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SUMMARY 
 

On-line chemical cleaning with sodium hypochlorite (NaClO) has been 

commonly employed for maintaining a constant permeability in membrane 

bioreactor (MBR) due to its simple and efficient operation. However, activated 

sludge is inevitably exposed to NaClO during this cleaning process. In spite of 

the broad applications of on-line chemical cleaning in MBR, such as chemical 

cleaning-in-place (CIP) and chemical enhanced backwash (CEB), little 

information is currently available about the microbial responses to NaClO in this 

prevalent practice, and their further impacts on MBR system. 

 

During on-line chemical cleaning, the bulk suspension in MBR is exposed to 

NaClO, after which the treated sludge can partially revert back onto membrane 

when normal filtration restarts. Therefore, in the first phase of study, the potential 

effects of NaClO on biofouling re-development were investigated. Activated 

sludge was exposed to NaClO with different dosages, and treated sludge was 

used for study of subsequent fouling propensity in a crossflow microfiltration 

system. Results showed that NaClO could trigger bacterial lysis and release of 

EPS and AI-2. Compared to control, the membrane fouling rate of NaClO-treated 

sludge was significantly increased especially at high NaClO dosage, which could 

be attributed to the overproduction of EPS and AI-2. Despite a decline in cell 

viability observed after the exposure to NaClO, live cells in suspension showed 

a greater tendency to attach onto membrane surfaces, resulting in a faster fouling 

development. This may be due to the fact that under oxidizing stress imposed by 

NaClO, survived bacteria tended to move onto membrane surface in order to 

mitigate the damage potential. Consequently, this study raised a serious concern 

on on-line chemical cleaning-induced membrane biofouling. 

 

Since the produced oxidative stress may trigger membrane biofouling formation, 

in the second phase of study, a subsequent investigation on the relationship 

between intracellular oxidative stress and biofouling formation was conducted. 

In this study, activated sludge microorganisms were exposed to NaClO with 
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various dosages for 30 min, leading to bacterial death and substantial generation 

of oxidative stress. Afterwards, the membrane fouling propensity of stressed 

biomass at different levels of reactive oxygen species (ROS) were systematically 

examined in a standard crossflow microfiltration system. Results showed that 

membrane fouling potential of stressed biomass was significantly increased due 

to the faster colonization of survived bacteria on the membrane surface. The 

confocal images provided the supportive evidence of such observation, i.e. live 

bacteria were found to the biofouling layer in the presence of oxidative stress, 

while significantly high number of dead bacteria cells was detected on the 

membrane surface in the absence of oxidative stress. It was also found that live 

bacteria more situated at the membrane surface, on the top of which a layer of 

dead bacteria was formed during the filtration of stressed bacteria. These 

suggested that the oxidative stress prompted survived bacteria to rapidly and 

predominantly adhere onto the membrane surface in order to protect themselves 

from harsh conditions. Consequently, survived bacteria after chemical cleaning 

by NaClO may accelerate the membrane biofouling formation and such 

developed adaptation phenotype in turn raises concern about the long-term 

effectiveness of chemical cleaning in MBR. 

 

It appears from the above two phases that NaClO can trigger bacterial lysis, 

potentially leading to the release of dissolved organic matter (DOM) in liquid 

phase. In the third phase of study, a systematical characterization of these 

generated DOM and byproducts was carried out. The results showed the 

occurrence of significant DOM generation (up to 24.7 mg/L as DOC) after 

exposure of activated sludge to NaClO with various dosages. The dominant 

components of these emerging DOM were humic acid-like and protein-like 

substances. Furthermore, 19 kinds of chlorinated and brominated byproducts 

were identified by (UPLC)/ESI-tqMS, eight of which were confirmed with 

standard compounds. Many byproducts were found to be halogenated aromatic 

compounds, including halopyrroles and halo(hydro)benzoquinones, which had 

been reported to be significantly more toxic than the halogenated aliphatic ones. 

As a result, this study provides new insights into the practice of on-line chemical 
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cleaning, and opens up a window to re-examine the current operation of MBR by 

looking into the generation of micropollutants. 

 

In the fourth phase, a continuous investigation on the fate of these generated 

DOM and byproducts in MBR were conducted. After exposure of activated 

sludge to 0 mg/L, 5 mg/L and 20 mg/L NaClO, it was found that around 39% of 

produced DOM was eventually removed in an aerobic MBR, among which 

protein-like substances were more readily eliminated than the humic-like 

substances. As for the halogenated byproducts, the MBR could only remove the 

byproducts partially, and 62.4%-84.5% of halogenated byproducts still ended up 

in the permeate at the NaClO dosages of 5 mg/L and 20 mg/L, respectively. This 

study shows the dark side of on-line chemical cleaning with NaClO, and raises 

serious concerns on the reuse and recycle of such MBR permeate. 

 

In conclusion, this study clearly revealed the microbial responses to NaClO, and 

shed lights on the potentially unfavourable impacts of on-line chemical cleaning 

with NaClO on MBR system. Therefore, novel membrane cleaning strategies 

with environmental friendly features should be explored. 
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CHAPTER 1 

1 

CHAPTER 1 INTRODUCTION 

 

1.1 BACKGROUND 

 

Membrane bioreactor (MBR) is described as a combination of biological 

degradation process with a direct solid-liquid separation via membrane filtration. 

To date, it has gained increasing popularity in wastewater treatment worldwide, 

and more than 200 countries have adopted this promising technology for 

wastewater treatment and reclamation. Compared to conventional activated 

sludge treatment, MBR presents numerous advantages, such as smaller footprint, 

higher sludge concentration allowed, better effluent quality and less excess 

sludge production (Le-Clech et al. 2006). However, membrane fouling is a 

primary obstacle for cost-effective MBR operation, with reduced permeate flux 

or increased trans-membrane pressure (TMP) (Lee et al. 2012, Meng et al. 2009). 

 

To cope with such a situation, membrane cleaning is often practiced, which 

substantially influences membrane performance. Although several cleaning 

strategies including relaxation, backwashing, enzyme cleaning, etc. have been 

developed to mitigate or prevent membrane fouling, chemical cleaning with 

sodium hypochlorite (NaClO) is considered as one of the most effective methods 

to eliminate both reversible and irreversible fouling in MBR (Lee et al. 2013, 

Porcelli and Judd 2010, Wei et al. 2011). During on-line chemical cleaning, 

NaClO is introduced into membrane from the permeate side with membrane 

modules submerging in bio-reactor (Wang et al. 2014b). Compared to off-line 

cleaning, on-line cleaning is generally preferable due to its simplicity, low cost 

and effectiveness. However, in this process, both membrane and activated sludge 

are unavoidably exposed to NaClO, potentially leading to various impacts on 

MBR system. Just recently, attention has been paid to possible effects of NaClO 

on the integrity of various types of membranes (Abdullah and Berube 2013, 

Puspitasari et al. 2010), however little information is currently available on the 

potential impacts of NaClO on microorganisms in MBR. Therefore, this study 

explored the diverse microbial responses to NaClO. It is expected that this study 
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should provide new insights into the prevalent practice of on-line chemical 

cleaning with NaClO, and shed lights on their further impacts on MBR 

performance. 

 

1.2 OBJECTIVES AND SCOPE 

 

The main objectives of this study are: 

 

(1) To examine the effects of NaClO on microbial characteristics of activated 

sludge, while to study membrane fouling propensities of activated sludge 

microorganisms after exposure to NaClO with different dosages. 

 

(2) To investigate the relationship between intracellular oxidative stress and 

biofouling formation. The biofilm structure as well as fouling behaviours of 

survived and dead bacteria were also studied in order to explore the 

underlying mechanisms behind them. 

 

(3) To study the generation of DOM and byproduct upon exposure of activated 

sludge to NaClO. The specific components of these emerging DOM and 

halogenated DBPs were characterized by EEM and (UPLC)/ESI-tqMS, 

respectively. 

 

(4) To further look into the fate of these generated DOM and byproducts in MBR. 

The biodegradability and final removability of specific components in MBR 

were also studied. 

 

1.3 ORGANIZATION OF THE THESIS 

 

This thesis contains the seven chapters: 

 

(1) Chapter 1 presents an overview of current research background and 

specific objectives of this study. 



CHAPTER 1 

3 

 

(2) Chapter 2 offers a comprehensive literature review, including membrane 

fouling; various cleaning strategies with the focuses on on-line chemical 

cleaning and its potential impacts on MBR system. 

 

(3) Chapter 3 demonstrates the NaClO-triggered biomass lysis and subsequent 

biofouling behaviours of the treated biomass. In this chapter, chemical 

cleaning-induced membrane biofouling was clearly shown, i.e. on-line 

chemical cleaning would negatively influence MBR performance by 

enhancing the attachment of survived bacteria onto membrane surface. 

 

(4) Chapter 4 further establishes the relationship between intracellular oxidative 

stress and biofouling formation by studying the fouling behaviours of 

stressed and non-stressed biomass at the same cell viability.  

 

(5) Chapter 5 focuses on the generation of DOM and byproducts from activated 

sludge after exposure to NaClO. It was found that the substantial amount of 

DOM was released, among which the dominant components were humic 

acid-like and protein-like substances. Meanwhile, 19 halogenated 

byproducts were identified containing halopyrroles and 

halo(hydro)benzoquinones, which may be more toxic than the halogenated 

aliphatic byproducts. 

 

(6) Chapter 6 further shows the fate of the emerging DOM and byproducts in 

MBR. It was found that only a small part of produced DOM and byproducts 

could be biodegraded and removed by MBR.  

 

(7) Chapter 7 summarizes the major findings of this study and outlines future 

work. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 MEMBRANE FOULING FORMATION IN MBR 

 

Up to date, MBR encompassed various configurations based on different 

membrane geometries, membrane materials, hydraulic operations, biological 

process etc. Whilst numerous membrane geometries exist in the membrane 

market place, three dominant membrane configurations in MBR are flat-sheet, 

hollow fiber and multitube. In terms of membrane materials, polymeric (e.g. 

PVDF and PES) and ceramic membranes are the two most widely employed 

membrane materials. In addition, MBR are also classified into aerobic and 

anaerobic systems depending on the different biotreatment conditions. And two 

primary hydraulic operations (i.e. pumped and airlift) are generally employed. 

 

2.1.1 Characteristics of membrane fouling in MBR 

 

Membrane fouling in MBR is mainly attributed to the interactions between 

biomass and membrane surface or within membrane structure via series of 

physicochemical and biological mechanisms. In general, deposition and 

adherence of bio-solids take place as soon as the activated sludge contact with 

membrane, resulting in flux decline. Predominant fouling mechanisms in MBR 

involve a mixed of pore clogging and cake deposition. Even though the fouling 

behaviours in MBR are complicated due to the complex nature of activated 

sludge, a three-stage process that elaborates fouling mechanism in MBR has been 

proposed in the literature (Cho and Fane 2002, Zhang et al. 2006).  

 

As illustrated in Figure 2.1, the first stage (conditioning fouling) presents an 

initial short-term rapid rise in TMP, which is caused by initial adsorption and 

pore clogging. With the biofilm formation and further pore blocking, the less 

steep stage (steady fouling) appears. The permeate flux at this stage is below 

critical flux required for particle deposition. In the third stage, a sharp increase 

known as TMP jump takes place due to the consequence of serious membrane 
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fouling. There are several existing hypotheses explaining the occurrence of TMP 

jump: (a) successive pore blocking causes local flux eventually exceeding critical 

value, and potential foulant deposit at a higher increasing rate (Van Der Gast et 

al. 2006, Ye et al. 2005); (b) Biofilm structure experiences sudden changes. With 

the increase in biofilm thickness during long-term operation, limited oxygen 

supply for bacteria in the inner layer accelerates cell death. Thereby, more 

extracellular polymeric substances (EPS) are released at the bottom layer, which 

are closely related to the biofilm structure as well as TMP changes (Hwang et al. 

2008, Zhang et al. 2006); (c) Operation conditions may affect the stability of 

MBR system, and further change TMP (Pollice et al. 2005, Zhang et al. 2006). 

 

 

Figure 2.1 Schematic illustration of three-stage membrane fouling mechanism 

in MBR. 

 

2.1.2 Classification of membrane fouling in MBR 

 

Inorganic fouling, organic fouling and biofouling 

From a viewpoint of foulant components, membrane fouling can be divided into 

three basic categories: inorganic fouling, organic fouling and biofouling (Liao et 

al. 2006). In general, inorganic fouling accounts for a small part and is caused by 
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chemical precipitation and biological precipitation as shown in Figure 2.2. 

Chemical precipitation refers to the deposition of large amount of cations and 

anions, such as Ca2+, Mg2+, PO4
3-, and CO3

2- on the membrane surface. When the 

concentration of accumulated chemical species increases until intrinsic saturation 

concentration is exceeded, chemical precipitation occurs (Bremere et al. 1999, 

Bremere et al. 1998). Additionally, the fouling layer formed on membrane could 

also resist shear force acting on the layer surface, resulting in higher 

concentration polarization and chemical precipitation tendency (Sheikholeslami 

1999). Besides chemical precipitation, another contributor to inorganic fouling is 

biological precipitation. It can be attributed to some existing biopolymers 

containing various ionisable groups, which can easily trap metal ions and further 

form several types of complexes to accelerate flux decline (Costa et al. 2006). 

For example, COO-, CO3
2-, PO4

3-, and OH- are some common ionisable groups 

present in biofilm and biopolymers. In addition, metal ions could play a 

significant role in bridging cells and biopolymers to facilitate dense layer 

development, and this process also exacerbates membrane fouling formation. 

Even though inorganic fouling could be caused by two types of precipitations, it 

has not been considered as a main cause governing membrane fouling in MBR. 

Numerous investigations suggest that the severest fouling in MBR is due to 

microbial activities and natural organic matters (NOM). Thereby, only a few 

studies examined inorganic fouling in MBR, which also indicates inorganic 

fouling may not occur easily in MBR system (Kang et al. 2002, Ognier et al. 

2002). 
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Figure 2.2 Schematics of inorganic fouling formation in MBR (Meng et al. 

2009). 

 

In MBR, organic fouling arises from deposition of biopolymers on membrane 

surface. Typical biopolymers usually include proteins, polysaccharides as well 

as humic acids. In comparison with colloids or cell clusters, biopolymers with 

smaller sizes could more easily accumulate on membrane surface and present 

lower back transport velocity, which largely increases their possibility to form 

organic fouling. Metzger et al. (2007) revealed a spatial distribution of organic 

foulants on membrane surface in MBR via fractionation and characterization of 

fouling layers. The results illustrated that the top membrane fouling layer was 

made up of porous and loosely bound matters, which is similar to activated sludge 

flocs. The constituent components of intermediate layer were mainly soluble 

microbial products (SMP) and microorganisms, with a relative higher 

concentration of polysaccharides. However, the bottom layer was predominated 

by SMP with a high concentration of proteins. Up to date, the primary 



CHAPTER 2 

8 

constituents of biopolymers on membrane surface have been identified to be 

polysaccharides and protein-like substances in MBR (Kimura et al. 2005, 

Rosenberger et al. 2006, Teychene et al. 2008, Zhou et al. 2007). 

 

Biofouling is related to the formation of biofilm caused by the interactions 

between microorganisms with membrane surface. Since biofouling is difficult to 

be removed even with chemical cleaning, it has raised wide concerns in the field 

of membrane filtration, especially for microfiltration and ultrafiltration (Pang et 

al. 2005, Wang et al. 2005). In MBR, individual cells or flocs first attach or 

deposit on membrane surface, followed by the development of a cake layer via 

the growth and reproduction of viable fixed cells. Extracellular polymeric 

substances (EPS) and soluble microbial products (SMP) secreted by 

microorganisms also contribute to biofouling. It is widely accepted that the 

accumulation of EPS and SMP facilitates the formation of biological foulants and 

cake layer on membrane surface (Cogan and Chellam 2009, Flemming et al. 1997, 

Kim et al. 2006, Ramesh et al. 2007). Meanwhile, some studies had investigated 

microbial community structure on membrane in MBR, and concluded that the 

microbial communities living on membrane surfaces were different from those 

in suspended sludge, suggesting bacteria selectively adhere and deposit on 

membrane surface (Gao et al. 2010, Miura et al. 2007). 

 

Although there are significant differences among inorganic fouling, organic 

fouling and biofouling from the perspectives of fouling components, formation 

mechanisms and impacts on flux decline, three types of fouling processes indeed 

may occur simultaneously, and interactions among them usually lead to a higher 

filtration resistance (Choo and Lee 1996). In general, membrane fouling starts 

from pore clogging followed by cake layer formation in MBR. However, the 

characteristics and forms of fouling in various systems could be of great 

differences (Meng and Yang 2007, Sipma et al. 2010, Sun et al. 2007). 

 

Removable and irremovable fouling 
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Based on the cleaning protocols, membrane fouling can be classified into 

reversible fouling and irreversible fouling. As various definitions of irreversible 

and reversible fouling exist in the literature, Meng et al. (2009) further proposed 

that reversible and irreversible fouling should be replaced by removable and 

irremovable fouling. In general, removable fouling can be readily eliminated via 

various physical cleaning methods (e.g. backwash, air scouring or relaxation), 

while irremovable fouling normally can be removed by chemical cleaning. In 

general, removable fouling is the result of loose external deposition of substances, 

and irremovable fouling is formed due to pore clogging and strongly bound 

foulants deposited on membrane surface. However, in some cases, removable 

fouling can be transformed to irremovable fouling after a continuous long-term 

filtration. As such, in MBR, removable fouling is often referred to as cake layer 

formation, and irremovable fouling is due to pore clogging (Gao et al. 2011, 

Jeison and van Lier 2007). 

 

So far, evidence suggests that the main contributor to MBR fouling is cake layer 

formation on membrane surface. Li and Chu (2003) reported that a sludge cake 

on membrane surface with a thickness less than 1 mm could generate a fouling 

resistance of 1.7×1013 m-1, suggesting a great contribution of cake layer to the 

total membrane resistance. The effects of cake layer on membrane fouling in 

MBR are summarized in Table 2.1. In contrast, some reports, however, 

illustrated the positive role of cake layer towards filtration (Giraldo and 

LeChevallier 2007, Kuberkar and Davis 2000, Lee et al. 2001). It was reported 

that cake layer with a pore-like structure could act as a secondary membrane layer 

to prevent small size foulants from contacting with membrane, and this function, 

to some degree, could hinder fouling formation (Giraldo and LeChevallier 2007). 

Therefore, it is necessary to conduct an overall analysis of the functions and 

characteristics of cake layer for effective control of membrane fouling in MBR. 
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Table 2.1 Role of cake layer on membrane fouling and MBR performance (Meng 

et al. 2009). 

Effects of cake layer on membrane fouling References 

Cake layer resistance was the major resistance of 

membrane fouling. 

(Chu and Li 2006) 

The contribution of cake resistance, membrane 

intrinsic resistance, irreversible fouling resistance to 

the total resistance in a submerged MBR was 80%, 

12%, and 8%, respectively. 

(Lee et al. 2001) 

The resistance of cake layer accounted for 95-

98% of total filtration resistance. 

(Ramesh et al. 2007) 

The specific filtration resistance of cake sludge 

was about 258 times higher than that of bulk 

sludge. 

(Wang et al. 2007) 

Sludge cake resistance was the major contributor 

to membrane fouling, and the sludge cake 

formation on membrane surfaces was detrimental 

to the filtration performance. 

(Chang and Lee 1998) 

Cake layer formation governed the achievable 

permeate flux. 

(Jeison and van Lier 

2007) 

The cake resistance was the dominant resistance 

and the bulking sludge could cause a severe cake 

fouling. 

(Meng and Yang 2007) 

 

2.1.3 Factors affecting membrane fouling in MBR  

 

The factors affecting membrane fouling development in MBR can be categorized 

into the following four clusters: biomass characteristics, membrane 

characteristics, feed characteristics, and operation conditions (Figure 2.3). 

Among them, biomass and membrane properties can directly influence fouling 

development, while operation conditions and feed properties may indirectly act 

on membrane fouling via changing sludge characteristics. 
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Figure 2.3 Factors affecting membrane fouling in submerged MBR (Le-Clech et 

al. 2006). 

 

Biomass characteristics 

Biomass contains a variety of complex components and it has been considered 

as a primary contributor to membrane fouling. In MBR, mixed liquor suspended 

solids (MLSS) have complicated interactions with membrane surface and then 

fouling formation. The controversial findings related to the impacts of MLSS on 

membrane fouling can be found in the literature. In cases where the influences of 

other parameters are neglected, the increase of MLSS concentration would lead 

to higher TMP or lower flux, suggesting a more severe fouling at high biomass 

concentration (Chang and Kim 2005, Çiçek et al. 1999). Meanwhile, some other 

findings argued that there were positive or insignificant impacts of MLSS 

concentration on membrane fouling (Le-Clech et al. 2003, Lesjean et al. 2005). 

For example, Rosenberger et al. (2005) observed that increasing MLSS 

concentration up to 6 g/L seemed to slow down fouling degree, while significant 

fouling could be expected at the MLSS concentration greater than 15 g/L. 

Moreover, the effect of MLSS in the concentration range of 8-12 g/L was found 

to be insignificant. Obviously, MLSS alone cannot provide a convincing 
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explanation of membrane fouling, simply due to the fact that membrane fouling 

in MBR is the result of combined interactions of various parameters. 

 

In a MBR, EPS and SMP all play essential roles in membrane fouling formation. 

EPS is sticky secretions from microbial cells, composed of polysaccharides, 

proteins, humic acids, nucleic acids etc. They have been known to be important 

in maintaining the three-dimensional matrix of biofilms, which has a close 

relationship to cake layer formation on membrane surface. EPS structure with 

heterogeneous and varying nature tends to create a highly hydrated gel layer in 

which cells are embedded, resulting in the formation of a strong barrier to 

permeate flux during membrane filtration. After this, some organics deposited on 

the membrane surface can serve as nutrient source to facilitate the biofilm growth 

and enlargement. Many investigations have been conducted to illustrate the 

significant role of EPS in membrane fouling (Ahmed et al. 2007, Jinhua et al. 

2006). The SMP have been described as soluble cellular components that are 

released during cell lysis, diffuse through cell membrane, are lost during 

synthesis or excretion (Laspidou and Rittmann 2002, Li et al. 2004). In MBR, 

substrates in feed also account for SMP formation. During membrane filtration, 

SMP could block the membrane pores, and also contribute to the formation of 

gel layer structure, and provide nutrients for further biofilm growth (Rosenberger 

et al. 2005). These imply that SMP may be involved in membrane fouling 

development (Lyko et al. 2007, Lyko et al. 2008). 

 

Operating conditions 

Aeration in an aerobic MBR can generate scouring force that may slow down the 

development of membrane fouling. High aeration intensity is useful for removing 

foulants from membrane surface, but it may also result in deflocculation 

microbial flocs and more SMP produced. At vigorous aeration, fouling formation 

would be predominated by the deposition of colloids and solutes (Fan and Zhou 

2007). Therefore, in MBR, aeration rate has complicated influences on system 

operation and fouling control. On the other hand, solid retention time (SRT) also 

play an important role controlling fouling propensity in MBR. In general, higher 
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MLSS concentration can be achieved at longer SRT, leading to lower food to 

microorganisms (F/M) ratio, though it is not necessary to enhance fouling. 

However, extreme low SRT was found to reduce the MBR performance. It was 

reported that when SRT was shortened from 10 days to 2 days, fouling rate was 

found to increase by 10 times (Trussell et al. 2006).  

 

Feed characteristics 

Feed characteristics also exert impacts on fouling formation. The minerals, such 

as Mg, Al, Ca and Fe, were found to be enriched in membrane fouling layer, 

which originated from influent wastewater, and their interactions with 

biopolymers would significantly affect the characteristics of fouling layer (Choo 

and Lee 1996, Lin et al. 2011). Additionally, hydraulic retention time (HRT) not 

only dominates microbial growth and decay via changing F/M value, but also 

affects bound EPS production. Thus, its effect on membrane fouling development 

could not be ignored as well. 

 

Membrane characteristics 

Membrane characteristics including membrane materials, membrane 

configuration, membrane pore size, and hydrophobicity all affect membrane 

fouling development by the direct interactions with various types of foulants. For 

example, if the pore size is smaller than typical biomass filtrated, microbial 

deposition on membrane and subsequent cake layer formation would be expected. 

Hydrophobic membrane could cause server fouling than hydrophilic membrane 

due to the strong attractive interaction between biomass, membrane and solutes 

in MBR. Extensive research had been focused on potential impacts of membrane 

characteristics on fouling development (Chang et al. 2002, Le-Clech et al. 2005, 

Madaeni et al. 1999, Scott et al. 1998), but it appears that membrane 

characteristics would not be considered as the major fouling contributor in MBR. 

 

2.2 MEMBRANE CLEANING IN MBR 
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2.2.1 Physical cleaning 

 

As illustrated in Figure 2.4, physical cleaning has been commonly applied for 

eliminating removable fouling, whereas chemical cleaning has been shown to be 

effective in removing colloids, solutes and cells on membrane surfaces and 

embedded in membrane pores. In general, physical cleaning methods include air 

scouring, membrane backwashing (i.e. permeate pumped back into membrane in 

the reverse to filtration direction) and membrane relaxation (i.e. intermittent 

filtration). These, as standard maintenance strategies for fouling control, have 

been widely practiced in large-scale MBR operation. 

 

 

 

Figure 2.4 Schematics illustration of physical and chemical cleaning in MBR 

(Meng et al. 2009). 

 

Physical cleaning via aeration has been widely employed in MBR. Aeration can 

serve as source of dissolved oxygen for microbial growth, mixing power and 
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scouring force along the membrane surface. Obviously, increasing aeration 

intensity is better for membrane cleaning, but at the cost of high energy 

consumption in MBR. For example, membrane cleaning efficiency was 

significantly improved by increasing biogas sparing intensity from 0.17 to 0.4 

m3/(m2h) in MBR (Robles et al. 2013). Meanwhile, the properties of air bubbles 

from aeration may also influence physical cleaning efficiency. During membrane 

cleaning of hollow fibre membranes in MBR, Çulfaz et al. (2011) observed that 

large and cap-shaped bubbles were more efficient than small ones. Similarly, 

Yamanoi and Kageyama (2010) reported that compared with smaller bubbles, 

higher shear stress was produced by larger bubbles with two-dimensional 

amorphous shapes between the membranes. On the contrary, an investigation by 

Sofia et al. (2004) showed that aeration with smaller bubbles seemed more 

effective in cleaning membrane in comparison to coarse bubbles in MBR. These 

results indicate that cleaning efficiency is only determined by bubble-size or 

bubble-shape, which is also influenced by many other factors, such as the 

geometry of membrane module, sludge concentration, bubble flow velocity, 

aeration diffuser etc. It should be noted that computational fluid dynamics (CFD) 

modelling has been employed to optimize aeration-based physical cleaning in 

MBR (Wang et al. 2014b, Wei et al. 2013). 

 

It is well accepted that membrane backwashing can effectively wipe out foulants 

blocking pores and partially dislodge cake layer from membrane surface, while 

it is worth noting that backwashing is not applicable for commercialized flat-

sheet membranes in view of membrane structures, except for several 

backwashable types, such as ceramic membrane and A3 Water Solutions FS 

membrane (Alnaizy et al. 2012, Doyen et al. 2010, Grélot et al. 2009). The key 

parameters in the design of backwashing include frequency, duration and flux of 

backwash. Robles et al. (2012) reported that the backwash frequency was 

affected by MLSS, whereas Hashino et al. (2011) showed that membrane with 

larger surface roughness had higher flux recovery after backwashing. Monitoring 

TMP change can provide useful information for optimizing backwashing process. 

The backwash initiation could be automatically adjusted based on the real-time 
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TMP values. In this case, the pre-set TMP point would be crucial for determining 

backwash efficiency. It had been suggested that the best TMP set-point should 

be 28-36 kPa at a constant flux of 35 L/(m2h) and MLSS concentration of 10.1 

g/L. When this point was reached, the backwashing should be conducted in order 

to keep both backwashing and filtration processes efficient (Villarroel et al. 2013). 

Similarly, backwash duration also can be optimized via TMP control. A generic 

control approach has been developed for determining when to stop backwashing 

process, i.e. when the TMP value does not further decrease within 5 s, 

backwashing should be finally ceased, which led to 25% of water saving (Smith 

et al. 2005). Generally, backwash flux is preset according to operation experience. 

The common backwash flux adopted is around 1-3 times higher than 

permeability flux for hollow fibre membranes. For example, the backwash flux 

may range from 25 L/(m2 h) to 40 L/(m2 h) at the permeate flux of 10-30 L/(m2 

h) (Jiang et al. 2005, Metzger et al. 2007, Wu et al. 2008b, Zsirai et al. 2012), 

even though much higher backwash flux was also applied in several cleaning 

scenarios (Hwang et al. 2009, Ivanovic and Leiknes 2008, Smith et al. 2005). 

 

Membrane relaxation refers to a non-continuous operation during membrane 

filtration. Under relaxation, foulants attached on membrane would diffuse and be 

transported away from membrane surface through the existing concentration 

gradient. Obviously, such an intermittent operation can help to reduce membrane 

fouling and improve filtration performance with the benefits of water saving, less 

bakwashing frequency etc (Le-Clech et al. 2006, Wu et al. 2008a). Various 

relaxation/filtration durations had been applied in MBR systems (Table 2.2). In 

general, it can be seen that after every 7-15 min filtration, 0.5-5 min relaxation 

should be initiated for aerobic MBR (AeMBR), whereas 0.5-2 min relaxation for 

anaerobic MBR (AnMBR) after 4-10 min filtration. More frequent relaxation 

adopted in AnMBR is the result of different fouling structures developed on 

membrane under anaerobic condition. Moreover, the fouling removal can be 

significantly enhanced if relaxation is combined with backwashing, e.g. the 

effective membrane cleaning was achieved in AnMBR operated at a 0.5 min 

relaxation/1 min backwahing after every 10 min filtration (Martinez-Sosa et al. 
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2011). Although detailed investigations involved in relaxaion demonstrated the 

fouling rate of intermitent filtraion was generally higher than continuous 

operation mode, relaxation could only allow filtraion to be stable for a longer 

operational period before cleaning conducted (Ng et al. 2005). There were also 

some reports to demonstrate this kind of operation was not ecomonically feasible 

for large-scale MBR (Hong et al. 2002), annd further cost analysis is also required 

to obtain a optimum method for fouling mitigation. 

 

Table 2.2 Summary of filtration/relaxation duration applied in MBR (Wang et al. 2014b). 

MBR 

type 

Filtration 

duration (min) 

Relaxation 

duration (min) 
Scale Reference 

AeMBR 7-12 0.63-3 Full-scale (Zsirai et al. 2012) 

AeMBR 3.7-7.3 0.33-0.67 Lab-scale (Wu et al. 2008a) 

AeMBR 45 15 Lab-scale (Hong et al. 2002) 

AeMBR 10-15 5 Lab-scale (Albasi et al. 2002) 

AeMBR 8-15 1-8 
Pilot-

scale 
(Gui et al. 2003) 

AeMBR 4 1 
Pilot-

scale 
(Santasmasas et al. 2013) 

AeMBR 8 4 Lab-scale (Chua et al. 2002) 

AeMBR 10 2 
Pilot-

scale 
(Ma et al. 2013) 

AeMBR 8 2 
Pilot-

scale 
(Santasmasas et al. 2013) 

AeMBR 9 1.5 Full-scale (Itokawa et al. 2008) 

AnMBR 8 2 Lab-scale (Huang et al. 2008) 

AnMBR 4 1 Lab-scale (Lin et al. 2010) 

AnMBR 10 0.5 
Pilot-

scale 
(Martinez-Sosa et al. 2011) 

AnMBR 4.2 0.83 
Pilot-

scale 
(Robles et al. 2013) 

AnMBR 7 0.33 Lab-scale (Tran et al. 2013) 

AnMBR 4 1 Lab-scale (Wen et al. 1999) 

AnMBR 4 1 Lab-scale (Ceron-Vivas et al. 2012) 
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2.2.2 Chemical cleaning 

 

After a long-term operation of MBR, the efficacy of physical cleaning may 

become ineffective since more irremovable foulants were accumulated on 

membrane surface. In this case, chemical cleaning with various regents has been 

adopted to clean membrane by removing foulants which cannot be eliminated by 

physical cleaning alone. According to Porcelli and Judd (2010), traditional off-

line chemical cleaning of membrane is a six-step process: (i) bulk reaction; (ii) 

bulk transport to fouling layer; (iii) transport into fouling layer; (iv) reaction with 

foulants; (v) transfer of modified foulants to solution and (vi) transport of waste 

foulants to bulk solution (Figure 2.5). Obviously, membrane cleaning efficacy is 

dependent on reagent reaction rate, back transport rate, reaction rate between 

foulants and reagent, etc. 

 

 

 

Figure 2.5 Schematics of off-line membrane chemical cleaning steps (Porcelli 

and Judd 2010). 
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In general, chemical cleaning regents can be classified as acid, base, oxidant and 

others. In practice, several chemical have often been jointly utilized to remove 

the complex fouling constituents including inorganic, organic and microbial 

species. Detail chemical cleaning mechanisms with four types of reagents are 

illustrated in Figure 2.6. 

 

 

Symbols:   microbes;     colloids;   solutes; DTPA: diethylenetrinitrilopentaacetic acid; 

EDTA: ethylene diamine tetraacetic acid; SDS: sodium dodecyl sulfate; STP: sodium tripolyphosphate 

 

Figure 2.6 Mechanisms of chemical cleaning with acids, bases, oxidants and 

other chemicals (Wang et al. 2014b). 
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Acid Cleaning 

Acids can remove inorganic foulants caused by chemical and biological 

precipitation, and acid cleaning is often achieved by neutralization and double 

degradation of foulants, such as metal hydroxides and hardness salts. The widely 

used acids for membrane cleaning include hydrochloric acid (HCl), sulfuric acid 

(H2SO4), oxalic acid, citric acid, nitric acid, and phosphoric acid (H3PO4). 

Among which, both HCl and H2SO4 have been most commonly used due to their 

low cost and strong functions to solubilize deposits, while use of citric acid with 

buffering and chelation abilities, can avoid the membrane damage associated 

with sudden pH change. Combined with NaClO, citric acid has been considered 

as the most widely used cleaning reagent for microfiltration (MF) and 

ultrafiltration (UF) membranes. Although H3PO4 also possesses buffering and 

chelating functions for eliminating inorganic scale, use of H3PO4 in MF and UF 

membrane systems were not commonly reported except for several industrial 

membrane systems (Al-Amoudi and Lovitt 2007). 

 

Alkali Cleaning 

Caustic conditions have been known to be necessary for removing organic 

foulants from membrane surface. As illustrated in Figure 2.6, large organic 

particles can be disintegrated into small size or soluble matters under strong 

alkaline condition. More importantly, proteins and polysaccharides deposited on 

membrane surface can be decomposed by alkaline to small molecules like amides 

and monosaccharides, while oils and fats may be saponified to soluble soap 

micelles. For example, at pH 11, the functional groups of organic substances 

were deprotonated and became negatively charged (Ang et al. 2011, Lee and 

Elimelech 2006). To a certain degree, the repulsive forces among organic 

foulants eventually leads to a loosen cake layer which can be easily removed 

from membrane surface. In practice, sodium hydroxide (NaOH) is the most 

commonly used alkaline for membrane cleaning, which is capable of removing 

more protein-related foulants than carbohydrates (Kimura et al. 2013). It should 

be noted that NaOH is not helpful for mitigating metals-associated membrane 

fouling, like inorganic fouling (Mo et al. 2010).  
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Oxidant Cleaning 

During MBR cleaning, oxidants are commonly applied to oxidize organic and 

biological foulants. The primary mechanism of oxidant cleaning is to convert 

functional groups of organic matters into ketonic, aldehydic, and carboxylic 

groups with high hydrophilicity, which allows them to mitigate away from 

membrane surface. Oxidants are also able to disassemble sludge flocs and 

colloids into fine particles or soluble matters (Lee et al. 2013). After membrane 

cleaning by oxidant, organic matters on membrane surface tend to be more 

susceptible to further hydrolysis at high pH. This suggest the efficacy of 

combined membrane cleaning by mixed oxidant and base. Evidence shows that 

alkali could loosen the structure of fouling layer, and further facilitate the 

penetration of oxidant to membrane surface, such as chlorine (Liu et al. 2001). 

The widely used oxidants for membrane cleaning include sodium hypochlorite 

(NaClO) and hydrogen peroxide (H2O2), while the former is by far the most 

commonly used in industrial practice. Compared to H2O2, NaClO is able to more 

efficiently remove organic matters from NOM-fouled PES membrane 

(Strugholtz et al. 2005). Nevertheless, membrane cleaning with NaClO also has 

the following drawbacks: (i) some types membranes are not chlorine-tolerant and 

frequent contact with NaClO causes membrane surface/structure swelling and 

damage (Cheryan 1998, Zeman and Zydney 1996); (ii) many chlorinated 

organics like organic halogen (AOX) and trihalomethanes (THMs) may be 

generated, which in turn pose serious concerns on their potential impacts on the 

environment and public health (Grelot et al. 2008, Krause et al. 2010). 

 

Other chemical cleaning 

Other cleaning chemicals basically include surfactants and metal chelating agents. 

Surfactants (e.g. sodium dodecyl sulfate) as well as other detergents with 

amphiphilic property exhibit both hydrophilic and hydrophobic characteristics 

which favour fouling removal from membrane surface in MBR. The hydrophobic 

tails of surfactants tend to adsorb onto organic foulants, while hydrophilic heads 

to bind with water. As a result, the foulant-metal ion binding can be weakened or 
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even broken up. The metal chelating cleaning chemicals, such as ethylene 

diamine tetraacetic acid (EDTA), diethylenetrinitrilopentaacetic acid (DTPA), 

sodium tripolyphosphate (STP) have a strong ability of binding with metal ions, 

while displacing organics in metal-biopolymer complex through a ligand 

exchange reaction. In this way, the bonding bridges in organics and between 

membrane and organics could be weaken or even broken-up, leading to loosen 

cake layer structures (Li and Elimelech 2004). 

 

2.2.3 Biological cleaning 

 

Biological antifouling agents have been explored for membrane fouling control, 

but still at the developmental stage. Biological cleaning technologies, such as 

enzymatic cleaning, energy uncoupling, quorum quenching and bacteriophage 

have been investigated for biofilm control, which also have potential for cleaning 

of biologically fouled membrane, or as a preventive approach. 

 

Enzymatic cleaning 

Among the existing biological cleaning approaches, enzymatic cleaning is the 

most commonly used (Chen and Columbia 2011, Petrus et al. 2008, Yu et al. 

2010). Enzyme with high specificity for a certain type of biopolymer generally 

exhibits extremely high degradation efficacy, e.g. protein-like organics can be 

disintegrated by proteases, and humic acid-associated foulants often catalysed by 

amylase (Yu et al. 2010). Moreover, alginate as a typical polysaccharide can be 

depolymerized by a specific alginate lyase (Chen and Columbia 2011). Proteins 

have been identified as a major constituent in most membrane biofouling. As 

such, protease has been extensively explored for biofouling control (Allie et al. 

2003, Argüello et al. 2003, 2005, Te Poele and Van der Graaf 2005). It is obvious 

that enzymatic cleaning has the advantages over chemical cleaning, such as 

reduced usage of strong chemicals, no generation of secondary pollutants etc., all 

of which triggered an interest in investigating enzymatic agents as substituents 

for traditional chemical cleaner. However, it should be realized that application 
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of enzymatic cleaning at large scale is still limited by its high cost, low activity 

and inefficiency in removing mixed-culture microbes. 

 

Energy uncoupling 

Energy uncoupling has been proposed as a novel antifouling method to inhibit 

biofilm formation on membrane. Many compounds known as uncouplers may 

inhibit ATP synthesis via carrying protons through cellular membrane and 

dissipating proton gradient. They are commonly weak organic acids and are 

permeable to cellular membrane. Xu and Liu (2010) reported that uncouplers 

could effectively affect the biofilm stability and potentially led to disintegration 

of biofilm by disrupting microbial energy metabolism. In addition, it is worth 

noting that the microbial activities such as EPS secretion also require ATP 

synthesis (Wang et al. 2013b), which indicates disruption of cellular energy 

balance should perform as an effective way to mitigate biofouling. 

 

Quorum quenching 

Quorum sensing has been known to coordinate biofilm formation on a solid 

surface, including membrane (Khor et al. 2007, Yeon et al. 2008). Quorum 

quenching is a process where production of signalling molecules are inhibited, 

by which the formation of biofilm could be prevented. This sugests that quorun 

quencing offers another biological mean for mitigating membrane fouling. 

However, it should be noted that this approach is ineffective when inorganic 

foulants or biopolymers-associated organic fouling are concerned in MBR. 

 

Bacteriophage 

Bacteriophage are able to destroy bacteria and has been shown to be effective in 

removing biofilms (Lu and Collins 2007). By operation an ultrafiltration 

continuous recycled system with three species of Pseudomonas aeruginosa, 

Acinetobacter johnsonii and Bacillus subtilis with addition of phages, Goldman 

et al. (2009) found membrane fouling was reduced by more than 40% due to the 

seeded phages lytic activity. However, probably due to the safety concern, 

application of bacteriophage for membrane biofouling control is still very limited.  
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2.3 ON-LINE CHEMICAL CLEANING IN MBR 

 

2.3.1 On-line and off-line cleaning 

 

On-line (in-situ) and off-line (ex-situ) cleaning describe whether or not 

membrane module remains in MBR during cleaning process. As illustrated in 

Figure 2.7, on-line cleaning includes various cleaning methods, e.g., 

backwashing, chemical enhanced backwash (CEB), cleaning in place (CIP), 

cleaning in air (CIA) and recovery cleaning, among which CEB and CIP are 

considered in situ membrane cleaning without draining the bioreactor tank, 

whereas CIA needs to be done in a drained tank. Moreover, off-line cleaning is 

designated to take membrane modules out of the bioreactor for deep washing via 

a series of physical and chemical cleanings. Compared with off-line mode, on-

line cleaning is generally preferred due to its relatively lower cost and much 

simpler operation. However, the cleaning interval for on-line cleaning is 

normally much shorter than that of off-line mode, e.g. several weeks to months 

for on-line cleaning and one to three years for off-line cleaning (Brepols et al. 

2008, Judd 2010). 
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Figure 2.7 Schematic illustration of on-line and off-line membrane cleaning 

process in MBR (Wang et al. 2014b). 

 

2.3.2 On-line chemical cleaning operation 

 

Based on different cleaning intensities, on-line chemical cleaning protocol 

involves CEB, CIP and recovery cleaning. CEB is usually carried out if the 

physical cleaning is no longer effective for eliminating membrane fouling. 

During CEB, a relative lower concentration of chemical reagents is added into 

backwash water to flush the membrane in the reverse direction to filtration on a 

daily basis. CIP refers to on-line membrane cleaning by using higher 

concentration reagent without draining the bioreactor. Both CEB and CIP have 
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been recognized as a maintenance cleaning process. On the other hand, recovery 

cleaning allows soaking of membrane modules in a drained reactor filled with an 

extremely high concentration of cleaning agents, in on-line or off-line mode. It 

needs to be conducted when membrane filtration can no longer continue due to 

the decreased permeability.  

 

CIP and CEB are often conducted to maintain a constant permeate flux and 

reduce the frequency of recovery cleaning. However, on-line chemical cleaning 

similar to physical backwashing cannot be employed for most commercialized 

flat-sheet membranes due to the membrane structures (Judd 2010), while in some 

cases CIP or CEB have also been applied for flat-sheet membranes as illustrated 

in Figure 2.8. Different from hollow fibre membrane, during on-line cleaning of 

flat-sheet membrane, the cleaning chemical is fed into membrane for a period of 

time (1-2 h) via a relatively low water head (Wang et al. 2014b). After soaking, 

the MBR operation restarts again and the residual chemical reagents can be 

flushed out together with the filtrated effluent. However, with the rapid 

development of membrane fabrication, many backwashable flat-sheet 

membranes are available in the market and have been successfully applied in 

MBR systems that could be cleaned with the same protocol as hollow fibre 

membrane (Alnaizy et al. 2012, Doyen et al. 2010, Grélot et al. 2009). 
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Figure 2.8 Schematics of on-line chemical cleaning for non-backwashable flat-

sheet membranes. (a) pumping system with cleaning pipe open to air; (b) 

cleaning system with elevated tank. (Wang et al. 2014b). 

 

So far, more and more full-scale MBRs have adopted on-line chemical cleaning 

as an effective method to maintain the system operation. As summarized in Table 

2.3, on-line chemical cleaning primarily requires frequent cleaning and short 

cleaning intervals (approximately 3-120 d) compared with the off-line mode. The 

membrane soaking duration largely ranges from 0.5-4.5 h. In terms of the 

chemical reagents, NaClO combined with critic acid or NaOH has been 

commonly used in most cleaning systems. Table 2.3 shows that various chemical 

reagent concentrations used in maintenance cleaning of membrane. It can be seen 

that the concentration of NaClO normally is in the range of 200-2000 mg/L, and 

the commonly applied concentrations for NaOH and citric acid are 0.1-2 wt% 

and 0.2-1.5 wt%, respectively. In fact, chemical concentration, reaction time as 

well as cleaning frequency should be adjusted and recombined according to the 

practical fouling conditions in order to achieve an optimal cleaning performance. 

Furthermore, it is worth pointing out that different membranes may require 

different chemical concentrations. As shown in Table 2.3, cleaning of flat sheet 

membranes seems to need higher NaClO concentration of 2000-5000 mg/L 

compared with 100-3000 mg/L NaClO for hollow fibre membranes, whereas the 

cleaning interval of flat sheet membrane (e.g. 60-120 d) is much longer than that 

of hollow fibre membranes (e.g. 3-30 d). 

 

Table 2.3 On-line chemical cleaning protocols applied in MBR (Itokawa et al. 

2008, Judd 2010, Wang et al. 2014b). 

Membrane type Maintenance cleaning protocol 

Flat Sheet 5000 mg/L NaClO every 2-4 months for 2 h followed by 

300 mg/L acid soaking in some plants 

Flat Sheet Maintenance cleaning performed every 3–4 months and 

dilute HCl every 2–3 months for struvite removal 

Flat Sheet 0.5 wt% NaClO 6 times a month for 3 h supplemented 

with 0.1 wt% NaOH twice a year 
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Flat Sheet 2000-5000 mg/L NaClO and 5000 mg/L citric acid for 

4-5 times every year 

Hollow Fibre 1000-1500 mg/L NaClO every 3-7 d and 3000 mg/L 

NaClO every month for 0.5-2 h (supplemented with a 

quarterly 1-1.5 wt% citric acid cleaning in some plants) 

Hollow Fibre A weekly 500 mg/L hypochlorite and 0.2 wt% citric acid 

each for 0.75-1 h 

Hollow Fibre 200 mg/L hypochlorite every 10 d supplemented by 

2000 mg/L citric acid every 20 d 

Hollow Fibre 100-200 mg/L NaClO every 3-7 d for 1 h 

Hollow Fibre 200-800 mg/L NaClO with 2500-3200 mg/L citric acid 

once a week or two weeks 

Hollow Fibre 500 mg/L NaClO weekly, 3000 mg/L NaClO monthly 

and a quarterly 1.5 wt% citric acid cleaning (each for 2-

3 h) 

Hollow Fibre 3000 mg/L NaClO for 1.5 h 

Hollow Fibre 200-500 mg/L NaClO for 1.5-3 h every 10-30 d 

Hollow Fibre A weekly 500-3000 mg/L NaClO for 2 h supplemented 

by a quarterly cleaning with 1 wt% citric acid for 2 h 

Hollow Fibre 2 wt% NaOH and 3000 mg/L NaClO for 2 h monthly 

Hollow Fibre 2000 mg/L NaClO for 2 h every 2 weeks 

Hollow Fibre 2500 mg/L H2O2 and 2000 mg/L citric acid/phosphoric 

acid every 2 weeks 

Hollow Fibre A weekly 1000 mg/L NaClO for 4.5 h supplemented 

with citric acid cleaning at pH=3 

Hollow Fibre 300 mg/L NaClO for 0.5-1 h twice a month 

Hollow Fibre 1000 mg/L NaClO for 1.5 h once every two weeks 

 

2.3.3 Impacts of on-line chemical cleaning with NaClO on MBR system 

 

At present, NaClO has been considered as the most extensively used cleaning 

chemical for mitigating removable and irremovable fouling in MBR. And the 

effectiveness of other reagents is always examined by comparing with that of 

NaClO. The primary advantage of NaClO is its excellent cleaning effectiveness 

with low cost, and NaClO also can be easily combined with other reagent to 

achieve better cleaning performance. For example, NaClO can effectively 

remove biofilms from various solid surfaces, which consist of proteins, 



CHAPTER 2 

29 

polysaccharides, microbial cells etc (Fukuzaki 2006). However, during on-line 

chemical cleaning, inevitable contact of NaClO with membranes and 

microorganisms may also lead to various impacts on MBR system. 

 

Impacts on membrane integrity 

Inevitable contact between membrane and chemical agents occur during on-line 

or off-line cleaning. Numerous investigations have been conducted to explore the 

potential impacts of NaClO on different types of membranes (Abdullah and 

Berube 2013, Arkhangelsky et al. 2007, Do et al. 2012a, b, Regula et al. 2013, 

Rouaix et al. 2006, Vanysacker et al. 2014, Wang et al. 2010). Abdullah and 

Berube (2013) conducted an investigation to assess the effects of NaClO on 

polyvinylidene fluoride (PVDF) based membrane, and showed that NaClO was 

significantly detrimental to membrane structure. As shown in Figure 2.9, 

increased porosity and nominal pore size were observed after the exposure of 

commercial PVDF membranes to NaClO with various dosages, which in turn 

would affect membrane yield and strength as well. Similarly, Vanysacker et al. 

(2014) found that the membrane pore size and surface porosity were increased in 

three kinds of membranes (PVDF, polyethylene, polysulfone) treated by 1% 

NaClO and 2% citric acid, whereas membrane hydrophobicity and membrane 

surface chemistry remained unaffected. Arkhangelsky et al. (2007) reported that 

the mechanical strength of ultrafiltration membrane in terms of elongation and 

elasticity could be damaged upon NaClO cleaning via gradual breaking-up of O-

C-O and C-S bonds, and more deterioration was observed in cellulose acetate 

(CA) membranes compared with polyethersulfone (PES) membranes (Figure 

2.10). However, Wang et al. (2010) did not observe apparent changes to the 

chemical structure of PVDF membranes except for the surface properties during 

chemical cleaning of a pilot-scale MBR.  
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Figure 2.9 SEM images of (a) virgin PVDF membrane and (b, c, d) treated PVDF 

membranes after exposure to various NaClO dosages (Abdullah and Berube 

2013). 

 

 

Figure 2.10 Decrease in mechanical strengths of (a) PES membrane and (b) CA 

membrane. a, b, c represents ultimate tensile strength, elongation and Young’s 

modulus, respectively; d stands for (a) C-S and (b) O-C-O absorbance peak 

intensities (Arkhangelsky et al. 2007).  

 

Furthermore, both chemical dose and cleaning duration significantly affect 

membrane integrity, and a higher reagent concentration and a longer reaction 

duration would eventually aggravate membrane damage. However, Regula et al. 

(2013) argued that the commonly used applied concentration × time (Ct) 

relationship could not reasonably predict the imposed damages on membrane by 

chemical cleaning, while it had been suggested that the impact of chemical 

cleaning with NaClO on membrane was correlated to Cnt instead of Ct (Abdullah 
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and Berube, 2013). If the power n is smaller than 1, the effect of chemical 

concentration on membrane characteristics is less than the exposure duration (i.e. 

t). 

 

Impacts on microbial characteristics 

During on-line chemical cleaning, NaClO is brought into membrane from the 

permeate side and subsequently into the suspended mixed liquor in MBR. 

Therefore, the effect of residual NaClO on microorganisms cannot be ignored. 

However, up to date, little information is currently available on microbial 

responses to on-line chemical cleaning with NaClO in the literature. 

 

Lee et al. (2013) carried out batch experiments to evaluate the effect of NaClO 

on activated sludge and found that the average floc size decreased from 43.6 µm 

to 26.7 µm at 5 mg NaClO/g MLSS, and the produced polysaccharides in EPS 

was increased by 1.5 times compared with that observed at 1 mg NaClO/g MLSS. 

Moreover, serious foaming and cellular lysis occurred at the NaClO dosage of 55 

mg NaClO/g MLSS, while organic removal and nitrification were negatively 

affected. In addition, Wu et al. (2007) also reported that CIP with 0.5% NaClO 

for 2 h soaking significantly influenced the microbial activity in terms of specific 

dehydrogenases activity (SDA) in MBR, which in turn affected organic removal. 

After CIP, it took 5 days before SDA restored to normal value. It had been found 

that the dominant microbial species in biofilms were greatly affected after 

chemical cleaning with NaClO, and most survived bacteria in treated biofilms 

were found to belong to the relatives of extremophiles, especially halotolerant or 

halophilic species (Navarro et al. 2016). 

 

Impacts on membrane performance 

So far, little attention has been paid to the re-development of membrane fouling 

after chemical cleaning, and only some hints can be found after the analysis of 

literature data. After a consecutive CEB with NaClO, NaOH and citric acid in a 

lab-scale MBR, as shown in Figure 2.11, the gradual decreases of recovered flux 

and cleaning interval between were observed, suggesting that chemical cleaning 
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seemed to enhance the fouling re-development probably due to the changes of 

membrane surface properties after chemical cleaning (Kweon et al. 2012). 

Moreover, Kuzmenko et al. (2005) also observed that cleaning with higher 

dosage of free chlorine could firstly result in complete restoration of membrane 

permeability, but subsequently led to more severe fouling formation by BSA in 

a long-term operation (Figure 2.12).  

 

 

Figure 2.11 Flux decline behaviours in MBR (Kweon et al. 2012). 
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Figure 2.12 Relative flux of PES membranes cleaned by free chlorine at the 

dosages of 5 g h/L, 24 g h/L, 72 g h/L and 120 g h/L (Kuzmenko et al. 2005).  

 

In a study of optimizing the NaClO-assisted CEB for controlling membrane 

fouling in a long-term operation of MBR, two identical lab-scale aerobic MBRs 

were operated with a pure water backwashing (MBR-A) and low-concentration 

NaClO backwashing (MBR-B), respectively (Wang et al. 2014c). The NaClO 



CHAPTER 2 

34 

concentrations of 0.5 ppm, 1.5 ppm, 0.05 ppm and 0.2 ppm were applied in 

sequential four runs, and the backwashing intervals for run II was 72 h, and 12 h 

for other three runs. As shown in Figure 2.13, in run II and run III, the MBR-B 

with NaClO backwashing had higher TMP increasing rate than MBR-A with 

water backwashing. The average TMP increase rates were 0.125 kPa/h for MBR-

B and 0.055 kPa/h for MBR-A in run II, and 0.136 kPa/h for MBR-B and 0.102 

kPa/h for MBR-A in run III. According to Wang et al. (2014c), the relatively low 

NaClO concentration (0.05 ppm) used in run III could kill some living bacteria, 

but was not able to effectively detach them from membrane surface, leading to 

the decrease in the ratio of living to dead cells with more production of 

biopolymers. This explained the higher fouling potential observed. However, 

these researchers failed to explain the similar fouling behaviors in run II with 

highest NaClO concentration. Similarily, Lee et al. (2013) als observed in a dead-

end membrane system that the rising rate of membrane resistance was two-time 

higher at 5 mg NaClO/g MLSS than at 1 mg NaClO/g SS. Consequently, it is 

reasonable to consider that on-line chemical cleaning with NaClO in MBR may 

seriously influence membrane performance, and there is an urgent need to look 

into this issue in a more holistic manner.  
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Figure 2.13 TMP profiles for two MBR systems during the long-term operation 

(Wang et al. 2014c). 

 

2.4 SUMMARY 

 

This review highlights the basic principles of membrane fouling and cleaning 

methods in MBR. Among the various cleaning approaches, on-line chemical 

cleaning with sodium hypochlorite is generally preferred due to its high 

effectiveness, simple operation and low cost. However, it can be expected that 

NaClO usage during on-line chemical cleaning may seriously influence 

microorganisms as well as membrane performance. This may open up a window 

to systemically explore the potential impacts of such prevalent practice on MBR 

operation. 
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CHAPTER 3 ENHANCED MEMBRANE 

BIOFOULING POTENTIAL BY ON-LINE 

CHEMICAL CLEANING WITH SODIUM 

HYPOCHLORITE IN MBR 

 

3.1 INTRODUCTION 

 

Membrane bioreactor (MBR) has gained increasing popularity in wastewater 

reclamation and reuse worldwide. However, the inherent membrane biofouling 

is the biggest challenge encountered in the operation of MBR, resulting in a 

significant flux decline and increased operation cost (Lee et al. 2012, Meng et al. 

2009). Although several operation strategies including relaxation, backwashing, 

enzyme cleaning, etc. have been developed to mitigate or prevent membrane 

biofouling, chemical cleaning by sodium hypochlorite (NaClO) is still a major 

effective method for removing both reversible and irreversible membrane fouling 

in MBR process (Lee et al. 2013, Porcelli and Judd 2010, Wei et al. 2011). During 

the on-line chemical cleaning, cleaning agent, e.g. NaClO, is injected into 

membrane from the permeate side, while membrane modules are still soaking in 

bioreactor (Wang et al. 2014b). Compared to off-line cleaning, on-line cleaning 

is generally preferable due to its simplicity, low cost and effectiveness. Wei et al. 

(2011) found that on-line chemical cleaning with a combination of NaClO, 

NaOH and HCl could achieve nearly 100% permeability recovery rate during 

first several runs in a pilot-scale MBR. Kweon et al. (2012) also suggested water 

flux recovery could reach to approximately 100% during the first two cleaning 

in-place (CIP) runs when low turbidity feed water was used.  

 

 

 
The content in this chapter has been published as: Cai, W. and Liu, Y. (2016). Enhanced 

membrane biofouling potential by on-line chemical cleaning in membrane bioreactor. J. Membr. 

Sci. 511, 84-91. 
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The principle of on-line chemical cleaning with NaClO is illustrated in Figure 

3.1. When NaClO solution is fed into membrane, it firstly passes through 

membrane pores and reacts with the foulants on membrane surface. The residual 

effective NaClO ends up in bioreactor and tends to oxidize soluble organic 

matters and microorganisms presented in MBR. After cleaning finished, 

membrane filtration restarts accompanied by fouling development again. This 

suggests that membrane and microorganisms in MBR are both exposed to 

cleaning chemical (e.g. NaClO) in the course of on-line chemical cleaning. In 

fact, it has been well known that NaClO may impair the surface integrity of 

various types of polymeric membranes. For example, Puspitasari et al. (2010) 

conducted a series of continuous membrane cleaning studies and revealed that 

the surface modification substance on polyvinylidene fluoride (PVDF) 

membrane could be removed by NaClO, followed by membrane hydrophobicity 

increase and hydraulic resistance decline. Abdullah and Berube (2013) also 

showed exposure to NaClO could increase the porosity and nominal pore size of 

commercial membrane, while significantly reduced its yield strength and 

intrinsic resistance. Comparatively, the effects of NaClO on microbial properties 

were less reported. Lee et al. (2013) found the organic removal and nitrification 

performance in MBR were negatively affected by NaClO exposure, and serious 

foaming happened when 55 mg NaClO/g MLSS was applied in chemical 

enhanced backwashing (CEB). Moreover, the reduced microbial activity, 

degradation inhibition and cell lysis were also reported to occur during on-line 

chemical cleaning with various NaClO concentrations (Lim et al. 2005, Wu et al. 

2007). 

 

According to Figure 3.1, it is known that the bulk suspension in MBR is exposed 

to the residual NaClO during on-line chemical cleaning of membrane, and several 

studies described above suggested this exposure could affect microbial properties. 

However, little information has been currently available about possible responses 

of microorganisms to NaClO especially from the perspective of membrane 

biofouling re-development after cleaning since activated sludge exposed to 

chemical agent can partially revert back onto membrane surface as foulants when 
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membrane filtration restarts. Therefore, this study aims to investigate the impacts 

of on-line chemical cleaning with NaClO on microbial oxidation and subsequent 

biofouling behaviours. The results presented may offer different insights into the 

current practice of on-line chemical cleaning of membranes in MBR. 

 

 

Figure 3.1 Schematic illustration of on-line chemical cleaning with NaClO. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Sludge treatment assay 

Activated sludge collected from a local wastewater treatment plant was 

acclimatized in a chemostat cultured with a synthetic substrate consisted of 690 
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mg/L of CH3COOH, 313 mg/L glucose, 200 mg/L NH4Cl, 60 mg/L K2HPO4 and 

other trace minerals for one month. The acclimated activated sludge was washed 

thrice with 10 mM phosphate buffered saline (PBS) solution before use. Different 

amounts of NaClO (Sigma-Aldrich) were added to a series of 1 L bioreactors 

with initial biomass concentration of 1000 mg/L for having the initial NaClO 

concentrations of 0 mg/L, 2 mg/L, 5 mg/L, 10 mg/L, 20 mg/L. Dissolved oxygen 

concentration in the bioreactors were kept at quasi-saturation level through air 

aeration. The contact between activated sludge and NaClO in each bioreactor was 

controlled at 30 min, after which sludge samples were collected for further 

analysis. 

3.2.2 Cross-flow microfiltration test 

A standard crossflow microfiltration module was employed to evaluate the 

fouling potentials of activated sludge after exposed to NaClO with various 

dosages. Flat-sheet hydrophilic PVDF membrane (GVWP2932A, Merck 

Millipore, Singapore) with nominal pore size of 0.22 μm and effective surface 

area of 42 cm2 were embedded in the crossflow cell (CF042 Membrane Cell, 

Sterlitech). TMP changes during membrane filtration were monitored by two 

pressure sensors installed on both inlet and outlet of the filtration module, and 

readings were recorded with Labview software at the time intervals of 10 s 

(Figure 3.2). A constant permeate flux of 30 L/(m2h) was maintained through 

automatic adjustment of peristaltic pump (Cole-Parmer, USA), which was also 

confirmed by measured permeate volume using a digital balance (Mettler Toledo, 

Switzerland). The circulation flowrate in the feed chamber was controlled at 0.2 

L/min by a digital gear pump. After exposed to NaClO with various 

concentrations for 30 min, activated sludge was harvested by centrifugation at 

3000 rpm and resuspended in PBS solution at a MLSS concentration of 1000 

mg/L for subsequent membrane filtration experiments. 
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Figure 3.2 The crossflow membrane filtration system. 

 

3.2.3 Determination of tight bound EPS 

The method by Morgan et al. (1990) was modified for extraction of extracellular 

polysaccharides (PS) and proteins (PN) from biosamples. A 20 mL of sludge 

suspension was centrifuged at 4000 rpm for 5 min. The harvested sludge was 

then resuspended in 0.85% NaCl solution to its original volume. The mixture was 

kept at 80 °C in a water bath for 30 min, followed by 1 min vortex. The biomass 

and supernatant were separated through centrifugation at 10,000 rpm for 10 min. 

The harvested supernatant was further filtered through 0.45 mm membrane for 

PS and PN measurement. PS was determined by the phenol-sulfuric acid method 

(Dubois et al. 1956), whereas PN was analysed by modified Lowry method 

(Lowry et al. 1951). Glucose and bovine serum albumin were used as the 

standards, respectively. Each measurement was repeated three times. 

3.2.4 Determination of autoinducer-2 

The content of autoinducer-2 (AI-2) was measured based on the method by Xu 

and Liu (2011). Briefly, harvested activated sludge was resuspended in 20 mL of 
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fresh autoinducer bioassay (AB) medium, then chilled in an ice-water bath and 

homogenized for 1 min. The suspension was further centrifuged at 10,000 rpm 

for 10 min, and subsequently filtered through 0.2 mm syringe filter. The collected 

filtrate was stored at -20 °C for use. The reporter strain Vibrio harveyi BB170 

(ATCC BAA 1117) was incubated aerobically in fresh AB medium for 16 h with 

shaking at 30 °C, followed by a dilution of 1/5000 (v/v) into AB medium. 180 

mL of the diluted cells was added to 96-well plate containing 20 mL of cell-free 

samples. The 96-well plate was incubated in a rotary shaker at 150 rpm and 30 

°C. The intensity of luminescence was measured hourly using a microplate reader 

(Tecan, infinite 200 PRO). Fold induction was calculated from bioluminescence 

relative to sterile AB medium. The concentration of AI-2 was obtained by 

comparing the peak fold induction with the calibration standard DPD (Omm 

Scientific, Dallas, USA). Each cell-free sample was assayed six times in parallel. 

3.2.5 Determination of live/dead cell ratio  

The ratio of live/dead cells was measured with Live/Dead BacLight Bacterial 

Viability Kits (L7012, Molecular Probes), which consists of two nucleic acid 

dyes: SYTO 9 and propidium iodide (PI). With an appropriate mixture of the 

SYTO 9 and PI stains, live cell with intact cell membranes stains fluorescent 

green, whereas dead cell with damaged membranes stains fluorescent red. The 

ratio of green to red fluorescence emission is proportional to the relative numbers 

of viable cells. Briefly, the biomass concentration of each mixture was adjusted 

to 400–500 mg/L. 100 µL of diluted dye mixture was pipetted into 96-well flat-

bottom plate containing 100 µL sample. After mixing thoroughly, the plate was 

incubated at room temperature in the dark for 15 min and subsequently 

fluorescence intensity was measured with microplate reader (Tecan, infinite 200 

PRO). A series of prepared live/dead cell mixtures were used as calibration 

standards. Each sample was tested six times in parallel.  

3.2.6 Visualization of microorganism 

Live/Dead BacLight Bacterial Viability Kits (Molecular Probes) were used to 

visualize microbial viability according to the protocol provided by the kits. 



CHAPTER 3 

42 

Firstly, 200 mL of SYTO 9 and PI mixture (1000 times dilution from stock 

solution) was added into the collected sludge, and the stained sample was then 

incubated in the dark for 15 min. After that, the stained biomass was gently rinsed 

several times with deionized water to remove unbound dyes, and then covered 

with a slip for further observation by confocal laser scanning microscopy (Nikon 

eclipse 90i, part of the A1R hybrid confocal spectral imaging system) with a 20 

× objective. At least 5 images were randomly taken for each sample. 

3.2.7 Determination of surface property and floc size in activated sludge 

The relative hydrophobicity of activated sludge was measured by microbial 

adhesion assay to hydrocarbons with n-hexadecane as organic phase in this study. 

After exposure to NaClO, sludge was collected and resuspended in PBS solution. 

5 mL of sample was then mixed with 1.5 mL hexadecane and agitated for 10 min 

at 30 °C in an orbital shaker. After 2 min vortex, followed by 30 min settling, the 

absorbance of the aqueous phase was measured with a UV spectrophotometer 

(Shimadzu, UV-1800) at 600 nm. The percentage of cells adhering to hexadecane 

is calculated based on equation (3.1).  

Relative hydrophobicity = (1- B/A) × 100%                           (3.1) 

where A is the absorbance of initial sludge suspension, B is the absorbance of the 

aqueous phase.  

Moreover, zeta potential values of activated sludge and membrane surface were 

respectively analyzed by Zetasizer (Malvern) and SurPASS (Anton Paar). The 

particle sizes of activated sludge were measured by a Mastersizer (Malvern 

Mastersizer 2000). Each measurement was repeated at least three times. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Characteristics of activated sludge after exposure to NaClO 

3.3.1.1 NaClO-triggered bacterial lysis and sludge surface change 

Figure 3.3 showed the respective biomass concentration after exposed to NaClO 

at various dosages for 30 min, based on which bacterial lysis was calculated. It 

can be seen that the biomass concentration was reduced from 1000 mg/L to 

973.3-784.8 mg/L after 30 min exposure to 0-20 mg/L NaClO. These results 

suggested that a substantial amount of biomass was chemically solubilized to 

dissolved matters by a strong oxidation of NaClO, e.g. a maximum of 21.5% of 

bacterial lysis was achieved at 20 mg/L NaClO. In fact, it has been well 

recognized that NaClO especially at high concentration can kill bacteria and 

solubilize cells accompanied by serious foaming. Liao et al. (2004) found 0.3 wt% 

free chlorine caused a decline of biomass concentration from 4.0 g/dm3 to 

approximate 3.0 g/dm3, indicating a 25% cell lysis occurred after 1 h oxidation. 

Lee et al. (2013) reported that soluble COD was increased by about 180 mg/L in 

MBR during 30 min exposure to 55 mg NaClO/g MLSS. It was also worth noting 

that the released organic substances caused by bacterial lysis would bring in 

significant negative impacts on current practice of long-term MBR operation 

including poor permeate quality (Liang et al. 2007), severe membrane fouling 

(Paul and Hartung 2008, Rosenberger et al. 2005) and variation of biomass 

properties (Barker and Stuckey 1999). 

 

Moreover, sludge hydrophobicity is one of the main surface properties that are 

regularly monitored, which is essential for the formation and stability of sludge 

flocs (Chen et al. 2014, Van den Broeck et al. 2011). Evidence shows surface 

hydrophobicity also presents significant influence on membrane fouling 

development (Meng et al. 2006). It appears from Figure 3.4 that sludge surface 

became less hydrophobic after exposure to NaClO. This is probably due to the 

fact that NaClO may oxidize functional groups of organic components of sludge 

into ketonic, carboxylic and aldehydic groups, consequently improving the 
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hydrophilicity of floc surface (Wang et al. 2014b). In addition, the respective zeta 

potential of treated sludge after exposed to 0, 2, 5, 10, 20 mg/L NaClO was -13.6 

± 1.25, -10.80 ± 0.20, -13.86 ± 1.10, -13.93 ± 0.75, -14.18 ± 0.52 mV (Figure 

3.4). Since PVDF membrane surface had a zeta potential of -22 mV, the repulsive 

electrostatic forces between treated sludge and membrane surface would be 

expected. However, the tiny changes of zeta potential observed could not 

distinctly influence subsequent biofouling performance. Moreover, the sludge 

floc size did not significantly change after NaClO exposure (Figure 3.5). 

 

 

Figure 3.3 Bacterial lysis after 30-min exposure to NaClO. 
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Figure 3.4 Surface properties of activated sludge after 30-min exposure to 

NaClO. 

 

 

Figure 3.5 Particle size of activated sludge after 30-min exposure to NaClO. 
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3.3.1.2 NaClO triggered EPS and AI-2 production 

EPS comprises of a series of organic substances, during which polysaccharides 

(PS) and proteins (PN) are known as two primary components. The role of EPS 

on biofilm formation has been well documented for more than a decade 

(Flemming and Wingender 2010). Figure 3.6a showed the EPS contents in terms 

of PS and PN in activated sludge after exposure to NaClO with various dosages. 

The total EPS concentration ranged from 119.68 mg/g MLSS to 158.59 mg/g 

MLSS. Among them, PN accounted for a great part of EPS and was more 

markedly affected by NaClO than polysaccharides. As compared to the control 

free of NaClO exposure, the PN content in activated sludge was increased by 9%, 

11%, 19% and 39%, whereas 4%, 4%, 11% and 17% of increase for PS observed 

after 30-min exposure to 2, 5, 10 and 20 mg/L NaClO, respectively. AI-2 has 

been known as a universal inter-species signal molecule for both Gram-negative 

and Gram positive bacteria, which could coordinate biofilm formation by a 

mixture of species (McNab et al. 2003). Figure 3.6b further revealed that AI-2 

content of sludge tended to increase from 0.258 μmol/g MLSS to 1.042 μmol/g 

MLSS, indicating a 4-fold rise with exposure to 20 mg/L NaClO. It seems that 

under oxidative stress imposed by NaClO, microorganisms can be stimulated to 

produce more signal molecules, which may further boost cell-to-cell 

communication between interspecies and favour subsequent biofilm formation. 
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Figure 3.6 Contents of (a) EPS and (b) AI-2 in activated sludge after 30‐min 

exposure to NaClO. 
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3.3.2 Membrane fouling potentials of activated sludge after exposure to 

NaClO 

Figure 3.7a showed the respective TMP profiles observed in the filtration of the 

suspension of activated sludge after exposed to 0, 2, 5, 10, and 20 mg/L NaClO 

for 30 min respectively. Obviously, the TMP jump was positively related to the 

NaClO dosage applied for the sludge treatment. In the first 20-min filtration, the 

TMP nearly remained unchanged, e.g. dTMP/dt was found to be smaller than 

0.092 kPa/min. These in turn suggested that the development of cake layer on the 

membrane surface was insignificant due to the high shear force induced by the 

circulation flow. Along with the formation cake and pore blocking, a sharp 

increase in TMP was observed in Figure 3.7a. Figure 3.7b further showed the 

respective average membrane fouling rate of activated sludge treated with 

different NaClO concentrations, and a quasi-linear correlation to the NaClO 

concentration was obtained. For example, sludge exposed to 20 mg/L NaClO 

feathered the highest membrane fouling rate at 2.02 ± 0.05 kPa/min, while control 

the lowest at 1.08 ± 0.03 kPa/min, indicating a nearly 2-fold faster fouling 

development on membrane surface appeared with exposure to NaClO. 

 

It appears from these results that NaClO as a membrane cleaning agent 

commonly used in on-line chemical cleaning could impose remarkable negative 

impacts on microorganisms and post-development of membrane biofouling in 

MBR. In fact, on-line chemical cleaning with NaClO for the membrane fouling 

control in MBR should be regarded as a double-edged sword, i.e. NaClO may 

help to clean membrane fouling, but also accelerates the post membrane fouling 

rate. Despite limited available studies focusing on microbial responses to on-line 

chemical cleaning especially from membrane fouling perspective, several hints 

can still be found from the literature. By operating two identical aerobic MBRs 

with NaClO-assisted maintenance cleaning, Wang et al. (2014c) found backflush 

with a low concentration of NaClO seemed to present higher TMP increasing rate 

than pure water backwashing during several periods. In the study of consecutive 

CEB with NaClO, NaOH and citric acid in MBR, Kweon et al. (2012) found a 

decline in recovered flux appeared and the chemical cleaning intervals were 



CHAPTER 3 

49 

gradually shortened. As a microbial response to oxidative stress imposed by 

NaClO, suspended bacteria in MBR after chemical cleaning were stimulated to 

move onto membrane surface, and such a movement may be facilitated by AI-2 

and EPS release (Figure 3.8). 
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Figure 3.7 (a) TMP profiles and (b) fouling rates of the activated sludge 

suspension after 30-min exposure to NaClO. 

 

Quorum sensing has been known to coordinate genes expression and ameliorate 

phenotypic adaptation of bacteria which is crucial for bacterial survival, 

especially under stressful conditions (Fuqua et al. 1994, Pereira et al. 2013, 

Vendeville et al. 2005). As observed in Figure 3.8a, NaClO-triggered AI-2 may 

be responsible for enhanced attachment of live bacteria on membrane surface 

after exposed to NaClO. In fact, evidence shows that AI-2 as an interspecies 

communication molecule plays an essential role in biofilm formation, e.g. the 

inter-species communication through AI-2 was found to be crucial for the pure 

and mixed culture biofilm formation (McNab et al. 2003). Furthermore, in the 

study of membrane fouling control by cellular communication, Xu and Liu (2010) 

also observed that AI-2 content was positively correlated to membrane fouling 

development. Indeed, cell-to-cell communication has been shown as 

predominant mechanism to control biofilm development in a variety of species 

(Bridier et al. 2011). Figure 3.6b suggested quorum sensing via AI-2 secretion 

was enhanced under external oxidative stress imposed by NaClO. As a matter of 

fact, it has been known that quorum sensing in diverse species may regulate genes 

expression in a way to ameliorate the deleterious effects of oxidative stress. For 

example, AHL-dependent quorum sensing has been reported to protect cell DNA 

from damage by oxidative stress via regulating non-specific protein DpsA 

expression in Burkholderia pseudomallei (Lumjiaktase et al. 2006). Quorum 

sensing in Pseudomonas aeruginosa may control the genes responsible for 

relieving oxidative stress caused by hydrogen peroxide (Hassett et al. 1999). 

Similarly, quorum sensing in Vibrio cholera positively affected the cell response 

to oxidative stresses and improved the bacterial survival (Joelsson et al. 2007, 

Joelsson et al. 2006). It seems that that quorum sensing in diverse species may 

positively regulate bacterial response to oxidative stresses, likely through 

attachment onto a solid surface as evidenced by enhanced biofouling 

development on membrane surface (Figure 3.7). Lastly, it should be noted that 

biofilm formation has been known as a defensive response that protects bacteria 
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against the adverse effects of various stresses (Shemesh et al. 2010, Zhang et al. 

2007). 

 

As shown in Figure 3.8b, NaClO-triggered EPS production also contributed to 

enhanced biofouling development on membrane surface. Generally, it is well 

accepted that EPS plays a key role in cell attachment and biofilm formation. By 

strengthening polymeric matrix structure, it serves as glue to favour microbial 

attachment and maintain the stability and integrity of biofilm (Oliveira et al. 1994, 

Xavier et al. 2005). The enhanced EPS production in current study shown in 

Figure 3.6a seems to be a trait expressed under oxidative stress, and the 

consistent results were also obtained by some other studies (Lee et al. 2013, Wu 

et al. 2007). Indeed, EPS secretion has been recognized as an inherent or adapted 

resistance mechanism that aids in bacterial survival under adverse environmental 

stresses. For instance, Chen et al. (2004) reported the secreted exopolysaccharide 

in terms of colanic acid provided defense against hydrogen peroxide in 

Escherichia coli, and the strain deficient in colanic acid production presented 

more susceptibility to hydrogen peroxide than its wild-type parent. Similarly, 

Helbling and VanBriesen (2007) also suggested EPS produced by S. epidermidis 

afforded additional protection that helped in resistance to free chlorine. This can 

be possibly explained by the fact that secreted EPS consumes invading oxidants 

by adsorption or reaction, effectively minimizing its available concentration 

diffused to cell wall or cell membrane where initially oxidative reactions can 

occur (Helbling and VanBriesen 2007, Samrakandi et al. 1997). The enhanced 

EPS secretion induced by oxidative environment may in turn facilitate post 

membrane fouling formation as shown in Figure 3.7. Moreover, EPS synthesis 

seems at least partially regulated by quorum sensing via modulating the 

expression of genes related to EPS biosynthesis (De Araujo et al. 2010, Quinones 

et al. 2005). Therefore, most likely quorum sensing works as an internal 

controlling mechanism that coordinates population behaviours (e.g. EPS 

production) in order to confer a survival superiority to microorganisms under 

oxidative stress. 

 



CHAPTER 3 

52 

 

Figure 3.8 Relationship between AI-2, EPS content and membrane fouling rate 

(a) AI-2 (b) EPS. 

 

3.3.3 Live/dead ratios in activated sludge and cake layer 

In general, NaClO as a strong disinfectant could oxidize organics and kill 

microorganisms in order to control bacterial growth on membrane surface. 

Therefore, both live and dead bacteria existed together after treated with a 
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specific concentration of NaClO. In this part, cell viabilities in suspended sludge 

after exposure to NaClO (before membrane filtration) as well as in cake layer on 

membrane surface (after membrane filtration) were determined (Figure 3.9). 

Compared to the control without exposure to NaClO, the number of live bacteria 

in the activated sludge exposed to 20 mg/L NaClO was reduced from 97.3% 

(control) to 77.6%. In contrast, the number of live bacteria in the cake formed 

during the filtration of the suspension of activated sludge exposed to 20 mg/L 

NaClO was increased from 75.1% (control) to 90.6%. These results were further 

confirmed by CLSM images (Figure 3.10). It appears that bacteria survived after 

exposed to NaClO exhibited a greater tendency than dead bacteria to attach onto 

membrane surface. It has been known that oxidative stress may promote 

microbial attachment onto a solid surface, which is considered as a protective 

strategy of survived microorganisms. In addition, enhanced production of EPS 

and AI-2 after exposure to NaClO in turn may facilitate microbial attachment on 

membrane surface. These results indeed provide microbiological evidence 

further supporting the observed TMP changes as shown in Figure 3.7. 

 

 

Figure 3.9 Percentages of live bacteria in suspended activated sludge as well as 

in membrane cake layer. 

 

50

60

70

80

90

100

0 2 5 10 20

L
iv

e 
C

el
l 

P
er

ce
n

ta
g

e 
(%

)

NaClO Concentration (mg/L)

Suspended Sludge Cake Sludge



CHAPTER 3 

54 

 

Figure 3.10 CLSM images of fouling layer on membrane surface developed from 

activated sludge exposed to (a) 0 mg/L, (b) 2 mg/L, (c) 5 mg/L, (d) 10 mg/L and 

(e) 20 mg/L NaClO. Green color: live bacteria; Orange color: dead bacteria. 

 

Based on the experimental observations, Figure 3.11 further illustrates the 

possible effects of NaClO on the development of membrane biofouling. After 

exposed to NaClO, survived cells tended to excreted more AI-2 and EPS to 

promote microbial attachment on the membrane surface, which has been known 

as an effective strategy to mitigate oxidative stress imposed by NaClO. This may 

also explain why the fouling layers developed at different NaClO dosages were 

primarily composed of live instead of dead cells (Figure 3.9 and Figure 3.10). 

As a result, enhanced membrane fouling was observed (Figure 3.7). Consistent 

with these results, it was shown that chlorine dioxide at the sublethal level 

stimulated the formation of polymeric matrix in Bacillus subtilis due to the 

activation of a membrane-bound kinase KinC via sensing membrane potential 

decrease caused by chlorine dioxide. The activated KinC could further induced 

expression of major genes (epsA-epsO and yqxM-sipW-tasA) which were 

responsible for biofilm matrix formation (Shemesh et al. 2010). In E. coli, biofilm 

induction in response to several stresses including oxidative stress (H2O2), pH, 

heavy metal and temperature also has been observed, which appeared related to 

the decline in the synthesis of indole (an interspecies extracellular signal that 
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suppresses biofilm formation) (Zhang et al. 2007). Moreover, subinhibitory 

concentration of antibiotics can also trigger the production of biofilm matrix for 

both Gram-negative and Gram-positive bacteria (Hoffman et al. 2005, Rachid et 

al. 2000b). Actually, biofilm development is a complicated and dynamic process 

involved in a series of microbial responses to various signals (Zhang et al. 2007), 

and microorganisms can greatly benefit from this coordinated biofilm 

community, e.g. improved ability to retain extracellular enzymes nearby, control 

competition relationship as well as resist desiccation (Costerton et al. 1995, 

LaPaglia and Hartzell 1997). Moreover, biofilm-forming phenotype also confers 

protective barrier against bacterial damage from a harsh microenvironment 

(Rachid et al. 2000a, Shemesh et al. 2010). For example, the development of 

biofilm successfully provided protective environment for Pseudomonas 

aeruginosa against invasive heavy metals like copper and lead due to the fact that 

EPS minimized their diffusion into biofilm (Teitzel and Parsek 2003). Similarly, 

LaPaglia and Hartzell (1997) reported the survival rate of Archaeoglobus 

fulgidus greatly depended on the microbial ability to produce biofilm which may 

serve as a protective barrier for bacteria to reserve nutrient and avoid contact to 

toxic agents. They also found gradually applied stress induced the biofilm 

formation with fibrous structures and fast acting stress triggered much denser 

biofilm matrix produced. The explanations for the protective function of biofilm 

or microbial resistance to stresses have been primarily concluded as (1) limitation 

of biocides transport in the biofilm structure; (2) heterogeneous nature of biofilm 

(e.g. stratified pattern of microbial growth and activity) better adaptive to adverse 

conditions; (3) phenotypic adaptions due to accumulation of regulatory 

mechanisms (e.g. quorum sensing, rpoS-mediated stress response) (Bridier et al. 

2011, Mah and O'Toole 2001). Owing to the biofilm matrix or induced microbial 

resistance, biocides, antibiotics and detergents used often present less effective 

against microorganisms (Helbling and VanBriesen 2007, Lisle et al. 1998). In 

addition, it should be noticed that bacteria embedded in biofilms matrix present 

phenotypes that differ from their planktonic counterparts, e.g. attachment of 

Klebsiella pneumoniae to glass slides increased disinfection resistance by nearly 

150-fold than the planktonic bacteria (Lechevallier et al. 1988). Furthermore, 
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bacterial cells grown in biofilm were found to better resist various stresses 

derived from antibiotics (Desai et al. 1998), oxidant (Zhang et al. 2007) and 

heavy metals (Lisle et al. 1998). This may raise another potential concern on 

fouling removal efficiency due to microbial resistance to disinfectants. 

 

 

Figure 3.11 Possible effects of NaClO on microorganisms and membrane 

fouling development. 

 

3.4 CONCLUSIONS 

 

This study sheds light into the double-side effects of on-line chemical cleaning 

with NaClO on the membrane fouling control and redevelopment in MBR. The 

results clearly indicated the NaClO-triggered bacterial lysis and enhanced 

production of EPS and AI-2 in activated sludge. More importantly, survived 
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bacteria after exposure to NaClO exhibited a greater tendency than dead bacteria 

to adhere onto membrane surface, leading to a faster re-development of 

membrane biofouling. The observed fouling behaviours of activated sludge 

exposed NaClO may be explained by the defensive response of microorganisms 

to the oxidative stress exerted by NaClO, accompanied with the over-production 

of AI-2 and EPS which in turn favoured the fast microbial colonization onto 

membrane surface. Consequently, the dark side of on-line chemical cleaning as 

revealed in this study should be taken into consideration in practical operation of 

large-scale MBR, meanwhile novel environmentally friendly membrane cleaning 

strategy should also be explored. 
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CHAPTER 4 OXIDATIVE STRESS INDUCED 

MEMBRANE BIOFOULING BY ON-LINE 

CHEMICAL CLEANING WITH SODIUM 

HYPOCHLORITE IN MBR 

 

4.1 INTRODUCTION 

 

Upon exposure to NaClO, substantial oxidative stress in the form of reactive 

oxygen species (ROS) can be generated in microorganism. It has been reported 

that the elevated levels of ROS could damage DNA, RNA, membrane lipids and 

proteins, potentially leading to cell death (Arts et al. 2015, Cabiscol et al. 2010). 

Therefore, most living microorganisms are equipped with internal defensive 

systems to prevent the harmful effects of ROS. Increasing evidence also showed 

that diverse stresses (e.g. oxidative stress, heavy metal, antibiotics etc) at 

sublethal levels could induce the production of polymeric matrix in various 

strains (Hoffman et al. 2005, Rachid et al. 2000, Shemesh et al. 2010, Zhang et 

al. 2007). These should shed lights on the prevalent practice of on-line chemical 

cleaning of MBR, i.e. NaClO exposure may induce oxidative stress through 

generation of ROS, which may in turn facilitate the membrane biofouling re-

development on membrane surface when normal membrane filtration restarts in 

MBR. In fact, it had been recently demonstrated in chapter 3 that the membrane 

fouling potential was significantly increased after the exposure of activated 

sludge microorganisms to NaClO with various dosages, which was related to the 

overproduction of extracellular polymeric substances (EPS) and autoinducer-2 

(AI-2). However, the role of oxidative stress induced by chemical cleaning with 

NaClO in the development of membrane biofouling in MBR has not yet clearly 

understood. Hence, there is an urgent need to systematically explore the linkage 

between intracellular oxidative stress and biofouling formation, and further 

elucidate possible structure of fouling layer formed by these stressed bacteria. 
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NaClO as a strong oxidant, can cause bacterial death, leading to the co-existence 

of both live and dead bacteria within a certain range of dosage. Meanwhile, 

bacterial death was found to affect the membrane permeability of activated 

sludge due to changes in EPS production, floc size and surface hydrophobicity 

(Azami et al. 2011). Therefore, this study aims to explore the potential impacts 

of oxidative stress induced by NaClO on membrane fouling by examining the 

biofouling behaviours of a serious of stressed biomass in comparison to 

respective control at the same bacterial viability. For this purpose, stressed 

biomass was prepared upon the exposure to NaClO at different dosages, while 

non-stressed biomass as control was obtained by mixing live and dead bacteria 

at various ratios. It is expected that this study can offer better understanding of 

membrane biofouling in the presence of oxidative stress, and such information is 

useful for future development of on-line chemical cleaning methods for MBR. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Preparation of stressed and non-stressed biomass 

Activated sludge collected from a local wastewater treatment plant in Singapore 

was acclimatized in a chemostat cultured with a synthetic wastewater containing 

690 mg/L CH3COONa, 313 mg/L glucose, 200 mg/L NH4Cl, 60 mg/L K2HPO4 

and other trace minerals. The acclimatized sludge was washed thrice with 10 mM 

phosphate buffered saline (PBS) solution to remove the contaminants prior to 

usage. NaClO stock solution purchased from Sigma-Aldrich was standardized by 

N, N-diethyl-p-phenylenediamine (Hach, USA). To obtain the stressed biomass, 

1000 mg/L of acclimated activated sludge was exposed to NaClO at different 

dosages for 30 min during which dissolved oxygen was kept at nearly saturation 

level. After this, almost all of the chlorine was consumed and residual free 

chlorine was undetectable. The harvested sludges with various survivability were 

then washed and resuspended in 10 mM PBS solution. The sludge concentration 

was then re-adjusted to 1000 mg/L for further analysis. For the non-stressed 

biomass as control, dead cells were prepared by autoclaving the acclimatized 

sludge at 121 ˚C for 20 min and then washed thrice with 10 mM PBS solution. 
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Afterwards, live/dead mixtures were prepared by proportionally mixing live 

sludge with autoclaved sludge, both of which concentrations were previously 

adjusted to 1000 mg/L. In this way, the stressed and non-stressed biomass were 

obtained for further analysis. 

4.2.2 Crossflow microfiltration test 

Membrane fouling behaviours of biomass in the presence and absence of induced 

oxidative stress were examined in a standard crossflow microfiltration system at 

a constant permeate flux of 30 L/(m2h). Similar with the method described in 

chapter 3, a commercial flat-sheet hydrophilic PVDF membrane (GVWP2932A, 

Merck Millipore) with nominal pore size of 0.22 μm and effective surface area 

of 42 cm2 was embedded in a crossflow module (CF042 Membrane Cell, 

Sterlitech) and soaked in Milli-Q water for 24 h before usage. All the filtration 

operation conditions were the same with the above experiments described in the 

section of 3.2.2 of chapter 3. The microfiltration test will be terminated when 

TMP reached up to 50 kPa, and membrane fouling rate will be further calculated 

based on the liner part in the plot of TMP against filtration duration.  

4.2.3 Intracellular ROS determination 

The ROS quantity was measured by using 2',7'-dichlorodihydrofluorescein 

diacetate (H2DCFDA) (Sigma-Aldrich), which was commonly used as an 

indicator of ROS in cells. Upon cleavage of the acetate groups by intracellular 

ROS, the nonfluorescent H2DCFDA was converted to the highly fluorescent 

2',7'-dichlorofluorescein (DCF) for further detection. According to the protocol 

provided by the kit, the H2DCFDA was added into a series of prepared biomass 

suspensions for providing a final H2DCFDA working concentration of 10 µM. 

After incubation at 37ºC for 30 min in dark, the residual probes outside cells were 

washed off with 10 mM PBS solution. After this, 200 µL of the cell suspension 

was pipetted into a 96-well flat bottom plate for fluorescence measurement at the 

excitation wavelength of 488 nm and emission wavelength of 525 nm using a 

microplate reader (Tecan, infinite 200 PRO). The production of ROS was directly 
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proportional to the detected fluorescence intensity. Each sample was tested six 

times in parallel. 

4.2.4 Determination of bacterial viability and cell visualization 

Similar with the method described in chapter 3, the bacterial viability was 

measured with the Live/Dead BacLight Bacterial Viability Kits (L7012, 

Molecular Probes) according to the protocol provided by the kits. Briefly, 100 

µL of 100 mg/L of biomass suspension was mixed thoroughly with 100 µL of 

the diluted SYTO 9 and PI solution in a 96-well flat-bottom plate. After dark 

incubation at room temperature for 15 min, the fluorescence intensity was 

determined with a microplate reader (Tecan, infinite 200 PRO). The ratio of 

green to red fluorescence intensity is proportional to the relative numbers of 

viable cells. A series of prepared live/dead cell mixtures were used as calibration 

standards. Each observation was done at least six times in parallel. 

 

The microbial viability was further visualized with the Live/Dead BacLight 

Bacterial Viability Kits (L7012, Molecular Probes). For suspended biomass, 3 

µL of the SYTO 9 and PI dye mixture was added into 1 ml of sludge suspension 

and mixed thoroughly. For the attached biomass, 200 µL of diluted SYTO 9 and 

PI mixture was uniformly added into the collected biofilm. Afterwards, the 

stained samples were incubated in dark for 15 min, and then transferred to a glass 

slide with coverslip for further observation by confocal laser scanning 

microscopy (Zeiss, LSM 880 Airyscan) with a 63× objective. For each 

observation, at least 10 pictures were randomly taken. 

 

4.3 RESULUTS AND DISCUSSION 

4.3.1 NaClO triggered bacterial lethality and ROS production 

Figure 4.1 showed the bacterial survival rates of activated sludge after exposure 

to NaClO with various dosages. It can be seen that the number of viable cells 

almost linearly decreased with the increase in the NaClO dosage from 0 to 30 

mg/L, and 58.1% of microbial death was achieved at the NaClO dosage of 30 
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mg/L. 100%, 90%, 70% and 50% of bacteria still remained alive in sludge after 

exposure of biomass to 0 mg/L, 3.2 mg/L, 12.1 mg/L, 23.2 mg/L NaClO, 

respectively, which were further confirmed by CLSM images in Figure 4.2. 

Although NaClO has been well known as a strong and effective disinfectant, the 

mechanism of its germicidal activity has not yet been fully understood thus far. 

The possible killing mechanisms of NaClO may include inhibition of enzyme 

activity essential for the growth, impairment of cell respiration, damage to 

membrane transport capacity, disruption of protein synthesis, or injury to cell 

membrane and DNA (Benarde et al. 1967, Fukuzaki 2006, Haas and Engelbrecht 

1980). However, an investigation by Cho et al. (2010) proposed that free chlorine 

tended to attack cell inner components such as intracellular enzymes instead of 

damages to cell surface due to its more retarded reaction during diffusive 

transport through the cell barrier. 

 

 

Figure 4.1 Bacterial survival rate after 30-min exposure to NaClO with various 

dosages. 
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Figure 4.2 CLSM images of microorganisms after 30-min exposure to (a) 0 mg/L, 

(b) 3.18 mg/L, (c) 12.12 mg/L, (d) 23.23 mg/L NaClO. Green colour: live 

bacteria; Red colour: dead bacteria. 

 

Figure 4.3a further exhibited the fluorescence intensity of intracellular ROS in 

microorganisms after exposure to NaClO at various dosages, which was further 

compared with the corresponding control free of NaClO exposure at the same 

cell viability. Upon the exposure to NaClO, more ROS was generated with 

increasing NaClO dosage, while the ROS intensity in the control biomass 

remained relatively low. Specifically, the respective ROS production of stressed 

biomass after exposed to 3.2, 12.1 and 23.2 mg/L NaClO was found to be 226%, 

531% and 891% higher than the corresponding control (Figure 4.3b). These 
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results clearly suggested that NaClO could trigger the significant overproduction 

of oxidative stress in the survived bacteria. Consistent with this study, Han et al. 

(2016) also observed that the ROS generated at 50 mg NaClO/g SS was 180% 

more than that in the control free of NaClO exposure, which may further cause 

cell membrane damage or enzyme inhibition. In fact, aerobic microorganisms are 

generally equipped with enzyme defensive systems (e.g. catalases, peroxidases 

and superoxide dismutases) to respond to or prevent the unfavourable effects of 

ROS (Dukan et al. 1999, Fukuzaki 2006). However, upon the exposure to 

aggressive NaClO at relatively high dosage, these defensive enzymes might be 

exhausted or inactivated quickly, resulting in the substantial accumulation of 

ROS within cells. Meanwhile, some evidence shows that NaClO can also trigger 

production of intracellular ROS in the form of highly reactive hydroxyl radicals 

(•OH) through the Fenton-like reaction with iron ion released from damaged 

enzymes as described in equation (4.1) (Dukan and Touati 1996, Han et al. 2016). 

And hydroxyl radicals (•OH) can also be generated in the presence of superoxide 

anions (O2•-) via the reaction shown in equation (4.2) (Dukan and Touati 1996, 

Han et al. 2016). 

NaClO + Fe2+ + H+  
 

→  OH 
• + Cl− + Fe3+ + Na+                           (4.1) 

NaClO + O2
 •− + H+  

 
→  OH 

• + Cl− + O2 + Na+                               (4.2) 
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Figure 4.3 (a) ROS fluorescence intensity of microorganisms after exposure to 

NaClO at various dosages in comparison to corresponding control at the same 

cell viability; (b) the increased ROS production by NaClO exposure. 

4.3.2 Oxidative stress-induced membrane fouling formation 

To explore the role of oxidation stress in biofouling formation, membrane fouling 

potentials of the stressed biomass with various levels of ROS were further 

investigated in a standard crossflow microfiltration system. Figure 4.4 showed 

the filtration profiles of these stressed biomass and their corresponding control at 

the same cell viability. After the oxidative stress had been induced, a sharp 

increase in TMP was observed during the initial filtration period, while no 

apparent TMP rise was found within the first 40-min membrane filtration of the 

control non-stressed suspension. Moreover, it was found that the rate of 

membrane fouling development was positively related to the relative ROS level, 

e.g. TMP reached 50 kPa in 33.7 min under 226% ROS, in contrast to 25.8 min 

for bacteria at 891% ROS. Figure 4.5 further revealed a quasi-linear correlation 

between the membrane fouling rate and relative ROS level induced by NaClO. 

For example, the biomass with 891% ROS feathered the highest membrane 

fouling rate of 2.7 kPa/min, while the lowest of 2.2 kPa/min with 226% ROS. 

Comparatively, the membrane fouling rates maintained a much lower range of 

1.7-1.8 kPa/min for all of the corresponding control biomass. Such observation 

was consistent with the previous study in chapter 3 showing the accelerated 

formation of membrane fouling in the presence of NaClO. Consequently, it 

appears that NaClO commonly used for on-line chemical cleaning imposes 

remarkable negative impacts on microorganisms under oxidative stress condition, 

which may in turn enhance the post-development of membrane biofouling in 

MBR. 
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Figure 4.4 TMP profiles of stressed microorganisms at various ROS levels in 

comparison to corresponding control at the same viability. 
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Figure 4.5 Membrane fouling rates of stressed microorganisms at various ROS 

levels in comparison to corresponding control at the same viability. 

 

Furthermore, the relationship between absolute ROS fluorescence intensity and 

membrane fouling rate was presented in Figure 4.6. It showed that the NaClO-

triggered oxidative stress appeared to be responsible for the faster microbial 

colonization on the membrane surface. Consistent with this observation, it had 

been reported that chlorine dioxide at its sublethal concentration could also 

stimulate the formation of polymeric matrix in Bacillus subtilis, and the 

expression of major genes regulating biofilm matrix formation was enhanced in 

the presence of chlorine dioxide via the activation of membrane-bound kinase 

Kin C (Shemesh et al. 2010). In fact, the oxidative stress-triggered formation of 

membrane fouling can be regarded as a widely conserved response of 

microorganisms to various stressful conditions, e.g. Hoffman et al. (2005) 

showed that aminoglycoside antibiotics at subinhibitory concentration could also 

induce biofilm formation in the species of P. aeruginosa and Escherichia coli.  
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Figure 4.6 Relationship between ROS level and membrane fouling rate. 

 

4.3.3 Structure of biofouling layer formed by stressed and non-stressed 

biomass 

As discussed above, the induced production of oxidative stress had profound 

effects on the biofilm formation. Furthermore, CLSM was employed to visualize 

the structure of biofouling layer formed by stressed and non-stressed biomass at 

the initial cell viability of 50% in sludge suspension. Figure 4.7 illustrated the 

trends of cell viability in biomass attached onto membrane versus filtration time. 

It should be noted that membrane filtration experiments for stressed and non-

stressed bacteria were terminated when TMP reached 50 kPa. Since the fouling 

formation was accelerated by the induced oxidative stress (Figure 4.4), this is 

why the measurements for stressed bacteria stopped at around 30 min in contrast 

to nearly 80 min for the non-stressed bacteria. In the presence of oxidative stress, 

the percentage of viable cells in developed fouling layer rapidly increased from 

51.3% after 5 min filtration to 84.4% after 30 min filtration. In the absence of 
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oxidative stress, attachment of live cells onto membrane surfaces remained 

insignificant at the level of 27-28% within the first 30 min filtration due to no 

apparent membrane fouling formation, however it gradually reached up to 58.5% 

after 80 min filtration. These seem to suggest that live bacteria were mainly found 

to the biofouling layer in the presence of oxidative stress, while dead bacteria 

primarily constituted biofilm in the absence of oxidative stress. Consistent with 

this observation, the three dimensional CLSM images (Figure 4.8) also revealed 

the similar phenomena with visualized fouling patterns. It can be seen clearly that 

without oxidative stress, dead bacteria preferentially adhered onto membrane 

surface, followed by the attachment of live cells. As for stressed microorganisms, 

on the contrary, more viable bacteria tended to adhere onto the membrane surface, 

supported by a layer of live bacteria at the membrane surface, while the top layer 

of biofilm predominantly consisted of dead bacteria. After 30 min membrane 

filtration, the stratification phenotype became more pronounced and a thick green 

layer (representing live bacteria) in the bottom can be observed. These indeed 

provide direct evidence showing oxidative stress promoted live bacteria to 

closely attach onto membrane, which in fact can be seen as a protective strategy 

for bacteria to survive under unfavourable environment. 
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Figure 4.7 Live cell percentages of stressed and non-stress bacteria attached on 

membranes surface at the initial cell viability of 50%. 
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Figure 4.8 Visualization of biofouling layer formed by stressed and non-stressed 

bacteria at the initial cell viability of 50%. Green color: live bacteria; Red color: 

dead bacteria. 

 

It has been known that microorganisms tend to attach onto solid surfaces when 

they are subject to harsh conditions such as oxidative stress, heat shock etc. In 

fact, microorganisms seem to greatly benefit from the formation of aggregative 

community, due to the fact that biofilm-forming phenotype can protect 

themselves against deleterious conditions encountered (Cai and Liu 2016, Zhang 

et al. 2007). The underlying reasons are worth highlighting from two points. 

Firstly, the presence of multi-layer structure and EPS matrix of biofilm can 

hinder the penetration and reaction of disinfectants (Bridier et al. 2011). 

Secondly, microorganisms embedded in biofilm can develop numerous 

phenotypic adaptations via gene expression, gene transfer or gene mutation, 

which was devoted to their better antimicrobial protection (Bridier et al. 2011, 

Conibear et al. 2009, Maeda et al. 2006, Nguyen et al. 2010). This may also 

explain why microorganisms living in biofilm differ from those in planktonic 

culture. For example, Klebsiella pneumoniae attached on glass slides expressed 

an increased resistance to hypochlorous acid by 150-fold (Lechevallier et al. 

1988). Similarly, Pseudomonas aeruginosa embedded in biofilm exhibited 2-600 

times more resistant to heavy metal than their free-swimming counterparts 

(Teitzel and Parsek 2003). Due to the protective roles of biofilm, in this study, 

survived bacteria under oxidative stress tended to rapidly and predominately 

attach onto the membrane surface in order to mitigate damage (Figures 4 and 7). 

Meanwhile, the stratified biofilm structure (i.e. live bacteria in bottom layer and 

dead bacteria in top layer) appeared (Figure 8). It has been known that the basal 

layer of biofilm was generally characterized by stronger cohesion strengths than 

the outer layer (Derlon et al. 2008). Besides, the outer layer may also provide 

another barrier to protect inner bacteria. Therefore, the appearance of stratified 

biofilm architecture in this study indeed confers a much better survival 

superiority for microorganisms against unfavourable conditions. 
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Based on this study, it should be expected that during practical chemical cleaning 

of MBR, the unavoidable exposure of microorganisms to NaClO may trigger the 

overproduction of oxidative stress, which can subsequently enhance membrane 

fouling development during the next-round operation. Meanwhile, the structure 

of fouling layer may be changed as well, which exhibits better resistance to harsh 

conditions. Therefore, in the long-term operation of MBR with frequent chemical 

cleaning, it can be anticipated that microorganisms have a tendency to develop 

much stronger adaptation and resistance phenotype, leading to the less and less 

effectiveness of antifouling agents (e.g. NaClO). For instance, by cleaning fouled 

membrane from MBR with NaClO, Navarro et al. (2016) found a great fraction 

of survived bacteria remained on cleaned membrane belonged to close relatives 

of extremophiles, e.g. halotolerant bacteria, and apparent proliferation of these 

bacteria was observed on the membrane surface in the subsequent operation of 

MBR, indicative of developed resistance of these bacteria to NaClO. To 

overcome such developed microbial resistance while achieve sustainable 

permeability, the usage of high-dosage disinfectant is inevitable, which in turn 

may lead to more severe membrane biofouling at an accelerated pace. Given such 

vicious cycle, in a long-term, might gravely impair MBR performance and 

increase operational cost, it is necessary to explore novel environmentally 

friendly strategies for membrane cleaning in MBR. 

 

4.4 CONCLUSIONS 

 

This study probably for the first time investigated the potential impacts of 

NaClO-induced oxidative stress on the development of membrane biofouling. It 

was clearly shown that the stressed bacteria at various ROS levels exhibited 

higher membrane fouling tendency than the respective control at the same cell 

viability. In the presence of oxidative stress, more viable bacteria tended to 

rapidly migrate from the solution onto the membrane surface especially on the 

bottom layer of biofilm, and this can be regarded as an effective strategy 

protecting bacteria from the oxidative stress. On the contrary, in the absence of 

oxidative stress, dead bacteria preferentially adhered onto the membrane surface. 
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Consequently, this study provided new insights into the undesirable impacts of 

on-line chemical cleaning with NaClO on MBR operation, and novel membrane 

cleaning strategy with environmental friendly features should be explored.
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CHAPTER 5 GENERATION OF DISSOLVED 

ORGANIC MATTER AND BYPRODUCTS FROM 

ON-LINE CHEMICAL CLEANING WITH 

SODIUM HYPOCHLORITE IN MBR 

 

5.1 INTRODUCTION 

 

As described above, during on-line chemical cleaning, NaClO solution is injected 

into the membrane in reverse to normal filtration, while the membrane module is 

still soaked in the bioreactor (Wang et al. 2014b, Wei et al. 2011). After passing 

through fouling layer accumulated on membrane surface, the residual effective 

NaClO is further diffused into bulk suspension, as a result of which 

microorganisms and soluble organic matter may be oxidized. These suggest that 

suspended activated sludge in MBR may also be oxidized by NaClO in the course 

of on-line chemical cleaning. As a consequence of such exposure, microbial lysis 

induced by NaClO may occur since NaClO, as a strong oxidant, has been known 

to break up sludge flocs or partially solubilize bacterial cells (Cai and Liu 2016, 

Lee et al. 2013, Lim et al. 2005). 

 

In MBR, dissolved organic matter (DOM) generally originates from influent 

wastewater and microorganisms-associated soluble microbial products (SMP) 

(Wang et al. 2013a). As presented above, it is reasonable to consider that a wide 

variety of DOM may also be produced as a result of cell lysis triggered by NaClO. 

Meanwhile, the organic matter in MBR may further react with NaClO to generate 

a variety of byproducts, which may raise serious concerns if these byproducts are  

 

 

 
The content in this chapter has been published as: Cai, W., Liu, J., Zhang, X., Ng, W.J. and Liu, 

Y., 2016. Generation of dissolved organic matter and byproducts from activated sludge during 

contact with sodium hypochlorite and its implications to on-line chemical cleaning in MBR. 

Water Res. 104, 44-52. 
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brought into effluent destined for receiving water bodies or even public water 

supplies (Doederer et al., 2014; Sedlak and von Gunten, 2011). However, little 

information is currently available for the DOM and byproducts produced in MBR, 

especially from the perspective of those triggered by on-line chemical cleaning. 

In chapter 3, we had reported that a substantial amount of bacterial cells were 

solubilized after exposure of biomass to NaClO. This study, therefore, aims to 

further characterize these DOM and subsequent byproducts produced. For this 

purpose, the composition of DOM released from activated sludge after exposure 

to NaClO was characterized by a three-dimensional excitation-emission matrix 

(EEM) fluorescence spectroscope, and the formation of halogenated byproducts 

was investigated by measuring total organic halogen (TOX) with a TOX analyser 

and by selectively detecting halogenated compounds with an ultra performance 

liquid chromatography/electrospray ionization-triple quadrupole mass 

spectrometer (UPLC/ESI-tqMS), which has been successful applied in detection, 

identification and quantification of halogenated byproducts in drinking water and 

wastewater (Yang and Zhang 2013, 2014, Zhai et al. 2014). This study may 

provide direct experimental evidence showing the generation of various DOM 

and byproducts, which also raises the concern about the current practice of on-

line chemical cleaning of membranes in MBR. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Chemicals and organic solvents 

NaClO stock solution (4%-4.99%) was purchased from Sigma‒Aldrich and 

standardized by N, N-diethyl-p-phenylenediamine (Hach, USA) before usage. 

Standard compounds including chlorobromoacetic acid (97%), dichloroacetic 

acid (>99%), trichloroacetic acid (>99%), 4-chlorophenol (>99%), 5-

bromosalicylic acid (90%), 5-chlorosalicylic acid (98%), iodoacetic acid (>99%), 

2,4,6-tribromophenol (99%), 2,4,6-trichlorophenol (98%), pyrrole (99%) were 

ordered from Sigma‒Aldrich. Besides that, 3,5-dibromo-4-

hydroxybenzaldehyde (98%) was purchase from Alfa Aesar, and 

tetrabromopyrrole was synthesized (based on the reaction of pyrrole with 
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bromine) in the laboratory according to the procedure by Yang and Zhang (2014) 

since it was not commercially available. Organic solvents (HPLC grade) 

including acetonitrile, methyl tert butyl ether (MtBE), ethanol and methanol, and 

all the other chemicals (reagent grade) were purchased form Sigma‒Aldrich. 

5.2.2 Sludge treatment assay 

Activated sludge collected from a local wastewater treatment plant was 

acclimatized in a chemostat for one month with a synthetic substrate mainly 

consisting of CH3COOH (690 mg/L), glucose (313 mg/L), NH4Cl (200 mg/L), 

K2HPO4 (60 mg/L) and other trace minerals. The acclimatized activated sludge 

was washed thrice with a 10 mM phosphate buffered saline solution before use. 

NaClO stock solution was then dosed to a series of 1 L bioreactors for having 

respective initial NaClO concentration of 0, 2, 5, 10, and 20 mg/L, which was 

selected according to other relevant studies (Cai and Liu 2016, Han et al. 2016, 

Lee et al. 2013, Lim et al. 2005). The initial biomass concentration was 

maintained at around 1000 mg/L, and dissolved oxygen concentration in each 

bioreactor was kept at quasi-saturation level through aeration. The contact time 

between activated sludge and NaClO was 30 min, after which nearly all the 

chlorine was exhausted. The residual total chlorine was quenched with NaAsO2 

after the reaction according to the standard method (APHA, 2012). Thereafter, 

the supernatant was collected and filtered through 0.45 mm membrane for further 

analysis. In fact, the free chlorine residual was not detectable, whereas the 

combined chlorine was found to be in the range of 0-0.2 mg/L after 30-min 

exposure to 0-20 mg/L NaClO. 

5.2.3 EEM analyses 

A fluorescence spectrophotometer (LS55, Perkin Elmer Company, USA) was 

employed to obtain three dimensional EEM spectra. Excitation scans were 

performed from 200 to 500 nm at 5 nm intervals. For each excitation wavelength, 

emission wavelengths were scanned at 0.5 nm steps varying from 200 to 500 nm. 

A 10 nm band-pass of excitation and emission slits and 1200 nm/min of scanning 

speed were set in this study. The threshold of fluorescence emission intensity is 
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1000 a.u.. Since all of the EEM analyses were done on the same day with the 

same instrument. This offers a basis for data comparison, and data normalization 

and correction were not conducted as the fluorescence values obtained were 

expressed as fluorescence intensity unit (a.u.). The exported EEM data were 

processed with Origin 9.0 (OriginLab Inc., USA). The EEM spectra were plotted 

as elliptical shape of contours. The X and Y axis respectively represent the 

emission and excitation spectra, and the third dimension, which represents the 

contour lines, expresses the fluorescence intensity. The EEM data were further 

analysed using fluorescence regional integration (FRI) technique (Chen et al. 

2003). In brief, volumetric integration beneath EEM was conducted within each 

selected region. The volume Φ𝑖 beneath region “i”, representing the fluorescence 

response of DOM with similar characteristics, was calculated based on equations 

(5.1) - (5.4): 

 

Φ𝑖 = ∑ ∑ 𝐼(𝜆𝑒𝑥𝜆𝑒𝑚)Δ𝜆𝑒𝑚Δ𝜆𝑒𝑥𝑒𝑚𝑒𝑥                                                (5.1) 

 

in which, Δ𝜆𝑒𝑥 is the excitation wavelength interval (taken as 5 nm), and Δ𝜆𝑒𝑚 

is the emission wavelength interval (taken as 0.5 nm). Normalized excitation‒

emission area volumes (Φ𝑖,𝑛, Φ𝑇,𝑛) and percent fluorescence response 𝑃𝑖,𝑛 were 

calculated as follows: 

 

 Φ𝑖,𝑛 = 𝑀𝐹𝑖Φ𝑖 = 𝑀𝐹𝑖 ∑ ∑ 𝐼(𝜆𝑒𝑥𝜆𝑒𝑚)Δ𝜆𝑒𝑚Δ𝜆𝑒𝑥𝑒𝑚𝑒𝑥                       (5.2) 

Φ𝑇,𝑛 = ∑ Φ𝑖,𝑛                                                                                   (5.3) 

𝑃𝑖,𝑛 =
Φ𝑖,𝑛

Φ𝑇,𝑛
×100%                                                                          (5.4) 

 

In order to avoid possible effect of Raleigh scattering, all the first- and second-

order Raleigh scatterings were subtracted from accounting the peak area in each 

region by using Origin 9.0. 
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5.2.4 TOX measurement 

TOX was measured according to Standard Method 5320B (APHA, 2012), except 

that an ion chromatograph was used for analysing Cl− and Br− (Li et al. 2011, Liu 

and Zhang 2013), and the Waters UPLC/ESI-tqMS was used for analysing I− 

(Pan and Zhang 2013b). In brief, 400 mL of each produced DOM sample was 

adjusted to pH=2 with nitric acid. A 3-channel adsorption module (TXA03C, 

Mitsubishi Chemical Analytech) was used for activated carbon adsorption. 

Before adsorption of each sample, the sample reservoir in the adsorption module 

was pre-cleaned sequentially with 20 mL ultrapure water and 20 mL sample. 

Then 300 mL of the produced DOM sample was evenly divided into three 

aliquots (100 mL each), and each aliquot was passed through two consecutive 

prepacked activated carbon columns (Mitsubishi Chemical Analytech) at a flow 

rate of 3 mL/min. After adsorption, the activated carbon columns were rinsed 

with 30 mL of 5000 mg/L KNO3 as NO3
− to remove inorganic halides, and were 

subsequently subjected to pyrolysis at 1000 °C with an AQF-100 automatic quick 

furnace (Mitsubishi Chemical Analytech). The hydrogen halide and halogen 

gases produced from pyrolysis were absorbed in ultrapure water. Then the whole 

absorption solution (around 7 mL) was transferred to a 15 mL tube, and the final 

volume of the absorption solution was adjusted to 8 mL with ultrapure water. By 

doing these, the TOCl, TOBr and TOI in each 100 mL aliquot were converted 

and transferred into the 8 mL absorption solution in the form of Cl−, Br− and I−, 

respectively.  

 

1 mL of the absorption solution was analyzed by an ICS-3000 ion 

chromatography system (Dionex). A KOH eluent was generated by the EGC 

KOH cartridge (Dionex) at a flow rate of 1 mL/min. Chloride and bromide were 

separated with an isocratic eluent of 10 mM KOH from 0 to 10 min followed by 

a linear gradient eluent of 10−45 mM KOH from 10 to 25 min. The 

concentrations of the halides were quantified with a conductivity detector. The 

practical quantitation limits for TOCl and TOBr were 0.002 mg/L as Cl and 0.004 

mg/L as Br, respectively. Calibrations of chloride and bromide ions in ion 

chromatograph measurement were conducted by injecting a series of NaCl and 



CHAPTER 5 

80 

NaBr aqueous solutions at different concentrations into the ion chromatograph. 

2,4,6-trichlorophenol and 2,4,6-tribromophenol were the standard compounds 

for TOCl and TOBr according to the standard method (APHA, 2012). To 

determine the recoveries of TOCl and TOBr during TOX measurement, two 400 

mL standard solutions were prepared. One solution contained 2,4,6-

trichlorophenol at 0.01 mg/L as Cl, 2,4,6-tribromophenol at 0.005 mg/L as Br 

and NaCl at 8000 mg/L, and the other solution contained 2,4,6-trichlorophenol 

at 0.05 mg/L as Cl, 2,4,6-tribromophenol at 0.01 mg/L as Br and NaCl at 8000 

mg/L. NaCl was added to both standard solutions to simulate the matrix (mainly 

chloride concentration) in each DOM sample. Both solutions were subjected to 

triplicate TOCl and TOBr measurements as aforementioned. 

  

Another 3 mL of the absorption solution was first acidified to pH < 3 with formic 

acid, followed by nitrogen sparging at 150 mL/min for 2 min (Pan and Zhang 

2013b), and then analysed by Waters UPLC/ESI-tqMS. 5 μL of a pretreated 

sample was injected into the UPLC. The operation parameters were set according 

to (Pan and Zhang 2013b) as follows: UPLC eluent, 0.5 mL/min of ultrapure 

water containing 0.3% (v/v) formic acid; run duration, 6 min; ESI negative mode; 

capillary voltage, 2.8 kV; cone voltage, 40 V; source temperature, 120 °C; 

desolvation temperature, 400 °C; desolvation gas flow, 800 L/h; cone gas flow, 

50 L/h; low and high mass resolutions, 15 (1-unit resolution). Under these 

conditions, I− in a pre-treated absorption solution can be selectively detected by 

the UPLC/ESI-tqMS selective ion recording scan of m/z 126.9, and the peak area 

of I− was used to calculate the TOI concentration in the water sample, according 

to the calibration curve obtained by the measurement of iodoacetic acid standard 

solutions at 0, 5, 10, 20 and 50 μg/L as I. For the 100 mL adsorption volume, the 

practical quantitation limit for TOI was 2 µg/L as I. 

5.2.5 (UPLC)/ ESI-tqMS analyses 

Prior to (UPLC)/ ESI-tqMS analyses, each DOM sample was pre-treated 

according to (Zhang et al. 2008b). In brief, 1500 mL of each water sample was 

first acidified to pH < 0.5 with 70% (v/v) aqueous sulfuric acid, followed by the 
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addition of sodium sulfate to saturation. Then, the acidified sample was extracted 

with 150 mL MtBE, and 110 mL of the organic layer was transferred to a rotary 

evaporator and concentrated to 0.5 mL. This 0.5 mL solution in MtBE was mixed 

with 20 mL acetonitrile, and the mixture was concentrated back to 1 mL, and 

stored at 4 °C. Prior to UPLC/ESI-tqMS analyses, 0.5 mL of the acetonitrile 

solution was diluted to 1 mL with ultrapure water, and filtered with 0.45 μm 

membrane.  

 

The operation parameters of ESI-tqMS were set according to previous studies 

(Yang and Zhang 2013, Zhai et al. 2014). ESI negative mode; desolvation 

temperature 350 ºC; source temperature 120 ºC; capillary voltage 2.8 kV; 

desolvation gas 650 L/h; cone gas 50 L/h; cone voltage 30 V for chlorinated 

byproducts and 15 V for brominated byproducts; collision energy 30 eV for 

chlorinated byproducts and 20 eV for brominated byproducts; collision gas 0.25 

mL/min. In UPLC/ESI-tqMS full scans, the operational parameters were set as 

the same as aforementioned for ESI-tqMS, except that desolvation gas flow 800 

L/h, desolvation temperature 400 °C, cone voltage 20 V and scan time 0.06 s 

were applied. With the powerful of precursor ion scan (PIS) function, all 

electrospray-ionizable halogenated byproducts can be selectively detected (Pan 

and Zhang 2013b, Zhai and Zhang 2011). Multichannel analysis mode was used 

for data collection for all PISs, with a scan time of 0.3 s, run durations of 8 min 

for PISs m/z 35/37 (for chlorinated byproducts), and 6 min for PISs m/z 79/81 

(for brominated byproducts). By doing this, precursor ion intensities were 

substantially enhanced by accumulating multiple scans (1600 scans for PISs m/z 

35/37, and 1200 scans for PISs m/z 79/81), and intensity fluctuation in a single 

scan was effectively eliminated. Besides, UPLC/ESI-tqMS full scans at different 

m/z ranges (i.e. 100-210, 200-310 and 300-410) were conducted for each DOM 

sample. A 7.5 mL pretreated sample was injected into the UPLC. Water‒

methanol binary eluent at 0.4 mL/min was used at 35 ˚C column temperature. 

The eluent changed linearly from 90% water to 10% water in 0-7.50 min, and 

then returned to 90% water in 7.50-7.60 min, which was maintained in 7.60-
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10.00 min. In UPLC/ESI-tqMS full scans, the operational parameters were also 

set per previous studies (Yang and Zhang 2013, Zhai et al. 2014). 

5.2.6 Other measurements 

The Quant-iT PicoGreen dsDNA Assay Kit (Molecular Probes) was used to 

measure soluble DNA concentration based on the protocol provided by the kit. 

The lambda DNA was used as the standard, and fluorescence intensity was 

recorded by a microplate reader (Tecan, infinite 200 PRO). Dissolved organic 

carbon (DOC) was analysed by a total organic carbon analyser (Shimadzu, 

Japan). Polysaccharide and protein contents were measured by the phenol-

sulfuric acid method (Dubois et al. 1956) and Lowry method (Lowry et al. 1951) 

with glucose and bovine serum albumin as the standards, respectively. 

 

5.3 RESULUTS AND DISCUSSION 

5.3.1 NaClO-triggered DOM release 

Figure 5.1a showed the release of DOM after exposure to various NaClO 

dosages of 0, 2, 5, 10 and 20 mg/L for 30 min, while the DOC concentration in 

liquid phase was found to increase from 2.7 to 24.7 mg/L. The concentration of 

each DOM component in terms of polysaccharides and proteins was summarized 

in Table 5.1, showing the presence of diverse organic matters after exposure of 

biomass to NaClO. According to the study in chapter 3 and 4, this observed 

bacterial lysis mainly resulted from strong oxidation by NaClO. Consequently, a 

substantial amount of present microorganisms was chemically solubilized to 

DOM. Furthermore, it was clearly observed in Figure 5.1b that the DNA level 

in water phase was increased from 0.02 to 0.54 mg/L, indicating a 27-fold rise, 

after 30 min exposure to a NaClO dose of 20 mg/L. This indeed provided 

evidence supporting the bacterial lysis. Moreover, it should be noted that the 

released DOM (up to 24.7 mg/L) may adversely affect permeate quality and 

membrane fouling during the long-term MBR operation. Similarly, Lee et al. 

(2013) found that soluble chemical oxygen demand (SCOD) was increased by 

roughly 180 mg/L in an MBR after 30 min exposure to NaClO dosage of 55 mg/g 
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MLVSS. According to Lim et al. (2005), around 250% increase in the COD 

concentration was also observed after 24 h oxidation with 50 mg NaClO/g SS as 

compared with control. 

 

Figure 5.1 (a) Released DOC concentration and (b) DNA concentration in 

liquid phase after 30 min exposure to NaClO. 

 

 

Table 5.1 Polysaccharide and protein concentrations in the released DOM from 

activated sludge after 30 min exposure to NaClO. 

NaClO dosage 

(mg/L) 

Polysaccharide concentration 

(mg/L) 

Protein concentration 

(mg/L) 

0 1.13                 0.46 

2 1.96 2.90 

5 3.16 6.10 

10 5.04 9.61 

20 9.20 14.01 

 

5.3.2 EEM fluorescence analysis of released DOM 

Figure 5.2 shows the three-dimensional EEM spectra of DOM released from 

activated sludge after 30 min exposure to NaClO dosage of 0-20 mg/L. The four 

main peaks were gradually intensified with the increase of NaClO dosage, 

suggesting a wide variety of organic matters were released into the liquid phase 

after exposure of biomass to NaClO. Peak A and peak B were located at 
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excitation/emission wavelengths (Ex/Em) of 200-220/315-355 nm and 275/307-

360 nm, which have been reported to be tyrosine-like substances and tryptophan 

protein-like substances, respectively (Baker 2001, Coble 1996, Xu and Jiang 

2013, Yamashita and Tanoue 2003). Peak C and D detected with Ex/Em at 265-

270/455 nm and 355-360/412-455 nm, respectively, were generally referred as 

humic acid-like substances (Baker 2001, Chen et al. 2003, Coble 1996). The 

fluorescence parameters including specific peak location and fluorescence 

intensity of the peaks are summarized in Table 5.2. Tyrosine protein-like 

substances appeared to be the principle component detected in the control DOM 

reflecting the background property. After exposure to NaClO, Peaks B to D 

gradually became predominant, indicating that a significant amount of 

tryptophan protein-like as well as humic acid-like materials were produced from 

cellular lysis of activated sludge induced by NaClO. For all the four peaks, the 

fluorescence intensities were positively related to the NaClO dosages, which 

suggested both protein-like (Peak A and B) and humic acid-like (Peak C and D) 

substances were significantly generated. It can be seen that more protein-like 

materials were released when low NaClO dosage (i.e. 0-10 mg/L) were used, 

while content of humic acid-like substances exceeded protein-like materials as 

NaClO dosage further increased (i.e. 20 mg/L). The fluorescence intensities of 

Peak A to D observed at NaClO dosage of 20 mg/L were 259%, 250%, 1525% 

and 875%, respectively, higher than those detected in control. The released DOM 

at NaClO dosage of 20 mg/L was mainly composed of humic acid-like substances 

(Peak C 523.3 a.u. and Peak D 299.4 a.u.), followed by tyrosine protein-like 

substances (Peak A 519.3 a.u.) and tryptophan protein-like substances (Peak B 

172.0 a.u.). In addition to fluorescence intensity-based quantitative analysis, peak 

location is another characteristic indicator of organic substances. The locations 

of Peak A and peak B were gradually blue shifted in terms of emission 

wavelength, respectively, with increasing the NaClO dose from 0 to 20 mg/L. In 

fact, a blue shift in emission peak is generally associated with structural changes, 

including the fragmentation of large molecules, decrease of conjugated bonds in 

a chain structure or aromatic rings, or elimination of amine, hydroxyl and 

carbonyl groups (Coble 1996, Senesi 1990, Swietlik and Sikorska 2004). A 
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similar blue-shift trend was also observed at the result of decreased aromaticity 

and breakup of large molecules of natural organic matter during chlorine dioxide 

disinfection (Swietlik et al. 2004, Swietlik and Sikorska 2004). 
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Figure 5.2 EEM fluorescence spectra of the DOM released from activated sludge 

after 30 min exposure to NaClO doses of (a) 0 mg/L, (b) 2 mg/L, (c) 5 mg/L, (d) 

10 mg/L and (e) 20 mg/L.
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Table 5.2 Fluorescence spectral parameters of released DOM from activated sludge after 30 min exposure to NaClO. 

NaClO dose 

(mg/L) 

Peak A  Peak B  Peak C  Peak D 

Ex/Em Intensity  Ex/Em Intensity  Ex/Em Intentisy  Ex/Em Intensity 

0 200/350 144.7  275/307 49.2  265/455 32.2  360/412 30.7 

2 215/355 264.5  275/355 80.7  265/455 118.6  360/455 62.7 

5 200/350 323.9  275/350 85.8  265/455 197.0  360/455 101.5 

10 215/345 416.5  275/360 142.1  265/455 336.8  360/455 180.0 

20 220/315 519.3  275/310 172.0  270/455 523.3  355/450 299.4 

  

Since several fluorescence peaks with low intensities could not be clearly 

identified in Figure 5.2, the FRI technique was employed to further analyse and 

quantitatively assess the changes of componential structure in the released DOM. 

According to Chen et al. (2003), fluorescence peaks of respective substances with 

corresponding Ex and Em ranges are as follows: Regions I and II (Ex/Em = 200-

250/200‒380 nm, simple aromatic protein-like substances); Region III (Ex/Em = 

200-250/380‒500 nm, fulvic acid-like materials); Region IV (Ex/Em = 250-

280/200‒380 nm, soluble microbial byproduct-like materials); Region V (Ex/Em 

= 280-500/380‒500 nm, humic acid-like organics). Based on the volumetric 

integration within each region, the FRI distribution of DOM released was 

calculated as shown in Figure 5.3. The chemical composition of released DOM 

varied greatly with different NaClO dosages applied. In the control free of NaClO 

treatment, Region I + II (protein-like substances) showed the highest Pi,n (40.6%). 

However, the Pi,n value of Region I + II was found to decline, while Pi,n 

corresponding to Region V for humic acid-like substances appeared to rise up 

rapidly with increasing the NaClO dosage. As for DOM released at a NaClO 

dosage of 20 mg/L, the predominant compounds were humic acid-like materials 

(with Pi,n of 48.3%), sequentially followed by fulvic acid-like materials with Pi,n 

of 22.8%, protein-like substances with Pi,n of 22.2%, and soluble microbial 

byproduct-like materials with Pi,n of 6.7%. In addition, EEM may also offer 

indications of the biodegradability of DOM because of its capability to 

distinguish biodegradable substances (e.g. tyrosine protein-like and microbial 

byproduct-like compounds) and non-biodegradable materials (e.g. humic acid-, 

fulvic acid- and tryptophan protein-like compounds) (Guo et al. 2014, Jia et al. 

2013). It appears that most of DOM released from activated sludge after exposure 
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to NaClO, e.g., humic acid-like substances, was not readily biodegradable, i.e. 

they could not be easily utilized by microorganisms in MBR. In addition, humic 

acid-like substances may easily pass through microfiltration membrane and end 

up in the permeate of MBR (Lee et al. 2003) which may cause a serious concern 

about the permeate quality and water reuse. 

 

It should be noted that the origin of the produced humic acid-like substances 

deserves further investigation. It has been known that humic acids contain 

various functional groups including phenolic, carboxylic acid, enolic, quinone, 

ether etc., among which quinone moieties with the electron-shuttling ability are 

primarily responsible for the redox mediating property of humic acids (Gomes 

de Melo et al. 2016). Meanwhile, quinones also contribute greatly to the 

fluorescence of humic acid, while a positive link between the fluorophores and 

redox-active quinones has been reported (Yang et al. 2016). Based on these 

findings, it is reasonable to speculate the humic acid-like substances detected 

with EEM in this study might likely originate from quinones or their related 

analogues. Moreover, Table 5.2 showed that peak C, the most intense peak of 

humic acid-like substances, appeared at the excitation location of 265-270 nm, 

which was consistent with the excitation maximum of a model dihydroquinone 

(Ex=267 nm) reported by and Cory and McKnight (2005). This in turn supports 

the above discussion. Obviously, further investigation should be needed to 

identify the detailed origins of the released humic acid-like substances. 
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Figure 5.3 FRI distribution of released DOM from activated sludge after 30 min 

exposure to NaClO. 

5.3.3 Formation of byproducts after exposure of activated sludge to NaClO 

Byproducts generated from chlorination have been seriously due to their potential 

toxicity and adverse effects on the water ecosystem and public health. In this 

study, the formation of disinfection byproducts (DBPs) is expectable since the 

present organic matter can be easily oxidized by NaClO. Although several 

components of released DOM have been already identified by the EEM 

fluorescence analysis, further investigation on the formation of the DBPs and 

their impacts on receiving water body are still needed. TOCl, TOBr and TOI in 

the released DOM were determined in this study, while the sum of these three 

specific organic halides can be considered as TOX reflecting the total 

halogenated DBPs. Figure 5.4 showed the TOCl and TOBr concentrations in the 

DOM produced from activated sludge after exposure to different NaClO doses, 

while none of the specific TOX can be detected in the control of NaClO treatment. 

It should also be noted that the concentration of TOI was not detectable, while 

relatively low levels of TOBr detected in the released DOM likely might 

originate from bromides in activated sludge. During chlorination, bromide was 
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oxidized by NaClO to HOBr/OBr−, which then reacted with organic matter to 

generate brominated byproducts. It has been demonstrated that brominated 

byproducts exhibited dozens to hundreds of times higher toxicity than their 

chlorinated analogues (Liu and Zhang 2014, Pals et al. 2013, Richardson and 

Ternes 2014, Yang and Zhang 2013). Rapid increases in TOCl and TOBr 

concentrations were observed when the NaClO dosage was increased from 2 to 

20 mg/L. The TOX concentration was in the range of 14.3 mg/L to 68.7 mg/L as 

Cl. Compared to the NaClO dosage at 2 mg/L, the TOCl concentration increased 

by 62%, 287% and 377%, and the TOBr level increased by 33%, 158% and 267%, 

when the NaClO dosage increased to 5, 10 and 20 mg/L, respectively. 

 

 

Figure 5.4 TOCl and TOBr concentrations in the released DOM from activated 

sludge after 30 min exposure to NaClO. 

 

Figure 5.5 shows the ESI-tqMS PIS spectra of m/z 35 of the DOM released after 

exposure to different doses of NaClO for 30 min. The total ion intensity (TII) (of 

m/z 70 to 400) in each spectrum is approximately proportional to the quantity of 

all polar chlorinated byproducts in the released DOM. The TII value followed an 
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ascending order with increasing the NaClO dosage, i.e., 1.91 × 107 (0 mg/L) < 

2.81 × 107 (2 mg/L) < 2.34 × 107 (5 mg/L) < 3.28 × 107 (10 mg/L) < 3.64 × 107 

(20 mg/L), indicating that the concentration of overall polar chlorinated 

byproducts increased with the rising NaClO dosage. The TII trend was consistent 

with that of TOCl as shown in Figure 5.4. 

 

 

Figure 5.5 ESI-tqMS PIS spectra of m/z 35 of the released DOM from activated 

sludge after 30 min exposure to (a) 0 mg/L, (b) 2 mg/L, (c) 5 mg/L, (d) 10 mg/L, 
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and (e) 20 mg/L NaClO. “ × 4” and “ × 6” in charts indicates that the spectra in 

the m/z range is magnified by 4 times and 6 times (the y-axes are on the same 

scale). 

 

Figure 5.6‒5.8 showed the chromatograms and spectra of UPLC/ESI-tqMS full 

scans of m/z 100-210, 200-310 and 300-410, respectively, in the DOM produced 

from activated sludge dosed with 20 mg/L NaClO. For each ion cluster detected, 

its structure was proposed based on the retention times and isotopic abundance 

ratio. A total of 19 chlorinated and brominated byproducts were detected in the 

sample. Eight of them were confirmed with standard compounds, including 

dichloroacetic acid (m/z 127/129/131 and m/z 83/85/87), trichloroacetic acid 

(m/z 161/163/165/167 and m/z 117/119/121/123), bromochloroacetic acid (m/z 

171/173/175), 4-chlorophenol (m/z 127/129), 5-chlorosalicylic acid (m/z 

171/173), 5-bromosalicylic acid (m/z 215/217), 3,5-dibromo-4-

hydroxybenzaldehyde (m/z 277/279/281), and tetrabromopyrrole (m/z 

378/380/382/384/386) (Table 5.3). The confirmation of 3,5-dibromo-4-

hydroxybenzaldehyde and tetrabromopyrrole is exemplified as shown in Figure 

5.9-5.10, respectively. The retention time, structure and occurrence of some ion 

clusters are listed in Table 5.3. At the NaClO dosage of 2 mg/L, only 5-chloro-

6-hydroxyisophthalic acid (m/z 215/217) and 5-bromo-6- hydroxyisophthalic 

acid (m/z 259/261) were formed. At 5 mg/L NaClO, one more byproduct, 4-

chlorophenol (m/z 127/129) was detected. When the NaClO dose was further 

increased to 10 mg/L, other four byproducts, dichloroacetic acids, trichloroacetic 

acid, bromochloroacetic acid and 5-bromosalicylic acid were also detected. At 

the NaClO dose of 20 mg/L, quite a number of halogenated byproducts were 

found, including all the byproducts detected in the samples with lower NaClO 

doses. Notably, many of the byproducts detected were aromatic compounds, 

which have been proven to exhibit significantly higher toxicity than the regulated 

aliphatic byproducts, i.e., trihalomethanes and haloacetic acids, by World Health 

Organization and U.S Environmental Protection Agency (Liu and Zhang 2014, 

Richardson and Ternes 2014, Yang and Zhang 2013). Among the aromatic 

compounds detected, halo(hydro)benzoquinones are considered as a group of 
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toxic byproducts which have caused great public concern (Qin et al. 2010, Wang 

et al. 2014a, Yang and Zhang 2013), and halopyrroles are another group of 

emerging highly toxic byproducts. Halopyrroles, including tetrabromopyrrole 

and tribromochloropyrrole (m/z 334/336/338/340/342) were detected when 20 

mg/L NaClO was applied. It has been reported that tetrabromopyrrole exhibited 

8805 × and 460 × higher developmental toxicity than bromoform and 

bromoacetic acid, respectively, and approximately 6 × higher developmental 

toxicity than 2,5-dibromohydroquinone (Yang and Zhang, 2014). 

 

 

 

 

Figure 5.6 (a) UPLC/ESI-tqMS full scan (m/z 100−210) chromatogram of the 

DOM sample at NaClO dosage of 20 mg/L. Chromatograms and the 

corresponding spectra of ion clusters (b,c) m/z 117/119/121/123 (27:27:9:1), (d,e) 

m/z 127/129/131 (9:6:1), (f,g) m/z 127/129 (3:1), (h,i) m/z 155/157 (3:1), (j,k) 

m/z 171/173/175 (3:4:1), (l,m) m/z 171/173 (3:1), (n,o) m/z 185/187 (3:1), and 
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(p,q) m/z 199/201 (1:1), respectively. Structure of each ion cluster is inserted in 

the corresponding spectrum. 

 

 

Figure 5.7 (a) UPLC/ESI-tqMS full scan (m/z 200−310) chromatogram of the 

DOM sample at NaClO dosage of 20 mg/L. Chromatograms and the 

corresponding spectra of ion clusters (b,c) m/z 215/217 (3:1, retention time 3.42 

min), (d,e) m/z 215/217 (1:1, retention time 4.21 min), (f,g) m/z 229/231 (1:1, 

retention time 3.05 min), (h,i) m/z 231/233 (1:1), (j,k) m/z 243/245 (3:1), (l,m) 

m/z 249/251/253 (3:4:1, retention time 2.99 min), (n,o) m/z 259/261 (1:1), (p,q) 

m/z 277/279/281 (1:2:1), and (r,s) m/z 287/289 (1:1), respectively. Structure of 

each ion cluster is inserted in the corresponding spectrum. 
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Figure 5.8 (a) UPLC/ESI-tqMS full scan (m/z 300−410) chromatogram of the 

DOM sample at NaClO dosage of 20 mg/L. Chromatograms and the 

corresponding spectra of ion clusters (b,c) m/z 334/336/338/340/342 

(3:10:12:6:1), and (d,e) m/z 378/380/382/384/386 (1:4:6:4:1), respectively. 

Structure of each ion cluster is inserted in the corresponding spectrum. 
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Table 5. 3 Ion clusters of polar halogenated DBPs detected in the released DOM from activated sludge after 30 

min exposure to NaClO. 

m/z (retention 

time, min) 

Structure Occurrence  

(NaClO dose, 

mg/L) 

m/z (retention 

time, min) 

Structure Occurrence  

(NaClO dose, 

mg/L) 

127/129/131 and  

83/83/87a (0.71) 

Cl2CHCOOHb 10, 20 229/231 (3.05) 

 c 

20 

127/129 (5.88) 
b 

5, 10, 20 231/233 (1.97) 

 c 

20 

155/157 (4.46) 

 c 

20 243/245 (4.99) 

c 

20 

161/163/165/167 
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215/217 (4.21) 

b 

10, 20 378/380/382/ 

384/386 (7.68) 
b 

20 

a Decarboxylation of these DBPs occurred at the sample cone of ESI-tqMS during analyses; 
b The sturctures were confirmed with purchased or systhesized standard compounds; 
c The structures were tentatively proposed, and each structure might have iosomers. 

 

 

 

Figure 5.9 (a) UPLC/ESI-tqMS selective ion recording (m/z 277/279/281) 

chromatograms of the DOM sample at NaClO dosage of 20 mg/L, and (b) 3,5-

dibromo-4-hydroxybenzaldehyde standard compound. According to the similar 

retention times and isotopic ratios obtained in the released DOM sample and 

standard compound, ion cluster m/z 277/279/281 was confirmed to be 3,5-

dibromo-4-hydroxybenzaldehyde. 
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Figure 5.10 (a) UPLC/ESI-tqMS selective ion recording (m/z 

378/380/382/384/386) chromatograms of the DOM sample at NaClO dosage of 

20 mg/L, and (b) the synthesized tetrabromopyrrole. According to the similar 

retention times and isotopic ratios obtained in the released DOM sample and 

synthesized standard compound, ion cluster m/z 378/380/382/384/386 was 

confirmed to be tetrabromopyrrole. 

 

5.3.4 Engineering implications 

On-line chemical cleaning with NaClO is a common method for effective 

mitigation of membrane fouling in MBR. However, this study clearly showed 

that NaClO also reacted with suspended biomass, leading to the release of a 

substantial amount of DOM, most of which was found to be humic-acid like 

substances and protein-like materials. As discussed above, 24.7 mg/L DOM was 

produced from bacterial lysis triggered by 20 mg/L NaClO. These released DOM 

with small molecular sizes may eventually pass through microfiltration 

membrane and end up in the MBR permeate, worsening the permeate quality 

(Liang et al. 2007). Besides that, DOM released into the bioreactor may affect 

the activity of microorganisms in activated sludge. For examples, some presented 

DOM have been reported to be toxic to microorganisms, inhibit microbial kinetic 

activity, or adversely affect the settleability of activated sludge (Barker and 
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Stuckey 1999). Moreover, DOM released may also enhance membrane fouling 

in MBR. In fact, DOM has been shown to be closely associated with membrane 

fouling under various operational conditions of MBRs (Bouhabila et al. 2001, 

Lee et al. 2003, Wisniewski and Grasmick 1998). It is reasonable to consider that 

DOM produced would adversely impact on the practical operation of MBR. 

 

More importantly, a broad spectrum of halogenated byproducts including 

haloacetic acids, halophenols, haloquinones and halopyrroles were generated 

after exposure of activated sludge to NaClO. Given their relatively low molecular 

weight, these byproducts can easily pass through microfiltration membranes and 

end up in the permeate of MBR. This may impose potential adverse impacts on 

ecosystems if the permeate is discharged into receiving water bodies, and human 

health if such permeate is destined for public water supplies. Toxicological 

studies have demonstrated that halogenated byproducts might have adverse 

effects on marine organisms (Liu and Zhang 2014, Yang and Zhang 2013, 2014, 

2016). Epidemiological studies also have implied an increased risk of bladder, 

kidney and colorectum cancers, and an elevated risk of spontaneous abortions 

and birth defects by consumption of chlorinated drinking water (Cemeli et al. 

2006, Villanueva et al. 2004). Therefore, further study may be needed to 

systematically examine the potential toxicity of the presented byproducts and the 

fate of these byproducts during practical long-term MBR operation. 

 

5.4 CONCLUSIONS 

 

This study showed the generation of substantial amount of DOM and byproducts 

after exposure of activated sludge to NaClO during on-line chemical cleaning in 

MBR. Bacterial lysis and DOM release occurred, and up to 24.7 mg/L as DOC 

were produced after exposure to NaClO dosage of 0-20 mg/L. The main 

components of the released DOM were humic acid-like and protein-like 

substances. As for the byproducts produced during the exposure, 19 polar 

halogenated byproducts were detected, and eight of them were confirmed. Most 

of the byproducts were aromatic compounds, especially halopyrroles and 
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halo(hydro)benzoquinones, which have been shown to be significantly more 

toxic than the haloaliphatic ones. This study probably for the first time 

characterized the DOM and byproducts produced during on-line chemical 

cleaning in MBR, and this may raise serious concerns on the current membrane 

cleaning strategy by NaClO and more importantly on public health if the 

permeate of MBR is reused or recycled for various applications. 
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CHAPTER 6 FATE OF DISSOLVED ORGANIC 

MATTER AND BYPRODUCTS GENERATED 

FROM ON-LINE CHEMICAL CLEANING WITH 

SODIUM HYPOCHLORITE IN MBR 

 

6.1 INTRODUCTION 

 

In chapter 5, it is well established that NaClO, as a strong oxidant, could also 

trigger serious sludge foaming and dissolved organic matter (DOM) release 

during on-line chemical cleaning of MBR. These suggest that part of DOM 

present in MBR may originate from on-line chemical cleaning with NaClO 

instead of the raw sewage. Therefore, there is an urgent need to systematically 

examine the fate of the emerging micropollutants generated through chemical 

cleaning with NaClO in MBR. Meanwhile, in chapter 5, a broad spectrum of 

halogenated DBPs have been identified in the DOM derived from on-line 

chemical cleaning with NaClO, most of which were found to be haloaromatic 

compounds. It has been known that haloaromatic byproducts exhibited 

substantially more toxicity than haloaliphatic ones (Liu and Zhang 2014). The 

presence of toxic byproducts in the MBR permeate may compromise water reuse 

and recycling, and pose serious concern on ecosystem and public health as well. 

It appears imperative to evaluate the possible fate of these emerging byproducts 

in MBR, but limited information is available on this aspect thus far.  

 

Therefore, this study aimed to investigate the fates of the DOM and halogenated 

DBPs produced through on-line chemical cleaning with NaClO in MBR. For this 

purpose, excitation emission matrix fluorescence with parallel factor analysis  

 

 

 
The content in this chapter has been published as: Cai, W., Liu, J., Zhu, X., Zhang, X., and Liu, 

Y. (2017). Fate of dissolved organic matter and byproducts generated from on-line chemical 

cleaning with sodium hypochlorite in MBR. Chem. Eng. J. 323, 233-242. 
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(EEM-PARAFAC) was employed to acquire the componential information of 

the DOM. Total organic halogen (TOX) analysis was conducted to measure the 

formation of overall halogenated byproducts, and (UPLC)/ESI-tqMS was applied 

to further identity the byproducts. It is expected that this study can offer deeper 

insights into the fate of chemical cleaning-associated DOM and DBPs, which 

should shed light on the current operation of practical MBR and more importantly, 

on the reuse and recycle of MBR permeate.  

 

6.2 MATERIALS AND METHODS 

6.2.1 Chemical reagents 

NaClO stock solution of 4%–4.99% was purchased from Sigma-Aldrich and 

further standardized by N, N-diethyl-p-phenylenediamine (Hach, USA) before 

usage. 4 bromo-2-chlorophenol (99%), 3,5-dibromo-4-hydroxybenzoic acid 

(98%), 3,5 dibromo-4-hydroxybenzaldehyde (98%) were ordered from Acros 

Organics, Indofine, and Alfa Aesar, respectively. Other standard compounds 

including chlorobromoacetic acid (97%), dichloroacetic acid (>99%), 

trichloroacetic acid (>99%), dibromoacetic acid (>99%), 5-bromosalicylic acid 

(90%), 5-chlorosalicylic acid (98%), 2,4,6-trichlorophenol (98%), 2,4,6-

tribromophenol (99%), and iodoacetic acid (>99%) were obtained from Sigma-

Aldrich. Organic solvents (HPLC grade) including acetonitrile, methyl tert-butyl 

ether (MtBE), methanol, and all the other chemicals (reagent grade) were also 

purchased form Sigma-Aldrich. 

6.2.2 DOM generation 

Activated sludge was collected from a local wastewater treatment plant in 

Singapore, and acclimatized in a chemostat with a synthetic substrate containing 

CH3COONa (690 mg/L), glucose (313 mg/L), NH4Cl (200 mg/L), K2HPO4 (60 

mg/L) and other trace minerals for one month. Prior to use, the activated sludge 

was washed thrice with 10 mM phosphate buffered saline (PBS) solution. The 

standardized NaClO solution was then dosed to three reactors for having initial 
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NaClO concentrations of 0, 5 and 20 mg/L, respectively. Such initial NaClO 

dosages were determined according to the previous studies in chapter 3, 4 and 5, 

representing control, relatively low and relatively high contents of the reagent. 

Dissolved oxygen was provided through aeration for a contact duration of 30 min, 

after which nearly all the chlorine was consumed. After 30-min exposure to 0 to 

20 mg/L NaClO, the residual free chlorine was undetectable, and the residual 

combined chlorine in the range of 0-0.7 mg/L, was further quenched with 

Na2S2O3 according to stoichiometric reaction. Thereafter, a part of the 

supernatant was collected for DOM analysis. 

6.2.3 DOM biodegradation test and further removal in MBR 

As illustrated in Figure 6.1, after 30-min contact of activated sludge with NaClO, 

1.5 L of sludge suspension (i.e. generated DOM and NaClO-treated biomass) was 

fed into a laboratory-scale aerobic MBR equipped with 75 cm2 of 0.22 mm PVDF 

membrane. The permeate flux was controlled at 30 L/m2h by automatic pump 

adjustment (Cole Parmer, USA), and 10 mM PBS solution was used as MBR 

influent. The permeate was collected over one hydraulic retention time (HRT) of 

6.7 h. Meanwhile, for evaluating the maximum biodegradability of generated 

DOM possibly occurred in MBR, another 1.5 L of these sludge suspension was 

incubated in a reactor for 6.7 h without membrane filtration. Afterwards, the 

supernatant from the reactor was collected for further analysis. For each DOM, 

the DOC concentration was measured by organic carbon analyzer (Shimadzu, 

Japan), representing its total concentration of organic substances. 
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Figure 6.1 Schematic illustration of experimental process. 

 

6.2.4 EEM-PARAFAC analysis 

Each DOM sample collected from the experiments was mixed with Milli-Q water 

according to 1:1 ratio. A fluorescence spectrophotometer (LS55, Perkin Elmer 

Company, USA) was employed to obtain the spectra of fluorescence EEM. In 

brief, excitation scanned from 250 to 500 nm at 5 nm intervals, while emission 

was scanned between 250 and 550 nm with 0.5 nm increment. The fluorescence 

spectra corresponding to the blank (Milli-Q water) was subtracted from each 

measured EEMs, and the fluorescence intensities were further normalized by the 

Raman peak of Milli-Q water at excitation wavelength of 350 nm. Thereby, the 

unit of EEM intensity present in this study was Raman 350 (R.U.) (Lawaetz and 

Stedmon 2009). Afterwards, the EEMs of 56 DOM samples obtained from the 

experiments were subject to PARAFAC modelling by using Matlab R2013a 

software with DOMFluor toolbox following the protocols described by Stedmon 

and BrO (2008). For each component, the obtained maximum fluorescence 

intensity (Fmax) was used to represent its relative concentration. 
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6.2.5 Determination of TOX and (UPLC)/ ESI-tqMS analysis 

TOX is further differentiated into total organic chlorine (TOCl), total organic 

bromine (TOBr) and total organic iodine (TOI). TOX concentration in each 

DOM sample was measured according to the method described in chapter 5. 

Briefly, all chlorinated, brominated and iodinated byproducts were converted to 

Cl−, Br−, and I−, respectively, and then the Cl− and Br− were quantified with an 

ion chromatograph, and the I− was quantified with Waters UPLC/ESI-tqMS. The 

detailed procedure was illustrated in the section of 5.2.4 of chapter 5. 

 

Besides, to detect and identify individual halogenated byproducts, each DOM 

sample was analysed by (UPLC)/ ESI-tqMS. Prior to analyses, the DOM was 

pretreated and concentrated with details described in the section of 5.2.5 of 

chapter 5. By doing so, the byproducts in the DOM (with the volume of 2000 mL) 

were concentrated in 2 mL of 50% aqueous acetonitrile. The concentrated sample 

was subjected to ESI-tqMS precursor ion scans of m/z 35/37 and m/z 79/81, with 

which all electrospray-ionizable chlorinated and brominated byproducts were 

selectively detected (Pan and Zhang 2013a, Zhai et al. 2014). The operation 

parameters of ESI-tqMS were set according to a previous study in chapter 5. 

Moreover, coupled with UPLC, ESI-tqMS full scans at different m/z ranges (i.e., 

m/z 100−160, 150−210, 200−260, 250−310, 300−360, 350−410, 400−460, and 

450−510) were conducted. The gradient of water-methanol binary eluent and 

operational parameters of UPLC/ESI-tqMS were also set based on the method 

described in chapter 5. For a molecular ion detected and potentially represented 

a halogenated byproduct, UPLC/ESI-tqMS product ion scans were conducted at 

the corresponding retention time (RT). Then, the structure of the byproduct was 

proposed based on the retention time, isotopic ratio, and fragment ions detected 

in product ion scans. 

 



CHAPTER 6 

106 

6.3 RESULTS AND DISCUSSION 

6.3.1 Fate of total DOM in MBR 

Figure 6.2 showed the concentration profiles of DOM produced after the 

exposure of activated sludge to NaClO, DOM after biodegradation and DOM in 

MBR permeate respectively. The initial generation of DOM in the range of 4.9-

29.6 mg/L was positively related to the NaClO dosage. After incubation with 

biomass for 6.7 h, the measured DOM concentrations became lower and only 

4.5-14.3 mg/L can be found, suggesting 8.2%-51.7% of generated DOM were 

biodegraded under the conditions studied. Comparatively, DOM concentrations 

in MBR permeate ranged from 5.1-18.2 mg/L, resulting in a highest removal of 

around 39% due to the combined effects of biodegradation and membrane 

retention in MBR. 

 

At the low NaClO dosage of 5 mg/L, 30.5% of DOM generated can be degraded 

biologically versus 39.6% ultimately removed by MBR. Since the above DOM 

biodegradability represented the maximum potential of microbial degradation in 

MBR, it appeared that membrane or developed fouling layer retained part of 

DOM. On the other hand, it was observed that the DOM biodegradability (51.7%) 

significantly exceeded removal rate (38.5%) at NaClO dosage of 20 mg/L. This 

implied that DOM generated at the higher NaClO dosage of 20 mg/L was more 

readily biodegradable, and DOM biodegradability was related to the dosage of 

NaClO applied. It should also be noted that a significant amount of DOM 

eventually ended up in the permeate, i.e. 9.3 mg/L and 18.2 mg/L at the NaClO 

dosages of 5 mg/L and 20 mg/L, respectively. In fact, this may raise serious 

concerns about discharge, reuse and recycle of such MBR permeate. 
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Figure 6.2 DOC concentrations of initial DOM, DOM after biodegradation and 

DOM in permeate, derived from activated sludge after 30-min exposure to 0 

mg/L, 5 mg/L and 20 mg/L NaClO. 

6.3.2 Componential analysis of DOM 

In the previous study of chapter 5, the composition of generated DOM was 

analysed by traditional EEM technique of peak selection. However, such analysis 

might be biased due to the spectral overlaps of different fluorophore groups. 

Therefore, in this study, a statistical modelling method, namely PARAFAC, was 

coupled to further decomposed the EEMs into individual components with 

unique fluorescence features. This allows effectively tracking the fate of 

independent organic components in water systems. Figure 6.3 showed that three 

individual components were successfully identified in DOM, while Table 6.1 

further summarized respective peak locations and possible sources of these 

components by comparing with those reported in the literature. Component 1 (C1) 

with the peak at the excitation/emission wavelengths (Ex/Em) of 275/357 nm 

was assigned to protein-like matter. Component 2 (C2) with primary and 

secondary maxima at Ex/Em of 265/456 nm and 360/456 nm was a combination 

of traditional peak A and peak C. By comparing with many other investigations 
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listed in Table 6.1, C2 was identified as terrestrial-like humic substances. In 

addition, the spectral features of component 3 (C3) at the Ex/Em of 320/390 nm 

were similar to marine humic materials, which were also considered as DOM 

altered by microbial reprocessing. 

 

 

Figure 6.3 (a1-a4) Contour plots of three different fluoresence components 

identified by PARAFAC modelling and (b1-b4) their corresponding 

excitation/emission loadings. 
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Table 6.1 PARAFAC component locations and descriptions. 

Component Approximate 

location 
Traditional Peaks a Reported similar 

PARAFAC components 

Descriptions and 

probable sources 

C1 275/357 Peak T  275/340 C1 280/358 (Phong and Hur 

2015) 

C7 280/344 (Stedmon and 

Markager 2005) 

C3 280/350 (Hur et al. 

2014) 

Amino acids, 

free or bound in 

proteins 

C2 265 (360)/456 Peak A 260/380–460  

Peak C 350/420–480 

C3 270 (360)/478 (Stedmon 

et al. 2003) 

C1 260 (360)/460 (Aryal et 

al. 2015) 

C1 250/452 (Kowalczuk et 

al. 2009) 

Terrestrial 

humic-like 

substances 

C3 320/390 Peak M 312/380-420 

 

C4 325 (250)/416 (Stedmon 

et al. 2003) 

C2 315/418 (Murphy et al. 

2008) 

C4 305 (<260)/378 

(Yamashita and Jaffé 2008) 

Marine humic 

materials, and 

microbial 

derived 

components 

a Based on the study by Coble (1996) 

 

Furthermore, Figure 6.4a–c showed the respective Fmax values of three identified 

components in various DOM. In the fresh DOM produced, the Fmax values of C1 

and C2 were positively related to the NaClO dosage, while the increase in C2 

was more significant than that of C1. In fact, such observation was consistent 

with the previous study in chapter 5. However, after biodegradation of DOM for 

6.7 h, the Fmax value of C1 decreased substantially, suggesting the higher 

biodegradation of protein-like materials compared with the other two humic-like 

components. Figure 6.4d further showed the differences in Fmax between the 

initial DOM and remaining DOM after biodegradation. The significant difference 

was observed for C1 especially at the high NaClO dosage. However, C2 and C3 

appeared hardly biodegradable probably due to the highly recalcitrant nature of 

humic substances (Tang et al. 2007). These results suggested that protein-like 

substances (e.g. C1) were more readily biodegradable than those humic-like 

substances (e.g. C2 and C1). It should also be noted that majority of the detectable 

components generated by NaClO were eventually ended up in the permeate. For 

example, about 76.7% of initial C1 and 85.3% of C2 were found in the MBR 
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permeate at the NaClO dosage of 20 mg/L, suggesting that the protein-like and 

humic-like substances were, in fact, poorly removed biologically and retained 

physically by the microfiltration membrane in MBR. 

 

 

 

Figure 6.4 Fmax values of fluorescence components of (a) initial DOM, (b) DOM 

after biodegradation and (c) DOM in permeate, derived from activated sludge 

after 30-min exposure to 0 mg/L, 5 mg/L and 20 mg/L NaClO; (d) Fmax difference 

between initial DOM and DOM after biodegradation; (e) Fmax difference between 

initial and permeate DOM. 

 

In this above study, two types of humic-like substances were identified via EEM-

PARAFAC modelling analysis, i.e., the terrestrial humic-like substances (C2) 

and the marine humic substances (C3). This may reveal the possible structure 

variation of humic-like materials due to the fact that fluorescent property of a 

substance is mainly related to its molecular structure. For example, Figure 6.4d-

e showed that a part of C2 was eliminated by MBR, while C3 could not be 

removed, reflecting the possible differences in their chemical structures. In 

addition, it was found that a shift towards the shorter excitation maximum was 

caused by the changes in absorption spectra, whereas a blue shift in the emission 

maxima was indicative of structural changes (e.g., fragmentation of large 
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molecules, decrease of conjugated bonds in a chain structure or aromatic rings, 

or elimination of amine, hydroxyl and carbonyl groups) (Coble 1996). These in 

turn suggest that C3 with the shorter emission maxima should consist of smaller 

or less aromatic molecules as compared to C2, and C2 with larger or more 

complex structure may be readily biodegraded into simpler compounds or easily 

retained by membrane, which was also manifested by the relatively higher 

removal efficiency illustrated in Figure 6.4d-e. In addition, it should be noted 

that Fmax value of C3 tended to slightly increase accompanied by the microbial 

degradation of C2, suggesting that C3 might be, to a contain degree, derive from 

the biodegradation of C2. 

6.3.3 Fate of halogenated byproducts in MBR 

The presence of halogenated organic compounds in water bodies has attracted 

increasing concerns in the recent years due to their potential threats to ecosystems 

and human health. Despite the reported generation of halogenated byproducts 

during on-line chemical cleaning in chapter 5, little has been known about their 

subsequent fate in MBR. In this study, TOCl, TOBr and TOI produced upon 

NaClO exposure were measured respectively, while TOX was calculated as the 

total concentration of halogenated byproducts.  

 

As TOX in control was not detectable and no specific TOI was identified in the 

DOM produced in this study, Figure 6.5a showed the respective TOCl and TOBr 

concentrations in the DOM generated at different NaClO dosages of 5-20 mg/L. 

It can be seen that TOCl accounted for more than 90% of TOX, and remaining 

10% of TOBr may be originated from bromide in activated sludge. In general, 

brominated byproducts are ten to hundred times more toxic than their chlorinated 

analogs (Ding et al. 2013, Pan and Zhang 2013a). Both TOCl and TOBr 

concentrations tended to increase rapidly with increasing the NaClO dosage in 

the range of 5 mg/L to 20 mg/L, while the highest TOX concentration was 73.7 

mg/L as Cl. As can be seen in Figure 6.5b-c, 22.2% and 9.5% of TOX produced 

at 5 mg/L and 20 mg/L NaClO were biodegraded, while correspondingly 37.6% 

and 15.5% of TOX were eventually removed by MBR. Since the biodegradability 
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represents the maximum level of biodegradation possibly occurred in MBR, 

these results suggested that microfiltration membrane with fouling layer indeed 

retained some byproducts in the MBR. Moreover, TOBr seemed more 

biodegradable and readily eliminated than TOCl, e.g. 39.3% of TOBr was 

removed in the MBR compared with 14.1% of TOCl removal at the 20 mg/L 

NaClO. It should be realized that the removability of TOCl and TOBr tended to 

decrease with increasing the NaClO dosage in the range of 5 to 20 mg/L. This 

can be attributed to the generation of more recalcitrant byproducts with complex 

structures (e.g. aromatic compounds) at higher NaClO dosage, as evidenced by 

the results in Table 6.2. 
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Figure 6.5 (a) TOX concentrations of initial DOM, DOM after biodegradation 

and DOM in permeate, derived from activated sludge after 30-min exposure to 5 

and 20 mg/L NaClO. (b) DBP potential biodegradability (c) DBP removal rate 

in MBR. (The error bar represents the variation scale of the total DBP 

concentrations). 

 

Based on the UPLC/ESI-tqMS full scans of the DOM generated at 20 mg/L 

NaClO, the structures of 25 specific chlorinated and brominated byproducts were 

identified, nine of which were confirmed with corresponding standard 

compounds (Table 6.2). 

In fact, the polar DBP species identified in initially generated DOM were all 

detected after biodegradation and in MBR permeate, i.e. these 25 halogenated 

byproducts cannot be completely biodegraded or totally removed in the MBR 

studied. 

 

According to UPLC/ESI-tqMS full scan chromatographs, the concentration of 

each detected byproduct was quantified by the peak areas of its ion clusters, and 

these byproducts exhibited remarkably different biodegradabilities and 

removabilities (Figure 6.6). At the NaClO dosage of 5 mg/L, 8 out of 11 

byproducts could be biodegraded with their potential biodegradability of 2.6-

56.7%, whereas 9 out of these 11 byproducts were removed in MBR with their 

removal efficiency ranged from 13.4 to 72.5%. Notably, dibromoacetic acid (m/z 

215/217/219) could be eliminated the most easily, indicative of its distinctive 

features to be readily biodegraded or physically retained by membrane. As for 20 

mg/L NaClO, 17 out of 25 detected byproducts produced at 20 mg/L NaClO 

could be biodegraded to a range of 2.1-41.2%, while 24 of them could be partially 

removed in MBR with the removal efficiency of 2.0-56.9%, which were lower 

than those at 5 mg/L NaClO. As discussed above, this observation is probably 

due to the generation of recalcitrant byproducts at higher NaClO dosage. It 

should be noted that most of confirmed aromatic byproducts, including 5-

chlorosalicylic acid (m/z 171/173), 5-bromosalicylic acid (m/z 215/217), 3,5-

dibromo-4-hydroxybenzaldehyde (m/z 277/279/281) and 3,5-dibromo-4-
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hydroxybenzoic acid (m/z 293/295/297), could be significantly removed in MBR. 

However, the concentrations of trichloroacetic acid (m/z 117/119/121/123) and 

dichloroacetic acid (m/z 127/129/131), on the contrary, marginally increased 

after microbial degradation especially at the NaClO dosage of 5 mg/L (Figure 

6.6a). In fact, haloacetic acids (HAAs) have been known as a group of 

disinfection byproducts which are preferably biodegradable (Bayless and 

Andrews 2008, Zhang et al. 2009). Therefore, the increase in the concentrations 

of trichloroacetic acid and dichloroacetic acid observed in this study might be 

due to microbial decomposition of complex aromatic byproducts. Meanwhile, 

the removal efficiency of the brominated DBPs was found to be higher than that 

of the chlorinated DBPs, e.g. 72.5% of dibromoacetic acid and 56.9% of 5-

bromosalicylic acid generated were removed in MBR. Despite the considerable 

removal of detected compounds, it should be highlighted that about 62.4% and 

84.5% of total halogenated byproducts produced at 5 mg/L and 20 mg/L NaClO 

were found in the MBR permeate (Figure 6.5), which should be properly 

addressed if the reuse and recycle of such permeate are considered. 

 

Table 6.2 Ion clusters of polar halogenated byproducts detected in various DOM 

m/z (RT, min) Structure Occurrencec 

(NaClO dose) 

m/z (RT, min) Structure Occurrencec  

(NaClO dose) 

117/119/121/123 

(2.13) 

Cl3CCOOHa 

(decarboxylated) 

 

5 mg/L 

20 mg/L 

127/129/131 

(1.10) 

Cl2CHCOOHa 5 mg/L 

20 mg/L 

151/153  

(0.54) 
 b 

5 mg/L 

20 mg/L 

151/153 

(1.62) 

BrCH2CH2COOH b 20 mg/L 

155/157  

(4.21) 

b 

5 mg/L 

20 mg/L 

159/161 

(2.43) 

 b 

20 mg/L 

171/173/175 

(1.48) 

ClBrCHCOOHa 5 mg/L 

20 mg/L 

171/173 

(3.55) 

a 

20 mg/L 

185/187  

(2.70) 

 b 

5 mg/L 

20 mg/L 

185/187 

(5.42) 

b 

5 mg/L 

20 mg/L 

C

Cl

H

CHOOC COOH

H

H

OH

CHO

Cl Cl

OH

OH

OH

OH

Cl

COOH

OH

Cl

COOHH3C

OH

CH3

Br
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187/189  

(2.97) 

 b 

20 mg/L 189/191/193 

(3.55) 

b 

5 mg/L 

20 mg/L 

195/197 

(0.59) 
 b 

5 mg/L 

20 mg/L 

203/205 

(2.52) 

 b 

20 mg/L 

205/207/209 

(2.74) 

b 

 20 mg/L 205/207/209 

(6.47) 

  a 

20 mg/L 

215/217/219 

(1.56) 

Br2CHCOOHa 5 mg/L 

20 mg/L 

215/217 (3.34) 

 b 

20 mg/L 

215/217 

(4.29) 

a 

20 mg/L 229/231 

(3.08) 

 b 

20 mg/L 

233/235/237 

(3.64) 

 b 

20 mg/L 243/245 (5.48) 

 b 

5 mg/L 

20 mg/L 

249/251/253 

(3.15) 

 b 

20 mg/L 277/279/281 

(3.68) 

a 

20 mg/L 

293/295/297 

(3.40) 

a 

20 mg/L    

aThe sturctures were confirmed with purchaesed standard compounds. 
bThe structures were tentatively proposed, and each structure might have iosomers. 
cAll the byproduct species intially formed also existed in MBR permeate. 
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Figure 6.6 Potential biodegradability and removal rate of individual byproducts 

in MBR, derived from activated sludge after 30-min exposure to 5 mg/L and 20 

mg/L NaClO. 

 

This study revealed that a broad spectrum of DOM and byproducts were 

inevitably generated during on-line chemical cleaning of MBR. Most of them 

were highly recalcitrant and not readily removable by biodegradation and 

membrane retention. As a consequence, the safety of such permeate is seriously 

concerned. To mitigate such an emerging situation, the frequency of on-line 

chemical cleaning should be minimized by proper engineering design of 

membrane module, while off-line membrane cleaning should also be considered. 

In addition, attention has also be given to non-chemical cleaning methods 

including use of scouring agents (e.g. granular activated carbon), bursting of 

microbubbles for removing fouling layer and EPS (Aslam et al. 2017, Wang et 

al. 2016, Lee et al. 2016, Lee et al. 2015). 

 

6.4 CONCLUSIONS 

 

This study probably for the first time explored the fate of the DOM and 

byproducts generated by on-line chemical cleaning with NaClO in MBR. It was 

shown that about 39% of the DOM generated could be removed in MBR under 

the conditions studied. The analysis of PARAFAC revealed that protein-like 

substances were more readily biodegradable than the humic-like substances. As 

for emerging DBPs, 25 types of chlorinated and brominated byproducts were 

detected, and nine of which were further confirmed with standard compounds. It 

was found that most of DBPs detected belonged to aromatic compounds with 

higher potential toxicity than aliphatic ones. 62.4% and 84.5% of total 

halogenated byproducts generated at 5 and 20 mg/L NaClO were ultimately 

found in the MBR permeate. This study indeed attempted to trigger new thinking 

on current operational practice of MBR as well as to raise the concern on 

permeate safety when water reuse and recycle are considered. 
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CHAPTER 7 CONCLUSIONS AND 

RECOMMENDATIONS 

 

7.1 CONCLUSIONS 

 

This study investigated the various microbial responses to NaClO and their 

potential impacts on MBR performance, and the following conclusions can be 

drawn. 

 

Inevitable contact of activated sludge with NaClO occurred during on-line 

chemical cleaning with NaClO in MBR. However, NaClO exposure could trigger 

bacterial lysis and reduce surface hydrophobicity of sludge floc. Meanwhile, the 

production of EPS and AI-2 was significantly enhanced leading to a faster 

microbial attachment on membrane surface. More importantly, survived bacteria 

after exposure to NaClO were more inclined to adhere onto membrane surface 

than dead bacteria, which can be considered as the defensive response of survived 

microorganisms to the potential damage exerted by NaClO. As a result, this 

phenotype may aggravate membrane biofouling formation and reduce membrane 

performance in MBR. 

 

Upon the exposure to NaClO, significant bacterial death and overproduction of 

oxidative stress occurred. Compared with respective control at the same viability, 

the stressed biomass after the exposure to NaClO exhibited a higher tendency to 

attach on membrane surface. For stressed bacteria, more viable bacteria tended 

to closely adhere onto membrane surface, especially on the bottom fouling layer 

while the upper layer predominantly consisted of dead bacteria, eventually 

leading to the formation of stratification structure of biofilm. Without oxidative 

stress, on the contrary, dead bacteria preferentially adhered onto membrane 

surface resulting in a mixed-culture morphology of biofouling layer. This 

biofilm-forming phenotype revealed that biofilm helped mitigate the potential 
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damages and confer a survival superiority to bacteria under various unfavourable 

conditions. 

 

Accompanied by NaClO-triggered bacterial lysis, substantial amount of DOM 

(up to 24.7 mg/L as DOC) were generated upon exposure to NaClO dosage of 0-

20 mg/L. The main components were characterized as humic acid-like and 

protein-like substances. Moreover, rapid increases in TOCl and TOBr 

concentrations were observed with the NaClO dosage rising from 2 to 20 mg/L, 

and the total halogenated concentration was in the range of 14.3 mg/L to 68.7 

mg/L as Cl. 19 polar halogenated byproducts were successfully detected, and 

eight of them were confirmed with corresponding standards. Most of the 

byproducts were aromatic compounds, especially halopyrroles and 

halo(hydro)benzoquinones, which have been shown to be significantly more 

toxic than the haloaliphatic ones. Consequently, these results clearly 

demonstrated the possible generation of micropollutants through on-line 

chemical cleaning with NaClO in MBR, which raises concern about MBR 

performance as well as public health. 

 

Fate of the DOM and byproducts generated from exposure of biomass to NaClO 

was further examined. It was shown that about 39% of the produced DOM could 

be removed from MBR at a run of 1 HRT, and protein-like substances were more 

readily eliminated than two types of humic-like substances. In terms of emerging 

DBPs, it was found that TOBr were more biodegradable and readily removed in 

MBR than TOCl. Despite various removal efficiencies of individual byproducts 

achieved, 62.4% and 84.5% of overall halogenated byproducts generated at 5 and 

20 mg/L NaClO were still found in the MBR permeate. As a result, with the 

potential toxicity, these micropollutants ended up in permeate may bring in 

significant impacts on ecosystems as well as public health if the permeate of 

MBR is reused or recycled for various applications. 
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7.2 RECOMMENDATIONS 

 

Future studies are recommended in the following aspects: 

 

(1) In practical on-line chemical cleaning operation, highly frequent cleaning 

(approximately 3-120 d) with NaClO are often employed to keep a constant 

permeate flux. It is expectable that consecutive exposure of biomass to 

NaClO can bring in more significant impacts on microorganisms and system 

performance than a single contact. Therefore, a systematical investigation 

about the microbial responses to long-term consecutive cleaning with NaClO 

should be conducted. Moreover, the adaptation of microorganisms and their 

population changes should also be examined over a long-term operation. 

 

(2) Although NaClO is the most commonly employed cleaning agent in MBR, 

several other reagents, such as NaOH, HCl and citric acid, are also frequently 

used in cleaning membranes in MBR. Moreover, NaClO is often combined 

with these reagents for achieving better cleaning performance. Hence, there 

will be a need to explore the microbial responses to other widely-used 

detergents, in order to better understanding of the overall impacts of on-line 

chemical cleaning on MBR operation. 
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