microbial communities which had the most contribution to membrane fouling, 

such as Firmicutes, Proteobacteria and Chloroflexi (Cheng et al., 2018; Juntawang et al., 2017). 

According to a review by Cheng et al. (2018), the addition of antibiotics and combined 

antibiotics to anaerobic reactors, such as sulfamethoxazole (SMX), tetracycline (TC), 

erythromycin-tetracycline-sulfamethoxazole (ETS), and erythromycin-tetracycline (ST), could 

cause negative effects on pH, COD removal efficiency, and biogas production. Both the pH 

value and COD removal efficiency in anaerobic sequencing batch reactors significantly 

decreased when the high concentration of antibiotics, such as 45 mg/L of SMX, 8.5 mg/L of 

TC, and 46 mg/L of ETS, were added (Aydin et al., 2015; Cetecioglu et al., 2013; Cetecioglu 

et al., 2016). Biogas generation, which is inherently related to COD removals under anaerobic 

conditions, was inhibited as well, and the reason for this might be the methanogenesis process 

was sensitive to the presence of antibiotics in anaerobic processes. Likewise, 100 µg/L of SMX 

and TC in anaerobic/aerobic-MBR accelerated the rate of TMP rise and decreased the 

membrane fouling cycle from 25 days to 8 days. In addition, the fouling layer became denser 

and thicker with 20 μm of thickness. Furthermore, higher concentration of two antibiotics, 1000 
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µg/L of SMX and TC, resulted in further decrease in membrane fouling cycle to 4 days and 40 

μm of the fouling layer thickness (Zhu et al., 2018). However, the addition of activated carbon 

could remediate these negative results. As a case in point, the addition of PAC into AnMBR 

increased removal efficiencies of five different pharmaceuticals including SMX, trimethoprim 

(Tmp), carbamazepine (Cbz), diclofenac (Dcf), and triclosan (Tcs) by approximately 5%-92%, 

as the adsorption of pharmaceuticals to PAC thermodynamically enhanced their 

biotransformation (Xiao et al., 2017).   

Although the optimal dosage of PAC results in significant alleviation in membrane fouling, 

overdosing might have contrary results due to its potential to become a foulant. Akram and 

Stuckey (2008) proposed that appropriate amount of PAC should be added for the best 

improvement of performance of AnMBR and membrane fouling amelioration. In their research, 

PAC concentration of 1.67 g/L highly improved the flux by more than four times, while 3.4 

g/L of PAC caused a decrease of flux and adsorption incapacity of PAC to higher concentration 

of biomass. The excessive dosage of PAC could result in poor membrane filtration due to the 

increased sludge viscosity caused by the presence of more extracellular polymers. Moreover, 

small PAC particles (8-35 µm) at high concentration in suspension increased turbidity of mixed 

liquor and caused more membrane pore blockage and abrasion (Skouteris et al., 2015). 

Therefore, the optimal PAC dosage is effective for flux improvement and adsorption of fine 

solutes, and regular replacement of aged PAC with fresh PAC is necessary.  
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Figure 2-2. Mechanism of fouling reduction performance of activated carbon
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Table 2-4. Effects of PAC addition on performance of submerged AnMBRs  

AC supplier Dose of AC Feed water Operating conditions Effects on performancea References 
• Norits-Super  
• Total surface 

area of 1300  
m2/g  

1.7 g/L Saline sewage • SRT : 250 d  
• HRT : 8, 20 d 
• OLR : 2 gCOD/L·d 
• Flux : 5–8 L/m2·h  
• Salinity : 0-35 gNaCl/L 
• Temperature : 35 ± 1 ℃ 

• Decrease in TMP by 0.070 bar 
• Increase in dissolved organic 

carbon (DOC) removal by 30% in 
the reactor and 5% in effluent  

• Reduction of high MW compounds 
by 70% 

• Reduction of large flocs attached to 
the biofilm 

• Decrease in SMP 

Vyrides and 
Stuckey 
(2009) 

• Norit, Singapore  
• BET surface area 

of 925 m2/g 
• average particle 

size of 22 µm 
 

1 g/L Synthetic 
sewage 

• SRT : 213 d 
• HRT : 6 h 
• Flux : 5 L/m2·h  
• Feed COD : ~500 mg/L  
• Total nitrogen : ~100 

mg/L 
• Temperature : 35 ℃ 

• Enhanced removal of five selected 
pharmaceuticals (Tmp, Smx, Cbz, 
Dcf, Tcs) by about 5-92%  

• Increased biotransformation of 
Tmp by 4.5%, Smx by 18.8% and 
Tcs by 34.8% 

Xiao et al. 
(2017) 

• Norit, UK  
• Average particle 

size : 15-25 µm 
 

400 mg/L Synthetic 
sewage 

• Flux : 15 L/m2·h  
• Feed COD : 500 mg/L  
• VSS : 5.0-5.5 g/L 
• Temperature : 35 ℃ 
• pH : 6–7 

 

• Reduction in supernatant supra-
colloidal particles, colloids and 
SMPs 

• Reduced thickness of fouling layer 
reduced 

• Declined levels of COD by 13% 
and proteins 

Zhang et al. 
(2017c) 

• Norit, UK 1.67, 3.4 
g/L 

Synthetic 
wastewater 
 

• SRT : 250 d 
• HRT : 6 h 
• OLR : 16 gCOD/L·d 
• Feed COD : 4 g/L 
• Temperature : 35 ± 1 ℃ 

• Enhanced performance during 
start-up period (i.e. shortened start-
up duration, increased COD 
removal, declined SMP level, 

Akram and 
Stuckey 
(2008) 
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• Neutral pH increased concentration of biomass 
and enrichment of microorganisms)  

• Adsorption of biodegradable low 
and high MW residual COD by 
PAC 

• Adsorption of fine colloids and 
dissolved organics by PAC 

• Improvement in flux (i.e, increase 
in flux from 2 to 9 L/m2·h with 
1.67 g/L PAC) 

• Synth® 
 

4 g/L Textile 
wastewater  
 

• HRT : 24 h 
• Temperature : 35 ℃ 
• pH : 6.8–7.2 
• Feed COD : 670 mg/L 
• COD:N:P : 350:5:1 
 

• Enhanced removals of COD, VFA, 
turbidity and colour by about 11%, 
8%, 43% and 69%, respectively 

• Increased reactor stability 
• Enhanced membrane permeability 

(higher critical flux) 
• Adsorption of toxic compounds, 

aromatic amines and VFA by PAC 
• Increased accumulation of SMP  

Baêta et al. 
(2016); 
Baêta et al. 
(2012) 

• Synth®  4 g/L Domestic 
sewage 
 

• HRT : 24 d 
• COD:N:P : 350:5:1  
• OLR : 0.53 kg/m3·d 
• Temperature : 35 ℃ 
• pH : 6.5–7.5 
 

• Enhanced COD and colour removal 
by about 9% and 6.7-12.7%, 
respectively 

• Increased reactor stability  
• Less accumulation of VFA 
• Adsorption of aromatic amines by 

PAC  

Baêta et al. 
(2013) 

• Extra pure 
charcoal 
powdered 
activated carbon 

1, 3, 5 g/L Palm Oil Mill 
Effluent 
(POME) 
 

• SRT : 30 d  
• HRT : 6 d 
• Feed COD: 4.74 ± 1 g/L 
• Temperature : 35 ℃ 
• pH : 7-8 

• Increased COD removal efficiency 
at higher PAC dosage 

• Increased floc size at higher PAC 
dosage 

Chong 
(2015) 
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• At mesophilic condition • More reduction of EPS 
concentration and membrane 
fouling at higher PAC dosage 

• Darco KB-B, 
Norit, US 

5 g/L Synthetic 
wastewater  

• SRT : 67 d 
• HRT : 8.75 h 
• Flux : 5 L/m2·h  
• Feed COD : 550 ± 10 

mg/L  
• MLSS : 5 ± 0.1 g/L 
• Temperature : 22 ± 1 ℃ 
• pH : 7 

• Increased nutrient, COD and TOC 
removal  

• Reduced TMP rise rate  
• Decreased SMP and EPS 

concentration, while increased 
protein ratio 

• Increased zeta potential of the 
sludge  

• Reduced the abundance of 
filamentous bacteria 

This study 

aCbz, carbamazepine; Dcf, diclofenac; Smx, sulfamethoxazole; Tcs, triclosans; Tmp, trimethoprim
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Table 2-5. Advantages and disadvantages of fouling reduction enhancers 

Enhancers Advantages Disadvantages 

PAC 

• High adsorption capacity  
• Increase removal efficiency of 

COD, fine colloids, colour, and 
antibiotics  

• Improve aggregation ability 
leading to stable sludge flocs 

• Large surface area than GAC 

• Decrease sludge particle size in 
long-term operation 

• Overdosing can increase 
membrane fouling due to the 
PAC being a potential foulant 

 

GAC 

• Improve methane production 
• Enhance COD, SMP and 

pharmaceuticals removal 
• GAC fluidization has lower 

energy requirement than gas 
sparging 

• Scouring effect  
• Recover can be done by 

thermal process after adsorption 
capacity exhausted  

• The abrasion can aggravate 
fouling 

• Large particles require more 
energy for fluidization 

Biochar  

• Improve hydrogen and methane 
production by enrichment of 
microorganisms 

• Decrease SMP and proteins of 
EPS 

• Enhance COD removal 
efficiency and sludge 
granulation  

• Less efficient specific surface 
area than AC due to non-
activation 

Waste yeast  

• High degradation capacity of 
phenolic and toxic compounds 

• Low tendency to adhere on 
membrane surface 

• Enhance biogas production  

• No significant change in VFA 
accumulation  

• Increase SMP and aromatic 
group with high molecular 
weight  

Iron 

• Enhance sludge granulation and 
stabilization  

• Improve methane production 
and COD removal 

• Eliminate H2S gas  
• Enhance mixed liquor 

filterability 
• Advantageous for long-term 

operation due to the formation 
of a precipitate 

• Formation of thick cake layer  
• Cause more severe membrane 

fouling due to the high density 
of Fe-rich fouling layer 

Calcium 

• Enhance bioflocculation 
• Improve accumulation of 

biomass and degradation of 
butyrate and acetate acid 

• Reduce fine particles, SMP, 

• Overdosing can lead to 
precipitation, declined 
methanogenic activity and 
inorganic fouling  
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EPS and colloids 

Polyaluminum 
chloride 

• High charge neutralization 
capacity can lead to enlarged 
floc size and high filtration 
performance 

• Improve the abundance of 
anaerobic microorganisms and 
hydrogen yield  

• Reduce the composition rate of 
carbohydrate in SMP and EPS  

• The cake layer become more 
porous and looser 

• High concentration can inhibit 
SCFAs production and decrease 
phosphorous  

 

Zeolite  

• High ion exchange capacity can 
enhance ammonia and heavy 
metals removal  

• Improve methane production, 
COD, nitrogen and 
phosphorous removal 

• Enhance sludge settlement by 
bacterial attachment and 
aggregation 

 

Beads  

• Fluidization of PET beads can 
act as turbulence promotors and 
scouring media 

• Polymer-based gel beads have 
cost effectiveness, high bio-
compatibility, high stability for 
long-term use, and porous 
structure for microbial 
attachment and aggregation 

• The size and density can be 
controlled by different 
synthesis conditions 

• Increase COD removal rate and 
methane production 

• Fluidization of glass beads can 
damage membrane by abrasion  
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Experimental investigations 
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3.1 Introduction 

The first study was carried out with synthetic wastewater and to find out an optimal dosage of 

PAC to conventional AnMBR with a hollow fiber membrane. The second study was conducted 

to investigate the long-term effects of the optimal PAC dosage on AnMBR, and the 

performance was also compared to that of an AnMBR without PAC addition. The synthetic 

wastewater, which has 550 mg/L of COD and C: N: P ratio of 100:5:1 containing trace 

contaminants, was used for the two experiments. Thus, this chapter includes the characteristics 

of the sludge and synthetic wastewater in the form of chemical mixed solvent, experimental 

set-up, operating conditions, as well as materials and analysis methods during the whole 

experiments.  

 

3.2 Wastewater and sludge used in the experiments and their characteristics 

3.2.1 Anaerobic sludge and wastewater 

The mixed liquor seed sludge used in this study was obtained from a domestic sewage treatment 

plant in Sydney, Australia. The sludge during the start-up of this study had a MLSS 

concentration of 7-8 g/L. The nitrogen has been purged into the system using the diffused 

aeration tubes on a regular basis. The sludge was acclimatized for 90 days until the stable 

removal rates of total organic carbon and nutrient were gained. 

The synthetic wastewater was used in this experiment, which has feed COD concentration of 

550 mg/L and the C: N: P ratio of 100:5:1. Glucose (C6H12O6), sodium nitrate (NaNO3), and 

potassium phosphate (KH2PO4) were used as the major sources of carbon, nitrogen, and 

phosphorus respectively, and 80% of NaNO3 and 20% of NH4Cl were mixed for nitrogen 

source. The specific concentration of the nutrients in the feed solution is summarized in table 



 

65 
 

1. The following components have been used with the specified concentrations to make the 

stock solution for synthetic feed wastewater. This composition was based on the synthetic 

wastewater used in the previous study (Khan, 2019). 

 

Table 3-1. Composition of different components in synthetic feed wastewater 

 

3.3 Analytical methods 

3.3.1 Mixed liquor suspended solids (MLSS) and mixed liquor volatile suspended solids 

(MLVSS) 

The measurement of MLSS and MLVSS concentrations were conducted by sieving a well-

mixed sample with 1.2µm filter paper. The remaining residue on the filter was dried in an oven 

Compounds Concentration (mg/L) 

Organics and nutrients   

Glucose (C6H12O6) 514 

Sodium Nitrate (NaNO3) 49.90 

Ammonium chloride (NH4Cl) 7.85 

Potassium phosphate (KH2PO4) 9.03 

Trace nutrients   

Magnesium sulphate (MgSO4·7H2O) 9.31 

Sodium molybdate dehydrate (Na2MoO4·2H2O) 2.31 

Calcium chloride (CaCl2·2H2O)  0.68 

Manganese chloride (MnCl2·7H2O)  0.50 

Zinc sulphate (ZnSO4·7H2O)  0.81 

Ferric chloride anhydrous (FeCl3)  2.66 

Cupric sulphate (CuSO4·5H2O)  0.72 

Cobalt chloride (CoCl2·6H2O)  0.77 

Yeast extract 55 
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at 105 ºC for 2 h. The increment in weight of the filter paper indicated the MLSS in the sample. 

Subsequently, the filter paper was ignited in a furnace at 550 ºC for 20 min. The weight reduced 

during ignition represented the MLVSS in the sample. 

 

3.3.2 Other measurements 

Nutrients measurement, such as ammonium (NH4
+-N), nitrate (NO3—N), nitrite (NO2—N), 

and phosphate (PO4
3—P), were carried out using the test kit (Merck Millipore, Burlington, 

USA) and a photometer (Spectroquant NOVA 60, Merck). The pH of the reactor was measured 

by using pH meter every day (HI9025, Hanna Instruments, Limena, Italy). 

Total organic carbon (TOC) concentration of the influent and effluent was analysed using a 

TOC analyzer (Analytik Jena Multi N/C 2000). The chemical oxygen demand (COD) of 

influent and effluent was analysed using medium range COD reagent test kit (HI93754B-25, 

Hanna Instruments Australia, Melbourne, Australia) and DR/2000 spectrophotometer (HACH) 

according to Standard Methods. 

Membrane fouling resistance was measured to examine the filtration characteristics by using 

the resistance-in-series model, when J is the permeate flux, ΔP is the TMP, μ is the permeate 

viscosity, and R is membrane resistance (Deng et al., 2015): 

J = ΔP/μR ................................................................................................................................ (1) 

The total resistance, Rt, consists of three components, which are Rm, Rc, and Rp. It can be 

described as follows (Deng et al., 2014): 

Rt = Rm + Rc + Rp .................................................................................................................... (2) 
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Rm is an inherent membrane resistance, Rc is a cake layer resistance which came from the 

deposited sludge particles on the membrane surface, and Rp is a pore blocking resistance which 

was brought about the adsorption of dissolved matters and colloids with similar size to 

membrane pore size (Deng et al., 2014). Rm was measured by using various fluxes with distilled 

water with a cleaned membrane before the operation. At the end of each operation, Rt was 

obtained with fouled membrane by the same methods as Rm. The cake layer was then removed 

using brush and distilled water from the membrane surface and Rm + Rp was determined. Rc 

was calculated by deducting Rm + Rp from Rt, and thus Rp could be calculated by deducting Rm 

from Rm + Rp.  

The 10 mL of the mixed liquor was extracted from each reactor at the end of the experiment 

for the measurement of zeta potential. Zetasizer (nano instrument ZS Zen3600, UK) was used 

to analyze the zeta potential of the sludge. 

 

3.3.3 Extracellular polymeric substances (EPS) and soluble microbial products (SMP) 

analysis 

The concentrations of proteins and polysaccharides in SMP and EPS from the mixed liquor 

were analysed based on the methods as described below. The 30 mL of mixed liquor was first 

centrifuged at 3000 rpm for 30 min after 30-min storage in the fridge. The supernatant was 

again centrifuged at 3000 rpm for 30 min, while the pellet was resuspended in 30 mL of 

phosphorous buffer solution. The second supernatant was sieved by 0.45 μm syringe filter, 

which was measured towards protein and polysaccharide of SMP. The amount of cation 

exchange resin (DowexTM MarathonTM C, Na+ form, Sigma-Aldrich, Bellefonte, PA) was 

calculated according to the MLVSS of the sample and then added on the resuspended pellet. 

This mixture was centrifuged at 2000 rpm for 2 hours, and the following supernatant was 



 

68 
 

filtered by 1.2 μm syringe filter for the measurement of protein and polysaccharide of EPS. 

Protein analysis were made according to modified Lowry method (Sigma, Australia), and 

polysaccharides were analysed based on Anthrone–sulfuric acid method (Deng et al., 2014). 

The membrane module was taken out from the reactor after finishing the experiment for the 

analysis of SMP and EPS of the cake layer. The cake layer was collected by brushing the 

membrane surface, and then was dissolved in 30 mL of distilled water. Subsequently, the SMP 

and EPS of the collected cake layer were analysed by the same method as above.  

 

3.3.4 DNA extraction and quality monitoring 

The samples were taken out from each reactor and duplicated after the entire operation time 

for microbial community profiling. Samples were mixed with 100% ethanol (1:1 v/v) and 

stored at -20 oC before DNA extraction. Genomic DNA extraction was conducted using 

QIAamp DNA Stool Mini Kit (Qiagen) by following the manuals. The concentration of the 

extracted DNA, its integrity and purity were analysed by NanoDrop® spectrophotometer. 

DNA concentrations of all samples were normalized to 20 ng/µL using DNase/Pyrogen-Free 

Water before the samples were sent to the sequencing facility. 

 

3.3.5 Amplicon sequencing and bioinformatics analysis 

The universal primer set Pro341F (5’-CCTAYGGGRBGCASCAG-3’) and Pro806R (5’- 

GGACTACNNGGGTATCTAAT-3’) was used to target both bacterial and archaeal 16S 

rRNA V3–V4 regions for depiction of the whole microbial community (Takahashi et al., 

2014). Paired-end amplicon sequencing (2 x 300 bp) was conducted on the Illumina MiSeq 
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platform (UTS Next Generation Sequencing Facility, Sydney, Australia), using next-

generation sequencing (NGS) method. Raw sequence data were produced with the Illumina 

bcl2fastq pipeline. 

Raw reads were brought into Quantitative Insights into Microbial Ecology (QIIME) 2 (version 

2020.11.1) for computational analysis (Bolyen et al., 2019). Quality filtering, denoising 

(primer and read trimming), paired-end reads merging, dereplication, chimera filtering and 

amplicon sequence variants (ASVs) clustering (≥ 97% similarity) were performed using the 

q2-dada2 denoise-paired plugin (Callahan et al., 2016). Reverse reads sequences were 

truncated at position 240 in the 3’ end due to decrease in quality. Reads were mapped back to 

ASVs with a minimum identity of 97% to obtain the number of reads in each ASV. 

Taxonomy was assigned to ASVs using the q2-feature-classifier (Bokulich et al., 2018) 

classify-sklearn Naïve Bayes taxonomy classifier against the SILVA database (release 132) 

(Glöckner et al., 2017; Quast et al., 2012; Yilmaz et al., 2013) with a confidence of 0.7. All 

ASVs were aligned with mafft (Katoh et al., 2002) and used to construct phylogenetics tree 

with FastTree2 (Price et al., 2010) via the q2-phylogeny align-to-tree-mafft-fasttree pipeline. 

Alpha‐diversity metrics including Observed ASVs and Shannon index (Shannon, 1948), beta 

diversity metrics including weighted UniFrac (Lozupone et al., 2007), unweighted UniFrac 

(Lozupone and Knight, 2005), Jaccard distance, and Bray‐Curtis dissimilarity were estimated 

using q2-diversity core-metrics-phylogenetic pipeline after samples were rarefied 

(subsampled without replacement) to 18,000 sequences per sample.   

 

3.4 Optimization of PAC dosage to AnMBR 

3.4.1 Characteristics of powdered activated carbon 
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PAC (Darco KB-B, Norit, US) was used in this study. Its particle size was from 100 to 325 

mesh, and had 500–1000 m2/g of surface area. The cost of PAC was 0.15 AUD/g, which was 

lower than other chemical additives. PAC was first washed for three times with milli-Q water 

and dried at 105 oC for overnight before use. While 2.5 of the PAC to biomass ratio with 5 g/L 

of PAC and 2 g/L of MLSS in the previous study showed the best flux improvement, the range 

of PAC dosages in recent studies regarding PAC addition to AnMBR was 0.4–5 g/L which had 

less than 1 of PAC to biomass ratio (Chong, 2015; Park et al., 1999; Zhang et al., 2017c). Thus, 

the three PAC dosages for the optimisation were determined to be 1, 3, and 5 g/L, within the 

range of MLSS of the AnMBRs. PAC was dosed only at the initial stage of the experiment. 

For 1 g/L of PAC, 3.5 g of PAC were added, and for 3 g/L of PAC, 10.5 g of PAC were added. 

In case of 5 g/L of PAC, 17.5 g of PAC were added. PAC was dosed only at the initial stage of 

each operation. 

 

3.4.2 Experimental conditions 

The continuous AnMBR system, which has working volume of 3.5 L, and hollow fibre 

membrane (PVDF, Pore size 0.07–0.1 µm) with 1.00 mm of the inner diameter and 2.20 mm 

of outer diameter, and 0.08 m2 of surface area, was used for this study. Before the PAC addition, 

the initial MLSS concentration were adjusted to 5 g/L, and MLVSS/MLSS ratio was over 0.8 

in each experiment. No excess sludge withdrawal was applied during each set of operation. 

The pH value and the temperature were kept constant at around 7 and 22 ± 0.1 ℃, respectively. 

A constant pH value was maintained at around 7 by adding NaHCO3 or H2SO4 to the feed 

solution. The AnMBR was operated at 5 LMH of flux. The synthetic wastewater was 

transported into each reactor using an influent pump at 6.67 mL/min of flow rate and the 

effluent pump was used as well at 8.33 ml/min with circulation of 8 minutes pumping and 2 
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minutes break. As the flow rate of influent was kept constant at 6.67 mL/min, the dilution rate 

in this study was 0.114 h-1. The determination of these experimental conditions was based on 

the previous study, which demonstrated that the highest VFA yield with simultaneous 

production of methane were achieved at 8 hrs of HRT, 550 g/L of COD and pH 7 (Khan, 2019).

Details of operating conditions are presented in table 3-2, and a simple schematic diagram of 

AnMBR is shown in Figure 3-1.

Figure 3-1. Schematic diagram of experimental set up of AnMBR

12L of the feed wastewater was prepared every day for one-day feeding and was fed using the 

feed pump after 15-20 minutes of nitrogen purging. In the meantime, both influent line and 

effluent line were cleaned every other day to prevent blocking. In addition, the reactor was 

purged with nitrogen once a week to take oxygen or unexpected air out. For nutrient analysis, 

sampling was recorded every 3 days during the whole operation. For COD and TOC analysis, 

sampling was also recorded every 3 days and assessed after acidified and refrigerated. The
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reactor was first continuously operated until the transmembrane pressure (TMP) reached over 

35 kPa, and after the chemical cleaning of membrane, the operation continued until the TMP 

reached over 35 kPa again, until the total 25 days of operation. For the chemical cleaning of 

membrane, membrane was first placed in 0.5% of citric acid for 6 hours for removing inorganic 

foulant, and then put in 0.4% of sodium hydroxide for 6 hours to remove organic substances. 

Finally, it was put in 0.8% of sodium hypochlorite for another 6 hrs for removal of 

microorganisms, bacteria, and algae. As soon as the membrane was separated from the reactor 

for the cleaning, nitrogen gas was purged for 5 minutes to remove unexpected oxygen and 

maintain the anaerobic condition in the reactor. While the membrane was immersed in the 

cleaning solution, the reactor was kept feeding with synthetic wastewater under anaerobic 

condition so that anaerobiosis can be maintained. 

 

Table 3-2. AnMBR operating conditions 

Operating parameter Value 

MLSS (g/L) 5 ± 0.1 

MLVSS (g/L) 4.5 ± 0.1 

COD in feed solution (mg/L) 550 ± 10 

HRT (h) 8.75 

SRT (d) 25 

Flux (L/m2·h) 5 

Temperature (℃) 22 ± 1 

pH 7.0 ± 0.1 

PAC dosage (g/L) 1, 3, and 5 
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3.5 Long term experimental investigation of PAC addition to AnMBR 

3.5.1 Experimental conditions 

The two AnMBR systems, which have working volume of 3.5 L and the same membrane 

module described in section 3.3.2, were operated at the same time in the continuous mode. 

Both reactors had the same operation conditions as the previous study, except for the PAC 

dosage, which is expressed in table 3-3, and the same schematic diagram of the reactors is the 

same as figure 3-1. The 8-minute suction and 2-minute relaxation mode was also applied for 

the two AnMBRs. The same characteristics of PAC of was added with the concentration of 5 

g/L to one of the AnMBRs only at the beginning of the operation. No excess sludge withdrawal 

was applied during the operation.  

Two buckets of 12 L feed wastewater were prepared every day for one-day feeding of the two 

reactors and nitrogen was sparged for 15-20 minutes. In the meantime, every-day cleaning of 

both influent line and effluent line, and nitrogen sparging once a week were also applied for 

both reactors. For nutrient, TOC and COD analysis, sampling was recorded every 3 days until 

it became stable and then was recorded every 5 days during the rest of the operation. For SMP 

and EPS analysis of mixed liquor, sampling was also recorded at the first day and at the last 

day of each operation set. The SMP and EPS of cake layer was also measured after the end of 

each operation set. For the analysis of microbial community, duplicated samples from each 

reactor were collected at the end of the whole operation period. In this study, the COD removal 

was measured with inclusion of SMP fraction as an indicator of treatment and SMP was 

measured as an indicator of membrane fouling propensity. The two reactors were operated until 

the TMP reached at 35 kPa, and after the chemical cleaning of membrane, the operation 

continued until the TMP reached over 35 kPa again. This value was based on the previous 

study which reported that the membrane required chemical cleaning when the TMP reached at 
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35 kPa (Deng et al., 2015). The membrane was chemically cleaned as the same process 

described in section 3.3.2.  

 

Table 3-3. Operating conditions of two AnMBRs 

Operating parameter AnMBR with PAC AnMBR without PAC  

MLSS (g/L) 5 ± 0.1 5 ± 0.1 

MLVSS (g/L) 4.5 ± 0.1 4.5 ± 0.1 

COD in feed solution (mg/L) 550 ± 10 550 ± 10 

HRT (h) 8.75 8.75 

SRT (d) 67 63 

Flux (L/m2·h) 5 5 

Temperature (℃) 22 ± 1 22 ± 1 

pH 7.0 ± 0.1 7.0 ± 0.1 

PAC dosage (g/L) 5 0 
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4.1 Materials and methods 

4.1.1 Experimental set-up 

A single stage AnMBR having 3.5 L of working volume was operated continuously using 

synthetic wastewater for this study. Three sets of experiments were conducted with different 

PAC dosage, which are 1, 3, and 5 g/L. Each set of experiment was operated for a total of 25 

days, including one chemical membrane cleaning during each operation. The membrane was 

chemically cleaned whenever the TMP increased over 35 kPa. 3.5 g, 10.5 g, and 17.5 g of solid 

powdered PAC (Darco KB-B, Norit, US) were dosed only at the initial stage of each operation 

with no sludge withdrawal. 

Details on the experiment materials and methods are given in Chapter 3. 

 

4.2 Results and discussion 

4.2.1 Nutrient removal performance  

During the entire 25-day operation of each experiment, the nitrate removal rate remained 

steadily at around 77% of removal rate despite slight fluctuation. Compared to 1 g/L and 3 g/L 

of PAC addition, 5 g/L of PAC showed approximately 1% higher nitrate removal rate as well 

as remarkable increase after 13 days of operation. This could be attributed to the fact that the 

microorganisms had enough time to contact the feed wastewater continuously and the 

denitrification had been processed efficiently. In terms of phosphate removal rate which was 

expected to be below 10% in the ideal anaerobic process, they significantly fluctuated, due to 

the replacement of new anaerobic sludge before starting each experiment. The sludge 

replacement might have caused the increase of phosphate removal rate due to the biomass 
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growth. Although there were significant fluctuations in the experiments of three dosages, 5 g/L 

of PAC addition was able to lead to far less fluctuation compared to the other two dosages of 

addition. Moreover, while the highest removal efficiency reached up to 74.29 % and 46.26% 

with 1 g/L and 3 g/L of PAC, respectively, 31.06% was the highest rate in 5 g/L experiment. 

Additionally, the 5 g/L of PAC addition showed the lowest phosphate removal rate between 

11.45% and 13.01% during the final 5 days of operation. The nitrate and phosphate removal 

performances of AnMBR are presented in figure 4-1 and 4-2. 

The ammonia removal rate had large fluctuations, but ended up remaining around 0–10.34% 

of removal rate during the final 7 days of operation of every experiment. This means that the 

oxygen remaining in the reactor has been removed compared to the initial operation time, and 

the ammonia removal rate was overall lower than AnMBR with 1 g/L of PAC. Additionally, 

nitrite was hardly removed during the whole operation of each experiment, as there was little 

difference between the nitrite concentration in the influent and effluent. Overall, the highest 

dosage of PAC (5 g/L) resulted in the improvement of nitrate removal rate and the lowest 

phosphate removal rate, which well describes the anaerobic process. Figure 4-3 and 4-4 

illustrate the removal performances of ammonia and nitrite during the operations, while table 

4-1 shows the average concentration of influent and effluent, and removal efficiency with 

different PAC dosages.
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Table 4-1. Average concentration of influent and effluent, and removal efficiency with different PAC dosages

PAC dosage 
Average  

concentration 
COD  TOC  NO3-N NH4

+-N PO4
3-P NO2-N 

 Influent (mg/L) 555.54 ± 56.24 77.46 ± 12.93 10.21 ± 1.45 4.59 ± 1.87 2.06 ± 0.37 0.05 ± 0.02 

      0 g/L Effluent (mg/L) 252.69 ± 31.17 30.44 ± 3.82 2.79 ± 0.70 3.98 ± 1.58 1.68 ± 0.32 0.04 ± 0.03 

 Removal efficiency (%) 54.39 ± 4.65 59.90 ± 6.91 72.57 ± 5.98 10.54 ± 5.37 18.07 ± 4.21 9.95 ± 14.08 

 Influent (mg/L)  51.55 ± 2.15 9.81 ± 0.45 3.68 ± 1.55 2.64 ± 0.70 0.02 ± 0.02 

1 g/L Effluent (mg/L)  24.70 ± 4.94 2.24 ± 0.42 2.79 ± 0.67 1.65 ± 0.28 0.01 ± 0.00 

 Removal efficiency (%)  52.22 ± 8.41 77.18 ± 3.76 20.77 ± 11.81 33.24 ± 18.89 12.96 ± 20.03 

3 g/L 

Influent (mg/L) 516 ± 21.28 75.33 ± 14.53 9.56 ± 2.42 3.03 ± 1.23 2.44 ± 0.56 0.02 ± 0.01 

Effluent (mg/L) 230 ± 30.21 22.54 ± 5.64 2.24 ± 1.18 2.71 ± 1.09 1.74 ± 0.14 0.02 ± 0.00 

Removal efficiency (%) 55.24 ± 7.45 69.20 ± 8.53 77.73 ± 7.12 9.67 ± 7.58 26.38 ± 12.18 5.56 ± 16.67 

5 g/L 

Influent (mg/L) 574.75 ± 45.88 76.71 ± 18.43 9.41 ± 0.44 3.27 ± 1.57 2.62 ± 0.20 0.02 ± 0.00 

Effluent (mg/L) 222.75 ± 10.5 26.96 ± 6.01 2.04 ± 0.56 2.49 ± 0.74 2.06 ± 0.3 0.02 ± 0.01 

Removal efficiency (%) 61.07 ± 3.54 64.30 ± 5.85 78.29 ± 5.86 17.91 ± 15.40 21.82 ± 7.23 11.11 ± 22.05 
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Figure 4-1. Nitrate removal performance of AnMBR 

 

 

 

Figure 4-2.  Phosphate removal performance of AnMBR 
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Figure 4-3. Ammonium removal performance of AnMBR 

 

 

 

Figure 4-4. Nitrite removal performance of AnMBR 
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4.2.2 TOC and COD removal performance and membrane fouling  

During the experiment of 3 g/L and 5 g/L of PAC, TOC removal rate were on average 69.20% 

and 64.30%, respectively, while the experiment with 1 g/L of PAC showed 52.22% of removal 

rate. In terms of COD removal rate, 5 g/L of PAC resulted in 7 % higher COD removal rate 

than 3 g/L of PAC. This result showed that higher concentration of PAC addition facilitated 

significant removal of organic matter by effective adsorption and biodegradation. The TOC 

and COD removal performances of AnMBR are shown in figure 4-5 and 4-6. 

The membrane fouling behaviour can be influenced by the type of membrane, sludge properties, 

feed water properties, and operating conditions (Guo et al., 2012). In these three experiments, 

the membrane module, characteristics of sludge and feed water, and operating conditions were 

kept constant, except for the PAC dosage. Although only the PAC dosages were different, the 

fouling pattern changed along with the TMP changes. The variations of TMP during the 

operation of AnMBR were described in figure 4-7. Every experiment with a different PAC 

dose started with around 2 kPa of TMP. In the first week of every operation, no significant 

TMP development was observed staying under 10 kPa. After the first week, the TMP 

development started to increase and varied according to the PAC concentration. It indicated 

that soluble organics and nutrients in the feed started to attach and deposit on the membrane 

surface (Khan et al., 2019). However, there was a significant difference in time to reach up to 

35 kPa. In the experiment with 1 g/L of PAC, the TMP reached at 36.03 kPa after 16 days of 

operation, and then the membrane was cleaned chemically. After the membrane cleaning, TMP 

started again from 2.55 kPa and increased to 35.29 kPa within 9 days. TMP in the AnMBR 

with 3 g/L of PAC resulted in the highest increase rate compared to the other two dosages. It 

took 13 days to reach at 36.03 kPa and after membrane cleaning, it took 12 days to be 37.68 

kPa. On the other hand, the TMP with 5 g/L of PAC addition resulted in 37.5 kPa at the 15th 

day, and after membrane cleaning, it started from 2.41 kPa and reached to 27.36 kPa at the 25th 
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day of operation, which was the slowest TMP increase rate. Previous study showed that the 

higher PAC dosage (5 g/L) resulted in larger floc size in AnMBR compared to the lower PAC 

dosage (1 g/L), accommodating more adsorbed microorganisms (Chong, 2015). This implied 

that 5 g/L of PAC might have enlarged the sludge particle size by adsorption of PAC, resulting 

in the most effective membrane fouling mitigation. Thus, 3 g/L of PAC addition could result 

in the worst membrane fouling, as the TMP increase rate was the highest compared to other 

dosages.   

 

Figure 4-5. TOC removal performance of AnMBR 
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Figure 4-6. COD removal performance of AnMBR 

 

 

 

Figure 4-7. The variations of TMP during operation of AnMBR 
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4.3 Conclusions 

Three experiments were conducted with 1 g/L, 3 g/L, and 5 g/L of PAC addition to 

conventional AnMBR. Each experiment was conducted for 25 days to investigate the effects 

of different PAC dosage on removal performance of conventional AnMBR in terms of TOC, 

COD and nutrient removal, as well as TMP change related to membrane fouling. In every 

experiment, the nitrate, nitrite and ammonium removal rate were close to the ideal rate in 

anaerobic process, while phosphate removal showed slightly higher removal rate during the 

whole operation, which is ideally expected to be 0–10% of removal rate. 5 g/L of PAC addition, 

particularly, showed the highest nitrate removal rate and the lowest phosphate removal rate. 

On the other hand, TOC removal performance showed the best removal rate in 3 g/L of PAC, 

remaining at average 69.20% despite a slight fluctuation. However, the average COD removal 

rate was the best in the 5 g/L experiment (61.01%) with the least fluctuation, while that of the 

3 g/L experiment showed an average 55.24%. In terms of TMP development, 1 g/L and 3 g/L 

of PAC showed more rapid TMP increase and reached up to 35 kPa in shorter time compared 

to the highest amount of PAC addition. This could mean that membrane fouling has not been 

reduced due to the insufficient PAC doses. However, with 5 g/L PAC, the TMP increase rate 

significantly decreased after membrane cleaning, indicating that more PAC dose facilitated 

more stable sludge properties by effective adsorption and subsequently enlarged floc size.  

Overall, compared to the experiments with lower PAC dosages, 5 g/L of PAC showed 

significantly improved performance in terms of nutrient and COD removal. Moreover, 

although the TMP increase rate was similar to the experiment with 1 g/L PAC in the first 15 

days, it showed the lowest increase rate after the chemical membrane cleaning. These results 

might indicate that the membrane fouling was mitigated with 5 g/L of PAC due to the formation 

of large sludge floc size through the adsorption of PAC and microbial aggregation on the PAC. 
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In conclusion, 5 g/L of PAC is the optimal dosage for AnMBR and it was necessary to find out 

the long-term effects on removal performance along with membrane fouling control by 

carrying out the study of 5 g/L of PAC added to AnMBR. 
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CHAPTER 5 

Long term experimental investigation of 

powdered activated carbon addition to 

anaerobic membrane bioreactor 

 

 

 

 
This chapter is based on the journal paper entitled “Powdered activated carbon addition for 

fouling control in anaerobic membrane bioreactor”. 
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5.1 Materials and methods 

5.1.1 Experimental set-up 

A single stage AnMBR having 3.5 L of working volume was operated continuously using 

synthetic wastewater for this study. Two AnMBRs were conducted in parallel with and without 

the optimal PAC dosage, which was investigated as 5 g/L from the previous study. The 

conventional AnMBR with the optimal PAC dosage was operated for a total of 67 days 

including two chemical membrane cleanings with no sludge withdrawal. The membrane was 

chemically cleaned after the TMP reaches over 35 kPa in each cycle. The first cycle maintained 

for 24 days, then 22 days in the second cycle, and the last cycle was operated for 21 days. On 

the other hand, AnMBR without PAC addition was operated for a total of 63 days including 

three chemical membrane cleanings with no sludge withdrawal. It maintained for 18 days in 

the first cycle, 18 days in the second cycle, 14 days in the third cycle and 13 days in the last 

cycle. Each operation cycle was followed by a one-week of recovery period after the membrane 

cleaning to stabilize the pH level and temperature of the reactor so that a steady state could be 

remained in the next operation cycle. For the AnMBR with PAC, 17.5 g of solid powdered 

PAC were dosed only at the initial stage of each operation. 

Details on the experiment materials and methods are given in Chapter 3. 

 

5.2 Results and discussion 

5.2.1 Nutrient removal performance  

The average nutrient concentrations of influent and effluent, and removal efficiencies of 

AnMBRs with PAC and without PAC are given in table 5-1. The nitrate removal efficiencies 
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of both AnMBRs during the first 7 days of operation showed a rather low removal rate around 

60-75%, but they significantly increased up to 85.39% and 80.99% of removal efficiency 

afterwards, in AnMBR, with and without PAC respectively. Compared to the reactor with no 

PAC addition, 5 g/L of PAC showed approximately 7% higher nitrate removal rate on average, 

and less fluctuation over the whole operation time. In terms of phosphate removal rates which 

are expected to be below 10 % in the ideal anaerobic process, they significantly fluctuated in 

both reactors. The AnMBR with PAC showed slightly higher phosphate removal during the 

initial 16 days of operation, which might have been caused by the attached biomass growth on 

the PAC surface. However, during the rest of the operation days, AnMBR with PAC showed 

more stable and lower phosphate removal efficiency than that of AnMBR without PAC. This 

indicated that the PAC addition might have facilitated aggregation and abundance of 

denitrifying bacteria. Both nutrients removal efficiency in two reactors became stable from the 

middle of the operation days, meaning that the microorganisms had enough time to contact the 

feed wastewater continuously and the denitrification had been processed efficiently (Khan, 

2019). The nitrate removal efficiency and phosphate removal efficiency of both reactors over 

the operation time are presented in figure 5-1 and 5-2, respectively. 
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Figure 5-1. Nitrate removal performance of two AnMBRs 

 

 

Figure 5-2. Phosphate removal performance of two AnMBRs 
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The ammonium removal rate fluctuated, but remained at around 0–8.33% of removal rate 

during the final 7 days of operation of both reactors. This means that oxygen in the reactor has 

been removed compared to the beginning of the operation. The ammonium removal rate in the 

reactor with PAC was overall lower than AnMBR without PAC. During the entire operation of 

the two AnMBRs, the nitrite removal rate fluctuated and the average removal efficiency of 

AnMBR with PAC resulted in an almost 6% lower removal efficiency than AnMBR without 

PAC, showing 3.33 ± 6.22% and 9.95 ± 14.08%, respectively. Additionally, nitrite was hardly 

removed during the last 10 days of operation of each reactor, as there was little difference 

between the nitrite concentration in the influent and effluent. The removal efficiency of 

ammonium and nitrite in both reactors over the operation time are shown in figure 5-3 and 5-

4, respectively. Overall, the 5 g/L of PAC addition resulted in the more efficient nutrient 

removal rate including higher nitrate removal rate and the lowest phosphate removal rate, 

which well describes the anaerobic process.   

 

Figure 5-3. Ammonium removal performance of two AnMBRs 
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Figure 5-4. Nitrite removal performance of two AnMBRs 
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Table 5-1. Average concentration of influent and effluent, and removal efficiencies of AnMBRs with PAC and without PAC 

 

 

 

 

 

 

AnMBR 
type 

Average  
concentration COD  TOC  NO3-N NH4+-N PO43-P NO2-N 

With 5g/L 
PAC 

Influent (mg/L) 558.70 ± 47.11 77.95 ± 13.07 10.54 ± 1.76 4.40 ± 2.03 1.99 ± 0.33 0.05 ± 0.03 

Effluent (mg/L) 167.54 ± 21.82 18.89 ± 4.23 2.17 ± 0.70 4.09 ± 1.87 1.68 ± 0.30 0.04 ± 0.03 

Removal efficiency (%) 70.10 ± 2.01 75.59 ± 5.21 79.50 ± 4.63 6.87 ± 5.68 15.31 ± 5.36 3.33 ± 6.22 

Without 
PAC  

Influent (mg/L) 555.54 ± 56.24 77.46 ± 12.93 10.21 ± 1.45 4.59 ± 1.87 2.06 ± 0.37 0.05 ± 0.02 

Effluent (mg/L) 252.69 ± 31.17 30.44 ± 3.82 2.79 ± 0.70 3.98 ± 1.58 1.68 ± 0.32 0.04 ± 0.03 

Removal efficiency (%) 54.39 ± 4.65 59.90 ± 6.91 72.57 ± 5.98 10.54 ± 5.37 18.07 ± 4.21 9.95 ± 14.08 
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5.2.2 TOC and COD removal performance and biomass concentration  

During the whole experiment of two AnMBR operations with infinite SRT, one-off PAC 

dosing at the beginning resulted in remarkably higher TOC removal rate than in the reactor 

with no PAC dosing, with the average rate of 75.59 ± 5.21% and 59.90 ± 6.91%, respectively. 

Although it had the lowest removal efficiencies in AnMBRs with PAC and without PAC at the 

initial day of the operation, showing 66.39% and 48.83%, respectively, TOC removal rate 

increased in both reactors up to around 79.72% and 69.92% at the end of the operation. It was 

noticeable that the TOC removal rate significantly increased to 82.51% with the PAC addition 

during the initial 5 days, which may have resulted from the high adsorption capacity of PAC 

on organic matter. In terms of COD removal rate, the addition of PAC resulted in around 16% 

higher COD removal rate than no PAC addition, as shown in table 5-1. Figure 5-5 and 5-6 

present the TOC and COD removal rate of both AnMBRs, respectively. In terms of biomass 

concentration, although the mixed liquor volatile suspended solids (MLVSS) concentration 

kept constant at 4.26 g/L before the operation, a significant increase was observed in both 

AnMBRs. As soon as the PAC addition, the MLVSS concentration increased up to 9.24 g/L 

and at the end of operation, it was 11.43 g/L. The biomass concentration in AnMBR without 

PAC increased to 5.26 g/L after the entire operation. The PAC facilitated more biomass growth 

as it offered enough space to microorganisms to attach and thrive, thereby the biomass 

settleability was able to be improved. 
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Figure 5-5. TOC removal performance of two AnMBRs 

 

 

 

Figure 5-6. COD removal performance of two AnMBRs 
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5.2.3 Transmembrane pressure (TMP) development  

TMP development is closely related to membrane fouling. Figure 5-7 presents the TMP 

development of the two reactors. During the parallel operation of two reactors, the membrane 

was chemically cleaned whenever the TMP increases over 35 kPa, and then used again for the 

next cycle of operation. Both AnMBRs started with 2.15 kPa and 2.55 kPa of TMP. However, 

there was a significant difference in time to reach up to 35 kPa. The AnMBR with PAC was 

operated for a total of 67 days including twice receiving chemical membrane cleanings, while 

AnMBR without PAC was operated for 63 days including three times receiving chemical 

membrane cleanings. The first cycle of the continuous operation was 18 and 24 days for the 

reactor with and without PAC respectively, which means PAC addition provided 33% longer 

operation without chemical membrane cleaning. In the absence of PAC, the TMP increased 

rapidly with a sharp TMP jump within 5 days in each operation cycle. On the other hand, the 

presence of PAC showed a slow rise and TMP jump took place after 15 days of the operation 

cycle. The rapid TMP increase might have resulted by the accumulation of fine particles on 

membrane as well as pore clogging by biomass at the beginning of the operation (Chen et al., 

2013; Pradhan et al., 2011). Moreover, after the chemical membrane cleaning, the TMP in 

AnMBR without PAC dropped to 3.11 kPa, whereas the TMP in AnMBR with PAC dropped 

to nearly 2.00 kPa, indicating an efficient restoration of membrane permeability. In terms of 

TMP increase trend for the last cycle in each reactor, it was shown that the rapid TMP increase 

occurred after 12 days with PAC addition while the increase occurred within 3 days without 

PAC addition. In addition, as the last cycle was 3rd and 4th cycle for AnMBR with and without 

PAC respectively, the operation time persisted for 21 days in AnMBR with PAC, which was 8 

days longer than the reactor without PAC. Moreover, the operation time for the last cycle of 

AnMBR with PAC was shorter than the previous cycles, because some amount of exhausted 

PAC might have acted as a foulant due to the one-off PAC dose at the first operation day. Thus, 
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further investigation regarding the replenishment ratio as well as the different partial 

replacement ratios of PAC in long term operation can be carried out for the future study. 

Overall, TMP increase in the AnMBR with optimal dosage of PAC resulted in a lower increase 

rate than AnMBR without PAC. It means that 5 g/L of PAC addition could mitigate the 

membrane fouling due to enlarged particle size as well as changing the sludge properties. 

  

 

Figure 5-7. The variations of TMP during operation of two AnMBRs 
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11.60 ± 0.46 mV, while that in AnMBR without PAC was -14.40 ± 0.44 mV. The result showed 

that the PAC addition to AnMBR had higher zeta potential value than the conventional 

AnMBR, indicating that the negative charged sludge flocs could be reduced or that charge 

neutralization has been caused by PAC. This was because it was reported that the charge 

neutralization by addition of flocculants could enhance the sludge flocculation ability (Deng et 

al., 2015; Ji et al., 2014). Hence, increase of zeta potential by PAC addition could attribute to 

improvement of biomass flocculation ability.  

 

5.2.5 SMP and EPS in mixed liquor  

The main fractions of SMP and EPS are mainly considered as proteins and polysaccharides.    

Table 5-2 presents the compositions of SMP and EPS in the mixed liquor in both AnMBRs as 

well as protein to polysaccharide ratio at different operating periods. During the first 7 days of 

operation, the conventional AnMBR had higher total SMP and EPS values than AnMBR with 

PAC addition, which are 20.02 ± 0.83 mg/L and 22.94 ± 0.62 mg/L, respectively. While the 

AnMBR without PAC showed a similar value of protein and polysaccharide in SMP, 

polysaccharide concentration in SMP was much higher than the protein in AnMBR with PAC. 

The total EPS concentration was twice as high in AnMBR without PAC as the one with PAC 

addition. After that, the SMP and EPS concentration in AnMBR with PAC during the 14 days 

of the operation decreased. This is because the addition of PAC, which has a high surface area, 

could initially reduce the concentration of both SMP and EPS by effective adsorption.  

However, after the decrease of SMP and EPS concentration in the second week of operation, 

the EPS concentration in AnMBR with PAC remarkably increased up to 21.86 ± 2.00 mg/L. 

This might be attributed to the fact that PAC become saturated with organic matter and the 

subsequent attachment and abundant growth of microorganisms could release more EPS as 
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microbial products. It was reported that EPS could enhance the flocculation ability of the mixed 

liquor by polymer entanglement, contributing to enlarged sludge floc size (Chen et al., 2018a). 

Thus, this increase of EPS concentration in AnMBR with PAC could enhance the formation of 

larger floc size as well as sludge flocculation ability. Although it was reported that a high 

amount of EPS could accelerate the cake layer formation and fouling process, excellent sludge 

flocculation and enlarged flocs might have rather formed a porous cake layer in this experiment 

(Chen et al., 2018a). During the rest of the operation time, EPS concentration was slightly 

reduced to 18.32 ± 0.87 mg/L, by the concurrent effects of biologically activated carbon (BAC) 

including the adsorption and biodegradation of attached microorganisms. Overall, the total EPS 

concentration in AnMBR with PAC was kept in lower values than the reactor without PAC. 

Regarding SMP concentration, it is reported that infinite SRT in submerged AnMBR could 

result in high SMP concentration (Huang et al., 2011). Although AnMBR with PAC was 

operated with infinite SRT, the SMP concentration showed steady reduction over the whole 

operation period, indicating that PAC addition could effectively reduce SMP through the 

simultaneous adsorption and biodegradation.   

On the other hand, in the AnMBR without PAC, the total concentration of SMP showed minor 

difference during the entire time, while there was a significant change in its composition. The 

amount of polysaccharide in SMP significantly increased from 9.00 ± 0.26 mg/L to 17.01 ± 

0.06, while the amount of protein decreased. This could lead to severe pore blocking on the 

membrane due to the soluble state of SMP as well as the hydrophilic nature of polysaccharide 

(Chen et al., 2017). The total EPS concentration incredibly increased, while the composition 

showed minor change during the whole time. The higher amount of EPS could cause higher 

sludge viscosity as well as acceleration of cake formation, thereby deterioration of membrane 

permeability (Chen et al., 2017).  
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Previous research found that the protein to polysaccharides ratio of SMP and EPS (PN/PS ratio) 

played an significant role in membrane fouling, since the ratio might be closely related to 

properties of sludge flocs such as hydrophobicity and surface charge (Arabi and Nakhla, 2008b; 

Tian et al., 2011). The higher PN/PS ratio of EPS was found in AnMBR with PAC compared 

to AnMBR without PAC after 21 days of operation. This higher amount of protein might have 

induced higher hydrophobicity as well as higher zeta potential of sludge, which enabled more 

agglomeration of sludge flocs. The PN/PS ratio of SMP in remarkably increased up to 2.80, 

while that in AnMBR without PAC lowered after 14 days and stayed at a lower value. This 

high protein fraction of SMP in AnMBR with PAC also induced better settleability by the 

hydrophobic nature of protein. The result of previous research showed that high PN/PS ratio 

of SMP had beneficial impact on fouling control, such as less irreversible fouling, and the 

results in this study also corresponded to this previous result (Yao et al., 2011). Figure 5-8 and 

5-9 show the time variation of SMP and EPS concentration as well as composition in both 

AnMBRs. SMPp and SMPc indicate protein and polysaccharide in SMP, respectively, while 

EPSp and EPSc refer protein and polysaccharide in EPS, respectively. 
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Table 5-2. SMP and EPS compositions in mixed liquor in two AnMBRs at different times during the operation period 

a PN, proteins; b PS, polysaccharides

 
SMP EPS 

PNa (mg/L) PSb (mg/L) PN/PS ratio SMP (mg/L) PN (mg/L) PS (mg/L) PN/PS ratio EPS (mg/L) 

AnMBR 
with 
PAC 

1–7 days 1.05 ± 0.22 13.93 ±0.78 0.08 14.99 ± 0.14 5.57 ± 0.44 6.09 ± 0.11 0.91 11.66 ± 0.55 

8–14 days 2.64 ± 0.06 10.68 ± 0.04 0.25 13.32 ± 0.11 2.20 ± 0.03 7.01 ± 0.49 0.31 9.20 ± 0.52 

15–21 days 5.74 ± 0.08 7.50 ± 0.10 0.77 13.23 ±0.18 8.59 ± 0.12 5.65 ± 0.13 1.52 14.24 ± 0.01 

22–28 days 4.03 ± 0.35 8.55 ± 0.01 0.47 12.59 ± 0.33 12.07 ± 0.59 9.79 ± 1.42 1.23 21.86 ± 1.00 

29–35 days 4.07 ± 0.03 5.13 ± 0.03 0.79 9.20 ± 0.01 10.80 ± 1.23 9.23 ± 0.12 1.17 20.03 ± 0.85 

36–42 days 5.38 ± 0.40 4.81 ± 0.07 1.12 10.19 ± 0.47 13.43 ± 0.09 6.25 ± 0.12 2.15 19.68 ± 0.21 

43–49 days 5.98 ± 0.54 2.13 ± 0.13 2.80 8.21 ± 0.67 13.28 ± 0.17 6.08 ± 0.07 2.19 19.35 ± 0.24 

 50–56 days 5.33 ± 0.32 4.01 ± 0.23 1.32 9.34 ± 0.32 13.34 ± 0.43 6.53 ± 0.11  2.04 19.87 ± 0.54 

 50–67 days 2.90 ± 0.10 3.75 ± 0.18 0.77 6.65 ± 0.08 13.16 ± 0.72 5.15 ± 0.15 2.55 18.32 ± 0.87 

AnMBR 
without 
PAC 

1–7 days 10.61 ± 0.57 9.00 ± 0.26 1.17 20.02 ± 0.83 12.25 ± 1.04 10.69 ± 1.18 1.15 22.94 ± 0.62 

8–14 days 9.60 ± 0.86 6.20 ± 0.39 1.55 15.20 ± 0.47 12.33 ± 1.19 7.21 ± 0.01 1.70 19.53 ± 0.49 

15–21 days 3.23 ± 0.68 9.55 ± 0.06 0.34 18.39 ± 0.80 12.98 ± 0.87 8.10 ± 0.06 1.60 21.08 ± 0.94 

22–28 days 4.46 ± 0.73 12.37 ± 0.01 0.36 16.02 ± 0.85 9.02 ± 0.98 9.18 ± 0.05 0.98 18.20 ± 0.86 

29–35 days 1.28 ± 0.07 14.92 ± 0.08 0.09 16.20 ± 0.16 9.79 ± 0.15 10.16 ± 0.08 0.96 19.94 ± 0.26 

36–42 days 1.88 ± 0.04 12.84 ± 0.04 0.15 14.71 ± 0.01 13.55 ± 0.07 10.71 ± 0.63 1.27 24.26 ± 0.70 

43–49 days 1.09 ± 0.05 17.74 ± 0.03 0.06 18.82 ± 0.07 15.02 ± 0.02 15.87 ± 0.64 0.94 30.88 ± 0.66 

50–56 days  2.25 ± 0.02 16.87 ± 0.11 0.13 19.12 ± 0.12 18.78 ± 0.11 13.56 ± 0.44 1.38 32.34 ± 0.54 

57–63 days 1.96 ± 0.01 17.01 ± 0.06 0.12 18.97 ± 0.07 23.48 ± 0.31 13.29 ± 1.20 1.77 36.77 ± 0.92 
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Figure 5-8. The variations of composition in SMP in two AnMBRs

 

Figure 5-9. The variations of composition in EPS in two AnMBRs 
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5.2.6 Membrane fouling resistance  

The membrane fouling resistance of both AnMBRs in each cycle are presented in table 5-3. 

Membrane fouling resistances were measured before and after each cycle when the chemical 

membrane cleaning was performed. Although the initial resistance of cleaned membrane (Rm) 

was similar in both reactors, the total resistance (Rt) was significantly higher in the AnMBR 

without PAC, indicating that the PAC addition could effectively reduce Rt. Moreover, Rt of 

both reactors showed gradually increasing trends, while that of AnMBR without PAC increased 

with a larger magnitude than the one with PAC addition, which was from 1.52 × 1013 m-1 to 

1.93 × 1013 m-1. Since the ratio of cake layer resistance (Rc) to Rt in both reactors was between 

76.17% and 86.44%, the predominant fouling mechanism in both AnMBRs might be due to a 

cake layer formation. However, Rc in AnMBR without PAC was much higher than that in 

AnMBR with PAC. The pore blocking resistance (Rp) of AnMBR with PAC showed minor 

difference after all three cycles. However, Rp of AnMBR without PAC had a remarkable 

increase from 4.02 × 1011 m-1 to 2.08 × 1012 m-1 after four cycles, accounting for 10.78% of Rt 

after the entire operation. As discussed in 5.3.5, comparatively high SMP concentration in 

AnMBR without PAC could result in severe pore blocking due to the soluble form of SMP 

fractions (Chen et al., 2017). In addition, it was also noticeable that Rm of AnMBR without 

PAC increased after every membrane cleaning, while AnMBR with PAC remained at similar 

value, indicating that irreversible fouling has occurred without PAC addition. The larger 

amount of polysaccharide in SMP in mixed liquor might have induced more pore clogging due 

to the hydrophilic property of polysaccharide which enables it to penetrate the cake layer and 

then cause irreversible pore blocking (Deng et al., 2014). It was found that small sludge particle 

size could lead to serious pore clogging and cake layer formation due to its high tendency to 

adhere on membrane surface and pore walls (Cheng et al., 2020). On the other hand, higher 

flocculation ability as well as PN/PS ratio of SMP induced by PAC addition brought about 
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larger sludge flocs and subsequently less deposition on membrane surface, because of 

proportionally increased shear-induced diffusion and inertial lift force according to particle size 

(Pan et al., 2010). Therefore, PAC addition could prevent pore clogging and irreversible fouling 

on the membrane surface. The variations of membrane resistance of two AnMBRs are 

presented in figure 5-10. 

 

Table 5-3. Comparison of membrane fouling resistance values in two AnMBRs. 

 Membrane resistancea 

(m-1) 

With 5 g/L PAC Without PAC 

 % of Rt  % of Rt 

1st cycle 

Rt 9.25 × 1012  1.52 × 1013  

Rm 1.60 × 1012 17.29 1.66 × 1012 10.92 

Rp 3.22 × 1011 3.48 4.02 × 1011 2.64 

Rc 7.34 × 1012 79.35 1.34 × 1013 86.44 

2nd cycle 

Rt 1.05 × 1013  1.65 × 1013  

Rm 1.77 × 1012 16.86 1.80 × 1012 10.90 

Rp 4.16 × 1011 3.96 6.51 × 1011 3.95 

Rc 7.83 × 1012 74.57 1.41 × 1013 85.45 

3rd cycle 

Rt 1.15 × 1013  1.72 × 1013  

Rm 1.79 × 1012 15.56 1.91 × 1012 11.10 

Rp 4.56 × 1011 3.97 1.42 × 1012 8.26 

Rc 9.24 × 1012 80.35 1.39 × 1013 80.81 

4th cycle 

Rt   1.93 × 1013  

Rm   2.20 × 1012 11.40 

Rp   2.08 × 1012 10.78 

Rc   1.47 × 1013 76.17 
a Rt, total resistance; Rm, cleaned membrane resistance; Rp, pore blocking resistance; Rc, cake resistance. 
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5.2.7 SMP and EPS in cake layer

As the cake layer was the largest fraction of the total fouling resistance, the cake layer 

compositions of SMP and EPS were analysed. The protein and polysaccharide composition of 

EPS in the cake layer were similar in AnMBR with PAC and AnMBR without PAC in every 

cycle. On the other hand, the total SMP concentration was remarkably higher with the absence 

Figure 5-10. The variations of membrane fouling resistance of two AnMBRs: (a) AnMBR 
with PAC; and (b) AnMBR without PAC.
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of PAC (77.19 ± 7.37 mg/L) compared to the presence of PAC (17.43 ± 1.59 mg/L). In the 

SMP composition of the cake layer in AnMBR without PAC, the main fraction was protein at 

the first cycle, accounting 51.78 ± 7.28 mg/L. From the second cycle, polysaccharide had a 

larger composition than protein, which was the main factor of cake layer formation as well as 

pore blocking, both leading to deterioration in membrane filterability. This result elucidated 

that the cake layer resistance of AnMBR without PAC was mainly due to the high SMP 

concentration on the membrane surface. In AnMBR without PAC, large amount of SMP was 

able to be adsorbed or attached on membrane surface because of the drag force from the effluent 

pump along with a rapid TMP increase (Deng et al., 2014). However, the PAC addition 

effectively reduced both protein and polysaccharide of SMP in the cake layer, which might be 

resulted from the adsorption of SMP on the PAC and biodegradation by attached 

microorganisms prior to attachment on membrane surface. Figure 5-11 and 5-12 present 

variation of SMP and EPS compositions in cake layers.  
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Figure 5-11. The variation of SMP composition in cake layers 

 

 

 

 

 

Figure 5-12. The variation of EPS composition in cake layers 
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5.2.8 Impact of PAC addition on microbial community 

5.2.8.1 Overview of sequencing data 

Paired-end Illumina sequencing generated 203,054 sequences from 4 samples. At least 49.4% 

of input sequences of each sample passed quality filtering, 82.6% of filtered sequences were 

merged, and 99% of merged sequences were non-chimeric. The minimum number of sequences 

per denoised samples was 18,643, and the maximum number was 34,899. In total, 106,153 

denoised sequences were clustered to a total of 751 ASVs with a mean frequency of 141.3. 

Rarefaction curves of Observed ASVs at maximum sequencing depth of 18,643 showed that 

all samples approached a saturation plateau at sequencing depth of about 17,000, confirming 

the sufficient sequencing depth in this study (Figure 5-13). 

 

Figure 5-13. Rarefaction curves of 16S rRNA marker gene amplicon sequences at maximum 

depth of 18,643. 
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5.2.8.2 Impact of PAC addition on microbial diversity 

AnMBR with PAC addition has a slightly lower diversity level compared to the reactor without 

PAC addition (Table 5-4). This is true for both species richness (number of observed ASVs) 

and species evenness (Shannon index). Low species richness and evenness indicate that PAC 

addition created a selective force, and some species were enriched that they became 

predominant microbes. To the best of our knowledge, the impact of PAC on microbial diversity 

in AnMBR has not been reported previously. A review of the literature shows that PAC 

addition can increase microbial diversity in conventional and dynamic aerobic MBRs (Asif et 

al., 2020; Hu et al., 2017). It is noteworthy that the microbial community in aerobic MBRs are 

very different from that in an anaerobic environment. Thus, further research is needed to 

elucidate more clearly how PAC affect microbial diversity in AnMBRs. 

 

Table 5-1. Microbial diversity of two AnMBRs with and without PAC 

Diversity index Without PAC With PAC 

Number of observed ASVs 354.5 ± 79.5 296 ± 47 

Shannon index 6.08 ± 0.23 5.92 ± 0.03 

 

 

5.2.8.3 Impact of PAC addition on microbial composition 

Microbial composition analysis revealed key functional groups in the anaerobic digestion 

process of both AnMBRs (Figure 5-14). Lactococcus and unassigned Enterobacteriaceae were 

the two most abundant bacterial genera in all samples (24.8–30.6%). Enterobacteriaceae 
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participates in hydrolysis and acidognesis while Lactococcus is a lactate producer (Detman et 

al., 2018). Other dominant hydrolytic and fermentative bacteria included unassigned 

Saccharimonadaceae (AnMBR without PAC only), Brooklawnia (family 

Propionibacteriaceae), Paludibacter, Thermovirga (amino acid degradation), Enterobacter, 

Lactobacillus, and uncultured Anaerolineaceae. Smithella and uncultured Synergistaceae 

convert lactate and other volatile fatty acids to acetate – the precursor for methanogenesis 

performed by Methanosaeta (Liu et al., 1999; Nguyen et al., 2019). 
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Figure 5-14. Microbial composition in AnMBRs with and without PAC addition. Data are 
presented at genus level. Only genera with relative abundance > 1% in at least one sample are 

shown individually, the rest are grouped into “Others”. 

 

PAC addition exerted strong impact on the microbial composition in AnMBR (Figure 5-14 and 

5-15), especially on filamentous and fouling-related microorganisms, which could reduce 
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fouling propensity. Filamentous bacteria play an important role in wastewater treatment, as 

they can benefit the formation of flocs and subsequent settling by offering a base structure for 

other microorganisms to attach. However, excessive growth of filamentous bacteria can have 

negative effect on membrane fouling. Sludge viscosity increases due to the abundance of 

filamentous bacteria, which leads to the formation of non-porous cake layer on the membrane. 

More production of SMP by excess filamentous bacteria can also accelerate severe membrane 

fouling (Deng et al., 2014). Filamentous microorganisms including uncultured 

Anaerolineaceae, Chryseobacterium and Methanosaeta can contribute to the initial attachment 

step of biofouling development due to their high affinity for attachment (Harb et al., 2015; 

Yamada et al., 2006). In fact, Chryseobacterium has been identified as one of three pioneer 

bacteria involving membrane biofilm development (Piasecka et al., 2012). Specifically, PAC 

addition could lead to lower relative abundance of filamentous microorganism in the reactor. 

The PAC addition might inhibit proliferation of filamentous bacteria and its high adsorption 

capacity could mitigate fouling by reducing the attachment of filamentous bacteria on the 

membrane surface. The relative abundance of these filamentous microbes in AnMBR without 

PAC was 1.7–4.7 times higher than that of AnMBR with PAC addition. PAC addition also 

resulted in lower relative abundance of previously identified fouling-associated bacteria such 

as Cloacibacterium and Paludibacter (Lei et al., 2019; Sun et al., 2016; Xu et al., 2020).  

Cloacibacterium was repeatedly detected in membrane biofilm, suggesting its high potential 

attachment on the membrane and membrane fouling propensity (Sun et al., 2016). Meanwhile, 

Lei et al. (2019) reported Paludibacter as one of the predominant bacteria in the fouling layer 

of AnMBR. On the other hand, the relative abundance of these fouling-associated bacteria was 

only 8.7–59.4% in AnMBR with PAC. 



 

111 
 

  

Figure 5-15. Impact of PAC addition on microbial composition represented by log2-fold 
difference in the relative abundances at genera level, with genera coloured by functional 

groups. 

 

In AnMBR with PAC addition, different non-filamentous microorganisms were enriched to 

fulfil functional roles of the above mentioned filamentous and fouling-related genera (Figure 

5-15). The role of uncultured Anaerolineaceae in hydrolysis and fermentation was met by 

Microbacter (relative abundance 7.1 times higher than AnMBR without PAC) (Harb et al., 

2015), while Treponema (relative abundance 3.4 times higher) instead of Smithella was 

responsible for acetogenesis (Wang et al., 2013). PAC addition also resulted in a higher relative 
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abundance of hydrogen/formate-utilizing methanogens Methanoregula (Bräuer et al., 2011) 

and Methanobacterium (Chen et al., 2019b), as well as hydrogen-producing bacteria including 

Enterobacter (Xiao et al., 2013),  uncultured Spirochaetaceae (Nguyen et al., 2019) and 

Citrobacter (Cabrol et al., 2017; Thompson et al., 2008). This indicates a higher contribution 

of hydrogenotrophic methanogenesis pathway to compensate for the lower abundance of 

acetoclastic methanogen Methanosaeta.  

AnMBR with PAC showed an enhanced balance between archaeal and bacterial groups, with 

higher ratio between total relative abundance of methanogenic archaeal orders and bacterial 

genera (A/B) (0.083 compared to 0.075 in AnMBR without PAC). Higher balance among 

functional groups has been shown to be essential for stable and efficient process performance 

in AnMBR (Cheng et al., 2021). These results implied for better COD and TOC removals 

observed with PAC addition. Genus Zoogloea, consisting of denitrifying bacteria (Huang et al., 

2015) – was also enriched in AnMBR with PAC (Figure 5-15), contributing to the higher nitrate 

removal efficiency observed. This is in agreement with findings from Asif et al. (2020) who 

reported an improved abundance of Zoogloea along with lower nitrate concentration in PAC-

MBR compared to MBR without PAC. 

 

5.3 Conclusion 

The two conventional AnMBRs were set in operation at the same time to compare the effects 

of PAC addition in terms of nutrient, TOC, and COD removal performance as well as 

membrane fouling mitigation. One AnMBR, which was dosed with 5 g/L of PAC only at the 

first day of operation without any replacement, was operated for 67 days including three 

operating cycles. The other AnMBR without PAC addition was operated for 63 days including 

four operating cycles. Both two AnMBRs were operated under infinite SRT conditions. The 
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addition of PAC showed overall better nutrient removal efficiencies as well as significantly 

higher TOC and COD removal efficiency, due to the high adsorption capacity of PAC as well 

as the enrichment of Methanoregula, Methanobacterium, Enterobacter, uncultured 

Spirochaetaceae, Citrobacter, and genus Zoogloea. AnMBR without PAC showed more rapid 

TMP rise and reached 35 kPa in shorter time, indicating that more serious membrane fouling 

occurred compared to the AnMBR with PAC.  

Overall, the total SMP and EPS concentration in the AnMBR with 5 g/L of PAC resulted in 

lower concentrations over the whole operating period compared to the AnMBR without PAC, 

indicating lower fouling potential. Although the EPS concentration showed increase in the 

middle of the operation, this could enhance flocculation and aggregation, leading to enlarged 

flocs and porous cake layer. The total SMP concentration was remarkably reduced with the 

PAC addition, especially the polysaccharide fraction decreased. This could lead to the higher 

PN/PS ratio of SMP in AnMBR with PAC, facilitating effective membrane fouling mitigation. 

On the other hand, the SMPc significantly increased with no PAC addition, leading to severe 

pore blocking and deterioration of membrane permeability.  

The membrane fouling resistance values showed that the main fraction of fouling resistance 

was cake layer formation in both AnMBRs, however increase of pore resistance and cleaned 

membrane resistance indicated the occurrence of irreversible fouling in the absence of PAC. 

Moreover, the analysis of cake layer composition indicated that the main contributor of 

membrane fouling in this study was SMPc, inducing severe pore clogging and irreversible 

fouling. Thus, the optimal PAC addition to AnMBR could effectively reduce SMPc in the cake 

layer by the adsorption and biodegradation of PAC, thereby lowered membrane fouling 

propensity. The lower abundance of filamentous and fouling-related microorganisms such as 

uncultured Anaerolineaceae, Chryseobacterium, Methanosaeta Smithella, Cloacibacterium 
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and Paludibacter, which have high affinity to attach on membrane, could also reduce fouling 

potential. To sum up, the optimal PAC addition to conventional AnMBR enhanced overall 

removal performance and effectively mitigated membrane fouling. 
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CHAPTER 6 

Conclusions and recommendations 
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6.1 Conclusions 

The first study for the optimisation of PAC dose was conducted with 1 g/L, 3 g/L, and 5 g/L in 

conventional AnMBRs. In every sets of the experiment, the nitrate, nitrite and ammonium 

removal rate were close to the ideal rate in anaerobic process, while phosphate removal showed 

a slightly higher removal rate during the whole operation than the fact that it is expected to be 

0-10% of removal rate. 5 g/L of PAC addition, particularly, showed the highest nitrate removal 

rate and the lowest phosphate removal rate, indicating the abundance of denitrifying bacteria 

caused by PAC adsorption. Moreover, the average COD removal rate was the best in the 5 g/L 

experiment (61.01%), describing the effective organic matter removal by the PAC adsorption 

and biodegradation. In terms of membrane fouling behaviour regarding the TMP rise, its 

increasing rate significantly decreased after membrane cleaning with the presence of 5 g/L 

PAC. As a consequence, the optimal PAC dose was 5 g/L, showing the highest overall removal 

performance as well as the lowest fouling rate.  

For the investigation of long-term effect of 5 g/L PAC, the two conventional AnMBR systems 

were operated in parallel to compare the effects of PAC addition in terms of nutrient, TOC, 

and COD removal performance as well as membrane fouling mitigation. The one-off dosing of 

the optimal PAC showed overall better nutrient removal efficiency as well as 15.71% and 15.69% 

higher TOC and COD removal efficiencies, respectively, due to the high adsorption capacity 

of PAC. It also resulted in much slower TMP rise showing shorter time to reach at 35 kPa, 

indicating that less membrane fouling occurred compared to the AnMBR with PAC. In addition, 

the total SMP and EPS concentration in the AnMBR with 5 g/L of PAC resulted in lower 

concentrations over the whole operating period compared to the AnMBR without PAC, 

indicating lower fouling propensity. Although the EPS concentration showed increase in the 

middle of the operation, this was able to enhance flocculation and aggregation, leading to 
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enlarged flocs and porous cake layer. This enhancement of flocculation ability was also proved 

by high zeta potential value of sludge. The remarkable reduction of total SMP concentration as 

well as higher PN/PS ratio of SMP by PAC addition facilitated effective membrane fouling 

mitigation by improving hydrophobicity and settleability of sludge. On the other hand, the 

absence of PAC could lead to severe pore blocking and deterioration of membrane permeability, 

mainly caused by the high amount of SMPc in mixed liquor. Although the dominant mechanism 

for both reactors were cake formation, the increase of Rp and Rm in the AnMBR without PAC 

proved the occurrence of severe pore clogging and irreversible fouling. The analysis of cake 

layer composition showed that SMPc was the main contributor of membrane fouling to 

AnMBR without PAC. Although PAC addition lowered microbial diversity level, it could 

effectively change the microbial composition not only by selective enrichment of 

hydrogen/formate-utilizing methanogens, hydrogen-producing bacteria, and denitrifying 

bacteria, but also by reduction of filamentous and fouling-related microorganisms. 

In conclusion, the optimal PAC addition enhanced nutrient, TOC and COD removal 

performance. This result implied that PAC could act as supporting media for anaerobic 

microorganism growth and enrichment of methanogens and denitrifying microorganisms, and 

also effectively adsorb and biodegrade dissolved and colloidal organic matter. Although the 

main cause of membrane fouling in conventional AnMBR was pore blocking and irreversible 

fouling induced by SMP, the PAC addition could effectively prevent pore clogging as well as 

irreversible fouling by not only improving flocculation ability and hydrophobicity of sludge, 

but also lowering the abundance of fouling-associated microorganisms.  
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6.2 Recommendations 

The research has investigated an optimum dosage of PAC to AnMBR treating synthetic 

wastewater, and then the long-term effect of the optimal PAC addition on the removal 

performance as well as membrane fouling behaviour compared to conventional submerged 

AnMBR. Further research regarding this topic can provide a better understanding of the 

optimisation of PAC dose to conventional AnMBRs as well as removal performance and 

membrane fouling control. Some recommendations for future study are summarized as 

following: 

• Overdosed or exhausted PAC can cause poorer membrane fouling as well as 

degradation of pollutant removal performances, due to its potential to be fouled. 

Unfortunately, the replenishment ratio of PAC in AnMBR remains as a challenging 

issue, while that of optimal PAC for effective fouling reduction in aerobic MBR was 

reported as 1.67 % (Zhang et al., 2019b). Thus, further investigation regarding the 

optimal dosage and replenishment ratio of PAC can be carried out.  Moreover, the 

requirement of partial replacement can be investigated in long term operation, and the 

effect of different replacement ratios of PAC can also be analysed for not only the best 

enhancement of performance, but also control of membrane fouling.  

• Since PAC is one of the particulate enhancers, comparatively large particle size could 

result in abrasions and damages to membrane. Thus, more studies on the membrane 

lifespan with PAC is necessary for better understanding of the membrane performance. 

Additionally, the optimisation of PAC particle size is also essential for the operation of 

conventional AnMBR. 

• More studies with regard to the long-term effect of PAC addition for wastewater 

treatment can be carried out.  
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• As the operating conditions such as pH level, HRT, and OLR highly affects the 

performance of anaerobic digestion as well as the fouling propensity, further studies 

under different conditions can be investigated.  

• Further studies on different kinds of novel enhancers, such as waste yeast, zeolite, and 

beads, are required, since there are fewer number of studies compared to those on 

activated carbon. The optimal conditions for each enhancer can be analysed for a better 

insight into the effect of each enhancer compared to PAC.  

• The improvement of methane-containing biogas production with PAC addition to 

AnMBR can be investigated for the analysis of energy efficiency.  

• In spite of several studies and applications having been conducted in AnMBR with 

enhancer addition, most of the studies were confined to bench-scale or lab-scale 

experiments. The major barrier limiting scaling-up and broader application of AnMBRs 

can be membrane fouling, since membrane is one of the largest fractions to the capital 

and operational costs in AnMBRs. The capital cost of a full-scale submerged AnMBR 

system was reported to be about 800 USD/m3/day. It was also estimated that around 

72.3% of capital cost accounted for membrane fraction with the assumed capacity of 

20,000 m3/day, which was higher than that of aerobic MBR system (25–60%) (Lin et 

al., 2011; Lin et al., 2013a). On the other hand, the operational cost including gas 

scouring, pumping and sludge disposal for submerged AnMBR was reported to be 

around a third of that of the aerobic MBR system, which was about USD 235,000/year 

and USD 822,741/year, respectively (Lin et al., 2011). Thus, the full-scale AnMBR 

system could be economic feasibility by adopting some solutions to reduce membrane 

costs. In regard to activated carbon’s relatively cheap cost (0.6–20 USD/kg) compared 

to other chemical enhancers, full-scale AnMBR with PAC addition is also feasible 
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(Chiappero et al., 2020). Thus, careful examination and further evaluation of PAC 

addition for the scale-up should be conducted.  
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