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SUMMARY 

In this study, a novel nanofiltration membrane bioreactor (NF-MBR) was developed and 

integrated with the reverse osmosis (RO) process for water reclamation. The underlying 

motivation of using NF-MBR as a pre-treatment to the RO process is to improve the RO 

feed quality and subsequently increase the RO recovery ratio. However, technological 

challenges such as low permeate flux, membrane stability, salinity build-up and 

membrane fouling are the key barriers to the development of NF-MBR. The study 

focused on addressing the important issues pertaining to membrane performance and 

evaluating the feasibility of the NF-MBR+RO process. 

The use of a glutaraldehyde (GA) crosslinked layer-by-layer polyelectrolyte low-

pressure hollow fiber NF membrane has overcome the inherent issues of low permeate 

flux and membrane stability in the NF-MBR system. It was demonstrated that the 

membrane could achieve a constant flux of 10 L/m2h at pressure ~2 bar and produce 

superior MBR permeate quality consistently in a long term experiment treating real 

municipal wastewater. Higher organic removal was observed in the NF-MBR than the 

ultrafiltration MBR (UF-MBR) due to the extended retention time that allows the 

enhanced biodegradation of the retained organics in the bioreactor. The improved MBR 

permeate quality has led to ~3.7 times decrease in the RO fouling rates as compared to 

the UF-MBR+RO process. In addition, it was found that the cake layer fouling that 

caused the cake-enhanced osmotic pressure (CEOP) effect contributed predominantly to 

the transmembrane pressure (TMP) increase in the NF-MBR. With the molecular weight 

cut off (MWCO) of < 500 Da, irreversible pore fouling was marginal for NF membrane 

fouling, therefore, the membrane permeability was highly reversible by physical cleaning 

as compared to MF/UF membranes.  

The impacts of salt accumulation, through adjusting the solids retention time (SRT), in 

the bioreactor on the bioprocess as well as membrane performance of a high retention 

NF-MBR and subsequent RO process for water reclamation was delineated. Salt 

accumulation as an inherent issue of high-retention MBRs (HR-MBRs) often causes 
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undesirable consequences to the biological process and membrane operation. In the NF-

MBR system applied in this study, the negative impact arisen from the accumulation of 

NaCl was alleviated by allowing the passage of monovalent ions, particularly NaCl. The 

build-up of salts (i.e., Ca, Mg, PO4) is a function of SRT, hydraulic retention time (HRT) 

and membrane rejection. Despite the accumulation of salts, both NF-MBRs at SRT of 30 

and 60 d, achieved (i) similar biodegradation efficiency; (ii) excellent organic removal 

(>97%); and (iii) ammonia removal (>98%). Extending the SRT could improve the 

microbial bio-flocculation capability, but did not influence the microbial activity, 

viability, and community structure. However, more severe membrane fouling was 

observed in the NF-MBR with elevated salt levels, which was attributed to the greater 

formation of calcium phosphate scale and Ca-polysaccharides complex (i.e., irreversible 

fouling layer) as well as the CEOP effect. Although both NF-MBRs produced 

comparable quality of permeate, a higher RO membrane fouling rate was observed when 

permeate of NF-MBR with SRT at 60 d was fed to the RO system, implying organic 

compositions in NF-MBR permeate may influence RO performance.   

NF-MBR is an effective pretreatment that improves RO feed qualities (~86% lower 

dissolved organic matter) and subsequently facilitates the high recovery RO process at 

90% recovery ratio. The outcomes of this study showed that the calculated energy 

consumption of the NF-MBR+RO system at 90% recovery was comparable to that of the 

UF-MBR+RO at 75% recovery. The thesis substantiated the feasibility of a novel NF-

MBR+RO system for high recovery water reclamation.  

The findings of this study provide a better understanding of the fouling mechanisms and 

fouling control strategies in the NF-MBR system and offer useful information for the 

development of NF-MBR+RO system for high recovery water reclamation.   
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Chapter 1 

Introduction 

  

1.1  Background 

Freshwater is the fundamental resource to ensure public health, food security, economic 

development and human well-being. The United Nations (UN) has highlighted human 

right to water in many global events and urged the need to commercialize innovative 

technology for the provision of safe, clean, accessible, and affordable drinking water for 

all (UNGA, 2010). Global population growth, rapid urbanization and growing economic 

activity have put major cities in the world under the pressure of water scarcity. The 

United Nations claimed that the world would face a 40 percent shortfall in potable water 

in the coming 15 years and suggested that maximize reuse could be the major contributor 

to universal access to water (WWAP, 2014). While seawater desalination seems to be a 

direct and attractive option with the recent advance development and competitive cost of 

Reverse Osmosis (RO) membrane, water reclamation from wastewater remains to be the 

more economically viable option mainly due to its lower energy requirement (Bartels et 

al., 2005a). 

The “toilet to tap” concept has long been accepted in Singapore since the Public Utility 

Board (American Public Health et al.), the Singapore national water agency first 

introduced it to its citizens in 2001. NEWater, high-quality reclaimed water produced 

from treated wastewater is the pillar of sustainable water resource management in 

Singapore as it supplies up to 30 percent of the national water demand (Chew et al., 

2011). In the first stage of NEWater process, the treated effluent from activated sludge 

process is filtered through Microfiltration (MF) or Ultrafiltration (UF) (Wang et al.) 

membrane to filter out solids and particles in microns such as colloidal particles and 

pathogens. The filtrate which contains only soluble organics and salts is then subjected 
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to Reverse Osmosis (RO) membrane that will only allow water molecules and negligible 

amount of soluble salts and organics to pass. At this stage, the produced water is of high-

quality and potable as it is free from bacteria, viruses, heavy metals, sulphate, nitrate, 

chloride and harmful organics. The third stage of ultra-violet disinfection is to ensure all 

possible contaminations of pathogens in the water pipeline are eliminated (Kent et al., 

2011).  

 

Figure 1-1. Schematic diagram of NEWater process with conventional AS process 

and MBR process (Qin et al., 2006). 

While the activated sludge process (ASP) is commonly adopted in the wastewater 

secondary treatment prior to the NEWater process, membrane bioreactor (MBR) has 

been successfully employed in treating municipal wastewater and produce high-quality 

effluent through membrane filtration (Tam et al., 2007). The MBR technology has 

become a realistic alternative to replace the conventional ASP due to its advantages in 

 

MBR process 

Conventional process  
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terms of better effluent quality, smaller footprint, long solids retention time (SRT) that 

facilitates the proliferation of slow growing bacteria such as nitrifiers, reduced sludge 

production and the possibility of operating at higher biomass concentrations (Yamamoto, 

2001). The replacement of conventional ASP process with the MBR technology as the 

secondary treatment coupled with RO process results in an integrated MBR-RO process 

as shown in Figure 1-1. The MBR-RO treatment scheme has been successfully adopted 

in pilot scale water reclamation plants in Singapore for the production of direct potable 

water (Qin et al., 2006). MBR plays an important role in the complete removal of 

biological agents in the mixed liquor through membrane separation and producing high-

quality secondary effluents which will be fed to the downstream RO system. However, 

a typical MBR process has its limitation in removing the inorganic scalants such as 

calcium phosphate and silica and soluble organics in municipal wastewater. In addition, 

the availability of carbon source in the RO feed could lead to biofilm development on 

the membrane surface and result in biofouling which significantly deteriorates the 

performance of RO process (Ridgway et al., 1985). The presence of these compounds in 

the MBR permeates causes serious membrane fouling of the downstream RO process 

which leads to unwanted consequences such as flux decline, increase in the operating 

pressure, more frequent membrane cleaning, and eventually increase the water 

production costs.  

In view of the challenges in the current MBR-RO process, a novel nanofiltration-based 

membrane bioreactor (NF-MBR) combining high retention NF membrane and bioreactor 

was introduced in this thesis to remove low molecular weight organic matter and scale-

forming divalent ions in the MBR effluents. NF is a mature membrane process with many 

pilot and full-scale applications. With the recent development of NF membranes that are 

fouling resistant, low cost, chemically and biologically stable, and highly permeable, the 

NF-MBR shows a great potential to replace the conventional MBR as the secondary 

treatment process to produce high-quality effluent (Mohammad et al., 2015, Luo et al., 

2014).  



CHAPTER 1: INTRODUCTION 

 

4 

 

1.2  Problem statement 

Membrane fouling in RO is the major obstacle that hindered the widespread application 

of MBR-RO process for potable water reuse (Greenberg et al., 2005). Complex fouling 

in the RO process associated soluble organic compounds and calcium phosphate due to 

poor rejection properties of MF/UF in the MBR towards these compounds has limited 

the practical recovery level of existing MF/UF-MBR+RO for water reclamation at 75 to 

85% (Wetterau et al., 2011). Fouling control and cleaning method is very limited for the 

thin-film-composite (TFC) RO membrane in spiral wound membrane configuration. 

Clean-in-place (CIP) which is the common practice for RO cleaning, not only incurs high 

maintenance cost but also lead to process downtime and higher water production cost. 

To further improve the quality of the MBR permeates, there is a growing interest in 

integrating the high retention membrane separation processes, such as membrane 

distillation (MD), forward osmosis (FO) and nanofiltration (NF) with biological reactor 

to form MD-MBR, FO-MBR and NF-MBR configurations, respectively (Luo et al., 

2017). Such high retention MBRs (HR-MBRs) have enhanced biodegradation of 

refractory organics due to prolonged residence time as well as the effective rejection of 

inorganic compounds i.e. Ca2+. However, there remain several technical challenges in 

HR-MBRs, such as salt accumulation, low permeate flux (i.e. < 10 L/m2 h), and 

membrane stability (Luo et al., 2014, Lay et al., 2010, Luo et al., 2016). Specifically, in 

the FO-MBRs, the setbacks include (i) reversed salt diffusion effect that results in the 

loss of draw solutes and requires constant topping up of draw solutes to maintain the flux; 

(ii) both salinity increase in the bioreactor due to accumulation and concentration 

decrease of the draw solution due to solute diffusion would reduce the net driving force 

for water permeation, thus causing the flux to decline over time; (iii) elevated salts could 

increase the soluble microbial products (SMP) and extracellular polymeric substances 

(EPS) in the mixed liquor that cause greater membrane fouling (Luo et al., 2017); (iv) 

requires additional steps (i.e. RO or other processes) to separate the draw solution and 

water. More importantly, the combined FO-MBR and RO process cannot reduce the 

energy requirement for water production due to the trade-off between FO and RO 
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processes (Shaffer et al., 2015). While in MD-MBR, the requirement of waste heat and 

membrane wetting are still the bottleneck.   

Compared to MD-MBRs and FO-MBRs, NF-MBRs are more feasible for water reuse 

purposes. This is attributed to the facts that (i) NF is a pressure driven process similar to 

MF/UF, which is less complicated compared to FO or MD; (ii) NF has lower monovalent 

salt rejection, thus lower salt accumulation in the bioreactor; (iii) NF application for 

surface and groundwater treatment is rather mature with a large number of full-scale 

installations. Despite the fact that the energy consumption of the NF-MBR is expected 

to be higher than that of the conventional MBR due to the higher operating pressure 

required by the NF membrane, with the improved MBR permeates, the RO process could 

be potentially operated at higher recovery rates with less fouling. Since the RO process 

is the most energy-intensive unit in the entire water reclamation scheme, the additional 

energy required for the NF-MBR operation is hypothesized to be offset by the energy 

saving from the downstream RO process, therefore, resulting in a more sustainable 

MBR-RO process for potable water reuse.  

In spite of the great potential of NF-MBRs, there are only seven existing studies on the 

NF-MBR (Choi et al., 2002, Choi et al., 2006, Choi et al., 2007b, Golbabaei Kootenaei 

et al., 2014, Phan et al., 2016). In previous attempts on NF-MBR, low permeate flux of 

0.042 L/m2h or equivalent to 0.5 L/m2h·bar was attained with a commercial cellulose 

acetate NF (Choi et al., 2002). The low permeability or high operating pressure required 

to obtain decent flux has made the NF-MBR less attractive. To bring NF-MBR towards 

commercialization, it is essential to improve the operating flux up to at least 10 L/m2h 

(LMH) so that it is comparable to the conventional MBR (Meng et al., 2009).  

In view of the above, the use of a novel low-pressure hollow fiber NF membrane, 

previously developed by the Singapore Membrane Technology Centre (SMTC) for water 

softening application, may overcome this challenge. The novel NF membrane possesses 

a positively charged thin film selective layer with a pure water permeability of ~ 17 

L/m2h·bar, molecular weight cut off (MWCO) of < 500 Da, and rejections of Mg2+ and 

Ca2+ ~ 90% and Na+ < 15% (Rajabzadeh et al., 2014, Liu et al., 2015). Most of the 
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commercial membranes in the market require operating pressures of > 5 bar, but this 

membrane only requires < 2 bar to achieve similar performance. The key to achieving 

such a low operating pressure condition lies in the very low rejection of Na+ ion while 

maintaining high rejection of the divalent ions. Indeed, the NF membrane should reduce 

some degree of burdens faced by the RO membrane as the final treatment for water reuse 

purposes. However, high rejection of divalent cations through NF membrane may 

facilitate inorganic fouling and may cause adverse effects on microbial activity in the 

bulk suspension of NF-MBR. Other technological challenges such as membrane stability 

and low permeate flux persist and continue to hinder the development of this technology 

(Choi et al., 2007a, Phan et al., 2016). These technological challenges need to be 

carefully investigated before NF-MBR can become a mature technology to replace 

conventional MBR as the secondary treatment process. 

1.3  Objectives and scope 

The overall objective of this thesis is to incorporate the NF-MBR into the MBR-RO 

process as the secondary treatment for a more sustainable water reclamation process for 

potable water reuse. There are some key aspects of the technology mentioned above that 

need further investigation and optimization. In addition, investigation on the impact of 

NF-MBR as a pretreatment on the fouling of RO process is mandated in this thesis to 

provide a more holistic assessment of the whole NF-MBR+RO process. The following 

presents the specific objectives of this thesis and the breakdown of the thesis structure: 

1) Critically review the available literature on the NF-MBRs and MBR-RO process 

and identify key issues pertaining to NF-MBR+RO process (Chapter 2); 

2) Develop general materials and methods for the main body (i.e., Chapter 4, 5, and 

6) of the thesis (Chapter 3); 

3) The feasibility of a stable-state nanofiltration membrane bioreactor (NF-MBR) 

in the MBR-RO process for long term operation. The performance of the NF-

MBR will be critically assessed with an ultrafiltration membrane bioreactor (UF-

MBR) and RO process as a baseline for comparison (Chapter 4); 
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4) A systemic study of organic fouling in the UF-MBR+RO and NF-MBR+RO 

process (Chapter 4); 

5) Investigate the long-term effect of salt accumulation on the biomass 

characteristics, membrane fouling potential and foulants properties in the NF-

MBR with different SRTs (Chapter 5); 

6) The fouling control and cleaning methods for the stable long-term operation of 

the NF-MBR (Chapter 5);   

7) The effect of NF-MBR as a pretreatment on the RO fouling for high recovery 

water reclamation (Chapter 6). 

1.4  Significance of the research 

The significant outcomes of this research are enumerated below: 

(i) The study demonstrates the feasibility of a novel NF-MBR+RO system for high 

recovery water reclamation; 

 

(ii) A fundamental understanding is provided on the fouling mechanisms of 

combined organic, inorganic and biofouling in the NF-MBR system and RO 

system;  

 

(iii) The study highlights the critical challenges faced by the NF-MBR and offers 

useful information for the development of NF-MBR technology for water 

reclamation.   
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Chapter 2 

Literature Review  

 

 2.1 MBR technology for water reclamation 

2.1.1  Introduction to MBR 

MBR is a technology that integrates both biological reaction process and membrane 

separation process. MBR is a generic term referring to the synergetic coupling of 

membrane separation with bioreactor systems (fermenter or enzymatic ones) with the 

aim of selectively separating the biocatalysts (microorganisms, enzymes, or antibodies) 

from reaction substrates or products. Simultaneous biological reaction and membrane 

filtration allow selective removal of the desired compounds. The porous membranes such 

as the MF/UF membranes used by most of the conventional MBRs can be used as barriers 

to particulate matter i.e., biomass, therefore, the effluent quality is not restricted by the 

settleability of the biomass.    

The maturity of MBR systems in recent decades shows that MBR can be a reliable 

alternative to the conventional activated sludge (CAS) treatment processes in wastewater 

treatment technology. Many successful pilot studies have showcased the advantages of 

MBR technology for water reclamation over conventional treatment methods as 

presented in the followings (Qin et al., 2006, Yamamoto, 2001): 

• Better effluent quality (Effluent is bacteria free and quality no longer depending 

on the settleability of the activated sludge); 

• Smaller footprint of the treatment facility (MBR replaces the aeration basins, 

final sedimentation tanks and MF-UF filtration prior to RO);  

• Proliferation of slow growing bacteria such as nitrifiers (Complete separation of 

the biomass and long SRT operation);  
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• Reduced sludge production and the possibility of operating at higher biomass 

concentrations.  

With the decreasing membrane price over the past two decades, MBR technology has 

become a more attractive solution for water reclamation (Krzeminski et al., 2016). 

Furthermore, significant progress has been accomplished in the design and process 

optimization over the past two decades to reduce the capital and operating expenses of 

MBR plants. According to Krzeminski and co-workers, the global market for MBRs was 

steadily increasing and registering a compound annual growth rate of 12.8% in the period 

2014–2019 due to increasing demand for wastewater treatment.  

2.1.2  MBR Configurations 

There are typically two configurations for the MBR system: external (recirculated or 

side-stream) and submerged (immersed or integrated) as shown in Figure 2-1. 

 

Figure 2-1. MBR configuration:(a) side-stream MBR with external membrane 

unit with concentrate recirculated back to bioreactor; (b) submerged MBR: 

membrane unit integrated into the bioreactor. 

The side-stream configuration consists of an external membrane connected to the 

bioreactor. The mixed liquid is channeled through the membrane module with a high 

crossflow velocity tangentially to the membrane surface and the concentrate is recycled 

(a)  (b)  
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back to the bioreactor. The high-velocity crossflow creates a shearing force to disturb 

and reduce the formation of cake layers on the membrane surface, hence, leads to  lower 

membrane fouling.  

Submerged MBRs were introduced in 1989 by Professor Yamamoto for water 

treatment with the idea of reducing energy costs (Yamamoto et al., 1989). He proposed 

the concept of immersing the hollow fiber membranes either directly into the suspension 

to be filtered or in a separate membrane filtration tank. The permeation through the 

membrane was operated at a lower transmembrane pressure (TMP) compared to side-

stream configuration. One of the major advantages of this configuration is the compared 

with its counterpart MBRs due to the elimination of energy required for pumping 

(Yamamoto et al., 1989). Also, fouling control can be implemented by providing air 

bubbling to create a scouring effect to the submerged membrane surface. Nevertheless, 

it has the drawback of being difficult to operate at high operating pressure especially 

when particles or cells concentrations are high. Additionally, the lower operating 

pressure of submerged MBR translates to a lower flux operation which implies a higher 

membrane area is required to achieve targeted water productivity, therefore, results in 

higher associated membrane investment and maintenance cost (Gander et al., 2000). 

Although side-stream configuration is more energy intensive, for the more difficult feeds 

and operation under higher flux, it may be the only option that works reliably (Pearce, 

2008). 

Despite the fact that the submerged system operates more cost effectively than the side-

stream system, previous attempts using the submerged system has shown that the 

extremely low permeate flux, i.e., 0.042 L/m2h and large membrane area required by the 

submerged system has made the NF-MBR less attractive (Choi et al., 2002, Choi et al., 

2006). More recent studies on NF-MBR have adopted the side-stream configurations 

with ceramic multi-tubular membrane module to increase the water productivity of NF-

MBR (Zaviska et al., 2013, Phan et al., 2016). In addition, the mixed liquor in the NF-

MBR could contain much higher concentrations of organic and inorganic content due to 

the high rejection properties of the NF membranes used, thus, higher operating pressure 
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is essential to maintaining a stable-state operation for research purposes. Therefore, side-

stream configuration was adopted in the NF-MBR system described in the subsequent 

chapters. 

2.1.3  Moving-bed membrane bioreactor (MBMBR) 

The principle of MBMBR is to employ bio-carriers with attached-growth biomass that 

are able to move freely in the reactor with the agitation provided by aeration or 

mechanical mixing. With the aid of bio-carriers, washout of the biomass could be 

reduced, allowing development of specific slow-growing microorganisms such as the 

nitrifiers. Many studies have reported the advantages of the MBMBR over the 

conventional MBR especially its positive effect on fouling reduction (Jin et al., 2013, 

Chen et al., 2016). The following summarizes the reasons MBMBR was adopted in this 

research work: 

(i) Reduced concentration of mixed liquor suspended solids (MLSS) that is 

compensated by the attached growth biomass (potentially reduce membrane 

fouling by the biomass)(Palmarin and Young, 2019); 

(ii) Cultivation of more diverse and populated microbial community (for 

nitrification and biodegradation of re calcitrant organics) (Yang et al., 2009, 

Jamal Khan et al., 2011); 

(iii) Simultaneous nitrification and denitrification (as a results of DO level 

gradient in the attached growth biofilm)(Puznava et al., 2001); 

(iv) Improved physio-chemical properties of the mixed liquor suspension for 

better membrane filtration (reduced biopolymers especially polysaccharides 

in the membrane foulants) (Chen et al., 2016, Palmarin and Young, 2019).  

2.1.4  Fundamentals of membrane fouling in MBR 

Membrane fouling is defined as the undesired deposition of EPS, inorganic precipitates, 

SMP, and microbial cells on the membrane surface which causes a buildup of TMP 

(constant flux operation mode) or a reduction of permeate flux (constant pressure 
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operation mode). In addition, membrane fouling can result in lower system efficiency, 

higher membrane replacement costs, and higher energy requirement for sludge 

recirculation or gas scouring (Lin et al., 2013). It is one of the major obstacles that hinders 

the speed of commercialization of MBRs in real world.  

2.1.3.1 Fouling mechanisms 

Membrane fouling mechanisms are generally characterized into pore blocking by 

colloidal particles, adsorption of soluble compounds and biofouling, cake layer 

formation, consolidation of the cake layer and the spatial and temporal changes of the 

foulants composition during the long-term operation (Hwang et al., 2008). Pore plugging 

and pore blocking mechanism may occur depending on the sizes of the foulants. Foulants 

with sizes smaller than the membrane pores such as soluble organics and small colloids 

cause pore plugging whereas foulants with larger sizes such as sludge flocs, large 

colloids and particulates tend to block the membrane pores and lead to cake layer 

formation (Meng et al., 2009). If cake layer formation occurs before pore blocking, it is 

possible that the cake layer formed on the membrane surface protects the membrane 

surface and pores from irreversible fouling (Bae and Tak, 2005). 

Some empirical models were proposed to explain the relation between sludge 

characteristics or operating conditions and membrane fouling.  These empirical models 

are helpful for the understanding and mitigation of membrane fouling in MBRs. 

Filtration resistance model as shown in Figure 2-2 is the basic model to describe the 

relation among resistance experienced during  flux, J with sludge viscosity, µ and 

transmembrane pressure, ΔP (Shimizu et al., 1993): 

𝐽 =
∆𝑃

𝜇
(

1

𝑅𝑚+𝑅𝑝+𝑅𝑐
)        Eq. 2-1 

where ΔP is the TMP and µ is solvent viscosity, Rm is the hydraulic resistance of virgin 

membrane, Rp is hydraulic resistance attributed to pore blocking mechanism, and Rc is 

the hydraulic resistance of the cake layer formed on the membrane surface. 
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Figure 2-2. Filtration resistance model (Shimizu et al., 1993).  

MBR operated under constant flux mode has a three-stage TMP profile consists of the 

first TMP jump (stage 1) followed by a gradual increase in TMP (stage 2) and a final 

TMP jump (stage 3) as shown in Figure 2-3 (Cho and Fane, 2002, Zhang et al., 2006).  

 

Figure 2-3. Membrane fouling mechanism associated with a three-stage TMP 

profile (Lin et al., 2013). 

During the early stage of the filtration, the colloids and soluble matters are deposited 

onto the membrane surfaces by permeation drag, and not readily detached by shear force 

due to its low back transport velocity (Bae and Tak, 2005). The colloids and solutes with 
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sizes lower than the membrane pore sizes would penetrate and block the membrane 

pores. Many studies attributed the significant membrane fouling and first TMP jump in 

Figure 2-4 during early filtration stage to the initial pore blocking phenomenon. 

Consequently, the gradual increase in TMP is caused by further penetration and pore 

blocking by the colloids and soluble products that are prevented by the gradient 

developing sludge cake (Zhang et al., 2006).  

There are a few interpretations for the second TMP jump. Cho and Fane (2002) attributed 

the second TMP jump to the changes in the local flux due to fouling eventually causing 

local fluxes to be higher than the critical flux, severe fouling may take place with a 

significant drop in membrane performance. Subsequently,  Zhang et al. (2006) revealed 

that the local flux effect might not be the only explanation for the second TMP jump. He 

attributed the sudden TMP jump to the collapse of the biofilm or cake layer structure. 

The collapse of cake layer structure not only increase the membrane resistance but also 

limits the oxygen transfer rate which eventually causes the death of bacteria in the inner 

biofilms. As a consequence, more extracellular polymeric substances (EPS) are released 

and results in a sudden increase in the concentration of EPS at the bottom of the cake 

layer. The EPS accumulated in the inner of cake layer permanently block the membrane 

pores, therefore, causes irreversible fouling and  (Hwang et al., 2008).  

2.1.3.2 Reversible and irreversible membrane fouling 

Membrane fouling is a complicated phenomenon that results from the interaction among 

multiple factors. The mixed liquor physiochemical properties may strongly affect fouling 

mechanisms in a membrane filtration system, therefore, resulting in reversible and 

irreversible membrane fouling. Although it can be confusing in the literature regarding 

the concepts of irreversible fouling and reversible fouling, it is generally agreed that 

membrane fouling can be classified into reversible and irreversible fouling based on the 

cleaning practice (Meng et al., 2009). Reversible fouling can be further classified into 

removable and irremovable fouling. The former is caused by loosely attached foulants 

while the latter is caused by pore blocking and strongly attached foulants to the 

membrane surface. The removable fouling refers to the fouling that can be eliminated by 



CHAPTER 2: LITERATURE REVIEW 

 

15 

 

physical means of cleaning such as backwashing or relaxation under crossflow 

conditions, whereas irremovable fouling refers to fouling that can only be removed by 

chemical means of cleaning (Meng et al., 2009). The irreversible fouling refers to a 

permanent fouling which cannot be removed by any approach even chemical cleaning.  

2.1.5  Limitations of conventional MBR in water reclamation  

In spite of all the advantages of MBR over CAS, conventional MBR has its own 

limitations in removing a wide range of soluble organics such as pesticides, hormones 

and trace organic contaminants (TrOCs) (Tadkaew et al., 2011). The MBR system has 

been increasingly investigated for their performance with respect to TrOCs removal 

(Radjenović et al., 2009, Wijekoon et al., 2013, Tadkaew et al., 2011). The term trace 

organic contaminants refers to contaminants present in water and wastewater at very low 

concentrations as a result of domestic and industrial usage. . They include endocrine 

disrupting compounds (EDCs), pharmaceutical and personal care products (PPCPs), and 

disinfection by-products (DBPs). Several studies found that hydrophobic TrOCs can 

adsorb to the biomass, resulting in longer retention times in the bioreactor (Radjenović 

et al., 2009, Tadkaew et al., 2011, Wijekoon et al., 2013). The longer retention time in 

the bioreactor can facilitate better biodegradation, therefore, resulting in higher removal 

efficiency of these TrOCs. In contrast, hydrophilic TrOCs such as carbamazepine and 

diclofenac were found to be persistent in both CAS and MBR treatment system as these 

TrOCs with low MW can pass through the MF and UF membranes employed in the MBR 

system. Therefore, the retention time of the hydrophilic TrOCs in the bioreactor is almost 

equal to the hydraulic retention time (HRT) which is insufficient for the biodegradation 

due to their recalcitrant nature. Therefore, the presence of hydrophilic TrOCs in MBR 

permeate necessitates a further advanced treatment process to ensure complete 

elimination of these TrOCs in the final water products.  

In water reclamation scheme, the subsequent advanced treatment process mainly consists 

of a combination of reverse osmosis or nanofiltration and UV oxidation or ozonation. 

The presence of these dissolved ions and  organic matter in the MBR permeates has been 



CHAPTER 2: LITERATURE REVIEW 

 

16 

 

proven to cause serious membrane fouling of the downstream RO process which leads 

to unwanted consequences such as flux decline, high operating pressure, more frequent 

membrane cleaning increased plant downtime, and shorter membrane lifespan(Bartels et 

al., 2005b). Although high water quality is eventually achieved after these multi-stage 

treatment processes, the overall treatment can be costly and energy intensive due to poor 

water quality of the RO feed, therefore, compromising the economic and environmental 

benefits of water reclamation (Luo et al., 2014).  

2.2 Nanofiltration membrane process 

2.2.1  Fundamentals of NF 

NF is a complex process which is highly dependent on the micro-hydrodynamic and 

interfacial events occurring at the membrane surface and within the membrane nanopores 

(Mohammad et al., 2015). Unlike the MF/UF membrane, where the mass transport is 

mainly governed by size exclusion, the separation mechanisms of NF membranes is far 

more complex and are attributed to a combination of steric (size-based exclusion), 

Donnan, and dielectric effects. Various predictive models for the transportation through 

NF membranes have been developed based on the extended Nernst-Planck equation 

which describes the contributions from diffusion, electromigration and convection as the 

three terms on the right-hand side of Eq. 2-2 (Schlögl, 1966). 

 

𝑗𝑖 = −
𝑐𝑖𝐷𝑖,∞𝐾𝑖,𝑑

𝑅𝑇

𝑑𝜇

𝑑𝑥
+ 𝐾𝑖,𝑐𝑐𝑖𝑉      Eq. 2-2 

 

where ji is the ionic flux, ci is the ionic concentration, Di,∞ is the effective diffusion 

coefficient, R is the gas constant, T is the temperature, V is the solvent velocity 

and Ki,c and Ki,d are hindrance factors to account for the convection and diffusion inside 

a confined space. 

The size exclusion mechanism governs the diffusive and convective transportation of 

neutral solutes across membrane whereas the transportation of charged solutes is 
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governed by a combination of steric (size-based exclusion), Donnan, and dielectric 

effects. The classical Donnan effect describes the equilibria and membrane potential 

interactions between a charged species and the interface of the charged membrane 

(Donnan, 1995). Electrostatic repulsion or attraction happens based on the ion valence 

and the zeta potential of the membrane that might vary from time to time depending on 

the localized ionic environment. However, the mechanisms of dielectric exclusion are 

not fully understood and debatable. This is attributed to the fact that the dimensions of 

the NF active layer are at near atomic length scales, coupled with limitations in current 

measurement technologies have hindered us from getting a detailed information of the 

physical structure, electrical properties and therefore the true nature of separation 

mechanisms of NF membranes. 

2.2.2  NF membrane applications  

The NF membrane process is capable of producing great amounts of high-quality water 

with its unique membrane characteristics such as high selectivity between multivalent 

and monovalent ions, the high rejection capacity to retain small organic molecules, 

longer membrane lifespan, higher flux and lower operating pressure. The excellent 

removal capacity of contaminants and the decreasing membrane prices have led to the 

wide acceptance and the applications of NF membrane in many areas including water 

treatment (Fang et al., 2013), wastewater reclamation (Zaviska et al., 2013, Phan et al., 

2016), desalination (Subramanian and Seeram, 2013), food processing industry (Rice et 

al., 2011), pharmaceutical and biotechnology (Székely et al., 2011, Siew et al., 2013). 

Recently, NF has gained more attention and been used for novel applications such as for 

removal of persistent organic pollutants (POPs), arsenic (As), PhACs and hormones 

(Mohammad et al., 2015). Among these applications, the application of NF membranes 

in wastewater treatment is discussed in the following section.   

2.2.2.1 Wastewater treatment 

NF membranes have been tested extensively for their rejection properties in removing 

pharmaceuticals and personal care products (PPCPs). Both NF90 and NF270 membranes 
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were examined for their rejection capacities of six PPCPs, namely carbamazepine (CBZ), 

triclosan (TRI), ibuprofen (IBU), sulfadiazine (DIA), sulfamethoxazole (SMX) and 

sulfamethazine (SMZ) (Lin et al., 2014). The outcomes showed that size exclusion and 

electrostatic repulsion worked synergistically for NF 90 whereas electrostatic repulsion 

was the dominant separation mechanism for NF 270. In addition, the NF membranes 

were tested for their rejection properties in removing PPCPs in real municipal 

wastewater.  

Andrade et al. (2014) studied the combination of MBR as secondary treatment and 

nanofiltration as tertiary treatment for the treatment and reuse of dairy wastewater. The 

results showed that the overall COD removal efficiencies of 99.9 % was achieved. With 

nanofiltration, excellent effluent quality was achieved. Therefore, an innovative idea to 

combine MBR process with NF by recirculating NF concentrate to the preceding MBR 

system was proposed (Rautenbach and Mellis, 1994). Many studies showed successful 

applications in the MBR-NF process with NF concentrate recirculation for water reuse 

(Kappel et al., 2014, Woo et al., 2016). The prolonged retention time of the organic 

micropollutants in the bioreactor caused by the concentrate recirculation enhanced 

biodegradation. Kappel and co-workers later found that inorganic fouling is the dominant 

fouling mechanism on the NF membrane, while organics such as humic acids do not 

contribute much to the NF fouling (Kappel et al., 2014).  

To combine the MBR and NF process into a one step process, a study by Choi and co-

workers firstly attempted the idea to replace the MF/UF membrane in the conventional 

MBR system with NF membrane and developed a new type of nanofiltration based MBR 

(Choi et al., 2002). A more detailed review of the NF-MBR and its development can be 

found in section 2.3. 

2.2.3  Fouling in NF membrane  

Fouling is still the major obstacle that limits and slowdowns the prosperous and effective 

applications of membrane technology. In this section, the fouling in NF is reviewed 

within the scope of wastewater treatment.  
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2.2.3.1 Fouling Mechanisms 

Generally, there are four basic fouling mechanisms involved simultaneously in the 

fouling of NF membrane, namely adsorption, pore blocking, cake layer formation, and 

gel layer formation.   

a) Adsorption: It is dependent of the specific interaction between the solutes and the 

membrane surface. The adsorption may occur on the membrane surface or in pores 

depends on the size of solutes. 

b) Pore blocking: Foulants with sizes smaller than the membrane pores such as soluble 

organics and small colloids causes pore plugging whereas foulants with larger sizes such 

as sludge flocs, large colloids and particulates tend to block the membrane pores and lead 

to cake layer formation 

c) Cake layer formation: Deposition of colloids on the membrane surface and eventually 

form a foulant layer that resist flow.  

d) Gel layer formation: The formation of gel layer at the membrane surface is initiated 

when the solute concentration reaches a maximum value due to concentration 

polarization.  

Unlike the MF/UF membranes, these fouling mechanisms in the NF operation are much 

closely related to concentration polarization and osmotic pressure. Concentration 

polarization is a phenomenon where a high solute concentration at the membrane surface 

compared to the bulk solution, which resulted from the accumulation of retained solutes 

in the membrane boundary at the feed side during the filtration process. While osmotic 

pressure is defined as a measure of the tendency of a solution to take in water by osmosis. 

The accumulation of inorganic or organic solutes increases the osmotic pressure in the 

bioreactor, therefore, reducing the effective transmembrane driving force. The fouling in 

NF membrane can be dominated by certain fouling mechanisms which influenced by 
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both feed properties and membrane properties (Mohammad et al., 2015). For example, 

Koyuncu et al. (2004) found that the dominant fouling mechanisms of NF treating dye 

was cake layer formation at low salt condition whereas fouling was dominated by 

adsorption at high salt condition. 

It is customary to assume a single fouling mechanism prevailing throughout the 

membrane operation. The fouling mechanism revealed by experiment using single-

foulant solutions is overly simplified as it may neglect some of the important interactions 

among multiple foulants types. Therefore, several studies have been conducted to have 

a better understanding on combined fouling of the NF membranes (Lee et al., 2005, 

Jarusutthirak et al., 2007, Li et al., 2015). For example, the cake-enhanced osmotic 

pressure (CEOP) was found to be the dominant fouling mechanism for individual 

colloidal fouling, however, the combined fouling could be influenced by several fouling 

mechanisms due to the presence of other natural organic matter (NOM) and inorganic 

compounds (Mahlangu et al., 2015). Some authors observed that the contributions of the 

fouling mechanisms for combined fouling are less significant compared to their separate 

influences on individual colloidal fouling (Lee et al., 2005). In short, the combined 

fouling may be influenced by the combined effects of 1) CEOP, 2) cake layer resistance, 

and 3) Surface conditioning (Tang et al., 2011). Despite previous research efforts, the 

fouling mechanism resulted from the mixed foulants interaction is still not well 

understood, hence, more investigations in this area are needed.  

2.2.3.2 Types of Fouling  

Similar to the MF/UF membrane, fouling in NF membrane can be categorized into 4 

types based on different types of foulants, namely colloidal fouling, organic fouling, 

scaling and biofouling. Dependent on the wastewater constituents, different types of 

fouling, namely colloidal fouling, organic fouling, scaling, and biofouling can occur 

simultaneously in a NF system.  

1) Colloidal fouling  
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Colloidal fouling is of fundamental important to NF fouling as they are more likely to 

cause membrane fouling due to their larger sizes. Organic macromolecules such as 

polysaccharides, proteins, and natural organic matter are often viewed as the major 

foulants in wastewater reclamation (Mustafa et al., 2016). These organic 

macromolecules usually present in the form of particulates, and they share many 

common properties with their inorganic colloids such as aluminum silicate minerals, 

silica, iron oxides/hydroxides with respect to membranes fouling. The underlying 

principle for the successful attachment of colloids onto the membrane is mainly governed 

by the permeate drag force and the various depolarization mechanisms namely shear-

induced diffusion, surface interaction, Brownian diffusion and lateral migration (Bacchin 

et al., 2006). Also, the factors affecting colloidal fouling propensity in the NF membrane 

operation can be categorized into three groups namely, feed water composition, 

membrane properties and hydrodynamic conditions as shown in Figure 2-4. Membrane 

fouling is strongly related to the physiochemical properties and the concentrations of the 

colloids present in the feedwater.  Membrane properties, such surface roughness, charge 

properties, and hydrophobicity also play an important role in colloidal fouling. 

Generally, a smooth and hydrophilic membrane with neutral surface charge tend to have 

lower fouling especially at the initial stage of membrane fouling (Elimelech et al., 1997). 

Hydrodynamic conditions such as flux, crossflow, temperature and recovery can also 

have substantial impacts to the colloidal fouling. Lastly, the critical flux and the limiting 

flux concepts must not be overlooked in the subject of NF colloidal fouling (Tang et al., 

2011). 
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Figure 2-4. Factors affecting colloidal fouling of NF membranes (Tang et al., 

2011).  

2) Organic fouling  

Organic fouling is highly associated with the presence of natural organic matter (NOM) 

such as humic acids and fluvic acids especially in the context of water reclamation. 

Humic substance is comprised of both aromatic and aliphatic components with mainly 

carboxylic and phenolic functional groups (Gong et al., 2017). Similar to colloidal 

fouling, the factors governing the fouling propensity listed in Figure 2-4 are applicable 

to organic fouling in NF. In particular, the effect of chemistry parameters such as pH and 

ionic strength on the morphological and physiochemical changes of both the NOM and 

membrane surface is of fundamental important to the severity of fouling (Al-Amoudi, 

2010). Under low pH condition, humic acids have a smaller molecular configuration due 

to reduced inter-chain electrostatic repulsion while the surface charge on the membrane 

tends to be less negative. Given the negatively charged nature of humic acids, 

the reduction in electrostatic repulsion between the NOM and membrane surface 

increases the chances of successful attachment to the membrane surface. On the other 
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hand, the ionic strength of the solution also plays an important role in the organic fouling. 

At high ionic strength, the membrane pore size was found to exhibit larger pore size 

compared at low ionic strength (Al-Amoudi, 2010). Ionic strength also has an impact on 

the secondary and tertiary structure of NOM. A rigid and compact NOM macromolecule 

is formed under high ionic strength conditions due to higher intermolecular repulsion 

(Theng, 2012a). As a consequence, a dense, compact and thick fouling layer is formed 

under low pH and high ionic strength condition whereas a loose and thin fouling layer is 

formed under high pH and low ionic condition (Elimelech et al., 1997).  

3) Inorganic fouling  

Scaling occurs when the concentration of one or more inorganic species increases beyond 

the solubility limits and leads to precipitation of these species on the membrane surface. 

Salts such as calcium carbonates, gypsum, calcium phosphate, silica, ferric and 

aluminum hydroxides are the common scaling species found in NF membrane (van de 

Lisdonk et al., 2000, van de Lisdonk et al., 2001, Vogel et al., 2010). Many studies 

acknowledged that scaling takes place on the NF membrane surface requires two stages, 

namely the nucleation stage and crystal growth from supersaturated solution (Al-

Amoudi, 2010, Rathinam et al., 2018). Therefore, it is crucial to understand the 

mechanism of scale formation in order to prevent membrane fouling arise from 

scaling.  Both heterogeneous and homogeneous crystallization are the possible 

mechanism that causes scaling on the membrane surface. Heterogeneous crystallization 

occurs when the interfacial energy between the solid substrate and the crystal is smaller 

than the interfacial energy between the crystal and the solution (Lee et al., 1999, Al-

Amoudi, 2010). Subsequently, the nucleation takes place on a solid substrate surface 

rather than in the bulk solution even at a low saturation point (Rathinam et al., 2018). 

Concentration polarization is of fundamental important to heterogeneous crystallization 

because the concentration of scaling species increase exponentially near the vicinity of 

membrane surface and ultimately lead to precipitation on the membrane. While 

homogeneous crystallization takes place only when the bulk phase is supersaturated and 

crystallization takes place in the bulk solution. Additionally, factors such as flux, 
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crossflow velocity, temperature, pH, concentration polarization, surface roughness of the 

membrane can influence the scale formation mechanisms as shown in Figure 2-5. For 

example, in a MBR-NF system treating real municipal wastewater, Kappel and co-

workers found that inorganic fouling attributed by calcium phosphate scaling is the 

dominant fouling mechanism on the NF membrane at high pH, i.e., pH 8, however, no 

scaling was observed at the lower pH, i.e., pH 6  (Kappel et al., 2014). This implies that 

scaling could be prevented when the NF system is operated at conditions lower than the 

critical solubility limits and pH conditions.   

 

Figure 2-5. Factors affecting scale formation mechanisms in NF operation (Lee et 

al., 1999).  

4) Biofouling 

Biofouling is defined as the adhesion, metabolism, and growth of microbial cells in the 

form of biofilm on the membrane surface which is the main cause of loss of membrane 

permeability, and therefore, membrane flux and efficiency in the system (Wang et al., 
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2005). During the early stage of biofouling, a bacterial cell is transported by the 

convective water flow to the membrane surface and adheres to the surface reversibly in 

the first step of cell adhesion. The microbial adhesion to membrane surface is facilitated 

by several driving factors such as hydrodynamic forces, physiochemical interactions 

between microorganisms and membrane surface, and adhesive forces as illustrated in 

Figure 2-6. 

 

Figure 2-6. Driving forces of microbial adhesion (Al-Juboori and Yusaf, 2012). 

Hydrodynamic forces which result from the convective water flow passing an NF 

membrane are responsible for the transportation of the microorganisms to the vicinity of 

the membrane surface (Sadr Ghayeni et al., 1998). Physiochemical interactions between 

microorganisms and the membrane surface are governed by the van der Waals interaction 

and Coulomb interaction on the electrostatic double layer which described in the classic 

model based on Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. According to 

Hori and Matsumoto (2010), the van der Waals attractive force is dominant in the vicinity 

of a surface whereas the Coulomb interaction becomes dominant at a distance away from 
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the surface. In addition, hydrophobicity is an important factor that greatly affects 

bacterial adhesion and the self-agglutination of bacterial cells (Katsikogianni and 

Missirlis, 2004, Zita and Hermansson, 1997, Gekas et al., 1992). The attractive 

hydrophobic interactions and repulsive hydration effects are explained in Lewis acid–

base interactions between bacteria and membrane surface. According to van Oss (1993), 

the influence of the acid–base interactions is enormous compared with electrostatic and 

van der Waals interactions. Therefore, hydrophobic/hydrophilic interactions are then 

incorporated into the extended DLVO theory. In short, the microbial adhesion to 

membrane surface can only occur when the total free energy resulted from van der Waals, 

electrostatic double layer and hydrophobic/hydrophilic interactions between the bacteria 

and the membrane surface is negative (Brant and Childress, 2002). 

After the adhesion, the bacterial cell will then produce exopolymeric substances (EPS), 

which can pierce the energy barrier for bridging between the cell and surface and 

eventually form a mature biofilm (Hori and Matsumoto, 2010). Adhesive forces of 

extracellular polymeric substances (EPSs) and the appendages of bacteria can be very 

critical to the irreversible microbial adhesion and eventually causing irreversible fouling 

in RO membrane (Sadr Ghayeni et al., 1998). Transparent exopolymer particles is a 

subgroup of suspended EPS which are present in the form of discrete particles matrix 

which is capable of withstanding fluid shear force in the RO system (Meng et al., 2013, 

Barnes et al., 2014).  

The understanding of biofouling can be further built upon the concept of biofilm 

development. The three general phases of biofilm development are induction phase, 

logarithmical growth phase, and plateau phase (Flemming, 1997). In the induction phase, 

the surface is primarily colonized by several groups of pioneer microorganism. Adhesion 

is substantially proportional to the cell density in the water phase as a result of weak 

physicochemical interactions. During the logarithmical growth phase, biofilm 

accumulation mainly due to cell growth on the surface rather than the adhesion of free-

moving cells. In the plateau phase, the biofilm growth rate, cell detachment and cellular 

dying rate are in balance in which the growth rate is independent of the concentration of 
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cells in the raw water, however, it is governed by other factors such as nutrient 

concentration, the mechanical stability of the biofilm, and the effective shear forces.  

2.3 Novel nanofiltration-based MBR 

2.3.1  High retention membrane bioreactor (HR-MBR) 

Recent advanced developments in the MBR field have led to the concept of a novel HR-

MBR that combines both biological process and high retention membrane separation into 

one treatment system (Luo et al., 2014). The retention of TrOCs is no longer limited to 

the hydrophobic TrOCs where the absorption to the biomass is taken place in the 

bioreactor. The high retention membrane separation process can effectively retain both 

hydrophobic and hydrophilic TrOCs, therefore, extending their retention time in the 

bioreactor and potentially enhancing their biodegradation. The HR-MBR is comprised 

of three major configurations, namely osmosis membrane bioreactor (FO-MBR), 

membrane distillation membrane bioreactor (MD-MBR) and nanofiltration membrane 

bioreactor (NF-MBR). The key differences between high retention MBRs and 

conventional MBRs are summarized in Table 2-1.   
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Table 2-1. A comparison of conventional and high retention MBRs (adapted from (Luo et al., 2014)) 

 Conventional MBR High retention MBR 

 

Type MF/UF-MBR MD-MBR FO-MBR NF-MBR 

Membrane Hydrophilic MF/UF Hydrophobic MF FO NF 

Driving force Hydraulic pressure Vapour pressure Osmotic pressure Hydraulic pressure 

NaCl rejection (%) Negligible ~ 100 ~ 100 40 – 90 

TOC in permeate 

(mg/L) 

3 – 10 < 0.8 < 3 1 – 4  

Permeate flux 

(L/m2h) 

10 – 30 1.2 – 15 < 10 < 2.5 

Additional step - Heat source is required water/draw solute 

separation 

- 

Pros Simple process 

design; commercially 

avaible MF/UF 

membranes. 

Excellent permeate 

quality; waste heat could 

be utilised (if available) 

Excellent permeate quality; 

Low energy requirement; 

Low fouling;  

Excellent permeate 

quality; simple process 

design; no 

accumulation of NaCl 

Cons Poor permeate quality Biological activity 

affected under 

thermophilic condition; 

high energy 

requirement; membrane 

wetting 

Inconsistent permeate flux; 

reverse salt transport; 

internal concentration 

polarization; Biological 

activity deteriorated under 

high NaCl condition  

Low permeate flux; 

high energy 

requirement (for 

hydraulic pressure and 

crossflow); high 

fouling 
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2.3.1.1 FO-MBR 

The FO-MBR system is a combination of a bioreactor unit and a forward osmosis 

(Bradford) membrane module which can be incorporated in either submerged or side-

stream configuration. FO is an osmotically driven membrane process where only water 

molecules from a feed solution could pass through the semi-permeable FO membrane to 

the draw solution. For water reclamation, the FO-MBR is coupled with a draw solute 

recovery process like RO to reconcentrate the diluted draw solution to obtain the high-

quality water product. The FO-MBR system is well known for its potential advantages 

such as lower fouling propensity (due to the absence of hydraulic pressure), high 

rejection rate which is comparable to RO and lower energy consumption (Wang et al., 

2016). In addition, the integration of the MF/UF membrane unit into the FO-MBRs 

enables the recovery of nitrogen and phosphorus from wastewater (Qiu et al., 2015). 

However, low and unstable permeate flux as one of the core challenges of the technology. 

(Wang et al., 2016). Other challenges such as membrane fouling, internal concentration 

polarization (ICP) and reverse salt transport (RST) occurs during the FO process 

continued to hinder its development. Briefly, RST that results in the loss of draw solutes 

and requires constant topping up of draw solutes to maintain the flux. The elevated 

salinity condition in the FO-MBR resulted from the accumulation of solutes and RST 

reduces the net osmotic driving force. ICP phenomenon coupled with membrane fouling 

causes hindered diffusion of solutes within the membrane support layer and reduces the 

net osmotic driving force, therefore, resulting in reduction of permeate flux. In addition, 

elevated salinity also has impacts on the physical and biochemical properties of biomass 

which could adversely affect the overall microbial activity and population structure (Lay 

et al., 2010, Wang et al., 2014b). For example, elevated salts could increase the soluble 

microbial products (SMP) and extracellular polymeric substances (EPS) in the mixed 

liquor that cause greater membrane fouling (Luo et al., 2017). In short, these inherent 

issues of the FO process have made the FO-MBR less suitable for water reclamation 

applications. 
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2.3.1.2 MD-MBR 

MD is a thermally-driven transport of water molecules (in vapor phase) through porous 

and hydrophobic membranes. When MD is coupled with thermophilic bioprocess, it 

gives rise to the novel MD-MBR (Phattaranawik et al., 2008a). In the MD-MBR system, 

the permeate flux can be increased by increasing the temperature difference across the 

membrane. However, elevated temperature in the bioreactor can have adverse impacts 

on the biological process. For example, biological activity under thermophilic condition 

is typically lower than that of the mesophilic condition (Tripathi and Grant Allen, 1999). 

Moreover, nitrification-denitrification process could not take place due to the absence of 

nitrifiers under thermophilic condition (Goh et al., 2015). Moreover, severe membrane 

scaling under high temperature conditions could increase the membrane resistance and 

therefore result in flux decline (Luo et al., 2014). Like all membrane systems, the MD-

MBR faces the challenge of flux decline due to fouling where the fouling layer exerts a 

mass transfer resistance to flow. Unfortunately, fouling of the MD-MBR has two other 

unique effects on its flux: thermal resistance and temperature polarization (Schofield et 

al., 1987, Srisurichan et al., 2006). In addition, the issue of membrane wetting which 

leads to an increase in TOC transmission and a reduction in organic removal efficiency 

is unique to MD-MBR (Goh et al., 2013). Also, MD-MBR shares the same challenge 

faced by FO-MBR related to salts accumulation as discussed above. In view of the high 

temperature requirement for the MD-MBR, it may find application in industrial 

wastewater reclamation where waste heat can be harnessed, however, it may not be 

suitable for municipal wastewater treatment and water reclamation application.   

2.3.1.3 NF-MBR 

NF-MBR is one type of the HR-MBRs that offers alternatives to produce permeate with 

high-quality for potable reuse and direct discharge to watercourses (Luo et al., 2014, 

Choi et al., 2002, Choi et al., 2006). Compared to FO-MBR and MD-MBR, NF-MBRs 

are more feasible for water reclamation application. The key advantage of NF-MBRs lie 

in the lower monovalent salts rejection of the NF membrane. This results in lower salts 
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accumulation in the bioreactor, therefore, lower the negative impacts on the physical and 

biochemical properties of biomass. In addition, the configuration of NF-MBR is 

relatively similar to the conventional MBR, implying a minimum alteration or 

modification required to upgrade the current MBR system. Instead of using the MF/UF 

membrane as a barrier to biomass, NF-MBR uses an NF membrane to retain both 

biomass and dissolved organics to produce high quality permeate. Lastly, NF is a mature 

process with many pilot and full-scale applications, however, most of the commercially 

available NF membranes were not specifically designed for the separation of activated 

sludge. Therefore, membrane fouling is expected to be more serious in NF-MBR 

applications. According to Choi et al. (2002), one approach to minimizing fouling is to 

operate the NF-MBR system at a very low permeate flux and a high crossflow condition. 

This approach is found to be effective in controlling cake layer formation on the 

membrane surface and prolonging membrane lifespan, however, it compromised on the 

water productivity of the system (Choi et al., 2006). With the advanced development of 

NF membranes that are fouling resistant, low cost, chemically and biologically stable, 

and highly permeable, the challenges arise from membrane fouling could be eventually 

overcome. Therefore, with the use of a novel low-pressure hollow fiber NF membrane 

described in Chapter 3, the NF-MBR show great potential to replace the conventional 

MBR as the secondary treatment process for water reclamation application (Luo et al., 

2014). 

2.3.2  TrOCs removal 

The removal of TrOCs has been recently viewed as one of the most challenging tasks in 

water reclamation process (Luo et al., 2014). Due to the lack of emphasis on TrOCs over 

the past decades, conventional wastewater treatment technologies were not targeted on 

removing these TrOCs (Luo et al., 2014). More studies found that TrOCs such as 

pesticides, pharmaceuticals, antibiotics, personal care products, hormones and endocrine 

disrupters may pose serious risk on ecosystems and human health (Li et al., 2016). 

Therefore, water treatment technologies should aim to minimize introduction of critical 

pollutants into the aquatic environment. With the maturity of MBR technology, advance 
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treatment targeted on the removal of TrOCs has attracted increasingly attention in the 

research field of municipal wastewater treatment.  

The capacity of the NF membrane to reject TrOCs and macromolecules binding TrOCs 

is one of the key drivers for the development of NF-MBR. The underlying concept is 

that the tight NF membrane will be able to retain persistent and low molecular weight 

organic micro-pollutants more effectively, and thereby facilitate a better biodegradation 

in the bioreactor (Luo et al., 2014). In order to adequate investigate the removal 

efficiency of TrOCs in NF-MBR, studies have conducted long-term experiments with 

NF-MBR in side stream configuration and have provided useful information on the 

technology (Zaviska et al., 2013, Phan et al., 2016).  According to (Phan et al., 2016), 

TrOCs can be generally classified into hydrophilic and hydrophobic types. The 

hydrophobic TrOCs exhibit higher removal efficiency due to the fact the they can readily 

adsorb onto activated sludge, which prolongs their retention in the bioreactor. This 

phenomenon was also commonly observed in conventional MBR (Tadkaew et al., 2011, 

Wijekoon et al., 2013). Interestingly, Phan and co-workers also found that small amount 

of hydrophobic TrOCs can also partition into polymeric membrane and diffuse through 

the membrane, hence, lowering their removal by NF membrane solely based on size 

exclusion mechanism (Phan et al., 2016).  

In contrast, hydrophilic TrOCs with MW lower than the NF pore sizes were able to 

escape and end up in the effluents. It is noteworthy that the removal of hydrophilic TrOCs 

can vary significantly due to the diverse molecular structure and functional groups which 

directly in relation to their biodegradability. The presence of (electron withdrawing 

groups) EWGs in their molecular structures was found to be the main reason that hinder 

the oxidation and biodegradation of these compounds in the reactors (Phan et al., 2016). 

On the other hand, the hydrophilic or charged organic compounds with molecular weight 

of higher than the pore sizes of NF membrane can be effectively rejected mainly via size 

exclusion, electrostatic exclusion, and adsorption to membranes. 
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2.3.3  Concentration factor  

The concentration factor (CF) describes the phenomenon of salt accumulation in an NF-

MBR. An ideal condition for the NF-MBR with complete retention is discussed. In this 

instance, CF simplifies to the ratio SRT/HRT at steady-state operation as follows (Lay 

et al., 2010): 

Based on Figure 2-7, the mixed liquor salt concentration Cml can be determined as a 

function of time, t via solute mass balance in the NF-MBR:  

𝑉𝑟
𝑑𝐶𝑚𝑙

𝑑𝑡
=  𝑄𝑖𝑛𝐶𝑖𝑛 − 𝑄𝑜𝑢𝑡𝐶𝑜𝑢𝑡 − 𝑄𝑤𝐶𝑚𝑙    Eq. 2-2 

where Vr is the bioreactor volume; Qin and Qw are the respective volumetric flow of the 

influent sewage and the waste sludge. 

 

 

Figure 2-7. Mass balance in a NF-MBR. 

𝐻𝑅𝑇 =  
𝑉𝑟

𝑄𝑤+𝑄𝑜𝑢𝑡
=

𝑉𝑟

𝑄𝑖𝑛
       Eq. 2-3 

𝑆𝑅𝑇 =
𝑉𝑟

𝑄𝑤
         Eq. 2-4 

Substituting Eqs. 2-3 and 2-4 into Eq. 2-2, we have: 
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𝑑𝐶𝑚𝑙

𝑑𝑡
+  

𝐶𝑚𝑙

𝑆𝑅𝑇
=  

1

𝐻𝑅𝑇
(𝐶𝑖𝑛 −

𝑄𝑜𝑢𝑡𝐶𝑜𝑢𝑡

𝑄𝑖𝑛
)     Eq. 2-5 

At steady state, 
𝑑𝐶𝑚𝑙

𝑑𝑡
= 0 

Thus, Eq. 2-5 can be re-written as: 

𝐶𝑚𝑙
𝑠𝑡𝑒𝑎𝑑𝑦

=  
𝑆𝑅𝑇

𝐻𝑅𝑇
(𝐶𝑖𝑛 −

𝑄𝑜𝑢𝑡𝐶𝑜𝑢𝑡

𝑄𝑖𝑛
)      Eq. 2-6 

Under ideal condition with complete retention in the NF-MBR, 𝐶𝑜𝑢𝑡 = 0 

𝑄𝑜𝑢𝑡  ≈  𝑄𝑖𝑛 for 100% recovery, 

and system rejection, 𝜃 =
𝐶𝑖𝑛− 𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
 

Therefore, CF can be written as: 

𝐶𝑚𝑙
𝑠𝑡𝑒𝑎𝑑𝑦

𝐶𝑖𝑛
=  

𝑆𝑅𝑇

𝐻𝑅𝑇
 × 𝜃        Eq. 2-7 

 

2.3.4  State of the art 

To date, there were only seven existing studies on the NF-MBR (Choi et al., 2002, Choi 

et al., 2006, Choi et al., 2007b, Golbabaei Kootenaei et al., 2014, Phan et al., 2016). The 

organic removal, nutrient removal, biomass concentration and operating conditions of 

the NF-MBR in previous studies were summarized in Table 2-2. The first attempt was 

conducted by Choi et al. (2002), who reported the excellent organic removal capacity of 

the system. A variety of membranes including cellulose acetate (CA), polyamide (PA), 

and ceramic membranes were tested for their long-term membrane stability and 

applicability in the NF-MBR (Choi et al., 2002, Choi et al., 2006). Due to the high 

rejection capacity of NF membrane, the dissolved organic carbon, total phosphorus, and 

salt concentrations of the supernatant in the NF-MBR was higher than those in the 

supernatant of a conventional MBR (Choi et al., 2007b). In consequence, significantly 

higher effluent quality especially in the removal of TrOCs compared to the conventional 

MF/UF MBR was achieved by the NF-MBR (Phan et al., 2016).  



CHAPTER 2: LITERATURE REVIEW 

 

35 

 

However, membrane stability has become an issue when degradation of permeate quality 

in the later stage were observed in the NF-MBR using cellulose acetate NF membranes. 

The phenomenon might be attributed to the hydrolysis of cellulose acetate membrane 

over long period of operation (Choi et al., 2007a). To avoid similar biodegradation of 

membrane, a proper module configuration with intermittent chlorine dosing was 

proposed to prolong the lifespan of the CA membrane. Alternatively, the performance of 

PA membranes was also evaluated. However, the permeability of the PA membranes 

was found to be lower compared to that the CA membrane (Choi et al., 2007b). 

The aforementioned studies were adopting the submerged membrane configuration for 

the NF-MBR. The permeates flux resulted from a submerged NF-MBR were fairly low 

at between 0.02 and 0.04 LMH (Choi et al., 2002, Choi et al., 2006). Therefore, the side-

stream configurations with ceramic multi-tubular membrane module were adopted 

subsequently to increase the water productivity of NF-MBR (Zaviska et al., 2013, Phan 

et al., 2016). The attempts have successfully increased the permeate flux to 2.5 LMH and 

4.5 LMH respectively without compromising on the permeate quality.  

A more detailed review of the challenges faced by the technology of NF-MBR can be 

found in the following section. 
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Table 2-2 Performance and operating parameters of NF-MBR. 

Reference Reactor 

configuration 

Membrane Wastewater  Flux 

(LMH) 

Pressure 

(bar) 

HRT 

(hr) 

SRT 

(d) 

MLSS 

(mg/L) 

Removal efficiency 

(%) 

TOC COD NH4
+ 

Choi et al. 

(2002) 

Submerged Cellulose 

acetate (CA) 

hollow fiber 

Synthetic 0.042  0.2-0.4 24 ∞ 3600 >95 - - 

Choi et al. 

(2006) 

Submerged CA vs 

Polyamide 

(PA) hollow 

fiber 

Synthetic 0.021  0.5-0.8 48 40 510-940 >95 - >90 

Choi et al. 

(2007a) 

Submerged CA hollow 

fiber 

Municipal 

wastewater 

0.021- 

0.029 

0.6-0.85 48 40, 80 - >91 - - 

Choi et al. 

(2007b) 

Submerged PA hollow 

fiber 

Municipal 

wastewater 

0.02 0.65-0.8 48 40, 80 510-940 >95 - >88.5 

Zaviska et 

al. (2013) 

Side-stream Ceramic 

multi-

tubular 

membrane 

Synthetic 2.5 0.8 15.4 40 2500 - 95 - 

Golbabaei 

Kootenaei 

et al. 

(2014) 

Submerged Hollow 

fiber 

(material 

not stated) 

Hospital 

Wastewater 

- - 2 62 6000 - 92 >70 

Phan et al. 

(2016) 

Side-stream Ceramic 

multi-

tubular 

membrane 

Synthetic 

 

 

 

4.5 0.7 27 ∞ 

 

 

 

1600-

2600 

>95 - >99 
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2.3.5  Key challenges  

Given the potential of NF-MBR in wastewater treatment and water reclamation process, 

this advanced treatment technology deserved more studies and investigations to scale up 

and speed up the commercialization process. However, several remaining technological 

challenges such as salinity build-up, membrane stability, and low permeate flux must be 

addressed (Figure 2-8).  

 

Figure 2-8. Key challenges to further development of NF-MBR (Luo et al., 2014). 

2.3.5.1 Salinity buildup 

Salinity buildup in the NF-MBR poses several problems to the application of the 

technology. Recent studies revealed that salts accumulation in the bioreactor could 

adversely affect the microbial community necessary for the biological treatment and 

slow down the microbial kinetics of the activated sludge (Reid et al., 2006, Qiu and Ting, 

2014). It was reported that the elevated salinity in the bioreactor can be directly co-related 

to the increase in EPS production, therefore, accelerated membrane fouling (Wang et al., 

2014b). In addition, salinity buildup would also bring about considerable osmotic 

pressures that are normally not experienced in conventional MF/UF MBR (Lay et al., 

2010). The effective distribution of oxygen in the bioreactor is governed by the oxygen 
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transfer rate of the mixed liquor. Under high salinity environment, the solubility of 

oxygen in the water decreased greatly, hence, lowering the oxygen transfer rates. This is 

critical to the operation of NF-MBR because aeration is the fundamental requirement for 

an aerobic biological process for microbial metabolism and contaminant oxidation and 

also the largest component of the MBR operating cost.  

In view of the low monovalent ions rejection properties of the NF membrane, the impact 

of salinity buildup is expected to be lower in NF-MBR compared to that of the FO-MBR. 

For example, Choi and co-workers found that the rejection rates of monovalent and 

divalent ions by the NF membrane ranged between 40-60 % and 70-90% respectively 

(Choi et al., 2007a). Although the salts accumulation is less severe compared other HR-

MBRs, the reduced net transmembrane driving force due to elevated osmotic pressure 

does make this technology less attractive in term of energy efficiency.  

The challenge of salinity build-up necessitated a better comprehension of its effect on 

the biological and physiochemical properties of the biomass and membrane fouling in 

the NF-MBR.   

2.3.5.2 Membrane stability 

Membrane stability is of fundamental importance to the long-term operation of NF-

MBR. Chemically and biologically resistant membrane ensures permeates production 

with consistent quality over a long period of operation. Degradation of membrane not 

only lead to high membrane replacement cost but also interrupts the smooth operation of 

the system, therefore, affecting the water productivity and the reliability of the system. 

The cellulose membrane is known for its high wettability which could promote high 

permeability, therefore, higher water flux. Besides, the cellulose membranes are 

extremely hydrophilic membranes that can alleviate the early attachment of foulants on 

the membrane surface. Previous study that employed cellulose acetate membrane in the 

NF-MBR observed a stable filtration performance during the first 80 days (Choi et al., 

2007a). However, a deterioration of permeate quality and rejection rates in terms of TOC, 



CHAPTER 2: LITERATURE REVIEW 

 

39 

 

monovalent and divalent ions concentrations was observed. Choi et al. (2007a) later 

discovered that the deterioration of permeates quality is highly attributed to the bacterial 

degradation of membrane characteristics including, an increase in pore size and porosity, 

a decrease in surface charge and hydrophobicity (Choi et al., 2007a). Intermittent 

introduction of antibacterial reagent to the membrane surface is suggested to overcome 

the issues of membrane degradation (Choi et al., 2002). However, further investigation 

to assess the feasibility and effectiveness of this approach is required. 

On the other hand, more consistent permeate qualities were obtained in the NF-MBR 

that employed polyamide (PA) membranes (Choi et al., 2006). The study also showed 

that PA membrane was sufficiently robust against biological degradation and no chlorine 

dosing was required for the long-term operation of NF-MBR. In fact, small amount of 

chlorine can cause structural changes in the active layer. However, PA membranes are 

more prone to fouling due to their hydrophobic nature. High concentration of organic 

and inorganic in the mixed liquor and the presence of microorganisms with were 

expected to cause serious fouling to the PA membrane. Periodic physical or chemical 

cleaning seems to be the only option to control the formation of cake layer (Choi et al., 

2006). Other studies have attempted to use chemically and biologically stable ceramic 

membrane to ensure the production of permeates with consistent qualities (Zaviska et al., 

2013, Phan et al., 2016).  

In short, the degradation of membrane could adversely affect the permeate quality. 

Therefore, it is crucial to evaluate the long-term membrane stability of the NF 

membranes and develop techniques to control biological and chemical degradation of 

NF membranes. The development of biologically and chemically resistant membranes 

has offered a platform with variety of membrane options to overcome the issue of 

membrane degradation (Li et al., 2019). In this thesis, the membrane stability of NF 

membranes was evaluated through long-term NF-MBR operation in treating real 

municipal wastewater. 
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2.3.5.3 Low permeate flux 

Water productivity can be directly related to the permeate flux and membrane area of the 

MBR system. The low permeate flux at 0.042 L/m2 h or equivalent to 0.5 L/m2 h bar was 

observed in the first NF-MBR employing a cellulose acetate membrane (Choi et al., 

2002). The low permeate flux was attributed to the low transmembrane driving force of 

the system since the maximum pressure difference across the membrane in the 

submerged configuration was limited to the atmospheric pressure of 1 atm. As discussed 

earlier in section 2.3.3, side stream configuration was attempted and successfully 

increased the permeate flux to 4.5 L/m2 h. However, the permeate flux was still low and 

not comparable to that of the conventional MF/UF-MBR which usually has a permeate 

flux of at least 15 L/m2 h. To achieve a practical water productivity, large membrane area 

was used, therefore, increasing the initial capital cost and membrane maintenance and 

replacement cost.  

Other than the low-pressure hollow fiber NF membrane (Liu et al., 2015) mentioned 

earlier, more studies focusing on developing high flux and fouling resistance NF 

membrane has offered great opportunity in improving the permeate flux in NF-MBR 

system (Cheng et al., 2015, Li et al., 2019). For example, the thin film composite NF 

membrane created based on an UF membrane grafted with 

poly(oxyethylenemethacrylate) was able to yield 10 times higher permeate flux than a 

cellulose acetate NF membrane (Asatekin et al., 2009). In addition, a hydrophilic thin 

film composite NF membrane created through the interfacial polymerization (IP) of 

the hydrophilicity of the PEG-based selective layer i.e., amino-functional polyethylene 

glycol (PEG) and trimesoyl chloride could yield a permeate flux of 13.2 LMH.bar-1 

(Cheng et al., 2015). Based on the layer-by layer (LBL) electrostatic assembly method, 

Li and co-workers has developed a polydopamine (PDA)/polyethylenimine (PEI) 

modified low-pressure NF membrane that exhibit excellent antifouling performance and 

membrane stability in a fouling experiment filtering real municipal wastewater (Li et al., 

2019). These NF membranes show great potential to be incorporated into the NF-MBR 
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system. With the proper membrane cleaning protocol in place, the issues pertaining to 

low permeate flux and membrane fouling were expected to be resolved in near future.  

2.4  Implications for MBR-RO process 

2.4.1 RO fouling in water reclamation process 

Water reclamation from the secondary effluent often requires multiple pretreatments 

prior to the RO process owing to the high concentration of colloids (macromolecular 

organics and bacteria), soluble organics present in the secondary effluent (Wilf and Alt, 

2000). However, multi-stage pretreatment processes involving MF/UF filtration, 

disinfection, and flocculation can be ineffective and result in RO feed with high fouling 

propensity (Qin et al., 2006, Khanzada et al., 2017). Membrane fouling in RO has been 

the major obstacle that hindered the widespread application of MBR-RO process for 

potable water reuse (Greenberg et al., 2005). The fouling in RO process possess several 

consequences in the membrane operation such as flux decline, increase in the operating 

pressure and the need of frequent membrane cleaning which shorten membrane lifespan 

and eventually lead to the replacement of new membrane. The cumulative effect of all 

these factors increases the production cost of potable water reuse significantly. 

In view of the similarities shared between the NF and RO filtration, detailed information 

related to colloidal fouling, organic fouling, scaling and biofouling can be found in 

section 2.2.3. In the existing MBR-RO process, effluent organic matter (EfoM) which 

comprises organic compounds ranging from low to high MW, i.e., proteins, 

polysaccharides, amino-sugars, nucleic acids, humic and fulvic acids present dominantly 

in the MBR permeates and led to serious organic fouling in the RO process. The 

pretreatment of MF/UF membrane is usually ineffective in removing these EfoMs owing 

to their sizes which are mostly smaller than the pore size of MF or UF membranes.  

The organic fouling is often escalated in the presence of divalent ions, i.e., Ca, Mg due 

to its ability to form ionic bridges that resulted in more compact fouling layers (Khanzada 

et al., 2017). In addition, due to the stronger intermolecular adhesion force between 
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alginate and BSA molecules in the presence of Ca, the formation of crosslinked alginate–

calcium complexes could lead to more severe fouling. In the aspect of biofouling, the 

availability of carbon source in the RO feed could lead to biofilm development on the 

membrane surface and result in biofouling which significantly deteriorates the 

performance of the RO process (Suwarno et al., 2016). Scaling due to saturation of 

marginally soluble salts i.e., calcium phosphate could be critical especially when RO is 

operated at high recovery level (Greenberg et al., 2005). 

With the NF-MBR as pretreatment, colloidal fouling is expected to be minimal due to 

the complete removal of colloidal particles and the high rejection properties of the NF 

membrane. The organic fouling can be potentially reduced to a great extent owing to the 

high rejection capacity of NF-MBR in removing organics with wide range of MW, 

including the low MW organics (Choi et al., 2007a). Due to the lower organic content in 

the NF-MBR permeates, biofouling is expected to reduce due to the depletion in carbon 

source. More importantly, NF membrane could reject divalent ions that are potential 

scalants in RO fouling, therefore, could potentially increase the RO recovery level for 

water reclamation.  

2.4.2 Energy requirement  

One of the barriers that hinder worldwide application and implementation of water reuse 

systems has been the insufficient data with respect to energy costs to convince the public 

and policymakers of the advantages of water reuse. While treatment efficiency of the 

treatment system is important, energy requirement and footprint of the technology must 

be considered so that the economic and environmental advantages of water reuse are not 

compromised. The energy requirements for two different water reclamation schemes, 

namely the CAS + MF/UF-RO and MBR-RO schemes are compared and summarized in 

Table 2-3. The total energy requirement for water reclamation under the CAS + MF/UF-

RO scheme is 0.8–1.3 kW h/m3 whereas the energy cost under MBR-RO scheme is 

slightly higher at 1.0 – 1.5 kW h/m3. The higher in energy requirement under MBR-RO 
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scheme is mainly attributed to the air bubbling requirement to control fouling in MBR. 

However, MBR-RO scheme is more suitable for cities when land area is at a premium. 

Table 2-3 Comparison of energy requirement for different water reclamation 

schemes (Adham et al., 2005, Tao et al., 2010). 

Estimated Energy 

Requirement 

(kWh/m3) 

Water Reclamation Scheme 

CAS + MF/UF-

RO 

MBR-RO NF-MBR+RO 

Aeration for 

biological activity 

0.3 – 0.6 0.1 – 0.2 0.1 – 0.3 

Air bubbling for MBR 

fouling control 

N.A. 0.4 – 0.6 N.A. 

Hydraulic pressure for 

membrane filtration 

N.A. 0.1 – 0.2 0.4 – 0.7 

MF/UF pretreatment 0.1 – 0.2 N.A. N.A. 

RO process 0.4 – 0.5 0.4 – 0.5 0.2 – 0.4 

Total 0.8 – 1.3 1.0 – 1.5 0.7 – 1.4 

N.A. represents not applicable. 

The energy requirement for RO process can be potentially reduced by system 

improvements such as development of improved fouling-resistant membranes, 

optimization of process configuration and brine management schemes, utilization of low-

cost renewable energy and more effective pretreatment prior to RO process (Zhu et al., 

2009). Here, NF-MBR has the potential to lower the energy cost for the RO process by 

replacing the conventional MBR process as a more effective pretreatment. Admittedly, 

the NF-MBR process is indeed a more energy-intensive process compared to 

conventional MBR process due to the provision of crossflow recirculation and high 

operating pressure (approximately 2 bar). However, with the improved secondary 

effluent, fouling associated with the energy intensive RO process can be potentially 

reduced, therefore, reducing both the energy and the membrane replacement costs for 
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RO process. By evaluating the reduction in operating energy for the RO process and the 

additional energy requirement for high operating pressure and crossflow recirculation 

for the NF-MBR, a better understanding of the overall energy cost for the NF-MBR+RO 

water reclamation schemes can be established.   

2.5  Concluding Remarks 

The foregoing literature review reveals research gaps and shed light on issues of 

relevance to NF-MBR development and the potential of NF-MBR in the MBR-RO 

process for water reclamation (Section 2.3 and 2.4). With the limited studies available 

for the NF-MBR, further studies are necessary to address the technological challenges 

and further develop the technology. In addition, a more holistic assessment on the effect 

of NF-MBR on the downstream RO process is mandated in this thesis. The following 

presents research issues of priority which this project seeks to address: 

• The feasibility of stable-state nanofiltration membrane bioreactor (NF-MBR) in 

treating municipal wastewater; 

• Long-term membrane stability under biologically active environment; 

• Systemic investigation on the membrane fouling in the UF-MBR+RO and NF-

MBR+RO process; 

• The long-term effect of salinity build-up on the biomass characteristics, 

membrane fouling potential and foulants properties in the NF-MBR; 

• The fouling control and cleaning methods for the sustainable long-term operation 

of the NF-MBR; 

• Overall energy consumption of the NF-MBR+RO system. 
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Chapter 3 

General materials and methodologies  

 

3.1 Introduction 

The purpose of this chapter is to describe the general materials and methods that are 

applied to the following chapters (chapter 4 to 6) in the thesis. The information pertaining 

to the NF-MBR system and the RO system which employed for the following 

experiments was provided. Analytical methods involved in determining the water 

qualities and membrane characterization were elaborated in detail. Additional 

descriptions were provided in subsequent chapters to address specific experimental 

design and methodology used, where necessary. 

 

3.2 The lab-scale NF-MBR setup 

The lab-scale NF-MBR setup was a moving bed biofilm reactor employing side-stream 

nanofiltration membrane modules respectively were set up as shown in Figure 3-1. The 

bioreactor had a total effective working volume of 7.0 L and was filled with K3 bio-

carriers (physiochemical characteristics are presented in Table 3-1) to achieve the desired 

filling ratio according the experimental design. The dimension of a bio-carrier is 12 × Ø 

25 (mm, W × D) with a surface area of 500 m2/m3 (Ping Yin Chemical Packing, China). 

The hydraulic retention time (HRT), pH and temperature of bioreactors were kept at 22 

h, 6.8 ± 0.5, 20 ± 0.5oC respectively. The permeate flux of the NF-MBRs was maintained 

by a mass flow controller (Brooks, USA) installed on the permeate stream. The pressures 

of feed, retentate and permeate were recorded by digital pressure transducers (Ashcroft, 

USA) connected to a data logging system (LabVIEW, National Instrument, USA).  



CHAPTER 3: GENERAL MATERIALS AND METHODOLOGIES 

46 

 

 

Figure 3-1. Schematic diagram of lab-scale MBRs. 

Table 3-1 Properties of K3 bio-carriers 

 NF membrane 

Material  High-density polyethylene (HPDE) 

Surface area (m2/m3) 500 

Specify Gravity  

(g/cm3) 

0.98 

Dimension (mm, W × D) 12 × Ø 25  

Void Volume (%) 

Applicable temperature 

(oC) 

90.0 

5-40 

 

3.3 NF and RO membrane 

In this thesis, a novel low-pressure hollow fiber NF membrane developed by the 

Singapore Membrane Technology Centre (SMTC) was used to incorporate into the NF-

MBR system. The highly permeable NF membrane was developed by using layer-by-

layer electrostatic assembly method in combination with glutaraldehyde (GA) 

crosslinking (Liu et al., 2015). The layer-by-layer electrostatic assembly method has 

been increasingly used to synthesize high performance NF membranes due to its 
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simplicity and flexibility in modifying the charged skin layer without compromising the 

pure water permeability (Rajabzadeh et al., 2014). However, the LBL-based NF 

membrane was found drastically deteriorated in the presence of SO4
2− in the feed water. 

Therefore, the GA crosslinking was adopted to improve the long-term stability of the 

LBL-based NF membranes and enhance the size exclusion ability by tightening the 

membrane surface pores (Liu et al., 2015). In addition, the crosslinking could tighten 

membrane surface pores and increase the hydrophilicity of the membrane. The 

membrane exhibits excellent divalent ions rejection of more than 90% and could achieve 

pure water permeability of ~ 17 L/m2h·bar. The properties of the NF membrane are 

summarized in Table 3-2. 

Table 3-2. Properties of NF membranes (Liu et al., 2015) 

 NF membrane 

Material  Glutaraldehyde (GA) crosslinked 

layer-by-layer polyelectrolyte with 

PES UF membrane as substrate base 

Pore size  

(MWCO, Da) 

200-300 

Active Layer  Lumen side 

ID/OD (mm) 0.9/1.4 

Ca2+ Rejection (%) 

Mg2+ Rejection (%) 

91.8 

98.4 

Pure water permeability 

(L/m2h·bar) 

17 

Note: MWCO: Molecular weight cut-off; ID: inner diameter; OD: outer diameter.  

The single salt rejection tests were conducted using 1000 ppm CaCl2 and  

MgSO4 solutions, respectively, based on the conductivity measurements. 

 

3.4 The lab-scale RO system 

Two identical RO systems were used to study the fouling potential of the permeates from 

the conventional MBR and NF-MBRs. The schematic diagram of the RO system is 

illustrated in Figure 3-2. Briefly, the RO setup comprised of a feed tank, a high-pressure 

pump (Hydra Cell D-03-S, USA), a chiller equipped with temperature controller 

(PolyScience 9106, USA), a stainless steel RO test cell. The chiller was used to maintain 
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constant temperature of 25 ± 1 oC in the feed stream. The stainless steel RO test cell was 

designed for flat sheet membrane with a flow channel of 310 x 60 x 0.8 mm with an 

effective area of 0.0186 m2. The feed pressure and crossflow rate of the system were 

controlled by a back pressure regulator (SS-4R3A, Swagelok) and a flow control valve 

(Cole Palmer, USA). Mass flow controllers (LIQUI-FLOW L30, Bronkhorst, 

Netherlands) was installed in the permeate stream to maintain constant flux operation. 

The pressure and conductivity of the feed and permeate stream were continuously 

monitored by pressure transducers (EUTECH Instruments, USA) and conductivity 

meters (EUTECH Instruments, USA) respectively throughout the fouling experiment.  

For the RO fouling experiment, RO flat sheet membranes (BW30, DOW FilmTec, USA) 

with an effective membrane area of 0.0186 m2 were used. Properties of the RO 

membrane were shown in Table 3-3. The RO concentrate and RO permeate were 

recirculated to feed tank during the fouling experiment. The test solution in the feed tanks 

was replenished subsequently depends on the experimental protocol. Prior to each 

experiment, the RO system was cleaned with 0.1 M HCl (Merck, USA) for 1h, followed 

by 0.1 M NaOH (Merck, USA) for another 1h, and rinsed thoroughly with ultrapure 

water. 

Table 3-3. Properties of RO membrane 

 RO membrane (BW30) 

Membrane Type Polyamide Thin-Film Composite 

Stabilized Salt Rejection 

(%) 

99.5% 

Maximum operating 

pressure (bar)  

41 

Maximum Temperature 

(oC) 

45 

Free Chlorine Tolerance 

(ppm)  

< 0.1 

 

pH range 2-11 
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Figure 3-2. Schematic diagram of the lab-scale RO system. 

 

3.5 General analytical methods 

3.5.1 Water quality parameters 

The feedwater, mixed liquor and permeate of the MBRs were sampled twice weekly for 

analysis. The supernatant of the feedwater and mixed liquor was obtained by centrifuging 

for 10 min at 4000 ×g and filtering through 0.45 µm membrane filter before analysis. 

The analyses included:  

(i) Total organic carbon (TOC) (DOC is measured for the feedwater and the mixed 

liquor) and total nitrogen (Barnes et al.) were determined by a TOC/TN-V 

analyzer (Shimadzu, Japan);  

(ii) Chemical oxygen demand (COD), ammonia, nitrite, nitrate and total phosphorus 

(Jarusutthirak et al.) were measured using the colorimetric method with a 

spectrophotometer (DR 3900, HACH, USA);  

(iii) Concentrations of ions (i.e. Na, K, Ca, Mg, P, Si, and Fe) were determined by an 

inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 

8000, Perkin Elmer, USA); 
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(iv) The extracellular polymeric substances (EPS) content were determined by 

analyzing the concentrations of polysaccharides and proteins in the MBR 

permeates. The polysaccharides concentration was determined according to the 

phenol-sulfuric acid method with glucose as a standard and absorbance 

measurement at 490 nm using a spectrometer (HACH, USA) (Dubois et al., 

1956). The protein concentration was determined by Bradford method with 

bovine serum albumin (BSA) as standard and absorbance measurement at 595 

nm (Bradford, 1976).  

(v) The conductivity and total dissolved solids (TDS) of feed, mixed liquor and 

permeate were measured using a multi-function meter (Eutech Instruments, 

USA). 

 

3.5.2 Biomass Characterization 

(1) Total biomass concentration 

Total solid amount in the bioreactor was defined as the sum of mixed liquor suspended 

solids (MLSS) and total attached solids on the bio-carriers. Similarly, total biomass 

amount in the bioreactor was defined as the sum of mixed liquor volatile suspended 

solids (MLVSS) and total attached growth biomass on the bio-carriers. The attached 

samples on the bio-carrier was extracted by sonication (10 min) and vortex (1 min). The 

total attached solids/biomass was estimated by multiplying the attached solids/biomass 

amount extracted per bio-carrier and the total number of bio-carriers in the bioreactor. 

The total solids/biomass concentration was calculated by dividing the total 

solids/biomass amount by the effective reactor volume. The MLSS and mixed liquor 

volatile suspended solids (MLVSS) were measured according to Standard Methods 

(American Public Health et al., 2005). Briefly, the mixed liquor was filtered by glass 

fiber filter papers (47mm) before putting them into the 100 oC oven for drying overnight. 

The weight difference between the filter paper before sampling and the total weight of 

the dry solids plus filter paper was measured as the MLSS. Then, the samples were placed 
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inside the 550ᵒC furnace for 30 min to burn off the volatile solids. The weight difference 

of the sample before and after burning was recorded as the MLVSS. 

(2) ATP analysis 

The intracellular ATP (i.e., live cells) and extracellular ATP (i.e., dead cells) 

concentrations were measured according to manufacturer’s specifications (Kikkoman, 

Japan). In brief, the diluted mixed liquor sample were added and mixed with eliminating 

reagent for 30 min. Subsequently, 100 μL of ATP releasing agent solution was added for 

20 s followed by the addition of 100 μL luciferin–luciferase reagent prior to fluorescence 

measurement by a luminometer (Lumitester C-110, Kikkoman, Japan). The intracellular 

ATP concentration was calculated using the conversion factor for the linear relationship 

between RLU values and concentrations of ATP standard solutions. The total ATP 

concentration was measured following the same procedure without adding the 

eliminating reagent. The extracellular ATP concentration was obtained by subtracting 

the intracellular ATP concentration from the total ATP concentration. The viability of 

the activated sludge was determined by the ratio of intracellular ATP concentrations to 

the total ATP concentrations. 
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(3) Specific oxygen uptake rate (SOUR) 

The microbial activity was assessed by measuring the specific oxygen uptake rate 

(SOUR) of the activated sludge according to Standard Method 1683 (American Public 

Health et al., 2005). Briefly, the sample was well mixed and aerated until DO reached 

saturation level in a BOD bottle. Thereafter, DO was recorded periodically over a 15-

minute period using a DO-sensing probe (Mettler Toledo, USA) and plotted against time. 

Oxygen uptake rate was defined as the gradient of the linear portion of the DO versus 

time curve. SOUR was calculated by the ratio of oxygen uptake rate over total biomass 

solids as shown below:  

𝑆𝑂𝑈𝑅𝑇 =  
𝑂𝑈𝑅

𝑉𝑆
 ×

60 𝑚𝑖𝑛

ℎ
 

Where:  

SOURT = specific oxygen uptake rate at temperature (T), (mg/g)/h 

OUR = oxygen uptake rate in the mixed liquor, (mg/L)/min 

    VS = total volatile solids in the mixed liquor, (g/L) 

  

𝑆𝑂𝑈𝑅20 =  𝑆𝑂𝑈𝑅𝑇 ×  ∅(20−𝑇) 

Where:  

SOUR20 = specific oxygen uptake rate at 20 oC, 

        ∅  = 1.05 above 20 oC; 1.07 below 20 oC 

 

(4) EPS extraction method 

The separation of bound EPS and soluble EPS in the mixed liquor and foulant solution 

was done by centrifuging the foulant solution at 4000 ×g for 10 min at 4 °C. The 

supernatant was collected for soluble EPS measurement. The bound EPS was extracted 

by formaldehyde–NaOH method (Liu and Fang, 2002, Zhang et al., 2006). Briefly, the 

solid fraction was re-suspended in 10 ml of ultrapure water, followed by adding 12 μL 

of formaldehyde (36.5%; Sigma Aldrich, USA) and keeping for 1 h at 4 °C. After that, 

0.8 mL of 1M NaOH was added and kept for 3 h at 4 °C. Subsequently, the solution was 
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centrifuged at 13200 ×g for 20 min and the supernatant was collected for bound EPS 

measurement. The EPS contents were determined by analyzing polysaccharides and 

proteins. The polysaccharides concentration was determined according to the phenol-

sulfuric acid method with glucose as a standard and absorbance measurement at 490 nm 

using a spectrometer (HACH, USA) (Dubois et al., 1956). The protein concentration was 

determined by Bradford method with bovine serum albumin (BSA) as standard and 

absorbance measurement at 595 nm (Bradford, 1976).  

(5) Particle size and zeta potential 

Particle size of the activated sludge was measured by a Mastersizer (MS-2000, Malvern, 

UK). Zeta potential of the bioflocs was analyzed by a Zetasizer (ZEN3600, Malvern, 

UK). 

(6) Microbial community analysis 

To examine microbial community compositions, the suspended activated sludge samples 

in the NF-MBRs were collected during steady operation period and the cake layer 

foulants on the NF2 membranes were collected at Day 86 (i.e., at the end of filtration 

experiment). The genomic DNA of the microbial community was extracted from the 

samples by PowerSoil® DNA isolation kit (MO bio, USA). The 16S rRNA genes were 

sequenced by Illumina MiSeq platform using primers 357wF 

(CCTACGGGGNGGCWGCAG) and 785R (GACTACHVGGGTATCTAATCC). The 

sequencing results were analyzed by QIIME using the standard de novo operational 

taxonomic unit (OTU)-based approach.  

3.5.3. Membrane autopsy 

At the end of the experiment, membrane modules were removed for autopsy studies. To 

detach the foulant from the UF, NF or RO membrane surface, the hollow fibers (UF/NF) 

and membrane coupon (RO) were first soaked in 30 ml of ultra-pure water and followed 

by ultrasonication (Fisher Scientific, model FB15068) for 30 min and vortex for 1 min. 

The foulant solution was centrifuged for 10 min at 4000 ×g and filtered through 0.45 µm 
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membrane filter prior to analysis. In addition, to quantify the inorganic compositions of 

the foulants, the membrane samples were submerged in 10 mL of 2% nitric acid for acid 

digestion. The digested foulant solution was centrifuged at 4000 ×g for 10 min and then 

filtered through a 0.45 µm membrane filter. Finally, the supernatant was collected for 

inorganic element analysis by ICP-OES. 

3.5.4 Foulants characterization 

(1) Liquid chromatography-organic carbon detector  

Dissolved organic carbon characterization (i.e. note that all samples were filtered with a 

0.45 µm filter prior measurement) by liquid chromatography-organic carbon detector 

(LC-OCD) analyzer (LC-OCD Model 8, DOC-LABOR, Germany). LC-OCD is a size-

exclusion based technique which is able to separate natural organic matter (NOM) into 

major fractions based on their molecular weight and assign them into different fraction 

group such as biopolymers, humic substances, low molecular weight organics acids and 

neutrals (Huber et al., 2011). In the OC chromatogram, peak A is known as the bypass 

peak which represents the total DOC concentration. Peak B, at retention time ~ 30 min, 

is known as the biopolymer peak. It usually refers to the organic fractions with a 

molecular weight (MW) of higher than 10 k Da (Chen et al., 2016). The biopolymer 

fraction is composed of polysaccharides and proteins that can be differentiated by the 

corresponding UV peak, in which, polysaccharides are not detectable with UV, thus the 

UV peak is caused by absorption through the associated proteins or by light scattering 

through the colloids (Rosenberger et al. (2006). Peak C, at retention time ~ 43 min, is 

known as the humic substance peak which corresponds with a UV peak, represents 

organic fraction with MW of ~500 Da. Peak D, at retention time ~ 46 min, represents the 

organic fraction with MW of ~ 300 Da, which is known as the building blocks. The 

organic fraction with MW of ~ 200-250 Da is known as the low molecular weight 

(LMW) acids which is represented by Peak E, at the retention time of ~ 43 min. All other 

peaks beyond retention time ~ 55 min represent the LMW neutrals and acids with MW 
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less than 200 Da. The concentration of each organic fraction was calculated by 

ChromCALC (LC-OCD Model 8, DOC-LABOR, Germany). 

(2) Excitation-emission matrix fluorescence spectroscopy  

Organic compounds characterization by excitation-emission matrix (EEM) (Vogel et al.) 

fluorescence spectroscopy using a fluorescence spectrophotometer (LS 55, Perkin Elmer 

Company, USA). The excitation wavelength was set from 200 to 400 nm whereas the 

emission wavelength increased from 280 to 550 nm with a 5 nm increment. Excitation 

and emission slits were set at 10 nm with a scanning speed of 1000 nm/min. The EEM 

fluorescence spectroscopy analysis was carried out to characterize the organics and SMP 

compositions of mixed liquor, permeate and foulant solution. The compositions of five 

fluorescence organic components were delineated based on their fluorescence in 

different range of emission and excitation wavelength suggested by Chen et al. (2003), 

namely aromatic protein I (tyrosine) (Region I), aromatic protein II (tryptophan) (Region 

II), fulvic acid-like substances (Region III), soluble microbial by-product-like substances 

(Region IV), and humic acid-like substances (Region V). 

(3) Confocal laser scanning microscopy (CLSM) 

CLSM (Leica, German) was employed to record the biofilm morphology after the 

membrane sample (1.3 mm × 0.45 mm) was stained with dyes. In detail, the biofilm on 

membrane surface were stained with LIVE/DEAD BacLight™ Bacterial Viability kits 

(Molecular Probes, USA) according to manufacturer’s instruction. The live and dead 

cells in the biofilm were analyzed and the biovolume was calculated using IMARIS 

software (version 7.1.3, Bitplane, Switzerland).  

The EPS staining procedure was conducted as follows (Adav et al., 2008). Briefly, 100 

µl of 0.1M sodium bicarbonate buffer was added to the sample to maintain the amino 

groups in non-protonated status. Then 10 µl of 10 g/L fluorescein isothiocyanate (FITC, 

Molecular Probes, USA) solution was added to bind with proteins. The stained sample 

was placed on a shaker for 1 h. After that, 100 µl of 250 mg/L concanavalin A (Con A) 
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conjugated with tetramethyl rhodamine (Molecular Probes, USA) was added to the 

sample to bind with α-d-glucopyranose-D polysaccharides and incubated at room 

temperature for 30 min. The stained sample was then washed twice with PBS to remove 

unbound dye. After that, 100 µl of 300 mg/L Calcofluor white (Sigma-Aldrich, USA) 

was added to the sample for 30 min to stain the β-polysaccharides and subsequently the 

sample was washed twice with PBS to remove excess dye.  Lastly, 60 µl of 100 mg/L of 

Nile red (Molecular Probes, USA) was employed to bind with the intracellular lipids, 

followed by washing twice with PBS prior to CLSM analysis.  

(4) SEM-EDX 

Surface morphological features and elemental composition of the clean and fouled 

membranes were analyzed by a scanning electron microscope (SEM) (FE-SEM, JEOL, 

Japan) equipped with an energy dispersive X-ray (EDX) spectrometer (ISIS, Oxford 

Instruments, UK). The membrane samples were stored in a -40 degree Celsius freezer 

before drying in a freeze drier overnight. Platinum sputter coating was done prior to the 

SEM-EDX scanning.  
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Chapter 4 

The feasibility of NF-MBR+RO Process for water reclamation   

 

4.1 Introduction 

This chapter describes a feasibility study that aim to develop a high-flux NF-MBR (i.e., 

10 L/m2h) using the SMTC’s in-house fabricated low-pressure hollow fiber NF 

membrane (with inside-out configuration) and integrate the NF-MBR with the RO 

process for high recovery water reclamation. The main objectives of this study are: 

(1) to evaluate the performance of a NF-MBR+RO for high recovery water reclamation;  

(2) to illustrate the membrane fouling mechanisms and examine foulant characteristics 

in the NF-MBR; 

(3) to examine foulant characteristics in the RO and investigate the relationship between 

organic fractions in MBRs permeate and RO fouling.  

(4) to estimate the energy consumption of the NF-MBR+RO at different recovery levels.  

An UF-MBR+ RO system was used as a baseline for comparison. This study provides 

meaningful information for further improvement and scale-up of the NF-MBR+RO 

system. 

4.2  Materials and methods  

4.2.1  Experimental protocol  

The general materials and methods were described in Chapter 3. Two identical lab-scale 

moving bed biofilm reactors employing side-stream ultrafiltration (defined as UF-MBR) 

and nanofiltration (defined as NF-MBR) membrane modules respectively were set up. 

Each bioreactor was filled with 117 pieces of K3 bio-carriers (i.e., filling ratio of 10%). 

No activated sludge was inoculated in the bioreactors. The aeration rate of bioreactors 
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was set at 3 L/min. The sludge retention time (SRT), hydraulic retention time (HRT), pH 

and temperature of bioreactors were kept at 30 d, 22 h, 6.8 ± 0.5, 20 ± 0.5oC respectively. 

The bioreactors were fed continuously with municipal wastewater collected from Ulu 

Pandan wastewater treatment plant of Singapore (after sieving with a 1 mm opening 

mesh). The operating parameters of UF-MBR and NF-MBR and the characteristics of 

the municipal wastewater are summarized in Tables 4-1 and 4-2, respectively. 

Table 4-1. Operating parameters of UF-MBR and NF-MBR 

Parameter MBRs 

HRT (h) 22 

SRT (d)  30 

Flux (L/m2h) 10 

Organic loading Rate (g COD/L.day) 0.43 

F/M Ratio (g COD/g MLSS.d) 0.43 

Crossflow velocity (m/s) of side 

stream membrane unit 

0.20 

pH 6.3 – 7.3 

Aeration (L/min) 

Dissolved oxygen level (mg/L) 

3.0 

5.5 – 6.5 

Biocarrier filling ratio (%) 10 

 

Table 4-2. Characteristics of the municipal wastewater (n=25) 

Parameter Concentration (mg/L) 

tCOD 389.8 ± 169.9 

sCOD 124.9 ± 45.1 

DOC 48.3 ± 13.9 

Ca2+ 28.9 ± 3.5 

Mg2+ 7.9 ± 1.2 

TN 40.7 ± 6.1 

NH4-N 40.9 ± 4.5 

NO3
--N 0.3 ± 0.2 

NO2
--N N.D. 

TP 8.2 ± 1.1 

Conductivity (µs/cm) 859.5 ± 18.9 
Note: tCOD: total chemical oxygen demand; sCOD: soluble chemical oxygen 

demand; DOC: dissolved organic carbon; TN: total nitrogen; TP: total phosphorus; 

N.D.: not detectable. 
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In this study, SMTC’s in-house fabricated polyethersulfone (PES) hollow fiber UF 

membrane and low-pressure hollow fiber NF membrane with PES as substrate were used 

and their characteristics are summarized in Table 4-3. Each membrane module consisted 

of 25 pieces of hollow fibers (0.46 m in length; a total effective area of 0.031 m2) and 

filtration was performed in an inside (lumen)-out (shell) configuration.  

4.2.2  Membrane cleaning protocol  

Periodic membrane cleaning was performed when the transmembrane pressure (TMP) 

reached the pre-set upper limit due to membrane fouling. The filtration process was 

stopped, membrane modules were removed and cleaned externally. After flushing the 

lumen side of the hollow fiber membrane with tap water at 500 mL/min for 2 mins, 

backwashing was performed (15 mins) by using distilled water at pressures of 0.5 and 2 

bar for UF and NF membrane, respectively. When the membrane cleaning was no longer 

able to restore the TMP to the desired level, the fouled membrane module was replaced 

with a new module. In the NF-MBR, three new NF membrane modules were used, 

hereinafter, defined as NF1, NF2, and NF3; while in the UF-MBR, two new UF 

membrane modules were used, hereinafter defined as UF1 and UF2. 

Table 4-3. Properties of UF and NF membranes (Liu et al., 2015) 

 UF membrane NF membrane 

Material  PES Glutaraldehyde (GA) crosslinked layer-by-

layer polyelectrolyte with PES UF as 

substrate 

Pore size  

(MWCO, Da) 

50,000 200-300 

Active Layer  N.A. Lumen side 

ID/OD (mm) 0.9/1.4 0.9/1.4 

Ca2+ Rejection (%) 

Mg2+ Rejection (%) 

N.A. 

N.A. 

91.8 

98.4 
Note: MWCO: Molecular weight cut-off; ID: inner diameter; OD: outer diameter; N.A.: not applicable. 

Two identical RO systems were used to study the fouling potential of the permeates from 

the two MBRs. The details of the RO system were described in Chapter 3. The RO flat 

sheet membrane (BW-30, DOW FilmTec, USA) with an effective membrane area of 
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0.0186 m2 was employed in the RO test cell. The crossflow rate of the RO system was 

maintained at 18 L/h (i.e., equivalent to a crossflow velocity of 0.10 m/s) and the 

permeate flux was kept at 20 L/m2h by the mass flow controller. In this study, the RO 

concentrate and RO permeate were recirculated to feed tank and the test solution in the 

feed tanks was replenished daily.  

4.3  Results and discussion 

4.3.1 Overall MBRs performance 

Both NF-MBR and UF-MBR were operated for 60-80 days. The accumulation of 

dissolved organics and divalent ions was observed in the NF-MBR (Figure 4-1). For 

example, after 60 days of operation (i.e., both reactors tended to be stable based on the 

constant total organic removals as shown in Figure 4-2), the concentrations of DOC 

(~116 mg/L), conductivity (~ 2212 µs/cm), Ca2+ (~267 mg/L), Mg2+ (~108 mg/L) and 

PO4
3- (~71 mg/L) in the NF-MBR were approximately 5.3, 2.4, 8.3, 13.5, and 2.8 times 

of that in the UF-MBR (DOC at ~22 mg/L, conductivity at ~ 930 µs/cm, Ca2+ at ~32 

mg/L, Mg2+ at ~8 mg/L, and PO4
3-at ~25 mg/L), respectively. The concentration of Ca2+, 

Mg2+, and PO4
3- increased gradually and reached an equilibrium level at around day 10 

due to high rejection properties of the NF membranes (NF1 and NF2). On day 52, a new 

NF membrane with higher rejection properties, NF3, was used. This has resulted in a 

further build-up of Ca2+, Mg2+, and PO4
3- concentrations in the NF-MBR. The retention 

and accumulation of slowly-biodegradable and non-biodegradable organic compounds 

were inevitable in the high retention NF-MBRs (Figure 4-1). This finding was similar to 

the reported studies in the NF-MBR, FO-MBR and MD-MBR (Choi et al., 2007b, Qiu 

et al., 2016, Phattaranawik et al., 2008b).  
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Figure 4-1.  DOC, Conductivity, Ca2+, Mg2+, and phosphate concentrations in the 

NF-MBR. 
Note: NF1 (Day 0-38), Physical cleaning performed when TMP increase 50% 

          NF2 (Day 39-50), NF3 (Day 50-80), Physical cleaning performed when TMP reached 2 bars. 

 

 

Figure 4-2. COD (a) and DOC (b) in the permeate of NF-MBR and UF-MBR. 
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The total attached growth biomass on the bio-carriers in NF-MBR and UF-MBR were 

maintained at 17.1 ± 4.1 g/m2 and 17.4 ± 3.4 g/m2, respectively; whereas the MLSS in 

the reactors were kept at 503 ± 69 and 513 ± 96 mg/L, respectively (Figure 4-3a and 4-

3b). Despite the total biomass was relatively low (~1 g/L), NF-MBR and UF-MBR 

achieved excellent biodegradation of DOC of 80.5±8.2% and 76.7±9.5%, respectively 

(detailed mass balance calculation was presented in Supplementary Data). This implied 

that the elevated salts level (i.e., Ca2+, Mg2+) in the NF-MBR did not show significant 

negative impact on the biodegradation of organics; instead slightly greater 

biodegradation rate was observed. This could be attributed to two factors. Previous 

studies had pointed out the microorganisms derived from municipal wastewater could 

tolerate high salt concentration of up to 10 g/L without acclimation (Jang et al., 2013). 

Interestingly, the presence of additional salt (<10 g/L) could improve the 

biodegradability of organic carbon due to stimulatory effect on microorganisms (Ng et 

al., 2005). Furthermore, a longer retention time of the slowly-biodegradable organic 

substances could enhance their degradation.   
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Figure 4-3. Total biomass in the (a) NF-MBR and (b) UF-MBR. 
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99.6±0.8% and 97.5±1.8%, significantly higher than the UF-MBR (93.4±3.0% and 

81.3±6.9%, respectively).  

In addition, the permeate qualities of NF-MBR and UF-MBR were compared as shown 

in Figure 4-4. In general, the permeate of NF-MBR had lower concentrations of proteins 

(~12 times lower), polysaccharides (~1.6 times lower), Ca2+ (~2.3 times lower), Mg2+ 

(~5.2 times lower) and PO4
3- (~1.4 times lower) compared to permeate of UF-MBR. The 

improved quality of the MBR permeate (i.e., RO feed water) due to better retention 

property of the NF membrane would contribute to less fouling in the subsequent RO 

process.     

 

Figure 4-4. Comparison of permeate quality of NF-MBR and UF-MBR. 
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membrane was sufficiently robust against biological degradation and no antibacterial 

reagent, i.e., chlorine dosing was required for the operation of NF-MBR. The NF 

membrane, NF1 was exposed to the mixed liquor for almost 40 days and no deterioration 

in the permeates quality was observed. The LBL-GA crosslinked NF membrane 

exhibited excellent biological and chemical stability in the biologically active 

environment, therefore, it is suitable to be incorporated into the NF-MBR system. The 

robust structure and chemical stability of the LBL deposition layer was mainly attributed 

to the GA crosslinking (Liu et al., 2015).  However, the structural stability of the LBL-

based NF membrane could be compromised under alkaline conditions, i.e. pH > 8, 

therefore, alkaline chemical cleaning agents such as NaOH is not suitable to be used for 

this membrane. 

4.3.2.2 TMP profile 

Figure 4-5a and 4-5b illustrate the TMP profiles of NF-MBR and UF-MBR, respectively. 

To control membrane fouling, periodic water flushing and backwashing were performed 

when the TMP had risen to the pre-set TMP levels. In the NF-MBR, from Day 0 to 38, 

the periodical cleaning of NF membrane (i.e., NF1) was performed when the TMP 

reached to 1.5 times of the initial TMP. During the early stage of operation (Day 0-12), 

a gradual increase in TMP was observed. This could be attributed to (i) the increase in 

osmotic pressure due to the build-up of rejected inorganic ions (Ca2+, Mg2+, PO4
3-, etc.) 

and organic molecules in the bioreactor (Figure 4-1); and (Hori et al.) the cake formation 

due to the deposition of suspended and colloidal particles, soluble microbial products 

and microorganisms on the membrane surface that increased the overall resistance and 

possibly the cake enhanced osmotic pressure (CEOP) effect (Tang et al., 2011). 

After first backwashing of NF1 on Day 7, the TMP could not return to the original value 

of ~150 kPa, mainly due to a continuous increase in osmotic pressure (i.e., as indicated 

by the increase of conductivity, Figure 4-1). After 6 days of filtration, the second 

backwashing was performed when the TMP reached ~220 kPa, the TMP could not return 

to its original value and was even higher than the value after first backwashing. In the 
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third cycle which lasted ~ 7 days, the TMP rise was more notable, hence, pure water 

flushing was performed to remove the loosely bound cake layer before backwashing. 

Nevertheless, a rapid fouling rate of ~ 150 kPa/day was observed in the 4th cycle and the 

TMP reached the upper limit of ~ 350 kPa, where the constant flux operation could not 

be attained and dropped from 10 L/m2h to 8.5 L/m2h. The duration of 2 subsequent cycles 

became shorter (3-4 days). Also, it was observed that when the TMP exceeded ~250 kPa, 

the fouling rates increased exponentially (for the last 3 cycles). This could be attributed 

to the formation of a more compressed cake layer at a high operating pressure of ~ 400 

kPa (Teychene et al., 2011), which was not effectively removed by the employed 

cleaning method. 

A new cleaning protocol in an attempt to prolong the NF membrane lifespan was adopted 

in the operation of NF2. It was hypothesized that more frequent physical cleaning was 

beneficial in removing the loose cake layer by shear and uplift forces when the TMP rise 

was low. To prevent the cake compression or collapse under a high-pressure condition, 

a combination of water flushing and backwashing was performed when the TMP reached 

an upper limit of 200 kPa. After implementing the new cleaning protocol, the cycle 

duration was reduced to around ~1.5-2.5 days. Unexpectedly, a sudden jump in TMP to 

~320 kPa at Day 12 occurred due to unattended operation over the weekend. Thus, the 

membrane was replaced.  

In NF3, frequent physical cleaning was performed, i.e., cycle duration of 1 to 3 days 

(when TMP reached an upper limit of 200 kPa). The lifespan of NF3 could be prolonged 

to ~26 days without any chemical cleaning.  
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Figure 4-5. TMP profiles in the (a) NF-MBR and (b) UF-MBR. 
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4.3.3  Fouling mechanism  

To further clarify the membrane fouling mechanisms in the NF-MBR and UF-MBR, the 

membrane pure water permeability (PWP) was measured (at a fixed pressure of 100 kPa) 

after each physical cleaning cycle (Figure 4-6a). A gradual decline of the NF membrane 

PWP over time was noticed, which means predominance of cake layer fouling and slow 

build-up of irreversible fouling. On the other hand, the UF membrane experienced (i) a 

dramatic drop in the PWP in the first cycle, and (Hori et al.) a continuing loss in the PWP 

where irreversible fouling has caused 90% loss in PWP after 7 cycles. These observations 

implied that the membrane fouling mechanisms in the NF-MBR and UF-MBR appeared 

to be dissimilar. The fouling experienced by the NF-MBR was highly reversible by 

physical cleaning due to the formation of cake layers on the NF membrane (it is noted 

that the NF membrane with pore size distribution ranging from 200-300 Da). In contrast, 

irreversible fouling was predominant in the UF-MBR as internal pore blocking and pore 

plugging were likely to take place in the UF membrane. Despite the difference in the 

content of mixed liquors where the NF-MBR had greater amount of potential foulants 

than UF-MBR as well as the difference in fouling mechanisms, both membranes 

exhibited approximately similar final value of irreversible fouling resistance (i.e., R irr = 

Rtotal – Rmembrane) as shown in Figure 4-6b. The results suggest that both membranes may 

have very similar amount of attached foulants that cannot be easily removed by the 

employed physical cleaning. Upon examining the TMP and resistance data, the 

additional pressure (i.e. energy), TMP (Figure 4-6c), required for UF-MBR was mainly 

to overcome the increase in irreversible fouling rather than reversible fouling. 

Conversely, the main contribution for the additional pressure in the NF-MBR was due to 

the CEOP effect. The magnitude of total resistance (i.e., reversible and irreversible 

fouling) of the NF-MBR was similar to that in the UF-MBR as both had the same amount 

of extracted foulants (refer to Section 4.3.4).  
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Figure 4-6. (a) Membrane water permeability, (b) irreversible fouling resistance 

after each cleaning cycle, and (c) TMP increase for UF2 and NF3. Note that the 

test period is 37 and 26 days for UF2 and NF3, respectively.  

Based on the experimental data, to achieve sustainable operation of high retention NF-

MBR, it is crucial to maintain the system at low operating pressures (i.e., by frequent 

membrane cleaning) to prevent the collapse and compression of the cake layer, which 

could possibly contribute to the irreversible fouling. Nevertheless, effective periodically 

physical cleaning strategies (backwashing and flushing) could help extend operation 

lifespan of the membrane. This finding allows us to further optimize physical membrane 

fouling control methods in the NF-MBR in order to achieve better membrane 
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performance, for example, employing two-phase flow cleaning protocol (Wibisono et 

al., 2014).  

4.3.4 Organic foulant analysis 

From LC-OCD analysis, the organic fractions in the feed, mixed liquor, permeate of both 

MBRs and the key organic fractions that are responsible for organic fouling in MBRs 

and ROs were presented in Figure 4-7 and Table 4-4. The contribution ratio of each 

organic fraction to the DOC was presented in Figure 4-8. In general, the biopolymer 

fraction (typically MW >10 kDa) accounting for ~24 % of the total DOC in the feed was 

removed effectively in both MBRs (>98.5%). The UF-MBR removed less humic 

substances (59%), building blocks (70%), and LMWs (76%) than the NF-MBR (>95%). 

It was noted that humic substances (MW ~500 Da), building blocks (MW ~300 Da), 

LMWs (MW ~200-250 Da) had smaller sizes than the UF membrane pore size (~50 

kDa). Partial removal of these substances by the UF membrane could be due to retention 

by the cake layer formed on the membrane or adsorption in the membrane pores (Aslam 

et al., 2017).  
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Figure 4-7. LC-OCD chromatograms of feed, mixed liquor and permeate of UF-

MBR and NF-MBR. 

The high rejection of organic substances by the NF membrane resulted in their 

accumulations in the NF-MBR with concentration factors of 2.1, 6.0, 4.9, and 2.5 for 

biopolymers, humic substances, building blocks, and LMWs, respectively. The 

difference in the concentration factors could be due to the difference in biodegradability 

of these compounds; for example, biopolymers and LMWs were easily biodegraded than 

humic substances and building blocks. This finding was similar to the observation in the 

high retention FO-MBR (Qiu et al., 2016). The nominal retention time of the soluble 

organic matters in the NF-MBR was reflected by its SRT instead of HRT. Thus, the 

retention time of trace organic contaminants (TrOCs) in the bioreactor was increased by 

33 times from its HRT of 22 hr to SRT of 30 day in the NF-MBR for more effective 

biodegradation.  
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Table 4-4. Concentrations of dissolved organic fractions in the feed, mixed liquor, 

permeate and foulant of the MBRs and ROs. 

    DOC  
Biopolymer

s 

Humic 

substance

s 

Building 

blocks  

LM

W 

  Feed (mg/L) 35.6 8.4 7.8 5.0 8.2 

UF-

MBR + 

RO 

Mixed Liquor 

(mg/L) 
16.7 7.7 4.1 2.0 2.8 

Permeate (mg/L) 8.0 0.1 3.2 1.5 2.0 

UF foulanta 

(mg/m2) 
201.2 159.2 N.D.e 37.6 13.4 

RO foulantb 

(mg/m2) 
104.5 45.3 N.D. 25.4 32.5 

NF-

MBR + 

RO 

Mixed Liquor 

(mg/L) 
109.5 17.8 46.9 24.3 20.9 

Permeate (mg/L) 0.9 N.D. 0.1 0.1 0.4 

NF foulantc 

(mg/m2) 
198.3 128.1 43.4 17.2 37.8 

RO foulantd 

(mg/m2) 
22.6 7.0 N.D. 4.6 5.6 

a UF2 membrane was removed for autopsy at the end of cycle.  
b RO membrane was operated for ~8 days, after which a TMP of 6.5 bar was reached 

(equivalent to ~ 20% increase in TMP). 
c NF3 membrane was removed for autopsy at the end of cycle.  
d RO membrane was operated for ~26 days, after which a TMP of 6.5 bar was reached 

(equivalent to ~ 20% increase in TMP). 
eN.D. represents "not detectable". 
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Figure 4-8. Contribution ratios of dissolved organic fractions in feed, mixed 

liquor, permeate and foulants of UF-MBR+RO and NF-MBR+RO. 

The EEM fluorescence spectroscopy analysis was also carried out to characterize the 

organics and SMP compositions of mixed liquor, permeate and foulant solution. The 

compositions of five fluorescence organic components were classified according to the 

regional classification suggested by Chen et al. (2003), namely aromatic protein I 

(tyrosine) (Region I), aromatic protein II (tryptophan) (Region II), soluble microbial by-

product-like substances (Region III), fulvic acid-like substances (Region IV), and humic 

acid-like substances (Region V) as presented in Figure 4-9. It was observed that the 

humic acid-like substances (Region V) had a much stronger intensity in the mixed liquor 

of the NF-MBR compared to the UF-MBR (Figure 4-9a and 9b). This can be explained 

by the high rejection of humic acid-like substances by the NF membrane and was 

corroborated by LC-OCD results discussed above. As a result, the permeates from the 

UF-MBR demonstrated a much higher intensity in Region III (soluble microbial by-

product-like substances), Region IV (fluvic-like substances), and Region V (humic-like 
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substances) compared to the permeates from NF-MBR (Figure 4-9e and 9f). Although 

no obvious protein-like fluorescence peak was observed in the EEM spectra contour, 

proteins in MBR permeates were detected by the chemical method as shown in Figure 

4-9. Our findings were in agreement with Wu et al. (2012), in which the aromatic protein-

like peaks (tyrosine and tryptophan) may be obscured by the other peaks due to their 

strong signals. It was known that the aromatic proteins present in the mixed liquor were 

the most difficult to break down in the conventional MBR (Zhang et al., 2016). Due to 

their persistence to the biodegradation, these aromatic proteins present subsequently in 

the MBR permeates and become potential foulants to the RO process. However, in the 

case of HR-MBR, low intensity of aromatic proteins was observed in the NF-MBR 

permeates, indicating that NF membrane was effective in retaining aromatic proteins 

within the bioreactor. 
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Figure 4-9. Fluorescence EEM spectra of. a) MLS of UF-MBR; b) MLS of NF-

MBR; c) soluble foulants from UF membrane; d) soluble foulants from NF 

membrane; e) UF-MBR permeate; f) NF-MBR permeate; g) soluble foulants from 
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the RO membrane fed with UF-MBR permeate; h) soluble foulants from the RO 

membrane fed with NF-MBR permeate.  

4.3.5 Correlation between organic fractions in mixed liquor and fouling  

In the UF-MBR, majority of the foulants were biopolymers (75.7% or 159.2 mg/m2) due 

to the high retention property of the UF membrane towards large MW biopolymers. 

However, it shall be noted that despite the smaller amount of the low MW fractions, i.e., 

building blocks and LMW, in the foulant, the impact of these components towards the 

overall resistance could be more critical than the biopolymer fraction due to the effect of 

pore plugging that resulted in irreversible fouling (Chen et al., 2016). On the other hand, 

in the NF-MBR, the foulants were comprised of 56.6% biopolymers (128.1 mg/m2), 

19.2% humic substances (43.4 mg/m2), 7.6% building blocks (17.2 mg/m2), and 16.7% 

LMWs (37.8 mg/m2). In addition, by comparing the ratio of organic fractions in the 

mixed liquor and foulant, it was noticed that the NF membrane was more prone to fouling 

caused by biopolymer than other organic fractions. Furthermore, both extracted foulants 

from UF2 and NF3 membranes have comparable amount of DOC and organic fractions, 

which corroborated with the fouling resistance tendency (Figure 4-6).  

4.3.6 RO performance 

4.3.2.1 TMP Profiles of ROs 

After about 20 days of operation of both MBRs, the permeate of UF-MBR and NF-MBR 

were collected and directly fed to the respective RO systems to assess the fouling 

propensity of the MBRs permeate. At recovery of ~ 0% (since the permeate was fully 

returned to the RO feed tank), the permeate of UF-MBR caused more severe fouling on 

RO membrane (~3.7 times higher) compared to the permeate of NF-MBR (Figure 4-

10a). The higher fouling rate observed in the RO system fed with UF-MBR permeate 

was corroborated by the presence of higher amount of soluble organic compounds 

(Figure 4-4 and Table 4-4). This could result in organic fouling by adsorption of the 

organics onto the membrane surface (i.e., formation of conditioning film), which 

subsequently initiated the bacterial deposition (Suwarno et al., 2016). Further, these 
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organic compounds could serve as the carbon sources which promote the biofilm 

formation on the RO membrane.  

In another attempt to simulate the membrane fouling at a high recovery of 90%, the 

collected MBRs permeate were concentrated by discharging the RO permeate until the 

concentration equivalent to 90% recovery was attained. Subsequently, the test was 

continued with a full recycle of permeate back to the feed tank to assess the membrane 

fouling. As shown in Figure 4-10b, the initial TMP increased from 5.3 to 8.5 bar and 

from 4.5 to 7.0 bar when the recovery ratio was increased from 0 to 90% for UF-MBR 

and NF-MBR, respectively. The lower initial operating pressure required for the 

concentration process in the NF-MBR could be attributed to its superior permeate quality 

with less divalent ions and dissolved organics. At a high recovery rate of 90%, the 

membrane fouling is more severe compared to that at 0% of recovery ratio, i.e., the 

dTMP/dt at ~ 0.30 and 0.094 bar/day for the RO system fed with UF-MBR and NF-MBR 

permeate, respectively. Nevertheless, with the improved quality of the RO feed water, 

the fouling rate of the RO membrane in the NF-MBR+RO was ~ 3.3 times lower than 

that in the UF-MBR+RO. The lower fouling tendency could translate into energy saving 

and operation cost saving (e.g., chemical cleaning) associated with fouling.  
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Figure 4-10. TMP profiles of the RO systems fed with permeate from UF-MBR and 

NF-MBR at a concentration equivalent to (a) 0% recovery (b) 90% recovery. CP 

represents the concentration process to increase the concentration of the solution 

from 0 to 90% recovery equivalent. 
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4.3.2.2. Foulant analysis  

Shown in Figure 4-8, in the RO fouling test with UF-MBR permeate, the ratio of 

biopolymers in the RO foulant was 43.9%, significantly higher than that in the permeate 

(1.7%), which suggested a greater tendency of their accumulation onto the RO 

membrane. Meanwhile, the ratios of building blocks (24.6%) and LMWs (31.5%) were 

comparable to those in the permeate (22.1% and 29.0% respectively). Similarly in the 

NF-MBR+RO system, a high ratio of biopolymer (40.7%) in the RO foulants was 

observed. The biopolymer appeared to be the major component of the RO foulants 

despite both permeates had different compositions, more importantly very low amount 

of biopolymers. The possible mechanism is the transformation of smaller organic 

molecules to the larger biopolymers through aggregation or bio-conversion; future 

studies on this aspect will be performed. In addition, there was no humic substance (i.e., 

non-detectable) deposited onto the RO membranes. 

4.3.2.3. Correlation between organic fractions in MBRs permeate and RO fouling 

It was found that the amount of biopolymers, building blocks, and LMWs were ~ 5 to 6 

times higher in RO foulant with UF-MBR permeate than with NF-MBR permeate (Table 

4-4). The autopsy results agreed well with the TMP profiles in Figure 4-10. Thus, the 

removal of organic fractions was crucial to the sustainable operation of downstream RO 

process. In fact, in a recent work (Kimura et al., 2016c), where an NF membrane was 

used to pretreat the MF/UF-MBR effluent prior the RO process, has shown that (1) severe 

membrane fouling occurred only in the co-presence of organics and silica; (2) the 

removal of the organic matter from the RO feed water could significantly reduce the RO 

membrane fouling. From EEM analysis, it is worth noting that high intensities of 

aromatic protein I (tyrosine), aromatic protein II (tryptophan) and soluble microbial by-

product-like substances were observed especially for the RO system fed with UF-MBR 

permeates, implying that these aromatic proteins and soluble microbial by-product-like 

substances show greater tendency to attach onto the RO membranes compared to the 

humic acid-like and fluvic acid-like substances. 
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  4.3.7  Comparison of energy consumption of NF-MBR+RO and UF-MBR+RO system 

Energy consumption is an important aspect in evaluating the feasibility of NF-MBR+RO 

process for high recovery water reclamation. In MBR+RO processes, aeration energy 

and pump energy are practically the two major contributors to the total energy demand. 

The total aeration energy is the sum of power consumption of blowers for membrane 

(only for submerged membrane configuration) and biological process. Based on the 

typical values applied in the aerobic MBRs, normalized biological aeration demand of 

10 Nm3 air/m3 product (Qin et al., 2007) and a specific membrane aeration demand of 

0.3 Nm3/m2h (Judd and Judd, 2006) were chosen. A power consumption of 0.019 

kWh/Nm3 air for coarse bubble aeration was taken for calculation (Maere et al., 2011). 

Pump energy usage was evaluated using the pump power requirement equation (Judd 

and Judd, 2006):                   

𝑃𝑝 =  
𝑄𝜌𝑔𝐻

1000𝜉 
                                    (Eq. 4-1) 

where Pp is the pump energy demand (kW), QR is the volumetric liquid flow rate (m3/s), 

ρ is the pumped fluid density (kg/m3), g is gravitational field strength (9.8 N/kg), H is 

water head (m, which is equivalent to ~10 times of the feed pressur e (bar)), and ξ is 

pump efficiency (assuming 80% in this study).  

Table 4-5 summarizes the total energy consumption (kWh/m3 product) of the submerged 

UF-MBR+RO and side-stream NF-MBR+RO at a recovery rate of 75% or 90%. It is 

noted that if the RO membrane is operated at recovery of 90% in the submerged UF-

MBR+RO systems, additional RO pre-treatment (i.e., MBR post-treatment, such as 

activated carbon adsorption process (Wang et al., 2014a) or low-pressure NF process 

(Kimura et al., 2016a)) is generally necessary in order to achieve consistent RO 

performance. Thus, this scenario is not discussed in this study.  

In the NF-MBR+RO system, increasing the RO recovery rate from 75% to 90%, the 

energy consumption only inclines from 0.732 to 0.739 kWh/m3, both are slightly lower 
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than that of the submerged UF-MBR+RO (0.770 kWh/m3) at 75% of recovery rate. This 

signifies the feasibility of NF-MBR+RO for high recovery water reclamation process. It 

is worth noting that the capital cost of NF-MBR+RO may be higher than UF-MBR+RO 

due to relatively lower NF permeate flux (10 L/m2h) and larger NF membrane area is 

required. A decrease in capital cost of NF-MBR+RO could be foreseen with improved 

permeability by developing novel NF membranes and advanced NF membrane fouling 

control strategies. 

Table 4-5. A comparison of energy consumption (kWh/m3 product) for NF-

MBR+RO and UF-MBR+RO at different recovery ratios. 

 Submerged 

UF- 

MBR+RO 

(75%  

recovery)  

Side-stream 

NF-

MBR+RO 

(75% 

recovery) 

Side-stream 

NF-

MBR+RO 

(90% 

recovery)  

MBR 

Feed pump 0.005 0.005 0.004 

Waste pump 0.0001 0.0001 0.0001 

UF/NF crossflow 

pump 

- 0.231a 0.193 

UF permeate pump 0.012 - - 

Aeration 

(biological) 

- 0.190 0.190 

Aeration 

(membrane) 

0.447b - - 

RO 

High-pressure 

pump 

0.306c 0.306 0.352d 

Total   0.770 0.732 0.739 
a Feed pressure of NF at 100% of recovery was set at 2.5 bar. 
b UF flux was set at 17 L/m2h. 
c Feed pressure of RO at 75% of recovery was set at 6.62 bar. 
d Feed pressure of RO at 90% of recovery was set at 9.12 bar. 

 

4.4  Concluding Remarks 

In this study, a novel NF-MBR+RO system for high recovery water reclamation was 

developed and compared with a UF-MBR+RO system.  The following conclusions can 

be drawn: 
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(1) The NF-MBR achieved higher organic removal than the UF-MBR. The extended 

retention time could enhance the biodegradation of the retained organics in the 

bioreactor. 

(2) No deterioration in the permeates quality was observed throughout the experimental 

period. The NF membrane exhibited excellent membrane stability in biologically active 

environment and is suitable to be incorporated into the NF-MBR system. 

(3) The fouling experienced by the NF-MBR in the early stage was highly reversible in 

which the PWP can be restored by physical cleaning, while irreversible fouling was 

predominant the throughout the operation of the UF-MBR. 

(4) The subsequent RO membrane fed with the NF-MBR permeate displayed better 

performance than that with the UF-MBR permeate mainly due to lower organic 

substances present in the NF-MBR permeate.  

(5) In both NF-MBR+RO and UF-MBR+RO system, the biopolymers were identified as 

the predominant organic foulant in the MBR and RO process.  

(6) The calculated energy consumption of the NF-MBR+RO system at 90% recovery 

was comparable to that of the UF-MBR+RO at 75% recovery, which supports the 

feasibility of NF-MBR+RO for high recovery reclamation.
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Chapter 5 

Impact of Salt Accumulation in the Bioreactor on the Performance of 

NF-MBR+RO process 

 

5.1 Introduction 

Chapter 4 has demonstrated the successful integration of the low-pressure NF membrane 

in the NF-MBR setup. However, the major disadvantage is the retention that leads to the 

accumulation of dissolved ions in the bioreactor by the high rejection membranes (Qiu 

and Ting, 2013). The concentration factor, CF, defined as the ratio of concentration of 

mixed liquor in the bioreactor, Cml, to the feed concentration, Cf, is related to the sludge 

retention time (SRT) and hydraulic retention time (HRT), in which the maximum value, 

CFmax = SRT/HRT (Lay et al. 2010).      

In conventional MF/UF-MBR, the SRT has also been identified as a factor relating to 

biomass physiological state and sludge characteristics, which subsequently influence the 

organic removal efficiency and membrane fouling potential (Wu et al., 2011). For 

example, extending the SRT generally promoted lower soluble microbial products 

(SMP), lower specific bound EPS production, better bio-flocculation, and formation of 

a more permeable cake layer, therefore, resulting in less membrane fouling (Ng et al., 

2006, Wu et al., 2011, Van den Broeck et al., 2012, Massé et al., 2006). It is noted that 

longer SRT was often adopted to maintain high biomass concentrations (lower F/M 

ratio), reduce solids production, and minimize reactor volume (Pollice et al., 2004). In 

addition, longer SRT was preferred for more effective nitrification since the autotrophic 

nitrifiers are very slow-growing microorganisms among other aerobic bacteria (Rittmann 

and Mccarty, 2003). It shall be noted that extending the SRT in conventional MF/UF-
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MBR does not result in the accumulation of salt because no rejection by the MF/UF 

membranes. 

On the other hand, extending the SRT in HR-MBR essentially means increasing the salt 

accumulation, which can potentially impact the physical-chemical properties of the feed 

solution, bioprocess, and membrane operation (Luo et al., 2014, Lay et al., 2010). First, 

effective distribution of oxygen in the aerobic bioreactor, which is governed by the 

oxygen transfer rate of mixed liquor, is of fundamental importance to bacteria 

metabolism and oxidation of contaminants (Metcalf et al., 2003). When salinity 

increases, solubility of oxygen decreases linearly, which leads to lower oxygen transfer 

rate (Colt, 2012). This substantially reduces the effectiveness of aeration, which is 

translated into higher energy requirement to achieve the desired DO level. Regarding the 

impact of salinity on bioprocess, in both FO-MBR and MD-MBR, it has been found that 

elevated salinity could lead to a shift in microbial community, lower growth yield and 

lower microbial kinetics of the activated sludge necessary for the biological treatment 

and eventually resulted in process deterioration (Luján-Facundo et al., 2018, Nawaz et 

al., 2013, Wijekoon et al., 2014). Acclimatization and proliferation of 

halotolerant/halophilic bacteria could be the feasible approach for biological carbon 

removal, however, acclimatization of nitrifying bacteria is extremely difficult as they are 

sensitive and vulnerable to the high salinity environment (Lay et al., 2010, Qiu and Ting, 

2013). Consider the fact that majority of the microbial community in the activated sludge 

involved in the conventional wastewater treatment are non-halophilic, it would be a great 

challenge to retrofit the existing treatment facility into FO-MBR. In term of impact of 

salinity on membrane operation, in general, higher feed salinity means reduced net 

driving force and greater transport of solutes across the membrane that lower the 

permeate flux and quality. In addition, accumulation of dissolved ions such as Ca2+, 

Mg2+, SO4
2-, PO4

3-, etc. can increase the risk of membrane scaling and aggravate colloidal 

fouling due to higher supersaturation index. Furthermore, the increase in extracellular 

polymeric substances (EPS) production under high salinity environment was found to 

increase the fouling propensity in FO-MBR (Qiu and Ting, 2013).  
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Although the abovementioned negative effects of salt elevation, i.e., through a longer 

SRT, could be intimidating for HR-MBR, they often counteract with the positive effects 

of longer SRT for conventional MF/UF-MBR. In addition, it shall be noted that most of 

the work reported on impacts of salt accumulation were related to FO-MBR and MD-

MBR, the in-depth study to address this issue for NF-MBR application was not available. 

Indeed, research work on NF-MBR in the literature was rather limited, possibly 

associated with the poor permeability of NF membranes, typical flux was less than 1 

L/m2h (Choi et al. 2002, Choi et al. 2006), except in our previous work where flux of 10 

L/m2h was attained with the use of a low pressure NF membrane, which possesses 

positively-charged surface that allows the passage of monovalent ions while rejects the 

divalent ions via electrostatic repulsion (Tay et al. 2018). Therefore, it is unclear the 

observations found in FO-MBR and MD-MBR are applicable to NF-MBR. For instance, 

the driving force and membrane properties such as structure, permeability and rejection 

of FO, MD, and NF membranes differ from each other, which could have imposed 

different effects arisen from salt accumulation in the bioreactors on the bioprocess and 

membrane operation. Thus, in this study, the impacts of salt accumulation, through the 

manipulation of SRT, on microbial behaviors, bioreactor performance, permeate quality 

and membrane fouling of NF-MBR as well as the subsequent RO performance for water 

reclamation are investigated. 
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5.2 Materials and methods 

5.2.1 Experimental protocol 

Two parallel lab-scale moving bed biofilm reactors employing side-stream NF 

membrane modules were set up. The two biofilm reactors were operated at SRT of 30 

days and 60 days (hereinafter denoted as NF-MBR_30-LS and NF-MBR_60-HS), 

respectively. Each bioreactor had a total effective working volume of 7.0 L and filled 

with 234 pieces of K3 bio-carriers. The filling ratio of this experiment was ~20 %, which 

was doubled of that in Chapter 4 (~10% of filling ratio) to improve biological activity in 

the bioreactors. The biofilm reactor was inoculated with the aerobic activated sludge 

(collected from Ulu Pandan wastewater treatment plant of Singapore) at a mixed liquor 

suspended solid (MLSS) concentration of 1 g/L. The aeration rate was set at 500 mL/min 

which was one-sixth of the aeration rate (i.e., 3 L/min) used in Chapter 4. The reduced 

aeration rate was intended for simultaneous nitrification and denitrification. The 

hydraulic retention time (HRT), pH, and temperature of the biofilm reactors were kept 

at 22 h, 6.8±0.5, and 20±1°C, respectively. The permeate flux of both NF-MBR systems 

was maintained at 10 L/m2h via a mass flow controller installed on the permeate stream. 

The pressures of feed, retentate and permeate were recorded by digital pressure 

transducers (Ashcroft, USA) connected to a data logging system (LabVIEW, National 

Instrument, USA). The municipal wastewater was collected from Ulu Pandan wastewater 

treatment plant of Singapore (after sieving with a 1 mm opening mesh) periodically and 

stored in a cool room at 4°C. The operating parameters of the NF-MBRs and the 

characteristics of the municipal wastewater are summarized in Tables 5-1 and 5-2, 

respectively.  
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Table 5-1. Operating parameters of NF-MBRs 

Parameter NF-MBR_30-

LS 

NF-MBR_60-

HS 

HRT (h) 22 22 

SRT (d) 30 60 

Flux (L/m2h) 10 10 

Organic loading Rate (g COD/L.day) 0.41 0.41 

F/M Ratio (g COD/g MLSS.d) 0.23 0.22 

NF membrane crossflow velocity (m/s)  0.10 0.10 

pH 6.2 – 6.9 6.2 – 6.9 

Aeration (mL/min) 500 500 

DO level (mg/L) 4.3-5.0 4.2-4.9 

Biocarrier filling ratio (%) 20 20 

 

In this study, SMTC’s in-house fabricated glutaraldehyde cross-linked layer-by-layer 

polyelectrolyte hollow fiber NF membranes with PES UF as substrate were used and 

their properties can be found in Chapter 3. Each membrane module consisted of 40 pieces 

of hollow fibers (0.34 m in length; a total effective area of 0.031 m2) and filtration was 

performed in an inside (lumen)-out (shell) configuration. During first 30 days of 

operation, mixed liquor in the bioreactor was directly fed to the NF membrane, denoted 

as NF1, which caused severe membrane fouling. Then, a sponge column (sponge pore 

size of ~ 0.5 mm) was installed at the effluent outlet of the bioreactor before the NF 

module, aiming to retain the larger sized particles of >0.5 mm; a new NF membrane 

(NF2) was used the subsequent test.  
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Table 5-2. Characteristics of feed municipal wastewater (n=21) 

Parameter Level 

tCOD (mg/L) 378.6 ± 116.5 

sCOD(mg/L) 120.5 ± 28.3 

DOC (mg/L) 55.3 ± 27.7 

Ca2+ (mg/L) 26.1 ± 2.6 

Mg2+ (mg/L) 10.4 ± 2.9 

Na+ (mg/L) 99.0 ± 17.5 

Fe3+ (mg/L) 0.45 ± 0.18 

TN (mg/L) 39.7 ± 7.5 

NH4-N (mg/L) 39.3 ± 5.2 

NO3
--N (mg/L) 0.4 ± 0.1 

NO2
--N (mg/L) N.D. 

TP (mg/L) 15.8 ± 2.6 

TDS (mg/L) 666.4 ± 72.1 

Conductivity (µs/cm) 970.7 ± 87.3 

Note: tCOD: total chemical oxygen demand; sCOD: soluble chemical oxygen 

demand;DOC: dissolved organic carbon; TN: total nitrogen; TP: total phosphorus; 

N.D.: not detectable. 

 

5.2.2 Membrane cleaning protocol  

Periodic physical cleaning (every two days) of membrane was performed in order to 

maintain constant permeate flux at 10 L/m2h throughout the test. In detail, the fouled NF 

module was first removed from the NF-MBR and physical cleaning was conducted in a 

separate batch setup according to the following steps, i) flushing with tap water at 500 

or 800 mL/min (equivalent to crossflow velocity of 0.5 or 0.8 m/s) for 30 s to remove 

clogged particles inside the lumen; ii) backwashing with ultrapure water at pressure of 2 

or 3 bar for 15 min to detach the cake layer on the membrane surface; iii) flushing with 

tap water at 500 or 800 mL/min for 3 min to remove the residual foulants inside the 
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lumen. After each physical cleaning cycle, the recovery of membrane permeability was 

checked by pure water flux measurement.  

5.2.3 Modelling for salts accumulation 

Salts accumulation is an inherent phenomenon in the NF-MBR system due to the high 

rejection properties of the NF membrane. Salts level in the system increases when the 

inflowing salt load is higher than the out flowing salts. In the context of NF-MBR, the 

accumulation of divalent ions is significant than the monovalent ions, i.e., Na and K due 

to the low monovalent ions of the NF membrane. The effect of SRT cannot be isolated 

from the effect of salts accumulation as SRT is directly related to the concentration factor 

(CF) in the system under constant HRT. In view of the significant effect of elevated salts 

conditions to the biomass and system performance, it is important to predict the steady-

state salts concentration for the experimental design.   

In this study, a simple mathematical model was developed to model the concentrations 

of divalent ions in the NF-MBR as presented below. The mass balance developed in this 

work, which relates the SRT, HRT and NF membrane rejection, ƞNF. As the inflowing 

concentration fluctuates over time and the rejection rates of the NF membrane varied 

with fouling conditions, the average inflowing concentration, Cin and the average 

rejection rate, ƞNF respectively was used to predict the equilibrium concentration. This 

model does not consider of the mass that absorbed onto the biomass and colloidal 

particles.   

Mass balance for the NF-MBR: 

𝑉BR ∙
d𝐶

d𝑡
= 𝑄in𝐶in + 𝑄R𝐶R − 𝑄BR,out𝐶 − 𝑄w𝐶 ……………….  Eq. (1) 

Derivation from the above:  

∴   
d𝐶

d𝑡
+

[𝑄NF,out(1−𝜂NF)+𝑄w]

𝑉BR
𝐶 =

𝑄in

𝑉BR
𝐶in   …………………….  Eq. (2) 
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Derived ions concentration in the mixed liquor: 

𝐶𝑚𝑙(𝑡) = 𝐶f [(1 −
1

𝛼 
∙

1

HRT
) ∙ 𝑒− 𝛼 ∙ 𝑡 +

1

𝛼 
∙

1

HRT
]  

where 𝛼 = [(
1

HRT
−

1

SRT
) (1 − 𝜂NF) +

1

SRT
] 

……………………………………………..………..……….    Eq. (3) 

Eq. (3) differs from the previous work that assumes the membrane (i.e., FO membrane) 

has perfect rejection (Lay et al. 2010). Eq. (3) assumes no salt precipitation in the 

bioreactor and scaling on the membrane surface, as well as no adsorption of inorganic 

ions onto the biomass or biofilm on the biocarriers. The discrepancies observed between 

the predicted and measured values could be due to these reasons.  

5.3 Results and Discussion 

5.3.1 Impact of salt accumulation on NF-MBR performance 

During 90-day operation of NF-MBRs, a gradual build-up and accumulation of scale-

forming ions such as Ca, Mg, and PO4, as well as TDS, DOC, and sCOD in the 

bioreactors was observed as expected due to their rejection by the NF membranes (Figure 

5-1). The water quality of feed, mixed liquor ad permeate of NF-MBRs at steady state 

are summarized in Figure 5-2. 

 



CHAPTER 5: THE EFFECT OF SALT ACCUMULATION ON NF-MBR 

 

 

91 

 

 

 

  

  

Figure 5-1. (a) Ca, (b) Mg, (c) PO4, (d) TDS, (e) DOC, and (f) sCOD in the mixed 

liquor of NF-MBRs. Dotted-lines in the plot for Ca, Mg, PO4 indicate the 

concentrations at steady state as predicted by Eq. (3). 
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Figure 5-2. Water quality of feed, mixed liquor, and permeate of NF-MBRs at 

steady state. 

Increasing the SRT, the measured concentrations of Ca (159.5±10.6 mg/L), Mg 

(151.4±16.3 mg/L), PO4 (53.9±3.3 mg/L), and TDS (1434.2±85.3 mg/L) in the mixed 

liquor of NF-MBR_60-HS during steady state were approximately 36, 49, 51, and 22% 

higher than those in the NF-MBR_30-LS (Ca at 116.9±8.3 mg/L, Mg at 101.4±10.7 

mg/L, PO4
 at 35.7±3.1 mg/L, and TDS at 1179.0±74.5 mg/L), respectively (Figure 5-1). 

The results correlated well within 15% error with the predicted concentrations, i.e., Ca = 
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115.3 and 157.7 mg/L, Mg = 108.6 and 175.6 mg/L, PO4 = 34.8 and 52.2 mg/L for NF-

MBR_30-LS and NF-MBR_60-HS, respectively, based on the mass balance developed 

in this work. 

The accumulation of salts in the bioreactor had an implication on the overall removal 

efficiency of dissolved ions (Figure 5-2). Despite the good rejection properties of NF 

membrane, i.e., Ca = 79 - 84%, Mg = 92 - 95%, PO4 = 58 - 72%, the overall removal 

attained for Ca, Mg, PO4 was only <10, <35, and <2%, respectively, thus the NF-MBR 

permeate has almost similar concentrations of Ca and PO4 as the incoming feed. Further 

optimization work such as chemical assisted precipitation is required to increase the 

removal efficiency. Tuning the NF membrane to get higher rejection, i.e., increase the 

number of polyelectrolyte layers or make a tighter membrane, is a complicated issue as 

on one hand excellent removal of divalent ions is desired but on the other hand increase 

rejection of monovalent ions can cause an increase in osmotic pressure.       

The soluble organics in terms of DOC and sCOD in the mixed liquors also increased 

gradually before reached steady values of DOC = 89.7±7.9 and 129.2±14.3 mg/L, sCOD 

= 250.1±17.1 and 354.1±19.7 mg/L for NF-MBR_30-LS and NF-MBR_60-HS, 

respectively (Figure 5-1). The accumulation of soluble organics in the NF-MBRs could 

be attributed to their rejections by the NF membrane and their slowly-biodegradable or 

non-biodegradable natures. Similar to inorganic ions, greater accumulation of soluble 

organics was found in the NF-MBR with longer SRT. The impact of salt accumulation 

on the biodegradation efficiency of NF-MBR can be assessed by estimating the 

biodegradation rate at steady state, which was defined as: 

Biodegradation rate (%) = (1 – Cml, measured/Cml, predicted)   100%   …..………..   Eq. (4)  

Cml, measured is the measured concentration of organics in the mixed liquor while Cml, 

predicted is the concentration of organics in the bioreactor assuming no biodegradation and 

negligible adsorption onto the membrane, which can be obtained using Eq. (3). The 

results showed that the biodegradation rate of DOC attained in NF-MBR_30-LS and NF-
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MBR_60-HS were ~92.0% (Cml, predicted = 1115.5 mg/L) and ~92.3% (Cml, predicted = 

1679.8 mg/L), respectively, showing insignificant effect from salt accumulation at 

different SRT (p>0.05). 

Both NF-MBRs produced permeates with comparable DOC contents (1.1±0.8 mg/L in 

NF-MBR_30-LS vs. 1.0±0.7 mg/L in NF-MBR_60-HS; p>0.05), achieving >97% of 

DOC removal (Figure 5-2). The NF-MBR_60-HS produced a permeate with slightly 

higher COD level compared to the NF-MBR_30-LS (4.3±2.7 mg/L vs. 2.5±1.1 mg/L; 

p<0.05). Nevertheless, both NF-MBRs could achieve COD removal of >99% (Figure 5-

2). Not surprising, the superior permeate quality was owing to the excellent rejection 

properties of NF membranes toward organic matters, i.e., >98.5%, thus no obvious 

impact of salt accumulation on permeate quality in terms of DOC and sCOD could be 

observed, unlike in the case of dissolved ions.  

In addition, both NF-MBRs achieved excellent nitrification levels (ammonia removal 

ratios >98%) and produced permeates with very low NH3 levels (<1 mg/L) despite the 

elevated salinity condition in the bioreactors (Figure 5-3). In contrast, the inhibition of 

nitrification process was commonly observed in FO-MBR and MD-MBR due to the 

accumulation of NaCl (Wang et al., 2016, Qiu and Ting, 2013, Wijekoon et al., 2014). 

The nitrifiers responsible for the two-step bioprocess, i.e., ammonia oxidizing bacteria 

(AOB) and nitrite oxidizing bacteria (NOB), are sensitive to high salt environment 

(Moussa et al., 2006, Campos et al., 2002). In the NF-MBR system applied in this study, 

the negative impact arisen from the accumulation of NaCl was alleviated by allowing the 

passage of monovalent ions. Our findings suggested that the accumulation of Ca, Mg, 

and PO4 has no adverse influence on the nitrification process.  
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Figure 5-3. NH3 removal of NF-MBRs. 

Despite lowering the aeration rate to 500 mL/min, the desired effect of simultaneous 

nitrification and denitrification (due to DO level gradient in the attached growth biomass) 

was not achieved in this experiment. This could be attributed to two factors: i) relatively 

high DO levels in the NF-MBRs (Table 5-1) as compared to the recommended DO range 

of 0.5-3.0 mg/L (Wang et al., 2012); ii)  the thickness of biofilm on the biocarriers was 

inadequate to prevent oxygen from penetrating through the biofilm. Real time aeration 

control or intermittent aeration should be implemented to further explore the possibility 

of simultaneous nitrification and denitrification in the NF-MBRs (Puznava et al., 2001).  

The organic compositions of feed, mixed liquor, and permeate of NF-MBRs were 

analyzed by LC-OCD (Table 5-3). In both NF-MBRs, it was observed that (1) NF 

membranes demonstrated complete rejection of biopolymers, >99% rejection of 

HS&BB, and >95% rejection of LWM; (2) HS&BB accounted for ~75% of total soluble 

organics in the bioreactors compared to ~31% in the feed, indicating their larger 

accumulation rates, i.e., highest concentration factor, due to their slowly-biodegradable 

or non-biodegradable nature; (3) Limited accumulation of biopolymers (~10%) and 

LMW (~14%) in the bioreactors due to their easily-biodegradable nature. In addition, the 

biodegradation rate of each fraction was estimated as summarized in Table 3, and no 
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obvious impact of salt accumulation was observed since both NF-MBRs had similar 

biodegradation efficiencies for all components.   

Table 5-3. Compositions of soluble organics in the feed, mixed liquor, permeate, of 

NF-MBRs analyzed by LC-OCD (n=5). 

    Biopolymers HS&BB LMW  

  Feed (mg/L) 5.2 ± 0.9 11.0 ± 4.9 18.9 ± 2.9 

  (14.9%) (31.1%)             (54.0%) 

NF-MBR_30-

LS 

Mixed Liquor 

(mg/L) 
8.1 ± 0.5 55.3 ± 5.0 10.9 ± 1.5 

 (10.3%) (75.7%)             (14.0%) 

CFb 1.55 5.02 0.57 

Biodegradation 

rate (%) 
94.37 77.73 95.38 

Permeate (mg/L) N.D.a 0.1 ± 0.0 0.5 ± 0.3 

  (0%) (14.3%)            (85.7%) 

NF-MBR_60-

HS 

Mixed Liquor 

(mg/L) 
12.4 ± 2.3 83.5 ± 3.8 16.5 ± 2.3 

 (11.0%) (74.4%)            (14.6%) 

CF 2.38 7.59 0.87 

Biodegradation 

rate (%) 
94.13 75.81 94.21 

Permeate (mg/L) N.D. 0.1 ± 0.0 0.4 ± 0.1 

  (0%) (20%)               (80%) 

a N.D. represents not detectable; 
b CF represents concentration factor, CF = Cml/Cf. 
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5.3.2 Impact of salt accumulation on biomass characteristics 

In the first test, short-term impact of rapid exposure of high concentration of divalent 

ions, i.e., relative to the feed concentration, on biomass characteristics was performed by 

spiking of salts into the bioreactors at different concentrations, namely control (no 

addition of salts), 200 and 400 mg/L Ca, 100 and 200 mg/L Mg. The physiological 

responses in terms of cell viability, microbial activity, and EPS production on Day 0, 4 

and 7 are summarized in Figure 5-4. Interestingly, the abrupt change in salt 

concentrations did not show any negative impact on the biomass characteristics. As 

compared to control, the addition of Ca increased the viability of biomass by 52 and 33% 

for 200 and 400 mg/L Ca, respectively, whereas no changes for samples spiked with Mg. 

In addition, the microbial activity as reflected by SOUR analysis showed 29% increase 

at 200 mg/L Ca while no notable change for 400 mg/L Ca, 100 and 200 mg/L Mg. The 

improved viability and SOUR could be attributed to the important role of calcium ions 

in maintaining the cell structure, cell division, and signal transduction that subsequently 

promote cell growth and increase microbial activity (Yu and Margolin, 1997, 

Dominguez, 2004). Furthermore, the EPS production was increased by 35 and 34% when 

spiked with 100 and 200 mg/L Mg, respectively, but comparable EPS production as 

control when spiked with 200 and 400 mg/L Ca, which indicated that an increase in Ca 

had negligible impact on EPS production in NF-MBRs.  
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Figure 5-4. Effects of divalent ions spike on biomass characteristics (a) cell 

viability, (b) SOUR, and (c) EPS. 

The characteristics of biomass in mixed liquor (i.e., suspended biomass) and on 

biocarriers (i.e., attached biomass) during long term operation of NF-MBRs, i.e., gradual 

accumulation of salts until steady state, are summarized in Table 5-4. The average MLSS 
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were relatively comparable at 1277±286 mg/L and 1282±240 mg/L (p>0.05), 
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mg/L) was higher than NF-MBR_30-LS (515±134 mg/L; p<0.05), leading to a higher 

total solids amount (p<0.05). Both NF-MBRs also had similar MLVSS/MLSS ratio 

(0.79-0.89; p>0.05). Possibly, such higher concentrations of Ca, Mg, PO4 in the 
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bioreactor at higher SRT could interact with the attached biomass, leading to an increase 

of attached solids in NF-MBR_60-HS. The viability and activity of the suspended 

biomass were examined by ATP and SOUR analysis (Table 5-4). In both NF-MBRs, the 

viability increased gradually with time, but SOUR maintained relatively constant (Figure 

5-5). Averagely, in NF-MBR_30-LS, the biomass had viable ratio of 59±9% and SOUR 

of 11.2±1.9 mgO2/gMLVSS·h, whereas the viability and SOUR in NF-MBR_60-HS 

were 60±12% and 12.4±2.4 mgO2/gMLVSS·h, p>0.05, respectively. Although the 

viability and SOUR in NF-MBR_60-HS were slightly higher, the values were not 

statistically significant, suggested that the impact of Ca accumulation was not remarkable 

in the long-term operation of NF-MBR. Nevertheless, it was noted that the SOUR levels 

in both NF-MBRs were comparable to those reported for conventional aerobic MBRs 

(Han et al., 2005, Huang et al., 2001, Faust et al., 2014, Barreto et al., 2017).  

In addition, the soluble and bound EPS productions of suspended biomass in both NF-

MBRs experienced increase during initial stage, followed by slow decrease, regardless 

of SRT (Figure 5-6). The rapid increase of EPS may be attributed to several facts. First, 

the NF membrane showed high retention of the soluble EPS, part of which had slowly-

biodegradable nature, leading to their accumulation in the bioreactor (Wang et al., 

2014b). The increasing trend of soluble EPS corresponded well with the DOC and sCOD 

profiles  during initial stage (Figure 5-1). Second, it was believed that microorganisms 

tended to excrete more EPS as a protection mechanism when they were suddenly exposed 

to unfavorable conditions, such as increase in divalent ions (Song and Leff, 2006, Ye et 

al., 2016). The results agreed with the spike test above, which showed Mg had greater 

impact on EPS production. It was also noted that soluble EPS accounted for almost 50% 

of the total EPS in our NF-MBRs and such ratio was higher than those reported in 

conventional MBRs (Wu et al., 2011, Zhang et al., 2010). Table 5-4 further compares 

the compositions of EPS (i.e., polysaccharides and protein) in both NF-MBRs at steady 

state. The amount of protein was almost three folds of polysaccharides for both soluble 

and bound EPS, regardless of the SRT. In addition, higher soluble polysaccharides (i.e., 

~35%) were present in NF-MBR_60-HS than NF-MBR_30-LS (p<0.05), while 
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comparable soluble proteins were found in both NF-MBRs (p>0.05). Both NF-MBRs 

produced comparable amount of bound proteins (p>0.05) and bound polysaccharides 

(p>0.05). The results suggested that SRT could influence soluble EPS production in NF-

MBRs, especially soluble polysaccharides.  

 

Figure 5-5. Comparison of (a) SOUR and (b) Microbial viability between the NF-

MBR-30 and NF-MBR-60. 
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Figure 5-6. Soluble and bound EPS productions of suspended biomass in NF-MBRs. 

Furthermore, the suspended biomass in NF-MBR_60-HS had larger floc sizes (p<0.05) 

and less negative surface charges (p<0.05) compared to those in NF-MBR-30-LS, (Table 

5-4). This could be attributed to the presence of higher concentrations of divalent cations 

under longer SRT, which enhanced the bridging between negatively-charged functional 

groups of the bioflocs, in particular the charge neutralization effect and decrease in zeta 

potential to become less negative was more pronounced for Ca (Sobeck and Higgins, 

2002). It has been reported that bioflocculation could be beneficial to membrane fouling 

reduction in conventional MBRs (Van den Broeck et al., 2012), its impact in NF-MBRs 

will be discussed in Section 5.3.3. 

Table 5-4. Characteristics of biomass in the NF-MBRs (n=11). 

Biomass characteristics NF-MBR_30-

LS 

NF-MBR_60-

HS 

Attached 

biomass  

Total solids (mg/L) 515±134 594±132 

Total biomass (mg/L) 453±117 515±107 

 

 

 

 

Total solids (MLSS) (mg/L) 1277±286 1282±240 

Total biomass (MLVSS) (mg/L) 1084±274 1061±223 

Viability (%) 59±9 60±12 

SOUR (mgO2/gMLVSS·h) 11.2±1.9 12.4±2.4 

Soluble protein (mg/gMLVSS) 56±10 63±9 
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Suspended 

biomass 

Soluble polysaccharides 

(mg/gMLVSS) 

23±5 31±4 

Bound protein (mg/gMLVSS) 69±7 70±10 

Bound polysaccharides 

(mg/gMLVSS) 

23±6 25±4 

Particle size (µm) 95±4 114±5 

Zeta potential (mV) -11.7±0.8 -9.9±1.0 

 

In addition, the microbial community compositions and relative abundances of bacterial 

populations at phylum level of suspended activated sludge in both NF-MBRs are 

illustrated in Figure 5-7. It was found that at phylum level, Proteobacteria (48.7% in NF-

MBR_30-LS vs. 51.2% in NF-MBR_60-HS) and Planctomycetes (15.7% in NF-

MBR_30-LS vs. 14.9% in NF-MBR_60-HS) were the predominant microbial 

communities. This observation was similar to the reported findings in conventional 

MBRs (Takimoto et al., 2018, Jo et al., 2016, Xia et al., 2012). Also, the microbial 

communities in both NF-MBRs had comparable relative abundances (Figure 5-7) with 

similar observed OTU, Chao1, Shannon and Simpson diversity indexes (Table 5-5). It 

implied that the microbial communities in NF-MBRs were not significantly affected by 

the increased organic and salt accumulations with extending SRT. However in previous 

studies on conventional MBRs, it was observed that the microbial communities of 

activated sludge were affected by organic loading rate (i.e. F/M ratio; 0.33 and 0.52 

gCOD/gVSS day) (Xia et al., 2010) and salinity (10, 20, and 40 g NaCl/L) (Wu et al., 

2008). Such dissimilar findings may be associated with the different organics/salt 

accumulation concentrations in the bioreactors and MBR operation parameters, such as 

MLSS, aeration rate, etc. 
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Figure 5-7. Prokaryotic community compositions of activated sludge and cake 

layers at the phylum level. All classified taxa with relative abundance lower than 

1% and unclassified taxa were assigned to “Others”. 

Table 5-5. The observed OTU, Chao1, Shannon and Simpson diversity indexes of 

prokaryotic communities in NF-MBRs.  

 

5.3.3 Impact of salt accumulation on NF membrane fouling  

5.3.3.1. TMP and permeability of NF-MBRs  

Figure 5-8a describes the TMP profile of NF-MBRs. During initial stage of operation 

before the NF-MBRs reached steady operation and without applying the sponge column 
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(from Day 0 to 30, NF1), severe fouling accompanied by rapid increase in TMP was 

observed due to high loading of bioflocs directly to the NF module, i.e., clogging of 

lumen. Hence, the discussion will be focused on the later stages (II, III and IV) of 

operation for NF2. In general, the TMP profile displayed a ‘sawtooth’ pattern, in 

particular during stage III and IV, which was associated with the interplay between 

reversible, irreversible fouling and cake-enhanced osmotic pressure effect (CEOP) (Tay 

et al., 2018). To further examine the NF membrane fouling mechanisms, the irreversible 

fouling resistance, Rirr(t), TMPt = (TMP(t) – TMP(0)) and TMPirr = JμRirr(t), as shown 

in Figure 5-8b and c, were calculated from the clean membrane pure water permeability, 

membrane pure water permeability after each physical cleaning cycle and TMP profile 

(Figure 5-8a) according to the model developed in our previous publication (refer to 

Supplementary Data) (Tay et al., 2018). During Stage II operation, at backwashing 

pressure of 2 bar and flushing crossflow velocity of 0.5 m/s, there was an initial slow 

build-up (i.e., first 10 days of operation of NF2) followed by an exponential increase of 

irreversible fouling, where Rirr = ~20 and 30 × 1012 m-1 after 25 days of operation of NF2 

for NF-MBR_30-LS and NF-MBR_60-HS, respectively. In Stage III, the flushing 

crossflow velocity was increased from 0.5 m/s to 0.8 m/s with a fixed backwashing 

pressure of 2 bar in order to improve the cleaning efficiency, where the Rirr dropped to 

12 and 27 × 1012 m-1 for NF-MBR_30-LS and NF-MBR_60-HS, respectively. The 

cleaning protocol appeared to be effective for the case of NF-MBR_30-LS as it prevented 

further increase in Rirr, but not for the case of NF-MBR_60-HS as there was a linear 

(average) increase in Rirr. In Stage IV, the backwashing pressure was increased from 2 

to 3 bar with a fixed flushing crossflow velocity of 0.8 m/s, but it did not further remove 

the irreversible fouling for NF-MBR_30-LS, only maintained Rirr at the same level. 

Meanwhile, the Rirr continued to increase linearly (average) for NF-MBR_60-HS, hence 

physical cleaning was not effective in this case. These observations implied that the cake 

layer morphology in NF-MBRs may be different (×3.5 higher in final Rirr value), i.e., 

more compact cake layer in NF-MBR_60-HS compared to NF-MBR_30-LS, as a result 

of salt accumulation effect (discussed below). In addition, chemical cleaning was 
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performed using citric acid after 43 and 52 days of operation of NF2 for both NF-MBRs. 

Apparently, the membrane permeability of NF-MBR_60-HS could be restored by ~12-

42%, suggesting partial irreversible fouling was removed by chemical cleaning. 

However, the effect of chemical cleaning in NF-MBR_30-LS was not remarkable (<5% 

restoration), indicating the limitations of chemical cleaning using citric acid in the 

restoration of membrane permeability. Therefore, further optimization of chemical 

cleaning protocol is crucially important in future studies on NF-MBR. The NF membrane 

(layer-by-layer polyelectrolytes of PAH and PSS) used in this work cannot tolerate 

pH>8, one option is to apply chemical-enhanced backwashing with weak acid, EDTA, 

or SDS (Lateef et al., 2013).  

Since the CEOP effect, which can be approximated by TMPCEOP ≈ (TMPt – TMPirr), 

is associated with the cake thickness, porosity and tortuosity (Chong et al., 2008), hence 

there was no immediate and sharp rise in TMP (i.e., the upward part of the ‘sawtooth’) 

during initial stage (first 10 days) of NF2 operation until a substantial cake layer was 

formed during later stage in Stage II as well as throughout Stage III and IV. As shown in 

Figure 5-8c, the CEOP effect was the predominant contributor and more severe in TMP 

increase for NF-MBR_60-HS, which was attributed to the thicker and more compact 

cake layer as well as higher salt concentration (i.e., osmotic pressure), as compared to 

NF-MBR_30-LS.       
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Figure 5-8. (a) TMP profiles, (b) Irreversible fouling resistance, Rirr, and (c) TMPt 

and  TMPirr for NF-MBRs. 
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5.3.3.2. Effectiveness of physical cleaning and chemical cleaning 

The effectiveness of the cleaning methods was further investigated by measuring the 

membrane filtration resistance of the fouled membrane before and after the physical 

cleaning and chemical cleaning (Figure 5-9). On day 72, the fouled NF membranes were 

removed and subjected to various cleaning methods to assess the recovery of pure water 

permeability (PWP) of the NF membranes. The filtration resistances of the virgin 

membranes, Rm were measured and denoted as “Virgin membrane” whereas the total 

membrane resistances, Rt of the fouled membranes were denoted as “Fouled membrane”. 

The total foulant resistances, Rf were represented by the difference between the “Fouled 

membrane” and “Virgin membrane”. The reversible foulant resistances (by physical 

cleaning) were represented by the difference between the “Fouled membrane” and “3 

bar, 0.8 m/s” whereas the reversible foulant resistances (by chemical cleaning) were 

represented by the difference between the “3 bar, 0.8 m/s” and “Citric acid”. The 

effectiveness of each cleaning method can be estimated by comparing the difference 

between the filtration resistances before and after the cleaning. 
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Figure 5-9. Filtration resistances of the fouled NF membrane measured before and 

after cleaning for (a) NF-MBR_30-LS and (b) NF-MBR_60-HS. 

Figure 5-9 shows that the total foulant resistances of the fouled membranes in the NF-

MBR_60-HS was significantly higher than that of the NF-MBR_30-LS, confirming the 

more serious fouling experienced by the NF-MBR_60-HS. The effect of physical 

cleaning with backwashing pressure of 2 bar and flushing crossflow velocity of 0.5 m/s, 

denoted as “2 bar, 0.5 m/s” was marginal with very little recovery of permeability for the 

NF-MBR_60-HS whereas the cleaning effect was significantly better for the NF-

MBR_30-LS in which the filtration resistance was reduced by ~ 37%.  

With the flushing at higher crossflow velocity of 0.8 m/s, notable decrease in filtration 

resistance (~17-20%) can be seen for both NF-MBRs, indicating the significance of the 

higher crossflow velocity that provides sufficient shear force in removing the residual 

cake foulants in the hollow fibers. The cleaning was followed by the increase in 
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backwashing pressure to 3 bar. The effect of increasing backwashing pressure was more 

significant in the NF-MBR_60-HS, suggesting that there could be further detachment of 

foulants with higher backwashing pressure. Lastly, chemical cleaning with citric acid 

was applied to both NF membranes. The chemical cleaning was effective in recovering 

membrane permeability especially for the NF-MBR_60-HS in which the filtration 

resistance was further reduced by ~26%.  

The inorganic matter in the extracted foulants removed by backwashing, crossflow 

flushing, and chemical cleaning were measured and shown in Figure 5-10. The amounts 

of extracted elements presented were normalized to the membrane area. As mentioned 

above, the chemical cleaning was effective for the restoration of permeability of the 

fouled membranes. Therefore, the extracted elements could be the important inorganic 

foulants that responsible for the increase in filtration resistance. Large amounts of Ca 

and P were extracted during the chemical cleaning with citric acids, suggesting the 

important role of calcium phosphate scaling in NF fouling. In addition, notable amounts 

Ca and S were removed by crossflow flushing whereas negligible amount of P was 

extracted during crossflow flushing. The present of S in the extracted foulants reflects 

the possibility of the involvement of sulfates in membrane fouling. The results also 

suggested that physical cleaning could remove part of the calcium compounds in the 

foulants, however, it was not effective in controlling calcium phosphate scaling that 

occurred to the NF membrane. Interestingly, very little silica was extracted by both 

physical and chemical cleaning, suggesting that silica may not be the critical foulant in 

NF fouling. 
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Figure 5-10. Amounts of inorganic matter extracted by physical cleaning and 

chemical cleaning. 

However, even after a series of physical and chemical cleaning, the filtration resistance 

remained high for the NF-MBR_60-HS, indicating that there were more resistant 

foulants on the NF membranes that are persistent to the cleaning protocol and eventually 

resulted in irreversible fouling. Therefore, further study on chemical cleaning is needed 

to deal with the irreversible fouling, i.e., chemically enhanced backwashing (CEB) using 

EDTA and SDS (Lateef et al., 2013). The relationship of cake layer morphology and 

compositions with NF membrane fouling potential will be discussed in the following 

section. 
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5.3.3.2. NF membrane foulants  

      (1) Morphology of cake layer foulants  

To examine the morphology cake layer foulants, the CLSM images of cells (live cells 

and dead cells) and EPS (proteins, α-d-glucopyranose-D polysaccharides, β-

polysaccharides and intracellular lipids) were taken. Figure 5-11 summarizes the CLSM 

images and Table 5-6 presents the calculated biovolumes of the examined components. 

In both NF-MBRs, the dead cells abundantly distributed in both inner and outer regions 

of the cake layers, whereas the live cells were majorly present on the cake layer surface. 

First, the higher amount of live cells and EPS production were due to greater availability 

of DOC and no inhibition of salt accumulation to support the biofilm formation. Second, 

the higher amount of EPS, especially polysaccharides, was associated with the greater 

amount of Ca that formed polysaccharides-Ca complex with strong gelation properties 

(Meng et al., 2011), which could not be easily removed by physical cleaning. Third, the 

higher amount of dead cells could be due to the greater operating pressure, which led to 

the formation of a compact cake layer that hindered the oxygen and nutrient transfer to 

the inner region of cake layer. 

The biovolumes of α-d-glucopyranose-D polysaccharides and β-polysaccharides in the 

NF foulants of the NF-MBR_60-HS were ~9 times and ~ 4 times more than those in the 

NF-MBR_30-LS, respectively. Among the examined foulant EPS components, α-d-

glucopyranose-D polysaccharides were dominant, accounting for more than half of the 

total foulant EPS in both NF-MBRs. The total polysaccharides (α-d-glucopyranose-D 

polysaccharides and β-polysaccharides) were ~81% and 96% of the total foulant EPS for 

the NF-MBR_30-LS and NF-MBR_60-HS respectively. In addition, the biovolume of 

proteins in the NF-MBR_30-LS was 5% more than that of the NF-MBR_60-HS. Almost 

no intracellular lipids were detected in the foulants for both NF-MBRs. 
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Figure 5-11. CLSM images of cake layer foulants on the NF membranes. Images of 

live/dead cells in (a) NF-MBR_30-LS and (b) NF-MBR_60-HS; Images of proteins 

(FITC), α-d-glucopyranose polysaccharides (Con A), β-polysaccharides (calcofluor 

white), and intracellular lipids (Nile red) in (c) NF-MBR_30-LS and (d) NF-

MBR_60-HS. 

 

 

 

 



CHAPTER 5: THE EFFECT OF SALT ACCUMULATION ON NF-MBR 

 

 

113 

 

Table 5-6. Characteristics of cake layer foulants in the NF-MBRs (n=2).  

Foulants characteristics NF-MBR_30-

LS 

NF-MBR_60-

HS 

 

 

CLSM 

image 

analysis  

Live cells (µm3/µm2) 0.23 ± 0.02 1.75 ± 0.07 

Dead cells (µm3/µm2) 0.93 ± 0.43 1.69 ± 0.11 

Protein (105 µm3/cm2) 2.86 ± 0.18 2.72 ± 0.22 

α-d-glucopyranose  

polysaccharides (105 µm3/cm2) 

3.36 ± 2.10 29.23 ± 11.34 

β-polysaccharides (105 µm3/cm2) 8.77 ± 3.33 34.27 ± 7.70 

Intracellular lipids (105 µm3/cm2) N.D.a N.D. 

 

LC-OCD 

analysis 

Biopolymers (mg/m2) 200.6 ± 10.3 305.5 ± 21.5 

HS & BB (mg/m2) 93.1 ± 11.4 235.36 ± 22.4 

LMW (mg/m2) 31.8 ± 1.1 57.1 ± 3.0 

 

 

ICP-OES 

analysis 

Ca (mg/m2) 160.6 ± 21.6 226.1 ± 14.1 

Mg (mg/m2) 49.2 ± 2.7 97.6 ± 7.1 

P (mg/m2) 103.0 ± 13.2 142.2 ± 31.5 

S (mg/m2) 30.0 ± 20.6 48.8 ± 37.8 

Si (mg/m2) 21.0 ± 12.4 19.1 ± 5.4 

a N.D. represents "not detectable". 

      (2) Organic compositions  

The dissolved organic foulants in the cake layer were analyzed by LC-OCD and shown 

in Table 5-6. In both NF-MBRs, the biopolymers were the predominant species, 

accounting to 51-61%. The results agreed well with our previous study on NF-MBRs 

operated at different conditions (Tay et al., 2018). The organic fractions (i.e., 

biopolymers, HS&BB, and LMW) in the cake layer foulants of NF-MBR_60-HS were 

greater than NF-MBR_30-LS. Possibly, this was due to more adsorption from the higher 

concentration in the bulk solution as well as more dead cell lysis in the cake layer biofilm. 
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      (3) Inorganic compositions  

The inorganic compositions of the fouling layers were analyzed by ICP-OES and 

described in Table 5-6. Obviously, the accumulation amounts of Ca (226.1 mg/m2), Mg 

(97.6 mg/m2), P (173.6 mg/m2), S (48.8 mg/m2), and Si (19.1 mg/m2) on the NF 

membrane in the NF-MBR_60-HS were significantly higher than those in the NF-

MBR_30-LS (Ca of 160.8 mg/m2, Mg of 49.2 mg/m2, P of 103.0 mg/m2, S of 30.0 mg/m2, 

and Si of 21.0 mg/m2), respectively. In paticular, Ca and P accounted for more than 60% 

of total inorganic foulants on the NF membranes in both NF-MBRs. This suggested that 

extending SRT from 30 to 60 days could accelerate inorganic fouling, which may be 

majorly attributed by the calcium phosphate scaling. Note that the solubility limit of 

Ca3(PO4)2, i.e. 2.07×10-33, has been far exceeded in the bioreactors. 

      (4) Microbial community compositions 

Figure 5-7 summarized the dominant microbial community compositions of the cake 

layer foulants in both NF-MBRs. It was found that in the cake layer foulants of NF-

MBR_30-LS, Planctomycetes and Proteobacteria were the dominant phyla, accounting 

for 38.9% and 24.4% respectively. These microbial communities were also well 

observed in the cake layer foulants of conventional aerobic MBRs (Chen et al., 2016). In 

contrast, the dominant microbial community in the cake layer foulants of NF-MBR_60-

HS was Verrucomicrobia (45.7%), which however had a low relative abundance in the 

suspended activated sludge (Figure 5-7). It has been reported that Verrucomicrobia, the 

obligate anaerobic bacteria that form propionate and acetate as a major fermentation 

product could survive and grow well within the cake layer (Chin et al., 2001). In addition, 

these obligate heterotrophs were associated with the ability to hydrolyze high-molecular-

weight substrates such as polysaccharides (Cardman et al., 2014). Nevertheless, it 

suggested that extending SRT could significantly affect the composition of microbial 

communities in the cake layer foulants of NF-MBRs. 
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Shown in Table 5-5, the observed OTU and Chao1, Shannon, and Simpson diversity 

indexes of microbial communities in the cake layers of NF-MBR_60-HS were 55.9%, 

56.5%, 32.8%, and 16.5% lower than those of NF-MBR_30-LS, respectively. Such 

significant differences in microbial community structure may be attributed to several 

facts. (1) The cake layer samples were collected from both NF-MBRs after 56 days of 

NF membrane filtration, but at different TMP levels (~1.5 bar vs. 2.5 bar; Figure  5-8). 

Gao et al. (2013) has pointed out that the microbial community of cake layers could 

change with the TMP increase although the stable microbial community of activated 

sludge remained in the conventional MBRs. (2) Different compositions and contents of 

EPS on the membrane surface (Table 5-6) could lead to different bacterial attachment 

behaviors (Tsuneda et al., 2003), resulting in dissimilar microbial community. (3) 

Chemical cleaning frequency (Figure 5-8) may cause dissimilar microbial resistance 

responses to cleaning chemicals, in turn leading to the changes in the microbial 

community (Lim et al., 2005).  

      (5) The factors influencing NF membrane fouling  

The analysis of NF membrane foulants revealed that greater amounts of soluble organics 

(especially polysaccharides) and divalent ions (i.e., Ca2+ and Mg2+) accumulated on the 

cake layer foulants of NF-MBR_60-HS (Table 5-6), corresponding to its higher 

membrane fouling potential. It is well known that polysaccharides generally have larger 

size, stronger gelation and lower biodegradation properties, leading to higher fouling 

propensity than proteins and humic substances (Meng et al., 2011). It was noted that the 

concentrations of Ca2+ and Mg2+ in the mixed liquor were greater than that of PO4
3− 

(Figure 5-2). Therefore, the presence of free Ca2+ and Mg2+ ions could enhance the 

gelation behavior of polysaccharides on the NF membranes by forming the crosslinked 

network between the carboxyl groups in polysaccharides and the divalent ions, 

particularly Ca2+ (Jermann et al., 2007, Xin et al., 2016). In addition, the SEM-EDX 

results (Figure 5-12 and Table 5-7) also revealed that greater amounts of calcium and 

phosphorus were accumulated on the NF membrane of NF-MBR_60-HS, attributed by 
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higher concentrations of calcium and phosphate in the mixed liquor of NF-MBR_60-HS 

(Figure 5-2). Such polysaccharides-Ca2+ complex and Ca3(PO4)2 inorganic scales could 

lead to cake enhanced concentration polarization (CECP) near the NF membrane due to 

their dense nature (Xu et al., 2010), as a result, accelerating membrane fouling in the NF-

MBR_60-HS.  

It was recalled that in the NF-MBR_60-HS, greater sizes of microbial flocs were formed 

due to the more accumulation of divalent cations under longer SRT (Table 5-4). 

Dissimilar to the observations in the conventional MBRs (Van den Broeck et al., 2012), 

in this study, such greater-sized flocs did not display any benefit to the membrane 

performance. Possibly, greater-sized flocs tended to form loose-attached cake layers on 

the NF membranes, which could be readily removed by periodically backwash and 

therefore did not perform a role in influencing cake layer resistance. 

 

Figure 5-12. SEM-EDX element mapping images of carbon, oxygen, phosphorus 

and calcium of the membrane surface of the NF membrane in (a) NF-MBR-30 and 

(b) NF-MBR-60. 
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Table 5-7. Elemental composition of virgin and fouled NF membrane surface by 

SEM-EDX. 

Element Virgin 

Membrane 

(%) 

Fouled membrane (%) 

NF-MBR-30 NF-MBR-60 

C 69.2 62.3 69.1 

O 23.8 32.1 24.2 

S 7.0 1.8 1.4 

Ca n.d. 1.6 1.9 

Mg n.d. 0.3 0.6 

P n.d. 1.6 2.3 

Si n.d. 0.3 0.6 

 

5.3.4 Impact of salt accumulation in NF-MBRs on downstream performance of RO 

After 60 days of NF-MBR operation, the NF-MBR permeates were collected and 

concentrated by not discharging the RO permeate until the concentration equivalent to 

90% recovery was attained. As shown in Figure 5-13, when the recovery ratio was 

increased from 0 to 90%, the TMP increased from ~5.3 to 7.5 bar and 8.5 bar in NF-

MBR_30-LS and NF-MBR_60-HS respectively. Subsequently, the RO membrane 

filtration was continued with a full recycle of permeate back to the feed tank to assess 

the RO membrane performance. At a high recovery rate of 90%, TMP increase rate 

(dTMP/dt) for the RO system fed with the NF-MBR_30-LS and NF-MBR_60-HS 

permeate was at ∼ 0.25 and ~0.38 bar/day, respectively, showing better RO membrane 

performance in the NF-MBR_30-LS+RO system.  

In conventional MF/UF MBR+RO systems, it has been demonstrated that the higher 

organic levels (in terms of TOC, COD, EPS) in MBR permeate could lead to more 

serious RO membrane fouling  (Wu et al., 2013). However, in this study, the permeates 
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of both NF-MBRs had comparable quality (except higher sCOD for permeate of NF-

MBR_60-HS), but resulted in relatively higher fouling rate for permeate of NF-

MBR_60-HS. It is noted that the superior rejection capability of NF membranes ensured 

greatly less contents of smaller-sized organics in the NF-MBR permeate (~ 1 mg/L of 

DOC; almost no biopolymers and humic substances)  compared to that in conventional 

MF/UF MBRs (~8 mg/L of DOC; biopolymers and humic substances accounted for 50% 

of total organics) (Tay et al., 2018) in treating municipal wastewater. Indeed, the treated 

wastewater permeate by NF-MBRs had comparable organic levels as those in seawater 

and surface water. In addition, previous studies had emphasized that assimilable organic 

carbon (AOC) was an important parameter in determining the biofouling potential of RO 

feed water in seawater desalination (Wu et al., 2017, Lee et al., 2019), which had very 

low DOC concentration (< 2 mg/L) similar to the permeate of NF-MBR. Therefore, it 

was unclear the difference in fouling rate was due the difference in sCOD level or rather 

the compositions of organics. Further study will be focused on the effect of AOC in NF-

MBR permeate on RO membrane performance in order to further advance the NF-

MBR+RO for water reclamation. 

 

Figure 5-13. TMP profiles of RO membranes in NF-MBR+RO systems. 
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5.4 Concluding Remarks  

This study compared the bioreactor and membrane performances in parallel NF-

MBR+RO systems for water reclamation application under different salt accumulation 

conditions in NF-MBRs, which were operated under SRT of 30 and 60 days, 

respectively. The following conclusions can be drawn: 

(1) The concentration factor is a function of SRT, HRT and membrane rejection. 

Increasing the SRT resulted in greater accumulation of scale-forming inorganic salts (i.e., 

Ca, Mg, PO4) and organic compounds (i.e., DOC, sCOD, and especially HS&BB due to 

its poor or non-biodegradable nature). The accumulation of divalent ions did not pose 

adverse impact to the biodegradation efficiency and both NF-MBRs achieved superior 

organic removal (>97%) and ammonia removal (>98%).  

(2) The elevated divalent ions level promoted bioflocculation, however, the effects on 

microbial activity and viability were not statistically significant in the long-term 

experiment. Salt accumulation did not influence the microbial community structure of 

activated sludge in NF-MBRs, but led to different predominant microbial communities 

in the cake layer foulants of NF membranes. 

(3) More severe membrane fouling in the NF-MBR at longer SRT (i.e., higher salt 

accumulation) due to combined organic and inorganic fouling by calcium phosphate 

scaling and Ca-polysaccharides complex that was not easily removed by physical 

cleaning. The thicker and more compact irreversible fouling layer as well as higher salt 

concentration caused more severe cake-enhanced osmotic pressure (CEOP) effect in the 

NF-MBR with longer SRT. Physical cleaning (i.e., backwash and flushing) can be 

applied to maintain sustainable operation of the NF-MBR at low SRT of 30 d.  

(4) Physical cleaning was ineffective in controlling membrane fouling associated with 

inorganic fouling, i.e., calcium phosphate scaling in the NF-MBR with higher salt 

accumulation. Optimization of chemical cleaning chemical i.e., enhanced backwashing 
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with weak acid, EDTA, or SDS could be more promising for sustainable NF-MBRs 

operation.  

(5) Higher RO membrane fouling rate was observed when fed with permeate of NF-

MBR with longer SRT, despite having similar water quality, i.e., DOC of <2 mg/L. One 

possible explanation was the role of AOC towards RO fouling at low DOC level, which 

required further investigation in future studies
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Chapter 6 

RO fouling for high recovery water reclamation 

 

6.1 Introduction 

RO fouling at high recovery rate is a complex problem associated with many factors.  In 

Chapter 1, it is pointed out that the two significant problems for RO membrane fouling 

were resulted from organics fouling by dissolved organics and scaling due to saturation 

of marginally soluble salts i.e., calcium phosphate in the RO feed. The dissolved organics 

that are not removed by conventional MBR will be present in the secondary effluents, 

therefore, directly contribute to the colloidal and organic fouling in the RO process. In 

addition, the availability of carbon source in the RO feed could lead to biofilm 

development on the membrane surface and result in biofouling which significantly 

deteriorates the performance of the RO process. On the other hand, calcium phosphate 

being one of the key scalants in the wastewater desalination process limits the current 

RO recovery rate to 75 to 85% (Bartels et al., 2005b). 

The findings from Chapter 4 showed that the NF-MBR as a pretreatment was effective 

in reducing membrane fouling in the downstream RO process mainly due to the improved 

removal of dissolved organics in the RO feed. However, it was unclear whether the 

improved NF-MBR permeates can be used as the RO feed for sustainable high recovery 

RO process, i.e., 90% recovery rate. In addition, the composition of inorganic foulants, 

organic foulants, and their combined effects on the RO membrane and the fouling 

mechanisms have not been thoroughly elucidated. Therefore, this chapter focuses on 

investigating the foulant compositions, fouling characteristics and the behavior of the 

RO membrane associated with different permeate qualities, i.e., UF-MBR permeates and 

NF-MBR permeates at different RO recovery rates i.e., 75% and 90%. 
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The following presents the research questions that this chapter seeks to address: 

1. How different recovery rates could affect the fouling in the RO process? 

2. How important the water quality of the MBR permeates is to the RO fouling?  

3. How significant is silica fouling and the synergetic effect of co-presence of silica 

and organic matter to the RO fouling? 

4. The importance of calcium phosphate scaling to the RO fouling? 

5. The synergetic effects of the organic foulants and inorganic foulants on RO 

fouling? 

6. Overall energy consumption of the NF-MBR+RO and the UF-MBR+RO process. 

6.2  Materials and methods  

6.2.1  Experimental protocol 

The fouling experiment was conducted by using UF-MBR and NF-MBR permeates as 

RO feed to study their fouling potential in the RO process. The UF-MBR permeates were 

collected from IVP demo plant, Ulu Pandan water reclamation plant, Singapore whereas 

the NF-MBR permeates were collected from a lab-scale NF-MBR setup described in 

Chapter 5. Water qualities such as TOC, COD, cations concentrations (i.e., Na+, Ca2+, 

Mg2+, Fe3+ and Si), TDS, and conductivity were measured. To simulate the membrane 

fouling at high recovery rates of 75% and 90%, the collected MBR permeates were 

concentrated by discharging the RO permeate until concentrations equivalent to 75% and 

90% recovery were attained. Subsequently, the test was continued with a full recycle of 

permeate back to the feed tank to assess the membrane fouling. The pH in the feed tank 

was maintained at pH 6.3 throughout the experiment by acid dosing. The pH adjustment 

was to control the scaling during the concentration phase. The operating parameters of 

the fouling experiment were summarized in Table 6-1.  
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Table 6-1. Operating parameters of the RO setup 

Parameter 
 

Effective RO membrane area (m2) 0.0186 

Crossflow rate (L/h) 18 

Crossflow velocity (m/s) 0.1 

Flux (L/m2h) 20 

Permeates flow rate (L/h) 0.372 

 

The details of the RO setup used for the fouling experiment were described in Chapter 

3. The RO flat sheet membranes (BW-30, DOW FilmTec, USA) were cut and soaked in 

ultrapure water for at least 24 h and subsequently sterilized in 70% ethanol solution 

(Merck, USA) for 1.5 h before they were used for the fouling experiment. To ensure 

stable condition in the RO cell, the RO membrane was compacted at 50 L/m2h for 1h 

with ultrapure water prior to the fouling experiment.  

6.2.2 Membrane autopsy 

Upon completion of each experiment, the fouled membranes were removed from the 

system for autopsy study. Three 4cm x 4cm membrane coupons covering the inlet, 

middle and outlet of the RO cell were cut as shown in Figure 6-1. The foulants were 

detached by soaking the membrane coupons in 30 mL of ultrapure water before placing 

them in the ultrasonicator (Fisher Scientific) for 30 minutes and vortex for 1 min. The 

inorganics were extracted by 2% nitric acid digestion prior to ICP-OES analysis. The 

autopsy study including LC-OCD, EEM fluorescence spectroscopy, flow cytometry, 

polysaccharides and protein assay were conducted for each membrane coupon and the 

averaged value of the three membrane coupons are presented. In addition, image analysis 

of the fouled membranes using scanning electron microscope equipped with energy 

dispersive X-ray (SEM-EDX) and CLSM observation were also carried out in this study. 
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Figure 6- 1. Location of membrane coupons for autopsy study 

 

6.3  Results and discussion 

6.3.1  Water quality of the NF-MBR and UF-MBR permeates  

6.3.1.1 Dissolved organic matter (DOM) fractions and EPS  

The water qualities of the NF-MBR and UF-MBR permeates were presented in Figure 

6-2. The DOM fractions present in the permeates were analyzed by LC-OCD. As shown 

in Figure 6-2, the DOM in NF-MBR permeate was significantly lower the than that of 

the UF-MBR due to the superior treatment efficiency of the NF-MBR. For example, the 

concentrations of total dissolved organic carbon (tDOC) (~ 6.26 mg/L), hydrophobic 

organic carbon (HOC) (~ 1.26 mg/L), and hydrophilic organic carbon (DOC) (~ 5.01 

mg/L) in the UF-MBR permeate were approximately 7.5, 3.9, and 9.7 times higher than 

those in the NF-MBR permeate (tDOC at 0.84 mg/L, HOC at 0.33 mg/L, and DOC at 

0.51 mg/L), respectively. The hydrophilic organic fractions were further classified into 

biopolymers, humic substances, building blocks, LMW acids, and LMW neutrals based 

on their molecular weight. It is noted that the biopolymers and humic substances were 
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not present in the NF-MBR permeates while 0.034 mg/L of biopolymers and 2.423 mg/L 

of humic substances were present in the UF-MBR permeates. Organic fractions with 

smaller molecular weights such as building blocks LMW acids, and LMW neutrals were 

found in both NF-MBR and UF-MBR permeates, however, the concentrations in the NF-

MBR were considerably lower than that of the UF-MBR permeates.  

In addition, SMP which comprised of proteins and polysaccharides were analyzed and 

compared as shown in Figure 6-2. The concentrations of polysaccharides found in the 

NF-MBR permeates and UF-MBR permeates were relatively comparable at 1.89 mg/L 

and 2.03 mg/L respectively. However, the proteins concentration in the UF-MBR 

permeates (6.23 mg/L) were approximately 21 times higher than those in the NF-MBR 

permeate (0.30 mg/L). The SMP detected in the permeates was mainly originated from 

the biological activity in the MBR system since SMP with molecular weight lower than 

10 kDa was able to pass through the UF membranes. In this case, proteins in the MBRs 

were able to pass through the UF membrane but not the NF membrane (Zhao et al., 2010). 

On the other hand, the polysaccharides with molecular weight < 10 kDa could pass 

through the UF membrane whereas only monosaccharides and disaccharides with 

molecular weight < 300 kDa, such as glucose, fructose and sucrose could pass through 

the NF membrane (Aydoğan et al., 1998). The results obtained from this study showed 

that the NF-MBR could significantly improve the permeates qualities in terms of organic 

removal, therefore, it is expected to reduce organic fouling in the RO process. 
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Figure 6-2. Comparison of DOM fractions, proteins and polysaccharides of the 

NF-MBR and UF-MBR permeates. 

 

Figure 6-3. Fluorescence excitation emission matrix (F-EEM) of the (a) NF-MBR 

and (b) UF-MBR permeates. 
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The LC-OCD size-exclusion based technique could only separate the hydrophilic organic 

fractions but not the hydrophobic portion. In view of the above, the EEM fluorescence 

spectroscopy analysis was also carried out to characterize the organics and SMP 

compositions of MBR permeates. In addition, the EEM analysis could further divide the 

humic substances into humic and fulvic acids based on their solubility. Figure 6-3 shows 

that both NF-MBR and UF-MBR permeates contained two dominant peaks, i.e., fulvic 

acid-like (peak IV) and humic acid-like substances (peak V). The fulvic and humic acids 

were the products of degradation of organic matter in the wastewater, therefore, they are 

persistent to the biodegradation in the MBR system (Theng, 2012b). Interestingly, 

although biopolymers, i.e., proteins in the UF-MBR permeates were not detected by the 

LC-OCD analysis mainly due to its hydrophobic nature, they were reflected abundantly 

in the EEM fluorescence spectroscopy analysis as evidenced by the strong signals in 

region I (aromatic protein I) and II (aromatic protein II) at excitation/emission 

wavelengths (Ex/Em) of 230-260/280-380 nm. Similarly, both humic and fulvic acids in 

the NF-MBR permeates were detected by the EEM analysis, indicating that some 

hydrophobic humic substances could pass through the NF membrane. Nevertheless, the 

peak intensities of humic and fulvic acids in the NF-MBR permeates (59.45 and 66.88 

respectively) were considerably lower than those of the UF-MBR permeates (296.87 and 

324.67 respectively). 

6.3.1.2 Inorganic components   

The concentrations of Ca2+, Mg2+, Fe3+, Si, phosphate, TDS, conductivity, and turbidity 

of the NF-MBR and UF-MBR permeates were summarized in Figure 6-4. The ICP-OES 

analysis revealed that both NF-MBR and UF-MBR permeates have comparable 

concentration of Ca2+, Fe3+ and Si. The turbidities of both MBR permeates were well 

below 0.1 NTU, indicating that there were negligible particulate matters in the permeates. 

The concentration of Mg2+ in the UF-MBR permeates at 8.84 mg/L were 17% higher 

than that of the NF-MBR (7.55 mg/L). In contrast, the concentration of phosphate, TDS, 

conductivity in the NF-MBR permeates at 12.90 mg/L, 522.4 mg/L, and 832.9 μS/cm 

were 57%, 23%, and 29% higher than that of the UF-MBR (8.20 mg/L, 425.7 mg/L, 
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645.1 μS/cm). The higher phosphate concentration in the NF-MBR permeates was 

mainly attributed to the accumulation of total phosphate in the NF-MBR system.   

During the early stage of the project, one of the motivations to incorporate NF membrane 

into the MBR system was to improve the removal of the multivalent ions i.e., Ca2+, Mg2+, 

Fe3+, and phosphate. However, the long-term experiment described in Chapter 4 and 5 

revealed that the concentrations of these multivalent ions in the NF-MBR permeates 

increased gradually over time and eventually reached an equilibrium concentration that 

is similar to the feed. This phenomenon was further explained and verified by the mass 

balance calculation described in Chapter 5.  

 

Figure 6-4. Concentrations of Ca2+, Mg2+, Fe3+ and Si, phosphate, TDS, 

conductivity, and turbidity of the NF-MBR and UF-MBR permeates. 
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6.3.2  RO fouling behavior  

(1) RO fouling with the increasing recovery rates 

To simulate the membrane fouling at a high recovery of 90%, the NF-MBR and UF-

MBR permeates were concentrated by discharging the RO permeate until the 

concentration equivalent to 90% recovery was attained. The increase in TMP was 

monitored throughout the concentration stage and the normalized TMP profiles, 

TMP/TMP0 were plotted against recovery rate as shown in Figure 6-5. The results show 

that the 90% recovery rate was attained for the NF-MBR permeates in which a gradual 

rise in TMP can be observed during the concentration stage. The increase in TMP was 

mainly attributed to the increase in osmotic pressure, ~2.2 bar as a result of increasing 

salt concentrations in the RO feed.  

In contrast, the maximum recovery rate attained for the UF-MBR permeates was ~81%. 

A surge in the TMP was observed when the recovery rate exceeded 75% for the UF-

MBR permeates in which the RO fouling rate increased dramatically from 4.2 kpa/h to 

127.2 kpa/h. Before 75 % recovery rate was attained, it was noted that the increase in 

TMP at the same recovery rate was slightly greater for RO fed with UF-MBR permeate 

compared to NF-MBR permeates, suggesting that minor fouling could have occurred 

during the concentration stage owing to the higher organic contents in UF-MBR 

permeates (Figure 6-3). Thereafter, the TMP skyrocketed within a very short period, i.e., 

3 hr and eventually the permeate flux could not be maintained at 20 LMH. The rapid 

increase in TMP observed when recovery > 75% was mainly due to membrane fouling 

since the increase in osmotic pressure only accounted for ~30 % of the increase in TMP, 

i.e., ~ 2 bar. 
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Figure 6-5. TMP profiles for the NF-MBR and UF-MBR permeates during the 

concentration stage. 

(2) RO fouling at 75% and 90% recovery 

To investigate the fouling propensity of the NF-MBR and UF-MBR permeates at the 

desired recovery level, i.e., fixed at 75% or 90%, the concentrated NF-MBR permeates 

equivalent to 75% and 90% recovery and the UF-MBR permeates equivalent to 75% 

recovery (denoted as 75-NFP, 90-NFP and 75-UFP respectively hereinafter) were 

subsequently used for the RO fouling experiment. The TMP increase rate presented as 

normalized TMP/TMP0 was monitored over the duration of 3 to 5 days as illustrated in 

Figure 6-6. The results show that the much steeper gradient could be observed for the 

90-NFP curve compared to that of the 75-UFP and 75-NFP, i.e., the fouling rate of 90-

NFP was 0.0334 d-1, which means 90-NFP had the most serious fouling among the 3 

conditions. On the other hand, at 75% RO recovery, the process fed with NF-MBR 

permeates has a slower fouling rate than the one fed with UF-MBR permeates as 
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Figure 6-6. TMP profiles of fouling experiments with the NF-MBR and UF-MBR 

permeates at 75% and 90% recovery level. 

6.3.3  Membrane autopsy  

At the end of the fouling experiment, the fouled RO membranes for 75-UFP, 75-NFP, 

and 90-NFP were removed for autopsy study. In view of the maximum attainable 

recovery rate of the UF-MBR permeates at 81%, fouling experiment simulating 90% 

recovery for the UF-MBR permeates was not conducted. For comparison purpose, the 

fouled membrane used for the concentration process for the UF-MBR permeates as 

shown in Figure 6-5 was characterized (denoted as 81-UFP hereinafter). 

(1) Inorganic compositions of the fouling layers 

The inorganic compositions of the fouling layers were analyzed by ICP-OES as shown 

in Figure 6-7. The results showed that the large amounts of Ca and P were detected in 

the fouling layer of 81-UFP, suggesting that calcium phosphate was the major contributor 

to the serious fouling occurred at high recovery rate, i.e., >75% recovery. Calcium 

phosphates have been reported to be an important scaling agent of RO membranes for 
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drastic membrane fouling than organic or colloidal fouling as shown in Figure 6-5 
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(Bartels et al., 2005b, Zhao et al., 2010). Although Ca was abundantly found in the 

foulants layer of 90-NFP, very little phosphate was found. In comparison, there was little 

inorganic matter found in the foulants of 75-UFP and 75-NFP, indicating no severe 

inorganic fouling. The synergistic effect due to the co-presence of silica and organic 

matter was reported to cause severe membrane fouling to the RO process (Kimura et al., 

2016b). In this study, only small quantities of Si were detected in all the foulants, 

suggesting that silica was not greatly involved in the fouling despite the presence of 

organic matter in the RO feed.  

In addition, the results were supported by SEM-EDX analysis that compares the 

elemental compositions of the virgin membrane to the fouled membranes as shown in 

Table 6-2. The virgin membrane only showed the presence of three major elements (i.e., 

C, O, and S) of the polymeric materials. It was noted that the weight percentage of C for 

the fouled membrane of 81-UFP was lower than that of the virgin membrane (35.5% vs. 

79.2%) while other membranes i.e., 75-UFP, 75-NFP, and 90-NFP showed a higher 

percentage than the virgin membrane (80.5%, 81.0%, and 81.3% respectively). This 

could possibly due to the substantial coverage of membrane surface by the dense 

inorganic fouling layer. According to Table 6-2, the weight percentage of Ca, P, and O 

increased significantly to 15.3%, 7.1%, and 33.7% respectively in the fouled membrane 

of 81-UFP, confirming the severe fouling caused by calcium phosphate scaling. 

Generally, these results correlated well with the fouling behavior observed from the TMP 

profiles (Figure 6-5).   
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Figure 6-7. Comparison of inorganic compositions of the fouling layers. 

(2) Organic compositions of the fouling layer 

To determine the nature of the fouling layer, the organic contents of the fouling layer 

were quantified by LC-OCD analysis as shown in Table 6-3. It was clearly shown that 

higher organic contents were detected in the RO systems fed with the UF-MBR 

permeates than NF-MBR permeates. For example, the tDOC of 75-UFP and 81-UFP 

(20.19 ± 4.97 mg/m2 and 26.33 ± 3.78 mg/m2 respectively) was 2 times higher than that 

of the 75% NFP and 90-NFP (9.49 ± 0.25 mg/m2 and 12.82 ± 1.17 mg/m2 respectively), 

indicating the more important role of organic fouling in the overall fouling process. It 

was noted that humic substances were abundantly found in the fouling layer of 75-UFP 

and 81-UFP (3.59 ± 1.40 mg/L and 13.18 ± 1.82 mg/L) accounted for 27% and 79% 

respectively of the total hydrophilic DOC. Interestingly, at low recovery rate (i.e. 0% 

recovery), neither UF-MBR or NF-MBR permeates has resulted in the deposition of 

humic substances on the RO membranes as demonstrated in Chapter 4. The findings 

suggested that the deposition of humic substances could be promoted at high RO 

recovery rate. Nevertheless, no humic substance was detected in the RO system fed with 

NF-MBR permeates even at high recovery rate, i.e., 90% recovery mainly due to the 

absence of humic substances in the NF-MBRs. 
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Table 6-2. Elemental composition of virgin and fouled RO membrane surfaces by SEM-EDX. 

  Recovery = 90 % Recovery = 81 % Recovery = 75 % 

Element  

(%) 

Virgin 

BW-30 

Fouled membrane 

(NF-MBR permeates) 

Fouled membrane 

(UF-MBR permeates) 

Fouled membrane 

(NF-MBR permeates) 

Fouled membrane 

(UF-MBR permeates) 

C 79.2 81.3 40.2 81.0 80.5 

O 13.8 13.2 33.7 13.6 13.9 

S 7 5.1 2.7 4.8 5.3 

Ca N.D.a 0.2 15.3 0.1 0.2 

Mg N.D. 0.1 0.7 N.D. N.D. 

P N.D. N.D. 7.1 N.D. N.D. 

Si N.D. 0.1 0.2 0.1 0.1 

a N.D. represents "not detectable
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In addition, the EPS content in the fouling layer was quantified as shown in Table 6-3. It 

was noted that the mass of proteins and polysaccharides deposited increased significantly 

when the recovery rate was further increased from 75% to 90%, as evidenced by the 

higher mass of proteins and polysaccharides (127.44 ± 50.87 mg/m2 and 50.87 ± 32.42 

mg/m2 respectively) found in the fouling layer of 90-NFP as compared to 75-NFP (33.54 

± 28.85mg/m2 and 19.87 ± 6.91 mg/m2 respectively). The observation supported that the 

deposition rate of organic matter was enhanced at high RO recovery rate (Zhao et al., 

2010). The proteins and polysaccharides deposited in the 75-UFP (187.80 ± 56.18 mg/m2 

and 41.60 ± 4.60 mg/m2 respectively) and 81-UFP (183.33 ± 30.77 mg/m2 and 36.56 ± 

22.46 mg/m2 respectively) were relatively comparable possibly due to the shorter 

experimental duration, i.e., 2 d. Nevertheless, the amount of EPS in 75-UFP and 81-UFP 

were considerably higher than that of 75-NFP and 90-NFP mainly due to the presence of 

high SMP content in the UF-MBR permeates. 

The fluorescence EEM analysis revealed that all the RO foulants contained one dominant 

peak (peak II) at excitation/emission wavelengths (Ex/Em) of 230/338 nm, known as the 

aromatic protein II which is associated with the aromatic protein tryptophan. The 

intensity signals extend to region I (aromatic protein I) and region III (SMP-like 

substances) for the 75-UFP and 81-UFP, indicating the presence of these EPS 

compounds in the foulants. Although the biopolymers content of 81-UFP was among the 

lowest from the LC-OCD analysis, SMP and EPS which are usually hydrophobic in 

nature and not detected by LC-OCD were captured by the EEM analysis, proteins and 

polysaccharides assays. In addition, wide spread signals in region IV (fulvic acid-like 

substances) and V (humic-acid like substances) were only observed in the foulants of 81-

UFP, indicating the abundant presence of humic substances in the foulants as evidenced 

by the LC-OCD analysis.
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Table 6-3. The organic compositions of the RO fouling layers (n=3).  

Foulants characteristics 75-UFP 75-NFP 81-UFP 90-NFP 

 

 

 

LC-OCD 

analysis 

 

 

 

Total DOC (mg/m2) 20.19 ± 4.97 9.49 ± 0.25 26.33 ± 3.78 12.82 ± 1.17 

Hydrophobic DOC (mg/m2) 7.07 ± 1.18 4.14 ± 0.49 9.73 ± 1.05 3.90 ± 0.93 

Hydrophilic DOC (mg/m2) 13.13 ± 3.58 5.36 ± 0.49 16.60 ± 3.44 8.92 ± 2.02 

Biopolymers (mg/m2) 2.93 ± 1.49 1.89 ± 0.14 0.79 ± 0.19 2.58 ± 1.31 

Humic substances (mg/m2) 3.59 ± 1.40 N.D. 13.18 ± 1.82 N.D. 

Building blocks (mg/m2) 1.36 ± 0.33 0.95 ± 0.10 0.99 ± 0.29 1.76 ± 0.54 

LMW neutrals (mg/m2) 5.24 ± 0.35 2.44 ± 0.35 1.63 ± 1.44 4.39 ± 0.25 

LMW acids (mg/m2) N.D.a 0.09 ± 0.02 N.D. 0.19 ± 0.05 

EPS 

analysis 

Proteins (mg/m2) 187.80 ± 56.18  33.54 ± 28.85 183.33 ± 30.77 127.44 ± 50.87 

Polysaccharides (mg/m2) 41.60 ± 4.60 19.87 ± 6.91 36.56 ± 22.46 50.87 ± 32.42 

a N.D. represents "not detectable". 
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Figure 6-8. Fluorescence excitation-emission matrix (F-EEM) of the RO foulants 

a) 75-NFP, b) 75-UFP, c) 90-NFP and d) 81-UFP. 

(3) Morphology of the RO membrane surface  

SEM images of the virgin membranes and fouled membranes are illustrated as shown in 

Figure 6-9. Noticeable difference in the surface morphology was clearly observed 

between the virgin membrane and the fouled membranes. At 75% recovery, the 

morphologies of the cake layer were relatively comparable between the 75-NFP and 75- 

UFP. It can be observed that the organic macromolecules were sparsely and unevenly 

distributed across the membrane surface.  

In contrast, the morphology of the cake layer for 81-UFP was distinctly different from 

that of the 75-NFP and 75-UFP. As shown in Figure 6-9(c), the formation of a compact 

(c) 

(a)  (b)  

(d)  
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cake layer with the polymer microstructures of the original RO membrane surfaces 

totally covered up by the fouling layer was observed. In view of the shorter fouling 

experimental duration (< 2d) for the 81-UFP, it was expected to have less organic 

deposition, however, the results by the LC-OCD revealed that the 81-UFP has the highest 

concentrations of tDOC. Although significant amounts of calcium phosphate precipitates 

were detected by the SEM-EDX, regular-shaped plate or needle crystals typically 

observed with inorganic scaling were not found, suggesting that the calcium phosphate 

scales were not in the form of crystallization but rather amorphous in nature, i.e., 

dicalcium phosphate, tricalcium phosphate (Greenberg et al., 2005). Alternately, co-

deposition and/or co-precipitation of calcium phosphates along with other organic matter 

could occur due to the high concentration of DOC in the UF-MBR permeates (Zhao et 

al., 2010). Interestingly, at 90% recovery, the cake layer of 90-NFP was comparable to 

that of the 75-NFP with some organic foulants deposition can be seen on the surface, 

suggesting that the cake layer fouling was insignificant. 
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Figure 6-9. Scanning Electron Microscopy (SEM) images of virgin membrane and fouled membranes: (a) 75-UFP, (b) 75-NFP, (c) 

81-UFP and (d) 90-NFP (x 1000 magnification).
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Figure 6-10. The elemental mappings of Ca, P, C, and Si by SEM-EDX of virgin membrane and fouled membranes: 75-UFP, 

75-NFP, 81-UFP and 90-NFP. 
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6.3.4  Synergetic effects of organic and inorganic fouling  

Based on the water quality analyses, foulant analyses, and TMP profiles, the relationship 

among permeate quality, recovery level and RO fouling can be established. The results 

show that the membrane performance in water reuse application especially at high 

recovery level, i.e., >75% was strongly influenced by the combined effects of organic 

and inorganic fouling. The NF-MBR permeates which contained relatively higher 

amount of phosphate, in principle shall have more severe inorganic fouling than the UF-

MBR permeates when the solubility limit was exceeded. However, calcium phosphate 

scaling is a rather complex system that governed by many factors other than the levels 

of calcium and phosphate present in the RO feed, i.e., pH, temperature, organic 

functional groups etc. that influence the kinetics and phase of crystals. In addition, the 

solubility product constants, i.e., -log (Ksp) of the calcium phosphate compounds (i.e., 

dicalcium phosphate, tricalcium phosphate, tetracalcium phosphate, hydroxyapatite, and 

fluorapatite) could vary significantly ranging from 6.5 to 60.5 depending on the crystal 

phase (Chow, 2001).  

The serious scaling experienced in the 81-UFP fouling test could be attributed to the 

presence of large amounts of biopolymers (i.e., proteins and polysaccharides) and humic 

substances in the UF-MBR permeates. The results from SEM-EDX analysis suggested 

that the precipitating phosphate species were likely to be dicalcium phosphate, tricalcium 

phosphate, and hydroxyapatite which are amorphous in nature. The co-deposition and/or 

co-precipitation of these calcium phosphates along with other organic matter, i.e., 

biopolymers as evidenced by the membrane autopsy results suggested that the 

biopolymers that contain a high ratio of anionic amino-acids could induce calcium 

phosphate scaling by providing the nucleation sites for the biomineralization to take 

place (Dahdal et al., 2016). The findings are supported by the studies that use Langmuir 

(π-A) isotherm system to prove that the biopolymers originated from EPS i.e., bovine 

serum albumin (BSA), fibrinogen, lysozyme and alginic acid, could induce calcium 

phosphate scaling at the RO membrane surface (Steiner et al., 2010, Dahdal et al., 2016, 

https://www-sciencedirect-com.ezlibproxy1.ntu.edu.sg/topics/materials-science/amino-acids
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Pipich et al., 2013, Dahdal et al., 2014). The scaling accompanied by the deposition of 

other organic matter, i.e., humic substances, building blocks, etc. makes the fouling 

scenario a more complex one. Due to the effect of concentration polarization and cake 

enhanced concentration polarization (CECP), the fouling quickly accelerated and 

eventually led to the serious fouling that we observed. Therefore, the results suggested 

the benefit of lowering the DOC content in RO feed water to minimize the negative 

impact of the combined organic-inorganic fouling.         

Interestingly, it was noted that although the amount of organic foulants on 90-NFP was 

lesser than 75-UFP, the TMP increase appeared to be higher for the former. This could 

be due to two reasons: (i) the fouling layer formed on 90-NFP membrane was denser 

(i.e., had lower porosity) than on 75-UFP due to the presence of higher ratio of low 

molecular weight organics in the NF-MBR permeates that filled up the pores of the cake 

layer. According to Kozeny-carman equation, specific cake resistance for fouling layer 

was a strong function of , thus dense layer resulted in higher hydraulic resistance; (ii) 

the cake-enhanced osmotic pressure (CEOP) effect where the back diffusion of rejected 

solute such as Ca2+, Mg2+ etc. were hindered in the un-stirred fouling layer which greatly 

increased the concentration of solutes at the membrane surface, thus higher osmotic 

pressure need to be overcome and greater TMP was required (Sim et al., 2011). 

6.4  Concluding remarks 

In conclusion, this chapter studied the foulant compositions, fouling mechanisms and the 

impact of pre-treatment with NF-MBR and UF-MBR (i.e., RO feed water quality) on 

membrane fouling in a lab-scale RO system operated at 75% to 90% recoveries for water 

reclamation application. Overall, the RO feed water of UF-MBR permeates were found 

to contain higher DOC but lower Ca and P, which affected the subsequent RO operation. 

Beyond recovery of 75%, there was a drastic increase in TMP due to the combined 

effects of organic-inorganic fouling. Therefore, it is necessary to limit the recovery level 

for this type of RO feed water quality. In contrast, the RO system fed with NF-MBR 
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permeates with lower DOC but higher Ca and P concentrations, showed less impact from 

the combined effects of organic-inorganic fouling despite at higher recovery of 90%. 

This study revealed that when a suitable pre-treatment step was put in place to improve 

the RO feed water quality, high recovery RO process without excessive fouling is 

possible for water reclamation application.  
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Chapter 7 

Conclusions and recommendations 

  

7.1 Conclusions 

The nanofiltration membrane bioreactor (NF-MBR) is a novel integration of a biological 

process and a high rejection nanofiltration membrane separation process into a single 

step. The interest in the NF-MBR lies in the high rejection NF membrane that could 

retain persistent and low molecular weight organic micro-pollutants, and thereby 

facilitates a better biodegradation in the bioreactor and offers potential benefits for water 

reclamation. With the improved MBR permeates as the RO feed, the subsequent RO 

process could be potentially operated at higher recovery rates with less membrane 

fouling. This thesis explored and investigated the possibility to integrate the NF-MBR 

into the current MBR-RO process for a more sustainable water reclamation process for 

potable water reuse.  

The literature review in Chapter 2 summarized the technological challenges of the NF-

MBR system and the advantages of NF-MBR over the other HR-MBRs (i.e., FO-MBR 

and MD-MBR) in the context of water reclamation. Issues of relevance such as 

membrane stability, salt accumulation and membrane fouling were critically reviewed.  

In Chapter 4, a side-stream NF-MBR system was developed and systematically studied 

with an ultrafiltration membrane bioreactor (UF-MBR) and RO process as a baseline for 

comparison. The study demonstrated a successful incorporation of the low-pressure 

hollow fiber NF membrane developed by the Singapore Membrane Technology Centre 

(SMTC) into the NF-MBR system that allows the system to be operated at a constant 

flux of 10 L/m2h (significant improvement compared to previous studies with flux < 5 

L/m2h). The NF-MBR achieved superior permeate quality due to enhanced 

biodegradation and high rejection capacity of the NF membrane, leading to lower RO 
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fouling rates (~3.3 times as compared to the UF-MBR). No deterioration in the permeates 

quality was observed throughout the experimental period. The NF membrane exhibited 

excellent membrane stability in a biologically active environment and is suitable to be 

incorporated into the NF-MBR system. In addition, the NF-MBR achieved higher 

organic removal than the UF-MBR mainly due to extended retention time that enhances 

the biodegradation of the retained organics in the bioreactor. Apart from that, the study 

also indicated that the cake layer fouling that caused the cake-enhanced osmotic pressure 

(CEOP) effect contributed predominantly to the transmembrane pressure (TMP) increase 

in the NF-MBR, while irreversible pore fouling was the major reason for UF membrane 

fouling. Lastly, biopolymers were the main organic foulants of NF/UF membranes and 

RO membranes. 

In Chapter 5, the impacts of salt accumulation on the bioprocess as well as membrane 

performance of a high retention NF-MBR and subsequent RO process for water 

reclamation were systematically studied. Two lab-scale NF-MBRs were operated in 

parallel at the solid retention times (SRTs) of 30 and 60 days. The concentration factor 

is a function of SRT, HRT and membrane rejection. Increasing the SRT resulted in 

greater accumulation of scale-forming inorganic salts (i.e., Ca, Mg, PO4) and organic 

compounds (i.e., DOC, sCOD, and especially humic substances and building blocks due 

to its poor or non-biodegradable nature). A short-term salt spike test showed that the 

abrupt change in salt concentrations did not have any negative impact on the biomass 

and the addition of Ca had positive impacts on cell viability and microbial activity at 

optimum dosage.  

The accumulation of divalent ions did not pose adverse impacts to the biodegradation 

efficiency and both NF-MBRs achieved excellent organic (> 97%) and ammonia (> 98%) 

removal ratios. The elevated divalent ions level promoted bioflocculation, however, the 

effects on microbial activity and viability were not statistically significant in the long-

term experiment. Salt accumulation did not influence the microbial community structure 

of activated sludge in NF-MBRs, but led to different predominant microbial communities 
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in the cake layer foulants of NF membranes. More severe membrane fouling was 

observed in the NF-MBR with elevated salinity, due to the formation of a compact cake 

layer with more accumulation of polysaccharides-Ca2+ complex and calcium phosphate 

on the NF membrane. The thicker and more compact irreversible fouling layer as well as 

higher salt concentration caused more severe cake-enhanced osmotic pressure (CEOP) 

effect in the NF-MBR with longer SRT. Combining periodical backwash (pressure of 3 

bar) and flushing (velocity of 0.8 m/s) could effectively remove cake layers from the NF 

membranes, particularly in the NF-MBR at low SRT of 30 d. The study also revealed 

that physical cleaning was ineffective in controlling membrane fouling associated with 

inorganic fouling, i.e., calcium phosphate scaling. The effectiveness of chemical 

cleaning with citric acid is not remarkable (<42% membrane permeability restoration). 

Optimization of chemical cleaning chemical i.e., enhanced backwashing with weak acid, 

EDTA, or SDS could be more promising for sustainable NF-MBRs operation.  

In Chapter 6, the foulant compositions, fouling characteristics and the behavior of the 

RO membrane associated with different permeate qualities, i.e., UF-MBR permeates and 

NF-MBR permeates at different RO recovery rates i.e., 75% and 90% were thoroughly 

elucidated. The RO feed water of UF-MBR permeates were found to contain higher DOC 

but lower Ca and P, which affected the subsequent RO operation. Beyond recovery of 

75%, severe fouling was observed due to the combined effects of organic-inorganic 

fouling. Therefore, it is necessary to limit the recovery level for this type of RO feed 

water quality. In contrast, the RO system fed with NF-MBR permeates with lower DOC 

but higher Ca and P concentrations, showed less impact from the combined effects of 

organic-inorganic fouling despite at higher recovery of 90%. In this study, silica fouling 

was not critical despite the presence of organic matter in the RO feed. 

It was demonstrated that when a suitable pre-treatment step, i.e., NF-MBR was put in 

place to improve the RO feed water quality, high recovery RO process without excessive 

fouling is possible for water reclamation application. The calculated energy consumption 

of the NF-MBR+RO system at 90% recovery was comparable to that of the UF-
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MBR+RO at 75% recovery. The thesis substantiated the feasibility of NF-MBR+RO for 

high recovery water reclamation.  

 7.2  Recommendations 

The NF-MBR is a fledgling technology that demands further research and development. 

The areas of potential and future research are proposed as follows: 

i. Membrane cleaning methods in the NF-MBR  

According to the work presented earlier, membrane fouling remained to be 

the most pressing issue in the operation of NF-MBR. Although the reversible 

fouling in the early stage can be controlled by physical backwashing and 

flushing,  the irreversible fouling gradually developed with NF filtration time, 

which led to an exponential increase of TMP and eventually shorten the 

membrane lifespan. Calcium phosphates and polysaccharides were found to 

be the important foulant that caused the irreversible fouling on the NF 

membrane. The presence of free Ca2+ ions in the mixed liquor could enhance 

the gelation behavior of polysaccharides on the NF membranes by forming 

the crosslinked network between the carboxyl groups in polysaccharides and 

the divalent ions. This type of complex fouling was persistent to physical 

cleaning and the effectiveness of chemical cleaning using citric acids was 

found to be very limited. Therefore, further study on optimization of chemical 

cleaning of NF-MBR is required for sustainable operation. As the LBL type 

NF membranes cannot tolerate chemical cleaning agents with pH>8, 

chemical enhanced backwashing with enzyme-based cleaning agents, EDTA, 

or SDS could be more promising for NF-MBRs. 

 

ii. NF membrane development and module configuration  

The hollow fiber NF membranes used in this work was in an inside-out 

configuration. The inherent problem with the inside-out configuration was 

that larger particles, i.e. bioflocs in the mixed liquor could easily clog the 
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lumen of the entire hollow fiber when the mixed liquor was delivered to the 

NF membrane and inevitably cause a decrease of effective membrane area. 

This could lead to an increase of local fluxes (i.e., higher than the operation 

flux) and subsequently accelerates membrane fouling. In addition, the inside-

out configuration also eliminates the possibility of employing the scouring 

agents (i.e., bubbles and actived carbon) and manual cleaning. Therefore, 

outside-in configuration is preffered for the ease of fouling control. The 

mechanical strength of the hollow fiber and the LBL coating technics will be 

the challenges to producing robust NF membrane with optimal flux and 

rejection. In addition, process modeling that include the bioprocess, 

precipitation and membrane properties (i.e., permeability and rejection) can 

assist in optimizing the NF-MBR as well as designing the ideal NF membrane 

(i.e. rejection).    

 

iii. Nutrient recovery 

Previous attempt of recovering phosphorus in the form of calcium phosphate 

has been demonstrated in the MF/UF-FO-MBR system. In this hybrid system, 

the FO membrane can effectively retain phosphate and divalent ions in the 

bioreactor, while the MF/UF membrane allows these accumulated 

compounds to be bled out for phosphorus recovery by pH adjustment. Similar 

to the FO-MBR, the high concentration of phosphorus in the NF-MBR system 

offers a great potential for nutrient recovery. Based on this rationale, the 

concentrations of calcium and phosphate could be reduced and maintained 

below the solubility limit to prevent scaling on the NF membrane. In addition, 

the concentrations of calcium and phosphates in the NF-MBR permeates were 

expected to be lower due to the periodic bleeding by the MF/UF membrane, 

therefore, could be beneficial to the downstream high recovery RO operation.   

 

 

https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/earth-and-planetary-sciences/phosphate
https://www.sciencedirect.com.remotexs.ntu.edu.sg/topics/engineering/ph-adjustment
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iv. Removal and fate of TrOCs in the NF-MBR 

The presented work has demonstrated the effective retention and enhanced 

biodegradation of dissolved organics in different range of  molecular weight, i.e., 

biopolymers (MW > 10 kDa), humic substances (MW ~ 1000 Da), building 

blocks (MW 300-500 Da), low molecular weight organics acids (MW < 350 

Da) and neutrals (MW < 350 Da) in an NF-MBR system. However, the 

biodegradability and the fate of specific TrOCs including pesticides, 

pharmaceuticals, antibiotics, personal care products, hormones and endocrine 

disrupters were largely unknown. Future study should aim at quantitatively 

understanding the removal mechanism of these TrOCs that encompasses both 

sorption and biodegradation. It is recommended to develop a mathematical 

model that is able to predict the fate of TrOCs in an NF-MBR system. The effect 

of accumulation of these recalcitrant TrOCs to the NF-MBR system warrant 

further investigation. 
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