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Abstract: Microorganisms in membrane bioreactors (MBRs) play important roles on 

degradation of organic/inorganic substances in wastewaters, while microbial 

deposition/growth and microbial product accumulation on membranes potentially induce 

membrane fouling. Generally, there is a need to characterize membrane foulants and to 

determine their relations to the evolution of membrane fouling in order to identify a 

suitable fouling control approach in MBRs. This review summarized the factors in MBRs 

that influence microbial behaviors (community compositions, physical properties, and 

microbial products). The state-of-the-art techniques to characterize biofoulants in MBRs 

were reported. The strategies for controlling microbial relevant fouling were discussed and 

the future studies on membrane fouling mechanisms in MBRs were proposed. 

Keywords: extracellular polymeric substances; membrane fouling; microbial community 

structure; microbial flocs; microbial soluble substances 

 

1. Introduction 

A membrane bioreactor (MBR) consists of a bioreactor and a membrane separator (located inside or 

outside of the bioreactor) which replaces the secondary clarifier in the conventional activated sludge 

process. In MBRs, the key role of bacteria is to decompose organic/inorganic matters in the influent; 
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the membrane separates the microorganisms and some macro-molecules, and allows the water and 

dissolved species to pass through. MBRs offer several benefits compared to the conventional activated 

sludge process, such as superior effluent quality, small footprint, and reduced waste sludge production. 

The application areas of MBRs have been increasing sharply with process innovations and significant 

cost reductions of membrane modules over the years [1,2].  

There are still a few technical challenges of MBRs, such as limited knowledge on membrane 

lifespan and membrane integrity, environmental concerns on the wastes of chemicals for membrane 

cleaning. Another major drawback of MBR technology is membrane fouling, which reduces 

productivity and increases operating and energy costs of MBRs [3,4]. Fouling in MBRs is primarily 

caused by microbial deposition/growth and microbial product accumulation on membranes. 

Characteristics of microorganisms and microbial products in MBRs strongly depend on operating 

conditions of MBRs. Therefore, this review summarized the factors in MBRs that influence microbial 

behaviors (community compositions, physical properties, and microbial products) and affect the 

interactions of microbes/microbial products with membranes. To select a suitable and effective fouling 

control method, the dominant foulants in MBRs need to be characterized. Accordingly, the recently 

developed techniques on biofoulant identification were updated in this review. Finally, based on 

various membrane fouling mechanisms, membrane fouling control strategies were suggested in this 

review (Figure 1). 

Figure 1. Schematic illustration showing the contents of this review. 
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1.1. MBRs Application and Development 

MBRs have wide applications in treatment of industrial and municipal wastewater as well as landfill 

leachate. Another attractive application area of MBRs is pretreatment of reverse osmosis (RO) and 

nanofiltration (NF) process [5,6]. Recently, alternative MBR configurations and enhanced hybrid 

MBRs have received more attention due to their excellence in treatment efficiency improvement, 

membrane fouling alleviation, and energy saving. For example, MBRs were either coupled with other 

units such as upflow anaerobic sludge blanket (UASB) and aerobic/anoxic process or operated with 

aerobic granular sludge to achieve simultaneous removal of carbon, nitrogen, and phosphorus in the 

wastewaters [7,8]. Using thermally-driven membrane distillation process instead of pressure-driven 

membrane filtration process, Phattaranawik and Fane proposed a novel membrane distillation 

bioreactor to achieve excellent water quality comparable to RO permeate quality [9,10]. MBRs 

utilizing forward osmosis (FO) membranes have been reported currently considering lower fouling 

potential and less energy consumption compared to the conventional MBR-RO/NF process [11–14]. In 

recent years, many efforts have been made on the development of the anaerobic MBRs, which favor 

higher-strength wastewaters (e.g., food wastewaters, swine manure, landfill leachate, etc.) and also can 

efficiently treat municipal wastewater. Meanwhile, anaerobic MBRs provide the production of energy 

from the generated biogas [15–17]. Microbial fuel cell (MFC) is now actively pursued as a promising 

technology to generate electric power using wastewaters. Wang et al. combined a MBR with a MFC to 

develop an innovative bioelectrochemical membrane reactor system to simultaneously treat 

wastewaters and recover energy [18]. Zhang et al. further proposed to integrate FO membranes into an 

MFC for water reuse and seawater desalination. It was found that the FO-MFC (2.39 W/m3) generated 

more electricity than the MFC (2.07 W/m3) when using seawater as catholyte [19]. 

With stricter discharge standards and increased requirements for water re-use, the future challenges 

for MBRs will focus on scale-up, ease of operation, simplified membrane cleaning and replacement 

strategies, peak flow management, and energy efficiency. On the other hand, the capital cost of the 

MBRs is mainly associated with the cost of the membrane modules. Thus, investigations on membrane 

lifespan and innovation in membrane materials with minimum fouling and cost are crucial for the 

further development of MBRs [4,20]. Many studies have indicated that coating functional molecules 

on the membrane surfaces can effectively alleviate fouling [21,22]. Moreover, preparation of 

composite membranes with nanoparticles is of high interest in recent research studies. Addition of low 

quantity of nanoparticles such as nano-sized silica, carbon nanotubes, alumina, silver, zirconia, gold, 

palladium, titanium dioxide, boehmite, or zinc dioxide, etc. into membrane structures could enhance 

membrane performances by decreasing hydrophobicity and improving porosity, selectivity, 

conductivity, or roughness of membranes [23–25]. Recently, there have been increasing concerns on 

biomimetic behaviors of natural cellular membranes. Researchers have successfully applied this 

concept in fabricating membranes by incorporating water channel proteins (e.g., aquaporin) into 

membrane matrixes for improving membrane permeability [26–29]. Clearly, the innovated membrane 

materials provide better performances. However, to date, almost no real application of these novel 

membranes in pilot plant MBRs has been described in the literature. Future research should be 

considered with a focus on feasibility, stability, and life-cycle assessment of the novel membranes in 

real MBRs. 



Membranes 2012, 2                    

 

 

568

1.2. Membrane Fouling and Potential Foulants 

Membrane fouling is attributed to the larger soluble molecules plugging and narrowing the pores of 

membranes, or the particles/colloids depositing on the membrane surfaces to form a cake layer [30,31]. 

In MBRs, microbial flocs, individual microbial cells, microbial metabolic products, and non-degraded 

matters from wastewaters are considered as potential foulants. In the initial stage (i.e., interaction of 

membranes with potential foulants), the substances having sizes less than/comparable to membrane 

pores easily block the membrane pores; simultaneously, the greater-size substances tend to form cake 

layers on membranes. On a long-term basis, the formed cake layers unable to be removed by physical 

cleaning perform as a secondary membrane. The foulants may fill in the voids of the formed cake 

layers or contribute to increase cake layers. 

Membrane fouling phenomena and mechanisms in MBRs are the most heavily investigated areas in 

the MBR publications. Of particular interest are extracellular polymeric substances (EPS) in MBRs, 

which are excreted or autolyzed by microorganisms and are believed to be a major contributor to 

membrane fouling. EPS consist of various organic substances, including polysaccharides, proteins, 

lipids, and also a component of nucleic acids and other bio-polymers. EPS are not only present 

dissolved or suspended in the solution (soluble EPS), but also attached on the surface of bacteria in 

flocs (bound EPS). Generally, soluble EPS are obtained by removing the microbial flocs from the 

mixed liquor using centrifugation or filtration methods. Bound EPS from the cell surfaces is required 

to be extracted. Previously reported exaction methods include physical extraction methods 

(centrifugation, ultrasonication, and heating), chemical extractions (ammonium hydroxide, sodium 

hydroxide (NaOH), ethylenediamine tetraacetic acid (EDTA), sulfuric acid, trichloroacetic acid, 

boiling benzene, Tris/HCl buffer, phosphate buffer/heat, formaldehyde/NaOH), and cation exchange 

resin. The compositions of bound EPS as analyzed largely depend upon the methods used for 

extraction [32–34]. 

Based on the distribution of EPS, the mixed liquors of MBRs are considered to contain two  

fractions: Microbial flocs and supernatant including colloids and solutes. Recent studies have 

attempted to quantify the fouling caused by each fraction of the mixed liquor, although the results are 

inconsistent. Chang and Lee observed that the resistance of the cake layers formed by microbial flocs 

appeared to determine the overall resistance at various SRTs [35]. Defrance et al. concluded that flocs 

and particulates predominantly contributed to membrane fouling [31]. Lee et al. found that the relative 

contributions of supernatant containing colloids and solutes in the mixed liquor to membrane fouling 

were 37%, 28% and 29% at SRTs of 20, 40 and 60 days respectively, which reveals microbial flocs are 

major foulants [36]. Bae and Tak also claimed that cake layer formation caused by microbial flocs 

constituted the main fouling mechanism [30].  

However, other researchers have identified the soluble compounds or colloids as prime important 

factors in causing membrane fouling in MBRs [37–40]. In these studies, various terms have been used 

to define these soluble/colloidal substances in MBRs based on different research concerns, such as 

soluble EPS [41], soluble microbial products (SMP) [42–44], biopolymers or biopolymeric clusters 

(BPC) [45,46], biomacromolecules [47], dissolved organic matter (DOM) [48,49], and transparent 

exopolymer particles (TEP) [50–54], which follow different sample preparation procedures 

(centrifugation or filtration) and analytical protocols. Recently, the TEP in MBRs have been paid more 
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attention. TEP was initially investigated in marine ecology [55] as the excreted substances of bacterial 

cells. The small and sticky nature of TEP provides them a possibility to adhere to a surface, and 

mobilize bacteria to form biofilm matrix. Meanwhile, TEP contain organic substances and therefore 

provide nutrients for bacterial growth and development of biofilm [50–54]. Whether TEP can be 

considered as a fouling indicator in MBRs and how the relationship is between EPS and TEP are still 

under question. Although there are various definitions on soluble microbial relevant substances, these 

molecules are believed to induce membrane fouling by causing membrane pore clogging and 

narrowing, or forming gel-like cake layers on membranes.  

It is worth mentioning that the contributions of the potential components (i.e., microbial flocs or 

SMP) to fouling in MBRs are variable in these studies, mainly because of various feeding wastewaters, 

membrane properties, hydrodynamic conditions, and importantly, physiological characteristics of 

microbes which were determined by the reactor operating conditions [30,37]. In addition, at the 

moment, due to lack of standard protocols to identify the dominant foulants in MBRs, it may not be 

entirely reliable to directly compare the findings in different studies. This area clearly needs more 

work in future.  

2. Key Factors Influencing Microbial Behaviors in MBRs 

In MBRs, microorganisms maintain their growth by oxidation and synthesis as well as endogenous 

respiration processes using organic/inorganic substances in the wastewaters. Meanwhile, metabolic 

products excreted from living microorganisms and lysis substances from dead cells are generated. 

Membranes submerged into reactors inevitably interact with these substances under hydrodynamic 

conditions. Importantly, once first layer was formed on membrane surfaces by microorganisms and 

their metabolic matters, further adherence of foulants on membrane surfaces will be governed by 

surface properties and structure natures of the initial cake layer. Therefore, the characteristics of 

microbial flocs and SMP perform key roles on their interactions with membranes in MBRs. 

Generally, microbial growth and metabolism depend on feed characteristics and imposed 

environment (e.g., oxygen level, temperature, steady-state/unsteady-state operation). Thus, MBR 

operating conditions involved in these factors influence the microbial behaviors such as the presence 

of microbial species, physiological characteristics of microbial flocs, and their metabolic products.  

2.1. Feed Characteristics 

MBRs have been applied to treat a wide range of industrial and municipal wastewater with variable 

nutrient inputs (e.g., carbon, nitrogen, and phosphorus contents). Substrate loading and composition 

are found to be the primary factors influencing bacterial community in MBRs. Wu et al. illustrated that 

bacterial community structure dynamically shifted in different ways under various organic, nitrogen, or 

phosphorus loadings in MBRs [56,57]. Ahmed et al. reported that when different external carbon 

sources were provided in MBRs, dominance of α, β, γ-subclass of Proteobacteria was dissimilar [58]. 

Concomitantly, the differences in the nutrient sources could influence physiological properties of 

biomass (e.g., concentration, particle size, viscosity, floc structure) as well as chemical compositions 

and distributions of EPS in MBRs, which have an effect on membrane fouling profiles [56–62]. Wu et al. 

reported that the membrane fouling tendency of biomass in the low-loading MBR (0.57 g COD/L day) 
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was insignificantly different from that in the medium-loading MBR (1.14 g COD/L day), which was 

apparently lower than that in the high-loading MBR (2.28 g COD/L day). This is attributed to the higher 

bound EPS contents in the high-loading MBR. On the other hand, the nutrient amount available for 

bacteria is inversely related to sludge retention time (SRT) employed in MBRs. For example, at the 

same organic loading, MBRs with a shorter SRT have a higher food to microorganisms (F/M) ratio. A 

large body of research pointed out that a high F/M ratio in the MBR is beneficial to bacteria for the 

synthesis of cellular material (including growth of new cells and production of excreted substances), 

which as a result aggravates membrane fouling [63–66].  

2.2. Imposed Environment 

2.2.1. Oxygen Level 

Aerobic growth of microorganisms is strongly dependent on the amount of oxygen available 

because oxygen is a key terminal electron acceptor to yield energy in their metabolic pathways. In 

MBRs, imposed dissolved oxygen (DO) level may facilitate propagation of some microbial species, 

but may disfavor others. Vibration of oxygen amount in a reasonable range (e.g., high DO vs. moderate 

DO) may not markedly change the microbial community compositions in the MBRs. Almost similar 

dominant species, for example, Betaproteobacteria, Dechloromonas, Rhodocyclus, Comanonas, and 

Nitrospira, are found under such DO conditions. However, lowering DO levels to a threshold (e.g., 

less than 0.5 mg/L) led to noticeable changes in the microbial community structure (i.e., enhanced 

denitrifying bacterial growth) and distinct decreases of diversity of predominant microbial populations 

in MBRs [67–69]. On the other hand, the oxygen level available in MBRs influences microbial 

metabolisms such as generation, composition, and distribution of EPS [56,67]. Accordingly, 

membrane performances associated with microbial behaviors can be greatly affected by DO levels. 

Gao et al. emphasized that insufficient DO amounts in MBRs facilitated EPS production in the mixed 

liquor and EPS accumulation in the cake layers, which induced higher membrane fouling rates [67]. In 

other studies, it was observed that lowing DO levels reduced the sizes of microbial flocs, which tend to 

form dense and compact cake layers on the membranes and give rise to higher resistances [68,70]. 

2.2.2. Temperature 

In MBRs, microorganisms use their enzymes to hydrolyze and degrade the organic/inorganic 

matters and the levels of enzyme activities are sensitive to seasonal temperatures. The activities of 

some enzymes (such as phosphatase and esterase) positively responded to temperature increases in a 

suitable range, while some enzymes (e.g., glucosidase) may achieve maximum activity at a low 

temperature when domestic wastewater was treated by the MBR [71,72]. Reduced enzyme activities 

lead to less biodegradation of organic substances, resulting in higher concentrations of organic 

substances retained in the reactors. Meanwhile, environmental temperatures influence microbial 

growth rate and microbial community compositions in MBRs. Favorable temperatures facilitate 

propagation of suitable microbes, but unsuitable microbial species may disappear or reduce their 

quantity in the reactors. In some situations, with temperature changing, almost similar microbial 

community composition may be present in MBRs, but the microbial diversity developed in a highly 
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dynamic pattern [73–76]. Furthermore, temperatures affect not only properties of microbial flocs such 

as viscosity and size, but also releasing EPS levels. Miyoshi et al. reported that when the temperature 

decreased from 21.5 to 17.7 °C, almost comparable soluble polysaccharides and protein amounts were 

observed, while further decreasing the temperature to 12.7 °C significantly induced higher soluble 

polysaccharides and protein levels in the MBRs [77]. A similar finding was concluded by van den 

Brink and his colleagues. Therefore, higher membrane fouling rates were obtained at lower 

temperatures [77,78].  

2.2.3. Steady-State vs. Unsteady-State Operation of MBRs 

Stable operation of MBRs is desirable in order to maintain steady reactor performance and 

membrane filtration process. However, in pilot-plant or full-scale MBRs, unsteady states such as 

seasonal fluctuation of wastewaters, intermittent feeding, shifts in the oxygen supply, pH change, and 

discontinuous or irregular disposal of waste sludge may happen. Microorganisms in MBRs respond to 

these variations by developing suitable microbial community or varying their metabolic and synthesis 

processes to increase their tolerance. Significant bacterial population changes have been observed in 

the startup period of MBRs when wastewater compositions, organic loadings, and SRTs were varied, 

even though the stable MBR performances (such as membrane permeability and organic carbon 

removal rate) were achieved. [56,61,63]. On the other hand, a few studies pointed out that unsteady 

organic loading rates led to higher soluble polysaccharides contents in the reactor, which increased 

fouling rates. Yogalakshmi and Joseph illustrated that the soluble EPS in the MBRs increased by  

22%–66% after transient sodium chloride shock. Wu et al. observed that when the levels of soluble 

polysaccharides and soluble TEP in the MBR unexpectedly and suddenly increased due to pH decrease 

from ~7.0 to ~3.0, the cleaned membranes tended to be more easily fouled compared to the membranes 

with the initial cake layers formed in a slow TMP increase stage [40,79–81].  

3. State-of-the-Art Techniques Characterizing Biofoulants in MBRs 

To determine effective membrane fouling control strategies, examination of physical, chemical, and 

biological properties of these biofoulants on the membranes and identification of major fouling species 

are key [82]. Recently developed techniques to characterize the biofoulants allow us to understand the 

natures of fouled membranes. Especially, synergizing the information from various techniques offer us 

the opportunities to obtain comprehensive knowledge on the foulant development on membranes and 

provide insights into membrane fouling mechanism of MBRs. 

3.1. Microbial Flocs  

Observation of structure nature of microbial flocs deposited on membranes by optical microscope, 

conventional scanning electron microscopy (SEM), environmental SEM (ESEM), atomic force 

microscopy (AFM), confocal laser scanning microscopy (CLSM), confocal resonance Raman 

microscopy (CRRM), and optical coherence tomography (OCT) is a direct and useful approach to 

understand fouling behaviors of microorganisms in MBRs. As summarized in recent review  

papers [82–85], these visual tools can provide two dimensional (2-D) and 3-D images of fouling 
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layers, can integrate with software to quantify the biovolumes of the foulants, and especially, can 

identify fouling species and determine their interactions with membranes.  

For example, in ESEM, ruthenium red combined with lysine can enhance the resolution of EPS, 

which were clearly distinguished from microbial cells in biofilm structures [86]. In AFM, by 

comparing the roughness of foulants on the membranes, the dominant compositions of foulants (e.g., 

microbial flocs or SMP) can be determined and the effect of MBR operating conditions on the amounts 

of foulants on the membranes can be explained [87–89]. A recent study further illustrated the 

interactions between the SMP and membranes by modeling the membrane surface topology based on 

the statistical parameters originated from AFM. The results indicated that SMP tend to trap in the 

attractive energy regions as approaching to the membranes, which implies the importance of 

membrane material and morphology in membrane filtration processes [90]. CLSM can detect different 

microbial relevant foulants (viable/dead bacterial cells, polysaccharides, protein, lipid, nucleic acids) 

by staining them with various fluorescence probes and comparing the fluorescence densities [85,91,92]. 

As a powerful non-destructive tool, CRRM not only can describe the surface morphologies of  

biofilms, but also can track the microbial community distribution, identify the microbial species, and 

detect the presence of mineral microparticles. A few studies using CRRM to observe biofilm structure 

and trace nitrifiers and anammox bacteria using resonance Raman effect of cytochrome c have been 

reported [83,93]. OCT is another fast, high solution, reliable, and non-invasive technique, which has 

been applied to monitor mesoscale structures of biofilms on membranes [94,95].  

Physico-chemical analysis can precisely examine the components of attached microbial flocs on the 

membranes by quantification of microbial cells and bound EPS on the cell surfaces. For microbial 

cells, total cell count, heterotrophic plate count, and adenosine triphosphate (ATP) are considered as 

analysis parameters. Compared to traditional cell counting approaches, intracellular and extracellular 

ATP measurements (indicating viable and dead biomass concentrations respectively) are much faster, 

more simple and accurate [96]. Importantly, researchers have pointed out that extracellular ATP as a  

cell-to-cell communication signal can stimulate bacterial adhesion on a surface and facilitate biofilm 

formation [97]. Therefore, the information of ATP analysis of the foulants can be used to predict 

membrane biofouling development in MBRs. 

Another concern is bound EPS on the cell surfaces, which contribute to form microbial flocs and 

provide adhesive potential onto membranes to form cake layers. A recently-developed quartz crystal 

microbalance with dissipation monitoring (QCM-D) technique was successfully applied in studying 

the adherence and viscoelastic properties of bound EPS of activated sludge from MBRs [91]. 

DNA/RNA-based analysis can identify microbial community compositions in the deposited 

microbial flocs on the membranes, which provide more comprehensive, rapid, and concise information 

on characterization of bacteria from the complex bacterial community. Techniques such as fluorescent 

in situ hybridization (FISH), denaturing gradient gel electrophoresis (DGGE), temperature gradient gel 

electrophoresis (TGGE), and DNA sequencing offer good opportunities in community analysis, even 

allowing direct quantification of the presence and abundance of bacterial species. Using these 

techniques, the microbial communities in the cake layers have been characterized in several published 

work, especially those associated with cake layer formation, spatial distributions in cake layers, and 

fouling evolution at different operating conditions of MBRs. In addition, there seems to be markedly 

difference between the microbial community composition in the mixed liquor and on the  
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membranes [58,63,98–100]. Regarding the dominant fouling relevant bacteria, the findings in the 

literature are slightly different because of various experimental conditions of MBRs. Even in the same 

reactor, different hydrodynamic conditions may also influence dominant bacteria in the cake layers. 

Huang et al. found that α- and β-Proteobacteria (accounting for 64%–65%) were enriched in the cake 

layers at a low flux (15 L/m2 h), while, α-Proteobacteria and Bacteroidetes were predominant at a high 

flux (20 L/m2 h) [99]. Although many efforts have put on microbial community analysis in MBRs, the 

challenge is to clarify their fouling associated functionalities.  

3.2. Soluble Foulants  

In general, soluble foulants are characterized and evaluated by examination of total organic carbon 

(TOC), molecular weight distribution, polysaccharides, protein, surface charge, hydrophobicity, etc. 

Recently, advanced techniques are actively utilized to characterize soluble foulants. For example, 

liquid chromatography-organic carbon detection (LC-OCD) has been used to describe the properties of 

colloidal and soluble organics in MBRs considering molecular size and aromatic characteristics 

simultaneously [48]. Researchers further combined LC-OCD with UV detector (UVD) and organic 

nitrogen detector (OND) to estimate the specific UV absorbance at 254 nm and mean oxidation 

number of carbon and nitrogen in the soluble organic matters [43,101,102]. Using LC-OCD-OND, 

Huber et al. detected five major fractions, namely, biopolymers, humic substances, building blocks, 

low molecular-weight acids, and low molecular-weight neutrals in the water samples [101].  

Filloux et al. further identified the proteins in the effluent organic matters responsible for membrane 

fouling by LC-OCD-UVD-OND [102]. 

Meanwhile, as a rapid, selective, and sensitive technique, excitation-emission matrix (EEM) 

fluorescence spectroscopy can obtain fluorescence characteristics of soluble foulants by changing the 

excitation and emission wavelength simultaneously. Previous studies revealed that several main peaks 

have been identified from fluorescence spectra of soluble substances in MBRs, such as aromatic 

proteins (tyrosine and tryptophan, excitation wavelength <250 nm; emission wavelength <350 nm), 

soluble microbial by-product-like material (excitation wavelength at 250–280 nm; emission 

wavelength <380 nm), fulvic acid-like substances (excitation wavelength at 200–250 nm; emission 

wavelength >380 nm); and humic acid-like substances (excitation wavelength >280 nm; emission 

wavelength >380 nm). By analyzing the distribution of fluorescence regional integration (FRI), the 

dominant composites of sludge supernatant, soluble foulants, and MBR permeate can be determined, 

and subsequently the fate and transport of the soluble organic foulants in MBRs can be tracked [43,49]. 

In a recent MBR study by Meng et al., aromatic protein-like substances and tryptophan protein-like 

substances were found to be captured by the fouling layer, similarly to the finding in a study by  

Wang et al. [49]. A few other researchers observed that microbial by-product-like substances were 

predominant in the fouling layers of the MBRs [103,104]. The difference might be related with 

dissimilar feed wastewaters (raw wastewater vs. synthetic wastewater) and various types of MBRs 

(hybrid MBR vs. conventional MBR). 

As a powerful spectra analysis tool, Fourier transform infrared (FTIR) spectroscopy can further 

identify functional groups of organic molecules adsorbed on membrane surfaces in MBRs [105]. 

Meanwhile, by comparing the peak intensity and peak shift in the FTIR spectra between the virgin and 
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fouled membranes, the dominant foulants can be easily detected. Several typical peaks have been 

reported to indicate protein and polysaccharides in the soluble foulants. Namely, the peaks at  

1640 cm−1 (stretching vibration of C=O in amide I), 1540 cm−1 (N–H formation in amide II), and at 

1240 cm−1 (C–N vibration in amide III) reveal the presence of protein [106]. The peaks at  

1000–1200 cm−1 (C=O bond stretching) are associated with polysaccharides and polysaccharide-like 

substances [107]. 

Similarly, an attractive dimension of 13C nuclear magnetic resonance (NMR) is to detect protein 

(peptide peaks at ~160 to ~190 ppm), polysaccharides (secondary alcohol peaks at ~60 to ~90 ppm; 

glycosidic carbon peaks at ~95 to ~106 ppm), and lipids (peaks at ~0 to ~40 ppm) in the soluble 

foulants [108]. Meng et al. combined 13C NMR and EEM to analyze the size-fractionated 

biomacromolecules in the membrane foulants and found that the macromolecules with different sizes 

had various abundances and structures of organic compounds. The macromolecules with a size ranging 

from 100 k Dalton to 0.45 μm had relatively higher polysaccharides contents and mainly contributed to 

fouling layers [47]. 

4. Effective Strategies Controlling Microbial Relevant Fouling in MBRs 

4.1. Microbial Flocs-Dominant Fouling Control  

Control approaches of membrane fouling cover a large of field of study. Physical cleaning are 

generally strategies for removing microbial flocs from membrane surfaces, including hydraulic 

approaches (relaxation, forward flushing, backwashing, backpulsing), pneumatic approaches (air 

sparging, air lifting, air scouring, and air bubbling), sonication (ultrasound), and vibration [109,110]. A 

recent study presented a novel MBR fouling control strategy by magnetically induced vibration. The 

results indicated that magnetically vibration at an intermittent operation mode (2 min on, 2 min off) 

could ensure a high membrane filtration flux (14–26 L/m2 h) at a lower membrane fouling rate than 

that in the conventional aerated MBRs. Meanwhile, remarkably less energy was required for 

magnetically vibration-MBRs at the optimal conditions (2.03 kWh/m3 vs. 6.06 kWh/m3 of 

conventional MBRs) [111]. 

Biological control of biofilm growth and attachment on membrane surfaces using chemical 

molecules is a promising alternative for fouling alleviation [112]. Recent studies have demonstrated 

that extracellular small-molecules signaling involved in cell-cell communication (quorum sensing) 

play critical roles in biofilm formation in water environments [113–115]. For example, quorum sensing 

molecules (N-acyl homoserine lactone, AHL) was present in the MBRs and their activities were 

correlated with membrane biofouling by regulating bacterial EPS production. Therefore, addition of 

acylase into the MBRs to inactivate AHL was suggested as a promising anti-fouling method [116]. Xu 

and Liu proposed to use 2,4-dinitrophenol (DNP) to reduce membrane biofouling. The authors found 

that DNP could disrupt energy metabolism (i.e., inhibiting ATP synthesis) of microorganisms and 

enhance biofilm detachment from the membranes [117].  
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4.2. SMP-Dominant Fouling Control 

As the roles of SMP in membrane fouling have been thoroughly identified, the most important and 

effective fouling control approach is to minimize their concentrations in MBRs. Careful optimization 

of operating conditions (SRT and oxygen level) and avoidance of unsteady-state operation should be 

taken into account. 

Lessening interactions between soluble matters and membranes can reduce irreversible fouling and 

gel-like cake layer formation on membranes. Normally, addition of adsorbing materials (e.g., activated 

carbon, zeolite) or coagulants/flocculants (e.g., polyamide, polyaluminum chloride, diatomite) into 

MBRs to absorb or co-precipitate with soluble substances could be effective strategies to control 

membrane fouling caused by SMP. Addition of diatomite (50 mg/L) into the MBRs could improve 

membrane performance (fouling rate decreased from 0.47 to 0.11 kPa/day) by reducing the fine 

colloids and DOM in the reactors. Wu et al. compared the effect of powdered activated carbon, zeolite, 

and coagulants (polyamide, polyaluminum chloride) on membrane filtration treating anaerobic effluent 

and determined polyaluminum chloride (10 mg/L) as the most effective additive in reducing  

fouling [118,119]. Johir et al. found that granule activated carbon could efficiently remove a range of 

organic matters including amino acids, biopolymers, humic acid-like substances, and fulvic acid-like 

substances from the MBR supernatant by adsorption mechanisms, therefore reducing the total 

membrane resistance from 51 × 1011 to 20 × 1011 m−1 [120]. Koseoglu et al. further compared the 

effects of several strongly cationic charged additives on SMP removal and provided evidences on 

efficiently reducing SMP up to 72% by a commercial cationic biopolymer [121]. However, more  

in-depth knowledge is needed on the effect of additives on the long-term operation of MBRs. 

Additionally, interfering deposition of soluble microbial products onto the membranes has been 

emphasized as a fouling mitigation method in a few studies. Initially-formed and loose-structured cake 

layers on membranes can act as a secondary dynamic membranes or prefilters to entrap soluble 

substances, which facilitate enhancement of membrane long-term performances [80,122].  

Teychene et al. attempted to use the nano-sized inert particles (polystyrene latex, melamine) to change 

the morphology of the cake layers formed by the supernatant foulants (i.e., from less porous 

compressible cake layers to more porous non-compressible cake layers), leading to better membrane 

filterability as a result [123]. Sun et al. noticed that ozonation of the BPC solution (an ozone dose of 

0.3 mg/mg TOC of BPC) greatly reduced the BPC size (from 38 to 12 µm) because the ozone also 

easily attacks glycosidic bonds of the long-chain polysaccharides, resulting in their breakdown into 

low molecule weight polysaccharides. Meanwhile, this dose of ozone resulted in a decrease of the 

viscosity of BPC solution (from ~1.2 to ~1.1 mPa s). Reduction of BPC size and viscosity could lower 

the detrimental role of BPC in membrane fouling [46]. Besides these fouling control strategies, proper 

selection of the membrane materials also leads to a stable and better MBR performance. 

5. Conclusions 

Since the concept of MBRs was commercialized by the Dorr-Oliver company in the 1960s [124], 

membrane fouling mechanisms and control strategies have been investigated over half a century. The 

major concerns on fouling mitigation in MBRs have been shifted from optimization of operating 
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conditions to regulations of microbial behaviors. Especially, a combination of emerging advanced 

analytical tools and developing molecular microbiology allows us to better understand the 

characteristics of microbial relevant foulants. Identification of dominant foulants by linking foulant 

characteristics with fouling development can facilitate determination of effectively fouling control 

strategies. Although many efforts on fouling control in MBRs have been achieved, consistent and 

detailed solutions in real cases as well as economic feasibility are still not clear due to complexity of 

MBRs. Future studies on the functionalities of dominant fouling related microbial species, dynamic 

behaviors of fouling relevant fractions, feasibility of biological triggers for fouling control on existing 

MBR plants are suggested. 
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